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Preface

Agricultural development is a potential way to mitigate world hunger and achieve 
sustainable development. It is a lifelong process through which poor populations can 
achieve food security and improve their nutrition. Improvement of crop varietals 
along with technological innovation can lead towards a prosperous life. In recent 
years, nanomaterials and nanotechnology have been used to promote plant growth 
and yield in Asia.

This book reviews the potential applications of nanotechnology for sustainable 
agriculture. It examines the synthesis and use of nanofertilizers, nanopesticides, 
growth-promoting microorganisms, and allelochemicals in precision agriculture as 
well as their beneficial and detrimental impacts on the environment. The book also 
presents recent research on these materials.
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Chapter 1

Potential Applications of 
Nanotechnology in Agriculture: 
A Smart Tool for Sustainable 
Agriculture
Mohammad Monirul Hasan Tipu, Artho Baroi, Juwel Rana, 
Shariful Islam, Raunak Jahan, Md. Shipon Miah  
and Md. Asaduzzaman

Abstract

Most of the early uses of nanotechnology have come from material sciences, 
although applications in agriculture are still expanding. Due to a few comprehen-
sive reviews, we described application of nanomaterials along with their fate in 
soil and interaction with soil and plant system. From synthesis to metabolism, 
nano-fertilizers like zinc, silver, selenium, titanium oxide have enhanced the 
physio-chemical characteristics of crop plants in every manner conceivable. On the 
other hand, it has the potential to minimize pesticide use by boosting reactivity and 
surface area of nanoparticles. Nanotechnology in pesticides will, without a doubt, 
replace the current way of pesticide application because of its efficacy. Nano-based 
approaches can readily overcome the constraints of conventional soil remediation 
technologies. While soil nanomaterials mobility has been investigated in a limited 
number of research studies, it’s likely the most critical gap in knowing the real risk 
of their transport. As well as enhancing plant nutrient absorption, nanomaterials 
may also be used to regulate soil microbial activity and stimulate plant defenses. 
When it comes to shipping food, nanotechnology has made things easier by extend-
ing the shelf life of most foods. While it offers tremendous potential for agricultural 
applications, the health effects of nanoparticles on plants, animals, and humans 
must be thoroughly investigated.

Keywords: nanotechnology, nanomaterials, agriculture, pesticide, fertilizer,  
plant defense, soil remediation, agricultural waste

1. Introduction

Agriculture is the most important and reliable enterprise, as it provides food and 
raw materials for industries that require them. The depletion of natural resources 
and the increase in world population demand that agricultural production become 
more economically feasible, ecologically sound, and productive. Changes such 
as these are crucial to attaining a number of goals inside the last year. Therefore, 
environmental performance should be employed and involvement from food 
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chain ecosystems concerning agricultural foodstuff production must be incorpo-
rated. When it comes to eliminating poverty and hunger from today’s world, the 
agricultural revolution is a must-have phenomenon. In this scenario, well-known 
lenders are living below the poverty line and are dispersed in rural areas where 
agricultural expansion has not been as successful. Therefore, we need to make 
a significant stride forward in agriculture. All these considered, the global food 
supply was increased enormously in recent farming techniques pertaining to the 
Green Revolution. The influence on the environment and on ecosystem services was 
also unanticipated and harmful, which highlighted the need for more sustainable 
agriculture techniques [1, 2]. Excessive and improper use of fertilizers and pesti-
cides in soil and surface waterways has been well established to increase nutrients 
and toxins, incur health and water purification expenses and decrease fishing and 
recreational alternatives. Agricultural practices that contribute to the eutrophica-
tion of aquatic habitats by degrading soil quality and may require increased fertil-
ization, irrigation and energy expenses to maintain productivity in degraded soils. 
They also destroy profitable insects and wild animals.

Nanotechnology may be possibly the best solutions to eradicating the problems. 
Nanotechnology has got gained strenuous attention these days due to that will its 
diverse applications. Aside from that, there will be numerous future benefits, such 
as improved food quality and defense, a reduction in agricultural inputs, enrich-
ment by absorbing nanoscale nutrients from your soil, etc. the usage of nanotech-
nology to be a persistent burden. For example, nanopesticides and nanofertilizers 
can assist in generating returns without decontaminating soils, water, and 
protecting against a few insect infestations and microbial issues [3]. As a result of 
nanotechnology, new agrochemical agents and totally new delivery methods are 
available to boost crop yield, and pesticide applications are expected to be reduced. 
Agriculture can benefit from nanotechnology in a number of ways, such as: nano-
formulations of agrochemicals for the application of pesticides and fertilizers for 
crop progress, the use of nanosensors in crop protection with the identification of 
diseases, and nanodevices for genetically modifying crops and postharvest manage-
ment, among other things [4, 5].

Nanotechnology has a lot of promise in agriculture, but there are still a few 
concerns that need to be addressed as part of the risk assessment. Nanoparticle 
attractants made from biopolymers such as proteins and carbohydrates have a low 
impact on human health as well as the environment in this regard [6]. When it 
comes to gardening products, nanotechnology may be used at every stage of the 
process, from manufacture to storage to labeling and distribution [7]. Because of its 
potential to enhance plant absorption of nutrients, detect disease, and manage pest 
infestations, nanotechnology can transform the agricultural and food sector.

2. Nanoparticles

The word “nano” is derived from the Latin nanus, which means dwarf or little. 
Nanoparticles (NPs) are tiny particles with a diameter of 1–100 nm. When a 
particle has a diameter between 1 and 100 nm, it is classified as a primary nanopar-
ticle [8]. Nanoparticles, whether or not regarding normal or perhaps made origins 
have got inside the array of 1–100 nm inside one or more dimensions. A nanometer 
(nm) is a SI unit of length equal to 10–9 meter. NMs are materials with a length of 
1–1000 nm in at least one dimension; however, they are usually characterized as 
having a 1–100 nm diameter. The U.S. Food and Drug Administration (USFDA) also 
describes NMs as “materials with an area of roughly one dimension and depending 
on dimensions of approximately 1 to 100 nm” [9]. To put it another way: according 
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to International Organization for Standardization (ISO), NMs are “materials 
with any external or internal nanoscale dimension or surface structure at the 
nanoscale” [10].

Typically, nanometer will be a single billionth of the meter. Nanoemulsion, 
carbon dioxide nanotubes, quantum dots, nanorods, small and also nano- encap-
sulation and so forth. Morphology-aspect proportion or perhaps dimensions, 
hydrophobicity, solubility-release regarding dangerous types, surface or perhaps 
roughness, surface area types contaminations or perhaps adsorption, in the course 
of activity or perhaps historical past, reactive O2 types (ROS) O2 / H2O, ability 
to make ROS, construction, structure, competing holding web sites together with 
the receptor and also dispersal and also aggregation will be the crucial qualities 
regarding nanoparticles. Nanoparticles have several unique properties including a 
greater charge density and reactivity, considerably more strength, increased heat 
resistance, a lower melting point, and different permanent magnetic properties 
linked with nano-clusters. Distinctions inside the uncovered surface area regard-
ing diverse nanoparticles cause differences inside atomic syndication throughout 
the nanoparticles, which often affect the particular electron exchange fee kinetics 
among metallic nanoparticles and also matching adsorbed types. These types of 
distinctive qualities provide the subsequent benefits to nanoparticles within farm-
ing, for example, greater solubility within the suspension, greater transmission 
associated with seedling jackets as well as consequently rising origins, much better 
bioavailability associated with substances towards the seedling radicals, supplying 
real focus as well as managed discharge associated with fertilizers or even pesti-
cides within reaction to particular problems, enhanced specific exercise as well as 
eco-friendly along with security as well as calm transportation.

Nanoparticles tend to be seen as a distinctive bodily as well as chemical substance 
functions such as surface area, pore size, particle morphology, and reactivity because 
of their rigorous programs within the farming area. Nanoparticles are used in nano 
fertilizer, nano-pesticides as well as herbicides that are helpful to improve plants devel-
opment, to manage extreme utilizes associated with chemical substances fertilizers as 
well as improve survivability towards biotic tension. The effects of various nanopar-
ticles on plant development and phytotoxicity have been documented by a number of 
substances such as magnetite (Fe3O4) nanoparticles, alumina, zinc, and additionally 
zinc oxide in relation to seed germination [11]. Wheat can benefit from the addition 
of nanoparticles to their environment. The particular Zn takes on essential function 
inside place metabolic rate simply by influencing the actions regarding hydrogenase 
and also carbonic anhydrase, stabilization regarding ribosomal fractions and also 
activity regarding cytochrome. Place digestive enzymes stimulated simply by Zn get 
excited about carbs metabolic rate, servicing with the strength regarding cell filters, 
necessary protein activity, rules regarding auxin activity and also pollen creation. 
Magnesium (Mg) is involved with numerous physical as well as biochemical activities; 
it’s an important component concerning growing development as well as improvement 
and performs a vital part within grow support systems within abiotic tension circum-
stances. The actual common perform associated with Mg within vegetation is most 
likely it’s part since the main atom from the chlorophyll molecule within the light-
absorbing complicated associated with chloroplasts and it is a factor to photosynthetic 
fixation associated with CO2.

3. Potential application of nanoparticles as fertilizer in agriculture

Having the limited resources, development of agriculture for the higher growth 
now becoming the management practices, and fertilizer management has proved 
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the significant in a remarkable way [12, 13]. Considering the novel method of 
fertilizer application as a form of nanoparticles has stimulated the attributes of 
plant growth by the upgradation of soil system [14]. As the field condition, fertil-
izers variation, pH of soil etc. are being the major determinant but the slow-release 
mechanism of nutrients improves the efficiency of fertilizer use efficiency [15]. 
The activities of plant root system also accelerated by the use of nanoparticles [16]. 
Researchers [17] addressed chemical fertilizers as the prime factor for crop produc-
tion while at the same time it also degraded the soil fertility. But the controlled use 
of nano-fertilizer has improved the physio-chemical attributes of the crop plants 
in every possible way from synthesis to metabolism. It has made more efficient 
practices to improve the system of agricultural practices with the new idea like 
precision farming involving with the technology like slow release, quick release, 
specific release, moisture release, heat release, pH release, ultrasound release etc. 
[18]. Although nanotechnology in agriculture has proved the blessings but it also 
has come with great risk for every living communities [19]. Therefore, to implement 
the advancement of agriculture sector for developing countries like Bangladesh 
need to grasp this huge potential of nanotechnology without delay.

4. Nanotechnology in pesticides use

To meet the hunger of the over populated countries higher yield is the prime 
concern and to meet the yield potential use of pesticide has covered the whole 
system of farming [20]. Pesticides are chemical substances enormously used to 
eliminate and control the harmful organisms that cause economic damage to 
agricultural production [21]. Every year insect pests and plant pathogens cause 
significant crop loss, which is around 14% and 13%, respectively, with an approxi-
mate value of U.S. $2,000 billion globally [22]. It has been reported that a minimal 
amount, approximately less than 0.1%, of pesticide reaches the sites of action due 
to loss of pesticide in the air during the application, and as run-off, spray drift, 
off-target deposition, and photo-degradation, the remaining bulk contaminates 
the surrounding environment [23, 24]. Again, these toxic chemicals are responsible 
for various health issues such as neurological effects, respiratory diseases, cancer, 
Parkinson’s disorder, fetal diseases, infertility, diabetes, and genetic disorders [25]. 
With the rising demand for pesticides throughout the world to minimize the effects 
of pathogens and pests, measures should be taken to reduce pesticides’ excessive 
application by finding appropriate alternatives. Due to the extensive use of con-
ventional pesticides, bioaccumulation, which is caused due to biomagnifying of 
persistent organic pollutants and the development of resistance in the target pests, 
is a major concern in this generation [26, 27]. Therefore, a craze has already been 
started to minimize the excessive pesticide use. With the application of nanotech-
nology in manufacturing various nano-based pesticides, we can easily overcome 
these limitations [28]. Nanotechnology can reduce the application of high amounts 
of pesticides as nanomaterials have a high surface area with enhanced reactivity, 
thus lowering the cost with increasing yields [29]. Thus, the less frequent applica-
tion is good for costs and human and environmental safety, ultimately a great asset 
for sustainable agriculture [30].

Nano based pesticides, fungicides, herbicides, molluscicides, nematicides, 
miticide, and nanoparticulated growth regulators are effective against various pests 
such as insects, rodents, weeds, fungi, viruses, bacteria, and mites [31–34]. They are 
also eco-friendly as they increase the formulation properties, including dispersion 
of water, chemical solidity, adhesion, permeability, and finally, controlled-release 
[35, 36]. The solubility rate of poorly soluble active ingredient can be increased with 
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nano pesticide formulations, which ultimately helps the active ingredient release 
slowly and effectively. For example, nanoparticle formation like nanoencapsula-
tion of agrochemicals such as insecticide or pesticide can increase the absorption 
rate and the slow and efficient release of various agrochemicals to a particular host 
plant for pest control [37, 38]. A small amount of nano-pesticides gives better crop 
protection because of their high reactivity at Nanoscale compared to their bulk 
counterparts [39]. For example, for the development of various nano-pesticides, 
we can use some effective chemical ingredients like silica, silver, carbon, and 
aluminium silicate [40].

Nanoparticles can be used effectively in pest control through the use of porous 
silica loaded with water-soluble pesticide for the ability to slow-release [41]. The 
cuticular lipid barrier is found in insect pests, which can be obstructed by the 
nano-silica component [42]. Nanoscale alumina has been used effectively against 
two insect pests: Rhyzopertha dominica (F.) and Sitophilus oryzae (L.), and these 
nano aluminium particles have shown high mortality [43]. S. oryzae (L.) can also be 
controlled with Ag NPs, synthesized from leaf extracts of Euphorbia prostrate with 
100% mortality rate [44]. On the other hand, combinative applications of com-
pounds like nanoparticles of silver-zinc combined were applied against one of the 
destructive pest, Aphis nerii, with a high level of mortality [45]. Ag NPs decrease 
the longevity of cotton bollworm (Helicoverpa armigera) upon treating larvae and 
pupae [46]. In addition, CuO NPs controls cotton leafworm larvae (Spodoptera lit-
torals) with mortality of 100% [47]. The application of Bacillus thuringiensis-coated 
ZnO NPs is effective nano pesticides that delay the larval and pupal development 
period of cowpea weevil (Callosobruchus maculatus) [48]. A large number of 
chemical companies have started marketing nanoparticle-based pesticides in recent 
years, for example, Subdue M.A.X.X., Primo M.A.X.X., Banner M.A.X.X., Ospray’s 
Chyella, and Penncap-M [49, 50]. Beyond any doubt, nanotechnology in pesticides 
is going to take over the conventional method of pesticide use for its efficiency. We 
also need to assess the credibility of nanomaterials in pesticide as it is totally new 
and directly related to the environment [51].

Nanotechnology is a significant research strategy which enables easy under-
standing of technology for the modern world. From the enormous efficiency of 
nanotechnology pesticide based on nanoparticles, encapsulation of nanoparticles or 
nanoparticle-based DNA transfer to enhance the pest resistant are some examples 
of smart and precision farming [52]. Because it can stimulate the improvement of 
farming by means of application in nanoscale strategies [53]. Which will enable 
the hazardous use of chemicals in farming sector by stimulating the approach of 
farmers to implement the precision farming. The present strategies of farming are 
the application of pesticide without considering the actual efficiency or persistent. 
That is why nanotechnology-based use of pesticides like nano-encapsulation, 
controlled release mechanism could be useful for the betterment of sustainable 
agriculture [54].

5. Use of nanobiosensors

The Advancement in the 21st century of agricultural science new ideas like nan-
otechnology evolved the system of cultural practices. Now a novel strategy for this 
aspect is the nano-biosensors. These nanoscale miniature devices are used to detect 
analytes at extremely low concentrations. It is a method of integrated approach with 
the combination of computer, electronics or nano-sciences in respect to the concern 
of biology [55, 56]. The sensors are being used to control moisture and pH level of 
soil, monitor temperature, crop nutrient status, insects, plant diseases, weeds etc., 
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ion detection with the effectiveness of fertilizer or pesticide application strategy 
[57]. This real-time monitoring is accomplished by deploying wireless nanosensor 
networks over cultivated fields, which provide critical data for agronomic intel-
ligence operations such as crop planting and harvesting at the appropriate times. 
The main strategy of this mechanism is to being the cost-effective production in 
agriculture by promoting the techniques of less input for the farming activities [58]. 
Nanobarcodes and nanoprocessing might potentially be used to track agricultural 
product quality. Scientists at Cornell University exploited the notion of super-
market barcodes to decode and identify diseases in a cheap, efficient, faster, and 
easy way. They developed minuscule probes, sometimes known as nanobarcodes, 
that may be used to track numerous diseases in a farm and be identified using any 
fluorescent-based equipment.

6. Nanomaterials for soil remediation

Soil is an inevitable medium for plant growth and food production; also, it 
operates planetary processes for the existence of life on earth. That is why soil 
is the most crucial component for the terrestrial ecosystem to flourish [59, 60]. 
Soil operates various vital events like biogeochemical cycles, water cycle, earth’s 
climate, pollutant detoxification, biogenic gas regulation, ecosystem restora-
tion, and biodiversity maintenance [61, 62]. Soil can be contaminated by vari-
ous chemicals like heavy metals, pesticides, and POPs that can be remediated 
effectively with nanomaterials’ help. For example, nano-based materials can be 
used to convert heavy metals to their less toxic forms, pesticide degradation, and 
bioremediation of contaminated soil. Besides, nano-based sensors are useful 
components for detecting harmful pesticide residue in the soil, like detecting Mn 
impurities with grapheme nanoribbon [63, 64].

For soil remediation, conventional physical and chemical methods are available, 
but there is a risk of secondary contamination due to these remediating agents’ 
high quantity uses [65]. Again microbial-based soil remediation is eco-friendly but 
not sufficient for higher costs [66]. These limitations can be easily eliminated with 
nano-based techniques such as nano fertilizers, nano biosensors, nano pesticides, 
and different nano-remediation processes [55, 67, 68]. Conventional soil reme-
diation methods are mainly in situ and ex situ types where nano-remediation is 
normally on-site method without transportation of soil, which makes this cost-
effective [69, 70].

Nanoparticles possess various mechanisms such as redox reactions, adsorption, 
ion exchange, surface complexation, and electrostatic interaction, which are useful 
for the adsorption and degradation of pollutants [71]. Moreover, other features 
include lower temperature modification, shorter interparticle diffusion distance, 
and multiple surface chemistry that make these materials appropriate catalysts for 
the remission of the concerned soil pollutants [72]. Nanoparticles are very much 
fruitful for the degradation of common industrial contaminants such as chlorinated 
organic compounds, petroleum nano aromatics, nitrates, heavy metals (arsenic (As) 
lead (Pb), copper (Cu), zinc (Zn), nickel (Ni), cadmium (Cd)), insecticides, and 
dyes [73–76]. For instance, specific organic and inorganic compounds such as natu-
ral short-ordered aluminosilicate, the surface of titanium oxide, and humic acids 
can be coupled with Ni through a multiwalled carbon nanotube. These components 
are effective nano-bioremediation for the sustainable agricultural system [77, 78].

Nano-scale zero-valent iron (nZVI), titanium dioxide (TiO2), zinc oxide (ZnO), 
multiwalled carbon nanotubes (MWCNTs), fullerenes, bimetallic nanoparticles 
are widely used NPs for soil remediation because of their large surface area, high 
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reactivity, and reduction capability [70, 79–81]. Surface-modified nano-scale carbon 
black can reduce the bioavailability of Cu and Zn; also, nanometer hydroxyapatite 
can remove Cd pollution from the soil, which promotes plant growth [82, 83]. On the 
other hand, nanometer zeolite can remove Cu and Pb; both are organic and heavy 
metal pollutants of soil [84]. Some researchers [85, 86] showed that Cd and Zn pollu-
tion could be repaired with the help of a ferric tetroxide nanometer.

Apart from all positive impacts, nanomaterials caused toxic effects on organ-
isms dependent on soil [87]. For instance, copper nanoparticles negatively impact 
rats, as copper’s toxicity is related to the particle size [88]. Again, some heavy metal 
ions can be dissolved with metal nanomaterials, which is toxic for the ecology. 
Nano-TiO2 and its byproducts affected the antioxidant system and oxidative stress 
reaction of earthworms, one of the essential soil organisms [89, 90]. For this reason, 
we should pay more to keep an eye on the biological toxicity of nanomaterials used 
in soil remediation. Though the development of the appropriate use of nanotech-
nology for remediation of polluted soils is essential with the help of numerous uses 
of nanomaterials, we also need a comprehensive understanding of the human and 
environmental risk–benefit balance by using these nanomaterials [91].

7. Fate of nanomaterials in soil

In assumption, soil is meant to be the biggest receiver of NPs. When nanopar-
ticles or nanoformulations are given to plants, the substance eventually makes its 
way to the soil, where it may be used. Because of its proximity to plant roots and 
microbes, the nanomaterial establishes a unique connection with them once it is in 
the soil. In addition to soil, which is the most abundant source of natural nanopar-
ticles, both as primary particles and aggregates, it is also regarded an externally 
significant environmental matrix. Dissolution, transformation, and aggregation/
disaggregation are among of the mechanisms that regulate the fate of NMs in soils. 
In soils, several of the mechanisms that determine NM fate and behavior, such 
as straining, deposition/mobilization and diffusive transport are substantially 
different (Figure 1). The significance of these factors varies depending on the NM 
and soil conditions [92, 93]. Because dissolution destroys them and aligns their 
destiny and bioavailability with the soluble components, dissolution may be critical 
for some NMs. Examples include the fast dissolving of ZnO, which is likely to be 
ephemeral in soil unless coated with compounds that prevent dissolution. When it 
comes to dissolving, pH is the most essential factor to take into consideration.

For example, researchers [92] used a worldwide database to compare soil satura-
tion extract pH and ionic strength to NMs critical coagulation concentrations. Since 
the pH and Ionic Strength of most soil solutions are below the critical coagulation 
concentration of most nanomaterials, homoaggregation would be sluggish in most 
soils. As in aquatic contexts, heteroaggregation is anticipated to play a major role in 
soils because soil porewaters frequently include larger quantities of natural colloids 
in suspension. In most soils, NM condensation will occur in the topsoil with limited 
transport to the depths, resulting in increased straining (Figure 1). In soil porewa-
ters, NOM has been reported to stabilize NMs and prevent both homo- and het-
eroaggregation, according to several studies [94]. NM movement in soils has been 
studied in a limited number of researches, and this is likely the most important gap 
in understanding the true danger of NM transport. NM transport researches in soils 
have evolved from utilizing inert stationary phases (e.g., quartz beads) in columns 
to employing real soils in the recent decade. It appears that the CNTs are retained 
in soils due to their large aspect ratio, resulting in considerable straining. There is a 
high concentration of fullerenes in soils due to interactions with soil organic matter.
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8. Effect of nanomaterials on soil/plant systems

Nanotechnology has opened up new avenues for increasing nutrient efficiency 
and lowering environmental protection expenditures. The fact that fertilizer usage 
efficiency is just 20–50% for nitrogen and 10–25% for phosphorus is alarming [95]. 
According to researchers [96], the introduction of nanofertilizers as an alternative 
to traditional fertilizers would remove nutrient buildup in soils, therefore eliminat-
ing eutrophication and drinking water pollution. The main idea is to improve the 
efficiency of native and applied phosphorus in soils to keep the ratio of applied 
and plant absorption P near unity. Because nearly all P fertilizers contain heavy 
metals and, more significantly, deliver P to plants in accessible forms, there is a 
need to regulate critical and harmful components linked with phosphorous in 
the pedosphere–hydrosphere continuum. Nanofertilizers increased the quality 
of agricultural goods, eliminated environmental risks, and needed less fertilizer 
than conventional fertilizers [97]. Because the rate of release of absorbed nitrogen 
(or fertilizers compounds) is much slower than that of adsorbed ionic forms of 
nitrogen, zeolites could be used for nitrogen capture and storage [98]. Researchers 
[99] noticed that zeolite chips containing urea in their cavities can be used as a 
slow-release nitrogen fertilizer material. When zeolites were loaded with nitrogen, 

Figure 1. 
The key mechanisms that determine the fate of natural colloids and nanomaterials in soils. 1, colloid 
generation; 2, engineered nanomaterial leaching from biosolids; 3, homoaggregation; 4, fragmentation; 5, 
sedimentation; 6, heteroaggregation; 7, size exclusion; 8, straining; 9, deposition; 10, convective transport [92].
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potassium, phosphorous, calcium, and a set of minor and trace nutrients, few 
researchers [100] discovered that the honeycomb-like layered crystal network 
slowly released nutritional ions “on demand.”

According to another researcher [101], application of a nanocomposite compris-
ing N, P, K, certain micronutrients, mannose, and amino acids improved nutrient 
absorption in grain crops. A group of researchers [41] used zinc–aluminum layered 
double-hydroxide nanomaterials with plant growth regulators and discovered 
that the products released chemicals in a regulated way. These studies showed that 
nanotechnology may be used to build advanced supply tools with great success. 
There are carbonaceous chemicals that are secreted into the soil that allow N and/or P 
mineralization from organic matter and P mineralization from soil inorganic colloids 
in nutrient-depleted soils. As environmental signals, these root exudates may be 
utilized to make nanobiosensors, which could then be integrated into new nanofertil-
izers, according to the authors’ hypothesis.

It’s well-known that current fertilizers create soil acidity, alter soil carbon profiles, 
harm beneficial microorganisms, weather clay minerals, and collect heavy metals 
in the soil. As receptacles, novel nanofertilizers use plant-nutrient ions intercalating 
or adsorbing on clay minerals. Salts make up the majority of current fertilizers, with 
one component consisting of plant-nutrient ion(s), whereas the other component 
isn’t particularly beneficial or harmful at all. To enhance soil structure, reduce salt 
concentration, and promote crop development in salt-affected soils, nanotechnology 
can be utilized to improve soil structure. The following are some areas where research 
might be initiated: CaCO3 solubilization, Na2CO3 prevention, adding K+ to clay 
minerals, and increasing precipitation are all examples of ways to reduce salt concen-
tration in soil solution, improve drainage, and/or replace Na + with Ca2+ and/or K+.

In order to determine the influence of nanoparticles on soil microbial activity, 
soil respiration and enzymatic activity must be measured. Soil enzymatic activity 
and bacterial abundance may be affected by metallic nanoparticles [102]. They can 
also cause free radical damage to bacteria’ cell membranes, DNA and mitochondria. 
Even beneficial microorganism communities may be threatened by the introduction 
of nanoparticles (NPs) into the natural environment. In flooded paddy soil, TiO2 
and CuO nanoparticles reduced soil microbial biomass and enzymatic activity, as 
well as their community structure. Increased Fe3O4 nanoparticle concentration 
dramatically reduced the number of bacteria in soil, and produced cavities, holes 
and membrane breakdown in the microorganisms [103].

Bipolaris sorokiniana and Magnaporthe grisea were exposed to silver ions and 
silver nanoparticles to determine their effects [104]. These treatments effectively 
inhibited colonization of both fungi, with an EC50 much lower than the ionic Ag 
treatments. Scientists have demonstrated antibacterial activity of Ag nanoparticles 
and polyvinylpyrrolidone (PVP) against three types of bacteria [105]. Researchers 
have shown that Zinc oxide nanoparticles (ZnO NP) are as antibacterial as silver 
nanoparticles (AgNPs). Sulfur dioxide (ZnO) was typically more toxic to bacteria in 
the Gram-positive group than the Gram-negative group. Staphylococcus aureus was 
treated for 8 hours, and Salmonella typhimurium for 4 hours [106]. When it came 
to Botrytis cinerea and Penicillium expansum colonization, the S NPs (35 nm) were 
shown to be more efficient than the larger particles.

9. Nanomaterials to mitigate environmental stresses in plants

Plants are sessile organisms and undergo abiotic stressors that impact their 
development and production throughout their life cycle. In response to environ-
mental stressors, plants generate defensive mechanisms at multiple levels through 
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modification of their biochemical and morphological routes as well as their 
molecular pathways (the changing of genetic expressions). But these are not suf-
ficient to annul all the adverse effects of environmental stress. The salinity reduces, 
for example, the osmotic potential of the soil, resulting in food disequilibrium. 
Improve ionic toxicity negatively impacts many important biochemical or physi-
ological activities including photosynthesis, protein synthesis and lipid metabolism. 
The rising world population and the concomitant decline in food supply, with ongo-
ing environmental changes, are currently in a difficult state. Therefore, scientists’ 
main focus is to develop strategies to expedite the plant adaptation to environmental 
changes.

In the worldwide scenario, salt stress alone reduces crop yield by roughly 23 per 
cent according to current agricultural practices. In previous study on nano-SiO2 
treatment on tomatoes and squash plants, there have been numerous beneficial 
results on the usage of nano fertiliser in salty circumstances [107, 108]. The use of 
silica nanoparticles increases plant tolerance to drought stress by promoting plants’ 
agronomic parameters, physiology, biochemistry, delay senescence, and maintained 
water status of plants exposed to the water-deficit condition [109, 110]. Crataegus sp. 
has enhanced dryness tolerance with varied concentrations of silica nanoparticles, 
changing their physiological and biochemical processes [111]. Researchers think 
that growing agricultural plants with shorter life cycles is particularly efficient in 
areas susceptible to drought or flash-flood here early crop maturation is a critical 
component for sustained crop output [112]. Studies revealed that the life cycle of the 
wheat crop used in nano fertilizers is considerably shorter than the traditional wheat 
crop used in fertilizers, which is 130 days compared with 170 days (date of sowing to 
yield production) [113].

Although several investigations of the use of nanomaterials to plant devel-
opment have been carried out during stress environments, the fundamental 
components remain mostly unexplored. However, researchers believe that, under 
unfavorable environmental circumstances, the impacts of nanomaterials on crop 
development are partially attributable to the enhanced enzyme activity. The activity 
of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and 
peroxidase (POD) are regulated by nanoparticles [114]. Increased SOD activities 
have been observed by the application of TiO2 nanoparticles on onion seedlings 
[115]. At lower levels of TiO2 the activity of the enzyme is greater. The buildup of 
free proline and amino acids is escalating by nanomaterials (nano-SiO2 and nano-
ZnO). The consumption of nutrients and water might also rise. The use of these 
nanoparticles further enhances the activity of the antioxidant enzymes such as 
SOD, CAT, POD and reductase nitrates. Nanomaterials can also control the expres-
sion of stress genes. For example, microscope research showed that silver nanopar-
ticles in Arabidopsis can regulate a number of genetic expressions [116]. These 
genetic responses, which are produced by nanomaterials, are therefore directly 
related to plant stress defense.

10. Nanomaterials in plant defense mechanisms

Plants represent the boundary between the environment and the biosphere, thus 
understanding how nanomaterials influence them is crucial for ecological evalua-
tions and assessments of environmental impact. Terrestrial plants can be threatened 
by metal-based nanoparticles (NPs); yet, little is known about plant defense 
systems that could combat nanotoxicity. When cells are subjected to nanoparticles 
and oxidative pressure develops, the equilibrium between cell function as well 
as antioxidative defense systems is altered. A group of researchers [3] described 
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cell membrane damage due to oxidative stress, as well as DNA degradation are all 
caused by biochemical factors that produce unnecessarily high reactive oxygen 
species (ROS). Different defensive mechanisms can be triggered by plants in 
response to stress [117]. As an example, using nanoparticles to boost plant defenses 
is one of the most intriguing aspects of this technology (Table 1). An enzyme and 
a non-enzymatic agent are used in plants’ antioxidant defense system. These agents 
include SOD, CAT, APX, ascorbate peroxidase (APX), and glutathione reductase 
(GRT) (GR).

It has been demonstrated that nanoparticles of cerium oxide imitate enzymes for 
scavenging. This feature increases the plant’s defensive system. As a result, micro-
bial pathogens are prevented from completing their life cycle by multiwalled carbon 
nanotubes (MWCNTs). Changes in enzymes are prevalent as a result of fluctuations 
in ROS levels [126]. ROS play a major role in the start of plant disease resistance 
responses, since they are essential signals for resolving defensive gene installation. 
To further understand plant defense mechanisms against nanoparticles, more 
research is needed.

11. Nanotechnology in food industry

Food production must double by 2050 to satisfy the demands of the world’s 
increasing population, food production must double by 2050, and new strategies 
are needed to fight hunger [127]. The rising global human population has resulted 
in a larger population to feed, and agricultural production has not kept pace with 
this growth. This imbalance has shown the actual need for food preservation for 
food items to reach people worldwide. The establishment of nanotechnology in the 
food sector has made it easier for food to be transported to various areas globally by 
increasing most food items’ shelf life. The latest developments in nanostructured 
materials that significantly affect the food sector are novel methods in food nano-
technology (Table 2). Nanotechnology in today’s food sector has played a signifi-
cant role in food processing, food packaging and food preservation. Many areas 
of food science have been revolutionized by the fast growth of nanotechnology, 

Nanoparticles Mode of action References

Chitosan Total phenolics and NO signaling molecules are elevated, 
as is the expression of defense-related genes, such as 
numerous antioxidant enzymes.

[118]

TiO2 SOD, catalase, and peroxidase (POD) activities are 
increased, and reactive oxygen free radical buildup is 
reduced.

[119]

Multi-walled carbon 
nanotubes (MWCNTs)

Antimicrobial pathogens cannot complete their life cycle 
because ROS defense response cascade is activated.
ROS, such as super peroxides and H2O2, are generated.

[120, 121]

Silicon An improved resistance against fungus in maize [122]

Copper oxide Raise the levels of SOD and CAT, as well as lipid 
peroxidase

[123]

Cerium oxide Rice seedlings are exposed to lipid peroxidation 
and photosynthetic stress when exposed to CeO2 
(modifications of antioxidant defense system)

[124]

Zinc oxide GSH levels and CAT activity are both higher. [125]

Table 1. 
Nanoparticles and its mode of action.
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particularly those involving food processing, packaging, storage, transportation, 
functioning, and other safety concerns. A wide range of nanostructured materials 
(NSMs), from inorganic metal, metal oxides, and their nanocomposites to nano-
organic materials with bioactive agents, has been applied to the food industry. 
Figure 2 shows the application of nanotechnology in the food business [136].

12. Nanomaterials for recycling agricultural waste

Demand for agricultural goods is rising rapidly as the population grows. More 
food items are being produced to satisfy this increasing demand, resulting in a 
rise in waste materials. Waste is a significant issue throughout the globe, and it is 
produced by a variety of agricultural, industrial, and urban activities. Agricultural 
wastes are such kinds of wastes derived from various agricultural activities, includ-
ing processing raw agricultural products; plant debris; excessive use of pesticides 
and fertilizers that enter into our ecosystem; wastes from animal farms and 
slaughterhouses; salt and silt drained from fields and finally harvest wastes. In other 
words, these are leftovers from the production and processing of raw agricultural 
goods, including fruits, vegetables, meat, poultry, dairy products, and crops [137]. 
Large amount-of agricultural wastes are generated every year throughout the world 
that can be solid, liquid, or slurries in form depending on the agricultural activities, 
posing a threat to the environment (Table 3). We are exploiting our environment 
using excess amounts of agrochemicals like pesticides and fertilizers every year. 

Nano-Technology Description Example Reference

Nanostructures food 
ingredients

Nano-engineered 
additives

Titanium dioxide (TiO2) is a Nano-
engineered additive that is used as a 
colorant, and an antibacterial agent.

[128]

Nano-Emulsion Nano structured 
Emulsion

The Nano-Emulsion method is used to 
produce low-fat mayonnaise and ice 
cream that are as creamy as their full-
fat counterparts, providing customers 
with healthier choices.

[129]

Nano-encapsulation Delivery systems for 
additives and bioactive

Nano-encapsulation is the process 
by which bioactive chemicals are 
incorporated, absorbed, or dispersed.

[130, 131]

Food packaging Silver, Zinc oxide, 
Titanium oxide, Silver 
oxide used in the food 
packaging.

In green asparagus, silver 
nanoparticles inhibit the development 
of aerobic psychrotrophic bacteria.

[132]

Nanosensors and 
nanobiosensors

Quality control and 
food safety
assist in the detection 
of any subtle changes 
in
food color as well as 
any gasses produced 
due to spoilage

Gold, platinum, and palladium are 
used to make the gas sensors. The 
gold-based nanoparticles can detect 
the aflatoxin B1 toxin present in milk.

[133]

Food processing Fortification Incorporation of nutraceuticals, 
viscosifying and evaporating agents, 
vitamin and mineral fortification

[134]

Table 2. 
Current uses of nanotechnology in food industry.
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These chemicals are generally persistent and have a significant impact on the envi-
ronment as well as human health due to the bioaccumulation in food. For sustain-
able agriculture, we badly need an efficient way to properly use agricultural inputs 
and reduce these wastes to minimize environmental pollution. Through nanotech-
nology, pesticides and fertilizers can be converted and reused. Some nanomaterials 
for the remediation of soil polluted by agrochemicals are encapsulated and slow 
released fertilizers and pesticides under specific conditions; controlled release of 
plant growth hormones and concentration of ammonium nanoparticles that can be 
recycled as fertilizer [139, 140].

Photocatalysis applications, coupled with nanotechnology, offer effective results 
and enormous possibilities for the reduction of certain harmful chemicals from 

Figure 2. 
Application areas of nanotechnology in food industry [135].

Classification Origin point Wastages

Garbage Domiciliary/merchandise Kitchen waste (food), poultry/slaughter
house

Settlings Domiciliary/retailer Dead leaves, wood wool, shredders 
waste, waste tyre rubber, polyethelene, 
plastic bottles, etc.

Ashes Households/industries Rice husk ashes, coal fly ashes

Pharmaceuticals Industries/households Expired medicines, scraps etc.

Waste microbes Industries/households Metal ion-treated cells, fungi refusals, 
bacterial cellulose discard, etc.

Agricultural waste Beverage industries/food processing 
industries

Palm oil mill effluent, defatted seeds, 
orange peels, etc.

Table 3. 
Classification of waste as per their source of origin [138].



Agricultural Development in Asia - Potential Use of Nano-Materials and Nano-Technology

14

Agricultural wastes Nanomaterial associated References

Rice husk Calcium hydroxyapetite NPs [141]

Olive mill wastewater Titanium (IV) oxide anatase, iron (III) oxide nanorods 
NPs

[142]

Waste cooking oil Magnetic NPs, Mesoporous silica/ superparamagnetic 
iron oxide core shell NPs, Molybdenum oxide/Zirconia 
NPs

[143–145]

Water with high 
phosphate content

Iron NPs [146]

Peels of Pomegranate Silver nanoparticles [147]

Coconut shells Silver nanoparticles [148]

guava Silver nanoparticles [149]

Sugarcane waste Silver and Gold nanoparticles [150]

Banana peel Gold nanoparticles [151]

Grapes waste Gold nanoparticles [152]

peanut skin extract Iron nanoparticles [79]

Table 4. 
Nanomaterial-associated waste management.

various herbicides, bactericides, and fungicides (Table 4). For example, for the 
elimination of pesticide residues from water, therefore decontamination of water is 
effective with the process of photocatalysis coupled to a nanomaterial [153]. On the 
other hand, nano-sensors can detect various chemicals and toxic pollutants that are 
harmful to humans. The application of nanomaterials coupled to specific  antibodies 
can generate lights that can be used to identify and quantify agrochemicals like 
pesticides and fertilizers [139].

Apart from this, rice husk, a by-product from rice-mill, can be an excellent 
source for nano-silica production, making glass materials and concrete. This 
renewable nano-silica ultimately reduces the rice husk disposal problem through 
nanomaterials. Waste from the cotton industry, such as cellulose or other low 
valued products like yarns and cotton balls, can be reduced with nanomaterials’ 
help. For example, with the use of electrospinning and newly developed solvents, 
100 nm-sized fibers can be produced and use as an absorbent of various fertilizers 
or pesticides, which is useful for targeted application at the desired time as well as 
location [154, 155]. Nanocellulose can be extracted from the residues of banana 
cultivation like pseudostem, foliar parts, and shells, which will be the replacement 
of certain synthetic fibers. On the other hand, gold nanoparticles, which are numer-
ously used in semiconductors and bio-medical areas, can be synthesized from 
agricultural wastes of grape seed, skin, and stalks [140, 156].

From the last couple of years, the production of ethanol from maize feedstock 
has increased the global price and demand of maize, and researchers are working 
on various nano-engineered enzymes that authorize simple and cost-effective 
modification of cellulose into ethanol from waste plant parts [131]. Nanomaterials 
also inspire the metabolism of microorganisms like the efficacy of lipid extrac-
tion can be improved with the help of nanotechnology without disrupting the 
microalgae. Nanomaterials like calcium and magnesium oxide nanoparticles can 
be used successfully as biocatalyst transporters for the transesterification of oil to 
bio-diesel [157].

Due to the mass production of agricultural goods, many wastes are gener-
ated every year from this sector, and with the application of nanomaterials, 
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these wastes can be reduced, reused, and recycled effectively. Also, this new 
technique can be an asset for poor nations having poor sanitation, water scarcity, 
and inadequate resources [2, 158]. When crops are harvested, additional con-
nected problems exist, such as crop waste, nearly 80% of the farm’s biomass. 
The production of agricultural waste is hundreds of millions of tons annually 
[159]. Every year, a large amount of food and agricultural goods are wasted as 
agro-waste throughout the globe. It estimates that about one-third of the world’s 
food produced for human use is lost or destroyed each year [160]. Minimizing 
agricultural product losses reduces resource pressures and therefore reduces the 
need for chemical fertilizers and pesticides [161]. It is thus time to manage waste 
strategically to recycle, recycle and reuse agro-purpose.

Nanotechnology is now confined to the energy, food hygiene, telecommunica-
tions, agriculture, and healthcare sectors and has now covered environmental 
protection and waste management. Green nanoparticles production is becoming 
more popular in a straightforward, ecologically friendly manner. The continual 
deposition of agricultural wastes or byproducts in nature has become a significant 
concern. Nanotechnology has the potential to be used in the reduction of waste 
generated during agricultural production. Agricultural wastes, including natural 
and non-natural wastes, may also be effectively used to produce nanoparticles.

13. Conclusion and future perspectives

Nanotechnology has a wonderful possibility in agriculture. Research on nano-
technology uses in agriculture is less than ten years old. However, given the growing 
inadequacy of traditional farming techniques and the excess capacity of the terres-
trial ecosystem demands, we have little alternative but to investigate the nanotech-
nologies in all agricultural sectors. New technology is generally acknowledged as 
essential to the creation of national prosperity.

There’s been a substantial improvement upon nanoparticles dependent programs 
in agriculture industries. Scanty reviews can be found about the suitable utilization 
as well as improvement associated with eco-friendly nanoparticles in several fields. 
Therefore, execution associated with nanomaterials may uplift the actual farming 
requirements and supply advantages in various methods. However, among the main 
constrict may be the toxicity associated with nanoparticles. Therefore, to conquer 
the actual poisonous results, various logical methods are now being created. One 
particular technique entails the utilization of (i) Natural organizations or even 
their items concerning manufacturing associated with nanoparticles that type 
among the eco-friendly procedures about functionality associated with nanopar-
ticles. (ii) Bioconjugation as well as encapsulation associated with nanoparticles 
along with bioactive substances is guaranteeing area that prevents toxicity. (iii) 
Nanotechnology also offers options about degrading continual chemical substances 
into safe as well as occasionally helpful elements. (iv) Nanotechnology may effort 
to supply as well as essentially improve the actual systems presently utilized in 
environment recognition, realizing as well as remediation. (v) To be able to obtain 
prosperous utilization as well as commercialization associated with nanomaterials, 
various knowledge ought to work with others to style biomimetic nanomaterials as 
well as their assessment within the agriculture field.

In conjunction with information on the agriculture production system, nanotech-
nology demands a solid understanding of science as well as of production and material 
technologies. The severity of this task can draw talented brains into a career for agri-
culture. To succeed in this sector, human resources require advanced training, which is 
urgently necessary for new instruction programs, particularly at the graduation level.
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Enhancing the Productivity
of Field Crops through
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Abstract

The growth of agricultural sectors can be maintained by increasing crop
productivity through soil, water, and nutrient management. The most important
management practice is nutrient management, which is supported by the effective
use of nano-technology, especially nano-fertilizers. It is well known that nano-
fertilizers are nutrient carriers of nano dimensions ranging from 30 to 40 nm
(10�9 m or one-billionth of a meter). Due to their high surface area, they can hold
abundant nutrients ions and release them slowly and steadily, commensurate with
crop demand. Nano-fertilizers are easily uptaken and assimilated by the plants
because of their ease of solubility, stability, controlled release in time, and easy
mode of delivery and disposal. Due to nano fertilizers characteristics, different
commercial products are available in the market, namely Nanogro, Geohumus,
NanoGreen, and Lithovit High Yield fertilizer, which can be demonstrated among the
farmers for increasing agricultural performance through soil and nutrient manage-
ment. Besides, nano-fertilizer has good criteria like disease resistance properties.
Nanoparticles of ZnO, CuO, and MgO can kill different fungal infections of crop
plants. Though nano-fertilizers can be beneficial for improving agricultural perfor-
mance, it has a detrimental effect on soil microflora, fauna, animals, and humans. It
is associated with several diseases or hazards like high blood pressure, blood clots,
stroke, arrhythmia, heart disease, etc. Nano-fertilizer also improves the yield of
several field crops like pearl millet, wheat, pomegranate, onion, tomato, soybean,
and vegetable crops like spinach and cucumber. Nano fertilizers also have sound
capabilities to find the solution against the issues arising in modern agriculture due
to conventional fertilizer application. Thus, nano-fertilizer has the potential to
improve the yield of several field crops.

Keywords: nano-fertilizers, commercial products, fungal infection, disease, disease
resistance, surface area, cereal and vegetables, solubility, stability and controlled
release

1. Introduction

Increasing population growth and shortage of available land&water resources are
significant concerns for food-saving agriculture. Potential agricultural growth can be
achieved through productivity improvement through soil, water, and nutrients
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management, assisted by the successful use of new technologies such as nano-
fertilizers. Nano-fertilizers are those preparations with nano-dimensional nutrient
carriers ranging from 30 and 40 nm (10�9 m or one billionth of a meter). They can
retain sufficient nutrient ions because of their large specific surface area and slowly or
gradually release them in exact amounts meeting crop requirements [1]. Compared
with bulk fertilizers, it has a high specific surface area, small size, and reactivity of
nano-fertilizers can increase the diffusion, solubility, and nutrient availability to
plants and boost agricultural productivity. Using fertilizer carriers for the construc-
tion of smart fertilizers, nano-fertilizer have presented the feasibility of exploring
nano-structured materials as new facilities to increase the performance of nutrient
usage and minimize environmental degradation. Micronutrients such as iron, man-
ganese, zinc, and copper are becoming factors that improve yield and are primarily
responsible for making the standard nutritional quality of food items. Once applied to
the soils, they respond quickly, produce chemical precipitates, soils’ organo-mineral
matrix, and react with clay colloids. Micro-nutrients are substantially lost due to
leaching in high rainfall regions. Thereby, the efficiency of micronutrient usage
(MUE) is <5%. Micronutrient-based nano-fertilizers can increase the accessibility of
particular micronutrients to crops and improve agricultural productivity [2]. Since
the production and implementation of nano-fertilizers are still at an early stage,
certain specific reports are published on the effects and benefits of applying
micronutrient-based nano-fertilizers in the field. Any discovery in new innovative
technologies to enhance agricultural productivity and the supply of nutrients might
be a landmark in nano-technology research and at the beginning of the next Green
Revolution. So, the main objectives of this study are

i. To study the significance of nano-fertilizer in crop nutrition

ii. To understand the properties and methodologies of nano-fertilizer
preparation

iii. To classify the different kinds of nano-fertilizers

iv. To understand about the commercial nano-formulation

v. To increase the productivity of agricultural crops

vi. To investigate the harmful effect of nano-particle related fertilizers

Indiscriminate and massive application of fertilizers leads to the formation
of a non-porous layer between the soil particles, which has a negative effect
on the agricultural soil and leads to a rise in the groundwater level and salinity
as well and ultimately it causes the death of the roots of the field crops by
reducing the absorption of nutrient by the plants that are essential in the
crop nutrition. But nano-fertilizers cut the barriers of that type of problem in
agriculture [3].

Recently, our modern agriculture has been habituated by the use of high rates of
chemical fertilizer. For example, the global production of chemical fertilizer is
about 188.2 Mt. in 2019. It is also expected that chemical fertilizer consumption can
also increase by double to feed the 9.6 billion population by 2050. Besides, applica-
tions of conventional fertilizers have low nutrient use efficiency, a high risk of
environmental pollution, and a possible risk of breaking the food chain by
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destroying the ecosystem [4]. So, sustainable agriculture is a new approach for the
solution of recent problems. So, implementing new innovative techniques like
nano-fertilizers into the farmers field may solve fertilizer application problems.
That’s why nano-fertilizers are gaining importance day to day to agriculture. It has
several advantages, like it releases nutrients according to plant requirements. It may
replace several pesticides as it has disease-resistant properties (ZnO, MgO, and
CuO-based nano fertilizers).

We know that chemical fertilizers release the nutrients in 4–10 days,
whereas nano-fertilizer releases their nutrients in 40–50 days; as a result,
nitrogenous fertilizer from the conventional system are lost rapidly from the
field through volatilization, leaching, and run-off. But we can minimize this
problem by applying nano-fertilizer and improving N’s nutrient use efficiency in
the field [4].

2. Significance of nano-fertilizers in crop nutrition

1.Strong Stability and Solubility

2.Solid effectiveness

3.Controlled release of the nano fertilizer in time

4.Improved targeted behavior with the right concentration

5.Reduced eco-toxicity

6.Secure, uncomplicated delivery and disposal mode

2.1 Probable mode of cellular uptake of nanoparticles in a plant cell

Nano-fertilizers get into the plant system through a mechanism [5]. The
mechanism is expressed in the Figure 1.

Figure 1.
Composition of nanoparticles.
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3. Nano-fertilizers delivery systems

Nanoparticles can provide nutrients to particular target sites in living organisms.
The preparation of nutrients based nano-particles is typically carried out by:

1.Nano-particles absorption.

2.Ligands mediated nano-particles attachment.

3.The formation of the nano-particulate polymeric shell through encapsulation.

4.Polymeric entrapment of nano-particles.

5.Self-possessed synthesis of nano-particles.

4. Principles of nano-fertilizers preparation

The dissolution kinetics of nano-particle by The Scientist Noyes-Whitney.
The dissolution rate of nano-particles of the nano-fertilizers is directly

proportional to their surface area because a relatively larger interface for
dissolution is available, which promotes the dissolution of dissolved ions away from
the particle.

According to the Ostwald-Freundlich principle.
The relative solubility of a spherical particle of the same material increases as the

particle size decreases in the solid-liquid system—the solubility of the particle
increases when the equivalent spherical diameter is <0.1 um.

5. Properties of polymer encapsulating nano-particle

1.Rapid-release: on contact with a surface, the capsule shell breaks (e.g., when
fertilizer hits a leaf) [6]

2.Unique release: when a molecular receptor binds to a specific chemical, the
shell is built to break open

3.Moisture release: in the presence of water, the shell breaks down and releases
material (e.g., in soil)

4.Thermal release: the shell only releases components as the atmosphere heats
over a certain temperature.

5.pH release: nanocapsule only disintegrates in particular acid or alkaline
environments.

6.Slow-release: over a longer period, the capsule slowly releases its payload
(e.g., for slow delivery of a substance in the fields such as nano-coated urea).

5.1 Unique properties of nano-particles (NPs)

a. Very high specific surface area (Figure 2 and Table 1)
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b. High surface energy

c. Quantum confinement

5.2 Classification of NPs

(a) Carbonaceous NPs, (b) metal oxide NPs, (c) zero valent metals and (d)
nano-polymers (Figure 3 and e.g., Tables 2–4).

Figure 2.
Probable mode of cellular uptake of nanoparticles in a plant cell [5].

Properties Nano-fertilizer enabled technology

Solubility and nano-sized formulation of
mineral micronutrients (MN)

Nano-sized formulation of MN improve solubility and
dispersion of insoluble nutrients in soil, reduce soil
absorption and fixation and increase the bioavailability

Nutrient uptake efficiency It increase fertilizer efficiency and uptake ratio of the soil
nutrients in crop production and save fertilizer

Controlled release modes Controlled release through encapsulation in envelope forms
of semipermeable membrane coated by resin-polymer
waxes

Effective duration of nutrient release It extends effective duration of nutrient supply of fertilizers
in to soil

Loss rate of fertilizer nutrients Reduce nutrient loss by reducing leaching

Table 1.
Properties of various kinds of nano-fertilizers.

Figure 3.
Novel properties of nanoparticles: surface area per unit weight increases, so more atoms come on the surface to
interact occurred in nanoparticles.
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6. Preparation of coated nano fertilizer granules

i. MAP & commercial urea granules sieved to obtain 2000–3350 um and
1676–2000 um size, respectively.

ii. Coating of MAP and Urea granules by Zn @ 1.5% by weight (by adding
powder of ZnO nano particles.

Nano contents Applications

Bentonite clay Nanoscale compound fertilizer additives bind soils and helps in N-fixing
bacteria for improving soil fertility.

Humic acid and talc
powder

Si nano-particle mixed with humic acid increases water and mineral holding
capacity of soil. Reduced fertilizer use and improved crop yield

Rare earth materials
(REMs)

REMs nanoparticles mixed with MgO, N, P and K improved soil fertility and
control release of nutrients

Table 3.
Nano-scale fertilizer additives.

Nano contents Applications

Ammonium salts (prepared through physical
methods)

Ammonium magnesium phosphate containing
nano-composites improved stability and slow
release properties

Nano scale fertilizer particle (urea, KCl and
NH4Cl are prepared through emulsification,
coating and shearing process)

Those help in slow and controlled release of
nutrients

ZnO as agricultural trace element fertilizers ZnO powder mixed with polymeric wetting agents
and cellulose based thickening agent to efficiently
uptake by plants

Table 2.
Nano-scale fertilizer inputs.

Nano contents Applications

Halloysite Halloysite and other nanotubes (Dolomites) mixed nano-materials
used as controlled release fertilizers.

Phosphate fertilizer containing
nano-hydroxy apatite

Those help in maintaining P level in soil and reduce its loss through
water.

Attapulgite N, P and K fertilizers embedded in the nano-pores of attapulgite
clay yield slow release of fertilizer nutrient.

Table 4.
Nano-scale films and host materials.
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iii. Spraying of ultrapure deionized water and use of nebulizer to provide good
blending agent (50 uL/min) to ZnO powder.

iv. Coated granules are air-dried at 30% RH in the laminar flow.

7. Biosynthesis of Zn nano-fertilizers in laboratory

i. The Fungi, Rhizoctonia bataticola TFR 6 (strain) taken in 250ml Erlenmeyer
flak with 100mL Potato dextrose Brothmedium (pH adjusted to 8.5)MAP=
MonoAmmoniumPhosphate,NUE=NitrogenUseEfficiency, TFR6 is a strain

ii. After incubation, fungal mycelia separated from culture by filtration with
Whatman No.1 paper

iii. Harvested mycelia kept in a rotary shaker at 150 rpm with 28°C for 12 h

iv. Cell-free filtrates + salt solution of ZnO with 0.1 mM concentration help
synthesize Zn nanoparticles.

8. Review of literature

15N studies using maize as a model system revealed that NUE from
nano-fertilizer was higher than conventional fertilizer urea [7] (Figure 4).

Subramanian and Sharmila Rahale [7] reported that 15 N studies which were
used in maize as a model system revealed that the N use efficiency from nano-
fertilizer was 82%, and the conventional fertilizer (urea) registered 42% with a net
higher nitrogen use efficiency of 40%, which is hardly achievable in the conven-
tional systems.

Bakhtiari et al. [8] also experimented during 2015 to assess the effect of Fe nano
particles on yields and quality of wheat. They found that foliar spray of Fe @ 0.04%

Figure 4.
Comparison of N based nano-fertilizers with conventional N fertilizers.
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enhanced the spike weight, total biological yields, grain yields, and protein content
in grains (Table 5).

Dey et al. [2] explained the various effects of nano-particles on plant growth
(Table 6).

Davarpanah et al. [9] experimented during the year 2014–2015 to study the
effect of nano-Zn and nano-B foliar fertilization on fruit diameter and fruit yield of
pomegranate. They concluded that foliar spray of Boron and Zinc @ 4.5 and
120 ppm resulted in higher fruit diameter and fruit yield compared to other treat-
ments. Where B1, B2 and Zn1, Zn2 are 3.25, 6.5 mg/L B and 60, 120 mg/L Zn,
respectively (Table 7).

Likely, Tarafdar et al. [10] conducted a field experiment about nano-fertilizer on
pearl millet to study the effect of Zn nano-fertilizers on pearl millet var. HHB 67. It
was found that nano-fertilizer (Zn source) responded as well as a field application

Concentrations (%) of Fe
nano fertilizers

Spike
Weight (g)

1000 grain
wt (g)

Biological
yields (kg/ha)

Grain yields
(kg/ha)

Protein
content (%)

0 536.33c 32.82d 8320.0bc 3316.5c 13.77c

0.01 561.33c 34.12dc 8520.0ab 3421.5bc 15.51b

0.02 604.21b 35.46bc 8620.0ab 3506.5abc 15.86b

0.03 647.96a 36.49ab 8845.0a 3689.0ab 16.59a

0.04 666.96a 37.96a 8895.0a 3776.5a 16.44a

a,b,c is used in DMRT test for statistics either at par or different

Table 5.
Effect of Fe based nano-fertilizers on wheat crop.

Nanoparticle Effect on plant growth

Carbon nanotubes (CNTs) Improve root growth of onion and cucumber

Nano-Si Develops salinity stress on tomato seed germination

1000 ppm nano-ZnO (25 nm) Results highest chlorophyll content, higher seedling vigor, early
vegetative growth and significant pod yield of peanut

Nano-SiO2 and TiO2 Hastens germination and growth in soybean

Nanoscale titanium dioxide (TiO2) Encourages photosynthesis and growth of spinach

Table 6.
Nano particles for better seed germination and plant growth [2].

Treatments No. of fruits/tree Pomegranate Fruit dia (mm) Yields (kg/tree)

Control 50.6d 75.5abc 13.8e

Zn1 + B0 52.7cd 76.5abc 14.3de

Zn1 + B1 51.3d 78.2ab 15.0cd

Zn1 + B2 65.9a 76.6abc 18.5a

Zn2 + B1 58.7b 74.9abc 16.2b

Zn2 + B2 63.0ab 78.8a 18.4a

Significance S S S

Table 7.
Effect of nano-Zn and nano-boron fertilizer combination on pomegranate crop.
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on pearl millet. The pearl millet yield and biomass yield increased by nano-fertilizer
over ordinary fertilizers (Table 8).

Metal oxide nanomaterials, such as CuO, ZnO, and MgO, could also effectively
control many plants and soil-borne diseases caused by Botrytis cinerea, Alternaria
alternate, Monilinia fructicola, Colletotrichum gloeosporioides, Fusarium solani, Fusar-
ium oxysporum fsp Radicis Lycopersici, Verticillium dahliae, Phytophthora infestans
and Ralstonia solanacearum in many plant species [11].

8.1 Nano-fertilizers in precision agriculture

Nano fertilizer has significant advantages over conventional fertilizers (Table 9).

8.2 Delivery of fertilizer

Nano-particles hold nutrients more intensely due to high surface tension and
provide high surface protection of surface particles.

8.2.1 Chemical fertilizers

Chemical N-fertilizers cause atmospheric N2O emission: Solution—nano-coated
urea, CRF (Zeolite, Halloysite, and Montmorillonite use for controlled release of
nitrogenous fertilizers).

Treatments Pearl millet Grain yield
(kg ha�1)

Dry biomass
(kg ha�1)

Zn concentration
(mg kg�1)

Control 1065 5192 35.5

Ordinary Zn 1217 5214 39.8

Nano Zn 1467 5841 39.2

CV 48 142 3.1

LSD (p = 0.05) 17.6 52.2 1.1

Table 8.
Performance of nano-Zn fertilizer on pearl millet crop.

Properties Nano fertilizers Conventional fertilizers

Solubility and
dispersion of
nutrients

It improves solubility and dispersion of
insoluble mineral nutrients in soil and make
bioavailability to plants

Less bioavailable to plants due to
less solubility and larger particle
size

Nutrient uptake
efficiency

It increases fertilizer use efficiency and uptake
ratio of soil nutrient by plants and saves
fertilizers

Due to its bulk composites not
efficiently uptake by plants and
reduces efficiency

Control release
modes

Nutrients release precisely controlled by
encapsulation and by resin polymer, waxes
and sulfur coating

Excess release produces toxicity and
destroy ecological balances

Effective
duration of
release

It extends the effective duration of supply of
nutrients to plants

Nutrients used by plants at the time
of delivery and others are lost as
insoluble salts

Loss rate of
fertilizer
nutrients

It reduces losses of nutrients by leaching,
runoff and drift

High loss rate of fertilizers by
leaching, runoff and drift

Table 9.
Nano-fertilizers vs. conventonal fertilizers.
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Encapsulated nano-silica, nano-additives (TiO2), PMAA, and Chitosan PMAA
(addition of 400 ppm in fertilizers).

8.2.2 Biofertilizers

Drawbacks (a) short shelf life, (b) temperature sensitivity and (c) storage &
desiccation problem.

Solution: Polymeric nano-particle for coating (resistance against desiccation),
Water in oil emulsion technique, Hydrophobic silica nano-particle addition.

Gold nano-particles increase the growth of Pseudomonas flurescence, Pseudomonas
elgii, and Bacillus subtilis which are considered nano-bio fertilizers.

9. Commercial products from three categories of nano-fertilizers

i. Nanogro: (Fe + Co + Mg + Mn mixed in pharmaceutical sugar):
homeopathic plant medicine (Table 10) [12].

ii. Silicon23 + Microbes N,P,K: plant growth regulator

iii. Lithovit high yield fertilizer: increase CO2 content in foliage to increase
photosynthesis.

iv. NanoNB: fertilizer product from the UK: blend of humified organic
material + N + B; acts as a plant growth stimulator.

v. NanoGreen: alkylamine + non-ionicsurfactant + organicalkohol: accelerate
the rate of photosynthesis by entering the nano-molecule through stomata.

vi. Geohumus: water retaining hybrid materials (inorganic-organic-polymeric
molecule).

10. Beneficial and detrimental effect of nano-particles

• Environmental accumulation in soil and water and due to their small size, it is
likely they will become airborne.

• Edible plants have been shown to uptake and accumulate nano-particles.

N nano fertilizers P nano fertilizers K nano fertilizers Micro nutientnano
fertilizer

Poly olefin resin coated urea P- rock + NH4
+ Zeolite K- Zeolite Zn Zeolite, ZnO

Neem coated urea Clinoptilonite Zeolite Surface modified
Zeolite

Cu-Zeolite, CuO

Nano Sulfur coated urea Zeolite + Ca-P mineral
apatite

Bentonite MCM-41 for Mo

Surfacte modified Zeolite Nano apatite Chabazite Fe3O4 and FeO

Field application of nano-fertilizers: nano-fertilizers has the potential contribution in slow release of fertilizers.

Table 10.
Sources of various kinds of nano-fertilizers (NPK and micro-nutrient based nano fertilizers).

38

Agricultural Development in Asia - Potential Use of Nano-Materials and Nano-Technology



• The use of nano-particles can adversely affect soil microbiota, creating an
imbalance in bacterial diversity.

• Nano-particles with different compositions are associated with health effects in
humans and animals, such as arteriosclerosis, high blood pressure, blood clots,
stroke, arrhythmia, heart disease, heart attack, respiratory diseases,
neurodegenerative diseases, reproductive system diseases, and various cancers.

• Nano-particles will become ubiquitous in the soil, atmosphere, and water and
will be available for uptake in other plant species for which they are phytotoxic.

• Nano-particles affect more dangerously in the F2 generation of the crop.

11. Limitation for the adoption of nano-fertilizers in agriculture

• Relatively slow progress in fertilizer formulations

• Lack of clarity on regulations and innovations in fertilizer industries

• Increase in cost of fertilizers due to the use of design polymers as nano-coatings

• Lack of overall standardization in the fields

• Most of the formulations are claimed as nano, but those are in micron or
submicron levels

• Need to incorporation of molecular recognition agents such as antibodies to aid
in specificity in fertilizer nutrients.

12. Conclusion

• The use of nano-materials as a fertilizer delivery is expected to reduce the
doses and ensure control release.

• The use of nano-particles as a fertilizer in various cereal crop provide higher
yield and productivity.

• Nano fertilizer improves the biological yield of pulses and Brassicaceae crops.

• Nano-fertilizers in excess amounts cause harmful effects in plants and enters
the food chain.

• Nano-fertilizers’ uses have beneficial and detrimental effects on soil, plants,
animals, and the environment.

13. Future prospects for the adoption of nano fertilizers in agriculture

• The full potential of nano-fertilizers is yet to be realized.

• Plant-nanoparticle-soil interaction need to be further understood.
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• Effect of nano-fertilizers on the environment and human health also needs to
be investigated in detail.

• Lab to the land concept: uses of nano-fertilizers still lack in field application on
a comprehensive basis. It is still using pot culture studies, but it can be used in
the field condition.

• Economics of nano-fertilizers: as it is used in low doses and losses of nutrients
due to application of nano-fertilizer is minimum, it can be treated from an
economic point of view.

• Production on a commercial scale: there is an urgent need to produce
nano-fertilizer on a commercial scale for farmer use.
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Abstract

Environmental contamination and the tolerance developed by the pests, 
pathogens are some of the environmental issues related to the aimless utilization 
of chemical pesticides. It has became matter of serious concern for environment, 
food quality and soil health. Nanotechnology, envisaged as a swiftly emerging field 
has capability to reform food systems in agriculture. Nanotechnology provides an 
imperishable solution to these problems by the establishment of nano-pesticides. 
The functional components or the conveyor molecules used are of nano size. The 
performance of these nano sized particles is much better the traditional pesticides, 
as the smaller size aids in proper spreading on the pest surface. Amelioration in 
solubility of operational components, betterment in stability of formulation, 
gradual liberation of operational components and enhancement in mobility are 
some of the paramount advantages of nano particles attributed to the minute size of 
particles and greater surface area. Thus, nano particles have strengthened activity 
against target pests in comparison to bulk materials. Furthermore, nano-formula-
tions sustain productive use in agriculture by offering systemic properties, uniform 
leaf coverage and enhanced soil properties. Despite all the positive aspects, it might 
have certain negative effects as well, like exposure of humans through distinct 
routes Viz, exposure to nano pesticides either directly or indirectly like adsorption 
through skin, or inhalation while breathing air or transfer from one energy level to 
another by taking contaminated food and water.

Keywords: nanopesticide, formulations, environmental risk, agriculture,  
future aspect

1. Introduction

Pest management is still greatly dependent on the utilization of pesticides, 
through the application of organic chemical originated components on crops, 
products and urban habitat, regardless of divergent alternative methods available. 
Most of the registered pesticides intrude with the nervous system of insects through 
their prime method of action, that is they are neurotoxic, and are considered to 
enhance the threat of expansion of various neurodegenerative diseases, such as 
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Parkinson’s disease [1]. In order to lessen the utilization of neurotoxic compounds, 
various novel products have been launched during recent times in the market, 
which include insect killing agents like, destroying agents of adenosine triphosphate 
(ATP) or controlling agents of insect growth, in spite of this environmental affect 
is a matter of great concern. In this connection, the matter has been correlated to 
the lethality caused to mammals, environmental pollution, and biomagnifications 
in the food chain. Along with amplified tolerance rate developed by insects spe-
cies to currently used products, the aforesaid concerns have became fundamental 
challenges in agriculture, and may significantly restrict the beneficial active 
compounds. To tackle this trouble, there is need of novel pest control strategies for 
pest management through the initiation of novel ideas related to pest tolerance and 
advancement in technologies. Nanotechnology has come up with as considerably 
alluring field of research to achieve these aims, by furnishing advanced methodolo-
gies for designing novel operational components with microscopic measurements, 
formation procedures and dissemination, which are collectively referred to as 
“nanopesticides.” Nanopesticide research, is the introduction of nanotechnology to 
protect crops. This field encompasses extensive research aspects viz.,

• Learning the basic interrelation notion of nano-scale materials.

• Preparation of nanoemulsions from active components and their dispersal 
using pesticides.

• Utilizing nanomaterials as active agents to develop novel nanopesticide 
formulations.

• Using these nanomaterials as nanocarriers for pesticide delivery [2–4].

This nanopesticide research is comprehensive and is believed to address the 
major drawbacks of the existing pest management strategies and comes up with 
new advanced nano-based formulations that stay stable and active, that is not influ-
enced by sun, heat, and rain in the target environment, enter the target organism 
(insect), resist defense of the pest, remain amiable to plants and mammals, formu-
lation and manufacture is lucrative, and ideally possess a new-fangled approach 
of action [2, 5, 6]. NPs in diverse fashion and chemical make-up including metal, 
metal oxides, semiconductor quantum dots (QDs), carbon, ceramics, silicates, lip-
ids, polymers, proteins, dendrimers, and emulsions were made by utilizing a wide 
range of materials synthesized or used from natural materials [7, 8]. Some familiar 
advantages of NP-based pesticide formulations include:

• Solubility of water-insoluble operative constituents is enhanced.

• Stability of the formulation is elevated.

• Eradicates dangerous organic solvents.

• Ability to liberate operative constituents slowly.

• Early deterioration is averted by improvement in stability.

• High mobility and insecticidal activity is attributed to nano size

• Endurance is believed to get increased due to large surface area [9].
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The ideas related to advancement in the manufacturing of nano based formula-
tions are

1. The advancement in traditional pesticide formulations.

2. The establishment of delivery systems.

3. Utility of NPs as nano carriers, and use of solid NPs as operative agents.

2. Nano pesticide formulations

Utilization of technologies such as encapsulation and restrained liberation 
methods for the use of pesticides is of remarkable concern. Various researchers have 
laid emphasis on the importance of Nanocapsules and nanoparticles for agricultural 
purposes [10]. A number of companies have prepared different formulas that 
comprise of NPs with the dimensions ranging from 100 to 250 nm. A few make use 
of Nanoemulsions, which are prepared by dissolving nanoparticles pesticides evenly 
either in water or oil with dimensions ranging from 200 to 400. The manifold appli-
cations can be achieved like protective measures, treatment, or preventing reaped 
product by easily integrating these emulsions into gels, creams, liquids. One of the 
modern desired restricted liberation of agricultural chemicals is the utilization 
of materials incorporated with silica. Porous hollow silica NPs (PHSN) was used 
as pesticide carrier to record the restricted discharge pattern of pesticide namely 
avermectin [11]. It was revealed that PHSNs can be utilized to restricting pesticide 
dissemination applications, as these carriers noticeably deferred the release of the 
pesticide. NPs can imbibe and bind with other compounds effortlessly because of 
large surface areas, flow without difficulty in lepidopteran systems and certainly 
be utilized for pesticide development [12]. It has been reported that most terpene 
compounds have antifeedant action and are extremely volatile. Insecticidal activ-
ity and life span of the formulations significantly enhanced by integrating certain 
plant extracts with nano-silica [13]. Formulations made by integrating a-pinene and 
linalool with nano-silica improved biological activity of the plant pure chemicals, 
stability of the formation with superior zeta potential, restricted liberation of the 
plant derived components compound, and prolonged life span of the plant isolates 
[13]. These formulations exhibit great antifeedant action against Spodoptera litura 
and Achaea Janata (L. These nanoformulations smoothly disseminate, which was 
made clear by the dissemination dispersion studies. It was concluded that life span 
analysis of nano formulations with terpenes have no impact on dissemination, 
dimensions, zeta potential, or biological activity of the nanoformulations up to 
period of 6 months after harvesting [3, 13].

3. Solid nanoparticles as nanopesticides

A number of nanoparticles have been recommended as potential candidates 
both as nano carriers as well as operational pesticide agencies or biological pesti-
cides, because of intrinsic antibacterial/pesticidal properties.

3.1 Inert dusts as insecticides

The mechanism of activity of stable dusts such as silica, alumina, and clay is 
due to the destruction of the waxy coating on the insect’s epidermis by surface 
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assimilation and scraping. This destruction trigger insects to dehydrate, dry out 
and die. Because the mechanism of action is physical, it is difficult to acquire insect 
resistance [14].

3.1.1 Silica

The utility of silica based nanoparticles (SNPs) for controlling pests in  
agricultural is reasonably recommended because silicon has the capacity to escalate 
the resistance of plants to abiotic and biological stresses [12]. The deadly effects of 
unstructured water loving, and oil loving SNPs to the rice weevil Sitophilus oryzae 
were studied by [15] and found that they were much more helpful and efficient than 
bulk silica. No new infections were detected after depositing for period of 60 days. 
Silica particles are physically absorbed by lenticular lipids that destroy the protec-
tive cuticle and destroy insects purely by physical means with a similar mode of 
action observed on diatoms particles used for protection of stored grain [12, 16]. In 
addition, modified hydrophobic surface-charged silica (3-5 nm) have been fruit-
fully used in veterinary medicine to control a wide range of essential agricultural 
and animal ectoparasites [17]. The fungal growth was decreased and germination 
of seeds was promoted by effective application of surface charged silica as a thin 
film of seeds [18]. The metabolic process of certain agricultural crop groups and 
horticultural plants does not get affected by the superficial application of NPs to 
the leaves and stem. They do not encourage any modification in gene expression 
in insect organs, so they deserve approval as nano pesticides. Additionally, World 
Health Organization (WHO) declared the utilization of unstructured silica as a 
nanopesticide risk free for human consumption. In traditional pesticides these SNPs 
also serve as carriers. Comparison to small amounts of chlorfenapyr, the biological 
effectiveness was enhanced by loading the insecticide chlorfenapyr into dispersed 
SNPs [19]. This is assigned to the nanoscale size and intrinsic insecticidal activity of 
SNPs. In addition, it has been reported that porous hollow SNPs can safeguard the 
fleeting insecticide avermectin from UV degradation and liberate it for a long time. 
SNP carriers have been observed to promote the sustained release of avermectin for 
approximately 30 days [20].

3.1.2 Diatomaceous earth (DE)

DE is comprised predominantly of unstructured silica originated by decompos-
ing small sized plants under high temperature and pressure. These are employed to 
safeguard stored grain from pest insects. It has deleterious effects on grain proper-
ties especially on bulk density because it is required in high doses. Researchers are 
engaged to integrate DEs with other insecticides to attain high efficiency, so as to 
make it effective in low doses. For example, combination of DE and plant decoction 
bitterbarkomycin was used to control grain pest Rhyzopertha dominica, and was 
recorded to be efficient at low dose concentration of 150 ppm [21].

3.2 Alumina

Nanostructured alumina (NSA) was recognized as a successful insecticide in 
case of grain pests, S. oryzae (L) and R. dominica (F) by [22]. They also collated NSA 
formulations against a foremost traditional DE commodity and declared their for-
mulation to be efficient. NSA dusts manufactured using a modified glycine-nitrate 
combustion process were reported to be more effective against, S. oryzae (L) and 
R. dominica (F) in the recent research. The results revealed that, key factors deter-
mining insecticidal efficacy are dimension of particle, surface area, and external 
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features. However, these are not believed to be only factors responsible, and to 
attain superior outcomes for specific species, there is need to improve preparation 
pathways [23].

3.3 Clays

Nanoclays are fine layers of silicate minerals with following dimensions  
(thickness 1 nm and width 70–150 nm). Source of nanoclays is montmorillonite 
clays, which are mostly found in volcanic ash, formed by size reduction and 
surface modification and are biocompatible and have less hazardous associated. 
Among these living materials anionic clays are found to be most promising. They 
have fruitfully served as conveyor for the α-naphthalene acetate, which is regulator 
for growth in plants and for the restrained liberation of the 2,4-dichlorophenoxy-
acetate. Natural antibiotic cinnamate, which is utilized for pest management, is 
susceptible to quick deterioration in soil and is required in significant concentra-
tion. It was declared that by loading it on double layered hydroxide low pace libera-
tion of the antibiotic and prolonged longevity in the soil is achieved [24]. This 
indicates the outstanding potential of nano-clays to be used for low pace/target 
specific dissemination of pesticides and fungicides.

4.  Preparation of nano pesticides by encapsulating pesticide nano 
particles

Encapsulation is a process of encompassing or enveloping one substance inside 
another fabric on a very little scale or may be characterized as the method by which 
a material is encompassed and safe guarded from external conditions that would 
break it down, yielding capsules extending from less than one micrometer to several 
hundred micrometers in size [25]. Encapsulation can be obtained by few strategies 
with distinctive purposes in mind. Encapsulation of materials may take place delib-
erately that the central material be restricted inside capsule walls for a particular 
period of time. On the other hand, central substances can be incorporated so that 
the core material will be released either progressively through the capsule walls, 
known as controlled release or diffusion, or when outside conditions activate the 
capsule walls to break, melt, or dissolve [26]. The different areas in which encapsu-
lated materials have numerous applications include agriculture, pharmaceuticals, 
foods, cosmetics and fragrances, textiles, paper, paints, coatings and adhesives, 
printing applications, and many other industries. Encapsulation permits the farm-
ers to apply pesticides less frequently instead of requiring profound concentration 
and toxic initial applications to be released over time, allowing farmers to apply the 
pesticides less often rather than requiring very highly concentrated and perhaps 
toxic initial applications followed by repeated applications to fight the losses due 
to leaching, evaporation, and degradation [27]. Protection of pesticides from full 
contact with the components reduces the risk to the environment and those that 
might be exposed to the chemicals and provides a more efficient technique for pest 
control [28].

5. Toxicity and environmental impacts

The vulnerability and environmental consequences of nanoscale-based formula-
tions is of great concern, which needs to be addressed. The amount of nanoformula-
tions in soil, surface water, and groundwater, and effects impacts on non-target 



Agricultural Development in Asia - Potential Use of Nano-Materials and Nano-Technology

48

organisms have not been predicted much. The fate of nano formulations depends on 
number of chemical parameters, like pH, ionic strength, and dissolved molecules in 
the media [29]. Emphasis is laid on certain fundamental concerns mentioned under 
following sections.

5.1 Direct toxicity on humans and environment

The harmfulness of numerous pesticides utilized in a nano-scale formulation 
has been determined by specialists, the probable negative impact and the probable 
impacts of nano dimensions must be taken in to consideration during nano-scale 
formulations. More inquiry is needed to affirm the harmfulness of nano-scale 
formulations and the factors contributing to harmfulness of nano-particles like size, 
charge, shape, and chemistry.

5.2 Durability and persistence

The fundamental criteria for analyzing dangers associated with the application 
of nano pesticides is their longevity in the environment. The non target organisms 
get exposed when there is suspended liberation or release for a prolonged period of 
time [30].

5.3 Bioavailability

The nanocarriers promote transfer of some of the immobilized operational com-
ponents, which is considered one of the likely detrimental effects. Thus increase 
the availability to organisms [31]. Enhancement in absorption by target organisms 
have been reported by certain nanoformulations. It must be ensured that no damage 
caused to non-target organisms.

5.4 Release profile/degradation

The two important factors which govern the liberation of operational compo-
nents involve class of nanocarrier and the dissemination of active components in 
matrix. Research suggested that environmental affect and virulence of operational 
ingredients is contributed by set of factors viz., surface desorption, dissemination 
via the polymer matrix, and deterioration of the polymer [31].

5.5 Fate of the carrier

The centre of attention of research now are carriers established using natural 
biologically degradable polymers like, polysaccharides, or lipids, which deteriorate 
into by-products of least concern [13].

6. Nanopesticides interaction with other environmental contaminants

The evaluation of pesticides is done on a product-by-product basis, in a similar 
fashion to other contaminants. In the real environment, mixed interactions are 
possible as they co-occur with other substances. A nanopesticide may have col-
laborative interaction with other contaminants through the Trojan-horse effect, 
so hazard analysis of environmental mixtures is generally not needed for product 
hazard estimation [24]. In this effect the substance are carried to a tissue of 
organism or to an organism by interaction of substance with ENP, due to which the 
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interior exposure to contaminants is enhanced, and might not get accumulated. 
The need of hour is to integrate these interrelations into authoritative hazard 
analyzing schemes.

7. Nano-pesticides for greener agriculture

Nano-pesticides are defined as preparations that deliberately introduce elements 
in the nm size range and the characteristics related with this small size range are 
new, these nanopesticides have earlier been launched in the market. Nanopesticides 
cannot be treated as a single category but have been blended in a numerous prod-
ucts. The various classifications of Nanopesticides include organic components viz., 
A.I., polymers and inorganic components like oxides of metals in diverse configura-
tions like particles and micelles [32]. One of the most economical and multifaceted 
method of containing insect pests is the residues remaining on the surface after 
application. Microencapsulation; a nanotechnological approach can be employed 
to modify the insecticidal value by protecting the operational components from 
environmental conditions and by promoting persistence. The usage of engineered 
nanoparticles (ENPs) is gaining considerable attention in the pesticide sector due 
to the establishment of a wide varieties of plant protection products termed as 
“nanopesticides”. Nanopesticides “involve either very small particles of a pesticide 
active ingredient (A.I) or other small engineered structures with useful pesticidal 
properties”. The advantages offered by this emerging technology involves amplified 
efficacy, durability, and a cutting down the amount of active ingredient required. 
Nanoemulsions, nanocapsules like polymer and commodities containing pristine 
engineered nanoparticles, such as metals and their oxides, and nano-clays have 
been recommended. These products can be exploited to intensify the efficiency of 
prevailing pesticide operational components or results in improvement of environ-
mental safety profiles or both [30].

8. Nano pesticide: future possibilities

Recent investigations have shown that nano-pesticides can reduce the deleteri-
ous effects of chemical based pesticides and furnish target-specific control of pests, 
and help develop intelligent nano-systems for minimizing problems like environ-
mental imbalance, and negative effects on food security, and crop productivity 
[33]. They are effective for long term utility and provide solution to environmental 
related problems like nutrient richness in water bodies and accumulation of 
non-biodegradable components in the food chain due to restricted liberation of 
operational ingredients. Furthermore, nano-pesticides show efficient pest control 
property due to amplified solubility and stabilities of operational components [34]. 
Still, there is necessity to modify the techniques in order to have remarkable benefits 
to agriculture. A few aspects for nano-scale pesticide delivery platforms discussed 
by [33] in their review include:

• The effectiveness of nanopesticide development is enhanced by use of green 
chemistry and environmentally viable principles [35].

• Upgrading traditional utilization of nanopesticide.

• Realistic utilization should be estimated at field level by comparing it with 
traditionally used products.
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• The vulnerability of nanopesticides is estimated by Environmental impact 
assessment.

• Modification in the policy for application of nano material in agriculture.

• Agrochemical industries will come up with many solutions by the launching of 
smart nanopesticide, that is solubility of the operational components, stabil-
ity, restricted liberation, and dissemination of active components on specific 
organisms, but lot of research need to be done to get acquainted with the fate 
of nanopesticide in the environment.
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Abstract

The agricultural sector of Asian countries supports 60% of the global population, 
accounting one-fifth of the world’s agricultural land. Despite the gap between demand 
and supply of food is gradually increasing due to the damages caused by insect and 
other pest attacks on the limited agricultural land, the pest attack has influenced the 
entire agriculture sector either directly or indirectly, causing socioeconomic losses. 
To combat, farmers have been using conventional agrochemicals nonjudiciously that 
lead to adverse effects such as pesticide resistance, environmental contamination, and 
non-target toxicity. In this regard, new-generation agrochemical formulation tech-
niques are advantageous over conventional pesticides and play a vital role in sustainable 
agriculture by fulfilling the demand of over-rising food supply to feed the increasing 
population. These formulations exhibit desired bio-efficacy at lower doses and have 
minimum possibility to leave pesticide residues in crop products and the environment. 
Institute of Pesticide Formulation Technology (IPFT), Gurugram, is one of the leading 
institutes in Asia, which is actively engaged in developing new-generation formulations 
to deliver safer, efficient, and environment-friendly pesticide formulations. So far, 
IPFT has developed 60 pesticide formulations and transferred technologies to different 
agrochemical industries globally. The new-generation formulations developed by IPFT 
mainly include microemulsion, nanoemulsion, capsulated suspension, nano-encapsu-
lation, an emulsion in water, mixed formulations including several botanical pesticide 
formulations. The new advancement in pesticide delivery systems is very supportive 
in combating the crisis faced by the agricultural sector. In this chapter, formulation of 
different new-generation pesticides and their advancement are summarized.

Keywords: agriculture, agrochemicals, pesticides, new-generation formulations, 
pest, environment protection, user-friendly, crop protection

1. Introduction

Pesticides are the integral and significant part of modern agriculture. Pesticide 
usage is incredibly valuable for increasing food production in fulfilling the demand 
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of over-rising population. It has been previously stated by Webster et al. [1] that 
without pesticide use considerable economic losses will occur. The application 
rate of agricultural pesticides has swiftly augmented in different developing and 
developed countries [2]. Therefore, pesticides help in significant increase of yield 
and prevent the crop losses due to pest and pathogen attack. Application in a smaller 
quantity gives positive results but large quantity causes negative effect on environ-
ment, human health, and other beneficial organisms such as insects responsible for 
pollination [3]. However, non-judicious use causes various detrimental effects on 
environment and damages the ecosystem including economic loss of the farmers.

In formulated forms, pesticides are effective in very small quantity. There are 
many conventional pesticide formulations available in the market, which are being 
marketed and used in Asian countries in the form of dustable powder (DP), wet-
table powder (WP), emulsifiable concentrate (EC), soluble liquids (SL), etc. These 
conventional formulations are effective but due to certain limitations such as toxic-
ity, cost, pest resistance, environmental contamination, death of beneficial organ-
isms (e.g., honey bee), and human health problems they attracted interests toward 
advanced and safer pesticide formulation techniques [4]. Interestingly, in past 
1990s, Asian countries explored certain new-generation formulation, which were 
solvent free, long lasting, safe and caused no effect on non-target organisms [5, 6].

With the advancement of new formulation technologies in Asian countries, many 
new-generation formulations have been developed to maintain a special place in 
international markets. In Asian countries, government supports the pesticide supply 
for the enhanced food production but its overuse (conventional formulations) has 
resulted in pesticide residue problem causing non-target and ecosystem toxicity.

In order to improve the safety of the user and ecosystem from the hazardous 
pesticides, Institute of Pesticide Formulation Technology (IPFT), India, has been 
engaged in developing new-generation formulations of synthetic as well as botani-
cal pesticides. This chapter summarizes all the formulation advancement developed 
by IPFT for the safe and smart delivery of pesticide and reduces the adverse effects 
associated with conventional formulations.

2. Basic concept of formulation

A pesticide is the main active ingredient (actual chemical that controls pest 
population), which may be of synthetic chemical or botanical origin. Various 
chemical- and botanical-based pesticides have different physical and chemical 
characteristics such as solubility, viscosity, and physical state. Moreover, different 
pesticides act differently for various types of pest populations; for instance, some 
are effective for crawling insects, while the others are for flying insects. If a farmer 
uses active ingredient in pure form, he will face assured difficulties as follows:-

i. Active pesticide in unformulated form cannot spread evenly.

ii.  In pure form, pesticides show phytotoxicity and toxicity toward non-targets. 
Pesticide in unformulated form environment-related hazards will enhance.

iii. After formulation development, application process is easy and convenient.

To resolve all these issues, formulation scientists formulate the active ingredient 
into different forms. As per the Knowles, “A pesticide formulation is a mixture of active 
ingredient with different inert materials to improve its stability during storage, easy 
handling, improves safety, application, or effectiveness towards pest population” [5].
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3. Conventional formulations and their limitations

In Asia and Pacific regions, the most common formulations being used are 
dustable powders, emulsifiable concentrates, wettable powders, granules, soluble 
liquids, etc., for the control of insect pest and many pathogenic diseases [7, 8]. The 
most common conventional formulations are discussed below:

1. Dust formulations:-These formulations are for contact action pesticides. 
These formulations are ready to use and no need for dilutions before 
application. They contain very low active ingredients (usually 1–10%). The 
inert ingredient mainly contains talc, ash, silica, bentonite, etc. (Figure 1). 
These are always applied as dry and can drift easily to non-targets. These 
formulations are mainly used for cracks and crevices.

2. Granules (GR): Granular pesticide formulation mesh size is higher as com-
pared with dust. As per the British standard, mesh size is (250–1050 microns). 
For sufficient activity, at least 90% granules should be in the range of British 
standards. Due to larger size, drift velocity decreased and less wastage occurs 
over due to dust formulations [9]. In granular formulation, pesticide is encrust-
ed onto or wrapped up in absorptive particles of silica, sand, clay, and shells of 
walnut or corn cobs pieces, etc., as carrier materials. Granular formulations are 
most suitable for pre-emergence herbicides and soil insecticides (Figure 2).

Figure 1. 
Schematic illustration showing key steps involved in dust formulation and its mode of application.

Figure 2. 
Schematic representation showing key steps involved in granular formulation and its application.
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Figure 4. 
Schematic representation showing key steps involved in soluble powder formulation and its application.

Figure 5. 
Schematic representation showing key steps involved in EC formulation and its application.

3. Wettable powder (WP):-A WP contains active ingredient (pesticide) in a 
finely ground form along with wetting agents or dispersing agents (Figure 3). 
Wettable powders are applied by sprayers after diluting in water in the form of 
dilute suspensions. Wettable powders are safe to use, storing, and transporting.

4. Soluble powders (SP): In SP formulation, active ingredient or pesticide is 
mixed with the inert ingredients, which enhances the solubility of pesticide 
after dissolution in water (Figure 4). These SP formulations are easy to 
produce, economical, and stable under various temperature conditions.

5. Emulsifiable concentrates: Emulsifiable concentrate formulations are most 
common and popular formulation in Asian countries. These formulations are 

Figure 3. 
Diagrammatical representation showing steps involved in WP formulation and its application.
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suitable for the low melting point active ingredients, which are highly soluble 
in organic solvents. These formulations are developed by dissolving active 
ingredients in organic solvents along with emulsifying surfactants (Figure 5).

The main limitation is linked with the organic solvents that are mainly petroleum 
solvents being used in Asian countries. These petroleum solvents make the formula-
tion flammable and cause dermal toxicity to the user. To rectify the problem associ-
ated with these conventional formulations, new formulations have been developed, 
which are improved and advance in terms of user and environment safety.

The major objectives of IPFT (India) to develop new formulation technologies 
are as follows:

1. To make the formulation techniques of different pesticide easy and convenient 
application.

2. To make pesticide formulations labor saving.

3. To prepare safer formulations for user and environment.

4. To reduce the toxicity of pesticides toward non-targets.

5. To minimize environmental contamination.

6. To enhance bio-efficacy against different types of pests.

7. To make the formulation economical and lower the frequency of applications.

4. Recent advancements in agrochemical formulations

Water-dispersible granules (WDG):-A WDG formulation is also termed as 
dry flowables (DF). These WDG formulations are non-dusty and disperse easily in 
water when added in spray tanks for its finer particle size in suspension. These are 
the safer and targeted delivery system for the various pesticides. Main uniqueness of 
these formulations is convenient application due to free-flowing nature and quick 
disintegration in water medium and applied as dilute suspensions. Size of the diluted 
suspended particles is very less, that is, 30–40 μm, therefore no nozzle clogging.

More advanced form of WDG is water-soluble bag-sealed WDG. In these pack-
ing bags, WDG are in partially disintegrated form, which can easily disintegrate in 
spray tanks (Figure 6).

Basic composition of WDG contains 50 to 90% pesticide (active ingredient) 
along with dispersing agents and wetting agents [10]. A dispersing agent is a type of 
surfactant that is added to formulations to improve the separation of the particles 
and inhibit particle size growth, and their settling or clumping. Pang et al. [11] 
reported lignosulfates as effective dispersing agent in water-dispersible granular 
formulations due to a high degree of sulfonation, high intrinsic viscosity property, 
and high molecular weights. Recently, sodium salt of methacrylic acid/styrene/
sodium p-styrene sulfonate copolymer (SMSS) has synthesized a novel dispersant 
by free radical polymerization mechanism. This new dispersant has strong resis-
tance to hard water and showed high performance and show above 90% suspensi-
bility in hard water [12].

IPFT has developed water-dispersible granules of liquid pesticide such as 
triazophos. Recently, IPFT developed neem WDG for mosquito control. Other WG 
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Figure 7. 
Schematic key steps involved suspension concentrate formulation and its application.

formulations that have been developed by IPFT for agricultural usage are Captan 
83WG, Isoproturon 75WG, Metamitron 70 WG, Mancozeb 75WG, Chlorothalonil 
75WG, Endosulfan 75WG, Carbendazim 86WG, Divrinol 50WG, Thiram 80WG, 
Cypermethrin 40 WG, Thiamethoxam 25 WG, Deltamethrin 25 WG, and 
Triazophos 20 WG.

Suspension concentrate: Suspension concentrates are the stabilized dispersion 
of pesticides in water medium. This is the most popular formulation due to its safe 
and convenient use. The suspended particle size is very fine and provides good 
adhesion and penetration on target surface, which results in improved bio-efficacy. 
It has recently identified that SC formulations show less leaching of pesticides than 
conventional emulsifiable concentrate formulations. Similarly, another study has 
identified that in SC formulations, volatilization of active ingredient in environ-
ment reduced to 33.5% compared with conventional pesticide formulations [13]. 
Suspension concentrates have overcome the limitations associated with conven-
tional organic solvent-based formulations (Figure 7).

Figure 6. 
Schematic representation showing key steps involved WDG formulation and its application.
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The main advantages of suspension concentrates are easy application, no organic 
solvent used, and free from any toxicity to users and environment.

Careful selection of surfactant system is necessary to prevent hetero-floccula-
tion (agglomeration of solid particles and droplets) during storage. There are three 
types of instabilities identified in SC during storage due to particle size change and 
they are particle aggregation, Ostwald ripening, and particle sedimentation [14].

5. Recent advances in suspension concentrate formulations

Effect of polymeric surfactant on physical stability has investigated in suspen-
sion concentrate. Polymeric surfactants provide high critical micellar concentration 
(CMC) and reduced Gibbs-free energy ΔG [15]. In another study, silicone surfactant 
is used as adjuvants in the SC formulation that results in high performance of surfac-
tant and improves the physical stability and the quality of the formulation [16].

Particle size is also an important factor for stability as well as bio-efficacy 
enhancement. In a study, Vineela et al. [17] have reported that in Bacillus thuringen-
esis SC formulations, further reduction of particle size enhanced the bio-efficacy of 
formulation against Spodoptera litura (Lepidoptera: Noctuidae).

Some pesticides are photosensitive and easily decomposed. In a study, an amine-
modified ligno-sulfonate surfactant was synthesized to make the SC formulation 
anti-photolysis [18]. Similar advancements have been conducted in IPFT on botani-
cal-based formulations to inhibit photolysis. In addition to this, IPFT has developed 
several other UV protectant-based SC formulations for various SC formulations.

Entomopathogenic fungus, Beauveria bassiana, has been formulated as SC 
against Helicoverpa armigera larvae with LC50 value of 61.22 mg l−1 after 3 days of 
application [19]. Several other entomo-pathogenic fungi have been formulated 
as SC formulation by IPFT against various insect pests of different economically 
important crops such as spices and oil crops of Asian region.

Along with this IPFT has developed many synthetic and botanical pesticide 
SC formulations for agricultural pest control which include Isoproturon 50SC, 
Carbendazim 50SC, Sulfur 52SC, fipronil 5SC, thiomethxam 14.1% + Lamda 
cyhalothrin 10.6% SC, metamitron 70 SC, Neem SC, etc.

5.1 Capsule suspension (CS)

Capsule suspension (CS) is water-based slow release formulation containing 
active ingredient encapsulated inside microcapsules up to 10 microns size (Figure 8). 
CS formulation is a stable suspension of micro-capsules containing active ingredients 
and these microcapsules are synthesized by interfacial polymerization mechanism. 
CS formulations provide regulated, slow, and delayed the release of pesticides. This 
formulation is safer delivery mode by giving protection from toxic ingredients and 
stops the pesticide rate of degradation.

5.2 Advanced features of CS

CS are water-based (free from any organic solvent) homogeneous and uniform 
suspension formulation. Its application is safe, and provides enhanced and efficient 
bio-safety with reduced phytotoxicity. In order to develop CS formulation, the 
active ingredients should have low solubility in water and altogether hydrolytically 
stable. The pesticide from microcapsules gets slowly released after application. The 
CS formulations are slow release formulations and theses formulations prolong the 
availability of pesticide at target site. The CS formulation reduces environmental 
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contamination and leaching of pesticide and degradation of active ingredient by 
environmental factors like sunlight.

In a recent study, it was found that carboxy, methyl cellulose (CMC) and diallyl, 
dimethyl, ammonium chloride (DMDAAC) as monomers are the effective encap-
sulating agents of avermectin pesticide. This capsulated form gave higher perfor-
mance and has excellent UV protecting property [20]. Thus, IPFT has developed 
CS for seed dressing for targeted delivery of pesticides without any wastage in 
 environment [21].

Cyhalothrin is the most effective and broad-spectrum pesticide used in Central 
Asia. It has dual mode of action contact as well as systemic. Most efficient CS for-
mulations developed by IPFT for sustainable agricultural applications are Lambda 
Cyhalothrion 10CS and Lambda Cyhalothrin 4.9CS.

5.3 Microemulsion

Microemulsion (ME) is the most efficient delivery system of botanicals as well as 
synthetic pesticides. By definition- “ME is a system of water, oil, and an amphiphile 
which is a single optically isotropic and thermodynamically stable liquid solution” [22]. 

Figure 8. 
Schematic representation of capsulated suspension formulation procedure a. and its application b.



63

Vital Role of IPFT in Development of New-Generation Pesticide Formulation for Crop…
DOI: http://dx.doi.org/10.5772/intechopen.101134

Droplet size of ME is in nano-range, that is, 10 nm–20 nm. Based on dispersion 
medium, ME can be classified into two categories: O/W ME and W/O ME. Aqueous 
dilution of ME is required before spray application (Figure 8). Being a new-generation 
formulations, the characteristic features of MEs are nano sized, thermodynamically 
stable system with good penetrability, quick spreading ability, low and zero interfacial 
tension, and extended shelf life formulation.

6. Preparation methods of ME formulation

6.1 Phase inversion method

In phase dispersion method, dispersed phase is surfactant system along with 
active ingredient and water is the dispersant. The whole phase of inversion occurs in 
controlled temperature and other conditions for active kinetics (Figure 9).

Characteristic features of ME: ME formulation can effectively mask smell 
of the unpleasant active ingredients and protect pesticides from hydrolysis and 
oxidation. It enhances the solubility of water insoluble pesticides, regulates and 
slowdowns pesticide release, and increases bio-efficacy.

6.2 Use of ME in agriculture

Cyhalothrin ME was developed and found as the most promising pesticide 
formulation in China [23]. Carbendazim is another pesticide that was formulated 
as ME and its bio-efficacy was evaluated in Rhizoctonia solani [24]. Chlorpyriphos 
pesticide ME was successfully developed and found the most potent, safe, and 
environment-friendly pesticide formulations in comparison with conventional 
pesticide formulation in recent years [25].

Along with the synthetic pesticides, botanical-based microemulsions are well 
known in Asian agriculture. Essential oil in microemulsion form gives superior 
bioactivity as compared with emulsion forms [26]. In microemulsion system, 
spreading capacity and dispersion improves over applied plant surface. Therefore, 

Figure 9. 
Diagrammatic representation of the phase inversion method of microemulsion.
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microemulsion system is the important vehicle for essential oil targeted delivery in 
a small quality without any losses [27, 28]. In addition, essential oil bio-constituents 
uniformly disperse after application over active targeted sites and offers improved 
bio-efficacy [29].

Clove (CO) and lemongrass oil (LGO) ME have investigated as efficient anti-
fungal agents against Fusarium oxysporum f.sp. lycopersici without any phytotoxicity 
to main crop [30]. Previous studies in Asian region revealed that synthetic pesti-
cide- and botanical-originated microemulsion could be an advanced, green, safe 
formulation against different crop pests. Therefore, microemulsion is the one of 
new-generation formulations for safest delivery system.

IPFT has developed different types of microemulsions of synthetic pesticides 
along with botanical pesticides. In addition to this, IPFT has prepared microemul-
sion system with inbuilt adjuvants and synergist, which will enhance the formula-
tion efficiency and efficacy. There are different botanical-based microemulsions 
have been developed and formulation techniques transferred to various agrochemi-
cal industries.

6.3 Nanoemulsion formulation

Nanoemulsions are defined as nano-sized droplets dispersion in immiscible 
liquids (Figure 10). Different pesticides have been formulated as nano-formulation 
and researchers have quantitatively estimated the pesticide content by various char-
acterization techniques [31]. This formulation exhibits the property of encapsula-
tion and regulated release of pesticides for extended period of time as in controlled 
release formulations.

Characteristic features of nanoemulsion formulation techniques are small 
droplet size with low amount of surfactant and active ingredient. Similar to ME, 
NE can enhance solubility of active ingredient, increase bioactivity, and improve 
spreadability (during application). Moreover, it can reduce volatility and hydrolysis 
of active ingredient.

It has been evaluated that nanoemulsion formulation showed enhanced bio-
efficacy results compared with emulsifiable concentrates (EC) and microemulsions 
(ME). This study was conducted in third-instar larva of Plutella xylostella [32]. 
Indian Agriculture Research Institute (IARI), India, has developed nano-sulfur 

Figure 10. 
Diagrammatic representation of nano-formulation preparation and its application.
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formulation against Erysiphe cichoracearum (powdery mildew of okra) [33]. In 
addition to this, IARI has also developed nano-hexaconazole as effective fungicide 
[34]. Characteristic feature of this developed formulation is biosafety aspect, and 
after application of nano-hexaconazole, no impact was observed on soil nitrifiers 
such as blue green algae and cynobacteria species. Therefore, nano-formulations 
maintain the sustainable soil fertility and productivity compared with conventional 
 formulations [35].

Many botanical-based nanoemulsions have been developed in recent years. In a 
study, M. longifolia oil nanoemulsion developed with droplet size 14 nm–36 nm. The 
results of study showed that in nanoemulsion formulation, its contact toxicity and 
durability increase. In a similar study, sea fennel (Crithmum maritimum) essential 
oil is formulated as nanoemulsion along with SiO2 nanoparticles and evaluated 
against Spodoptera litura. In other study, Eucalyptus oil NE prepared by emulsifica-
tion method and insecticidal and repellent effect was evaluated against Sitophilus 
oryzae, Rhizopertha dominica, and Tribolium castaneum [36]. Nanoemulsion of Piper 
aduncum fruit extract has also been developed against cabbage pest Crocidolomi 
apavonana. Therefore, it has been concluded that botanical nanoemulsion formula-
tion represents a new alternate for integrated pest management for organic farming 
promotion in Asian countries [37].

In addition to this, nanoemulsion formulation also been used as edible coating to 
improve the storability of fruits and vegetables in postharvest conditions for enhanc-
ing shelf life and prevention of microbial growth over fruits and vegetables [38].

IPFT has also contributed in developing many nanoemulsions of synthetic 
as well as bioactive pesticides and different essential oils for controlling various 
agriculture pests and micro-organisms. Besides this, IPFT has prepared nanoemul-
sion with botanical synergists and adjuvants to enhance the bioactivity and stability 
of nanoemulsion formulations. Moreover, combination of nanoemulsions is further 
developed for the amplified pest control applications in intense pest attacking 
conditions.

7. Emulsion in water formulation or oil in water emulsion (EW)

Emulsion in water (EW) formulation is suitable for liquid or a liquid or oily 
active ingredient. These formulations are dispersion of active ingredient in aqueous 
continuous phase (Figure 11). The size of the dispersed droplets ranges generally 
from 0.5 to 4–5 μm. EW formulations are obtained by high-shear emulsification 
process. Principally, EW formulations contain pesticides dispersed in the form fine 
liquid droplets in water and form oil-in-water (O/W) emulsions [39].

7.1 EW in agriculture

Lambda-cyhalothrin is broad-spectrum synthetic pesticide widely being used to 
control diamondback moth, cabbage caterpillar, cotton bollworm, and other pests 
that damage main food crops such as vegetables, soybeans, peanuts, and cotton 
[40]. This pesticide is commonly used in Asian countries due to its moderate toxic-
ity, high insecticidal activity, and a long-lasting effect. However, lambda cyhalo-
thrin previously available as EC and ME formulations pollutes the environment, 
costly due to loads of surfactants and consume non-renewable resources in the form 
of petroleum solvents [41]. Therefore, there is an urgent requirement to replace 
these shortcomings to further take the benefit of this broad-spectrum pesticide.

EW formulations such as limonene, peppermint oil, and spearmint oil have 
been developed and bio-efficacy evaluation was done on Pseudococcus longispinus. 
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In a similar study, neem EW formulation was developed with palm oil methyl ester, 
RBD palm olein, and soybean oil for better adhesion and persistency. This forma-
tion was evaluated against golden apple snail. EW prepared with palm oil methyl 
ester showed better efficacies with LC50, 45.30 mg/l under field condition and have 
longer persistence t1/2 = 1.85; r2 = 97.75 on paddy leaves [42]. The formulation was 
found to be very effective against the pest with 90% mortality [43]. In another study, 
bio-larvicide Lagenidium giganteum have been formulated as EW formulation. It was 
investigated that in EW formulation of L. giganteum mycelium shelf life and delivery 
improved for good and prolonged bio-efficacy. In a similar study, entomopathogenic 
fungi have been formulated as emulsion in water formulation and found to be very 
effective against various agricultural pests. The study concluded that EW formula-
tion showed good bio-efficacy and stability of entomopathogenic fungi over unfor-
mulated form. Hence, emulsion in water is the safe and economical formulation 
against agricultural pest.

In addition to agricultural field pest control, EW formulation can also be used in 
preparation of postharvest packaging films with anti-insect property. Recently, cin-
namon oil (CO) anti-insect packaging film has been developed for repelling Plodia 
interpunctella (Hübner) larvae [44].

IPFT has contributed to Lambda Cyhalothrin EW, Chlorpyriphos 10 EW, etc. 
Recently, IPFT has optimized the neem EW formulation procedure by high shear 
mixing. The increase in shearing intensity reduced the droplet size and resulted in 
higher stability.

7.2 Mixed formulations (Suspoemulsion, ZC, ZW)

The combination formulations have broad-spectrum insecticidal activities and 
can be applied for insect control in different Asian countries. These mixed for-
mulations have the user and environment-friendly applications over conventional 
formulations.

1. ZW (Capsulated Suspension (CS) + Emulsion in water (EW)

This formulation is the combination of two formulations with two different pes-
ticides in water medium. In this, one pesticide is encapsulated inside the polymeric 
coating and other is in emulsified droplet form (Figure 12).

IPFT has developed ZW combination formulation of capsulated suspension 
(CS) of Lambda cyhalothrin with concentrated emulsion in water (EW) of chlor-
pyriphos, and this combination was termed as ZW [7, 8]. Main advancement of this 
formulation is that it is the combination of two pesticides in two different formula-
tions, one broad-spectrum pesticide, that is, in EW formulation for quick action 
and lambda cyhalothrin CS for controlled release and will be effective for extended 

Figure 11. 
Diagrammatical representation showing key steps of emulsion in water formulation and its application.
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period of time and give long-term pest control [45]. This combination formulation 
can be used for different pesticides with good compatibility index.

2. ZC formulation (Capsulated formulation (CS) + Suspension Concen-
trates (SC))

The ZC formulation is the stable aqueous suspension of polymeric-encapsulated 
microcapsules and solid-suspended fine particles of two different pesticides. Both 
formulations are homogeneously mixed by wet milling and gentle shear mixing 
(Figure 13).

Chlorantraniliprole and thiamethoxam SC, lambda cyhalothrin and chloran-
traniliprole ZC, thiamethoxam and lambda cyhalothrin ZC, beta-cyfluthrin and 
imidacloprid SC, and flubendiamide and thiacloprid SC efficacy have been evalu-
ated against spotted pod borer. The study was found that ZC formulations gave 
superior results on the management of M. vitrata and Spodoptera litura over simple 
SC formulations [46].

In addition to enhanced bio-efficacy, this combination formulation has been 
investigated for non-targeted effects. ZC (thiamethoxam and lambda cyhalothrin 
under trade name Alika 247 bio-efficacy) was evaluated against Pest of Tea in West 
Bengal, India. The study reported that Alika 247 ZC was safe for the important 
natural predators found in the tea ecosystem relative to conventional formulations 
like EC [47]. Similarly, thiamethoxam and lambda cyhalothrin ZC impact was 
investigated on Population of Lady Bird Beetles in maize crop ecosystem in Gujarat, 
India [48].

This combination formulation has fast and quick knockdown and extended 
control of foliar insect pest. This formulation is basically developed for soybean 
aphids, Japanese beetle, grasshopper, corn rootworm beetle, stinkbugs, etc.

Institute of Pesticide Formulation Technology (IPFT) has developed Lambda 
cyhalothrin 14 CS with Diflubenzuron 10SC. The unique specialty of this devel-
oped ZC formulation is effective against early stages and adult stages simultane-
ously. The combined pesticide provides improved and synergistic activity. Besides 
this, formulation is suitable for immediate as well as for prolonged pest control 
practices.

Figure 12. 
Diagrammatical representation of ZC formulation and its application.

Figure 13. 
Diagrammatical representation of ZC formulation and its application.
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3. Suspoemulsion (Suspension concentrate (SC) + Emulsion in water (EW))

Suspension (SE) is the combination of two active ingredients one in suspen-
sion concentrate (SC) and concentrated aqueous emulsion (EW) (Figure 14). 
Suspoemulsion is the stable colloidal suspension with fine droplets with a high 
degree of electrostatic, steric, and hydrophobic interactions and with lesser degree 
of Ostwald ripening [49].

Main advancing features are different active ingredients with different solubility 
or melting points can be incorporated, providing broad-spectrum pest control, and 
tank mixing is not required. Suspoemulsions are the most convenient formulation 
for the farmers to apply the correct quantity of pesticides and tank mix incompat-
ibility problems have been removed. Surfactants and thickeners were added in 
suspoemulsion to prevent flocculation and separation of the dispersed phases [50].

IPFT has contributed suspoemulsion of fipronil 5% SC + Soyabean oil as 
Adjuvant 5% EW. The main characteristic feature of this formulation is high 
stability and shelf life along with good bio-efficacy to agricultural pest in Asian 
countries.

7.3 Botanical formulations

Different bioactive phytochemicals have been identified for good bio-efficacy. 
These bioactive ingredients in formulated form will play a very significant role 
in promotion of organic farming in Asian countries in a safe and sound way. 
Followings botanical formulations have been formulated by IPFT.

New generation botanical-based formulations developed in IPFT, India, are as 
follows:

a. Microemulsion: Neem oil-based microemulsions were successfully developed at 
IPFT, Gurgaon [51]. Different essential oil microemulsions have been developed by 
IPFT by using various botanical synergists and adjuvants.

b. Nanoemulsions: Botanical origin nanoemulsions are very fine oil-in-water 
nano-droplet within the size of 5 nm–100 nm [52]. These nanoemulsions 
have both thermodynamic and kinetic stabilities [53]. IPFT has developed 
combined botanical nanoemulsion of eucalyptus oil with karanja and jatropha 
aqueous filtrates—for controlling stored grain pest Tribolium castaneum [54]. 
Uniqueness of this formulation is that karanja and jatropha aqueous extract was 
used from biodiesel waste product and with eucalyptus oil it gives combinatory 
activity. This formulation is the very efficient in terms of insect pest manage-
ment and waste product management.

c. Controlled release Formulations (CRF), microencapsulation: This formulation 
technology regulates the release of pesticide and decrease the toxicity of pesticide [55]. 

Figure 14. 
Diagrammatical representation of suspoemulsion formulation and its application.
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Highly volatile bioactive pesticides encapsulated in a thick polymeric coating by 
cross-linking. Therefore, these formulations are efficient for an extended period 
of time.

d. Suspension concentrates: Suspension concentrate (SC) botanical extracts 
have been developed by different researchers [56]. In botanical SC, botanical 
active ingredient is finely grinded and then dispersed in water medium with 
surfactants. Particle size distribution of diluted SC formulation is in the range 
of 2–20 μm. These formulations are eco-friendly and user friendly. Hence, 
botanical SC formulations are the most suitable formulation for botanicals to 
retain their greener characteristics.

e. Oil dispersions (OD): These formulations are similar to SC formulation only 
dispersing medium is oil in place of water as in SC. Therefore, OD formula-
tions have good spreading and permeation compared with SC formulation. 
The oil dispersion formulation is the most suited formulation for hydrolytically 
unstable botanical pesticides. It has been reported that oil gives synergist action 
with botanicals and broadens the spectrum of pest management [57]. IPFT has 
developed oil dispersion formulations of many plant extracts against various 
insect pest. Recently, IPFT has developed tomato leaves extract OD formula-
tion and found to be very efficient against mustard aphids.

Institute of Pesticide Formulation Technology (IPFT), Gurugram in India is 
the only institute devoted for the development of safe and environment-friendly 
new-generation insecticide formulation technology. There are some new formulated 
products of natural insecticides such as controlled release formulations, nano-
formulations, or water-based formulations, which enhance the efficacy of natural 
pesticides against insect pest. The work carried out at IPFT greatly emphasizes 
on the development and promotion of environment and user-friendly pesticide 
formulations, also biodegradable, with the incorporation of latest technologies, and 
also on their commercialization.

8.  Future considerations for the promotion of safe and green 
biopesticides

Currently, IPFT is working toward the development of safer alternatives to 
banned or going to be banned agrochemicals. Research is in the process of develop-
ment to safer formulations with potentially low-risk user and environment-friendly 
novel formulation development of various broad-spectrum pesticides that are in 
the verge of banned have been attracting global attention. In this context, public 
and private sectors cooperation is necessary to facilitate the formulation develop-
ment of safe and environment-friendly improved and advanced alternative. Novel 
formulations improve the delivery of agrochemicals and boost up the agricultural 
system in near future. Most important aspect along with the development is the 
cost of safe formulation. Maintaining low cost of novel formulations to farmers 
for a given product quality and availability, particularly in developing countries, is 
also important. Though, new formulation strategies could give out a very promis-
ing and potential option for pest control but to attain this objective, more field 
research is required to assess the efficacy on specific pest problems and over rising 
pest problems in various cropping systems. Therefore, it is a necessary require-
ment for strengthening the research in this safe and green formulation technology 
development.
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Chapter 5

Characterization of Rhizobium 
and Plant Growth Promoting 
Rhizobacteria from French Bean 
Rhizosphere and Their Effect on 
French Bean Productivity
Saroj Kumar Yadav and Kiran P. Raverkar

Abstract

French bean (Phaseolus vulgaris L.) is used profusely by the common people as 
an alternative diet of protein. The sparse nodulation in French bean mainly may be 
due to lack of threshold level of specific rhizobial cells in soil at the time of sow-
ing. The isolates streaked on YEMA with BTB changed to yellow color showing the 
production of acid which is the characteristic of Rhizobium. Utilization of different 
carbon sources is an efficient tool to characterize the isolates. Plant growth promot-
ing rhizobacteria is the beneficial rhizobacteria inoculation of which increases 
growth and yield of French bean through different direct and indirect mechanisms. 
Inoculation of French beans with rhizobial and rhizobacterial isolates found to be 
improved growth, physiological, quality parameters and grain yield through sym-
biotic N2-fixation capacity and plant growth promoting abilities. Co-inoculation of 
rhizobial and rhizobacterial isolates enhanced the growth and grain yield of French 
bean. These isolates may be used as consortium to improve the growth of French 
bean, which may reduce the dependency of farmer on chemical fertilizer as well as 
risk of pollution. In this chapter characterization of Rhizobium and plant growth 
promoting rhizobacteria and their effect on plant growth has been reviewed.

Keywords: Rhizobium, PGPR, biofertilizer, consortium

1. Introduction

In the present intensive agriculture practices leguminous plants play a critical 
role in natural ecosystem, agriculture and agroforestry because of their ability to 
fix nitrogen (N2) in symbiotic relationship with Rhizobium and Bradyrhizobium. In 
addition to its role as a source of protein in the diet, biologically fixed N2 is essen-
tially free for use in economic terms by the host plant and by associated subsequent 
crops. This association improves the soil quality vis-à-vis sustainability. Among 
the legumes, French bean (Phaseolus vulgaris L.) is used profusely by the common 
people as an alternative diet of protein. It is very nutritious and contains 22.9 per 
cent protein, 1.2 per cent fat, 60.6 per cent carbohydrates and a large number of 
minerals like Ca (260 mg 100 gm−1 of seed) P (101 mg 100 g−1 of seed) and Fe 
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(5.8 mg 100 g−1 of seed). French bean is sparsely nodulated throughout the India 
including North-West Himalayas putting it to disadvantage of biologically fixed-
N2 [1, 2] and thus responds to the enhanced levels of nitrogen [3]. In India, it is 
grown on an area of about 1 lakh hectare (ha) mainly in the states of Maharashtra 
(60,000 ha), Jammu and Kashmir (10,000 ha), Himachal Pradesh, Uttarakhand, 
Nilgiri (Tamil Nadu), Palni (Kerala) hills, Chickmagalur (Karnataka) and 
Darjeeling hills (West Bengal). The sparse nodulation in French bean mainly may be 
due to lack of threshold level of specific rhizobial cells in soil at the time of sowing. 
Recently different rhizobial strains have demonstrated various other plant growth 
promoting activities in addition to biological nitrogen fixation (BNF). This neces-
sitates the isolation and development of the efficient multi-trait rhizobial isolates 
for French bean for economizing the nitrogen fertilizer, environmental safety and 
sustainable production.

Rhizobium plays a significant role in agricultural ecosystem services due to their 
ability to form symbiotic association with a wide range of leguminous plants that 
results in biological nitrogen fixation. Some of the rhizobial strains are reported to 
enhance the production of phytohormones, mineral uptake and reduce toxic effects 
of metals, thereby, indirectly promote growth and development of plant in polluted 
agricultural soils [4]. According to Tsai et al. [5] most commonly used French bean 
variety exhibit a high dependence on nitrogen fertilizers for growth and yield, and 
show considerable variation in their ability to nodulate and fix nitrogen, with the 
nitrogen percentage derived from atmosphere ranging from 68 to 72 per cent for 
the superior variety. This indicates that French bean needs starter nitrogen fertiliza-
tion for sufficient nitrogen fixation. Inoculation of French bean with Rhizobium 
increases various plant growths, physiological, quality parameters and grain yield 
through symbiotic N2-fixation capacity and plant growth promoting abilities. Plant 
growth promoting rhizobacteria is the beneficial rhizobacteria inoculation of which 
increases growth and yield of common bean through different direct and indirect 
mechanisms such as production of IAA, GA, HCN, Ammonia, siderophore and sol-
ubilization of phosphorus, potassium and zinc. Co-inoculation of Rhizobium with 
other PGPR; consortium enhanced the growth and grain yield of common bean [6]. 
By virtue of their rapid colonization of the rhizosphere and stimulation of plant 
growth, there is currently considerable interest in exploiting such microorganisms 
for enhanced crop yield. Therefore to harness the benefits of rhizobia and PGPRs in 
reducing the application of higher doses of inorganic fertilizers; the development of 
consortium comprising efficient multi-trait rhizobial isolates and efficient PGPRs 
are need of an hour for sustainable production of French bean. This chapter reviews 
the research reports relevant on the topic including (i) isolation and characteriza-
tion of various isolates of French bean rhizobia (ii) authentication and evaluation of 
the efficacy of rhizobial isolates (iii) evaluation of the efficacy of potential multi-
trait rhizobial isolates on growth and yield of French bean in relation to N dose 
(iv) isolation and characterization of PGPRs from the rhizosphere and the impact 
of various isolates of PGPR on growth of French bean (v) compatibility between 
selected rhizobial isolates and PGPRs; and development of consortium, and (vi) 
the interaction effect of efficient multi-trait Rhizobium and PGPR on French bean.

2. French bean and its use

Gramineae and Leguminosae are two major source of world’s food supply, total 
15 plant species of which account for more than 90 per cent of the total production 
of the major seed crops [7]. According to Harlan [8], three major cereal crops such as 
wheat (Triticuma estivum L.), maize (Zea mays L.) and rice (Oryza sativa L.) account 
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for three quarters of the total food supply. The grains of these cereals provide carbo-
hydrates for human and are complemented by the legumes [9] which vary in their 
carbohydrate and oil content but have high protein content [7]. In addition to impor-
tant source of food, feed and fuel legumes are also a renewable source of nitrogen 
through atmospheric N2-fixation for agriculture [10]. Incorporation of legume crops 
in field improves soil fertility and yield sustainability. Among the legumes, French 
bean (Phaseolus vulgaris L.), of American origin, is the most edible pulse in the world 
and is second only to the soybean (Glycine max L.) [11]. According to Broughton et al. 
[12], french bean (Phaseolus vulgaris L.) has been reported as an important legume for 
human nutrition and a major protein and calorie source in the world. It is cultivated 
in the sub-Himalayan and higher Himalayan altitudes between 1200 and 1800 m. In 
India, French bean covers an area of 2.3 mha with production of 1.1 million tonnes 
and productivity of 478 kg ha−1 [13]. French bean is popular among Indian farm-
ers due to its high lucrative features such as short life cycle, good adaptability, high 
market value and the most important for poor farmers, particularly women, hence 
it is also known as woman’s crop. French bean is a self-pollinating leguminous crop 
which belongs to the family Fabaceae and considered as an important crop in high 
population density areas of the world [14]. French bean is used both as a pulse and as 
a green vegetable [15]. In both the developed and the developing countries, French 
bean is consumed in different forms [16]. Seeds can be consumed as immature green 
grain. Dehulled seeds may be boiled, parched, roasted, germinated, fermented or 
cooked in different ways to suit specific tastes. In some parts of the tropics, the young 
leaves are used like spinach. Common bean seeds are also cooked with tomato sauce 
and canned. The residual straw can be used as fodder and forage [16] as well as to 
incorporate in the soils to improve the soil health.

3. Adaptation

French beans are well adapted to tropics, subtropics, and warm temperate 
regions, grown from 40°S to 40°N latitude. French bean completes their life cycle 
within 80 to 110 days which depends on variety and night temperatures during the 
growing season. Suitable temperature for growth of French bean varies between 
20 and 22°C. The maximum temperature during flowering of French bean must be 
under 28°C. It requires a minimum of 500 to 600 mm of rain during the growing 
season if the crop is cultivated under rainfed conditions whereas an annual total of 
600 to 700 mm is considered ideal. They are planted in warm soils with minimum 
temperatures preferably above 15°C after all danger of frost has passed. Soil texture 
such as sandy loam, sandy clay loam or clay loam with good drainage and clay con-
tent between 15 and 35 per cent is supposed to be best for cultivation of this crop. 
Soil pH of 6.0 to 6.5 is considered to be the best for the cultivation of French bean.

4. Biological nitrogen fixation

Biological N2-fixation is a biological phenomenon, which involves some legumes, 
whether grown as pulses for seed or as pasture in agro-forestry or in natural ecosys-
tems [17]. Biological nitrogen fixation is very efficient in satisfying the high nitrogen 
requirements of legumes because of the conversion of gaseous nitrogen (N2) to 
ammonia (NH3) making it available to plant use. Enzyme nitrogenase facilitated 
the process of BNF. Many N2-fixing prokaryotes are diazotrophic, i.e. they can grow 
using dinitrogen gas as their sole source of N while other organisms can fix N2 only in 
symbiosis with another eukaryotic organism. The equation for the reaction is.
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 3 2N N 8H 8e 16 2NH H 16 16ATP ADP Pi+ −≡ + + + → + + +  (1)

Two protons are reduced by hydrogen for fixation of one molecule of dinitrogen 
and because of high stability of dinitrogen the reaction needs high energy [18]. 
Dupont et al. [19] reported that soon after germination of legume seeds, rhizobia 
present in the soil or added as seed inoculum invade the root hairs and move 
through an infection thread to the root. The bacteria multiply rapidly in the root, 
causing the swelling of root cells to form nodules. Nitrogen in the air of soil pores 
around the nodules is fixed by binding it to other elements and thus changing it into 
a plant available form. Some of the carbohydrates manufactured by the plant photo-
synthesis process are transported to the nodules where they are used as a source of 
energy by the rhizobia. The rhizobia also use some of the carbohydrates as a source 
of hydrogen in the conversion of atmospheric nitrogen to ammonia. Despite BNF 
being a naturally occurring process, many soils do not harbor sufficient numbers of 
appropriate rhizobia for effective symbioses. Inoculation of leguminous crop with 
appropriate and compatible rhizobia ensures maximum BNF. Inoculation is gener-
ally needed when certain new leguminous crops are introduced to new areas.

5. Rhizobium

Rhizobiaceae family is a physiologically heterogeneous and genetically diverse 
group of soil organisms, which are called rhizobia [20]. Rhizobia include a 
group of soil bacterial genera viz.; Rhizobium, Bradyrhizobium, Sinorhizobium, 
Mesorhizobium, Allorhizobium and Azorhizobium which have ability to nodulate 
symbiotically the members of the plant under Leguminosae family [21, 22]. 
Rhizobium-legume associations are very specific therefore the nodules will 
be formed in the legume only when infected with a specific Rhizobium [23]. 
According to Broughton et al. [12] specificity involves the recognition of the 
bacterium by the host and of the host by the bacterium through the exchange of 
signal compounds which induce differential gene expression in both partners. The 
bacteria which are able to form root nodules in French bean have been classified 
into five species of the genus Rhizobium, R. leguminosarum biovar (bv.) phaseoli 
[24], R. tropici [25], R. etli bv. Phaseoli, R. gallicum bvs.Gallicum and phaseoli and 
R. giardinii bvs.Giardinii and phaseoli. From various studies, it has been observed 
that Phaseolus rhizobia are very diverse at the species, intra-species and population 
levels. According to Aguilar et al. [26], current evidence refers difficulty to recog-
nize factors which involved in the distribution of the different rhizobial species 
among sites, although there is increasing evidence in the literature of parallel 
evolution between bacteria and the French bean.

6. Nitrogen fixation by Rhizobium

French beans have low ability to fix nitrogen symbiotically and surprisingly larger 
rates of N2-fixation can be obtained under appropriate conditions [27]. In the light of 
the poor nodulation in French bean, in general in India, it is feasible that under these 
situations BNF technologies can become extremely important in order to reduce 
the use of chemical nitrogenous fertilizers, improve the soil health and enhance the 
yield levels. Hence, inoculation with the effective rhizobial inoculum presents a great 
potential for increasing food production in N-W Himalayas and other parts of the 
French bean growing area. The number of nodules in the plant decreases with the 
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higher rates of soil N application at planting. In leguminous plants, Nitrogen fixation 
is a symbiotic process between nitrogen fixing bacteria and legume roots, and occurs 
within specialized root nodules. Hungria et al. [28] observed an adverse effect on 
leguminous root nodule development at low temperature stress.

7. Morphological and biochemical characteristics of rhizobia

Morphological characteristics of rhizobia refers to external appearance of 
rhizobia viz; shape, size and color; and biochemical characteristics refers to dif-
ferent characteristics which are produced by rhizobia through their chemical and 
microbial activities such as acid or alkali production, CRYEMA test, GPA test, 
carbohydrate utilization, enzymatic activity and plant growth promoting traits. 
Yadav et al. [29] studied 50 rhizobial isolates separated from the nodules of French 
bean (Phaseolus vulgaris L.) were tested and exhibited typical characteristics of 
Rhizobium sp. on yeast extract mannitol agar media supplemented with Congo red. 
In Kenya, genetic characterization and diversity of Rhizobium isolated from root 
nodules of climbing bean (Phaseolus vulgaris L.) varieties were studied by Koskey 
et al. [30] and they found that none isolates absorb Congo red dye when incubated 
in the dark on CRYEMA medium found Gram +ve rods. All isolates were found to be 
acid producers and fast growers by turning BTB indicator from deep green to yellow 
when grown on YEMABTB. Most of the isolates showed a mucoid texture because 
of the exopolysaccharides production. In the study of biochemical characterization 
of French bean associated rhizobia, Rai and Sen [31] observed and reported that 
colonies of Rhizobium were circular, convex, semi-translucent, raised, single and 
mucilaginous in nature. According to Vincent [27] and Holt et al. [32] the colonies 
were large (2–4 mm in diameter) mucilaginous, circular, convex with smooth 
edges, glistening translucent or white and precipitated calcium glycerophosphate 
present in YEM agar. Rhizobium test in Congo red showed that the colonies did not 
absorb the congo red color which differentiates Rhizobium from Agrobacterium 
[33]. According to Deka and Azad [34] Rhizobium cannot grow in Hoffer’s medium, 
however; in contrast Rai and Sen [31] studied and observed that few of the isolates 
like S-3, CBR and K-1 showed mild growth. The growth of Rhizobium in the Hoffer’s 
medium was also observed by Dubey et al. [1]. Deshwal and Chaubey [33] observed 
no yellow zone around the colonies of Rhizobium and such negative ketolactase 
activity confirmed the isolates to be free from any contamination of Agrobacterium.

The isolates changed to yellow color showed the production of acid which is the 
characteristic of Rhizobium [35]. Similarly, isolates of Rhizobium leguminosarum bv 
trifolii associated with clover showed growth and turned the yeast extract man-
nitol agar media containing BTB to yellow color indicated all were fast growers and 
acid producers. It was reported that the utilization of glucose as a carbon source is 
a confirmatory test for Rhizobium [35]. Utilization of different carbon sources is 
an efficient tool to characterize the isolates [36]. Only four isolates obtained in the 
study were able to use dextrin as a carbon source, which is in accordance with other 
works indicating that dextrin is rarely utilized by Rhizobium [24, 31]. The utilization 
of majority of carbon and sodium organic salt sources by Rhizobium has also been 
reported [37].

In the glucose-peptone agar medium, growth of the Rhizobium has been 
observed by [1]. Hunter et al. [38] observed the negative gelatinase activity which is 
a feature of Rhizobium. Yellow slants and red butt were obtained showing the utili-
zation of glucose and sucrose in the triple sugar iron agar medium [35]. De Oliveira 
et al. [39] also observed that Rhizobium strains obtained from different sources can 
utilize starch. Rhizobial isolates may not grow on lactose [35]. As the pH becomes 
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high, color of the media changes from yellow to pink which indicates the production 
of ammonia because of urease enzyme secretion by the incubated isolates which 
is a positive reaction for the test [40]. Gauri et al. [37] observed that all isolates of 
rhizobia showed a positive test for urease.

Biochemical characterization and protein profile by sds-page of French bean 
(Phaseolus vulgaris L.) associated rhizobia conducted by Kumari et al. [41] in 
Andhra Pradesh. They isolated total of six isolates. All the rhizobial isolates were 
positive to the indole acetic acid, nitrate reduction, urease, catalase and oxidase. 
Some of the isolates did not produced H2S and consumed citrate as a sole source of 
carbon. Positive results were found from the starch hydrolysis assay. On subjecting 
inoculated plates to iodine test, clear zones from place to place were observed and 
the colonies changed to yellow color, however blue color appeared on no growth 
areas. It designates the isolates have the potential to hydrolyze starch present in 
the medium.

8. Morphological and biochemical characteristics of PGPR

The plant growth promoting rhizobacteria must be defined by some important 
attributes such as (a) an efficient tool to colonize the root surface (b) to survive, 
multiply and compete with other microorganisms and (c) to promote plant 
growth [42]. Anitha and Kumudini [43] reported that the isolates of fluorescent 
Pseudomonas on King’s B agar produced creamy, convex colonies having 1–2 mm 
diameter and at 265 ηm appeared yellowish-green fluorescence. Microscopic studies 
showed that the isolates were gram negative and rod shaped. These isolates were 
found to utilize sucrose, mannitol and lactose to varying extent and showed that 
the bacterial isolates were positive only for catalase, oxidase, organic acids, citrate, 
amylase, indole and caseinase. According to Battu and Reddy [44] gram negative 
and rod shaped colonies, produced yellowish green pigment on King’s B medium 
were positive for gelatinase and oxidase which were identified as Pseudomonas 
flurescence. Rodríguez-Cáceres [45] determined morphology and motility for each 
isolate and also performed biochemical tests such as nitrate reductase and urea 
hydrolysis [46]. Qualitative analysis showed that all bacterial isolates produced 
IAA, ammonia, siderophore and hydrogen cyanide.

9. Authentication and evaluation of Rhizobium

Authentication is the process by which we can ascertain that the isolates are 
Rhizobium or not through its infection capability under gonotobiotic conditions. 
Authentication of rhizobia to determine their symbiotic efficiency is required to 
screen out effective native rhizobial isolates [47]. In order to achieve maximum 
legume productivity, screening of native isolates for their N2-fixation efficiencies 
[48] is important for the development of effective legume inoculum. Nodulation 
ability and effectiveness of native rhizobia from the seven districts of Uttarakhand 
in French bean was determined by Yadav et al. [29] and reported that out of fifty 
isolates 36 were authenticated as Rhizobium based on their ability to nodulate 
French bean. Morphological assessment and effectiveness of indigenous rhizobial 
isolates nodulating Phaseolus vulgaris in water hyacinth compost testing field in 
Lake Victoria basin was studied by Muthini et al. [49] and reported that the isolates 
obtained in his study had the ability to renodulate (Infectiveness) Phaseolus vulgaris 
under bacteriologically controlled conditions. Bala et al. [50], who reported that 
appropriate rhizobial isolates nodulate and fix N2 on the target host and that each 
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isolate was able to form nodules with the host plant was identified as Rhizobium. 
High degree of symbiotic efficiency of the specific indigenous strain S21/6 was 
recorded indicating different symbiotic potential of indigenous strains and con-
firmed the importance of rhizobial strain selection [51].

Evaluation or screening of the authenticated isolates can be done on the basis of 
plant dry matter response (effectiveness), nodule number and nodule dry weight of 
the inoculated isolates. Isolation, authentication and evaluation of rhizobial isolates 
from the soils of North-West Himalayas in French Bean (Phaseolus vulgaris L.) stud-
ied by Yadav et al. [29] and reported that French bean inoculation with the rhizobial 
isolates significantly increased the dry shoot, root and total biomass; and shoot: 
root ratio. The inoculation of French bean with rhizobial isolate RA6 produced total 
dry biomass significantly higher by 154.4 per cent over reference strain i.e. MTCC 
10096. This results demonstrated the presence of native rhizobia in soils of N-W 
Himalayas capable of nodulating French bean that are either superior or at par with 
reference strain in improving the overall growth and synthesis of higher biomass 
in French bean. Muthini et al. [49] reported that nodulated plants had higher shoot 
dry weight, than the non nodulated plants, however, the mean shoot dry weights 
was not directly related to the nodule number or nodule dry weight.

10. Rhizobium inoculation, N-levels and interaction impact

10.1 Rhizobium

Grain legumes have been recognized worldwide as an alternative means 
of improving soil fertility through their ability to fix atmospheric nitrogen, 
increasing soil organic matter and improving soil structure [52]. Several studies 
have sought to identify efficient and competitive strains of rhizobia to cope the 
nitrogen requirements of common bean [53]. Deshwal et al. [54] observed that in 
addition to BNF rhizobia can promote plant growth by different direct or indirect 
mechanisms such as production of IAA, GA, solubilization of inorganic phos-
phates and biocontrol of plant diseases. Beneficial effects of rhizobium on French 
bean have been reported by various workers under different climatic and soil con-
ditions [55, 56]. Ndlovu [57] reported that nodulation was significantly affected 
by inoculation with Rhizobium phaseoli. Nodule dry biomass plant−1 was signifi-
cantly increased by approximately 51.11 per cent with inoculation compared to 
uninoculated treatment in 2012–2013. Several workers reported that inoculation 
of legumes with Rhizobium isolates improved nodulation and had a positive effect 
on a number of plant growth parameters [58]. Das [59] also reported that higher 
number of nodules plant−1 was observed in inoculated plants than the un-inocu-
lated. This might be due to application or introduction of inoculants that increased 
number of the Rhizobium bacteria which infect the roots to form nodules. The 
higher number of bacteria resulted in higher number of vigorous nodules plant−1. 
The number and size of nodules indicated the amount of plant tissue available for 
nitrogen fixation. Thus, the results of this study also suggested a good symbiotic 
association between Rhizobium phaseoli and the host French bean. The presence of 
nodules in uninoculated treatments during both seasons might be due to the result 
of existing indigenous Rhizobium present in the soil. The increase in dry biomass 
of nodules which was formed by the inoculation with Rhizobium phaseoli might be 
results of efficiency of the strain.

There were significant differences in shoot, root and total dry biomass of  
P. vulgaris inoculated with variable rhizobial isolates. The significant differences 
in the shoot dry biomass showed clear differences in the ability of the isolates to 



Agricultural Development in Asia - Potential Use of Nano-Materials and Nano-Technology

82

fix nitrogen and are among the preferred methods for determining symbiotic 
effectiveness of rhizobial isolates [3]. According to Meena et al. [60], application 
of Rhizobium significantly increased the plant height, germination, number of 
branches plant−1, number of leaves, leaf length and leaf width. The improvement in 
plant height and dry biomass production at flowering as well as at harvest might be 
due to the plant growth promoting capabilities, carbohydrates utilization abilities 
and improved nodulation. The differences in plant growth due to rhizobial inocula-
tion have been attributed to changes in assimilate partitioning [58]. The higher dry 
shoot biomass of common bean by Rhizobium inoculation seems to be due to the 
supply of N to the crop through symbiotic N2-fixation [61].

Yadegari and Rahmani [62] recorded the positive effect of inoculation with 
rhizobial strains Rb-133 and Rb-136 on plant growth. Rhizobial strain increased 
the seed yield, number of pods plant−1, number of seeds pod−1, weight of 100 seeds, 
seed protein yield, total dry matter over uninoculated control plants. During two 
years of study they registered the seed yield in inoculated plants ranging from 1221 
to 4693 kg ha−1 depending on the strain and cultivars. Inoculation with suitable 
strains of Rhizobium has been recognized as prerequisite for increasing the yield 
and quality of legumes [63].

Inoculation of seeds by Rhizobium sp. prior to planting has also been reported 
to be a key factor in enhancing nodulation, early emergence, crop vigor and high 
grain yield [64, 65]. Bambara and Ndakidemi [66] also reported high common 
been seed yield of 1679 kg ha−1 with inoculation compared to 758 kg ha−1 from the 
uninoculated control. The inoculation of seeds with Rhizobium increased nodula-
tion, protein and chlorophyll content, nitrogen uptake, growth and yield param-
eters of legume crops [67]. In Iran, Namvar et al. [67] reported that Rhizobium 
inoculated plants showed more chlorophyll content and LAI than uninoculated 
plants. Rhizobium inoculation increased chlorophyll content and LAI by 5.43 and 
6.99 per cent, respectively as compared to uninoculated plants. In West Bengal, 
varietal performance of bush type French bean (Phaseolus vulgaris L.) for growth, 
fresh pod yield and quality was studied by Das [59]. Their results revealed that 
Rhizobium inoculation increased the yield and quality parameters viz; protein con-
tent, vitamin-A content and ascorbic acid content in the fresh pods of the French 
bean varieties. Under Rhizobium inoculation special jhhati beans recorded higher 
pod yield (23.05 t ha−1) over uninoculated control (20.05 t ha−1). Meena et al. [68] 
observed and reported, among the six different biofertilizers the best biofertilizer 
B3 (Rhizobium) is recorded significantly improvement in various yield and quality 
traits. Higher yields obtained with inoculation confirm that the Rhizobium technol-
ogy is efficient in supplying nitrogen to legumes and is a better option for resource-
poor farmers who cannot afford to purchase expensive inputs as well as potential 
strategy to nullify the adverse impact of chemical fertilizer on environment.

Number of pods, number of grains, grain yield, protein content and protein yield 
in French bean was influenced significantly due to inoculation with rhizobial isolates 
over uninoculated control [69]. This positive effect due to inoculation with rhizobial 
isolates attributed to nodulation and nitrogen fixing capability which enhances the 
nitrogen supplement to plants, resulted higher vegetative growth and carbohydrate 
portioning and more protein formation. Phosphorus solubilizing capability of rhi-
zobial isolates helps to solubilize inorganic fixed phosphate and make it available for 
plant uptake. Higher availability of phosphorus improves N2- fixation, root prolifera-
tion which results higher uptake of nutrient from soil and phosphorus also acts syner-
gistically with nitrogen and helps in carbohydrate translocation and protein synthesis. 
An increase in number of pods plant−1, number of grains pod−1 and pod yield due to 
Rhizobium inoculation might be due to more availability of nitrogen inside the plant 
bodies [59]. Koskey et al. [30] reported that inoculation of climbing beans in the field 
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and green house significantly enhanced nodule and shoot dry biomass, number of 
pods plant−1, seed yields and nitrogen content in shoot of MAC 13 and MAC 64 climb-
ing beans. Ali (1998) also reported the same results and he concluded that inoculation 
increased pod yield plant−1. With respect to Rhizobium inoculation treatment, higher 
pod yield was recorded in Rhizobium inoculation (20.73 t ha−1) compared to without 
Rhizobium inoculated plants (17.68 t ha−1). Increase in total pod yield is due to more 
nitrogen availability in the inoculated plants. The higher values of protein content 
are estimated in Rhizobium inoculated plants (2.09%) in comparison to without 
Rhizobium inoculation (1.44%). Increase in protein content due to Rhizobium inocula-
tion might be the result of increased nitrogen content inside the plant body which is 
main element for protein synthesis.

10.2 Nitrogen levels

Nitrogen is an essential nutrient for plant growth and development. Nitrogen 
deficiency is frequently a major limiting factor for crop production all over the 
world [70, 71]. Therefore, adequate supply of nitrogen is necessary to achieve high 
yield potential in plants which usually depend upon combined or fixed form of N 
such as NH4

+ and NO3
− because it is unavailable in its most prevalent form as atmo-

spheric N. The sparse nodulation in French bean needs more amount of nitrogen for 
growth and development in comparison to other legumes.

In French bean all the plant growth parameters except nodule number and nodule 
biomass were significantly improved with higher level of nitrogen application (from 
0 to 120 kg N ha−1), reported in several studies (Table 1). This improvement is 
attributed to the high vegetative growth and higher formation of photosynthates. 
Nitrogen plays an important role in the formation of protein and nucleic acids 
structure, the most important building material for every cell. In addition to it 
nitrogen is also a component of chlorophyll that enables the plant to capture energy 
from sunlight thorough photosynthesis. Thus, nitrogen supply to a plant increased 
the concentration of protein, amino acids, protoplasm and chlorophyll which 
influenced cell size, leaf area and photosynthetic activity [91, 92]. Increased level 
of nitrogen application in French bean resulted in increased plant height [81]. The 
negative effect of N fertilizer on French bean nodulation is well documented [23]. 
However, farmers have gradually adopted the use of N fertilizers with French bean 
crops, to maximize yields, particularly when irrigation is used. According to Yadav 
[69] number of trifoliate leaves, leaf area and chlorophyll content of French bean 
was significantly increased with higher levels of nitrogen (from 0 to 120 kg N ha−1), 
the reason behind that N is chief constituent of amino acids which is the building 
unit of protein, protoplasm leading to improved vegetative growth. Nitrogen being 
constituent of chlorophyll higher dose of nitrogen increases chlorophyll concentra-
tion resulted in more photosynthesis and enhanced number of trifoliate leaves and 
leaf area which was reported by various workers (Table 1). N fertilization upto 
120 kg N ha−1 in French bean increased number of pods plant−1 [77–79, 85]. Nitrogen 
supply affects a wide range of physiological processes in higher plants [87].

10.3 Rhizobium x N-level interaction

An inoculation of rhizobial isolates in combinations with different levels of nitro-
gen significantly improved the various plant growth parameters in French bean as 
compared to uninoculated control [61, 69, 90, 93, 94]. Growth, symbiotic and yield 
response of N-fertilized and Rhizobium inoculated common bean (Phaseolus vulgaris 
L.) was conducted by Yoseph and Shanko [94] at Hawassa University, Ethiopia and 
reported that N fertilization and Rhizobium inoculation had significant effect on 
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plant height, dry shoot weight, nodule number plant−1, nodule dry weight plant−1, 
number of pods plant−1, number of seeds pod−1 and grain yield. Omoregie and Okpefa 
[95] observed that when initial levels of available soil nitrogen were low, a period of 
nitrogen hunger can reduce nodulation. Kucuk [96] studied the effect of Rhizobium 
inoculation either alone or in combination with nitrogen applications on French bean 
(Phaseolus vulgaris L.) and reported that plant heights were significantly affected 
by the control, nitrogen, inoculation and different treatment x variety interactions. 
Interaction effect between nitrogen and rhizobial isolates significantly improved plant 
height, number of trifoliate leaves, dry biomass production, and leaf area, chlorophyll 
content, nitrogen status, grain yield, protein content and protein yield. This could 
be attributed to additional external supply of nitrogen for vegetative growths of 
plants and to be used by microbes to fulfill its requirement as starter in initiation of 
nitrogen fixation. Combined application of rhizobia and nitrogen may be beneficial 
for improvement of root proliferation and plant growth due to plant growth promot-
ing ability of rhizobial isolates which need more nitrogen for their metabolic activity, 
might be fulfilled through external supply. Generally, inoculation with Rhizobium at all 
levels of nitrogen application increased biomass production over uninoculated plants 
[61, 67, 97]. Sajid et al. [98] concluded that the Rhizobium inoculation produced higher 
grain yield than without inoculation. It might also be due to more number of pods and 
seeds due to Rhizobium inoculation and applied N.

11. Compatibility between Rhizobium and PGPR

Under natural soil conditions microorganisms are effective to colonize the plant 
roots for function. Compatibility between the PGPR and other microorganism to 

Growth parameters References

Plant height Negi and Shekhar [72]; Dwivedi et al. [73]; Kushwaha [74]; Saxena and 
Verma [75]; Singh and Rajput [76]; Singh and Singh [77]; Dhanjal et al. 
[78]; Prajapati et al. [79]; Veeresh [80], Jagdale et al. [81]

Number of branches plant−1 Dhanjal et al. [78]; Prajapati et al. [79]; Veeresh [80]

Dry biomass production Veeresh [80]; Prajapati et al. [79]; Singh et al. [82]

Number of pods plant−1 Sharma et al. [83]; Rajput et al. [84]; Singh and Singh [77]; Behura  
et al. [85]

Number of seeds pod−1 Dhanjal et al. [78]; Prajapati et al. [79]; Veeresh [80]; Behura et al. [85]; 
Singh et al. [82]

Grain yield Singh and Singh [77]; Singh et al. (2000); Dhanjal et al. [78];Veeresh [80]; 
Singh et al. [82]

Physiological parameters

Number of trifoliate leaves Escalante et al. [86]; Cechin and Fumis [87]; Yadav [69]

Leaf area plant−1 Hegde and Srinivas [88]; Rana and Singh [89]; Escalante et al. [86]; 
Veeresh [80]; Namvar et al. [90]

Chlorophyll content Escalante et al. [86]; Rana and Singh [89]; Namvar et al. [90]

Quality parameters

Protein content Verma and Saxena [75]; Singh and Singh [77]; Veeresh [80]

Water soluble carbohydrate Namvar et al. [90]; Yadav [69]

Table 1. 
List of plant growth, physiological and quality parameters of French bean reported by various workers.
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colonize the root system without inhibiting each other is a prerequisite for getting 
beneficial result using multiple microbes in a crop field. The use of mixed cultures 
of beneficial microorganisms as soil inoculants is based on the principles of natural 
ecosystems which are sustained by their constituents such as the quality and quan-
tity of their inhabitants and specific ecological parameters [99]. In the rhizosphere, 
PGPR and nodule promoting rhizobacteria induce phytoalexins production by the 
plant, creating antibiosis in the rhizosphere for pathogenic forms, siderophores pro-
duction to chelate insoluble cations and associative action with the plant [100, 101]. 
Rhizobium as a gram -ve bacteria, is able to establish symbiosis with leguminous 
plants such as Cicer as well as many other rhizobacterial strains, and develops 
positive interactions with legumes by inhabiting root nodules. Within these nod-
ules, bacteria reduce atmospheric nitrogen to ammonia which acts as a sufficient 
useable nitrogen source [102]. Studies on legume rhizosphere bacteria have shown 
that besides indigenous rhizobia interacting and competing for nodulation with an 
inoculant strain by antagonistic or synergistic interactions, other diazotrophs such 
as Azotobacter and Azospirillum as well as rhizosphere fungi and bacteria especially 
species of Pseudomonas and Bacillus do interact with Rhizobium affecting nodulation 
and nitrogen fixation [58].

12. Impact of PGPR on French bean

The effect of Plant growth promoting rhizobacteria on plant growth is a 
well-documented fact. PGPR plays an important role in agricultural systems, 
especially as biofertilizer. A positive influence of inoculation with various PGPR 
isolates on shoots and roots length; dry biomass production; and shoot: root ratio 
was studied by Yadav [69]. The higher shoot length, root length, root volume and 
dry biomass production due to inoculation with various PGPR isolates could be 
attributed to their plant growth promoting traits such as IAA, GA, P-Solubilization, 
Zn-Solubilization, ammonia production, HCN production and nitrogen fixation. 
IAA and GA are the plant growth hormones in which IAA controls processes viz; 
differentiation, division and enlargement of cells which controls plant growth 
whereas GA plays pivotal role in growth and development of plants. In most of the 
observed studies, the growth controller especially IAA, influences most of the root 
system like primary root growth, side root and piliferous layer formation [103] 
helps in plant growth promotion. The significant increase in growth of shoot and 
root due to inoculation of isolates indicates that the bacterial isolates have ability to 
provide better nutrient flux to the plant host which resulted in the increase of the 
plant biomass and N accumulation. Beneficial responses of PGPR due to beneficial 
interaction with rhizobia on legumes have been reported by various workers [75]. 
An increase in shoot: root ratio of French bean due to inoculation with the PGPRs 
isolates indicated that carbohydrate might be translocated to shoot but increase in 
root: shoot ratio in plant due to inoculation with isolates indicated more accumula-
tion of carbohydrates in root rather than its portioning. High root: shoot ratio of 
plant indicated that plant may be survived in water or salinity stress conditions. 
The high root: shoot ratio due to inoculation of PGPR was also reported by [69]. 
Kloepper [42] reported that various PGPR isolates can alter the root architecture 
and promote plant development through the synthesis of different phytohormones 
such as IAA, GA and cytokinin. Stefan et al. [104] studied the effects of inoculation 
with PGPR on photosynthesis, antioxidant status and yield of runner bean and 
reported that PGPR strains used for seed inoculation induced significant increase in 
photosynthetic rate at 20 DAI. Increased photosynthetic activity is a consequence of 
a higher N incorporation which contributed to the formation of chlorophyll [105]. 
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Inoculation of PGPR strains increased the nutritive value of grains by increasing 
the soluble protein content up to 16.24 per cent and total reducing carbohydrates 
concentration up to 49.28 per cent.

13. Interaction effect of Rhizobium and PGPR on growth of French bean

An application of PGPR together with Rhizobium improved the growth and seed 
production of beans [62]. Plant growth parameters, physiological parameters and 
quality parameters of French bean were influenced due to consortium comprising of 
efficient rhizobial and PGPR isolates [69]. The plant growth parameters were signifi-
cantly improved due to inoculation of rhizobial isolates and PGPR isolates could be 
attributed to plant growth promoting abilities of PGPR isolates and; nitrogen fixing 
and PGP traits of rhizobial isolates. Selected rhizobial isolates RD20–3 (R1) and RK3–1 
(R2) being GA producer and ammonia producer, stimulate plant growth through plant 
growth hormone production and protecting plants against phytopathogens. Both 
isolates were also capable of utilizing highest number of carbohydrates which depicts 
their ability to proliferate in diverse soils having varying carbon sources. Selected PGPR 
isolates NAG-K3 (P1) and CRC-J2 (P2) being IAA, GA producer and P solubilizer; and 
IAA, GA producer, Zn solubilizer and HCN producer, respectively improved plant 
growth through beneficial effects on seed germination, differentiation, proliferations 
and division of root cells and through biocontrol activity against harmful fungus. 
Phosphorus solubilizing capability of isolates increased the availability of phosphorus 
and through Zn solubilizing ability improves Zn nutrition of plants. Higher root growth 
and phosphorus availability renders the plant to uptake more amount of other nutrients 
also from soil and also increase the nitrogen fixing potential of rhizobial isolates which 
makes more amount of atmospheric nitrogen available to the plants to increase their 
vegetative growth, chlorophyll content, no. of trifoliate leaves, leaf area, root acid phos-
phatase activity and nitrogen and phosphorus status in plants. Higher root proliferation 
due to more differentiation and division of root cells increases the surface area which 
resulted higher water and nutrient absorption from soil. Higher uptake of nitrogen 
and phosphorus improved the starch synthesis and carbohydrate portioning in plant, 
resulted highest root and shoot length; dry biomass of root and shoot; and shoot: root 
ratio; when rhizobial (R1) and PGPR (P2) isolates applied conjointly at 100 kg N ha−1 
application. N being the chief constituent of amino acids and protein; and P as constitu-
ent of phospholipid, both are the building blocks of protoplasm which forms the body 
structure of plant. Thus N and P improves the body structure and increase number of 
trifoliate leaves and leaf area of plants and various physiological parameters vis-à-vis 
dry biomass accumulation in plants. There are two types of phosphatases on the basis 
of pH as acid and alkaline phosphatase, because maximum activity occurs at low pH 
(6.5) and high range of pH (11.0), respectively. Acid level phosphatases secretion can 
vary with crop sp. [106]. Thus there is differential interspecific genetic variation in 
root enzyme secretion and acid phosphatase activity [107]. Co-inoculation of rhizobial 
isolates and PGPR isolates significantly improved root acid phosphatase activity in 
plants converting organic phosphorus compounds to inorganic-P. Concurrent exuda-
tion of organic acids and phosphatase by phosphate solubilizing microorganisms could 
enhance P solubility, by releasing bound organic phosphates and its mineralization by 
escalating the rate of hydrolytic cleavage [108].

As the main constituent of chlorophyll and an element of porphyrin ring, N 
content supplied by symbiotic nitrogen fixation and external application significantly 
improved the synthesis of chlorophyll ‘a’, chlorophyll ‘b’, chlorophyll ‘a’:‘b’ ratio in 
plant, when rhizobial and PGPR isolates applied in combination. Chlorophyll ‘a’ 
is always greater than chlorophyll ‘b’ and chlorophyll ‘a’ plays an important role in 
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photosynthesis through absorbing light energy and converting it into chemical energy 
while chlorophyll ‘b’ as an accessory pigment absorb more light energy and transfers it 
to chlorophyll ‘a’ for photosynthesis. The chlorophyll ‘a’: chlorophyll ‘b’ ratio could be 
a useful indicator of N partioning within a leaf because this ratio is positively corre-
lated with the ratio of PSII cores to light harvesting chlorophyll-protein complex.

Nitrogen and phosphorus uptake was significantly improved in plants could be 
attributed to higher N availability through symbiotic nitrogen fixation and high 
P availability through root acid phosphatase activity and phosphorus solubilizing 
ability of PGPR isolates. Significantly higher amount of fixed nitrogen in shoots, 
roots and grains of plant might be attributed to more nodulation and higher root 
growth due to phosphorus and nitrogen supplementation. The higher amount of 
nitrogen fixed in French bean due to combined inoculation of rhizobial isolate 
RD20–3 and PGPR isolate NAG-K3 over solitary inoculation of individual isolate is 
attributed to the higher phosphorus availability made due to P-solubilization and 
root acid phosphatase activity. The enhanced P-availability facilitates the more ATP 
synthesis which is required as a source of energy for carrying out the N2-fixation by 
an enzyme nitrogenase. Number of pods plant−1, pod yield, grains pod−1 and grain 
yield was significantly increased due to inoculation of French bean with rhizobial 
isolates and PGPR conjointly at 100 kg N ha−1 might be attributed to higher content 
of nitrogen and phosphorus in plant body which help in pod formation and grain 
formation in plants. Nitrogen as a chief constituent of protein and phosphorus 
also helps in protein synthesis, resulted highest protein content and protein yield 
plants receiving rhizobial and PGPR isolates both, at 100 kg N ha−1 application. 
Co-inoculation of rhizobial isolate RK3–1 (R2) and PGPR isolate CRC-J2 (P2) 
significantly reduced all plant growth parameters, physiological parameters, quality 
parameters, grain yield and nutrient uptake in plants compared to application of 
RK3–1 (R2) and CRC-J2 (P2), alone [69] which depicts the non-synergistic interac-
tion between these rhizobial and PGPR isolates. Thus these two isolates RK3–1 (R2) 
and CRC-J2 (P2) may not be used as consortium to improve plant growth.

Co-inoculation of Rhizobium and PGPR showed a better nodulation which 
resulted higher shoot dry biomass and seed yield production. Beneficial effects of 
PGPR on symbiotic efficiency of rhizobia nodulating legume crops have also been 
reported by various scientists [64, 109]. According to Samavat et al. [110] the signifi-
cant correlation has been observed between nitrogen absorption and improvement 
in growth of plant roots and shoots, as a result of Rhizobium and Pseudomonas inter-
action. Lucas Guarcia et al. [111] reported that the co-application of rhizobacteria 
and Rhizobium might have effects on their symbiotic relation with the host legume, 
depending on the applied isolates. Co-application of Rhizobium and Pseudomonas 
improved nodulation, leaf chlorophyll content and other growth factors under green-
house conditions [110]. The increased chlorophyll content in plant leaves as the result 
of bacterial isolates co-inoculation could be due to the increased plant nutrition and 
photosynthesis [112]. An application of PGPR together with Rhizobium improved the 
growth and seed production of beans [62]. Mishra et al. [113] reported that combined 
application of Rhizobium + PSB + PGPR improved plant height and number of pods 
significantly. An over view of the combined dual inoculation of A. chlorophenolicus 
and Enterobacter; and triple inoculation of strain B. megaterium, A. chlorophenolicus 
and Enterobacter gave significantly higher plant height.

14. Conclusion

This study revealed the presence of efficient multi-trait rhizobial and PGPR iso-
lates in French bean rhizosphere. Those rhizobial isolates which nodulate the plant 
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under controlled conditions may be authenticated as Rhizobium and, having plant 
growth promoting traits may increase plant height, nodule number, dry biomass, 
chlorophyll content, grain yield, nutrient uptake and protein yield after inocula-
tion. PGPR isolates from French bean rhizosphere possessed the efficient pant 
growth promoting traits viz; IAA production, GA production, P solubulization, Zn 
Solubilization, HCN production, ammonia production and siderophore production 
may be considered effective for improving plant growth, physiological and qual-
ity parameters after inoculation in plants. Inoculation of Rhizobium with higher 
levels of N application may have a positive influence on plant height, dry biomass 
production, leaf area content, chlorophyll content, grain yield, protein content and 
water soluble carbohydrate content whereas negative effect on nodule number and 
dry biomass of nodule. Co-inoculation of Rhizobium and PGPR improved the plant 
growth, physiological and quality attributes of French bean. Microbial consortium 
comprised of Rhizobium and PGPR may not only enhance growth and yield of 
French bean but may also reduce inorganic fertilizer application.
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Chapter 6

Application of Allelopathy in Crop 
Production
Wasan S. Hussain and Mahmoud M. Abbas

Abstract

Need for food production has been increasing greatly in recent years throughout 
the world. The interest on the supply of quality of food has also increased, but a 
significant loss of crop production was observed annually, especially the main 
cereal crops, including rice, wheat and maize, due to the presence of weeds accom-
panying them in the growing season. Allelopathy has emerged as an alternative 
approach to solve problem agriculture that including: crop rotations, intercrop-
ping, crop residue incorporation and aqueous extracts all that used to explore 
allelopathy for pest management, enhancement of growth and crop production. As 
will allelopathic consider as weeds, insect and diseases natural control. Secondary 
metabolites biosynthesis of at high rates have a great role in provides defense against 
abiotic stresses. In plant rhizosphere allelochemicals exuded improve nutrient 
acquisition through the processes of solublization; biological nitrification; chelation 
and selected retention. In this chapter, application of the allelopathic phenomenon 
in crop production is discussed and his roller in managing agricultural pests and 
improving the productivity of agricultural systems. It was found that allelochemi-
cals promote plant growth and production at low concentration; however it can 
suppress the growth if applied at high concentrations, for that can be used allelo-
pathic compounds for weed control by used high concentrations of plant residues or 
aqueous extracts of plant.

Keywords: allelopathy, weed control, crop production, allelochemicals

1. Introduction

Productivity is a good indicator of the conditions suitable, since it reflects 
directly changes in the quality of soil. The main target of soil management for agri-
culture is to create favorable conditions for good crop growth, seed germination, 
plant development, and good harvest. Increased yield of crops associate with good 
field management practices through increase soil fertility, crop nutrition, weed 
control, insect and diseases management.

Population increasing in world is a threat to agricultural sustainability and food 
security for this reason we need to increase crops productive to solve multiple issues 
in modern agriculture by crop rotations, cover crops, intercropping, mulching, plant 
residue and aqueous extracts of plant pest management, stress mitigation, and growth 
enhancement in crop production all these can be due to allelopathic application.

Allelopathy is an important mechanism of plant by the release of plant-produced 
secondary metabolites or decomposition products of microbes to environment. 
Allelopathy plays a role main in natural ecosystems, that found many of mechanism 



Agricultural Development in Asia - Potential Use of Nano-Materials and Nano-Technology

98

to released allelochemicals into the soil rhizosphere that: volatilization, residues 
decomposition, and root exudation and leaching [1]. Allelochemicals affects is an 
inhibitory or stimulatory of several roles ecological of these chemicals compound, 
including plant defense, nutrient chelation, and regulation of soil microorganism, 
all that depend to concentration of that allelochemicals [2].

In more studies found that allelochemical aqueous extracts application at lower 
concentrations stimulates germination and growth of many crops and enhancement 
productivity of crop [3, 4].

Role inhibitory of allelochemicals is well explored that previously was only 
dimension are known from allelopathy. Directly and indirectly role for allelopathy 
has been used for weed management by biological control [5]. Aslam et al. [6] 
presented a contemporary synthesis of the existing data that how allelopathy can be 
exploited: (a) to biologically control of insects, and disease, (b) enhance of quality 
of soil by adding decomposition of crop plants residues as nutrients and improve-
ment soil as microbes environment, (c) crop diversification increase by reducing 
the weeds and pests infestation, (d) to develop biological pesticides from crop 
plants with a novel mode of action, (e) confer abiotic stresses tolerance (Table 1).

Impartment of this study lies in use of allelopathic compounds as a bio stimu-
lants for growth at low concentration, and biological control at high concentration.

Study aims to use allelopathic phenomena in:

1. Biologically control of insects, disease and weeds.

2. Enhance of quality of soil by adding decomposition of crop plants residues as 
nutrients and improvement soil as microbes environment.

3. Increased yield of crops through increase soil fertility, crop nutrition, weed 
control, insect and diseases management.

2. Allelopathy phenomenon and its effect on agricultural production

Through a comprehensive review of many research carried out in the field of 
allelopathy, we notice that it has doubled several times, by physiologists, plant, soil, 
weeds and natural product chemists.

Studies mainly on allelopathy involve study extracts effect obtained from  
various plant parts (stem, root, seeds, and leaves) appear them be the most impor-
tant source of phytotoxicity compounds in plants [8].

Studies have indicated the presence of many crops that demonstrated the 
allelopathic effort in other crops that accompany them in the field or track them in 

Allelopathic source Insect-pest/pathogen 
suppressed

Percent control Reference

Neem (Azadirachta 
indica)

Corcyra cephalonica 26.0 Batish et al. [7]

Tomato (Lycopersicon 
esculentum)

Flower thrip (Taeniothrips 
sjostedti Trybom)

32.0 Batish et al. [7]

Hot pepper (Capsicum 
unnuum)

Pod borer (Heliothis 
armigera Hb.)

54.0 Batish et al. [7]

Table 1. 
Insect-pests and disease control through allelopathy.
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agriculture, through the release of allelopathic compounds into the environment 
through leaching and root excudates, and the decomposition of plant residues by 
microbiology decomposition as well as by volatilization method [9].

These compounds have inhibitory and stimulating effects on plants and micro-
organisms and through their effect on many vital activities, noting that the effects 
of allelopathic compounds depend on their nature and concentration, as some 
compounds cause inhibitory effects on seed germination and growth, while other 
compounds cause stimulating effects.

The results of [10] showed that the plant residues of the sunflower Helianthus 
annuus L. within different growth stages (seedling, elongation, flowering, and 
maturity) caused a reduction in the germination and growth of wheat varieties 
Triticum aestivum L. and two varieties Helianthus annuus L., and that the flowering 
stage had a clear allelopathic effect of the tested species compared with the rest of 
the stages.

In another study, the two researchers indicated that adding tomato and rice resi-
dues to the soil caused inhibition of growth and some of the yield traits of varieties 
of wheat growing in soils added to rice residues, while tomato residues caused an 
increase in these traits.

In crop mixtures, amount of allelochemicals released effects by ecosystems 
depend on the environmental factors (temperature, water and level of soil nutrient), 
planting practices and crop species [11].

Continued emergence of additional information about the mechanisms of influ-
ence of allelopathic compounds in terms of selectivity, secretion, persistence, and 
genetic regulation mechanisms pose a constant challenge to plant scientists with the 
need to develop modern strategies that would enhance the protection of biological 
diversity [12].

2.1 Roles of allelopathy in plant biodiversity and sustainable agriculture

Released allelopathic compounds from plants that might be detrimental or 
beneficial to the growth of receptor plants. These compounds are involved in the 
environmental complex of managed or natural ecosystems.

Important role play that allelopathic compounds in the plant diversity determi-
nation, dominance, succession, and natural vegetation and productivity of plant 
in the agroecosystems. One of impartment reason decrease of crop productivity 
overuse of synthetic herbicide often environmental hazards, nutrient deficiency, an 
imbalance of soil microorganisms, and causes change in properties of soil physico-
chemical [13].

Plant residues released phenolic compounds present in soil are considered to be 
one of the main factors to allelopathic effects for plants growing .

Advantageous of Intercropping systems are they can provide higher crop yield 
and diversity with fewer related to pests and weeds than monocultures, systems 
plant interactions in between crops and weeds and intercropped crop species are 
still not well understood.

Modern agriculture is dominated by intensive monocultures, which causes the 
loss of biodiversity and ecological functions [11]. Biodiversity of an ecosystem 
maintains ecological services such as nutrient cycling, tolerance to pest occurrences 
and disease outbreaks [14].

Diversification of Agricultural contains agricultural practices that use prin-
ciples of ecological to increase the productivity and agroecosystems [15]. Number 
of studies on diversification of agricultural such as agroforestry and intercrop-
ping (use of two or more crop species simultaneously) that is type of sustainable 
agriculture [16].
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Positive interactions among plants are defined as the improvement processes 
of plants to harsh environments and increase resource availabilities to species [17]. 
If selected well intercropped species can be promoted facilitative interactions 
[18]. The common types In intercropping systems are mixture are legumes and 
non-legume species combination due to the capacity of many species of family 
Leguminosae to biological nitrogen fixation (BNF) in the [19].

It is found that intercropping legumes the microbial communities can alter 
around the rhizosphere., the bacterial community structure is different in the 
rhizosphere of faba bean and wheat intercropping from that in wheat monoculture 
[20]. Microorganisms activities can change the availability of soil nutrient and 
benefit plants. He et al. [21] have found that rhizobial communities are changes by 
intercropping maize with chickpea and soybean.

Alrababah et al. [22] found that interactions between crops and trees is neces-
sary for producing crops and conserving forests especially within the threatened 
Mediterranean forest ecosystems, study explored the allelopathic effects of green 
and senescent leaf and soil extracts of two agroforestry trees Pinus and Quercus on 
the germination of wheat, barley, lentil, chickpea, and fababean as the major grain 
crops of Jordan. Results showed reduced seed germination of all crops.

2.2 Allelopathy and weed management

Important role can be allelopathy plays in agro-ecosystems that leading to a wide 
range of influences and interactions in a biotic communities. Allelopathy can be 
effects on plants including microorganisms direct or indirect effect, by released of 
natural products in to environment [1].

Crop allelopathic properties can be make one species more persistent to a native 
species. Therefore, potentially of these crops may be harmful to both naturalized as 
well as agricultural settings. While on other side, allelopathic crops provide strong 
potential for the development of cultivars that are more highly weed suppressive in 
managed settings [23].

In agro ecosystems, weeds compete with crop plants for resources, which reduce 
crop yield and deteriorate their quality, The most effective method of weed sup-
pression is biological control which is a natural process, environment-friendly, low 
cost, and with high public acceptance. Biological methods include the use of insects, 
fungus, bacteria, allelopathic crops, cover crops, and mulching. Legume crop such 
as velvet bean can reduce weed biomass by 68% [24].

Allelopathi is a biological phenomenon that affects neighboring plants or 
that is followed it in agriculture through the production of chemical compounds 
which is one of the main factors limiting the growth of plants, can benefit from 
this phenomenon in reducing the growth of the weeds using crops have Allopathic 
effect, the studies found many crops that possess the effect of allopathic (wheat, 
sunflower, sorghum, barley, corn) [25].

Use of chemical control is one of the economically costly methods in addition 
to causing pollution in the environment, that affecting human health and the 
ecosystem, the continuous use of chemical herbicides creates generations of weeds 
resistant to those herbicides [26] for that studies have tended to find alternatives 
that are less expensive and environmentally friendly, as well as not affecting the 
genetic makeup of weeds. That alternative is the biologic control using the alle-
lopathic compounds released from different parts of the plant, which can inhibit 
and reduce the growth of some weeds [27]. Biological control of the weeds using 
allelopathic compounds as herbicides has been widely used as a safe, useful and less 
costly method.
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2.3 Allelopathy and insect management

Allelopathy is a naturally occurring ecological phenomenon of interference 
among organisms that may be employed for managing weeds, insect pests and 
diseases in field crops. In field crops, However, according to [1] allelopathy is the 
influence of one plant on the growth of another one, including microorganisms, 
by the release of chemical compounds into the environment. These chemicals are 
usually secondary plant metabolites or by products of the principal metabolic 
pathways in plants.

Many plants have natural defense mechanism against insect pests. They utilize 
secondary metabolites for this purpose. Neem (Azadirachta indica) produces 
allelochemicals, azadrachtin, salannin and nimbin [28].

3. Allelopathy promotion plant growth

Plants Growth promotion by other plants, as well as that of microorganism 
by plants and other microorganisms, is discussed. Agro system in mixed culture 
with wheat enhances growth and yield of wheat. Soil amended with shoots of 
Solanum nigrum, enhances the soybean growth and nodulation. Growth and 
yield of several legumes are enhanced by mixed culture with Heliotropium 
peruvianum [29].

The use of biostimulants, which are defined as substances or materials other 
than nutrients and pesticides that can be used to regulate the physiological pro-
cesses in plants to stimulate their growth, Biostimulants promote plant growth and 
development throughout the crop’s life cycle, from the seed stage to mature plants, 
by improving metabolic efficiency, resulting in increased yield and enhanced crop 
quality, and facilitating nutrient assimilation, translocation, increasing nutrient use 
efficiency continues to be a major challenge for world agriculture [30].

Thereby increasing plant tolerance to and recovery from abiotic stresses,  
allelochemicals are among biostimulants.

In laboratory and field has been reported to inconsistency between plant 
growth-promoting rhizobacteria effectiveness “PGPR” that stimulate growth of 
plant and yield.

In field this inconsistency results from PGPR applications can be solved by 
improved knowledge of interplay between host and introduced PGPR inoculant in 
rhizosphere under field conditions to reduced chemical fertilizer quantity can appli-
cation of biofertilizer for maintaining threshold levels of crop productivity [31].

(PGPR) may be encourage plant growth by producing growth regulators; 
facilitating of nutrient uptake; mineralization accelerating; plant stressreduc-
ing; nodulationstimulating, providing nitrogen fixation; mycorrhizal promoting; 
suppressing plant diseases; and functioning as nematicides and insecticides. There 
are many PGPR are fluorescent pseudomonads (Pseudomonas fluorescens); and 
other bacteriaare known as well as (Bacillus sp., Azotobacter sp., Acetobacter sp., 
Azospirillum sp.).

Allelochemicals released by plants have promotory effects at low concentrations 
[32, 33]. Previous studies have elucidated the positive role of secondary metabolites, 
hormones and some other natural compounds produced by plants, in plant growth 
promotion [34].

Allelopathic effect in nutritional and ecological relevance in the soil system.
Relationship between soil characteristics and allelochemicals at two ways 

The level of phytotoxicity is affected in soil characteristic, and they are closely 
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linked to each other and effect on retention, transport and transformation pro-
cesses of allelochemicals in soil. We need to understand the interactions involved 
in soil allelopathy and to create new opportunities for a sustainable control of 
agroecosystems.

Allelopathy has offered a new alternative for the development of eco-friendly 
agricultural practices, with the dual purpose of enhancing crop productivity 
and maintaining ecosystem stability [35]. Allelopathy involves the positive or 
negative effects of a plant (donor), including microorganisms, on neighboring 
plants (targets) through the release of chemical compounds into the environment 
by (leaching, volatilization, root exudation, decomposition) Figure 1, mostly 
in the soil. According to [36], it is possible to distinguish between direct plant-
plant allelopathic interference (allelopathy in the narrow sense) and indirect 
allelopathy.

Influence of meteorological, soil and plant factors on the phytotoxicity of allelo-
chemicals in soil [37]. Meteorological and plant factors can be effect in quantity 
and quality of allelochemicals released from plant (donor). When released to soil 
system, several of soil factors may be influence retention; transport and transfor-
mation processes of allelochemicals in soil and their presence in soil solution in 
order to be absorbed by other plant (target).

Allelochemicals effects on abiotic and biotic soil processes can effect in other 
plants. Aldrich [38] described these two kinds of allelopathy as true and func-
tional allelopathy. Allelochemicals that released into soil can (1) effect directly on 
organisms, (2) can be that degraded or transformed with effect of soil microor-
ganisms, (3) a third species may be induce to produce another compound which 
interferes with donor plants and (4) cause changes to soil abiotic factors that 
affect target plants.

It is impossible to separate direct from indirect allelopathic effects in field 
conditions and to assert that direct allelopathy is solely responsible for an observed 
phenomenon in the field, because many abiotic and biotic soil factors influence 
the fate of allelochemicals. Therefore, indirect allelopathic interactions, from an 
ecological point of view, are probably more important in plant communities than 
direct ones [36].

Figure 1. 
Methods of released allelopathic compound in to environment.
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4. Conclusions

Allelopathy is an important mechanism of plant interference mediated by the 
additional phytotoxins to the environment; chemicals with allelopathic potential are 
present in virtually all plants as in most tissues. Under appropriate conditions, these 
chemicals may be released into the environment, in sufficient quantities to affect 
neighboring plants allelopathy can affect many aspects of plant ecology, including 
growth, plant succession, the structure of plant communities, dominance, diversity, 
and plant productivity.
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The Role of the Livestock Farming 
Industry in Supporting the Global 
Agricultural Industry
Muhammad Irfan Said

Abstract

The livestock farming industry is a strategic industry and has a very important 
potential for the advancement of the agricultural industry. The livestock farming 
industry is an industry that plays a role in providing protein food for most of the 
world’s population. Not only as a food provider, but also having a very large contri-
bution to the progress of agricultural cultivation in the world. The livestock indus-
try contributes part of the needs of the agricultural industry through the provision 
of environmentally friendly organic fertilizers. The integration of the livestock 
farming industry and the agricultural industry is a mutually supportive system. The 
integration of plants with livestock is basically an agricultural system character-
ized by a close relationship between plant and livestock components in a farm in 
a certain area. The bio-mass waste products from the agricultural industry can be 
used as a source of animal feed or as raw material for compost. The combination of 
the livestock industry with the agricultural industry provides enormous economic 
value for the development of the livestock and agricultural sectors. In Indonesia, the 
concept of integration between the livestock industry and the agricultural industry 
has been proven to improve the standard of living and economic status of the com-
munity. Some important materials will be discussed in more depth in this paper, 
including: (1) integration between livestock and rice, (2) integration between goats 
and cacao plants, (3) integration of livestock with oil palm, (4) integration of rumi-
nants with cassava plants, and (5) integration of cattle with horticultural crops. 
Utilization of livestock and agricultural waste can reduce environmental burdens. 
Livestock farming industrial waste in the form of manure can be combined with 
agricultural wastes. This waste can be used as raw material for organic fertilizers 
which can be used as a fertilizer provider to support the cultivation of food crops, 
horticulture and plantations. The development of livestock in an area can encour-
age farmers to fill their vacant land to be planted with forage. Guidance efforts that 
will be carried out will be oriented towards land conservation. This is done through 
the arrangement of forage planting. Therefore, this will have a positive impact on 
increasing forage production. This effort will ultimately support the improvement 
of feeding patterns, proper land arrangement and being able to reduce the rate of 
erosion. The existence of livestock will add a source of manure. This is certainly 
synonymous with increasing land fertility which can provide business opportuni-
ties in optimizing land use diversification. The role of livestock in the livestock 
industry is the main support and complement in the system of integration in the 
livestock industry-agricultural industry.

Keywords: Industry, livestock, farming, agriculture, integrated
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1. Introduction

Indonesia, is one of the countries in Asia which has a large proportion of the 
population making a living in the agricultural sector. This is due to natural condi-
tions, which mostly consist of wide expanses of land, considerable biodiversity, and 
a tropical climate. With this tropical climate, the sun’s rays can continue to shine 
throughout the year.

Based on 2019 data, the total population in Indonesia reaches 268,074,600 
people [1]. The number of farmers in Indonesia reaches 33,400,000 people or 
around 12.45% of the total population. Based on these data, as many as 8% are 
young farmers aged 20–39 years, and the rest are farmers aged >39 years. In line 
with the increasing population, of course the need for animal food consumption 
(meat) will also increase. The increasing demand for meat for the community will 
be directly proportional to the rate of demand for meat. Unfortunately, the rate of 
demand has not been supported by efforts to increase domestic beef production. 
Currently, the availability of national beef in the country is still experiencing short-
ages. Therefore, additional imported meat is needed. Based on the data, approxi-
mately 35% of the total national demand for beef has been met from the imported 
component. The availability of meat in the country is quite safe even though it has 
not been able to meet all the needs of the Indonesian population. In Indonesia, the 
largest livestock providers for meat are large livestock (cattle, buffalo, horses); 
small livestock groups (goats, sheep and pigs); poultry (broilers) and various 
livestock groups (rabbits, quails and pigeons). In 2019, the livestock population for 
producing meat from large livestock groups amounted to 16,930,000 heads (cattle); 
1,134,000 head (buffalo) and 375,000 head (horse). Meanwhile, the population of 
small livestock groups is 18,463,000 heads (goats); 17,834,000 head (sheep); 8521 
head (pigs). Potential sources of meat obtained from the group of poultry (broilers) 
amounted to: 3,169,805,000 heads. In addition to the potential for producing meat, 
the potential of livestock as a producer of milk also has a very important role. This 
potential is obtained from the dairy farming business. The population of dairy cows 
in Indonesia reaches 565,000 heads. In addition, the potential for egg-producing 
livestock is obtained from poultry with the respective population for native chick-
ens (301,761,000 heads); laying hens (263,918,000 head); ducks (47,783,000) and 
muscovy ducks (9446) [2].

The livestock sub-sector is one of the most important and strategic sub-sectors. 
This role is particularly in the process of meeting the needs of food sources of 
protein for the community. The demand for food from livestock in Indonesia con-
tinues to increase. On average, the consumption of animal protein in the Indonesian 
population is still low (<4 g/capita/day). The income elasticity of the demand for 
livestock products is relatively high. Meanwhile, the fulfillment of the need for beef 
is lower than the amount needed. This condition is an opportunity as well as a chal-
lenge for prospective breeders and livestock industry entrepreneurs.

In an effort to meet the needs of animal protein for the entire population, the 
role of the livestock sub-sector as a provider is very urgent. The need for animal 
protein is obtained from meat, milk and eggs. The availability of domestic meat has 
not been able to be fulfilled as a whole. Therefore, efforts to import meat are still an 
alternative. For milk and egg products, the needs of the people in the country are 
still relatively sufficient.

In 2020, meat production in Indonesia will reach 425,978 tons. In 2021, it is esti-
mated that the demand for meat will increase significantly to reach 696,956 tons. 
Apart from domestic production, there is still a remaining supply of imported beef 
and buffalo as well as live cattle which are equivalent to meat. The amount of meat 
reached 47,836 tons, so that the total meat stock reached 473,814 tons [3].
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Improvements in livestock governance need to be carefully planned. Fulfilling 
the needs of livestock and improving management is expected to increase livestock 
productivity. This effort can be made through the application of the concept of 
integration between the livestock industry and the agricultural industry.

The concept of an integrated farming system (IFS) is one that has been imple-
mented since ancient times. This concept is characterized by the close relationship 
between the agricultural industry and the livestock industry. In principle, this 
system will ensure the realization of a sustainable agricultural system. Based on the 
history of agriculture, the integrated farming system has been abandoned since the 
end of World War II. By this time, specialized farming systems and monocultures 
had developed rapidly. This system has received full support, especially in rela-
tion to the uncontrolled use of chemical fertilizers, the use of herbicides to control 
weeds, as well as the use of pesticides and fungicides in controlling pests and plant 
diseases. In addition, the application of modern agricultural tools has also replaced 
traditional farming systems.

In general, these changes in agricultural practice patterns have indeed suc-
ceeded in significantly increasing yields and productivity of agricultural businesses. 
However, in the long term, this practice does not show a sustainable effort and ends 
with a decrease in land quality, an increase in the process of land and water pollu-
tion, the emergence of certain variants of pests and plant diseases.

As an agricultural country, the population in Indonesia has utilized most of the 
natural resources of its life to meet their daily needs. Agricultural products are a 
basic need and fundamental for the continuity of human life. Agricultural prod-
ucts referred to are products from the activities of the agricultural industry itself, 
plantations, livestock and fisheries.

2. Integration of cattle with rice plants

Replace Rice (Oryza sativa L) is one of the most important cultivated plants in 
the history of human civilization. Rice is thought to have originated from India or 
Indochina and entered Indonesia by ancestors who migrated from mainland Asia 
around 1500 BC [4].

Several countries in Asia are rice producers such as China (28% of total world 
production). Then followed by India (21%), and Indonesia (9%). However, only 
a small proportion of world rice production is traded between countries (only 5% 
-6% of total world production). Thailand is a major rice exporting country (26% 
of the world’s total traded rice). Next followed by Vietnam (15%) and the United 
States (11%). Indonesia is one of the rice importing countries (14% of the world’s 
traded rice) as well as Bangladesh (4%) and Brazil (3%) [5].

Rice plants are one of the staple foods for most of the population in several 
countries in Asia, including Indonesia. The use of rice as a staple food has been 
going on for hundreds of years. Currently, almost 90% of rice production has been 
produced and consumed by the occupation countries in Asia. This is certainly a 
sign that the efforts made by humans to increase rice production are uncertain. 
One of the reasons is that the world’s population will continue to grow at a rate of 
1.3% per year. It is estimated that in 2025 the world’s population is estimated to 
reach 8.3 billion [6].

Based on data, in Indonesia, the population in 2010 has reached 237.56 million 
people. To meet these needs, the need for rice has reached 33.06 million tons/
year, assuming 139 kg/capita/year. Related to the increase in the population which 
reached 241 million in 2011, the government has targeted rice production to be 
68.59 million tons of milled dry rice (MDR) or the equivalent of 38.57 million tons 
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of rice. This figure increased by 2.1 million tons of MDR or 3.2% compared to the 
target of rice production in 2010 [7].

Apart from rice, the commodity of meat is quite important. In the last 10 years, 
the development of the livestock sub-sector has shown tangible results, especially 
its contribution to gross domestic product (GDP). Total consumption of meat, 
eggs, and milk each increased by 7.6%; 5.22%; and 0.92%. However, the increase in 
consumption has not been matched by an increase in production, especially beef, 
whose population has even decreased to 4.1%/year [8]. To meet domestic demand 
for meat, part of this need must be imported. The demand for beef in 2014 refers to 
the consumption of meat per capita which has increased from 2013 of 2.2 kg/year 
to 2.36 kg/year. Meanwhile, the fulfillment of beef consumption originating from 
imported products is only 58,280 tons or 9.8 percent of feeder cattle amounting to 
34,970 tons or equivalent to 175,407 head, while in the form of meat is 23,100 tons. 
To provide local meat needs in 2014, a cattle population of 19.7 million heads is 
needed, while for beef cattle, 17.6 million must be available, higher than the beef 
cattle population in 2013 of 16.8 million tons [9].

The beef self-sufficiency program has been launched since 2005 and is targeted 
to be achieved in 2010, but in reality it has not been achieved. Therefore, the 
government is re-targeting a new self-sufficiency and finally achieved in 2014. 
The concept of beef self-sufficiency is certainly not impossible to achieve if there 
is seriousness from all parties to develop domestic beef cattle agribusiness. Market 
potential and supporting resources should be an opportunity for the development 
of beef cattle with a comparative and competitive advantage in both local and 
export markets [10].

The cattle population in Indonesia can grow because the business is quite pro-
spective. This is evident from the growing business of cattle fattening in a number 
of regions and the Organic Fertilizer Processing Unit (OFPU) Program since 2011. 
The farmer groups are given a number of cows and then the farmers process cow 
dung into compost. There are farmer groups that are able to develop cow dung and 
urine production as the main business, while cattle fattening is a side business. The 
sale of cow dung and urine provides an income of IDR 22,000/head/day, while the 
purchase of feed is only IDR 7000/head/day. The average compost price at OFPU 
ranges from IDR 600–750/kg [11].

The rice-livestock integration system (RLIS) has become part of the farm-
ing culture in Indonesia. This system is able to utilize local resources, namely 
by-products in the form of straw and bran, and livestock manure efficiently. The 
main characteristic of RLIS is that there is a link between plants and livestock, for 
example rice crop waste (straw) is used as animal feed, and vice versa, livestock 
manure can be used as organic fertilizer to meet plant nutrient requirements [12]. 
Therefore, the RLIS assessment program was initiated in conjunction with the rice 
paddy integrated crop management (ICM) assessment program. The ICM recom-
mends the use of organic materials as one of the main components. Organic fertiliz-
ers are needed to increase rice yields, improve soil physical and chemical properties 
[13], and suppress the use of inorganic fertilizers [14]. Excessive use of nitrogen and 
continuous application of P fertilizer in some rice fields can damage the nutrient 
balance in the soil. The reduced content of organic matter in agricultural land in 
Indonesia today shows the need for efforts to increase the quality of soil organic 
matter content by two times to restore normal soil health conditions [15]. Nurawan 
et al. [16] stated that organic fertilizers can increase rice yield by 0.9 ton/ha com-
pared to without organic fertilizers.

The RLIS provides benefits to farmers, namely cow manure and agricultural by-
products in the form of straw and bran. Utilization of waste from livestock manure 
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has not been optimal. It can be used as organic fertilizer to increase soil fertility or 
can be sold as a source of additional income. The available agricultural waste can be 
used as a source of quality feed so as to reduce the cost of providing feed [17]. The 
RLIS pattern is a solution to feeding problems. This pattern can strengthen food 
security through processing agricultural waste into high nutritional value feed and 
can meet the needs of cattle. In general, RLIS is one solution to achieve food secu-
rity, independence and sovereignty.

The application of RLIS in several regions in Indonesia has had a significant 
effect on increasing farmers’ income. The application of an integrated farming 
system encourages an increase in farmers’ income. An overview of the benefits 
obtained through the implementation of an integrated farming system in Indonesia 
at 3 different provincial locations is presented in Table 1.

Based on the data in Table 1, it can be seen that the benefits of rice and livestock 
farming which are managed in an integrated manner will be able to provide higher 
profits than only in partial form. Farming that is done partially means farming that 
is only done singly (rice plants), while integrated farming means farming that com-
bines rice plants with livestock. The straw waste generated from the rice cultivation 
business is then fermented and given to livestock. In Central Java Province, farming 
which is carried out in an integrated manner is able to provide a profit of 15.86% 
higher than that which is carried out partially. The same thing also happened to two 
other provinces, Bali Province and West Nusa Tenggara (NTB) Province at 29.19% 
and 27.72%, respectively. Another advantage can be seen in the component of the 
benefit cost ratio (BCR), which on average is higher in regions that implement 

Partial Integrated

Description Rice Cattle Total Rice Cattle Total

1. Jawa Tengah Province

a. Revenue 6368 4232 10,600 6754 4527 11,281

b. Profit 2958 397 3355 3324 574 3887

(12.37) (44.58) (15.86)

c.  Benefit Cost 
Ratio (BCR)

1.87 1.12 1.47 1.96 1.17 1.57

2. Bali Province

a. Revenue 6666 5051 11,717 7246 5315 11,281

b. Profit 3283 146 3429 4019 411 4430

(22.42) (181.5) (29.19)

c.  Benefit Cost 
Ratio (BCR)

1.97 1.07 1.45 2.25 1.22 1.86

3. Nusa Tenggara Barat (NTB) Province

a. Revenue 5203 4497 9700 5360 4723 10,083

b. Profit 1843 329 2172 2207 567 2774

(19.75) (72.34) (27.72)

c.  Benefit Cost 
Ratio (BCR)

1.55 1.16 1.34 1.70 1.30 1.50

Table 1. 
Comparison of Revenue and Profits from Farming through the Application of the Rice–Livestock Integration 
System (RLIS) in 3 (three) Provinces in Indonesia [18].
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an integrated system respectively (1.57; 1.86 and 1.50) than partially (1.47; 1.45 
and 1.34) for the three study areas. A higher BCR value indicates that an area that 
implements an integrated system has a high effectiveness in the use of inputs or 
production costs. Based on the aspect of market demand, there is a tendency for 
consumers to be more dominant in choosing organic agricultural products (using 
organic fertilizers and free of pesticides). This is probably due to considerations of 
health factors, although at a relatively higher price.

Based on the data in Table 1, the first assumption used is the cost of fertilizers. 
For farming that is managed in an integrated manner, the cost of fertilizer used 
is only around IDR 500,000-600,000/Ha. On the other hand, partially farming 
requires fertilizer costs ranging from IDR 621,000-733,000/ha. The use of organic 
fertilizers from livestock waste in integrated farming can save fertilizer costs by 
around 18.14–19.48% or around 8.8 percent of the total cost. The second assump-
tion is the cost of feed. An integrated livestock business, rice crop waste in the form 
of straw can be used as feed. The cost required is only IDR 410,000-889,000/head, 
while partial farming (without hay feed) costs IDR. 735,000-1,377,000/head. 
Therefore, this cost can be assumed that farming businesses that utilize agricul-
tural waste can save labor costs by 35.44–44.22% or around 5.26–6.38 percent of 
the total cost of livestock farming.

Since independence, Indonesia has not been able to meet food needs from its 
own production. Therefore, importing several foodstuffs must be an option. The 
food sovereignty program is one solution to reduce the rate of imports of food 
products [19]. The food sovereignty program is able to reverse the concept of 
modernization into things that are back to basic or back to nature by prioritizing 
production for the fulfillment and sustainability of local food and local markets 
through the provision of agricultural production inputs that utilize local wisdom 
and are environmentally friendly [20]. One thing that needs to be known is that the 
main principles and problems that arise in the food production process are self-
reliance and self-sufficiency. As an effort to achieve self-sufficiency in food produc-
tion, of course, an economic democracy is needed. For the government, they must 
take redistribution actions. Special parties such as the government must ensure the 
people’s livelihoods and income by providing capital equitably in the agricultural 
sector. Matters related to the food production program, must rely on efforts to 
mobilize the largest portion of small-scale food producers. It is focused on marginal 
food producing sectors, providing access to resources such as land, water, seeds and 
livestock [21].

It is known that, Indonesia has absolute advantages (comparative and com-
petitive) in building food independence and sovereignty. Of course, this potential 
has been characterized by several things, such as: (1) Indonesia is characterized 
by being on the equator with a tropical climate and a very conducive sunlight 
intensity for agricultural production; (2) availability of land and water so that it 
is not a limiting factor which is quite worrying; (3) availability of living natural 
resources accompanied by local food diversity; (4) advances in food production 
technology, including those that have developed in Asia; and (5) the government’s 
15 million ha perennial agricultural land program has not been implemented 
properly [17].

Food sovereignty and food self-sufficiency programs always require a strong 
food security. This includes food availability, accessibility, price stability, utiliza-
tion, quality, and safety [22]. As an effort to create food sovereignty, the govern-
ment needs to make efforts to protect its farmers. In addition, the government 
always encourages farmers to be ready to compete with food corporations. Of 
course, this will have a negative impact on farmers. A state subsidies program by 
protecting trade and providing adequate subsidies to farmers must be implemented. 
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The government must allocate an adequate subsidy budget. The percentage of the 
food subsidy budget must be greater than gross domestic products (GDP) [23].

One alternative strategy that is quite prospective in building food independence 
and sovereignty is to utilize local resources that are supported by agriculture-based 
industries, soft credit schemes, and infrastructure development in rural areas. This 
is predicted to be able to create a market for primary agricultural production and 
new jobs in rural areas [17].

The concept of integration of the livestock industry with the agricultural indus-
try, especially rice, can be seen from their respective roles. The role of livestock 
(beef cattle) in the rice cultivation process acts as a land processor by generating 
energy. Livestock waste in the form of manure released during the soil processing 
process will be decomposed so that it can fertilize the hardened soil due to the use 
of very intensive chemical fertilizers. In his calculations, an adult cow can produce 
approximately 8–10 kg of manure per day which can be processed into 4–5 kg of 
compost/day [24].

Liquid waste from livestock in the form of urine is collected from livestock dis-
posal. Then stored in a plastic drum, processed with additional ingredients which 
are then deposited. Liquid fertilizer from urine can be used to fertilize rice plants 
through leaf spraying techniques. Organic fertilizers from feces and urine are much 
desired by consumers, but the amount is still very limited [25].

The existence and role of livestock waste has not completely replaced the posi-
tion of chemical fertilizers, however, the deficiency of several nutrient compounds 
in chemical fertilizers can at least be complemented by organic fertilizers from 
livestock manure [26]. The cattle culture management system which is carried out 
intensively by considering the aspects of feed (concentrate and fermented rice 
straw), collective cage management, and animal health can increase the average 
daily gain (ADG) of 0.89 kg/head/day during the fattening period. This value 
is higher than the farmer method which is only 0.29 kg/head/day. The resulting 
ADG increased by about 0.6 kg/head/day (67.42%), so that it was able to produce 
ADG from 0.29 to 0.89 kg/day. The process of fattening cattle is not only for 
achieving high ADG values, however, how can cattle use rice straw as agricultural 
waste which has not been optimally used. This of course will be able to reduce 
farmers’ expenses from production costs and most importantly environmentally 
friendly [27].

The level of livestock productivity is influenced by at least 70% from environ-
mental factors, and the remaining 30% is genetic factors. Feed (up to 60%) is one 
of the environmental factors that play the biggest role in productivity. Based on 
this, it can be said that, although livestock have prime genetic potential, but not 
supported by quality and available feed, livestock productivity will be difficult 
to achieve. The important role and contribution of the rice plant business in the 
management of cattle feed is the presence of agricultural waste in the form of rice 
straw (whether or not fermented). However, rice straw that does not undergo a 
fermentation process, of course, cannot be fully digested by livestock. This is caused 
by the high lignin and hemicellulose compounds in the straw waste [28].

The biodegradation process of lignin compounds in straw aims to remove lignin, 
increase the digestibility of cellulose so that the quality of straw as animal feed 
will increase. The use of TLiD and BOpR bacterial isolates is able to degrade lignin 
and organochlorin (lignolytic). These isolates are specific for growth on rice straw. 
Application of TLiD and BOpR isolates in the fermentation process of rice straw can 
reduce the lignin content of rice straw up to 100% on the 7th day of fermentation 
and increase the crude protein of rice straw. High degradation efficiency of isolates 
where lignin degradation is higher than cellulose [29]. Processed agricultural waste 
(by-product) has a protein content of 12% higher than grass protein content of 
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around 9%. The palatability of processed feed is better because it contains molasses 
and pikuten (commercial minerals) [30].

Rice plant waste in the form of straw needs to be utilized optimally. The straw 
burning activity will reduce the nutrients contained in it. The straw that is stored 
in the land without fermentation is very difficult to be bound by soil particles. 
Therefore, this waste requires special attention so that its quality can be improved. 
Compost processing from straw can be done in two ways, namely: 1) stacked and 
turned and 2) stacked with ventilation without turning. The decomposition process 
can be accelerated by using a decomposer in the form of microorganisms. Several 
commercial decomposers are known to contain several kinds of microbes, for 
example M-Dec products containing Trichoderma harzianum, Aspergillus sp., and 
Trametes sp. Orgadec products contain Trichoderma pseudokoningi, and Cytophaga 
sp. EM-4 products contain photosynthetic bacteria, lactic acid, actinomycetes, 
yeast, and fermented fungi [31].

Probion product is a type of animal feed additive that can be used directly as a 
concentrate feed mixture to improve the quality of rice straw through the fermenta-
tion process. Probion’s product is a consortium of microbes from ruminants that 
have been enriched with essential minerals for microbial growth needs. Ripe com-
post is characterized by a temperature that is already constant (40–50°C), crumbs, 
and has a dark brown color. The compost obtained is ± 500 kg with C-organic 
quality >12%, C/N ratio 15–25%, 40–50% moisture content, and light brown-black 
color [32].

Rice straw as agricultural waste has abundant potential, but has not been 
utilized optimally as cattle feed. One of the obstacles is the high crude fiber content, 
but very low protein content and digestibility. The use of straw directly or as single 
feed for livestock certainly cannot meet the nutritional value needed by livestock 
during the production process [33]. Utilization of straw waste from rice plants as 
animal feed is one of the efforts in realizing an integrated system of rice plants 
with livestock. A complete description of the integration model was presented in 
Figure 1.

The nutritional content of straw can be increased through the fermentation 
process using probiotics as a bio-degradation. The fermented straw has a protein 
content that almost matches the quality of elephant grass. The fermented straw 
should be stored as soon as possible in a dry place so that its quality and quality are 
maintained. The potential of straw as animal feed is able to streamline the labor 

Figure 1. 
Utilization of straw waste as animal feed to support the integration of rice plants with cattle. Source: https://
banjarmasin.tribunnews.com/2015/09/02/peternak-ganti-rumput-dengan-jerami.
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that farmers have to prepare to find grass. In fact, the results of the study show that 
providing agricultural straw waste to livestock by adding microbes and urea has 
been shown to improve livestock productivity [34]. Rice plants will produce straw 
as a by-product. In each hectare, rice fields will produce fresh straw waste of 12–15 
tonnes/ha/season. Furthermore, waste that has gone through the fermentation 
process will produce 5–8 tons/ha which can be used to meet the feed needs of 2–3 
cows/year [14].

The use of microbes in the straw fermentation process is very effective in 
improving the quality of the straw. The nutritional composition of rice straw that 
has been fermented using a Starbio starter as much as 0.06% of the weight of rice 
straw generally shows an increase in quality compared to unfermented rice straw. 
The fermentation process is able to increase the crude protein content of rice straw 
from 4.23% to 8.14% which is then followed by a decrease in crude fiber content. 
These results indicate that, Starbio starter is a proteolytic microbe that can produce 
enzymes to break down proteins into polypeptides which then become simple 
peptides. The application of microbial starter was able to reduce the rice straw cell 
wall content from 73.41% to 66.14%. The lignocellulose and hemicellulose bonds of 
rice straw will be released during the fermentation process. The activity of ligno-
lytic microbes in the microbial starter helps to break down the lignocellulose bonds 
so that cellulose and lignin can be released from these bonds by the activity of the 
lignase enzyme. The decrease in cellulose and lignin content during fermentation 
is one proof that these bacteria are working well. Lignin compounds in straw are 
a physical barrier that can inhibit the digestibility of enzymes in plant tissue. In 
addition, lignin binds closely to hemicellulose. The decrease in cell wall content 
indicates that the process of breaking down cellulose cell walls has occurred so that 
the feed will be more easily digested by livestock [35]. The fermentation results 
can increase the nutritional level of the straw Thus, the increase in live weight of 
livestock can increase very significantly. Cattle that are given additional feed such 
as straw and probiotics are able to give a live weight gain of 0.56–0.68 kg/head/day 
higher than the control [36].

One type of waste produced from the rice processing is bran. This bran consists 
of a layer of aleurone and a small portion of endosperm, pericarp, pigment, and 
germ [37]. The amount of bran that can be produced is as much as 8–10% of the 
weight of milled rice, so that its availability is quite abundant. Rice bran contains 
dry ingredients as much as 88.30%; crude fiber 15.30%; ash 9.90%, 10.10% crude 
protein, 4.90% crude fat, and 48.10% BETN [36]. Bran is a source of carbohydrates 
that are easily available and very effective in improving the quality of fermentation 
in rice straw [38]. Giving rice bran and Bioplas probiotics to pregnant cows of local 
cattle can increase the body weight of the cows by about 0.5 kg/head/day and can 
increase the birth weight of the calves by about 10.5 kg compared to the control 
8.9 kg. Feed consumption has increased by about 5.2 kg. In addition, giving bioplas 
bran and probiotics to cows could re-estrus after 62 days after giving birth com-
pared to controls about 85 days after giving birth [39].

Utilization of solid waste (manure) and liquid (urine) in cattle cultivation 
as organic fertilizer is expected to be used as a source of additional income for 
breeders. In addition, it can improve the fertility of agricultural land. The intro-
duction of technology for the integration of livestock with rice plants was able to 
increase farmers’ income by IDR 34,488,800, − higher than traditional technol-
ogy of IDR 22,903,200, − Based on the results of the R/C ratio analysis, the value 
was 6, higher than the traditional pattern with R/C ratio of 4, so it is feasible to be 
cultivated by farmers. Rice farming which is integrated with cattle is an efficient 
and effective farming for improving the farming income of the people by select-
ing narrow land in rural areas. Farming with rice-cattle integration pattern can 
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increase farmers’ income by 70% on rice scale farming with 5 ha of plant area and 
cattle ownership of 20 heads [25].

The development of cattle using the RLIS method in several potential areas 
has a positive impact on increasing the domestic cattle population. The result is 
expected to be able to be self-sufficient in meat. This program aims to maintain 
the balance of local livestock stocks as highly valuable germplasm. In addition, it is 
also aimed at reducing the need for meat imports which have been very difficult to 
stem due to the high domestic demand for meat [40]. Another positive impact that 
occurs is the ability to improve the performance of other farmer groups in terms 
of buying and selling cattle. With a pattern of planting rice 3 times/year and being 
a technical irrigation area, the straw is entirely for animal feed needs. The provi-
sion of straw for animal feed is quite high, namely 25 kg/day/head for seed cows 
and 31 kg/day/head for fattened cows. Several obstacles faced in implementing 
the RLIS pattern, namely: (1) the working mechanism of the group did not work 
well; (2) the utilization of the collective pen is not optimal at all so that the level of 
utilization of the pen facilities is still low, (3) the process of mentoring and coach-
ing is not effective because the position of the cattle cannot be kept in one collective 
pen. As a result, the existing livestock will be scattered according to the domicile 
position of the breeders. Another obstacle faced is that the transportation process 
from the compost location to the fields is still burdensome. On the other hand, the 
use of manure by group farmers is not yet entrenched. This requires socialization so 
that available manure can be utilized [41].

The RLIS program was initiated in conjunction with the ICM program. In addi-
tion, the development of the RLIS needs to be carried out through a farmer group 
approach to facilitate agricultural extension, adoption of rice-livestock technology, 
and government assistance channels. The advantage of the rice-livestock integra-
tion pattern is the use of potential plant waste as a source of animal feed, utilizing 
livestock manure as manure, creating new jobs in rural areas, and increasing com-
munity participation in realizing agribusiness that is competitive, environmentally 
friendly, and independent. Obstacles to SIPT in realizing food security include the 
working mechanism of farmer groups that has not been running well, the use of 
collective cages has not been optimal, the process of mentoring and coaching has 
not been effective because the location of livestock is scattered, the use of manure 
has not become a culture among rice farmers, and the implementation of RLIS is 
carried out throughout province and no clear progress. Future improvements in 
RLIS should be focused on areas of production centers so that they are large-scale 
and have a significant impact on population growth and livestock productivity. 
The processing of livestock waste is close to the rice planting location to minimize 
transportation costs so as to create zero waste and a good integrated farming system 
to realize food sovereignty [42].

Rice-livestock integration technology can improve additional income for farmers 
in a condition of synergy. Utilization of farm input from sources has been available 
optimally. Products produced during the rice production process have been inte-
grated with cattle fattening, including straw and feed which have economic value. 
Cow manure is used through the recycling process into biogas. Worms and organic 
fertilizers are used for fertilizing plants, while livestock waste is used to fertilize fish 
ponds. Paddy fields, in addition to the main products of rice, also produce bran and 
straw which can be used as animal feed. In this case, all waste, both livestock and 
plants, has added value and does not pollute the environment.

The RLIS in the agricultural system is a very important strategy to realize 
environmentally friendly farming, the welfare of farmers and rural communities. 
RLIS is one of the government’s programs to realize food sovereignty which has 
become the right of all Indonesian people to obtain food that is healthy, sufficient, 
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and easily accessible for survival. The principle of RLIS is farming that applies the 
concept of zero waste by utilizing local resources, namely rice straw, bran, and 
livestock manure efficiently. The potential for agricultural by-product (by-product) 
in the form of straw is very abundant, but it has not been used as cattle feed for 
cattle. The nutritional value of straw can be increased through probiotic fermenta-
tion and almost matches the quality of elephant grass. The technology of processing 
livestock manure into compost is an alternative solution to environmental problems 
that can solve critical rice field problems. The integration of cattle and rice farming 
is an efficient and effective farming for improving the farming income of the people 
with narrow land ownership in rural areas.

3. Integration of goats with cocoa plants

The availability of agricultural land as the main capital for farming tends to 
decline from year to year. This is due to the rapid development of the population 
and changes in regional spatial patterns. As an impact, the production system 
changes. This will also have an impact on declining farming businesses.

Another problem that arises is the decrease in soil productivity. This is caused by 
soil erosion and nutrient leaching. The major impact that may occur is the increas-
ing costs and dependence on external inputs (chemicals and energy). In addition, 
there is an increasing threat of agrochemical residues to food quality and safety due 
to the increasing activity of water pollution (fertilizers and pesticides).

The potential for the development of the estate sub-sector to support the devel-
opment of modern livestock businesses as a source of feed is developed through 
various systems. The integration pattern of livestock and plantation products in the 
form of utilization of staple crop waste and intercropping waste is very interesting 
to be developed.

In the last 2 decades, the development of cocoa cultivation has developed rapidly. 
Plantation statistics show that in 1997, in Indonesia, the land area for plantations 
was 529,057 ha. However, in 2015 the land area had reached 1,722,315 with produc-
tion reaching 760,429 tons. Indonesia ranks as the 3rd largest cocoa bean producing 
country after Pantai Gading and Ghana. These three countries have contributed 
more than 70% of the world’s cocoa needs. In Indonesia, the cocoa plantation indus-
try is spread across various provinces, such as South Sulawesi, Southeast Sulawesi, 
West Sulawesi and Central Sulawesi. Cocoa is one of the main plantation commodi-
ties in Indonesia, which ranks as the third largest source of non-oil and gas foreign 
exchange after rubber and palm oil commodities. Most of the cocoa farmers support 
their families from this commodity. However, there were significant problems. The 
productivity of the cocoa plant is still very low (650 kg/ha/year). Farmers sell their 
produce in the form of cocoa beans in the form of dry beans. In addition, farmers 
also cultivate cocoa only in monoculture form and do not make efforts to diversify 
products, so that farmers’ income is very minimal. On the other hand, the produc-
tion costs for cocoa cultivation are getting bigger, especially in meeting the needs for 
fertilizers and pesticides [43].

Livestock farming that has been widely developed by rural communities is goats. 
Indonesia is one of the countries with a tropical climate, has a climate type suitable 
for the development of goats, extensive land and forage production that is far from 
sufficient to raise 100 million goats or 10 times the current population of goats. On 
the other hand, domestic marketing of goats has reached a saturation point. The 
amount of supply of goat meat is greater than the amount of demand.

One of the problems faced by goat breeders is the availability of feed which is 
quite far from the location of the pen. So far, livestock feed has been obtained from 
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the forest edge. There is no planting of animal feed. Forage crops are allowed to 
grow wild without any maintenance. The livestock feed is further away from the 
village or location of the goat pen. As a result, 1 farmer is only able to raise 2–3 goats 
on average.

As an effort to develop the population of ruminants (goats), it is no longer pos-
sible to rely solely on grass or grazing sources. Land for growing feed is increasingly 
limited. On the other hand, the potential for alternative feed sources for ruminants 
(goats) is very large, especially fiber feed sources. The potential for fiber feed can 
come from the by-product of the agricultural and plantation industries. The use of 
agricultural/plantation byproducts as feed ingredients is a wise action to create food 
security based on local resources and help reduce environmental pollution [44].

Based on these problems, of course we need a system that can support mutually 
beneficial synergy. It is hoped that this pattern and system will provide benefits 
to both parties. One possible synergy pattern that can be done is the integration 
pattern between goat livestock and the cocoa plantation industry. Steps that must 
be taken in anticipating a sustainable farming system are diversification (multi-
commodity) farming. One of them is implementing the integrated farming model 
of plants and livestock. This is one of the alternatives in carrying out business 
efficiency on a relatively fixed land area, but it can increase business productivity. 
This activity will provide added value from various business sectors that support 
each other. Integrated agriculture (crop-livestock integration) is an agricultural 
system characterized by a close relationship between plant and livestock compo-
nents in a farm or within an area. One of the characteristics of this relationship 
is the existence of various resources such as forages, plant residues, and organic 
fertilizers produced by livestock in a production process. The most important 
thing that needs to be understood from the concept of crop-livestock integration 
is its ability to stop agricultural practices that destroy land resources and reduce 
agricultural productivity. The impact of these activities is that farmers can slowly 
escape poverty.

Due to the large population with a growth rate of around 1.5% and the increas-
ing elasticity of demand for livestock production, of course, the need for ruminant 
livestock production (meat, milk and skin) will also increase. In recent years, the 
number of imports of live livestock and frozen meat along with milk and skins has 
increased to meet domestic demand. Therefore, the level of economic disparity 
between domestic demand and production capacity will increase. The domestic 
market will certainly be the target of producing countries. This can happen if there 
are no serious efforts to increase domestic production.

The potential for ruminant livestock development can be integrated with 
various types of plants, fish and forests. Therefore, if this potential can be utilized, 
the shortage of domestic supply can be met. The excess production can then be 
exported. Most of the breeders are rice field farmers, garden workers, cultivators 
and fishermen. Therefore, the combination of livestock business activities with 
other farming activities can increase business efficiency. The competitiveness of the 
products will also experience a very significant increase [45].

The system of integration of crops and livestock in the Sahel, Africa has been 
carried out in everyday life by farmers [46]. Farmers have considered climate 
risks, economic factors and livestock health. Although the integration pattern has 
its drawbacks, however, they can anticipate through various strategies based on 
livestock mobilization as well as regulation or diversification of activities.

In Indonesia, the cocoa plantation industry is dominated by smallholder planta-
tions. Cocoa farmers usually use the waste of cocoa pod husks and forage from 
protective plants (gamal and lamtoro) as feed for goat farming. Cocoa pod husk 
waste is always available because cocoa pods on smallholder plantations can be 
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harvested almost all year round. Meanwhile, with the correct intervals and cutting 
methods, forage from gamal and lamtoro plants as cover crops in cocoa plantations 
is also a readily available feed ingredient. However, these activities have not been 
managed optimally and efficiently.

Goat farming with a cage system in the cocoa plantation area will produce solid 
material in the form of goat manure. This material comes from goat manure and 
can be used directly in plantation areas. This will spur an increase in production and 
productivity of cocoa plants in each hectare. In fact, this can certainly reduce the 
costs incurred by farmers to meet the needs of production facilities such as chemical 
fertilizers. In addition, goats that are grazed in the cocoa plantation area will utilize 
grass and weeds around the cocoa trees. This of course will greatly save the use of 
pesticide costs and the cost of maintaining the garden. Farmers do not need to look 
for food because the plantation area has grass and waste from cocoa plants such as 
cocoa shells. This waste can be used by goats as animal feed. Thus, the daily activi-
ties of farmers looking for grass can be diverted to other activities that are more 
useful. The model for implementing the integration of cocoa plants with goats is 
clearly presented in Figure 2.

Cocoa pod husk (CPH) has the potential as an alternative feed source for rumi-
nants. The potential for CPH in Indonesia is quite large, both in terms of quantity 
and quality. The availability of CPH during the harvest season is very large and able 
to meet the needs of 635,305 livestock units per year. The husks as a source of fiber 
feed can replace grass. CPH contains crude protein 6.80–13.78%; neutral deter-
gent fiber (NDF) 55.30–73.90% and acid detergent fiber (ADF) 38.31–58.98%. In 
addition, CPH also contains anti-nutritional compounds, including lignin, tannins 
and theobromine. In an effort to optimize the potential of CPH as feed, processing 
is needed to increase nutrient value and digestibility, reduce the content of anti-
nutritional compounds so that the negative effects of antinutrient compounds can 
be minimized and extend shelf life. Through a system of integrating plants with 
livestock, environmentally friendly agriculture can be developed, agricultural 
systems can run sustainably, optimal use of resources, human health status will be 
improved and maintained, the environment will be protected and foodstuffs will 
be fulfilled. Goats get their feed from parts of the cocoa plant (pruned cocoa leaves, 

Figure 2. 
Utilization of cocoa waste as animal feed to support the integration of cocoa plants with goats. Source: https://
dpkp.jogjaprov.go.id/baca/Pemanfaatan+Limbah+Kakao+Untuk+Pakan+Ternak+Mendukung+Integrasi+Ka
kao-Ternak/190221/e84ce4d623c0e94ef3b54c3d9ec9d7dd1313653ca54a3e8aef9b95204b6ce0e9280.
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husks and leaves from pruned protective plants such as Gliricidia or Lamtoro. Based 
on their nutritional content, feed ingredients (Gliricidia or Lamtoro) are quality 
feed ingredients. Crude protein content of the CPH are around 10% while forages 
from Gamal and Lamtoro are more than 20% [47].

4. Integration of cattle with palm plants

The low productivity of cattle has forced the government to import, especially 
heifers. This of course raises concerns on the part of the government. Total imports 
of heifers reached 800,000 head and frozen meat equivalent to 781,117 head of 
cattle. The total national population of beef cattle in 2016 reached 15.4 million 
heads [48].

The beef cattle rearing system is generally still done conventionally. Sources 
of forage are obtained from grazing land. This feed is a mainstay of breeders as a 
source of forage, so that the productivity of cattle is low. The oil palm plantation 
industry is an industry that can be integrated with the livestock industry, especially 
related to beef cattle cultivation. In Indonesia, local beef cattle has a number of 
advantages. One of the advantages is the ability to consume high fiber feed such 
as forages and concentrates in large quantities [49]. An illustration of a model that 
integrates cattle with palm plantations was presented in Figure 3.

Types of feed with high fiber content are also available in the palm oil industry. 
Several by-products from the oil palm plantation industry can be used as cattle feed. 
The land area is directly proportional to the potential use of the oil palm plantation 
industry by-products. The wider land will increase the use of by-products from the 
plantation industry. in 1 ha of oil palm land will be able to accommodate 3–5 adult 
cows [50].

The amount of waste from the oil palm plantation industry in the form of fronds 
and leaves that can be obtained for every hectare of oil palm plantation reaches 
more than 2.3 tons of dry matter. This amount is obtained with the assumption that 
each oil palm tree can produce 22 fronds and fresh leaves/year. Weeds that grow in 
the form of grass around trees can also be used by cows as a source of forage [51] . 
In every hectare of industrial land for oil palm plantations, grass or weeds that grow 
around the plant can reach 3–5 tons/year. In the first 2 years of planting, legumes 
can reach 5–7 tons of dry matter/year. After that, the production will decrease 1–5 
tons/year at the age of 2–5 years [52].

Figure 3. 
A farming system model that integrates cattle with palm plants. Source: https://www.agrofarm.
co.id/2019/10/19517/.
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Several years ago, in several provinces in Indonesia, the government has initiated 
an integration concept between the livestock industry, especially cattle, and the oil 
palm plantation industry. This concept basically aims to increase meat production. 
In addition, to optimize natural resources in order to support one another. There are 
several efforts that can be made to optimize meat production including: 1) optimizing 
the use of critical land, 2) optimizing the use of alternative feed material sources and 
3) integrating the livestock industry with the plantation industry, especially oil palm 
plants. Efforts to combine the two industries are then known as LEISA (Low External 
Input Sustainable Agriculture) [53]. This concept is a symbiotic mutualism between 
livestock and plantation crops which can provide benefits to both parties. The appli-
cation of this concept includes: 1) utilizing waste from oil palm plantations in the 
form of solid waste, midrib and meal as a source of animal feed ingredients, 2) waste 
from livestock in the form of manure and waste from oil palm plants (non-feed) then 
formulated and processed into compost. The compost will later be used as organic 
fertilizer which can improve the physical, chemical and biological properties of the 
soil in the plantation area, and 3) weeds that grow wild among oil palm plants can be 
used by livestock (cows) as a source of feed so that it will improve the productivity of 
oil palm plants [54].

In the future, livestock business development activities are expected to be able to 
change the view of breeders from a production system to a livestock system with an 
optimally integrated agribusiness concept. The concept of agribusiness is a devel-
opment concept in the livestock sector which is a system and consists of several 
sub-systems, namely; (1) upstream agribusiness sub-system, namely the entire 
economic activity that produces production facilities (breeding industry and feed 
industry); (2) on-farm agribusiness, namely all activities related to livestock culti-
vation; and (3) down-stream agribusiness, namely all economic activities related to 
the processing of primary livestock commodities into processed products (livestock 
processing and marketing industries); and (4) supporting system, namely all 
activities that provide services from the three agribusiness sub-systems [55].

According to [56], the application of an integrated business system between 
cattle and the oil palm plantation industry is expected to be part of a farming 
system that can be carried out in a sustainable manner. The pattern and system of 
integrating cattle with oil palm plantations are expected to reduce the problem of 
waste from cows (manure and urine) and waste from oil palm plantation business 
activities. Efforts to use land must be based on: (1) land as a source of animal feed; 
(2) all types of land are focused as a source of animal feed; (3) The use of land for 
livestock can be interpreted as an attempt to harmonize the land use with the agri-
cultural business system. The potential for beef cattle development still needs to be 
improved through technological innovation and the implementation of the concept 
of integration of crop livestock with livestock (crop livestock system) through 
optimizing the use of agricultural waste for feed and the use of manure for organic 
fertilizer for agricultural crops.

5. Integration of ruminants with cassava plants

The livestock development program is one of the important aspects in the agri-
cultural development program, so that the role of farmers and breeders will deter-
mine the success of this development. In an effort to meet these expectations, the 
main challenge facing the livestock sector today is how to produce livestock prod-
ucts that are highly competitive in terms of quality, quantity, variety and price. This 
can be done by optimizing the use of local feed so that domestic and global market 
needs can be met. In Indonesia, both the potential and available land for expansion 
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of agricultural areas are still quite large. However, this requires caution because the 
need for land use for agriculture and non-agriculture is currently increasing. The 
impact that occurs is of course the existence of competition in land use.

Based on data, Indonesia is the second largest cassava producing country with a 
production of 24 million tons after Nigeria country (52.4 million tons) [55]. In 2011, 
cassava production in Indonesia has reached 24 million tons, which is produced 
from a harvest area of   around 1.2 million hectares of land with a productivity of 20 
tons/ha [57]. This production results in cassava being the second largest production 
after rice (65 million tons) [58]. The development of cassava growth over the last 
10 years shows that the area of   cassava plants is relatively constant and even tends 
to decline in 2012 (−0.56%/year), however, the production has actually increased 
with a growth rate of 2.62% /year. This is due to improved productivity and shows 
an increase with an average growth rate of 3.97%/year [59].

The cassava plant (Manihot esculenta/Manihot utilisima) is a root tuber plant that 
has an elongated shape with a center line of about 2–3 cm and a length of 50–80 cm, 
depending on the type and variety. The plant consists of several parts, namely 
tubers, stems, roots, flowers and leaves. The tuber part of cassava can be used as 
an alternative feed material for livestock. The nutritional content of cassava tubers 
is more complete than grass and legumes which are often used as animal feed for 
rural communities. The integration pattern between ruminants (cattle, buffalo, 
goat and sheep) with cassava plants can benefit cassava farmers. In addition, there 
can be reciprocal relationships with breeders so as to minimize vacant land. Empty 
land can be planted with cassava plants which can also serve as land for grazing for 
livestock. However, it should be understood that the cassava plant also has several 
drawbacks. One of the disadvantages is the presence of toxic compounds in cassava 
plants in the form of cyanide acid (HCN). The presence of this compound causes 
its use in poultry to be limited. Cassava plants contain two types of cyanogenic 
glycosides, namely a type of secondary metabolite in plants in the form of deriva-
tives amino acids which are toxic. The types of cyanogenic glycosides in question 
are linamarin and small amounts of lotaustralin (methyl linamarin). Linamarin is 
rapidly hydrolyzed to glucose and acetone cyanohydrin while lotaustralin is hydro-
lyzed to cyanohydrin and glucose. Under neutral conditions, acetone cyanohydrin 
is decomposed to acetone and hydrogen cyanide. This cyanide acid causes the 
availability of the amino acid methionine in cassava to be low [60]. The content of 
cyanide acid compounds can be removed through a heating process. In addition, 
cassava plants, especially their leaves, are voluminous so they are not efficient in 
terms of transportation. Cassava is a wasteful plant in taking nutrients, so that 
many farmers are not interested in planting it.

The optimal use of cassava plants as ruminant feed can be done. One of them is 
by implementing an integration model of cassava plants with ruminant livestock 
cultivation (cattle, buffalo, goats and sheep). This model uses the principle that 
the livestock will come to the feed source. Some steps that can be taken include: (1) 
Livestock are raised around the cassava plantation. Efforts to use cassava plants in 
developing ruminant farms around or near the cassava planting area are carried 
out in the form of providing feed. This step is one way to take advantage of cassava 
plants, especially the leaves and tubers that have been rejected. The application of 
this system is carried out by raising livestock near cassava gardens which are then 
given by products from cassava plants such as leaves, rejected tubers and skin from 
the tubers. This system is quite beneficial because during the cultivation process 
of cassava plants, the manure produced by ruminants can then be used as organic 
fertilizer so that the fertility of the cassava plant land is maintained. For example, 
with the production of cassava leaves of 1.2 tons/ha, it is predicted to be able to 
meet the needs of 2 cows or buffaloes during the fattening period or the equivalent 
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of 14 small ruminants (goats/sheep). The tuber part can be processed into tapioca 
products or chips. The waste products from cassava processing (skin and tuber) can 
be used as a mixture of animal feed ingredients. (2) Livestock are placed around the 
tapioca/chips factory area.

Every day, approximately tens of tons of cassava are produced into tapioca or 
chips. Furthermore, the waste generated from the production process in the form of 
skin and tuber can be used as a mixture of animal feed ingredients. Companies can 
use the land around the tapioca factory for the development of a livestock business. 
The company will have a very big opportunity to increase livestock production so 
that the meat needs of the Indonesian people can be met. The application of an 
integrated farm system through a combination of ruminant and non-ruminant 
livestock cultivation is thought to be more effective in optimizing the use of cassava 
plants. In order for this goal to be fulfilled, efforts that can be made are to raise live-
stock around the plantation. Through this integrated farm system, non-ruminant 
livestock (poultry, pig and horse) can be prioritized to utilize dried cassava and its 
leaves as a source of energy and protein. Meanwhile, the bark, leaves and cassava 
that have been rejected are used as a source of feed for ruminants (cattle, buffalo, 
goats and sheep). The system of integration of livestock in the main cassava planta-
tion business has great opportunities and hopes because there are quite a lot of 
farmers and breeders engaged in this field.

Based on the results of economic analysis, the profit of a cassava farmer who 
owns land with an area of   1 ha is IDR 2,800,000 (assuming costs for planting a 
monoculture pattern for one growing season of 8 months). This means, the farmer 
only gets a profit of IDR 350,000 per month. This profit can be said to be inap-
propriate if used as the main business of a farmer. The value of profits obtained by 
a farmer will certainly increase if his business is integrated with livestock business 
(ruminants and/or non-ruminants). Competition in land use in the future as a con-
sequence of efforts to maintain national food security and bioenergy development 
(bio-fuel) needs to be addressed immediately. Increasing productivity (intensifica-
tion), especially on existing land, expanding the land area, and developing superior 
technological innovations are things that need to be done. Therefore, the use of 
vacant land for the development of an integrated system of plantations, agriculture 
and livestock is an appropriate and efficient innovation to do. This is an effort to 
find solutions to food security problems in Indonesia. This integration can increase 
food production in order to achieve the target food needs of the Indonesian people 
and increase the welfare of the community.

There is no doubt regarding the benefits of integrating cassava plants with 
livestock, for both farmers and breeders. The integration of plantation, agriculture 
and livestock crops is the best strategy in overcoming scarcity of resources in food 
production so that food can be fulfilled. With this integration, all agricultural 
activities can be economically profitable and ecologically sustainable. With the 
integrated pattern of plantations, agriculture and livestock, consumer demands for 
environmental sustainability, health and food safety, and the welfare of workers can 
be answered.

6. Integration of cattle with horticultural plants

Horticultural plants are one type of plant that is needed by humans to meet the 
needs of vitamins and minerals. Horticultural plants in the form of green vegetables 
have benefits as a source of vitamins and minerals that are important for fulfilling 
community nutrition. Increasing population, income and education will certainly 
affect public awareness of the importance of nutritional and health values.
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Various efforts have been made by farmers so that horticultural crops can pro-
vide maximum results. Efforts that have been implemented include: (1) the use of 
superior variety seeds; (2) regular pest and disease control; (3) proper arrangement 
of spacing patterns; (4) timeliness and harvest time and (5) proper use of fertilizers. 
The application of fertilizers to horticultural crops needs attention, especially related 
to the type, dose, method and raw material (organic or inorganic). Continuous appli-
cation of inorganic fertilizers can cause negative impacts on the environment. The 
impact that can arise is that the soil becomes solid due to the gluing effect, especially 
the type of ammonium fertilizer. The process of washing inorganic fertilizers in the 
soil can also have an effect on health when used as a source of drinking water. As an 
alternative, the use of organic fertilizers on land needs to be increased in availability 
for the balance of soil nutrients. Both types of fertilizers still need the right combina-
tion, because the availability of nutrients in organic fertilizers is not as complete as 
the nutrients in inorganic fertilizers [61]. Cow manure can reduce the cost of pro-
curing fertilizers which at the same time can reduce production costs in addition to 
preserving soil organic matter, especially in sloped plantation areas [62].

The cultivation and development of cattle raised together with horticultural 
crops does not require new land resources. Horticultural crop waste can be used as 
animal feed that has been harvested so that the need for animal feed is always avail-
able every day. Farmers can make optimal use of vacant land to increase economic 
benefits. The input resources for livestock that are quite abundant, such as forage 
between plants (grass and legumes), can be directly used as a source of animal feed 
without disturbing the productivity of horticultural crops. Meanwhile, the poten-
tial for horticultural crop waste with simple technology can be used as a mixture of 
forage for cattle. The embankment area on horticultural plantations is still empty 
so it is still possible to use it as a superior grass cultivation area. One of the models 
applied in the implementation of the integration system between cattle and horti-
cultural crops is the process of making fermented feed. The complete application of 
the model was presented in Figure 4.

With an integrated agricultural system, farmers will be more prosperous 
because there has been an increase in income. If the price of vegetables falls, the 
farmers still have other income, namely livestock. Cows can produce calves and 
fertilizer every year. Farmers who own cows use cow dung as raw material for biogas 

Figure 4. 
Utilization of vegetable waste as animal feed as a model for integrating cattle with horticultural crops. Source:: 
https://www.google.com/search?q=pemanfaatan+limbah+pasar+sebagai+pakan+sapi&tbm=isch&ved=2ahUK
Ewjp0oj_rv3vAhWMUH0KHQoIAqQQ2-cCegQIABAA&oq=pemanfaatan+limbah+pasar+sebagai+pakan+s
api&gs_lcp=CgNpbWcQA1DI6AdY4P8HYKmJCGgAcAB4AIABkQGIAawKkgEDNC44mAEAoAEBqgELZ
3dzLXdpei1pbWfAAQE&sclient=img&ei=e652YKmpF4yh9QOKkIigCg&bih=634&biw=1087&safe=strict&h
l=id#imgrc=7qM2SDvdCt3o6M.
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so they don’t need to buy gas for cooking. An overview of the comparison of the 
productivity of cattle raised without the application of an integrated system with 
cattle raised using an integrated system with horticultural crops (vegetable waste) 
was presented in Table 2.

Based on the data in Table 2, it can be seen that the comparison of cattle groups 
that do not use an integrated system (T1) has a lower average daily body weight 
(0.43 kg /day) than cattle raised in an integrated manner with horticultural crops 
(T2) (0.55 kg/day). In addition, T2 treatment also has a lower FCR value (7.69) than 
T1 (11.19). This shows that the T2 treatment group is more efficient in utilizing feed 
to produce meat than T1.

7. Conclusions

The integration model between plants and livestock or better known as inte-
grated agriculture. This model combines the activities of the livestock industry with 
the agricultural industry. This model is often called a waste-free farming pattern 
because livestock waste is used as fertilizer for crops and agricultural waste is used 
as animal feed. The interaction between livestock and plants must be comple-
mentary, supportive and mutually beneficial so as to encourage an increase in the 
efficiency of profits from their farming.
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Description Treatment

T1 T2

Initial Weight (IW) (kg) 269 270.42ns

Final Weight (FW)(kg) 318.33 333.50*

Average Daily Gain (ADG) (kg/day) 0.43 0.55*

Consumption of Dry Matter (DM)(kg/day) 4.81 4.18ns

Feed Cost Ratio (FCR) 11.19 7.69*

Note: T1 = 100% of grass + rice bran (1 kg/head/day); T2 = 50% of grass + 50% of vegetable waste + rice bran  
(1 kg/head/day).
*Different superscripts on the same line indicate a marked difference.
ns=no significant

Table 2. 
Comparison of cattle productivity without the application of an integrated system (T1) with the application 
of an integrated system with horticultural crops (vegetable waste) (T2) at Antapan village, Baturiti district, 
Tabanan regency, Bali Province, Indonesia.
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