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Preface

Rice has been found in archaeological sites dating back to 8000 BC or even earlier. This crop
is unique in a way that it is domesticated independently in several continents such as Asia,
Africa, Australia and South America. Worldwide production of rice is the third highest after
sugarcane and maize and can be thus regarded as central to the lives of millions of people
on earth. The yield of rice can be greatly affected by both abiotic and biotic stresses, which
under the changing environment are further threatening global food security. The major
abiotic stresses include drought, excessive watering, extreme temperatures, salinity and
mineral toxicity along with many others. A recent increase in global warming has exposed
rice crops to elevated temperatures and drought, which in turn have already offset a sig‐
nificant portion of yield increase. Similarly, heavy metal contamination of agricultural land
not only causes abiotic stress for the crop, but has also shown drastic effects on humans.
Increased metal concentration in plants leads to the production of reactive oxygen species,
which ultimately cause cell death and thus negatively affect overall crop productivity.

Also, the presence of pesticide residues and insect pest attack can reduce the quality and
quantity of the rice grain. Some pathogens have the ability to cause devastating diseases in
rice, especially in intensive production systems, such as double rice-cropping systems. For
instance, the intensity of sheath blight in rice-growing regions has increased due to several
agronomic practices, characterized by abundant nitrogenous fertilizer application, increased
planting density, and use of popular high-yielding hybrid cultivars. Likewise, Pomacea canal‐
iculata, the golden apple snail, is well known as a major pest of rice as it can cause severe
damage by completely eliminating the young leaves and stems from the plant base, which
may result in the death of damaged plants. To combat such abiotic and biotic stresses, new
rice cultivars must be developed, which are not only input and management responsive but
are rich in macro- and micronutrients as well. Fortunately, molecular biology has made it
possible to develop high-yielding resistant rice cultivars in a short span of time.

The present book is aimed at attracting a wider range of audience, ranging from rice grow‐
ers, students, and researchers to policymakers, who are somehow directly or indirectly in‐
volved with the rice industry. Although most of the chapters are well focused on the
scientific aspects (biofortification, quality and quantity of grain, use of anther culture as a
breeding tool, and response and management of crops under elevated temperature) of rice,
some chapters may be of particular interest for marketing personnel also. Most of the con‐
tents of this book are very easy to read and understand. We are sure that this book will not
only serve in the capacity building of fresh students, but will provide the basis for seasoned
scientists to explore further in the relevant field. This concise book on rice will be an invalu‐
able teaching resource and reference text for all academic and practical workers engaged in
rice production systems, which are extremely prone to climatic changes.
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We are dedicating this book to one of the greatest living legends Professor Yuan Longping
who is known as the "Father of Hybrid Rice”. Indeed the whole world is greatly indebted to
him for his valuable contribution in the field of rice breeding which has helped in ensuring
global food security of not only the current but also future generations.
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Anther Culture as a Supplementary Tool for Rice 
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Abstract

There is a timely need to harness biotechnology and related tools to support conven-
tional breeding strategies, overcoming the limitations in rice production and improving
quantity and quality as well as climatic and disease stress tolerance of the crop. Anther
culture allows immediate fixation of homozygosity through diploidization of regener-
ated haploid plants and therefore serves as an efficient path for inbred line development.
Anther culture has been successfully used to hasten the breeding programs in several
crop species including rice. However, associated constraints still prevent the realization
of its full potential. Even though anther culture technique has been effective for Japonica
rice breeding, applicability for Indica rice remains limited mainly due to inherent recal-
citrant genetic background. Constraints associated with Indica rice can be identified as
early anther necrosis, poor callus induction and proliferation, extremely low green plant
regeneration and frequent albinism. Success of androgenesis is determined by factors
such as genotype, physiological status of donor plant, pollen development stage at cul-
ture, composition and physical status of culture media, culture incubation conditions
and anther pretreatments. This chapter has detailed out the scope for improving the
applicability of anther culture technique on rice in order to develop it as a supplementary
breeding tool.

Keywords: callus induction, plant regeneration, microspores, ploidy, homozygous lines

1. Introduction

From ancient times the crop rice has served the human population as a staple food. Due to 
the steep increase in human population, rice growers need to increase the production as well. 
This has become more difficult due to the limitations in available resources. Therefore, other 
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than the conventional strategies, it is a timely need to harness biotechnology and related tools 
to overcome not only the productivity barrier but also the production efficiency, quality of 
the product, and abiotic and biotic stress tolerance of the crop. Among a number of modern 
biotechnological tools to improve rice crop, anther culture plays a useful role.

Anther culture can be considered as a technique for the rapid development of fully homo-
zygous lines. Therefore, anther culture technique provides an efficient alternative to the 
conventional inbred line development which is usually achieved through several cycles of 
inbreeding. Even though anther culture has been efficiently used as a supplementary breed-
ing tool with Japonica rice varieties, application of this technique for Indica rice varieties is 
limited due to their inherent recalcitrant genetic background. Limitations of androgenesis in 
Indica rice result from early anther necrosis, poor callus induction and proliferation, remark-
ably low green plant regenerability, and frequent albinism [1, 2]. Success of the technique is 
determined by numerous factors such as genotype and physiological status of donor plant, 
pollen development stage at culture, anther wall factors, composition of culture media includ-
ing nutritional sources and growth regulators, physical status of culture media, and anther 
pretreatments [1, 3, 4].

This chapter serves as an insight to the practical aspects of anther culture technique for it to be 
fully exploited for improving rice breeding.

2. Technique of anther culture

For androgenesis to be successful, normal gametophyte formation from microspores should 
be halted, and microspores are directed toward sporophyte development. Usually, pre-
treatments are required to alter the normal pollen development pathway and to trigger the 
androgenic response. The specific pretreatments for androgenesis that are required by dif-
ferent species and also varieties within species are quite variable. Therefore, a single stan-
dard method cannot be generalized for androgenesis for a given species or even a variety. 
However, some common protocols to be followed during anther culture are well known and 
documented [4].

Rice anther culture is carried out in two phases in which the initial step is to induce embryo-
genic calluses from microspores followed by green plant regeneration from the induced cal-
luses [5]. Protocol for rice anther culture includes pretreatment given to panicles, surface 
sterilization and excision of anthers from panicles, and in vitro culture of anthers on a spe-
cific culture medium under aseptic conditions [6]. Response of anthers in culture is usually 
indicated by the gradual browning of the anther wall tissues and bursting or splitting of the 
anther to expose the pollen callus. Pollen callus can be expected to be formed in anthers after 
3–8 weeks of culture [2]. The second phase is to regenerate green plants from the calluses 
using appropriate regeneration media [6]. The regenerated plants are then transplanted and 
acclimatized under controlled environmental conditions, and they can be subjected to chro-
mosome doubling using antimitotic agents in order to obtain doubled haploids which can 
serve as homozygous lines.

Rice Crop - Current Developments2

3. Historical trajectory of anther culture

The possibility of changing the normal gametophytic pathway of microspores to sporophytic 
pathway facilitating the haploid plant development through in vitro culture was first reported 
by reference [7] on culturing immature anthers of the Solanaceous species Datura innoxia. 
Reference [8] successfully obtained haploid plants from culturing isolated anthers of Nicotiana. 
Since then, haploid development using in vitro culture of anthers and isolated pollen has been 
successful with many other crop species such as rice, wheat, maize, Brassica, and pepper [2, 
5]. Although microspore embryogenesis has been effective with model species such as barley, 
rapeseed, tobacco, and wheat, some other species that are scientifically or economically impor-
tant, such as Arabidopsis, woody plants, and legume crops, continue to be less responsive for 
the technique. Extensive research has been performed in order to make this important tech-
nique of developing haploids and dihaploids more robust. For the technique to be practically 
applied in breeding programs, anther or microspore culture should be able to permit produc-
tion of haploids in very large quantities from almost any species or genotype [9].

Haploid plant production in rice through anther culture was first reported by reference [10]. 
Since then, many studies have been conducted improving various aspects of rice anther 
culture. Other than utilizing anther culture technique directly for dihaploid development, 
recently applications have been expanded to facilitate other biotechnological approaches such 
as gene transformation [3]. In Japan and China, where the Japonica rice varieties are mainly 
in use, anther culture technique has been extensively applied for improving the rice crop due 
to the amenability of Japonica rice varieties to in vitro anther culture [5]. However, the use of 
this technique as a tool for Indica rice breeding has been extremely limited due to the inher-
ent recalcitrance associated with Indica varieties. Therefore, the potential of the technique for 
Indica rice breeding is yet to be fully unraveled [3].

4. Limitations associated with androgenesis

Induction of haploids in rice is associated with a number of constraints. Fine tuning of anther 
culture process addressing the constraints is required in order to use this technique equally 
well for breeding of Japonica and Indica rice. Although anther culture technique has been used 
to produce haploids from an array of species, success of the technique cannot be proven in 
respect of all genotypes of a crop species [11]. Particularly when it comes to the anther culture 
of Indica rice, the response remains extremely variety or genotype specific [1]. The problem is 
further aggravated because anther culture response is affected even by the growing season [4].

Under in vitro conditions, many of the anthers fail to grow in culture and thus repress the pol-
len from forming calluses. Some reasons for failure are the early abortion of pollen and even 
in situations where pollen starts to divide and produce callus and necrosis or cell death occurs 
very early during callus proliferation. There is also a degree of uncertainty associated with 
the ploidy of the resulting callus tissue as it can comprise a chimera of diploid, tetraploid, 
and haploid cells. Another problem that seriously affects the anther culture of cereals is the 
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3. Historical trajectory of anther culture

The possibility of changing the normal gametophytic pathway of microspores to sporophytic 
pathway facilitating the haploid plant development through in vitro culture was first reported 
by reference [7] on culturing immature anthers of the Solanaceous species Datura innoxia. 
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very early during callus proliferation. There is also a degree of uncertainty associated with 
the ploidy of the resulting callus tissue as it can comprise a chimera of diploid, tetraploid, 
and haploid cells. Another problem that seriously affects the anther culture of cereals is the 
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formation of albino plants during regeneration, and this can be identified as the most limiting 
step in the anther culture process [12]. Detailed investigations of proplastids and the plastid 
genome of the regenerated albino plantlets revealed that albinism is mainly due to incomplete 
formation of the membrane structures and different blockages in the plastid development [13].  
Molecular studies carried out on anther culture of cereals such as wheat, barley, and rice have 
attributed the associated albinism to large-scale deletions and rearrangements in the plastid 
genome [14].

5. Factors affecting rice anther culture

Investigations on haploid induction through anther culture have been steadily increasing due 
to its importance as a supplementary breeding strategy. These studies are mainly driven with 
close monitoring of a number of factors that influence androgenesis in rice as described in 
detail below.

5.1. Genotype of the donor plants

Response to anther culture by Indica rice varieties is generally poor, and even among those 
that respond by producing callus, the in vitro morphogenic responses are highly genotype-
dependent. The recalcitrance associated with the Indica types can be characterized mainly by 
poor callus induction response, poor regenerability of green plants, and the occurrence of a 
large proportion of albinos [1]. By comparison, Japonica rice varieties respond much better. 
Anther culture ability of Japonica varieties, Indica varieties, and their hybrids can be indicated 
in the following order of Japonica/Japonica > Japonica > Indica/Japonica > Indica/Indica > 
Indica [15]. Thus, the Japonica varieties have benefitted more from this supplementary breed-
ing approach, and extensive practical applications have been possible. For example, 67,000–
159,000 anthers from F1 hybrids of 25–36 rice crosses produced 1500–15,000 (2–10%) green 
plants per season for selection [16]. Anther culture technique has been used with a Japonica 
rice variety to purify it and in the process to develop stable new lines that are distinctly differ-
ent to the parent variety [17]. On the other hand, utilizing anther culture technique for Indica 
rice breeding has been extremely limited due to its comparatively poor androgenic response 
[3] with a few exceptions [18]. However, anther culture performance in F1 hybrids and F2 
plants could be improved when high yielding commercially grown Indica rice varieties were 
crossed with high anther culture-responsive Japonica varieties [19].

Reference [20] has very convincingly illustrated the extreme variability in anther culture 
response between Japonica and Indica varieties as 41% for a Japonica variety to 0% for an 
Indica variety. Not only between the subspecies but also among different varieties from the 
same subspecies, a considerable variation for callus induction and plant regeneration has 
been observed. Reference [21] stated that among seven Indica rice varieties on anther culture, 
callus induction frequencies varied extensively from 3.6 to 51.7%, while green plant regenera-
tion efficiency ranged from 1.6 to 82.9%. Reference [22] reported that out of 18 Indica varieties 
subjected to anther culture, only five varieties were responsive for pollen callusing, and only 

Rice Crop - Current Developments4

four varieties produced regeneration response. Similarly, reference [23] verified the extremely 
low androgenic response of Indica varieties as they found only 1 out of 35 Indica varieties 
exhibited pollen callusing on N6 medium. The use of optimal media, specifically formulated 
for each of different genotypes, may help to improve the low response associated with some 
high valued varieties [13].

5.2. Physiological status of donor plants

Success of the anther culture is greatly influenced by the physiological condition of the anther 
donor plants. That is mainly because physiology affects the number of viable and healthy 
pollen grains produced within the anthers, the endogenous levels of hormones that regu-
late metabolic pathways, and the nutritional status of the anther tissues [4]. During matura-
tion of the anther donor plants, environmental factors such as light intensity, photoperiod, 
temperature, nutrition, and CO2 concentration critically affect the growth and development. 
Also, pest infestations and control measures may have a detrimental effect on microspore 
development [13].

An improved androgenic response of an Indica rice variety induced by growing donor plants 
under specific conditions of light and day/night temperature regime was observed by refer-
ence [24]. The highest anther response was shown by anthers cultured from donor plants of 
variety IR43 grown until panicle emergence stage under long days (>12 h), high solar radia-
tion (>18 Mj m−2), and sunshine (>8 h) and day/night temperature (34/24°C), and a declined 
response was observed when the plants were grown under an environment with low values 
of the above conditions. They also observed that the plants grown under the field conditions 
were significantly superior than those grown in controlled conditions such as glasshouse or 
in pots near the field. Similar observations have also been reported for other cereals, such 
as maize and wheat. Certain chemicals such as ethereal, when applied on the donor plants, 
have altered their physiology, thereby enhancing the androgenic response [1]. Further, the 
anthers collected from the primary tillers were more responsive for anther culture than the 
anthers from panicles on late tillers [3]. When the anther donor plants were starved of nitro-
gen, anthers were able to produce much better response in in vitro culture compared to those 
that are given optimum levels of nitrogen fertilizers [2].

5.3. Pollen development stage

The pollen development stage is a critical factor that strongly affects the success of anther 
culture. Induction of embryogenic calluses cannot be achieved by culturing pollen in any 
stage of development, and the potential is restricted to specific pollen maturity stages only [4, 
25]. For rice, the best responsive stage for embryogenic induction has been reported to be the 
middle to late uninucleate stage of microspore division, and therefore anthers need to be cul-
tured at these specific stages [26–28]. These are very early stages of microspore development. 
The highest response shown by these early stages is most likely due to the fact that they are 
cells which have not yet been committed to gametophytic development and therefore can be 
forced to become proliferative. The undifferentiated cells in the callus can then assume a new 
pathway of development leading to sporophyte formation [4].

Anther Culture as a Supplementary Tool for Rice Breeding
http://dx.doi.org/10.5772/intechopen.76157

5



formation of albino plants during regeneration, and this can be identified as the most limiting 
step in the anther culture process [12]. Detailed investigations of proplastids and the plastid 
genome of the regenerated albino plantlets revealed that albinism is mainly due to incomplete 
formation of the membrane structures and different blockages in the plastid development [13].  
Molecular studies carried out on anther culture of cereals such as wheat, barley, and rice have 
attributed the associated albinism to large-scale deletions and rearrangements in the plastid 
genome [14].

5. Factors affecting rice anther culture

Investigations on haploid induction through anther culture have been steadily increasing due 
to its importance as a supplementary breeding strategy. These studies are mainly driven with 
close monitoring of a number of factors that influence androgenesis in rice as described in 
detail below.

5.1. Genotype of the donor plants

Response to anther culture by Indica rice varieties is generally poor, and even among those 
that respond by producing callus, the in vitro morphogenic responses are highly genotype-
dependent. The recalcitrance associated with the Indica types can be characterized mainly by 
poor callus induction response, poor regenerability of green plants, and the occurrence of a 
large proportion of albinos [1]. By comparison, Japonica rice varieties respond much better. 
Anther culture ability of Japonica varieties, Indica varieties, and their hybrids can be indicated 
in the following order of Japonica/Japonica > Japonica > Indica/Japonica > Indica/Indica > 
Indica [15]. Thus, the Japonica varieties have benefitted more from this supplementary breed-
ing approach, and extensive practical applications have been possible. For example, 67,000–
159,000 anthers from F1 hybrids of 25–36 rice crosses produced 1500–15,000 (2–10%) green 
plants per season for selection [16]. Anther culture technique has been used with a Japonica 
rice variety to purify it and in the process to develop stable new lines that are distinctly differ-
ent to the parent variety [17]. On the other hand, utilizing anther culture technique for Indica 
rice breeding has been extremely limited due to its comparatively poor androgenic response 
[3] with a few exceptions [18]. However, anther culture performance in F1 hybrids and F2 
plants could be improved when high yielding commercially grown Indica rice varieties were 
crossed with high anther culture-responsive Japonica varieties [19].

Reference [20] has very convincingly illustrated the extreme variability in anther culture 
response between Japonica and Indica varieties as 41% for a Japonica variety to 0% for an 
Indica variety. Not only between the subspecies but also among different varieties from the 
same subspecies, a considerable variation for callus induction and plant regeneration has 
been observed. Reference [21] stated that among seven Indica rice varieties on anther culture, 
callus induction frequencies varied extensively from 3.6 to 51.7%, while green plant regenera-
tion efficiency ranged from 1.6 to 82.9%. Reference [22] reported that out of 18 Indica varieties 
subjected to anther culture, only five varieties were responsive for pollen callusing, and only 

Rice Crop - Current Developments4

four varieties produced regeneration response. Similarly, reference [23] verified the extremely 
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in pots near the field. Similar observations have also been reported for other cereals, such 
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anthers collected from the primary tillers were more responsive for anther culture than the 
anthers from panicles on late tillers [3]. When the anther donor plants were starved of nitro-
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The pollen development stage is a critical factor that strongly affects the success of anther 
culture. Induction of embryogenic calluses cannot be achieved by culturing pollen in any 
stage of development, and the potential is restricted to specific pollen maturity stages only [4, 
25]. For rice, the best responsive stage for embryogenic induction has been reported to be the 
middle to late uninucleate stage of microspore division, and therefore anthers need to be cul-
tured at these specific stages [26–28]. These are very early stages of microspore development. 
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Although it is stated that the best responsive stages are the middle to late uninucleate micro-
spores, the precise stage of microspores that is best suited for producing a superior anther 
response can vary from one genotype to another. Therefore, application of the anther culture 
technique requires detailed examination of pollen before culture to determine its effective 
development stage [3]. When culturing rice anthers, determining the microspore develop-
ment stage requires nuclear staining and cytological examination of microspores prior to 
culture. However, repeating nuclear staining of microspores with each rice panicle, before 
dissecting anthers for culture, greatly impedes the anther culture process. Therefore, a dis-
tinct morphological indicator trait that correlates well with the stage of microspore maturity is 
commonly used during in vitro culture. In rice anther culture, the morphological trait that has 
been used is the measured distance between the nodes of the last two leaves: the flag leaf, and 
the penultimate leaf [27, 29]. In some cases the panicle length at the time of harvest has also 
been used as a visually identifiable guide [30, 31]. The use of a direct cytological marker such 
as the degree of starch accumulation in microspores has been identified as more accurate than 
the internode distance and even more convenient than the laborious nuclear staining process 
to rapidly assess microspore maturity. The most appropriate stage is when pollen grains just 
begin to accumulate starch which can be simply tested with I2/KI solution [32].

5.4. Culture media

The two main phases of anther culture in rice, callus induction and shoot regeneration, require 
different nutrient regimes and growth regulators. The culture medium that best supports cal-
lus induction is often not suitable for regeneration. Therefore, the transfer of callus onto a 
suitable regeneration medium must be done at an appropriate time. Since the callus induc-
tion potential of a given rice variety is largely determined by the genetic makeup, significant 
levels of improvement in anther response cannot be expected by manipulation of nongenetic 
factors such as the culture medium. Nevertheless, the best responsive nutrient requirements 
must be chosen as an initial step in order to optimize anther culture, particularly if they are 
low responding Indica varieties [3].

The most commonly used basal media for anther culture are N6 medium [33], MS medium 
[34], and B5 medium [35]. Generally, basal N6 medium supplemented with plant growth reg-
ulators has been used extensively in cereal anther culture to initiate callus. Macronutrients of 
culture media comprises mainly of carbon and nitrogen sources. Embryogenic and morpho-
genic responses are elicited by supplementing the basal media with appropriate plant growth 
regulators at effective concentrations. Physical state of the culture medium and also culture 
maintenance conditions are equally important for the success of rice anther culture.

5.4.1. Carbohydrate source

A carbohydrate source is essential in tissue culture media because it serves as the main source 
of energy to the cultured explant tissue. Carbohydrates are also important as osmotic agents. In 
rice anther culture, osmotic pressure in the medium is generally regulated by applying the car-
bohydrate source to the medium at a particular concentration. Very high concentrations when 
used during the latter stages of culture seem to be deleterious for cereals [4]. The type of carbon 
source directly influences the anther response. Although many early studies have used sucrose 
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as the standard carbon source, different sources have also been tested and proven effective for 
cereals. Maltose has been identified as a superior source of carbohydrate compared to sucrose 
for androgenesis in cereals. Anther culture efficiency and green plant formation of highly recal-
citrant Indica rice varieties could be improved significantly when sucrose was replaced by malt-
ose [1]. Reference [23] reported an inferior anther culture response with sucrose, as only 1 out 
of 23 Indica rice varieties responded with pollen callusing and green plant production on N6 
medium provided with 146 mM sucrose. When sucrose was replaced by equimolar amount of 
maltose, callus induction response improved from 6.3% to 10.1% and green plant regeneration 
from 0.6–1%. Reference [36] had observed that 20% maltose used for microspore isolation and 
9% maltose used for culturing produced a genotype-independent plant regeneration response. 
In other cereals such as wheat, maize, and barley, maltose promoted direct embryogenesis from 
cultured pollen. Sucrose is rapidly broken down into glucose and fructose. The toxic effects of 
sucrose on androgenesis have been attributed to the sensitivity of microspores to fructose. This 
also causes depletion of sucrose in the medium with time [1]. Comparatively, long-term avail-
ability of maltose in the culture medium has been detected due to the slow rate of hydrolysis.

5.4.2. Nitrogen source

In culture media, inorganic nitrogen is usually supplied in the form of nitrate and/or ammo-
nium ions. The ratio of the two nitrogen sources NO3

−:NH4
+ has been found to be critical for 

the success of anther culture in rice [3].

The N6 basal medium which is most widely used for rice anther culture has been formulated 
with both these sources of nitrogen at specific concentrations. However, Indica rice variet-
ies perform much better when lower concentration of NH4

+ ions than normal is used in the 
medium [1]. Reference [37], in which the response of eight Indica rice varieties were studied 
on different media, found He2 medium to be more effective than N6 medium. He2 medium is 
derived from the N6 medium by reducing NH4

+ concentration to half strength. In Korea, N6-Y1 
medium which is similar to N6 except that the (NH4)2SO4 concentration is reduced from 3.5 
to 1.5 mM has been recommended for Indica-Japonica hybrids [5]. Reference [38] reported 
that a significant improvement in anther culture could be made in Indica x Indica F1 hybrids 
using a medium with high KNO3 and NH4

+ ions completely replaced by an organic source of 
nitrogen, casein hydrolysate, at 50 mgL−1.

Reference [39] studied the effect of nitrogen source on androgenesis in another Indica vari-
ety IR24 using R-2 medium as the control. R-2 has been formulated with 40 mM KNO3 and 
2.5 mM (NH4)2SO4. When 20 mM KNO3 was combined with the amino acid 5 mM alanine, 
superior green plant regeneration could be achieved. In rice anther culture, amino acids such 
as proline and glutamine added to the culture media have been able to increase the rate of cal-
lus induction from cultured anthers while avoiding the degeneration of anther wall tissue [4].

5.4.3. Plant growth regulators

Plant growth regulators have been widely investigated in anther culture. Supplementing 
in vitro culture media with effective growth regulators (auxins, cytokinins, or a combination 
of these) as appropriate is crucial for the success of androgenic response particularly from 
recalcitrant genotypes [4].

Anther Culture as a Supplementary Tool for Rice Breeding
http://dx.doi.org/10.5772/intechopen.76157

7



Although it is stated that the best responsive stages are the middle to late uninucleate micro-
spores, the precise stage of microspores that is best suited for producing a superior anther 
response can vary from one genotype to another. Therefore, application of the anther culture 
technique requires detailed examination of pollen before culture to determine its effective 
development stage [3]. When culturing rice anthers, determining the microspore develop-
ment stage requires nuclear staining and cytological examination of microspores prior to 
culture. However, repeating nuclear staining of microspores with each rice panicle, before 
dissecting anthers for culture, greatly impedes the anther culture process. Therefore, a dis-
tinct morphological indicator trait that correlates well with the stage of microspore maturity is 
commonly used during in vitro culture. In rice anther culture, the morphological trait that has 
been used is the measured distance between the nodes of the last two leaves: the flag leaf, and 
the penultimate leaf [27, 29]. In some cases the panicle length at the time of harvest has also 
been used as a visually identifiable guide [30, 31]. The use of a direct cytological marker such 
as the degree of starch accumulation in microspores has been identified as more accurate than 
the internode distance and even more convenient than the laborious nuclear staining process 
to rapidly assess microspore maturity. The most appropriate stage is when pollen grains just 
begin to accumulate starch which can be simply tested with I2/KI solution [32].

5.4. Culture media

The two main phases of anther culture in rice, callus induction and shoot regeneration, require 
different nutrient regimes and growth regulators. The culture medium that best supports cal-
lus induction is often not suitable for regeneration. Therefore, the transfer of callus onto a 
suitable regeneration medium must be done at an appropriate time. Since the callus induc-
tion potential of a given rice variety is largely determined by the genetic makeup, significant 
levels of improvement in anther response cannot be expected by manipulation of nongenetic 
factors such as the culture medium. Nevertheless, the best responsive nutrient requirements 
must be chosen as an initial step in order to optimize anther culture, particularly if they are 
low responding Indica varieties [3].

The most commonly used basal media for anther culture are N6 medium [33], MS medium 
[34], and B5 medium [35]. Generally, basal N6 medium supplemented with plant growth reg-
ulators has been used extensively in cereal anther culture to initiate callus. Macronutrients of 
culture media comprises mainly of carbon and nitrogen sources. Embryogenic and morpho-
genic responses are elicited by supplementing the basal media with appropriate plant growth 
regulators at effective concentrations. Physical state of the culture medium and also culture 
maintenance conditions are equally important for the success of rice anther culture.

5.4.1. Carbohydrate source

A carbohydrate source is essential in tissue culture media because it serves as the main source 
of energy to the cultured explant tissue. Carbohydrates are also important as osmotic agents. In 
rice anther culture, osmotic pressure in the medium is generally regulated by applying the car-
bohydrate source to the medium at a particular concentration. Very high concentrations when 
used during the latter stages of culture seem to be deleterious for cereals [4]. The type of carbon 
source directly influences the anther response. Although many early studies have used sucrose 

Rice Crop - Current Developments6
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The growth regulator 2,4-dichlorophenoxy acetic acid (2,4-D) is commonly used in the first 
phase of rice anther culture, and 2,4-D provided at fairly high concentrations (2 mgL−1) has 
produced improved rates of callus induction of up to 15% in some genotypes [24]. Also, appli-
cability of some other auxins such as naphthalene acetic acid (NAA), phenyl acetic acid, piclo-
ram, and dicamba alone or in combination with 2,4-D has been tested for improving androgenic 
response. Not only the growth regulator combination but also the auxin/cytokinin balance has 
been found critically important for effective androgenesis. Reference [23] reported that the 
growth regulator regime of 2,4-D (2 mgL−1), picloram (0.07 mgL−1), and kinetin (0.5 mgL−1) was 
favorable for enhancing the anther response in a large number of genotypes. Further, the type 
of auxin and its concentration determine the microspore development pathway. For example, 
the use of 2,4-D favored callus formation, whereas indole-3-acetic acid and NAA promoted 
direct embryogenesis from cultured anthers without an intervening callus phase [4].

Although high levels of 2,4-D were useful for increasing callus production, it has proven to have 
a negative effect on the next phase of culture which is regeneration from callus, particularly 
from recalcitrant rice genotypes [22]. A lower level of 2,4-D (0.5 mgL−1) in combination with the 
milder auxin NAA (2.5 mgL−1) and kinetin (0.5 mgL−1) has been used effectively during both 
phases [9]. This suggests that the use of 2,4-D in the callus induction medium needs to be regu-
lated with a compromise reached between callus induction and regeneration efficiency [24].

5.4.4. Physical state of the medium

Usually, rice anthers are cultured on solid media. However, reference [23] found increased 
necrosis of anther tissue when they were cultured on solid media and observed a better cal-
lusing response in liquid media. Liquid culture media are able to supply the anthers with an 
improved access to nutrients and plant growth regulators, and also toxic and degenerated 
material can be readily dispersed. During the culture of anthers from Indica×Basmati rice on 
liquid media, severalfold increment in green plant regeneration comparable with the rates 
reported for Japonica rice varieties/hybrids could be obtained [29].

However, since the rice anthers tend to settle at the bottom of the liquid cultures, this would 
affect respiration and result in loss of viability of the explants. These have been identified 
as barriers for the use of liquid media for androgenesis. When the liquid culture media was 
added with substances such as Ficoll, it was possible to avoid sinking of anthers due to the 
increased buoyancy, and therefore viability could be maintained [3]. In principle, the solidify-
ing agent should not carry any nutritional effect. Agar is in extensive use as the gelling agent 
of solid culture media. However, more reproducible results have been obtained with the use 
of Gelrite. Starch also has been used for solidification despite the nutritional effects and its 
dissociation into sugar [13]. Some have found improved response by embedding anthers in 
agarose than culturing on semisolid or liquid media [40].

5.4.5. Culture incubation conditions

Culture temperature plays an important role in plant tissue culture. Anther cultures are 
usually incubated at the temperature range of 24–27°C. For two Indica rice varieties, Nona 
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Bokra and Pokkali, callus induction frequencies and plant regeneration responses could 
be improved when cultures were incubated at alternating temperature regime of 30/20°C 
(14/10 h) instead of constant incubation at 25°C [5]. Light regulates morphogenesis of cultured 
pollen and specifically darkness (low intensity of light) or alternating light and dark condi-
tions can be preferable for embryogenic induction. Reference [41] reported the effectiveness 
of culture conditions such as alternating periods of light with different temperatures (12–18 h; 
5000–10,000 lux/m2 at 28°C and 12–6 h; in darkness at 22°C). Regeneration phase requires 
even more specific incubation conditions to achieve success, particularly for green shoot for-
mation. Shoot regeneration from scutellum-derived callus of Indica rice was stimulated by 
applying osmotic stress conditions. Osmotic stress was created in tissues by altering the water 
content of the medium with the use of agarose and mannitol or by partial desiccation of 
callus. It is possible to expect similar stimulatory effects in anther-derived callus also. With 
osmotic stress, water content in the calluses is reduced, thus converting the callus tissues into 
more compact structures with better embryogenic and regeneration potential [42].

The composition of the atmosphere in the culture vessel has not been thoroughly studied 
despite its importance shown with tobacco [4]. Explant density and explant orientation in the 
culture medium also have been found to be critical in anther culture [2, 4].

5.5. Pretreatments to trigger androgenesis in rice

In many crop varieties including cereals, usually a treatment applied to excised anthers, 
inflorescences, or anther donor plants prior to culture is important to trigger the sporophytic 
development deviating from normal pollen development pathway. The type of the effective 
pretreatment, duration, and the time of application vary with the species or even for different 
varieties [1, 4]. Reference [43] reviewed the different pretreatments which are in current appli-
cations for triggering the anther culture response, and they have been classified into three 
categories based on their utility as widely used, neglected, and novel. These pretreatments 
include high temperature and chilling, high humidity, water stress, anaerobic treatment, cen-
trifugation, sucrose and nitrogen starvation, ethanol, γ-irradiation, use of microtubule dis-
ruptive agents, electrostimulation, high medium pH, and heavy metal treatment.

5.5.1. Temperature pretreatment

Most frequently used effective method of pretreatment for rice anther culture is the low-tem-
perature application. Harvested rice panicles are subjected to cold shock prior to the culture. 
However, the temperature and duration vary with the variety. Cold pretreatment given to 
rice anthers is known to enhance the androgenesis potential by delaying the degeneration of 
microspores and anther wall tissue in rice [1, 3]. Reference [44] reported that a pretreatment 
at 10°C for 10–30 days was necessary to induce sporophytic divisions in microspores of the 
Japonicas. Generally, temperatures from 8 to 10°C for 8 days have been recommended to 
be optimal for many varieties of rice [45]. Panicle pretreatments longer than 11 days tend to 
increase albino production [46]. Reference [37] reported a brief exposure to high temperature 
(35°C for 10 min) before the cold treatment to enhance callus induction although it adversely 
affected green plant production.
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5.5.2. Osmotic stress

Osmotic shock has been identified as another pretreatment, which can substitute or be used 
in combination with cold treatment for the induction of androgenesis. Reference [47] have 
reported the treatment of anthers in 0.4 M mannitol solution to be effective for inducing 
androgenesis in microspore cultures of Indica and Japonica varieties. Sole mannitol treatment 
without the cold pretreatment given to anthers promoted androgenesis in anther cultures of 
variety IR43 from 3 to 33.4% [48]. It is described that when the anthers or isolated microspores 
are subjected to high osmolarity by incubating in metabolizable carbohydrates for short time, 
they start divisions during stress treatment and tolerate the following stress conditions [43]. 
Further, regenerability of callus could also be improved markedly by osmotic treatment. It is 
supposed to regulate the endogenous levels of auxin interacting with abscisic acid affecting 
the carbohydrate metabolism and thereby trigger both callus initiation and shoot regenera-
tion responses in rice [49].

5.5.3. Sugar starvation

Not only in rice but also in many other crop species such as tobacco, wheat, and barley, 
sugar starvation has been found effective in induction of embryogenesis [43]. Reference [39] 
reported that cold pretreatment could be partially substituted by subjecting microspores for 
sugar starvation for 3 days during androgenesis of Indica rice. Reference [47] also confirmed 
that sugar starvation could be applied for Indica and Japonica rice in obtaining high-frequency 
embryogenesis and plantlet regeneration. Many changes induced in starved microspores at 
cytoplasmic and nuclear levels have been described in detail by reference [43].

5.5.4. Irradiation

Penetration of irradiation varies with the species and dependent pollen morphology and the 
thickness of the pollen wall [50]. Reference [51] demonstrated the stimulation of green plant 
regeneration from rice anther culture with the application of gamma rays at the dose of 20 Gy. 
Enhancement of the green plant regeneration from two- to threefold could be possible by the 
use of irradiation of the 137Cs gamma rays, and the maximum response was elicited with the 
dose of 15 Gy [52].

5.6. Ploidy-level determination and doubled haploid production

Ideally, the plants developed from anther culture can be considered as haploids as they are 
arisen from haploid microspores. However, the actual plants resulted during the regeneration 
could be a mixture of haploid, diploid, or mixoploid [13]. Occurrence of non-haploids can 
be due to different malformations. Tissues formed from somatic tissue of anther walls, the 
fusion of nuclei, endomitosis within the pollen grain, or irregular microspores formed during 
irregular meiosis lead to the development of plants other than the haploids. Also, when the 
vegetative and generative nuclei are not separated by cell wall formation, non-haploids could 
be originated [4].
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Some species are associated with a great tendency for spontaneous chromosome doubling. 
In such cases haploid cells are directly converted to homozygous DH plants. If spontaneous 
doubling is completely absent or occurs at a low frequency, the haploid plants resulted in 
cultures need to be converted to dihaploids by some other means such as application of chro-
mosome doubling agents [53]. Among many such chemicals, colchicine is the most widely 
used anti-microtubule agent in vivo and in vitro, and oryzalin and trifluralin have also been 
used.

The ploidy status of regenerated plants can be determined through direct and indirect mea-
sures. Direct determinations include mitotic chromosome counts or use of the flow cytometry 
technique [54]. Initial attempts to ploidy determination relied on karyotypical assessments 
which was highly time-consuming, laborious, and difficult due to the requirement of skilled 
operators and was most of the time a failure due to the unavailability of dividing cells. 
Recently, flow cytometry has hastened the ploidy status analysis. As an alternative to chromo-
some counting, some other correlated measurements which do not require actively dividing 
cells have been reported for estimating the ploidy level. These include leaf stomatal density 
and size. However, these measurements alone cannot be granted sufficiently reliable [54]. 
When the diploids arisen from anther cultures were analyzed using SSR markers to deter-
mine their source of origin, homozygosity has been detected for all in 150 DHs except for one 
which turned out as a heterozygote [31]. Therefore, microsatellites and other molecular tools 
such as isozyme analyses and RAPD markers can be utilized to ascertain the homozygosis 
confirming that the calluses and plantlets have been arisen from gamete itself and not from 
other somatic tissues.

6. Conclusion

Anther culture technique has been recognized as an efficient alternative to the conventional 
inbred line development which is usually achieved through a number of inbreeding cycles. 
A number of critical factors have been addressed for directing the anther culture process for 
its optimum condition since it can be potentially developed as a supplementary breeding tool 
for rice.
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Abstract

Rice is a staple food for millions of people and has great importance in food and nutri-
tional security. Rice is the second most widely consumed in the world next to wheat. 
The poorest to the richest person in the world consumes rice in one or other form. New 
research on the importance of micronutrients, vitamins and proteins aims at biological 
and genetic enrichment. Vital nutrients that the farmer can grow indefinitely without any 
additional input to produce nutrient-packed rice grains in a sustainable way is the only 
feasible way of reaching the malnourished population in India. In the present study, an 
attempt has been made to improve the nutritional quality of rice.
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1. Introduction

Rice is the very life and the main staple food for more than 50% of the world’s population. It 
provides more carbohydrate and protein in the average daily diet to supplement with essential 
micronutrients. The per capita consumption of rice is very high, ranging from 62 to 190 kg/
year. Therefore, it is one of the most important crop plants on Earth. It provides 35–75% of the 
calories consumed by more than three billion Asians. Major advances have occurred in rice 
production during the last four decades due to the adoption of green revolution technologies. 
Rice production increased 136%, from 257 million tonnes in 1966 to 600 million tonnes in 2000. 
Rice production grew at the rate of 2% during 1970–1980 and 1.1% during the 1990s. There has 
been no substantial increase in rice production during the last four years. Worldwide, rice is 
cultivated in an area of about 152.99 million hectares with a production and productivity of 
418 million metric tonnes and 4.07 tonnes per hectare, respectively. In India, rice is cultivated 
in 43.7 million hectares with production of 93.35 million metric tonnes and productivity of 3.18 
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metric tonnes per hectare (USDA, World Agriculture production, 2008). In terms of area under 
cultivation, India ranks first in the world, and with respect to production, China ranks first. To 
be healthy, human beings require more than 20 mineral elements and more than 40 nutrients, 
particularly vitamins and essential amino acids, all of which can be supplied by an appropriate 
diet. Malnutrition deficiencies common in rice consuming countries are iron (Fe) and zinc (Zn) 
deficiencies that occur mostly in developing countries.

2. Micronutrient deficiencies

Iron deficiency anemia is by far the most common micronutrient deficiency in the world, affect-
ing more than two billion people. It is estimated that about 79% of the children aged between 6 
and 35 months and 56% of women between the age of 15 and 49 years are anemic in India. Iron 
deficiency during childhood and adolescence impairs physical growth, mental development 
and learning capacity. In adults, iron deficiency anemia reduces the capacity to do physical 
labor and increases the risk of women dying during childbirth or in the postpartum period.

Zinc is required as a co-factor in over 300 enzymes and plays critical structural roles in many 
protein and transcriptional factors. Zinc deficiency is more extensive in developing countries, 
where more than 60% of the population is at risk. Zn deficiency in older children and ado-
lescent males causes retarded growth and dwarfism, retarded sexual development, impaired 
sense of taste, poor appetite and mental lethargy.

To address micronutrient deficiencies, nutritionists focus on supplementation, fortification 
and dietary diversification. Fortified food and food supplements do not reach all those 
affected in the developing countries, because of weak market infrastructure and high 
recurring cost. Sustainable solutions to the micronutrient problem in these countries can 
be developed through agricultural approaches. One such approach is crop diversification 
and the other is to enhance the level of micronutrients in major staple food crops through 
plant breeding strategies, that is, biofortification of staple in rice production for both rural 
and urban people.

“Harvest Plus” is one of the programs to motivate the breed crop varieties to enriching in iron 
and zinc. The ultimate goal of the biofortification strategy is to reduce mortality and morbid-
ity rates related to micronutrient malnutrition and to increase food security, productivity and 
the quality of life for poor populations of developing countries.

Exploiting genetic variation in crop plants for micronutrient content is one of the most pow-
erful tools to change the nutrient level of a given diet on a large scale. Genetic studies are 
required to obtain information on the mode of inheritance of the targeted trait, variability 
and heritability, which are the true key phenomena determining the efficiency of the breed-
ing programs. Based on the information generated through genetic analysis studies, desir-
able plants with improved levels of Fe and Zn could be fixed from advanced generation 
breeding materials. A human being needs 49 essential nutrients for normal metabolic activi-
ties. Inadequate consumption of even one of these nutrients will result in adverse metabolic 
disturbances leading to malnutrition. To consider the micronutrient malnutrition to arising 
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world health consequences, to concentrate poor people to balance the daily diet with micro-
nutrient enriched diet. The major micronutrient deficiencies common in rice-consuming 
countries are iron and zinc deficiencies.

According to the FAO (2010), lack of micronutrients in food, leading to hidden hunger, is seri-
ously damaging the health of billions of people all over the world. Over 9 billion people are 
affected by undernourishment and the numbers are on the rise. Nearly 5 billion people from 
Asia and Pacific region and billions of people in developing and underdeveloped countries suf-
fer due to lack of micronutrients, of which 40% of people are affected by lack of iron and zinc.

The nutritional disorder anemia due to iron deficiency is widespread in rice-consuming 
countries. South East Asia shows the highest prevalence of anemia in women with over 
50% of pregnant women being affected. Anemia lowers work performance. It has been 
linked to reduced resistance to infection. Severe anemia is a significant cause of maternal 
deaths, while mild anemia may also affect cognitive functions. The magnitude of micro-
nutrient (Fe and Zn) deficiency is alarming, particularly among children, women of repro-
ductive age and pregnant and lactating women. Zinc is a critical micronutrient needed for 
structural and functional integrity of biological membrane and for diversification of highly 
aggressive radicals.

Decrease in zinc concentration in the human body results in a number of cellular disturbances 
and impairments such as immune dysfunctions and high susceptibility to infection of dis-
eases, retardation of mental development and stunted growth in children.

The main strategies addressing micronutrient disorders are dietary diversification, food 
fortification, supplementation and biofortification. A sustainable solution for micronutrient 
deficiency is to enhance the level of micronutrients in major staple food crop through plant 
breeding strategies, that is, biofortification. According to high yielding cultivars combine 
effort of enriched micro nutrient rice possible through rice improvement strategies.

Successful biofortification strategies must be initiated with screening of diverse germplasm 
for desired micronutrient content, followed by suitable breeding methods. Genetic engineer-
ing through modification of functional pathways to improve the functional novel genes is 
another major approach. Genetic studies generally reveal the information on the mode of 
inheritance of the targeted trait. Variability and heritability are the true key phenomena deter-
mining the efficiency of the breeding program. Estimates of heritability would be helped in 
predicting the parents to advance generation for further selection improvement. It facilitates 
the breeder in finding out the heritable portion of phenotypic variance for effective selection. 
Genetic advance is yet another parameter for knowing the quantum of desired genes trans-
ferred to the progenies. Information on inter-relationships existing among these traits and 
their association with yield is also important for suggesting suitable guide for selection. Crop 
improvement for specific trait has been achieved through effective use of F2 and F3 segregat-
ing population and fixing desirable combinations [1].

Major micronutrient deficiency affected people to lose the valuable life. Since rice is the principal 
cereal crop in most rice-growing countries and is the staple food of the world’s population, it 
bears significant impact on human health. Biofortification has emerged as a new way to eradicate 
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To address micronutrient deficiencies, nutritionists focus on supplementation, fortification 
and dietary diversification. Fortified food and food supplements do not reach all those 
affected in the developing countries, because of weak market infrastructure and high 
recurring cost. Sustainable solutions to the micronutrient problem in these countries can 
be developed through agricultural approaches. One such approach is crop diversification 
and the other is to enhance the level of micronutrients in major staple food crops through 
plant breeding strategies, that is, biofortification of staple in rice production for both rural 
and urban people.

“Harvest Plus” is one of the programs to motivate the breed crop varieties to enriching in iron 
and zinc. The ultimate goal of the biofortification strategy is to reduce mortality and morbid-
ity rates related to micronutrient malnutrition and to increase food security, productivity and 
the quality of life for poor populations of developing countries.

Exploiting genetic variation in crop plants for micronutrient content is one of the most pow-
erful tools to change the nutrient level of a given diet on a large scale. Genetic studies are 
required to obtain information on the mode of inheritance of the targeted trait, variability 
and heritability, which are the true key phenomena determining the efficiency of the breed-
ing programs. Based on the information generated through genetic analysis studies, desir-
able plants with improved levels of Fe and Zn could be fixed from advanced generation 
breeding materials. A human being needs 49 essential nutrients for normal metabolic activi-
ties. Inadequate consumption of even one of these nutrients will result in adverse metabolic 
disturbances leading to malnutrition. To consider the micronutrient malnutrition to arising 
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world health consequences, to concentrate poor people to balance the daily diet with micro-
nutrient enriched diet. The major micronutrient deficiencies common in rice-consuming 
countries are iron and zinc deficiencies.

According to the FAO (2010), lack of micronutrients in food, leading to hidden hunger, is seri-
ously damaging the health of billions of people all over the world. Over 9 billion people are 
affected by undernourishment and the numbers are on the rise. Nearly 5 billion people from 
Asia and Pacific region and billions of people in developing and underdeveloped countries suf-
fer due to lack of micronutrients, of which 40% of people are affected by lack of iron and zinc.

The nutritional disorder anemia due to iron deficiency is widespread in rice-consuming 
countries. South East Asia shows the highest prevalence of anemia in women with over 
50% of pregnant women being affected. Anemia lowers work performance. It has been 
linked to reduced resistance to infection. Severe anemia is a significant cause of maternal 
deaths, while mild anemia may also affect cognitive functions. The magnitude of micro-
nutrient (Fe and Zn) deficiency is alarming, particularly among children, women of repro-
ductive age and pregnant and lactating women. Zinc is a critical micronutrient needed for 
structural and functional integrity of biological membrane and for diversification of highly 
aggressive radicals.

Decrease in zinc concentration in the human body results in a number of cellular disturbances 
and impairments such as immune dysfunctions and high susceptibility to infection of dis-
eases, retardation of mental development and stunted growth in children.

The main strategies addressing micronutrient disorders are dietary diversification, food 
fortification, supplementation and biofortification. A sustainable solution for micronutrient 
deficiency is to enhance the level of micronutrients in major staple food crop through plant 
breeding strategies, that is, biofortification. According to high yielding cultivars combine 
effort of enriched micro nutrient rice possible through rice improvement strategies.

Successful biofortification strategies must be initiated with screening of diverse germplasm 
for desired micronutrient content, followed by suitable breeding methods. Genetic engineer-
ing through modification of functional pathways to improve the functional novel genes is 
another major approach. Genetic studies generally reveal the information on the mode of 
inheritance of the targeted trait. Variability and heritability are the true key phenomena deter-
mining the efficiency of the breeding program. Estimates of heritability would be helped in 
predicting the parents to advance generation for further selection improvement. It facilitates 
the breeder in finding out the heritable portion of phenotypic variance for effective selection. 
Genetic advance is yet another parameter for knowing the quantum of desired genes trans-
ferred to the progenies. Information on inter-relationships existing among these traits and 
their association with yield is also important for suggesting suitable guide for selection. Crop 
improvement for specific trait has been achieved through effective use of F2 and F3 segregat-
ing population and fixing desirable combinations [1].

Major micronutrient deficiency affected people to lose the valuable life. Since rice is the principal 
cereal crop in most rice-growing countries and is the staple food of the world’s population, it 
bears significant impact on human health. Biofortification has emerged as a new way to eradicate 
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micronutrient deficiencies. Biofortification is likely to reach rural households, especially subsis-
tence farmers who grow and consume the harvested cereal grains, which in turn is expected to 
have impact in an affordable and sustainable manner.

Rice (Oryza sativa L.) is basically a starchy crop and it has low nutritional elements compared 
to millets. Though rice provides 50–80% of the energy intake of the poor, it does not provide 
enough essential micronutrients to eliminate hidden hunger, iron deficiency anemia (IDA) 
and zinc deficiency. Sufficient micronutrient in the daily diet is one of the prerequisites for 
human health. The main strategies addressing micronutrient disorders are dietary diversi-
fication, food fortification, supplementation and biofortification. Most of the micronutrient 
deficiencies can be addressed, to some extent, through biofortification. One of the ways to 
enhance the micronutrient level in the staple crops is biofortification breeding.

To develop new varieties with high amount of micronutrients in the rice kernel, a popula-
tion with high variability serves as prime source for effective selection. Particularly, the role 
played by F2 segregants, contributing much variability, is highly recognized. The F2 and F3 
generation is the correct stage for selection in any hybridization program and fixing desirable 
traits in the early segregants of rice by selecting and evaluating them for desirable characters.

A scrutiny of available literature is invaluable in gaining an insight into the research problem 
under study. This review helps to acquire broad and general background in the given field or 
discipline. Comparative views of past approaches and findings can also be had through this 
compiled information. This could orient researchers in the desired lines of thinking, which is 
supposed to be a prerequisite for a scientific study.

A sincere attempt has been made to review the available literature relevant to the study and 
is presented under the following sub-heads:

1. Studies on variability

2. Studies on heritability and genetic advance

3. Studies on association of characters

4. Studies on path coefficient analysis

5. Studies on parent-progeny regression

2.1. Variability

The development of an effective plant breeding program is dependent upon the existence of 
genetic variability and it is a prerequisite for a plant breeder to work with any crop species. 
Genetic improvement for quantitative traits can be achieved through a clear understanding 
of the nature and extent of variability present in the material. The efficiency of selection in 
any crop largely depends on the magnitude of genetic variability available in the population.

The simple measures of variability partitions the variation into phenotypic, genotypic and 
environmental components. Phenotypic coefficient of variation (PCV) is the measure of total 
variability resulting from the genotype, environment and interaction of both. Phenotypic and 
genotypic coefficients of variation give the real picture of variability concealed in a population.
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2.2. Heritability and genetic advance

Knowledge of heritability serves as an effective tool to the plant breeder to estimate the rela-
tive importance of the inheritance and environment on the variation observed for a character. 
The concept of heritability helps to discern whether phenotypic differences among individuals 
are due to genetic differences or due to environmental causes. Heritability in a narrow sense 
is defined as that fraction of the observed variance which is caused by additive genetic effect.

Similarly, the estimate of genetic advance or genetic gain for a particular character is an important 
parameter to evaluate the effectiveness of selection [2].

i. The amount of genetic variability

ii. The intensity of selection

Knowledge of variability, heritability and genetic advance is of great value in both stages. 
Estimation of heritability along with genetic gain is more useful in predicting the resultant 
effect through selection of the best individuals.

Estimates of heritability for different traits of economic importance are available on a variety 
of materials.

2.3. Association of characters

Inter-relationship of yield with other traits is considered as the most valuable while formulat-
ing selection program for yield improvement in any crop. Correlation studies pave the way 
to know the association between highly heritable characters with the most economic, namely 
the grain yield. Several authors have worked in this aspect to bring about the relationship of 
different characters with yield and also within the yield contributing character.

A number of independent components will influence yield, since it is a complex quantitative 
trait. Simultaneous selection for more characters can easily be done with the knowledge of 
association between yield and yield components. This association between highly heritable 
characters with the most economic character, the yield, can be obtained by correlation stud-
ies. Various authors have brought out the relationship between yield and yield attributing 
economic traits by computing genotypic and phenotypic correlation coefficients.

2.4. Path coefficient analysis

Path coefficient analysis provides an efficient means of partitioning of correlation coefficients 
into direct and indirect effects of the component character. Selection on the basis of direct and 
indirect effect is much more useful than selection for yield per se alone. Several authors have 
reported the extent of direct and indirect influence of characters on yield in rice.

2.5. Studies on parent-progeny regression analysis

Parent-offspring regression analysis in advancing generations makes it possible to study how 
far the genetic potentials from one generation is transferred to the next; the higher the values of 
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Genetic improvement for quantitative traits can be achieved through a clear understanding 
of the nature and extent of variability present in the material. The efficiency of selection in 
any crop largely depends on the magnitude of genetic variability available in the population.

The simple measures of variability partitions the variation into phenotypic, genotypic and 
environmental components. Phenotypic coefficient of variation (PCV) is the measure of total 
variability resulting from the genotype, environment and interaction of both. Phenotypic and 
genotypic coefficients of variation give the real picture of variability concealed in a population.

Rice Crop - Current Developments20

2.2. Heritability and genetic advance

Knowledge of heritability serves as an effective tool to the plant breeder to estimate the rela-
tive importance of the inheritance and environment on the variation observed for a character. 
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are due to genetic differences or due to environmental causes. Heritability in a narrow sense 
is defined as that fraction of the observed variance which is caused by additive genetic effect.

Similarly, the estimate of genetic advance or genetic gain for a particular character is an important 
parameter to evaluate the effectiveness of selection [2].
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ii. The intensity of selection

Knowledge of variability, heritability and genetic advance is of great value in both stages. 
Estimation of heritability along with genetic gain is more useful in predicting the resultant 
effect through selection of the best individuals.

Estimates of heritability for different traits of economic importance are available on a variety 
of materials.

2.3. Association of characters

Inter-relationship of yield with other traits is considered as the most valuable while formulat-
ing selection program for yield improvement in any crop. Correlation studies pave the way 
to know the association between highly heritable characters with the most economic, namely 
the grain yield. Several authors have worked in this aspect to bring about the relationship of 
different characters with yield and also within the yield contributing character.

A number of independent components will influence yield, since it is a complex quantitative 
trait. Simultaneous selection for more characters can easily be done with the knowledge of 
association between yield and yield components. This association between highly heritable 
characters with the most economic character, the yield, can be obtained by correlation stud-
ies. Various authors have brought out the relationship between yield and yield attributing 
economic traits by computing genotypic and phenotypic correlation coefficients.

2.4. Path coefficient analysis

Path coefficient analysis provides an efficient means of partitioning of correlation coefficients 
into direct and indirect effects of the component character. Selection on the basis of direct and 
indirect effect is much more useful than selection for yield per se alone. Several authors have 
reported the extent of direct and indirect influence of characters on yield in rice.

2.5. Studies on parent-progeny regression analysis

Parent-offspring regression analysis in advancing generations makes it possible to study how 
far the genetic potentials from one generation is transferred to the next; the higher the values of 
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regression, the higher will be the genetic effect with less environmental influence. The analysis 
will be helpful to select the early fixing characters in a segregating population. Parent-progeny 
regression analysis method helps us to ascertain the influence of environment on different char-
acters in progenies obtained from individual selection from early generation and to study the 
real genetic potentiality of the progenies, which was inherited from their parents [3]. Parent-
progeny regression analysis assumes no environment association between generations, so geno-
type × environment interaction and co-variances between parents and offspring will be zero [4].

Multiple regression analysis to fix yield attributing characters found that percentage of filled 
grains per panicle, biological yield and harvest index were major selection criteria for yield 
improvement [5]. A comparative analysis to estimate heritability for grain yield and plant 
height using parent-offspring regression and variance components in maize revealed broad 
sense heritability estimated from variance components of the progeny greater than those 
based on the parent–offspring regression. It was found that selection is not effective for other 
traits like plant height.

High narrow sense and realized heritability for the characters, 1000 grain weight, and num-
ber of grains per panicle in early generation showed the prospects of selecting for these traits 
in early generation itself. Multiple regression analysis in pearl millet to fix yield-attributing 
characters found that number of grains per spike, 1000 grain weight, totally contributed a 60% 
variation in grain yield, suggesting that selection should be based on the above characters for 
improvement in grain yield.

With regard to heritability and environmental effects of yield and yield-related traits using 
parent-offspring regression in F1 progenies, environmental effects and heritability estimates 
were high for culm length, tillers per plant, panicles per plant and 1000 grain weight. Based on 
the variance estimates of the parent-offspring regression model, it was suggested that these 
traits with high heritability, considerable phenotypic correlation and low seasonal variability 
could be used for further improvement of the F1 progenies [6].

The most widely used breeding method in rice is the hybridization of homozygous diverse 
genotypes followed by pedigree method of handling the segregating population in order 
to isolate genotypes possessing desirable characteristics of parents. The usefulness of these 
methods is limited because of limited parental participation, low genetic diversity, reduced 
recombination and rapid fixation of genes. The selection and choice of breeding method for 
the improvement of quantitative or qualitative character largely depends on the nature and 
magnitude of additive and dominance variance. The success in the improvement of cultivated 
variety for yield, grain quality and resistance to biotic and abiotic resistance largely depends 
upon the natural variability present in the population. Through hybridization among the 
selected genotypes, it is possible to reshuffle desired characteristics, provided the segregating 
generations contain large variability. Selection for quantitative characters is generally taken 
up in the early segregating generations. For characters like grain yield, the selection is con-
tinued till the material becomes homozygous, because such characters are controlled by large 
number of genes and huge number of population has to be raised for making the selection 
effective. This is not always true, because the effective selection was known to be restricted by 
close linkages between desirable and undesirable component characters and these undesir-
able linkages delay the utilization of full recombination potential.
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Among the methods of increasing the frequency of desirable recombinants, the biparental 
mating or disruptive mating gets importance in the improvement of self-pollinated crops, 
because it increases the possibility of obtaining desirable and valuable recombinants [7]. The 
system of biparental mating is reported to alter the phase of linkage through forced recombi-
nation. As a result, greater amount of concealed genetic variation is released, particularly of 
the additive type. Since the additive genetic variance is the only variance which responds to 
selection, a perceptible genetic gain can be expected after biparental mating.

Quality breeding in rice has assumed greater significance due to varied consumer preference 
in recent years. Developing a better variety with respect to higher yield with good grain qual-
ity and multiple resistances to biotic and abiotic tolerance than the already existing ones is the 
prime goal of plant breeders. Thus, high yield is the foremost goal of any crop improvement 
program but consumer preference varies from region to region. Next to grain yield, grain 
quality is the important criterion considered by the plant breeders. If the newly developed 
variety is not accepted by the consumers due to its poor taste, texture, aroma or appearance, 
its usefulness is greatly impaired. In developed countries, as well as in the rice-exporting 
countries, physical appearance of the grain or kernel is often more important than the yield 
[8]. In developing countries, like India, grain quality has become greatly important as the 
country has become more prosperous and self-sufficient in food production.

Quality of rice is determined by a combination of many physio-chemical properties. Rice ker-
nel size and shape are important quality components that directly influence the market value. 
Gelatinization temperature and amylose content are the principal determinants for cooking 
and eating quality of milled rice. In addition to this trait, kernel length after cooking and 
linear elongation ratio is desirable quality traits. Properties of cooked rice are controlled by 
amylose content and gelatinization temperature. Varieties with intermediate values for both 
parameters remain nonsticky and tender after cooking and low values for both make the rice 
sticky on cooking.
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Abstract

Biofortification is the process of improving the bioavailability of essential nutrients in 
food crops either through conventional breeding or modern biotechnology techniques. 
Rice is one of the most demanding staple foods worldwide. Most global population live 
on a diet based on rice as the main carbohydrate source that serve as suitable target for 
biofortification. In general, polished grain or white rice contains nutritionally insufficient 
concentration of iron (Fe) to meet the daily requirements in diets. Therefore, iron bioforti-
fication in rice offers an inexpensive and sustainable solution to mitigate iron deficiency. 
However, understanding on the mechanism and genes involved in iron uptake in rice 
is a prerequisite for successful iron biofortification. In this chapter, the overview of iron 
uptake strategies in plants and as well as different iron-biofortified approaches used in 
rice will be outlined. Then, the challenges and future prospects of rice iron biofortifica-
tion to improve global human health will also be discussed.

Keywords: agronomic practices, conventional plant breeding, genetic engineering,  
iron biofortification, Oryza sativa, transgenic rice

1. Introduction

Rice is one of the most consumed staple foods worldwide. In developing countries, people 
often rely on rice as their sole source of nutrition [1]. However, polished grain, known as 
white rice, contains limited amount of essential nutrients to sustain a good health and devel-
opment [2]. Hence, those who are incapable to afford other micronutrients-rich nonstaple 
food for their balance diet are often at the highest risk for micronutrients deficiencies [3].
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Abstract

Biofortification is the process of improving the bioavailability of essential nutrients in 
food crops either through conventional breeding or modern biotechnology techniques. 
Rice is one of the most demanding staple foods worldwide. Most global population live 
on a diet based on rice as the main carbohydrate source that serve as suitable target for 
biofortification. In general, polished grain or white rice contains nutritionally insufficient 
concentration of iron (Fe) to meet the daily requirements in diets. Therefore, iron bioforti-
fication in rice offers an inexpensive and sustainable solution to mitigate iron deficiency. 
However, understanding on the mechanism and genes involved in iron uptake in rice 
is a prerequisite for successful iron biofortification. In this chapter, the overview of iron 
uptake strategies in plants and as well as different iron-biofortified approaches used in 
rice will be outlined. Then, the challenges and future prospects of rice iron biofortifica-
tion to improve global human health will also be discussed.

Keywords: agronomic practices, conventional plant breeding, genetic engineering,  
iron biofortification, Oryza sativa, transgenic rice

1. Introduction

Rice is one of the most consumed staple foods worldwide. In developing countries, people 
often rely on rice as their sole source of nutrition [1]. However, polished grain, known as 
white rice, contains limited amount of essential nutrients to sustain a good health and devel-
opment [2]. Hence, those who are incapable to afford other micronutrients-rich nonstaple 
food for their balance diet are often at the highest risk for micronutrients deficiencies [3].
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Iron deficiency is a common health disorder affecting nearly 2 billion people worldwide with 
other mineral and vitamin deficiency [4, 5]. Common effects of iron deficiency include anemia 
and impaired growth development in pregnant women and preschool children [6]. It can be 
easily addressed through dietary diversification, micronutrient supplements, medicines, and 
surgery depending of the severity of the condition [5, 7]. However, such treatments may not be 
available to everyone due to limitations such as geographical and financial capabilities [4]. In 
addition, iron is the most difficult mineral to be used in food fortification because the most sol-
uble and absorbable compounds (e.g., FeSO4) alters the taste or color of fortified food making it 
unappetizing while the least soluble compounds (e.g., Fe4(P2O7)3) are poorly absorbed by human 
body [8, 9]. Hence, food fortification is not a sustainable solution to mitigate iron deficiency.

Government bodies and nonprofit organization could play an important role to combat 
micronutrient deficiency by providing adequate food, supplements, and medicine supplies 
to rural areas. Nevertheless, it may not be an effective long-term solution because it is highly 
dependent on continuous investment, appropriate infrastructures, and transportation [10]. 
Hence, an alternative solution through biofortification is seen to be more efficient and cost-
friendly in mitigating to micronutrient deficiency.

Iron biofortification, the process of improving the bioavailability of iron in food crops can 
be achieved via agronomic practices, conventional breeding, and genetic engineering. 
Biofortification through agronomic practices can be performed through fertilizer or foliar 
feeding [11]. Agronomic practices need to take bioavailability of iron at different stages into 
account as not all of the nutrients are transferred [12]. Several crucial factors may contribute 
to the nutrient loss at different stages such as bioavailability of nutrient uptake from the soil, 
nutrient distribution in different parts of the plants, milling or dehusking during food pro-
cessing, and the ability of human to absorb and utilize the nutrients [13]. These factors need to 
be considered carefully to ensure successful iron biofortification through agronomic practices.

Meanwhile, conventional plant breeding involves identifying and selection of parent line, 
which contains desirable traits found in both parent plants. Parent lines are then crossed 
over for a few generations until daughter plants with both desirable nutrient and agronomic 
traits are observed and selected [14]. For instance, iron bean is one of the successful products 
through conventional plant breeding with high iron content, high bioavailability, and high 
yield [15, 16]. In addition, the advancement of modern biotechnology techniques, such as 
marker-assisted selection, improves the efficiency and precision in identification of potential 
lines in daughter plants [17].

To date, with the recent advancement of genetic engineering technologies served as a plat-
form, which inspires many researchers in exploring alternative solution through genetic mod-
ification. Genetic engineering involves in removing, altering, or inserting specific sequence 
into the plant genome, which provides a better flexibility by silencing or overexpressing desir-
able gene sequences for desirable traits [18, 19]. Genetic engineering is an excellent method 
to obtain desirable micronutrient levels in a more effective manner by targeting specific gene 
of interest. However, successful biofortification via genetic engineering requires extensive 
knowledge and understanding of iron uptake, trafficking, and homeostasis mechanisms in 
plants to prevent undesirable side effects.
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2. Iron uptake strategies in plants

Plants acquire iron mainly from the rhizosphere. There are abundant of iron in the soil, but 
only minute quantities of iron are absorbed by the plants. The availability of iron is dependent 
on the soil pH and soil redox potential [7]. Iron becomes less soluble in higher pH and it can 
be found in the form of insoluble ferric oxides. In contrast, iron becomes more soluble in low 
pH and they can be readily absorbed by the plant roots [20].

Micronutrient uptake and distribution in plants are heavily controlled and regulated by differ-
ent uptake strategies. This allows the required amount of micronutrients to be absorbed into 
the plant but not high enough to exhibit toxicity effect [21]. Similarly for iron uptake in plants, 
there are two strategies used for iron uptake from the soil, namely reduction-based strategy 
and chelation-based strategy [22, 23]. Graminaceous plants are able to utilize chelation-based 
strategy while nongraminaceous plants utilize reduction-based strategy. However, rice is able 
to utilize combination of both reduction-based and chelation-based strategies as shown in 
Figure 1 [22, 23].

2.1. Strategy I: reduction-based strategy

Reduction-based strategy is utilized by nongraminaceous plants. This strategy involves 
reducing available Fe3+ through the reduction activity into Fe2+ before being absorbed into 
the plant system. In reduction-based strategy, nongraminaceous plant will release pro-
tons toward the rhizosphere to decrease the pH in the surrounding soil under Fe-deficient 
condition. Kim [20] suggested that ATPase are responsible for releasing protons into the 
rhizosphere and reducing the pH of surrounding rhizosphere. The decrease in pH will 
increase the solubility of Fe3+ in the rhizosphere. In addition, NADPH-dependent Fe3+-
chelate reductase reduces Fe3+ into a more soluble form of Fe2+ with the help of ferric reduc-
tase oxidase 2 (FRO2). Then, Fe2+ will be transported into the roots via ferric ion transporter 
controlled by iron regulated transporter 1 (IRT1) [22].

2.2. Strategy II: chelation-based strategy

Grasses families such as maize, wheat, and rice are known as graminaceous plants. In 
response to iron deficiency, these plants are able to increase iron uptake through chelation-
based strategy. Chelation-based strategy transports Fe3+ from rhizosphere into the roots with 
the help of soluble siderophores. Mugineic acid (MA) family phytosiderophores are natural 
iron chelators and they have a higher affinity toward Fe3+ [7]. Depending on different species, 
different sets of MAs will be released by the plant to surrounding rhizosphere via transporter 
of MAs (TOM1). For instance, rice will secrete only 2′-deoxymugineic acid (DMA), while bar-
ley secretes different types of MA such as MA, 3-epihydroxymugineic acid (epi-HMA), and 
3-epihydroxy-2′-deoxymugineic acid (epi-HDMA) [22]. During iron deficiency, graminaceous 
plants will secrete MAs into the rhizosphere to solubilize sparingly soluble iron in rhizo-
sphere. MAs will bind Fe3+ efficiently forming Fe3+-MA complexes. The complexes will be 
transported into the root via yellow stripe 1 (YS1) transporter [22, 24].
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account as not all of the nutrients are transferred [12]. Several crucial factors may contribute 
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cessing, and the ability of human to absorb and utilize the nutrients [13]. These factors need to 
be considered carefully to ensure successful iron biofortification through agronomic practices.

Meanwhile, conventional plant breeding involves identifying and selection of parent line, 
which contains desirable traits found in both parent plants. Parent lines are then crossed 
over for a few generations until daughter plants with both desirable nutrient and agronomic 
traits are observed and selected [14]. For instance, iron bean is one of the successful products 
through conventional plant breeding with high iron content, high bioavailability, and high 
yield [15, 16]. In addition, the advancement of modern biotechnology techniques, such as 
marker-assisted selection, improves the efficiency and precision in identification of potential 
lines in daughter plants [17].

To date, with the recent advancement of genetic engineering technologies served as a plat-
form, which inspires many researchers in exploring alternative solution through genetic mod-
ification. Genetic engineering involves in removing, altering, or inserting specific sequence 
into the plant genome, which provides a better flexibility by silencing or overexpressing desir-
able gene sequences for desirable traits [18, 19]. Genetic engineering is an excellent method 
to obtain desirable micronutrient levels in a more effective manner by targeting specific gene 
of interest. However, successful biofortification via genetic engineering requires extensive 
knowledge and understanding of iron uptake, trafficking, and homeostasis mechanisms in 
plants to prevent undesirable side effects.
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2. Iron uptake strategies in plants

Plants acquire iron mainly from the rhizosphere. There are abundant of iron in the soil, but 
only minute quantities of iron are absorbed by the plants. The availability of iron is dependent 
on the soil pH and soil redox potential [7]. Iron becomes less soluble in higher pH and it can 
be found in the form of insoluble ferric oxides. In contrast, iron becomes more soluble in low 
pH and they can be readily absorbed by the plant roots [20].

Micronutrient uptake and distribution in plants are heavily controlled and regulated by differ-
ent uptake strategies. This allows the required amount of micronutrients to be absorbed into 
the plant but not high enough to exhibit toxicity effect [21]. Similarly for iron uptake in plants, 
there are two strategies used for iron uptake from the soil, namely reduction-based strategy 
and chelation-based strategy [22, 23]. Graminaceous plants are able to utilize chelation-based 
strategy while nongraminaceous plants utilize reduction-based strategy. However, rice is able 
to utilize combination of both reduction-based and chelation-based strategies as shown in 
Figure 1 [22, 23].

2.1. Strategy I: reduction-based strategy

Reduction-based strategy is utilized by nongraminaceous plants. This strategy involves 
reducing available Fe3+ through the reduction activity into Fe2+ before being absorbed into 
the plant system. In reduction-based strategy, nongraminaceous plant will release pro-
tons toward the rhizosphere to decrease the pH in the surrounding soil under Fe-deficient 
condition. Kim [20] suggested that ATPase are responsible for releasing protons into the 
rhizosphere and reducing the pH of surrounding rhizosphere. The decrease in pH will 
increase the solubility of Fe3+ in the rhizosphere. In addition, NADPH-dependent Fe3+-
chelate reductase reduces Fe3+ into a more soluble form of Fe2+ with the help of ferric reduc-
tase oxidase 2 (FRO2). Then, Fe2+ will be transported into the roots via ferric ion transporter 
controlled by iron regulated transporter 1 (IRT1) [22].

2.2. Strategy II: chelation-based strategy

Grasses families such as maize, wheat, and rice are known as graminaceous plants. In 
response to iron deficiency, these plants are able to increase iron uptake through chelation-
based strategy. Chelation-based strategy transports Fe3+ from rhizosphere into the roots with 
the help of soluble siderophores. Mugineic acid (MA) family phytosiderophores are natural 
iron chelators and they have a higher affinity toward Fe3+ [7]. Depending on different species, 
different sets of MAs will be released by the plant to surrounding rhizosphere via transporter 
of MAs (TOM1). For instance, rice will secrete only 2′-deoxymugineic acid (DMA), while bar-
ley secretes different types of MA such as MA, 3-epihydroxymugineic acid (epi-HMA), and 
3-epihydroxy-2′-deoxymugineic acid (epi-HDMA) [22]. During iron deficiency, graminaceous 
plants will secrete MAs into the rhizosphere to solubilize sparingly soluble iron in rhizo-
sphere. MAs will bind Fe3+ efficiently forming Fe3+-MA complexes. The complexes will be 
transported into the root via yellow stripe 1 (YS1) transporter [22, 24].
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2.3. Iron uptake mechanism in rice

Some graminaceous plants, in particular rice, can undergo combined strategies of reduction-
based strategy and chelation-based strategy for iron uptake. Rice acquires Fe3+ via strategy I-like 
system and Fe2+ directly from the surroundings via IRT1 or IRT2. However, there is no increase 
in Fe3+-chelate reductase levels detected in the roots as compared to nongraminaceous plants 
[20]. Possible explanation is that adaptation of rice when grown in submerged and anaerobic 
environment rich in Fe2+ compared to Fe3+ [10]. Similarly to strategy II, MAs will be secreted into 
the rhizosphere to bind with Fe3+ and the complexes will be transported into the root via YS-like 
15 (YSL15). Between both strategies, rice is able to uptake iron from the surrounding more effi-
ciently through Fe3+-MA complexes as compared to direct Fe2+ uptake [22].

Figure 1. Iron uptake strategy by graminaceous plants and nongraminaceous plants.
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3. Iron biofortification via agronomic practices

Agronomic biofortification is a traditional biofortification approach, which involves micronu-
trient uptake from the surrounding soil and translocation into the edible parts of the plants. 
Effective agronomic biofortification are determined by various factors due to the potential 
nutrient loss during the transition at different stages such as from the soil to the plants, plants to 
food, and finally to humans [13, 25, 26]. Soil conditions such as pH, soil composition, aeration, 
and moisture are important for iron availability and uptake in plants [13, 27]. As mentioned 
in Section 2.1, higher plants are able to release protons to the surrounding soil to increase iron 
solubility and pH of surrounding rhizosphere in order to enhance iron availability and uptake. 
Similarly through soil management, properties of the soil could be altered to increase iron 
availability and uptake in plants by utilizing organic wastes such as plant residues and animal 
manure [27, 28]. Besides, organic wastes is able to enhance the soil properties, nutrient bioavail-
ability, cation exchange capacity, and water holding capacity while providing a constant and 
slower nutrient release [13, 29]. However, application of organic wastes alone is insufficient to 
mitigate iron deficiency and it requires combination application with iron fertilizer [13].

Iron availability in the soil can be enhanced through fertilizer application onto the soil or 
foliar feeding application directly onto the leaves of the crop. Iron fertilizer via foliar feed-
ing enhance iron uptake and efficient translocation into rice as compared to soil fertilizer 
[30–32]. However, the fertilizers are often removed by the rain and they require reapplica-
tion each time after raining, which are costly and dangerous to the environment [13, 33].  
Conversely, the application of iron fertilizer through the soil is inefficient due to strong bind-
ing between iron and the soil, which reduces iron uptake efficiency in plants [13, 15].

In addition, macronutrient also plays a crucial role in iron biofortification in plants. Previously, 
several studies on positive interactions between iron and zinc concentration in grains with nitro-
gen, phosphorus, and potassium (NPK) fertilizer have been reported [10, 27, 32, 34]. The pres-
ence of nitrogen alone was reported to increase iron content in brown rice by 15% and addition 
of potassium is able to further increase the iron content in rice grain [35]. This is because nitrogen 
and phosphorus are involved in root development, shoot transport and re-localization, which 
improves the translocation of iron into rice grain [13, 15, 27, 33]. On the other hand, the presence 
of phosphorus is able to reduce toxicity in plants at the cost of reduce uptake of both iron and 
zinc uptake in plant due to dilution effect [13]. Hence, combined application of both NPK fertil-
izer and iron fertilizer could be a potential approach to increase iron bioavailability in rice [13].

4. Iron biofortification via conventional plant breeding

Conventional plant breeding has been practiced for centuries to improve the properties of 
food crops by identifying and developing parent plants with desired characteristics, cross-
ing the parent plants, and selecting offspring with desired agronomic traits inherited from 
both parent plants [14]. An example of a product developed via plant breeding is high iron 
rice variety (IR68144) with high yield, disease tolerant, good tolerant to mineral deficient, 
and excellent seed vigor. The IR68144 rice variety was developed through crossing between 
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Iron availability in the soil can be enhanced through fertilizer application onto the soil or 
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ence of nitrogen alone was reported to increase iron content in brown rice by 15% and addition 
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semi dwarf rice cultivar, IR8 and Taichung (Native)-1. Meanwhile, IR8 is a product devel-
oped through crossing between Chinese dwarf rice variety “Dee-Geo-woo-gen” (DGWG) and 
Indonesia high yield rice variety “Peta” [36]. The Taichung (Native)-1 is a product of crossing 
between DGWG and a traditional tall variety ‘Tsai-Yuan-Chung’, which produces high yield 
and dwarf variety. Crossing between IR8 and Taichung (Native)-1 allows the development 
of new rice cultivar, which is semi-dwarf and contains high yield properties [37]. This rice 
variety is able to produce 21 μg/g (2-fold) of iron concentration in brown rice [35]. In addi-
tion, IR68144 is able to retain most of the iron content (approximate 80%) after polishing 
for 15 minutes compared to other varieties [10]. Furthermore, consumption of IR68144 was 
reported to have improvement in iron status of women [38]. This rice cultivar can serve as a 
stepping stone for further transgenic enhancement [10].

Even though conventional breeding is able to develop high yield and semi dwarf IR68144, this 
approach alone in iron biofortification is insufficient in developing a sustainable agronomic 
plant in terms of yield and quality [39]. This is due to the possibility of inheriting undesir-
able traits from the parent line as the selection process is done based on the phenotypes and 
new traits can only be developed after performing extensive back crossing or wide crossing 
[40]. For instance, low phytic acid (PA) maize mutant (lpa241) has demonstrated its ability to 
reduce PA concentration by 90% in exchange of reduced germination rate by 30% [41]. Hence, 
conventional breeding is best coupled with other approach such as genetic engineering and 
agronomic practices to enhance iron content in grains [32, 37, 42, 43].

5. Iron biofortification via genetic engineering

The advancement of genetic engineering technologies allows the advancement in molecu-
lar field including the development of transgenic plants. Characterization and analysis of 
gene function are performed via genetic engineering by the manipulation of gene expression. 
These include introducing gene of interest from other closely-related organism, RNA interfer-
ence (RNAi) gene silencing, and overexpression of gene of interest [18]. Genetic engineering 
technologies is able to provide a more efficient and reliable method to study the relation-
ship between genotype and the phenotype as compared to agronomic and conventional plant 
breeding [44, 45]. As a result, genetic engineering is preferred as an alternative for biofortifica-
tion to increase the iron content in rice grains. There are five different transgenic approaches 
(Table 1) and as well as combination of different transgenic approaches (Table 2), which have 
been attempted and successfully used to enhance the iron content in rice grain.

5.1. Enhancement of iron storage in rice via ferritin genes

Ferritin is an iron storage protein ubiquitously present in most organisms, which is capable to 
store up to 4500 iron atoms in a complex and nontoxic form [65, 66]. Iron complex in soybean 
ferritin is readily available for human body absorption via iron uptake mechanism in the 
intestine [46, 62]. Thus, the first approach in iron biofortification is to enhance the expression 
of ferritin by introducing soybean ferritin (SoyferH1 and SoyferH2) genes into rice.
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In soybean, there are two types of ferritin proteins, known as SoyferH1 and SoyferH2, and 
both ferritin genes are controlled by endosperm specific promoters [47]. However, expres-
sion of multiple endosperm specific promoters (Oryza sativa Globulin (OsGlb) and Oryza sativa 
Glutelin (OsGluB1) promoters) did not produce a significant increase of iron concentration in 

Approach Genes-promoter 
used

Rice cultivar Fold of Fe 
increase

References

Improving iron storage via 
ferritin genes

OsGluB1 
pro-SoyferH1

Japonica cv. Kitaake 1.5 fold (brown 
grain)

[48]

OsGluB1 
pro-SoyferH1

Japonica cv. Kitaake 2 fold (polished 
grain)

[49]

OsGluB1 
pro-SoyferH1

Japonica cv. Taipei 309 2.2 fold (brown 
grain)

[51]

OsGluB1 
pro-SoyferH1

Indica cv. IR68144 3.7 fold (polished 
grain)

[50]

OsGluB4 
pro-SoyferH1

Indica cv. IR64 3.4 fold (polished 
grain)

[64]

OsGluA2 pro-Osfer2 Indica cv. Pusa-Sugandh II 2.1 fold (polished 
grain)

[67]

Enhancing iron transport 
via NAS gene

35S pro-OsNAS1, 2, 3 Japonica cv. Nipponbare 4 fold (polished 
grain)

[2]

Maize Ubiquitin 
pro-OsNAS2

Japonica cv. Kitaake 2.9 fold (polished 
grain)

[54]

Maize Ubiquitin 
pro-OsNAS3

Japonica cv. Dongjin 2.9 fold (polished 
grain)

[55]

35S pro-HvNAS1 Japonica cv. Tsukinohikari 2.3 fold (polished 
grain)

[74]

Enhancing iron influx via 
OsYSL2 gene

OsSUT1 pro-OsYSL2 Japonica cv. Tsukinohikari 4.4 fold (polished 
grain)

[75]

Enhancing iron uptake and 
translocation via IDS3 gene

35S pro-barley 
20-kb IDS3 genome 
fragment

Japonica cv. Tsukinohikari 1.4 fold (polished 
grain)

[58]

35S pro-barley 
20-kb IDS3 genome 
fragment

Japonica cv. Tsukinohikari 1.3 fold (brown 
grain)

[78]

Enhancing iron 
translocation via silencing 
OsVITs genes

OsVIT1 or OsVIT2 
T-DNA
insertion line

Japonica cv. Zhonghua11 and 
Japonica cv. Dongjin

1.4 fold
(brown grain)

[59]

OsVIT2 T-DNA
insertion line

Japonica cv. Dongjin 1.8 fold (polished 
grain)

[80]

Table 1. Iron biofortification approach in rice targeting genes responsible for iron storage, iron transport, iron influx, 
iron uptake and translocation.
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semi dwarf rice cultivar, IR8 and Taichung (Native)-1. Meanwhile, IR8 is a product devel-
oped through crossing between Chinese dwarf rice variety “Dee-Geo-woo-gen” (DGWG) and 
Indonesia high yield rice variety “Peta” [36]. The Taichung (Native)-1 is a product of crossing 
between DGWG and a traditional tall variety ‘Tsai-Yuan-Chung’, which produces high yield 
and dwarf variety. Crossing between IR8 and Taichung (Native)-1 allows the development 
of new rice cultivar, which is semi-dwarf and contains high yield properties [37]. This rice 
variety is able to produce 21 μg/g (2-fold) of iron concentration in brown rice [35]. In addi-
tion, IR68144 is able to retain most of the iron content (approximate 80%) after polishing 
for 15 minutes compared to other varieties [10]. Furthermore, consumption of IR68144 was 
reported to have improvement in iron status of women [38]. This rice cultivar can serve as a 
stepping stone for further transgenic enhancement [10].

Even though conventional breeding is able to develop high yield and semi dwarf IR68144, this 
approach alone in iron biofortification is insufficient in developing a sustainable agronomic 
plant in terms of yield and quality [39]. This is due to the possibility of inheriting undesir-
able traits from the parent line as the selection process is done based on the phenotypes and 
new traits can only be developed after performing extensive back crossing or wide crossing 
[40]. For instance, low phytic acid (PA) maize mutant (lpa241) has demonstrated its ability to 
reduce PA concentration by 90% in exchange of reduced germination rate by 30% [41]. Hence, 
conventional breeding is best coupled with other approach such as genetic engineering and 
agronomic practices to enhance iron content in grains [32, 37, 42, 43].

5. Iron biofortification via genetic engineering

The advancement of genetic engineering technologies allows the advancement in molecu-
lar field including the development of transgenic plants. Characterization and analysis of 
gene function are performed via genetic engineering by the manipulation of gene expression. 
These include introducing gene of interest from other closely-related organism, RNA interfer-
ence (RNAi) gene silencing, and overexpression of gene of interest [18]. Genetic engineering 
technologies is able to provide a more efficient and reliable method to study the relation-
ship between genotype and the phenotype as compared to agronomic and conventional plant 
breeding [44, 45]. As a result, genetic engineering is preferred as an alternative for biofortifica-
tion to increase the iron content in rice grains. There are five different transgenic approaches 
(Table 1) and as well as combination of different transgenic approaches (Table 2), which have 
been attempted and successfully used to enhance the iron content in rice grain.

5.1. Enhancement of iron storage in rice via ferritin genes

Ferritin is an iron storage protein ubiquitously present in most organisms, which is capable to 
store up to 4500 iron atoms in a complex and nontoxic form [65, 66]. Iron complex in soybean 
ferritin is readily available for human body absorption via iron uptake mechanism in the 
intestine [46, 62]. Thus, the first approach in iron biofortification is to enhance the expression 
of ferritin by introducing soybean ferritin (SoyferH1 and SoyferH2) genes into rice.
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In soybean, there are two types of ferritin proteins, known as SoyferH1 and SoyferH2, and 
both ferritin genes are controlled by endosperm specific promoters [47]. However, expres-
sion of multiple endosperm specific promoters (Oryza sativa Globulin (OsGlb) and Oryza sativa 
Glutelin (OsGluB1) promoters) did not produce a significant increase of iron concentration in 

Approach Genes-promoter 
used

Rice cultivar Fold of Fe 
increase

References

Improving iron storage via 
ferritin genes

OsGluB1 
pro-SoyferH1

Japonica cv. Kitaake 1.5 fold (brown 
grain)

[48]

OsGluB1 
pro-SoyferH1

Japonica cv. Kitaake 2 fold (polished 
grain)

[49]

OsGluB1 
pro-SoyferH1

Japonica cv. Taipei 309 2.2 fold (brown 
grain)

[51]

OsGluB1 
pro-SoyferH1

Indica cv. IR68144 3.7 fold (polished 
grain)

[50]

OsGluB4 
pro-SoyferH1

Indica cv. IR64 3.4 fold (polished 
grain)

[64]

OsGluA2 pro-Osfer2 Indica cv. Pusa-Sugandh II 2.1 fold (polished 
grain)

[67]

Enhancing iron transport 
via NAS gene

35S pro-OsNAS1, 2, 3 Japonica cv. Nipponbare 4 fold (polished 
grain)

[2]

Maize Ubiquitin 
pro-OsNAS2

Japonica cv. Kitaake 2.9 fold (polished 
grain)

[54]

Maize Ubiquitin 
pro-OsNAS3

Japonica cv. Dongjin 2.9 fold (polished 
grain)

[55]

35S pro-HvNAS1 Japonica cv. Tsukinohikari 2.3 fold (polished 
grain)

[74]

Enhancing iron influx via 
OsYSL2 gene

OsSUT1 pro-OsYSL2 Japonica cv. Tsukinohikari 4.4 fold (polished 
grain)

[75]

Enhancing iron uptake and 
translocation via IDS3 gene

35S pro-barley 
20-kb IDS3 genome 
fragment

Japonica cv. Tsukinohikari 1.4 fold (polished 
grain)

[58]

35S pro-barley 
20-kb IDS3 genome 
fragment

Japonica cv. Tsukinohikari 1.3 fold (brown 
grain)

[78]

Enhancing iron 
translocation via silencing 
OsVITs genes

OsVIT1 or OsVIT2 
T-DNA
insertion line

Japonica cv. Zhonghua11 and 
Japonica cv. Dongjin

1.4 fold
(brown grain)

[59]

OsVIT2 T-DNA
insertion line

Japonica cv. Dongjin 1.8 fold (polished 
grain)

[80]

Table 1. Iron biofortification approach in rice targeting genes responsible for iron storage, iron transport, iron influx, 
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rice grains when compared to transgenic rice with ferritin genes expression driven by single 
endosperm specific promoter [48]. On the other hand, the overexpression of soybean ferritin 
in rice has been demonstrated with at least twofold increase in iron concentration in endo-
sperm compared to the wild-type rice [49–51, 64, 67].

Nevertheless, introducing SoyferH2 into rice plants is preferred as SoyferH1 is more suscep-
tible to protease digestion causing alteration in structure in comparison to SoyferH2, which is 
more resistant to protease digestion [68, 69]. Interestingly, rice plants introduced with single 
soybean ferritin gene did not increase iron concentration in rice grain [48, 68]. This suggests 
that expressions of ferritin genes are dependent on soil composition and overexpression of 

Genes-promoter used Rice cultivar Fold of Fe increase References

OsGlb1 pro-Pvferritin

35S pro-AtNAS1

OsGlb pro-Afphytase

Japonica cv. Taipei 309 6.3 fold
(polished grain)

[23]

OsGluB1 pro-SoyferH2

OsGlb1 pro-SoyferH2

HvNAS1, HvNAAT-A,-B and IDS3  
genome fragments

Japonica cv. Tsukinohikari 4 fold
(polished grain)

[77]

MsENOD12B pro-AtIRT1

OsGlb1 pro-Pvferritin

35S pro-AtNAS1

OsGlb pro-Afphytase

Japonica cv. Taipei 309 4.3 fold
(polished grain)

[86]

Native AtIRT1 pro-AtIRT1

OsGlb1 pro-Pvferritin

35S pro-AtNAS1

Japonica cv. Nipponbare 4.7 fold
(polished grain)

[66]

OsGluB1 pro-SoyferH2

OsGlb1 pro-SoyferH2

OsAct pro-HvNAS1

OsSUT1 pro-OsYSL2

OsGlb1 pro-OsYSL2

Japonica cv. Tsukinohikari 6 fold
(brown grain)

[47]

OsGluB1 pro-SoyferH2

OsGlb1 pro-SoyferH2

OsAct pro-HvNAS1

OsSUT1 pro-OsYSL2

OsGlb1 pro-OsYSL2

Tropical Japonica cv. Paw San Yin 3.4 fold
(polished grain)

[88]

GluA2 pro-SoyferH1

35S pro-OsNAS2

IR64 6 fold
(polished grain)

[69]

Table 2. Combinational of multiple transgene used for iron biofortification in rice.
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ferritin genes as a single transgene approach may be insufficient in combating iron deficiency 
[48, 70].

5.2. Enhancement of iron transport in rice via NAS genes

The second approach involves enhancing iron transport in the plant via overexpression of 
genes involves in biosynthesis of MA such as nicotianamine synthase (NAS). NAS is able to 
catalyze the synthesis of nicotianamine (NA) from S-adenosyl methionine [23]. NA, a natural 
metal chelators for Fe(II) and Fe(III), are found in all higher plants and involved with metal 
translocation and homeostasis in plants [47, 71–73].

Rice comprises of three NAS genes, OsNAS1, OsNAS2, and OsNAS3. These genes are involved 
in long-distance transportation in plants and each NAS gene is regulated at different parts of 
the plants in response to iron deficiency [9, 52]. Overexpression of NAS gene enhances MA 
secretion into the rhizosphere, and thus, increasing iron uptake into the plant via chelation-
based strategy [23, 53, 72]. It has been demonstrated that overexpression of rice OsNAS1, 
OsNAS2 and OsNAS3 [2], OsNAS2 [54], OsNAS3 [55], and barley HvNAS1 [74] genes are able 
to increase the iron content by more than twofold in polished grain.

5.3. Enhancement of iron influx into seeds via OsYSL2 gene

A total of 18 different YSL (yellow stripe-like) genes were identified by Koike [73] in rice. The 
rice YSL2 (OsYSL2) is the main focus in this approach as this gene plays an important role as 
a metal-chelator transporter involved in translocation and accumulation of iron in endosperm 
[73, 75]. OsYSL2 was found to be highly expressed in leaves of iron-deficient rice plants in 
contrast to other parts of the plant where no expression was detected. Therefore, Koike [73] 
hypothesized that this transporter is involved in long-distance transport of iron-NA com-
plexes via phloem in response to iron deficiency in rice plant.

Consistently, it was discovered that the iron influx into the rice endosperm could be controlled 
through iron nicotianamine transporter OsYSL2 [60]. Ishimaru [75] successfully demonstrated 
that disruption of OsYSL2 gene in rice decreased the iron content in both brown rice and pol-
ished grain by 18 and 39%, respectively with increased iron accumulation in roots as com-
pared to wild-type rice. Moreover, Ishimaru [75] also able to increase the iron content in rice 
grain up to 4-fold in polished grain through enhanced expression of OsYSL2 using the rice 
sucrose transporter (OsSUT1) promoter. However, overexpression of OsYSL2 may cause oppo-
site effect similar to OsYSL2 gene silencing in transgenic rice such that the iron concentration 
in roots was found higher than in both shoot and rice grain. Undoubtedly, the expression of 
OsYSL2 with OsSUT1 promoter is a promising approach in iron biofortification of rice grains.

5.4. Enhancement of iron uptake and translocation via IDS3 gene

As mentioned in Section 2.2, MAs are natural iron chelators, which are involved in transloca-
tion of iron from the rhizosphere into the plant by forming complexes with iron. Different sets 
of MAs genes were found in barley, which confers the ability to synthesize different types of 
MAs via biosynthetic pathway of MAs [76, 77]. In addition, the presence of iron deficiency 
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rice grains when compared to transgenic rice with ferritin genes expression driven by single 
endosperm specific promoter [48]. On the other hand, the overexpression of soybean ferritin 
in rice has been demonstrated with at least twofold increase in iron concentration in endo-
sperm compared to the wild-type rice [49–51, 64, 67].

Nevertheless, introducing SoyferH2 into rice plants is preferred as SoyferH1 is more suscep-
tible to protease digestion causing alteration in structure in comparison to SoyferH2, which is 
more resistant to protease digestion [68, 69]. Interestingly, rice plants introduced with single 
soybean ferritin gene did not increase iron concentration in rice grain [48, 68]. This suggests 
that expressions of ferritin genes are dependent on soil composition and overexpression of 

Genes-promoter used Rice cultivar Fold of Fe increase References

OsGlb1 pro-Pvferritin

35S pro-AtNAS1

OsGlb pro-Afphytase

Japonica cv. Taipei 309 6.3 fold
(polished grain)

[23]

OsGluB1 pro-SoyferH2

OsGlb1 pro-SoyferH2

HvNAS1, HvNAAT-A,-B and IDS3  
genome fragments

Japonica cv. Tsukinohikari 4 fold
(polished grain)

[77]

MsENOD12B pro-AtIRT1

OsGlb1 pro-Pvferritin

35S pro-AtNAS1

OsGlb pro-Afphytase

Japonica cv. Taipei 309 4.3 fold
(polished grain)

[86]

Native AtIRT1 pro-AtIRT1

OsGlb1 pro-Pvferritin

35S pro-AtNAS1

Japonica cv. Nipponbare 4.7 fold
(polished grain)

[66]

OsGluB1 pro-SoyferH2

OsGlb1 pro-SoyferH2

OsAct pro-HvNAS1

OsSUT1 pro-OsYSL2

OsGlb1 pro-OsYSL2

Japonica cv. Tsukinohikari 6 fold
(brown grain)

[47]

OsGluB1 pro-SoyferH2

OsGlb1 pro-SoyferH2

OsAct pro-HvNAS1

OsSUT1 pro-OsYSL2

OsGlb1 pro-OsYSL2

Tropical Japonica cv. Paw San Yin 3.4 fold
(polished grain)

[88]

GluA2 pro-SoyferH1

35S pro-OsNAS2

IR64 6 fold
(polished grain)

[69]

Table 2. Combinational of multiple transgene used for iron biofortification in rice.
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ferritin genes as a single transgene approach may be insufficient in combating iron deficiency 
[48, 70].

5.2. Enhancement of iron transport in rice via NAS genes

The second approach involves enhancing iron transport in the plant via overexpression of 
genes involves in biosynthesis of MA such as nicotianamine synthase (NAS). NAS is able to 
catalyze the synthesis of nicotianamine (NA) from S-adenosyl methionine [23]. NA, a natural 
metal chelators for Fe(II) and Fe(III), are found in all higher plants and involved with metal 
translocation and homeostasis in plants [47, 71–73].

Rice comprises of three NAS genes, OsNAS1, OsNAS2, and OsNAS3. These genes are involved 
in long-distance transportation in plants and each NAS gene is regulated at different parts of 
the plants in response to iron deficiency [9, 52]. Overexpression of NAS gene enhances MA 
secretion into the rhizosphere, and thus, increasing iron uptake into the plant via chelation-
based strategy [23, 53, 72]. It has been demonstrated that overexpression of rice OsNAS1, 
OsNAS2 and OsNAS3 [2], OsNAS2 [54], OsNAS3 [55], and barley HvNAS1 [74] genes are able 
to increase the iron content by more than twofold in polished grain.

5.3. Enhancement of iron influx into seeds via OsYSL2 gene

A total of 18 different YSL (yellow stripe-like) genes were identified by Koike [73] in rice. The 
rice YSL2 (OsYSL2) is the main focus in this approach as this gene plays an important role as 
a metal-chelator transporter involved in translocation and accumulation of iron in endosperm 
[73, 75]. OsYSL2 was found to be highly expressed in leaves of iron-deficient rice plants in 
contrast to other parts of the plant where no expression was detected. Therefore, Koike [73] 
hypothesized that this transporter is involved in long-distance transport of iron-NA com-
plexes via phloem in response to iron deficiency in rice plant.

Consistently, it was discovered that the iron influx into the rice endosperm could be controlled 
through iron nicotianamine transporter OsYSL2 [60]. Ishimaru [75] successfully demonstrated 
that disruption of OsYSL2 gene in rice decreased the iron content in both brown rice and pol-
ished grain by 18 and 39%, respectively with increased iron accumulation in roots as com-
pared to wild-type rice. Moreover, Ishimaru [75] also able to increase the iron content in rice 
grain up to 4-fold in polished grain through enhanced expression of OsYSL2 using the rice 
sucrose transporter (OsSUT1) promoter. However, overexpression of OsYSL2 may cause oppo-
site effect similar to OsYSL2 gene silencing in transgenic rice such that the iron concentration 
in roots was found higher than in both shoot and rice grain. Undoubtedly, the expression of 
OsYSL2 with OsSUT1 promoter is a promising approach in iron biofortification of rice grains.

5.4. Enhancement of iron uptake and translocation via IDS3 gene

As mentioned in Section 2.2, MAs are natural iron chelators, which are involved in transloca-
tion of iron from the rhizosphere into the plant by forming complexes with iron. Different sets 
of MAs genes were found in barley, which confers the ability to synthesize different types of 
MAs via biosynthetic pathway of MAs [76, 77]. In addition, the presence of iron deficiency 
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specific clone no. 2 (IDS2) and no. 3 (IDS3) in barley play an important role in combating iron 
deficiency [77]. The IDS genes enable the synthesis of different types of MAs via DMA and 
these genes are highly expressed in roots in response to iron deficiency [56]. On the contrary, 
rice lacks the ability to synthesize other types of MAs apart of DMA as rice does not contain 
both IDS2 and IDS3 genes. Having different sets of MAs enable barley become more tolerant 
to iron-deficient conditions as compared to rice.

Introducing IDS3 gene from barley enables the synthesis and secretion of different types of 
MAs from transgenic rice into the rhizosphere [56]. In addition, formation of Fe(III)-MA com-
plex has a better stability as compared to Fe(III)-DMA complex when grown in a slightly 
acidic soil [57]. This may enhance iron translocation in rice in combating iron deficiency while 
increasing tolerance toward iron deficiency in rice plants. Furthermore, Masuda [58] and 
Suzuki [78] demonstrated that IDS3 rice lines are able to increase Fe concentrations to 1.4 and 
1.3-fold for both polished and brown grains respectively compared to wild-type rice when 
grown in either Fe-sufficient soil or Fe-deficient soil. Thus, presence of IDS3 gene is able to 
enhance iron accumulation in rice grain even when it is grown in iron-sufficient soil and as 
well as enhancing tolerance toward iron deficiency.

5.5. Enhancement of iron translocation via OsVIT gene

Zhang [59] reported on the functional characterization of rice vacuolar iron transporter genes 
(OsVIT1 and OsVIT2). These genes were found to be expressed ubiquitously in different parts 
of the plants at low levels but high level expression of OsVIT genes were detected in the flag 
leaves. These genes play an important role in transportation of Zn2+ and Fe2+ into vacuoles via 
tonoplast [79]. In addition, knockdown of OsVIT genes increases Fe and Zn accumulation in 
the rice grains significantly while decreases Fe and Zn accumulation in the flag leaves corre-
spondingly [80]. Knockout of OsVIT1 and OsVIT2 genes were able to increase the iron content 
in rice grain by at least 1.4-fold [59, 80]. However, this approach is only applicable when the 
transgenic rice is grown in unpolluted soil. This is because studies had shown that accumula-
tion of Cd2+ concentration was detected in rice when it is grown in polluted soil [59]. Hence, 
further understanding of regulatory mechanism is required to prevent toxic metal accumula-
tion and to ensure the crops are safe for consumption.

5.6. Combinational of multiple transgenes

Multiple gene manipulation has been successfully carried out in rice. Wirth [23] has proven 
the synergism of three different genes expression with the increased of iron content in rice 
by 6-fold through introducing Arabidopsis thaliana NAS1 (AtNAS1), Phaseolus vulgaris ferritin 
(Pvferritin), and Aspergillus fumigatus phytase (Afphytase) genes into rice. The main purpose 
of introducing phytase genes is to reduce iron antinutrient phytate in rice. Some food may 
contain antinutrients like PA, which binds strongly to metal cations, such as iron and zinc, 
which render them insoluble [81]. Phytase is able to catalyze the hydrolysis of PA releasing 
the phosphate and chelated minerals [21]. Human digestive system lacks enzyme respon-
sible for breakdown of such components [23]. Reducing antinutrients is a feasible approach 
to increase nutrient content in crops but it should be exercised with cautions due to many 
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antinutrients playing important roles in both plant metabolism and human diet [21, 32]. In 
plants, antinutrients involve in resistance toward pests, pathogens and abiotic stress and at 
the same time function as anticarcinogens in human diets [61, 63, 82–85]. For instance, PA is 
able to reduce the risk for both colon cancer and mammary cancer through its strong metal 
cations binding capabilities [63, 83]. Moreover, PA display antioxidant capability by acting 
as inhibitor of iron-mediated hydroxyl radical (-OH) formation in food and gastrointestinal 
tract, which would result in lipid peroxidation and tissue damage [83, 84]. On the other hand, 
antinutrient lectin was found to be responsible for plant defense system by exhibiting cyto-
toxic activities when ingested by pests and animals [85].

Masuda [77] has demonstrated that introducing a combination of different genes responsible 
for MA synthesis into rice (Fer-NAS-NAAT-IDS3 lines) and result in 4-fold increase of iron 
accumulation in endosperm. Likewise, transgenic line expressing AtIRT1, Pvferritin, AtNAS1, 
and Afphytase was shown to cause a 4-fold increase of iron accumulation in polished grain 
[66, 86]. The OsYSL15 or OsIRT1 genes are predominantly expressed in roots with enhanced 
expression in response to iron deficiency [86]. OsIRT1 gene encode for Fe2+ transporter 
involved in both strategy I and II. Although overexpression of OsIRT1 alone could increase 
the iron content in rice grain by 1.3-fold, OsIRT1 has the potential to further enhance the iron 
content when it is expressed with other genes [87].

On the other hand, combination approaches were also demonstrated to increase the iron con-
tent in rice grain by 3.4- and 6-fold when introduced into Myanmar and Japanese rice culti-
var respectively [47, 88]. Both SoyFerH2 and OsYSL2 were strongly expressed in transgenic 
rice due to the vector inserted contains two gene cassettes for each gene expression driven 
by different promoters for each gene cassettes (OsSUT1 promoter-OsYSL2, OsGlb promoter-
OsYSL2, OsGluB1 promoter-SoyferH2, OsGlb promoter-SoyferH2). Interestingly, Trijatmiko 
[69] was able to develop transgenic rice expressing OsNAS2 and SoyferH1 genes result in 15 μg 
Fe/g increased (6-fold) in polished grain. In the transgenic rice line, the transgene construct 
was found to be inserted with inverted repeats in a single locus. This concludes that multiple 
transgene insertion was able to increase the iron concentration in rice [47, 69, 88]. However, 
transgene cassette with duplicated or inverted repeats of transgene may not be stable and 
inherited after several generations due to possibility of epigenetic silencing in transgenic 
plants [66, 89–91]. Hence, further investigation should be conducted to elucidate the stability 
of transgene or different approach to maintain multiple transgene over multiple generations.

6. Challenges and future prospect

Biofortification is a promising strategy for sustainable long-term approach in combating micro-
nutrient deficiency but successful biofortification at the cost of the environmental damage is 
not acceptable. In agronomic practice, leaching is one of the main concerns in application of 
fertilizer as it will damage the environment, but most micronutrients are not susceptible to 
leaching as they are able to form a strong bond with the soil [13]. However, continuous appli-
cation of micronutrient fertilizer may cause accumulation of these minerals which result in 
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specific clone no. 2 (IDS2) and no. 3 (IDS3) in barley play an important role in combating iron 
deficiency [77]. The IDS genes enable the synthesis of different types of MAs via DMA and 
these genes are highly expressed in roots in response to iron deficiency [56]. On the contrary, 
rice lacks the ability to synthesize other types of MAs apart of DMA as rice does not contain 
both IDS2 and IDS3 genes. Having different sets of MAs enable barley become more tolerant 
to iron-deficient conditions as compared to rice.

Introducing IDS3 gene from barley enables the synthesis and secretion of different types of 
MAs from transgenic rice into the rhizosphere [56]. In addition, formation of Fe(III)-MA com-
plex has a better stability as compared to Fe(III)-DMA complex when grown in a slightly 
acidic soil [57]. This may enhance iron translocation in rice in combating iron deficiency while 
increasing tolerance toward iron deficiency in rice plants. Furthermore, Masuda [58] and 
Suzuki [78] demonstrated that IDS3 rice lines are able to increase Fe concentrations to 1.4 and 
1.3-fold for both polished and brown grains respectively compared to wild-type rice when 
grown in either Fe-sufficient soil or Fe-deficient soil. Thus, presence of IDS3 gene is able to 
enhance iron accumulation in rice grain even when it is grown in iron-sufficient soil and as 
well as enhancing tolerance toward iron deficiency.

5.5. Enhancement of iron translocation via OsVIT gene

Zhang [59] reported on the functional characterization of rice vacuolar iron transporter genes 
(OsVIT1 and OsVIT2). These genes were found to be expressed ubiquitously in different parts 
of the plants at low levels but high level expression of OsVIT genes were detected in the flag 
leaves. These genes play an important role in transportation of Zn2+ and Fe2+ into vacuoles via 
tonoplast [79]. In addition, knockdown of OsVIT genes increases Fe and Zn accumulation in 
the rice grains significantly while decreases Fe and Zn accumulation in the flag leaves corre-
spondingly [80]. Knockout of OsVIT1 and OsVIT2 genes were able to increase the iron content 
in rice grain by at least 1.4-fold [59, 80]. However, this approach is only applicable when the 
transgenic rice is grown in unpolluted soil. This is because studies had shown that accumula-
tion of Cd2+ concentration was detected in rice when it is grown in polluted soil [59]. Hence, 
further understanding of regulatory mechanism is required to prevent toxic metal accumula-
tion and to ensure the crops are safe for consumption.

5.6. Combinational of multiple transgenes

Multiple gene manipulation has been successfully carried out in rice. Wirth [23] has proven 
the synergism of three different genes expression with the increased of iron content in rice 
by 6-fold through introducing Arabidopsis thaliana NAS1 (AtNAS1), Phaseolus vulgaris ferritin 
(Pvferritin), and Aspergillus fumigatus phytase (Afphytase) genes into rice. The main purpose 
of introducing phytase genes is to reduce iron antinutrient phytate in rice. Some food may 
contain antinutrients like PA, which binds strongly to metal cations, such as iron and zinc, 
which render them insoluble [81]. Phytase is able to catalyze the hydrolysis of PA releasing 
the phosphate and chelated minerals [21]. Human digestive system lacks enzyme respon-
sible for breakdown of such components [23]. Reducing antinutrients is a feasible approach 
to increase nutrient content in crops but it should be exercised with cautions due to many 
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antinutrients playing important roles in both plant metabolism and human diet [21, 32]. In 
plants, antinutrients involve in resistance toward pests, pathogens and abiotic stress and at 
the same time function as anticarcinogens in human diets [61, 63, 82–85]. For instance, PA is 
able to reduce the risk for both colon cancer and mammary cancer through its strong metal 
cations binding capabilities [63, 83]. Moreover, PA display antioxidant capability by acting 
as inhibitor of iron-mediated hydroxyl radical (-OH) formation in food and gastrointestinal 
tract, which would result in lipid peroxidation and tissue damage [83, 84]. On the other hand, 
antinutrient lectin was found to be responsible for plant defense system by exhibiting cyto-
toxic activities when ingested by pests and animals [85].

Masuda [77] has demonstrated that introducing a combination of different genes responsible 
for MA synthesis into rice (Fer-NAS-NAAT-IDS3 lines) and result in 4-fold increase of iron 
accumulation in endosperm. Likewise, transgenic line expressing AtIRT1, Pvferritin, AtNAS1, 
and Afphytase was shown to cause a 4-fold increase of iron accumulation in polished grain 
[66, 86]. The OsYSL15 or OsIRT1 genes are predominantly expressed in roots with enhanced 
expression in response to iron deficiency [86]. OsIRT1 gene encode for Fe2+ transporter 
involved in both strategy I and II. Although overexpression of OsIRT1 alone could increase 
the iron content in rice grain by 1.3-fold, OsIRT1 has the potential to further enhance the iron 
content when it is expressed with other genes [87].

On the other hand, combination approaches were also demonstrated to increase the iron con-
tent in rice grain by 3.4- and 6-fold when introduced into Myanmar and Japanese rice culti-
var respectively [47, 88]. Both SoyFerH2 and OsYSL2 were strongly expressed in transgenic 
rice due to the vector inserted contains two gene cassettes for each gene expression driven 
by different promoters for each gene cassettes (OsSUT1 promoter-OsYSL2, OsGlb promoter-
OsYSL2, OsGluB1 promoter-SoyferH2, OsGlb promoter-SoyferH2). Interestingly, Trijatmiko 
[69] was able to develop transgenic rice expressing OsNAS2 and SoyferH1 genes result in 15 μg 
Fe/g increased (6-fold) in polished grain. In the transgenic rice line, the transgene construct 
was found to be inserted with inverted repeats in a single locus. This concludes that multiple 
transgene insertion was able to increase the iron concentration in rice [47, 69, 88]. However, 
transgene cassette with duplicated or inverted repeats of transgene may not be stable and 
inherited after several generations due to possibility of epigenetic silencing in transgenic 
plants [66, 89–91]. Hence, further investigation should be conducted to elucidate the stability 
of transgene or different approach to maintain multiple transgene over multiple generations.

6. Challenges and future prospect

Biofortification is a promising strategy for sustainable long-term approach in combating micro-
nutrient deficiency but successful biofortification at the cost of the environmental damage is 
not acceptable. In agronomic practice, leaching is one of the main concerns in application of 
fertilizer as it will damage the environment, but most micronutrients are not susceptible to 
leaching as they are able to form a strong bond with the soil [13]. However, continuous appli-
cation of micronutrient fertilizer may cause accumulation of these minerals which result in 
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toxicity. Excessive intake of iron may cause Fe2+ and Fe3+ to act as a catalyst to form noxious 
reactive oxygen species (ROS). ROS are strong oxidizing agents, which are able to cause det-
rimental effect on DNA, proteins, and lipids in plants [33]. Therefore, fertilization strategies 
should be devised and optimized to ensure adequate supply of iron for proper growth of 
agronomic plants while minimizing accumulation of iron [92]. For instance, the 4R Nutrient 
Stewardship principle (application of fertilizer at the right place, right rate, right time and right 
source) could be implemented with fertilizer application [34, 93]. Based on HarvestPlus breed-
ing programs, the iron-biofortified rice are to meet a recommended target iron level which 
is approximate 30% of the estimated average requirement (EAR) or 15 μg/g (dry weight) in 
polished grain [69, 94]. The recommended 30% EAR could be achieved via genetic engineer-
ing approaches listed in both Tables 1 and 2, however, the iron concentration in rice grain 
decreases when evaluated under field conditions as compared to iron concentration achieved 
in rice grown in greenhouse [47, 69]. This demonstrates that interactions between genetic and 
environment play an important role in iron concentration in rice grain [69, 95]. Field experi-
ments should be included in evaluating iron levels in iron-biofortified rice for several growing 
seasons as evaluating iron levels in rice grown under strictly controlled environment condi-
tions does not simulate the conditions when grown in the field [69, 94, 96, 97].

Biofortified crops still face strict regulatory hurdles and a lack of consumer acceptance, espe-
cially in Europe, even though there have been reports on improvement in nutritional status 
after consuming biofortified crops [16, 38, 98, 99]. For instance, golden rice, a product devel-
oped via genetic engineering in combating vitamin A deficiency, has been announced since 
early 2000, but it has yet to be seen in the market [100]. Although these transgenic plants has 
demonstrated its high nutritional content in combating micronutrient deficiency, but as far as 
public safety concern, additional regulations and more stringent monitoring are implemented 
onto transgenic crops before being available to the public compared to conventional breed-
ing which is more widely accepted [3]. In addition, there are possibilities of irreversibility 
effect on health and environment due to the effects of GM crops on health and environment 
are not fully understood and not sustainable in the long run [100, 101]. Furthermore, there 
are possibilities of the transgene in biofortified crops survived through human digestion 
system which allows transgenic plant DNA such as antibiotic resistance genes to be trans-
ferred into small intestine microflora [102]. Therefore, additional researches from different 
disciplines are required in order to elucidate the effect of biofortified crops consumption on 
human health. This may appease public anxiety and to gain consumer acceptance [3]. On the 
other hand, the recent advancement of genetic engineering technologies, such as zinc-finger 
nucleases, TALENs and CRISPR-Cas9, could be a potential approach in iron biofortification, 
which allows efficient and effective gene editing without affecting the plant as a whole [18, 44, 
45]. Moreover, gene-edited crops are subjected to different regulations and monitoring from 
government bodies and nongovernment organizations, which are not as stringent as geneti-
cally modified crops. As a result, gene-edited crops will have a higher consumer acceptance 
compared to conventional genetic engineering.

While iron biofortification in rice is a promising approach in combating iron deficiency, the suc-
cess of biofortification is dependent on various factors and it requires the collaboration between 
different parties ranging from consumer, plant breeder, multilateral organizations, national gov-
ernments, and researchers from various disciplines. Without the help and adoption from plant 
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breeders, biofortified crops are unable to be produced despite the crop has the potential to alleviate 
micronutrient deficiency. Hence, to gain plant breeder acceptance, biofortified crops should con-
tain visible and favorable traits such as increased in yield, higher stress tolerant, disease resistance, 
and other important agronomic traits [10]. Plant breeders may be reluctant to produce the bioforti-
fied crops with the potential income risk if the consumer does not adopt with the new crop variety 
especially with biofortified crops having their sensory characteristics altered such as the color 
and taste [12]. Some biofortified crops have been introduced for production and accepted by the 
public in some countries despite the change in sensory characteristics [14]. These biofortified crops 
are orange flesh sweet potato, orange maize, yellow cassava, iron pearl millet, and iron beans. 
Consumer acceptance on biofortified crops is not easy and achievable in a short duration of time 
but it can be accomplished through thoroughly planned strategies such as spreading knowledge 
among the people, raising awareness of micronutrient deficiency, creating new market opportu-
nities, and creating a demand on biofortified variety [103]. On the contrary, the success of iron 
biofortification would results in improved nutritional value of micronutrient-deficient affected 
areas in developing countries and as a first step toward improving nutritional status worldwide.
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Abstract

Iron (Fe) and zinc (Zn) are important trace elements for people’s health around the globe. 
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people in the world [2]. Also, it has been estimated that about 30% population of the world suffers 
from Zn deficiency [3]. Fe-deficiency anemia can impair cognitive and physical development in 
children and the reduction of daily productivity in adults. Adequate Zn nutrition is also impor-
tant for the growth of children, immune function, and neurobehavioral development [4]. Thus, Fe 
and Zn deficiency has emerged as a major and common problem for the health of humans [5, 6].

Rice is the staple food and provides energy to almost half of the world’s population, especially 
in Asia and Africa. Thus, increasing Fe/Zn content of rice has a great potential to mitigate 
widespread Fe/Zn deficiency problem in humans [7]. Therefore, it is essential to understand 
the mechanisms through which rice uptakes, mobilizes, and accumulates Fe/Zn. In response 
to Fe deficiency, higher plants have developed two strategies for acquiring Fe from the rhizo-
sphere [8, 9]. Strategy I is employed in nongraminaceous plants, and Fe(III) is reduced to sol-
uble Fe(II) through activating membrane-bound Fe(III)-chelate reductases, then the reduced 
Fe(II) was transported into cytoplasm via Fe(II) transporters [10]. In contrast, Strategy II is 
only applied by graminaceous plants, such as rice and wheat. The root of strategy II plants 
secretes phytosiderophores (PSs) to rhizosphere and chelates Fe(III) to form Fe(III)-PS com-
plexes. Subsequently, the Fe(III)-PS complexes are transported via specific plasma membrane 
transporters [7]. Rice not only employs strategy II to acquire Fe from rhizosphere but also 
utilizes strategy I-like system to uptake Fe(II) directly [10]. Besides Fe uptake, mugineic acid 
(MA) family also plays crucial roles in chelating Zn from rhizosphere, followed by uptake of 
Zn-PS complexes via specific plasma membrane transporters [7]. Moreover, Zn can be ion-
ized as Zn(II) and directly enters into root [11]. In spite of rice can apply specific strategies 
to acquire Fe and Zn, these mechanisms have limited accessibility to resource poor people 
faced with Fe and Zn deficiency from certain areas of the world. To deal with limited Fe/Zn 
and improve human Fe/Zn nutritional status, rice with enhanced Fe/Zn absorption will be an 
effective method for populations consuming rice as their staple foods.

Besides necessary metal elements, such as Fe and Zn, rice also absorbs and accumulates toxic 
metals such as cadmium (Cd) and lead (Pb), which are harmful for both rice and humans. 
Cd enters into environment, such as soil and river, mainly through industrial activities or 
fertilizers [12]. As a highly mobile and soluble metal [13, 14], Cd exposure causes crops yield 
reduction and does harm to humans’ health even at low concentrations [15]. Due to daily con-
sumption, Cd in rice grains poses a latent health problem to humans through food chains and 
leads to chronic toxicity. The outbreak of “Itai-Itai disease” in the mid-twentieth century in 
Japan is due to consumption of Cd-contaminated rice [16]. A person with “Itai-Itai” has symp-
toms of weakness and softening of the bones. Even in recent years, Cd exposure in general 
Japanese population can be as high as 3–4 mg kg−1 body weight every week [17]. The directly 
observable toxic symptoms of Cd on plants are as follows: reduced rate of transpiration and 
photosynthesis, growth retardation and declining metabolic activities [15]. In response to Cd 
toxicity, plants also have evolved several protective mechanisms against Cd toxicity, includ-
ing avoidance and tolerance strategies [18]. Plants can prevent Cd from entering into plant 
cells, which is refered to as avoidance strategy. Cell walls serve as the first barrier against Cd 
entrance [15, 19]. Root exudates, which are majorly consisted of sugars, proteins and organic 
acids are secreted from root to soil to combine with Cd, keeping Cd apart from root [20, 21]. 
After entered into the cells, the abilities of resistance to Cd stress are referred to as tolerance 
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strategy [15]. In rice, phytochelatins (PC) acting as Cd chelator plays a key role in Cd detoxifi-
cation [22]. PC chelates Cd in the cytosol and forms complexes with Cd. Then the Cd-PCs com-
plexes are sequestered in the vacuoles via specific transporters located at tonoplast [23, 24].

Pb after arsenic (As) is ranked as the second most harmful element due to its occurrence, 
toxicity, and exposure potential [25]. Although Pb occurs naturally only in small amounts 
within the Earth’s crust [26], a large amount of industrial activities are the primary sources 
of Pb in soil [27]. Pb is released into soil in general forms of Pb(II), lead oxide and lead-metal 
oxyanion, among which Pb(II) is the most common form [27]. Pb stress can produce reactive 
oxygen species (ROS) and trigger some antioxidative enzymes, accompanied by the increased 
level of lipid peroxidation [25, 27]. In rice, Pb toxicity reduces leaf chlorophyll and nitrogen 
content and increases antioxidative enzymes. Its subsequent translocation to grain causes a 
great threat to humans’ health [28, 29]. High levels of Pb can cause brain and kidney damage, 
accompanied with central nervous prostration [27]. Therefore, higher plants possess preven-
tive mechanisms against Pb. Similar to Cd detoxification, cell walls, and compartmentaliza-
tion in vacuoles have been suggested as an important detoxification mechanism [27].

Many researches show that the mechanisms of Fe/Zn/Cd/Pb uptake and accumulation in rice 
share commons in some aspects as a result of similar entry routes (transporters) within rice 
cells. However, an increasing number of studies discovered distinct pathways and mecha-
nisms of Fe/Zn/Cd/Pb uptake and accumulation in rice recently. In this chapter, we mainly 
systematically elaborate and compare physiological and cellular mechanisms of Fe/Zn/Cd/
Pb uptake and accumulation in rice. In addition, we also review the mechanisms of maintain-
ing Fe/Zn homeostasis and Cd/Pb detoxification in rice. Effects of fertilizers on Fe/Zn/Cd /Pb 
accumulation in rice are also discussed. Finally, we enumerate various approaches for reduc-
ing grain Cd/Pb accumulation and enhancing Fe/Zn content in rice.

2. Uptake of Fe/Zn and Cd/Pb from rhizosphere to root in rice

Mobility and availability of metals from soil are controlled by three following factors: (1) soil 
conditions (upland or flooded soil, soil solution pH); (2) mineralization (ionization and com-
plex formation); and (3) uptake transporters [11].

Although Fe in acidic soil is ionized as Fe2+/Fe3+ and easily utilized by plants, Fe in aerobic alka-
line soil is immobilized as Fe(OH)3. Rice absorbs Fe3+ via strategy II. In strategy II, S-adenosyl-l-L-
methionine (SAM) is catalyzed by nicotianamine synthase (NAS) and produces nicotianamine 
(NA), which is an intermediate for the biosynthesis of MA family and a vital substance of 
nicotianamine aminotransferase (NAAT) [6]. Three rice NAS genes, OsNAS1, OsNAS2, and 
OsNAS3, have been identified to play different roles in Fe uptake and translocation in rice sev-
eral years ago [30]. NAAT is a critical enzyme converting NA to 2′-deoxymugineic acid (DMA). 
Six rice NAAT genes (OsNAAT1–6) have been identified, but OsNAAT1 was the only one highly 
upregulated under Fe deficiency, suggesting that OsNAAT1 rather than OsNAAT2–6 encodes 
the unique functional enzyme possessing NAAT activity [31]. Cheng et al. [10] demonstrated 
that NAAT1 mutant was not able to produce DMA and take up Fe(III) efficiently.
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In rice, gene that encodes DMA efflux transporters (OsTOM1) is highly expressed under Fe 
deficiency stress [32]. TOM1 transporter localizes at plasma membrane and mediates DMA 
secretion to rhizosphere, followed by Fe(III)-DMA complexes formation [32]. Yellow stripe 
1 (YS1) gene that encodes Fe(III)-MAs transporters was first acquired in maize [33], and 
YS1-like (OsYSL) genes in rice have been subsequently identified over decades. OsYSL15 
has been demonstrated to be upregulated in rice root and shoot under Fe deficiency to trans-
port Fe(III)-DMA complexes [34]. In addition, OsYSL genes that encode transporters are also 
involved in Fe translocation within rice [35, 36]. Once transported into cytosol, Fe(III)-DMA 
is reduced by ascorbate to form Fe(II)-NA [37]. NA is not only an important intermediate for 
the biosynthesis of MAs but also a significant metal chelator that can take part in transloca-
tion of Fe within plants [38]. Fe may be excreted to the xylem in the form of Fe(II)–NA and 
shift to make complexes predominantly with citrate (Fe2Cit2, Fe3Cit3) and some with DMA 
[39]. The excretion of citrate from the root cells to the xylem is partly operated by OsFRDL1 
(rice ferric reductase defective1-like) to enhance Fe-transport in the xylem as Fe(III)–citrate 
complexes [40].

In addition to Fe(III)-DMA uptake, rice also absorbs Fe(II) via iron-regulated transporter 
1 (OsIRT1) and natural resistance-associated macrophage protein 1 (OsNRAMP1) under 
flooded conditions [16]. Seven rice NRAMP genes have been identified so far [41]. Recent 
research indicated that plasma membrane-localized protocatechuic acid (PCA) transporter 
and phenolic efflux zero1/2 (PEZ1/2) also participated in Fe uptake [42]. Such transporters 
played a role in absorbing apoplasmic precipitated Fe by secreting phenolics like PCA or 
caffeic acid. Suppression of PEZ1/2 expression resulted in reduced Fe concentrations [42, 43].

Zn in both drained and flooded soil is largely ionized as (Zn2+) though some Zn may be 
bound to organic substances and immobilized as Zn-sulfide (ZnS) in the anaerobic layer [7]. 
Zn-regulated transporters and iron-regulated transporters like protein (ZIP) family partici-
pate in Zn uptake [44]. OsZIP1-8 transporters have been characterized for Zn uptake and 
translocation in rice [7]. OsZIP1, OsZIP3, and OsZIP4 are required for Zn acquisition from 
rhizosphere [45]. OsZIP1 and OsZIP3 are mainly located in vascular bundles and epidermal 
cells, while OsZIP4 is located in apical meristem and phloem cells [45]. Under Zn deficiency 
stress, expression of OsZIP1, OsZIP3, and OsZIP4 are upregulated [44, 45]. In addition, iron-
regulated transporters (OsIRT) are also involved in Zn uptake [11]. OsIRT1 is characterized 
for Zn uptake in rice besides Fe acquisition [46, 47]. After transported into cytosol, Zn can be 
sequestered into the vacuoles via transporter OsZIP1 [11]. OsZIP1 is located to tonoplast and 
mediates influx of Zn into vacuoles [11]. MAs are also characterized for their role in Zn uptake 
in plants [7].

In comparison with Fe and Zn, Cd in paddy alkaline soil is present in the immobilized forms 
of CdCO3 and humic acid-bound Cd [48]. Cd is immobilized as Cd-sulfide (CdS) and col-
loids-bound Cd in flooded soil [49]. Cd in drained acidic soil is ionized as Cd2+, and drain-
age converts CdS to Cd2+ dramatically, increasing its availability to plants [11]. Cd uptake 
from rhizosphere is a dose-dependent process and exhibits saturable kinetic characteristics 
in rice [16, 50]. After analyzing the kinetics of Cd uptake by root in rice, Fujimaki et al. [50] 
suggested that uptake rate of Cd was proportional to Cd concentration in the culture solu-
tion within range from 0.05 to 100 nM, demonstrating a linear relationship between uptake 
rate and Cd concentration in a certain range. Ishikawa et al. [51] suggested that this kinetic 
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characteristic of Cd uptake could be mediated by transporters. In fact, entrance of Cd into 
root cells via transporter OsNRAMP5 or OsIRT1 has been proved, and OsNRAMP5 is pre-
dominantly applied [52, 53]. OsNRAMP5 expression is identified in root epidermis, exoder-
mis, and outer layers of the cortex as well as in tissues around the xylem [54]. Knockout of 
OsNRAMP5 reduces Cd accumulation both in straw and grains slightly [4]. Slamet-Loedin 
et al. [4] also proposed that downregulation of OsNRAMP5 is a preferential strategy to 
decrease Cd uptake by root. OsNRAMP5 not only mediates Cd uptake but also regulates 
manganese (Mn) uptake and has relatively a minor effect on Fe uptake under Fe starvation 
[54]. In addition, higher expression of OsNRAMP1 in root could enhance Cd accumulation in 
shoot of rice, indicating that OsNRAMP1 was also related with Cd uptake and transport [55].

When exposed to Cd contamination, rice supplied with Fe3+ generally represents weaker toxic 
symptoms than rice supplied with Fe2+. The phenomenon is largely attributed to divalent 
metal transporters that are nonselective for Fe2+ uptake. Rice can uptake either Fe2+ or Cd2+ 
consequently (Figure 1). In contrast, Fe3+ transporters are selective for Fe3+ with no affinity 
for other divalent cations, which decreases Cd entrance into rice root to a great extent and 
reduces Cd toxicity accordingly (Figure 1).

Figure 1. Schematic diagram of Fe and Cd uptake mechanisms in rice root. OsNRAMP1 and OsIRT1 can uptake either 
divalent ion Fe2+ or Cd2+. NA is catalyzed by NAAT1 and finally forms DMA, which is secreted into rhizosphere via 
transporter OsTOM1 and chelates with Fe3+ to form complex. The complex is transported into cell via transporter 
OsYSL15.
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Zn-regulated transporters and iron-regulated transporters like protein (ZIP) family partici-
pate in Zn uptake [44]. OsZIP1-8 transporters have been characterized for Zn uptake and 
translocation in rice [7]. OsZIP1, OsZIP3, and OsZIP4 are required for Zn acquisition from 
rhizosphere [45]. OsZIP1 and OsZIP3 are mainly located in vascular bundles and epidermal 
cells, while OsZIP4 is located in apical meristem and phloem cells [45]. Under Zn deficiency 
stress, expression of OsZIP1, OsZIP3, and OsZIP4 are upregulated [44, 45]. In addition, iron-
regulated transporters (OsIRT) are also involved in Zn uptake [11]. OsIRT1 is characterized 
for Zn uptake in rice besides Fe acquisition [46, 47]. After transported into cytosol, Zn can be 
sequestered into the vacuoles via transporter OsZIP1 [11]. OsZIP1 is located to tonoplast and 
mediates influx of Zn into vacuoles [11]. MAs are also characterized for their role in Zn uptake 
in plants [7].

In comparison with Fe and Zn, Cd in paddy alkaline soil is present in the immobilized forms 
of CdCO3 and humic acid-bound Cd [48]. Cd is immobilized as Cd-sulfide (CdS) and col-
loids-bound Cd in flooded soil [49]. Cd in drained acidic soil is ionized as Cd2+, and drain-
age converts CdS to Cd2+ dramatically, increasing its availability to plants [11]. Cd uptake 
from rhizosphere is a dose-dependent process and exhibits saturable kinetic characteristics 
in rice [16, 50]. After analyzing the kinetics of Cd uptake by root in rice, Fujimaki et al. [50] 
suggested that uptake rate of Cd was proportional to Cd concentration in the culture solu-
tion within range from 0.05 to 100 nM, demonstrating a linear relationship between uptake 
rate and Cd concentration in a certain range. Ishikawa et al. [51] suggested that this kinetic 
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characteristic of Cd uptake could be mediated by transporters. In fact, entrance of Cd into 
root cells via transporter OsNRAMP5 or OsIRT1 has been proved, and OsNRAMP5 is pre-
dominantly applied [52, 53]. OsNRAMP5 expression is identified in root epidermis, exoder-
mis, and outer layers of the cortex as well as in tissues around the xylem [54]. Knockout of 
OsNRAMP5 reduces Cd accumulation both in straw and grains slightly [4]. Slamet-Loedin 
et al. [4] also proposed that downregulation of OsNRAMP5 is a preferential strategy to 
decrease Cd uptake by root. OsNRAMP5 not only mediates Cd uptake but also regulates 
manganese (Mn) uptake and has relatively a minor effect on Fe uptake under Fe starvation 
[54]. In addition, higher expression of OsNRAMP1 in root could enhance Cd accumulation in 
shoot of rice, indicating that OsNRAMP1 was also related with Cd uptake and transport [55].

When exposed to Cd contamination, rice supplied with Fe3+ generally represents weaker toxic 
symptoms than rice supplied with Fe2+. The phenomenon is largely attributed to divalent 
metal transporters that are nonselective for Fe2+ uptake. Rice can uptake either Fe2+ or Cd2+ 
consequently (Figure 1). In contrast, Fe3+ transporters are selective for Fe3+ with no affinity 
for other divalent cations, which decreases Cd entrance into rice root to a great extent and 
reduces Cd toxicity accordingly (Figure 1).

Figure 1. Schematic diagram of Fe and Cd uptake mechanisms in rice root. OsNRAMP1 and OsIRT1 can uptake either 
divalent ion Fe2+ or Cd2+. NA is catalyzed by NAAT1 and finally forms DMA, which is secreted into rhizosphere via 
transporter OsTOM1 and chelates with Fe3+ to form complex. The complex is transported into cell via transporter 
OsYSL15.
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After influx into cytosol, Cd is sequestered into the vacuoles via transporter OsHMA3 [56] 
and transiently stored in the form of complexes [15]. This pathway decreases Cd mobility in 
the cytosol and translocation from root to shoot [15, 57]. Enhancement of OsHMA3 activity 
has been found to increase storage of Cd in root and decrease the transport of Cd to the shoot 
and the final accumulation of Cd in rice grains [23]. OsHMA3 is mainly expressed in root [24], 
and OsHMA3 localized at tonoplast belongs to P1B-ATPases [58]. A high rate of root-to-shoot 
transport and subsequent accumulation in the grains of 107Cd, which was administered from 
a culture solution, was observed in OsHMA3-depleted rice lines [51].

Lead forms various complexes with soil components, and only small parts of the lead present 
as these complexes in the soil solution are phytoavailable [59]. In soil, Pb may occur as a free 
metal ion or make complexes with inorganic constituents, such as HCO3

−, CO3
2−, SO4

2−, and 
Cl−. Pb also may exist as organic ligands with amino acids, fulvic acids, and humic acids [59]. 
Lead behavior in soil is mainly controlled by factors, such as pH [60], redox conditions [61], 
cation-exchange capacity, and organic and inorganic ligand levels [62]. Once adsorbed onto 
the rhizoderm roots surface, Pb may enter into the root passively, followed by translocating 
water streams while the mechanism by which Pb enters into root at the molecular level is 
still unknown. It is suggested that Pb enters into the root through several pathways, and a 
particular pathway is through ionic channels [59]. Several authors have demonstrated that 
Ca2+-permeable channels are the main pathway by which Pb enters into root [63, 64]. Ca2+ from 
rhizosphere will compete with Pb2+ for common uptake position [25].

3. Translocation of Fe/Zn and Cd/Pb in rice

Following uptake by root, Fe, Zn and Cd are transported to shoot via xylem and phloem, 
where a large amount of vascular bundles exist [11]. This radial transport system includes 
symplasmic and apoplasmic pathways, but the former pathway is predominantly utilized 
as a result of impediment by Casparian strips occurring in apoplasmic pathway [65]. After 
Fe(II)-NA formation in the cytosol, Fe(II)-NA is transported to xylem and exchanges NA 
with citrate, transforming into Fe(III)-citrate preferentially [39, 40]. Fe in the xylem is 
largely in the form of Fe-citrate and then allocated to all leaves, whereas Fe in the phloem 
is mainly bound to DMA, citrate, and proteins [11]. The translocation of citrate from 
root pericycle cells to xylem is mediated by ferric reductase defective 1-like transporter 
OsFRDL1 [40].

Transportation of metals from plant root to shoot requires movement through the xylem [66] 
and is probably driven by transpiration [67]. Fe, Zn, Pb, and their chemical forms are in rice 
xylem and phloem saps, and phloem loading is the first step. OsYSL2 plays a role in Fe dis-
tribution in the phloem, localizing at the plasma membrane and is responsible for Fe(II)-NA 
or Mn(II)-NA transport, but not for Fe(III)-DMA transport [68]. Nozoye et al. [32] proposed 
that the NA efflux transporters (ENA1/2) are responsible for the efflux of NA into xylem or 
intracellular compartments in order to redistribute Fe. Under Fe deficiency, both OsYSL2 and 
ENA1 are strongly induced [68, 69]. In addition to transporter OsYSL2, OsYSL15 is considered 
to transport Fe(III)-DMA for phloem trafficking and expressed in the phloem companion cells 
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[6, 35, 43]. Thereafter, Fe is delivered to grains via phloem in forms of Fe(III)-DMA or binds 
to some citrates and proteins [11].

The Zn chemical forms in xylem sap are free ions and Zn partially bound to unidentified 
chelators [40], while the Zn in phloem sap was dominantly bound to NA [70]. Obata and 
Kitagishi [71] indicated that some Zn in the xylem (transpiration stream) is transferred to the 
phloem at the vegetative nodes in addition to the mobilization of Zn from mature leaves in 
rice. Xylem transfer cells have been found in rice vegetative nodes, and localized metal trans-
porters may support the active xylem-to-phloem transfer of xylem sap Zn [72] and Cd [73].

After entered into root cells, part of Cd present as Cd-phytochelatin (Cd-PC) complexes are 
sequestered in the vacuoles, and the others are transported to xylem mediated by OsHMA2 
transporter in root pericycle cells [11, 74, 75]. In the phloem, Cd primarily bounds to specific 
proteins and slightly to thiol-compounds [76]. In contrast to Fe translocation that is mainly 
derived from leaves by remobilization, xylem-to-phloem transfer system of Cd mainly occurs 
at the nodes [50]. In rice nodes, the diffuse vascular bundles (DVBs) that encircle the enlarged 
elliptical vascular bundles (EVBs) are connected to the panicle [77]. A study demonstrated that 
Cd was predominantly transported toward the panicle instead of other tissues at the panicle-ini-
tiation stage through the nodes and ultimately reached grains by positron-emitting 107Cd tracer 
imaging system (PETIS) [50]. Node I, the uppermost node, is connected to both flag leaf and 
panicles. Yamaguchi et al. [77] found that Cd concentration was higher in node I than in blade, 
culm and panicle due to the accumulation of Cd. In addition, a low-affinity cation transporter 
(OsLCT1), which is highly expressed in the node I, also takes part in Cd transport to grains [16].

4. Effects of culture managements on Fe/Zn and Cd/Pb accumulation 
in rice grains

In rice seeds, Fe localizes to dorsal vascular bundle, aleurone layer and endosperm, and it 
localizes to the scutellum and vascular bundle of the scutellum of embryo [78]. Zn is distrib-
uted to all parts of the seed with a significantly high value for the aleurone layer and embryo 
[79]. Low Fe and Zn contents in rice are often restricted due to low available pools of Fe or 
Zn in soil. Enriching Fe or Zn concentration in grains through either fertilization or water 
management is referred to as agronomic biofortification, which is a short-term strategy for 
complementing the breeding programs.

Fe is abundant in mineral soil, but Fe deficiency still can occur in aerobic condition [80]. The 
major problem with Fe uptake is solubility. Fe in the soil (usually in the form of Fe2+, either 
chelated or as a sulfate salt) is easily converted to unavailable Fe3+ under aerobic condition. 
Thus, application of Fe as fertilizer is not an effective strategy for increasing rice seed Fe [81]. 
Otherwise, foliar application is a better option to overcome Fe deficiency, increasing grains Fe 
and its bioavailability in rice [82]. In contrast, as soil changes from aerobic to anaerobic condi-
tions after flooding, Fe-oxides are dissolved when the Fe3+ is reduced to Fe2+, which weakens 
the oxide stability and increases its water solubility [83]. In fact, irrigation management in rice 
strongly influences soil redox potential, which affects the availability of Fe, so flooded soil 
nearly always has sufficient Fe for rice uptake [4].
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After influx into cytosol, Cd is sequestered into the vacuoles via transporter OsHMA3 [56] 
and transiently stored in the form of complexes [15]. This pathway decreases Cd mobility in 
the cytosol and translocation from root to shoot [15, 57]. Enhancement of OsHMA3 activity 
has been found to increase storage of Cd in root and decrease the transport of Cd to the shoot 
and the final accumulation of Cd in rice grains [23]. OsHMA3 is mainly expressed in root [24], 
and OsHMA3 localized at tonoplast belongs to P1B-ATPases [58]. A high rate of root-to-shoot 
transport and subsequent accumulation in the grains of 107Cd, which was administered from 
a culture solution, was observed in OsHMA3-depleted rice lines [51].

Lead forms various complexes with soil components, and only small parts of the lead present 
as these complexes in the soil solution are phytoavailable [59]. In soil, Pb may occur as a free 
metal ion or make complexes with inorganic constituents, such as HCO3

−, CO3
2−, SO4

2−, and 
Cl−. Pb also may exist as organic ligands with amino acids, fulvic acids, and humic acids [59]. 
Lead behavior in soil is mainly controlled by factors, such as pH [60], redox conditions [61], 
cation-exchange capacity, and organic and inorganic ligand levels [62]. Once adsorbed onto 
the rhizoderm roots surface, Pb may enter into the root passively, followed by translocating 
water streams while the mechanism by which Pb enters into root at the molecular level is 
still unknown. It is suggested that Pb enters into the root through several pathways, and a 
particular pathway is through ionic channels [59]. Several authors have demonstrated that 
Ca2+-permeable channels are the main pathway by which Pb enters into root [63, 64]. Ca2+ from 
rhizosphere will compete with Pb2+ for common uptake position [25].

3. Translocation of Fe/Zn and Cd/Pb in rice

Following uptake by root, Fe, Zn and Cd are transported to shoot via xylem and phloem, 
where a large amount of vascular bundles exist [11]. This radial transport system includes 
symplasmic and apoplasmic pathways, but the former pathway is predominantly utilized 
as a result of impediment by Casparian strips occurring in apoplasmic pathway [65]. After 
Fe(II)-NA formation in the cytosol, Fe(II)-NA is transported to xylem and exchanges NA 
with citrate, transforming into Fe(III)-citrate preferentially [39, 40]. Fe in the xylem is 
largely in the form of Fe-citrate and then allocated to all leaves, whereas Fe in the phloem 
is mainly bound to DMA, citrate, and proteins [11]. The translocation of citrate from 
root pericycle cells to xylem is mediated by ferric reductase defective 1-like transporter 
OsFRDL1 [40].

Transportation of metals from plant root to shoot requires movement through the xylem [66] 
and is probably driven by transpiration [67]. Fe, Zn, Pb, and their chemical forms are in rice 
xylem and phloem saps, and phloem loading is the first step. OsYSL2 plays a role in Fe dis-
tribution in the phloem, localizing at the plasma membrane and is responsible for Fe(II)-NA 
or Mn(II)-NA transport, but not for Fe(III)-DMA transport [68]. Nozoye et al. [32] proposed 
that the NA efflux transporters (ENA1/2) are responsible for the efflux of NA into xylem or 
intracellular compartments in order to redistribute Fe. Under Fe deficiency, both OsYSL2 and 
ENA1 are strongly induced [68, 69]. In addition to transporter OsYSL2, OsYSL15 is considered 
to transport Fe(III)-DMA for phloem trafficking and expressed in the phloem companion cells 
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[6, 35, 43]. Thereafter, Fe is delivered to grains via phloem in forms of Fe(III)-DMA or binds 
to some citrates and proteins [11].

The Zn chemical forms in xylem sap are free ions and Zn partially bound to unidentified 
chelators [40], while the Zn in phloem sap was dominantly bound to NA [70]. Obata and 
Kitagishi [71] indicated that some Zn in the xylem (transpiration stream) is transferred to the 
phloem at the vegetative nodes in addition to the mobilization of Zn from mature leaves in 
rice. Xylem transfer cells have been found in rice vegetative nodes, and localized metal trans-
porters may support the active xylem-to-phloem transfer of xylem sap Zn [72] and Cd [73].

After entered into root cells, part of Cd present as Cd-phytochelatin (Cd-PC) complexes are 
sequestered in the vacuoles, and the others are transported to xylem mediated by OsHMA2 
transporter in root pericycle cells [11, 74, 75]. In the phloem, Cd primarily bounds to specific 
proteins and slightly to thiol-compounds [76]. In contrast to Fe translocation that is mainly 
derived from leaves by remobilization, xylem-to-phloem transfer system of Cd mainly occurs 
at the nodes [50]. In rice nodes, the diffuse vascular bundles (DVBs) that encircle the enlarged 
elliptical vascular bundles (EVBs) are connected to the panicle [77]. A study demonstrated that 
Cd was predominantly transported toward the panicle instead of other tissues at the panicle-ini-
tiation stage through the nodes and ultimately reached grains by positron-emitting 107Cd tracer 
imaging system (PETIS) [50]. Node I, the uppermost node, is connected to both flag leaf and 
panicles. Yamaguchi et al. [77] found that Cd concentration was higher in node I than in blade, 
culm and panicle due to the accumulation of Cd. In addition, a low-affinity cation transporter 
(OsLCT1), which is highly expressed in the node I, also takes part in Cd transport to grains [16].

4. Effects of culture managements on Fe/Zn and Cd/Pb accumulation 
in rice grains

In rice seeds, Fe localizes to dorsal vascular bundle, aleurone layer and endosperm, and it 
localizes to the scutellum and vascular bundle of the scutellum of embryo [78]. Zn is distrib-
uted to all parts of the seed with a significantly high value for the aleurone layer and embryo 
[79]. Low Fe and Zn contents in rice are often restricted due to low available pools of Fe or 
Zn in soil. Enriching Fe or Zn concentration in grains through either fertilization or water 
management is referred to as agronomic biofortification, which is a short-term strategy for 
complementing the breeding programs.

Fe is abundant in mineral soil, but Fe deficiency still can occur in aerobic condition [80]. The 
major problem with Fe uptake is solubility. Fe in the soil (usually in the form of Fe2+, either 
chelated or as a sulfate salt) is easily converted to unavailable Fe3+ under aerobic condition. 
Thus, application of Fe as fertilizer is not an effective strategy for increasing rice seed Fe [81]. 
Otherwise, foliar application is a better option to overcome Fe deficiency, increasing grains Fe 
and its bioavailability in rice [82]. In contrast, as soil changes from aerobic to anaerobic condi-
tions after flooding, Fe-oxides are dissolved when the Fe3+ is reduced to Fe2+, which weakens 
the oxide stability and increases its water solubility [83]. In fact, irrigation management in rice 
strongly influences soil redox potential, which affects the availability of Fe, so flooded soil 
nearly always has sufficient Fe for rice uptake [4].
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Zn status and content in soil are the dominant factors restricting Zn content of rice seeds, fol-
lowed by rice genotypes and fertilizers [84]. In aerobic condition, Zn mainly presents in soil 
in the form of ion Zn2+. The application of Zn as fertilizer is effective in promoting rice growth 
and also in the fortification of rice with Zn [85, 86]. However, the availability of Zn decreases 
with flooding due to precipitation as insoluble zinc sulfide [87] or as insoluble carbonates mix-
tures [83]. Positive effects of soil Zn fertilization on grains Zn have been noticed primarily with 
aerobic water management [84]. In addition, foliar Zn application compared to soil Zn fertil-
ization has been more effective in improving grains Zn concentration in flooded condition [88].

Although foliar application of Fe or Zn is more effective than soil application for increasing Fe 
or Zn content in rice grains, the efficiency of foliar applied Fe or Zn also depends on the appli-
cation stages [89]. Late season foliar application of Zn or Fe at flowering or at early grain filling 
stage is more effective in improving grain Zn or Fe, respectively, than early season application 
[90, 91]. Although the level of Zn in grains is positively related with Fe, research showed that 
foliar fertilization of combined Fe and Zn fertilizers enhanced both grain Fe and Zn content 
without any antagonistic effects [82], indicating that fertilization of one element does not affect 
the grains concentration of the others [82, 92]. Totally, in order to increase both Fe and Zn 
content in rice grains under anaerobic or flooded conditions, the most effective fertilization 
strategy is a combination of foliar Zn and Fe spray soon after flowering or at early grain filling 
stage [4]. HarvestZinc Fertilizer Project started in 2008 and aimed at assessing the potential 
of Zn fertilizer in order to increase Zn content in cereal grains, especially in wheat and rice.

N fertilizer application has been reported to be related with Fe and Zn content in rice grains. 
Optimized N fertilizer application could increase grains Fe and Zn content in several crop 
species, including rice under sufficient Zn supply [92–94]. The reason is suggested as follows: 
(1) N nutrition promotes protein synthesis, which is a major sink for Fe and Zn [92]; (2) N 
nutrition enhances the expression of Zn and Fe transporter proteins, such as ZIP family trans-
porters [92]; (3) N nutrition enhances the production of N compounds, such as NA and DMA 
[95]; (4) N nutrition increases Fe and Zn accumulation time by increasing vegetative growth 
and grain filling periods [4]. In contrast, N fertilizer can decrease rice grains Zn content under 
low Zn condition by increased biomass production and enhanced biological dilution [94]. In 
summary, optimized N fertilization application in rice production is very important to regu-
late Fe and Zn accumulation.

As a result of similar physical and chemical characteristics of Zn and Cd [96], Cd is mainly pres-
ent as free Cd2+ in soil under aerobic condition regardless of soil redox potential [97], and the 
effect of flooding on Zn mobilization is indirect rather than direct compared with Fe. Cadmium 
in acidic soil is ionized as Cd+ [48] and moves toward root system and translocates within 
plants, resulting in Cd accumulation eventually [98]. In previous reports, phosphate (P) fertil-
izer was thought to increase rice Cd accumulation [99, 100]. Because Cd emerges in the rock 
phosphate used for P fertilizer production, P fertilizers generally contain significant amounts of 
Cd [98]. Nowadays, these relatively high-Cd phosphate rock sources have been avoided in the 
fertilizer. Sarwar et al. [98] reported that mono-ammonium-phosphate (MAP) could enhance 
Cd solubility and uptake by lowering soil pH. However, Bolan et al. [12] reported that P fertil-
izer can reduce Cd solubility by insoluble Cd formation such as Cd(OH)2 or Cd3(PO4)2. Yang 
et al. [101] proposed that P deprivation decreased rice Cd uptake by competitively increasing 
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Fe uptake and accumulation. P deprivation also enhances the sensitivity to Cd in rice plants by 
inhibiting biomass accumulation and reducing PCs synthesis deprivation.

An increasing number of evidences show that different N fertilizer forms and content affect 
Cd accumulation in rice. Sarwar et al. [98] reported that enhanced N application increased 
biomass production and reduced Cd toxicity to some extent due to dilution effect. N appli-
cation increased soluble protein that could bind mobile Cd to immobile form. Different N 
fertilizer forms also have relationships with Cd uptake and accumulation in rice [102]. NH4

+-
containing fertilizer is considered to contribute to enhance Cd uptake [98]. NH4

+-containing 
fertilizers acidify rhizosphere by proton excretion from root cells, exchanging with NH4

+ and 
leading to low pH in soil [103]. In low pH soil, Cd moves toward root system and translocates 
within plants, resulting in Cd accumulation. In addition, NH4

+ can trigger cell membrane 
depolarization and lead to influx of NH4

+ into root cells, which accelerates translocation of Cd 
from root to shoot though this mechanism reduces Cd uptake in a certain way [98, 103]. In 
contrast, NO3

−-containing fertilizer causes simultaneous NO3
− and proton absorption by root 

cells, leading to high pH [99], and cell membrane polarization caused by nitrate can produce 
Cd detoxification mechanism [98]. Nevertheless, Xie et al. [104] found that plants supplied 
with NO3

− accumulated more Cd than NH4
+ treatment by Thlaspi caerulescens in hydroponic 

experiment, suggesting that effects of NH4
+ and NO3

− on Cd uptake are not simply attributed 
to rhizosphere pH transformation or charge distribution of cell membrane. Yang et al. [105] 
found that rice fed with excess NO3

− not only enhanced Fe uptake but also increased Cd 
uptake by upregulating the expression of OsIRT1. In addition, Wangstrand et al. [106] once 
proposed that application of N fertilizer was dependent on different growth stages and rec-
ommended that more N fertilizer should be applied at the vegetative stage while less N doses 
should be applied during the grain filling stage.

Besides P and N, other fertilizers are also related with Cd accumulation in rice. Fe is reported 
to remarkably increase Cd concentration in root and shoot of rice [107]. In contrast, a peculiar 
mechanism against Cd stress by application of Fe fertilizer is iron plague (IP) formation [96]. 
IP can serve as a barrier and prevent Cd from entering into root cells, resulting in reduced 
Cd accumulation while enhanced Fe concentration in rice [108]. Si application can reduce 
mobilization of Cd due to increased pH in soil [98], and complexes formation of Si with Cd 
is another mechanism for alleviating Cd toxicity in rice [96]. Application of S fertilizer may 
decrease Cd toxicity in the form of insoluble CdS, by which reduces mobility of Cd in soil 
[109]. S also participates in GSH and PCs biosynthesis. S increases Cd tolerance by forming 
Cd-PCs complexes and being transported into vacuoles in rice cells [96, 98, 110].

Pb accumulation in rice was wildly reported in Southeast Asian countries, such as China. 
Many researchers reported the toxic effects of Pb on rice growth and mineral absorption [111], 
but researches on reducing Pb accumulation in rice grains by water and fertilizer manage-
ments are still limited. Hu et al. [112] reported that Selenium (Se) application reduced Pb 
concentration in rice tissues but had no significant effect on Pb accumulation in brown rice 
grains. Soil remediation methods are applied to reduce Cd/Pb toxicity to some extent, includ-
ing soil removal, replacement, inversion and flooded condition before and after heading [41, 
113], but it is not easy to apply. In summary, more work is still needed to explore the effect of 
water and fertilizer management on Pb accumulation in rice grains.
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Zn status and content in soil are the dominant factors restricting Zn content of rice seeds, fol-
lowed by rice genotypes and fertilizers [84]. In aerobic condition, Zn mainly presents in soil 
in the form of ion Zn2+. The application of Zn as fertilizer is effective in promoting rice growth 
and also in the fortification of rice with Zn [85, 86]. However, the availability of Zn decreases 
with flooding due to precipitation as insoluble zinc sulfide [87] or as insoluble carbonates mix-
tures [83]. Positive effects of soil Zn fertilization on grains Zn have been noticed primarily with 
aerobic water management [84]. In addition, foliar Zn application compared to soil Zn fertil-
ization has been more effective in improving grains Zn concentration in flooded condition [88].

Although foliar application of Fe or Zn is more effective than soil application for increasing Fe 
or Zn content in rice grains, the efficiency of foliar applied Fe or Zn also depends on the appli-
cation stages [89]. Late season foliar application of Zn or Fe at flowering or at early grain filling 
stage is more effective in improving grain Zn or Fe, respectively, than early season application 
[90, 91]. Although the level of Zn in grains is positively related with Fe, research showed that 
foliar fertilization of combined Fe and Zn fertilizers enhanced both grain Fe and Zn content 
without any antagonistic effects [82], indicating that fertilization of one element does not affect 
the grains concentration of the others [82, 92]. Totally, in order to increase both Fe and Zn 
content in rice grains under anaerobic or flooded conditions, the most effective fertilization 
strategy is a combination of foliar Zn and Fe spray soon after flowering or at early grain filling 
stage [4]. HarvestZinc Fertilizer Project started in 2008 and aimed at assessing the potential 
of Zn fertilizer in order to increase Zn content in cereal grains, especially in wheat and rice.

N fertilizer application has been reported to be related with Fe and Zn content in rice grains. 
Optimized N fertilizer application could increase grains Fe and Zn content in several crop 
species, including rice under sufficient Zn supply [92–94]. The reason is suggested as follows: 
(1) N nutrition promotes protein synthesis, which is a major sink for Fe and Zn [92]; (2) N 
nutrition enhances the expression of Zn and Fe transporter proteins, such as ZIP family trans-
porters [92]; (3) N nutrition enhances the production of N compounds, such as NA and DMA 
[95]; (4) N nutrition increases Fe and Zn accumulation time by increasing vegetative growth 
and grain filling periods [4]. In contrast, N fertilizer can decrease rice grains Zn content under 
low Zn condition by increased biomass production and enhanced biological dilution [94]. In 
summary, optimized N fertilization application in rice production is very important to regu-
late Fe and Zn accumulation.

As a result of similar physical and chemical characteristics of Zn and Cd [96], Cd is mainly pres-
ent as free Cd2+ in soil under aerobic condition regardless of soil redox potential [97], and the 
effect of flooding on Zn mobilization is indirect rather than direct compared with Fe. Cadmium 
in acidic soil is ionized as Cd+ [48] and moves toward root system and translocates within 
plants, resulting in Cd accumulation eventually [98]. In previous reports, phosphate (P) fertil-
izer was thought to increase rice Cd accumulation [99, 100]. Because Cd emerges in the rock 
phosphate used for P fertilizer production, P fertilizers generally contain significant amounts of 
Cd [98]. Nowadays, these relatively high-Cd phosphate rock sources have been avoided in the 
fertilizer. Sarwar et al. [98] reported that mono-ammonium-phosphate (MAP) could enhance 
Cd solubility and uptake by lowering soil pH. However, Bolan et al. [12] reported that P fertil-
izer can reduce Cd solubility by insoluble Cd formation such as Cd(OH)2 or Cd3(PO4)2. Yang 
et al. [101] proposed that P deprivation decreased rice Cd uptake by competitively increasing 
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Fe uptake and accumulation. P deprivation also enhances the sensitivity to Cd in rice plants by 
inhibiting biomass accumulation and reducing PCs synthesis deprivation.

An increasing number of evidences show that different N fertilizer forms and content affect 
Cd accumulation in rice. Sarwar et al. [98] reported that enhanced N application increased 
biomass production and reduced Cd toxicity to some extent due to dilution effect. N appli-
cation increased soluble protein that could bind mobile Cd to immobile form. Different N 
fertilizer forms also have relationships with Cd uptake and accumulation in rice [102]. NH4

+-
containing fertilizer is considered to contribute to enhance Cd uptake [98]. NH4

+-containing 
fertilizers acidify rhizosphere by proton excretion from root cells, exchanging with NH4

+ and 
leading to low pH in soil [103]. In low pH soil, Cd moves toward root system and translocates 
within plants, resulting in Cd accumulation. In addition, NH4

+ can trigger cell membrane 
depolarization and lead to influx of NH4

+ into root cells, which accelerates translocation of Cd 
from root to shoot though this mechanism reduces Cd uptake in a certain way [98, 103]. In 
contrast, NO3

−-containing fertilizer causes simultaneous NO3
− and proton absorption by root 

cells, leading to high pH [99], and cell membrane polarization caused by nitrate can produce 
Cd detoxification mechanism [98]. Nevertheless, Xie et al. [104] found that plants supplied 
with NO3

− accumulated more Cd than NH4
+ treatment by Thlaspi caerulescens in hydroponic 

experiment, suggesting that effects of NH4
+ and NO3

− on Cd uptake are not simply attributed 
to rhizosphere pH transformation or charge distribution of cell membrane. Yang et al. [105] 
found that rice fed with excess NO3

− not only enhanced Fe uptake but also increased Cd 
uptake by upregulating the expression of OsIRT1. In addition, Wangstrand et al. [106] once 
proposed that application of N fertilizer was dependent on different growth stages and rec-
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ments are still limited. Hu et al. [112] reported that Selenium (Se) application reduced Pb 
concentration in rice tissues but had no significant effect on Pb accumulation in brown rice 
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5. Breeding and transgenic approaches to increase Fe/Zn and reduce 
Cd/Pb accumulation in rice grains

Since 1992, researchers at International Rice Research Institute (IRRI) have evaluated the 
genetic variability of Fe [114] and Zn [115] concentration in rice grains. The range in Fe and 
Zn contents of 939 varieties tested in one study were 7.5–24.4 μg g−1 for Fe, and 13.5–58.4 μg g−1  
for Zn [116]. Among these 939 varieties, high grains Fe and Zn concentrations were identi-
fied, including Jalmagna, Zuchem, and Xua Bue Nuo [116]. HarvestPlus Challenge Program 
launched in 2004 supports biofortification of staple food crops, including rice for increased 
Fe, Zn, and vitamin A. However, iron biofortification of rice based on conventional breeding 
has met with only marginal success. The iron level achieved to date is still too low to address 
the required target level set by HarvestPlus (around 14 μg g−1), indicating that iron biofortifi-
cation in rice remains a challenge [117]. In contrast, a number of varieties of biofortified zinc 
in rice and wheat are now available or being tested in countries all over the world, including 
India, Bangladesh, and Pakistan. Complementing the traditional breeding efforts, modern 
transgenic technology provides perspectives for efficiently improving Fe and Zn content of 
rice grains to dietary significant level for humans’ nutrition [118].

Recent attempts on the biofortification of Fe and Zn in rice grains using transgenic tech-
niques have shown some positive results. Overexpression of the barley NA synthase gene 
HvNAS1 in rice plants caused an increase in DMA and NA concentrations in root, shoot, 
and seed, accompanied with enhanced Fe, Zn, and Cu concentrations in grains [119]. Zheng 
et al. [120] indicated that biofortified rice with NA could efficiently enhance bioavailability 
by overexpression OsNAS1 in rice endosperm. Alexander et al. [121] constructed three rice 
populations overexpressing OsNAS1, OsNAS2 and OsNAS3. These constitutive overexpres-
sion of the OsNAS genes led to increased NA level, positively correlated with enhanced Zn 
concentration both in unpolished and polished grains, which reduces Zn nutrient loss to 
some extent due to polishing process. Goto et al. [122] demonstrated that high level of Fe 
in rice endosperm could be acquired by overexpression of ferritin. Swamy et al. [123] sug-
gested that overexpression of the ferritin gene OsFer2 in basmati rice (Pusa Sugandh II) was 
observed to accumulate higher levels of Fe and Zn. Combination of upregulated expression 
of ferritin with overproduction of NA can significantly enhance Fe and Zn content [88]. In 
addition, manipulation of specific transporters involved in Fe/Zn uptake and translocation is 
also considered to be promising approach for enhancing Fe/Zn content. Ishimaru et al. [68] 
introduced OsYSL2 mediated by sucrose transporter (OsSUT1) promoter into rice plants due 
to location of OsSUT1 around endosperm, resulting in high concentration of Fe in polished 
rice. Overexpression of the Fe transporter gene OsIRT1 or OsYSL15, the Fe deficiency-induc-
ible bHLH transcription factor OsIRO2, and knockdown of the vacuolar Fe transporter gene 
OsVIT1 or OsVIT2, were regarded as an effective approaches to increase the Fe concentration 
of seeds [124]. Overexpression of OsHMA3 enhanced the uptake of Zn by upregulating the 
ZIP family genes in the root [125]. OsHMA2 was involved in loading of Zn to the develop-
ing tissues in rice [75]. Quantitative trait locus (QTL) analysis is a useful approach to identify 
responsible genes for the respective transport processes [126]. Anuradna et al. [127] identi-
fied QTLs and candidate genes for Fe/Zn transport in rice seeds. OsYSL1 and OsMTP1 are 
responsible for Fe transport, while OsARD2, OsIRT1, OsNAS1, OsNAS2 are responsible for 
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Zn transport. Ishikawa et al. [128] detected four QTLs (qGZn9, qGZn10, qGZn2–1, qGZn2–2) 
responsible for high Zn accumulation, and qGZn9 showed the best effect, which provides 
valuable allele for breeding rice with high Zn level in grains.

Genotype dependence has been well observed for the accumulation of Cd in rice. More Cd 
accumulated in shoots and grains of indica cultivars than japonica cultivars [55, 129, 130]. 
Recently, Cd and Pb contents of 100 top Chinese rice cultivars were determined. The results 
also showed that indica accumulated more Cd than japonica [131]. Studies on rice screened for 
Cd-free, but Fe/Zn-rich cultivars have been an important issue in agricultural field. Significant 
efforts have been made on breeding of low-Cd accumulating rice cultivars in Japan, where 
Cd accumulation in rice grains has long been recognized as serious agricultural issues [41, 
132]. Ishikawa et al. [132] identified and screened three low-Cd mutants (lcd-kmt1, lcd-kmt2, 
and lcd-kmt3) with japonica rice cultivar, Koshihikari, which acted as parent by the way of 
carbon ion-beam irradiation, showing that there were lower Cd concentration in grains of 
the three mutants than Koshihikari wide type (WT). Such three low-Cd mutants were attrib-
uted to mutations of OsNRAMP5 responsible for Cd transport in rice by sequence analysis 
[132]. The three low-Cd mutants have different mutation sites in OsNRAMP5. An inser-
tion of transposon mPingA1, which was activated by ion beam and preferred to insert into 
exon of OsNRAMP5, was identified in lcd-kmt1, resulting in nonfunction of OsNRAMP5 and 
decreased Cd accumulation in grains [132]. Similar results were observed in lcd-kmt2 and lcd-
kmt3 due to a single-base pair deletion and a large deletion in OsNRAMP5, respectively [132]. 
Meanwhile, Ishikawa et al. [132] proposed that lcd-kmt1 and lcd-kmt2 were more promising 
for breeding program according to agronomic traits as a consequence of earlier heading and 
smaller plant size than Koshihikari WT in lcd-kmt3 [132]. In addition, Abe et al. [133] devel-
oped a novel population composed of 46 chromosome segment substitution lines (CSSLs), in 
which LAC23 served as donor segments and were substituted into Koshihikari. LAC23 could 
result in lower grain-to-straw ratio than Koshihikari [133]. Therefore, cultivars containing 
LAC23 performed low Cd content in grains [133]. As for breeding Fe/Zn-rich cultivars, Olive 
et al. [134] bred high level of ferritin cultivars with rice mega variety IR64 as background and 
introducing ferritin into endosperm increased Fe content in grains [132, 133]. IR64 mutants 
obtained from sodium azide treatment were reported to have high Zn level [123]. Booyaves 
et al. [135] expressed Arabibopsis IRT1 (AtIRT1) in high-iron NFP rice lines, which expressed 
NICOTIANAMINE SYNTHASE (AtNAS1) and FERRITIN, enhancing Fe contents in both 
unpolished and polished grains.

In addition, QTL analysis was also applied to identify responsible genes for Cd transport. 
QTL for Cd concentration in Anjana Dhan (indica rice cultivar) is identified on chromosome 
7, responsive gene for which is OsHMA3 [23, 55, 126]. Abe et al. [136] introduced a non-
functional allele of OsHMA3 from Jarian (indica rice cultivar) into Koshihikari (japonica rice 
cultivar) by marker-assisted selection, and these plants showed reduced Cd uptake from soil. 
Suppression of OsLCT1 expression can decrease grains Cd accumulation by RNAi without 
influencing nutrient accumulation. On the contrary, Fe content in the brown rice is remark-
ably higher [16], suggesting that RNAi-mediated OsLCT1 suppression in rice is a promis-
ing approach to establish “high Fe but low-Cd-rice.” Furthermore, T-DNA-mediated OsLCD 
knockout mutant showed reduced grain Cd accumulation while having no negative effect on 
grain yield. Thus, the lcd mutant might be a probable mutant line for further research [137].
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Breeding low Pb cultivars is also considered to reduce Pb contamination. Developing rice 
cultivars with low Pb mobilization within root and translocation toward aerial parts to the 
minimum extent may be a better option to cultivate rice in Pb tainted soils. Li et al. [138] 
screened three cultivars (Tianyou196, Wufengyou2168, and Guinongzhan) with low Pb 
level in brown rice. Furthermore, Ashraf et al. [139] compared Meixiangzhan (MXZ-2), 
Xiangyaxiangzhan(XYXZ), Guixiangzhan (GXZ), Basmati-385 (B-385), and Nongxiang-18 
(NX-18) to four different Pb concentrations, indicating that GXZ proved better able to tolerate 
Pb stress than all other rice cultivars, which are therefore suggested for use in future breeding 
programs for paddy fields contaminated by Pb.

6. Conclusions and perspectives

Fe and Zn are essential nutrients for humans, but Cd and Pb are toxic at high levels for humans. 
All these metals accumulated in the grains of rice, a staple cereal worldwide. Compared with 
Pb, significant progress has been made in investigating the mechanisms for Fe, Zn, and Cd 
uptake and accumulation in rice grains. These basic discoveries provide us with the increasing 
possibility to establish high Fe/Zn and low Cd/Pb rice. Here, we summarized a strategy scheme 
for producing biofortified Fe/Zn but low Cd/Pb rice cultivars as follows (Figure 2). On the one 
hand, scientists have screened or bred nontransgenic rice cultivars with high Fe/Zn or/and low 

Figure 2. Schematic diagram of strategies for enhancing accumulation of iron and zinc while minimizing cadmium and 
lead in rice. Based on functional QTLs or genes, scientists screen or breed nontransgenic rice cultivars with high Fe/
Zn or/and low Cd/Pb in grains. Modern transgenic technology provides perspectives for efficiently improving Fe/Zn 
content and decreasing Cd/Pb content in rice grains. Water and fertilizers management are also significantly related with 
increased Fe/Zn and decreased Cd/Pb in rice grains.
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Cd/Pb in grains based on functional QTLs or genes. These cultivars show no agriculturally or 
economically adverse traits and can be applied sooner. On the other hand, modern transgenic 
technology provides perspectives for efficiently improving Fe/Zn content and decreasing Cd/
Pb content in rice grains to dietary significant levels for humans’ nutrition (As to Pb, more 
researches on QTL and genes still needed). Besides improving rice seeds, water and fertilizer 
management is also significantly related with increased Fe/Zn and decreased Cd/Pb in rice 
grains. More studies are still needed to optimize irrigation time, fertilizer categories, dosage, 
and application stages. In addition, although it is available to establish rice cultivars with high 
Fe or Zn content, or establish rice cultivars with low Cd or Pb separately, interactions among 
these metals need to be better understood, and more steps are still needed to cultivate rice with 
all these merits and without decreasing rice production.
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Abstract

Furrow irrigated rice is an alternative method for growing rice with less water and labor
than conventional flood irrigation. In the Mississippi River Delta region, layflat plastic
pipe is used to supply water to furrows from irrigation wells. Different size holes are
punched in pipe to optimize uniformity of water distribution. Beds are made before
planting to channel water down furrows. Rice seed is planted in rows with a grain drill.
Water infiltration in furrows is two-dimensional through a wetted perimeter with soil in
the bottom of furrows and sidewalls of beds. An ideal field for furrow irrigation has no
more than 0.1% slope with high clay content. No rice cultivars have been developed
specifically for furrow irrigation but tests showed that some cultivars tolerate water stress
better than others. In field trials, rice yields with furrow irrigation were lower than
flooded rice with the greatest yield loss in the upper part of fields. However, results
indicated that rice yields can be increased with proper timing of nitrogen fertilization
and irrigation and adaption of new rice herbicides for weed control.

Keywords: irrigation, furrow, beds, layflat pipe, scheduling

1. Introduction

Farmers have grown rice in flooded fields for thousands of years. To survive in waterlogged
soils, rice plants developed a unique plant structure. Within hours of submergence, rice plants
produce aerenchyma cells to form air tubes in the stems which helps move oxygen internally
from above the water to the roots [1]. This mechanism gives rice a competitive advantage over
weeds that cannot survive in water. However, in the absence of flood water, rice plants lose
this advantage with weeds and are not able to tolerate long periods of time without irrigation
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Furrow irrigated rice is an alternative method for growing rice with less water and labor
than conventional flood irrigation. In the Mississippi River Delta region, layflat plastic
pipe is used to supply water to furrows from irrigation wells. Different size holes are
punched in pipe to optimize uniformity of water distribution. Beds are made before
planting to channel water down furrows. Rice seed is planted in rows with a grain drill.
Water infiltration in furrows is two-dimensional through a wetted perimeter with soil in
the bottom of furrows and sidewalls of beds. An ideal field for furrow irrigation has no
more than 0.1% slope with high clay content. No rice cultivars have been developed
specifically for furrow irrigation but tests showed that some cultivars tolerate water stress
better than others. In field trials, rice yields with furrow irrigation were lower than
flooded rice with the greatest yield loss in the upper part of fields. However, results
indicated that rice yields can be increased with proper timing of nitrogen fertilization
and irrigation and adaption of new rice herbicides for weed control.
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1. Introduction

Farmers have grown rice in flooded fields for thousands of years. To survive in waterlogged
soils, rice plants developed a unique plant structure. Within hours of submergence, rice plants
produce aerenchyma cells to form air tubes in the stems which helps move oxygen internally
from above the water to the roots [1]. This mechanism gives rice a competitive advantage over
weeds that cannot survive in water. However, in the absence of flood water, rice plants lose
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or rainfall. Rice is less suited for aerobic soil conditions than other summer grain crops such as
maize and sorghum.

In environments where water is in short supply or pumping costs are high, producing rice
with furrow irrigation saves water and fuel compared to flood irrigation. In the Mississippi
River Delta Region of the United States, the main reason farmers grow furrow irrigated rice to
avoid the labor needed to install and remove levees and gates [2]. This region includes the
states of Louisiana, Arkansas, Missouri, Tennessee, and Mississippi. Furrow and center pivot
irrigated rice grain usually has low arsenic content. In flooded soil, iron is reduced by anaero-
bic conditions releasing soluble arsenic for rice roots to uptake. Research in Arkansas and
Missouri showed significantly less arsenic in the harvested grain from sprinkler and furrow
irrigated rice compared to flooded rice [3–5].

No rice cultivars have been released by breeders developed specifically for furrow irrigation.
Farmers need to plant cultivars with the best possible disease resistance. Asian rice (Oryza sativa)
is divided into five groups: indica, aus, tropical japonica, temperate japonica, and aromatic [6].
The majority of rice cultivars grown in Mississippi River Delta are long-grain types selected with
high amylose content for indica cooking properties. Cultivars grown here are mainly indica type
but also may have one or more japonica parents in their pedigree [7]. Hybrid rice is often made
by crossing indica and japonica parents which provides high heterosis vigor in offspring [8, 9].
Rice breeders typically select for progeny with increased yield potential and resistance to sheath
blight [Rhizoctonia solani (Kuhn)] and blast [Pyricularia grisea (Cavara)] diseases [10, 11]. Blast
which spread by wind borne spores is the main concern of farmers growing furrow irrigated
rice. Sheath blight is spread by floating spores in flood water which does not apply to furrow
irrigation. Blast control practices such as planting cultivars rated with good resistance or apply-
ing fungicides is not always enough to prevent the disease [12]. In flooded rice, blast disease is
most severe in water stressed plants growing on top of levees or the highest part of a field where
water is shallow. Blast can also be devastating in aerobic rice grown without flooding. Where
rainfall and irrigation water are scarce, farmers need rice varieties to plant with improved
drought tolerance and ability to resist diseases [13].

Approximately 40 million hectares of rice is grown in places around the world where water
resources are limited [14]. Upland rice (Oryza glaberrima) grown in rainfed fields of sub-Sahara
Africa are generally more tolerance to drought conditions than Asian rice. Using embryo
rescue techniques, crosses were made between O. sativa and African upland (aerobic rainfed)
rice (O. glaberrima) by scientists at the West Africa Rice Development Association [15]. These
crossbred varieties are widely grown in Africa. However, when sufficient water is available
either by irrigation or abundant rainfall, these cultivars often produce lower yields than their
parent Asian rice lines.

Much effort has been placed in Asian countries on identifying genes in O. sativa rice responsible
for tolerance to abiotic stresses such as high sodium and low soil moisture conditions [16–18].
Lee et al. [19] increased rice grain yields by 23–42% in drought stress conditions with plants
overexpressing root specific OsERF71 compared to controls.
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2. Row beds, field slope and soil texture

Before planting furrow irrigated rice, beds are made in fields to channel the flow of irrigation
water in furrows down the slope in the field. Farmers typically use lister or disk hipper
equipment pulled with tractors to make the beds in the fall. Winter rains firm the soil and melt
soil clods into beds. Beds should be tall enough at rice planting to prevent irrigation water
from breaking over bed tops. Sometimes, in place of beds, farmers can plant on flat soil and use
furrow plows which cuts evenly spaced narrow trenches for water to flow. The optimum
spacing of the water furrows depends on the lateral wicking or soaking properties of the soil.
A common bed spacing is 76 cm (30 inch). Rice is planted parallel with beds using a grain drill
in 19 cm (7.5 inch) row spacings. Depending on row spacing, water in furrows come in direct
with only 20 percent of the soil in a field compared to complete soil coverage in conventional
flood irrigated rice [20].

Rice plants on the tops of beds are the first to become water stressed and most prone to die
in high evapotranspiration (ET) weather conditions. Water infiltration in furrow is two-
dimensional through a wetted perimeter with soil in the bottom of furrows and sidewalls of
beds. Rice plants growing near the center of beds are the farthest from furrow water. Clay soils
have smaller pores between individual particles than sand or silt. This causes clay soils to more
effectively wick furrow irrigation water through small capillary pores across beds than loam
soils (Figure 1). Capillary rise is the ability of water to flow in narrow spaces in opposition to
gravity [21]. This is the action that allows paper towels to soak up liquid spills.

An ideal field for rice production with furrow irrigation is precision graded using lasers with
no more than 0.1% slope with high clay content. For rice, a tail levee should be constructed
after planting and stand establishment. This will save water and maintain near-flooded condi-
tions in the low end of the field. At some point, a farmer will rotate rice to other crops such as
soybean to disrupt disease and insect cycles. Soybeans require adequate surface drainage to
avoid waterlogging and damaging roots [22]. Other crops usually need at least 0.10 to 0.15%
slope to grow well. Most soils cannot adequately soak across beds for rice when slopes are
greater than 0.2% because water flows too fast down the furrows. If the slope is not uniform,
water pools in low areas and flows across beds.

Figure 1. Irrigation water infiltrates into soil below the furrow and wicks to each side and up into beds by capillary rise
against gravity through small soil pores.
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or rainfall. Rice is less suited for aerobic soil conditions than other summer grain crops such as
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3. Layflat irrigation pipe

In the past, farmers used rigid aluminum pipe to apply furrow irrigation to crops in the Delta
Region. Around 1990, rigid pipe began to be replaced by flexible, plastic layflat pipe [23]. The
tubing is usually white in color and sold in large rolls. Generally, the thicker the mil of the plastic,
the greater the pressure a pipe can handle without bursting. Most farmers use 6 or 10 mil
thickness. A common type is 30 cm (12 inch) diameter, 10 mil thickness and rolls out to 402 m
(1/4 mi) length. It costs around $275 USD. It will handle up to 3785 liters per minute (1000 gallons
per minute) and 90 millibars (1.3 pounds per square inch) pressure [24]. Layflat pipe is usually
installed with a “polypipe roller” implement which is mounted on the three point hitch of a
tractor. One end of the tubing is attached to a well pipe with nylon zip ties and duct tape
(Figure 2). The tractor moves slowly across the end of the beds on the high end of the field. The
roller has a small plow which cuts a groove in the soil and the layflat pipe is rolled out in the
trench. The shallow trench help keep the tubing from shifting when irrigation water is pumped
into it. It is best to install layflat pipe on a calm day to avoid empty pipe from blowing away
before it can be filled with water. After the pipe has water in it, wind is usually not a problem.

The well should be started and water pumped into the pipe as soon as possible. After water
reaches the open end of the pipe, a knot is tied in it. As water pressure increases in the pipe,
holes are quickly punched in the plastic pipe at every furrow to avoid letting the pipe explode.
To obtain even water flow across the field, small holes are punched near the well where
pressure is highest. Hole sizes should be made progressively larger going away from the well.
Computer programs such as PHAUCETdeveloped by USDA-Natural Resources Conservation
Service can be used to determine the optimum hole sizes to punch at each furrow [25]. In large
fields, it may be difficult to maintain enough pressure in long runs of plastic pipe. To solve the
problem, fields can be divided in sections with pipe gates opened and closed to irrigate one
area at a time or in equal blocks in a split-set configuration using a programmable surge valve
[26]. Irrigation with surge valves is usually done in two stages (Figure 3). The first stage

Figure 2. Connecting plastic tubing to well pipe with zip ties and duct tape.

Rice Crop - Current Developments72

advances water in furrows across the field in the shortest possible time. The second stage
cycles water sets to improve infiltration in soil on the upper end of a field. A tail levee helps
avoid losing water to runoff. Since the crop is rice, flooding the lower end of a field is not a
problem unless it becomes more than .

Linquist et al. [3] found that the reproductive stages of rice are the most sensitive to water
stress. Alternating wetting and drying by irrigation in rice vegetative stages did not reduce
yields if flooding was maintained from panicle initiation through harvest. In treatments where
wetting and drying cycles was done the entire season methane emissions were reduced 93%
compared to continuous flooded rice.

4. Irrigation scheduling

Rice is less forgiving than other crops when irrigation water is applied too late or in insufficient
amounts. Most irrigation decisions by farmers are made by looking at the crops or soil. A
national survey showed that 44% of farmers scheduled irrigation on fields based on visual
condition of the crop and 25% checked the feel of the soil [27]. Only 3% used daily crop
evapotranspiration (ET) and 3% used soil moisture sensors. Three percent of the farmers said
they began irrigating when they saw their neighbor start.

Irrigation scheduling programs are useful tools for improving water efficiency in furrow
irrigated rice. Several state extension services have developed mobile phone apps linked to
electronic weather station networks to calculate evapotranspiration (ET) used for irrigation
scheduling [28–31]. Obtaining daily data is a challenge for farms located outside weather
station networks. In a two year study, we compared electronic atmometers (ETgages) to
weather stations [32]. The ETgages showed good accuracy at 1/10 the cost of a station for
supplying daily ET estimates.

Figure 3. Surge valve used to improve distribution of furrow irrigation in fields.
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Most state extension irrigation apps use the same algorithms to calculate daily soil water
balances. The complex calculations are not displayed to users in most irrigation apps. The
Penman-Monteith equation is usually used to estimate standardized short-grass evapotranspi-
ration called ETo. The first version was developed in 1948 by Howard Penman and other
engineers have fine-tuned it over the years [33]. ET is the combination of transpiration from
the crop and evaporation of the water from the soil or plant surfaces. The University of
Missouri Extension Service maintains an agricultural weather station network (mesonet)
which provides weather data to farmers for managing irrigation. The weather stations must
meet standards approved by the American Society of Agricultural Engineers [34]. Most of the
34 stations in the mesonet have a Campbell Scientific™ CR-1000 data logger which is
programmed to calculate standardized short-grass evapotranspiration called ETo. For farmers
calculating daily crop ET for irrigation scheduling, ETo is multiplied by a coefficient (Kc)
specific to the crop in the field. In the Northern Hemisphere, ETo is usually highest in June,
and July when days are longer. ETo varies from year to year which is a limitation for irrigation
scheduling from printed charts that rely on long-term weather averages.

Farmers do not have time to manually calculate daily crop ET and soil water deficits from
weather data for their fields. The main difference between extension irrigation apps is their
interface design and ease of use. Growers usually just want to know which fields on their farm
need irrigation today or the coming week. Predictions such as crop growth from temperature
are important but secondary. In 2015, the University of Missouri Extension Service released an
irrigation app for mobile phones called the Crop Water Use app which uses daily ETo from the
state mesonet [31]. Many of the equations in the Missouri program including crop coefficients
were modified from the Arkansas Irrigation Scheduler. A crop coefficient for non-flooded rice
was made working with scientists at University of Arkansas and USDA-Agricultural Research
Service [35].

Irrigation frequency is impacted by the app setup settings by the farmer. In the Missouri
program, soil available water holding capacity, rooting depth and percent allowable depletion
determine the irrigation trigger. Fields with sandy soils with low available water holding
capacity trigger faster and need smaller amounts of irrigation water more frequently than
medium textured soils. In a field trial with furrow rice on silt loam soil, we found that setting
the rooting depth at 30 cm (12 inches) in the app produced the highest grain yields in 2017
(Table 1). A possible explanation for the significantly lower yields with the 15 cm root setting

Rooting depth trigger Irrigations Total water in season Rice yield†

cm number cm Mg ha�1

15 15 76 8.98 c

30 11 55 9.68 a

45 7 36 9.36 b

†Yield values followed by the same letter were not significantly different at the 0.05 level.

Table 1. Irrigation applications and rice yields for three root depth triggers in the crop water use app for furrow irrigated
rice at the Missouri Rice research farm in Qulin, Missouri in 2017.
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is that more nitrogen was lost by denitrification compared to treatments with less water.
Averaged across irrigation trigger treatments, the lowest yield occurred in the upper parts of
the test field. The lower part of the field had standing water part of the time because of water
held back by the end leeve (Table 2).

5. Nitrogen management

Prior to the last decade, most farmers in the Mississippi River Delta region split nitrogen
fertilizer between two or three applications in the season on flood irrigated rice [36]. A typical
program was 100 kg N ha�1 applied immediately before flooding at the 5 leaf stage and
34 kg N ha�1 applied at internode elongation (IE) followed by 34 kg N ha�1 two weeks later.
Now many farmers apply all the nitrogen before flooding. In 2017, a nitrogen test was
conducted to evaluate timing nitrogen applications on furrow irrigated rice at four stages of
growth. Total nitrogen ranged from 100 to 250 kg N ha�1 (Table 3). Results showed that

Field location Rice yield†

Mg ha�1

upper 8.61 c

middle 9.32 b

lower 10.09 a

†Yield values followed by the same letter were not significantly different at the 0.05 level.

Table 2. Rice yields from three locations in furrow irrigated field averaged across irrigation trigger treatments at the
Missouri Rice research farm in Qulin, Missouri in 2017.

Application timing

Treatment 5-leaf stage (5 L) Internode Elongation (IE) IE + 2 weeks Boot Total N Rice yield†

kg N ha�1 Mg ha�1

1 50 50 0 0 100 8.99 c

2 50 50 50 0 150 9.47 b

3 50 50 0 50 150 8.90 c

4 50 50 50 50 200 9.86 a

5 100 50 0 0 150 9.15 c

6 100 50 50 0 200 9.69 ab

7 100 50 0 50 200 9.06 c

8 100 50 50 50 250 9.62 ab

†Yield values followed by the same letter were not significantly different at the 0.05 level.

Table 3. Rice yields from nitrogen treatments at 5-leaf, internode elongation (IE), IE + 2 weeks, and boot growth stage at
the Missouri Rice research farm in Qulin, Missouri in 2017.
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treatments that included 50 kg N ha�1 applied two weeks after IE produced more rice than
other treatments (Tables 4 and 5).

6. Rice cultivar and hybrid evaluation

A evaluation of rice cultivars and hybrids was conducted in 2017 in adjacent Missouri fields
furrow and flood irrigated. Each line was randomized and replicated in each field. In every
case, rice yields were higher in flooded plots compared to furrow irrigated plots (Table 6).

IE +2 weeks Rice yield†

kg N ha�1 Mg ha�1

0 8.61 c

50 9.32 b

†Yield values followed by the same letter were not significantly different at the 0.05 level.

Table 4. Rice yields from nitrogen treatments at internode elongation (IE) + 2 weeks averaged across applications at other
growth stages at the Missouri Rice research farm in Qulin, Missouri in 2017.

N timing p Value

5 L 0.4484

IE + 2WK <0.0001

5 L*IE + 2WK 0.4127

BT 0.7357

5 L*BT 0.2687

IE + 2WK*BT 0.2478

5 L*IE + 2WK*BT 0.2715

5 L = 5 leaf stage, IE = internode elongation, 2WK = 2 weeks, BT = boot growth stage.

Table 5. Analysis of variance for effect of nitrogen treatment on rice yield at the Missouri Rice research farm in Qulin,
Missouri in 2017.

Irrigation method

Cultivar Furrow Flood Difference

Mg ha�1 %

RTXP760 10.43 11.59 1.16 11

CL153 7.51 8.77 1.26 17

RT7311 CL 10.89 12.40 1.51 14

CL XL745 9.83 11.64 1.81 18
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However, two hybrids exceeded yields of 10 Mg ha�1 in furrow irrigated rice with less than
15% reduction in yield compared to flood.

7. Weed control

Weed control programs for center pivot irrigated rice were discussed in an open access book
chapter by Stevens (2015). Similar weed problems occur in furrow irrigated rice. The goal with
all non-flooded rice is to maintain good weed control until the plants develops enough leaf
canopy to shade emerging weeds.

Often a difficult weed to control in non-flooded rice in the Mississippi River Delta is palmer
amaranth pigweed (Amaranthus palmeri). In most fields, clomazone applied preemergence and
propanil + quinclorac + halosulfuron applied when pigweed reach 2–4 leaf stage works well. If
more pigweeds emerge later, another application of propanil + quinclorace or acifluorfen +
bentazon can be made.

For many years, chemical companies did not released any new herbicides to control weeds in
rice. Recently, saflufenacil (Sharpen™), an inhibitor of protoporphyrinogen oxidase (PPO
inhibitor) was labeled by BASF to apply on rice postemergence before panicle initiation. In
Missouri trials, Sharpen was effective for weed control but caused significant leaf burn at one
location. Additionally, with the advent of PPO resistant Palmer amaranth, this herbicide may
become obsolete.

A new broad spectrum arylpicolinate rice herbicide named Loyant™ (florpyrauxifen-benzyl)
was released by DOW Chemical Company from a new class of chemicals after EPA approval
in 2017. Missouri trials in 2015 showed that it might be a “game changer” for pigweed control
and a good fit for non-flooded rice. A test in 2016 evaluated the effectiveness, crop injury, and
costs of different herbicide programs for non-flooded rice production.

Irrigation method

Cultivar Furrow Flood Difference

Mg ha�1 %

Diamond 9.73 11.69 1.97 20

CL272 7.31 9.32 2.02 28

Roy J 8.42 10.58 2.17 26

LaKast 8.27 10.48 2.22 27

MM17 6.15 9.22 3.07 50

Jupiter 8.01 11.89 3.88 48
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treatments that included 50 kg N ha�1 applied two weeks after IE produced more rice than
other treatments (Tables 4 and 5).
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IE +2 weeks Rice yield†

kg N ha�1 Mg ha�1

0 8.61 c

50 9.32 b

†Yield values followed by the same letter were not significantly different at the 0.05 level.

Table 4. Rice yields from nitrogen treatments at internode elongation (IE) + 2 weeks averaged across applications at other
growth stages at the Missouri Rice research farm in Qulin, Missouri in 2017.

N timing p Value
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IE + 2WK*BT 0.2478

5 L*IE + 2WK*BT 0.2715

5 L = 5 leaf stage, IE = internode elongation, 2WK = 2 weeks, BT = boot growth stage.

Table 5. Analysis of variance for effect of nitrogen treatment on rice yield at the Missouri Rice research farm in Qulin,
Missouri in 2017.

Irrigation method

Cultivar Furrow Flood Difference

Mg ha�1 %
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However, two hybrids exceeded yields of 10 Mg ha�1 in furrow irrigated rice with less than
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Hybrid rice was drill planted under center pivots at the University of Missouri- Marsh Farm in
Portageville, Missouri. Nitrogen was applied 56 kg urea-N ha�1 at first tiller growth stage with
112 kg N ha�1 split in five weekly UAN fertigations. Fungicide was applied by chemigation for
blast control.

Herbicide treatments were applied to small plots in replicated, randomized complete blocks.
Chemicals were applied post-emergence on July 13 with a CO2 backpack sprayer. Treatments
were: 1. Untreated check, 2. propanil, 3. Loyant, 4. Sharpen, and 5. Grandstand™. Each plot
was visually rated 6 days and 21 days after treatment.

The primary weed in plots was palmer pigweed. Loyant did an excellent job of killing even
large pigweeds with less crop injury than Sharpen (Figure 4). Loyant also provides control of

Figure 4. The crop water use app for mobile phones was released by the University of Missouri Extension Service in 2015.

Figure 5. Visual pigweed control on August 3, 2016 (21 days after treatment).
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many grass weeds such as barnyardgrass and panicum species in addition to control of rice
flatsedge, smallflower umbrella sedge and yellow nutsedge. Of the products evalutated in this
study, only propanil offers any grass control. Propanil and Grandstand stunted or burned
pigweeds but most recovered and grew back later in the season (Figures 5 and 6).

Figure 6. Plot photos from herbicide treatments for center pivot rice in 2016. DAT = Days after treatment. (a) Untreated
check, (b) pigweed sprayed with Loyant (6 DAT), (c) propanil (21 DAT), (d) Loyant (21 DAT), (e) grandstand (21 DAT), (f)
sharpen (21 DAT).
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8. Conclusions

All current cultivars and hybrid grown by farmers were bred for production with flood
irrigation. Field trials showed that some lines are more productive with furrow irrigation than
others. Scheduling irrigation application using weather based evapotranspiration calculation
will take the guess work out of optimizing irrigation timing and rates. Applying nitrogen after
internode elongation improved yields. New herbicide chemistry will help control problem
weeds such as Palmer amaranth pigweeds.
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Abstract

The challenges for weed management have increased in rice cultivation due to the high 
number of cases of herbicide-resistant weeds, especially the widespread distribution of 
imidazolinone-resistant weedy rice. Therefore, there has been particular interest in pre-
ventive, physical, and cultural methods in recent decades. In this context, the adoption 
of the rice-soybean rotation is reported to be one of the most important factors for weed 
management in rice fields. Additionally, the use of a diversified crop rotation enables the 
implementation of a broader herbicide program, which is an important feature influenc-
ing weed population dynamics. Rice-soybean rotation has been adopted by farmers to 
control problematic weed species, reduce seed bank of troublesome weed species, and 
prevent rice grain yield and quality losses caused by its interference. This crop rotation 
scheme has brought several benefits when it comes to weed management; however, there 
are also some drawbacks when adopting this strategy such as the limited productivity of 
soybean and new weed species becoming problematic, such as Conyza species. Thus, this 
chapter explores the advantages and disadvantages of adopting crop rotation in Brazilian 
lowlands, and proposes a set of strategies to successfully implement crop rotation in 
lowland soils as a tool for weed management.

Keywords: rice-soybean rotation, herbicides, residual activity, weed resistance, 
agriculture

1. Introduction

Weed management strategies are described as biological, cultural, chemical, or mechanical prac-
tices employed in an integrated manner to prevent and satisfactorily control weed infestations.  

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

Weed management strategies are described as biological, cultural, chemical, or mechanical prac-
tices employed in an integrated manner to prevent and satisfactorily control weed infestations.  
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Since the introduction of herbicides, after the Second World War, the chemical approach has 
been the major method of weed control [1] and the reliance on herbicides, with limited diver-
sification of mechanisms of action, has led to the appearance of increased cases of herbicide-
resistant weed species. Additionally, the lack of active ingredients with new mechanisms 
of action [2] and public concern associated with environmental and health hazards, further 
emphasizes the need to rethink herbicide use [3].

Brazilian rice production has changed considerably in the past decades, partially due to 
the availability of high-yielding varieties and improved production techniques that have 
increased productivity by approximately 50% in the Southern region. Considerable progress 
has been also achieved in terms of weed control with the introduction of the Clearfield® tech-
nology, which allowed producers to selectively control weedy rice (Oryza sativa L.) by using 
rice genotypes tolerant to the imidazolinone herbicides. The introduction of these varieties 
increased the yields by more than 2.5 t/ha, allowing productivity levels to be greater than 
10 t/ha in these areas [4]. However, the continued monocropping exerted a selection pres-
sure on the weed community, favoring weed species with phenotypes and phenology that 
are similar to rice, such as weedy rice and Echinochloa spp. Moreover, the intensive use of 
imidazolinone herbicides concomitantly with minimal alternative cultural practices being 
adopted, led to the appearance of resistant biotypes of these species.

Facing the widespread distribution of imidazolinone-resistant weedy rice in Brazil, there has 
been particular interest in preventive, physical, and cultural methods during recent decades. 
Weed control strategies in general should follow integrated weed management (IWM) prin-
ciples, relying less on the use of the herbicides and, whenever feasible, including non-chemical 
methods [5]. IWM practices have not been adopted by all rice producers in Brazil and one of 
the greatest constraints is the pragmatic solution provided by the use of herbicides as com-
pared to the long-term strategies used in IWM. In practice, IWM strategy is costly in short 
term and the biggest challenge is to persuade farmers to spend money in preventing prob-
lems, such as herbicide resistance, that they still do not have, but probably will face in their 
own fields in the near future. Herbicide resistance usually evolves due to a poor weed control 
program, based mainly on the chemical approach, which is largely under the farmer’s own 
control. Thus, the recent cases and obstacles caused by herbicide resistance are changing farm-
ers’ perceptions, making them now more positive toward the adoption of non-chemical weed 
management methods as part of an IWM strategy.

In this context, a very diverse crop rotation is reported to be one of the most important factors 
in diversifying weed communities and affecting their seed bank dynamics. It is believed that a 
crop rotation scheme composed of crops with great variability in their biological traits can be 
the most effective tool for controlling weeds [6] and avoiding weed resistance. The variation 
of cropping sequences creates an unstable environment, which prevents the annual recur-
rence of particular weed species [7]. Crop rotation strategies may not eradicate troublesome 
species, but they can limit their growth and reproduction.

Factors such as the choice of crops and cultivars, plant row spacing, crop seeding rate, sowing 
date, and use of fertility-building measures have to be taken into account when planning crop 
sequences. These measures, when properly planned and implemented, can enhance a crop’s com-
petitive ability against weeds. Variation in crop sowing dates is one of the best strategies to reduce 
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the seed bank size because it allows for changes in the timing of direct control strategies, such as 
tillage and herbicide spraying, and disrupts the germination periods of the weed species [8]. Weed 
germination is affected by crop cultivars and plant spacing due to changes in the canopy and thus 
the quality of the light that reaches the soil [9]. The incorporation of crops into rotation schemes 
that release allelopathic substances can be used as a tool to reduce the germination and emergence 
of some weed species [10]. Therefore, the right choice of crops and the sequence in which they 
appear is a strong tactic for preventing the establishment of several weed species in the field.

Additionally, the use of a diversified crop rotation enables the implementation of a diversi-
fied herbicide rotation scheme. The use of herbicides is considered by some researchers to 
be the main factor influencing seed bank dynamics [11], as they can drastically reduce weed 
populations. Based on this scenario, this chapter aims to explore possibilities of crop rotation 
sequences in Brazilian lowlands, addressing the benefits and drawbacks of each crop sequence 
when it comes to weed management and crop productivity. Furthermore, the authors aim to 
propose a set of strategies that can be used to successfully implement crop rotation in lowland 
soils as a tool for weed management.

2. Weed resistance in Brazilian rice fields

An overview of the current resistant status of herbicide resistance and the efficiency of chemi-
cal control against weed species in Southern Brazil adds a new perspective to better under-
stand the need of non-chemical weed management methods, such as crop rotation, as part of 
an IWM strategy in lowlands. Table 1 summarizes the herbicides available for rice production 
in Brazil by mechanism of action, and provides the reader with valuable information about 
the control efficiency of these compounds against the most troublesome weed species. The 
problems with weed resistance in rice go far beyond weedy rice, with cases of herbicide-resis-
tant biotypes being reported for Echinochloa spp. (E. crus-galli, E. crus-pavonis, and E. colona), 
Eleusine indica, Cyperus spp. (C. rotundus and C. difformis), and Sagittaria spp. (S. montevidensis), 
which are mainly associated with the intensive use of ALS-inhibiting herbicides, poor crop 
rotation schemes, and cropping strategies such as irrigation systems. ALS-inhibiting herbi-
cides are known to be highly efficient in low doses against a broad range of weed species and 
this is probably one of the main reasons associated with the great acceptance of the Clearfield® 
technology, reducing the use of other herbicides that were widely used before such as, pendi-
methalin, oxadiazon, oxifluorfen, thiobencarb, bentazon, propanil, and quinclorac.

Echinochloa spp. is also resistant to acetyl-CoA carboxylase (ACCase) inhibitors and quin-
clorac (AUX, auxin-mimic herbicides), while Eleusine indica and Sagittaria spp. are also resis-
tant to ACCase and photosystem II (PS II) inhibitors, respectively. Quinclorac was widely 
used during the 1990s in Brazil to control Echinochloa spp. and Aeschynomene spp., and some 
researchers believe [12] that the first case of herbicide resistance in rice cultivation in the coun-
try is associated with this herbicide, which selected resistant plants of Echinochloa spp.

The current resistance problem evidences the urgent need of alternative management strate-
gies to efficiently control these species and reduce the reliance on chemical control. The occur-
rence of resistant weed species, such as weedy rice, can reduce rice yields from 5 to 100% 
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[13], resulting in large economic losses [14]. Thus, greater use of cultural methods, such as 
crop rotation, should be taken into account to reduce the weed population, resulting in less 
dependence on herbicides, selection pressure, and herbicide resistance.

The majority of weed resistance cases in rice are reported for ALS inhibitors, indicating 
that herbicide use tends to shift to other mechanisms of action to efficiently control ALS-
resistant weed species. For example, clomazone and propanil provide a great control (>95%) 
of Echinochloa spp. in Brazil as indicated in Table 1; however, biotypes with resistance to those 
herbicides have been already reported in Arkansas and California due to their frequent use 
[15, 16]. Thus, it is likely that herbicide resistance might evolve in Brazil for these species as a 
consequence of the increasing frequency in which they are sprayed.

The future introduction of a new herbicide-tolerant technology for paddy rice in Brazil, the 
Provisia™ Rice System, includes post-emergence ACCase-inhibiting herbicides as an alterna-
tive to improve the control of resistant grass species such as weedy rice [17]. Therefore, this tech-
nology tends to increase the use of these herbicides, which is a mechanism of action considered  

Information not available; no control; control < 50%; control 50–70%; control 71–95%; control > 95%.
*Product not registered to control the weed species. ACCase: lipid synthesis inhibition (inh. of ACCase); ALS: inhibition 
of ALS (branched chain amino acid synthesis); PS II: inhibition of photosynthesis PS II; PS I: PS I electron diversion; PPO: 
Inhibition of protoporphyrinogen oxidase; DOXP: Inhibition of DOXP (1-deoxy-d-xylulose-5-phosphate or clomazone) 
synthase; EPSPS: Inhibition of EPSPS (5-enolpyruvylshikimate-3-phosphate) synthase; MA: Inhibition of microtubule 
assembly; AUX: Synthetic auxin. Pre: Pre-emergence; Post: Post-emergence; NP: Application on needle point, glyphosate 
applied over the first-day emerging rice, R: Resistant. HRAC: Herbicide Resistance Action Committee. Font: SOSBAI, 
2016 and Agrofit, 2017 < Available at: http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons>.

Table 1. Application timing, control levels of the most troublesome weed species in Brazilian Rice.
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to pose a high resistance risk [18]. In the past 30 years, more than 35 grass species have evolved 
resistance to ACCase-inhibiting herbicides worldwide, especially due to target-site resistance 
mechanism [19], which threatens the long-term use of this technology in paddy rice. Therefore, 
this new technology shows great potential to reduce problems with resistant grass species but 
to ensure the longevity and optimize its efficiency, it is necessary to carefully follow the recom-
mendations for use.

It is possible to observe that there is a great amount of herbicides registered for weed control 
in rice (Table 1). However, weed resistance has been reported for several molecules, espe-
cially for weedy rice and Echinochloa spp. There are some herbicides that provide satisfactory 
control of resistant biotypes when sprayed in pre-emergence, for instance, Echinochloa spp. 
resistant to ALS inhibitors can be controlled with the application of pendimethalin (MA) and 
clomazone (DOXP), with great control levels being reported (up to 95%) in experimental stud-
ies. However, it is likely that some plants will escape pre-emergence control and the herbicide 
options for post-emergence are quite limited because the species are already resistant to most 
of them.

Table 1 also shows that herbicides such as oxadiazon and oxyfluorfen (PPO) do not control 
Echinochloa spp. and weedy rice when applied in pre-emergence. However, when applied on 
a water layer before sowing the crop (label instructions), these herbicides can provide better 
control of such weeds. The application of these herbicides is quite complex and growers must 
follow carefully the label instructions to achieve greater control efficiency. Moreover, these 
herbicides are likely to contaminate the environment and can cause crop injuries, which are 
some of the reasons for their greatly reduced usage in recent years.

It is also important to mention that the control levels given in Table 1 for all herbicides are 
only expressed when they are applied following the instructions of the manufacturer, with 
specific doses and at the correct development stage of the crop and weed.

Based on the aforementioned facts, the need to include other control strategies, such as crop 
rotation that would enhance the number of molecules that can be used to control these spe-
cies is evident. Nevertheless, it is important to mention that weed control levels provided by 
cultural measures are often meager in comparison to the efficacy of herbicides and, thus, do 
not reduce their need, at least in the short term. Moreover, the costs and the unpredictability 
of many cultural strategies are the main reasons why farmers are reluctant to adopt them, and 
IWM strategy will only be prioritized when the occurrence of resistant weed biotypes causes 
extreme failures and almost complete lost in herbicide efficacy [20].

3. Crop rotation in Brazilian lowlands

Lowlands in Southern Brazil are mainly cultivated with rice in the summer period and kept 
uncultivated during the fallow season. Crop residues left on the soil surface can be used for 
cattle grazing and in some cases, cover crops are sown during the winter. In general, long-
term crop rotation is not included in this cropping system due to the introduction of chemical 
fertilizers and pesticides, mechanization, and improved crop varieties [21]. However, crop 
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rotation is one of the essential practices in sustainable agricultural systems, because of its 
effects on soil fertility, control of pathogens and pests, including weeds.

Yield reduction due to weed competition in rice cropping is estimated between 10 and 15% 
of potential production [22, 23]. Nevertheless, it was the widespread distribution of imidaz-
olinone-resistant weedy rice that promoted the introduction of new crops in areas under rice 
monoculture. This strategy aims to reduce the seed bank of troublesome weed species and 
prevent rice grain yield and quality losses caused by weed interference. There are several 
mechanisms responsible for this effect, including allelopathy, changes in fauna, and distur-
bance patterns, which could diversify selection pressures by influencing seed bank dynam-
ics. Some studies have shown that the seed bank of troublesome species in rice cultivation is 
greatly reduced when monoculture is abandoned [24, 25]. Rotation also affects species com-
munities by determining the tillage frequency and effects attributed to cropping practices, 
such as herbicide programs, crop seed rate, and sowing time [26, 27].

Moreover, the introduction of other crops, such as soybean, in lowlands increases soil fertility 
due to nutrients cycling and reduces some disease pressure. Even though the positive effects of 
a very diverse crop rotation scheme that includes legumes and cereals are well recognized, the 
greatest constraints for the introduction of this strategy in lowlands are the drainage problems 
and the absence of species that endure long periods of water surplus in the soil. The poor natu-
ral drainage in these areas is usually the result of the flat relief associated with a shallow soil 
profile and impermeable sub-surface layer [28]. The physicochemical characteristics of the soils 
and the low natural fertility are other factors that affect crops performance in these fields [29].

Several studies aimed to evaluate the performance of various summer and winter crops to 
be used in a rotation scheme with rice in lowlands and will be explored in more detail in the 
following sub-sections.

3.1. Summer crops

Summer crops such as maize (Zea mays), sorghum (Sorghum bicolor), and soybean (Glycine 
max) have been explored in a crop rotation scheme with rice. Researchers have been trying to 
identify cultivars of these crops that can adapt to lowlands [30].

The performance of maize in these soils is quite limited because their physicochemical fea-
tures do not favor the development and productivity of this crop. Lowlands soils in Southern 
Brazil are generally acidic, with low pH (ranging from 4.5 to 5.4), and maize plants develop 
better in soils with pH close to 7. Therefore, liming the soil is an essential practice in these soils 
to allow maize cultivation [31]. The choice of a maize cultivar with vigorous stalk, adequate 
height, low spike insertion, reduced lodging, and breaking resistance is another aspect that 
has to be considered when including this crop in a crop rotation system with rice [30].

On the other hand, sorghum is a species that adapts well in lowland soils because it has a 
great tolerance to drought periods and water excess when in the advanced stages of develop-
ment (more than five leaves), producing up to 70 t/ha of biomass that can be used for cattle 
grazing. Therefore, the introduction of this species in a rotation system with rice can be a tool 
to reduce the seed bank of troublesome species in these areas (Figure 1), though trading of 
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the production can be a real obstacle to its wide cultivation. Moreover, the performance of this 
crop in lowland soils is highly associated with the choice of cultivar, adequate sowing date, 
and the use nitrogen fertilizers [30].

From the crop rotation point of view, the introduction of maize and sorghum in areas under 
rice monoculture brings several benefits for weed management; however, the inclusion of a 
legume species adds much more diversity to this system. Thus, soybean is probably the most 
promising crop to be used in a crop rotation scheme with rice, allowing farmers to increase 
their income, control weeds more efficiently by diversifying herbicide mechanisms of action 
of the herbicides and cultural practices. Moreover, leguminous species increase nitrogen (N) 
availability in the soil due to symbiotic N2-fixation, lowering fertilizer needs for the following 
crop and increasing the yields of cereals grown in succession [31].

Studies evaluating the performance of soybean in Brazilian lowlands showed that this crop 
may be highly productive in these soils, reaching more than 4.000 kg ha−1 [32]. However, soy-
bean is still less profitable than rice in lowland soils because the crop is quite sensitive to water 
excess, especially during germination and emergence. Water surplus in soil during flowering 
and grain filling can also affect soybean productivity, though the crop is slightly less sensitive 
to this stress at those development stages [33]. Thus, it is clear that the feasibility of the rice-
soybean rotation depends on the progress of research works for the adaptation of different 
genotypes to flooding and poor drainage conditions. Moreover, the compaction of lowland 
soils and reduced nitrogen fixation due to low rhizobium activity are other limiting factors to 
soybean productivity. Nevertheless, soybean has been shown to be a valuable tool in control-
ling weedy rice and aquatic weed problems as well as reducing some disease pressure.

In a study conducted at Embrapa Temperate Agriculture (Pelotas-Brazil), evaluating the 
effects of two crop rotation systems: rice-soybean (R-SOY) and rice-sorghum (R-SOR); two 
tillage systems: conventional and direct drilling; and herbicide application: with or without; 
on the seed bank of Echinochloa spp. and Urochloa plantaginea (Figure 1), it was reported that in 

Figure 1. Number of seeds of Echinochloa spp. (a) and Urochloa plantaginea (b) under two tillage systems (conventional 
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rotation is one of the essential practices in sustainable agricultural systems, because of its 
effects on soil fertility, control of pathogens and pests, including weeds.

Yield reduction due to weed competition in rice cropping is estimated between 10 and 15% 
of potential production [22, 23]. Nevertheless, it was the widespread distribution of imidaz-
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prevent rice grain yield and quality losses caused by weed interference. There are several 
mechanisms responsible for this effect, including allelopathy, changes in fauna, and distur-
bance patterns, which could diversify selection pressures by influencing seed bank dynam-
ics. Some studies have shown that the seed bank of troublesome species in rice cultivation is 
greatly reduced when monoculture is abandoned [24, 25]. Rotation also affects species com-
munities by determining the tillage frequency and effects attributed to cropping practices, 
such as herbicide programs, crop seed rate, and sowing time [26, 27].
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grazing. Therefore, the introduction of this species in a rotation system with rice can be a tool 
to reduce the seed bank of troublesome species in these areas (Figure 1), though trading of 
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the production can be a real obstacle to its wide cultivation. Moreover, the performance of this 
crop in lowland soils is highly associated with the choice of cultivar, adequate sowing date, 
and the use nitrogen fertilizers [30].

From the crop rotation point of view, the introduction of maize and sorghum in areas under 
rice monoculture brings several benefits for weed management; however, the inclusion of a 
legume species adds much more diversity to this system. Thus, soybean is probably the most 
promising crop to be used in a crop rotation scheme with rice, allowing farmers to increase 
their income, control weeds more efficiently by diversifying herbicide mechanisms of action 
of the herbicides and cultural practices. Moreover, leguminous species increase nitrogen (N) 
availability in the soil due to symbiotic N2-fixation, lowering fertilizer needs for the following 
crop and increasing the yields of cereals grown in succession [31].
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bean is still less profitable than rice in lowland soils because the crop is quite sensitive to water 
excess, especially during germination and emergence. Water surplus in soil during flowering 
and grain filling can also affect soybean productivity, though the crop is slightly less sensitive 
to this stress at those development stages [33]. Thus, it is clear that the feasibility of the rice-
soybean rotation depends on the progress of research works for the adaptation of different 
genotypes to flooding and poor drainage conditions. Moreover, the compaction of lowland 
soils and reduced nitrogen fixation due to low rhizobium activity are other limiting factors to 
soybean productivity. Nevertheless, soybean has been shown to be a valuable tool in control-
ling weedy rice and aquatic weed problems as well as reducing some disease pressure.

In a study conducted at Embrapa Temperate Agriculture (Pelotas-Brazil), evaluating the 
effects of two crop rotation systems: rice-soybean (R-SOY) and rice-sorghum (R-SOR); two 
tillage systems: conventional and direct drilling; and herbicide application: with or without; 
on the seed bank of Echinochloa spp. and Urochloa plantaginea (Figure 1), it was reported that in 

Figure 1. Number of seeds of Echinochloa spp. (a) and Urochloa plantaginea (b) under two tillage systems (conventional 
and direct drilling) and herbicide application (H- with or T-without) as a function of two crop rotation schemes: R-SOY—
rice-soybean and R-SOR—rice-sorghum, two tillage systems (C- conventional and D- direct drilling) and herbicide 
application (with or without). Treatment means were compared on the basis of 95% confidence intervals.
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Figure 2. Control (%) of Echinochloa spp., Urochloa plantaginea, and Oryza sativa (weedy rice) with different herbicides 
treatments, considering a rice-soybean rotation. Gly-one post-emergence application of 3 L ha−1 of glyphosate; 
clethodim—one post-emergence application of 600 mL ha−1 of clethodim; Gly/Gly—two post-emergence application of 
3 L ha−1 of glyphosate; DG2- one pre-emergence application of s-metolachlor (dual gold); DG2/Gly- one pre-emergence 
application of s-metolachlor and one post-emergence application of 3 L ha−1 of glyphosate; DG2/Gly/Gly- one pre-
emergence application of s-metolachlor and two post-emergence application of 3 L ha−1 of glyphosate. Treatment means 
were compared on the basis of 95% confidence intervals.

general, the number of seeds of both species in the seed bank was higher under rice-soybean 
rotation than in rice-sorghum rotation.

The seed bank of both species under R-SOR rotation was not affected by tillage systems and her-
bicide treatment. In R-SOY rotation, the number of seeds of Echinochloa spp. was higher in direct 
drilling than in conventional tilling in the control treatments (without herbicides). Moreover, 
the inclusion of herbicides reduced the seed number of this species in both tillage systems 
under R-SOY rotation. On the other hand, the soil seed bank of U. plantaginea in a R-SOY rota-
tion in the control plots was not affected by tillage, but the inclusion of herbicides reduced the 
number of seeds per m2 in direct-drilling plots. These results showed that rice-sorghum rotation 
is a good option to reduce the seed bank of Echinochloa spp. and U. plantaginea independently 
of tillage system and herbicide treatment. The success of a rice-soybean rotation to reduce the 
seed bank of these species depends on the tillage system and the inclusion of herbicides. When 
this system is not well manipulated, there is a risk of increasing the number of seeds in the seed 
bank as seen in the combination of this crop rotation (R-SOY) with direct drilling.

Another study, conducted at the same institution, tested several herbicide treatments that can 
be considered when soybean is introduced into a crop rotation system with rice to control trou-
blesome species such as weedy rice, Echinochloa spp. and U. plantaginea (Figure 2). The results 
showed that all treatments efficiently controlled U. plantaginea, which was also suppressed in 
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the control plot (test) due to the high infestation of Echinochloa spp. The control of Echinochloa 
spp. was satisfactory (> 80%) in all treatments, except when clethodim was sprayed, which 
showed similar results with the untreated plots (test). Clethodim resulted in lower control per-
centage for weedy rice as well, which were not statistically different from the control plots. Post-
emergence applications of glyphosate demonstrated good control for weedy rice. Moreover, 
a single application of s-metolachlor (DG2, Figure 2) provides more than 80% control for the 
three species. Thus, to avoid the pressure selection and future cases of weed resistance in soy-
bean, the application of a pre-emergent followed by a post-emergent herbicide is a good control 
strategy in this scenario. Based on the results of this study, it is possible to observe that the her-
bicide rotation scheme is made viable by the inclusion of soybean into a crop rotation system 
in lowland soils, and can greatly reduce weed occurrence and consequently, the seed bank of 
some troublesome species in rice cultivation.

Nowadays, soybean is considered the best option in a crop rotation scheme with rice in low-
land soils, although it presents some obstacles. The variation of cropping sequences with 
the inclusion of soybean creates an unstable environment for most weeds, which prevents 
the annual recurrence of particular weed species that are promoted by rice cultivation. Crop 
rotation, in general, adds more diversity into the systems; however, a monotonous rotation 
scheme composed only of rice and soybean can exert a selection pressure on the weed com-
munity, favoring species most adapted to both crop environments. Therefore, weed species 
such as Conyza spp. that were not problematic in these areas when under rice monoculture, 
can be favored due to the introduction of soybean in the system. Moreover, Echinochloa spp. 
and weedy rice can become problematic for soybean cultivation if their control is not satisfac-
tory and end up evolving resistance to frequently used herbicides such as glyphosate.

3.2. Winter crops

Winter cover crops, which are grown during an otherwise fallow period, are a possible means 
of improving weed control in rice cultivation. Cover crops are well known to improve nutri-
ent dynamics, soil organic matter content, microbial activity, water retention, and prevent 
nitrate leaching [34]. Moreover, returning of crop straws has been suggested to improve 
overall soil conditions, reduce the requirement for N fertilizers, and support sustainable rice 
productivity. However, while the benefits of cover crops for nutrient management are well 
documented, weed effects are less verified.

Rice demands high amount of potassium (K), which is mainly accumulated in the straw resi-
dues, and is easily lost by leaching and surface runoff after crop harvesting. Therefore, the 
inclusion of cover crops composed of grass species that tend to produce a great amount of 
biomass and absorb nutrients such as nitrogen and potassium, are a great strategy for nutrient 
cycling, substantially avoiding nutrient losses [35].

Moreover, pertinent choices of cover crop species can suppress the growth of serious weeds 
and protect the soil during winter, resulting in a better soil structure as opposed to leaving 
soil bare. Italian ryegrass (Lolium multiflorum) is a grass species that has been widely used dur-
ing winter in paddy soils and is a good option for cattle grazing and as cover crop. The species 
has great biomass production and high nutritional value for animals, as well as impressive 
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Figure 2. Control (%) of Echinochloa spp., Urochloa plantaginea, and Oryza sativa (weedy rice) with different herbicides 
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application of s-metolachlor and one post-emergence application of 3 L ha−1 of glyphosate; DG2/Gly/Gly- one pre-
emergence application of s-metolachlor and two post-emergence application of 3 L ha−1 of glyphosate. Treatment means 
were compared on the basis of 95% confidence intervals.
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bicide treatment. In R-SOY rotation, the number of seeds of Echinochloa spp. was higher in direct 
drilling than in conventional tilling in the control treatments (without herbicides). Moreover, 
the inclusion of herbicides reduced the seed number of this species in both tillage systems 
under R-SOY rotation. On the other hand, the soil seed bank of U. plantaginea in a R-SOY rota-
tion in the control plots was not affected by tillage, but the inclusion of herbicides reduced the 
number of seeds per m2 in direct-drilling plots. These results showed that rice-sorghum rotation 
is a good option to reduce the seed bank of Echinochloa spp. and U. plantaginea independently 
of tillage system and herbicide treatment. The success of a rice-soybean rotation to reduce the 
seed bank of these species depends on the tillage system and the inclusion of herbicides. When 
this system is not well manipulated, there is a risk of increasing the number of seeds in the seed 
bank as seen in the combination of this crop rotation (R-SOY) with direct drilling.

Another study, conducted at the same institution, tested several herbicide treatments that can 
be considered when soybean is introduced into a crop rotation system with rice to control trou-
blesome species such as weedy rice, Echinochloa spp. and U. plantaginea (Figure 2). The results 
showed that all treatments efficiently controlled U. plantaginea, which was also suppressed in 
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the control plot (test) due to the high infestation of Echinochloa spp. The control of Echinochloa 
spp. was satisfactory (> 80%) in all treatments, except when clethodim was sprayed, which 
showed similar results with the untreated plots (test). Clethodim resulted in lower control per-
centage for weedy rice as well, which were not statistically different from the control plots. Post-
emergence applications of glyphosate demonstrated good control for weedy rice. Moreover, 
a single application of s-metolachlor (DG2, Figure 2) provides more than 80% control for the 
three species. Thus, to avoid the pressure selection and future cases of weed resistance in soy-
bean, the application of a pre-emergent followed by a post-emergent herbicide is a good control 
strategy in this scenario. Based on the results of this study, it is possible to observe that the her-
bicide rotation scheme is made viable by the inclusion of soybean into a crop rotation system 
in lowland soils, and can greatly reduce weed occurrence and consequently, the seed bank of 
some troublesome species in rice cultivation.

Nowadays, soybean is considered the best option in a crop rotation scheme with rice in low-
land soils, although it presents some obstacles. The variation of cropping sequences with 
the inclusion of soybean creates an unstable environment for most weeds, which prevents 
the annual recurrence of particular weed species that are promoted by rice cultivation. Crop 
rotation, in general, adds more diversity into the systems; however, a monotonous rotation 
scheme composed only of rice and soybean can exert a selection pressure on the weed com-
munity, favoring species most adapted to both crop environments. Therefore, weed species 
such as Conyza spp. that were not problematic in these areas when under rice monoculture, 
can be favored due to the introduction of soybean in the system. Moreover, Echinochloa spp. 
and weedy rice can become problematic for soybean cultivation if their control is not satisfac-
tory and end up evolving resistance to frequently used herbicides such as glyphosate.

3.2. Winter crops

Winter cover crops, which are grown during an otherwise fallow period, are a possible means 
of improving weed control in rice cultivation. Cover crops are well known to improve nutri-
ent dynamics, soil organic matter content, microbial activity, water retention, and prevent 
nitrate leaching [34]. Moreover, returning of crop straws has been suggested to improve 
overall soil conditions, reduce the requirement for N fertilizers, and support sustainable rice 
productivity. However, while the benefits of cover crops for nutrient management are well 
documented, weed effects are less verified.

Rice demands high amount of potassium (K), which is mainly accumulated in the straw resi-
dues, and is easily lost by leaching and surface runoff after crop harvesting. Therefore, the 
inclusion of cover crops composed of grass species that tend to produce a great amount of 
biomass and absorb nutrients such as nitrogen and potassium, are a great strategy for nutrient 
cycling, substantially avoiding nutrient losses [35].

Moreover, pertinent choices of cover crop species can suppress the growth of serious weeds 
and protect the soil during winter, resulting in a better soil structure as opposed to leaving 
soil bare. Italian ryegrass (Lolium multiflorum) is a grass species that has been widely used dur-
ing winter in paddy soils and is a good option for cattle grazing and as cover crop. The species 
has great biomass production and high nutritional value for animals, as well as impressive 
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ability to re-grow after grazing, being highly competitive for nutrients, water, and sunlight 
[36]. Italian ryegrass can naturally establish itself from soil seed bank after the first year of 
cultivation in a given area, reducing costs with its plantation [37]; besides, it is well adapted to 
lowland soils. Moreover, when this species is cultivated, weed growth and development are 
inhibited due to the alellopathic substances released by the crop [38, 39].

Figure 3 shows how important the inclusion of cover crops is to hamper weed infestations. In 
the left side of the picture, the area was left uncultivated favoring weed establishment, espe-
cially Conyza spp., whereas in the right side, Italian ryegrass was sown, which greatly reduced 
the infestation weeds.

Moreover, Figure 4 gives the density of the weed flora (plants per m−2) in a given area cropped 
with soybean for 2 years. In winter, the first half of the area was left fallow, while ryegrass 
was grown in the other half. The weed flora was mainly composed of Conyza spp, Soliva spp., 
and Richardia brasiliensis. Weed density was assessed in the beginning of spring, showing a 
clear reduction in the number of plants where the cover crop was established in comparison 
to leaving the soil bare. It was also possible to observe that weed density in fallow plots was 
approximately 10 times bigger than the one assessed in the plots with Italian ryegrass. Similar 
results were obtained by other authors who found that this species is an effective choice of 
cover crop to suppress weed communities due to its great biomass production and alello-
pathic properties [38, 40, 41].

It is clear that the introduction of Italian ryegrass into a crop rotation system with rice has 
many benefits in lowland soils. Nevertheless, the inadequate management of the crop resi-
dues can jeopardize the establishment of rice in succession due to the great amount of bio-
mass that is kept on the soil surface. When the amount of crop residues left on the soil surface 
is greater than 30 t ha−1 it is difficult for the seed drill to cut the straw as the residues act as a 
physical barrier [40], resulting in the poor establishment of the following crop. Moreover, the 
alellopathic properties of this species can be considered another drawback for its inclusion 
in a crop rotation scheme, especially in no-tillage systems, affecting rice germination and 
emergence [41].

Figure 3. Weed infestation in experimental plots with (right) and without (left) Italian ryegrass (Lollium multiflorum) in 
southern Brazil.
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Glyphosate is normally used to control this species prior to sowing the summer crop due to its 
broad spectrum of action, efficiency, and low cost. However, the intensive use of this herbicide 
has left resistant biotypes of Italian ryegrass, which are becoming more frequent [42]. Other her-
bicides, such as the popularly known graminicides that inhibit the ACCase enzyme can be used 
to efficiently control biotypes resistant to glyphosate. These herbicides can be used in a mixture 
with glyphosate or with another herbicide with broad spectrum of action such as paraquat or 
ammonium-glufosinate [43, 44]. However, it is important to consider that biotypes of Italian rye-
grass resistant to ACCase inhibitors have been already reported and, therefore, require careful use.

The efficiency of these herbicides is highly dependent on the development stage in which they 
are applied. Nevertheless, the main constraint in the use of these compounds in lowland soils 
is associated with the negative effects that they can cause in rice plants due to their residual 
activity. Residual herbicides tend to dissipate slowly in paddy soils due to poor drainage, and 
when the interval between spraying and sowing rice is short, crop establishment is likely to 
be affected.

Therefore, it is essential to determine the correct sowing and desiccation time of the cover 
crops, because the decomposition of crop residues can be quite slow in lowland soils, due to 
the great soil moisture and physical-chemical features of this type of soil. Thus, the herbicides 
used can affect the establishment and consequently the yield of the following crop. The ideal 
timing should be set according to cover crop traits, cultivation density, developmental stage, 
soil cultivation technique adopted, and level plus type of herbicide used [45].

Another option for winter rotation is the mixture of grass species and legumes, which has 
high nutritional value for animals if the crop is used for grazing; it can benefit rice cultivation 
due to the nitrogen (N) input in the soil and a great improvement of the physical-chemical 
properties of the soil. Among the legumes species that can be introduced in a crop rotation 

Figure 4. Number of plants (m−2) of Conyza spp, Soliva spp., and Richardia brasiliensis in plots without (fallow) and with 
Lollium multiflorum as a cover crop in Southern Brazil.
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system in lowland soils, common bird’s foot trefoil (Lotus corniculatus L.) and white clover 
(Trifolium repens) seem to be good alternatives for Brazilian lowland scenarios, as they survive 
to some degree in soils with poor drainage. However, little is known about the benefits of 
these species in relation to weed management when introduced into a crop rotation system in 
lowland areas, due to the lack of more detailed studies.

4. Recommendations to successfully implement crop rotation in 
lowlands

In the last decade, there has been an increasing interest in the introduction of new crops in 
lowland soils in Southern Brazil, which are mainly cultivated with rice in summer and used 
for cattle grazing in winter. This interest is driven by several factors such as to increase the 
profitability of the production system and reduce the problems that have been caused by 
herbicide-resistant weeds. As mentioned in the chapter, sorghum, maize, and soybean are the 
main crop choices to be included in a crop rotation scheme with rice; however, the success 
of these crops is highly dependent on manipulating the ecosystem according to their needs, 
especially making sure that poor soil drainage and fertility will not hamper the productivity 
of these crops. Moreover, ensuring good soil drainage during the winter as well, would allow 
farmers to introduce other grass species, such as Avena sativa, that can be very useful for cattle 
grazing for instance but are quite sensitive to waterlogging.

There are several strategies that can be adopted to enhance the natural drainage in these 
areas, even though they are quite flat. The use of furrows works quite well and can be used 
as an irrigation system as well [46]. Drought periods are quite common over the summer 
in Southern Brazil, and considering the water requirements of maize and soybean, irriga-
tion might be needed to ensure crops productivity in this region. The digital elevation model 
(DEM) is another technique that can be used for the design and allocation of drains in the 
area, enhancing the natural soil drainage. The DEM can be obtained with geodesic data col-
lected by a global navigation satellite system (GNSS), with accuracy improved by a real-time 
kinematic (RTK) positioning. This system provides a detailed survey of the area and through 
the analysis of the water flow, the drainage system is designed [46].

On the other hand, instead of only manipulating the environment to meet the needs of sor-
ghum, maize, and soybean plants, the development of crop cultivars that tolerate periods of 
water surplus in the soil would be a great tool to ensure their adaptation to lowland soils. To 
date, several genes that control the behavior of plants under water stress have been already 
identified and characterized. However, the information gathered so far is not enough for the 
development of crop cultivars that would tolerate water excess in the soil; there is still a long 
way to go. To enhance this knowledge and amend the strategies that have been used for plant 
breeding, researchers are developing high-performance sequencers and making use of statistical 
and transformation techniques [47]. Therefore, farmers should expect in near future the intro-
duction of high-yield crop varieties of soybean and maize that are well adapted to the paddy 
soils ecosystem. Nevertheless, there are some varieties of soybean and maize available in the 
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market in Southern Brazil that perform better in lowland soils in terms of productivity and could 
be an option for producers, even though they do not tolerate waterlogging periods. For instance, 
among others, BMX Apolo, BMX Ícone, BRS Taura RR, BR IRGA 6070 RR, and BR IRGA 1642 
IPRO are good choices of soybean cultivars, whereas P30F53H, 2B655Hx, and 2B688Hx are 
maize cultivars that are most promising to show high yields in lowlands [48]. Even though high-
yielding cultivars of these crops are already available in the market, it is important to mention 
that new cultivars aiming for greater yields and stress tolerance are frequently launched. Thus, 
producers and professionals in this sector must keep themselves informed.

It is important to mention that there is no magic recipe to ensure the success of crops such 
as maize, soybean, or sorghum in lowland soils as each field has some peculiar attributes 
that should be taken into account and climatic conditions change all the time. Moreover, the 
introduction of a diverse crop rotation system alone is not sufficient to guarantee that the den-
sity of troublesome weed species will be reduced. However, the introduction of this strategy 
allow farmers to diversify herbicides (with different mechanisms of action), soil cultivation 
type, and timing and sowing dates, that together are capable of disturbing the ecosystem and 
hampering the establishment of recurrent weed species.

The most important thing to consider in the real world when establishing new cropping sys-
tems in a farm is to plan and introduce it in small areas in the beginning, allowing the neces-
sary cultural modifications to be applied. This will make the crop rotation functional and 
productive, avoiding a possible economical drawback in case of problems in the first tests of 
the new crop rotation scheme.
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system in lowland soils, common bird’s foot trefoil (Lotus corniculatus L.) and white clover 
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of these crops is highly dependent on manipulating the ecosystem according to their needs, 
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area, enhancing the natural soil drainage. The DEM can be obtained with geodesic data col-
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water surplus in the soil would be a great tool to ensure their adaptation to lowland soils. To 
date, several genes that control the behavior of plants under water stress have been already 
identified and characterized. However, the information gathered so far is not enough for the 
development of crop cultivars that would tolerate water excess in the soil; there is still a long 
way to go. To enhance this knowledge and amend the strategies that have been used for plant 
breeding, researchers are developing high-performance sequencers and making use of statistical 
and transformation techniques [47]. Therefore, farmers should expect in near future the intro-
duction of high-yield crop varieties of soybean and maize that are well adapted to the paddy 
soils ecosystem. Nevertheless, there are some varieties of soybean and maize available in the 
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market in Southern Brazil that perform better in lowland soils in terms of productivity and could 
be an option for producers, even though they do not tolerate waterlogging periods. For instance, 
among others, BMX Apolo, BMX Ícone, BRS Taura RR, BR IRGA 6070 RR, and BR IRGA 1642 
IPRO are good choices of soybean cultivars, whereas P30F53H, 2B655Hx, and 2B688Hx are 
maize cultivars that are most promising to show high yields in lowlands [48]. Even though high-
yielding cultivars of these crops are already available in the market, it is important to mention 
that new cultivars aiming for greater yields and stress tolerance are frequently launched. Thus, 
producers and professionals in this sector must keep themselves informed.

It is important to mention that there is no magic recipe to ensure the success of crops such 
as maize, soybean, or sorghum in lowland soils as each field has some peculiar attributes 
that should be taken into account and climatic conditions change all the time. Moreover, the 
introduction of a diverse crop rotation system alone is not sufficient to guarantee that the den-
sity of troublesome weed species will be reduced. However, the introduction of this strategy 
allow farmers to diversify herbicides (with different mechanisms of action), soil cultivation 
type, and timing and sowing dates, that together are capable of disturbing the ecosystem and 
hampering the establishment of recurrent weed species.

The most important thing to consider in the real world when establishing new cropping sys-
tems in a farm is to plan and introduce it in small areas in the beginning, allowing the neces-
sary cultural modifications to be applied. This will make the crop rotation functional and 
productive, avoiding a possible economical drawback in case of problems in the first tests of 
the new crop rotation scheme.
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Abstract

Herbicides resistance has challenged sustainable rice productivity. Consequently, inter-
est in chemical-free weed management has increased to overcome this constraint. This 
chapter has demonstrated the effect of pre-sowing microwave soil heating as a new alter-
native to chemicals for confirmed herbicide resistant weeds of the Australian rice produc-
tion system. Microwave can superheat weed plants, creating micro-steam explosions in 
the plant structures to kill weeds. This requires the least amount of energy to achieve 
weed control and can be likened to a ‘knock down’ herbicide treatment. Considerably, 
more microwave energy can be applied to the soil to achieve weed seed bank deactiva-
tion; however, there is growing evidence that this strategy also changes the soil biota and 
nutrient profile in favour of substantial increases in crop yield, when crops are planted 
into this microwave-treated soil. An energy application of approximately 400–500 J cm−2 
gave approximately 70–80% reduction in weed establishment in three field trials con-
ducted at two agro-ecological zones of the Australia. In addition, there was a 10 times 
higher nitrogen use efficiency, and a 37% higher water use efficiency was achieved 
through this aspect of the microwave technology. There is also evidence that the soil 
treatment strategy provides persistent effects, beyond a single season; therefore, the rice 
production is better than when using conventional weed control methods.

Keywords: weeds, herbicide resistance, microwave, soil health, crop health

1. Introduction

Rice (Oryza sativa L.) is the staple food of 60% of the world’s population [1], performs a sig-
nificant role in the socio-economic constancy of the world, and is grown in a vast range of 
agro-ecological conditions. In Australia, rice farming is done in the Murray-Darling Basin, on 
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Abstract

Herbicides resistance has challenged sustainable rice productivity. Consequently, inter-
est in chemical-free weed management has increased to overcome this constraint. This 
chapter has demonstrated the effect of pre-sowing microwave soil heating as a new alter-
native to chemicals for confirmed herbicide resistant weeds of the Australian rice produc-
tion system. Microwave can superheat weed plants, creating micro-steam explosions in 
the plant structures to kill weeds. This requires the least amount of energy to achieve 
weed control and can be likened to a ‘knock down’ herbicide treatment. Considerably, 
more microwave energy can be applied to the soil to achieve weed seed bank deactiva-
tion; however, there is growing evidence that this strategy also changes the soil biota and 
nutrient profile in favour of substantial increases in crop yield, when crops are planted 
into this microwave-treated soil. An energy application of approximately 400–500 J cm−2 
gave approximately 70–80% reduction in weed establishment in three field trials con-
ducted at two agro-ecological zones of the Australia. In addition, there was a 10 times 
higher nitrogen use efficiency, and a 37% higher water use efficiency was achieved 
through this aspect of the microwave technology. There is also evidence that the soil 
treatment strategy provides persistent effects, beyond a single season; therefore, the rice 
production is better than when using conventional weed control methods.

Keywords: weeds, herbicide resistance, microwave, soil health, crop health

1. Introduction

Rice (Oryza sativa L.) is the staple food of 60% of the world’s population [1], performs a sig-
nificant role in the socio-economic constancy of the world, and is grown in a vast range of 
agro-ecological conditions. In Australia, rice farming is done in the Murray-Darling Basin, on 
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an area of 70,000 ha, with an annual grain production capacity of 0.69 M t [2]. Direct seeding is 
a common sowing strategy of rice in Australia due to high labour costs associated with trans-
planted rice systems. Weeds are one of the major biological constraints to increasing rice yield. 
Oerke [3] estimated that globally 34% crop productivity losses are due to weeds. However, 
the global decline in the production of rice, due to weeds, is estimated to be 10.2% [4]. Yield 
loss in a direct seeded rice crops is high, compared to transplanted rice [5]. Productivity losses 
of rice crops generally depend on climatic conditions, weed types, weed population density, 
rice variety, sowing methods and weed management practices.

The troublesome weeds of the Australian rice growing belt are barnyard grass (Echinochloa 
crus-galli), dirty dora (Cyperus difformis), arrowhead (Sagittaria montevidensis), and starfruit 
(Damasonium minus). Among all the weeds, Barnyard grass (Echinochloa crus-galli L.) is the 
major problematic bio-agent of rice [6] and is also considered to be the main weed of sev-
eral semi-aquatic cropping systems [7]. It follows the C4 photosynthetic pathway [5] and has 
indistinguishable morphology to rice at seedling stage, which makes it extremely competitive 
with the rice crop. A 57% reduction in rice yield was documented, with a barnyard grass 
population density of 9 plants m−2 [8]. Additionally, higher densities of barnyard grass may 
remove up to 80% of the soil nitrogen, especially during its vegetative growth stages [7]. Seed 
production is the key element of long-standing weed population dynamics [9]. The average 
seed production capacity of barnyard grass ranged from 20,000 to 73,000 seeds per plant [10] 
and 60% of these seed could become part of the weed seed bank. Therefore, effective weed 
management depends on reducing the soil weed seed bank [11].

1.1. Herbicide resistance

Globally, there are 400 weed species that have developed resistance to herbicides and annu-
ally nine new weed biotypes are reported as being herbicide resistant [12]. The overall number 
of herbicide resistant weed species in various crops is illustrated in Figure 1. Cross-resistance 
in weed flora is described as resistant to two or more weedicides of the same or different 
chemistry because of one resistant mechanism (RM) [13]. However, multiple resistances in 
individual weed species are generally characterized by the presence of two or more RMs. 
These mechanisms might be the mutation at the site of action (SOA) of herbicides (target site) 
or change in metabolism and translocation (nontarget site), which reduces the phytotoxic 
effect of herbicides on their SOA [14]. Of particular concern, the numbers of weed species, 
which have become resistance to glyphosate in Australian agricultural systems are shown in 
Figures 2 and 3. Metabolic resistance is more commonly found in monocot (grasses) than in 
dicot (broadleaf) weeds [14]. Herbicide resistance in weeds is the greatest threat to sustain-
able productivity of agricultural commodities in industrialized countries. Therefore, there is a 
present need of an alternative weed management strategy in exiting cropping system. A series 
of experiments have been conducted, at Dookie Campus of the University of Melbourne, to 
assess the effects of microwave energy as an alternative of chemical weed control.

1.2. Water use efficiency

Higher grain production per unit application of water is needed to enhance sustainable rice 
production for future demands. Australia is the driest inhabited continent on the planet 
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and the Australian Academy of Technology and Engineering (ATSE) reported that 62% of 
Australia’s water was consumed by the agriculture sector in 2013–2014. Effective water use, 
to improve crop yield, can save the sector’s water for future generation. The cost of water 
in Australia is about AU$ 200–300 per Ml, which is consequently increasing the cost of rice 
production in Australia, independent of direct-drill farming, which postpones permanent 
flooding of the crop for almost 35 days.

Figure 1. The overall herbicides resistant scenario of weed species in crops. Source: [12].

Figure 2. Confirmed glyphosate resistance summer weeds of Australian crop production systems. Source: [15].
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and the Australian Academy of Technology and Engineering (ATSE) reported that 62% of 
Australia’s water was consumed by the agriculture sector in 2013–2014. Effective water use, 
to improve crop yield, can save the sector’s water for future generation. The cost of water 
in Australia is about AU$ 200–300 per Ml, which is consequently increasing the cost of rice 
production in Australia, independent of direct-drill farming, which postpones permanent 
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Rice production in Australia consumes approximately 2.5–3 Ml ha−1 with an average grain 
harvest of about 1.4 t Ml−1; however, microwave soil treatment increases the production to 
about 1.92 t Ml−1 [16], which is around 37% higher water use efficiency compared to untreated 
control plots. Globally, an average of 0.003–0.005 Ml of water is required to produce 1 kg of 
rice (i.e. , a yield of between 0.2 and 0.3 t Ml−1), which is about 2–3 times higher than the water 
consumption of other cereal crops [17, 18]. Considering this, numerous studies have reported 
the effects of irrigation water volume on crop yield [19–21]. Interestingly, with a single crop 
management strategy, it is hard to harvest multiple benefits, including water use efficiency. 
In the following field studies, we achieved about 37% greater irrigation water use efficiency, 
where we treated the soil with microwave energy for weed seed bank depletion under field 
conditions. Therefore, microwave soil heating may also promote effective and efficient water 
use in Australian rice production systems, in addition to weed management. This assumption 
needs further research for validation under field conditions.

1.3. Organic rice production

Soil health is the key element in organic farming and as per worldwide agreement; soil fertility 
in organic farming system should be maintained on a long-term basis. Intensified rice farm-
ing has been deteriorating the soil quality [22] in Asian rice growing regions. However, in 
Australia, limited studies have reported that intensive organic farming enhanced soil fertility 
as compared to conventional agriculture practices [23]. It has been reported that microwave 
treatment of soil enhances the humification of soil organic matter [24] and has some positive 
effects on soil nitrogen availability for crop plants. In a pot trial, Khan et al. [25] reported 
a persistent effect of microwave soil heating on the second season wheat crop with better 
grain production benefits than in the first season after a once off microwave treatment, which 
suggests that there is a persistent effect of this technology on soil health. In addition, the 

Figure 3. Confirmed glyphosate resistance winter weeds of Australian crop production systems. Source: [15].
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population of ammonia oxidizer bacteria and archaea, studied during this pot trial, showed 
no significant response to the heating effect of microwave treatment time. The abundance of 
beneficial microbes is a direct indicator of soil fertility, suggesting that microwave technology 
can sustain soil health over a long period.

In Australia, weed management in organically produced rice offers extra challenges for the 
farmer. Sod seeding, where rice is directly sown into a pasture or legume stand, is a common 
establishment practices in southern New South Wales. The preexisting pasture of legume crop 
somehow suppresses aquatic weeds like dirty dora, starfruit, arrowhead and water plantain, 
but has little to no effect on barnyard grass. Another nonchemical weed control strategy is 
propane gas flame weeder; however, it costs about AU$ 12,000–15,000 ha−1, along with careful 
water management and post-emergent harrowing [26]. Considering this, organic rice produc-
ers are still looking for a nonchemical weed control approach, which could control barnyard 
grass and sustain organic production.

2. Microwave energy

Microwave frequencies occupy the portion of the electromagnetic spectrum (300 MHz to 
300 GHz) that lies between VHF radiowaves and thermal infrared. Their application falls 
into two categories, depending on whether the wave is used to transmit information or 
energy. The first category includes terrestrial and satellite communication links, radar, radio-
astronomy, microwave thermography, material permittivity measurements, and so on [27]. 
The second category of applications is associated with microwave heating and wireless power 
transmission. In case of microwave heating, there is usually no signal modulation and the 
electromagnetic wave interacts directly with solid or liquid materials.

2.1. Essentials of microwave heating

“It has long been known that an insulating material can be heated by applying energy to it in the form 
of high frequency electromagnetic waves”([28], pp. 5). Industrial microwave heating has been 
used since the 1940s ([28], pp. 5). The initial experiments with microwave heating were con-
ducted by Dr. Percy Spencer in 1946, following a serendipitous discovery while he was testing 
a magnetron [29]. Although Spencer was not the first to observe that microwave energy could 
impart heat to materials, he was the first to systematically study it. Since then, many heating, 
drying, thawing [30] and medical applications [31] have been developed.

One key benefit of microwave heating, over conventional convective heating, is speed. The 
origin of this speed is the volumetric interactions between the microwave’s electric field and 
the material. In contrast, convective heat transfer propagates from the surface into the mate-
rial, with the final temperature profile depending on the material’s thermal diffusion proper-
ties [32] and the influence of moisture transport, which often hinders the convective heating 
process [33].

The factors that contribute to microwave heating include: the physical and chemical structure 
of the heated material; the frequency of the microwaves [34]; in some cases, such as wood, 
the orientation of the electrical field relative to the structure of the dielectric material is also 
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population of ammonia oxidizer bacteria and archaea, studied during this pot trial, showed 
no significant response to the heating effect of microwave treatment time. The abundance of 
beneficial microbes is a direct indicator of soil fertility, suggesting that microwave technology 
can sustain soil health over a long period.
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farmer. Sod seeding, where rice is directly sown into a pasture or legume stand, is a common 
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somehow suppresses aquatic weeds like dirty dora, starfruit, arrowhead and water plantain, 
but has little to no effect on barnyard grass. Another nonchemical weed control strategy is 
propane gas flame weeder; however, it costs about AU$ 12,000–15,000 ha−1, along with careful 
water management and post-emergent harrowing [26]. Considering this, organic rice produc-
ers are still looking for a nonchemical weed control approach, which could control barnyard 
grass and sustain organic production.
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300 GHz) that lies between VHF radiowaves and thermal infrared. Their application falls 
into two categories, depending on whether the wave is used to transmit information or 
energy. The first category includes terrestrial and satellite communication links, radar, radio-
astronomy, microwave thermography, material permittivity measurements, and so on [27]. 
The second category of applications is associated with microwave heating and wireless power 
transmission. In case of microwave heating, there is usually no signal modulation and the 
electromagnetic wave interacts directly with solid or liquid materials.

2.1. Essentials of microwave heating

“It has long been known that an insulating material can be heated by applying energy to it in the form 
of high frequency electromagnetic waves”([28], pp. 5). Industrial microwave heating has been 
used since the 1940s ([28], pp. 5). The initial experiments with microwave heating were con-
ducted by Dr. Percy Spencer in 1946, following a serendipitous discovery while he was testing 
a magnetron [29]. Although Spencer was not the first to observe that microwave energy could 
impart heat to materials, he was the first to systematically study it. Since then, many heating, 
drying, thawing [30] and medical applications [31] have been developed.

One key benefit of microwave heating, over conventional convective heating, is speed. The 
origin of this speed is the volumetric interactions between the microwave’s electric field and 
the material. In contrast, convective heat transfer propagates from the surface into the mate-
rial, with the final temperature profile depending on the material’s thermal diffusion proper-
ties [32] and the influence of moisture transport, which often hinders the convective heating 
process [33].

The factors that contribute to microwave heating include: the physical and chemical structure 
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important ([35], pp. 13-17); reflections from the interfacial surface of the heated material [27]; 
electric field strength [34]; the geometry of the microwave applicator [28]; the geometry, size, 
electrical and thermal properties of the dielectric material [36–38]; the exposure time; and the 
moisture content of the dielectric material [33, 35].

2.2. ISM band applications

Because microwaves are also used in the communication, navigation and defence industries, 
and their use in thermal heating is restricted to a small subset of the available frequency 
bands. A small number of frequencies have been set aside for Industrial, Scientific and 
Medical (ISM) applications [39]. The main frequencies of interest for industrial applications 
are 915 ± 13 MHz and 2450 ± 50 MHz [39].

3. Microwave weed treatment

In Australian agricultural industries, the total estimated cost of weed management and loss in 
crop productivity due to weeds is about AU$4 billion annually [40]. Microwave weed man-
agement is an alternative method of weed control in modern agriculture systems. The history 
of microwave-based weed management is given in Table 1. The efficacious application of 
microwave heating in agricultural systems can substitute for the sometimes hazardous, toxic 
and environmentally unsafe chemicals that are used to kill weeds [60]. Interest in the use 
of microwave energy as a tool to weeds control is mainly because of herbicide resistance 
of various weed species [61] and their long-lasting persistence in the environment [54, 62]. 
Microwave heating is not influenced by wind direction and speed, therefore prolonging the 
application periods compared to traditional methods of herbicides spraying [51].

Ayappa et al. [63] reported that the most important features of microwave heating are its 
accurate control, diminutive start-up time and volumetric heating. Microwave energy den-
sity is the most important factor in plant mortality rather than exposure time; therefore, two 
options for weed management, using microwave energy, become evident: long exposure to 
diffuse microwave energy; or deliberate application of a strongly focused microwave pulse to 
quickly debilitate the plants [58].

Microwave radiation, which triggers dielectric heating in plant tissues, is induced by the micro-
wave’s electric field. This internal heating ultimately kills or debilitates the plant [54]. Bigu-Del-
Blanco et al. [49] treated 2-day-old seedling of maize with microwave energy at a frequency of 
9 GHz for 22–24 h. The authors revealed that more exposure time to microwaves even at very 
low energy densities significantly dehydrated the maize plants and retarded their growth.

In contrast, the recent research on fleabane and paddy melon [58] has concluded that a short 
exposure (≤ 5 s) of high-intensity microwave heating was enough to hinder plant growth. The 
plant tissues, which were subjected to microwaves, rapidly dehydrated. Whatley et al. [64] 
stated that low moisture levels in soil attenuated the microwave transmission less than high 
moisture content. The authors suggested that pre-emergence microwave treatment for weed 
control should be worked out when the top soil layer (1–2 cm) contains relatively low moisture.
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Microwave 
frequency

Energy level Irradiation 
duration (s)

Treatment 
scenario

Target species Percent weed-
seed destruction

Reference

39 MHz — 4–37 s Pre-emergence Hard red winter 
wheat

50% seed 
mortality

Nelson and 
Walker [41]

2.45 GHz 600 W 60 s Pre-emergence

(Dry, 4 h 
soaked 
and 46 h 
germinated 
seeds)

Zea mays, Arachis 
hypogaea, Prosopis 
juliflora, Cucumis 
sativus, Brassica 
sp., Rumex crispus, 
Echinochloa 
colonum, 
Amaranthus 
sp., Gossypium 
hirsutum, Glycine 
max, Sorghum 
vulgare and 
Triticum vulgare

17% reduction 
in germination 
in dry seeds but 
100% in case of 
moist seeds at 
10 s of exposure

Davis et al. 
[42]

2.45 GHz 600 W 8 s Post 
emergence 
(Aquatic 
weed)

Duckweed 
(Wolffia punctata)

50% Champ et al. 
[43]

2.45 GHz 2000 & 4000 W Varying 
exposure time 
(not mention 
properly)

Pre and post 
emergences

Johnsongrass 
Morningglory

Redroot Pigweed

Texas panicum 
Barnyardgrass

Sunflower

London rocket

Rigseed 
euphorbia

For post-
emergence MW 
treatment 309 J/
cm2 energy was 
required for 
100% control 
(field conditions) 
while for pre-
emergence MW 
weed control 
73 J/cm2 gave 
85–100% control 
(glass house 
conditions)

Wayland et 
al. [44]

2.45 GHz 45–720 J cm−2 No 
information

Pre-emergence London rocket 
(13 cm deep in 
soil profile) and 
Sunflower (2.5 cm 
seeded depth)

87% for London 
rocket and 93% 
for sunflower

Menges and 
Wayland, 
[45]

2.45 GHz 100–750 W 120–1200 s Pre-emergence Clover and Turnip 60–78% 
reduction 
in seeds 
germination

Hightower et 
al. [46]

2.45 GHz 0.1–1.5 kW Varying 
exposure time

Pre-
emergence of 
seeds in soil

Black medic, 
Barnyard grass, 
Foxtail purslane, 
redroot pigweed, 
large crabgrass,

50% Rice and 
Putnam [47]

2.45 GHz — 360 s Pre-emergence Brassica 
napus, Linum 
usitatissimum, 
Avena fatua

85–95% Bhartia et al. 
[48]
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important ([35], pp. 13-17); reflections from the interfacial surface of the heated material [27]; 
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and their use in thermal heating is restricted to a small subset of the available frequency 
bands. A small number of frequencies have been set aside for Industrial, Scientific and 
Medical (ISM) applications [39]. The main frequencies of interest for industrial applications 
are 915 ± 13 MHz and 2450 ± 50 MHz [39].

3. Microwave weed treatment

In Australian agricultural industries, the total estimated cost of weed management and loss in 
crop productivity due to weeds is about AU$4 billion annually [40]. Microwave weed man-
agement is an alternative method of weed control in modern agriculture systems. The history 
of microwave-based weed management is given in Table 1. The efficacious application of 
microwave heating in agricultural systems can substitute for the sometimes hazardous, toxic 
and environmentally unsafe chemicals that are used to kill weeds [60]. Interest in the use 
of microwave energy as a tool to weeds control is mainly because of herbicide resistance 
of various weed species [61] and their long-lasting persistence in the environment [54, 62]. 
Microwave heating is not influenced by wind direction and speed, therefore prolonging the 
application periods compared to traditional methods of herbicides spraying [51].

Ayappa et al. [63] reported that the most important features of microwave heating are its 
accurate control, diminutive start-up time and volumetric heating. Microwave energy den-
sity is the most important factor in plant mortality rather than exposure time; therefore, two 
options for weed management, using microwave energy, become evident: long exposure to 
diffuse microwave energy; or deliberate application of a strongly focused microwave pulse to 
quickly debilitate the plants [58].

Microwave radiation, which triggers dielectric heating in plant tissues, is induced by the micro-
wave’s electric field. This internal heating ultimately kills or debilitates the plant [54]. Bigu-Del-
Blanco et al. [49] treated 2-day-old seedling of maize with microwave energy at a frequency of 
9 GHz for 22–24 h. The authors revealed that more exposure time to microwaves even at very 
low energy densities significantly dehydrated the maize plants and retarded their growth.

In contrast, the recent research on fleabane and paddy melon [58] has concluded that a short 
exposure (≤ 5 s) of high-intensity microwave heating was enough to hinder plant growth. The 
plant tissues, which were subjected to microwaves, rapidly dehydrated. Whatley et al. [64] 
stated that low moisture levels in soil attenuated the microwave transmission less than high 
moisture content. The authors suggested that pre-emergence microwave treatment for weed 
control should be worked out when the top soil layer (1–2 cm) contains relatively low moisture.
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Microwave 
frequency

Energy level Irradiation 
duration (s)

Treatment 
scenario

Target species Percent weed-
seed destruction

Reference

39 MHz — 4–37 s Pre-emergence Hard red winter 
wheat

50% seed 
mortality

Nelson and 
Walker [41]

2.45 GHz 600 W 60 s Pre-emergence

(Dry, 4 h 
soaked 
and 46 h 
germinated 
seeds)

Zea mays, Arachis 
hypogaea, Prosopis 
juliflora, Cucumis 
sativus, Brassica 
sp., Rumex crispus, 
Echinochloa 
colonum, 
Amaranthus 
sp., Gossypium 
hirsutum, Glycine 
max, Sorghum 
vulgare and 
Triticum vulgare

17% reduction 
in germination 
in dry seeds but 
100% in case of 
moist seeds at 
10 s of exposure

Davis et al. 
[42]

2.45 GHz 600 W 8 s Post 
emergence 
(Aquatic 
weed)

Duckweed 
(Wolffia punctata)

50% Champ et al. 
[43]

2.45 GHz 2000 & 4000 W Varying 
exposure time 
(not mention 
properly)

Pre and post 
emergences

Johnsongrass 
Morningglory

Redroot Pigweed

Texas panicum 
Barnyardgrass

Sunflower

London rocket

Rigseed 
euphorbia

For post-
emergence MW 
treatment 309 J/
cm2 energy was 
required for 
100% control 
(field conditions) 
while for pre-
emergence MW 
weed control 
73 J/cm2 gave 
85–100% control 
(glass house 
conditions)

Wayland et 
al. [44]

2.45 GHz 45–720 J cm−2 No 
information

Pre-emergence London rocket 
(13 cm deep in 
soil profile) and 
Sunflower (2.5 cm 
seeded depth)

87% for London 
rocket and 93% 
for sunflower

Menges and 
Wayland, 
[45]

2.45 GHz 100–750 W 120–1200 s Pre-emergence Clover and Turnip 60–78% 
reduction 
in seeds 
germination

Hightower et 
al. [46]

2.45 GHz 0.1–1.5 kW Varying 
exposure time

Pre-
emergence of 
seeds in soil

Black medic, 
Barnyard grass, 
Foxtail purslane, 
redroot pigweed, 
large crabgrass,

50% Rice and 
Putnam [47]

2.45 GHz — 360 s Pre-emergence Brassica 
napus, Linum 
usitatissimum, 
Avena fatua

85–95% Bhartia et al. 
[48]
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Van Wambeke et al. [65] and Benz et al. [66] reported that seeds, fungi and nematodes could 
be effectively controlled with a short exposure to microwave treatment; however, the efficacy 
of this short exposure was highly influenced by soil texture, exposure time (sec), soil depth 
and soil moisture content. Davis et al. [42] conducted an experiment to evaluate the effects 
of microwave on the seedling survival percentage of twelve species. They described that the 
seedling (48 h germination) exhibited no survival after short exposure of microwave energy 

Microwave 
frequency

Energy level Irradiation 
duration (s)

Treatment 
scenario

Target species Percent weed-
seed destruction

Reference

9 GHz 10–30 mW/cm2 22–24 h Post 
emergence

Zea mays 100% growth 
inhibitions

Bigu-del-
Blanco et al. 
[49]

2.45 GHz 1.2 kW 5–45 s Pre-emergence Trifolium and 
Medicago

85% reduction in 
germination

Crawford 
[50]

2.45 GHz 500 W 30 s Pre-emergence Avena fatua 60% (based on 
seed moisture)

Diprose et al. 
[51]

2.45 GHz 1.5 kW 0, 10, 20 and 30 Pre-emergence Wild oat & wheat 90–100% Lal and 
Reed, [52]

2.45 GHz 120 s Pre-emergence Avena sativa and 
native weed seeds

Reduced weed 
seeds emergence

Barker and 
Craker, [53]

2.45 GHz 900 W 4, 8, 16, 32, 64, 
128 and 256 s

Post 
emergence

Abutilon 
theophrasti, 
Panicum 
miliaceum, 
Lucerne and 
Rapeseed

Complete 
dehydrating of 
plants

Sartorato et 
al. [54]

2.45 GHz 800 W 120, 240, 420 
and 960 s

Pre-emergence Rubber vine, 
Parthenium and 
Bellyache bush

88% (Rubber 
vine), 67% 
(Parthenium) 
and 94% 
(Bellyache bush) 
mortality at 960 s 
irradiation

Bebawi et al. 
[55]

2.45 GHz 0.10–1.24 kWh 
m−2

30–300 s Pre and post 
emergence

Malva parviflora 
and Triticum 
astevium

100% destruction 
of tested specie 
at 0.65 kWh m−2

Brodie et al. 
[56]

2.45 GHz 700 W 120, 240, 320 
and 720 s

Pre-
emergence 
treatment of 
soil

Lolium perenne and 
Lolium rigidum

100% seed 
mortality was 
achieved at 
240 s of MW 
irradiation

Brodie et al. 
[57]

2.45 GHz 750 W 5, 15, 30 and 
60 s

Pre and post 
emergence

Prickly paddy 
melon

100% debilitation 
of plants

Brodie et al. 
[58]

2.45 GHz 2 kW 5, 10, 15, 30, 
60 s

Post 
emergence

Ryegrass and wild 
radish

100% mortality Brodie and 
Hollins [59]

Table 1. History of microwave weed management in different scenarios.
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and concluded that susceptibility of young seedlings to microwave heating was highly cor-
related with moisture content and absorption of energy. Davis et al. [67] proposed that the 
specific mass and volume of crop seeds were positively correlated to seed mortality during 
microwave heating. This might be due to the “radar cross-section” [68] attainable by seeds 
to transmitting microwave. More radar cross-section enables the seed to interrupt, and thus 
absorbs more microwave energy. This seems to be the cause of death [69].

The use of electromagnetic radiations for post-emergence control of broad leaves and grasses 
is the least energy-consuming process available for microwave weed control [70]. Brodie et al. 
[57] stated that, based on microwave energy calculation for seeds and plants on the sandy 
soil surface, far more energy was required to kill dry seeds as compared to the previously 
emerged plants. The actual energy requirement on a large scale would depend on plant den-
sity and three-dimensional microwave distribution. Hence, the total energy required for weed 
management might be significantly reduced if weed seeker systems [71] are employed to 
control the activation of the microwave unit.

Thermal runway, due to the resonance of electromagnetic field inside the structure of dielec-
tric material, is common in dielectric heating [72, 73]. Total energy and time exposure could 
be dramatically reduced if thermal runway can be induced in weed plants throughout micro-
wave irradiation treatment; therefore, analogous energy requirements to those related with 
traditional chemical weed control method could be achieved. This temperature-time exposure 
scenario can only be discovered and understood through more research into the microwave 
heating of biological materials.

Based on previous findings and the results of recent studies reported by Khan et al. and 
Brodie et al. [16, 25]; pre-sowing microwave irradiation of soil for 120 s in first field trial 
and 60 s in two other field trials, in rice crops, gave significant reduction in weed emergence 
(Table 2). It is possible to reduce weed pressure in direct-seeded rice systems through micro-
wave irradiation of soil in Australia; however, more consolidated research efforts are needed 
to understand the long-term effects of microwave irradiation and weed control in rice.

3.1. Killing emerged plants

It has been confirmed that microwave energy can debilitate emerged weed plants with a 
very short exposure time [25, 56, 58, 59]. Some specific microwave energy dose responses are 
shown in Figure 4.

3.2. Soil treatment

Soil is a complex three-dimensional living substance. The propagation of microwave energy 
through soil depends upon the gravimetric (θg) and volumetric (θv) moisture content [74], 
bulk density, organic matter content [75], soil texture [57] and specific heat of soil. Among 
them, the soil moisture content has three major impacts on microwave heating: (1) moisture 
increases the soil surface reflectivity [76], which ultimately reduced the microwave penetra-
tion into the soil [28]; (2) moist soil readily absorbs the microwave energy to generate heat [28] 
thus less total microwave energy propagated into the soil; and (3) moisture is also responsible 
for heat-diffusing phenomena in the soil profile [77].
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Van Wambeke et al. [65] and Benz et al. [66] reported that seeds, fungi and nematodes could 
be effectively controlled with a short exposure to microwave treatment; however, the efficacy 
of this short exposure was highly influenced by soil texture, exposure time (sec), soil depth 
and soil moisture content. Davis et al. [42] conducted an experiment to evaluate the effects 
of microwave on the seedling survival percentage of twelve species. They described that the 
seedling (48 h germination) exhibited no survival after short exposure of microwave energy 
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emergence
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85% reduction in 
germination

Crawford 
[50]

2.45 GHz 500 W 30 s Pre-emergence Avena fatua 60% (based on 
seed moisture)

Diprose et al. 
[51]

2.45 GHz 1.5 kW 0, 10, 20 and 30 Pre-emergence Wild oat & wheat 90–100% Lal and 
Reed, [52]

2.45 GHz 120 s Pre-emergence Avena sativa and 
native weed seeds

Reduced weed 
seeds emergence
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Craker, [53]

2.45 GHz 900 W 4, 8, 16, 32, 64, 
128 and 256 s

Post 
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Abutilon 
theophrasti, 
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plants
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Parthenium and 
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88% (Rubber 
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(Parthenium) 
and 94% 
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mortality at 960 s 
irradiation
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[55]
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m−2

30–300 s Pre and post 
emergence

Malva parviflora 
and Triticum 
astevium

100% destruction 
of tested specie 
at 0.65 kWh m−2

Brodie et al. 
[56]

2.45 GHz 700 W 120, 240, 320 
and 720 s

Pre-
emergence 
treatment of 
soil

Lolium perenne and 
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100% seed 
mortality was 
achieved at 
240 s of MW 
irradiation

Brodie et al. 
[57]

2.45 GHz 750 W 5, 15, 30 and 
60 s

Pre and post 
emergence

Prickly paddy 
melon

100% debilitation 
of plants

Brodie et al. 
[58]

2.45 GHz 2 kW 5, 10, 15, 30, 
60 s

Post 
emergence

Ryegrass and wild 
radish

100% mortality Brodie and 
Hollins [59]

Table 1. History of microwave weed management in different scenarios.
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and concluded that susceptibility of young seedlings to microwave heating was highly cor-
related with moisture content and absorption of energy. Davis et al. [67] proposed that the 
specific mass and volume of crop seeds were positively correlated to seed mortality during 
microwave heating. This might be due to the “radar cross-section” [68] attainable by seeds 
to transmitting microwave. More radar cross-section enables the seed to interrupt, and thus 
absorbs more microwave energy. This seems to be the cause of death [69].

The use of electromagnetic radiations for post-emergence control of broad leaves and grasses 
is the least energy-consuming process available for microwave weed control [70]. Brodie et al. 
[57] stated that, based on microwave energy calculation for seeds and plants on the sandy 
soil surface, far more energy was required to kill dry seeds as compared to the previously 
emerged plants. The actual energy requirement on a large scale would depend on plant den-
sity and three-dimensional microwave distribution. Hence, the total energy required for weed 
management might be significantly reduced if weed seeker systems [71] are employed to 
control the activation of the microwave unit.

Thermal runway, due to the resonance of electromagnetic field inside the structure of dielec-
tric material, is common in dielectric heating [72, 73]. Total energy and time exposure could 
be dramatically reduced if thermal runway can be induced in weed plants throughout micro-
wave irradiation treatment; therefore, analogous energy requirements to those related with 
traditional chemical weed control method could be achieved. This temperature-time exposure 
scenario can only be discovered and understood through more research into the microwave 
heating of biological materials.

Based on previous findings and the results of recent studies reported by Khan et al. and 
Brodie et al. [16, 25]; pre-sowing microwave irradiation of soil for 120 s in first field trial 
and 60 s in two other field trials, in rice crops, gave significant reduction in weed emergence 
(Table 2). It is possible to reduce weed pressure in direct-seeded rice systems through micro-
wave irradiation of soil in Australia; however, more consolidated research efforts are needed 
to understand the long-term effects of microwave irradiation and weed control in rice.

3.1. Killing emerged plants

It has been confirmed that microwave energy can debilitate emerged weed plants with a 
very short exposure time [25, 56, 58, 59]. Some specific microwave energy dose responses are 
shown in Figure 4.

3.2. Soil treatment

Soil is a complex three-dimensional living substance. The propagation of microwave energy 
through soil depends upon the gravimetric (θg) and volumetric (θv) moisture content [74], 
bulk density, organic matter content [75], soil texture [57] and specific heat of soil. Among 
them, the soil moisture content has three major impacts on microwave heating: (1) moisture 
increases the soil surface reflectivity [76], which ultimately reduced the microwave penetra-
tion into the soil [28]; (2) moist soil readily absorbs the microwave energy to generate heat [28] 
thus less total microwave energy propagated into the soil; and (3) moisture is also responsible 
for heat-diffusing phenomena in the soil profile [77].
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It has been reported that the dielectric constant (ε’) of known soil at known θg is propor-
tional to the bulk density of soil. The dependence of soil dielectric constant on bulk density 
is described by the direct dependence of bulk density on fraction of soil moisture volume 
[78]. The textural composition of soil (particles sizes distribution) affects the dielectric con-
stant (ε’). The higher percentage of clay particles (with bulk density range of 1.0–1.6 g cm−3) 
increases the dielectric constant of soil [79]. This might be due to higher water holding capac-
ity of clay particles. Therefore, this will increase the absorption of microwave energy by soil 
for its synchronized functions.

The temperature profile is dependent on the microwave electric field strength (E) within the 
soil. Brodie [56] has extensively studied the temperature distribution in soil due to microwave 
energy application through a horn antenna. The temperature profile can be described by Eq. 
(1). The Nomenclature of Eq. (1) is presented in Table 3.

  

  (1)

Figure 5 compares measured temperature distributions with those predicted by Eq. (1). 
The highest temperature in the microwave-treated soil was along the centre line of horn 
antenna and between the 0.02 and 0.05 m below the soil surface. Figure 6 illustrates the 
effects of microwave soil treatment using a different system configuration and treatment 
scenario.

3.3. Effect on soil

3.3.1. Effect of microwave energy on nutritional dynamic of soil

The dynamic of soil key nutrients (Carbon, Nitrogen, Phosphorus, Potassium and Sulphur) 
is explained by the knowledge of size and turnover rate of plant biopolymers such as C-N 
compounds, cellulose and hemicellulose and lignin [81]. The soil-microwave interaction is 
the function of various soil properties such as texture, moisture, salinity, bulk density and 
temperature [58, 78, 79]. Cooper and Brodie [82] investigated the effect of different durations 

Weed parameters Treatments LSD

(p = 0.05)

Percentage change from 
control

microwave 
treatment

Untreated control

Weed density (plants plot−1) 17.6a 94.8b 37.7 −80%

Weed fresh weight (g plot−1) 156.4a 612.8b 426.6 −74.6%

Weed dr. Weight (g plot−1) 21.6a 122.6b 69.6 −82%

Table 2. Effect of microwave energy application for weed seedbank depletion in direct seeded-rice crop under filed 
conditions in Australia (adapted from [16]).
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of microwave treatment and soil depth on soil nutrient status and pH. They found that 
microwave treatment of soil had no significant effect on nitrogen, phosphorus, potassium 
and sulphate concentrations in all the treatment combination, but they reported an increase 
in nitrite concentration after 120 s of microwave treatment of soil. The nitrate reduction in the 
irradiated soil could be the principle cause of nitrite formation [83], in their study.

Speir et al. [84] examined the effect of microwave energy on low fertility soil (100 randomly 
selected cores at depth of 50 mm), microbial biomass, N, phosphorus and phosphatase activity. 
They reported that an increase in microwave treatment duration (90 s) dramatically increased 
the N level (106 μg N g−1 soils) but the phosphorus concentration declined as treatment time 
increased. The higher flush in soil N is of microbial origin as microwave has a biocidal effect 
[85, 86]. The fixation of NH4

+ or K+ in soil by inorganic colloids has been well documented 
[87]. Kittrick [88] hypothesized that the ion fixation in the clay lattice could be described by 
the expanding and contracting forces in the interlayer position. The contraction is due to elec-
trostatic force of attraction between negatively charged clay mineral and positively charged 
ions and ion hydration causes the expansion. Fixation occurred when the force of attraction 

Figure 4. Dose-response curves for microwave treatment of four herbicides resistance weed species using a horn 
antenna. Source: Khan et al. [25].
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It has been reported that the dielectric constant (ε’) of known soil at known θg is propor-
tional to the bulk density of soil. The dependence of soil dielectric constant on bulk density 
is described by the direct dependence of bulk density on fraction of soil moisture volume 
[78]. The textural composition of soil (particles sizes distribution) affects the dielectric con-
stant (ε’). The higher percentage of clay particles (with bulk density range of 1.0–1.6 g cm−3) 
increases the dielectric constant of soil [79]. This might be due to higher water holding capac-
ity of clay particles. Therefore, this will increase the absorption of microwave energy by soil 
for its synchronized functions.

The temperature profile is dependent on the microwave electric field strength (E) within the 
soil. Brodie [56] has extensively studied the temperature distribution in soil due to microwave 
energy application through a horn antenna. The temperature profile can be described by Eq. 
(1). The Nomenclature of Eq. (1) is presented in Table 3.
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is explained by the knowledge of size and turnover rate of plant biopolymers such as C-N 
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of microwave treatment and soil depth on soil nutrient status and pH. They found that 
microwave treatment of soil had no significant effect on nitrogen, phosphorus, potassium 
and sulphate concentrations in all the treatment combination, but they reported an increase 
in nitrite concentration after 120 s of microwave treatment of soil. The nitrate reduction in the 
irradiated soil could be the principle cause of nitrite formation [83], in their study.

Speir et al. [84] examined the effect of microwave energy on low fertility soil (100 randomly 
selected cores at depth of 50 mm), microbial biomass, N, phosphorus and phosphatase activity. 
They reported that an increase in microwave treatment duration (90 s) dramatically increased 
the N level (106 μg N g−1 soils) but the phosphorus concentration declined as treatment time 
increased. The higher flush in soil N is of microbial origin as microwave has a biocidal effect 
[85, 86]. The fixation of NH4

+ or K+ in soil by inorganic colloids has been well documented 
[87]. Kittrick [88] hypothesized that the ion fixation in the clay lattice could be described by 
the expanding and contracting forces in the interlayer position. The contraction is due to elec-
trostatic force of attraction between negatively charged clay mineral and positively charged 
ions and ion hydration causes the expansion. Fixation occurred when the force of attraction 

Figure 4. Dose-response curves for microwave treatment of four herbicides resistance weed species using a horn 
antenna. Source: Khan et al. [25].
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dominated the cations’ hydration energy. Zagal [89] pointed out that the mechanical effect 
induced by microwave irradiation can stimulate the dispersion of inorganic colloids. This 
stimulation can increase the decomposition of non-biomass organic matter in soil and release 
the fixed NH4+. Yang et al. [90] tested the nutrient extractability effect of microwave energy 
on soil. When fresh soil was exposed to microwave energy, a dramatic increase in the NH4

+-N 
concentration was observed for an extended treatment of 120 s. They concluded that this 
effect was partially from nonmicrobial processes, either from site exchange or from fixed posi-
tion in inorganic collides (clay minerals).

Alphei and Scheu [91] evaluated the effects of various biocidal treatments on mull-structured 
soil biota and nutritional dynamics. They reported the survival of soil microorganisms; in 
particular, higher concentration of ammonium nitrogen and phosphorus was observed when 
soil was subjected to microwave treatment at high power. The increase in soil C and N min-
eralization [89] and NH4

+-N and sulphur oxidation was reported by Wainwright et al. [92]. 
In contrast, numerous studies documented that the effect of ionizing irradiation (γ-rays) on 
soil effectively increased the mineralization of NH4

+-N [93, 94]. They proposed three possible 
pathways which may be responsible for the release of NH4

+-N from soil through irradiation: 
(1) ammonia could be produced by the chemical action of ionizing radiation through a variety 
of biochemical processes from nitrogenous organic compounds, particularly deamination of 
amino acid [95] and proteins, (2) several enzymes were functional in irradiated soil including 
urease, which is active during decomposition and produces ammonia and (3) release of N 
from dead organisms due to subsequent cell lysis by irradiation [96].

Parameter Meaning

n Scaling factor for simultaneous heat and moisture movement [80]

ω Angular frequency of electromagnetic wave

(rad s−1)

εo Permittivity of free space

κ” Dielectric loss factor

τ Transmission coefficient of the soil surface

E Electric field strength (V m−1)

γ Combined diffusivity for simultaneous heat and moisture transfer

α Field attenuation factor in the soil (m−1)

t Time (s)

Α Width of antenna aperture (m)

Β Height of antenna aperture (m)

Ro Length of antenna (m)

k Thermal conductivity of the composite material

(W m−1 °C−1)

x, y, z Cartesian coordinates of a point in front of the horn antenna (m)

x’, y’ Cartesian coordinates of a point in the aperture of the antenna (m)

Table 3. Nomenclature of mathematical terms.
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Soil organic matter (SOM) is an aggregate of organic residues in soil at different degrees of 
humification [97]. Various biopolymers are serially transferred to humus (fulvic acid, humic 
acid and humin) in soil through geological SOM development processes such as humification 
[98]. Protein is the basic structural component of cell and cellular enzymes [99]. Approximately 
5–25% of organic inputs are expected to accumulate in soil as proteins, peptides and free 
amino acids [100]. Amino acids typically incorporate about 10–20% of soil organic carbon 
and 30–40% of soil org-N [100]. Thermal denaturation of biopolymers induced by microwave 
irradiation could increase the concentrations of free amino acids for succeeding turnover to 
CO2 and ammonia pool NH4

+. Hur et al. [101] demonstrated that microwave irradiation of soil 
can enhance the binding efficiency of hydrophobic organic containments with SOM. They 
irradiated 5 g samples of soil in plastic tubes in aerobic and anaerobic conditions with acti-
vated C for 600 s in a lab-scale microwave oven (2.45 GHz) operated at 700 W. They pointed 
out that MW irradiation significantly alters the physical and chemical properties of SOM and 
increased its humification. Kim and Kim [24] studied the influences of microwave irradiation 

Figure 5. Comparison of expected soil temperature profile with measured soil temperature profile (left) and for the 
750 W prototype microwave unit after 150 s of heating. Adapted from [56].

Figure 6. Estimated change in soil temperature treated from the 2 kW microwave system after 30 s with horn antenna at 
2 cm above the soil. Adapted from [56].
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dominated the cations’ hydration energy. Zagal [89] pointed out that the mechanical effect 
induced by microwave irradiation can stimulate the dispersion of inorganic colloids. This 
stimulation can increase the decomposition of non-biomass organic matter in soil and release 
the fixed NH4+. Yang et al. [90] tested the nutrient extractability effect of microwave energy 
on soil. When fresh soil was exposed to microwave energy, a dramatic increase in the NH4

+-N 
concentration was observed for an extended treatment of 120 s. They concluded that this 
effect was partially from nonmicrobial processes, either from site exchange or from fixed posi-
tion in inorganic collides (clay minerals).

Alphei and Scheu [91] evaluated the effects of various biocidal treatments on mull-structured 
soil biota and nutritional dynamics. They reported the survival of soil microorganisms; in 
particular, higher concentration of ammonium nitrogen and phosphorus was observed when 
soil was subjected to microwave treatment at high power. The increase in soil C and N min-
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+-N and sulphur oxidation was reported by Wainwright et al. [92]. 
In contrast, numerous studies documented that the effect of ionizing irradiation (γ-rays) on 
soil effectively increased the mineralization of NH4

+-N [93, 94]. They proposed three possible 
pathways which may be responsible for the release of NH4

+-N from soil through irradiation: 
(1) ammonia could be produced by the chemical action of ionizing radiation through a variety 
of biochemical processes from nitrogenous organic compounds, particularly deamination of 
amino acid [95] and proteins, (2) several enzymes were functional in irradiated soil including 
urease, which is active during decomposition and produces ammonia and (3) release of N 
from dead organisms due to subsequent cell lysis by irradiation [96].
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γ Combined diffusivity for simultaneous heat and moisture transfer

α Field attenuation factor in the soil (m−1)

t Time (s)

Α Width of antenna aperture (m)

Β Height of antenna aperture (m)

Ro Length of antenna (m)

k Thermal conductivity of the composite material

(W m−1 °C−1)

x, y, z Cartesian coordinates of a point in front of the horn antenna (m)

x’, y’ Cartesian coordinates of a point in the aperture of the antenna (m)

Table 3. Nomenclature of mathematical terms.
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Soil organic matter (SOM) is an aggregate of organic residues in soil at different degrees of 
humification [97]. Various biopolymers are serially transferred to humus (fulvic acid, humic 
acid and humin) in soil through geological SOM development processes such as humification 
[98]. Protein is the basic structural component of cell and cellular enzymes [99]. Approximately 
5–25% of organic inputs are expected to accumulate in soil as proteins, peptides and free 
amino acids [100]. Amino acids typically incorporate about 10–20% of soil organic carbon 
and 30–40% of soil org-N [100]. Thermal denaturation of biopolymers induced by microwave 
irradiation could increase the concentrations of free amino acids for succeeding turnover to 
CO2 and ammonia pool NH4

+. Hur et al. [101] demonstrated that microwave irradiation of soil 
can enhance the binding efficiency of hydrophobic organic containments with SOM. They 
irradiated 5 g samples of soil in plastic tubes in aerobic and anaerobic conditions with acti-
vated C for 600 s in a lab-scale microwave oven (2.45 GHz) operated at 700 W. They pointed 
out that MW irradiation significantly alters the physical and chemical properties of SOM and 
increased its humification. Kim and Kim [24] studied the influences of microwave irradiation 

Figure 5. Comparison of expected soil temperature profile with measured soil temperature profile (left) and for the 
750 W prototype microwave unit after 150 s of heating. Adapted from [56].

Figure 6. Estimated change in soil temperature treated from the 2 kW microwave system after 30 s with horn antenna at 
2 cm above the soil. Adapted from [56].
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on the SOM properties. They reported that thermal cracking induced by irradiation scenario 
potentially alters the molecular composition (C, H, O and N), chemical structure and humifi-
cation of SOM. The results of these studies suggest that microwave soil heating has potential 
to maximize the crop yield.

3.3.2. Enzyme activity as a function of microwave soil heating

Enzymes are essential to ecosystem processes because they arbitrate innumerable reactions that 
have biogeochemical importance in soil [102]. It has been demonstrated that in vitro exposure 
of microbial cells to microwave energy increased cell membrane permeability [103], released 
DNA and protein [104], soluble carbohydrate concentration [105] and inhibited growth of 
cells [106]. The enzymatic activity, selectivity and stability could be improved through high-
frequency electromagnetic energy in an aqueous medium [107]. d’Ambrosio et al. [108] found 
that acid phosphatase was highly stable to the microwave deactivation energy of 280 mW g−1. 
The hydration state and polarity of the reaction medium directly influenced the enzyme 
functionality under microwave irradiation. Notably, Carrillo-Munoz et al. [109] performed 
two lipases esterification reactions in a mono-mode microwave system at temperature of 
100°C. They found that a 2–9% higher yield and 2.1–2.5-fold increment increase in protease 
activity [110] were obtained in microwave conditions compared to conventional heating in 
the hydration state. Furthermore, Yadav and Lahi [111] investigated the influence of micro-
wave on lipase activity in a highly polar solvent and concluded that microwave noticeably 
accelerated the enzymatic reaction with an increase in hydrophobicity. Pirogova et al. [112] 
tested the effect of low frequency microwave energy, in the range of 500–900 MHz and at 
various power levels (1, 0.1 and 0.01 μW) on the activity of l-lactate dehydrogenase in solution 
for 300 s. They found a 73% increase in the bioactivity of the studied enzyme in microwave-
irradiated samples compared to nonirradiated samples. Asadi et al. [113] tested the physiol-
ogy of cyanobacterium (Schizothrix mexicana) against low power microwave modulation of 
various frequencies; they found that 9.685 GHz significantly increased growth metabolisms. 
Dreyfuss and Chipley [114] documented that metabolic enzyme activity of S. aureus increased 
after microwave irradiation. The cell biopolymer excitation induced by MW exposure was 
suggested to alter the enzymes’ functionality.

Kothari et al. [115] studied the effect of low-power microwave on protease and urease activity 
of nine microorganisms (Bacteria, yeast and fungi). They treated enzyme cultures for differ-
ent durations (0, 120, 240 and 360 s) in a microwave oven and concluded that the significant 
increase in the enzymes’ activity was an athermal effect of microwave energy on the metabo-
lism of the organisms. Numerous previous studies have shown higher enzymatic activity of 
industrial importance as a function of microwave in various reaction media at a temperature 
range of 70–110°C [107] and soil enzymes that are resistant to denaturation stress by heat 
[116, 117]. In contrast, Yeargers et al. [118] investigated the effect of microwave and conven-
tional heating methods on the sensitivity of two enzyme (lysozyme and trypsin) solutions 
and found no discernible difference in enzyme activity, but the lysozyme was slightly more 
heat resistant than trypsin. Elzobair et al. [119] reported that microwave energy of 800 J g−1 of 
soil decreased (˂10 nmolg−1 h−1) dehydrogenase enzyme activity but 3200 J g−1 increased (˃20 
nmolg−1 h−1) its functionality.
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3.3.3. Influence of microwave soil heating on soil microbes

Soil biota is known to survive under severe physio-chemical environmental changes [120–
122]. Microwave heating of soil can eradicate soil-borne fungi with minimal reduction of 
prokaryotic organisms [123]. Microbial cell response to microwave irradiation depends on 
the location, power density, time, frequency, pulses and physiology of cells. The nitrogen 
fixing bacteria persist, even after relatively high energy dosages. Vela and Wyss conducted a 
microwave heating experiment on soil Azotobacter and found that they survived microwave 
exposure of 480 s in very moist soil while, they were inactivated after only 20 s of treatment in 
laboratory culture conditions. Vela et al. [124] found that soil-nitrifying bacteria were highly 
resistant to microwave energy applied at the rate 40,000 J cm−2 to the soil surface. However, 
nitrifiers (mesophilic) are much more sensitive to high temperature than ammonifying (ther-
mophilic) bacteria. This implies that native habitat and intrinsic environment are the most 
important factors in resistance of soil organisms to microwave irradiation [125]. Soil bacte-
rial communities are resistant to microwave energy; some scientists concluded that the soil 
shelters microflora, while others discovered that the rate of proliferation causes resistance. 
This rate of proliferation is determined by nutrient concentrations. The heat-shock activation 
of the soil bacterial community was reported by Vela et al. [124]. Bacteria can form various 
thermal-resistance structure (i.e., spore and cysts), which keep them resistant against harmful 
effects of physical environments [126]. Based on work done by Hollins [127], she reported 
that a sharp reduction in colony forming unit of E. colie with 10 s of treatment of 2.3 kg soil 
(Figure 7), treated through 2 kW microwave system under horn antenna and complete soil 
sterilization was achieved through 120 s of irradiation.

3.4. Effect on crop growth

Rice productivity is strongly influenced through weed management strategies. Recently, a 
field experiment was conducted to evaluate the effect of pre-cropping microwave soil heat-
ing for weed seedbank depletion in direct-seeded rice crop based on the above soil heating 
methodology [16]. In addition to weed suppression (Table 1), the application of microwave 
energy (2.45 GHz; 120 s; 560 J cm−2) into soil significantly (P = 0.05; Table 4) increased the tiller 
density (419 m−2), dry biomass yield (27.8 t ha−1) and grain yield (9.0 t ha−1) of rice, compared 
to the untreated control scenario 292 m−2, 22.8 t ha−1 and 6.7 t ha−1, respectively. These results 
are strongly supported with findings of Brodie [128], who found that in pot trial maximum 
rice grain yield was attained with energy application of 600 J cm−2 to soil before crop sow-
ing. The higher crop productivity could be attributed to 70–80% reduction in weed estab-
lishment achieved through microwave irradiation of soil, ultimately leaving more room for 
crop growth. Thermal devitalisation of weed seedbanks in the vertical soil profile may be 
the possible cause of minimum weed interference with the rice crop. This was evidenced by 
Vidotto et al. [129] who explored the effectiveness of high temperature on seed viability of six 
weed species including Echinochloa crus-galli: the problematic weed of rice growing regions 
globally. They stated that 80–100% germination reduction was achieved through raising the 
soil temperature to 79.6°C. The same temperature regime (70–80°C) that was acquired by 
microwave irradiation of the soil in the present study. This effectively induced an inhibitory 
effect on the weed population and therefore increased the rice crop yield.
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on the SOM properties. They reported that thermal cracking induced by irradiation scenario 
potentially alters the molecular composition (C, H, O and N), chemical structure and humifi-
cation of SOM. The results of these studies suggest that microwave soil heating has potential 
to maximize the crop yield.

3.3.2. Enzyme activity as a function of microwave soil heating

Enzymes are essential to ecosystem processes because they arbitrate innumerable reactions that 
have biogeochemical importance in soil [102]. It has been demonstrated that in vitro exposure 
of microbial cells to microwave energy increased cell membrane permeability [103], released 
DNA and protein [104], soluble carbohydrate concentration [105] and inhibited growth of 
cells [106]. The enzymatic activity, selectivity and stability could be improved through high-
frequency electromagnetic energy in an aqueous medium [107]. d’Ambrosio et al. [108] found 
that acid phosphatase was highly stable to the microwave deactivation energy of 280 mW g−1. 
The hydration state and polarity of the reaction medium directly influenced the enzyme 
functionality under microwave irradiation. Notably, Carrillo-Munoz et al. [109] performed 
two lipases esterification reactions in a mono-mode microwave system at temperature of 
100°C. They found that a 2–9% higher yield and 2.1–2.5-fold increment increase in protease 
activity [110] were obtained in microwave conditions compared to conventional heating in 
the hydration state. Furthermore, Yadav and Lahi [111] investigated the influence of micro-
wave on lipase activity in a highly polar solvent and concluded that microwave noticeably 
accelerated the enzymatic reaction with an increase in hydrophobicity. Pirogova et al. [112] 
tested the effect of low frequency microwave energy, in the range of 500–900 MHz and at 
various power levels (1, 0.1 and 0.01 μW) on the activity of l-lactate dehydrogenase in solution 
for 300 s. They found a 73% increase in the bioactivity of the studied enzyme in microwave-
irradiated samples compared to nonirradiated samples. Asadi et al. [113] tested the physiol-
ogy of cyanobacterium (Schizothrix mexicana) against low power microwave modulation of 
various frequencies; they found that 9.685 GHz significantly increased growth metabolisms. 
Dreyfuss and Chipley [114] documented that metabolic enzyme activity of S. aureus increased 
after microwave irradiation. The cell biopolymer excitation induced by MW exposure was 
suggested to alter the enzymes’ functionality.

Kothari et al. [115] studied the effect of low-power microwave on protease and urease activity 
of nine microorganisms (Bacteria, yeast and fungi). They treated enzyme cultures for differ-
ent durations (0, 120, 240 and 360 s) in a microwave oven and concluded that the significant 
increase in the enzymes’ activity was an athermal effect of microwave energy on the metabo-
lism of the organisms. Numerous previous studies have shown higher enzymatic activity of 
industrial importance as a function of microwave in various reaction media at a temperature 
range of 70–110°C [107] and soil enzymes that are resistant to denaturation stress by heat 
[116, 117]. In contrast, Yeargers et al. [118] investigated the effect of microwave and conven-
tional heating methods on the sensitivity of two enzyme (lysozyme and trypsin) solutions 
and found no discernible difference in enzyme activity, but the lysozyme was slightly more 
heat resistant than trypsin. Elzobair et al. [119] reported that microwave energy of 800 J g−1 of 
soil decreased (˂10 nmolg−1 h−1) dehydrogenase enzyme activity but 3200 J g−1 increased (˃20 
nmolg−1 h−1) its functionality.
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Soil biota is known to survive under severe physio-chemical environmental changes [120–
122]. Microwave heating of soil can eradicate soil-borne fungi with minimal reduction of 
prokaryotic organisms [123]. Microbial cell response to microwave irradiation depends on 
the location, power density, time, frequency, pulses and physiology of cells. The nitrogen 
fixing bacteria persist, even after relatively high energy dosages. Vela and Wyss conducted a 
microwave heating experiment on soil Azotobacter and found that they survived microwave 
exposure of 480 s in very moist soil while, they were inactivated after only 20 s of treatment in 
laboratory culture conditions. Vela et al. [124] found that soil-nitrifying bacteria were highly 
resistant to microwave energy applied at the rate 40,000 J cm−2 to the soil surface. However, 
nitrifiers (mesophilic) are much more sensitive to high temperature than ammonifying (ther-
mophilic) bacteria. This implies that native habitat and intrinsic environment are the most 
important factors in resistance of soil organisms to microwave irradiation [125]. Soil bacte-
rial communities are resistant to microwave energy; some scientists concluded that the soil 
shelters microflora, while others discovered that the rate of proliferation causes resistance. 
This rate of proliferation is determined by nutrient concentrations. The heat-shock activation 
of the soil bacterial community was reported by Vela et al. [124]. Bacteria can form various 
thermal-resistance structure (i.e., spore and cysts), which keep them resistant against harmful 
effects of physical environments [126]. Based on work done by Hollins [127], she reported 
that a sharp reduction in colony forming unit of E. colie with 10 s of treatment of 2.3 kg soil 
(Figure 7), treated through 2 kW microwave system under horn antenna and complete soil 
sterilization was achieved through 120 s of irradiation.

3.4. Effect on crop growth

Rice productivity is strongly influenced through weed management strategies. Recently, a 
field experiment was conducted to evaluate the effect of pre-cropping microwave soil heat-
ing for weed seedbank depletion in direct-seeded rice crop based on the above soil heating 
methodology [16]. In addition to weed suppression (Table 1), the application of microwave 
energy (2.45 GHz; 120 s; 560 J cm−2) into soil significantly (P = 0.05; Table 4) increased the tiller 
density (419 m−2), dry biomass yield (27.8 t ha−1) and grain yield (9.0 t ha−1) of rice, compared 
to the untreated control scenario 292 m−2, 22.8 t ha−1 and 6.7 t ha−1, respectively. These results 
are strongly supported with findings of Brodie [128], who found that in pot trial maximum 
rice grain yield was attained with energy application of 600 J cm−2 to soil before crop sow-
ing. The higher crop productivity could be attributed to 70–80% reduction in weed estab-
lishment achieved through microwave irradiation of soil, ultimately leaving more room for 
crop growth. Thermal devitalisation of weed seedbanks in the vertical soil profile may be 
the possible cause of minimum weed interference with the rice crop. This was evidenced by 
Vidotto et al. [129] who explored the effectiveness of high temperature on seed viability of six 
weed species including Echinochloa crus-galli: the problematic weed of rice growing regions 
globally. They stated that 80–100% germination reduction was achieved through raising the 
soil temperature to 79.6°C. The same temperature regime (70–80°C) that was acquired by 
microwave irradiation of the soil in the present study. This effectively induced an inhibitory 
effect on the weed population and therefore increased the rice crop yield.
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For further validation of this yield changing effect with microwave soil heating, two field trials 
were conducted during October, 2016 to April, 2017 in a randomized complete block design with 
five replications at two different locations. The first location Dookie Campus of the University of 
Melbourne (36.395°S, 145.703°E) is a central grain growing region of the Goulburn Valley, which 
is in north of the state of Victoria, Australia; part of this region grows temperate rice. This region 
has a temperate climate with an average annual rainfall of 575 mm and an average monthly 
temperature range of 9.4–20.9°C (Australian Bureau of Meteorology). Soil at this experimental 
site is medium clay and classified as an Upotipotpon Clay [130] or an Orthic Basic Rudosol 
[131]. Historically, the same paddock has since been used for sheep grazing and highly invaded 
with a numerous grass species. The second location Old Coree, Jerilderie, New South Vales 
(35.210 °S, 145.440 °E) is the rice research farm a totally owned property of the Rice Research 
Australia Pty. Ltd. – SunRice™. Soil was treated using a prototype 2 kW microwave system, 
it has four independently controlled, 2 kW microwave generators operating at 2.45 GHz. The 
trailer is powered from two on-board 7 kVA, three-phase electrical generators [25]. Treatment 
was applied for 60 s and the temperature achieved through microwave energy application into 
soil was about 70–75°C in top soil layer (0–5 cm) at both study locations. Brodie reported that 
the microwave energy application to soil of about 400–500 J cm−2 gave 1.2–1.5 t extra grain yield 
compared to untreated control soil (Figure 8). The same range of microwave energy has used 
to treat the soil in the above field experiments. Therefore, the microwave soil treatment for pre-
emergence weed suppression gave substantial increase in rice crop yield at both study location 
(Table 4; Figures 9 and 10). This is an additional benefit of soil heating through MW energy; 
we assumed that temperature has influenced on the soil nutrient profile particularly nitrogen.

3.5. Evaluation of rice crop production potential

Sustainable production of rice crop is the present need of the agriculture sector to ful-
fil increasing demand. In general, herbicide resistance, lower water use efficiency and 

Figure 7. Assessment of E. coli survival in top 2 cm of soil as a function of applied microwave energy (Source: [127]).
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For further validation of this yield changing effect with microwave soil heating, two field trials 
were conducted during October, 2016 to April, 2017 in a randomized complete block design with 
five replications at two different locations. The first location Dookie Campus of the University of 
Melbourne (36.395°S, 145.703°E) is a central grain growing region of the Goulburn Valley, which 
is in north of the state of Victoria, Australia; part of this region grows temperate rice. This region 
has a temperate climate with an average annual rainfall of 575 mm and an average monthly 
temperature range of 9.4–20.9°C (Australian Bureau of Meteorology). Soil at this experimental 
site is medium clay and classified as an Upotipotpon Clay [130] or an Orthic Basic Rudosol 
[131]. Historically, the same paddock has since been used for sheep grazing and highly invaded 
with a numerous grass species. The second location Old Coree, Jerilderie, New South Vales 
(35.210 °S, 145.440 °E) is the rice research farm a totally owned property of the Rice Research 
Australia Pty. Ltd. – SunRice™. Soil was treated using a prototype 2 kW microwave system, 
it has four independently controlled, 2 kW microwave generators operating at 2.45 GHz. The 
trailer is powered from two on-board 7 kVA, three-phase electrical generators [25]. Treatment 
was applied for 60 s and the temperature achieved through microwave energy application into 
soil was about 70–75°C in top soil layer (0–5 cm) at both study locations. Brodie reported that 
the microwave energy application to soil of about 400–500 J cm−2 gave 1.2–1.5 t extra grain yield 
compared to untreated control soil (Figure 8). The same range of microwave energy has used 
to treat the soil in the above field experiments. Therefore, the microwave soil treatment for pre-
emergence weed suppression gave substantial increase in rice crop yield at both study location 
(Table 4; Figures 9 and 10). This is an additional benefit of soil heating through MW energy; 
we assumed that temperature has influenced on the soil nutrient profile particularly nitrogen.

3.5. Evaluation of rice crop production potential

Sustainable production of rice crop is the present need of the agriculture sector to ful-
fil increasing demand. In general, herbicide resistance, lower water use efficiency and 

Figure 7. Assessment of E. coli survival in top 2 cm of soil as a function of applied microwave energy (Source: [127]).
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nitrogen use efficiency are key sustainability limiting factors, globally. For herbicide 
resistant weed suppression, Khan et al. [16] compared a microwave energy cost in 
rice crop with pre-sowing soil fumigation [133, 134] and reported that in terms of fuel 

Figure 8. Infrared thermal images of microwave treated plot for weed seedbank depletion in rice crop under field 
conditions.

Figure 9. Comparison of early growth establishment of rice crop. Plants on left collected from microwave treated plot 
and plants on right collected from untreated control plot. (Left image taken from Dookie Trial Site and right image taken 
from Old Coree, Jerilderie site).
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consumption, the microwave system used in their study was quite comparable or better 
than soil fumigation and soil steaming treatment done by Samtani et al. [135]. Higher rice 
crop productivity without soil nutrient depletion has been confirmed with microwave 
soil heating methodology with an average of 20–50% increase under field conditions 
(Table 4). The microwave soil heating did not significantly alter the grain mineral concen-
tration of rice (Figure 11), which suggests that higher yield producing crops effectively 
utilize the yield-changing nutrients from the soil. Based on this estimate, the profitability 
of rice production through this technology is better than conventional weed control tech-
nology. In other domain, however, soil health and persistence effects of the treatment 
for up to two growing seasons give an additional productivity advantage to rice farming 
community.

Figure 10. Relative increase in rice grain yield as a function of applied microwave energy. Source: [128].

Figure 11. Effect of microwave soil heating on quality related parameter of rice grain. Adapted from [16].
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4. Discussion

Weed seedbank is a resting place of dormant seeds in the top soil horizon. Various biotic and 
abiotic factors have a tremendous effect on seed viability. Among the many abiotic factors, 
however, soil temperature has an ability to debilitate weed seeds in situ [136, 137]. Therefore, 
it was hypothesized that the projection of non-ionizing energy into a top soil layer through a 
horn antenna may cause thermal devitalisation of weed seeds. The results of field studies have 
strongly supported our hypothesis and achieved about 70–80% reduction in rice weeds estab-
lishment. Overall, energy of a microwave system for weed management program has a direct 
relationship with application duration. Therefore, for a pre-emergence weed control under field 
conditions, Wayland et al. [44] reported an energy level of 80 ˂ J cm−2 ˂ 160, which is quite low 
compared to the present investigation. In contrast, for a post-emergence weed control Sartorato 
et al. [54] tested the efficacy of microwave energy on seedling of Abutilon theophrasti and Panicum 
miliaceum. They reported that an energy range of 101.5 ˂ J cm−2 ˂ 343.3 gave significant reduc-
tion in dry weight of about 90%. However, it is highly unlikely that certain set of MW energy 
may give a same control spectrum, because soil moisture [74] and seed geometry [38, 67] have 
a considerable influence on microwave absorption. These vary according to cropping system.

Independent of soil heating methodology for weed control; various studies also reported the 
profound effect of high temperature on weed establishment. Gay et al. [133] reported on a 
soil steaming experiment with various duration (0, 6, 8 and 10 min) in a soil, to depths of 
about 1.5–16.5 cm, giving a temperature gradient of 100–37°C (decreasing with depth), in a 
lettuce crop for weed control. They found an average weed density of less than 50 plants m−2 
in the case of soil steam treated plots compared to untreated control plots (400 plants m−2). 
Vidotto et al. [129] found that exposure of a soil-seed mixture to high temperature gradually 
decreased seed germination. Almost all the tested weed species seeds were completely devi-
talized through soil thermal treatment at a temperature between 70°C and 80°C.

The same temperature distribution was achieved through microwave application in the pres-
ent study, which might have a degrading effect on the weed seedbank and ultimately led to a 
significant weed reduction. Therefore, based on previous findings and the results of this study, 
it may be possible to minimize the weed pressure through microwave irradiation of soil in 
no-till wheat production systems of Australia. However, a further research effort is needed 
to understand the long-term effects of microwave soil irradiation for weed control in crops. 
Furthermore, the fuel cost associated with a pre-sowing microwave weed management has 
been previously estimated by Khan et al. [16], therefore, about 0.98 L diesel m−2 were consumed 
in their experiment. Samtani et al. [135] calculated the fuel cost for pre-sowing steam treatment 
for weed control and reported a diesel consumption of between 0.81 and 2.16 L m−2. Considering 
the fuel consumption, the MW system used in the present investigation for soil heating was 
comparable or even better than soil steaming used by Gay et al. [133] and Samtani et al. [135].

In addition to weed suppression, a few previous studies have reported the supplementary effect 
of microwave energy on soil nutrient dynamics; Yang et al. [90] tested the nutrient extractabil-
ity effect of microwave on soil. When fresh soil was exposed to microwave energy a dramatic 
increase in the NH4

+-N concentration was observed for an extended treatment of 120 s. They 
concluded that this effect was partially from nonmicrobial processes, either from site exchange 
or from fixed position in inorganic collides (clay minerals). Hur et al. [101] demonstrated that 
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microwave irradiation of soil can enhance the binding efficiency of hydrophobic organic con-
tainments with soil organic matter. They irradiated 5 g samples of soil in plastic tubes in aerobic 
and anaerobic conditions with activated C for 600 s in a lab-scale microwave oven (2.45 GHz) 
operated at 700 W. They pointed out that MW irradiation significantly alters the physical and 
chemical properties of soil organic matter and increased its humification. In another study, 
Kim and Kim [24] studied the influences of microwave irradiation on the soil organic matter 
properties. They reported that thermal cracking induced by irradiation potentially alters the 
molecular composition (C, H, O and N), chemical structure and humification of soil organic 
matter. Based on these previous findings, we assumed that thermal denaturation of recalcitrant 
humic substance induced by microwave irradiation may increase the concentrations of free 
amino acids for succeeding turnover to CO2 and ammonia pool NH4

+, which might have sub-
stantially increased wheat productivity in the present investigation. Moreover, microwave soil 
heating gave 10 times higher nitrogen use efficiency and about 20–50% higher irrigation water 
use efficiency in those field experiment conducted to manage the herbicides resistance weeds.

5. Conclusion

Based on these experiments, we conclude that microwave weed and soil treatment can be 
implemented as an alternative method of weed control in direct-seeded rice crop. Additional 
benefit of this technology has prompted a motivation for further research in this area to 
enhance sustainability in agricultural industry.
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Abstract

The ideal phenotype to cope with P deficiency is suggested to be a larger root system, 
both in terms of length and foraging area, coupled with a high capacity for P solubiliza-
tion from compounds exuded from roots. Greater soil exploration results in a large num-
ber of roots in the top soil, longer roots in general with more cortical aerenchyma, more 
and longer root hairs, and a shift in mycorrhizal and bacterial colonization. However, 
these assumptions often result from experiments in highly controlled, sterile and soil-free 
conditions using model plants or single ecotypes where results are then extrapolated to 
all genotypes and plant species. In recent years this generalization has been questioned. 
Here, we summarize recent rice research analyzing the natural diversity of rice root sys-
tems under P deficiency. Interestingly, while some of the high yielding genotypes do 
show the expected, large root system phenotype, some have a surprisingly small root 
system—as little as a quarter of that of the large root system varieties—but achieve simi-
lar yield and P uptake under P deficiency. This effect has recently been termed root effi-
ciency, which we discuss in this chapter in conjunction with root foraging traits.

Keywords: phosphorus deficiency, root system, root hair, root type, 
xyloglucantransferase

1. Introduction

Rice (Oryza sativa) is the most important source of calories for millions of people [1] and, like all 
crops, its growth and yield is enabled by taking up water and nutrients from the soil through 
its root system. Yield can be constrained by many abiotic and biotic factors, including drought, 
nutrient deficiencies, and pathogen infections. Second, only to nitrogen (N), phosphorus (P) 
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is an essential major nutrient necessary for biosynthesis of nucleotides, proteins, bio mem-
branes, and energy metabolism such as the provision of ATP. In contrast to most N forms, P is 
highly sorbed to soil particles and is therefore considered to be an immobile nutrient in soils 
[2]. Estimates suggest that more than half of all agricultural soils are P deficient [3] which sub-
stantially affects plant growth, both below and above ground, to the extent that P is often the 
most yield-limiting nutrient in resource-poor farming systems in south-east Asia and Africa. 
In developed nations, P and N deficiencies are generally rectified by the application of mineral 
fertilizers to the soil, often in excess of that taken up by the crop. This leads to rapid leaching of 
N, more slowly also of P, into the ground water, eventually leading to eutrophication of water 
systems which leads to algal blooms, anaerobic water, and death of fish and other fauna [4]. In 
addition, mineral phosphate fertilizers are usually produced by mining rock phosphate and, 
although several predictions with variable numbers are present, these resources are limited 
and might be depleted in 50–100 years [5]. Therefore, understanding how P deficiency shapes 
root systems and how plants can overcome P deficiency is critical for future breeding of P effi-
cient crops to ensure nutrition of the ever-growing world population in the future.

Due to the immobile nature of P in soil, increasing root foraging for P is theoretically one of 
the best means by which to improve the efficiency of P acquisition by plants. Research in other 
crops and model plants have provided indications as to what the ideal root phenotype to cope 
with P deficiency should look like (reviewed in [3, 6]). Overall, it is suggested that a larger 
root system, both in length as well as in area, is beneficial for better yield performance in low 
P conditions. This higher soil exploration includes a large number of roots in the top soil (soil 
surface until 25 cm depth), longer roots in general, with more cortical aerenchyma, smaller 
diameter, more and longer root hairs, more mycorrhiza, altered bacterial colonization, and 
higher exudation of P-solubilizing chemicals.

In this chapter, we will (1) give a general literature overview of strategies for P uptake and its 
optimization and (2) review the proposed ideotype for rice P efficiency and present an experi-
ment for its optimization using transgenic rice.

1.1. Exudation of P-solubilizing chemicals

Mobilization of soil-bound P via the release of P-solubilizing compounds from roots is widely 
proposed to be a key mechanism by which many plant species enhance P acquisition in soils. 
These compounds include phosphatase enzymes capable of mobilizing organic P, protons 
that acidify the soil to solubilize calcium (Ca)-bound P and organic compounds including 
phytosiderophores and carboxylates that compete with P in ligand exchange reactions [7]. 
The release of protons and carboxylates is a strategy that is particularly important for species 
from the family Proteaceae, which have often evolved in extremely P deficient soils [8]. Other 
species that form proteiod—or cluster—roots under P deprivation such as the model legume 
species Lupinus albus, are also highly efficient at mobilizing P from aluminum (Al)- and iron 
(Fe)-P complexes via efflux of a targeted surge of carboxylates (predominantly citrate and 
malate) and protons from the cluster roots under P deficiency [9].

Beyond species that form cluster roots, however, the role of compounds exuded from roots is 
less clear. Experimental evidence that non-cluster root forming species can mobilize signifi-
cant amounts of P through exudation of carboxylate is lacking [10] and the concentrations of 
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carboxylates required to mobilize P in incubation studies are much higher than those thought 
to occur in the rhizosphere of most plants [11]. As an example, a recent study using near-
isogenic wheat (Triticum aestivum) lines that differed in citrate efflux failed to find evidence 
that higher citrate efflux led to any improvements in P uptake or crop yields [12]. The capacity 
for enhanced root exudation in rice to mobilize soil P is discussed in detail below (Section 2.3).

1.2. Association with mycorrhizal fungi

Arbuscular mycorrhizal (AM) fungi are recognized for enhancing nutrient availability, nota-
bly P, to most plants [13]. AM fungi are obligate biotrophs that establish mutualistic asso-
ciations with the roots of over 90% of all plant species via a complex system of intraradical 
and extraradical hyphae, in which the external mycelium of AM fungi acts as an extension 
of host plant roots, thus increasing the effective surface area to absorb nutrients and water 
[13–15]. The transfer of nutrients from AM fungi to plant roots is typically facilitated by 
highly branched fungal structures within the root cortex, known as arbuscules [15]. The 
transfer of nutrients from AM fungi to roots occurs in exchange for sugars generated from 
photosynthesis and is typically facilitated by specific transporters expressed at the interface 
of plant root and arbuscule [15, 16].

To what extent the AM symbiosis is beneficial to crop species depends on environmental fac-
tors and varies between different crops and among varieties of the same crop. It is generally 
assumed that high rates of P fertilization diminish the potential benefits from AM symbiosis 
[17]. Further, one may assume that crops with a rather fine and dense root system would 
benefit less from the increase in the effective surface area provided by external hyphae com-
pared to crops with less fine roots. Within crop species, varietal differences may be of impor-
tance and should ideally be explored in crop improvement programs. However, the multiple 
interactions between AM fungi, other soil microorganisms and plant roots, each potentially 
affected by soil properties, climatic factors, and crop management, have made a selection for 
a stable increase of AM-variety symbiotic efficiency a rather challenging task.

1.3. Association with beneficial bacteria and fungi other than AM

Application of free-living soil bacteria and fungi to plants can increase plant growth and nutri-
tion status. As early as 1948 it was reported that isolated soil bacteria could enhance plant P 
solubilized from calcium phosphate [10]. Today efforts continue toward identifying microbiota-
root interactions beyond AM that enhance crop phosphorus acquisition. These are driven by 
commercial and regulatory pressures to supplement mined P reserves and optimize the recy-
cling of P from soil and biomass pools [18], and by the increasingly comprehensive genome-
based methods to characterize microbiomes [19] to explore to increase agricultural fertility [20].

Beneficial microbiota includes those contributing directly to plant or soil P fertility processes, 
and those indirectly contributing via control of plant host diseases, soil toxicities, and weeds 
that compete with crop resource uptake. P fertility mechanisms include (1) promoting greater 
root surface area, (2) increasing inorganic P availability in the soil solution, and (3) altering 
organic P pools in soil (e.g. rates of turnover). The evidence is mounting that microbiota can 
change molecular events within the plant (e.g. induce proton release for rhizosphere acidifica-
tion, gene regulation involved in ion uptake) [21].

Phosphorus Efficient Phenotype of Rice
http://dx.doi.org/10.5772/intechopen.75642

131



is an essential major nutrient necessary for biosynthesis of nucleotides, proteins, bio mem-
branes, and energy metabolism such as the provision of ATP. In contrast to most N forms, P is 
highly sorbed to soil particles and is therefore considered to be an immobile nutrient in soils 
[2]. Estimates suggest that more than half of all agricultural soils are P deficient [3] which sub-
stantially affects plant growth, both below and above ground, to the extent that P is often the 
most yield-limiting nutrient in resource-poor farming systems in south-east Asia and Africa. 
In developed nations, P and N deficiencies are generally rectified by the application of mineral 
fertilizers to the soil, often in excess of that taken up by the crop. This leads to rapid leaching of 
N, more slowly also of P, into the ground water, eventually leading to eutrophication of water 
systems which leads to algal blooms, anaerobic water, and death of fish and other fauna [4]. In 
addition, mineral phosphate fertilizers are usually produced by mining rock phosphate and, 
although several predictions with variable numbers are present, these resources are limited 
and might be depleted in 50–100 years [5]. Therefore, understanding how P deficiency shapes 
root systems and how plants can overcome P deficiency is critical for future breeding of P effi-
cient crops to ensure nutrition of the ever-growing world population in the future.

Due to the immobile nature of P in soil, increasing root foraging for P is theoretically one of 
the best means by which to improve the efficiency of P acquisition by plants. Research in other 
crops and model plants have provided indications as to what the ideal root phenotype to cope 
with P deficiency should look like (reviewed in [3, 6]). Overall, it is suggested that a larger 
root system, both in length as well as in area, is beneficial for better yield performance in low 
P conditions. This higher soil exploration includes a large number of roots in the top soil (soil 
surface until 25 cm depth), longer roots in general, with more cortical aerenchyma, smaller 
diameter, more and longer root hairs, more mycorrhiza, altered bacterial colonization, and 
higher exudation of P-solubilizing chemicals.

In this chapter, we will (1) give a general literature overview of strategies for P uptake and its 
optimization and (2) review the proposed ideotype for rice P efficiency and present an experi-
ment for its optimization using transgenic rice.

1.1. Exudation of P-solubilizing chemicals

Mobilization of soil-bound P via the release of P-solubilizing compounds from roots is widely 
proposed to be a key mechanism by which many plant species enhance P acquisition in soils. 
These compounds include phosphatase enzymes capable of mobilizing organic P, protons 
that acidify the soil to solubilize calcium (Ca)-bound P and organic compounds including 
phytosiderophores and carboxylates that compete with P in ligand exchange reactions [7]. 
The release of protons and carboxylates is a strategy that is particularly important for species 
from the family Proteaceae, which have often evolved in extremely P deficient soils [8]. Other 
species that form proteiod—or cluster—roots under P deprivation such as the model legume 
species Lupinus albus, are also highly efficient at mobilizing P from aluminum (Al)- and iron 
(Fe)-P complexes via efflux of a targeted surge of carboxylates (predominantly citrate and 
malate) and protons from the cluster roots under P deficiency [9].

Beyond species that form cluster roots, however, the role of compounds exuded from roots is 
less clear. Experimental evidence that non-cluster root forming species can mobilize signifi-
cant amounts of P through exudation of carboxylate is lacking [10] and the concentrations of 

Rice Crop - Current Developments130

carboxylates required to mobilize P in incubation studies are much higher than those thought 
to occur in the rhizosphere of most plants [11]. As an example, a recent study using near-
isogenic wheat (Triticum aestivum) lines that differed in citrate efflux failed to find evidence 
that higher citrate efflux led to any improvements in P uptake or crop yields [12]. The capacity 
for enhanced root exudation in rice to mobilize soil P is discussed in detail below (Section 2.3).

1.2. Association with mycorrhizal fungi

Arbuscular mycorrhizal (AM) fungi are recognized for enhancing nutrient availability, nota-
bly P, to most plants [13]. AM fungi are obligate biotrophs that establish mutualistic asso-
ciations with the roots of over 90% of all plant species via a complex system of intraradical 
and extraradical hyphae, in which the external mycelium of AM fungi acts as an extension 
of host plant roots, thus increasing the effective surface area to absorb nutrients and water 
[13–15]. The transfer of nutrients from AM fungi to plant roots is typically facilitated by 
highly branched fungal structures within the root cortex, known as arbuscules [15]. The 
transfer of nutrients from AM fungi to roots occurs in exchange for sugars generated from 
photosynthesis and is typically facilitated by specific transporters expressed at the interface 
of plant root and arbuscule [15, 16].

To what extent the AM symbiosis is beneficial to crop species depends on environmental fac-
tors and varies between different crops and among varieties of the same crop. It is generally 
assumed that high rates of P fertilization diminish the potential benefits from AM symbiosis 
[17]. Further, one may assume that crops with a rather fine and dense root system would 
benefit less from the increase in the effective surface area provided by external hyphae com-
pared to crops with less fine roots. Within crop species, varietal differences may be of impor-
tance and should ideally be explored in crop improvement programs. However, the multiple 
interactions between AM fungi, other soil microorganisms and plant roots, each potentially 
affected by soil properties, climatic factors, and crop management, have made a selection for 
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based methods to characterize microbiomes [19] to explore to increase agricultural fertility [20].
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Management of beneficial microbiota is mainly done through inoculation onto the plant (seed 
or shoots) of microbes that are isolated from a given environment. However, management of 
the naturally-associating rhizosphere microbiota through the plant (e.g. plant genetics and 
breeding) or soil (e.g. rotations, tillage) is also performed. Molecular characterization of the 
whole root and soil microbiomes will likely lead to a merging of inoculant approaches with the 
direct engineering of rhizosphere microbiota [22], as plant hosts are intimately connected with 
microbiota whose genes can be transferred with that of the host genome [23]. Although many 
examples report beneficial responses to bacteria or fungal strains on plants in pots in glass-
houses, there are few translations to farmers’ fields with formulated, scaled production [18].

1.4. Aerenchyma formation

Aerenchyma refers to plant tissue containing enlarged gas spaces, formed in roots and shoots 
of wetland and dryland species through cell death “lysigenous” or cell separation “schizog-
enous” [24, 25]. Formation of aerenchyma can be constitutive or induced by abiotic stresses 
such as waterlogging [26], drought, and nutrient deficiency including phosphorus, nitrogen 
and sulfur deficiency [27–32]. Therefore, the presence of aerenchyma can differ even within 
root segments when heterogeneous abiotic conditions, such as those in field soils, are present 
[30, 33, 34].

Several reports from maize (Zea mays), bean (Phaseolus vulgaris), and barley (Hordeum vulgare) 
results suggested that aerenchyma formation reduces the metabolic costs of soil exploration 
[35–37] through the decrease of root nutrient content and respiration [31]. Nutrients such as 
P, released during the aerenchyma formation (cell death), could be reutilized by the plant, 
for example, in the continued growth of apical cells. Increased soil exploration for more P 
resources, coupled with less P required for root functional maintenance, would be an advan-
tageous trait under P-limitation.

1.5. Root hair production

Root hairs are unicellular extensions of epidermal cells that constitute most of the root’s sur-
face area [38]. Root hairs have been under investigation for more than a century [39], and 
it was shown decades ago that root hairs are involved in P uptake from soil. P uptake by 
root hairs was indirectly demonstrated for wheat and barley [40], and directly for rye (Secale 
cereale) root hairs [41]. Enhanced root hair development is consistently listed as one of the 
cheapest and most general adaptations to P deficiency [3]. And yet, how and if their pres-
ence is beneficial for P uptake remains under discussion. Within the molecular model plant 
Arabidopsis thaliana, a study investigating phenotypic reactions of >150 ecotypes to local P 
levels revealed unexpected results. Half of the tested genotypes did not show any root hair 
reaction to local low P, while one quarter responded with a production of shorter and less, 
and the other quarter with longer and more root hairs [42]. Another study showed that maize 
root hairs were more responsive to soil moisture than to soil P level [43]. While lower water 
content correlated with the production of more and longer root hairs, no correlation was 
found with soil P concentration. A recent study on barley seedlings developing normal or 
very short root hairs came to the conclusion that root hairs are instrumental for water uptake 
from drying soil when plant transpiration rates are high [44].
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2. P deficiency responses found in rice

Rice roots face highly dynamic soil conditions; possibly the most complex of all cereal grains. 
Soils have repeated flooding, irrigation and drying events, and tilling and compacting results 
in very soft soils, hardpans, and furrows, with dramatic variation in aeration, pH and nutrient 
conditions from the surface to depth [45]. These transitions are greatest in lowland systems, 
but also occur in upland systems.

2.1. The rice root system

The rice root system consists of the first emerging embryonic seminal roots as well as post-
embryonic crown roots emerging from shoot-borne nodes. In addition, all of these main root 
axiles can branch, forming lateral roots (LRs) of first and higher orders. A unique feature 
of rice is the formation of very distinct classes of these LRs—S- and L-type [46]. The most 
abundant LRs are the short and thin S-type LRs. L-type LRs are much longer, have a larger 
diameter and form branch roots, thus producing higher order LRs (Figure 1).

2.2. Root efficiency in rice

In order to analyze the natural variation of P deficiency tolerance, a large panel of diverse rice 
genotypes (>200 genotypes) was grown in upland fields, both in a sufficient fertilized and P 
deficient fields, and their root systems were analyzed and correlated to yield performance and 
P uptake. Interestingly, while some of the high yielding genotypes did show the estimated, 
large root system phenotype under P deficiency, some genotypes had a surprisingly small root 
system—as little as a quarter of the large root system varieties—but achieved the same yield and 
P uptake under P deficiency [47]. This effect has been observed in a number of field trials and 
recently been termed ‘root efficiency’. What could be the basis of this root efficiency? Which 
traits could enable a smaller root system to take up P as efficiently as or even more efficiently 
than a bigger one? The efficiency could be based on any or all of the aforementioned P fertility 
traits for plants (Section 1), and these will be elaborated on for rice in the following sections.

2.3. Exudation of P-solubilizing chemicals by rice

Rice plants exude a range of compounds from their roots, and the amount and composition 
of these exudates change in response to P deficiency [48–50]. A number of lines of enquiry 
suggest that increased efflux of carboxylates, particularly citrate, enhances the capacity of rice 
genotypes to acquire P. Ref. [48] reported an increase in citrate efflux under P deficiency in 
seven rice genotypes, and citrate efflux rates were correlated with the tolerance of these rice 
genotypes to P deficiency (defined as ratio of biomass grown with sparingly soluble P source 
compared to a soluble P source). Also found was increased citrate efflux from rice roots under 
P deficiency. Subsequent modeling studies indicated the importance of citrate efflux in P solu-
bilization and uptake by rice growing under aerobic conditions [51]. However, as pointed out 
in a review of root traits associated with the efficient acquisition of soil P by rice [6], there is 
no direct evidence that increased efflux of citrate, or any other carboxylate, is responsible for 
higher P acquisition efficiency for any rice genotype.
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Protons and phosphatase enzymes are also released into the rhizosphere from rice roots. The 
release of protons typically occurs due to an imbalance in cation/anion uptake by roots [52]. 
Genes encoding phosphatases are up-regulated in roots under P deficiency [53], but we are 
not aware of any published studies that have demonstrated that increased phosphatase efflux 
from the roots of rice is linked to enhanced P uptake, or that such a trait confers greater P 
uptake in any given rice genotype.

Figure 1. The rice root system structure. Top soil washed off to display the root system of a field-grown rice plant 
ca. 50 DAS (A). Seven DAS seedlings with many seminal roots (left) or a high proportion of lateral roots (right) (B). 
Stereomicroscopic image demonstrating the rice root characteristics (C). Light microscopic images of rice roots grown in 
nutrient solution (D) or soil (E). MR: main root (seminal or crown root), LR: lateral root, L: L-type LR, S: S-type LR, 2O: 
second order LR, RH: root hair.
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2.4. Rice association with mycorrhizal fungi

Rice is a host for AM fungi [15, 16] and although root colonization has been observed under 
irrigated lowland and upland conditions, it is generally assumed that the AM symbiosis is 
more important in the aerobic upland rice [54]. It has been shown that P transporters exist in 
rice that are specifically induced in roots colonized by AM fungi and that these P transporters 
(OsPT11 and OsPT13) facilitate the transfer of Pi from AM fungus to plant [16]. Compared to 
some other crop species, however, our knowledge regarding the AM fungi community colo-
nizing rice roots in the field remains limited, and the extent to which AM symbiosis may be 
exploited to benefit rice yield directly in the field is unknown. Studies comparing AM colo-
nization in the field in a set of diverse rice genotypes indicated that considerable variation in 
colonization rates exists (Wissuwa, unpublished). Further, all root samples taken showed gene 
expression of the OsPT11 transporter, suggesting P transfer from AM fungus to rice roots com-
monly occurred. Yet neither colonization rates nor gene expression levels were correlated to 
the large genotypic differences observed for P uptake in that set of rice genotypes (Wissuwa, 
unpublished), whereas P uptake correlated strongly to root size [47]. Earlier studies in one set 
of near-isogenic rice lines differing in root size and P uptake showed these differences remained 
unchanged in sterilized soil [55]. Based on the limited evidence available to date, one may 
tentatively conclude that the AM symbiosis contributes less to rice genotypic differences in P 
uptake compared to root attributes such as size, fineness or root hair length and density [56].

2.5. Rice association with beneficial bacteria and fungi other than AM

There are intense research efforts to apply rhizobacteria to rice to boost its productivity and 
increase environmental sustainability because of the enormous value of this crop and the 
resources used globally. Beneficial microbiota are tested to (1) reduce methane emissions 
[57]; (2) increase nitrogen uptake [58]; (3) fix atmospheric nitrogen within the root [59]; (4) 
reduce diseases [60], and (5) increase P nutrition, and to a lesser extent, that of Fe and other 
micronutrients [61]. In field experiments with farmer participation, beneficial microbiota is 
being combined with fertilizer applications. This mode of application and level of partici-
pation appears to be required for repeatedly validating inoculants that demonstrate high 
efficacy in the field [62].

The types of microorganisms previously tested for improved P uptake by rice include 
bacteria of the genera: Rhizobium [63], Pseudomonas, Azotobacter, Azospirillum [61, 59], and 
Enterobacter [64], as well as bacteria within a consortium of mixed genera [65]. Applied 
organisms may reside at the root-soil interface, or within the root (endosphere). The endo-
sphere aerenchyma may have more stable gaseous conditions than the root-soil and outer 
rhizosphere zones and is a target zone for beneficial isolates, referred to as endophytes [66]. 
Possible functions of microbiota for P fertility are the same as those proposed for other crops 
(reviewed in [10, 67–69]), with the exception of much greater emphasis on endophytic diazo-
trophic (nitrogen fixing) bacteria, perhaps driven by the unique aerenchyma environment in 
rice, and/or rice-specific responsiveness to effectors associated with endophytic colonization 
[70]. Given the niche opportunity for endophytes within rice axile root aerenchyma, it may 
be beneficial to look for consortia of microorganisms or native rhizosphere (including endo-
sphere) profiles that promote these developmental features within the roots.
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2.6. Aerenchyma formation in rice

Rice roots can form lysigenous (cell death) aerenchyma in both forms: constitutive, developed 
from the apical parts of the roots toward the base; and inducible, promoted in all parts of the 
roots under anaerobic conditions such as waterlogging, drought or nutrient deficiency.

The advantage of aerenchyma formation for more soil exploration with fewer nutrients 
required may be greater in rice than maize, for example, due to its greater tendency for aer-
enchyma formation and enhanced root length under low nutrient treatments. For example, 
phosphorus deficiency causes a 20% increase in the percent cortical area converted to aeren-
chyma in rice [71]. Likewise, aerenchyma formation is enhanced by both nitrogen and oxy-
gen-deficient conditions [72]. In addition to aerenchyma, rice possesses a barrier to radial O2 
loss (ROL) to the external environment, which promotes diffusion of O2 toward the root apex. 
The O2 increases the redox potential in the rhizosphere and causes the oxidation of Mn4+ and 
Fe2+ forming the plaque on the surface of rice roots [73] (which may reduce the uptake of phy-
totoxic elements into plant tissue).

Although the benefits of aerenchyma and ROL barrier formation are widely reported, the 
molecular mechanisms that regulate their formation are not completely understood. Since 
the rice genome has been fully sequenced and many tools are available, further insights into 
the molecular determinants of aerenchyma and other rice-specific tissues are expected, in 
order to improve rice cultivars by using modern breeding techniques.

2.7. Root hair formation in rice

An often heard assumption is that root hairs are adaptations specific to limiting conditions 
and are not needed for growth in optimal conditions. Consequently, elite varieties adapted 
to high input, optimized soil conditions should produce short and few root hairs and be less 
responsive to stress conditions compared to landraces.

In the next sections, we will review recent findings regarding natural variation in rice root 
hair formation in response to P deficiency, growth conditions, and in respect to the rice root 
system structure. Finally, we will also give an example of transgenic plant generation in the 
attempt of increasing rice P uptake under deficient conditions.

2.7.1. Root hair variation within root types

Lateral roots were recently proposed to have different, specialized functions depending on 
their developmental type [74]. Supporting this proposal, we showed that the thinner lateral 
roots of rice produced shorter and fewer root hairs [75], and found a positive linear relation-
ship between lateral root diameter and root hair length [56]. These results were reproduced in 
different growth conditions, with main roots (seminal and crown axile roots) consistently pro-
ducing the longest and most root hairs, followed by L-type and S-type lateral roots (Figure 2)  
(see Section 4 for experimental details). On the other hand, all root types within a genotype 
had the same tendencies regarding root hair length and density, and differences between 
genotypes were stable per root type [56]. This indicates that the phenotypic potential per 
genotype is first determined by its genome and then by the environment.
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2.7.2. Influence of root hair longevity

Very few studies have addressed the question of root hair longevity and how long root hairs 
contribute to plant water and nutrient uptake. In [56] a higher proportion of living rice root hair 
cells was found in the low P compared to a P-fertilized field, over five tested genotypes. It can 
be concluded that longer living root hairs might be an adaptation to low P conditions to pro-
long root hair contribution to P uptake. Nevertheless, in the top soil layer fewer living root hairs 
were found compared to the subsoil [56]. This can most likely be attributed to the presence of 
younger root segments including root tips in the deeper soil layer compared to the oldest root 
segments in the top soil. In future experiments, more emphasis should be laid on longevity not 
just of root hairs, but also of lateral and main axile roots as harnessing natural variation in this 
trait could lead to improvements in breeding for more P deficiency tolerant varieties.

2.7.3. Root hairs impacted by experimental conditions

Our recent findings highlighted the vast influence that growth medium has on root hair for-
mation [75]. Nutrient solution led rice seedlings to produce many, long root hairs on their 
main roots, while the discrepancy between root types was much smaller in soil-grown plants. 
We were able to reproduce these results in small plastic containers (50 ml volume) already 7 
days after germination (DAG) (Figure 2). In addition to soil and nutrient solution, we grew 
rice seedlings in an artificial soil (vermiculite) and an agar solution without nutrient addition. 
Vermiculite led to very similar root hair growth to the soil, while roots grown in agar formed 
root hairs of comparable length and density as those found in nutrient solution.

One possible explanation for the observed differences among growth conditions is the absence 
or presence of physical restriction which can be found in soil particles, but not in a nutrient 
solution. To test this, another experiment was conducted to investigate the effect of growth 
medium strength on root hair length in rice seedlings. The experiment comprised six con-
centrations of agar with two replicate boxes per concentration. Root hair length after 3 weeks 
of growth significantly decreased with increasing agar concentration (Figure 2), proving 
that soil strength/presence of physical restrictions is one-factor influencing root hair growth. 
Detection of rice root hairs in undisturbed soil using a synchrotron approach also substanti-
ated this assumption as root hairs growing in pores were found to grow to three times the 
length of those restricted by soil particles [75].

2.7.4. Genotype-dependent root hair formation

The commonly-stated response to P deficiency of production of longer and more root hairs 
may depend on genotype. For example, a wide selection of genotypes of the sup-populations 
indica, aus, temperate japonica, aromatic, and tropical japonica were tested in buffered, dif-
fusion-limited solid-phase solution, and genotype-dependent variable responses to the low P 
condition was found [71]. We recently showed that in the soil, under controlled conditions in 
a greenhouse as well as in the field, some genotypes even form shorter and/or fewer root hairs 
in low P compared to sufficiently P-fertilized soil [56]. This highlights that increased root hair 
production is not a general, inevitable event upon P deficiency, but a specialized adaptation 
of some genotypes. Similarly, root efficiency (P uptake per unit root length) mentioned above 
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2.6. Aerenchyma formation in rice
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ship between lateral root diameter and root hair length [56]. These results were reproduced in 
different growth conditions, with main roots (seminal and crown axile roots) consistently pro-
ducing the longest and most root hairs, followed by L-type and S-type lateral roots (Figure 2)  
(see Section 4 for experimental details). On the other hand, all root types within a genotype 
had the same tendencies regarding root hair length and density, and differences between 
genotypes were stable per root type [56]. This indicates that the phenotypic potential per 
genotype is first determined by its genome and then by the environment.
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may not be coupled with increased root hair production, although the assumption could be 
that smaller root length and weight could be associated with more hairs for a given unit of P 
uptake. For example, one root efficient genotype had substantially increased root hair length 
and density upon P deficiency (DJ123). Yet another root efficient genotype (Santhi Sufaid) 
exhibited shorter and fewer root hairs in P deficient soil, while the inefficient genotype (Sadri 
Tor Misri) that took up the most P and had the greatest root weight, produced the most root 
hairs of all tested genotypes [56]. These results lead us to the conclusion that root hairs may 
respond to P deficiency for some genotypes, and may contribute to root efficiency in others, 
but their development is not a predictable, universal response to P.

2.8. Transgenic plants for increased P uptake: An example study

Here we present an example experiment to optimize or increase P uptake by rice roots using 
a transgenic approach (see Section 4 for experimental setup). Our candidate genes are based 

Figure 2. Dependence of root hair production on growth conditions. Determination of root hair density (A, B*) and length 
(C, D*) on main roots, L-type and S-type LRs. Shown are mean values over four genotypes of 4 (A, C) or 5 (B, D) replicates; 
+/− standard error determined at 7 DAS (A, C) or 35 DAS (B, D). Soil and nutrient solution represent low P conditions 
while vermiculite and agar did not receive any nutrients. Half-strength Yoshida solution with increasing amount of agar 
was used to measure Nipponbare root hair length (E). Least significant difference (LSD) values are indicated per graph. 
Please note *: data shown in (B, D) are a sub-set of data published in [56].
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on a previous study of transcriptomes of a P deficiency intolerant and a tolerant rice geno-
type. Several genes putatively associated with root cell wall loosening and root hair extension 
were found to have higher expression in the roots of the tolerant genotype [53]. We chose one 
gene to study that encodes a putative cell wall modifying enzyme, a Xyloglycantransferase 
(Os11g33270.1), designated XTH2, and produced transgenic plants (see Sections 4.4 and 4.5).

The ectopic overexpression of a dozen T2 lines was tested, and three with very high, high, and 
moderately increased XTH2 expression, were selected for further phenotypic characteriza-
tion (Figure 3). Cross and longitudinal sections were prepared to compare the root anatomies 
of control and XTH2 overexpressing lines and no apparent differences were found. After 4 
weeks of growth either in P deficient or sufficient nutrient solution, several root parameters 

Figure 3. Phenotypic analysis of Ubi::XTH2 lines. Total XTH2 expression in a dozen T2 lines was determined by qRT-PCR 
(A). Cross and longitudinal vibratome sections (B), and root hair density on S-type lateral roots (LRs) of selected T2 lines 
grown in low or high phosphorus containing nutrient solution (C). Shoot and root dry weight (D), and root number (E) 
of selected T2 lines grown in extreme low, low (example image in F) or high phosphorus soil. Least significant difference 
(LSD) values are indicated per graph.
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were analyzed (root length and number, lateral root densities, root hair density and length 
on all root types); root hair density on S-type lateral roots is shown (Figure 3). None of the 
analyzed traits displayed a clear, significant difference between control and all of the XTH2 
lines, but a slightly higher number of root hairs was formed on S-type lateral roots grown in 
the high P nutrient solution. Also evaluated were shoot and root development after 6 weeks 
of growth in low or high P soil. Some of the overexpressor lines did produce more roots and 
a slightly increased shoot biomass in low P soil, but no consistent effect of the overexpression 
could be detected. In contrast, in high P soil, the overexpressor lines produced lower root 
biomass than the control lines (Figure 3).

Although so XTH2 had been shown to have higher expression in roots of a P deficiency 
tolerant genotype in a previous study [53], overexpression in our experiments did not lead 
to better root and shoot growth or increased root hair production. In another study, toler-
ance to P deficiency was conferred by overexpression of PSTOL1, encoding a protein kinase 
[76], indicating that transformation can lead to tolerance to P deficiency depending on the 
specific gene.

3. Conclusion

Overall, it can be concluded that a number of responses to P deficiency exist in rice, yet none 
of these is a general mechanism found in every rice genotype. Also, often direct evidence 
for a beneficial effect is lacking for rice. To construct and test a rice genotype optimized for 
P uptake in P deficient conditions it will be necessary to harness superior traits from many 
sources and integrate them via marker-assisted breeding or transgenic approaches. For a 
future sustainable food production, it will also be necessary to overcome the dependence on 
mining rock phosphate as a major source of P fertilizer. This will include an increase in recy-
cling of biomass and wastewater.

4. Experimental details

4.1. Germplasm and germination

Rice varieties Nerica4, DJ123, Taichung native, and Sadri Tor Misri were used for the pheno-
typing experiments (Sections 4.2 and 4.3), and Nerica4 and Nipponbare were used for trans-
genic plant generation (Section 4.5). Dormancy break, sterilization, and pre-germination were 
performed as described earlier [75].

4.2. Growth in the soil, artificial clay, and agar without the addition of nutrients

Pre-germinated seeds were subjected to different conditions in 50 ml incubation tubes. Plants 
were grown in low P soil (for details see [53]), vermiculite without nutrient supplementation, 
and water with the addition of 1% agar (Sigma Aldrich). To exclude light, all tubes were alu-
minum foil-wrapped and one pre-germinated seed added per tube. Five plants per genotype 
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and condition were grown in a growth cabinet with 16 h light (30°C) and 8 h dark (25°C) for 
7 days. Root hair formation was analyzed using a light microscope as described earlier [75].

4.3. Growth in agar-nutrient solution

Half-strength Yoshida nutrient solution [77] was prepared without P. Agar (Sigma Aldrich) 
was added at concentrations of 1, 1.5, 2, 2.5, 3 and 3.5% to the nutrient solution. Preliminary 
experiments suggested that beyond 4% agar, lateral root as well as root hair growth becomes 
impaired (Rose, unpublished). The nutrient solution-agar mixture was poured into clear plas-
tic boxes (200 mm high × 100 mm wide × 25 mm deep, wrapped with aluminum foil) with 
a 15-mm-diameter hole in the top. A duplicate set of boxes were cut open to determine the 
resistance of each agar concentration using a penetrometer.
Two germinated seeds per box were sown 5 mm deep in the agar and boxes transferred to a 
growth cabinet set to 14 h light (27°C) and 10 h dark (22°C). From week two, the boxes were 
watered with deionized water to weight every 3 d until harvest after 23 d.

4.4. Plasmid construction for pBIHubi::XTH2

To amplify the Xyloglucantransferase2 (Os11g33270) sequence, RNA from genotype DJ123 was 
isolated, transcribed into cDNA and used as PCR matrix with the oligonucleotides (5′–3′) 
CAACCCCGGGATGGCGACGACGACGG and GATCGAGCTCTCAGGCGTCGCGGTCG, 
which introduced the restriction endonuclease recognition sites for SmaI and SacI, respectively. 
According to manufacturer’s protocols the PCR product and the target vector pBIH [78] were 
treated with SmaI and SacI (Fermentas, Fast Digest enzymes), the resulting fragments purified 
(Promega, Wizard PCR clean-up kit), ligated (Roche, Rapid DNA ligation kit), and transformed 
into DH5α (Promega, library efficient DH5α). The resulting plasmid contains XTH2 under the 
control of the Ubiquitin promoter. After pBIHubi::XTH2 sequence confirmation (using the oli-
gonucleotides, 5′–3′: GATGGTGGTGGCAATGTCG and CGGTCGTCGCAGTAGTTGTA) one 
clone (termed Ubi::XTH2) was selected for rice transformation.

4.5. Rice transformation and T2 selection

Genetic transformation of rice varieties NERICA4 and Nipponbare were conducted by 
Agrobacterium-methods using immature embryos [79]. T2 plants possessing a single copy of 
transgene as homozygote were selected [80] and subjected to further experiments.

4.6. Phenotyping of Ubi::XTH2 T2 lines in nutrient solution

Pre-germinated T2 seedlings were grown in water supplemented with iron (12 μM) and cal-
cium (0.1 mM) for 7 days followed by an additional 7 days in 1/3 strength Yoshida solution 
[77]. At 16 DAS roots were harvested and used for RNA extraction, cDNA production, and 
qRT-PCR analysis as described earlier [56] and for vibratome sectioning. For detection of 
the XTH2 transcript, the oligonucleotides (sequences in 5′–3′) TACCACTCCTACTCCGTCCT 
and TGGAGTAGAGCTTCATCGGC were used. Cross and longitudinal sections of 75 μm 
were prepared with a vibratome (Microslicer DTK-1000, DSK) by embedding 5 mm root seg-
ments in 4% agarose followed by slicing with a frequency of 8 and cutting speed of 5–7. The 
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were analyzed (root length and number, lateral root densities, root hair density and length 
on all root types); root hair density on S-type lateral roots is shown (Figure 3). None of the 
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lines, but a slightly higher number of root hairs was formed on S-type lateral roots grown in 
the high P nutrient solution. Also evaluated were shoot and root development after 6 weeks 
of growth in low or high P soil. Some of the overexpressor lines did produce more roots and 
a slightly increased shoot biomass in low P soil, but no consistent effect of the overexpression 
could be detected. In contrast, in high P soil, the overexpressor lines produced lower root 
biomass than the control lines (Figure 3).

Although so XTH2 had been shown to have higher expression in roots of a P deficiency 
tolerant genotype in a previous study [53], overexpression in our experiments did not lead 
to better root and shoot growth or increased root hair production. In another study, toler-
ance to P deficiency was conferred by overexpression of PSTOL1, encoding a protein kinase 
[76], indicating that transformation can lead to tolerance to P deficiency depending on the 
specific gene.

3. Conclusion

Overall, it can be concluded that a number of responses to P deficiency exist in rice, yet none 
of these is a general mechanism found in every rice genotype. Also, often direct evidence 
for a beneficial effect is lacking for rice. To construct and test a rice genotype optimized for 
P uptake in P deficient conditions it will be necessary to harness superior traits from many 
sources and integrate them via marker-assisted breeding or transgenic approaches. For a 
future sustainable food production, it will also be necessary to overcome the dependence on 
mining rock phosphate as a major source of P fertilizer. This will include an increase in recy-
cling of biomass and wastewater.
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performed as described earlier [75].

4.2. Growth in the soil, artificial clay, and agar without the addition of nutrients

Pre-germinated seeds were subjected to different conditions in 50 ml incubation tubes. Plants 
were grown in low P soil (for details see [53]), vermiculite without nutrient supplementation, 
and water with the addition of 1% agar (Sigma Aldrich). To exclude light, all tubes were alu-
minum foil-wrapped and one pre-germinated seed added per tube. Five plants per genotype 
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7 days. Root hair formation was analyzed using a light microscope as described earlier [75].

4.3. Growth in agar-nutrient solution
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watered with deionized water to weight every 3 d until harvest after 23 d.
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which introduced the restriction endonuclease recognition sites for SmaI and SacI, respectively. 
According to manufacturer’s protocols the PCR product and the target vector pBIH [78] were 
treated with SmaI and SacI (Fermentas, Fast Digest enzymes), the resulting fragments purified 
(Promega, Wizard PCR clean-up kit), ligated (Roche, Rapid DNA ligation kit), and transformed 
into DH5α (Promega, library efficient DH5α). The resulting plasmid contains XTH2 under the 
control of the Ubiquitin promoter. After pBIHubi::XTH2 sequence confirmation (using the oli-
gonucleotides, 5′–3′: GATGGTGGTGGCAATGTCG and CGGTCGTCGCAGTAGTTGTA) one 
clone (termed Ubi::XTH2) was selected for rice transformation.

4.5. Rice transformation and T2 selection

Genetic transformation of rice varieties NERICA4 and Nipponbare were conducted by 
Agrobacterium-methods using immature embryos [79]. T2 plants possessing a single copy of 
transgene as homozygote were selected [80] and subjected to further experiments.
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cium (0.1 mM) for 7 days followed by an additional 7 days in 1/3 strength Yoshida solution 
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sections were then stained for 1 min with 0.05% toluidine blue, briefly washed with water 
and mounted with 50% glycerol for light microscope (Olympus BX50, Olympus) imaging.

Selected Ubi::XTH2 lines with very high, high, and moderate ectopic overexpression as well 
as control (untransformed Nerica4 and Mock transformed) lines were grown in nutrient solu-
tion with low (1 μM) or sufficient (100 μM) P nutrition (NaH2PO4 2H2O). The nutrient solution 
was changed and increased from 1/3 to 1/2 and finally to full-strength Yoshida solution [77] 
weekly, while pH was adjusted regularly to 5.7. At 35 DAS root hair parameters were deter-
mined as described previously [75].

4.7. Phenotyping of Ubi::XTH2 T2 lines in the soil

Soil containing three levels of P: extreme low P (80% low P soil mixed with 20% subsoil), 
low P soil, and P-replete soil (fertilized) were used. The soil was sieved and filled into boxes 
while softly compacted to simulate field conditions. Fertilizer was supplied in the equivalent 
amount to 30-0-30 or 30-30-30 kg ha−1 (N, P2O5, K2O, respectively).

Four germinated seeds (with similar size) were sown directly in soil and thinned to two plants 
after 1 week of germination. Water was supplied regularly to field capacity to simulate the 
wet/dry cycle in upland condition. Plants were grown in a greenhouse with temperature and 
relative humidity varying between 25 and 32°C and 30–50%. At 40 DAS plants were harvested 
to evaluate plant height, number of leaves, number of tillers, main root length, root number, 
shoot and root dry matter.
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The adverse effect of nonliving factors on living organisms is described as abiotic stress. 
It includes drought, excessive watering, extreme temperatures, salinity, and mineral tox-
icity. Rice is an important cereal crop, grown under diverse ecological and agricultural 
conditions. Heavy metal contamination of agricultural land causes abiotic stress to the 
crop plant as well as has a drastic effect on humans. Increased metal concentration in 
plants leads to the production of reactive oxygen species which results in cell death and 
thus affects the crop production in plants. In addition, increased heavy metal concentra-
tion in the plant has deleterious effects on its consumers. Like other organisms, plants 
have also designed ways to deal with such stress situations. In this chapter, abiotic stress 
due to metal toxicity in rice plant, which includes uptake and sequestration mechanisms, 
biochemical changes taking place in the plant and variation in their gene expression is 
elucidated. Based on several molecular and biochemical studies in various reviews and 
research papers, the role of different transporters like zinc-regulated transporter (ZIP), 
natural resistance-associated macrophage protein (NRAMP), copper transporter (COPT), 
yellow stripe like (YSL), heavy metal ATPase (HMA), metal tolerance protein (MTP) and 
other vascular transporters involved in the above processes in rice plant will be discussed 
in this chapter.
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drought, excessive watering, that is, water-logging/flooding, extreme temperatures (cold, frost 
and heat), salinity and mineral (metal and metalloid) toxicity. These have a negative impact 
on seed germination, plant growth, development, yield, and seed quality of crops. Changes 
in environmental conditions affect the biological and physiological response of plants. This 
chapter deals with abiotic stress due to metal toxicity in rice plants, which includes uptake 
and sequestration mechanisms and biochemical changes taking place in the plant.

For their overall growth and development, plants require 14 different mineral elements [1]. 
These elements are present in the soil and are taken up by the roots, translocated to the shoots, 
and then distributed to different organs and tissues of the plant depending on their needs [1].

Minerals comprise of both metals and metalloids that are toxic to both plants and animals 
even at a very low concentration. Some of these heavy metals such as arsenic (As), cadmium 
(Cd), mercury (Hg), lead (Pb) or selenium (Se), do not perform any known physiological 
function in plants, and are called nonessential metals. Others, such as cobalt (Co), copper 
(Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni), and zinc (Zn), are essential 
elements as they are required for the normal growth and metabolism of plants. Essential ele-
ments can lead to poisoning when their concentration rises beyond their optimal levels.

Plants growing on metal-contaminated soils are categorized as resistant varieties, which have 
adapted to this stressed environment. Heavy metal resistance is attained by the plants either 
by avoidance/tolerance or by both. Plants, which can prevent the entry of metal ions into their 
cell cytoplasm, are categorized as avoiders, while the plants which can detoxify the metal ions 
can cross the plasma membrane or organellar membranes are grouped as tolerant varieties. 
Plants were thus classified into three groups as: metal excluders, indicators and accumulators/
hyperaccumulators by Baker and Walker [2] based on the approach used by the plants to grow 
on metal-contaminated soils. Excluder group of plants restricts the uptake and translocation 
of metal ions to their shoots thus maintaining low levels of heavy metals in the shoots even 
when grown over a varied range of metal concentrations in soil. Most of the plants belong to 
the excluder group. Plants, which are classified as metal indicators, can accumulate metals in 
their aerial shoot system. The level of metal ions in their aerial biomass generally indicates the 
concentration of metal in the soil. Plants, which are classified as metal accumulators/hyperac-
cumulators, can take up, transport and accumulate metals generously in their aerial parts to 
levels higher than the metal concentration found in the soil [2]. The antioxidant defense system 
in plants helps to accumulate and tolerate the side effects of high levels of internal metal con-
centrations. Antioxidant system is activated in order to combat the deleterious effects caused 
by reactive oxygen species (ROS) generated due to stress [3]. Metals can interfere with mineral 
nutrition and change the concentration and composition of plant nutrients. Metals can also 
alter the conformation of proteins, including transporters, or other regulatory proteins [4].

Rice (Oryza sativa L.) is one of the most important cereal crops in most part of the world and 
is cultivated in tropical and temperate regions of the world. Rice is the staple food for half of 
the world’s population majorly for many South East Asian countries. It ranks second next to 
wheat among the most cultivated cereals in the world to feed the ever-growing population. 
The genus Oryza contains 21 wild and 2 cultivated species (Oryza sativa and O. glaberrima) 
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with 10 genome types [5, 6] O. sativa is composed of two subspecies: japonica and indica. It is 
also a model monocotyledon plant as it has a small genome, which has been sequenced (for 
both the cultivars japonica [7] and indica [8]).

Plants are sessile and its roots are exposed to various stresses like deficiency and an excess of 
mineral elements. Heavy metal contamination and accumulation in water, soil, and air due 
to various reasons has become a serious environmental problem and has greatly affected rice 
growth and quality. Heavy metals accumulated in rice are toxic to growth, metabolism, and 
development of plants. Thus, the transfer of heavy metals from soil to plants of commercial 
agricultural value, such as rice, is of great concern as it may lead to biomagnification via food 
chain causing several deleterious effects to the consumer. Heavy metals can enter the human 
body through the food chain, leading to an increased prevalence of chronic diseases, deformi-
ties and cancer. The uptake of heavy metal ions by rice plants poses a threat to the consumer’s 
health. Thus, it is important to understand the uptake and sequestration of heavy metal in the 
rice plant in order to understand the stress caused by it to the plant.

Availability of metals in soil to plants is controlled by three steps: (1) soil conditions (upland 
or flooded soil and soil solution pH); (2) mineralization (ionization and complex formation) 
and (3) uptake and efflux transporters.

In addition to genetic variation, metal uptake is sometimes limited by its bioavailability in 
the soil. The availability of metal ions like Fe, Zn, and Cd for plant uptake varies mainly 
depending on soil redox potential. Generally, rice is cultivated under flooded conditions. The 
practice of flooding paddy field increases Fe availability while decreasing Zn and Cd avail-
ability while moderate soil drying improves Zn and Cd uptake and but decreases Fe uptake 
[9]. In both drained and flooded soils, Zn mainly exists as Zn2+, while some of it binds to 
organic substances, and is immobilized as Zn-sulfide (ZnS) in the anaerobic layer of soil [10]. 
In drained acidic soils, cadmium exists in its ionized state as Cd2+ ion, whereas Cd in alkaline 
paddy field soils is present in the forms of CdCO3 and humic acid-bound Cd [11]. Flooding of 
soil immobilizes Cd as Cd-sulfide (CdS) and colloidal-bound Cd [12]. Drying of soil converts 
CdS to Cd2+ and increases its availability to plants. In acidic soil, Fe is ionized as Fe2+/Fe3+, and 
Fe in aerobic alkaline soils is immobilized as Fe(OH)3.

Both Cd and Pb are nonessential elements for plants and are toxic even at a very low concen-
trations, but are readily transported within the plants. The uptake and sequestration of Cd 
and Pb by crops is of great concern, due to their accumulation in the edible parts of the plant. 
The uptake of Cd and Pb, their transport, and accumulation by plants are strongly influenced 
by soil properties and vary with plant species [13, 14]. Cd is freely taken up by the plants and 
its uptake increases with increased external concentration. The amount of Cd accumulated 
after its uptake and its translocation to different organs varies with species and with cultivars 
within the species. The ability for uptake and sequestration of metals in different parts of the 
plants varies between different plants. There exists a huge difference in metal uptake and 
translocation between plant species and even between different cultivars of the same species 
[15]. Roots of most cereal crop plants are present at a depth of 25 cm from the soil surface from 
where the heavy metals are absorbed by the plant [16].
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Roots are the primary target for the accumulation of metals, and metals like Cd and Pb are 
accumulated mainly in roots [14]. Plants have developed several strategies to decrease metal 
ion toxicity, one of which is the cellular transport system. There are several groups of metal 
transporter proteins identified in plants.

Rice has a distinct root system. Anatomically, rice root is characterized by the two caspar-
ian strips present on the exodermis and endodermis. The apoplastic flow of water and 
movement of mineral elements is prevented in between the cell layers by casparian strips, 
which act as a barrier [17]. Also, the mature rice root has a well developed aerenchyma, 
which has well developed vascular bundles for the upstream translocation of metals and 
other mineral elements from the roots to the shoots. Apoptosis of cortical cells creates the 
aerenchyma, which has an apoplastic space and no symplastic connections. The apoplas-
tic space is connected by remaining spoke-like connections between the exodermis and 
the endodermis [18]. Thus to reach the stele, the mineral nutrients in rice roots have to be 
transported via the symplast of both the exodermis and the endodermis and also through 
the apoplast of the aerenchyma. The root tips, which lack aerenchyma and casparian strips, 
can also accumulate mineral elements but in small percentage due to their highly unde-
veloped vascular system [19]. For efficient translocation of mineral nutrition from the soil 
solution to the stele in rice, roots require cooperation between both the influx and efflux 
transporters. Transporters involved in this uptake process have been identified for some 
mineral elements, but most of them remain unknown. Thus plants take up heavy metals 
through their roots majorly via various transporters from the soil and accumulate them in 
their aerial parts.

Metal ions are transported from the soil into the root and then distributed throughout the 
plant, after crossing both cellular and organellar membranes [20]. All the characterized 
plant transporter proteins, which are responsible for metal homeostasis, are membrane 
proteins that mediate heavy metal movement through membranes. Transporters in plants 
either act at the plasma membrane to move metals into the cytoplasm or at the intracel-
lular organellar membrane to re-circulate metals from intracellular compartment into the 
cytoplasm. They are classified into different families such as natural resistance-associated 
macrophage protein (NRAMP), zinc-regulated transporter (ZIP), yellow stripe 1-like family 
(YSL), and Ctr/copper transporter (COPT) family of high-affinity Cu uptake proteins. Plant 
transporters have been identified in Arabidopsis thaliana to be involved in metal efflux from 
the cytoplasm either across the plasma membrane or into the organelles. They are classified 
into two families namely P1B-ATPase family/CPX- ATPase and cation diffusion facilitator 
(CDF) family/metal tolerance protein1 (MTP1) [21]. Similar metal transporter families are 
also present in rice.

Various such transporters have been identified in different plant species, which are involved 
in the metal uptake and sequestration process. This chapter focuses on rice plant transport-
ers that are involved in the uptake of mineral elements in roots and its sequestration into the 
vacuoles and also the biochemical changes taking place in the rice plant during abiotic stress 
due to heavy metals.
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2. ZIP family

ZIP family of transporters is named after the first proteins identified ZRT, iron-regulated 
transporter (IRT) like protein [20]. They are present in bacteria, fungus, plants, and humans. 
ZIP proteins can transport divalent cations like Fe2+, Zn+2, Mn+2 and Cd+2 [22]. Zn as such 
cannot be transported across the cell membrane, it requires specific zinc transporters for its 
transport into the cytoplasm. Generally, ZIP family of transporter proteins transport cations 
into the cell cytoplasm and play a role in cellular metal ion homeostasis. ZIP proteins gener-
ally localized at the plasma membrane and are involved in either moving metals or to remo-
bilize them from intracellular compartments into the cytoplasm [21]. In rice, 14 putative ZIP 
family of transporter proteins have been identified. It is divided into two subfamilies based 
on their amino acid sequence similarities. Zinc is taken up by these transporters as a divalent 
cation and plays role in cellular activities in the form of tetrahedral complexes as it is neither 
oxidized nor reduced [20].

IRT1 was the first member of ZIP family to be identified. It is a Fe(II) transporter and is 
involved in the uptake of iron from the soil. Studies have proved that in addition to Fe, it can 
transport Mn and Zn. IRT1 mediates Cd accumulation in iron-deficient plants. Depending 
on the plant species, there are two mechanisms for the uptake of Fe by IRT transporter from 
soil. The first strategy is used by all dicot and non-gramineous monocot plants. In this pro-
cess, iron uptake by IRT1 transporter happens after ferric Fe is reduced to ferrous Fe by ferric 
chelate reductase (FRO2) on the plasma membrane [23, 24]. The second strategy is used by 
graminaceous plants. It is characterized by the secretion of mugineic acid (MA) and forms 
mugineic acid-ferric complex followed by its uptake by IRT1 transporter [25]. Though the 
rice root does not have Fe reductase enzyme activity [26], ferrous Fe is abundantly present 
in paddy fields due to reductive status in soil. Both OsIRT1 and OsIRT2 are involved in Fe 
uptake in rice plant. They are expressed mostly in roots and induced by Fe deficiency [27]. 
OsIRT1 can only uptake Fe but not Cu.

OsZIP1 and OsZIP3 are involved in the transport of Zn but not Fe/Mn. OsZIP4, OsZIP5, and 
OsZIP8 are functional rice zinc transporters expressed on the plasma membrane [28]. OsZIP1 
and OsZIP3 are upregulated in roots and shoots upon Zn deprivation. Zn deficiency upregu-
lates OsZIP2 only in roots [27], whereas Zn deficiency upregulates OsZIP5 and OsZIP7 in rice 
shoots. In the mature rice plant, OsZIP7a and OsZIP8 are expressed constitutively and weakly 
in roots, culms, leaves and flowering spikes [29]. Expression of OsZIP9 is also induced by Zn 
deficiency and it complements the absence of OsZIP5. OsZIP4 is expressed in Zn deficient 
shoots and roots especially in phloem cells and meristems. Zn deficiency induces the expres-
sion of OsZIP8 in both roots and shoots. Expression of OsZIP5 is relatively higher in roots 
than in shoots and is specific to zinc [27]. OsZIP4 is localized to the plasma membrane. It is a 
Zn-regulated Zn transporter involved in the transport of Zn. It controls the supply of Zn to 
developing young leaves and is involved in remobilization of Zn from old to young leaves [28].

In rice Zn transporters OsZIP1, OsZIP3, OsZIP4, and OsZIP5 are induced by Zn deficiency 
[26, 27, 30]. OsZIP1, OsZIP3, and OsZIP4 are expressed in the vascular bundles in both rice 
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macrophage protein (NRAMP), zinc-regulated transporter (ZIP), yellow stripe 1-like family 
(YSL), and Ctr/copper transporter (COPT) family of high-affinity Cu uptake proteins. Plant 
transporters have been identified in Arabidopsis thaliana to be involved in metal efflux from 
the cytoplasm either across the plasma membrane or into the organelles. They are classified 
into two families namely P1B-ATPase family/CPX- ATPase and cation diffusion facilitator 
(CDF) family/metal tolerance protein1 (MTP1) [21]. Similar metal transporter families are 
also present in rice.

Various such transporters have been identified in different plant species, which are involved 
in the metal uptake and sequestration process. This chapter focuses on rice plant transport-
ers that are involved in the uptake of mineral elements in roots and its sequestration into the 
vacuoles and also the biochemical changes taking place in the rice plant during abiotic stress 
due to heavy metals.
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2. ZIP family

ZIP family of transporters is named after the first proteins identified ZRT, iron-regulated 
transporter (IRT) like protein [20]. They are present in bacteria, fungus, plants, and humans. 
ZIP proteins can transport divalent cations like Fe2+, Zn+2, Mn+2 and Cd+2 [22]. Zn as such 
cannot be transported across the cell membrane, it requires specific zinc transporters for its 
transport into the cytoplasm. Generally, ZIP family of transporter proteins transport cations 
into the cell cytoplasm and play a role in cellular metal ion homeostasis. ZIP proteins gener-
ally localized at the plasma membrane and are involved in either moving metals or to remo-
bilize them from intracellular compartments into the cytoplasm [21]. In rice, 14 putative ZIP 
family of transporter proteins have been identified. It is divided into two subfamilies based 
on their amino acid sequence similarities. Zinc is taken up by these transporters as a divalent 
cation and plays role in cellular activities in the form of tetrahedral complexes as it is neither 
oxidized nor reduced [20].

IRT1 was the first member of ZIP family to be identified. It is a Fe(II) transporter and is 
involved in the uptake of iron from the soil. Studies have proved that in addition to Fe, it can 
transport Mn and Zn. IRT1 mediates Cd accumulation in iron-deficient plants. Depending 
on the plant species, there are two mechanisms for the uptake of Fe by IRT transporter from 
soil. The first strategy is used by all dicot and non-gramineous monocot plants. In this pro-
cess, iron uptake by IRT1 transporter happens after ferric Fe is reduced to ferrous Fe by ferric 
chelate reductase (FRO2) on the plasma membrane [23, 24]. The second strategy is used by 
graminaceous plants. It is characterized by the secretion of mugineic acid (MA) and forms 
mugineic acid-ferric complex followed by its uptake by IRT1 transporter [25]. Though the 
rice root does not have Fe reductase enzyme activity [26], ferrous Fe is abundantly present 
in paddy fields due to reductive status in soil. Both OsIRT1 and OsIRT2 are involved in Fe 
uptake in rice plant. They are expressed mostly in roots and induced by Fe deficiency [27]. 
OsIRT1 can only uptake Fe but not Cu.

OsZIP1 and OsZIP3 are involved in the transport of Zn but not Fe/Mn. OsZIP4, OsZIP5, and 
OsZIP8 are functional rice zinc transporters expressed on the plasma membrane [28]. OsZIP1 
and OsZIP3 are upregulated in roots and shoots upon Zn deprivation. Zn deficiency upregu-
lates OsZIP2 only in roots [27], whereas Zn deficiency upregulates OsZIP5 and OsZIP7 in rice 
shoots. In the mature rice plant, OsZIP7a and OsZIP8 are expressed constitutively and weakly 
in roots, culms, leaves and flowering spikes [29]. Expression of OsZIP9 is also induced by Zn 
deficiency and it complements the absence of OsZIP5. OsZIP4 is expressed in Zn deficient 
shoots and roots especially in phloem cells and meristems. Zn deficiency induces the expres-
sion of OsZIP8 in both roots and shoots. Expression of OsZIP5 is relatively higher in roots 
than in shoots and is specific to zinc [27]. OsZIP4 is localized to the plasma membrane. It is a 
Zn-regulated Zn transporter involved in the transport of Zn. It controls the supply of Zn to 
developing young leaves and is involved in remobilization of Zn from old to young leaves [28].

In rice Zn transporters OsZIP1, OsZIP3, OsZIP4, and OsZIP5 are induced by Zn deficiency 
[26, 27, 30]. OsZIP1, OsZIP3, and OsZIP4 are expressed in the vascular bundles in both rice 
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shoot and root and only in the epidermal cells in rice root [26, 30]. OsIRT1, OsZIP5, and 
OsZIP4 are upregulated in Zn-deficient roots and OsZIP4, OsZIP5 and OsZIP7 are upregu-
lated in Zn deficient shoots [28].

OsZIP4 is expressed in the vascular bundles in rice root and shoot and also root and shoot 
meristem during Zn deficiency. Basically, OsZIP1 and OsZIP3 are involved in Zn uptake 
in roots and Zn homeostasis in shoots [30]. OsZIP4 transports Zn, specifically into vascular 
bundles and meristem [28]. OsZIP6 is transcriptionally activated in the shoot and root tissues 
in response to the deficiency in Fe2+, Zn2+, and Mn2+. Ion transport by OsZIP6 is pH dependent 
and enhanced transport is observed at acidic pH. OsZIP6 is involved in iron uptake in roots 
and transport of Fe, Zn, and Mn in the shoots of rice [31]. OsZIP1 and OsZIP3 transport only 
Zn2+ and not Fe2+ or Mn2+ [30], OsZIP4 transports Zn2+ and not Fe2+ [28] and OsIRT1 simi-
larly transports Fe2+ and not Cu2+ [32]. OsZIP6 transports at least three transition metal ions, 
namely, Fe2+, Co2+, and Cd2+. Substrate affinity for OsZIP6 is in the order Co2+ > Cd2+ > Fe2+. ZIP 
transporters show both high and low affinity transport [31]. In rice, zinc transporter OsZIP1 
exhibits enhanced transport at pH 4.7, in contrast to OsZIP3, where maximum activity is 
observed at pH 6.0 [30]. OsZIP6 is expressed in both roots and shoots at maximum tillering 
and mid-grain filling stages [33]. OsZIP8 is a plasma membrane zinc transporter in rice that 
functions in Zn uptake and distribution. During Zn deficiency, it is highly upregulated in 
shoots and roots [27].

In rice seed, Zn is present in the embryo, endosperm, and the aleurone layer. The Zn content 
is specifically high in the embryo [34]. During germination, Zn content in the endosperm 
decreases, while Zn content increases in the radicle and leaf primordium. Zn content increases 
in the scutellum and its vascular bundle after 24 hrs of sowing [34]. During germination, 
expression of ZIP family of transporter members decreases [35]. In the embryo meristematic 
tissues, Zn accumulation is limited. For such a partial localization of Zn, a decrease in OsZIP 
family transcripts is required. Different rice genotypes vary mainly in their efficiency to uti-
lize Zn and in their grain Zn contents [36]. Thus, the wrong expression of ZIPs could lead to 
the irregular distribution of the essential micronutrients in the plant.

3. Yellow stripe-like (YSL) proteins

Though iron is abundant in the earth’s crust, it is mostly unavailable to plants because, at a neu-
tral pH, it forms insoluble ferric oxide complexes in aerobic environment [37]. Graminaceous 
plants use the chelation-based strategy II. In response to Fe deficiency, these plant cells release 
phytosiderophores (PSs), which belong to the mugineic acid (MA) family and are derived 
from the precursor nicotianamine (NA). These molecules bind to Fe(III) and specific plasma 
membrane transporter proteins to import the Fe(III)-PS complexes [38]. The molecular mecha-
nism controlling Fe(III)-uptake was elucidated by cloning the membrane transporter from the 
maize yellow stripe 1 (ys1) mutant, which showed characteristic interveinal chlorosis or yel-
low patches [39]. Because that mutant is deficient in Fe(III)-PS uptake, it has been  suggested 
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that YS1 is the Fe(III)-PS transporter. The YS1 protein is upregulated by Fe deficiencies in 
roots and shoots, and functions as a proton-coupled symporter to transport Fe(III)-PS [40].

Similar to maize YS1 gene sequence, 18 such genes have been putatively identified in rice 
and named as yellow stripe-like (YSL) genes [41]. Though YSL is part of the larger oligo-
peptide transporter (OPT) family, which is also present in fungi [42], but YSL transporter 
family members can only be found in plants [43]. YSL family of transporters cannot trans-
port free metals as such but can transport only metals along with nicotianamine (NA) or its 
derivatives [42]. Nicotianamine is a precursor of phytosiderophores, which are high-affinity 
Fe ligands exclusively synthesized by Poaceae species and excreted by roots for the che-
lation and acquisition of Fe [41]. NA is a non-proteogenic amino acid, synthesized from 
S-adenosyl-methionine by the enzyme NA synthase (NAS) [44]. It is a structural analog of 
2′-deoxymugineic acid (DMA), which is formed by NA aminotransferase (NAAT) and DMA 
synthase (DMAS) [45]. In monocot plants, YSL transporters are associated with metal uptake 
from the soil, while in both monocots and dicots plants they are involved in long-distance 
metal translocation [46].

In rice, OsYSL2 transports Fe(II)-NA complex and Mn(II)-NA complex and is mainly 
expressed in the phloem cells of the vascular bundles, especially in the companion cells of 
Fe-deficient leaves [47]. It also mediates long-distance transport of manganese, especially to 
the grain [47, 48]. The expression of OsYSL2 is induced by Fe deficiency in the leaves but not 
in the roots. OsYSL2 is important for Fe translocation at the early stage of growth [35] also 
important for long-distance transport during grain filling, particularly for Fe translocation to 
the endosperm [48].

OsYSL15 is localized to the plasma membrane and mediates the uptake of MA-Fe complex 
[49]. Fe deficiency induces OsYSL15 in roots but is unaffected by Zn, Mn or Cu deficiency 
[49]. Under Fe deficiency, OsYSL15 is expressed in the epidermis, endodermis, cortex, and 
vascular bundles of the roots and leaves [49]. The OsYSL15 transporter contribution in paddy 
soil is little as the secreted MA diffuses out of the rhizosphere. In neutral and alkaline soils, 
Fe3+ binds to mineral and organic substances strongly such that ions are hardly available to 
plants and the iron is solubilized by forming a complex with a phytosiderophore, DMA [50], 
which is excreted by rice roots by OsTOM1 (rice DMA effluxer) [51]. Fe(III)-DMA complexes 
in the soil solution is then taken up by OsYSL15 [49]. Under flooded conditions, rice plants 
may absorb both Fe(III)-DMA and Fe2+ [26].

OsYSL16 is a Cu-NA transporter which delivers Cu to the developing tissues and seeds 
through phloem transport. During vegetative growth, OsYSL16 is expressed in the roots, 
leaves, and unelongated nodes and during the reproductive stage, it is highly expressed in 
the upper nodes [52].

Among the 18 OsYSL genes in rice, OsYSL15 transports Fe(III)-DMA and Fe(II)-NA [49]. 
OsYSL15 expression is strongly induced in the roots and shoots by Fe deficiency. OsYSL2, 
induced by Fe deficiency, is localized to the plasma membrane and transports Fe(II)-NA and 
Mn(II)-NA, but not Fe(III)-DMA [47]. OsYSL18 is a transporter of Fe(III)-DMA but not of 
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shoot and root and only in the epidermal cells in rice root [26, 30]. OsIRT1, OsZIP5, and 
OsZIP4 are upregulated in Zn-deficient roots and OsZIP4, OsZIP5 and OsZIP7 are upregu-
lated in Zn deficient shoots [28].

OsZIP4 is expressed in the vascular bundles in rice root and shoot and also root and shoot 
meristem during Zn deficiency. Basically, OsZIP1 and OsZIP3 are involved in Zn uptake 
in roots and Zn homeostasis in shoots [30]. OsZIP4 transports Zn, specifically into vascular 
bundles and meristem [28]. OsZIP6 is transcriptionally activated in the shoot and root tissues 
in response to the deficiency in Fe2+, Zn2+, and Mn2+. Ion transport by OsZIP6 is pH dependent 
and enhanced transport is observed at acidic pH. OsZIP6 is involved in iron uptake in roots 
and transport of Fe, Zn, and Mn in the shoots of rice [31]. OsZIP1 and OsZIP3 transport only 
Zn2+ and not Fe2+ or Mn2+ [30], OsZIP4 transports Zn2+ and not Fe2+ [28] and OsIRT1 simi-
larly transports Fe2+ and not Cu2+ [32]. OsZIP6 transports at least three transition metal ions, 
namely, Fe2+, Co2+, and Cd2+. Substrate affinity for OsZIP6 is in the order Co2+ > Cd2+ > Fe2+. ZIP 
transporters show both high and low affinity transport [31]. In rice, zinc transporter OsZIP1 
exhibits enhanced transport at pH 4.7, in contrast to OsZIP3, where maximum activity is 
observed at pH 6.0 [30]. OsZIP6 is expressed in both roots and shoots at maximum tillering 
and mid-grain filling stages [33]. OsZIP8 is a plasma membrane zinc transporter in rice that 
functions in Zn uptake and distribution. During Zn deficiency, it is highly upregulated in 
shoots and roots [27].

In rice seed, Zn is present in the embryo, endosperm, and the aleurone layer. The Zn content 
is specifically high in the embryo [34]. During germination, Zn content in the endosperm 
decreases, while Zn content increases in the radicle and leaf primordium. Zn content increases 
in the scutellum and its vascular bundle after 24 hrs of sowing [34]. During germination, 
expression of ZIP family of transporter members decreases [35]. In the embryo meristematic 
tissues, Zn accumulation is limited. For such a partial localization of Zn, a decrease in OsZIP 
family transcripts is required. Different rice genotypes vary mainly in their efficiency to uti-
lize Zn and in their grain Zn contents [36]. Thus, the wrong expression of ZIPs could lead to 
the irregular distribution of the essential micronutrients in the plant.

3. Yellow stripe-like (YSL) proteins

Though iron is abundant in the earth’s crust, it is mostly unavailable to plants because, at a neu-
tral pH, it forms insoluble ferric oxide complexes in aerobic environment [37]. Graminaceous 
plants use the chelation-based strategy II. In response to Fe deficiency, these plant cells release 
phytosiderophores (PSs), which belong to the mugineic acid (MA) family and are derived 
from the precursor nicotianamine (NA). These molecules bind to Fe(III) and specific plasma 
membrane transporter proteins to import the Fe(III)-PS complexes [38]. The molecular mecha-
nism controlling Fe(III)-uptake was elucidated by cloning the membrane transporter from the 
maize yellow stripe 1 (ys1) mutant, which showed characteristic interveinal chlorosis or yel-
low patches [39]. Because that mutant is deficient in Fe(III)-PS uptake, it has been  suggested 
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that YS1 is the Fe(III)-PS transporter. The YS1 protein is upregulated by Fe deficiencies in 
roots and shoots, and functions as a proton-coupled symporter to transport Fe(III)-PS [40].

Similar to maize YS1 gene sequence, 18 such genes have been putatively identified in rice 
and named as yellow stripe-like (YSL) genes [41]. Though YSL is part of the larger oligo-
peptide transporter (OPT) family, which is also present in fungi [42], but YSL transporter 
family members can only be found in plants [43]. YSL family of transporters cannot trans-
port free metals as such but can transport only metals along with nicotianamine (NA) or its 
derivatives [42]. Nicotianamine is a precursor of phytosiderophores, which are high-affinity 
Fe ligands exclusively synthesized by Poaceae species and excreted by roots for the che-
lation and acquisition of Fe [41]. NA is a non-proteogenic amino acid, synthesized from 
S-adenosyl-methionine by the enzyme NA synthase (NAS) [44]. It is a structural analog of 
2′-deoxymugineic acid (DMA), which is formed by NA aminotransferase (NAAT) and DMA 
synthase (DMAS) [45]. In monocot plants, YSL transporters are associated with metal uptake 
from the soil, while in both monocots and dicots plants they are involved in long-distance 
metal translocation [46].

In rice, OsYSL2 transports Fe(II)-NA complex and Mn(II)-NA complex and is mainly 
expressed in the phloem cells of the vascular bundles, especially in the companion cells of 
Fe-deficient leaves [47]. It also mediates long-distance transport of manganese, especially to 
the grain [47, 48]. The expression of OsYSL2 is induced by Fe deficiency in the leaves but not 
in the roots. OsYSL2 is important for Fe translocation at the early stage of growth [35] also 
important for long-distance transport during grain filling, particularly for Fe translocation to 
the endosperm [48].

OsYSL15 is localized to the plasma membrane and mediates the uptake of MA-Fe complex 
[49]. Fe deficiency induces OsYSL15 in roots but is unaffected by Zn, Mn or Cu deficiency 
[49]. Under Fe deficiency, OsYSL15 is expressed in the epidermis, endodermis, cortex, and 
vascular bundles of the roots and leaves [49]. The OsYSL15 transporter contribution in paddy 
soil is little as the secreted MA diffuses out of the rhizosphere. In neutral and alkaline soils, 
Fe3+ binds to mineral and organic substances strongly such that ions are hardly available to 
plants and the iron is solubilized by forming a complex with a phytosiderophore, DMA [50], 
which is excreted by rice roots by OsTOM1 (rice DMA effluxer) [51]. Fe(III)-DMA complexes 
in the soil solution is then taken up by OsYSL15 [49]. Under flooded conditions, rice plants 
may absorb both Fe(III)-DMA and Fe2+ [26].

OsYSL16 is a Cu-NA transporter which delivers Cu to the developing tissues and seeds 
through phloem transport. During vegetative growth, OsYSL16 is expressed in the roots, 
leaves, and unelongated nodes and during the reproductive stage, it is highly expressed in 
the upper nodes [52].

Among the 18 OsYSL genes in rice, OsYSL15 transports Fe(III)-DMA and Fe(II)-NA [49]. 
OsYSL15 expression is strongly induced in the roots and shoots by Fe deficiency. OsYSL2, 
induced by Fe deficiency, is localized to the plasma membrane and transports Fe(II)-NA and 
Mn(II)-NA, but not Fe(III)-DMA [47]. OsYSL18 is a transporter of Fe(III)-DMA but not of 

Heavy Metal and Mineral Element-Induced Abiotic Stress in Rice Plant
http://dx.doi.org/10.5772/intechopen.76080

155



Fe(II)-NA [53]. Its expression in flowers and the phloem of lamina joints indicates that it is 
involved in translocating Fe to the reproductive organs and phloem joints.

Expression of OsYSL2, OsYSL9 and OsYSL15 genes increases when Fe is limited. OsYSL9 
is induced by Fe deficiency in the shoots but not the roots. On the other hand, OsYSL16 is 
constitutively expressed in both roots and shoots at levels similar to OsYSL2, OsYSL9 and 
OsYSL15 genes, but the alteration of Fe concentration has not shown any effect on the expres-
sion of OsYSL16 [47].

OsYSL13 is mostly expressed in the shoots, and its expression is reduced under Fe deficient 
conditions. OsYSL14 is expressed in both roots and shoots irrespective of the external Fe con-
centration. OsYSL15 is expressed only in roots and Fe deficiency highly induces its expres-
sion. OsYSL16 is expressed in both roots and shoots, and Fe deficiency slightly increases its 
expression in roots.

OsYSL2 is localized in the plasma membrane. It is not a Fe(III)-phytosiderophore transporter 
which is involved in the uptake of Fe from the soil [47]. In rice plant, OsYSL2 is expressed 
in the root companion cells and leaves phloem. OsYSL2 can also transport manganese-NA 
complex [47].

OsYSL6 is required for detoxification of excess Mn in rice thus helps in Mn tolerance. 
Irrespective of the Fe status, OsYSL6 is constitutively expressed in both roots and leaves. 
While OsYSL6 expression is slightly reduced under Fe-deficiency condition. The expression 
level increases with leaf age. This pattern is similar for Mn concentration in the different 
leaves [48].

YSL16 is a plasma membrane-localized transporter and is directly involved in distribution 
and remobilization of Cu as Cu-NA complex in the developing tissues and rice seed. It loads 
Cu-NA complex into the phloem, which is required for remobilization of Cu from older 
leaves to developing tissues like young leaves and seeds [52]. OsYSL16 is expressed in many 
cell types and is more preferentially expressed in the vascular tissues of roots and leaves. It 
has been studied that enhanced tolerance to a low-Fe environment can be achieved through 
over expression of OsYSL16.

OsYSL18 is a Fe(III)-DMA transporter which is involved in Fe distribution mediated by DMA 
in the reproductive organs, lamina joints, and phloem cells at the leaf sheath base. It is local-
ized in the plasma membrane [54]. The other remaining putative OsYSL transporters in rice 
need to be functionally characterized in future.

4. Ctr/COPT family: copper transporter

This family of transporters is found only in eukaryotes. In plants, it is known as COPT trans-
porters [55] and in animals and fungi as Ctr [56]. COPT family of proteins are important for 
copper uptake from soil and its transport to pollen in plants [57]. COPT proteins are localized 
on the plasma membrane and are involved in the transport of Cu from extracellular spaces 
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into cytosol or vacuoles or are localized on the lysosomal membrane and are involved in the 
supply of Cu from vacuoles or lysosomes to the cytosol [58].

The COPT family of transporters in rice consists of seven members: COPT1–COPT7. In rice 
plant, COPT proteins are specifically involved in Cu transport. It can transport only Cu(I) 
but not other bivalent ions such as Mn, Zn or Fe. In rice plant, COPT1–COPT7 are plasma 
membrane-localized proteins. As these transporters can form symmetrical homotrimer or 
heterotrimer structure with a diameter that is only suitable for Cu(I) transport and not other 
divalent ions [59] or heterocomplex with themselves or each other [60] or heterocomplex with 
other proteins which are involved in Cu transport [61].

COPT1 and COPT5 can exist as homodimers or a heterodimer. Only COPT1 and COPT5 bind 
to rice XA13 protein, a protein which is susceptible to pathogenic bacterium Xanthomonas 
oryzae pv. Oryzae (Xoo) [61] and mediate Cu transport in rice plant. In rice plant, all the COPTs 
except COPT1 and COPT5, function independently or together and mediate Cu transport in 
different tissues. COPT6 acts as a cofactor and aids the efficient localization of COPT2, COPT3 
or COPT4 to the plasma membrane for mediating Cu transport. COPT1 and COPT5 show 
similar tissue and also develop-specific expression patterns. When compared to the sheath, 
stem, and panicle expression levels of these two genes, they have a higher level of expression 
in root and leaf tissues. COPT4 has higher expression level in root in comparison to other tis-
sues. COPT1, COPT4, and COPT5 have higher expression level in young leaves than in old 
leaves, particularly COPT1 and COPT4. COPT2, COPT3, and COPT7 show higher expression 
levels in old leaves when compared with young leaves. COPT6 is not expressed in root and is 
highly expressed in leaf than in other tissues. COPT6 is constitutively expressed in different-
aged leaves but has a low level of expression in shoot tissue at seedling stage. The expression 
of rice COPT1 and COPT5 are induced by Cu deficiency and suppressed by excess Cu in 
both shoot and root tissues. COPT1 and COPT5 together mediate Cu transport in rice plant 
[61]. The expression of rice COPT2, COPT3, COPT4, COPT6, and COPT7, is also affected by 
the variation in Cu levels. In both root and shoot tissues, COPT7 shows a similar response 
as COPT1 and COPT5 to Cu deficiency and overdose. In different-aged leaves of a mature 
plant, COPT6 is constitutively expressed while in the seedling stage, the shoot tissue has low 
expression levels. In shoot, COPT6 is induced under Cu deficiency state and suppressed in Cu 
overdose but no COPT6 expression is detected in root either with or without Cu deficiency. 
Cu overdose suppresses the expression of COPT2, COPT3, and COPT4 in both root and shoot 
tissues but their expression is not influenced by Cu deficiency. Expression of COPTs is also 
influenced by other bivalent cations. Mn deficiency induces expression of COPT1 in root and 
COPT3 and COPT7 in shoot and slightly suppresses the expression of COPT2 and COPT4 in 
root. The expression of COPT1, COPT5, and COPT7 is induced by Zn deficiency and COPT4 
expression is slightly suppressed in the root. Zn deficiency also induces the expression of 
COPT5, COPT6, and COPT7 in the shoot. In root, Fe deficiency moderately induces COPT1 
and suppresses COPT2 and COPT5 while in the shoot, it induces COPT2, COPT5, COPT6, 
and COPT7. In root, no COPT6 expression has been found either in the presence or absence 
of Mn, Zn, or Fe deficiency. COPT family of transporter proteins functions uniquely in dif-
ferent tissues, during various developmental stages, and in different environmental condi-
tions. In rice plant, COPT2, COPT3, COPT4, COPT6 and COPT7 mediate Cu transport either 
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Fe(II)-NA [53]. Its expression in flowers and the phloem of lamina joints indicates that it is 
involved in translocating Fe to the reproductive organs and phloem joints.

Expression of OsYSL2, OsYSL9 and OsYSL15 genes increases when Fe is limited. OsYSL9 
is induced by Fe deficiency in the shoots but not the roots. On the other hand, OsYSL16 is 
constitutively expressed in both roots and shoots at levels similar to OsYSL2, OsYSL9 and 
OsYSL15 genes, but the alteration of Fe concentration has not shown any effect on the expres-
sion of OsYSL16 [47].

OsYSL13 is mostly expressed in the shoots, and its expression is reduced under Fe deficient 
conditions. OsYSL14 is expressed in both roots and shoots irrespective of the external Fe con-
centration. OsYSL15 is expressed only in roots and Fe deficiency highly induces its expres-
sion. OsYSL16 is expressed in both roots and shoots, and Fe deficiency slightly increases its 
expression in roots.

OsYSL2 is localized in the plasma membrane. It is not a Fe(III)-phytosiderophore transporter 
which is involved in the uptake of Fe from the soil [47]. In rice plant, OsYSL2 is expressed 
in the root companion cells and leaves phloem. OsYSL2 can also transport manganese-NA 
complex [47].

OsYSL6 is required for detoxification of excess Mn in rice thus helps in Mn tolerance. 
Irrespective of the Fe status, OsYSL6 is constitutively expressed in both roots and leaves. 
While OsYSL6 expression is slightly reduced under Fe-deficiency condition. The expression 
level increases with leaf age. This pattern is similar for Mn concentration in the different 
leaves [48].

YSL16 is a plasma membrane-localized transporter and is directly involved in distribution 
and remobilization of Cu as Cu-NA complex in the developing tissues and rice seed. It loads 
Cu-NA complex into the phloem, which is required for remobilization of Cu from older 
leaves to developing tissues like young leaves and seeds [52]. OsYSL16 is expressed in many 
cell types and is more preferentially expressed in the vascular tissues of roots and leaves. It 
has been studied that enhanced tolerance to a low-Fe environment can be achieved through 
over expression of OsYSL16.

OsYSL18 is a Fe(III)-DMA transporter which is involved in Fe distribution mediated by DMA 
in the reproductive organs, lamina joints, and phloem cells at the leaf sheath base. It is local-
ized in the plasma membrane [54]. The other remaining putative OsYSL transporters in rice 
need to be functionally characterized in future.

4. Ctr/COPT family: copper transporter

This family of transporters is found only in eukaryotes. In plants, it is known as COPT trans-
porters [55] and in animals and fungi as Ctr [56]. COPT family of proteins are important for 
copper uptake from soil and its transport to pollen in plants [57]. COPT proteins are localized 
on the plasma membrane and are involved in the transport of Cu from extracellular spaces 
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into cytosol or vacuoles or are localized on the lysosomal membrane and are involved in the 
supply of Cu from vacuoles or lysosomes to the cytosol [58].

The COPT family of transporters in rice consists of seven members: COPT1–COPT7. In rice 
plant, COPT proteins are specifically involved in Cu transport. It can transport only Cu(I) 
but not other bivalent ions such as Mn, Zn or Fe. In rice plant, COPT1–COPT7 are plasma 
membrane-localized proteins. As these transporters can form symmetrical homotrimer or 
heterotrimer structure with a diameter that is only suitable for Cu(I) transport and not other 
divalent ions [59] or heterocomplex with themselves or each other [60] or heterocomplex with 
other proteins which are involved in Cu transport [61].

COPT1 and COPT5 can exist as homodimers or a heterodimer. Only COPT1 and COPT5 bind 
to rice XA13 protein, a protein which is susceptible to pathogenic bacterium Xanthomonas 
oryzae pv. Oryzae (Xoo) [61] and mediate Cu transport in rice plant. In rice plant, all the COPTs 
except COPT1 and COPT5, function independently or together and mediate Cu transport in 
different tissues. COPT6 acts as a cofactor and aids the efficient localization of COPT2, COPT3 
or COPT4 to the plasma membrane for mediating Cu transport. COPT1 and COPT5 show 
similar tissue and also develop-specific expression patterns. When compared to the sheath, 
stem, and panicle expression levels of these two genes, they have a higher level of expression 
in root and leaf tissues. COPT4 has higher expression level in root in comparison to other tis-
sues. COPT1, COPT4, and COPT5 have higher expression level in young leaves than in old 
leaves, particularly COPT1 and COPT4. COPT2, COPT3, and COPT7 show higher expression 
levels in old leaves when compared with young leaves. COPT6 is not expressed in root and is 
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as COPT1 and COPT5 to Cu deficiency and overdose. In different-aged leaves of a mature 
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solely or cooperatively with each other. In different tissues of rice plant COPT2, COPT3, or 
COPT4 function along with COPT6 for Cu transport except in root. Expression of COPT2, 
COPT3, COPT4, and COPT6 has been observed in stem, sheath, leaf, and panicle tissues. Root 
shows relatively high expression levels of COPT3 and COPT4 but no expression of COPT6. 
In leaves, the expression of COPT2, COPT3, and COPT4 is developmentally regulated but 
not that of COPT6. In rice shoot, Cu deficiency strongly induces the expression of COPT6 but 
not COPT2, COPT3, and COPT4. COPT7 mediates Cu transport in rice all by itself. Based on 
its expression pattern, it has been suggested that COPT7 functions in different tissues and is 
unaffected by Cu deficiency [62].

5. NRAMP family

Natural resistance-associated macrophage protein (NRAMP) family of transporters are found 
in the three domains of life [63]. NRAMP transporters have a wide range of metal substrates, 
typically transport Fe+2, Mn+2, Co+2, and Zn+2 [63].

The first plant NRAMP genes cloned were from rice [64]. In rice, there are seven Nramp 
transporters, OsNRAMP1-OsNRAMP7. Though, not all have been functionally characterized 
[63]. Many of the NRAMP family proteins function as Fe transporters. OsNRAMP1 is highly 
upregulated by Fe deficiency. OsNRAMP1 is a plasma membrane-localized transporter and 
is involved in the transport of Cd and Fe. OsNRAMP1 expression is observed mainly in roots 
at the vegetative state and is involved in cellular uptake of Cd and is responsible for high Cd 
accumulation in rice [65]. The differences observed in Cd accumulation among different rice 
cultivars are because of differences in OsNRAMP1 expression levels in roots [65]. OsNRAMP1 
expression is higher during the reproductive stage in leaf blade and stem.

OsNRAMP3 is localized to the plasma membrane and is specifically expressed in vascular 
bundles, particularly in companion cells of phloem. OsNRAMP3 is constitutively expressed 
in the rice node [66]. OsNRAMP3 is a Mn-influx transporter involved in Mn distribution and 
redistribution to young leaves from old leaf via phloem cells. With leaf aging, the expression 
of OsNRAMP3 in leaves increases slightly in rice plants. OsNRAMP3 transports Mn from 
the enlarged vascular bundles to the younger tissues and panicles during Mn deficiency in 
order to meet its minimal growth requirement. On the other hand, when Mn is in excess, 
OsNRAMP3 is internalized in vesicles and rapidly degraded. Then, Mn is preferentially 
loaded into the older leaves, which are directly connected to the enlarged vascular bundles, 
thereby protecting the developing tissues from Mn toxicity. This indicates the role of post-
translational regulation of OsNRAMP3 in response to environmental nutrient availability. 
Rice plant utilizes OsNRAMP3 to respond to environmental changes to Mn availability. 
OsNRAMP3 is involved in Mn translocation but not Mn uptake [67].

OsNRAMP4 is also known as Nramp aluminum transporter1 (Nrat1) is the first transporter 
in this family to be identified as the trivalent Al ion transporter [68]. In contrast to other rice 
NRAMP members, OsNRAMP4 does not show transport activity for other divalent metal 
ions, like Zn, Mn, and Fe. It also shares relatively low similarity with the other OsNRAMP 
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members [68]. NRAT1 plays an important role in rice Al tolerance by reducing the level of 
toxic Al in the root cell wall and transporting Al into the root cell vacuole for sequestration. 
Rice is the most Al tolerant of all the cereal crops and OsNRAMP4 plays an important role in 
this [69].

OsNRAMP5 is a plasma membrane protein involved in Mn and Fe transport [70]. OsNRAMP5 
gene expression increases slightly in the roots when plants are under Fe or Zn deficiency but 
varying levels of Mn in the surrounding does not affect it [71]. It is expressed in the mature 
root zone at the PM of the exodermal and endodermal layers [70, 71]. OsNRAMP5 in rice 
plant is essential for the uptake of Mn from the soil. In rice plant, OsNRAMP5 is constitutively 
involved in Fe and Mn uptake, it also plays a role in Fe and Mn transport during flowering 
and seed development [70].

OsNRAMP5 is highly expressed in hulls. It is also expressed in leaves but the expression 
level decreases with leaf age. In rice plant, OsNRAMP5 transporter is present in the vascu-
lar bundles of roots and shoots particularly the parenchyma cells surrounding the xylem. 
OsNRAMP5 is also highly expressed in stele cells especially in the xylem region, thus plays 
an important role in the xylem-mediated root-to-shoot transport. Thus OsNRAMP5 plays an 
important role in the uptake, translocation, and distribution of Mn in rice plants. OsNRAMP5 
is highly expressed in stele cells especially in the xylem region, thus plays an important role 
in the xylem-mediated root-to-shoot transport [72]. OsNRAMP5 is a major transporter for Cd 
uptake in rice [71].

Recently, OsNRAMP6 has been identified to be involved in uptake of Fe and Mn. It is a 
plasma membrane-localized protein. It negatively regulates the rice plant immunity as loss of 
its function results in increased resistance against M. oryzae [73].

6. Heavy metal ATPases (HMAs)

The P1B-type ATPases, known as heavy metal ATPases (HMAs) in plants, play an important 
role in metal transport. HMAs vary in their tissue distribution, subcellular localization, and 
metal specificity. HMA transporters can be divided into two subgroups based on their metal-
substrate specificity, they are Cu/Ag group and Zn/Co/Cd/Pb group. Rice plant has nine 
such HMA genes. OsHMA1–OsHMA3 are members of the Zn/Co/Cd/Pb subgroup in rice. 
Unlike dicots, only a few reports on HMAs from monocots are available. OsHMA2 plays an 
important role in root-to-shoot translocation of Zn and Cd and participates in their transport 
to developing seeds in rice. OsHMA9 phylogenetically belongs to the Cu/Ag subgroup but 
also plays a role in Zn, Cd, and Pb transport [74]. OsHMA3 transports only Cd and in root 
cells is involved in the sequestration of Cd into vacuoles [75, 76]. OsHMA3 has been identi-
fied as a responsive gene for quantitative trait loci of Cd concentration in the rice cultivars 
Anjana Dhan and Cho-kokoku, and loss of function of this protein leads to high Cd accu-
mulation in the shoots [75–77]. There is little information available on the role of OsHMA1 
and is thought to be involved in Zn transport. OsHMA1 expression in shoot tissue is highly 
upregulated by Zn deficiency [78]. OsHMA1 is suggested to play a role in Zn transport in the 
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redistribution to young leaves from old leaf via phloem cells. With leaf aging, the expression 
of OsNRAMP3 in leaves increases slightly in rice plants. OsNRAMP3 transports Mn from 
the enlarged vascular bundles to the younger tissues and panicles during Mn deficiency in 
order to meet its minimal growth requirement. On the other hand, when Mn is in excess, 
OsNRAMP3 is internalized in vesicles and rapidly degraded. Then, Mn is preferentially 
loaded into the older leaves, which are directly connected to the enlarged vascular bundles, 
thereby protecting the developing tissues from Mn toxicity. This indicates the role of post-
translational regulation of OsNRAMP3 in response to environmental nutrient availability. 
Rice plant utilizes OsNRAMP3 to respond to environmental changes to Mn availability. 
OsNRAMP3 is involved in Mn translocation but not Mn uptake [67].

OsNRAMP4 is also known as Nramp aluminum transporter1 (Nrat1) is the first transporter 
in this family to be identified as the trivalent Al ion transporter [68]. In contrast to other rice 
NRAMP members, OsNRAMP4 does not show transport activity for other divalent metal 
ions, like Zn, Mn, and Fe. It also shares relatively low similarity with the other OsNRAMP 
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members [68]. NRAT1 plays an important role in rice Al tolerance by reducing the level of 
toxic Al in the root cell wall and transporting Al into the root cell vacuole for sequestration. 
Rice is the most Al tolerant of all the cereal crops and OsNRAMP4 plays an important role in 
this [69].

OsNRAMP5 is a plasma membrane protein involved in Mn and Fe transport [70]. OsNRAMP5 
gene expression increases slightly in the roots when plants are under Fe or Zn deficiency but 
varying levels of Mn in the surrounding does not affect it [71]. It is expressed in the mature 
root zone at the PM of the exodermal and endodermal layers [70, 71]. OsNRAMP5 in rice 
plant is essential for the uptake of Mn from the soil. In rice plant, OsNRAMP5 is constitutively 
involved in Fe and Mn uptake, it also plays a role in Fe and Mn transport during flowering 
and seed development [70].

OsNRAMP5 is highly expressed in hulls. It is also expressed in leaves but the expression 
level decreases with leaf age. In rice plant, OsNRAMP5 transporter is present in the vascu-
lar bundles of roots and shoots particularly the parenchyma cells surrounding the xylem. 
OsNRAMP5 is also highly expressed in stele cells especially in the xylem region, thus plays 
an important role in the xylem-mediated root-to-shoot transport. Thus OsNRAMP5 plays an 
important role in the uptake, translocation, and distribution of Mn in rice plants. OsNRAMP5 
is highly expressed in stele cells especially in the xylem region, thus plays an important role 
in the xylem-mediated root-to-shoot transport [72]. OsNRAMP5 is a major transporter for Cd 
uptake in rice [71].

Recently, OsNRAMP6 has been identified to be involved in uptake of Fe and Mn. It is a 
plasma membrane-localized protein. It negatively regulates the rice plant immunity as loss of 
its function results in increased resistance against M. oryzae [73].

6. Heavy metal ATPases (HMAs)

The P1B-type ATPases, known as heavy metal ATPases (HMAs) in plants, play an important 
role in metal transport. HMAs vary in their tissue distribution, subcellular localization, and 
metal specificity. HMA transporters can be divided into two subgroups based on their metal-
substrate specificity, they are Cu/Ag group and Zn/Co/Cd/Pb group. Rice plant has nine 
such HMA genes. OsHMA1–OsHMA3 are members of the Zn/Co/Cd/Pb subgroup in rice. 
Unlike dicots, only a few reports on HMAs from monocots are available. OsHMA2 plays an 
important role in root-to-shoot translocation of Zn and Cd and participates in their transport 
to developing seeds in rice. OsHMA9 phylogenetically belongs to the Cu/Ag subgroup but 
also plays a role in Zn, Cd, and Pb transport [74]. OsHMA3 transports only Cd and in root 
cells is involved in the sequestration of Cd into vacuoles [75, 76]. OsHMA3 has been identi-
fied as a responsive gene for quantitative trait loci of Cd concentration in the rice cultivars 
Anjana Dhan and Cho-kokoku, and loss of function of this protein leads to high Cd accu-
mulation in the shoots [75–77]. There is little information available on the role of OsHMA1 
and is thought to be involved in Zn transport. OsHMA1 expression in shoot tissue is highly 
upregulated by Zn deficiency [78]. OsHMA1 is suggested to play a role in Zn transport in the 
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plant  throughout its growth and developmental stages [74]. Enhanced activity of OsHMA3 
is related to increased storage of Cd in roots and its decreased transport to the shoot and the 
final accumulation in rice grains [74]. OsHMA2 is localized at the root pericycle and plays a 
major role in of transport of Zn and Cd during xylem loading [74, 75].

OsHMA3 gene selectively sequesters Cd into the vacuoles thus limits the root-to-shoot trans-
location of Cd [75, 76]. In rice plant, OsHMA2 gene has also been shown to be involved in the 
translocation of Cd through xylem from root to shoot [79, 80].

In root cells, OsHMA4 is a vacuolar membrane-localized transporter and is involved in 
sequestering Cu into the vacuoles. OsHMA4 specifically transports Cu. Increased Cu accu-
mulation in rice grain due to increased root-to-shoot translocation of Cu has been observed 
when OsHMA4 function is lost. In rice OsHMA4–OsHMA9 are members of the Cu/Ag sub-
group of HMAs. OsHMA5 is a Cu transporter, localized to the plasma membrane [81]. In rice, 
OsHMA5 is involved in transferring Cu into the xylem for its root-to-shoot translocation and/
or Cu detoxification in roots [81]. OsHMA4 is induced under long-term exposure of excess 
Cu and its expression is suppressed by Cu deficiency. In mature root zone, OsHMA4 is local-
ized at the pericycle [81]. OsHMA4 regulates the cellular Cu concentration before loading to 
the xylem depending on its environmental concentration. OsHMA3 is localized in all root 
cells [75]. In future, the mechanism responsible for the transporter substrate specificity of the 
HMAs needs to be studied.

7. CDF/MTP

The cation diffusion facilitator (CDF) family of proteins plays an important role in the main-
tenance of cation homeostasis in all forms of life from bacteria, yeast, plants to mammals [82]. 
Generally, CDF proteins are involved in binding and efflux of cations such as Zn, Fe, Co, Cd, 
and Mn from the cytoplasm either by sequestrating into internal organelles like vacuole or 
effluxing from the cell [82, 83]. CDF transporters also influence the cation accumulation, metal 
ion tolerance, signal transduction cascades, oxidative stress resistance, and protein turnover 
in cells [84]. In plants, CDF members are called Metal Tolerance Proteins (MTPs) and as Solute 
carrier family 30 (SLC30) in vertebrates [84].

The first plant CDF protein identified was ZAT (zinc transporter of Arabidopsis thaliana), 
because of its role in heavy metal tolerance in Arabidopsis. Later it was renamed as AtMTP1 
(Metal Tolerance Protein 1) [85]. MTPs are a group of proteins that play an important role in 
heavy metal homeostasis in plants [82, 83]. MTP members are present in all the three king-
doms (Archaea, Eubacteria, and Eukaryotes). The plant CDF family can be classified into 
three subgroups phylogenetically: Zn-CDF, Fe/Zn-CDF, and Mn-CDF [83] based on their 
main substrate transported: Zn, Zn, and Fe, or Mn [82, 84].

Rice genome has 10 MTP genes [84]. Studies have shown that Rice Metal Tolerance Protein1 
(OsMTP1) gene expression is induced by Cd and OsMTP1 belongs to the Zn-CDF subgroup. 
In rice, there are five Mn-CDFs, three Zn-CDFs, one Fe/Zn- CDF, and one unclassified CDF.
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OsMTP1 was characterized recently [86, 87]. In mature leaves and stem, it is highly expressed 
[86]. Generally, OsMTP1 transports Zn but can also transport Co, Fe, and Cd. Earlier OsMTP1 
has been shown to transport Ni [86]. The vacuolar localization of OsMTP1 in the tonoplast, 
compartmentalizes primarily Zn, but also Co, Fe, and Cd, and serves as a detoxification sys-
tem when these metals are available in excess. OsMTP1 is expressed constitutively and upreg-
ulated by Cd [86]. OsMTP1, OsMTP5, and OsMTP12 belong to the Zn-CDF subgroup [82, 84]. 
Expression of OsMTP1 in leaves, stems, roots, and flowers is relatively low and spatially and 
temporally regulated during development of rice. Also, it shows differential response to Cd 
stress. Transgenic assays in rice have shown that OsMTP1 expression levels can change plant 
cation absorption and in turn has affect on Zn, Ni, and Cd contents [86].

In rice, OsMTP8.1 is the first Mn-CDF member to be identified. It is localized on to the tono-
plast, and its over expression in rice enhances Mn accumulation and tolerance [88]. OsMTP9 
is also a Mn-CDF member, which is involved in the uptake and translocation of Mn in rice 
plant [89]. Mn and other heavy metals induce the expression of OsMTP11 in rice. In rice 
plant, OsMTP1 is involved in Zn and Cd homeostasis/stress and mediates their transloca-
tion from roots to the aerial parts [86]. In most rice plant tissues OsMTP11 is constitutively 
expressed.

OsMTP8.1 is localized to the tonoplast and involved in the detoxification of manganese by 
sequestering excess manganese to the vacuoles [90]. In rice root, OsMTP9 is polarly localized 
at the proximal side of both exodermis and endodermis opposite to Nramp5. The cooperative 
transport by Nramp5 and MTP9 efficiently transport Mn leading to its high accumulation in 
rice [91].

The Mn-CDF group in plants is further clustered into two subgroups, Groups 8 and 9 [82]. 
In the rice genome, there are three members (MTP9/11/11.1) of Group 9. MTP9 shows much 
higher expression in the roots than in the basal region and shoots. The expression is unaf-
fected by the deficiency of iron, zinc, copper, and manganese. The expression of MTP9 in 
roots is eightfold higher in the basal parts than that in apical parts. At the reproductive growth 
stage, MTP9 is also expressed in other organs such as nodes and leaf sheath in addition to 
the roots. MTP9 is polarly located at the proximal side of the exodermis and the endodermis, 
which is in opposition to Nramp5 [71]. Therefore, MTP9 at the proximal side of the exoder-
mis releases manganese taken up by Nramp5 to the apoplast of a spoke-like structure in the 
aerenchyma, whereas MTP9 at the proximal side of endodermis further releases manganese 
toward the apoplast of stele including xylem vessels. Thus polar localization of transport-
ers plays an important role in the directional transport of minerals. Recently, a number of 
transporters have been found to show polar localization. However, our understanding of the 
molecular mechanism underlying polar localization is still very poor. Also, MTP9 is different 
from other members of the Mn-CDF group as it shows a distinct expression pattern in tissue 
and subcellular localization. MTP9 is mainly expressed in the roots, but MTP8.1 from rice 
[90] in the same group is mainly expressed in shoots rather than roots. Different from other 
members, rice MTP9 is localized to the plasma membrane. These differences are associated 
with the role of MTP9 in manganese uptake in rice roots. In conclusion, MTP9 is a plasma 
membrane-localized efflux transporter for manganese uptake and translocation in rice roots. 
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plant  throughout its growth and developmental stages [74]. Enhanced activity of OsHMA3 
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location of Cd [75, 76]. In rice plant, OsHMA2 gene has also been shown to be involved in the 
translocation of Cd through xylem from root to shoot [79, 80].

In root cells, OsHMA4 is a vacuolar membrane-localized transporter and is involved in 
sequestering Cu into the vacuoles. OsHMA4 specifically transports Cu. Increased Cu accu-
mulation in rice grain due to increased root-to-shoot translocation of Cu has been observed 
when OsHMA4 function is lost. In rice OsHMA4–OsHMA9 are members of the Cu/Ag sub-
group of HMAs. OsHMA5 is a Cu transporter, localized to the plasma membrane [81]. In rice, 
OsHMA5 is involved in transferring Cu into the xylem for its root-to-shoot translocation and/
or Cu detoxification in roots [81]. OsHMA4 is induced under long-term exposure of excess 
Cu and its expression is suppressed by Cu deficiency. In mature root zone, OsHMA4 is local-
ized at the pericycle [81]. OsHMA4 regulates the cellular Cu concentration before loading to 
the xylem depending on its environmental concentration. OsHMA3 is localized in all root 
cells [75]. In future, the mechanism responsible for the transporter substrate specificity of the 
HMAs needs to be studied.

7. CDF/MTP

The cation diffusion facilitator (CDF) family of proteins plays an important role in the main-
tenance of cation homeostasis in all forms of life from bacteria, yeast, plants to mammals [82]. 
Generally, CDF proteins are involved in binding and efflux of cations such as Zn, Fe, Co, Cd, 
and Mn from the cytoplasm either by sequestrating into internal organelles like vacuole or 
effluxing from the cell [82, 83]. CDF transporters also influence the cation accumulation, metal 
ion tolerance, signal transduction cascades, oxidative stress resistance, and protein turnover 
in cells [84]. In plants, CDF members are called Metal Tolerance Proteins (MTPs) and as Solute 
carrier family 30 (SLC30) in vertebrates [84].

The first plant CDF protein identified was ZAT (zinc transporter of Arabidopsis thaliana), 
because of its role in heavy metal tolerance in Arabidopsis. Later it was renamed as AtMTP1 
(Metal Tolerance Protein 1) [85]. MTPs are a group of proteins that play an important role in 
heavy metal homeostasis in plants [82, 83]. MTP members are present in all the three king-
doms (Archaea, Eubacteria, and Eukaryotes). The plant CDF family can be classified into 
three subgroups phylogenetically: Zn-CDF, Fe/Zn-CDF, and Mn-CDF [83] based on their 
main substrate transported: Zn, Zn, and Fe, or Mn [82, 84].

Rice genome has 10 MTP genes [84]. Studies have shown that Rice Metal Tolerance Protein1 
(OsMTP1) gene expression is induced by Cd and OsMTP1 belongs to the Zn-CDF subgroup. 
In rice, there are five Mn-CDFs, three Zn-CDFs, one Fe/Zn- CDF, and one unclassified CDF.

Rice Crop - Current Developments160

OsMTP1 was characterized recently [86, 87]. In mature leaves and stem, it is highly expressed 
[86]. Generally, OsMTP1 transports Zn but can also transport Co, Fe, and Cd. Earlier OsMTP1 
has been shown to transport Ni [86]. The vacuolar localization of OsMTP1 in the tonoplast, 
compartmentalizes primarily Zn, but also Co, Fe, and Cd, and serves as a detoxification sys-
tem when these metals are available in excess. OsMTP1 is expressed constitutively and upreg-
ulated by Cd [86]. OsMTP1, OsMTP5, and OsMTP12 belong to the Zn-CDF subgroup [82, 84]. 
Expression of OsMTP1 in leaves, stems, roots, and flowers is relatively low and spatially and 
temporally regulated during development of rice. Also, it shows differential response to Cd 
stress. Transgenic assays in rice have shown that OsMTP1 expression levels can change plant 
cation absorption and in turn has affect on Zn, Ni, and Cd contents [86].

In rice, OsMTP8.1 is the first Mn-CDF member to be identified. It is localized on to the tono-
plast, and its over expression in rice enhances Mn accumulation and tolerance [88]. OsMTP9 
is also a Mn-CDF member, which is involved in the uptake and translocation of Mn in rice 
plant [89]. Mn and other heavy metals induce the expression of OsMTP11 in rice. In rice 
plant, OsMTP1 is involved in Zn and Cd homeostasis/stress and mediates their transloca-
tion from roots to the aerial parts [86]. In most rice plant tissues OsMTP11 is constitutively 
expressed.

OsMTP8.1 is localized to the tonoplast and involved in the detoxification of manganese by 
sequestering excess manganese to the vacuoles [90]. In rice root, OsMTP9 is polarly localized 
at the proximal side of both exodermis and endodermis opposite to Nramp5. The cooperative 
transport by Nramp5 and MTP9 efficiently transport Mn leading to its high accumulation in 
rice [91].

The Mn-CDF group in plants is further clustered into two subgroups, Groups 8 and 9 [82]. 
In the rice genome, there are three members (MTP9/11/11.1) of Group 9. MTP9 shows much 
higher expression in the roots than in the basal region and shoots. The expression is unaf-
fected by the deficiency of iron, zinc, copper, and manganese. The expression of MTP9 in 
roots is eightfold higher in the basal parts than that in apical parts. At the reproductive growth 
stage, MTP9 is also expressed in other organs such as nodes and leaf sheath in addition to 
the roots. MTP9 is polarly located at the proximal side of the exodermis and the endodermis, 
which is in opposition to Nramp5 [71]. Therefore, MTP9 at the proximal side of the exoder-
mis releases manganese taken up by Nramp5 to the apoplast of a spoke-like structure in the 
aerenchyma, whereas MTP9 at the proximal side of endodermis further releases manganese 
toward the apoplast of stele including xylem vessels. Thus polar localization of transport-
ers plays an important role in the directional transport of minerals. Recently, a number of 
transporters have been found to show polar localization. However, our understanding of the 
molecular mechanism underlying polar localization is still very poor. Also, MTP9 is different 
from other members of the Mn-CDF group as it shows a distinct expression pattern in tissue 
and subcellular localization. MTP9 is mainly expressed in the roots, but MTP8.1 from rice 
[90] in the same group is mainly expressed in shoots rather than roots. Different from other 
members, rice MTP9 is localized to the plasma membrane. These differences are associated 
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The polar localization of MTP9 and Nramp5 at both the exodermis and the endodermis leads 
to efficient and unidirectional flux of manganese from the soil solution to the stele.

8. Root-to-shoot translocation and metal chelation in cytoplasm

Plants that prevent or limit the entry of metals from roots to shoots are categorized as 
excluders. On the contrary, plants that can transfer metals from root–to-shoot via the xylem 
along the transpiration stream by increasing the uptake of metals in roots, thus increasing 
the sequestration of metals in the aerial parts are considered as accumulators/hyperaccu-
mulators. The transfer of metals from the roots to the aerial parts in plants helps to reduce 
the damage caused by the heavy metals on their root. The translocation of metals from root 
to the aerial parts is an essential process for the overall growth and development of the 
plant.

Studies of long-distance root-to-shoot metal transport within plants mainly emphasizes on 
transporters that are localized to either xylem parenchyma cells or phloem companion cells, 
as they are directly associated with xylem and phloem loading or unloading thus majorly 
contribute to the metal redistribution process within the plant. The movement of heavy met-
als from roots to shoots is facilitated when metals are chelated with ligands such as organic 
acids, amino acids, and thiols. The movement of metal cations across the xylem cell wall is 
restricted when the metals are not chelated by ligands due to high cation exchange capability 
of the xylem wall.

The chelation of metals with NA provides improved tolerance against the restriction by the 
xylem cell wall. NA facilitates the chelation and transport of divalent ions of metal Ni, Cu, 
and Zn [92]. Synthesis of NA by trimerization of S-adenosylmethionine is facilitated by nico-
tianamine synthase (NAS) [93]. In rice plant, increased accumulation of Fe, Zn, and Cu is 
associated with over expression of the gene NAS3 [94].

During the process of long-distance transport of metals, some chelators, like nicotianamine 
[41], glutathione (GSH), and phytochelatins [95], also play a vital role.

Metals pass through xylem unloading process before their distribution and detoxification in 
the shoot and followed by their redistribution via the phloem. After unloading, the metals 
either enter into the nearby cells or are symplastically transported or they are apoplastically 
distributed throughout the leaf tissue [96]. For the symplastic transport of metals across the 
leaf via the YLS transporter proteins, chelation of metals to NA is required [97].

Excess metals in the plant are sequestered in various aerial plant parts, such as trichomes, leaf 
epidermal cell vacuole, and mesophyll vacuole. Not much study has been done on the trans-
port of metals through the phloem sap. Nicotianamine is the only molecule to be identified as 
a phloem metal transporter which is associated with the transport of Fe, Cu, Zn, and Mn [98].

In plants, the vacuole sequestration capacity (VSC) also plays an important role in the long-
distance transport and sequestration of metals. Vacuolar metal sequestration capacities are 
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automatically adjusted to the varying availability of metal ions in the environment, due to the 
cooperation between tonoplast-localized transporters and ion chelators. Hence vacuoles work 
as a buffering zone.

8.1. Metal sequestration in vacuoles by tonoplast transporters

Plants have developed several defense mechanisms like chelation, excretion, and subcellular 
compartmentalization to combat heavy metal toxicity as it severely affects its overall growth 
and development [99].

A large lytic vacuole (LV) is present in most of the plant cells which occupies about 80% of 
the cell volume. In plants, LVs undergo less metabolism and acts as a store house which can 
accumulate a huge amount of minerals and water thus play a major role in turgor genera-
tion. LVs also function as a store house for other xenobiotic and toxic compounds and also 
reduce their impact in the cytoplasm where several sensitive processes take place. LV also 
store plant secondary metabolites and proteins involved in plant defense against pathogens 
and herbivores and release them when subjected to cellular damage. LV has acidic pH around 
4–5, and this acidic environment helps in the degradation of both exogenous and endogenous 
compounds [100].

Plant LVs are equivalent to lysosomes in animal and vacuoles in yeast and acts as degrada-
tion and waste storage compartments. The vacuolar tonoplast of higher plants and fungi as 
well as lysosomes of animal cells share very similar H+-ATPases that acidify the lumen. Apart 
from these, inner organellar membranes also contain multidrug resistance-associated protein 
(MRP) type ATP binding cassette (ABC) transporters, chloride channels (CLC) type ion chan-
nels, cation channels, and aquaporins [99].

Storage of nutrient minerals in the LV is important in buffering any variations in the supply of 
nutrients like when plants are grown in nutrient-rich conditions, they will deposit large quan-
tities of such nutrients in vacuoles of vegetative tissues. This helps the plant to survive during 
subsequent periods of nutrient deficiency by remobilizing from the vacuolar store. Thus, the 
solute composition of vacuoles is highly dynamic and reflects changes in the environment 
and the plant developmental stage [101].

The vacuole is a major organelle in higher plants functioning as a store for metabolites, min-
eral nutrients, and toxicants. Studies have shown that in addition to its storage role, the vacu-
ole also contributes to long-distance transport of metals, through the modulation of vacuolar 
sequestration capacity (VSC) which is basically controlled by cytosolic metal chelators and 
tonoplast-localized transporters, or the interaction between them [102].

VSC regulates the long-distance transport of mineral nutrients in plants. Zhang et al. [103] 
isolated the two vacuolar membrane-localized metal transporters OsVIT1 and OsVIT2 in 
rice. Both OsVIT1 and OsVIT2 primarily function to sequester Fe/Zn into vacuoles across the 
vacuolar membrane. In rice plant, flag leaves show a high expression of OsVIT1 and OsVIT2. 
OsVIT1 and OsVIT2 along with VSC play an important role in Fe and Zn long-distance trans-
location between flag leaves and seeds.
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The polar localization of MTP9 and Nramp5 at both the exodermis and the endodermis leads 
to efficient and unidirectional flux of manganese from the soil solution to the stele.

8. Root-to-shoot translocation and metal chelation in cytoplasm

Plants that prevent or limit the entry of metals from roots to shoots are categorized as 
excluders. On the contrary, plants that can transfer metals from root–to-shoot via the xylem 
along the transpiration stream by increasing the uptake of metals in roots, thus increasing 
the sequestration of metals in the aerial parts are considered as accumulators/hyperaccu-
mulators. The transfer of metals from the roots to the aerial parts in plants helps to reduce 
the damage caused by the heavy metals on their root. The translocation of metals from root 
to the aerial parts is an essential process for the overall growth and development of the 
plant.

Studies of long-distance root-to-shoot metal transport within plants mainly emphasizes on 
transporters that are localized to either xylem parenchyma cells or phloem companion cells, 
as they are directly associated with xylem and phloem loading or unloading thus majorly 
contribute to the metal redistribution process within the plant. The movement of heavy met-
als from roots to shoots is facilitated when metals are chelated with ligands such as organic 
acids, amino acids, and thiols. The movement of metal cations across the xylem cell wall is 
restricted when the metals are not chelated by ligands due to high cation exchange capability 
of the xylem wall.

The chelation of metals with NA provides improved tolerance against the restriction by the 
xylem cell wall. NA facilitates the chelation and transport of divalent ions of metal Ni, Cu, 
and Zn [92]. Synthesis of NA by trimerization of S-adenosylmethionine is facilitated by nico-
tianamine synthase (NAS) [93]. In rice plant, increased accumulation of Fe, Zn, and Cu is 
associated with over expression of the gene NAS3 [94].

During the process of long-distance transport of metals, some chelators, like nicotianamine 
[41], glutathione (GSH), and phytochelatins [95], also play a vital role.

Metals pass through xylem unloading process before their distribution and detoxification in 
the shoot and followed by their redistribution via the phloem. After unloading, the metals 
either enter into the nearby cells or are symplastically transported or they are apoplastically 
distributed throughout the leaf tissue [96]. For the symplastic transport of metals across the 
leaf via the YLS transporter proteins, chelation of metals to NA is required [97].

Excess metals in the plant are sequestered in various aerial plant parts, such as trichomes, leaf 
epidermal cell vacuole, and mesophyll vacuole. Not much study has been done on the trans-
port of metals through the phloem sap. Nicotianamine is the only molecule to be identified as 
a phloem metal transporter which is associated with the transport of Fe, Cu, Zn, and Mn [98].

In plants, the vacuole sequestration capacity (VSC) also plays an important role in the long-
distance transport and sequestration of metals. Vacuolar metal sequestration capacities are 
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automatically adjusted to the varying availability of metal ions in the environment, due to the 
cooperation between tonoplast-localized transporters and ion chelators. Hence vacuoles work 
as a buffering zone.

8.1. Metal sequestration in vacuoles by tonoplast transporters

Plants have developed several defense mechanisms like chelation, excretion, and subcellular 
compartmentalization to combat heavy metal toxicity as it severely affects its overall growth 
and development [99].

A large lytic vacuole (LV) is present in most of the plant cells which occupies about 80% of 
the cell volume. In plants, LVs undergo less metabolism and acts as a store house which can 
accumulate a huge amount of minerals and water thus play a major role in turgor genera-
tion. LVs also function as a store house for other xenobiotic and toxic compounds and also 
reduce their impact in the cytoplasm where several sensitive processes take place. LV also 
store plant secondary metabolites and proteins involved in plant defense against pathogens 
and herbivores and release them when subjected to cellular damage. LV has acidic pH around 
4–5, and this acidic environment helps in the degradation of both exogenous and endogenous 
compounds [100].

Plant LVs are equivalent to lysosomes in animal and vacuoles in yeast and acts as degrada-
tion and waste storage compartments. The vacuolar tonoplast of higher plants and fungi as 
well as lysosomes of animal cells share very similar H+-ATPases that acidify the lumen. Apart 
from these, inner organellar membranes also contain multidrug resistance-associated protein 
(MRP) type ATP binding cassette (ABC) transporters, chloride channels (CLC) type ion chan-
nels, cation channels, and aquaporins [99].

Storage of nutrient minerals in the LV is important in buffering any variations in the supply of 
nutrients like when plants are grown in nutrient-rich conditions, they will deposit large quan-
tities of such nutrients in vacuoles of vegetative tissues. This helps the plant to survive during 
subsequent periods of nutrient deficiency by remobilizing from the vacuolar store. Thus, the 
solute composition of vacuoles is highly dynamic and reflects changes in the environment 
and the plant developmental stage [101].

The vacuole is a major organelle in higher plants functioning as a store for metabolites, min-
eral nutrients, and toxicants. Studies have shown that in addition to its storage role, the vacu-
ole also contributes to long-distance transport of metals, through the modulation of vacuolar 
sequestration capacity (VSC) which is basically controlled by cytosolic metal chelators and 
tonoplast-localized transporters, or the interaction between them [102].

VSC regulates the long-distance transport of mineral nutrients in plants. Zhang et al. [103] 
isolated the two vacuolar membrane-localized metal transporters OsVIT1 and OsVIT2 in 
rice. Both OsVIT1 and OsVIT2 primarily function to sequester Fe/Zn into vacuoles across the 
vacuolar membrane. In rice plant, flag leaves show a high expression of OsVIT1 and OsVIT2. 
OsVIT1 and OsVIT2 along with VSC play an important role in Fe and Zn long-distance trans-
location between flag leaves and seeds.
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Studies have also suggested that the long-distance transport of nonessential toxic metals and 
their detoxification is regulated by VSC thus making the plants highly tolerant to metals [102]. 
Generally, the VSC of certain metal varies between different plant tissues to ensure proper 
metal distribution.

Nonessential metals like Cd and As have adverse effects on plants, either through oxida-
tive stress or competitive inhibition of essential mineral nutrient involved in any biological 
pathways. In order to protect the aerial parts which are associated with important biological 
processes like photosynthesis, plants have developed several mechanisms to regulate metal 
distribution between roots and shoots, VSC is one such mechanism.

In rice plant, OsHMA3 is involved in Cd accumulation in the rice shoots. In rice root, OsHMA3 
is localized to the vacuolar membrane, and it mediates the transport of Cd into vacuoles. In 
rice roots, VSC along with OsHMA3 plays a major role in the long-distance transport of Cd 
from roots to shoots [75, 76].

9. Biochemical processes modulated by heavy metal stress

Both abiotic and biotic stresses have several effects on plant growth as well as productivity. 
Plant vigor and crop yields are strikingly influenced by these abiotic stresses. In order to com-
bat these stresses, plants have evolved many responses. Plants have developed and used vari-
ous strategies to cope with and also to adapt to these stress conditions. It depends on variation 
in protein relative abundance of stress-responsive proteins, resulting in changes in the whole 
proteome, transcriptome, and metabolome levels [104].

Expression patterns of these protein and transcript levels are influenced by the intensity and 
duration of stress apart from the usual post-translational regulatory mechanisms such as RNA 
stability and protein degradation [105]. In addition, the intensity and duration of stress can 
have a substantial effect on the complexity of the stress response. Recent progress in different 
areas of rice research such as analysis of interactome analysis, transcriptome, metabolome 
etc., have given us a better insight of abiotic stress response in rice plant [106–109]. The study 
of these differential changes in proteome profiles in response to abiotic stress is an approach 
to better understanding the physiology and molecular mechanisms that underlie rice stress 
responses. Most common response to all stresses is the induction of oxidative stress [110] and 
modulation of gene expression.

9.1. ROS production and modulation of antioxidant system during heavy metal 
stress

In an environment of metal toxicity, the elevated activities of antioxidant enzymes and non-
enzymatic constituents play important role in the plant tolerance to stress. Metal tolerance is 
enhanced by the plant’s antioxidant resistant mechanisms. The harmful effects of heavy met-
als in plants are due to the production of ROS and induction of oxidative stress. Increased lev-
els of reactive oxygen species such as singlet oxygen (1O2), superoxide radical (O−2), hydrogen 
peroxide (H2O2), and hydroxyl radical (OH−) result in oxidative stress [111]. ROS are strong 
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oxidizing agents which cause oxidative damage to biomolecules, like lipids and proteins and 
can eventually lead to cell death [112]. It has been shown that plant tolerance to metals is 
correlated with an increase in antioxidants and activity of radical scavenging enzymes [113]. 
Plants respond to oxidative stress by activating antioxidative defense mechanisms, which 
involves enzymatic and nonenzymatic antioxidants. The enzymatic components include 
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and enzymes of 
ascorbate glutathione cycle, while the nonenzymatic antioxidants include ascorbate and glu-
tathione and atocoperol [3, 113]. These antioxidants play an important role in the elimination 
and destruction of the reactive oxygen species [3].

An imbalance between the detoxification of the ROS products and the antioxidative system 
results in oxidative damage [113]. The tolerance of deleterious environmental stresses, such 
as heavy metals, is associated with the increased capacity to scavenge or detoxify activated 
oxygen species [113].

Studies using comparative analysis suggest that each heavy metal is accumulated differen-
tially in root tissues. Heavy metal stress induces production of reactive oxygen species (ROS) 
which promotes cell death by apoptosis, necrosis, or mechanisms with both features. Methods 
like H2O2 staining are used to measure production of ROS.

SOD, APX, and glutathione peroxidase (GPX) are the ROS scavenging antioxidant enzymes. 
They play a very important role in scavenging ROS like superoxide radical, H2O2, hydroxyl 
radical, peroxy radical, and singlet oxygen species. SOD acts as the first line of defense against 
ROS as it converts superoxide radical to H2O2 [114]. Ascorbate, which is present inside the 
cell, plays an important role as an antioxidant either by participating in ascorbate-glutathione 
cycle or by directly quenching the ROS [115]. Ascorbate is also utilized by APXs as a reducing 
agent to catalyze the conversion of H2O2 to water and GPX breaks down H2O2 to H2O and O2. 
Similar modulation of the antioxidant system upon exposure to heavy metal stress has been 
observed in studies of different rice cultivars [110, 116].

Glutathione is an important antioxidant in plant cells which is involved in scavenging of free 
radicals and H2O2, which are formed as a result of oxidative stress along with ascorbate [117]. 
Glutathione (GSH) is the precursor of phytochelatins (PC), which bind above the optimal con-
centrations of heavy metals [118]. It also serves as a substrate for GSTs which catalyzes the con-
jugation of GSH with xenobiotics like herbicides [119]. In silico studies and over expression of 
GSTs have shown to provide tolerance toward different heavy metals [120, 121]. Glutathione 
levels in plant tissues are known to accelerate under stress induced by heavy metals.

In rice plants, the root tissue shows variable response of antioxidant enzymes during growth 
with different heavy metals of varying concentration.

9.2. Differential expression and modulation of genes during heavy metal stress

Heavy metal stress in plants severely modulates the gene expression pattern. In plants, many 
genes are downregulated due to heavy metal stress. They are related to the energy metabo-
lism, carbohydrate metabolism, lignin biosynthesis, phenylalanine metabolism, cell growth and 
death, lipid metabolism, biodegradation of xenobiotics, amino acid metabolism, etc. Among the 
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Studies have also suggested that the long-distance transport of nonessential toxic metals and 
their detoxification is regulated by VSC thus making the plants highly tolerant to metals [102]. 
Generally, the VSC of certain metal varies between different plant tissues to ensure proper 
metal distribution.

Nonessential metals like Cd and As have adverse effects on plants, either through oxida-
tive stress or competitive inhibition of essential mineral nutrient involved in any biological 
pathways. In order to protect the aerial parts which are associated with important biological 
processes like photosynthesis, plants have developed several mechanisms to regulate metal 
distribution between roots and shoots, VSC is one such mechanism.

In rice plant, OsHMA3 is involved in Cd accumulation in the rice shoots. In rice root, OsHMA3 
is localized to the vacuolar membrane, and it mediates the transport of Cd into vacuoles. In 
rice roots, VSC along with OsHMA3 plays a major role in the long-distance transport of Cd 
from roots to shoots [75, 76].

9. Biochemical processes modulated by heavy metal stress

Both abiotic and biotic stresses have several effects on plant growth as well as productivity. 
Plant vigor and crop yields are strikingly influenced by these abiotic stresses. In order to com-
bat these stresses, plants have evolved many responses. Plants have developed and used vari-
ous strategies to cope with and also to adapt to these stress conditions. It depends on variation 
in protein relative abundance of stress-responsive proteins, resulting in changes in the whole 
proteome, transcriptome, and metabolome levels [104].

Expression patterns of these protein and transcript levels are influenced by the intensity and 
duration of stress apart from the usual post-translational regulatory mechanisms such as RNA 
stability and protein degradation [105]. In addition, the intensity and duration of stress can 
have a substantial effect on the complexity of the stress response. Recent progress in different 
areas of rice research such as analysis of interactome analysis, transcriptome, metabolome 
etc., have given us a better insight of abiotic stress response in rice plant [106–109]. The study 
of these differential changes in proteome profiles in response to abiotic stress is an approach 
to better understanding the physiology and molecular mechanisms that underlie rice stress 
responses. Most common response to all stresses is the induction of oxidative stress [110] and 
modulation of gene expression.

9.1. ROS production and modulation of antioxidant system during heavy metal 
stress

In an environment of metal toxicity, the elevated activities of antioxidant enzymes and non-
enzymatic constituents play important role in the plant tolerance to stress. Metal tolerance is 
enhanced by the plant’s antioxidant resistant mechanisms. The harmful effects of heavy met-
als in plants are due to the production of ROS and induction of oxidative stress. Increased lev-
els of reactive oxygen species such as singlet oxygen (1O2), superoxide radical (O−2), hydrogen 
peroxide (H2O2), and hydroxyl radical (OH−) result in oxidative stress [111]. ROS are strong 
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oxidizing agents which cause oxidative damage to biomolecules, like lipids and proteins and 
can eventually lead to cell death [112]. It has been shown that plant tolerance to metals is 
correlated with an increase in antioxidants and activity of radical scavenging enzymes [113]. 
Plants respond to oxidative stress by activating antioxidative defense mechanisms, which 
involves enzymatic and nonenzymatic antioxidants. The enzymatic components include 
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and enzymes of 
ascorbate glutathione cycle, while the nonenzymatic antioxidants include ascorbate and glu-
tathione and atocoperol [3, 113]. These antioxidants play an important role in the elimination 
and destruction of the reactive oxygen species [3].

An imbalance between the detoxification of the ROS products and the antioxidative system 
results in oxidative damage [113]. The tolerance of deleterious environmental stresses, such 
as heavy metals, is associated with the increased capacity to scavenge or detoxify activated 
oxygen species [113].

Studies using comparative analysis suggest that each heavy metal is accumulated differen-
tially in root tissues. Heavy metal stress induces production of reactive oxygen species (ROS) 
which promotes cell death by apoptosis, necrosis, or mechanisms with both features. Methods 
like H2O2 staining are used to measure production of ROS.

SOD, APX, and glutathione peroxidase (GPX) are the ROS scavenging antioxidant enzymes. 
They play a very important role in scavenging ROS like superoxide radical, H2O2, hydroxyl 
radical, peroxy radical, and singlet oxygen species. SOD acts as the first line of defense against 
ROS as it converts superoxide radical to H2O2 [114]. Ascorbate, which is present inside the 
cell, plays an important role as an antioxidant either by participating in ascorbate-glutathione 
cycle or by directly quenching the ROS [115]. Ascorbate is also utilized by APXs as a reducing 
agent to catalyze the conversion of H2O2 to water and GPX breaks down H2O2 to H2O and O2. 
Similar modulation of the antioxidant system upon exposure to heavy metal stress has been 
observed in studies of different rice cultivars [110, 116].

Glutathione is an important antioxidant in plant cells which is involved in scavenging of free 
radicals and H2O2, which are formed as a result of oxidative stress along with ascorbate [117]. 
Glutathione (GSH) is the precursor of phytochelatins (PC), which bind above the optimal con-
centrations of heavy metals [118]. It also serves as a substrate for GSTs which catalyzes the con-
jugation of GSH with xenobiotics like herbicides [119]. In silico studies and over expression of 
GSTs have shown to provide tolerance toward different heavy metals [120, 121]. Glutathione 
levels in plant tissues are known to accelerate under stress induced by heavy metals.

In rice plants, the root tissue shows variable response of antioxidant enzymes during growth 
with different heavy metals of varying concentration.

9.2. Differential expression and modulation of genes during heavy metal stress

Heavy metal stress in plants severely modulates the gene expression pattern. In plants, many 
genes are downregulated due to heavy metal stress. They are related to the energy metabo-
lism, carbohydrate metabolism, lignin biosynthesis, phenylalanine metabolism, cell growth and 
death, lipid metabolism, biodegradation of xenobiotics, amino acid metabolism, etc. Among the 
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upregulated genes, the majority of affected genes are associated with the biosynthesis of sec-
ondary metabolites, specially flavonoid biosynthesis, lipid metabolism, amino acid metabolism, 
carbohydrate metabolism, biodegradation of xenobiotics, ascorbate, and aldarate metabolism, 
membrane transport especially multidrug resistance protein, major facilitator superfamily, ABC 
transporters, glutathione metabolism, MAPK (mitogen-activated protein kinases) signaling path-
way, a large number of GST, etc. In a study using rice seedlings grown in metal supplemented 
media in comparison to control, genes which significantly modulated were filtered. It was found 
that 17 and 83 genes are commonly upregulated and downregulated under different heavy metal 
stress. One each of cytochrome P450, Proton-dependent oligopeptide transporter (POT) family 
protein, heat shock protein, and two NAC domain-containing proteins are commonly upregu-
lated during heavy metals stress, they play important role in detoxification of heavy metals. On 
the other hand, one heavy metal-associated domain-containing protein, zinc finger protein, cyto-
chrome P450, ring-H2 zinc finger protein, and catalase-1 are commonly downregulated during 
heavy metal exposure [122]. Plants have developed cellular mechanisms to tolerate and regulate 
the uptake of heavy metals [123]. However, molecular mechanisms and networks involved in 
the uptake and detoxification of heavy metals remain poorly understood. Phytochelatins (PCs), a 
class of cysteine-rich heavy metal-binding peptides, bind to heavy metals, and detoxify by vacu-
olar sequestration [123]. Sulfur homeostasis in plants results in the increased production of S-rich 
metal-binding peptides (such as GSH, PCs), which provide metal tolerance [116].

From the expression data, it was demonstrated that the upregulation of a unique cytochrome 
P450s in different heavy metal stresses is a major detoxification mechanism. In plants, cyto-
chrome P450s plays a major role in the metabolism of several biosynthetic pathways such 
as flavonoids, coumarins, anthocyanins, isoflavonoids, phytoalexins, salicylic acid, jas-
monic acid, and many others [124]. Previously, it has been reported that cytochrome P450 is 
involved in the metabolism of toxic compounds, indicating their role in heavy metal detoxifi-
cation. These results indicate that metabolism of plant biosynthetic pathways are very much 
affected during metal exposure and different cytochrome P450s are involved in the metabo-
lism of different heavy metals. A large number of transporter genes are differentially up- and 
downregulated under different heavy metal stresses, which include major facilitator genes, 
sulfate transporters, peptide transporters, nitrate transporters, ABC transporters, multidrug 
resistance proteins, zinc transporters, Nramp6, and multidrug and toxic compound extrusion 
(MATE) efflux family proteins. One of the essential nutrient required for plant growth is sul-
fur that enters the cell via sulfate transporters as inorganic sulfate, it may induce the produc-
tion of S-rich metal-binding peptides (such as GSH, PCs) and thus provide defense against 
heavy metal stress [125]. It is clear from their study that each heavy metal has induced specific 
sulfate transporters. The peptide transporters [126] have been shown to transport nitrate and 
tripeptides such as glutathione which is a major component in sulfur metabolism and plant 
defense during stress [127]. It is suggested that nitrate transporter plays a role in root-to-shoot 
translocation of nitrate thus plays a role in Cd toxicity [128]. ABC transporter proteins play an 
important role in the transport of various substances like lipids, phytohormones, carboxylates, 
heavy metals, chlorophyll catabolites, etc. across  various  biological membranes [129]. It has 
been shown that Nramp proteins are conserved bivalent metal transporters [130]. NRAMP3 
and NRAMP4 are reported to be responsible for Cd2+ efflux from the vacuole [131]. MATE 
proteins bind to a variety of potentially toxic compounds and function as proton-dependent 
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efflux transporters to remove toxic compounds from the cell [132]. Various methyltransferases 
are differentially modulated under different stresses. In plants, O-methyltransferases consti-
tute a large family of enzymes that are involved in stress tolerance as reported by Lam et al. 
[133]. Specific methyltransferases catalyze the transfer of methyl groups which are involved 
in several pathways that lead to the accumulation of methylated inositols, quaternary amines, 
and tertiary sulfonium species, which play a significant role in stress tolerance [134]. Therefore, 
modulation of these transcripts must play a secondary role in different heavy metal toxicity.

During different heavy metal stresses, these metals induce damage to the thylakoid mem-
brane leading to increased lipid peroxidation and thus cause downregulation of peroxidases. 
These specific peroxidase family genes might play a key role in the enzymatic defense of plant 
cells by scavenging ROS during stress conditions [135]. Heat shock proteins (HSPs) in particu-
lar play important role in protecting plants against stress by re-establishing normal protein 
conformation and thus cellular homeostasis [136].

It has been observed that various transcription factors like WRKY, MYB family, zinc finger pro-
tein, RING-H2 finger protein, and basic leucine zipper (bZIP) are differentially expressed under 
heavy metal stress [122]. In plants, WRKY transcription factors are linked to various processes 
associated with different biotic and abiotic stresses and regulation of differential transcription a 
response to stress in plants [137]. Similarly, MYB TFs play very important roles in many physio-
logical processes under normal or unfavorable growth conditions [138] and also in defense and 
stress responses [139]. During heavy metal stress various stress-related genes are transcription-
ally regulated such as GSTs, dehydrin, sulfite oxidase (SO), L-ascorbate peroxidase, L-ascorbate 
oxidase, and germin-like proteins. GSTs are a superfamily of multifunctional, dimeric enzymes. 
It induces the conjugation of GSH a tripeptide glutathione to electrophilic xenobiotics and this 
is followed by sequestration of this complex into the vacuole for detoxification [140]. Recently, 
it has been reported that a particular class of GST gene family, that is, Lambda GST plays an 
important role during heavy metal stress [120, 121]. During drought stress, cold stress, and 
other defense processes dehydrins are produced in plants [141]. SO catalyzes the transforma-
tion of sulfites to the nontoxic sulfate. It has been reported earlier that sulfur is an essential 
nutrient that is taken up as sulfate by plants and chemical compounds which contain S, such 
as glutathione (GSH), phytochelatins (the polymers of GSH) play a prominent role in arse-
nic detoxification [142]. Similarly, L-ascorbate peroxidase plays an important role in defense 
against oxidative stress as it has been studied that APX is an important antioxidant enzyme 
which detoxifies H2O2 by converting into water. Germin-like proteins have been reported to 
play a significant role in germination and defense response [143] during Cd toxicity.

Thus transcription factors play a significant role during different heavy metal stress response and 
indirectly modulate several genes responsible for stress. Further study of these TFs would help 
to understand the difference in the network of pathways during different heavy metal stresses.

10. Conclusion and future prospective

Though different heavy metals are detoxified through similar mechanism their uptake from 
soil by root system differs for each metal. There are several families of transporters, which 
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upregulated genes, the majority of affected genes are associated with the biosynthesis of sec-
ondary metabolites, specially flavonoid biosynthesis, lipid metabolism, amino acid metabolism, 
carbohydrate metabolism, biodegradation of xenobiotics, ascorbate, and aldarate metabolism, 
membrane transport especially multidrug resistance protein, major facilitator superfamily, ABC 
transporters, glutathione metabolism, MAPK (mitogen-activated protein kinases) signaling path-
way, a large number of GST, etc. In a study using rice seedlings grown in metal supplemented 
media in comparison to control, genes which significantly modulated were filtered. It was found 
that 17 and 83 genes are commonly upregulated and downregulated under different heavy metal 
stress. One each of cytochrome P450, Proton-dependent oligopeptide transporter (POT) family 
protein, heat shock protein, and two NAC domain-containing proteins are commonly upregu-
lated during heavy metals stress, they play important role in detoxification of heavy metals. On 
the other hand, one heavy metal-associated domain-containing protein, zinc finger protein, cyto-
chrome P450, ring-H2 zinc finger protein, and catalase-1 are commonly downregulated during 
heavy metal exposure [122]. Plants have developed cellular mechanisms to tolerate and regulate 
the uptake of heavy metals [123]. However, molecular mechanisms and networks involved in 
the uptake and detoxification of heavy metals remain poorly understood. Phytochelatins (PCs), a 
class of cysteine-rich heavy metal-binding peptides, bind to heavy metals, and detoxify by vacu-
olar sequestration [123]. Sulfur homeostasis in plants results in the increased production of S-rich 
metal-binding peptides (such as GSH, PCs), which provide metal tolerance [116].

From the expression data, it was demonstrated that the upregulation of a unique cytochrome 
P450s in different heavy metal stresses is a major detoxification mechanism. In plants, cyto-
chrome P450s plays a major role in the metabolism of several biosynthetic pathways such 
as flavonoids, coumarins, anthocyanins, isoflavonoids, phytoalexins, salicylic acid, jas-
monic acid, and many others [124]. Previously, it has been reported that cytochrome P450 is 
involved in the metabolism of toxic compounds, indicating their role in heavy metal detoxifi-
cation. These results indicate that metabolism of plant biosynthetic pathways are very much 
affected during metal exposure and different cytochrome P450s are involved in the metabo-
lism of different heavy metals. A large number of transporter genes are differentially up- and 
downregulated under different heavy metal stresses, which include major facilitator genes, 
sulfate transporters, peptide transporters, nitrate transporters, ABC transporters, multidrug 
resistance proteins, zinc transporters, Nramp6, and multidrug and toxic compound extrusion 
(MATE) efflux family proteins. One of the essential nutrient required for plant growth is sul-
fur that enters the cell via sulfate transporters as inorganic sulfate, it may induce the produc-
tion of S-rich metal-binding peptides (such as GSH, PCs) and thus provide defense against 
heavy metal stress [125]. It is clear from their study that each heavy metal has induced specific 
sulfate transporters. The peptide transporters [126] have been shown to transport nitrate and 
tripeptides such as glutathione which is a major component in sulfur metabolism and plant 
defense during stress [127]. It is suggested that nitrate transporter plays a role in root-to-shoot 
translocation of nitrate thus plays a role in Cd toxicity [128]. ABC transporter proteins play an 
important role in the transport of various substances like lipids, phytohormones, carboxylates, 
heavy metals, chlorophyll catabolites, etc. across  various  biological membranes [129]. It has 
been shown that Nramp proteins are conserved bivalent metal transporters [130]. NRAMP3 
and NRAMP4 are reported to be responsible for Cd2+ efflux from the vacuole [131]. MATE 
proteins bind to a variety of potentially toxic compounds and function as proton-dependent 
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efflux transporters to remove toxic compounds from the cell [132]. Various methyltransferases 
are differentially modulated under different stresses. In plants, O-methyltransferases consti-
tute a large family of enzymes that are involved in stress tolerance as reported by Lam et al. 
[133]. Specific methyltransferases catalyze the transfer of methyl groups which are involved 
in several pathways that lead to the accumulation of methylated inositols, quaternary amines, 
and tertiary sulfonium species, which play a significant role in stress tolerance [134]. Therefore, 
modulation of these transcripts must play a secondary role in different heavy metal toxicity.

During different heavy metal stresses, these metals induce damage to the thylakoid mem-
brane leading to increased lipid peroxidation and thus cause downregulation of peroxidases. 
These specific peroxidase family genes might play a key role in the enzymatic defense of plant 
cells by scavenging ROS during stress conditions [135]. Heat shock proteins (HSPs) in particu-
lar play important role in protecting plants against stress by re-establishing normal protein 
conformation and thus cellular homeostasis [136].

It has been observed that various transcription factors like WRKY, MYB family, zinc finger pro-
tein, RING-H2 finger protein, and basic leucine zipper (bZIP) are differentially expressed under 
heavy metal stress [122]. In plants, WRKY transcription factors are linked to various processes 
associated with different biotic and abiotic stresses and regulation of differential transcription a 
response to stress in plants [137]. Similarly, MYB TFs play very important roles in many physio-
logical processes under normal or unfavorable growth conditions [138] and also in defense and 
stress responses [139]. During heavy metal stress various stress-related genes are transcription-
ally regulated such as GSTs, dehydrin, sulfite oxidase (SO), L-ascorbate peroxidase, L-ascorbate 
oxidase, and germin-like proteins. GSTs are a superfamily of multifunctional, dimeric enzymes. 
It induces the conjugation of GSH a tripeptide glutathione to electrophilic xenobiotics and this 
is followed by sequestration of this complex into the vacuole for detoxification [140]. Recently, 
it has been reported that a particular class of GST gene family, that is, Lambda GST plays an 
important role during heavy metal stress [120, 121]. During drought stress, cold stress, and 
other defense processes dehydrins are produced in plants [141]. SO catalyzes the transforma-
tion of sulfites to the nontoxic sulfate. It has been reported earlier that sulfur is an essential 
nutrient that is taken up as sulfate by plants and chemical compounds which contain S, such 
as glutathione (GSH), phytochelatins (the polymers of GSH) play a prominent role in arse-
nic detoxification [142]. Similarly, L-ascorbate peroxidase plays an important role in defense 
against oxidative stress as it has been studied that APX is an important antioxidant enzyme 
which detoxifies H2O2 by converting into water. Germin-like proteins have been reported to 
play a significant role in germination and defense response [143] during Cd toxicity.

Thus transcription factors play a significant role during different heavy metal stress response and 
indirectly modulate several genes responsible for stress. Further study of these TFs would help 
to understand the difference in the network of pathways during different heavy metal stresses.

10. Conclusion and future prospective

Though different heavy metals are detoxified through similar mechanism their uptake from 
soil by root system differs for each metal. There are several families of transporters, which 
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play important role in metal ion uptake from the soil as well as redistribution within the plant 
and its sequestration in various organelles and plant parts.

Apart from the mineral elements described above, rice requires several other mineral ele-
ments for its growth. The transporters associated with the uptake of those mineral elements 
are yet to be identified in rice. Rice plant because of its distinct root anatomical character-
istic requires a pair of influx and efflux transporters for the transport of mineral elements 
from the soil solution to the stele, thus help to surpass the two casparian strips present in 
the root exodermis and endodermis. As described above, some of the rice plant transport-
ers associated with mineral uptake have been studied and characterized but there exists no 
clear understanding about their influx-efflux transporter pairs. More transporters associ-
ated with metal uptake and sequestration have to be identified and characterized using 
different ways like genetics (both forward and reverse), expression pattern, functional char-
acterization in yeast or oocytes, phenotypic analysis using mutants, and so on in future. 
Each heavy metal modulates specific pathways in addition to common networks such as 
expression of a specific member of gene families including several transporters, different 
members of cytochrome P450 and transcription factors are modulated in different heavy 
metal stresses. In future, these complex responses have to be elucidated using various func-
tional genomic approaches along with proteomic and metabolomic analyses. Also, many 
plant vacuolar membrane transporters and channels have been identified. Still, there is a 
dearth of knowledge about the regulation of these networks and how all these transport-
ers and channels interact with each other in order to maintain a cytosolic ion homeostasis. 
Our understanding about the response of the rice plant to abiotic stress needs to be further 
refined.

Therefore, further studies on mineral transporters, antioxidant system, and differential gene 
expression regulated by heavy metals in rice is required to get deeper insight of the abiotic 
stress caused by heavy metals on rice plant which will in turn help to reduce the abiotic stress 
caused by heavy metals on rice plant ultimately leading to increased and better crop produc-
tion for the benefit of mankind.
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Abstract

Rice (Oryza sativa L.) is the main source of staple food for human population. Salinity 
is the major problem for agricultural production and it affects rice production glob-
ally. Different approaches have been developed and exploited to ameliorate the harm-
ful effects of salinity on crop production. Development of salt-tolerant cultivars is the 
best option which ensures sustainable crop production. Genomics approaches have the 
potential to accelerate breeding process for the development of salt tolerant crop culti-
vars. Molecular mapping techniques are the most promising component of genomics. 
Molecular mapping approaches have greatly helped in the identification of genomic 
regions involved in salinity tolerance in different crop plants, including rice. Identified 
genomic regions associated with salinity tolerance accelerated molecular breeding efforts 
to develop salt-tolerant rice cultivars. Molecular mapping techniques (both linkage and 
association mapping) are the main components of genomics and these helped in the 
identification of genomic regions associated with salt-tolerance in rice. In this chapter, a 
detailed description of molecular mapping techniques, and major findings made by these 
techniques is presented. Future prospects of these techniques are also discussed.

Keywords: genome-wide association studies, genomics, quantitative trait locus 
mapping, rice, salinity

1. Introduction

Rice (Oryza sativa L.) belongs to family Poaceae and genus Oryza. Its genome size is approxi-
mately 430 Mb contained in 12 chromosomes. Large part of human population depends on 
it for staple food. Rice is a salt-susceptible crop. One third of world agricultural land is salt 
affected [1]. Salinity, both soil and water, has negative effect on rice production [2]. Elevated 
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ful effects of salinity on crop production. Development of salt-tolerant cultivars is the 
best option which ensures sustainable crop production. Genomics approaches have the 
potential to accelerate breeding process for the development of salt tolerant crop culti-
vars. Molecular mapping techniques are the most promising component of genomics. 
Molecular mapping approaches have greatly helped in the identification of genomic 
regions involved in salinity tolerance in different crop plants, including rice. Identified 
genomic regions associated with salinity tolerance accelerated molecular breeding efforts 
to develop salt-tolerant rice cultivars. Molecular mapping techniques (both linkage and 
association mapping) are the main components of genomics and these helped in the 
identification of genomic regions associated with salt-tolerance in rice. In this chapter, a 
detailed description of molecular mapping techniques, and major findings made by these 
techniques is presented. Future prospects of these techniques are also discussed.

Keywords: genome-wide association studies, genomics, quantitative trait locus 
mapping, rice, salinity

1. Introduction

Rice (Oryza sativa L.) belongs to family Poaceae and genus Oryza. Its genome size is approxi-
mately 430 Mb contained in 12 chromosomes. Large part of human population depends on 
it for staple food. Rice is a salt-susceptible crop. One third of world agricultural land is salt 
affected [1]. Salinity, both soil and water, has negative effect on rice production [2]. Elevated 
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Na+ levels in agricultural lands are increasingly becoming a serious threat to the world agri-
culture. Plants suffer osmotic and ionic stress under high salinity due to the salts accumulated 
at the outside of roots and those accumulated at the inside of the plant cells, respectively.

Projected increase in human population demands a proportional increase in the food sup-
ply. This demand of increased food supply can be fulfilled only if we utilize all available 
land resources to their full potential. An associated phenomenon with the increase in 
human population is the decrease in world agricultural land area due to its use for human 
settlements. Due to these constraints, even marginal cultivable lands cannot be neglected. 
This urges that saline soils should be exploited to their full production potential. For good 
crop production on saline areas, different practices such as reclamation, agronomic adjust-
ments, and biological amendments are used in combination. Considering sustainable crop 
production on these areas, the use of salt-tolerant crop cultivars seems to be most suitable 
option [3–5]. For development of salt-tolerant cultivars, genetic diversity with respect to 
salt tolerance in crops has to be evaluated. For genetic diversity assessment and identifica-
tion of genomic regions associated with salt tolerance, molecular mapping approaches have 
made considerable contribution in different crop plants [6–14]. With the use of molecular 
mapping approaches, it has become possible to identify the chromosomal regions (quan-
titative trait loci, QTLs) associated with traits related to salt tolerance in rice. This chapter 
tries to cover effects of salinity on rice plant’s growth and development, types of molecular 
mapping approaches, methodology involved in these approaches, and the achievements 
made through these approaches in salinity tolerance in rice to-date. It also highlights the 
future prospects of molecular mapping approaches. Thus, it will be a valuable resource for 
designing future research endeavors to genetically characterize salt tolerance mechanisms 
and develop salt-tolerant rice cultivars. It will also facilitate molecular breeding efforts for 
screening rice germplasm for salinity tolerance.

2. Effects of salinity on rice plant growth and development

Salinity affects different morphological, biochemical, and physiological attributes of rice. 
Salinity has negative effect on percent relative-plant height, total tillers, root dry weight, shoot 
dry weight, and total dry matter [15]. Biochemical attributes of rice, affected by salinity, include 
chlorophyll content, proline content, hydrogen peroxide content, peroxidase (POX) activity, 
anthocyanins, Na+ content, K+ content, Ca++ content, total cations content [11, 16]. Physiological 
attributes of rice, which are affected by salinity, include relative growth rate, osmotic poten-
tial, transpiration use efficiency, senescence, Na+ uptake, K+ uptake, Ca++ uptake, total cations 
uptake, Na+/K+ uptake, Na+ uptake ratio, K+ uptake ratio, Ca++ uptake ratio, Na+/K+ uptake ratio, 
and total cations uptake ratio [11, 16, 17].

Rice shows different levels of salt tolerance at leaf and whole plant level [18, 19]. Similarly, 
behavior of rice plants towards salt stress may be different at vegetative and reproductive 
phases and this may not correlate with their mean level of relative resistance [20]. It is impor-
tant to know the specific salt susceptible phase of a rice variety to have a better comparison of 
performance among varieties under salinity stress.
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Vegetative and reproductive growth potential of plant depends upon the process of photosyn-
thesis. Increased sodium concentration in the leaf tissue negatively affects net photosynthesis 
and essential cellular metabolism [18, 21]. Chlorophyll content is important in photosynthe-
sis. Reports suggest that there is no correlation between the chlorophyll content and photo-
synthesis under salinity stress. Net photosynthesis was reduced by a sodium concentration 
which did not affect chlorophyll content [18]. It implicates the disturbance by salinity stress 
of other cellular processes involved in photosynthesis. Sodium accumulation in the leaf also 
affects stomatal aperture and carbon dioxide fixation simultaneously [18] and thus it may be 
one of the reasons for reduced photosynthesis due to sodium accumulation. The most salt-
susceptible cultivars had lowest K+/Na+ ratio in the leaves and exhibited strongest yield reduc-
tions [22]. Rice plant evolved different mechanisms to cope salinity stress conditions. One of 
these mechanisms is compartmenting salts within the plant body [23].

3. Molecular mapping approaches: types and methodology

Molecular mapping approaches are of two types, linkage mapping and association mapping, 
on the basis of mapping population used.

3.1. Linkage mapping

In linkage mapping, bi-parental segregating populations are used. These populations include 
backcross populations, doubled haploid (DH) lines, F2 populations, introgression lines (ILs), 
near isogenic lines (NILs) and recombinant inbred lines (RILs). JoinMap [24], MapMaker [25] 
or QTL IciMapping [26] soft-wares are used for the construction of genetic linkage maps. 
WinQTLCartographer [27], QTL IciMapping [26], and QTLNetwork [28] programs are used 
for the identification of QTLs. Detailed information about input file requirements, statisti-
cal parameters thresholds, and the procedure to run the software are provided in the user 
manuals of these softwares.

3.2. Association mapping

Association mapping uses natural populations for mapping purposes. In this technique, com-
mercial crop cultivars can be employed for the assessment of QTLs. First reported in humans, 
association mapping is now widely used in plant sciences. Assessment of marker-trait associa-
tions is facilitated by controlling underlying population structure in the used plant material 
for mapping purposes [29]. STRUCTURE software is used for identifying sub-populations in 
the used plant germplasm [30]. TASSEL software is used for the identification of QTLs in this 
case [31].

3.3. DNA markers used in molecular mapping approaches

In molecular mapping approaches, different types of DNA markers are used to identify QTLs. 
Amplified fragment length polymorphism (AFLP), restriction fragment length polymorphism 
(RFLP), simple sequence repeats (SSRs), sequence tagged sites (STS), simple sequence length 

Abiotic Stress Tolerance in Rice (Oryza sativa L.): A Genomics Perspective of Salinity Tolerance
http://dx.doi.org/10.5772/intechopen.73571

183



Na+ levels in agricultural lands are increasingly becoming a serious threat to the world agri-
culture. Plants suffer osmotic and ionic stress under high salinity due to the salts accumulated 
at the outside of roots and those accumulated at the inside of the plant cells, respectively.

Projected increase in human population demands a proportional increase in the food sup-
ply. This demand of increased food supply can be fulfilled only if we utilize all available 
land resources to their full potential. An associated phenomenon with the increase in 
human population is the decrease in world agricultural land area due to its use for human 
settlements. Due to these constraints, even marginal cultivable lands cannot be neglected. 
This urges that saline soils should be exploited to their full production potential. For good 
crop production on saline areas, different practices such as reclamation, agronomic adjust-
ments, and biological amendments are used in combination. Considering sustainable crop 
production on these areas, the use of salt-tolerant crop cultivars seems to be most suitable 
option [3–5]. For development of salt-tolerant cultivars, genetic diversity with respect to 
salt tolerance in crops has to be evaluated. For genetic diversity assessment and identifica-
tion of genomic regions associated with salt tolerance, molecular mapping approaches have 
made considerable contribution in different crop plants [6–14]. With the use of molecular 
mapping approaches, it has become possible to identify the chromosomal regions (quan-
titative trait loci, QTLs) associated with traits related to salt tolerance in rice. This chapter 
tries to cover effects of salinity on rice plant’s growth and development, types of molecular 
mapping approaches, methodology involved in these approaches, and the achievements 
made through these approaches in salinity tolerance in rice to-date. It also highlights the 
future prospects of molecular mapping approaches. Thus, it will be a valuable resource for 
designing future research endeavors to genetically characterize salt tolerance mechanisms 
and develop salt-tolerant rice cultivars. It will also facilitate molecular breeding efforts for 
screening rice germplasm for salinity tolerance.

2. Effects of salinity on rice plant growth and development

Salinity affects different morphological, biochemical, and physiological attributes of rice. 
Salinity has negative effect on percent relative-plant height, total tillers, root dry weight, shoot 
dry weight, and total dry matter [15]. Biochemical attributes of rice, affected by salinity, include 
chlorophyll content, proline content, hydrogen peroxide content, peroxidase (POX) activity, 
anthocyanins, Na+ content, K+ content, Ca++ content, total cations content [11, 16]. Physiological 
attributes of rice, which are affected by salinity, include relative growth rate, osmotic poten-
tial, transpiration use efficiency, senescence, Na+ uptake, K+ uptake, Ca++ uptake, total cations 
uptake, Na+/K+ uptake, Na+ uptake ratio, K+ uptake ratio, Ca++ uptake ratio, Na+/K+ uptake ratio, 
and total cations uptake ratio [11, 16, 17].

Rice shows different levels of salt tolerance at leaf and whole plant level [18, 19]. Similarly, 
behavior of rice plants towards salt stress may be different at vegetative and reproductive 
phases and this may not correlate with their mean level of relative resistance [20]. It is impor-
tant to know the specific salt susceptible phase of a rice variety to have a better comparison of 
performance among varieties under salinity stress.
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Vegetative and reproductive growth potential of plant depends upon the process of photosyn-
thesis. Increased sodium concentration in the leaf tissue negatively affects net photosynthesis 
and essential cellular metabolism [18, 21]. Chlorophyll content is important in photosynthe-
sis. Reports suggest that there is no correlation between the chlorophyll content and photo-
synthesis under salinity stress. Net photosynthesis was reduced by a sodium concentration 
which did not affect chlorophyll content [18]. It implicates the disturbance by salinity stress 
of other cellular processes involved in photosynthesis. Sodium accumulation in the leaf also 
affects stomatal aperture and carbon dioxide fixation simultaneously [18] and thus it may be 
one of the reasons for reduced photosynthesis due to sodium accumulation. The most salt-
susceptible cultivars had lowest K+/Na+ ratio in the leaves and exhibited strongest yield reduc-
tions [22]. Rice plant evolved different mechanisms to cope salinity stress conditions. One of 
these mechanisms is compartmenting salts within the plant body [23].

3. Molecular mapping approaches: types and methodology

Molecular mapping approaches are of two types, linkage mapping and association mapping, 
on the basis of mapping population used.

3.1. Linkage mapping

In linkage mapping, bi-parental segregating populations are used. These populations include 
backcross populations, doubled haploid (DH) lines, F2 populations, introgression lines (ILs), 
near isogenic lines (NILs) and recombinant inbred lines (RILs). JoinMap [24], MapMaker [25] 
or QTL IciMapping [26] soft-wares are used for the construction of genetic linkage maps. 
WinQTLCartographer [27], QTL IciMapping [26], and QTLNetwork [28] programs are used 
for the identification of QTLs. Detailed information about input file requirements, statisti-
cal parameters thresholds, and the procedure to run the software are provided in the user 
manuals of these softwares.

3.2. Association mapping

Association mapping uses natural populations for mapping purposes. In this technique, com-
mercial crop cultivars can be employed for the assessment of QTLs. First reported in humans, 
association mapping is now widely used in plant sciences. Assessment of marker-trait associa-
tions is facilitated by controlling underlying population structure in the used plant material 
for mapping purposes [29]. STRUCTURE software is used for identifying sub-populations in 
the used plant germplasm [30]. TASSEL software is used for the identification of QTLs in this 
case [31].

3.3. DNA markers used in molecular mapping approaches

In molecular mapping approaches, different types of DNA markers are used to identify QTLs. 
Amplified fragment length polymorphism (AFLP), restriction fragment length polymorphism 
(RFLP), simple sequence repeats (SSRs), sequence tagged sites (STS), simple sequence length 
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polymorphism (SSLP), and single nucleotide polymorphism (SNP) [12, 32–35] are different 
types of DNA markers which are employed for genotyping in molecular mapping studies.

4. Achievements made through molecular mapping approaches with 
respect to salinity tolerance in rice

By using linkage and association mapping approaches, a number of QTLs linked to salinity 
tolerance in rice, have been identified. Detail of identified QTLs is given below.

4.1. Linkage mapping

Linkage mapping has been very successful in the identification of QTLs linked to salinity 
tolerance in rice. A number of significant QTLs associated with salinity tolerance in rice were 
identified through linkage mapping approach (Table 1). In these studies, the mapping popu-
lations used were F2 population, F3 population, F2:4 population, near-isogenic lines, recom-
binant inbred lines, doubled haploid population, backcross-inbred lines, BC3F5 lines, BC2F8 
advanced backcross introgression lines, and reciprocal introgression lines. Marker systems 
used in these studies included SSR, RFLP, SSLP, SSR AFLP, and SNPs.

Morphological parameters are supposed to be indicators of salt tolerance. There were various 
reports in which QTLs related to morphological traits under salt stress were identified [12, 32, 
34–43]. In these mapping studies, the plant material was phenotyped at the seedling, tillering, 
or the maturity stage. Data for different morphological traits were recorded in these studies. 
These traits included seed germination (%), seedling survival days, seedling vigor, seedling 
root length, shoot length, fresh shoot weight, dry shoot weight, dry root weight, reduction 
rate of dry weight, reduction rate of fresh weight, reduction rate of leaf area, reduction rate 
of seedling height, tiller number, salt tolerance rating, score of salt toxicity of leaves, plant 
height, and grain yield-related traits. A number of significant QTLs were identified in these 
studies. These identified QTLs included a QTL for seedling survival days [32]; a QTL for root 
length flanked by restriction fragment length polymorphism (RFLP) markers RG162-RG653 
[36]; QTLs with heritability values up to 53.3% [34]; two significant QTLs, qST1 and qST3, 
for salt tolerance at seedling stage with 35.5–36.9% phenotypic variance explained values, 
respectively [38]; same QTLs conferring salt tolerance at both seedling and tillering stages 
[40], SSR marker RM223 associated with salt tolerance in rice [39], and a major QTL for straw 
yield, qSY-3 [12]. These studies also suggested that it is possible to combine favorable alleles 
associated with salt tolerance in a single cultivar through marker-assisted selection (MAS) 
of main effect QTLs (M-QTLs) [42]. Similarly, pleiotropic effects were found for some QTLs 
which were found associated with both drought and salt tolerance [43].

There are also a number of reports of QTLs identified for different physio-biochemical traits 
through linkage mapping [11, 33, 44–52]. Traits which were studied in these reports were 
shoot Na+ concentration; shoot K+ concentration; leaf Na+ concentration; leaf K+ concentration; 
Na+ uptake; K+ uptake; Na+ absorption; K+ adsorption; Na+/K+ absorption ratio; K+/Na+ ratio; 
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Trait Plant material used Marker system 
used

Reference

Seedling survival days RILs population RFLP [32]

Seed germination (%); seedling root length; 
seedling dry matter; seedling vigor

Doubled haploid (DH) 
population

RFLP [36]

Shoot length; tiller number; shoot fresh weight Backcross inbred lines RFLP [37]

Salt tolerance rating; Na+/K+ ratio in roots; dry 
matter weight of shoots

F2 population SSR [34]

Survival days of seedlings; score of salt toxicity 
of leaves; shoot K+ concentration; shoot Na+ 
concentration; fresh weight of shoots; tiller 
number per plant; plant height at the tillering 
stage

BC2F8 introgression lines (IL) SSR [40]

Plant height; panicle length; tillers per hill; 
spikelets per panicle; grain yield

RILs population SSR [39]

Reduction rate of dry weight; reduction rate 
of fresh weight; reduction rate of leaf area; 
reduction rate of seedling height

Introgression lines SSR [41]

Seedling height; dry shoot weight; dry root 
weight; Na/K ratios in roots

RILs, F2:9 SSR [42]

Days to seedlings survival; score on salt toxicity 
symptoms on leaves; shoot K+ concentration; 
shoot Na+ concentration at seedling stage

BC2F8 advanced backcross 
introgression lines (ILs)

SSR [43]

Plant height; root length; shoot dry weight;  
shoot fresh weight

RILs SNP [35]

Morphological and yield-related traits F2 population SSR [12]

Sodium and potassium uptake RILs AFLP, RFLP, SSR [33]

Salt tolerance traits RILs RFLP, SSLP [44]

Salt tolerance traits F2 and F3 populations RFLP [45]

– 140 RILs SSR [47]

Leaf Na+ concentration; K+/Na+ ratio; K+ 
concentrations; ratio of leaf Na+ to sheath Na+ 
concentrations

RILs RFLP, SSR [46]

Sodium (Na+) and potassium (K+) in roots and 
shoots; Na+/K+ ratio in roots and shoots

Advanced backcross-inbred 
lines (BILs)

SSR [48]

Na+ and K+ concentrations in the roots and  
shoots

RILs, F2:9 SSR [50]

Physiological traits F2:4 population SSR, AFLP [51]

Pollen fertility; Na+ concentration and Na/K  
ratio in the flag leaf

F2 population SSR [52]

Sodium (Na+), potassium (K+), and calcium (Ca++) 
accumulation traits

F2 population SSR [11]

Table 1. QTLs identified through linkage mapping studies.
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polymorphism (SSLP), and single nucleotide polymorphism (SNP) [12, 32–35] are different 
types of DNA markers which are employed for genotyping in molecular mapping studies.

4. Achievements made through molecular mapping approaches with 
respect to salinity tolerance in rice

By using linkage and association mapping approaches, a number of QTLs linked to salinity 
tolerance in rice, have been identified. Detail of identified QTLs is given below.

4.1. Linkage mapping

Linkage mapping has been very successful in the identification of QTLs linked to salinity 
tolerance in rice. A number of significant QTLs associated with salinity tolerance in rice were 
identified through linkage mapping approach (Table 1). In these studies, the mapping popu-
lations used were F2 population, F3 population, F2:4 population, near-isogenic lines, recom-
binant inbred lines, doubled haploid population, backcross-inbred lines, BC3F5 lines, BC2F8 
advanced backcross introgression lines, and reciprocal introgression lines. Marker systems 
used in these studies included SSR, RFLP, SSLP, SSR AFLP, and SNPs.

Morphological parameters are supposed to be indicators of salt tolerance. There were various 
reports in which QTLs related to morphological traits under salt stress were identified [12, 32, 
34–43]. In these mapping studies, the plant material was phenotyped at the seedling, tillering, 
or the maturity stage. Data for different morphological traits were recorded in these studies. 
These traits included seed germination (%), seedling survival days, seedling vigor, seedling 
root length, shoot length, fresh shoot weight, dry shoot weight, dry root weight, reduction 
rate of dry weight, reduction rate of fresh weight, reduction rate of leaf area, reduction rate 
of seedling height, tiller number, salt tolerance rating, score of salt toxicity of leaves, plant 
height, and grain yield-related traits. A number of significant QTLs were identified in these 
studies. These identified QTLs included a QTL for seedling survival days [32]; a QTL for root 
length flanked by restriction fragment length polymorphism (RFLP) markers RG162-RG653 
[36]; QTLs with heritability values up to 53.3% [34]; two significant QTLs, qST1 and qST3, 
for salt tolerance at seedling stage with 35.5–36.9% phenotypic variance explained values, 
respectively [38]; same QTLs conferring salt tolerance at both seedling and tillering stages 
[40], SSR marker RM223 associated with salt tolerance in rice [39], and a major QTL for straw 
yield, qSY-3 [12]. These studies also suggested that it is possible to combine favorable alleles 
associated with salt tolerance in a single cultivar through marker-assisted selection (MAS) 
of main effect QTLs (M-QTLs) [42]. Similarly, pleiotropic effects were found for some QTLs 
which were found associated with both drought and salt tolerance [43].

There are also a number of reports of QTLs identified for different physio-biochemical traits 
through linkage mapping [11, 33, 44–52]. Traits which were studied in these reports were 
shoot Na+ concentration; shoot K+ concentration; leaf Na+ concentration; leaf K+ concentration; 
Na+ uptake; K+ uptake; Na+ absorption; K+ adsorption; Na+/K+ absorption ratio; K+/Na+ ratio; 
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Salt tolerance traits F2 and F3 populations RFLP [45]

– 140 RILs SSR [47]

Leaf Na+ concentration; K+/Na+ ratio; K+ 
concentrations; ratio of leaf Na+ to sheath Na+ 
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Advanced backcross-inbred 
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Na+ and K+ concentrations in the roots and  
shoots
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F2 population SSR [11]

Table 1. QTLs identified through linkage mapping studies.
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ratio of leaf Na+ to sheath Na+ concentrations; sodium (Na+) and potassium (K+) in roots; Na+ 
concentration and Na/K ratio in the flag leaf; and sodium (Na+), potassium (K+), and calcium 
(Ca++) accumulation traits. Major discoveries in these studies included a major QTL (QKr1.2) 
identified for K+ content in the root on chromosome 1 explaining 30% of the total variation 
[48]; pollen fertility, Na+ concentration and Na/K ratio in the flag leaf were found as the most 
important attributes for salt tolerance at the reproductive stage in rice [52], QTLs for sodium 
and potassium uptake were identified on different linkage groups (chromosomes) [33] sug-
gesting that different pathways are involved in Na+ and K+ uptake; and a major locus control-
ling Na+ uptake (QTLsur-7) was identified on chromosome 7, with R2 value of 72.57% [11].

4.2. Association mapping

In recent years, association mapping is widely used to identify QTLs in plants. Association 
mapping approach is relatively new arrival in plant genetics. There are some reports of asso-
ciation mapping for salt tolerance in rice [13, 53–58]. Main findings of these association stud-
ies are presented in Table 2. In these studies, rice mapping populations used consisted of 
European Rice Core collection (ERCC) containing 180 japonica accessions [53], 96 rice germ-
plasm accessions including Nona Bokra [55], 220 rice accessions [56], 341 japonica rice acces-
sions [57], 94 rice genotypes [58], and 24 indica rice genotypes [13]. Traits for which data were 
recorded in these studies included Na+/K+ ratio, survival days of seedlings, shoot K+/Na+ ratio, 
Na+ uptake, Ca++ uptake, total cations uptake, Ca++ uptake ratio, K+ uptake ratio, Na+/K+ uptake 
and salinity tolerance scoring. Major findings made in these studies included an observation 
that distribution of favorable alleles associated with salt tolerance was random in ERCC [53]; 
40 new allelic variants found in coding sequences of five salt-related genes [54]; STS marker, 
RM22418, for SKC1, on Chr. 8 was found associated with salinity tolerance [55]; region con-
taining Saltol was found associated with Na+/K+ ratio [56]; marker RM3412 was found associ-
ated to salinity tolerance at seedling stage due to its close linkage to SKC gene [58]; and the 
report that other QTLs, in addition to Saltol, might be involved in salinity tolerance [58]. These 
reports highlighted that in rice germplasm there might be other genomic regions involved 
in salt tolerance. These genomic regions need to be characterized in future to add a wealth 

Trait Plant material used Marker system 
used

Reference

Salinity tolerance 180 japonica accessions SNPs, SSR [53]

Na+/K+ ratio equilibrium; signaling cascade; stress 
protection

392 rice accessions SNPs [54]

Salinity tolerance 96 germplasm accessions SSR [55]

Stress-responsive genes 220 rice accessions SNPs [56]

Survival days of seedlings and shoot K+/Na+ ratio 341 japonica rice accessions SSR [57]

Seedling stage salt tolerance 94 rice genotypes SSR [58]

Table 2. QTLs identified through association mapping studies.
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of information in the present rice genetics knowledge pool. Random distribution in the rice 
germplasm of favorable alleles associated with salt tolerance is a worthwhile finding which 
should be considered while exploring and selecting crossing parents in breeding programmes.

5. Future prospects and conclusions

Climate change has affected world agriculture a lot. The most pronounced effects of climate 
change are the heat stress and periodic drought conditions in major rice producing coun-
tries of the world. Due to periodic drought conditions, the already existing problem of high 
amounts of salts in the upper surface soil has intensified. So, there is a dire need to opt for a 
coordinated approach to address the problem of salinity stress for rice production. Genomics 
has great potential to assist in this coordinated programme. With the help of molecular map-
ping approaches, a number of major and minor QTLs associated with salinity tolerance in 
rice have been identified in recent years and there are further accelerated research efforts 
underway in this direction. The identified QTLs are valuable resources for marker-assisted 
selection (MAS) to develop elite salt tolerant rice cultivars. Great task is needed to be done in 
this regard so that marker-assisted breeding (MAB) approach can be implemented success-
fully in routine breeding programmes. In future, efforts should be directed to develop cli-
mate-smart rice cultivars which can perform stably under diverse environmental conditions. 
Identified QTLs and rice germplasm found tolerant to salinity stress can be exploited in three 
major ways: (a) to understand the molecular genetics of salt tolerance in rice; (b) salinity stress 
tolerant rice germplasm might be incorporated into salt-tolerant rice cultivars development 
molecular breeding programmes; (c) identified QTLs incorporated into MAS for screening 
rice germplasm against salinity stress. New genes involved in salt tolerance will be identified 
by this approach. Genome sequence of rice, both indica and japonica subspecies, is available 
now. In the next phase of annotation of the rice genome, molecular mapping results can be of 
help in combination with the comparative genomics approach.

Lot of work related to molecular mapping for salinity tolerance in rice is to be performed yet. 
The main cautious point is the plant phenotyping for salt stress tolerance. Accuracy in the 
phenotyping work is the key in the authentic identification of QTLs related to salt tolerance. 
Hydroponics should be tried for this purpose. Under salinity stress conditions, phenotyping 
at germination, seedling, tillering, and reproductive phases require different strategies and 
care. In case of quantitative traits, such as salinity stress tolerance, there is pronounced effect 
of environment. Efforts should be made to design a judicious phenotyping plan which can 
minimize effect of environment. In case of plant genotyping work, robust marker systems 
with high resolution power such as SNPs should be preferred over other marker systems. 
Genotyping-by-sequencing (GBS) is another option.

Previous research efforts have pointed out that the distribution of favorable alleles, associated 
with salt-tolerance, is random among the rice germplasm [53]. So, it is possible to pyramid 
favorable alleles of salt-tolerance in an elite rice genotype through well-planned crossing pro-
gramme. This elite rice cultivar will have great potential with regard to salt tolerance. In view 
of inland intrusion of the seas, we have to concentrate on the coastal areas to fully exploit 
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ratio of leaf Na+ to sheath Na+ concentrations; sodium (Na+) and potassium (K+) in roots; Na+ 
concentration and Na/K ratio in the flag leaf; and sodium (Na+), potassium (K+), and calcium 
(Ca++) accumulation traits. Major discoveries in these studies included a major QTL (QKr1.2) 
identified for K+ content in the root on chromosome 1 explaining 30% of the total variation 
[48]; pollen fertility, Na+ concentration and Na/K ratio in the flag leaf were found as the most 
important attributes for salt tolerance at the reproductive stage in rice [52], QTLs for sodium 
and potassium uptake were identified on different linkage groups (chromosomes) [33] sug-
gesting that different pathways are involved in Na+ and K+ uptake; and a major locus control-
ling Na+ uptake (QTLsur-7) was identified on chromosome 7, with R2 value of 72.57% [11].

4.2. Association mapping

In recent years, association mapping is widely used to identify QTLs in plants. Association 
mapping approach is relatively new arrival in plant genetics. There are some reports of asso-
ciation mapping for salt tolerance in rice [13, 53–58]. Main findings of these association stud-
ies are presented in Table 2. In these studies, rice mapping populations used consisted of 
European Rice Core collection (ERCC) containing 180 japonica accessions [53], 96 rice germ-
plasm accessions including Nona Bokra [55], 220 rice accessions [56], 341 japonica rice acces-
sions [57], 94 rice genotypes [58], and 24 indica rice genotypes [13]. Traits for which data were 
recorded in these studies included Na+/K+ ratio, survival days of seedlings, shoot K+/Na+ ratio, 
Na+ uptake, Ca++ uptake, total cations uptake, Ca++ uptake ratio, K+ uptake ratio, Na+/K+ uptake 
and salinity tolerance scoring. Major findings made in these studies included an observation 
that distribution of favorable alleles associated with salt tolerance was random in ERCC [53]; 
40 new allelic variants found in coding sequences of five salt-related genes [54]; STS marker, 
RM22418, for SKC1, on Chr. 8 was found associated with salinity tolerance [55]; region con-
taining Saltol was found associated with Na+/K+ ratio [56]; marker RM3412 was found associ-
ated to salinity tolerance at seedling stage due to its close linkage to SKC gene [58]; and the 
report that other QTLs, in addition to Saltol, might be involved in salinity tolerance [58]. These 
reports highlighted that in rice germplasm there might be other genomic regions involved 
in salt tolerance. These genomic regions need to be characterized in future to add a wealth 

Trait Plant material used Marker system 
used

Reference

Salinity tolerance 180 japonica accessions SNPs, SSR [53]

Na+/K+ ratio equilibrium; signaling cascade; stress 
protection

392 rice accessions SNPs [54]

Salinity tolerance 96 germplasm accessions SSR [55]

Stress-responsive genes 220 rice accessions SNPs [56]

Survival days of seedlings and shoot K+/Na+ ratio 341 japonica rice accessions SSR [57]

Seedling stage salt tolerance 94 rice genotypes SSR [58]

Table 2. QTLs identified through association mapping studies.
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of information in the present rice genetics knowledge pool. Random distribution in the rice 
germplasm of favorable alleles associated with salt tolerance is a worthwhile finding which 
should be considered while exploring and selecting crossing parents in breeding programmes.

5. Future prospects and conclusions

Climate change has affected world agriculture a lot. The most pronounced effects of climate 
change are the heat stress and periodic drought conditions in major rice producing coun-
tries of the world. Due to periodic drought conditions, the already existing problem of high 
amounts of salts in the upper surface soil has intensified. So, there is a dire need to opt for a 
coordinated approach to address the problem of salinity stress for rice production. Genomics 
has great potential to assist in this coordinated programme. With the help of molecular map-
ping approaches, a number of major and minor QTLs associated with salinity tolerance in 
rice have been identified in recent years and there are further accelerated research efforts 
underway in this direction. The identified QTLs are valuable resources for marker-assisted 
selection (MAS) to develop elite salt tolerant rice cultivars. Great task is needed to be done in 
this regard so that marker-assisted breeding (MAB) approach can be implemented success-
fully in routine breeding programmes. In future, efforts should be directed to develop cli-
mate-smart rice cultivars which can perform stably under diverse environmental conditions. 
Identified QTLs and rice germplasm found tolerant to salinity stress can be exploited in three 
major ways: (a) to understand the molecular genetics of salt tolerance in rice; (b) salinity stress 
tolerant rice germplasm might be incorporated into salt-tolerant rice cultivars development 
molecular breeding programmes; (c) identified QTLs incorporated into MAS for screening 
rice germplasm against salinity stress. New genes involved in salt tolerance will be identified 
by this approach. Genome sequence of rice, both indica and japonica subspecies, is available 
now. In the next phase of annotation of the rice genome, molecular mapping results can be of 
help in combination with the comparative genomics approach.

Lot of work related to molecular mapping for salinity tolerance in rice is to be performed yet. 
The main cautious point is the plant phenotyping for salt stress tolerance. Accuracy in the 
phenotyping work is the key in the authentic identification of QTLs related to salt tolerance. 
Hydroponics should be tried for this purpose. Under salinity stress conditions, phenotyping 
at germination, seedling, tillering, and reproductive phases require different strategies and 
care. In case of quantitative traits, such as salinity stress tolerance, there is pronounced effect 
of environment. Efforts should be made to design a judicious phenotyping plan which can 
minimize effect of environment. In case of plant genotyping work, robust marker systems 
with high resolution power such as SNPs should be preferred over other marker systems. 
Genotyping-by-sequencing (GBS) is another option.

Previous research efforts have pointed out that the distribution of favorable alleles, associated 
with salt-tolerance, is random among the rice germplasm [53]. So, it is possible to pyramid 
favorable alleles of salt-tolerance in an elite rice genotype through well-planned crossing pro-
gramme. This elite rice cultivar will have great potential with regard to salt tolerance. In view 
of inland intrusion of the seas, we have to concentrate on the coastal areas to fully exploit 
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their agricultural production potential. This is also imperative in view of alarming increase 
in human population and to feed this population we have to exploit every available land for 
agricultural production. It is hoped that genomics approaches will play a greater part in this 
exploitation of land by providing salt tolerant crop cultivars.
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Abstract

Since studies on herbicide-resistant rice (HRR) are limited in Sri Lanka, the present 
study conducted to screen the naturally existing glyphosate and glufosinate resistance 
in traditional and inbred rice varieties. Six traditional varieties and nineteen inbred 
lines were selected for the study. Complete randomized design with three pots with 10 
replicates for each herbicide concentration was employed. Optimal concentrations of 
glyphosate (0.5 gl−1) and glufosinate (0.05 gl−1) were applied at 3–4 leaf stages. Varieties 
≥50% survival percentage was considered as resistant to respective herbicides. Twelve 
varieties showed resistance (≥50%) at 0.5 gl−1 glyphosate concentration. Survived plants 
were monitored and agro-morphological and yield characters/parameters were mea-
sured. Fifteen varieties were to glufosinate at 0.05 gl−1. Even though no significant differ-
ences (p > 0.05) were observed in growth parameters across control and treated plants, 
there was a yield penalty. Nine varieties (At362, Bg352, Bg359, Bg366, Bg369, Bg379-2, 
Bg403, Bg454, and Pachchaperumal) indicated moderate resistance to both glyphosate 
and glufosinate. The emerged HRRs indicated varying responses of agro-morphological 
and yield characters across the type of herbicide and the variety. Glyphosate reduced 
the growth parameters and yield penalty compared to glufosinate treated varieties. 
These HRR varieties have a higher potential in rice breeding programs and in develop-
ing HR rice varieties in future.
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1. Introduction

Rice, one of the most important grains, fulfills the carbohydrate requirement of people in the 
tropical countries and to a lesser extent in subtemperate areas. The cultivated rice belongs to 
the grass family Gramineae (Poaceae) under the tribe-Oryzeae of the subfamily Pooideae [1]. 
However, the genus Oriza has been divided into several sections and placed O. sativa under 
Series Sativa in Section Sativae [2]. O. sativa, an indigenous rice species in Asia, is a diploid 
species consisting 24 chromosomes. The genomic formula of O. sativa is AA [2]. The species 
O. sativa is an annual grass, with round, hollow, jointed culms, rather flat, sessile leaf blades, 
and a terminal panicle, under favorable conditions. As the other members in the tribe Oryzeae, 
rice is well-adapted to aquatic and swampy habitats [3].

Rice is cultivated on about 156 million hectares of land to produce about 696 million tons 
annually in Asian countries which account for 90% of the world’s total rice production [4]. 
There is a growing trend of increasing rice consumptions since 2000s, which surpasses the 
production. On an annual basis, global rice demand keeps increasing by ca. 8 million tons 
implying that during next 10 years, the rice production need to increase to 80 million tons 
which is double the present production [5].

The increasing world population especially in tropical countries where rice serves as the 
staple food, one billion people per year demands an additional rice production (100 million 
MT) [6]. In future, it is apparent that rice production will continue to grow rapidly as increas-
ing populations attempt to secure food supplies. In order to obtain a good yield in rice, 
farmers are required to overcome several biotic and abiotic stresses. Among biotic stresses, 
weeds stand out as the major threat to rice cultivation, which reduce the yield qualitatively 
and quantitatively. Over the past few decades, climate change has induced transformations 
in the weed flora of arable ecosystems and the changes in the climate have also influenced 
weeds indirectly by enforcing adaptations to agronomic practice [7]. Therefore, it is impera-
tive to develop effective weed control strategies while maintaining crop yield [8]. Globally, 
ca.10% loss of rice yield is attributed to weed and specific quantity is more or less closer to 46 
million tons (based on 1987 world rough rice production). Depending on the predominant 
weed flora and on the control methods practiced by farmers, loss of yield caused by weeds 
varies across countries in the world. In Sri Lanka, a country considered self-sufficient in rice, 
weeds are the major biotic stress in rice production and account for 30–40% of yield losses 
[9]. Thus, there is a need to take timely and appropriate measures to preserve the country’s 
rice production.

Rice weeds are the major barriers to rice production because they possess the ability to compete 
for CO2, space, moisture, sunlight and nutrients. Under certain conditions, crops fail to suc-
cessfully compete with weeds [10]. Weed flora varies spatially due to type of rice culture, soil 
type, hydrology, tillage, cultural practices and irrigation pattern and so on. Approximately, 
134 weed species belonging to 32 taxonomic families were identified in rice fields in Sri Lanka, 
and they were categorized as grasses, sedges and broad leaves [11].
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Rice weeds adversely affected on final yield in number of ways. Weed increases the cost of 
production of rice. The cost of rice weed control, including herbicides, cultural and mechani-
cal practices, and hand weeding, is estimated to be about 5% of world rice production and 
amount to US$3.5 billion annually. When the10% loss of rough rice grain yield is added to 
this cost, the world’s total estimated cost for rice weeds and their control amounts to 15% of 
total annual production [12].

Weeds indirectly limit production and act as a host of plant harboring pathogens and pests 
that adversely affect rice. Furthermore, weeds intervene rice harvesting and increase har-
vest costs through direct interference with the harvesting operation and by causing lodging. 
Contamination of rough rice by the seeds of the weeds reduces the grain quality and market 
value for example weed red rice (Oryza sativa f. spontanea) has a pigmented layer that shat-
ters easily and readily contaminates rough rice. Removing all traces of the pigmented layer 
requires intense milling and results in decreased grain quality and lower milling rates [12].
The drudgery of weeding and labor shortages have made rice farming unattractive. In most 
tropical countries, farmers spend more time on weeding, by hand or with simple tools, than 
on any other farming task. Hand weeding of one (01) ha. of rice requires from 100 to 780 labor-
hours per crop, depending on the rice culture. Due to these adverse effects, there is a need to 
improve the present weed control practices.

Herbicides are chemical substances used to kill plants which are often placed under the 
group of chemicals known as pesticides that prevent, destroy, repel, or mitigate any pest 
[13]. Herbicides, in general, are classified using different criteria such as activity, timing 
of application, method of application, mechanism of action and chemical family. Based 
on the time of application there are three main categories of herbicides recommended for 
rice. “Pre-plant herbicides” are applied before the crop is planted in order to eliminate 
weeds that have germinated before planting or were left from following (e.g., glyphosate, 
glufosinate). “Pre-emergence herbicides” are applied after the crop has been planted but 
before weeds emerge (butachlor, pretilachloroxadiazon, pendimethalin, oxadiargyl) and 
“Post-emergence herbicides” are applied after weeds have emerged (bisparybacbispyribac, 
pentagon, 2,4-D). These herbicides are either broad-spectrum (nonselective) or narrow-
spectrum (selective). Some of the most common modes of actions are auxin mimics, mitosis 
inhibitors, photosynthesis inhibitors, amino acid synthesis inhibitors and lipid biosynthesis 
inhibitors.

The usage of pre-emergent, broad spectrum herbicide in controlling weeds in rice cultivation 
has become a popular method among the farmers since it minimizes cost, labor and time. 
Glyphosate and glufosinate are the most commonly used broad-spectrum herbicides (BSHs) in 
rice fields and glyphosate usage is comparatively higher. Glyphosate (N-(phosphonomethyl) 
glycine) or C3H8NO5P is a broad spectrum, nonselective systemic herbicide. It is effective in 
killing all plant types including grasses, perennials and woody plants. Glyphosate is a ver-
satile herbicide used by farmers, land managers and gardeners to simply, safely and effec-
tively control unwanted vegetation. Initially glyphosate was patented and sold by Monsanto 
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Company in the 1970s under the trade name Roundup and after that glyphosate-based prod-
ucts have become the most commonly used herbicides in the U.S. [14]. This widespread adop-
tion is the result of glyphosate’s ability to control a broad spectrum of weeds, its extensive 
economic and environmental benefits and its strong safety profile. Glyphosate is currently 
undergoing registration review by the US Environmental Protection Agency (EPA or the 
Agency) and it is essential that farmers, land managers and gardeners retain access to this 
important tool for weed control.

As an herbicide, glyphosate is activated by absorbing into the plant mainly though leaves 
and also through soft stalk tissue. Subsequently, glyphosate is transported throughout 
the plant where it acts on various enzyme systems inhibiting amino acid metabolism 
(shikimic acid pathway). Glyphosate inhibits 5-enolpyruvylshikimate-3-phosphate-syn-
thase, the sixth enzyme in the shikimate biosynthetic pathway that produces the essential 
aromatic amino acids (tryptophan, tyrosine and phenylalanine) and subsequently pheno-
lics, lignins, tannins and other phenylpropanoids [15]. The shikimate pathway is found 
in all microorganisms and crop plants. This pathway is essential for the biosynthesis of 
chorismate, the precursor for aromatic amino acids and aromatic secondary metabolites 
[16] (Priestman et al., 2005). Glyphosate is reported to be causing a significant damage to 
rice yield with a reduction of yield up to 80% by blocking the shikimate pathway of crop 
plant [17].

Glufosinate is converted within the plant cell into the phytotoxin named as phosphinothri-
cin (PT). As a structural analogue of glutamic acid, PT inhibits glutamine synthatase—GS 
(E.C.6.3.1.2.), competitively and irreversibly [18, 19]. GS is an essential ammonia assimilation 
enzyme found in plants. Inhibition of GS causes a rapid, toxic accumulation of intercellular 
ammonia resulting in metabolic disruption and inhibition of photosystem I and photosystem 
II in treated plants [18, 19] (Senseman, 2007; Hensley, 2009). Over 40 monocotyledonous and 
more than 150 dicotyledonous species are sensitive to PT [20].

In relation to herbicide, usage of the terms “tolerance” and “resistance” are inconsistent 
among the general public and even weed scientists. Among the members of the weed sci-
ence community, tolerance and resistance are used interchangeably. Further, herbicide 
manufacturers/seed companies that develop and/or market HR crop cultivars/varieties 
generally refer to these as herbicide-tolerant. The present study recognizes the definition 
of herbicide tolerance and resistance established by the Weed Science Society of America 
(WSSA) [21].

The official Weed Science Society of America [21] defines herbicide resistance as “the inher-
ited ability of a plant to survive and reproduce following exposure to a dose of herbicide 
normally lethal to the wild type. In a plant, resistance may be naturally occurring or induced 
by such techniques as genetic engineering or selection of variants produced by tissue culture 
or mutagenesis”. Herbicide tolerance is defined by WSSA as “tolerance is the inherent ability 
of a species to survive and reproduce after herbicide treatment. This implies that there was 
no selection or genetic manipulation to make the plant tolerant; it is naturally tolerant” [21].  
Resistance may occur in plants as the result of random and frequent mutation. Through 
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selection, where the herbicide is the selection pressure, susceptible plants are killed while 
herbicide resistant plants survive.

During the last two decades, considerable effort has been made to breed HR crops and it was 
expected to relieve the constraints imposed by different combinations of chemicals, overcome 
problems associated with herbicide residues, expand the range of compounds available for 
selective use in-crop, simplify the crop management and extend the useful life span of the 
current nonselective herbicides [22].

Rice cultivars resistant to glufosinate [23], sulfonylureas, imidazolinones and glyphosate 
have already been developed and are being field-tested, mostly in the USA but also in South 
America and Japan [24–26]. The main reason for developing HR rice is to attain control of 
weed species that fail to control rice weeds selectively [27]. In addition, introduction of HR 
rice improves current cropping systems, with more efficient weed control measures and could 
reduce the amount of land required to satisfy the global rice needs and fulfill the increase 
in the future demand of rice. Particularly, HR rice provides the farmer with new efficient 
chemical options for weed control, for instance, glyphosate and glufosinate target both mono-
cotyledonous and dicotyledonous weeds, which probably allow less herbicide use in terms of 
amount and number of applications. In relation to HR, both herbicides were post-emergence, 
which means that doses can be adjusted to actual weed infestation, and spraying can be per-
formed within a wider time frame due to their high efficacy and crop tolerance. Therefore, 
HR could result in adequate control of hard-to-kill weeds. In addition, weed populations 
already resistant to currently used herbicides could be controlled with these broad-spectrum 
herbicides [28].

Many studies focused on optimization of weed management in HR have been conducted 
with rice resistant to either glufosinate or imidazolinone. Almost complete control of 
weedy rice and other grasses, including Echinochloa crus-galli (L.) Beauv. was achieved 
in glufosinate-resistant rice in Arkansas (USA) by sequential applications of glufosinate. 
Initial studies on weed control in Imidazolinone resistant rice (IMI rice) were conducted 
with imazethapyr, an herbicide proven effective against weedy rice and other rice weeds 
when applied as a soil or foliar treatment. Imidazolinone resistant rice varieties carrying 
an insensitive target acetolactatesynthase (ALS) enzyme, which is the target site of these 
herbicides, were developed through anther culture and backcrossing without exposure to 
mutagens or genetic transformation [29]. Further, imidazolinone-tolerant rice variety was 
engineered through mutation of the rice variety AS3510 with EMS. The resulted M2 plants 
were sprayed with imazethapyr. A single surviving plant was identified, and the progeny 
of this rice plant showed tolerance to several AHAS-inhibiting herbicides [30]. This mutant 
line was referred to as 93AS3510, and subsequently two imidazolinone-tolerant rice variet-
ies, CL121 and CL141 were developed with this tolerance trait and were first marketed in 
the USA in 2001 [31, 32].

Even with such achievements, inadequate weed and pest management practices led to cre-
ation of a yield gap in the rice production. Literature on the subject revealed that studies have 
focused on the importance of controlling weeds including hard-to-control Echinochloa spp. 
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of a species to survive and reproduce after herbicide treatment. This implies that there was 
no selection or genetic manipulation to make the plant tolerant; it is naturally tolerant” [21].  
Resistance may occur in plants as the result of random and frequent mutation. Through 
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selection, where the herbicide is the selection pressure, susceptible plants are killed while 
herbicide resistant plants survive.
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problems associated with herbicide residues, expand the range of compounds available for 
selective use in-crop, simplify the crop management and extend the useful life span of the 
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formed within a wider time frame due to their high efficacy and crop tolerance. Therefore, 
HR could result in adequate control of hard-to-kill weeds. In addition, weed populations 
already resistant to currently used herbicides could be controlled with these broad-spectrum 
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Many studies focused on optimization of weed management in HR have been conducted 
with rice resistant to either glufosinate or imidazolinone. Almost complete control of 
weedy rice and other grasses, including Echinochloa crus-galli (L.) Beauv. was achieved 
in glufosinate-resistant rice in Arkansas (USA) by sequential applications of glufosinate. 
Initial studies on weed control in Imidazolinone resistant rice (IMI rice) were conducted 
with imazethapyr, an herbicide proven effective against weedy rice and other rice weeds 
when applied as a soil or foliar treatment. Imidazolinone resistant rice varieties carrying 
an insensitive target acetolactatesynthase (ALS) enzyme, which is the target site of these 
herbicides, were developed through anther culture and backcrossing without exposure to 
mutagens or genetic transformation [29]. Further, imidazolinone-tolerant rice variety was 
engineered through mutation of the rice variety AS3510 with EMS. The resulted M2 plants 
were sprayed with imazethapyr. A single surviving plant was identified, and the progeny 
of this rice plant showed tolerance to several AHAS-inhibiting herbicides [30]. This mutant 
line was referred to as 93AS3510, and subsequently two imidazolinone-tolerant rice variet-
ies, CL121 and CL141 were developed with this tolerance trait and were first marketed in 
the USA in 2001 [31, 32].

Even with such achievements, inadequate weed and pest management practices led to cre-
ation of a yield gap in the rice production. Literature on the subject revealed that studies have 
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and Eleusine spp. [8]. In addition, herbicide resistant (HR) conspecific weeds such as weedy 
rice with varying dormancy patterns have become more abundant in rice fields in Sri Lanka 
throughout the cropping season. As a result, Sri Lankan farmers tend to use pre- and pos-
temergent herbicides in land preparation specially to control weedy rice. These pre- and 
postemergent herbicides include selective and nonselective (broad spectrum) herbicides. As 
far as selective herbicide usage is considered, the number of application and their amount 
to control common weeds such as: Cyperus iria L. (family: Cyperaceae), Echinochloa sp. (fam-
ily: Gramineae), Monochoria vaginalis (family: Pontederiaceae) and weedy rice (Oryza sativa 
f. spontanea; family: Poaceae) has been increased considerably leading to sever threats to the 
rice growing environment [33]. Thus, it is critically important to evaluate the possibility of 
applying commonly used broad-spectrum herbicides; glyphosate and glufosinate as post-
emergent herbicides along with herbicide resistant technology to eliminate hard-to-control 
weeds. Thus, the objective of the present study was to evaluate the herbicide resistance of Sri 
Lankan traditional and inbred cultivated rice varieties to pre-emergent herbicide—glyphosate 
and glufosinate.

2. Methodology

Seeds of twenty-five rice (Oryza sativa L.) varieties (Table 1) were collected from the Rice 
Research and Development Institute (RRDI) of Sri Lanka. These lines were maintained 
in a plant house at the Open University of Sri Lanka, located in low country wet zone 
of the Western province, with an average temperature of 28–32°C and 65–70% relative 
humidity.

The selected seeds were pre-soaked overnight and allowed to germinate. One week old seed-
lings were planted in pots (with 23 cm diameter) filled with puddle soil (5.5 kg per pot) 
and excess plantlets were thinned out 1 week after planting [34] leaving 10 plants per pot. 
Fertilizer application and other crop management practices were performed according to the 
recommendations of the Department of Agriculture, Sri Lanka.

Glyphosate (0.5 gl−1) and glufosinate (0.05 gl−1) [35] were applied at 3–4 leaf stage (Department 
of Agriculture, Sri Lanka) of plants separately. The research design used was complete ran-
domized design (CRD) with three pots (10 replicates in each pot) for each treatment and 
nontreated plants served as the control.

The total number of plants and the number of surviving plants were counted for each variety 
and percentage resistance (PR) was calculated as follows: plants with ≥50% resistance to her-
bicides were arbitrary considered as resistant varieties [36].

  PR  (%)  =  [  
Number of survivng seedlings in a variety

    __________________________________________    Total number of seedlings grown in the same variety  ]  × 100  

Agro-morphological characters of resistant plant were measured/evaluated in 2 weeks after 
sawing and the yield parameters, respectively, by application of respective herbicide.
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3. Results and discussion

Evaluation of natural resistance to glyphosate and glufosinate among rice varieties.

The results obtained from the screening for glufosinate resistant and glyphosate resistant 
varieties revealed that some of the selected traditional rice varieties and inbred lines possess 

Selection number Name Age (month) Attributes

1 Bg94-1 3 ½ High yield WP

2 Bg250 2 ½

3 Bg300 3 Resistant to GM-1, BL, BB, Bph

4 Bg304 3 Resistant to GM 1&2, BL, BB, Bph

5 Bg305 3 Resistant to GM-1 and 11, BPH, BL 
and BLB

6 Bg352 3 ½ Resistant to BL, BB & GM-1, Bph

7 Bg357 3 ½ Resistant to GM-1& 2, BL, BB, Bph

8 Bg359 Resistant to GM 1 & 2, BL, BB, Bph

9 Bg360 3 ½ Resistant to GM-1, GM-2, BL, Bph

10 At362 3 ½

11 Bw364 3 ½

12 Ld3 65 3 ½ Resistant to iron toxicity

13 Bg366 3 ½

14 Bg369 3 ½

15 Bg379-2 4 ½ Resistant to Bph and BB

16 Bg403 4 Resistant to BB, BL and Bph

17 Bg450 4 ½ Resistant GM-I

18 Bg454 4 ½

19 H4 4 Resistant to BL

20 Kaluheenati 4 Moderately tolerant Gr. 2

21 Kuruluthuda 4

22 Suwadal 5

23 Rathhal 5

24 Madel 5

25 Pachchaperumal 3 ½

BB: bacterial leaf blight; BL: rice blast disease; GM-1: biotype one of rice gall midge; GM-2: biotype two of rice gall midge; 
Bph: brown plant hopper; PS: photo period sensitivity.
Source: Jeyawardena et al., 2010, RRDI, Batalagoda, Department of Agriculture, Sri Lanka

Table 1. List of chosen Sri Lankan rice varieties form the results of a previous for the study on natural herbicide resistance.
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and Eleusine spp. [8]. In addition, herbicide resistant (HR) conspecific weeds such as weedy 
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temergent herbicides in land preparation specially to control weedy rice. These pre- and 
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far as selective herbicide usage is considered, the number of application and their amount 
to control common weeds such as: Cyperus iria L. (family: Cyperaceae), Echinochloa sp. (fam-
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f. spontanea; family: Poaceae) has been increased considerably leading to sever threats to the 
rice growing environment [33]. Thus, it is critically important to evaluate the possibility of 
applying commonly used broad-spectrum herbicides; glyphosate and glufosinate as post-
emergent herbicides along with herbicide resistant technology to eliminate hard-to-control 
weeds. Thus, the objective of the present study was to evaluate the herbicide resistance of Sri 
Lankan traditional and inbred cultivated rice varieties to pre-emergent herbicide—glyphosate 
and glufosinate.

2. Methodology

Seeds of twenty-five rice (Oryza sativa L.) varieties (Table 1) were collected from the Rice 
Research and Development Institute (RRDI) of Sri Lanka. These lines were maintained 
in a plant house at the Open University of Sri Lanka, located in low country wet zone 
of the Western province, with an average temperature of 28–32°C and 65–70% relative 
humidity.

The selected seeds were pre-soaked overnight and allowed to germinate. One week old seed-
lings were planted in pots (with 23 cm diameter) filled with puddle soil (5.5 kg per pot) 
and excess plantlets were thinned out 1 week after planting [34] leaving 10 plants per pot. 
Fertilizer application and other crop management practices were performed according to the 
recommendations of the Department of Agriculture, Sri Lanka.

Glyphosate (0.5 gl−1) and glufosinate (0.05 gl−1) [35] were applied at 3–4 leaf stage (Department 
of Agriculture, Sri Lanka) of plants separately. The research design used was complete ran-
domized design (CRD) with three pots (10 replicates in each pot) for each treatment and 
nontreated plants served as the control.

The total number of plants and the number of surviving plants were counted for each variety 
and percentage resistance (PR) was calculated as follows: plants with ≥50% resistance to her-
bicides were arbitrary considered as resistant varieties [36].

  PR  (%)  =  [  
Number of survivng seedlings in a variety

    __________________________________________    Total number of seedlings grown in the same variety  ]  × 100  

Agro-morphological characters of resistant plant were measured/evaluated in 2 weeks after 
sawing and the yield parameters, respectively, by application of respective herbicide.
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Evaluation of natural resistance to glyphosate and glufosinate among rice varieties.
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the ability to resist the detrimental effects of those broad-spectrum herbicides (Figure 1).  
Two rice varieties (Rathal—2% and Bg305—1%) were found to be lethal to 0.05 gl−1 glu-
fosinate concentration whereas no such varieties were observed under the application of 
0.5 gl−1 glyphosate. Fifteen rice varieties (At362—90%, Bg250—83%, Bg300—96%, Bg352—
100%, Bg357—53%, Bg359—100%, Bg360—96%, Bg366—73%, Bg369—83%, Bg379/2—93%, 
Bg403—100%, Bg450—57%, Bg454—97%, Bg94/1—73%, Pachchaperumal—53%) showed 
natural resistance under glufosinate application and 12 rice varieties (At362—75%, Bg352—
50%, Bg359—55%, Bg366—65%, Bg369—60%, Bg379/2—65%, Bg403—60%, Bg454—55%, 
Ld365—70%, Kaluheenati—55%, Kuruluthuda—55%, Pachchaperumal—70%) were able to sur-
vive under glyphosate application. Results indicated that nine varieties (At362, Bg352, Bg359, 
Bg366, Bg369, Bg379-2, Bg403, Bg454 and Pachchaperumal) were resistant for both glyphosate 
and glufosinate (Figure 1).

Very limited studies have been conducted regarding the natural or induced herbicide resis-
tance in Sri Lankan rice varieties [36] and findings of Sri Lankan rice varieties which are able 
to resist broad-spectrum herbicides (BSHs) such as glufosinate and glyphosate have hardly 
been recorded. In this study, nine rice varieties with the ability to resistant the application of 
concentrations, 0.05 gl−1glufosinate and 0.5 gl−1 glyphosate have been identified. Among these 
varieties, only two red grain rice varieties (Pachchaperumal and At362) are included indicating 
that most of the cultivated traditional rice varieties, except Pachchaperumal did not possess the 
ability to resist both glufosinate and glyphosate as observed in inbred rice varieties. However, 
further studies are required to confirm such findings. Sri Lankans do admire red grain rice such 
as Kuruluthuda, Kaluheenati and Rathal due to their high nutritive qualities (Table 1), and it is 
important to note that such varieties need to be developed as BSHs resistant varieties in future.

Figure 1. Comparison between natural resistances in selected rice (Oryza sativa L.) varieties to glyphosate and glufosinate.
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On the other hand, according to the results of the study, relatively high survival percentage 
toward both BSHs was reported by inbred rice varieties which possess many valuable attri-
butes other than glyphosate- and glufosinate-resistance such as resistant to GM-1, GM-2, BL, 
BB, Bph and have high yield potential (Table 1). These rice varieties could be incorporated in 
rice breeding programs to strengthen the sustainable cultivation.

Comparison table of plant height and yield parameters of glyphosate treated and untreated rice 
varieties are shown in Table 2. Though rice plant showed considerable HR in general, growth 

Rice variety Plant height (cm) 1000-grain weight (g) Yield/plant (g)

Control

At362 66.33 (1.20) 25.00 (0.44) 23.43 (2.69)

Bg359 62.00 (2.08) 22.46 (0.32) 12.38 (0.46)

Bg366 46.67 (2.73) 23.17 (0.28) 5.34 (0.60)

Bg369 34.33 (1.67)

Bg379-2 64.00 (0.58) 25.67 (0.44) 5.22 (0.70)

Bg403 67.00 (1.15) 21.39 (0.38) 15.00 (1.09)

Bg454 52.00 (2.08)

Bw364 58.67 (2.33) 19.23 (2.25) 12.51 (2.65)

Ld365 59.00 (2.08) 13.26 (0.29) 4.04 (0.77)

Kaluheenati 73.33 (0.88) 22.89 (1.51) 4.69 (0.75)

Kuruluthuda 70.00 (1.15)

Pachchaperumal 70.33 (1.20) 31.64 (0.38) 11.31 (1.02)

Treated

At362 50.33 (0.88) 16.86 (0.32) 12.61 (3.25)

Bg359 52.00 (3.06) 16.37 (0.29) 5.38 (0.94)

Bg366 27.67 (3.67) 18.49 (0.90) 3.19 (0.36)

Bg369 48.67 (2.33)

Bg379-2 48.67 (3.48) 15.27 (1.41) 1.84 (0.40)

Bg403 49.00 (2.65) 17.56 (0.38) 6.50 (1.45)

Bg454 45.33 (1.45)

Ld365 48.00 (2.00) 9.85 (0.20) 1.90 (0.38)

Kaluheenati 59.83 (3.68) 14.37 (0.59) 3.11 (0.50)

Kuruluthuda 64.33 (2.33)

Pachchaperumal 61.00 (3.12) 22.94 (1.34) 3.29 (0.37)

Table 2. Summary of the parametric variables; plant height, 1000-grain weight and yield per plant control and treated 
with glyphosate (0.5 g/l).
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the ability to resist the detrimental effects of those broad-spectrum herbicides (Figure 1).  
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vive under glyphosate application. Results indicated that nine varieties (At362, Bg352, Bg359, 
Bg366, Bg369, Bg379-2, Bg403, Bg454 and Pachchaperumal) were resistant for both glyphosate 
and glufosinate (Figure 1).

Very limited studies have been conducted regarding the natural or induced herbicide resis-
tance in Sri Lankan rice varieties [36] and findings of Sri Lankan rice varieties which are able 
to resist broad-spectrum herbicides (BSHs) such as glufosinate and glyphosate have hardly 
been recorded. In this study, nine rice varieties with the ability to resistant the application of 
concentrations, 0.05 gl−1glufosinate and 0.5 gl−1 glyphosate have been identified. Among these 
varieties, only two red grain rice varieties (Pachchaperumal and At362) are included indicating 
that most of the cultivated traditional rice varieties, except Pachchaperumal did not possess the 
ability to resist both glufosinate and glyphosate as observed in inbred rice varieties. However, 
further studies are required to confirm such findings. Sri Lankans do admire red grain rice such 
as Kuruluthuda, Kaluheenati and Rathal due to their high nutritive qualities (Table 1), and it is 
important to note that such varieties need to be developed as BSHs resistant varieties in future.

Figure 1. Comparison between natural resistances in selected rice (Oryza sativa L.) varieties to glyphosate and glufosinate.
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On the other hand, according to the results of the study, relatively high survival percentage 
toward both BSHs was reported by inbred rice varieties which possess many valuable attri-
butes other than glyphosate- and glufosinate-resistance such as resistant to GM-1, GM-2, BL, 
BB, Bph and have high yield potential (Table 1). These rice varieties could be incorporated in 
rice breeding programs to strengthen the sustainable cultivation.
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Kuruluthuda 70.00 (1.15)

Pachchaperumal 70.33 (1.20) 31.64 (0.38) 11.31 (1.02)

Treated

At362 50.33 (0.88) 16.86 (0.32) 12.61 (3.25)

Bg359 52.00 (3.06) 16.37 (0.29) 5.38 (0.94)

Bg366 27.67 (3.67) 18.49 (0.90) 3.19 (0.36)

Bg369 48.67 (2.33)

Bg379-2 48.67 (3.48) 15.27 (1.41) 1.84 (0.40)

Bg403 49.00 (2.65) 17.56 (0.38) 6.50 (1.45)

Bg454 45.33 (1.45)

Ld365 48.00 (2.00) 9.85 (0.20) 1.90 (0.38)

Kaluheenati 59.83 (3.68) 14.37 (0.59) 3.11 (0.50)

Kuruluthuda 64.33 (2.33)

Pachchaperumal 61.00 (3.12) 22.94 (1.34) 3.29 (0.37)

Table 2. Summary of the parametric variables; plant height, 1000-grain weight and yield per plant control and treated 
with glyphosate (0.5 g/l).
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Rice variety Plant height (cm) 1000-grain weight (g) Yield/plant (g)

Control

At362 66.33 (1.20) 25.00 (0.44) 84.57 (0.59)

Bg359 62.00 (2.08) 22.46 (0.32) 75.37 (0.64)

Bg366 46.67 (2.73) 23.17 (0.28) 72.27 (0.50)

Bg369 34.33 (1.67)

Bg379-2 64.00 (0.58) 25.67 (0.44) 68.70 (0.29)

Bg403 67.00 (1.15) 21.39 (0.38) 82.43 (0.67)

Bg454 52.00 (2.08)

Bw364 62.33 (1.45) 24.21 (0.42) 85.17 (0.49)

Ld365 59.00 (2.08) 13.26 (0.29) 81.27 (0.50)

Kaluheenati 73.33 (0.88) 22.89 (1.51) 70.93 (0.54)

Kuruluthuda 70.00 (1.15)

Pachchapermal 70.33 (1.20) 31.64 (0.38) 80.23 (1.13

Treated

At362 50.33 (0.88) 16.86 (0.32) 82.87 (0.24)

Bg359 52.00 (3.06) 16.37 (0.29) 69.60 (0.38)

Bg366 27.67 (3.67) 18.49 (0.90) 64.27 (0.62)

Bg369 48.67 (2.33)

Bg379-2 48.67 (3.48) 15.27 (1.41) 65.20 (0.59)

Bg403 49.00 (2.65) 17.56 (0.38) 80.57 (0.46)

Bg454 45.33 (1.45)

Bw364 55.00 (3.40) 14.26 (0.55) 70.33 (2.50)

Ld365 48.00 (2.00) 9.85 (0.20) 74.97 (2.98

Kaluheenati 59.83 (3.68) 14.37 (0.59) 68.50 (0.36)

Kuruluthuda 64.33 (2.33)

Pachchaperumal 61.00 (3.12) 22.94 (1.34) 70.63 (0.30

Table 3. Summary of the parametric variables; plant height, 1000-grain weight and yield per plant of control and treated 
with glufosinate (0.05 gl−1).

retardation is indicated by the decrease in plant height resulting stunting of glyphosate treated 
plants. Similarly, the yield parameters such as 1000-grain weight yield per plant also showed 
apparent decrease in treated plants. However, yield per plant of the treated At362 indicated 
comparatively less reduction of yield. These findings led to conclude that though most of the 
rice varieties included in the study were resistant to the glyphosate, there was a considerable 
yield penalty. Similarly, the response of rice varieties included in the study to glufosinate are 
summarized in Table 3 and according to the table, a general trend of decreasing plant height that 
is stunting growth and yield parameters specially yield per plant was observed. Comparatively, 
glufosinate treated At362 variety indicated low reduction in yield per plant (Table 3).
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The nonparametric variables of treated and untreated rice varieties with glyphosate and glu-
fosinate are shown in Tables 4 and 5, respectively. According to the tables, it is evident that 
there was no discernible different in growth parameters; however, yield parameters were 
considerably varied between the herbicide treated plants.

Rice variety Number of tillers/
plant

Number of leaves/
plant

Number of panicles/
plant

Number of seeds/
panicle

Control

At362 1 1 2 15

Bg359 0 3 1 14

Bg366 1 2 1 10

Bg369 1 2

Bg379 1 2 1 10

Bg403 1 5 2 20

Bg454 1 3

Bw364 1 1 1 15

Ld365 1 5 2 20

Kaluheenati 1 3 2 6

Kuruluthuda 1 3

Pachchaperumal 1 3 1 15

Treated

At362 0 2 3 34

Bg359 1 4 2 10

Bg366 2 1 1 5

Bg369 1 2

Bg379 1 4 1 9

Bg403 1 3 3 20

Bg454 1 2

Bw364 1 1 2 22

Ld365 0 2 1 15

Kaluheenati 0 1 1 11

Kuruluthuda 1 4

Pachchaperumal 0 2 2 10

Table 4. Summary of nonparametric variables; number of tillers per plant, number of leaves per plant, number of 
panicles per plant and number of seeds per panicle of control and treated with glyphosate (0.5 gl−1).
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Bg366 46.67 (2.73) 23.17 (0.28) 72.27 (0.50)
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Ld365 48.00 (2.00) 9.85 (0.20) 74.97 (2.98

Kaluheenati 59.83 (3.68) 14.37 (0.59) 68.50 (0.36)

Kuruluthuda 64.33 (2.33)

Pachchaperumal 61.00 (3.12) 22.94 (1.34) 70.63 (0.30

Table 3. Summary of the parametric variables; plant height, 1000-grain weight and yield per plant of control and treated 
with glufosinate (0.05 gl−1).

retardation is indicated by the decrease in plant height resulting stunting of glyphosate treated 
plants. Similarly, the yield parameters such as 1000-grain weight yield per plant also showed 
apparent decrease in treated plants. However, yield per plant of the treated At362 indicated 
comparatively less reduction of yield. These findings led to conclude that though most of the 
rice varieties included in the study were resistant to the glyphosate, there was a considerable 
yield penalty. Similarly, the response of rice varieties included in the study to glufosinate are 
summarized in Table 3 and according to the table, a general trend of decreasing plant height that 
is stunting growth and yield parameters specially yield per plant was observed. Comparatively, 
glufosinate treated At362 variety indicated low reduction in yield per plant (Table 3).

Rice Crop - Current Developments202

The nonparametric variables of treated and untreated rice varieties with glyphosate and glu-
fosinate are shown in Tables 4 and 5, respectively. According to the tables, it is evident that 
there was no discernible different in growth parameters; however, yield parameters were 
considerably varied between the herbicide treated plants.

Rice variety Number of tillers/
plant

Number of leaves/
plant

Number of panicles/
plant

Number of seeds/
panicle

Control

At362 1 1 2 15

Bg359 0 3 1 14

Bg366 1 2 1 10

Bg369 1 2

Bg379 1 2 1 10

Bg403 1 5 2 20

Bg454 1 3

Bw364 1 1 1 15

Ld365 1 5 2 20

Kaluheenati 1 3 2 6

Kuruluthuda 1 3

Pachchaperumal 1 3 1 15

Treated

At362 0 2 3 34

Bg359 1 4 2 10

Bg366 2 1 1 5

Bg369 1 2

Bg379 1 4 1 9

Bg403 1 3 3 20

Bg454 1 2

Bw364 1 1 2 22

Ld365 0 2 1 15

Kaluheenati 0 1 1 11

Kuruluthuda 1 4

Pachchaperumal 0 2 2 10

Table 4. Summary of nonparametric variables; number of tillers per plant, number of leaves per plant, number of 
panicles per plant and number of seeds per panicle of control and treated with glyphosate (0.5 gl−1).
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3.1. Effect of glufosinate and glyphosate on agro-morphological characters of HR 
resistant rice varieties

The results of the study suggest that several specific growth parameters of certain glufos-
inate-resistant varieties at 0.05 gl−1showed no significant difference (p > 0.05) compared to 
control plants. For instance, plant height of Bg379-2 (Table 3), leaf blade width of Bg366, 

Rice variety Number of tillers/
plant

Number of leaves/
plant

Number of 
panicles

Number of seeds/
panicle

Control

At362 1 1 2 15

Bg359 0 3 1 14

Bg366 1 2 1 10

Bg369 1 2

Bg379 1 2 1 10

Bg403 1 5 2 20

Bg454 1 3

Bw364 1 1 1 15

Kaluheenati 1 3 2 6

Ld365 1 5 2 20

Kuruluthuda 1 3

Pachchaperumal 1 3 1 15

Treated

At362 0 2 3 34

Bg359 1 4 2 10

Bg366 2 1 1 5

Bg369 1 2

Bg379 1 4 1 9

Bg403 1 3 3 20

Bg454 1 2

Bw364 1 1 2 22

Kaluheenati 0 1 1 11

Kuruluthuda 1 4

Ld365 0 2 1 15

Pachchaperumal 0 2 2 10

Table 5. Summary of nonparametric variables; number of tillers per plant, number of leaves per plant, number of 
panicles per plant and number of seeds per panicle of control and treated with glufosinate (0.05 gl−1).
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and leaf length of Bg352 at 0.05 gl−1of glufosinate application showed no significant differ-
ence (p > 0.05) (data not given). In addition, the control plants and the plants resistant to 
0.05 gl−1glufosinate, number of leaves per plant and number of tillers per plant (Table 5) were 
not statistically significant.

Analysis of the variance of yield parameters indicated no significant difference for number of 
the seeds per panicle at 0.05 gl−1 glufosinate application except Bg454, Bg369 and Kuruluthuda. 
Almost all varieties indicated significant differences (p ≤ 0.05) for flag leaf length, flag leaf 
width at0.05 gl−1glufosinate application predicting the possibility of glufosinate (at 0.05 gl−1) 
to cause reduction in flag leaf quality even when applied at 3–4 leaf stage of the plant (data 
not given). Varieties such as Bg360, Bg357, Bg369, Bg379-2, Bg450, Bg403, Bg250 and Bg 454 
reported insignificant differences for thousand seed weight character at 0.05 gl−1. Significant 
yield reduction was observed for Bg362, Bg359, Bg94-1, Bg358, Bg300 and At362 at 0.05 gl−1.

After application of 0.05 gl−1 concentration of glufosinate, injuries were identified (Figure 2) as 
rapid chlorosis (Figure 2B) of treated leaves followed by wilting (Figure 2D), necrosis (Figure 2C)  
and ultimate death of susceptible plants. Similar symptoms have been reported for different 
rice varieties [19, 34, 35] and for wheat [37] (Deeds et al., 2006). In addition, brown color lesions 
(Figure 2A) were also observed on leaves, and browning of leaf tips (Figure 2E) commonly 
occurred on all varieties. The injuries were significantly higher after 1 week from herbicide 
application. Severe chlorosis was observed in rice leaves depending on the susceptibility of 
the varieties within 3–6 days after herbicide treatment. Within 2 weeks after herbicide applica-
tion, the observable symptoms were disappeared even in the varieties which were exposed to 
the highest concentration of glufosinate. Previous studies have been shown that rupture and 
contortion of inter-venal mesophyll cells with concomitant disorganization of bundle sheath 
cells herbicide treated plants [38, 39].

Comparatively, the glyphosate treated rice plants indicated that all the yield parameters 
(number of panicle/plant, number of seeds/panicle and 1000 grain weight) were significant 
differ from the controls (Tables 2 and 4).

After application of 0.5 gl−1 glyphosate concentration, a number of visual injuries were 
observed in individuals of varieties (Figure 3). The injuries were promptly observable after 
1 week of herbicide application. Among these injuries, general chlorosis in the upper part of 
the leaves was most abundant. Comparatively, severe chlorosis was observed in rice leaves 
that depend on the resistance of the varieties within 3–6 days after herbicide treatment. In 
susceptible varieties, leaf wilting leads to plant death. Newly emerged leaves of survived vari-
eties remained in green color; however, the young emerging leaves which were subjected to 
treatment were often tightly curled inwardly. Multiple shoots arising from internodes of main 
stem (Figure 3A) were observed, and the secondary shoots and flag leaves were wrinkled or 
curled in Kaluheenati and Pachchaperumal. At the booting stage, all the leaves of the variety 
Kuruluthuda were curled and leaf discoloration had occurred. The plants remained in the 
same stage and indicated no maturity until the harvesting stage (Figure 3B). Malformation of 
inflorescences was also observed in certain varieties at the reproductive stage. The inflores-
cence of Bg369 and Bg454 was found aborted inside the flag leaf sheath and unable to emerge 
as a panicle (Figure 3C). Meanwhile, panicles of certain varieties were yet to appear in full due 
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Kuruluthuda 1 4
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Table 5. Summary of nonparametric variables; number of tillers per plant, number of leaves per plant, number of 
panicles per plant and number of seeds per panicle of control and treated with glufosinate (0.05 gl−1).

Rice Crop - Current Developments204

and leaf length of Bg352 at 0.05 gl−1of glufosinate application showed no significant differ-
ence (p > 0.05) (data not given). In addition, the control plants and the plants resistant to 
0.05 gl−1glufosinate, number of leaves per plant and number of tillers per plant (Table 5) were 
not statistically significant.

Analysis of the variance of yield parameters indicated no significant difference for number of 
the seeds per panicle at 0.05 gl−1 glufosinate application except Bg454, Bg369 and Kuruluthuda. 
Almost all varieties indicated significant differences (p ≤ 0.05) for flag leaf length, flag leaf 
width at0.05 gl−1glufosinate application predicting the possibility of glufosinate (at 0.05 gl−1) 
to cause reduction in flag leaf quality even when applied at 3–4 leaf stage of the plant (data 
not given). Varieties such as Bg360, Bg357, Bg369, Bg379-2, Bg450, Bg403, Bg250 and Bg 454 
reported insignificant differences for thousand seed weight character at 0.05 gl−1. Significant 
yield reduction was observed for Bg362, Bg359, Bg94-1, Bg358, Bg300 and At362 at 0.05 gl−1.

After application of 0.05 gl−1 concentration of glufosinate, injuries were identified (Figure 2) as 
rapid chlorosis (Figure 2B) of treated leaves followed by wilting (Figure 2D), necrosis (Figure 2C)  
and ultimate death of susceptible plants. Similar symptoms have been reported for different 
rice varieties [19, 34, 35] and for wheat [37] (Deeds et al., 2006). In addition, brown color lesions 
(Figure 2A) were also observed on leaves, and browning of leaf tips (Figure 2E) commonly 
occurred on all varieties. The injuries were significantly higher after 1 week from herbicide 
application. Severe chlorosis was observed in rice leaves depending on the susceptibility of 
the varieties within 3–6 days after herbicide treatment. Within 2 weeks after herbicide applica-
tion, the observable symptoms were disappeared even in the varieties which were exposed to 
the highest concentration of glufosinate. Previous studies have been shown that rupture and 
contortion of inter-venal mesophyll cells with concomitant disorganization of bundle sheath 
cells herbicide treated plants [38, 39].

Comparatively, the glyphosate treated rice plants indicated that all the yield parameters 
(number of panicle/plant, number of seeds/panicle and 1000 grain weight) were significant 
differ from the controls (Tables 2 and 4).

After application of 0.5 gl−1 glyphosate concentration, a number of visual injuries were 
observed in individuals of varieties (Figure 3). The injuries were promptly observable after 
1 week of herbicide application. Among these injuries, general chlorosis in the upper part of 
the leaves was most abundant. Comparatively, severe chlorosis was observed in rice leaves 
that depend on the resistance of the varieties within 3–6 days after herbicide treatment. In 
susceptible varieties, leaf wilting leads to plant death. Newly emerged leaves of survived vari-
eties remained in green color; however, the young emerging leaves which were subjected to 
treatment were often tightly curled inwardly. Multiple shoots arising from internodes of main 
stem (Figure 3A) were observed, and the secondary shoots and flag leaves were wrinkled or 
curled in Kaluheenati and Pachchaperumal. At the booting stage, all the leaves of the variety 
Kuruluthuda were curled and leaf discoloration had occurred. The plants remained in the 
same stage and indicated no maturity until the harvesting stage (Figure 3B). Malformation of 
inflorescences was also observed in certain varieties at the reproductive stage. The inflores-
cence of Bg369 and Bg454 was found aborted inside the flag leaf sheath and unable to emerge 
as a panicle (Figure 3C). Meanwhile, panicles of certain varieties were yet to appear in full due 
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Figure 2. Visual injuries caused by glufosinate: (A) brown color lesions on leaf blade, (B) severe chlorosis on leaf blade 
after glufosinate treatment, (C) necrotic areas of leaf blade, (D) wilting of susceptible plants, and (E) browning of leaf 
tips.
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to the fusion of the flag leaf at the maturity stage. Malformation of inflorescence and develop-
ing grains with only bleached lemma and palea were commonly found in Bg366 (Figure 3D). 
In the variety Bg379-2, distorted and crescent-shape spikelet were observed.

4. Conclusions

The rice varieties such as At362, Bg359, Bg366, Bg369, Bg379-2, Bg403, Bg454 and Pachchaperumal 
were resistant to both glyphosate (0.5 gl−1) and glufosinate (0.05 gl−1) applications. Even though 
the herbicide resistant varieties emerged from the screening, the responses of agro-morphological 
and yield characters varied across the type of herbicide and the variety. Glyphosate substantially 
reduced the growth parameters as well as yield compared to glufosinate treated varieties. As 

Figure 3. Visual injuries caused by glyphosate: (A) multiple shoots and roots that sprouted from the internodes, (B) leaf 
curling and discoloration, (C) fused panicle to flag leaf, and (D) bleached lemma and Palea.
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far as yield is concerned, there was a significant yield penalty in HR rice varieties. These broad-
spectrum HR rice varieties have a higher potential to be utilized in rice breeding programs to 
breed new HR varieties and can be used to develop HR rice in future.
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far as yield is concerned, there was a significant yield penalty in HR rice varieties. These broad-
spectrum HR rice varieties have a higher potential to be utilized in rice breeding programs to 
breed new HR varieties and can be used to develop HR rice in future.
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Abstract

Submerged rice paddy soils are one of the major anthropogenic sources of methane (CH4) 
emission to the atmosphere. Methane is the second most important greenhouse gas after 
carbon dioxide. Methanogens are strictly anaerobic microorganisms and CH4 is the meta-
bolic end product of those methanogens. Methane is produced by methanogens through 
multi-step enzyme-mediated process. Methanogens convert labile organic carbon com-
pounds in CH4 and application of organic matter in submerged rice field significantly 
increased CH4 emission from soil to the atmosphere. The rate of methanogenesis may be 
determined by quantifying biomarkers namely methyl coenzyme M reductase A (mcrA) 
gene and coenzyme M (2-mercaptoethane sulphonate) in soil. Nickel ions are present as 
cofactor in enzymes involved in methanogenesis. Methane emission can be mitigated by 
application of EDTA at suitable rate in the soil of submerged rice field.

Keywords: methane emission, methanogens, biomarkers, EDTA application, rice paddy 
soil

1. Introduction

In the era of development and globalization, emissions of greenhouse gases (GHGs) are unavoid-
able consequences, and that increases atmospheric temperature causing global warming. A green-
house gas is a substrate in the atmosphere that absorbs and emits radiation within the thermal 
range. This process is the fundamental cause of the greenhouse effect and global warming [1]. 
Without GHGs, the average temperature of earth’s surface would be about −18°C (0°F) [2], rather 
than present average of 15°C (59°F) [3]. The primary GHGs in the earth’s atmosphere are water 
vapor, carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and chlorofluorocarbon (CFC).
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1. Introduction

In the era of development and globalization, emissions of greenhouse gases (GHGs) are unavoid-
able consequences, and that increases atmospheric temperature causing global warming. A green-
house gas is a substrate in the atmosphere that absorbs and emits radiation within the thermal 
range. This process is the fundamental cause of the greenhouse effect and global warming [1]. 
Without GHGs, the average temperature of earth’s surface would be about −18°C (0°F) [2], rather 
than present average of 15°C (59°F) [3]. The primary GHGs in the earth’s atmosphere are water 
vapor, carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and chlorofluorocarbon (CFC).

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Human activities since the beginning of the industrial revolution (Taken as year 1750) have 
resulted 40% increased in the atmospheric carbon dioxide concentration from 280 ppm in 
1970 to 400 ppm in 2015 [4]. Carbon dioxide (CO2) is the most important GHG in atmosphere 
in terms of its emitted volume. The other GHGs are CH4, N2O, CFC compounds etc. Methane 
is the second most important GHG emitted to the atmosphere on volume basis and it has 25 
times higher global warming potential (GWP) as compared to equivalent amount of CO2 [5]. 
The half-life of CH4 in the atmosphere is about 25 years, which is also much higher than that of 
CO2. Due to these characteristics, CH4 is considered as one of the most notorious GHGs having 
potential of causing global warming to the atmosphere. The CH4 concentration in the earth’s 
atmosphere has been increased by 150% since 1750. Methane accounts for 20% of the total 
radiative forcing from the entire long-lived and globally mixed GHGs, excluding water vapor.

2. Chemistry of submerged rice paddy soil

Agriculture is one of the most important anthropogenic sources of CH4 emission to the atmo-
sphere and about 11% of the total CH4 is emitted from submerged rice paddy soils. Rice is 
the staple food for more than half of world population and about 90% of that rice is culti-
vated under submerged condition [6]. During rice cultivation, rice seedlings are transplanted 
after flooding the soil, and water is removed (drained out) few days before crop harvesting. 
Therefore, in case of transplanted rice, soil remains submerged for at least 85–90% of the total 
cultivation duration. Such submerged rice paddy soil is the most important anthropogenic 
source of CH4 emission to the atmosphere.

Submerged condition for such a prolonged duration makes rice paddy soils different from 
soils of upland crops. Submerged condition cuts off air transportation between soil and atmo-
sphere. Flooding of rice paddy soil disconnects gas exchange between soil and air. Under this 
situation, molecular diffusion is the main mechanism to enter oxygen and other gases from 
atmosphere to the interstitial water. However, this process is 10,000 times slower than the dif-
fusion through gas-filled pores in soil [7]. Thus the oxygen diffusion rate suddenly decreases 
when a soil reaches saturation by water [8]. Evans and Scott [9] noted that the concentration of 
oxygen in the water used for saturating a soil decreased to one - hundredth of its initial value 
in 75 minutes. The major characteristics of submerged soils are:

a. Absence of molecular oxygen

Flooding of land disconnected gas exchange between soil and air. Under submerged con-
dition, oxygen along with other atmospheric gases enters into the soil only by molecular 
diffusion in the interstitial water. It was observed that gas diffusion under submerged soil 
condition is 10,000 times slower than diffusion through gas-filled pores [7]. Hence, soil of 
submerged rice paddy soil losses all its molecular oxygen as soil microorganisms use-up 
the oxygen present in soil within a few hours.

b. Oxidized mud – water interface

A submerged soil; however, is not completely devoid of oxygen. The top-most layer of few-
millimeter thick soil, saturated with water (in mud form) remains oxygenated. The chemi-
cal properties of this oxidized interface are completely different from underneath top-soil.
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c. Exchanges between mud and water

The presence of molecular oxygen in the soil-water interface makes it a sink of several 
redox reactions in soil and controls availability of phosphate and other nutrients in sub-
merged soil. The presence of oxygen in the soil-water interface profoundly affects the N 
economy of submerged rice paddy soils. Ammonium-N released from broadcasted chemi-
cal fertilizer or from applied organic matter is converted to nitrate in the oxygenated in-
terface on soil.

d. Soil reduction

An acute reduced state makes the major difference between chemical reactions of a sub-
merged soil and aerated soil. Excluding the thin oxygenated layer in the soil-water in-
terface, submerged soils have a negative oxidation-reduction potential (Eh value) due to 
anaerobic condition. Under such condition, dominant form of elements are NH4

+, H2S, 
Mn2+, Fe2+ and CH4 instead of NO3

−, SO4
2−, Mn4+, Fe3+ and CO2.

2.1. Oxidation – reduction (redox) potential

Under submerged condition, aerobic soil microorganisms consume oxygen during their 
metabolism and that in turn gradually depletes oxygen pool making the soil anaerobic in 
reaction [10]. The redox potential (Eh) value in submerged soil starts decreasing after 3–4 days 
of flooding and sharply decreases with time. The Eh values in submerged anaerobic soils vary 
around −200 eV values throughout the rice cultivation duration [11]. Such anaerobic reducing 
environment is one of the prime factors for determining the rate and quantity of CH4 produc-
tion in rice paddy soil.

3. Methanogens and CH4 production

The average global CH4 emission from rice fields is approximately 20–40 Tg CH4 year−1, which 
accounts for 11% of the total anthropogenic CH4 emissions [12]. It had already been reported 
that rice production will be increased from 473 million tons of 1990 to approximately 781 mil-
lion tons by 2020 to fulfill the food demand of the world population and that proportionately 
increase CH4 emission from rice paddy soils by 40–50% [13].

Methane is mainly produced during decomposition of organic matter by strictly anaerobic 
methanogens under intense reduced condition [14]. At the initial state of rice cultivation, the 
rate of CH4 emission is generally low; however, the flux gradually increases with plant devel-
opment and with enhanced anaerobic condition [15, 16]. Anaerobic conditions of submerged 
rice paddy soil favors CH4 production and the highest CH4 emission is generally observed 
after the soil Eh value dropped below −200 eV [17].

Both cold- and hot-water extractable organic carbon (C) compounds are labile fraction of 
soil organic C. Low molecular weight organic compounds namely low molecular weight 
organic acids, carbohydrates are considered as labile organic C compounds in soil [18]. Labile 
organic C compounds rather than total organic C pool acts as the energy source for hetero-
trophic microorganisms like methanogens in soil [19]. Methane is the metabolic end  product 
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of methanogens [20] and methanogens reduce simple carbonaceous compounds namely 
CO2, carbohydrates and/ or simple carboxylic acids like formate, acetate through multi-step 
enzyme-mediated methanogenesis to generate ATP and to produce CH4 as the end product.

Methanogens are generally specific to their substrate requirement. Based on the ability to 
utilize carbonaceous compounds as energy source, methanogens may be classified as aceto-
philic methanogens and hydrophilic methanogens [21]. The acetophilic methanogens trans-
form acetate ions into CH4, while the hydrophilic methanogens utilize hydrogen and CO2 as 
their energy source.

4. Factors affecting CH4 production in soil

Methanogenesis or the process of CH4 production is an enzyme-mediated multi-step bio-
chemical process and kinetics of this process depends on several factors. The most important 
and prominent factor of CH4 production is the availability of initial carbonaceous compounds 
in soil. Addition of organic materials in flooded rice field promotes CH4 emission (Figure 1) by 
providing readily available C source to methanogens [22, 23]. Improvement in crop produc-
tion by organic amendment conflicts with mitigation strategies of CH4 emission [24]. Hence, 
it may be believed that methanogens degrade applied organic matter to produce CH4 under 
strictly anaerobic conditions [14]. However, this is the exaggeration of the truth.

Application of organic matter increases total population and activity of microorganisms 
including methanogens in rice paddy soil [25]. Therefore application of organic substrates 
significantly increases CH4 emission from rice field [26]. However, methanogens does not 
have potential to degrade carbonaceous polymers like cellulose due their inability to produce 
cellulase enzyme. In fact, there is a synergistic effect of cellulolytic microorganisms on metha-
nogens and CH4 formation in submerged rice paddy soil. Cellulose, a 1,4-β-linked glucan, 
contributes 20–30% of the organic biomass [27] and application of organic matter provides a 
significant C source in the form of cellulose to soil microbial community in soil.

The hydrolysis of carbonaceous polymers (mainly cellulose) is an important pathway to 
convert added organic C into CH4 and anaerobic cellulolytic microorganisms play a signifi-
cant role in that process [28]. Incubation of rice paddy soil with different amounts of car-
boxymethyl cellulose (CMC) under anaerobic condition in a close-vessel produced variable 
amount of CH4 after 3 days (Figure 2). The amount of generated CH4 within that period was 
proportional to the quantity of added CMC in soil. Therefore, cellulolytic materials of applied 
organic substrates were initially degraded by cellulolytic microorganisms into low molecular 
weight organic acids and/ or carbohydrates, which are then utilized by methanogens to pro-
duce CH4 under anaerobic condition of submerged rice paddy soils.

In submerged rice paddy soil, the flux of CH4 emission depends on the amount as well as 
nature of applied organic matter [29]. The rate of CH4 emission is dependent on the nature 
i.e. degree of stabilization of applied organic matter. During decomposition, carbonaceous 
compounds like cellulose and hemicelluloses are readily stabilized through mineralization 
and converted into humified substrates. Therefore, composts contain lesser amount of easily 
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decomposable compounds like cellulose and hemicelluloses compounds as compared to their 
initial substrates. Lower cellulose contains leads to fewer cellulolytic microbial populations 
in soil and that generates lower amount of labile organic C compounds in soil. Therefore, 
reduced availability of precursor carbonaceous compounds is responsible for lower CH4 

Figure 1. Changes in methane emission flux from rice paddy soils as affected by air-dried and composted dairy cow 
manures.

Figure 2. Changes in CH4 production as affected by CMC application.
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In submerged rice paddy soil, the flux of CH4 emission depends on the amount as well as 
nature of applied organic matter [29]. The rate of CH4 emission is dependent on the nature 
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decomposable compounds like cellulose and hemicelluloses compounds as compared to their 
initial substrates. Lower cellulose contains leads to fewer cellulolytic microbial populations 
in soil and that generates lower amount of labile organic C compounds in soil. Therefore, 
reduced availability of precursor carbonaceous compounds is responsible for lower CH4 
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Figure 3. Coenzyme M concentrations (a), mcrA gene copy numbers, (b) and cellulolytic bacterial populations, (c) as 
affected by manure and compost applications in rice paddy soils.
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emission from compost treated rice paddy soil. Therefore, degree of stabilization or humifica-
tion of applied organic substrates is inversely related to the flux of CH4 emission, which may 
be reduced by ~20% by application of compost instead of air-dried cattle manure (Figure 3).

5. Biomarkers of methanogens: quantification

In many anoxic environments, methanogenesis is the predominant terminal electron accepting 
process involved in organic matter mineralization and that process is catalyzed by methano-
genic Archaea. This group of microorganisms represents a unique but phylogenetically diverse 
group of prokaryotes [30]. The most widely used method for measuring the rate of metha-
nogenesis is the quantification of CH4 flux in a specific system within unit time interval [17]. 
Though this analysis is closely related to the metabolic functions of methanogenic community; 
it does not directly quantify methanogens [31]. One of the most convincing processes of quan-
tifying methanogens is the direct determination of methanogens numbers on specific culture. 
However, isolating methanogenic Archaea remains a fastidious process because of the slow 
growth of these Archaea and also for their extreme intolerance to oxygen [32]. Growth of meth-
anogens is also restricted to the availability of specific organic substrates and metal ions to 
complete their metabolic process [33]. Culturable microorganisms isolated by specific enriched 
medium can only detect a small portion (2–5%) of the total microbial community in soil.

Still researchers often prepared one specific culture medium for each one of the various meth-
anogenic Archaea species to fulfill their specific requirements [34]. However, there are reports 
of versatile media like SAB medium, which is capable of supporting growth of wide spectrum 
of methanogens [33]. Hence, due to these limitations and difficulties, methanogens are prefer-
ably quantified by measuring their biomarkers.

Biomarkers are compounds that have a biological specificity in the sense that they are pro-
duced only by a limited group of organisms [35]. A variety of compounds such as fatty acids 
and ether lipids are used in microbial ecology and related fields like organic geochemistry to 
detect groups of organisms or their remains in natural or artificial ecosystems [36, 37].

5.1. Methyl coenzyme M reductase A (mcrA) gene

The mcrA gene is responsible for synthesizing methyl coenzyme M reductase enzyme, which 
is involved in the production of CH4 during the final stage of methanogenesis. Culture-
dependent and culture-independent techniques targeting 16S rRNA and methyl coenzyme M 
reductase (mcrA) genes have been used to assess the phylogenetic diversity of methanogens 
assemblages [38].

5.2. DNA extraction and quantification

The DNA may be extracted from natural and/ or enriched samples using any suitable kit follow-
ing manufacturers’ protocol. The quality of the extracted DNA is observed in an agarose gel. 
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emission from compost treated rice paddy soil. Therefore, degree of stabilization or humifica-
tion of applied organic substrates is inversely related to the flux of CH4 emission, which may 
be reduced by ~20% by application of compost instead of air-dried cattle manure (Figure 3).

5. Biomarkers of methanogens: quantification

In many anoxic environments, methanogenesis is the predominant terminal electron accepting 
process involved in organic matter mineralization and that process is catalyzed by methano-
genic Archaea. This group of microorganisms represents a unique but phylogenetically diverse 
group of prokaryotes [30]. The most widely used method for measuring the rate of metha-
nogenesis is the quantification of CH4 flux in a specific system within unit time interval [17]. 
Though this analysis is closely related to the metabolic functions of methanogenic community; 
it does not directly quantify methanogens [31]. One of the most convincing processes of quan-
tifying methanogens is the direct determination of methanogens numbers on specific culture. 
However, isolating methanogenic Archaea remains a fastidious process because of the slow 
growth of these Archaea and also for their extreme intolerance to oxygen [32]. Growth of meth-
anogens is also restricted to the availability of specific organic substrates and metal ions to 
complete their metabolic process [33]. Culturable microorganisms isolated by specific enriched 
medium can only detect a small portion (2–5%) of the total microbial community in soil.

Still researchers often prepared one specific culture medium for each one of the various meth-
anogenic Archaea species to fulfill their specific requirements [34]. However, there are reports 
of versatile media like SAB medium, which is capable of supporting growth of wide spectrum 
of methanogens [33]. Hence, due to these limitations and difficulties, methanogens are prefer-
ably quantified by measuring their biomarkers.

Biomarkers are compounds that have a biological specificity in the sense that they are pro-
duced only by a limited group of organisms [35]. A variety of compounds such as fatty acids 
and ether lipids are used in microbial ecology and related fields like organic geochemistry to 
detect groups of organisms or their remains in natural or artificial ecosystems [36, 37].

5.1. Methyl coenzyme M reductase A (mcrA) gene

The mcrA gene is responsible for synthesizing methyl coenzyme M reductase enzyme, which 
is involved in the production of CH4 during the final stage of methanogenesis. Culture-
dependent and culture-independent techniques targeting 16S rRNA and methyl coenzyme M 
reductase (mcrA) genes have been used to assess the phylogenetic diversity of methanogens 
assemblages [38].

5.2. DNA extraction and quantification

The DNA may be extracted from natural and/ or enriched samples using any suitable kit follow-
ing manufacturers’ protocol. The quality of the extracted DNA is observed in an agarose gel. 
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The extracted DNA is amplified by PCR in a final volume of 25 μl containing 2 μl of undiluted 
template DNA, 1 μl each of forward and reverse primers (10 mM) and 12.5 μl of Taq polymerase 
enzyme [39]. For detecting the presence of methanogens, a forward primer with 32-mer and 
a reverse primer with 23-mer were developed after testing against 23 species of methanogen 
representing all five recognized orders of this group of Archaea [40]. The two oligonucleotide 
primers were a forward primer, 5′-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3′ 
and a reverse primers, 5′-TTCATTGCRTAGTTWGGRTAGTT-3′. The methanogen diversity 
in a sample may be studied by analyzing amplified DNA (or PCR product of extracted DNA) 
through denatured gradient gel electrophoresis (DGGE) [41].

Total population of methanogens can be determined from extracted DNA by quantitative 
PCR (qPCR) or real-time PCR (RT-PCR) using PCR efficiency, 110.5%; slope of the standard 
curve, −3.093; y-intercept, 5.134 and correlation coefficient, 0.9949 [31]. The Ct for the no tem-
plate control was 24.03 and >26.5 for all the no-reverse transcriptase control. The qPCR results 
(mcrA gene copy numbers ng−1 DNA) of extracted DNA show significant correlation with 
specific methanogenic activities against H2 and CO2 gases. Steinberg and Regan [42] devel-
oped the TaqMan qPCR probe assay for successfully determining the environmental abun-
dance of different phylogenetic groups of methanogens, including several groups with few or 
no cultivated members.

5.3. 2-mercaptoethane sulphonate (coenzyme M)

Methane production in soil is a complex enzyme-mediated multi-step process and metha-
nogens reduce simple carbonaceous compounds like CO2 and H2, formate, methanol, 
methykamines and/ or acetate into CH4 gas [43]. In the penultimate step of methanogen-
esis, coenzyme M (Co-M), 2-mercaptoethane sulphonate, is methylated and generated methyl 
Co-M is reduced by methanogens to CH4 gas involving previously-mentioned methyl Co-M 
reductase enzyme [44]. Therefore, irrespective of the preference towards initial carbonaceous 
compounds, Co-M could be considered as the precursor of CH4 formation [45]. The whole 
methanogenesis is intracellular and Co-M is synthesized inside methanogen cells [46]. The 
conversion factor (0.39 ± 0.07 fmol cell−1) of Co-M to methanogens could be used for quantita-
tive estimation of methanogen abundance and methanogenic activity in soil.

5.4. Coenzyme M quantification

Pramanik and Kim [47] developed a HPLC-based technique for quantifying Co-M in soil. 
Pure Co-M is detected at 270 nm wavelength using UV detector and a mixture of acetonitrile 
and 0.05 M trichloroacetic acid (TCA) solution at flow rate of 0.5 ml min−1 is used as mobile 
phase during this analysis.

Coenzyme M is an intracellular compound of methanogens; hence, rupturing cells of meth-
anogens is mandatory prior to extraction. The lysis buffer was prepared by mixing Tris-
HCl solution (pH 8.0), ethylenediaminetetraacetic acid (EDTA) solution (pH 8.0) and NaCl 
solution. The Co-M was extracted from fresh soil using lysis buffer through consecutive 
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Figure 4. Changes in coenzyme M concentration (a) and methanogen activity (b) and methane flux (c) from soil during 
rice cultivation (bars represent standard errors).
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Pure Co-M is detected at 270 nm wavelength using UV detector and a mixture of acetonitrile 
and 0.05 M trichloroacetic acid (TCA) solution at flow rate of 0.5 ml min−1 is used as mobile 
phase during this analysis.
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Figure 4. Changes in coenzyme M concentration (a) and methanogen activity (b) and methane flux (c) from soil during 
rice cultivation (bars represent standard errors).
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homogenization by vortex shaker and sonication [47]. The Co-M was precipitated from 
ethanolic solution of the supernatant and re-dissolved in distilled water prior to the HPLC 
analysis. The precision of this method to quantify Co-M in the soil matrix was >97%. The 
high recovery rate (90.3 ± 8.1%) indicated that Co-M is not adsorbed to the ionic sites of soil 
colloids and the measured values are very close to the actual Co-M content in soil (Figure 4).

Methanogen activity in soil is linearly correlated to the Co-M content (r = 0.857*) of soil and 
the mean conversion factor between these two parameters is 155.03 ± 14.20 μg CH4 produced 
mmol−1 Co-M d−1 [47]. Therefore, it could be stated that both mcrA gene copy numbers and the 
concentration of Co-M could be quantified as biomarkers of methanogens for precise estima-
tion of methanogenic activity in submerged rice paddy soils.

6. Mitigation techniques of CH4 emission

Rice cultivation under flooded condition is regarded as an important source of CH4 emis-
sion in soil. Methane is produced during decomposition of organic matter under anaerobic 
condition and simple carbonaceous compounds are biochemically reduced by methanogenic 
Archaea to form CH4 [48]. During this reduction process, an electron donor is required to 
transfer the electron and availability of such electron donors might control the flux of CH4 
emission in rice paddy soil. Iron (Fe) is a transition metal with partially filled d-orbital in its 
configuration. Lee et al. [48] observed that Fe in active form (ionic form) may accept electrons 
required for reductive methanogenesis process and that in turn decreased CH4 emission flux 
from rice paddy soil. Methane emission from submerged soil may be reduced approximately 
14.5% by application of byproduct of steel industry as silicate fertilizers. Those byproducts of 
steel industry provide adequate silicate ions, which are necessary for higher rice productivity 
[49] and also for inducing resistance to biotic and abiotic stress [50]. However, Fe present in 
silicate fertilizers absorbs part of free electrons generated in the system and that restricts the 
terminal electron transfer during methanogenesis. This property enabled to reduce CH4 emis-
sion from conventional (chemical fertilizer treated) rice paddy soils. However, Fe-enriched 
silicate fertilizer is not a strong mitigating agent; in fact a contrasting effect of silicate fertil-
izers on CH4 emission was observed in organic matter treated rice paddy soil.

6.1. Effect of EDTA on CH4 emission

In the last step of methanogenesis, methyl coenzyme M reductase (MCR) enzyme is involved 
in the reduction of methyl Co-M to CH4 and nickel (Ni) ion is involved as the cofactor F430 in 
MCR enzyme [44]. Hence, availability of Ni determined the concentration of cofactor F430, 
which in turn controls the activity of MCR enzyme [51]. Therefore, the rate of CH4 production 
is enhanced by addition of Ni-salts to rice paddy soil [52]. Transition metals like Ni form sol-
uble complexes with EDTA and that increases the solubility of Ni in soil. However, Pramanik 
and Kim [53] revealed that methanogens could not assimilate Ni2+ ions from Ni-EDTA com-
plexes and suffered starvation for Ni2+ ions when stoichiometric amount of Ni salt and EDTA 
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were mixed in culture broth. Finazzo et al. [54] stated that Ni is present as Ni(I) in F430 and 
conversion of Ni(I) to Ni(II) provides necessary electron for reduction of methyl coenzyme to 
CH4. The presence of Ni as Ni-EDTA complex might retard this electron transfer during meth-
anogenesis. Application of Ni as Ni-EDTA complex limited bioaccumulation of Ni by metha-
nogens and that lower Ni content in methanogen biomass significantly (P ≤ 0.05) reduced the 
rate of CH4 production [53].

Ethylenediaminetetraacetic acid (EDTA) is a strong chelating agent and often shows adverse 
effect on plants when applied in higher doses. Pramanik and Kim [55] established that EDTA 
application at smaller doses (up to 5.0 ppm) proportionately reduces the flux of CH4 emis-
sion from rice paddy soils without suppressing crop productivity (Figure 5). However, EDTA 
application at higher doses may increase CH4 emission and also adversely affected maturity 
and productivity of rice. Therefore, application of 5.0 ppm EDTA is possibly the most ratio-
nal dose to mitigate CH4 flux from rice paddy soil. The activity of methanogens in EDTA-
treated soil was significantly lower than that of control treatment. However, activity of all the 
microorganisms (microbial respiration) in soil was initially decreased due to EDTA applica-
tion during rice cultivation. Application of EDTA enhances availability of nutrients especially 
nitrogen content in soil solution and that in turn gradually boosts microbial activity in soil. 
After 30 days of rice cultivation, microbial respiration of EDTA-treated soils did not differ 
significantly from that of control soil. Application of EDTA leads up to 18.1% reduction in CH4 
emission flux during submerged rice cultivation.

Unlike Fe-enriched silicate fertilizers, EDTA is also effective to mitigate CH4 emission from 
organic amended submerged soils. Application of EDTA did not suppress the rate of organic 

Figure 5. Cumulative CH4 emission from different rice paddy soils.
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matter mineralization; hence, the concentration of labile organic C compounds was not 
decreased due to EDTA application in soil. In spite of higher abundance of precursor materi-
als (labile organic C compounds) in soil, EDTA application leads up to 22.5% reduction in CH4 
emission from straw incorporated rice paddy soils [56].

One noticeable drawback of EDTA application is that EDTA-treated soils have higher nitrate 
N content, which acts as the precursor for nitrous oxide formation under anaerobic reducing 
of submerged soil condition. Higher nitrate N content enhanced the flux of nitrous oxide, 
another greenhouse gas having 290 times higher global warming potential than equivalent 
amount of carbon dioxide. Study revealed that total global warming potential in 5.0 ppm 
EDTA-treated soil was 14.5% lower than that of control soil (not treated with EDTA) during 
rice cultivation.

Organic amendment increased C-to-N ratio, which in turn decreased the rate of miner-
alization and nitrate N content in soil. Therefore, the adverse effect of EDTA application 
could be minimized by organic amendment in soil. However, incorporation of organic 
matter in submerged rice paddy soil facilitated the risk of CH4 emission to the atmosphere. 
Optimum combination of EDTA and compost may effectively reduce the net global warm-
ing potential due to CH4 and N2O emissions. It was observed that 5.0 Mg organic substrates 
ha−1 and 5.0 ppm EDTA combination had global warming potential 11186.17 ± 749.35 kg 
CO2-equiv. ha−1, which was 20.8% lower than that of only organic amended rice paddy soil 
(Figure 6).
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Soil of submerged rice fields is the most important anthropogenic source of CH4 emission to 
the atmosphere. Methanogens, a group of strictly anaerobic microorganisms, convert labile 
organic C compounds into CH4 gas and that emits from soil to the atmosphere. Activity of 
methanogens may be quantitatively studied by measuring mcrA gene and/ or coenzymeM 
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could be minimized by organic amendment in soil. However, incorporation of organic 
matter in submerged rice paddy soil facilitated the risk of CH4 emission to the atmosphere. 
Optimum combination of EDTA and compost may effectively reduce the net global warm-
ing potential due to CH4 and N2O emissions. It was observed that 5.0 Mg organic substrates 
ha−1 and 5.0 ppm EDTA combination had global warming potential 11186.17 ± 749.35 kg 
CO2-equiv. ha−1, which was 20.8% lower than that of only organic amended rice paddy soil 
(Figure 6).
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Abstract

Increasing health threats is a common problem among both rice growers and consumers 
in many parts of Sri Lanka and in the Asian region in general. Increasing trends in grow-
ing and consuming traditional rice could be observed in searching solutions for these 
problems. This study explored objectively the factors affecting willingness to grow tradi-
tional rice and its varietal selection in Anuradhapura district of Sri Lanka. 100 traditional 
and 100 non-traditional rice growers were selected using stratified sampling method for 
the field survey and data were analyzed descriptively, using logistic regression and factor 
analysis. Results revealed that 67% of the male farmers were willing to cultivate tradi-
tional rice over improved varieties and 65.6% traditional rice cultivation was observed 
among families with non-communicable diseases. Awareness of medicinal and nutritional 
values of traditional rice, land extent, farm gate price, age and education level of farm-
ers, farming experience and farming system significantly affects (P ≤ 0.05) the willingness 
to cultivate traditional rice while factors related to varietal attributes, personal, market 
and production, respectively affects selection of traditional rice variety. Results conclude 
that farmers are willing to cultivate traditional rice in Anuradhapura district of Sri Lanka 
and selection of traditional rice varieties is most affected by varietal attributes which are 
adoptable to existing environmental conditions and personal factors like presence of non-
communicable diseases, age of the farmers, education level and experience for farming.

Keywords: willingness to cultivate, traditional rice, varieties, rice farmers, Sri Lanka

1. Introduction

Rice production in Sri Lanka has grown into a self-sufficiency level during the last two 
to three decades. Rice being the staple food of Sri Lankans and having 114 kg per capita 
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 consumption plays a major role in providing energy, protein and fat to the whole population 
[1]. Approximately 1,210,140 hectares of lands was devoted for paddy cultivation in 2015 
and 2,992,333 metric tons of total rice availability for human consumption from domestic 
sources exceeded 2,310,321 metric tons of total rice requirement in 2015 while demonstrat-
ing the 129.32% of self-sufficiency rate [2]. Many programmes have been implemented in Sri 
Lanka to fulfill the national demand for rice through the effectively bred high-yielding variet-
ies which are resistant to different stresses [3]. Nonetheless, people are more health conscious 
and interested in purchasing nutritional good quality products as the level of human health 
awareness increases among Sri Lankans. Traditional rice is being considered as more healthy 
and nutritious among Sri Lankans; a considerable demand is generating for traditional rice 
varieties in both local and international markets.

Sri Lanka is one of Asian countries which had a rich treasure of over 2400 traditional rice vari-
eties [4] with identical nutritional and medicinal values [5]. Besides, these varieties are with 
varied maturity periods and highly resistant to extreme climatic conditions, pest and disease 
attacks [1] and adoptable to various soil and geographical conditions in the country. Out of 
these 2400 varieties, over 400 varieties are popular among Sri Lankan farmers at present. With 
the introduction of high-yielding newly improved varieties around the 1960s, traditional rice 
varieties became vanished from the Sri Lankan farming environments [6]. Thanks to the small-
scale farmers, seeds of some of these old traditional varieties are still preserved in the gene 
banks. Moreover, traditional rice cultivation occupies a significant place among the rural com-
munities in dry zone from past to present and even beyond the dry zone mainly due to threat-
ening of people by common health problems like non-communicable diseases. In that scenario, 
farmers have increased the extent of traditional rice cultivation by adopting indigenous cultiva-
tion methods and organic inputs. Some non-governmental organizations have taken initiatives 
to promote traditional rice cultivation in the country advocating farmers to produce own seed 
paddy, cultivating rice for own consumption and fulfilling the market demand by selling sur-
plus. Specially, districts like Anuradhapura, Polonnaruwa, Puttalam, Vavuniya, Kurunegala, 
Kegalle, Matale, Kandy, Rathnapura, Gampaha, Colombo, Galle, Matara, Monaragala, Badulla, 
Ampara, Batticaloa and Akkaraipattu are predominantly adopted to cultivate traditional rice 
varieties in the last few decades [7]. Importantly, the tolerance of traditional rice cultivars for 
submergence and salinity conditions has popularized them among farmers from those problem-
atic areas. Compared to the improved rice varieties, some of traditional rice varieties are capable 
of being raised in nurseries for 2–3 months and tolerating water scarcities and heavy rainfalls 
or floods. And also, the strong vigorous stem helps to withstand against the heavy rains, winds 
and drought conditions. Their vigorous seeds are tolerant to other adverse conditions like 
waterlogging and drought. Therefore, most of the traditional rice varieties have the potential 
to cope with the drastic climatic changes which are generally detrimental to paddy cultivation 
[8]. Further, medicinal values of traditional rice have been experienced by Sri Lankans over 
few decades [9]. The lower starch hydrolysis rate lowers in vitro digestion rate which is suit-
able for diabetic patients. Most of the cultivars own officinal properties of preventing diabetic 
conditions, fatty liver, blood pressure and muscle recovering from free  radicals and  controlling 
weight, gallstones and protection against breast cancer. Namely, Suwandel, Madathawalu, 
Kaluheenati, Suduheenati, Kuruluthuda, Pachchaperumal, Ma wee, Hatadaa wee, Rathdel, Kahamala 
and Kahawanu are some of the most popular traditional rice varieties among the rice farmers 
and among traditional rice consumers in present Sri Lanka.

Rice Crop - Current Developments230

Anuradhapura, one of the largest districts in Sri Lanka, is situated in the North Central Province. 
The total land area is 6664 km2, and the total human population is 856,232. Moreover, cultivated 
land extent under paddy is reported as 254,296 hectares including cultivations under major 
and minor irrigation and rainfed systems which produced 4612 kg of average paddy yield per 
hectare which was more or less similar to the country’s average paddy production per hectare 
of 4527 kg. Rice farming is practiced by 65% of the population and nearly 17% of labor force is 
engaged with related occupations in rice cultivation in Anuradhapura district [10].

At present, there are increasing health threats from non-communicable diseases, namely, dia-
betes, high blood pressure, renal failures, variety of cancers and high blood cholesterol among 
both farmers and consumers in dry zone of Sri Lanka where the Anuradhapura district is 
located specifically and all over the island in general. As both growers and consumers highly 
believe that these health threats are basically due to unhealthy food habits and poor quality of 
the food items that they are consuming every day. Therefore, an increasing interest in grow-
ing and consuming traditional rice over improved varieties in this district could be observed. 
Thus, there is an increasing trend of the rice farmers in Anuradhapura district to cultivate 
traditional rice at least in few perches in their lands to be used for their family consumption, 
while some farmers are cultivating them in large scale expecting higher price in the market. 
Different farmers prefer to grow different varieties of traditional rice in their paddy fields, 
and there is a lack of research and findings on which factors trigger rice farmers to cultivate 
traditional rice over newly improved or hybrid rice in their paddy lands in different scales and 
which varieties of traditional rice do they prefer to cultivate over the others. Hence, this study 
was conducted to identify the factors affecting the willingness to cultivate traditional rice and 
to select their varieties for cultivation by rice farmers in Anuradhapura district of Sri Lanka.

2. Methodology

This experimental study focused on rice farmers who are growing traditional rice variet-
ies compared to nontraditional rice varieties in Anuradhapura district and was conducted 
in five divisional secretariat (DS) divisions in Anuradhapura district, namely, Padaviya, 
Medawachchiya, Rambewa, Thalawa and Rajanganaya, where most of the farmers are engaged in 
traditional rice cultivation (Figure 1).

Two hundred paddy farmers were interviewed with a pretested questionnaire for identify-
ing willingness to cultivate traditional rice and factors affecting the selection of traditional 
rice varieties. Three-stage stratified random sampling method was utilized to select 100 tra-
ditional rice growers and 100 nontraditional rice growers. At the first stage, five DS divisions 
were selected purposely where the highest farmers’ registration under paddy cultivation has 
been reported. Accordingly, the Grama Niladhari (GN) divisions which reported the highest 
farmers’ registration pertaining to the above five divisions were selected at the second stage, 
and at the final stage, both traditional rice farmers and nontraditional rice farmers were ran-
domly selected for the questionnaire survey proportionately to the total farmers registered in 
the above five DS divisions. Additionally, focus group discussion and key personal interviews 
were conducted during the study. Secondary data were collected from different publications of 
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Department of Census and Statistics, Central Bank of Sri Lanka and relevant research reports, 
project reports, journal articles and newspaper articles.

The collected data and information were subjected to logistic regression analysis to analyze 
the factors affecting willingness to grow traditional rice varieties and factor analysis to iden-
tify the factors affecting varietal selection.

3. Results and discussion

3.1. Demographic characteristics

Demographic characteristics of the study sample are summarized in Table 1. Mean age 
of the traditional rice-growing farmers was 48 years, while nontraditional rice-growing 
farmers have 51 years of mean age. Results revealed insignificant differences in household 
size (four members) and the number of years attained to a particular formal education 
(10 years) between these two categories of farmers. Moreover, for both farmer categories, at 
least two family members are available as family labor mainly consisting of the household 
head and his/her spouse. The land extent under traditional rice cultivation is smaller (1.34 

Figure 1. Map of selected Divisional Secretariat (DS) divisions.
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acres) compared to improved rice cultivation (1.91 acres). The reason is that many of the 
traditional rice growers tend to cultivate traditional rice in their small paddy plots only 
for their family consumption as they are more health conscious, affected by non-commu-
nicable diseases (65.6%) and more aware (100%) on the nutritional and medicinal value of 
traditional rice varieties.

Compared to nontraditional rice varieties (Rs. 31.00), traditional rice varieties have higher farm 
gate price (Rs. 50.00) which shows comparatively better potential market for traditional rice. 
With respect to the existing farming systems, 86.5% of traditional rice farmers are practicing 
organic farming methods in their rice farms which ensure environmental, social and economic 

Parameter Traditional rice farmers Nontraditional rice farmers

Mean ±SD Mean ±SD

Age of the respondent (years) 47.87 (48*) 11.54 51.31 (51) 11.15

Household size (number) 4.10 (4) 1.26 3.74 (4) 1.43

Educational level (years) 10.19 (10) 2.31 9.33 (9) 2.87

Available family labor (number) 2.22 (2) 1.07 2.16 (2) 1.095

Land extent (Ac) 1.34 1.90 1.91 1.713

Yield (kg/Ac) 1199.60 521.77 1695.88 701.38

Farm gate price (Rs./kg) 50.24 14.90 31.32 5.28

Farming experience (years) 22.95 12.96 5.96 7.77

Percentage (%) Percentage (%)

Gender of the respondent

Male 67 92.6

Female 33 7.4

Presence of non-communicable 
diseases

Yes 65.6 78.7

No 31.4 21.3

Awareness of traditional rice

Yes 100 55.6

No 0 44.4

Farming system

Organic 86.5 1.9

Inorganic 8.1 87.0

Mixed 5.4 11.1

*Numbers in parenthesis are rounded numbers.

Table 1. Demographic characteristics.
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benefits to the society, while majority of the nontraditional rice farmers (87%) apply inorganic 
fertilizers and agrochemicals in their rice fields expecting a higher yield for better income.

3.2. Factors affecting willingness to grow traditional over nontraditional rice 
varieties

Logistic regression analysis was used to determine the factors affecting willingness to cultivate 
traditional rice by rice farmers. The binomial logistic analysis of measured variations in the 
outcome explained by predictors was significant (Pr < 0.001). Awareness of traditional rice, 
presence of non-communicable diseases in the household, land extent, yield, farm gate price, 
gender of respondent, age of the respondent, educational level, family labor availability, house-
hold size, farming experience and farming system were included in the logistic regression.

Table 2 explains the strength and the direction of the effect of each factor on the willingness 
to cultivate traditional rice. As revealed by the results, awareness of medicinal and nutritional 
values of traditional rice (Pr = 0.0062) show strong positive associations with the willingness 
to cultivate traditional rice compared to nontraditional rice. Land extent of rice cultivation 
shows a negative significant effect (Pr = 0.0404) on cultivation of traditional rice. It reveals that 
when farmers are having increased land extents, they are reluctant to cultivate traditional 
rice varieties. This is mainly due to the lower potential yield of traditional rice varieties over 
nontraditional (improved or hybrid) rice varieties. Most importantly, farm gate price shows 
a positive relationship with the willingness to cultivate traditional rice (Pr = 0.0076). Since the 
selling price is higher, farmers are more willing to go for traditional rice in their paddy fields 
over nontraditional rice varieties. Age of the respondent (Pr = 0.0141) and farming experience 
(Pr = 0.0169) positively affected the decisions-making regarding cultivation of traditional rice 

Table 2. Maximum likelihood estimates for factors affecting willingness to cultivate traditional rice varieties.
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varieties where farmers are able to ascertain more knowledge on the importance of healthy 
consumption and food habits, awareness of non-communicable diseases and adverse impact 
of synthetic fertilizer and other chemicals to human and environment through their maturity 
with age and cumulative farming experiences. Further, the education level of the farmers 
shows a positive impact toward getting into traditional rice cultivation which emphasized 
that when people are more educated, they tend to consider their health and nutrition com-
pared to illiterate people. Both traditional and nontraditional rice farmers practice organic 
and inorganic farming systems and mixture of these two. As revealed by the results, farming 
system has significantly negative effect on willingness to cultivate traditional rice.

The presence of non-communicable diseases, yield, gender of the respondent, available fam-
ily labor and household size were not significantly (Pr < 0.05) associated with willingness to 
cultivate traditional rice.

When farmers enhance their awareness on medicinal and nutritional values of traditional rice 
(OR = 4.025), nontraditional paddy farmers are also more likely to cultivate traditional paddy 
varieties (Table 3). The results further prove that when farmers increase their land extent by 
1 acre (OR = −4.361), many of the traditional rice farmers tend to be relied on nontraditional 
rice cultivation. Moreover, the odds of being traditional rice cultivator is higher for higher 
farm gate price (OR = 1.704), old age of the farmers (OR = 1.17), higher educational level of the 
farmers (OR = 1.756) and more farming experience of the farmers (OR = 1.317).

3.3. Factor analysis for selection of traditional rice varieties for cultivation

Factor analysis was executed to determine the factors affecting varietal selection by traditional 
rice farmers. Principal component analysis (PCA) emphasized that multiple observed variables 

Parameter Point estimates 95% confidence limits

Awareness of traditional rice 4.205 1.105–9.790

Presence of non-communicable diseases in household 2.356 0.882–6.290

Land extent −4.361 1.066–17.832

Yield 1.002 0.999–1.004

Farm gate price 1.704 0.544–1.911

Gender of the respondent 1.238 0.746–1.882

Age of the respondent 1.17 0.948–1.448

Educational level 1.756 0.394–1.851

Family labor availability 0.158 0.019–1.322

Household size 2.047 0.585–7.146

Farming experience 1.317 1.051–1.656

Farming system 0.001 0.001–0.055

Table 3. Odd ratio of logistic regression analysis.
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benefits to the society, while majority of the nontraditional rice farmers (87%) apply inorganic 
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3.2. Factors affecting willingness to grow traditional over nontraditional rice 
varieties

Logistic regression analysis was used to determine the factors affecting willingness to cultivate 
traditional rice by rice farmers. The binomial logistic analysis of measured variations in the 
outcome explained by predictors was significant (Pr < 0.001). Awareness of traditional rice, 
presence of non-communicable diseases in the household, land extent, yield, farm gate price, 
gender of respondent, age of the respondent, educational level, family labor availability, house-
hold size, farming experience and farming system were included in the logistic regression.

Table 2 explains the strength and the direction of the effect of each factor on the willingness 
to cultivate traditional rice. As revealed by the results, awareness of medicinal and nutritional 
values of traditional rice (Pr = 0.0062) show strong positive associations with the willingness 
to cultivate traditional rice compared to nontraditional rice. Land extent of rice cultivation 
shows a negative significant effect (Pr = 0.0404) on cultivation of traditional rice. It reveals that 
when farmers are having increased land extents, they are reluctant to cultivate traditional 
rice varieties. This is mainly due to the lower potential yield of traditional rice varieties over 
nontraditional (improved or hybrid) rice varieties. Most importantly, farm gate price shows 
a positive relationship with the willingness to cultivate traditional rice (Pr = 0.0076). Since the 
selling price is higher, farmers are more willing to go for traditional rice in their paddy fields 
over nontraditional rice varieties. Age of the respondent (Pr = 0.0141) and farming experience 
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Table 2. Maximum likelihood estimates for factors affecting willingness to cultivate traditional rice varieties.

Rice Crop - Current Developments234

varieties where farmers are able to ascertain more knowledge on the importance of healthy 
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rice farmers. Principal component analysis (PCA) emphasized that multiple observed variables 
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have similar patterns of responses because of their association with an underlying latent vari-
able [11]. Accordingly, it examines underlying variable in a number of observed variables of 
factors which affect selection of varieties.

The variance of the independent variables, explained by each principal component, is given 
by Eigen values. Any factor with an Eigen value ≥ 1 explains more variance than a single 
observed variable. Figure 2 presents the scree plot used to identify six numbers of factors 
affecting varietal selection of traditional rice farmers where the first five factors (Eigen value 
≥ 1) are highly affected factors loading from scree plot (Table 4).

The factor analysis revealed that four factors are affecting selection of varieties of traditional 
rice by rice farmers (Table 5). The first factor, namely, the varietal attributes, includes toler-
ance to pest and diseases, tolerance to drought conditions and tolerance to salinity. Factors, 
namely, presence of non-communicable diseases, gender, age, educational level and farming 
experience, are consolidated into the second factor which is named as personal factors. The 
third factor comprises of market-related attributes such as farm gate price and availability of 
buyers, while the fourth factor includes production-related resources, namely, cultivated land 
extent, yield, availability of family labor and farming system.

With the increase of world population and hence the galloping food demand, high-yielding 
rice varieties were highly popular among the cultivators. This practice hitherto has led to 
 serious “genetic erosion”—the loss of traditional varieties from agroecosystems [12, 13] in the 
rice production sector. Due to their incredible health benefits, it has made them a pleasing 
choice for consumers who are suffering from diabetes, overweight or regulating their sugar 
intake. Cultivation and consumption of traditional rice varieties are not restricted to certain 
places in Sri Lanka, because consumption of these varieties in both national and international 
has been very consistent.

Figure 2. Scree plot for components.
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People also credit traditional varieties with other health benefits, such as giving sensations 
of cooling in the body; improving vocal clarity, eyesight and fertility; maintaining body 
sugar levels; and mitigating rashes. Among the local communities, many of traditional rice 
varieties are popular due to their inheriting characteristics. For example, Suwandel variety 
which has a milky taste upon cooking is highly recommended to be eaten by hard-working 
people. According to Ayurvedic medicine, this variety is known to promote fair and glow-
ing skin, improves the functioning of the excretory system, enhances vocal clarity, increases 
the male sexual potency and helps to control diabetes and constipation. Likewise, variety 
Pachchaperumal is a highly nutritious red rice cultivar which helps to cool the body, is pre-
ferred by patients who are suffering from diseases like diabetes and cardiovascular compli-
cations and is also good for patients with high blood pressure. Another example is that of 
variety Madathawalu, which is able to remove toxic components especially some cancer caus-
ative agents from the human body. This variety can clean the blood circulation system and 
promote the activity of sweating glands. It strengthens the immune system and adds to the 
nutritive value of the cooked rice for lactating mothers and infants.

Besides, it is known to all that the paddy production system is extremely vulnerable to climate 
change impacts. Traditional agricultural practices coupled with indigenous rice varieties have 
proven to be more successful in facing climate change and its related threats such as droughts, 
floods, attack of pests and disease outbreaks. These traditional rice varieties have strong char-
acteristics that help them survive climate change impacts compared to newer varieties used 
in conventional paddy cultivation. Hence, the traditional rice cultivation is not only a solution 
for health concerns but also a way of achieving sustainability via conservation of agricultural 

Table 4. Total variance explained by factor loadings.
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Parameter Component

1 2 3 4 5

Presence of non-communicable diseases in the 
household

−0.330 0.718 −0.574

Land extent −0.291 −0.260 0.489 0.622

Yield 0.284 0.586

Farm gate price 0.368 0.482 −0.360

Gender of the respondent −0.299 0.433 0.254

Age of the respondent −0.265 0.710 0.392

Educational level 0.447 −0.553

Family labor availability 0.263 0.499

Farming experience −0.329 0.282 0.561

Farming system 0.434 0.603

Availability of buyers 0.318 −0.651

Tolerance to pest and diseases 0.578 0.302

Tolerance to drought 0.576 −0.351

Tolerance to salinity 0.636 −0.300

Extraction method: principal component analysis.
aFive components extracted.

Table 5. Component matrix of factor analysis.

practices which promise more congenial environment for future generation. According to [14], 
Indian farmers in a district in Uttar Pradesh rediscovered the advantages of traditional rice culti-
vation which were resistant to drought condition and have not been susceptible to diseases and 
fetched better market prices. Therefore, traditional rice cultivation does not restrict to a particular 
region or area. Therefore, findings of this study could be generalized to other areas in Sri Lanka 
and Asian region as a whole.

4. Conclusion

It seems logical to conclude from this study that awareness of medicinal and nutritional value 
of traditional rice varieties, land extent, farm gate price, age of the respondent, education level, 
farming experience and farming system have significant influence on the willingness of farmers 
to opt traditional rice cultivation in Anuradhapura district of Sri Lanka. The trend in willingness 
to grow traditional rice in Anuradhapura district showed that 59% of farmers attached to families 
with non-communicable disease are willing to grow traditional rice compared to farmers from 
healthier families. The study further revealed that two of the most vital factors responsible for 
selection of traditional rice variety are personal choices and varietal attributes. Hence, the study 
brings few recommendations to enhance the structured organization of traditional rice-growing 
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farmers to make crop agronomic and management information and potential marketing infor-
mation available through government policy interventions in order to empower the traditional 
rice-cultivating farmers in Anuradhapura district and throughout the country as a whole.
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Abstract

Market access is a major constraint of smallholder rice producers in sub-Saharan Africa
(SSA). There is increasing evidence that acting collectively offers one way for smallholders
to participate more efficiently in the market. This chapter aimed to identify the determi-
nants of participation in collective marketing of rice in innovation platforms in Benin and
quantify its impact on household income and food security. Unlike previous studies, we
used the local average treatment effect parameter to assess the impact of collective mar-
keting of rice. Data were collected from a random sample of 257 smallholder rice pro-
ducers. Results showed that participation in collective marketing increased the income of
rice farmers on average by USD 148/ha. Main determinants of participation in collective
marketing of rice were membership in a farmer group, training, and agreement on price.
This chapter concludes that better training and well-functioning farmer groups sustain the
impact of collective marketing of rice on food security.

Keywords: innovation platform, market access, paddy rice, impact assessment, Benin

1. Introduction

In perfectly competitive markets, where producers and marketers are assumed to trade goods
at publicly known prices, the allocation of goods in the economy is efficient. However, the
reality of the sub-Saharan African (SSA) agricultural context is characterized by information
asymmetries among various actors [1, 2]. Smallholder farmers, who are mostly in rural areas,
often do not have access to information regarding prices in urban areas. They mostly sell at
farm-gate prices to local traders who do have access to price and information prevailing in
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other markets. Because of market imperfections, smallholder rice farmers in SSA face real
difficulties in selling their products in the market. In some cases, it is the markets that do not
exist, and in others, there are high transaction costs of participation [3]. In the case of food
crops such as rice, the constraint of market access is more pronounced for smallholder pro-
ducers in SSA than in other parts of the world. Smallholder rice producers receive low prices
because they lack information on price and technologies, lack connection to established market
actors, engage with distorted input and output markets, and lack access to both consumption
and production credits.

Transaction cost economics stipulates that information asymmetry is the main reason why
markets perform poorly and why transaction costs are high [4]. There is increasing evidence
that acting collectively offers one way for smallholders to participate more efficiently in the
market. Collective actions have different forms but mainly involve collective marketing. Col-
lective action refers to action taken by a group either directly or indirectly in pursuit of
members’ shared interest [5] and occurs when people collaborate in joint action and decisions
to accomplish an outcome that involves their common interest. Modern theory of collective
action was developed to overcome free-rider problems and to design cooperative solutions for
the management of common resources. The notion of collective action has been applied to
group activities to enhance production and marketing of agricultural and food products [6, 7].
Thus, collective action is operationalized as an action by members of a group who come
together to share market knowledge, sell together, and develop business opportunities [8].

In Benin, collective actions through innovation platforms (IPs) were developed as an organi-
zational arrangement to link producers with traders and the private sector more efficiently by
Africa Rice Center (AfricaRice) and the national agricultural research institute (INRAB). Col-
lective marketing actions in the rice value chain in Benin involve activities such as training of
producer groups and other actors in value chain and business development practices, group
dynamics, financial management, conflict management, and group marketing. This resulted in
the creation and consolidation of group activities, increased negotiation and bargaining skills,
and enhanced leadership and entrepreneurial capacity of producer groups. This has led to
collective marketing of rice among other activities [9]. Collective marketing is a marketing
system that coordinates agricultural production while lowering transaction costs. Collective
marketing has the advantages of reducing transaction costs, ensuring a fair income for pro-
ducers, improving product quality, and improving access to credit [10]. However, collective
marketing among farmers is difficult to organize, coordinate, and manage. Organizing farmers
face challenges such as establishing rules to guide the operations of groups, securing commit-
ments on the part of the group members to abide by collectively agreed rules, and monitoring
as well as enforcing compliance with the rules [10]. The literature has proposed guidelines and
conditions to enhance the success of collective marketing. For instance, it is argued that, for it
to be effective, voluntary action and cooperation among farmers are important for creating
sustainable livelihood options [11]. Whereas much literature and many case studies exist on
collective action as a means for increasing smallholder farmers’ market access, these studies
are most often qualitative and context specific [8, 12]. This study aimed to identify the deter-
minants of participation in collective rice marketing in Benin as well as its impact on income
and food security.
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The contribution of this chapter to the literature is twofold. First, this study attempts to
quantify the impact of the collective marketing on the livelihoods of smallholder farmers.
It is important to assess whether collective marketing adopted by the members of IPs
helped improve their livelihood. Indeed, existing empirical studies have demonstrated the
effect of collective marketing only through success stories, without an assessment of the
effect of the participation in collective marketing on livelihood [11–13]. Second, this study
identified both factors affecting the participation of smallholder rice farmers in collective
marketing and the quantity of rice sales through the group. Indeed, factors affecting partic-
ipation in collective marketing are important for both policymakers and development
partners to efficiently increase market access of smallholder farmers. In addition, these
factors offer opportunities for effective implementation of collective action to benefit small-
holder farmers.

2. Methodology

2.1. Assessing the impact assessment of collective marketing

The objective of this study was to estimate what would have been the average situation of rice
producers who participated in collective marketing if they would have not participated.
Unfortunately, we cannot observe these two situations for the same farmer. One cannot
observe what would have been the outcome for a participant if he did not participate. This
missing value is known as the counterfactual and the impossibility of observing it constitutes
the key challenge of impact assessment [14]. To resolve this problem, two approaches are
proposed in the impact assessment literature, namely, the “naive” approach and the statistical
and econometric approach.

The “naive” approach directly compares participants and nonparticipants and is potentially
biased [15] because it does not account for self-selection in the participation in collective
marketing. Consequently, the statistical and econometric approach based on the counterfactual
is used to evaluate the impact of participation in collective marketing of rice on income and
household food security of rice farmers. In the counterfactual framework approach, some
parameters of interest are defined as follows:

• ATE: Average treatment effect measures the average impact of an innovation on the entire
population. It also represents the expected impact on a person selected randomly from the
population.

• ATE1: Average treatment effect on the treated determines the average impact of an
innovation in the subpopulation of the treated. It also represents the expected impact on
a person selected randomly from the subpopulation of the treated.

• ATE0: Average treatment effect on nontreated is the average potential impact of an
innovation in the subpopulation of the nontreated. It also represents the potential impact
on a person selected randomly from the subpopulation of the nontreated.
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other markets. Because of market imperfections, smallholder rice farmers in SSA face real
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action was developed to overcome free-rider problems and to design cooperative solutions for
the management of common resources. The notion of collective action has been applied to
group activities to enhance production and marketing of agricultural and food products [6, 7].
Thus, collective action is operationalized as an action by members of a group who come
together to share market knowledge, sell together, and develop business opportunities [8].

In Benin, collective actions through innovation platforms (IPs) were developed as an organi-
zational arrangement to link producers with traders and the private sector more efficiently by
Africa Rice Center (AfricaRice) and the national agricultural research institute (INRAB). Col-
lective marketing actions in the rice value chain in Benin involve activities such as training of
producer groups and other actors in value chain and business development practices, group
dynamics, financial management, conflict management, and group marketing. This resulted in
the creation and consolidation of group activities, increased negotiation and bargaining skills,
and enhanced leadership and entrepreneurial capacity of producer groups. This has led to
collective marketing of rice among other activities [9]. Collective marketing is a marketing
system that coordinates agricultural production while lowering transaction costs. Collective
marketing has the advantages of reducing transaction costs, ensuring a fair income for pro-
ducers, improving product quality, and improving access to credit [10]. However, collective
marketing among farmers is difficult to organize, coordinate, and manage. Organizing farmers
face challenges such as establishing rules to guide the operations of groups, securing commit-
ments on the part of the group members to abide by collectively agreed rules, and monitoring
as well as enforcing compliance with the rules [10]. The literature has proposed guidelines and
conditions to enhance the success of collective marketing. For instance, it is argued that, for it
to be effective, voluntary action and cooperation among farmers are important for creating
sustainable livelihood options [11]. Whereas much literature and many case studies exist on
collective action as a means for increasing smallholder farmers’ market access, these studies
are most often qualitative and context specific [8, 12]. This study aimed to identify the deter-
minants of participation in collective rice marketing in Benin as well as its impact on income
and food security.
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The contribution of this chapter to the literature is twofold. First, this study attempts to
quantify the impact of the collective marketing on the livelihoods of smallholder farmers.
It is important to assess whether collective marketing adopted by the members of IPs
helped improve their livelihood. Indeed, existing empirical studies have demonstrated the
effect of collective marketing only through success stories, without an assessment of the
effect of the participation in collective marketing on livelihood [11–13]. Second, this study
identified both factors affecting the participation of smallholder rice farmers in collective
marketing and the quantity of rice sales through the group. Indeed, factors affecting partic-
ipation in collective marketing are important for both policymakers and development
partners to efficiently increase market access of smallholder farmers. In addition, these
factors offer opportunities for effective implementation of collective action to benefit small-
holder farmers.

2. Methodology

2.1. Assessing the impact assessment of collective marketing

The objective of this study was to estimate what would have been the average situation of rice
producers who participated in collective marketing if they would have not participated.
Unfortunately, we cannot observe these two situations for the same farmer. One cannot
observe what would have been the outcome for a participant if he did not participate. This
missing value is known as the counterfactual and the impossibility of observing it constitutes
the key challenge of impact assessment [14]. To resolve this problem, two approaches are
proposed in the impact assessment literature, namely, the “naive” approach and the statistical
and econometric approach.

The “naive” approach directly compares participants and nonparticipants and is potentially
biased [15] because it does not account for self-selection in the participation in collective
marketing. Consequently, the statistical and econometric approach based on the counterfactual
is used to evaluate the impact of participation in collective marketing of rice on income and
household food security of rice farmers. In the counterfactual framework approach, some
parameters of interest are defined as follows:

• ATE: Average treatment effect measures the average impact of an innovation on the entire
population. It also represents the expected impact on a person selected randomly from the
population.

• ATE1: Average treatment effect on the treated determines the average impact of an
innovation in the subpopulation of the treated. It also represents the expected impact on
a person selected randomly from the subpopulation of the treated.

• ATE0: Average treatment effect on nontreated is the average potential impact of an
innovation in the subpopulation of the nontreated. It also represents the potential impact
on a person selected randomly from the subpopulation of the nontreated.
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• LATE: Local average treatment effect is defined as the average impact of the treatment on
persons who participate only after one or more of the participation determinants have
been changed [16]. This subpopulation is named “compliers.”

To overcome the fundamental problem of the impact assessment (i.e., the inability to observe
the counterfactual) and to have reliable results, two classes of methods are proposed in the
literature: experimental methods and nonexperimental methods.

Experimental methods entail gathering a group of persons who have agreed to participate in
the treatment (collective marketing) and assigning them randomly to two groups: treatment
group and non-beneficiaries group (control group). Participants in the experiment are there-
fore selected randomly and all differences with nonparticipants are only due to treatment. For
this reason, experimental approaches are generally considered as being more reliable (unbi-
ased estimates) and as giving the easiest-to-interpret results. However, in the case of social
phenomena, the use of this method poses ethical challenges.

Therefore, economists use the nonexperimental approach, relying on economic and economet-
ric theories to guide the analysis and minimize potential bias in impact assessment. Parameters
can be estimated by either parametric or semi-parametric methods.

Suppose a binary variable is Ai that indicates participation of a farmer i in collective marketing
of rice with Ai ¼ 1 for participants and Ai ¼ 0 for nonparticipants. And y1i and y0i are two
variables representing the level of outcome indicators (income and food security) for individ-
ual i if they participated or not in collective marketing, respectively.

The semi-parametric method is based on the conditional independence assumption [17].
According to this assumption, the adoption variable Ai and the couple yi1; yi0

� �
are independent

to each other, given observable characteristics Xi. This approach is used to reduce counterfactual-
related bias. Under the semi-parametric method, ATE and ATE1 are given by [16]:

ATE ¼ E
y Ai � p xð Þ� �

p xð Þ 1� p xð Þ� �
 !

ATE1 ¼ 1
p Ai ¼ 1ð ÞE

y Ai � p xð Þ� �
1� p xð Þ

� �

where p xð Þ is the conditional probability of participation in the collective marketing (i.e., the
propensity score); Ai indicates participation in collective marketing of rice with Ai ¼ 1 for
participants and Ai ¼ 0 for nonparticipants; y is the outcome (income and food security); and
E is the mathematical expectation.

The parametric method comprises simple regression, propensity score regression, and the use
of instrumental variables. The instrumental variable is used in this study because it helps avoid
bias due to both observable and non-observable characteristics [18, 19]. This method supposes
the existence of at least one instrument (Z) which influences the participation in collective
marketing but not the outcome variables (income and food security). In other words, the
instrument influences income and food security only through participation to collective
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marketing. In this study, “knowledge of the existence of collective marketing” is used as an
instrumental variable. Indeed, knowledge of the existence of collective marketing affects the
participation in collective marketing, but it is directly related neither to income nor to food
security of the household. Therefore, it can be used as an instrument to estimate the LATE.

LATE through the instrumental variable method is estimated by [18]:

LATE ¼ Cov Y;Zð Þ
Cov A;Zð Þ ¼

E Y jZ ¼ 1ð Þ � E YjZ ¼ 0ð Þ
E A j Z ¼ 1ð Þ � E A jZ ¼ 0ð Þ

Two forms of estimates are used in calculating LATE. They differ in whether or not the
instrumental variable Z (knowledge of collective marketing) is completely random. Wald
estimator is used if Z is completely random and localized average response function (LARF)
is used if the instrumental variable is not random. In this study, “knowledge of the existence of
collective marketing” (instrumental variable) depends on membership of an IP and it is not
random. Therefore, LATE in this study is estimated using LARF.

There are two forms of LARF, namely ordinary least squares (OLS) LARF and exponential LARF.
In this study, the OLS LARF fitted the data better. The OLS LARF may be estimated with or
without interaction between participation variable and socioeconomic variables. A model with
interaction of variables allows accounting for the heterogeneity in impact. OLS LARF both with
and without interaction are tested. LATE estimation is based on the following regression:

Y ¼ α0 þ α1Aþ βAXþ μ

where A is participation in the collective marketing of rice; X is the vector of other independent
variables; α0, α1, and β are vectors of parameters to be estimated; and μ is the error term.

2.2. Calculation of food consumption score

To analyze the food and nutrition situation of rice farmers, the food consumption score (FCS)
was used as a proxy. The FCS, developed by the World Food Programme (WFP) [20], is a
composite score used as a proxy of food security. It is a weighted score based on dietary
diversity, food frequency, and the nutritional importance of the food groups consumed. It is
an indicator that reflects availability of, access to, and consumption of food at the household
level. The FCS is a score calculated using the weighted frequency of intake of eight food groups
(cereals and tubers, pulses, vegetables, fruit, meat and fish, milk, sugar, and oil) during 7 days
before the survey. The weighted FCS has a range of 0–112. WFP advises a recall of 7 days to
ensure both good time coverage and reliability of respondents’ memory [20]. Based on these
groups of foods, the FCS is estimated as follows:

FCS ¼
X8
i¼1

aixið Þ

where i is the food group, x is the frequency of consumption of different food groups con-
sumed by a household during 7 days before the survey, and a is the weight. Based on the
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• LATE: Local average treatment effect is defined as the average impact of the treatment on
persons who participate only after one or more of the participation determinants have
been changed [16]. This subpopulation is named “compliers.”

To overcome the fundamental problem of the impact assessment (i.e., the inability to observe
the counterfactual) and to have reliable results, two classes of methods are proposed in the
literature: experimental methods and nonexperimental methods.

Experimental methods entail gathering a group of persons who have agreed to participate in
the treatment (collective marketing) and assigning them randomly to two groups: treatment
group and non-beneficiaries group (control group). Participants in the experiment are there-
fore selected randomly and all differences with nonparticipants are only due to treatment. For
this reason, experimental approaches are generally considered as being more reliable (unbi-
ased estimates) and as giving the easiest-to-interpret results. However, in the case of social
phenomena, the use of this method poses ethical challenges.

Therefore, economists use the nonexperimental approach, relying on economic and economet-
ric theories to guide the analysis and minimize potential bias in impact assessment. Parameters
can be estimated by either parametric or semi-parametric methods.

Suppose a binary variable is Ai that indicates participation of a farmer i in collective marketing
of rice with Ai ¼ 1 for participants and Ai ¼ 0 for nonparticipants. And y1i and y0i are two
variables representing the level of outcome indicators (income and food security) for individ-
ual i if they participated or not in collective marketing, respectively.

The semi-parametric method is based on the conditional independence assumption [17].
According to this assumption, the adoption variable Ai and the couple yi1; yi0

� �
are independent

to each other, given observable characteristics Xi. This approach is used to reduce counterfactual-
related bias. Under the semi-parametric method, ATE and ATE1 are given by [16]:

ATE ¼ E
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p xð Þ 1� p xð Þ� �
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ATE1 ¼ 1
p Ai ¼ 1ð ÞE

y Ai � p xð Þ� �
1� p xð Þ

� �

where p xð Þ is the conditional probability of participation in the collective marketing (i.e., the
propensity score); Ai indicates participation in collective marketing of rice with Ai ¼ 1 for
participants and Ai ¼ 0 for nonparticipants; y is the outcome (income and food security); and
E is the mathematical expectation.

The parametric method comprises simple regression, propensity score regression, and the use
of instrumental variables. The instrumental variable is used in this study because it helps avoid
bias due to both observable and non-observable characteristics [18, 19]. This method supposes
the existence of at least one instrument (Z) which influences the participation in collective
marketing but not the outcome variables (income and food security). In other words, the
instrument influences income and food security only through participation to collective
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marketing. In this study, “knowledge of the existence of collective marketing” is used as an
instrumental variable. Indeed, knowledge of the existence of collective marketing affects the
participation in collective marketing, but it is directly related neither to income nor to food
security of the household. Therefore, it can be used as an instrument to estimate the LATE.

LATE through the instrumental variable method is estimated by [18]:

LATE ¼ Cov Y;Zð Þ
Cov A;Zð Þ ¼

E Y jZ ¼ 1ð Þ � E YjZ ¼ 0ð Þ
E A j Z ¼ 1ð Þ � E A jZ ¼ 0ð Þ

Two forms of estimates are used in calculating LATE. They differ in whether or not the
instrumental variable Z (knowledge of collective marketing) is completely random. Wald
estimator is used if Z is completely random and localized average response function (LARF)
is used if the instrumental variable is not random. In this study, “knowledge of the existence of
collective marketing” (instrumental variable) depends on membership of an IP and it is not
random. Therefore, LATE in this study is estimated using LARF.

There are two forms of LARF, namely ordinary least squares (OLS) LARF and exponential LARF.
In this study, the OLS LARF fitted the data better. The OLS LARF may be estimated with or
without interaction between participation variable and socioeconomic variables. A model with
interaction of variables allows accounting for the heterogeneity in impact. OLS LARF both with
and without interaction are tested. LATE estimation is based on the following regression:

Y ¼ α0 þ α1Aþ βAXþ μ

where A is participation in the collective marketing of rice; X is the vector of other independent
variables; α0, α1, and β are vectors of parameters to be estimated; and μ is the error term.

2.2. Calculation of food consumption score

To analyze the food and nutrition situation of rice farmers, the food consumption score (FCS)
was used as a proxy. The FCS, developed by the World Food Programme (WFP) [20], is a
composite score used as a proxy of food security. It is a weighted score based on dietary
diversity, food frequency, and the nutritional importance of the food groups consumed. It is
an indicator that reflects availability of, access to, and consumption of food at the household
level. The FCS is a score calculated using the weighted frequency of intake of eight food groups
(cereals and tubers, pulses, vegetables, fruit, meat and fish, milk, sugar, and oil) during 7 days
before the survey. The weighted FCS has a range of 0–112. WFP advises a recall of 7 days to
ensure both good time coverage and reliability of respondents’ memory [20]. Based on these
groups of foods, the FCS is estimated as follows:

FCS ¼
X8
i¼1

aixið Þ

where i is the food group, x is the frequency of consumption of different food groups con-
sumed by a household during 7 days before the survey, and a is the weight. Based on the
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nutritional importance of each food group, the weight assigned to each food group is
presented in Table 1 [20].

2.3. Data collection

The study was conducted in the southwest of Benin where two IPs were installed by
AfricaRice and INRAB in 2009. In total, five villages were selected for this study comprising
three treatment villages and two control villages. The latter two villages were selected to be as
similar as possible to the treated villages based on characteristics such as infrastructure,
production systems, and population. Indeed, the control villages were also eligible for the IP,
but they were not included because of funding restrictions. From the list of rice producers in
each village, 300 rice farmers were randomly selected from the scope of this study with an
average of 60 farmers per village. Finally, 257 rice farmers were surveyed in 2015 and used for
analysis because some farmers had left the villages or were not available for interview.

Two structured questionnaires were used for data collection. A village-level questionnaire was
used in the focus-group discussion to collect information on the general characteristics of the
village, agricultural production, access to services, and infrastructure. A household question-
naire was used to interview households on participation in collective marketing of rice, demo-
graphic and socioeconomic characteristics, and inputs used in and outputs of rice production.

Socioeconomic characteristics of sampled households are presented in Table 2. Differences
between participants in collective marketing and nonparticipants were tested using student’s t-
test. This test showed that there were significant differences between participants and nonpar-
ticipants for many variables. This shows that there is a self-selection in participation in collective
marketing of rice. Therefore, a simple mean difference of the outcomes (naïve method) would
yield biased estimation of the impact of participation in collective marketing of rice.

The experience in rice farming was 7 years; participants had slightly more experience in rice
production (8 years cf. nonparticipants’ 6 years). However, the average rice cultivated area was

Food items Food group Weight

Maize, rice, sorghum, millet, pasta, bread cassava,
potatoes, sweet potatoes and other cereals and tubers

Main staples 2

Beans, peas, groundnuts and cashew nuts Pulses 3

Vegetables and leaves Vegetables 1

Fruits Fruit 1

Beef, goat, poultry, pork, eggs and fish Meat and fish 4

Milk, yogurt and other diaries Milk 4

Sugar and sugar products Sugar 0.5

Oils, fats and butter Oil 0.5

Source: Word Food Programme [20].

Table 1. Food groups and weights for estimation of FCS.
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low (0.33 ha) for both participants and nonparticipants. The rice yield of participants was 3.5 t/ha,
while that of nonparticipants was only 2.71 t/ha. Net annual income per hectare of participants in
collective marketing of rice (USD 614 per ha) was higher than that of nonparticipants. The
difference can be explained by both the yield and the price. Indeed, one of the advantages of
collective marketing is the possibility of selling rice at a higher price compared to individual
selling. However, this difference should not be interpreted as an impact of collective marketing.

3. Results and discussion

3.1. Determinants of participation in collective marketing

Probit model was used to identify the determinants of farmers’ participation in collective
marketing of rice. Results showed that the model was significant at 1% (Table 3). In addition,
the value of McFadden’s Pseudo R2 was high (0.75) showing a good fit of the model. In

Participants
(n = 102)

Non-participants
(n = 155)

All rice
farmers

Difference between
participants and
nonparticipants

Age of the household head (years) 45.33 (14.92) 42.85 (11.82) 43.84 (13.17) 2.48*

Household size 4.75 (2.37) 4.47 (1.67) 4.58 (1.98) 0.27

Formal education (%) 37.25 (48.59) 46.45 (50.03) 42.80 (49.58) 9.20*

Years of experience in rice production (years) 7.69 (5.99) 6.50 (5.76) 6.97 (5.86) 1.19*

Distance to the nearest market (km) 9.31 (4.41) 10.45 (3.26) 9.99 (3.79) 1.13**

Access to credit (%) 16.67 (37.45) 9.68 (29.66) 12.45 (33.08) 6.98**

Market access via an asphalt road (%) 45.10 (50) 21.29 (41.07) 30.74 (46.23) 0.24***

Having received training in rice production (%) 83.33 (37.45) 36.77 (48.38) 55.25 (49.82) 0.47***

Use of irrigated lowland (%) 93.13 (25.41) 54.19 (49.99) 69.65 (49.82) 0.39***

Experience in use of contract (%) 50 (50.26) 5.81 (23.46) 23.35 (42.38) 0.44***

Membership of group or association (%) 91.18 (28.50) 67.10 (47.14) 76.66 (42.39) 0.24***

Total available area for rice (ha) 2.70 (6.31) 0.74 (1.91) 1.50 (4.34) 1.99***

Rice cultivated area (ha) 0.33 (0.41) 0.33 (60.66) 0.33 (0.54) 0.002

Yield (t/ha) 3.50 (1.67) 2.71 (1.53) 3.03 (1.63) 0.79***

Food consumption score (FCS) 74.55 (28.77) 74.01 (26.08) 74.22 (27.13) 0.54

Net agricultural income (USD/ha) 614.08 (580.09) 367.80 (415.41) 463.02
(527.46)

246.28***

*Significant at 10%.
**Significant at 5%.
***Significant at 1%.
( ) = Standard deviation.

Table 2. Socioeconomic characteristics of rice producers.
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nutritional importance of each food group, the weight assigned to each food group is
presented in Table 1 [20].

2.3. Data collection

The study was conducted in the southwest of Benin where two IPs were installed by
AfricaRice and INRAB in 2009. In total, five villages were selected for this study comprising
three treatment villages and two control villages. The latter two villages were selected to be as
similar as possible to the treated villages based on characteristics such as infrastructure,
production systems, and population. Indeed, the control villages were also eligible for the IP,
but they were not included because of funding restrictions. From the list of rice producers in
each village, 300 rice farmers were randomly selected from the scope of this study with an
average of 60 farmers per village. Finally, 257 rice farmers were surveyed in 2015 and used for
analysis because some farmers had left the villages or were not available for interview.

Two structured questionnaires were used for data collection. A village-level questionnaire was
used in the focus-group discussion to collect information on the general characteristics of the
village, agricultural production, access to services, and infrastructure. A household question-
naire was used to interview households on participation in collective marketing of rice, demo-
graphic and socioeconomic characteristics, and inputs used in and outputs of rice production.

Socioeconomic characteristics of sampled households are presented in Table 2. Differences
between participants in collective marketing and nonparticipants were tested using student’s t-
test. This test showed that there were significant differences between participants and nonpar-
ticipants for many variables. This shows that there is a self-selection in participation in collective
marketing of rice. Therefore, a simple mean difference of the outcomes (naïve method) would
yield biased estimation of the impact of participation in collective marketing of rice.

The experience in rice farming was 7 years; participants had slightly more experience in rice
production (8 years cf. nonparticipants’ 6 years). However, the average rice cultivated area was

Food items Food group Weight

Maize, rice, sorghum, millet, pasta, bread cassava,
potatoes, sweet potatoes and other cereals and tubers

Main staples 2

Beans, peas, groundnuts and cashew nuts Pulses 3

Vegetables and leaves Vegetables 1

Fruits Fruit 1

Beef, goat, poultry, pork, eggs and fish Meat and fish 4

Milk, yogurt and other diaries Milk 4

Sugar and sugar products Sugar 0.5

Oils, fats and butter Oil 0.5

Source: Word Food Programme [20].

Table 1. Food groups and weights for estimation of FCS.
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low (0.33 ha) for both participants and nonparticipants. The rice yield of participants was 3.5 t/ha,
while that of nonparticipants was only 2.71 t/ha. Net annual income per hectare of participants in
collective marketing of rice (USD 614 per ha) was higher than that of nonparticipants. The
difference can be explained by both the yield and the price. Indeed, one of the advantages of
collective marketing is the possibility of selling rice at a higher price compared to individual
selling. However, this difference should not be interpreted as an impact of collective marketing.

3. Results and discussion

3.1. Determinants of participation in collective marketing

Probit model was used to identify the determinants of farmers’ participation in collective
marketing of rice. Results showed that the model was significant at 1% (Table 3). In addition,
the value of McFadden’s Pseudo R2 was high (0.75) showing a good fit of the model. In

Participants
(n = 102)

Non-participants
(n = 155)

All rice
farmers

Difference between
participants and
nonparticipants

Age of the household head (years) 45.33 (14.92) 42.85 (11.82) 43.84 (13.17) 2.48*

Household size 4.75 (2.37) 4.47 (1.67) 4.58 (1.98) 0.27

Formal education (%) 37.25 (48.59) 46.45 (50.03) 42.80 (49.58) 9.20*

Years of experience in rice production (years) 7.69 (5.99) 6.50 (5.76) 6.97 (5.86) 1.19*

Distance to the nearest market (km) 9.31 (4.41) 10.45 (3.26) 9.99 (3.79) 1.13**

Access to credit (%) 16.67 (37.45) 9.68 (29.66) 12.45 (33.08) 6.98**

Market access via an asphalt road (%) 45.10 (50) 21.29 (41.07) 30.74 (46.23) 0.24***

Having received training in rice production (%) 83.33 (37.45) 36.77 (48.38) 55.25 (49.82) 0.47***

Use of irrigated lowland (%) 93.13 (25.41) 54.19 (49.99) 69.65 (49.82) 0.39***

Experience in use of contract (%) 50 (50.26) 5.81 (23.46) 23.35 (42.38) 0.44***

Membership of group or association (%) 91.18 (28.50) 67.10 (47.14) 76.66 (42.39) 0.24***

Total available area for rice (ha) 2.70 (6.31) 0.74 (1.91) 1.50 (4.34) 1.99***

Rice cultivated area (ha) 0.33 (0.41) 0.33 (60.66) 0.33 (0.54) 0.002

Yield (t/ha) 3.50 (1.67) 2.71 (1.53) 3.03 (1.63) 0.79***

Food consumption score (FCS) 74.55 (28.77) 74.01 (26.08) 74.22 (27.13) 0.54

Net agricultural income (USD/ha) 614.08 (580.09) 367.80 (415.41) 463.02
(527.46)

246.28***

*Significant at 10%.
**Significant at 5%.
***Significant at 1%.
( ) = Standard deviation.

Table 2. Socioeconomic characteristics of rice producers.
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general, six variables affected farmers’ participation in collective marketing: membership in a
farmer group, training, agreement on the rice price, condition of roads to the nearest market,
availability of suitable land for rice and yield.

Effect of membership of farmer group on participation in collective marketing was positive
and significant at the 10% level. In addition, the marginal effect of membership in a farmer
group was 0.24 meaning that membership in a farmer group increased the probability of
participation in collective marketing by 24%. These results can be explained by the fact that
groups are social networks where producers have access to information and can easily be
informed about the existence and advantage of collective marketing opportunities. These
results are similar to those obtained by other studies [21, 22] who found that farmer groups
are good platforms for social capital strengthening and by which smallholders can obtain
information on the market. This information can help farmers reduce transaction costs and sell
their products at a high price. Indeed, higher price is an important factor for farmers’ decision
to participate in collective marketing. The agreement on the price of paddy rice had a positive
and significant influence on participation in collective marketing. This result showed that

Variables Coefficients Standard error Marginal effect

Age of household head (years) �0.02 0.02 �0.01

Membership in farmer group (0 = no, 1 = yes) 0.86* 0.45 0.24**

Number of years of residence in the village 0.01 0.02 0.01

Training on rice farming (0 = no, 1 = yes) 0.76** 0.38 0.24**

Agreement made on the price (0 = no, 1 = yes) 3.60*** 0.46 0.93***

Poor condition of roads to the nearest market (0 = no, 1 = yes) 2.35*** 0.45 0.76***

Household size 0.05 0.09 0.02

Available area for rice production (ha) 0.15*** 0.06 0.05**

Yield (t/ha) 0.28** 0.11 0.09**

Formal education (0 = no, 1 = yes) �0.22 0.36 �0.07

Number of years of experience in rice production 0.06 0.06 0.02

Access to credit (0 = no, 1 = yes) �0.18 0.49 �0.06

Gender (0 = female, 1 = male) 0.13 0.37 0.04

Constant �4.57*** 0.98

Number of observations 257

Log likelihood �43.77

Wald Chi2 (DF = 9) 257.73***

McFadden Pseudo-R2 0.75

*Significant at 10%.
**Significant at 5%.
***Significant at 1%.

Table 3. Determinants of participation in collective marketing.
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agreement on the price for collective marketing is an important criterion for producers. This
can be explained by the fact that poor market access and low prices are the main reasons
behind the collective marketing initiative. Therefore, collective marketing will only be interest-
ing for rice farmers if higher price can be obtained. Therefore, farmers want to be confident of
achieving a higher price before engaging in any collective marketing of paddy rice.

The type and condition of roads to the nearestmarket also had positive effects on the participation
in collective marketing. Results showed that farmers living in villages with bad roads to markets
arewilling to participate in collectivemarketing. Bad road condition increases both travel time and
transportation cost. To reduce these transaction costs, farmers preferred collectivemarketing.

The rice yield had a significant effect on the participation of producers in collective marketing.
This result is explained by the fact that high yield increases the market orientation of the
farmers as they need to sell the surplus of their production. Farmers perceived collective
marketing as an opportunity for them to increase their production to take part in this new
marketing channel. This result confirmed the findings of many other empirical studies [23–25].

3.2. Determinants of the quantity of rice supply through collective marketing

When rice farmers decide to market rice through collective marketing, they have also to decide
on the quantity they will supply. The quantity is an important determinant of the success of
collective marketing: the greater the quantity of rice, the greater the bargaining power of the
farmer group to get a high price. Therefore, it is important to analyze factors that affect the
quantity of rice sold through the collective marketing by a given farmer. Tobit model was used
to identify the determinants of quantity of rice supply through collective marketing. Results
showed that important determinants of quantity of rice supply were quantity of paddy pro-
duced, existence of market, price of paddy, and experience in rice production (Table 4).

The quantity of rice produced had a positive and significant effect on the quantity supplied
through collective marketing. This shows that the more farmers produced, the more they sold
through collective marketing. Indeed, with the increase in quantity produced, farmers have a
large surplus, and collective marketing is a good opportunity for them. This result confirms
findings by others [23, 24].

The price of paddy in collective marketing had a significant effect on the quantity supplied.
This means that when the agreed price via collective marketing is high, farmers will sell more
rice through this channel. This shows that the price was not only an important factor for a
farmer to participate in collective marketing but also a determinant of the quantity to be sold
through the channel. Thus, the price agreed through collective marketing will determine the
sustainability of this channel. This result confirms the findings by Omiti et al. [25] who found
that output price is an incentive for sellers to supply more products to the market.

3.3. Impact of participation in collective marketing on income

Net rice income was used as a proxy for income to assess the impact of collective marketing of
rice. Wald test for heterogeneity was significant showing that the impact of collective marketing
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and significant at the 10% level. In addition, the marginal effect of membership in a farmer
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agreement on the price for collective marketing is an important criterion for producers. This
can be explained by the fact that poor market access and low prices are the main reasons
behind the collective marketing initiative. Therefore, collective marketing will only be interest-
ing for rice farmers if higher price can be obtained. Therefore, farmers want to be confident of
achieving a higher price before engaging in any collective marketing of paddy rice.

The type and condition of roads to the nearestmarket also had positive effects on the participation
in collective marketing. Results showed that farmers living in villages with bad roads to markets
arewilling to participate in collectivemarketing. Bad road condition increases both travel time and
transportation cost. To reduce these transaction costs, farmers preferred collectivemarketing.

The rice yield had a significant effect on the participation of producers in collective marketing.
This result is explained by the fact that high yield increases the market orientation of the
farmers as they need to sell the surplus of their production. Farmers perceived collective
marketing as an opportunity for them to increase their production to take part in this new
marketing channel. This result confirmed the findings of many other empirical studies [23–25].

3.2. Determinants of the quantity of rice supply through collective marketing

When rice farmers decide to market rice through collective marketing, they have also to decide
on the quantity they will supply. The quantity is an important determinant of the success of
collective marketing: the greater the quantity of rice, the greater the bargaining power of the
farmer group to get a high price. Therefore, it is important to analyze factors that affect the
quantity of rice sold through the collective marketing by a given farmer. Tobit model was used
to identify the determinants of quantity of rice supply through collective marketing. Results
showed that important determinants of quantity of rice supply were quantity of paddy pro-
duced, existence of market, price of paddy, and experience in rice production (Table 4).

The quantity of rice produced had a positive and significant effect on the quantity supplied
through collective marketing. This shows that the more farmers produced, the more they sold
through collective marketing. Indeed, with the increase in quantity produced, farmers have a
large surplus, and collective marketing is a good opportunity for them. This result confirms
findings by others [23, 24].

The price of paddy in collective marketing had a significant effect on the quantity supplied.
This means that when the agreed price via collective marketing is high, farmers will sell more
rice through this channel. This shows that the price was not only an important factor for a
farmer to participate in collective marketing but also a determinant of the quantity to be sold
through the channel. Thus, the price agreed through collective marketing will determine the
sustainability of this channel. This result confirms the findings by Omiti et al. [25] who found
that output price is an incentive for sellers to supply more products to the market.

3.3. Impact of participation in collective marketing on income

Net rice income was used as a proxy for income to assess the impact of collective marketing of
rice. Wald test for heterogeneity was significant showing that the impact of collective marketing
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was heterogeneous (Table 5). Consequently, the OLS-LARF function with interaction was used
to estimate the impact of collective marketing. Four parameters were calculated: ATE, ATE1,
ATE0, and LATE.

Results showed that the impact of participation in collective marketing of rice is estimated at
USD 148/ha for a farmer randomly selected in the population. Considering only the population
of actual participants, the collective marketing had bigger impact—estimated at USD 249/ha.
The potential impact in the population of nonparticipants was USD 81/ha; thus, nonpartici-
pants would benefit if they decided to participate in collective marketing of rice. This shows
that both actual participants and nonparticipants had an advantage to engage in collective
marketing. This result confirms findings by other studies [23, 24]. However, the impact on
actual participants in this study is bigger, showing that there is a good target of the collective
marketing of rice in the study area.

The LATE with interaction was significant at 1% (Table 5). This means that collective market-
ing had a positive impact on the income of compliers. Indeed, the potential impact of collective
marketing was USD 179/ha for the population of those who would participate if they were
aware. The high value of this impact showed that widespread awareness of collective market-
ing is likely to have most impact. This indicates that a widespread awareness campaign should

Variable Coefficient Standard error

Age of household head (years) �9.30 6.21

Formal education (0 = no, 1 = yes) 82.28 192.44

Agriculture as main activity (0 = no, 1 = yes) 129.02 277.56

Experience in rice production (years) 64.96** 31.92

Existence of market (0 = no, 1 = yes) 2026.93*** 285.58

Price of paddy (USD/kg) 14.46** 6.56

Quantity of paddy produced (kg) 0.13* 0.07

Gender (0 = female, 1 = male) 99.94 191.30

Commercial production (0 = no, 1 = yes) 1095.07*** 319.63

Produce for consumption (0 = no, 1 = yes) �400.52 432.29

Constant �3843.18*** 1055.46

Sigma 902.38** 65.07

Number of observations 257

Log likelihood �856.70

Wald Chi2 (df = 8) 239.24***

McFadden Pseudo-R2 0.13

*Significant at 10%.
**Significant at 5%.
***Significant at 1%.

Table 4. Determinants of the quantity of paddy sold through collective marketing.
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be organized to increase the impact of collective marketing on the livelihood of smallholder
rice producers.

3.4. Impact on food security

The impact of collective marketing on food consumption score (FCS) was estimated using the
OLS-LARF function with interaction. The Wald test showed that the impact of collective
marketing was heterogeneous (Table 6). This means that the impact of collective marketing
on food consumption score varied from one rice farmer to another.

The average treatment effect (ATE) was significant at 1% and estimated at 7.32. This shows
that participation in collective marketing allowed farmers to increase their FCS by 7.32 points.

Parameter Estimation Z test

ATE (OLS) Double robust

ATE 7.32*** 1.73

ATE1 11.41*** 3.21

ATE0 4.66 0.55

Selection bias 4.08*** 2.96

Wald test (heterogeneous impact) F (5, 442) = 3.10***

LARF (OLS) parametric

LATE 12.33*** 3.34

Wald test (heterogeneous impact) F (2, 115) = 6.4e + 07***

***Significant at 1%.

Table 6. Impact of collective marketing on food consumption score (FCS).

Parameter Estimation Z test

ATE (OLS) Double robust

ATE 147.951*** 5.19

ATE1 248.6242*** 7.92

ATE0 81.701** 2.56

Selection bias 100.673*** 5.87

Wald test (heterogeneous impact) F (4, 461) = 15.45***

LARF (OLS) parametric

LATE 179.391*** 9.03

Wald test (heterogeneous impact) F (1, 120) = 6.9e + 09***

***Significant at 1%.
**Significant at 5%.

Table 5. Impact of participation in collective marketing on income.
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Considering only the population of participants in the collective marketing, the impact on the
FCS was 11.41. However, the potential impact on the subpopulation of nonparticipants (ATE0)
was not significant.

Similar to ATE and ATE1, the LATE was significant at 1%. This means that participation in
collective marketing had a positive impact on the FCS of compliers. Indeed, the impact of
collective marketing was high in the subpopulation of those who would participate if they
were aware. This confirms that large diffusion of collective marketing initiative will have a
positive effect on food security. This result confirms the findings of other studies [26].

4. Conclusions

This study analyzed the determinants of participation of rice farmers in collective marketing
and determined the impact of this new marketing channel on their livelihoods. Food security
and income were used as proxies for livelihood. Results showed that the impact of participa-
tion in collective marketing of rice was positive and significant on both income and food
security. Participation in collective marketing of rice allowed farmers to increase their income
by USD 148/ha on average. In addition, using collective marketing helps farmers to increase
their food consumption score. However, to take more advantage of these benefits, farmers
need to participate in and supply large quantities of rice through collective marketing. Results
showed that the main determinants of participation in collective marketing of paddy rice were
membership in a farmer group, training, agreement on rice price, condition of roads to the
nearest market, availability of suitable land for rice, and yield. In addition, the determinants of
quantity of rice supply through collective marketing were rice production, price of paddy, and
experience in rice production. These results showed that price is not only an important factor
for a farmer to participate in collective marketing but also a determinant of the quantity to be
supplied through collective marketing. Market access also influences both participation and
quantity of paddy rice sold through collective marketing. Therefore, collective marketing will
be sustainable if it allows farmers better access to markets and high prices. Better market access
can be achieved through better training and well-functioning farmer groups. The training must
include, in addition to rice production management, technical skills on value chain and busi-
ness development practices, partnership, group dynamics, financial management, marketing
and conflict management. Wide-scale awareness campaigns should be organized to increase
the impact of collective marketing.
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