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Preface

In the coming years, the agricultural sector will face a challenge to feed an increasingly
growing human population while simultaneously facing the need to avoid additional defor‐
estation and land degradation. This challenge requires the sustainable intensification of un‐
derperforming agricultural systems that can cope with climate change. With a current
production of ~ 700 Mt, wheat is the third largest crop globally and an essential source of
calories in human diets. Wheat will remain a crucial component of human nutrition, and
increasing its production is therefore an important requirement for food security. Global fer‐
tilizer and pesticide use has increased significantly during the last decades leading to an in‐
crease in wheat yields in many countries. Yet, approximately 70% more wheat could still be
produced if the cropland already under cultivation met its current climatic potential, which
can mainly be achieved through improved fertilization and irrigation. A large geographic
variation in wheat yields across similar climates points to sizeable yield gaps in many na‐
tions and indicates a regionally variable flexibility to increase wheat production. Climate
change will alter growing conditions and thus impact future wheat production and manage‐
ment opportunities for sustainable intensification. Wheat is expected to be especially sensi‐
tive to rising temperature since it has been among the crops most affected in an already
changing climate. Warming is likely to reduce wheat yields due to a shorter grain filling
period caused by a more rapid development. On the other hand, increased growth rates
during winter or a shift of the grain filling period into a wetter part of the season may result
in rising wheat yields in some regions. In addition, precipitation is expected to become an
important driver for crop production in many regions, such as in South and West Asia.

The purpose of the book Global Wheat Production is an attempt to present a comprehensive
picture of the importance of wheat production globally. The book is designed to cater to the
needs of researchers, technologists, policy makers, and undergraduates and postgraduate
students studying sustainable crop production and crop protection. Libraries in all universi‐
ties and research establishments where agricultural and agronomical sciences are studied
and taught should have multiple copies of this valuable book on their shelves. The book
comprises 12 chapters. We are thankful to all authors who contributed their valuable chap‐
ters to this book. We are also extremely grateful to Ms. Romina Skomersic (Publishing Proc‐
ess Manager) of InTech for helping us to publish the book in an excellent form in the
shortest possible time. We owe our sincere thanks and irreparable gratitude to our families
whose consistent encouragement and love have been a tremendous impetus for the comple‐
tion of this book.

Dr. Shah Fahad, Dr. Abdul Basir and Mr. Muhammad Adnan
Agriculture Department
The University of Swabi

Swabi Kyhber Paktunkhwa, Pakistan
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Abstract

Phosphorus (P) is one of the most vital nutrient needed for crop production. Phosphorus 
plays an important role in root growth and builds resistance against abiotic stresses. In the 
current study two wheat cultivars (phosphorus responsive) were planted to study the treat-
ment effects in polythene bags. The treatments were 5 different levels of P (P0 = 0.2 g/bag, 
P60 = 0.4 g/bag, P80 = 0.53 g/bag, P100 = 0.66 g/bag and P120 = 0.8 g/bag) and three water regimes. 
The data regarding root length, shoot length, root-shoot ratio and yield parameters were 
collected and analyzed. Among both the genotypes, NARC-2009 performed well compared 
to Sehar-06. The highest dry matter and yield were obtained under P100 compared to other 
treatments. With the increased phosphorus root and shoot length increased linearly up-to 
P100 while afterward it starts decreasing. The results lead to conclusion that optimum dose 
of phosphorus could be used to increase root growth and establishment under water stress.

Keywords: phosphorus, abiotic stresses, dry matter, root growth and root establishment

1. Introduction

Root signaling is the response of the plant roots on different stimuli like soil structure, soil 
nutrients, different chemicals and stress conditions. Root apical meristems are the major sites 
for different types of activities in response to changes related to roots. Root growth defines 
the extent to which plant explores soil for water and mineral nutrients. Root systems of indi-
vidual crop plants may encounter large variations in mechanical impedance to root penetra-
tion [1]. Root architecture is a highly plastic and environmentally responsive trait that enables 
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plants to counteract nutrient scarcities with different forging strategies [2]. Root-specific traits 
such as root system architecture, sensing of edaphic stress and root-to-shoot communication 
can be exploited to improve resource capture (water and nutrients) and plant development 
under water-limited conditions [3].

The uptake of nutrients depends upon both the supply of available nutrients in the rooting 
media and the root system [4]. The ability of plants to respond appropriately to nutrient avail-
ability is of fundamental importance for their adaptation to the environment. Nutrients such 
as nitrate, phosphate, sulfate and iron act as signals that can be perceived. These signals trig-
ger molecular mechanisms that modify cell division and cell differentiation processes within 
the root and have a profound impact on root system architecture. Important developmental 
processes, such as root-hair formation, primary root growth and lateral root formation, are 
particularly sensitive to changes in the internal and external concentration of nutrients [5]. 
There is no doubt that differences occur in response to mineral nutrition both among species 
and cultivars, that is, genotypes belonging to the same species.

Phosphorus plays a vital role in crop production and is involved in energy transfer in plants. 
Carbon dioxide fixation by plants is not possible without phosphorus. Many plant physi-
ological functions such as utilization of sugars, starch, photosynthesis, energy storage and 
transfer are dependent on phosphorus. It is also a constituent of cell nucleus and is essential 
for cell division and development of meristematic tissues [6]. Phosphorus has been reported 
to increase the strength of cereal straw, resist abiotic stresses, stimulate root development, 
promote flowering, fruit production, and formation of seed and hasten maturity of the crops 
[7]. Phosphorus utilization efficiency can be improved by mixing it with farm yard manure to 
increase the yield of wheat. Farm yard manure mixed with single superphosphate in 1:2 ratio 
increases phosphorus efficiency significantly [8]. It would be advantageous if we select, screen 
or improve plants for higher capacity to adapt to mineral stresses. This approach is beneficial 
in developing countries like Pakistan where capital input resources are limited. Farmers in 
these countries require nutrient efficient crop cultivars which perform better or do something 
better than other cultivars when given a considerable amount of mineral nutrient.

Cereals are facing acute problem of drought and temperature stress [9]. Low water availability 
is the major environmental factor which limits crop productivity. Root is the place where plants 
first encounter drought stress, it is likely that roots may be able to sense and respond to stress con-
dition. Drought stress is the most common adverse environmental condition that can seriously 
reduce crop productivity [10, 11]. The mechanism of drought tolerance and breeding for drought-
resistant crop plants has been major goal of plant biologists and crop breeders. Significant prog-
ress has been made in understanding root growth under drought stress. However, there has been 
no genetically defined drought-adaptive response in root development. But inhibition of lateral 
root development is a typical adaptive response of roots to drought stress. Despite the lack of 
understanding of drought tolerance mechanisms, physiological and molecular biological studies 
have documented several plant responses to drought stress [12].

Lack of sufficient water is the most important factor affecting world agriculture. Thus, increas-
ing the efficiency of water and nutrient use is essential in order to improve yield whilst mini-
mizing damage to the environment [13–18]. Plant depends upon the capacity of roots to obtain 
water and nutrients from the soil. The root respiration, carbohydrates allocation (root: shoot 
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ratio) and grain yield are closely related to soil water status. Reductions in root respiration and 
root biomass under severe soil drying can improve drought tolerant wheat growth and physio-
logical activity during soil drying and improve grain yield, and hence should be advantageous 
over a drought sensitive cultivar in arid regions. Therefore objectives of the study were (i) to 
examine the effect of phosphorus on root signaling of wheat and (ii) to determine the effect of 
water stress on root signaling. The hypothesis, therefore made, was that there is a significant 
relationship present between wheat roots and P and also between root and drought stress.

2. Root signaling

2.1. Phosphorus and root signaling

Among all essential plant nutrients, phosphorus (P) is the second most abundantly required 
nutrient element after nitrogen and is an important constituent of many structural compo-
nents of the plants [19, 20]. In agricultural ecosystems, it determines the soil quality with 
respect to its production capacity [21]. Being scarce and non-renewable natural resource [22] 
which is under the threat of rapid depletion as a result of intensive mining across the world 
more emphasis is being given to increase P use efficiency in soil for successful and sustainable 
crop production. A field experiment was conducted over 2 years to study the ameliorating 
effects of P on wheat yield, root cation exchange capacity (CEC) and on different doses of 
P. Phosphorus was applied as single superphosphate. The application of P increased the root 
CEC of wheat up to bloom stage only whereas nutrient concentration, uptake and grain and 
straw yield were found to increase up to maturity [23]. The capacity of plant roots to increase 
their carboxylate exudation at low plant phosphorus (P) status is an adaptation to acquire 
sufficient P at low soil P availability. Root mass ratio decreased with increasing P supply for 
Triticum aestivum L. [24]. An experiment was set up to make a critical assessment of the role of 
organic P in soil solution in the nutrition of wheat plants under sterile conditions. Phosphorus 
supply had a positive effect on dry matter and P concentration of the plants. Acid phospha-
tase secretion by plant roots was 5–11 times higher in organic P treatments than in the inor-
ganic P treatments. It was hypothesized that plants secrete phosphatases in response to the 
presence of organic P in soil solution and organic P might be responsible for the increase in P 
influx to wheat plants [25].

Root-soil contact is an important factor for uptake of a less mobile soil nutrient such as phos-
phorus (P) by crop plants. Root hairs can substantially increase root-soil contact. Identification 
of crop cultivars with more and longer root hairs can, therefore, be useful for increasing P 
uptake in low input agriculture. The variation in root hair parameters of the cultivars was 
related to quantity of P depleted from rhizosphere. These results showed that the variation 
in root hairs of cereal cultivars can be considerable and it can play a significant role in P 
acquisition, especially in low-P soils [26]. A field trial was conducted to investigate main mor-
phological and physiological changes of different wheat landraces to low-P stress at the stage 
of seedling. P-deficiency significantly decreased root volume, total leaf area, and plant dry 
weight, but greatly increased density of root hairs and root top ratio. In addition, P-deficiency 
induced the significant enhancement of phosphorus utilization efficiency and the amount of 
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ratio) and grain yield are closely related to soil water status. Reductions in root respiration and 
root biomass under severe soil drying can improve drought tolerant wheat growth and physio-
logical activity during soil drying and improve grain yield, and hence should be advantageous 
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2. Root signaling
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proline, malondialdehyde, acid phosphatase, peroxidase and superoxide dismutase (SOD), 
but the significant reduction of P uptake and soluble protein content. The results based on 
the correlation analysis showed that the economic yield of wheat landraces had relationships 
with their morphological and physiological characteristics under P-deficiency [27].

2.2. Drought and root signaling

Effect of drought on the growth and yield of wheat were investigated. Drought during grain 
filling further decreased yields. Plots with a lower plant density demonstrated a smaller 
decrease in yield due to drought. There was a significant positive linear relationship between 
the number of shoots per plant and nodal root axes per plant. There appeared to be a differ-
ence between cultivars in root system architecture, and in their response to drought, but these 
differences were not reflected in grain yield [28]. Drought-induced loss in crop yield prob-
ably exceeds losses from all other causes, since both the severity and duration of the stress 
are critical. Drought stress reduces leaf size, stem extension and root proliferation, disturbs 
plant water relations and reduces water-use efficiency. Plants display a variety of physiological 
and biochemical responses at cellular and whole-organism levels towards prevailing drought 
stress, thus making it a complex phenomenon. Plants display a range of mechanisms to with-
stand drought stress. The major mechanisms include curtailed water loss by increased diffu-
sive resistance, enhanced water uptake with prolific and deep root systems and its efficient use, 
and smaller and succulent leaves to reduce the transpirational loss. At molecular levels several 
drought-responsive genes and transcription factors have been identified, such as the dehydra-
tion-responsive element-binding gene, aquaporin, late embryogenesis abundant proteins and 
dehydrins. Plant growth substances such as salicylic acid, auxins, gibberellins, cytokinin and 
abscisic acid modulate the plant responses towards drought. Polyamines, citrulline and several 
enzymes act as antioxidants and reduce the adverse effects of water deficit [29]. The possibility 
of reducing the proliferation of roots to increase yields at higher seeding rates and conserving 
the soil water at different growing stages in water-limited environments was studied. In the 
severe drought towards the end of the growing season, grain yield decreased as the seeding 
rate increased, but under the more favorable conditions the reverse was true. Averaged over 
the seeding rates, grain yield was significantly increased; grain yield and yield components 
were higher and root pruning at spring-growth stage recorded the highest water use efficiency 
[30]. The leaf net photosynthetic rate and stomatal conductance were significantly decreased 
under drought. The leaf transpiration rate was decreased by drought. The intercellular CO2 
concentration was increased under drought, while it was decreased most of the time from mid-
day to the afternoon. The leaf stomatal limitation was increased under drought [31].

Root length, root dry weight and seedling dry weight are the major traits to select for study-
ing tolerant genotypes under water stress conditions [32]. It is reported that drought affect the 
plant water status during ear formation and flowering stage. Water availability mostly affects 
growth of leaves, roots, photosynthesis and dry mater accumulation [33].

2.3. Phosphorus × drought and root signaling

Phosphorous availability is correlated with moisture conditions of the soil, because higher 
water content in soil due to frequent irrigation generally leads to a better mobility and 
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availability of P [34], which also improves the P conversion in the internal of plant [35], by 
enhancing root-shoot ratio and root elongation releasing of organic acids or protons [36] and 
phosphatases [37]. The absorbed P by plant to produce more biomass is another adaptive 
mechanism to P deficiency in soil, thus low-P also limits the yield and quality of wheat [38], 
because P can effect on photosynthesis, photo-assimilate transportation and stunt growth 
of plant [39–41]. Further, the coupling effect of water and chemical fertilizers on different 
crops or varieties have been reported by many studies, they revealed that water and nutrient 
uptake were two physiological processes that interacted with each other [42–45]. Therefore, 
soil water content and P fertilizer, and meanwhile, their interaction plays great key role for 
crop growth [46], and suitable irrigation and fertilization is the main method to increase pro-
duction. The effects of drought stress on the phosphorus (P), uptake dynamics throughout 
the growth cycle were studied. Drought stress induced sharp decreases in total P uptake at 
different developmental stages and, in particular, detrimentally affected the nutrient uptake 
capability of roots. The results suggested that plants differ in their ability to maintain nutri-
ent uptake under drought stress, and it is highly dependent on the intensity and duration 
of drought stress and the developmental stage. The decrease in total P uptake caused by 
both moderate stress and severe stress was accompanied by reduction in biomass production 
in drought-stressed tissues. The biomass allocation patterns in response to drought stress 
fluctuated strong mostly because of competitive changes in the shoot and roots at different 
stages, thus the root: shoot ratio increased at some stages and decreased at other stages. 
Severe stress induced a dramatic reduction in the harvest index, whereas moderate stress 
slightly decreased harvest index. Thus, water limitation caused lower P uptake and harvest 
index [47].

The water content and nutrient in soil are two main determinant factors to crop yield and 
quality, managements of which in field are of great importance to maintain sustainable high 
yield. The objective of the study was to measure the uptake, forms, and use efficiency of 
phosphorus in wheat under irrigation. The results indicated that P fertilizer combined with 
irrigation not only improved the activity of phosphatase in soil, but also increased P accu-
mulation in wheat, similar results was found in the grain of wheat, the content of total P 
increased significantly. The interaction between P and irrigation also significantly affected 
on the P accumulation, grain total P, grain phospholipids P, and P production efficiency [48].

3. Materials and method

Two experiments were carried out to study root signaling in response to different water 
regimes and level of phosphorus. First one was about screening of wheat genotypes for 
drought tolerance conducted in the laboratory. The sowing apparatus used was Petri dishes 
(9 cm diameter) in which 9 different varieties of wheat were sown under different level of 
PEG (polyethylene glycol) to induce stress. From these 9 varieties two varieties which gave 
better results under drought conditions were selected. These two varieties were further sown 
in the second experiment which was conducted in a polythene bags (2.5 feet long, 10 cm diam-
eter). In the second experiment eight treatments were applied which were replicated thrice. 
The detail of both the experiments is given as under.
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PEG (polyethylene glycol) to induce stress. From these 9 varieties two varieties which gave 
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3.1. Experiment # 1

Lab experiment was conducted at PMAS-Arid Agriculture University Rawalpindi. Nine 
wheat varieties were selected namely, Sehar-06, Wafaq-2001, Freed-06, Dhurabi, NARC-09, 
NARC-11, Lasani-08, Bars-09 and Punjab-11. Thirty seeds were randomly selected from each 
variety and were sterilized with ethanol solution. PEG6000 solution was prepared at three 
different concentrations viz; 12.5 g/250 ml (−0.50 bars) (PEG−0.50), 25 g/250 ml (−1.48 bars) 
(PEG−1.48) and 37.5 g/250 ml (−2.95 bars) (PEG−2.95). The sterilized seeds of the above men-
tioned nine varieties were placed in the Petri dishes on the filter papers soaked with the 
above mentioned solutions of PEG. The sowing was done on 23rd October 2013. The effect 
of PEG on germination and seedling vigor traits of wheat varieties were studied to check 
which variety performed well under higher concentrations of PEG producing higher degree 
of drought.

3.1.1. Germination and seedling vigor traits (10–20 days)

Germination percentage was taken 10 days after sowing. Total number of seeds sown and the 
number of seeds germinated were counted and germination percentage was calculated. Fresh 
roots (of one plant per petri dish) were taken and were individually weighed on a weighing 
balance to get root fresh weight. After taking the fresh weight, the roots were oven dried for 
24 h at 65°C. After 24 h they were weighed on a weighing balance for measurement of root 
dry weight. Length of individual roots was measured with the help of a foot ruler. The roots 
of the plants were removed and the above root portion, that is, shoot were weight on a weigh-
ing balance for the measurement of shoot fresh weight. After taking fresh weight, the shoots 
were oven dried for 24 h at 65°C and after that they were weighed on a weighing balance for 
shoot dry weight. Root and shoot lengths were separately measured with the help of a foot 
ruler and then the ratio was taken.

3.2. Experiment # 2

From experiment # 1 two varieties (NARC-09 and Sahar-06) were selected which performed 
well under higher PEG concentrations showing their adaptation under drought conditions. 
These two varieties were then sown for further study. Equal quantity of sand (72 kg) and soil 
(72 kg) were mixed and filled in polythene bags. Phosphorus was applied to the soil prior to 
sowing. Ten seeds of selected genotypes were sown in each bag. Measured amount of water 
was added in treatments involving drought study while in phosphorus treatments water was 
applied before sowing. The experimental area was covered with polythene sheet to hinder 
the supply of water to the water treatments due to rain. The treatments includes; T1 = at field 
capacity (control), T2 = 10% below field capacity, T3 = 20% below field capacity, T4 = 0.2 g/bag 
(30 kg/ha), T5 = 0.4 g/bag (@ 60 kg/ha), T6 = 0.53 g/bag (@ 80 kg/ha), T7 = 0.66 g/bag (@ 100 kg/
ha) and T8 = 0.8 g/bag (@ 120 kg/ha). Phosphorus was applied in the form of P2O5. Number of 
replications were three, therefore, the total number of treatments were 48. The experimental 
design used was completely randomized (CRD).
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3.2.1. Crop parameters and statistical analysis

Root length was taken at three leaf, anthesis and maturity with the help of a foot ruler. Roots of 
the plant were separated from the shoot and also any soil, if present, was removed. Afterwards 
the samples were weighed on a weighing balance. Root-shoot ratio was calculated by first mea-
suring the root length and then the shoot length and then the ratio was calculated. Root fresh 
weight was measured by weighing the root samples on a weighing balance. Fresh root samples 
were oven dried for 24 h and weighed afterwards on a weighing balance. Root fresh weight 
and root dry weight are separately measured and then the ratio was calculated. Number of 
spikelets per spike was calculated of three spikes and then average was taken. Numbers of 
seeds of three spikes were counted and then its average was taken to get number of seeds per 
spike. Spikes were collected from the plants and were weighed on a weighing balance to get 
spike weight. 100 grains were separated on the seed counting tray and weight of those 100 
grains were calculated on a weighing balance. The data obtained was statistically analyzed. 
Analysis of variance (ANOVA) were used to determine means and LSD at 5% level of signifi-
cance was determined to compare means.

4. Result and discussion

4.1. Experiment # 1 (screening analysis)

Experiment 1 was conducted for screening analysis to select best wheat genotypes. Highest 
germination percentage was recorded for T2 (87.78%) followed by T1 (87.03) while lowest was 
at T4 (80.1%) (Table 1). There was 20% difference among T2 and T4. In the meanwhile, all the 
genotypes behaved differently for germination percentage. Maximum germination (96.67%) 
was recorded for genotype NARC-2009 while minimum germination percentage (76.50%) was 
recorded for genotype Dhurabi. There was 8% difference among genotype NARC-2009 and 
Dhurabi for germination percentage. The interactive effects were statistically significant at 1% 
P level. Maximum germination percentage was recorded for NARC-2009 (100%) at T1 and T2 
while minimum germination percentage was recorded for genotype BARS-09 (66.67%) under 
T1. The treatments depicted significant effect on root fresh weight of different genotypes. All 
the genotypes varied considerably for root fresh weight (RFW) (Table 2). Maximum root fresh 
weight was recorded for genotype NARC-2009 (0.12 g) while minimum root fresh weight 
was recorded for genotype Lasani-08 (0.09 g). There was 24% difference among NARC-2009 
and Lasani-08 for root fresh weight. Similarly, all the treatments differed potentially for root 
fresh weight. Maximum root fresh weight was recorded for T1 (0.11 g) while minimum root  
fresh weight was observed under T3 (0.08 g). In the same way the interactive effects for 
root fresh weight was potentially significant at 1% P level. Maximum root fresh weight was 
recoded for genotype NARC-2009 under T1 (0.14 g) followed by genotype Sehar-06 under 
T2 while minimum root fresh weight (0.06 g) was recorded for genotype Lasani-08 under 
T4. Results depicted significant variation for root length for different treatments on wheat 
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Genotypes Control PEG−0.50 PEG−1.48 PEG−2.95 Mean

Dhurabi 0.08i–n 0.10g–l 0.010e–k 0.10d–j 0.09BC

Fareed-06 0.12b–d 0.09h–m 0.08k–o 0.10b–h 0.09B

NARC-11 0.10b–h 0.10c–i 0.07l–p 0.07m–p 0.08BC

Sehar-06 0.12a–c 0.11b–d 0.10b–g 0.12ab 0.11A

Punjab-11 0.12b–d 0.09g–m 0.07n–p 0.07m–p 0.09C

Wafaq-2001 0.11b–e 0.10d–j 0.07n–p 0.06op 0.08C

NARC-2009 0.14a 0.14a 0.09f–l 0.12ab 0.12A

BARS-09 0.10b–h 0.10b–h 0.08j–m 0.09f–l 0.09B

Lasani-08 0.11b–f 0.10b–h 0.07l–p 0.06p 0.09C

Mean 0.11A 0.10B 0.08D 0.09C

LSD for G 0.00904 0.242374

LSD for T 0.006027 0.250676

LSD for G × T 0.0181 0.569639

Table 2. Root length for 9 wheat genotypes under 4 treatments (T1 = control, T2 = PEG−0.50, T3 = (PEG−1.48) and 
T4 = (PEG−2.95)).

genotypes at three leaf stage. All the treatments differed significantly for root length at three 
leaf stage (Z-13) for wheat crop (Table 3). Maximum root length recorded for T2 (10.9 cm) 

Genotypes Control PEG−0.50 PEG−1.48 PEG−2.95 Mean

Dhurabi 73.33e–g 76.67d–g 86.67a–e 73.33e–g 77.5CD

Fareed-06 80c–g 86.67a–e 83.33b–f 86.67a–e 84.17BC

NARC-11 96.67ab 93.33a–c 90a–d 73.33e–g 88.33B

Sehar-06 90a–d 80c–g 93.33a–c 93.33a–c 89.17B

Punjab-11 90a–d 93.33a–c 86.67a–e 80c–g 87.5B

Wafaq-2001 96.67ab 93.33a–c 83.33b–f 80c–g 88.33B

NARC-2009 100a 100a 93.33a–c 93.33a–c 96.67A

BARS-09 66.67g 76.67d–g 86.67a–e 76.67d–g 76.67D

Lasani-08 90a–d 90a–d 66.67g 70fg 79.17CD

Mean 87.04A 87.78A 85.56A 80.74B

LSD for G 6.7819

LSD for T 4.5213

LSD for G × T 13.564

Table 1. Germination percentage for nine wheat genotypes under four treatments (T1 = control, T2 = PEG−0.50, 
T3 = (PEG−1.48) and T4 = (PEG−2.95)).
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whereas, minimum root length recorded for T4 (9.6 cm) at three leaf stage. Meanwhile, wheat 
genotypes differed significantly for root length. Genotype NARC-2009 obtained maximum 
root length (13.9 cm) at three leaf stage however, genotype Lasani-08 obtained minimum root 
length (8.3 cm). The interactive effect G x T was highly significant at 1% P level. Maximum 
root length was recorded for Sehar-06 under T1 (14.5 cm) followed by NARC-2009 under T4 
(14.0 cm) whereas, minimum root length was recorded for Lasani-08 under T4 (4.5 cm).

Results illustrated significant difference for shoot length for different treatments on wheat 
genotypes at three leaf stage. All the treatments differed potentially for shoot length (Table 4).  
Maximum shoot length was recorded for T1 (10.8 cm) while minimum shoot length was 
recorded for T3 (7.9 cm). In the same way all the wheat genotypes varied considerably for 
shoot length. Highest shoot length was observed for NARC-2009 (11.7 cm) followed by Sehar-
06 (11.1 cm) whereas, lowest shoot length was observed for genotype Lasani-08 (8.4 cm). 
There was 29% difference among genotypes for shoot length. In the meanwhile, the interac-
tive effect was highly significant for shoot length. Highest shoot length was recorded under 
T1 for NARC-2009 (13.0 cm) while lowest shoot length was recorded under T4 for Lasani-08 
(5.6 cm). There was 56% difference among genotypes under different treatments.

All the treatments varied considerably for shoot fresh weight (Table 5). Maximum shoot fresh 
weight was recorded for T1 (0.21 g) while minimum weight was recorded for T4 (0.15 g). There 
was 27% difference among different treatments. Highest shoot fresh weight was gained by 
genotype NARC-2009 (0.23 g) while lowest shoot fresh weight gained by genotype Dhurabi 
(0.15 g). There was 35% difference among genotypes for shoot fresh weight. The interactive 
effect was significantly different under all the treatments. Highest shoot fresh weight was 

Genotypes Control PEG−0.50 PEG−1.48 PEG−2.95 Mean

Dhurabi 6.56p–r 14.20ab 8.73l–p 6.52qr 9.00EF

Fareed-06 10.97e–k 10.53f–l 11.27d–j 12.07b–i 11.21C

NARC-11 7.07n–q 8.83k–o 9.23j–n 12.5a–f 9.43DE

Sehar-06 14.54a 10.41f–l 13.29a–d 11.25d–j 12.38B

Punjab-11 12.55a–g 12.42a–i 10.39g–l 6.70o–r 10.52CD

Wafaq-2001 11.67d–i 8.95k–n 8.73l–p 7.93m–q 9.32EF

NARC-2009 12.83a–e 14.24ab 14.54a 14.04a–c 13.92A

BARS-09 9.2j–n 7.45n–q 9.9i–m 10.35h–l 9.23EF

Lasani-08 10.23h–l 11.94c–i 6.42qr 4.51r 8.28F

Mean 10.62A 10.99A 10.28AB 9.55B

LSD for G 1.0972

LSD for T 0.7315

LSD for G × T 2.1944

Table 3. Root fresh weight for 9 wheat genotypes under 4 treatments (T1 = control, T2 = PEG−0.50, T3 = (PEG−1.48) and 
T4 = (PEG−2.95)).
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whereas, minimum root length recorded for T4 (9.6 cm) at three leaf stage. Meanwhile, wheat 
genotypes differed significantly for root length. Genotype NARC-2009 obtained maximum 
root length (13.9 cm) at three leaf stage however, genotype Lasani-08 obtained minimum root 
length (8.3 cm). The interactive effect G x T was highly significant at 1% P level. Maximum 
root length was recorded for Sehar-06 under T1 (14.5 cm) followed by NARC-2009 under T4 
(14.0 cm) whereas, minimum root length was recorded for Lasani-08 under T4 (4.5 cm).

Results illustrated significant difference for shoot length for different treatments on wheat 
genotypes at three leaf stage. All the treatments differed potentially for shoot length (Table 4).  
Maximum shoot length was recorded for T1 (10.8 cm) while minimum shoot length was 
recorded for T3 (7.9 cm). In the same way all the wheat genotypes varied considerably for 
shoot length. Highest shoot length was observed for NARC-2009 (11.7 cm) followed by Sehar-
06 (11.1 cm) whereas, lowest shoot length was observed for genotype Lasani-08 (8.4 cm). 
There was 29% difference among genotypes for shoot length. In the meanwhile, the interac-
tive effect was highly significant for shoot length. Highest shoot length was recorded under 
T1 for NARC-2009 (13.0 cm) while lowest shoot length was recorded under T4 for Lasani-08 
(5.6 cm). There was 56% difference among genotypes under different treatments.

All the treatments varied considerably for shoot fresh weight (Table 5). Maximum shoot fresh 
weight was recorded for T1 (0.21 g) while minimum weight was recorded for T4 (0.15 g). There 
was 27% difference among different treatments. Highest shoot fresh weight was gained by 
genotype NARC-2009 (0.23 g) while lowest shoot fresh weight gained by genotype Dhurabi 
(0.15 g). There was 35% difference among genotypes for shoot fresh weight. The interactive 
effect was significantly different under all the treatments. Highest shoot fresh weight was 
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Genotypes Control PEG−0.50 PEG−1.48 PEG−2.95 Mean

Dhurabi 8.2j–o 8.7h–m 9.13f–l 9.63e–k 8.92BCD

Fareed-06 11.07b–e 8.53i–n 7.57l–p 9.9c–j 9.27BC

NARC-11 9.9c–j 9.8d–j 7.33m–q 6.9n–q 8.48CD

Sehar-06 11.44a–d 11b–e 10.30b–g 11.59a–c 11.08A

Punjab-11 11.04b–e 8.62h–n 6.65o–q 6.90n–q 8.30D

Wafaq-2001 10.83b–f 9.56e–k 6.62o–q 6.02pq 8.26D

NARC-2009 13.04a 13.039a 8.92g–m 11.64ab 11.66A

BARS-09 11.23b–e 10.03b–i 8.02k–o 9.03g–m 9.58B

Lasani-08 10.53b–g 9.93b–i 7.32m–q 5.62q 8.35D

Mean 10.81A 9.91B 7.98D 8.58C

LSD for G 0.8636

LSD for T 0.5757

LSD for G × T 1.7272

Table 4. Shoot length for 9 wheat genotypes under 4 treatments (T1 = control, T2 = PEG−0.50, T3 = (PEG−1.48) and 
T4 = (PEG−2.95)).

accumulated for genotype NARC-2009 under T1 and T2 (0.26 g) while minimum was accu-
mulated for Lasani-08 under T4 (0.11 g).

Genotypes Control PEG−0.50 PEG−1.48 PEG−2.95 Mean

Dhurabi 0.16i–m 0.17g–l 0.15k–o 0.12no 0.15D

Fareed-06 0.19b–i 0.17g–l 0.15k–n 0.12no 0.15D

NARC-11 0.17h–m 0.19c–j 0.15k–o 0.14l–o 0.16D

Sehar-06 0.23a–c 0.22b–d 0.20b–g 0.19b–h 0.21B

Punjab-11 0.22b–d 0.17g–l 0.13m–o 0.14l–o 0.16D

Wafaq-2001 0.21b–e 0.19d–j 0.13m–o 0.12no 0.16D

NARC-2009 0.26a 0.26a 0.18f–k 0.23ab 0.23A

BARS-09 0.12b–h 0.19b–h 0.16j–m 0.18e–k 0.18C

Lasani-08 0.21b–f 0.19b–h 0.15k–o 0.11o 0.17D

Mean 0.21A 0.20A 0.15B 0.15B

LSD for G 0.0179

LSD for T 0.012

LSD for G × T 0.0359

Table 5. Shoot fresh weight for 9 wheat genotypes under 4 treatments (T1 = control, T2 = PEG−0.50, T3 = (PEG−1.48) and 
T4 = (PEG−2.95)).
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The treatments varied statistically for shoot dry weight (Table 6). Highest shoot dry weight 
was observed under T1 (0.05 g) while minimum shoot dry weight recorded for T3 (0.04 g). 
In the same way, genotypes varied potentially for shoot dry weight. The highest shoot dry 
weight was recorded for genotype NARC-2009 (0.06 g) while, lowest shoot dry weight was 
recorded for genotype Lasani-08 (0.04 g). There was 23% difference among genotypes for 
shoot dry weight. In the meanwhile, the interactive effects differed considerably for shoot dry 
weight under all the treatments. Maximum shoot dry weight was accumulated by NARC-
2009 under T1 (0.06 g) whereas, minimum shoot dry weight was accumulated by Lasani-08 
under T4 (0.02 g).

The results depicted that there was great difference among treatments and genotypes for root 
dry weight (Table 7). Maximum root dry weight was accumulated for T4 (0.05 g) while mini-
mum root dry weight was recorded for T3 (0.04 g). Similarly, all the genotypes varied poten-
tially for root dry weight. Highest root dry weight was accumulated by genotype NARC-2009 
(0.06 g) fallowed by Sehar-06 (0.52 g) while lowest by Lasani-08 (0.04 g). In the same way, the 
interactive effect for T × G was highly significant. Maximum root dry weight was obtained 
by NARC-2009 under T4 (0.06 g) while minimum root dry weight was obtained by Lasani-08 
under T4 (0.23 g). Maximum root to shoot ratio for fresh weight calculated for T1 (1.08) while 
minimum was calculated for T3 (0.81) (Table 8). In the same way all the genotypes differed 
significantly for root to shoot ratio. Highest root to shoot ratio was calculated for Dhurabi 
(1.10) whereas, lowest was calculated for Punjab-11 (0.81). Meanwhile, the interactive effects 
were highly significant at 1% P level. Highest root to shoot ratio was calculated for NARC-11 
under T1 (1.57) while lowest for Wafaq-2001 under T4 (0.76). On the basis of screening results 
two genotypes were selected for experiment II. Genotypes NARC-2009 and Sehar-06 per-
formed better under treatment 4 so these two genotypes were selected.

Genotypes Control PEG−0.50 PEG−1.48 PEG−2.95 Mean

Dhurabi 0.06h–l 0.07d–j 0.06j–m 0.04lm 0.06C

Fareed-06 0.09d–i 0.07e–j 0.07h–l 0.04lm 0.07C

NARC-11 0.07g–k 0.08c–g 0.06j–m 0.05k–m 0.07C

Sehar-06 0.10ab 0.09bc 0.09b–d 0.09b–e 0.09A

Punjab-11 0.09b–f 0.07e–j 0.06k–m 0.06l–m 0.07BC

Wafaq-2001 0.08c–f 0.08c–h 0.06k–m 0.05lm 0.07BC

NARC-2009 0.12a 0.12a 0.08d–h 0.10ab 0.10A

BARS-09 0.08d–h 0.09c–f 0.07g–k 0.07f–k 0.08B

Lasani-08 0.08c–g 0.09c–f 0.06i–m 0.04m 0.07BC

Mean 0.09A 0.08A 0.07B 0.06B

LSD for G 0.008949

LSD for T 0.005966

LSD for G × T 0.0179

Table 6. Shoot dry weight for 9 wheat genotypes under 4 treatments (T1 = control, T2 = PEG−0.50, T3 = (PEG−1.48) and 
T4 = (PEG−2.95)).
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The treatments varied statistically for shoot dry weight (Table 6). Highest shoot dry weight 
was observed under T1 (0.05 g) while minimum shoot dry weight recorded for T3 (0.04 g). 
In the same way, genotypes varied potentially for shoot dry weight. The highest shoot dry 
weight was recorded for genotype NARC-2009 (0.06 g) while, lowest shoot dry weight was 
recorded for genotype Lasani-08 (0.04 g). There was 23% difference among genotypes for 
shoot dry weight. In the meanwhile, the interactive effects differed considerably for shoot dry 
weight under all the treatments. Maximum shoot dry weight was accumulated by NARC-
2009 under T1 (0.06 g) whereas, minimum shoot dry weight was accumulated by Lasani-08 
under T4 (0.02 g).

The results depicted that there was great difference among treatments and genotypes for root 
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4.2. Polythene bags results

4.2.1. Shoot length

NARC-2009 exhibited maximum shoot length (6.28) at three leaf stage than Sehar-06 (5.28) 
(Table 9). All the treatments showed significant difference for shoot length at three leaf stage. 
Highest shoot length was recorded for T7 (8.1 cm) followed by T6 and T8 while lowest shoot 
length shoot length was recorded for T1 (3.47). In the same way, the interactive effect was also 
found significant. Maximum shoot length was recorded for NARC-2009 under T7 (8.8 cm) fol-
lowed by NARC-2009 under T8 (8.54 cm) and Sehar-06 under T7 (8.40 cm) whereas, minimum 
shoot length was recorded for Sehar-06 under T1 (3.1 cm). NARC-2009 exhibited higher shoot 
length (63.75 cm) than Sehar-06 (54.37 cm). Meanwhile, all the treatments exhibited significant 
difference for shoot length at anthesis stage (Table 9). Highest shoot length was recorded for 
T7 (69.00 cm) followed by T8 (64.45), T5 (59.88 cm) and T6 (59.11 cm) while lowest shoot length 
was recorded by T1 (47.61 cm). In the same way, the interactive effects were varied potentially. 
Highest shoot length was recorded for NARC-2009 (71.64 cm) under T7 while lowest shoot 
length was recorded for Sehar-06 under T1 (42.88 cm). Maximum shoot length calculated for 
NARC-2009 (63.75 cm) while minimum shoot length was calculated for Sehar-06 (54.37 cm) 
(Table 9). In the meanwhile, all the treatments differed significantly for shoot length at matu-
rity stage. Highest shoot length was calculated for T7 (75.21 cm) followed by T8, T5, T4 and 
T6 while, lowest was calculated for T1 (51.89 cm). Meanwhile, the interactive effects were 
highly significant at 1% P level. Highest shoot length was calculated for NARC-2009 under 
T7 (78.08 cm) while lowest for Sehar-06 under T1 (46.74). Crop growth and development is 

Genotypes Control PEG−0.50 PEG−1.48 PEG−2.95 Mean

Dhurabi 0.04e–o 0.04f–k 0.04f–k 0.04f–k 0.04B

Fareed-06 0.05c–g 0.04f–m 0.03i–p 0.04f–k 0.04B

NARC-11 0.04f–j 0.04e–h 0.032k–p 0.03n–p 0.04B

Sehar-06 0.06a–d 0.05b–e 0.05e,f 0.06a–c 0.05A

Punjab-11 0.05c–g 0.04f–l 0.03l–p 0.03m–p 0.04B

Wafaq-2001 0.05d–g 0.04e–i 0.03m–p 0.03op 0.04B

NARC-2009 0.06a 0.06ab 0.04e–i 0.06a–c 0.06A

BARS-09 0.04e–i 0.05e–g 0.04h–n 0.04g–n 0.04B

Lasani-08 0.04e–h 0.05e–h 0.03j–p 0.02p 0.04B

Mean 0.05A 0.05A 0.04B 0.04B

LSD for G 0.00488

LSD for T 0.003254

LSD for G × T 0.009761

Table 7. Root dry weight for 9 wheat genotypes under 4 treatments (T1 = control, T2 = PEG−0.50, T3 = (PEG−1.48) and 
T4 = (PEG−2.95)).
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primarily dependent upon biotic and abiotic environment prevailing in the vicinity of plants. 
Roots are the main source of nutrients supply to the plant nutrients to the plant. Our results 
were in line with earlier work who was of the point of view that phosphorus has been reported 
to increase the strength of cereal straw, stimulate root development, promote flowering, fruit 
production, and formation of seed and hasten maturity of the crops [13]. Due to increased 
availability of P leaf area, green pigments also increased and hence the shoot length increased 
finally. Our results were supported by Zhang et al. [49] who reported that deficiency of P 
reduced photosynthetic efficiency in wheat due to reduction in leaf area expansion.

4.2.2. Root length

Both the genotypes varied considerably for root length (Table 10) at three leaf stage. Maximum 
root length was calculated for NARC-2009 (4.3 cm) whereas, minimum root length (3.6 cm) 
calculated for Sehar-06. There was 14% difference among both the genotypes. Similarly, there 
was a major difference among all the treatments. Maximum root length (4.6 cm) calculated 
for treatment T7, minimum root length (3.2 cm) calculated for treatment T1 followed by T2. 
There was 31% difference among maximum and minimum treatments for root length. The 
interactions were significant at 1% P level for root length. Highest root length was recorded 
for NARC-2009 under T7 (4.8 cm) while lowest root length recorded for Sehar-06 (2.9 cm). 
Wheat genotypes varied considerably for root length at anthesis stage (Table 10). Genotype 
NARC-2009 accumulated highest root length (43.0 cm) whereas, genotype Sehar-06 accumu-
lated lowest root length (35.3 cm). The percentage difference among both genotypes for num-
ber of seeds per spike was 18%. In the meanwhile, all the treatments varied noticeably for 

Genotypes Control PEG−0.50 PEG−1.48 PEG−2.95 Mean

Dhurabi 1.26b–d 0.62mn 1.05d–h 1.49ab 1.10A

Fareed-06 1.01d–j 0.84g–m 0.67k–n 0.83g–m 0.84C

NARC-11 1.57a 1.13c–f 0.83g–m 0.55n 1.02AB

Sehar-06 0.79i–n 1.08d–g 0.78i–n 1.03d–i 0.92BC

Punjab-11 0.88f–l 0.69k–n 0.64l–n 1.03d–i 0.81C

Wafaq-2001 0.93e–k 1.07d–h 0.76j–n 0.76j–n 0.88C

NARC-2009 1.02d–j 0.92e–k 0.62l–n 0.83g–m 0.85C

BARS-09 1.22cd 1.35a–c 0.81h–m 0.88g–m 1.06A

Lasani-08 1.03d–i 0.83g–m 1.14c–e 1.24b–d 1.06A

Mean 1.08A 0.95B 0.81C 0.96B

LSD for G 0.1294

LSD for T 0.0863

LSD for G × T 0.2588

Table 8. Shoot to root ratio for 9 wheat genotypes under 4 treatments (T1 = control, T2 = PEG−0.50, T3 = (PEG−1.48) and 
T4 = (PEG−2.95)).
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to increase the strength of cereal straw, stimulate root development, promote flowering, fruit 
production, and formation of seed and hasten maturity of the crops [13]. Due to increased 
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finally. Our results were supported by Zhang et al. [49] who reported that deficiency of P 
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root length at anthesis stage. Maximum root length was recorded for T7 (54.8 cm) followed 
by T3 (51.7 cm) whereas, minimum root length was recorded for T1 (35.13 cm) at anthesis 
stage. There was 49% difference between T7 and T1 for root length. Similarly, the interactive 
effects were highly variable at anthesis stage. Highest root length (69.2 cm) was recorded for 
NARC-2009 under T7 while lowest root length (29.9 cm) was recorded for Sehar-06 under 
T7. Both the wheat genotypes varied considerably for root length at maturity stage (Table 
10). NARC-2009 accumulated maximum root length (41.8 cm) while Sehar-06 accumulated 
minimum root length (34.3 cm). There was 18% difference among both the genotypes for root 
length accumulation. In the same way all the treatments varied significantly for root length. 
Highest root length was recorded was recorded for T7 (53.2 cm) followed by T3 (50.2 cm) 
and lowest root length was recorded for T5 (27.1 cm). There was 49% difference between 
T7 and T5. Similarly, the interactive effects were also significantly different at 1% P level for 
root length accumulation at maturity stage. Highest root length was recorded for NARC-
2009 under T7 (67.3 cm) while lowest for Sehar-06 under T8 (29.1 cm). In the stress environ-
ment the length of roots increased to ensure proper supply of nutrients to the plant body. 
Phosphorus application enhanced root length to ensure better nutrient supply to the plant 
body. Our results were in accordance with Fahad and Bano [13] who stated that nutrient 
enhanced the crop stress tolerance hence help in root elongation. It would be advantageous 
if we select, screen or improve plants for higher capacity to adapt to mineral stresses. This 
approach is beneficial in developing countries like Pakistan where capital input resources 
are limited. Farmers in these countries require nutrient efficient crop cultivars which per-
form better or do something better than other cultivars when given a considerable amount 
of mineral nutrient.

Treatments Three leaf Mean Anthesis Mean Maturity Mean

G1 G2 G1 G2 G1 G2

T1 2.5d 3.49cd 3.17C 35.1b 35.1b 35.1B 34.2b 34.2b 34.2B

T2 3.54b–d 3.71a–d 3.63BC 38.2b 39.3b 38.8B 37.2b 38.2b 37.7B

T3 3.54b–d 3.97a–c 3.75BC 40.3b 63.0a 51.7A 39.2b 61.3a 50.2A

T4 3.54b–d 4.44a–c 3.99AB 31b 32.0b 31.5B 30.1b 31.1b 30.6B

T5 3.64b–d 4.57ab 4.11AB 29.9b 25.8b 27.9B 29.1b 25.1b 27.1B

T6 3.44cd 4.44a–c 3.94AB 37.2b 41.3b 39.3B 36.2b 40.2b 38.2B

T7 4.42a–c 4.77a 4.60A 40.3b 69.2a 54.8A 39.2b 67.3a 53.2A

T8 4.02a–c 4.57ab 4.29AB 29.9b 38.2b 34.1B 29.1b 37.2b 33.1B

Mean 3.63B 4.25A 35.3B 43.0A 34.3B 41.8A

LSD for G 0.3783 5.8271 5.6636

LSD For T 0.7565 11.654 11.327

LSD for G × T 1.0699 16.482 16.019

Table 10. Root length for both genotypes at three leaf, anthesis and maturity.
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root length at anthesis stage. Maximum root length was recorded for T7 (54.8 cm) followed 
by T3 (51.7 cm) whereas, minimum root length was recorded for T1 (35.13 cm) at anthesis 
stage. There was 49% difference between T7 and T1 for root length. Similarly, the interactive 
effects were highly variable at anthesis stage. Highest root length (69.2 cm) was recorded for 
NARC-2009 under T7 while lowest root length (29.9 cm) was recorded for Sehar-06 under 
T7. Both the wheat genotypes varied considerably for root length at maturity stage (Table 
10). NARC-2009 accumulated maximum root length (41.8 cm) while Sehar-06 accumulated 
minimum root length (34.3 cm). There was 18% difference among both the genotypes for root 
length accumulation. In the same way all the treatments varied significantly for root length. 
Highest root length was recorded was recorded for T7 (53.2 cm) followed by T3 (50.2 cm) 
and lowest root length was recorded for T5 (27.1 cm). There was 49% difference between 
T7 and T5. Similarly, the interactive effects were also significantly different at 1% P level for 
root length accumulation at maturity stage. Highest root length was recorded for NARC-
2009 under T7 (67.3 cm) while lowest for Sehar-06 under T8 (29.1 cm). In the stress environ-
ment the length of roots increased to ensure proper supply of nutrients to the plant body. 
Phosphorus application enhanced root length to ensure better nutrient supply to the plant 
body. Our results were in accordance with Fahad and Bano [13] who stated that nutrient 
enhanced the crop stress tolerance hence help in root elongation. It would be advantageous 
if we select, screen or improve plants for higher capacity to adapt to mineral stresses. This 
approach is beneficial in developing countries like Pakistan where capital input resources 
are limited. Farmers in these countries require nutrient efficient crop cultivars which per-
form better or do something better than other cultivars when given a considerable amount 
of mineral nutrient.

Treatments Three leaf Mean Anthesis Mean Maturity Mean

G1 G2 G1 G2 G1 G2

T1 2.5d 3.49cd 3.17C 35.1b 35.1b 35.1B 34.2b 34.2b 34.2B

T2 3.54b–d 3.71a–d 3.63BC 38.2b 39.3b 38.8B 37.2b 38.2b 37.7B

T3 3.54b–d 3.97a–c 3.75BC 40.3b 63.0a 51.7A 39.2b 61.3a 50.2A

T4 3.54b–d 4.44a–c 3.99AB 31b 32.0b 31.5B 30.1b 31.1b 30.6B

T5 3.64b–d 4.57ab 4.11AB 29.9b 25.8b 27.9B 29.1b 25.1b 27.1B

T6 3.44cd 4.44a–c 3.94AB 37.2b 41.3b 39.3B 36.2b 40.2b 38.2B

T7 4.42a–c 4.77a 4.60A 40.3b 69.2a 54.8A 39.2b 67.3a 53.2A

T8 4.02a–c 4.57ab 4.29AB 29.9b 38.2b 34.1B 29.1b 37.2b 33.1B

Mean 3.63B 4.25A 35.3B 43.0A 34.3B 41.8A

LSD for G 0.3783 5.8271 5.6636

LSD For T 0.7565 11.654 11.327

LSD for G × T 1.0699 16.482 16.019

Table 10. Root length for both genotypes at three leaf, anthesis and maturity.
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4.2.3. Shoot dry weight

Both the genotypes differed considerably for shoot dry weight accumulation (Table 11). The 
results depicted that maximum shoot dry weight was accumulated by NARC-2009 (0.21 g) 
while minimum shoot fresh weight was accumulated by Sehar-06 (0.14 g) at three leaf stage. 
There was 32% variation among both the genotypes for shoot dry weight accumulation at 
three leaf stage. On the other hand, all the treatments exhibited significant difference for shoot 
dry weight at three leaf stage. Highest shoot dry weight was recorded for T7 (0.25 g) while 
lowest shoot dry weight was recorded by T4 (0.11 g). There was 57% difference among higher 
and lower treatments. In the same way, the interactive effects varied potentially. Highest 
shoot dry weight recorded for NARC-2009 (0.29 g) under T7 while lowest shoot dry weight 
was recorded for Sehar-06 under T4 (0.08 g). There was 61% difference among maximum and 
minimum shoot dry weights. Genotype NARC-2009 and Sehar-06 did not varied potentially 
for shoot dry weight at anthesis stage (Table 11). Whereas, all the treatments varied noticeably 
for shoot dry weight at anthesis stage. Maximum shoot dry was recorded for T7 (1.59 g) fol-
lowed by other treatments except T4 which accumulated minimum shoot dry weight (1.28 g) 
at anthesis stage. There was 19% difference between T7 and T4 for shoot dry weight at anthe-
sis. Similarly, the interactive effects were highly variable at anthesis stage. Highest shoot dry 
weight (1.66 g) was recorded for NARC-2009 under T7 while lowest shoot dry weight (1.23 g) 
was recorded for Sehar-06 under T4. There was 25% difference among highest and lowest 
shoot dry weight under all the treatments for both the genotypes. Both the genotypes did not 
differ considerably for shoot dry weight accumulation at maturity stage (Table 11). On the 
other hand, all the treatments exhibited significant difference for shoot dry weight at maturity 
stage. Maximum shoot dry weight was accumulated for T7 (2.55 g) while minimum shoot 
dry weight was recorded by T4 (2.06 g). There was 19% difference among higher and lower 

Treatments Three leaf Mean Anthesis Mean Maturity Mean

G1 G2 G1 G2 G1 G2

T1 0.08c 0.13bc 0.11C 1.30ab 1.42ab 1.36AB 2.09ab 2.28ab 2.18AB

T2 0.11c 0.17a–c 0.14BC 1.44ab 1.57ab 1.50AB 2.30ab 2.51ab 2.40AB

T3 0.14bc 0.21a–c 0.18A–C 1.3ab 1.42ab 1.36AB 2.08ab 2.27ab 2.18AB

T4 0.11c 0.17a–c 0.14BC 1.23b 1.34ab 1.29B 1.97b 2.15ab 2.06B

T5 0.14bc 0.21a–c 0.18A–C 1.28b 1.40ab 1.34AB 2.06b 2.25ab 2.15AB

T6 0.17a–c 0.25ab 0.21AB 1.31ab 1.43ab 1.37AB 2.10ab 2.29ab 2.19AB

T7 0.20a–c 0.29a 0.25A 1.52ab 1.66a 1.59A 2.44ab 2.66a 2.55A

T8 0.17a–c 0.25ab 0.21AB 1.44ab 1.57ab 1.50AB 2.30ab 2.51ab 2.40AB

Mean 0.14B 0.21A 1.35NS 1.48 2.16NS 2.37

LSD for G 0.0477 0.1321 0.2118

LSD For T 0.0954 0.2642 0.4236

LSD for G 
× T

0.1349 0.3736 0.5991

Table 11. Shoot dry weight for both genotypes at three leaf, anthesis and maturity.
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treatments. In the same way, the interactive effects varied considerably. Highest shoot dry 
weight was recorded for NARC-2009 (2.66 g) under T7 followed by all other treatments except 
Sehar-06 under T4 (1.97 g) fallowed by Sehar-06 under T5 (1.97 g). There was 26% difference 
among maximum and minimum shoot dry weights. Root signaling influence directly above 
ground biomass production. With the application of phosphorus roots were able to penetrate 
deep in the soil to provide better nutrients to the above ground parts. Our results were in 
accordance to Dewal and Pareek, [50] who stated that dry matter production increased by the 
addition of phosphorus. Similar results were also reported by Swarup and Yaduvanshi, [51] 
who concluded that fertilization of crop with phosphatic compounds resulted in enhanced 
dry matter accumulation.

4.2.4. Root dry weight

Balanced plant nutrition encourages above and below ground plant growth development. Both 
the genotypes differed considerably for root dry weight at three leaf stage (Table 12). Genotype 
NARC-2009 accumulated maximum root dry weight (0.16 g) while Sehar-06 accumulated min-
imum root dry weight (0.11 g). There was 31% difference among genotypes for root dry weight 
at three leaf stage. All the treatments were statistically varied for root dry weight at three leaf 
stage. The highest root dry weight was recorded for treatment T7 (0.195 g) while, lowest root 
dry weight was recorded for T1 (0.08 g). In the same way, the interactive effects differed con-
siderably for root dry weight under all the treatments for both genotypes at three leaf stage. 
Maximum root dry weight was accumulated by NARC-2009 under T7 (0.23 g) whereas, mini-
mum root dry weight was accumulated by Sehar-06 under T1 (0.07 g). Both the genotypes did 
not varied considerably for root dry weight at anthesis stage (Table 12). On the other hand, all 
the treatments varied noticeably for root dry weight at anthesis stage. Maximum root dry was 

Treatments Three leaf Mean Anthesis Mean Maturity Mean

G1 G2 G1 G2 G1 G2

T1 0.07c 0.09bc 0.08C 1.2ab 1.31ab 1.26AB 1.53ab 1.66ab 1.59AB

T2 0.09bc 0.13a–c 0.11BC 1.32ab 1.45ab 1.39AB 1.68ab 1.83ab 1.76AB

T3 0.11bc 0.16a–c 0.14ABC 1.2ab 1.31ab 1.25AB 1.52ab 1.66ab 1.59AB

T4 0.09bc 0.13a–c 0.11BC 1.14b 1.24ab 1.19B 1.44b 1.57ab 1.51B

T5 0.11bc 0.16a–c 0.14ABC 1.19b 1.29ab 1.24AB 1.50b 1.64ab 1.57AB

T6 0.13a–c 0.19ab 0.17AB 1.21ab 1.32ab 1.27AB 1.54ab 1.68ab 1.61AB

T7 0.16a–c 0.23a 0.19A 1.41ab 1.53a 1.47A 1.79ab 1.95a 1.87A

T8 0.13a–c 0.19ab 0.16AB 1.32ab 1.45ab 1.39AB 1.68ab 1.83ab 1.76AB

Mean 0.12B 0.16A 1.25NS 1.37 1.58NS 1.73

LSD for G 0.0368 0.122 0.1547

LSD For T 0.0736 0.2439 0.3095

LSD for G 
× T

0.1041 0.3449 0.4376

Table 12. Root dry weight for both genotypes at three leaf, anthesis and maturity.
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4.2.3. Shoot dry weight

Both the genotypes differed considerably for shoot dry weight accumulation (Table 11). The 
results depicted that maximum shoot dry weight was accumulated by NARC-2009 (0.21 g) 
while minimum shoot fresh weight was accumulated by Sehar-06 (0.14 g) at three leaf stage. 
There was 32% variation among both the genotypes for shoot dry weight accumulation at 
three leaf stage. On the other hand, all the treatments exhibited significant difference for shoot 
dry weight at three leaf stage. Highest shoot dry weight was recorded for T7 (0.25 g) while 
lowest shoot dry weight was recorded by T4 (0.11 g). There was 57% difference among higher 
and lower treatments. In the same way, the interactive effects varied potentially. Highest 
shoot dry weight recorded for NARC-2009 (0.29 g) under T7 while lowest shoot dry weight 
was recorded for Sehar-06 under T4 (0.08 g). There was 61% difference among maximum and 
minimum shoot dry weights. Genotype NARC-2009 and Sehar-06 did not varied potentially 
for shoot dry weight at anthesis stage (Table 11). Whereas, all the treatments varied noticeably 
for shoot dry weight at anthesis stage. Maximum shoot dry was recorded for T7 (1.59 g) fol-
lowed by other treatments except T4 which accumulated minimum shoot dry weight (1.28 g) 
at anthesis stage. There was 19% difference between T7 and T4 for shoot dry weight at anthe-
sis. Similarly, the interactive effects were highly variable at anthesis stage. Highest shoot dry 
weight (1.66 g) was recorded for NARC-2009 under T7 while lowest shoot dry weight (1.23 g) 
was recorded for Sehar-06 under T4. There was 25% difference among highest and lowest 
shoot dry weight under all the treatments for both the genotypes. Both the genotypes did not 
differ considerably for shoot dry weight accumulation at maturity stage (Table 11). On the 
other hand, all the treatments exhibited significant difference for shoot dry weight at maturity 
stage. Maximum shoot dry weight was accumulated for T7 (2.55 g) while minimum shoot 
dry weight was recorded by T4 (2.06 g). There was 19% difference among higher and lower 
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T2 0.11c 0.17a–c 0.14BC 1.44ab 1.57ab 1.50AB 2.30ab 2.51ab 2.40AB

T3 0.14bc 0.21a–c 0.18A–C 1.3ab 1.42ab 1.36AB 2.08ab 2.27ab 2.18AB

T4 0.11c 0.17a–c 0.14BC 1.23b 1.34ab 1.29B 1.97b 2.15ab 2.06B

T5 0.14bc 0.21a–c 0.18A–C 1.28b 1.40ab 1.34AB 2.06b 2.25ab 2.15AB

T6 0.17a–c 0.25ab 0.21AB 1.31ab 1.43ab 1.37AB 2.10ab 2.29ab 2.19AB

T7 0.20a–c 0.29a 0.25A 1.52ab 1.66a 1.59A 2.44ab 2.66a 2.55A

T8 0.17a–c 0.25ab 0.21AB 1.44ab 1.57ab 1.50AB 2.30ab 2.51ab 2.40AB

Mean 0.14B 0.21A 1.35NS 1.48 2.16NS 2.37

LSD for G 0.0477 0.1321 0.2118

LSD For T 0.0954 0.2642 0.4236

LSD for G 
× T

0.1349 0.3736 0.5991
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treatments. In the same way, the interactive effects varied considerably. Highest shoot dry 
weight was recorded for NARC-2009 (2.66 g) under T7 followed by all other treatments except 
Sehar-06 under T4 (1.97 g) fallowed by Sehar-06 under T5 (1.97 g). There was 26% difference 
among maximum and minimum shoot dry weights. Root signaling influence directly above 
ground biomass production. With the application of phosphorus roots were able to penetrate 
deep in the soil to provide better nutrients to the above ground parts. Our results were in 
accordance to Dewal and Pareek, [50] who stated that dry matter production increased by the 
addition of phosphorus. Similar results were also reported by Swarup and Yaduvanshi, [51] 
who concluded that fertilization of crop with phosphatic compounds resulted in enhanced 
dry matter accumulation.

4.2.4. Root dry weight

Balanced plant nutrition encourages above and below ground plant growth development. Both 
the genotypes differed considerably for root dry weight at three leaf stage (Table 12). Genotype 
NARC-2009 accumulated maximum root dry weight (0.16 g) while Sehar-06 accumulated min-
imum root dry weight (0.11 g). There was 31% difference among genotypes for root dry weight 
at three leaf stage. All the treatments were statistically varied for root dry weight at three leaf 
stage. The highest root dry weight was recorded for treatment T7 (0.195 g) while, lowest root 
dry weight was recorded for T1 (0.08 g). In the same way, the interactive effects differed con-
siderably for root dry weight under all the treatments for both genotypes at three leaf stage. 
Maximum root dry weight was accumulated by NARC-2009 under T7 (0.23 g) whereas, mini-
mum root dry weight was accumulated by Sehar-06 under T1 (0.07 g). Both the genotypes did 
not varied considerably for root dry weight at anthesis stage (Table 12). On the other hand, all 
the treatments varied noticeably for root dry weight at anthesis stage. Maximum root dry was 

Treatments Three leaf Mean Anthesis Mean Maturity Mean

G1 G2 G1 G2 G1 G2

T1 0.07c 0.09bc 0.08C 1.2ab 1.31ab 1.26AB 1.53ab 1.66ab 1.59AB

T2 0.09bc 0.13a–c 0.11BC 1.32ab 1.45ab 1.39AB 1.68ab 1.83ab 1.76AB

T3 0.11bc 0.16a–c 0.14ABC 1.2ab 1.31ab 1.25AB 1.52ab 1.66ab 1.59AB

T4 0.09bc 0.13a–c 0.11BC 1.14b 1.24ab 1.19B 1.44b 1.57ab 1.51B

T5 0.11bc 0.16a–c 0.14ABC 1.19b 1.29ab 1.24AB 1.50b 1.64ab 1.57AB

T6 0.13a–c 0.19ab 0.17AB 1.21ab 1.32ab 1.27AB 1.54ab 1.68ab 1.61AB

T7 0.16a–c 0.23a 0.19A 1.41ab 1.53a 1.47A 1.79ab 1.95a 1.87A

T8 0.13a–c 0.19ab 0.16AB 1.32ab 1.45ab 1.39AB 1.68ab 1.83ab 1.76AB

Mean 0.12B 0.16A 1.25NS 1.37 1.58NS 1.73

LSD for G 0.0368 0.122 0.1547

LSD For T 0.0736 0.2439 0.3095

LSD for G 
× T

0.1041 0.3449 0.4376

Table 12. Root dry weight for both genotypes at three leaf, anthesis and maturity.
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recorded for T7 (1.47 g) fallowed by other treatments except T4 which accumulated minimum 
root dry weight (1.18 g) at anthesis stage. There was 24% difference between T7 and T4 for root 
dry weight at anthesis. Similarly, the interactive effects were highly variable at anthesis stage 
for root dry weight at anthesis stage. Highest root dry weight (1.53 g) was recorded for NARC-
2009 under T7 while lowest shoot dry weight (1.14 g) was recorded for Sehar-06 under T4. 
There was 25% difference among highest and lowest root dry weight under all the treatments 
for both the genotypes. Both the genotypes were not varied potentially for root dry weight at 
maturity (Table 12). In the meanwhile, all the treatments differed significantly for root dry 
weight at maturity stage. Highest root dry weight was calculated for T7 (1.86 g cm) followed 
by all other treatments while, lowest was calculated for T4 (1.51 g). There was 19% variation 
among highest and lowest treatments for root dry weight. Meanwhile, the interactive effects 
were highly significant at 1% P level for root dry weight. Highest root dry weight was recorded 
for NARC-2009 under T7 (1.94 g) while lowest for Sehar-06 under T4 (1.44 g).

4.2.5. Root-shoot ratio

Both the genotypes were non-significant for root to shoot ratio at three leaf stage (Table 13). 
Whereas, all the treatments varied noticeably for root to shoot ratio at three leaf stage. Maximum 
root to shoot ratio recorded for T1 (0.92) while minimum root to shoot ratio calculated for T6 
(0.57) at three leaf stage. There was 38% difference between T1 and T6 for root to shoot ratio 
at three leaf stage. Similarly, the interactive effects were highly variable at three leaf stage for 
root to shoot ratio at three leaf stage. Highest root to shoot ratio (0.94) was recorded for NARC-
2009 under T1 followed by Sehar-06 under T1 (0.90) while lowest root to shoot ratio (0.54 g) 

Treatments RSRT Mean RSRA Mean RSRM Mean

G1 G2 G1 G2 G1 G2

T1 0.90a 0.95a 0.93A 0.82b 0.66c–e 0.74BC 0.73b 0.59c–e 0.66BC

T2 0.84ab 0.76bc 0.79BC 0.72b–d 0.69cd 0.71BC 0.64b–d 0.63b–d 0.63BC

T3 0.67c–f 0.65c–g 0.66DE 0.76bc 1.05a 0.91A 0.67bc 0.93a 0.81A

T4 0.84ab 0.90a 0.87AB 0.58e–h 0.48hi 0.53D 0.52e–g 0.42gh 0.47D

T5 0.69c–e 0.75b–d 0.72CD 0.55f–h 0.37i 0.46D 0.49fg 0.33h 0.41D

T6 0.54g 0.60e–g 0.57F 0.72b–d 0.61d–f 0.67C 0.64b–d 0.55d–f 0.59C

T7 0.59e–g 0.56fg 0.58EF 0.64d–g 0.96a 0.78B 0.54d–f 0.85a 0.69B

T8 0.63d–g 0.62e–g 0.63EF 0.49gh 0.55e–h 0.52D 0.44fg 0.49e–g 0.47D

Mean 0.71NS 0.72 0.66NS 0.67 0.59NS 0.6

LSD for G 0.0426 0.041 0.0368

LSD For T 0.0852 0.082 0.0737

LSD for G 
× T

0.1204 0.116 0.1042

Table 13. Root-shoot ratio for both genotypes at three leaf, anthesis and maturity.
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was recorded for Sehar-06 under T6. There was 42% difference among highest and lowest root 
dry weight under all the treatments for both the genotypes. Both the wheat genotypes did not 
varied considerably for root to shoot ratio at anthesis stage (Table 13). In the meanwhile, all the 
treatments varied significantly for root to shoot ratio at anthesis stage. Highest root to shoot 
ratio was recorded for T3 (0.90) and lowest root to shoot ratio recorded for T5 (0.46). There 
was 48% difference between T3 and T5. Similarly, the interactive effects were also significantly 
different at 1% P level for root to shoot ratio at anthesis stage. Highest root to shoot ratio was 
recorded for NARC-2009 under T3 (1.05) followed by NARC-2009 under T7 (0.96) while lowest 
for NARC-2209 under T5 (0.37). There was 48% difference among highest and lowest root dry 
weight under all the treatments for both the genotypes at anthesis stage.

Both the genotypes were not different for root to shoot ratio at maturity stage (Table 13). In 
the meanwhile, all the treatments differed significantly for root to shoot ratio at maturity stage. 
Highest root to shoot ratio was calculated for T3 (0.81) followed by all other treatments while, 
lowest was calculated for T5 (0.41). There was 49% variation among highest and lowest treat-
ments for root to shoot ratio at maturity stage. Meanwhile, the interactive effects were highly 
significant at 1% P level for root to shoot ratio. Highest root to shoot ratio was recorded for 
NARC-2009 under T3 (0.93) fallowed by NARC-2009 under T7 (0.85) while lowest for NARC-
2209 under T5 (0.33). There was 64% difference among highest and lowest root dry weight 
under all the treatments for both the genotypes at maturity stage. Root architecture is a highly 
plastic and environmentally responsive trait that enables plants to counteract nutrient scarcities 
with different forging strategies [7]. Root-specific traits such as root system architecture, sens-
ing of edaphic stress and root-to-shoot communication can be exploited to improve resource 
capture (water and nutrients) and plant development under resource-limited conditions [8].

Treatments\genotypes Sehar-06 NARC-2009 Mean

T1 8.4ab 9.1ab 8.7AB

T2 9.2ab 10.0ab 9.6AB

T3 8.3ab 9.1ab 8.7AB

T4 7.9b 8.6ab 8.2B

T5 8.2b 8.9ab 8.6AB

T6 8.4ab 9.2ab 8.8AB

T7 9.8ab 10.7a 10.2A

T8 9.2ab 10.0ab 9.6AB

Mean 8.7B 9.5A

LSD for G 0.7473

LSD for T 1.6947

LSD for G × T 2.3966

Table 14. Spike length for both genotypes at maturity.
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recorded for T7 (1.47 g) fallowed by other treatments except T4 which accumulated minimum 
root dry weight (1.18 g) at anthesis stage. There was 24% difference between T7 and T4 for root 
dry weight at anthesis. Similarly, the interactive effects were highly variable at anthesis stage 
for root dry weight at anthesis stage. Highest root dry weight (1.53 g) was recorded for NARC-
2009 under T7 while lowest shoot dry weight (1.14 g) was recorded for Sehar-06 under T4. 
There was 25% difference among highest and lowest root dry weight under all the treatments 
for both the genotypes. Both the genotypes were not varied potentially for root dry weight at 
maturity (Table 12). In the meanwhile, all the treatments differed significantly for root dry 
weight at maturity stage. Highest root dry weight was calculated for T7 (1.86 g cm) followed 
by all other treatments while, lowest was calculated for T4 (1.51 g). There was 19% variation 
among highest and lowest treatments for root dry weight. Meanwhile, the interactive effects 
were highly significant at 1% P level for root dry weight. Highest root dry weight was recorded 
for NARC-2009 under T7 (1.94 g) while lowest for Sehar-06 under T4 (1.44 g).

4.2.5. Root-shoot ratio

Both the genotypes were non-significant for root to shoot ratio at three leaf stage (Table 13). 
Whereas, all the treatments varied noticeably for root to shoot ratio at three leaf stage. Maximum 
root to shoot ratio recorded for T1 (0.92) while minimum root to shoot ratio calculated for T6 
(0.57) at three leaf stage. There was 38% difference between T1 and T6 for root to shoot ratio 
at three leaf stage. Similarly, the interactive effects were highly variable at three leaf stage for 
root to shoot ratio at three leaf stage. Highest root to shoot ratio (0.94) was recorded for NARC-
2009 under T1 followed by Sehar-06 under T1 (0.90) while lowest root to shoot ratio (0.54 g) 

Treatments RSRT Mean RSRA Mean RSRM Mean

G1 G2 G1 G2 G1 G2

T1 0.90a 0.95a 0.93A 0.82b 0.66c–e 0.74BC 0.73b 0.59c–e 0.66BC

T2 0.84ab 0.76bc 0.79BC 0.72b–d 0.69cd 0.71BC 0.64b–d 0.63b–d 0.63BC

T3 0.67c–f 0.65c–g 0.66DE 0.76bc 1.05a 0.91A 0.67bc 0.93a 0.81A

T4 0.84ab 0.90a 0.87AB 0.58e–h 0.48hi 0.53D 0.52e–g 0.42gh 0.47D

T5 0.69c–e 0.75b–d 0.72CD 0.55f–h 0.37i 0.46D 0.49fg 0.33h 0.41D

T6 0.54g 0.60e–g 0.57F 0.72b–d 0.61d–f 0.67C 0.64b–d 0.55d–f 0.59C

T7 0.59e–g 0.56fg 0.58EF 0.64d–g 0.96a 0.78B 0.54d–f 0.85a 0.69B

T8 0.63d–g 0.62e–g 0.63EF 0.49gh 0.55e–h 0.52D 0.44fg 0.49e–g 0.47D

Mean 0.71NS 0.72 0.66NS 0.67 0.59NS 0.6
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LSD For T 0.0852 0.082 0.0737

LSD for G 
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was recorded for Sehar-06 under T6. There was 42% difference among highest and lowest root 
dry weight under all the treatments for both the genotypes. Both the wheat genotypes did not 
varied considerably for root to shoot ratio at anthesis stage (Table 13). In the meanwhile, all the 
treatments varied significantly for root to shoot ratio at anthesis stage. Highest root to shoot 
ratio was recorded for T3 (0.90) and lowest root to shoot ratio recorded for T5 (0.46). There 
was 48% difference between T3 and T5. Similarly, the interactive effects were also significantly 
different at 1% P level for root to shoot ratio at anthesis stage. Highest root to shoot ratio was 
recorded for NARC-2009 under T3 (1.05) followed by NARC-2009 under T7 (0.96) while lowest 
for NARC-2209 under T5 (0.37). There was 48% difference among highest and lowest root dry 
weight under all the treatments for both the genotypes at anthesis stage.

Both the genotypes were not different for root to shoot ratio at maturity stage (Table 13). In 
the meanwhile, all the treatments differed significantly for root to shoot ratio at maturity stage. 
Highest root to shoot ratio was calculated for T3 (0.81) followed by all other treatments while, 
lowest was calculated for T5 (0.41). There was 49% variation among highest and lowest treat-
ments for root to shoot ratio at maturity stage. Meanwhile, the interactive effects were highly 
significant at 1% P level for root to shoot ratio. Highest root to shoot ratio was recorded for 
NARC-2009 under T3 (0.93) fallowed by NARC-2009 under T7 (0.85) while lowest for NARC-
2209 under T5 (0.33). There was 64% difference among highest and lowest root dry weight 
under all the treatments for both the genotypes at maturity stage. Root architecture is a highly 
plastic and environmentally responsive trait that enables plants to counteract nutrient scarcities 
with different forging strategies [7]. Root-specific traits such as root system architecture, sens-
ing of edaphic stress and root-to-shoot communication can be exploited to improve resource 
capture (water and nutrients) and plant development under resource-limited conditions [8].

Treatments\genotypes Sehar-06 NARC-2009 Mean

T1 8.4ab 9.1ab 8.7AB

T2 9.2ab 10.0ab 9.6AB

T3 8.3ab 9.1ab 8.7AB

T4 7.9b 8.6ab 8.2B

T5 8.2b 8.9ab 8.6AB

T6 8.4ab 9.2ab 8.8AB

T7 9.8ab 10.7a 10.2A

T8 9.2ab 10.0ab 9.6AB

Mean 8.7B 9.5A

LSD for G 0.7473

LSD for T 1.6947

LSD for G × T 2.3966

Table 14. Spike length for both genotypes at maturity.
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4.2.6. Spike length

Spike length of the both wheat genotypes differed considerably due to their genetic charac-
teristics (Table 14). The results illustrated that the higher spike length was recorded for the 
NARC-2009 (9.5 cm) against Sehar-06 (8.7 cm). The difference between both genotypes was 
8%. While discussing about treatments, maximum spike length was recorded for T7 (10.2 cm), 
while the minimum spike length was noticed under T4 (8.2 cm). There was 14% difference 
among highest and lowest treatments. Similarly, the interactive effect was significant. Highest 
spike length was recorded for NARC-2009 under T7 (10.7 cm) while lowest spike length was 
observed for Sehar-06 under T4 (7.89 cm). There was 21% variation for spike length among 
highest and lowest interactions. Root signaling played a vital role in the development of the 
good source-sink relationship. Maximum spike length is produced as translocation of more 
photo-assimilates takes place efficiently from source to sink. Balanced application of P fertil-
izers and their availability might be another reason of spike length increment. Our findings 
were in accordance with Dewal and Pareek [50] and Memon [52] who reported increment in 
spike length with the addition of P fertilizers. Our results were also confirmed by the findings 
of Hussain [53] who reported increase in spike length due to P addition.

4.2.7. Spikelets per spike

Spikelets per spike of the both wheat genotypes varied noticeably due to their genetic charac-
teristics (Table 15). The results depicted that the higher spikelets per spike was observed for 
the NARC-2009 (2.7) against Sehar-06 (2.5). The difference between both genotypes was 8%. 
As regards to treatments, maximum spike length was recorded for T7 (2.9), while the mini-
mum spike length (2.4) was noticed under T4. There was 15% difference among highest and 
lowest treatments. Similarly, the interactive effect was significant. Highest spike length was 
recorded for NARC-2009 under T7 (3.1) while lowest spikelets per spike were observed for 
Sehar-06 under T4 (2.3). There was 22% variation for spikelets per spike among highest and 
lowest interactions. The variation in number of spikelets per spike might be due to balanced 

Treatments/genotypes Sehar-06 NARC-2009 Mean

T1 2.4ab 2.6ab 2.5AB

T2 2.6ab 2.9ab 2.8AB

T3 2.4ab 2.6ab 2.5AB

T4 2.3b 2.ab 2.4B

T5 2.4b 2.6ab 2.5AB

T6 2.4ab 2.6ab 2.5AB

T7 2.8ab 3.1a 2.9A

T8 2.6ab 2.9ab 2.8AB

Mean 2.5B 2.7A

LSD for G 0.2234

LSD for T 0.4867

LSD for G × T 0.6883

Table 15. Spikelets per spike for both genotypes at maturity.
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application of P fertilizers and enhanced availability as well as uptake of phosphorus through 
root signaling by plants. Another reason might be spike length which consumes available 
nutrient resources as well as temperature in more proficient way and accumulated photo-
assimilates efficiently. As P application and availability support growth and developmental 
process in plants through root signaling such as photosynthesis, energy storage, transfer, cell 
division as well as cell elongation so it also promotes spikelets initiation and finally increases 
number of spikelets per spike. Similar results were reported by Memon [52] who observed a 
significant increase in number of spikelets per spike by the application of P fertilizers through 
enhanced root signaling.

4.2.8. Number of grains per spike

Both the genotypes varied potentially for number of grains per spike (Table 16). NARC-2009 
exhibited maximum number of grains per spike (23.56) than Sehar-06 (21.45). There was 9% dif-
ference among both the genotypes for number of grains per spike. All the treatments showed 
significant difference for number of grains per spike. Highest number of grains per spike was 
recorded for T7 (26.99) while lowest number of grains per spike was recorded for T4 (20.07). In 
the same way, the interactive effect was also found significant. Maximum number of grains per 
spike was recorded for NARC-2009 under T7 (28.21) whereas, minimum number of grains per 
spike was recorded for Sehar-06 under T4 (19.21). Root signaling played a vital role in enhanc-
ing number of grains per spike. By applying phosphorus root signaling enhanced in the crop. 
Sufficient availability and the uptake of P facilitate the crop to grow more rapidly and it also 
enables the crop to capture more solar radiations and consequently more number of grains 
per spike produced. Insufficiency of P undersized the growth of stem as well as whole plant. 
However, the addition of P encourages the plant growth which results in increase in number 
of spikelets per spike due to better root signaling. With the increase in number of spikelets per 
spike, number of grains per spike also increased. The results of present study were in line with 
Ali et al. [54] and Dewal and Pareek [50] who observed the reduction in number of grains per 

Treatments/genotypes Sehar-06 NARC-2009 Mean

T1 20.32cd 21.81b–d 21.07BC

T2 22.41a–d 24.42a–d 23.42A–C

T3 20.27cd 22.09a–d 21.19BC

T4 19.21d 20.93b–d 20.07C

T5 20.06cd 21.87b–d 20.97BC

T6 20.85b–d 22.33a–d 21.59BC

T7 25.79a–c 28.21a 26.99A

T8 22.66a–d 26.84ab 24.75AB

Mean 21.45B 23.56A

LSD for G 2.1023

LSD for T 4.4173

LSD for G × T 6.267

Table 16. Number of grains per spike for both genotypes at maturity.
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4.2.6. Spike length

Spike length of the both wheat genotypes differed considerably due to their genetic charac-
teristics (Table 14). The results illustrated that the higher spike length was recorded for the 
NARC-2009 (9.5 cm) against Sehar-06 (8.7 cm). The difference between both genotypes was 
8%. While discussing about treatments, maximum spike length was recorded for T7 (10.2 cm), 
while the minimum spike length was noticed under T4 (8.2 cm). There was 14% difference 
among highest and lowest treatments. Similarly, the interactive effect was significant. Highest 
spike length was recorded for NARC-2009 under T7 (10.7 cm) while lowest spike length was 
observed for Sehar-06 under T4 (7.89 cm). There was 21% variation for spike length among 
highest and lowest interactions. Root signaling played a vital role in the development of the 
good source-sink relationship. Maximum spike length is produced as translocation of more 
photo-assimilates takes place efficiently from source to sink. Balanced application of P fertil-
izers and their availability might be another reason of spike length increment. Our findings 
were in accordance with Dewal and Pareek [50] and Memon [52] who reported increment in 
spike length with the addition of P fertilizers. Our results were also confirmed by the findings 
of Hussain [53] who reported increase in spike length due to P addition.

4.2.7. Spikelets per spike

Spikelets per spike of the both wheat genotypes varied noticeably due to their genetic charac-
teristics (Table 15). The results depicted that the higher spikelets per spike was observed for 
the NARC-2009 (2.7) against Sehar-06 (2.5). The difference between both genotypes was 8%. 
As regards to treatments, maximum spike length was recorded for T7 (2.9), while the mini-
mum spike length (2.4) was noticed under T4. There was 15% difference among highest and 
lowest treatments. Similarly, the interactive effect was significant. Highest spike length was 
recorded for NARC-2009 under T7 (3.1) while lowest spikelets per spike were observed for 
Sehar-06 under T4 (2.3). There was 22% variation for spikelets per spike among highest and 
lowest interactions. The variation in number of spikelets per spike might be due to balanced 

Treatments/genotypes Sehar-06 NARC-2009 Mean

T1 2.4ab 2.6ab 2.5AB

T2 2.6ab 2.9ab 2.8AB

T3 2.4ab 2.6ab 2.5AB

T4 2.3b 2.ab 2.4B

T5 2.4b 2.6ab 2.5AB

T6 2.4ab 2.6ab 2.5AB

T7 2.8ab 3.1a 2.9A

T8 2.6ab 2.9ab 2.8AB

Mean 2.5B 2.7A

LSD for G 0.2234

LSD for T 0.4867

LSD for G × T 0.6883

Table 15. Spikelets per spike for both genotypes at maturity.
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application of P fertilizers and enhanced availability as well as uptake of phosphorus through 
root signaling by plants. Another reason might be spike length which consumes available 
nutrient resources as well as temperature in more proficient way and accumulated photo-
assimilates efficiently. As P application and availability support growth and developmental 
process in plants through root signaling such as photosynthesis, energy storage, transfer, cell 
division as well as cell elongation so it also promotes spikelets initiation and finally increases 
number of spikelets per spike. Similar results were reported by Memon [52] who observed a 
significant increase in number of spikelets per spike by the application of P fertilizers through 
enhanced root signaling.

4.2.8. Number of grains per spike

Both the genotypes varied potentially for number of grains per spike (Table 16). NARC-2009 
exhibited maximum number of grains per spike (23.56) than Sehar-06 (21.45). There was 9% dif-
ference among both the genotypes for number of grains per spike. All the treatments showed 
significant difference for number of grains per spike. Highest number of grains per spike was 
recorded for T7 (26.99) while lowest number of grains per spike was recorded for T4 (20.07). In 
the same way, the interactive effect was also found significant. Maximum number of grains per 
spike was recorded for NARC-2009 under T7 (28.21) whereas, minimum number of grains per 
spike was recorded for Sehar-06 under T4 (19.21). Root signaling played a vital role in enhanc-
ing number of grains per spike. By applying phosphorus root signaling enhanced in the crop. 
Sufficient availability and the uptake of P facilitate the crop to grow more rapidly and it also 
enables the crop to capture more solar radiations and consequently more number of grains 
per spike produced. Insufficiency of P undersized the growth of stem as well as whole plant. 
However, the addition of P encourages the plant growth which results in increase in number 
of spikelets per spike due to better root signaling. With the increase in number of spikelets per 
spike, number of grains per spike also increased. The results of present study were in line with 
Ali et al. [54] and Dewal and Pareek [50] who observed the reduction in number of grains per 

Treatments/genotypes Sehar-06 NARC-2009 Mean

T1 20.32cd 21.81b–d 21.07BC

T2 22.41a–d 24.42a–d 23.42A–C

T3 20.27cd 22.09a–d 21.19BC

T4 19.21d 20.93b–d 20.07C

T5 20.06cd 21.87b–d 20.97BC

T6 20.85b–d 22.33a–d 21.59BC

T7 25.79a–c 28.21a 26.99A

T8 22.66a–d 26.84ab 24.75AB

Mean 21.45B 23.56A

LSD for G 2.1023

LSD for T 4.4173

LSD for G × T 6.267

Table 16. Number of grains per spike for both genotypes at maturity.
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spike with the reduction in quantity of P applied. Similar results were reported by Poulsen et al. 
[55] who suggested that P fertilization maximizes number of grains per spike in wheat crop.

4.2.9. Spike weight

Spike weight of the both wheat genotypes differed considerably due to their genetic charac-
teristics (Table 17). The results depicted that the higher spike weight was recorded for the 
NARC-2009 (0.52 g) against Sehar-06 (0.46 g). The difference between both genotypes was 11%. 
Similarly, all the treatments differed potentially for spike weight. Maximum spike weight was 
recorded for T7 (0.55 g) followed by T8 (0.53 g), while the minimum spike weight was noticed 
under T1 (0.43). There was 21% difference among highest and lowest treatments. Similarly, 
the interactive effect was significant for spike weight. Highest spike weight was recorded for 
NARC-2009 under T7 (0.57 g) while lowest spike weight was observed for Sehar-06 under 
T1 (0.41 g). There was 28% variation for spike weight among highest and lowest interactions. 
Increased spike weight might be due to the adequate accessibility and uptake of P by crop 
plants. In stressed environment phosphorus played role to enhance root signaling. Due to 
uptake of P in adequate amount maximum numbers of fertile tillers were produced and the 
spike length, number of spikelet per spike and grains per spike also increased due to photosyn-
thesis, energy storage, transfer, cell division as well as cell elongation so ultimately it results in 
increase in grain yield. The findings of current study corroborate the conclusions of Al-Karaki 
and Al-Omoush, [56], and Mehdi et al. [57] who reported that application of P increases 
spike weight which ultimately enhanced grain yield. Our results were not in accordance with 
Somayeh and Bahram [58], who reported enhanced spike weight by addition of phosphorus.

4.2.10. Hundred grain weight

Wheat genotypes due to their genetic behavior differed considerably for hundred grain 
weight at (Table 18). Highest hundred grain weight (4.18 g) calculated for genotype NARC-
2009 whereas, lowest hundred grain weight (3.71 g) calculated for genotype Sehar-06. Both 
the genotypes differed 11% for hundred grain weight. All the treatments varied significantly 
for hundred grain weight. Highest hundred grain weight (4.38 g) recorded for treatment T7 

Treatments/genotypes Sehar-06 NARC-2009 Mean

T1 0.41i 0.47e–h 0.43E

T2 0.43hi 0.49d–f 0.45DE

T3 0.44g–i 0.49de 0.46DE

T4 0.45f–i 0.51cd 0.48CD

T5 0.47e–g 0.53b–d 0.49BC

T6 0.49de 0.56a–c 0.52AB

T7 0.52b–d 0.57a 0.55A

T8 0.50de 0.56ab 0.53A

Mean 0.46B 0.528A

LSD for G 0.0149

LSD for T 0.0298

LSD for G × T 0.0421

Table 17. Spike weight for both genotypes at maturity.
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fallowed by T8 (4.25 g) whereas, lowest hundred grain weight (3.51 g) observed for treatment 
T1. There was 19% difference among T7 and T1 for hundred grain weight. Similarly, there was 
significant difference among all the interactive effects at 1% P level. Maximum hundred grain 
weight observed for genotype NARC-2009 (4.58 g) under T7 whereas, minimum hundred grain 
weight recorded for Sehar-06 under T1 (3.27 g). There was 28% difference among maximum 
and minimum interactive effects for hundred grain weight. Grain weight is directly a measure 
of final productivity of the field crop. Greater the grain weight greater will the economical yield. 
Phosphorus applications in the stressed environment enhanced root signaling which ultimately 
enhanced grain weight. The reason of increased hundred grain weight might be due to provi-
sion of available phosphates to the plants in sufficient amount. Availability of P encourages 
root development and stimulates growth at seedling stage, so it promotes the quick establish-
ment of seedling. It also accelerates leaf development and promotes faster growth of shoots and 
roots. As addition of phosphorus encourages normal growth of plant, ultimately it increased 
hundred grain weight. Similar results were found by Dewal and Pareek [50] and Memon [52] 
who observed considerable increase in grain weight in wheat by the addition of phosphorus.

5. Conclusion

Root architecture is a highly plastic and environmentally responsive trait that enables 
plants to counteract nutrient scarcities with different forging strategies. Root-specific traits 
such as root system architecture, sensing of edaphic stress and root-shoot communication 
can be exploited to improve resource capture (water and nutrients) and plant development 
under resource-limited conditions. The ability of plants to respond appropriately to nutri-
ent availability is of fundamental importance for their adaptation to the environment. These 
signals trigger molecular mechanisms that modify cell division and cell differentiation pro-
cesses within the root and have a profound impact on root system architecture. Important 
developmental processes, such as root-hair formation, primary root growth and lateral root 
formation, are particularly sensitive to changes in the internal and external concentration 

Treatments Sehar-06 NARC-2009 Mean

T1 3.27i 3.74e–h 3.51E

T2 3.41hi 3.91d–f 3.67DE

T3 3.48g–i 3.99de 3.74DE

T4 3.59f–i 4.11cd 3.85CD

T5 3.77e–g 4.22b–d 3.99BC

T6 3.96de 4.40a–c 4.19AB

T7 4.17bcd 4.58a 4.38A

T8 4.01de 4.48ab 4.25A

Mean 3.7125 4.1829

LSD for G 0.1193

LSD for T 0.2386

LSD for G × T 0.3376

Table 18. Hundred grain weight for both genotypes at maturity.
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spike with the reduction in quantity of P applied. Similar results were reported by Poulsen et al. 
[55] who suggested that P fertilization maximizes number of grains per spike in wheat crop.

4.2.9. Spike weight

Spike weight of the both wheat genotypes differed considerably due to their genetic charac-
teristics (Table 17). The results depicted that the higher spike weight was recorded for the 
NARC-2009 (0.52 g) against Sehar-06 (0.46 g). The difference between both genotypes was 11%. 
Similarly, all the treatments differed potentially for spike weight. Maximum spike weight was 
recorded for T7 (0.55 g) followed by T8 (0.53 g), while the minimum spike weight was noticed 
under T1 (0.43). There was 21% difference among highest and lowest treatments. Similarly, 
the interactive effect was significant for spike weight. Highest spike weight was recorded for 
NARC-2009 under T7 (0.57 g) while lowest spike weight was observed for Sehar-06 under 
T1 (0.41 g). There was 28% variation for spike weight among highest and lowest interactions. 
Increased spike weight might be due to the adequate accessibility and uptake of P by crop 
plants. In stressed environment phosphorus played role to enhance root signaling. Due to 
uptake of P in adequate amount maximum numbers of fertile tillers were produced and the 
spike length, number of spikelet per spike and grains per spike also increased due to photosyn-
thesis, energy storage, transfer, cell division as well as cell elongation so ultimately it results in 
increase in grain yield. The findings of current study corroborate the conclusions of Al-Karaki 
and Al-Omoush, [56], and Mehdi et al. [57] who reported that application of P increases 
spike weight which ultimately enhanced grain yield. Our results were not in accordance with 
Somayeh and Bahram [58], who reported enhanced spike weight by addition of phosphorus.

4.2.10. Hundred grain weight

Wheat genotypes due to their genetic behavior differed considerably for hundred grain 
weight at (Table 18). Highest hundred grain weight (4.18 g) calculated for genotype NARC-
2009 whereas, lowest hundred grain weight (3.71 g) calculated for genotype Sehar-06. Both 
the genotypes differed 11% for hundred grain weight. All the treatments varied significantly 
for hundred grain weight. Highest hundred grain weight (4.38 g) recorded for treatment T7 

Treatments/genotypes Sehar-06 NARC-2009 Mean

T1 0.41i 0.47e–h 0.43E

T2 0.43hi 0.49d–f 0.45DE

T3 0.44g–i 0.49de 0.46DE

T4 0.45f–i 0.51cd 0.48CD

T5 0.47e–g 0.53b–d 0.49BC

T6 0.49de 0.56a–c 0.52AB

T7 0.52b–d 0.57a 0.55A

T8 0.50de 0.56ab 0.53A

Mean 0.46B 0.528A

LSD for G 0.0149

LSD for T 0.0298

LSD for G × T 0.0421

Table 17. Spike weight for both genotypes at maturity.
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fallowed by T8 (4.25 g) whereas, lowest hundred grain weight (3.51 g) observed for treatment 
T1. There was 19% difference among T7 and T1 for hundred grain weight. Similarly, there was 
significant difference among all the interactive effects at 1% P level. Maximum hundred grain 
weight observed for genotype NARC-2009 (4.58 g) under T7 whereas, minimum hundred grain 
weight recorded for Sehar-06 under T1 (3.27 g). There was 28% difference among maximum 
and minimum interactive effects for hundred grain weight. Grain weight is directly a measure 
of final productivity of the field crop. Greater the grain weight greater will the economical yield. 
Phosphorus applications in the stressed environment enhanced root signaling which ultimately 
enhanced grain weight. The reason of increased hundred grain weight might be due to provi-
sion of available phosphates to the plants in sufficient amount. Availability of P encourages 
root development and stimulates growth at seedling stage, so it promotes the quick establish-
ment of seedling. It also accelerates leaf development and promotes faster growth of shoots and 
roots. As addition of phosphorus encourages normal growth of plant, ultimately it increased 
hundred grain weight. Similar results were found by Dewal and Pareek [50] and Memon [52] 
who observed considerable increase in grain weight in wheat by the addition of phosphorus.

5. Conclusion

Root architecture is a highly plastic and environmentally responsive trait that enables 
plants to counteract nutrient scarcities with different forging strategies. Root-specific traits 
such as root system architecture, sensing of edaphic stress and root-shoot communication 
can be exploited to improve resource capture (water and nutrients) and plant development 
under resource-limited conditions. The ability of plants to respond appropriately to nutri-
ent availability is of fundamental importance for their adaptation to the environment. These 
signals trigger molecular mechanisms that modify cell division and cell differentiation pro-
cesses within the root and have a profound impact on root system architecture. Important 
developmental processes, such as root-hair formation, primary root growth and lateral root 
formation, are particularly sensitive to changes in the internal and external concentration 

Treatments Sehar-06 NARC-2009 Mean

T1 3.27i 3.74e–h 3.51E

T2 3.41hi 3.91d–f 3.67DE

T3 3.48g–i 3.99de 3.74DE

T4 3.59f–i 4.11cd 3.85CD

T5 3.77e–g 4.22b–d 3.99BC

T6 3.96de 4.40a–c 4.19AB

T7 4.17bcd 4.58a 4.38A

T8 4.01de 4.48ab 4.25A

Mean 3.7125 4.1829

LSD for G 0.1193

LSD for T 0.2386

LSD for G × T 0.3376

Table 18. Hundred grain weight for both genotypes at maturity.
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of nutrients. Phosphorus (P) is one of the most vital nutrients needed for wheat production. 
Phosphorus plays an important role in root growth and builds resistance against abiotic 
stresses. It functions as one of the major players in process of photosynthesis, nutrient trans-
port, and energy transfer. Drought stress reduces leaf size, stem elongation, root prolifera-
tion, as well as, disturbs plant water relations and reduces water use efficiency in plants. 
The present study conducted in laboratory as well as in polythene bags. In first experiment 
(screening test), nine wheat genotypes sown in petri dishes using four treatments (con-
trol, PEG−0.50, PEG−1.48 and PEG−2.95) as a medium of growth. The data regarding germination 
percentage, root fresh weight, root dry weight, root length, shoot fresh weight, shoot dry 
weight and root shoot ratio recorded from experiment one and analyzed statistically. On the 
basis of stress tolerance two wheat genotypes were selected for next experiment. Genotypes 
NARC-2009 and Sehar-06 accumulated maximum germination percentage, root length, 
shoot length, root fresh weight, shoot fresh weight, shoot dry weight and root shoot ratio. 
So these two genotypes were selected for further experimentation. In experiment # 2 the 
effect of different treatments of phosphorus and water stress on root signaling checked. The 
treatments were 5 different levels of P including (P30 = 0.26 g/bag, P60 = 0.4 g/bag, P80 = 0.53 g/
bag, P100 = 0.66 g/bag and P120 = 0.8 g/bag) and three different water levels designated as 
WFC, W10% < FC and W20% < FC. The data regarding root length, root weight, root-shoot 
ratio, root length, root fresh weight, root dry weight, root fresh weight: root dry weight, root 
hair density, root depth and yield and yield parameters collected and analyzed. Among 
both the genotypes, NARC-2009 performed well compared to Sehar-06. While discussing 
treatments higher dry matter and yield and yield parameters were recorded under T7 (P100). 
With the increasing rate phosphorus root and shoot length was increasing linearly up-to 
P100 then it was declining. So under pot conditions where nutrients are limiting factor 
higher rate of phosphorus is essential to boost the productivity of the crop through better 
action of root signaling. Root signaling played important role in the growth and develop-
ment of wheat crop. Under stressed conditions plant height, root and shoot length, root and 
shoot fresh and dry weight, yield and yield parameters decreased but in the presence of 
phosphorus all these parameters increased.
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of nutrients. Phosphorus (P) is one of the most vital nutrients needed for wheat production. 
Phosphorus plays an important role in root growth and builds resistance against abiotic 
stresses. It functions as one of the major players in process of photosynthesis, nutrient trans-
port, and energy transfer. Drought stress reduces leaf size, stem elongation, root prolifera-
tion, as well as, disturbs plant water relations and reduces water use efficiency in plants. 
The present study conducted in laboratory as well as in polythene bags. In first experiment 
(screening test), nine wheat genotypes sown in petri dishes using four treatments (con-
trol, PEG−0.50, PEG−1.48 and PEG−2.95) as a medium of growth. The data regarding germination 
percentage, root fresh weight, root dry weight, root length, shoot fresh weight, shoot dry 
weight and root shoot ratio recorded from experiment one and analyzed statistically. On the 
basis of stress tolerance two wheat genotypes were selected for next experiment. Genotypes 
NARC-2009 and Sehar-06 accumulated maximum germination percentage, root length, 
shoot length, root fresh weight, shoot fresh weight, shoot dry weight and root shoot ratio. 
So these two genotypes were selected for further experimentation. In experiment # 2 the 
effect of different treatments of phosphorus and water stress on root signaling checked. The 
treatments were 5 different levels of P including (P30 = 0.26 g/bag, P60 = 0.4 g/bag, P80 = 0.53 g/
bag, P100 = 0.66 g/bag and P120 = 0.8 g/bag) and three different water levels designated as 
WFC, W10% < FC and W20% < FC. The data regarding root length, root weight, root-shoot 
ratio, root length, root fresh weight, root dry weight, root fresh weight: root dry weight, root 
hair density, root depth and yield and yield parameters collected and analyzed. Among 
both the genotypes, NARC-2009 performed well compared to Sehar-06. While discussing 
treatments higher dry matter and yield and yield parameters were recorded under T7 (P100). 
With the increasing rate phosphorus root and shoot length was increasing linearly up-to 
P100 then it was declining. So under pot conditions where nutrients are limiting factor 
higher rate of phosphorus is essential to boost the productivity of the crop through better 
action of root signaling. Root signaling played important role in the growth and develop-
ment of wheat crop. Under stressed conditions plant height, root and shoot length, root and 
shoot fresh and dry weight, yield and yield parameters decreased but in the presence of 
phosphorus all these parameters increased.
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Abstract

With the projection of the Earth’s population reaching eight billion in coming years and 
nine billion by 2050 which means increasing demand for food. Wheat (Triticum aestivum L.) 
 is the main important and strategic cereal crop for feeding the majority of world’s popu-
lations. Scientific forecasts predict that wheat production in the future will be affected by 
climate change and will decrease on the global level. To reduce these risks, the impact of 
climate change mitigation strategies and management systems for crop adaptation to cli-
mate change conditions should be considered. Demand for increases in food production 
will have to occur on less available arable land, which can only be accomplished by inten-
sifying production. Chemical fertilisers are responsible for 40–60% of the world’s food 
production. Because nonlegume plants generally require 20–50 g of nitrogen to produce 
1 kg dry biomass, the natural supply of soil nitrogen usually restricts plants yield in most 
agricultural cropping system. The goal of ecological intensification is to increase yield per 
unit of land, intensify production, while meeting acceptable standards of environmental 
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consumed by people worldwide. It is the leading source of non-animal protein in human food 
and also makes a significant contribution to animal feed. Increasing global demand for wheat 
is also based on the ability to make several food products and the increasing consumption of 
these with industrialisation. In particular, the properties of the gluten protein fraction allow 
the processing of wheat to produce bread, other baked goods, noodles and pasta, and a range 
of functional ingredients [2].

Beside the food demand sustainable nutrient supply and climatic effect on plant productivity 
are two crucial topics of agricultural development. Applying adequate amount of nutrients 
based on genotype requirements is hard under potential conditions, especially under differ-
ent abiotic loads. Nitrogen (N) is an important nutrient, which determines the amount of yield 
and throughout the proteins the quality as well. The increased crop productivity has been 
associated with a 20-fold increase in the global use of nitrogen fertiliser during the 50 years [3],  
and this is expected to increase by threefold by the year 2050 [4]. Inadequate application 
of N—deficiency and excess—can cause environmental and ecological problems. Climatic 
factors can improve and deteriorate crop nutrient use efficiency and yield. Drought occurs in 
all climatic regions and drought-induced crop yield reduction is among the greatest losses in 
agriculture. About 32% of wheat production areas in developing countries experience serious 
drought stress in different growth stages [5]. Lobell et al. [6] published that climate trends 
were large enough in some countries to offset a significant portion of the increases in aver-
age yields that arose from technology, fertilisation, and other improving factors. High and 
low temperature [7–9], irrigation [10–12], salinisation [13, 14], agrotechnology [15–17], and 
other nutrients [18] also have an effect on N use of wheat. These effects are depending on 
the adaptation and acclimatisation strategies of different wheat genotypes, the current cli-
matic conditions and its combinations and biotic effects as well [19]. To know more about 
and improve nitrogen use efficiency of wheat means a way towards the sustainability. Wheat 
being the basic food plant and the global demand for qualitative perfect food is increasing we 
have no other alternatives, than step forward to smart-wheat, which will be able to survive  
unfavourable conditions.

2. Nitrogen requirement and NUE

Nitrogen is one of the nutrients plants need in high quantity [20], as it is a core constituent of 
a plant’s nucleic acid, proteins, enzymes, and cell wall and pigment system [21]. The avail-
ability of nitrogen for plants is complex, and depending on different processes in connection 
with nitrogen cycle in the environment (Figure 1). Through the different way of nutrition 
supply and agrotechnology processes, the agriculture has a main impact on global and local 
nitrogen cycle. Plants also can have an effect on your own nitrogen supply by connecting 
different bacteria or releasing different extracts, like nitrification inhibitors. Biological nitri-
fication inhibition (BNI) is the natural ability of certain plant species to release nitrification 
inhibitors from their roots that suppress nitrifier activity, thus reducing soil nitrification and 
N2O emission (Figure 1). Among the tropical pasture grasses, the BNI function is the strongest 
in Brachiaria sp. [22].

Global Wheat Production32

Nitrogen availability and using capacity are crucial in plant life. The chlorophyll content of 
wheat leaves and leaf N is closely related as the photosynthetic machinery accounts for more 
than half of the N in a leaf [24]. Nitrogen influences carbohydrate source size by leaf growth 
and leaf area duration and also the photosynthetic rate per unit leaf area and thereby source 
activity. The availability of N is of agricultural concern because plant metabolism is differently 
affected by excess, optimal and deficient levels [25]. The concept of nitrogen-use efficiency 
(NUE) has been widely used to characterise plant responses to different levels of N availabil-
ity. Moll et al. [26] defined the most use of NUE, at least among breeders, which computes the 
grain dry mass divided by the total N available to a plant. It is divided into two components: 
NUE = NUpE × NUtE, where NUpE is the N-uptake efficiency calculated as the total amount 
of N in above-ground plant at harvest divided by the available N in soil, and NUtE is the utili-
sation efficiency calculated as the grain dry mass divided by the total amount of N in above-
ground plant at harvest. Based on several authors, establishment N remobilisation efficiency 
(NRE) is also a main component of NUE [27]. The NRE—the proportion of N in the crop or 
crop component at anthesis which is not present in the crop or crop component at harvest—is 
the ability of plants to translocate the N after anthesis from the shoot to the grains. Nitrogen is 
the most limiting nutrient for the production of wheat [28]. Cultivars with higher NRE tend to 
accelerate the senescence process and increase N levels in grains [29]. It is widely understood 
that N accumulated before anthesis provides the major source of grain N. In wheat, around 
50–95% of the grain N at harvest comes from the remobilisation of N stored in shoots and 
roots before anthesis [30–32]. In wheat between anthesis and maturity, the leaves had a higher 

Figure 1. Nitrogen cycle (adapted according to LaRuffa et al. [23]).
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NRE than the stem and the roots [33]. About 70–80% of nitrogen, which is needed for grain 
development in cereals, is gained from vegetative organs before flowering stage [34]. Nitrogen 
use efficiency (NUE) plays a fundamental role in sustainable grain production [35, 36].  
Based on several physiological parameters of doubled-haploid mapping wheat populations 
can lead to identification of specific loci that might be useful in marker-assisted breeding for 
increased N-use efficiency [35, 37, 38].

3. Temperature influence on nitrogen nutrition

Wheat growth can be impaired by heat stress at any developmental stage, and modelling sce-
narios predict even warmer temperatures in the future [39]. Production of wheat is affected 
markedly by high temperature [40, 41]. Elevated temperature alters uptake and allocation 
of N, thus intensifying N deficiency in plants [42]. Wheat shows enormous diversity in 
canopy architecture, and it has long been proposed that optimised light distribution could 
improve radiation use efficiency as well as light interception [43]. In heat tolerance, the activ-
ity of enzymes has crucial role. Rubisco’s affinity for CO2 decreases with temperatures [44]. 
Therefore, increasing affinity would simultaneously improve adaptation to warmer condi-
tions, the proof of concept coming from C4 species, in which it is achieved by concentrating 
CO2 [45]. High temperature not only degrades Rubisco but also accelerates its inactivation by 
addition of inhibitory sugars to its active site. Moreover, Rubisco has a relatively low turn-
over number as compared with the other Calvin cycle enzymes. Activity of Rubisco is mainly 
regulated by a catalytic chaperone—Rubisco activase—which catalyses removal of inhibitory 
sugars from its active site, switching the enzyme to active mode [46]. Among cereals wheat’s 
Rubisco has one of the best CO2 affinities. Models where wheat’s substrate specificity fac-
tor of Rubisco is replaced from L. gibertii predicted increases of 12% in net assimilation [47]. 
Combined stress of high temperature and low nitrogen affected both the abundance and 
mode of regulation of Rubisco, which catalyses CO2 fixation and is one of the primary deter-
minants of photosynthetic rate [48].

4. Effect of drought on wheat nutrition

According to the most recent assessment report of the Inter-governmental Panel on Climate 
Change, published in 2014, levels of anthropogenic emissions of greenhouse gases are now 
at their highest in history [49]. Agricultural production and its effect on land use are major 
sources of these emissions by sharing methane and nitrous oxide gases. Greenhouse gases 
causing air temperatures increase, thus more moisture evaporates from land and water bod-
ies. Warmer temperatures also increase evaporation and evapotranspiration in plants, soils, 
and on other hand, they will also escalate the water stress frequency and intensity with a rise 
from 1 to 30% in acute drought land area by 2100 [50].

Under dry conditions in the field, 75–100% of the grain yield could be attributed to stored 
assimilates, compared with 37–39% under high-rainfall conditions. Drought stress severely 
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influenced plant water status by reducing the water potential and the relative water content 
in wheat [51]. Optimal nutrition levels have also alleviated drought stress damage by sustain-
ing metabolic activities under reduced tissue water potential [52]. Nitrogen supply also has a 
crucial role in combating drought [53]. Efficiency of nitrogen supply declined with increasing 
of drought stress [54]. Morgan [55], Arun et al. [56] and Binghua et al. [57] who showed that 
with an application of nitrogen, plants show positive influence in terms of growth and devel-
opment under drought stress. Although Li et al. [58] mentioned that different grass species 
under drought stress did not modify physiological functions under varying N application. 
Water limitation reduces diffusive conductivity which in turn affects other physiological pro-
cess such as energy and N metabolism. It is concluded that N uptake and its diffusion depend 
on environmental condition especially to water supply as also indicated by Abreau et al. [59]. 
Under water deficiency, roots are unable to get optimal amounts of nitrogen from soil, which 
has general negative effects on plant metabolisms [60]. The main effect of water restriction is 
certainly a reduction in N demand due to the marked sensitivity of leaf area expansion [61]. 
Fewer results have about light reaction affected by genotypic and nitrogen supply variations, 
mainly under stress conditions. By measuring the yield of chlorophyll fluorescence (Chl-fl), 
information about changes in the efficiency of photochemistry and heat dissipation can be 
obtained [62]. Under extreme drought stress when the stomatal resistance just around 0.1 mol 
H2O m−2 s−1, poor performance of photosystem II (Fv/Fm) and downregulated activities of CO2 
assimilating enzymes such as Rubisco become the dominant limitations to reduced photo-
synthesis [63]. The optimal photochemical activity (Fv/Fm) values were sensitive for the inves-
tigated two environmental factors, and genotype differences were established in tolerance 
[64]. Chl-fl parameter’s sensitivity for detecting nitrogen deficiency is different, but some of 
them are really applicable for describing nitrogen lack [65]. Previous drought stress stud-
ies have reported that photosynthetic rate of the leaf under drought stress is closely related 
to the leaf chlorophyll contents, N concentrations and stay-green characteristics of the leaf, 
which in turn increases the grain yield by increasing the photosynthetic process [66]. Palta 
et al. [67] and Hosenlou et al. [54] reported induction of N remobilisation under drought 
stress. Application of the high amounts of N under drought resulted to the lowest NUE [68]. 
Critical, sufficient concentration of nitrogen in leaf is 15–40 mg g−1 DM [69]. Based on Pepó 
[16] and Zsombik and Seres [70] results, the dry weight production was mainly influenced by 
environmental factors and modified by fertilisers and genotypes. Water deprivation means 
higher strain than nitrogen luck with genotype difference based on dry weight value [65]. 
Plant responses to drought stress vary at different growth stages of the crop [71]. In wheat, 
tillering capacity of the crop is a major constituent of the final grain yield [72], but has been 
reported to be highly vulnerable to drought stress [73].

5. Salinisation and impact to wheat production

Salinisation or increased concentration of dissolved cations/anions in soil solution and/or 
water resources (e.g. capillary rising of saline groundwater, salinised waters used for irriga-
tion) [74] across the (agro)ecosystems is the principal cause of most widespread abiotic con-
straint to glycophytes (i.e. the majority of cultivated crops, including wheat) known as salt 
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stress. Salt stress encompasses wide range of physiological dysfunctions as a consequence of 
primary salinity effects, that is, osmotic and ionic disorder. Primary salinity effects, depend-
ing on the salinity level/duration, crop/genotype type, development stage, and so on, very 
often cause different secondary salinity-induced effects such as reduced cell expansion and 
assimilate production (i.e. growth and yield reduction), production of reactive oxygen metab-
olites and even plant mortality [75]. The general salinity effects are quite visible and assume 
reduce biomass growth (shoot/root height and weight, leaf area) and changes in root and 
shoots colour (e.g. presence of leaf tip burns, scorching/firing of leaves) [76]. The extent to 
which growth and yield will be reduced under salt stress mostly depends on the salinity level 
and plant (crop) species (Figure 2).

Electrical conductivity (EC) is commonly used as an expression of the total dissolved salt 
concentration in an aqueous sample (e.g. water, soil solution) and usually express soil salin-
ity level based on measured EC of saturated soil paste extracts (ECe) (e.g. Rhoades et al. [77]). 
Therefore, ECe threshold level (i.e. ECt), as a numeric value at which crop growth and yield 
start to decline (more or less intensive under certain slope) can be very useful for categori-
sation of plants from salt tolerant (halophytes) to salt-sensitive (glycophytes) (Figure 2). In 
general, wheat is categorised as moderately tolerant to soil salinity (e.g. a threshold EC of 
6.0 dS/m) [78] although existing significant differences among genotypes that it is difficult 
to make a categorical statement [79]. The relative effects of salt stress on wheat vegetative 

Figure 2. Simplified presence of salt tolerance in some cereals (adapted according to Maas [81]). ECt represents the 
threshold in soil EC that is expected to cause the initial significant reduction in the maximum expected yield, whereas 
the slope is the percentage of yield expected to be reduced for each soil salinity unit above the ECt [82].
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growth parameters and grain yield can vary significantly among genotypes (Figure 2) and 
with the developmental stage at which salt stress occurs [75] as well under specific environ-
mental conditions given that the interaction of crop (genotype) and environment is not com-
pletely understood but is likely to be significant [80].

5.1. Salinisation and wider (agro)ecological impact

Environmental salinisation process represents an increasing environmental issue especially 
in intensive agroecosystems such as (fert)irrigated areas [83] but also in less intensive rain 
feed (semi)arid regions [84]. Salt-affected areas are often overlapping with numerous other 
physical, chemical and/or biological pedosphere constrains such as sandy soils with low 
water retention capacity, non-structured/dispersed (waterlogged) soils, organically depleted 
soils with diminished microbial activity/diversity and excessive alkalinity, specific ionic (Al, 
B) toxicity, and many other [84, 85] (Figure 2). Saline or alkaline (sodic) soils due to increased 
concentration of particular slats (Na+, Cl−, Ca2+, Mg2+ etc) and ionic interrelations (e.g. Na+/Ca2+; 
Na+/Mg2+) can be recognised and visually by crystallised (precipitated) salts on the soil surface 
(forming a brighter salt forms on the soil surface; Figure 3a) or at later (developed) stages by 
topsoil crusting, as a consequence of dispersed clay minerals and soil aggregates (Figure 3b).

A constitute of structurally dispersed soils (e.g. clay particles, minerals, organics) undergo 
leaching through the soil profile, accumulating and blocking deeper macro/micro pores, espe-
cially in textured-heavier soil layers, and finally causing waterlogging (e.g. Burrow et al. [86]. 
Thus, salt-affected soils (profiles) depleted in adsorption matrices (organic matter and clay 
content notably) might be more prone to mobility and transfer of certain pollutants (e.g. toxic 
trace elements) on the soil/crop/groundwater routes, although certain genotypic differences 
have to be considered.

For instance, it was shown that raised soil solution salinity can significantly impact mobility 
of toxic Cd in the rhizosphere and enhance its uptake and root/shoot accumulation in dif-
ferent wheat cultivars [87, 88]. Also, sublimating the results of studies conducted by Norvell 
et al. [89], Khoshgoftarmanesh et al. [88] and Ozkutlu et al. [90] their outcomes suggest that 

Figure 3. Topsoil (a) crystallisation of soluble salts (dotted brighter areas) in a wheat paddock, depleted with soil organic 
matter, and (b) crusting in an adjacent saline plot with disturbed soil structure (Esperance area, Western Australia).
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stress. Salt stress encompasses wide range of physiological dysfunctions as a consequence of 
primary salinity effects, that is, osmotic and ionic disorder. Primary salinity effects, depend-
ing on the salinity level/duration, crop/genotype type, development stage, and so on, very 
often cause different secondary salinity-induced effects such as reduced cell expansion and 
assimilate production (i.e. growth and yield reduction), production of reactive oxygen metab-
olites and even plant mortality [75]. The general salinity effects are quite visible and assume 
reduce biomass growth (shoot/root height and weight, leaf area) and changes in root and 
shoots colour (e.g. presence of leaf tip burns, scorching/firing of leaves) [76]. The extent to 
which growth and yield will be reduced under salt stress mostly depends on the salinity level 
and plant (crop) species (Figure 2).

Electrical conductivity (EC) is commonly used as an expression of the total dissolved salt 
concentration in an aqueous sample (e.g. water, soil solution) and usually express soil salin-
ity level based on measured EC of saturated soil paste extracts (ECe) (e.g. Rhoades et al. [77]). 
Therefore, ECe threshold level (i.e. ECt), as a numeric value at which crop growth and yield 
start to decline (more or less intensive under certain slope) can be very useful for categori-
sation of plants from salt tolerant (halophytes) to salt-sensitive (glycophytes) (Figure 2). In 
general, wheat is categorised as moderately tolerant to soil salinity (e.g. a threshold EC of 
6.0 dS/m) [78] although existing significant differences among genotypes that it is difficult 
to make a categorical statement [79]. The relative effects of salt stress on wheat vegetative 

Figure 2. Simplified presence of salt tolerance in some cereals (adapted according to Maas [81]). ECt represents the 
threshold in soil EC that is expected to cause the initial significant reduction in the maximum expected yield, whereas 
the slope is the percentage of yield expected to be reduced for each soil salinity unit above the ECt [82].
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growth parameters and grain yield can vary significantly among genotypes (Figure 2) and 
with the developmental stage at which salt stress occurs [75] as well under specific environ-
mental conditions given that the interaction of crop (genotype) and environment is not com-
pletely understood but is likely to be significant [80].
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(forming a brighter salt forms on the soil surface; Figure 3a) or at later (developed) stages by 
topsoil crusting, as a consequence of dispersed clay minerals and soil aggregates (Figure 3b).
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content notably) might be more prone to mobility and transfer of certain pollutants (e.g. toxic 
trace elements) on the soil/crop/groundwater routes, although certain genotypic differences 
have to be considered.

For instance, it was shown that raised soil solution salinity can significantly impact mobility 
of toxic Cd in the rhizosphere and enhance its uptake and root/shoot accumulation in dif-
ferent wheat cultivars [87, 88]. Also, sublimating the results of studies conducted by Norvell 
et al. [89], Khoshgoftarmanesh et al. [88] and Ozkutlu et al. [90] their outcomes suggest that 
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durum vs. bread wheat genotypes could be more effective, not only in Cd root extraction, but 
also in Cd root to shoot (leaf/grain) translocation and deposition under excessive Cl salinity. 
Such genotypic differences should be considered also in wheat breeding programs related to 
salt resistance (next section).

5.2. Sustainable management practices and perspectives for wheat cropping under 
salinised conditions

Some of the widely used and most promising perspectives and strategies against soil salinity are 
listed in Table 1, and some of them are explained in the next section in more detail. Beside exces-
sive ECe in saline soils, it is of great importance and interrelated concentrations of particular 
ions (notably portion of exchangeable Na+; ESP) as well as soil pH reaction. According to some 
of chemical parameters, salt-affected soils generally can be categorised as: saline (ECe > 4 dS/m, 
ESP < 15 and pH <8.5), saline-sodic (ECe > 4 dS/m, ESP > 15 and pH <8.5) and sodic/alkaline 
(ECe >4 dS/m, ESP >15 and pH >8.5), and usually require specific strategy for reclamation often 
with low benefit/cost ratio for crops (Ondrasek et al. [85] and references therein). Sustainable 
agricultural management in saline/sodic conditions usually is combination of certain preven-
tive actions (aiming to control salinity/alkalinity level) and/or remediate of saline/alkaline areas. 
For instance, saline soils might be easier for reclamation than sodic soils because the former 
often requires only salt leaching while the latter requires addition and certain Ca-/Mg-based soil 
amendments (e.g. gypsum) to replace excess ESP in addition to leaching (e.g. [91]).

Perspective Description

Species/varieties selection Cropping of more salt resistant wheat varieties (genotypes), although genotypic 
differences related to efficiency of mineral uptake and accumulation (e.g. trace 
elements) should be considered (explained above)

Amelioration of soil water 
management

Implementation of subsurface drainage system may be useful approach for: (i) 
prevention of salt accumulation in sub/surface horizons as a consequence of seasonal 
sea water intrusion and/or capillary rising and/or (ii) salt leaching from the surface soil 
layers (e.g. [109]). Implementation of irrigation can decline vegetative growth of wheat 
cropped on salt-affected soils but without evident yield reductions (e.g. [75])

Soil amelioration by 
microbes

It was shown that exploitation of certain microbial populations can be a promising 
alternative to alleviate crops stress under excessive root zone salinity [96]. Thus for 
instance, inoculation of wheat seeds prior sowing by salt-tolerant microbe colonies 
might be beneficial strategy for wheat cropping in salt-affected environment (e.g. [97])

Application of inorganic 
amendments

Addition of natural or synthetic Ca-/Mg-/Zn based sources can ameliorate soil salinity/
sodicity [110] and related pedosphere constrains (e.g. Zn-deficiency; see above)

Conservation and 
increasing of soil organic 
matter

Over conservation land management (e.g. reduced/minimal/no tillage) is possible to 
preserve and/or enhance soil–plant water relations, soil organic matter content and 
rhizosphere biodiversity across the saline paddocks (e.g. [85])

Genetic improvement Genetic improvement of wheat genomes for salt-tolerance has a great potential of 
acquiring some halophytic traits such as Na+ and/or Cl− exclusion by crossing cultivars 
of Triticum aestivum L. with genetically related (non)halophytes (e.g. [80])

Table 1. Some perspectives for improving wheat cropping in salt-affected agroecosystems.
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Application of (in)organic soil amendments, such as mineral/organic fertilisers, lime, gyp-
sum phospho-gypsum, and so on to salt-affected pedosphere has multi-beneficial impact [75].  
Introduction of Ca-/Mg-enriched amendments enhances to maintain soil micro-aggregate 
structure in the soil profile, and consequently improves physical pedovariables such as 
improved flocculation, reduced spontaneous dispersion (air-dry aggregates) and dispersion of 
remoulded aggregates, increased hydraulic conductivity and soil aeration [92]. Furthermore, 
it was confirmed that soil salinity/alkalinity is frequently associated with microelement Zn 
deficiency, and that under such conditions, application of certain inorganic Zn-based fertilis-
ers is able to improve salt tolerance but also and nutritional value of wheat. Namely, ~40% of 
the soils used for wheat production in Iran are Zn-deficient [93] and comparing to some other 
widely cropped cereals, wheat genotypes are especially very sensitive to Zn deficiency which 
markedly reduce wheat grain yield [94]. However, one of the biggest issues with soil amend-
ments (Ca-/Mg-/Zn-based) application and their beneficial impact to crops in saline condi-
tions is often lacking of their dissolution (i.e. phytoavailability of specific element/substance) 
due to (semi)arid conditions and/or not implemented irrigation practice.

Another promising strategy to enhance wheat salt tolerance might be introduction of salt 
more tolerant root-associated microbes that enhance plant growth under excessive salinity. 
Namely, it was widely discussed how spatial rhizosphere adaptation of plants is also driven 
by genetic differentiation in closely associated microbe populations such as: (i) arbuscular 
mycorrhizal fungi (whose hyphal networks ramify throughout the soil and within the plant 
cells) then (ii) ectomycorrhizal fungi (over a fungal layer around the root system and root inter-
cellular spaces) and (iii) root-associated plant growth-promoting rhizobacteria (see reviews 
by Rodriguez and Redman [95]; Dodd and Perez-Alfocea [96]). Alleviation of salt stress on 
yield and mineral nutrition (e.g. increased K/Na ratio) exploiting the arbuscular mycorrhizal 
fungi was confirmed in certain wheat varieties under field saline conditions [97]. For instance, 
the mycorrhizal colonisation enhanced grain wheat yield up to >31% in Kavir (spring culti-
var), up to >32% in Roshan (spring and semi-early maturing cultivar) and even up to >38% in 
Tabasi (mutated salt tolerant line) [97]. Furthermore, Sadeghi et al. [76] applying the isolate of 
Streptomyces in cultivated soil with wheat (cul. Chamran) observed: (i) increased the growth/
development and shoot concentration of N, P, Fe and Mn in both saline and non-saline con-
ditions and (ii) significant increases in germination rate, percentage and uniformity, shoot 
length and dry weight of salt-exposed plant (vs. non saline control). Also, studying the effect 
of inoculation of the five halotolerant bacterial strains in alleviation of NaCl-induced stress 
(80–320 mM) in wheat (var. HD 2733) Ramadoss et al. [98] observed an increase in root elon-
gation (by >90%) and root dry weight (by >17%) in comparison with control (uninoculated) 
plants. Such beneficial effects of salt-tolerant microbes to (wheat) crops exposed to salinity are 
explained by improved plant water relations (e.g. due to enhanced accumulation of specific 
osmolytes), then regulating plant homeostasis and improved phytonutrients (e.g. N, P, K, Zn, 
Cu, Mn, Fe) uptake as well by enhanced germination rate [96, 97, 99].

Breeding programs to salt tolerance (as relatively long-term approach) are expecting that 
might have crucial role in (wheat) cropping under saline conditions in the near future (see 
down). Relatively little work has been done on breeding programs of wheat cultivars for 
saline conditions [80] given on polygenic character of salt tolerance, but continuous progress  
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is evident. Namely, hexaploid bread wheat (Triticum aestivum L.) has one of the most complex 
(ABD) genomes (e.g. six copies of each chromosome, numerous of near-identical sequences 
scattered throughout, overall haploid size of >15 billion bases) [100], thus making wheat 
highly challenging for genome sequencing and detection of salt-tolerant genes and quan-
titative trait loci. Also, the huge amount of repetitive sequences poses a big challenge for 
sequencing the wheat genome [101]. For instance, first assembly of the wheat genome from 
2012 was represented by only ~33% (5.42 billion bases) [102], another assembly from 2014 
by ~66% (10.2 billion bases) [103] whereas assemblies from 2017 were extended to 78% (12.7 
billion bases) [104] and recent assembly was almost completed with >15.3 billion bases [100]. 
Hence, the genomic complexity and its uncomplete assembly makes the wheat crop addition-
ally extremely difficult for improvement to salt tolerance over conventional (e.g. traditional 
breeding) and/or modern genetic (e.g. molecular and transgenic breeding) approaches.

Genetic improvement of wheat for salt-tolerance has also a great potential of acquiring some 
halophytic traits (genes) such as Na+/Cl− exclusion and/or compartmentation by crossing 
wheat genotypes with genetically related halophytic plant species (e.g. Lophopyrum elonga-
tum) [105]. In wheat salt resistance is associated with low rates of the root-to-shoot transport 
of Na+ with high selectivity for K+ over Na+ [106]. Bread wheat genotypes have a low rate of 
Na+ accumulation and enhanced K+/Na+ discrimination which is controlled by a locus (Kna1) 
on chromosome 4D [107]. Contrary, durum wheat (tetraploid, AB genomes) have higher rates 
of Na+ accumulation and weaker K+/Na + discrimination [80] and is consequently less salt 
resistant vs. bread wheat (Figure 2). It was confirmed that salt−/draught-tolerant genes and 
quantitative trait loci identified in T. dicoccoides and H. spontaneum have great potential in 
wheat improvement also [108]. Finally, improvement in salt resistance of modern wheat gen-
otypes will be generated from introducing new gene(s) by (i) crossing with new donor germ-
plasm or (ii) transformation with single genes, and after the progeny has to be back-crossed 
into adapted cultivars before the donor genes are ready for cultivation [80].

6. Conclusion

Sustainable plant production has three main goals: environmental health, economic profitability, 
and social and economic equity. It needs to achieve higher and higher amount of quality food 
by using less stock and energy under actual environmental conditions. Nitrogen is one of the 
most important nutrients for plants because of the yield quality and quantity as well. Applying 
adequate amount of nutrients based on genotype requirements is hard under potential condi-
tions, especially under different abiotic loads. About 70% of all fertilisers are used on wheat and 
rice. Wheat is an important staple crop and crucial source of non-animal protein in human food 
and also makes a significant contribution to animal feed. The problem is that the utilisation effi-
ciency of nitrogenous fertilisers under field conditions is relatively low, thus the production may 
become dangerous for the environment, economically inadequate and can result in poor quality. 
Finding of ‘smart’ wheat genotypes with high NUE does not mean a solution for the problem of 
being sustainable. Several environmental conditions have effect on NUE and/or the components 
of NUE, thus we need more knowledge to locate the final answer our global challenge.
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Abstract

Plants are vital to life as their presence maintains ecosystem on this living globe. Environ
mental stresses trigger multiple responses initiated by plant cells to save plant life, from 
altered gene expression up to changes in cellular metabolism to regulate plant growth 
rates, which lead to better crop yield. The production of different osmoprotectants like 
proline, glycine-betaine (GB), trehalose, and antioxidant enzymes like superoxide dis
mutase (SOD), catalase (CAT), and ascorbate peroxidase has shown a promising role to 
keep away cells from immediate cellular damage. Root-to-shoot ratio was enhanced in 
the drought-affected genotypes, while osmolytes and antioxidant enzymes take up the 
role to overcome drought situation in wheat germplasm. PEGinduced protocol was used 
to find out the production of osmolytes (proline, glycine-betaine, and trehalose) and anti
oxidant enzymes (SOD, CAT, and APX) biochemically. The levels of antioxidant enzymes 
and osmolytes were enhanced significantly in all germplasms indicating the defensive 
measures of plant cells in drought situation. DNA fingerprinting results have shown that 
the different wheat germplasms have an association with the levels of osmoprotectants 
and antioxidant enzymes during drought stress.

Keywords: drought tolerance, PEG 8000, osmolytes, antioxidant enzymes, wheat 
germplasm

1. Introduction

Global wheat production in the key production areas is being threatened by recurrent drought 
situation which is predicted to increase with climate change. Droughttolerant wheat variet
ies are the ultimate solution of safeguarding the crop against adverse effects of drought [1]. 
Plants are frequently exposed to environmental stresses both due to some natural cause and 
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ies are the ultimate solution of safeguarding the crop against adverse effects of drought [1]. 
Plants are frequently exposed to environmental stresses both due to some natural cause and 
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rough agricultural practices. Various types of both biotic and abiotic stresses may result in 
limited plant productivity. Plant stresses like oxidative, chemical toxicity, drought and salin
ity, extreme temperatures along with the attack of insects, pests, and plant pathogens result 
in significant crop losses which are a serious threat to agriculture [2].

Drought is significantly damaging the plant that further limits the crop productivity, and 
most countries are facing this big disaster. Plant productivity is greatly inclined due to stress
ful conditions that affect almost every aspect of plant growth. All plants develop a unique pat
tern of biochemical and molecular mechanisms to manage odd situations linked with stress 
tolerance. Environmental stresses like drought, high salinity, and low temperature initiate 
gene expression that raise osmolytes and antioxidant enzyme levels in plant cells to tolerate 
stress responses.

Due to everincreasing population around the globe, food crop productivity is highly envi
able, and it is the need of the hour to expand measures for maximum produce. Wheat occupies 
an important place as staple food and the yield improvement of the wheat germplasm under 
different stresses and agro-climatic situations [3] have an essential task for researchers to deal 
within the present scenario. Human food comprises many valuable produce like rice, pulses, 
and meats but wheat is among the most important for human consumption worldwide. A part 
of the total wheat crop production is also used as a feed for livestock. Triticum aestivum is com
mon bread wheat, but the other two species of wheat are of commercial importance as T. durum 
is pasta product wheat and T. compactum is pastry flour wheat. About 35% of the human popu
lation consumes wheat as food, covering 29% of caloric intake. Wheat shares the largest cereal 
market due to its global production at more than 651. 4 million metric tons per annum [4]. 
The high nutritive value (>10% protein, 2.4% lipids, and 79% carbohydrates) of wheat is based 
largely on its ingredients and the versatility of its use in the production of a wide range of food 
products [5]. The global climate change is facing adverse effects, while some other areas that 
have adopted the effects of climate change have shown benefits to crop system. Wheat is grown 
in the regions where rainfall ranges 30–113 cm [6]. Plant productivity is hampered by environ
mental stresses [7], and water shortage definitely limits plant growth and productivity even 
more than any other environmental factor [8]. Elevated levels of stress hormone viz. ABA has 
been associated with water stress tolerance in crop plants. Heat regulates stomatal conductance 
and water loss under desiccation that results in the accumulation of osmolytes like proline, 
mannitol, glycine-betaine, and soluble sugars like trehalose which lower the osmotic potential 
of the cell sap and thus prevent the movement of water out of the cell [9].

Pakistan has faced recently a big problem of wheat shortage due to drought situation and had 
to import wheat to fulfill the need of the country. Our globe is affected by drought: about 45% 
of the land area mostly of Africa (Ethiopia) and its surroundings, most of the Mediterranean, 
Mexico, Australia, and some parts of Middle East, India and Sindh province area of Pakistan. 
Irrigated land is only 15% of total cultivated land which yields twice as much as rain-fed land 
and producing one-third of the world’s food [10]. Plant stress also plays a major role in deter
mining the distribution of plant species due to soil texture and climate limitations. To main
tain a gradient of water flow into the plant, the soil water potential is much important but 
its reduction may lead to increased soil solutes that make it increasingly difficult to establish 
osmotic pressure. The resulting osmotic stress leads to stomatal closure in some plant species 
[11] and a reduced rate of photosynthesis [12].

Global Wheat Production52

2. Plant stresses

Environmental stresses are the main cause of limited crop production in the world. The land 
is affected by mineral stress about 20%, by drought stress about 26%, and 15% by freezing 
stress [13]. Environmental stresses are of two types: biotic stresses and abiotic stresses. Biotic 
stresses include infection and competition by other organisms. Abiotic stresses include light, 
temperature, water (drought), excess (flooding), radiation, and salinity stress. The capacity of 
plants to cope with unfavorable environments is known as stress resistance. Plant adaptations 
to tolerate stress depend upon genetically modified resistance genes that improve resistance 
as a result of prior exposure of a plant to stress. The mechanisms of drought resistance may 
fluctuate with climate change and soil conditions. Leaf expansion is restricted by water stress 
as one of the earliest responses occurring when decreases in turgor resulting from water deficit 
reduce or eliminate the driving force for cell and leaf expansion. Leaf abscission mechanisms 
start due to water stress and root extension into deeper, wetter soil, and stomatal closure as a 
response of water deficiency. Water deficit leads to the gene expression involved in acclima
tion and adaptation to the stress. The sensing and activation of signal transduction cascades 
mediating these changes in gene expression involve both an ABAdependent pathway and 
ABA-independent pathways [9]. Anjum et al. [14] have studied the droughtinduced changes 
in growth, osmolytes accumulation, and antioxidant metabolisms of maize hybrids. Drought 
stress in crop production system is much more precarious than any abiotic stress due to cli
matic changes. According to them, physiobiochemical regulation of plants under drought 
stress can be used as markers for drought tolerance in selection and breeding purposes. The 
maize growth and yield responses were highly related to ROS production, osmolytes accu
mulation, and activation of antioxidative defense system under drought situation.

3. Water-use efficiency

The water-limited productivity of plants depends on the total amount of water available and 
on the water-use efficiency of the plant. Any plant capable of acquiring more water or that has 
a higher water-use efficiency will resist drought better. When water shortage develops slowly, 
it is sufficient to permit changes in developmental process as water stress has more than a few 
adverse effects on plant growth. In this situation, compatible solutes like proline, glycine-beta
ine, and trehalose are produced to counter the unfavorable cellular conditions. Osmotic adjust
ment (OA) is a net increase in these solute contents per cell, and it develops slowly in response 
to tissue dehydration and maintains turgor and osmotic pressure of effected plant species. 
Osmotic potential fluctuation by the soil solution creates the stress in plants by water ultimately 
leading to plant death as a result of growth arrest and molecular damage. Osmotic adjustment 
in plant cells helps to maintain plant water balance to carry on regular life processes [9].

Most plants take up CO2 from atmosphere while limiting water loss. The cuticle covers 
exposed plant surfaces as an effective barrier to water loss that protects the plant from desic
cation. These plants cannot prevent outward diffusion of water without excluding CO2 from 
the leaf. The concentration gradient of CO2 uptake is much smaller than the concentration 
gradient that drives water loss. If water reservoir is higher than usual, this triggers regulation 
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rough agricultural practices. Various types of both biotic and abiotic stresses may result in 
limited plant productivity. Plant stresses like oxidative, chemical toxicity, drought and salin
ity, extreme temperatures along with the attack of insects, pests, and plant pathogens result 
in significant crop losses which are a serious threat to agriculture [2].

Drought is significantly damaging the plant that further limits the crop productivity, and 
most countries are facing this big disaster. Plant productivity is greatly inclined due to stress
ful conditions that affect almost every aspect of plant growth. All plants develop a unique pat
tern of biochemical and molecular mechanisms to manage odd situations linked with stress 
tolerance. Environmental stresses like drought, high salinity, and low temperature initiate 
gene expression that raise osmolytes and antioxidant enzyme levels in plant cells to tolerate 
stress responses.

Due to everincreasing population around the globe, food crop productivity is highly envi
able, and it is the need of the hour to expand measures for maximum produce. Wheat occupies 
an important place as staple food and the yield improvement of the wheat germplasm under 
different stresses and agro-climatic situations [3] have an essential task for researchers to deal 
within the present scenario. Human food comprises many valuable produce like rice, pulses, 
and meats but wheat is among the most important for human consumption worldwide. A part 
of the total wheat crop production is also used as a feed for livestock. Triticum aestivum is com
mon bread wheat, but the other two species of wheat are of commercial importance as T. durum 
is pasta product wheat and T. compactum is pastry flour wheat. About 35% of the human popu
lation consumes wheat as food, covering 29% of caloric intake. Wheat shares the largest cereal 
market due to its global production at more than 651. 4 million metric tons per annum [4]. 
The high nutritive value (>10% protein, 2.4% lipids, and 79% carbohydrates) of wheat is based 
largely on its ingredients and the versatility of its use in the production of a wide range of food 
products [5]. The global climate change is facing adverse effects, while some other areas that 
have adopted the effects of climate change have shown benefits to crop system. Wheat is grown 
in the regions where rainfall ranges 30–113 cm [6]. Plant productivity is hampered by environ
mental stresses [7], and water shortage definitely limits plant growth and productivity even 
more than any other environmental factor [8]. Elevated levels of stress hormone viz. ABA has 
been associated with water stress tolerance in crop plants. Heat regulates stomatal conductance 
and water loss under desiccation that results in the accumulation of osmolytes like proline, 
mannitol, glycine-betaine, and soluble sugars like trehalose which lower the osmotic potential 
of the cell sap and thus prevent the movement of water out of the cell [9].

Pakistan has faced recently a big problem of wheat shortage due to drought situation and had 
to import wheat to fulfill the need of the country. Our globe is affected by drought: about 45% 
of the land area mostly of Africa (Ethiopia) and its surroundings, most of the Mediterranean, 
Mexico, Australia, and some parts of Middle East, India and Sindh province area of Pakistan. 
Irrigated land is only 15% of total cultivated land which yields twice as much as rain-fed land 
and producing one-third of the world’s food [10]. Plant stress also plays a major role in deter
mining the distribution of plant species due to soil texture and climate limitations. To main
tain a gradient of water flow into the plant, the soil water potential is much important but 
its reduction may lead to increased soil solutes that make it increasingly difficult to establish 
osmotic pressure. The resulting osmotic stress leads to stomatal closure in some plant species 
[11] and a reduced rate of photosynthesis [12].
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temperature, water (drought), excess (flooding), radiation, and salinity stress. The capacity of 
plants to cope with unfavorable environments is known as stress resistance. Plant adaptations 
to tolerate stress depend upon genetically modified resistance genes that improve resistance 
as a result of prior exposure of a plant to stress. The mechanisms of drought resistance may 
fluctuate with climate change and soil conditions. Leaf expansion is restricted by water stress 
as one of the earliest responses occurring when decreases in turgor resulting from water deficit 
reduce or eliminate the driving force for cell and leaf expansion. Leaf abscission mechanisms 
start due to water stress and root extension into deeper, wetter soil, and stomatal closure as a 
response of water deficiency. Water deficit leads to the gene expression involved in acclima
tion and adaptation to the stress. The sensing and activation of signal transduction cascades 
mediating these changes in gene expression involve both an ABAdependent pathway and 
ABA-independent pathways [9]. Anjum et al. [14] have studied the droughtinduced changes 
in growth, osmolytes accumulation, and antioxidant metabolisms of maize hybrids. Drought 
stress in crop production system is much more precarious than any abiotic stress due to cli
matic changes. According to them, physiobiochemical regulation of plants under drought 
stress can be used as markers for drought tolerance in selection and breeding purposes. The 
maize growth and yield responses were highly related to ROS production, osmolytes accu
mulation, and activation of antioxidative defense system under drought situation.

3. Water-use efficiency

The water-limited productivity of plants depends on the total amount of water available and 
on the water-use efficiency of the plant. Any plant capable of acquiring more water or that has 
a higher water-use efficiency will resist drought better. When water shortage develops slowly, 
it is sufficient to permit changes in developmental process as water stress has more than a few 
adverse effects on plant growth. In this situation, compatible solutes like proline, glycine-beta
ine, and trehalose are produced to counter the unfavorable cellular conditions. Osmotic adjust
ment (OA) is a net increase in these solute contents per cell, and it develops slowly in response 
to tissue dehydration and maintains turgor and osmotic pressure of effected plant species. 
Osmotic potential fluctuation by the soil solution creates the stress in plants by water ultimately 
leading to plant death as a result of growth arrest and molecular damage. Osmotic adjustment 
in plant cells helps to maintain plant water balance to carry on regular life processes [9].

Most plants take up CO2 from atmosphere while limiting water loss. The cuticle covers 
exposed plant surfaces as an effective barrier to water loss that protects the plant from desic
cation. These plants cannot prevent outward diffusion of water without excluding CO2 from 
the leaf. The concentration gradient of CO2 uptake is much smaller than the concentration 
gradient that drives water loss. If water reservoir is higher than usual, this triggers regulation 
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of stomatal apertures at day time and remained close at night. There is no photosynthesis in 
the night, so no demand for CO2 inside the leaf; therefore, stomatal apertures are kept small, 
preventing unnecessary water loss. When water supply is abundant on a sunny morning, the 
solar radiation incident on the leaf favors a high photosynthetic activity, the demand for CO2 
inside the leaf is large, and the stomatal pores are wide open to claim more CO2. Through 
transpiration, water loss is substantial under these conditions, but since the H2O is plentiful, 
it is beneficial for the plant to trade water, the product of photosynthesis, which is essential 
for growth and reproduction. Mild water deficits also affect the development of the root sys
tem. Root-to-shoot biomass ratio appears to be governed by a functional balance between 
water uptake by the root and photosynthesis by the shoot. A shoot will grow with maximum 
water uptake by the roots and becomes limiting to promote growth until their demand for 
photosynthate from the shoot equals the supply. This functional balance is shifted if the water 
supply decreases. On the other hand, when soil water is less abundant, the stomata will open 
less or even remain closed on a sunny morning. Thus, plants avoid dehydration by keeping 
its stomata closed in dry conditions [9].

Many organisms accumulate intracellular lowmolecularweight compounds due to water 
deficit to maintain equal water potential with the external conditions. Osmotic adjustment 
is contributed by many compounds which besides providing protection to macromolecules 
such as enzymes, proteins, electrolytes and temperature. Plant cells generally accumulate the 
inorganic ions mostly present in the soil environment, but in high concentration these become 
harmful to cellular integrity [15]. The organisms usually accumulate specific types of organic 
molecules called as compatible solutes required for maintaining the cytoplasm osmotically 
balanced. The main function of formed osmolytes is to maintain osmotic balance within the 
cell, and even their high concentrations may not impair the normal physiological function 
of the cell. As plant life savers, organic osmolytes facilitate osmotic adjustment normally to 
maintain cellular milieu.

3.1. Root-shoot ratio

Crops of tomorrow are expected to grow under huge levels of atmospheric CO2. Basic crop 
growth parameters will be affected and major among those is carbon allocation. The ratio of 
root to shoot is dependent upon the separation of photosynthate which might be influenced by 
environmental stimuli. The upper layer of the soil gets dry without water, but the root growth 
started more to qualify moist zones under the soil. Deeper root growth into wet soil can be con
sidered a second line of defense against drought. Better root growth into moist soil zones dur
ing stress requires osmolytes indirectly to maintain osmotic potential in order. During water 
shortage, the root growth is less prominent in reproductive plants as compared to vegetative 
plants. Therefore, the plants are more sensitive to water stress during reproduction period.

According to Iqbal et al. [16], the water deficit situation in wheat germplasm has shown detri
mental developmental processes which effects plant growth ultimately. To counter this situ
ation, compatible solutes like proline, glycine-betaine, and trehalose protect cellular milieu 
from dehydration. An increase in root growth in different plants under drought stress was 
also shown by Tahir et al. [17] and Jaleel et al. [18]. Plants with a higher proportion of roots can 
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compete more effectively for soil nutrients, while those with a higher proportion of shoots can 
collect more light energy and perform function accordingly. Root length is a better measure 
than the surface area of the absorbing ability of roots. Water moves slowly in soil so that a 
small root is almost as effective as a larger one in absorbing water and nutrients. According to 
Fahad et al. [19], the large proportions of shoot production are characteristic of vegetation in 
early succession phases, while high proportions of root production are characteristic of climax 
vegetation phases. Except for injury to the roots, a reduction in the rootshoot ratio is almost 
always in response to more favorable growing conditions. An increase in the rootshoot ratio 
would indicate that a plant was probably growing under less favorable conditions.

4. Drought stress

Drought is the lack of inadequate moisture level in soil, leading toward water stress which 
adversely affects crop productivity. Indeed, it is hypothesized that differences in drought and 
salt tolerance arise because of changes in the regulation of a basic set of drought and salt tol
erance genes. Attempts to improve the drought tolerance of crops by conventional breeding 
programs have shown very limited success because of the complexity of the trait. Drought tol
erance is a complex process genetically and physiologically [20]. The components of drought 
resistance in plants include both avoidance and tolerance to water stress and desiccation. 
Early maturity mechanism helps drought resistance in wheat before the period of drought, 
deeper root system to efficiently utilize the available moisture, and prolonged closing of sto
mata during drought stress to decrease water loss. The development of wheat cultivars for 
drought stress tolerance commonly has narrow leaves and lower shoot/root ratios and may 
have a low yield potential than varieties developed for irrigated areas. Jaleel et al. [21] has 
reviewed the drought stress as a changed physiological situation caused by the trend to dis
turb equilibrium. The damage in physical and chemical change shaped the stresses in plants 
exposed to drought, oxidative stress, low and high temperature, salt, flooding, and heavy 
metal toxicity. Drought stress tolerance is observed in most of the plants but its extent var
ies from species to species and even within species. Water deficit and salt stresses are global 
issues to ensure the survival of agricultural crops and sustainable food production. A ramified 
root system is established during drought tolerance and high biomass production primarily 
due to its ability to extract more water from soil and its transport to above ground parts for 
photosynthesis. When the beginning of stress is in rapid state or the plant has reached its full 
leaf area before initiation of stress while on the other side, protective mechanisms started in 
the plant against immediate desiccation. Under these subnormal conditions, stomata closure 
reduces evaporation from the leaf surface area. At this stage, the stomatal closure is considered 
to be an important line of defense against drought. Uptake and loss of water in guard cells 
change their turgor and modulate stomatal opening and closing. The guard cells are located in 
the leaf epidermis which can drop turgor pressure as a result of a direct water loss by evapora
tion to the atmosphere. Hydropassive closure of stomata is due to the decrease in turgor that 
operates in air of low humidity and when direct water loss from the guard cells is too rapid to 
from adjacent epidermal cells. Secondly, hydroactive closure mechanism closes the stomata 
when the whole leaf or the roots are dehydrated and depends on metabolic processes in the 
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of stomatal apertures at day time and remained close at night. There is no photosynthesis in 
the night, so no demand for CO2 inside the leaf; therefore, stomatal apertures are kept small, 
preventing unnecessary water loss. When water supply is abundant on a sunny morning, the 
solar radiation incident on the leaf favors a high photosynthetic activity, the demand for CO2 
inside the leaf is large, and the stomatal pores are wide open to claim more CO2. Through 
transpiration, water loss is substantial under these conditions, but since the H2O is plentiful, 
it is beneficial for the plant to trade water, the product of photosynthesis, which is essential 
for growth and reproduction. Mild water deficits also affect the development of the root sys
tem. Root-to-shoot biomass ratio appears to be governed by a functional balance between 
water uptake by the root and photosynthesis by the shoot. A shoot will grow with maximum 
water uptake by the roots and becomes limiting to promote growth until their demand for 
photosynthate from the shoot equals the supply. This functional balance is shifted if the water 
supply decreases. On the other hand, when soil water is less abundant, the stomata will open 
less or even remain closed on a sunny morning. Thus, plants avoid dehydration by keeping 
its stomata closed in dry conditions [9].

Many organisms accumulate intracellular lowmolecularweight compounds due to water 
deficit to maintain equal water potential with the external conditions. Osmotic adjustment 
is contributed by many compounds which besides providing protection to macromolecules 
such as enzymes, proteins, electrolytes and temperature. Plant cells generally accumulate the 
inorganic ions mostly present in the soil environment, but in high concentration these become 
harmful to cellular integrity [15]. The organisms usually accumulate specific types of organic 
molecules called as compatible solutes required for maintaining the cytoplasm osmotically 
balanced. The main function of formed osmolytes is to maintain osmotic balance within the 
cell, and even their high concentrations may not impair the normal physiological function 
of the cell. As plant life savers, organic osmolytes facilitate osmotic adjustment normally to 
maintain cellular milieu.

3.1. Root-shoot ratio

Crops of tomorrow are expected to grow under huge levels of atmospheric CO2. Basic crop 
growth parameters will be affected and major among those is carbon allocation. The ratio of 
root to shoot is dependent upon the separation of photosynthate which might be influenced by 
environmental stimuli. The upper layer of the soil gets dry without water, but the root growth 
started more to qualify moist zones under the soil. Deeper root growth into wet soil can be con
sidered a second line of defense against drought. Better root growth into moist soil zones dur
ing stress requires osmolytes indirectly to maintain osmotic potential in order. During water 
shortage, the root growth is less prominent in reproductive plants as compared to vegetative 
plants. Therefore, the plants are more sensitive to water stress during reproduction period.

According to Iqbal et al. [16], the water deficit situation in wheat germplasm has shown detri
mental developmental processes which effects plant growth ultimately. To counter this situ
ation, compatible solutes like proline, glycine-betaine, and trehalose protect cellular milieu 
from dehydration. An increase in root growth in different plants under drought stress was 
also shown by Tahir et al. [17] and Jaleel et al. [18]. Plants with a higher proportion of roots can 
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compete more effectively for soil nutrients, while those with a higher proportion of shoots can 
collect more light energy and perform function accordingly. Root length is a better measure 
than the surface area of the absorbing ability of roots. Water moves slowly in soil so that a 
small root is almost as effective as a larger one in absorbing water and nutrients. According to 
Fahad et al. [19], the large proportions of shoot production are characteristic of vegetation in 
early succession phases, while high proportions of root production are characteristic of climax 
vegetation phases. Except for injury to the roots, a reduction in the rootshoot ratio is almost 
always in response to more favorable growing conditions. An increase in the rootshoot ratio 
would indicate that a plant was probably growing under less favorable conditions.

4. Drought stress

Drought is the lack of inadequate moisture level in soil, leading toward water stress which 
adversely affects crop productivity. Indeed, it is hypothesized that differences in drought and 
salt tolerance arise because of changes in the regulation of a basic set of drought and salt tol
erance genes. Attempts to improve the drought tolerance of crops by conventional breeding 
programs have shown very limited success because of the complexity of the trait. Drought tol
erance is a complex process genetically and physiologically [20]. The components of drought 
resistance in plants include both avoidance and tolerance to water stress and desiccation. 
Early maturity mechanism helps drought resistance in wheat before the period of drought, 
deeper root system to efficiently utilize the available moisture, and prolonged closing of sto
mata during drought stress to decrease water loss. The development of wheat cultivars for 
drought stress tolerance commonly has narrow leaves and lower shoot/root ratios and may 
have a low yield potential than varieties developed for irrigated areas. Jaleel et al. [21] has 
reviewed the drought stress as a changed physiological situation caused by the trend to dis
turb equilibrium. The damage in physical and chemical change shaped the stresses in plants 
exposed to drought, oxidative stress, low and high temperature, salt, flooding, and heavy 
metal toxicity. Drought stress tolerance is observed in most of the plants but its extent var
ies from species to species and even within species. Water deficit and salt stresses are global 
issues to ensure the survival of agricultural crops and sustainable food production. A ramified 
root system is established during drought tolerance and high biomass production primarily 
due to its ability to extract more water from soil and its transport to above ground parts for 
photosynthesis. When the beginning of stress is in rapid state or the plant has reached its full 
leaf area before initiation of stress while on the other side, protective mechanisms started in 
the plant against immediate desiccation. Under these subnormal conditions, stomata closure 
reduces evaporation from the leaf surface area. At this stage, the stomatal closure is considered 
to be an important line of defense against drought. Uptake and loss of water in guard cells 
change their turgor and modulate stomatal opening and closing. The guard cells are located in 
the leaf epidermis which can drop turgor pressure as a result of a direct water loss by evapora
tion to the atmosphere. Hydropassive closure of stomata is due to the decrease in turgor that 
operates in air of low humidity and when direct water loss from the guard cells is too rapid to 
from adjacent epidermal cells. Secondly, hydroactive closure mechanism closes the stomata 
when the whole leaf or the roots are dehydrated and depends on metabolic processes in the 
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guard cells. The reduced solute contents in the guard cells results in water loss and decreased 
turgor for closing stomata. The hydraulic mechanism of hydroactive closure is a reversal of 
the mechanism of stomatal opening. The loss of solutes from guard cells can be activated by a 
decreased water content of the leaf where abscisic acid (ABA) plays an important role in this 
process. Abscisic acid is synthesized continuously at a low rate in mesophyll cells and tends to 
accumulate in the chloroplasts. When the mesophyll becomes mildly dehydrated, firstly the 
ABA stored in the chloroplasts is released to the apoplast (the cell wall space) of the mesophyll 
cell [22]. The pH gradients redistribute ABA molecule within the leaf, making it possible for 
the transpiration stream to carry some of the ABA to the guard cells. Secondly, leaf apoplast is 
saturated with ABA synthesized at a higher rate, and this higher ABA concentration appears 
to enhance or prolong the initial closing effect of the stored ABA, leading to the mechanism 
of ABA-induced stomatal closure. Leaf dehydration can vary widely both within and across 
species due to stomatal responses. The drought tolerant species like cowpea (Vigna unguicu-
lata) and cassava (Manihot esculenta) are more responsive to stomatal conductance and leaf 
water potential may remain nearly constant during drought due to less transpiration activ
ity. Chemical signals from the root system may affect the stomatal responses to water stress. 
The stomatal conductance is more closely related to soil water status than to leaf water status 
because the average root system is directly affected by soil water status. In fact, dehydrating 
only part of the root system may cause stomatal closure even if the wellwatered portion of the 
root system still delivers ample water to the shoots.

4.1. Osmotic adjustment

Water plays a crucial role in plants’ life as approximately 500 g of water is absorbed by the 
roots for every gram of organic matter made by plant. Imbalance in water flow can cause 
water shortage that lead to malfunctioning of major cellular processes. The balancing of water 
uptake and loss is a crucial challenge for photosynthetic plants to utilize CO2 from atmo
sphere, and by doing so, plant exposes to water loss and the next threat of dehydration. A 
main difference between plant and animal cells that affects almost all aspects of their relation 
with water is the existence in plants of the cell wall. The internal hydrostatic turgor pressure 
is a result of their normal water balance inside the cell wall. Turgor pressure is essential for 
many physiological processes including cell enlargement, gases exchange in the leaves, trans
port in the phloem, and various transport processes across membrane. Turgor pressure also 
contributes to the rigidity and mechanical stability of non-lignified plant tissues.

Water is essential to land plants to avoid lethal desiccation by water loss to the atmosphere. 
The large surface area of leaves, their high radiant-energy gain, and their need to have an open 
pathway for CO2 uptake may aggravate water loss. Water conservation and the need for CO2 
assimilation are a constant situation in plants for survival. Water makes up most of the mass 
of the plant cells, as each cell contains large water-filled vacuole whereas water typically con
stitutes 80–95% of the mass of the growing plant tissues. Seeds with a water content of 5–15% 
are among the driest of plant tissues that also absorb a considerable amount of water before 
germination. Plants continuously absorb and lose water during transpiration means and dissi
pate heat because the escaped water molecules have higher than average energy, breaking the 
bonds holding them in a liquid form. The transport of water bulk flow from the soil through 
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the plant body to the atmosphere includes diffusion and osmosis. The plant water can be 
considered incessant hydraulic system connecting through water in the soil with the water 
vapors in the atmosphere. Guard cells regulate transpiration through the control of stomatal 
pore size to meet the photosynthetic demand for CO2 uptake while limiting water loss to the 
atmosphere. Large negative pressures (or tensions) in the apoplastic water is generated by 
water evaporation from the cell walls of the leaf mesophyll cells. Xylem conduits hold these 
negative pressures, but when transpiration is high, negative pressures in the xylem water may 
cause cavitations (embolisms) in the xylem that can block water transport and lead to severe 
water deficits in the leaf. Water deficit plants adapt responses that modify the physiology and 
development of plants. Water move through soils by bulk flow driven by a pressure gradi
ent, and plants absorb water from soil through roots. The rate of water flow in soils depends 
upon the factors like pressure gradient through soil and hydraulic conductivity of the soil. 
As the water content of the soil decreases, the hydraulic conductivity decreases drastically. In 
very dry soil, water potential may fall below the permanent wilting point. At this point, the 
water potential of the soil is so low that plant cannot regain turgor pressure which means that 
the water potential is less than or equal to the osmotic potential of the plant. Different plant 
species behave differently in soil, and the permanent wilting point is clearly not a unique 
property of the soil. Water uptake decreases when roots are subjected to low temperature or 
anaerobic conditions, or treated with respiratory inhibitors like cyanide. The anaerobic roots 
transport less water to the shoots which suffer net water loss and begin to wilt [15].

4.2. Polyethylene glycol application

Polyethylene glycol (PEG) is a polymer used to modify the osmotic potential of nutrient solu
tions cultures to induce plant water deficit in experimental protocols. PEG 8000 (18%) is used 
as an osmoticum to induce drought in wheat genotypes after 1 week of plantation. Water 
stress greatly suppresses cell expansion and cell growth due to low turgor pressure. Osmotic 
regulation can enable the maintenance of cellular turgor for plant survival. The reduction in 
plant height was associated with a decline in the cell enlargement and more leaf senescence. 
The plants grown in nutrient culture containing PEG suffered from hypoxia, and such system 
should be oxygenated for running drought-stress experiments [16].

5. Osmolytes

In plants, there are effective mechanisms of osmotic adjustment based on the synthesis of 
osmolytes which are lowmolecularweight compatible solutes. Osmolytes are frequently 
used by cells to accommodate osmotic pressure within the effected cells to avoid cellular 
injury due to oxidation phenomenon. They are highly soluble organic molecules that are 
synthesized in many organisms in response to different environmental conditions leading 
to osmotic stress [7]. They accumulate in the cytosol without interfering with the cellular 
metabolism even at high concentrations. Osmolytes have additional functions during the 
stress response and act as osmoprotectants by directly stabilizing protein and membrane 
structures under dehydration conditions. They have a diverse chemical nature, and apart 
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guard cells. The reduced solute contents in the guard cells results in water loss and decreased 
turgor for closing stomata. The hydraulic mechanism of hydroactive closure is a reversal of 
the mechanism of stomatal opening. The loss of solutes from guard cells can be activated by a 
decreased water content of the leaf where abscisic acid (ABA) plays an important role in this 
process. Abscisic acid is synthesized continuously at a low rate in mesophyll cells and tends to 
accumulate in the chloroplasts. When the mesophyll becomes mildly dehydrated, firstly the 
ABA stored in the chloroplasts is released to the apoplast (the cell wall space) of the mesophyll 
cell [22]. The pH gradients redistribute ABA molecule within the leaf, making it possible for 
the transpiration stream to carry some of the ABA to the guard cells. Secondly, leaf apoplast is 
saturated with ABA synthesized at a higher rate, and this higher ABA concentration appears 
to enhance or prolong the initial closing effect of the stored ABA, leading to the mechanism 
of ABA-induced stomatal closure. Leaf dehydration can vary widely both within and across 
species due to stomatal responses. The drought tolerant species like cowpea (Vigna unguicu-
lata) and cassava (Manihot esculenta) are more responsive to stomatal conductance and leaf 
water potential may remain nearly constant during drought due to less transpiration activ
ity. Chemical signals from the root system may affect the stomatal responses to water stress. 
The stomatal conductance is more closely related to soil water status than to leaf water status 
because the average root system is directly affected by soil water status. In fact, dehydrating 
only part of the root system may cause stomatal closure even if the wellwatered portion of the 
root system still delivers ample water to the shoots.

4.1. Osmotic adjustment

Water plays a crucial role in plants’ life as approximately 500 g of water is absorbed by the 
roots for every gram of organic matter made by plant. Imbalance in water flow can cause 
water shortage that lead to malfunctioning of major cellular processes. The balancing of water 
uptake and loss is a crucial challenge for photosynthetic plants to utilize CO2 from atmo
sphere, and by doing so, plant exposes to water loss and the next threat of dehydration. A 
main difference between plant and animal cells that affects almost all aspects of their relation 
with water is the existence in plants of the cell wall. The internal hydrostatic turgor pressure 
is a result of their normal water balance inside the cell wall. Turgor pressure is essential for 
many physiological processes including cell enlargement, gases exchange in the leaves, trans
port in the phloem, and various transport processes across membrane. Turgor pressure also 
contributes to the rigidity and mechanical stability of non-lignified plant tissues.

Water is essential to land plants to avoid lethal desiccation by water loss to the atmosphere. 
The large surface area of leaves, their high radiant-energy gain, and their need to have an open 
pathway for CO2 uptake may aggravate water loss. Water conservation and the need for CO2 
assimilation are a constant situation in plants for survival. Water makes up most of the mass 
of the plant cells, as each cell contains large water-filled vacuole whereas water typically con
stitutes 80–95% of the mass of the growing plant tissues. Seeds with a water content of 5–15% 
are among the driest of plant tissues that also absorb a considerable amount of water before 
germination. Plants continuously absorb and lose water during transpiration means and dissi
pate heat because the escaped water molecules have higher than average energy, breaking the 
bonds holding them in a liquid form. The transport of water bulk flow from the soil through 
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the plant body to the atmosphere includes diffusion and osmosis. The plant water can be 
considered incessant hydraulic system connecting through water in the soil with the water 
vapors in the atmosphere. Guard cells regulate transpiration through the control of stomatal 
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atmosphere. Large negative pressures (or tensions) in the apoplastic water is generated by 
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As the water content of the soil decreases, the hydraulic conductivity decreases drastically. In 
very dry soil, water potential may fall below the permanent wilting point. At this point, the 
water potential of the soil is so low that plant cannot regain turgor pressure which means that 
the water potential is less than or equal to the osmotic potential of the plant. Different plant 
species behave differently in soil, and the permanent wilting point is clearly not a unique 
property of the soil. Water uptake decreases when roots are subjected to low temperature or 
anaerobic conditions, or treated with respiratory inhibitors like cyanide. The anaerobic roots 
transport less water to the shoots which suffer net water loss and begin to wilt [15].

4.2. Polyethylene glycol application

Polyethylene glycol (PEG) is a polymer used to modify the osmotic potential of nutrient solu
tions cultures to induce plant water deficit in experimental protocols. PEG 8000 (18%) is used 
as an osmoticum to induce drought in wheat genotypes after 1 week of plantation. Water 
stress greatly suppresses cell expansion and cell growth due to low turgor pressure. Osmotic 
regulation can enable the maintenance of cellular turgor for plant survival. The reduction in 
plant height was associated with a decline in the cell enlargement and more leaf senescence. 
The plants grown in nutrient culture containing PEG suffered from hypoxia, and such system 
should be oxygenated for running drought-stress experiments [16].

5. Osmolytes

In plants, there are effective mechanisms of osmotic adjustment based on the synthesis of 
osmolytes which are lowmolecularweight compatible solutes. Osmolytes are frequently 
used by cells to accommodate osmotic pressure within the effected cells to avoid cellular 
injury due to oxidation phenomenon. They are highly soluble organic molecules that are 
synthesized in many organisms in response to different environmental conditions leading 
to osmotic stress [7]. They accumulate in the cytosol without interfering with the cellular 
metabolism even at high concentrations. Osmolytes have additional functions during the 
stress response and act as osmoprotectants by directly stabilizing protein and membrane 
structures under dehydration conditions. They have a diverse chemical nature, and apart 
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from contributing to maintain osmotic balance, they do protect cell against oxidative stress 
as scavengers of “reactive oxygen species” (ROS) [23, 24].

The osmoregulators such as protein, sugars, amino acids, and compounds of quaternary 
ammonium play a vital role in adjusting the osmotic pressure and stabilizing of plant cells 
and tissues [25]. Drought stress causes osmotic stress in plants which causes a reduction in 
growth, imbalance ion transport, and a decrease in transpiration rate and an increase in mem
brane permeability. Such effects result in less water-absorbing capacity of crop plants, and 
different plant species and genotypes within a species respond differently to adverse envi
ronmental conditions. In order to counteract unfavorable environmental conditions, plants 
accumulate different types of organic and inorganic solutes in cytosol to decrease osmotic 
potential by which they can maintain cell turgor.

Plant cells lose water and decrease turgor pressure under water-stress conditions. There is an 
increase in different plant hormones in case of water stress like abscisic acid, which has impor
tant roles in the tolerance of plants to drought, high salinity, and cold. Abiotic stresses, which 
cause depletion of cellular water, are responsible for the greatest agricultural losses. Upon 
exposure to these prevalent stresses, the accumulation of osmoprotectants is in sufficient quan
tity to facilitate osmotic adjustment. The increase in cellular osmolarity due to these compat
ible solutes is accompanied by the influx of water into the cells, providing the turgor necessary 
for cell expansion [7]. Water deficit develops slowly enough to allow changes in developmen
tal processes as water stress has several adverse effects on plant growth. In this situation, com
patible solutes like proline, glycine-betaine, and trehalose produce to counter the unfavorable 
cellular conditions. The osmotic potential fluctuation of soil solution creating a water stress in 
plants ultimately leads to plant death due to growth arrest and molecular damage. Osmotic 
adjustment of cells helps to maintain plant water balance to establish internal milieu [9].

5.1. Proline

Proline is the most extensively studied osmolyte because of its great importance in stress tol
erance [26]. The exogenous application of proline can increase its endogenous levels in plant 
tissues subjected to waterstress conditions which help maintain osmotic adjustment in plant 
tissues. It may be a good source of minimizing the adverse effects of water stress on plants, and 
triggering their growth also depends upon the type of plant species and its concentration [27].

The production of proline is widely present in higher plants and normally accumulates in 
large quantities in response to environmental stresses [28]. For osmotic adjustment, proline 
contributes to stabilizing subcellular structures (e.g., membranes and proteins), scavenging 
free radicals, and buffering cellular redox potential under stress conditions. A rapid break
down of proline upon relief of stress may provide sufficient reducing agents that support 
mitochondrial oxidative phosphorylation and generation of ATP for recovery from stress and 
repairing of stress-induced damages [29]. Iqbal et al. [30] have reported that the accumulation 
of proline in drought-tolerant and drought-sensitive cultivars has revealed the significance of 
this osmolyte. The role of proline in induced PEG experiment gave evidence that the higher 
levels of proline are due to the emergent need of stressed plant. This osmolyte is able to con
trol the osmotic regulation of the cellular environment because of its high water solubility and 
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its accumulation in the leaves of many halophytic higher plants grown in saline environment. 
Proline protects membranes against adverse effects of high concentration of inorganic ions 
and temperature extremes. It is also functional as a proteincompatible hydrotope and as a 
hydroxyl radical scavenger [31].

5.2. Proline biosynthesis

Proline biosynthesis in plants is initiated with the ATP-dependent phosphorylation of the 
carboxy group of glutamate by glutamyl kinase (GK).The resulting glutamyl phosphate (GP) 
is reduced to glutamic semi-aldehyde (GSA) by GSA dehydrogenase and glutamyl kinase 
which forms obligatory enzyme complex [32]. The accumulation of proline under stress in 
many plant species has been correlated with stress tolerance, and its concentration has been 
shown to be generally higher in stresstolerant than in stresssensitive plants. In wheat, an 
assessment of the effects of drought stress on proline accumulation in a drought-tolerant 
and a droughtsensitive cultivar revealed that the rate of proline accumulation and utiliza
tion was significantly higher in the drought-tolerant cultivar [33]. Furthermore, in B. juncea 
plants grown under stress conditions, activities of proline biosynthetic enzymes P5CR and 
ornithine-aminotransferase (OAT) increased mainly intolerant lines though the activity of 
prolinedegrading enzyme “proline oxidase” decreased in all lines.

5.3. Trehalose

Trehalose is a vital soluble sugar osmolyte frequently used by cells to accommodate osmotic 
pressure within the effected cells to avoid cellular injury due to oxidation phenomenon. 
According to recent research, sugarsignaling mechanism plays a vital role in accelerating 
the photosynthetic performance of plants to its maximum rate in association with trehalose 
metabolism. These positive effects of trehalose on gas exchange parameters are due to its role 
in osmoregulation which may affect the stomatal opening. It can be concluded that improve
ment in growth in wheat cultivars under waterstressed condition with trehalose application 
may have been due to the role of trehalose in osmotic adjustment. Different plant species 
respond differently on exogenous application of trehalose and proline. The plant develop
ment may be hampered by the external application of these compounds resulting in growth 
inhibition or yield reduction. The beneficial applications of these osmolytes on crop stress 
tolerance must carefully be determined for appropriate plant developmental stages.

In plants, trehalose increased the biomass production in shoots and roots in all wheat cul
tivars under waterstressed conditions as an osmoprotectant under adverse environmental 
conditions. Exogenous applications of trehalose and proline to plants during or after stress 
exposure and the increase in the internal levels of these compounds generally enhance plant 
growth and final crop yield under stress conditions [30].

5.4. Glycine-betaine

Among the many quaternary ammonium compounds known in plants, glycine-betaine (GB) 
occurs most abundantly in response to dehydration stress. GB is abundant mainly in chloro
plast where it plays a vital role in adjustment and protection of thylakoid membrane, thereby 
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from contributing to maintain osmotic balance, they do protect cell against oxidative stress 
as scavengers of “reactive oxygen species” (ROS) [23, 24].

The osmoregulators such as protein, sugars, amino acids, and compounds of quaternary 
ammonium play a vital role in adjusting the osmotic pressure and stabilizing of plant cells 
and tissues [25]. Drought stress causes osmotic stress in plants which causes a reduction in 
growth, imbalance ion transport, and a decrease in transpiration rate and an increase in mem
brane permeability. Such effects result in less water-absorbing capacity of crop plants, and 
different plant species and genotypes within a species respond differently to adverse envi
ronmental conditions. In order to counteract unfavorable environmental conditions, plants 
accumulate different types of organic and inorganic solutes in cytosol to decrease osmotic 
potential by which they can maintain cell turgor.

Plant cells lose water and decrease turgor pressure under water-stress conditions. There is an 
increase in different plant hormones in case of water stress like abscisic acid, which has impor
tant roles in the tolerance of plants to drought, high salinity, and cold. Abiotic stresses, which 
cause depletion of cellular water, are responsible for the greatest agricultural losses. Upon 
exposure to these prevalent stresses, the accumulation of osmoprotectants is in sufficient quan
tity to facilitate osmotic adjustment. The increase in cellular osmolarity due to these compat
ible solutes is accompanied by the influx of water into the cells, providing the turgor necessary 
for cell expansion [7]. Water deficit develops slowly enough to allow changes in developmen
tal processes as water stress has several adverse effects on plant growth. In this situation, com
patible solutes like proline, glycine-betaine, and trehalose produce to counter the unfavorable 
cellular conditions. The osmotic potential fluctuation of soil solution creating a water stress in 
plants ultimately leads to plant death due to growth arrest and molecular damage. Osmotic 
adjustment of cells helps to maintain plant water balance to establish internal milieu [9].

5.1. Proline

Proline is the most extensively studied osmolyte because of its great importance in stress tol
erance [26]. The exogenous application of proline can increase its endogenous levels in plant 
tissues subjected to waterstress conditions which help maintain osmotic adjustment in plant 
tissues. It may be a good source of minimizing the adverse effects of water stress on plants, and 
triggering their growth also depends upon the type of plant species and its concentration [27].

The production of proline is widely present in higher plants and normally accumulates in 
large quantities in response to environmental stresses [28]. For osmotic adjustment, proline 
contributes to stabilizing subcellular structures (e.g., membranes and proteins), scavenging 
free radicals, and buffering cellular redox potential under stress conditions. A rapid break
down of proline upon relief of stress may provide sufficient reducing agents that support 
mitochondrial oxidative phosphorylation and generation of ATP for recovery from stress and 
repairing of stress-induced damages [29]. Iqbal et al. [30] have reported that the accumulation 
of proline in drought-tolerant and drought-sensitive cultivars has revealed the significance of 
this osmolyte. The role of proline in induced PEG experiment gave evidence that the higher 
levels of proline are due to the emergent need of stressed plant. This osmolyte is able to con
trol the osmotic regulation of the cellular environment because of its high water solubility and 
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its accumulation in the leaves of many halophytic higher plants grown in saline environment. 
Proline protects membranes against adverse effects of high concentration of inorganic ions 
and temperature extremes. It is also functional as a proteincompatible hydrotope and as a 
hydroxyl radical scavenger [31].

5.2. Proline biosynthesis

Proline biosynthesis in plants is initiated with the ATP-dependent phosphorylation of the 
carboxy group of glutamate by glutamyl kinase (GK).The resulting glutamyl phosphate (GP) 
is reduced to glutamic semi-aldehyde (GSA) by GSA dehydrogenase and glutamyl kinase 
which forms obligatory enzyme complex [32]. The accumulation of proline under stress in 
many plant species has been correlated with stress tolerance, and its concentration has been 
shown to be generally higher in stresstolerant than in stresssensitive plants. In wheat, an 
assessment of the effects of drought stress on proline accumulation in a drought-tolerant 
and a droughtsensitive cultivar revealed that the rate of proline accumulation and utiliza
tion was significantly higher in the drought-tolerant cultivar [33]. Furthermore, in B. juncea 
plants grown under stress conditions, activities of proline biosynthetic enzymes P5CR and 
ornithine-aminotransferase (OAT) increased mainly intolerant lines though the activity of 
prolinedegrading enzyme “proline oxidase” decreased in all lines.

5.3. Trehalose

Trehalose is a vital soluble sugar osmolyte frequently used by cells to accommodate osmotic 
pressure within the effected cells to avoid cellular injury due to oxidation phenomenon. 
According to recent research, sugarsignaling mechanism plays a vital role in accelerating 
the photosynthetic performance of plants to its maximum rate in association with trehalose 
metabolism. These positive effects of trehalose on gas exchange parameters are due to its role 
in osmoregulation which may affect the stomatal opening. It can be concluded that improve
ment in growth in wheat cultivars under waterstressed condition with trehalose application 
may have been due to the role of trehalose in osmotic adjustment. Different plant species 
respond differently on exogenous application of trehalose and proline. The plant develop
ment may be hampered by the external application of these compounds resulting in growth 
inhibition or yield reduction. The beneficial applications of these osmolytes on crop stress 
tolerance must carefully be determined for appropriate plant developmental stages.

In plants, trehalose increased the biomass production in shoots and roots in all wheat cul
tivars under waterstressed conditions as an osmoprotectant under adverse environmental 
conditions. Exogenous applications of trehalose and proline to plants during or after stress 
exposure and the increase in the internal levels of these compounds generally enhance plant 
growth and final crop yield under stress conditions [30].

5.4. Glycine-betaine

Among the many quaternary ammonium compounds known in plants, glycine-betaine (GB) 
occurs most abundantly in response to dehydration stress. GB is abundant mainly in chloro
plast where it plays a vital role in adjustment and protection of thylakoid membrane, thereby 
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maintaining a photosynthetic efficiency. In higher plants, GB is synthesized in chloroplast from 
serine via ethanolamine, choline, and betaine aldehyde [34]. The accumulation of two valuable 
osmolytes like glycine-betaine and proline in different plant species in response to environmen
tal stresses such as drought, salinity, extreme temperatures, UV radiations, and some heavy 
metals. The role of these compounds has positive effects on enzymes and membrane integrity 
along with adaptive ways for osmotic adjustment in plants grown under stress conditions.

Cellular responses to stress include changes in the cell cycle and cell division, changes in 
the endomembrane system and vacuolization of cells, and changes in cell wall architecture, 
all leading to enhanced stress tolerance of cells. Plants alter metabolism in various ways to 
accommodate environmental stresses at a biochemical level by producing osmoregulatory 
compounds such as proline and glycine-betaine. The molecular events linking the percep
tion of a stress signal with the genomic responses leading to tolerance have been intensively 
investigated in recent years. Certain plants accumulate significant amounts of glycine-beta
ine [35] in response to high salinity, cold, and drought stress. This quaternary amine has 
protective functions for macrocomponents of plant cells such as protein complexes and 
membranes under stress. GB is known to accumulate in response to stress in many crop 
plants, including sugar beet (Beta vulgaris), spinach (Spinacia oleracea), barley (Hordeum vul-
gare), wheat (T. aestivum), and sorghum (Sorghum bicolor). In these species, tolerant genotypes 
normally accumulate more GB than sensitive genotypes in response to stress. The relation
ship between GB accumulation and stress tolerance is species or even genotype specific [36]. 
The increased biosynthesis of GB from choline in stress-sensitive plants is capable of synthe
sizing this protective solute as droughtstress management.

All plant species are not equally capable of natural production or accumulation of osmolytes 
in response to stress. Tolerance to abiotic stresses is very complex at the whole plant and 
cellular levels. The complexity of interactions between stress factors and various molecular, 
biochemical, and physiological phenomena affects plant growth and development eventually 
[24]. Exogenous application of proline as pre-sowing seed treatments significantly affected 
the shoot and root K+, Ca2+, P, and N contents of root while this effect of proline on shoot N 
contents was inconsistent [37]. Similarly, Cuin et al. [38] reported that compatible solutes such 
as glycine-betaine, proline, and trehalose have explanatory effects on K+ efflux in Arabidopsis 
under stressed condition.

6. Antioxidant enzymes

The enzymatic and non-enzymatic mechanisms are available for scavenging of reactive oxy
gen species (ROS) in plants. The biochemical adaptive function of osmoprotectants to scav
enge these harmful ROS by-products of hyperosmotic and ionic stresses causes membrane 
dysfunction and cell death ultimately. These active oxygen species are superoxide (O2−), 
hydrogen peroxide (H2O2), hydroxyl radical (√OH), and singlet oxygen (1O2) which is pro
duced through oxidation phenomenon. Many plants have the ability to eliminate superox
ide with the help of superoxide dismutase (SOD), which catalyzes the superoxide into H2O2 
and O2. Thylakoid membrane has potential enzyme ascorbate peroxidase (APX) to eliminate 
hydrogen peroxide to save cell membrane from severe damage.
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6.1. Superoxide dismutase

SOD concentrations typically increase with the degree of stress conditions as the compart
mentalization of different forms of SOD throughout the plant makes them counteract stress 
very effectively. There are three classes of SOD metallic coenzymes that exist in plants that act 
to control increased levels of oxidative stress. SOD’s role as a free radical scavenger is estab
lished, and those genotypes have higher levels indicating a higher level of stress tolerance in 
wheat. The availability of different forms of SOD in plants show a maximum stress tolerance 
in affected crops, giving protection to the plant. The trends observed in the present research 
might be due to the reasons discussed earlier.

6.2. Catalase

Catalase is a common enzyme found in nearly all living organisms exposed to oxygen and 
catalyzes the decomposition of H2O2 to water and oxygen. The highest turnover by catalase 
molecule could convert millions of molecules of H2O2 to water and oxygen in each second. 
Hydrogen peroxide is a toxic byproduct of many regular metabolic processes. It must be 
quickly converted into less toxic substances to prevent most cellular damage and tissue injuries.

6.3. Ascorbate peroxidase

Ascorbate peroxidases (APXs) are the enzymes that detoxify hydrogen peroxide using ascor
bate as a substrate. It is frequently used by cells to rapidly catalyze the decomposition of 
hydrogen peroxide into less reactive gaseous oxygen and water molecules. Higher plants 
produce active oxygen species during metabolic processes including mitochondrial, chloro
plastic, and plasma membrane-linked electron transport system. Due to biotic and abiotic 
stress, conditions can give rise to excess concentration of these active oxygen species resulting 
in oxidative damage at a cellular level. At this stage, the antioxidant enzymes have to function 
to interrupt the cascades of uncontrolled oxidation in each organelle. Ascorbate peroxidase 
(APX) exists as isoenzymes that play an important role in the metabolism of H2O2 in higher 
plants. APX activities generally increase along with activities of other antioxidant enzymes 
like catalase, SOD, and GSH reductase in response to various environmental stress factors 
regulating the components of ROS-scavenging systems. APX has been identified in many 
higher plants and comprises a family of isoenzymes with different characteristics.

Photosynthetic organisms including higher plants and eukaryotic algae have developed 
AOS-scavenging systems, including APX isoenzymes. AOS-scavenging system also estab
lished in prokaryotic cyanobacteria has an H2O2 tolerance system of the Calvin cycle and 
an H2O2 diffusion system. The distinct regulatory mechanisms are expressed by APX iso
enzymes in response to various environmental stresses or cell conditions and play a coop
erative role to protect each organelle and minimize tissue injury. The action of antioxidant 
systems under drought has been investigated by many authors in several crops, such as 
spinach, pea, sorghum and sunflower, and wheat [39]. Richard et al. [40] have studied the 
responses to abiotic stresses and activities of superoxide dismutase, catalase, and perox
idase, as well as malondialdehyde (MDA) contents and solute potentials in seedlings of 
seven wheat (Triticum) species (nine genotypes representing three ploidy levels: hexaploid, 
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maintaining a photosynthetic efficiency. In higher plants, GB is synthesized in chloroplast from 
serine via ethanolamine, choline, and betaine aldehyde [34]. The accumulation of two valuable 
osmolytes like glycine-betaine and proline in different plant species in response to environmen
tal stresses such as drought, salinity, extreme temperatures, UV radiations, and some heavy 
metals. The role of these compounds has positive effects on enzymes and membrane integrity 
along with adaptive ways for osmotic adjustment in plants grown under stress conditions.

Cellular responses to stress include changes in the cell cycle and cell division, changes in 
the endomembrane system and vacuolization of cells, and changes in cell wall architecture, 
all leading to enhanced stress tolerance of cells. Plants alter metabolism in various ways to 
accommodate environmental stresses at a biochemical level by producing osmoregulatory 
compounds such as proline and glycine-betaine. The molecular events linking the percep
tion of a stress signal with the genomic responses leading to tolerance have been intensively 
investigated in recent years. Certain plants accumulate significant amounts of glycine-beta
ine [35] in response to high salinity, cold, and drought stress. This quaternary amine has 
protective functions for macrocomponents of plant cells such as protein complexes and 
membranes under stress. GB is known to accumulate in response to stress in many crop 
plants, including sugar beet (Beta vulgaris), spinach (Spinacia oleracea), barley (Hordeum vul-
gare), wheat (T. aestivum), and sorghum (Sorghum bicolor). In these species, tolerant genotypes 
normally accumulate more GB than sensitive genotypes in response to stress. The relation
ship between GB accumulation and stress tolerance is species or even genotype specific [36]. 
The increased biosynthesis of GB from choline in stress-sensitive plants is capable of synthe
sizing this protective solute as droughtstress management.

All plant species are not equally capable of natural production or accumulation of osmolytes 
in response to stress. Tolerance to abiotic stresses is very complex at the whole plant and 
cellular levels. The complexity of interactions between stress factors and various molecular, 
biochemical, and physiological phenomena affects plant growth and development eventually 
[24]. Exogenous application of proline as pre-sowing seed treatments significantly affected 
the shoot and root K+, Ca2+, P, and N contents of root while this effect of proline on shoot N 
contents was inconsistent [37]. Similarly, Cuin et al. [38] reported that compatible solutes such 
as glycine-betaine, proline, and trehalose have explanatory effects on K+ efflux in Arabidopsis 
under stressed condition.

6. Antioxidant enzymes

The enzymatic and non-enzymatic mechanisms are available for scavenging of reactive oxy
gen species (ROS) in plants. The biochemical adaptive function of osmoprotectants to scav
enge these harmful ROS by-products of hyperosmotic and ionic stresses causes membrane 
dysfunction and cell death ultimately. These active oxygen species are superoxide (O2−), 
hydrogen peroxide (H2O2), hydroxyl radical (√OH), and singlet oxygen (1O2) which is pro
duced through oxidation phenomenon. Many plants have the ability to eliminate superox
ide with the help of superoxide dismutase (SOD), which catalyzes the superoxide into H2O2 
and O2. Thylakoid membrane has potential enzyme ascorbate peroxidase (APX) to eliminate 
hydrogen peroxide to save cell membrane from severe damage.
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SOD concentrations typically increase with the degree of stress conditions as the compart
mentalization of different forms of SOD throughout the plant makes them counteract stress 
very effectively. There are three classes of SOD metallic coenzymes that exist in plants that act 
to control increased levels of oxidative stress. SOD’s role as a free radical scavenger is estab
lished, and those genotypes have higher levels indicating a higher level of stress tolerance in 
wheat. The availability of different forms of SOD in plants show a maximum stress tolerance 
in affected crops, giving protection to the plant. The trends observed in the present research 
might be due to the reasons discussed earlier.

6.2. Catalase

Catalase is a common enzyme found in nearly all living organisms exposed to oxygen and 
catalyzes the decomposition of H2O2 to water and oxygen. The highest turnover by catalase 
molecule could convert millions of molecules of H2O2 to water and oxygen in each second. 
Hydrogen peroxide is a toxic byproduct of many regular metabolic processes. It must be 
quickly converted into less toxic substances to prevent most cellular damage and tissue injuries.

6.3. Ascorbate peroxidase

Ascorbate peroxidases (APXs) are the enzymes that detoxify hydrogen peroxide using ascor
bate as a substrate. It is frequently used by cells to rapidly catalyze the decomposition of 
hydrogen peroxide into less reactive gaseous oxygen and water molecules. Higher plants 
produce active oxygen species during metabolic processes including mitochondrial, chloro
plastic, and plasma membrane-linked electron transport system. Due to biotic and abiotic 
stress, conditions can give rise to excess concentration of these active oxygen species resulting 
in oxidative damage at a cellular level. At this stage, the antioxidant enzymes have to function 
to interrupt the cascades of uncontrolled oxidation in each organelle. Ascorbate peroxidase 
(APX) exists as isoenzymes that play an important role in the metabolism of H2O2 in higher 
plants. APX activities generally increase along with activities of other antioxidant enzymes 
like catalase, SOD, and GSH reductase in response to various environmental stress factors 
regulating the components of ROS-scavenging systems. APX has been identified in many 
higher plants and comprises a family of isoenzymes with different characteristics.

Photosynthetic organisms including higher plants and eukaryotic algae have developed 
AOS-scavenging systems, including APX isoenzymes. AOS-scavenging system also estab
lished in prokaryotic cyanobacteria has an H2O2 tolerance system of the Calvin cycle and 
an H2O2 diffusion system. The distinct regulatory mechanisms are expressed by APX iso
enzymes in response to various environmental stresses or cell conditions and play a coop
erative role to protect each organelle and minimize tissue injury. The action of antioxidant 
systems under drought has been investigated by many authors in several crops, such as 
spinach, pea, sorghum and sunflower, and wheat [39]. Richard et al. [40] have studied the 
responses to abiotic stresses and activities of superoxide dismutase, catalase, and perox
idase, as well as malondialdehyde (MDA) contents and solute potentials in seedlings of 
seven wheat (Triticum) species (nine genotypes representing three ploidy levels: hexaploid, 
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tetraploid, and diploid) subjected to water stress for 4, 8, and 12 days by withholding water. 
In most species, the activities of superoxide dismutase and catalase showed an increase in 
the early phase of drought and then a decrease with further increase in water stress.

The enzymatic activities partly recovered and malondialdehyde contents decreased with re-
watering. Under drought situation, hexaploid wheat had higher peroxidase activities and 
MDA contents than tetraploid and diploid wheat. The solute potentials and the activity of 
SOD and CAT were similar among three groups. Conventional breeding techniques have 
been unsuccessful in transferring the drought tolerance trait to the target species [2]. The basic 
biotechnology tools can be employed to manage stress tolerance, hence improving yield sta
bility. Different genetic markers were identified as linked to different traits of interest to deter
mine polymorphism among a variety of wheat genotypes. Richard et al. [40] have studied the 
responses of growth and primary metabolism of waterstressed barley roots to rehydration.

The assessment of the quantity of variety detected with microsatellite exposes additional 
polymorphism among different genotypes. The individuality and the value of microsatel
lites started their multiallelic nature, codominant transmission, wide genome treatment, and 
requirement for a small amount of starting DNA. Genetic diversity among adapted cultivars 
or elitebreeding materials has a considerable impact on the improvement of crop plants. 
Molecular markers can determine genetic diversity from pedigree analysis or morphological 
traits, and they can offer the best estimate of genetic diversity since they are independent of 
the perplexing effects of environmental factors. Several molecular markers like RAPD and 
SSRs are available to assess the variability and diversity at a molecular level [41].

7. Conclusion

Drought stress causes osmotic stress in plants which causes reduction in growth, imbalance ion 
transport, and a decrease in transpiration rate and an increase in membrane permeability. Such 
effects result in less water-absorbing capacity of crop plants, and different plant species and 
genotypes within a species respond differently to adverse environmental conditions. In order 
to counteract unfavorable environmental conditions, plants accumulate different types of 
organic and inorganic solutes in cytosol to decrease osmotic potential by which they can main
tain cell turgor. PEG induced severe stress in the selected wheat germplasm, and roottoshoot 
ratio was enhanced in the drought-affected germplasm. The levels of antioxidant enzymes 
were enhanced significantly in all genotypes while glycine-betaine, proline, and trehalose have 
shown association and positive effects during drought stress. The safety and survival of the 
plants depends on the coordination of these vital osmoprotectants with antioxidant enzymes.
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Abstract

The state of Baja California, Mexico, is the second national wheat producer. Mexicali, 
the capital of Baja California, is the primary wheat producer, and it represents the most 
significant crop in the valley, with 90,609 ha of a cultivated surface by 2015; it leads to a 
wheat production of 585,334 t and a generation of 661,446 t of wheat straw as agricultural 
residue. The 15% of this waste has various uses. The 85% of wheat straw is open burnt in 
situ to prepare the farmland for the next agricultural cycle. Through the development of 
an emissions and energy model on iThink®, the emissions of 6,185 t of PM, 35,983 t of CO, 
and 1,125 t of CH4 considering a headfire burning or 3,373 t of PM, 30,360 t of CO, and 
731 t of CH4 by backfire burning were estimated. Also, the wheat straw wasted energy 
was estimated at 8.15 PJ by 2015, with a lower heating value of 14.50 MJ/kg determined 
experimentally. The results highlight that for each hectare of harvested wheat, 6.205 t 
of wheat straw are generated and burnt. It represents the emission of pollutants and 
89,972.50 MJ of wasted energy.

Keywords: wheat straw, climate change, open burning, emissions, energy

1. Introduction

Agriculture is the oldest economic sector in the world, and it is more reliant on fertile soils 
and stable climate than any other type of trade [1]. Nowadays, wheat is one of the key cere-
als cultivated in the world, with an annual production of 733 million tons by 2015 [2]. In the 
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same year, the harvested surface dedicated to wheat production was 819,928 ha in Mexico [3]. 
The wheat varieties Triticum aestivum and T. durum are the most common. In the fall–winter 
season, 90% of wheat production is obtained, and the remaining 10% in the spring–summer 
season. The harvest season is performed predominantly in May and June [4].

The Mexicali Valley is one of the most important agricultural areas of the northwest of Mexico, 
and it has one of the most extensive surfaces dedicated to wheat production nationally. This 
valley is located on the state of Baja California and shares the atmospheric basin with the 
Imperial Valley, USA (Figure 1). Its principal crop is wheat, with an average productivity of 
6.46 t/ha, of the T. aestivum variety. Apart from the favorable climate conditions for this crop 
in the region, the use of improved varieties of a high productive potential and the experience 
of the producer in the application of the technological innovations for its management had 
been determinants to achieve this level of production [5]. After harvesting, it is necessary to 
dispose large amounts of straw generated as agricultural waste, with a rate of 7.3 t/ha [6]. 
Usually, 85% of this waste is burnt in situ in the open air with the objective of preparing the 
fields for double-cropping or the next agricultural cycle, and the remaining percentage has 
various applications [7].

Figure 1. Geographic location of Baja California.
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Some wheat producers of the Mexicali Valley that conduct this practice argue that the burning 
represents a traditional practice and that the incineration of agricultural waste is necessary 
since it eliminates perennial weeds, diseases, and pests (Figure 2). Other producers ensure 
that for burning wheat straw, the use of machinery is not a requirement, saving money in 
machinery, diesel, and the tractor’s operator and that it gives more time with the purpose of 
preparing the fields for the next cycle. However, contrary to the producers’ assumptions, the 
burning calcine nitrogen, phosphorus, and the soil organic matter, as well as generating addi-
tional costs and a drop in yield and, in consequence, shrinkages on the utility in obtaining less 
volumes by wheat hectare between cycle and cycle [8], has been demonstrated.

The in situ burning of wheat straw implies the emissions of large quantities of PM, CO, and 
CH4 that impact the environment, causing deterioration in the air quality of the Valley, includ-
ing the city of Mexicali, as well as respiratory diseases for the population (Figure 3). In this 
sense, it is relevant to mention that Mexicali is one of the cities of Mexico with a higher level 
of morbidity from acute respiratory infections.

The emissions caused by the open burning of wheat straw affect the climate. Consequently, it 
has an impact on crop growth and yields are negatively affected by suboptimal water supply 
and abnormal temperatures due to physical damages, physiological disruptions, and bio-
chemical changes [9, 10]. The use of conditional promoters driving gene expression at spe-
cific developmental stages, in response to specific environmental cues, will make possible the 
generation of transgenic crops able to grow under various abiotic stresses with minimal yield 
losses [11].

Also, when the wheat straw is open burnt, the energy contained in the same is wasted. The 
wheat straw could be valorized and reconverted into biofuels or directly used in electric 
generation.

The utilization of bioenergy has significant environmental, and also economic, benefits 
because the biomass waste is valorized as biofuel. The use of wheat straw as raw material for 
any productive process presents diverse factors that must be considered. Among those factors 

Figure 2. Open burning of the wheat straw in Mexicali Valley, Mexico.
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are the low density of biomass, handling and high transportation cost, an attractive heating 
value, and the physicochemical characterization [12].

In this chapter, the emissions caused by the headfire or backfire burning of wheat straw T. 
aestivum in Baja California, Mexico, for the period 1987–2015, were estimated through the 
development of a model on the iThink® dynamic simulator [13]. Also, the energy emitted by 
wheat straw burning was calculated considering its significant heating value of 14.50 MJ/kg 
determined experimentally [14], and it was included in this model.

2. Materials and methods

The emissions and energy associated with the agricultural burnings depend on many param-
eters; for that, those supported by current and reliable information were selected. The settings 
used to feed the model are the following:

1. Historical series of the wheat harvested surface,

2. Wheat straw generation index,

3. Wheat straw lower heating value,

4. PM, CO, and CH4 emission factors by agricultural burning technique.

2.1. Historical series of the wheat-harvested surface

Wheat straw is a waste generated in large quantities during wheat harvesting. To estimate its 
generation in the Mexicali Valley, information on the annual wheat harvested surface on the 
1987–2015 period was used and is presented in Table 1 [15, 16].

2.2. Wheat straw generation index and lower heating value

To estimate the quantity of wheat straw generated by agricultural cycle, a generation index of 
7.3 t/ha was considered [6].

Figure 3. Open burning of the wheat straw near the rural population of the Mexicali Valley, Mexico.
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The lower heating value of the wheat straw was considered as 14.50 MJ/kg, which was experi-
mentally determined. The tests were realized with the T. aestivum wheat variety from Baja 
California, Mexico [14].

2.3. PM, CO, and CH4 emission factors by agricultural burning technique

To estimate the PM, CO, and CH4 emissions, generated by wheat straw burnt in situ in the 
open air, the factors reported by the EPA AP-42 [17], enlisted in Table 2, were used. Such 
report clusters the emission factors according to the incineration technique used by the farm-
ers. It is important to note that in the Mexicali Valley case, both techniques are used by pro-
ducers, for which the calculations were made considering the two of them. The incinerating 
techniques according to the EPA are described as follows:

• Headfire: Burning technique where the fire advances in the wind direction;

• Backfire: Burning technique in which the fire advances to the opposite direction of the 
wind.

2.4. Parameters used in the emissions and energy model and sequence

Figure 4 displays the sequence and relationships between the parameters used in the emis-
sions and energy model.

Year Wheat-harvested surface (ha) Year Wheat-harvested surface (ha)

1987 53,098 2002 74,394

1988 50,572 2003 85,320

1989 48,374 2004 80,555

1990 60,366 2005 75,989

1991 79,683 2006 79,946

1992 79,683 2007 81,958

1993 80,018 2008 88,937

1994 69,658 2009 87,724

1995 53,159 2010 87,321

1996 67,224 2011 74,260

1997 54,913 2012 72,153

1998 50,636 2013 83,015

1999 74,273 2014 81,681

2000 68,033 2015 90,609

2001 64,926

Table 1. Historical series of the wheat-harvested surface, 1987–2015.
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Type of burning Emissions factors (kg/t)

PM CO CH4

Headfire 11 64 2

Backfire 6 54 1.3

Table 2. Emissions factors.

Figure 4. Parameters used in the emissions and energy model.

Figure 5. Emissions and energy model developed in iThink®.
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2.5. Emissions and energy model

Based on the selected parameters and with the purpose of facilitating the analysis of the emis-
sions associated with wheat straw burning during the 1987–2015 period, a dynamic model 
was developed on iThink®, whose simplified version is illustrated in Figure 5. The develop-
ment of the model allows to establish and observe practically and graphically the interrela-
tions of the different variables used to estimate the emissions corresponding to wheat straw 
burning and the quantity of energy generated during the combustion of the agricultural waste 
under study and associated emissions.

3. Discussion and results

The simulation results indicate that for headfire burning, the annual emissions (PM, CO, and 
CH4) increased from 25,370 t (1987) to 43,292 t (2015). While for backfire, the emissions went 
from 20,197 t (1987) to 34,465 t (2015), which represents an increase of 71%.

Figures 6 and 7 illustrate the accumulated emissions of the period under study. In the head-
fire burning, 141,951 t of PM, 825,899 t of CO, and 25,809 t of CH4 are generated. In the backfire 
burning, the emissions are 77,428 t of PM, 696,853 t of CO, and 16,776 t of CH4.

The decrease of emission in backfire burning is due to a more significant interaction gen-
erated between the wheat straw and the oxygen present in the air because the incinera-
tion occurs against the wind which promotes the slow burning of wheat straw and better 
combustion.

The energy sent to the environment by wheat straw incineration in the 1987–2015 period 
was estimated at 188.81 PJ, which represents the 2.29% of the primary energy production 
of Mexico by 2015 [18]. During the analyzed period, there was an increase in the energy 
sent to the environment that varied from 4.78 PJ in 1987 to 8.15 PJ in 2015. Figure 8 dis-
plays the behavior of the accumulated values of the energy sent to the environment in 
1987–2015.

The annual average of discarded energy in the 1987–2015 period was of 6.51 PJ, which repre-
sents the 1.81% of the biomass energy in Mexico, 2015 [18]. However, the use of this wasted 
energy presents some challenges and opportunities that must be taken into consideration, 
which implies evaluating the technical and economic feasibility of any process.

Figure 9 displays the matter and energy balance corresponding to one wheat hectare har-
vested in the Mexicali Valley, where the index of wheat production by hectare is of 6.46 t and 
the generation of wheat straw is 7.3 t. The 15% of wheat straw generated has many applica-
tions such as incorporation in agricultural soil, cattle food, construction material elaboration, 
among others. The 85% of wheat straw, that is to say, 6.205 tons, is openly burnt in situ, which 
represents 89,972.50 MJ of energy sent to the environment and causes pollutant emissions. 
In the headfire burning, 477.78 kg of contaminants, composed of 68.26 kg PM, 397.12 kg CO, 
and 12.41 kg CH4, are generated. In the case of backfire burning, 390.37 kg of contaminants, 
composed of 37.23 kg PM, 335.07 kg CO, and 8.07 de CH4, are generated.
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The balance of energy and matter indicates that for each ton of harvested wheat in the 
Mexicali Valley, 1,130.03 kg of wheat straw are generated, of which 169.50 kg are used in 
diverse applications and 960.53 kg are burnt in open air. The incineration of this waste implies 
that 13,927.63 MJ are wasted without any use, as well as pollutant emissions. In the headfire 
burning, 73.96 kg of pollutants, composed of 10.57 kg PM, 61.47 kg CO, and 1.92 kg CH4, are 
generated. As for the backfire burning, 58.88 kg of contaminants, composed of 5.76 kg PM, 
51.87 kg CO, and 1.25 kg CH4, are generated.

Figure 6. Accumulated emissions by headfire burning.

Figure 7. Accumulated emissions by backfire burning.
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4. Conclusions

Wheat cultivation is an intensive activity of great importance for the economic development 
of Baja California, Mexico. It also means the generation of vast amounts of wheat straw that is 
burnt in situ and emits large quantities of PM, CO, and CH4 annually, contaminants that affect 
the air quality of Mexicali and its valley.

Since 1987 until 2015, the sown surface of wheat has incremented in the Mexicali Valley, 
resulting in an increase in the polluting emissions and the wasted energy.

Figure 8. Energy sent to the environment.

Figure 9. Material and energy balance of one harvested hectare of wheat.
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Also, the total available energy estimated, draw from wheat straw incineration, for the 1987–
2015 period is 188.81 PJ, which represents a high energy potential that can be exploited in 
productive processes.

Through the development of the model on iThink®, the emissions and the wasted energy, as 
a result of wheat straw burning, were estimated in the period under study. It demonstrates 
the severity of the problem and justifies the necessity of promoting sustainable alternatives 
for the disposal of wheat straw, with a lower environmental impact, among the farmers of 
the region.

According to the model of headfire burning, the results of the simulation indicate that the 
annual emission increased from 25,370 t (1987) to 43,292 t (2015), while for the backfire burn-
ing from 20,197 t (1987) to 34,465 t (2015), which represents a rise of 71%.

The balance of matter and energy results, developed in the current work, for 1 hectare of 
wheat harvested in the Mexicali Valley shows that 6.46 t of wheat are produced and 7.3 t of 
straw are generated; 6.205 t are burnt in situ in open fire, which generates 89,972.50 MJ and 
477.78 kg of contaminants by the headfire burning and 380.37 kg of pollutants through back-
fire burning.
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Also, the total available energy estimated, draw from wheat straw incineration, for the 1987–
2015 period is 188.81 PJ, which represents a high energy potential that can be exploited in 
productive processes.

Through the development of the model on iThink®, the emissions and the wasted energy, as 
a result of wheat straw burning, were estimated in the period under study. It demonstrates 
the severity of the problem and justifies the necessity of promoting sustainable alternatives 
for the disposal of wheat straw, with a lower environmental impact, among the farmers of 
the region.

According to the model of headfire burning, the results of the simulation indicate that the 
annual emission increased from 25,370 t (1987) to 43,292 t (2015), while for the backfire burn-
ing from 20,197 t (1987) to 34,465 t (2015), which represents a rise of 71%.

The balance of matter and energy results, developed in the current work, for 1 hectare of 
wheat harvested in the Mexicali Valley shows that 6.46 t of wheat are produced and 7.3 t of 
straw are generated; 6.205 t are burnt in situ in open fire, which generates 89,972.50 MJ and 
477.78 kg of contaminants by the headfire burning and 380.37 kg of pollutants through back-
fire burning.
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Abstract

Nitrogen is the element with the greatest influence on plant production and on protein 
content in the case of grain crops. Nevertheless, nitrogen over-fertilization produces 
environmental problems such as water pollution and global warming, which has led to 
the declaration of vulnerable zones to nitrate pollution in the European Union and to 
the adhesion of many countries to the Kyoto protocol. In the case of wheat there is a 
demand for producing quality grain, which is primed with a bonus price. Under these 
both economical and environmental circumstances, arose the need for a rational system 
of nitrogen fertilization which enabled the optimization of nitrogen use under the specific 
edaphoclimatic of Northern Spain. In order to cope with this objective a net of nitrogen 
fertilization assays was established by means of which a series of fertilization strategies 
together with some associated diagnosis tools were evaluated. Thus, N losses occurring 
both by nitrate leaching and by N2O emissions to the atmosphere were quantified, as 
well as plant N extractions regarding the different nitrogen fertilizer treatments applied.

Keywords: gaseous N losses, leached N

1. Introduction

Nitrogen (N) plays a key role in the growth and development of wheat; thus, wheat’s growth 
and quality might be modified through N fertilization [48]. However, cultures use N inef-
ficiently, and, in general, 50% of the applied N is not used by plants [12, 41]. Therefore, N 
losses take place, both gaseous and leached, which cause economic and environmental costs. 
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Within the economic costs, that caused due to diminished N use efficiency stands out. Among 
the environmental costs, the contribution of some N-based gaseous compounds that play a 
role in the greenhouse effect [10], acid rain [23, 24] and the contamination and eutrophication 
of waters due to nitrate leaching further than the root zone [1, 17] are notable. In this sense, 
in Álava, Arrate et al. [6] describe a series of changes in the management of arable land in 
the years 1967–1997 (wetland drainage, application of large quantities of fertilizers, phyto-
sanitary products etc.) that progressively increased the concentration of N compounds in 
subsurface waters. Due to such reasons and by application of the European Directive 88/778/
EEC related to water for human consumption [13], the zone related to the Eastern sector of 
the quaternary aquifer of Vitoria was designated as vulnerable to nitrate pollution in the 
year 1999 [14]. This zone comprises 38% of the area where wheat is grown in Alava, 9500 ha 
approximately. In this zone, the N fertilization is as much as 140 kg N ha−1 depending on the 
previous culture and soil richness; N fertilization is not allowed at a distance closer than 3 m 
of any water course.

Nitrous oxide (N2O) is not a very reactive gas; it persists in the atmosphere for as much as 
150 years [47]. This gas adsorbs electromagnetic radiation in various wavelengths in the infra-
red region between 7.7 and 17 μm [35] and its greenhouse effect per mass unit is some 300 
times larger than that of CO2 [36]. In this sense, it is estimated that in the last 100 years, N2O 
has contributed approximately 5% to the warming up of the planet [42, 43]. The origin of 90% 
of the N2O emissions is anthropogenic, and agriculture is its main source [22]. N2O in soils can 
be produced both due to nitrification and denitrification (Figure 1). Nitrification is a micro-
bial aerobic process in which ammonium first oxidizes to nitrite and then to nitrate. In this 
ammonium to nitrate oxidation process, N2O can be released into the atmosphere [46]. On the 
other hand, denitrification is a microbial anaerobic process in which organic carbon is used 
as the energy source and the nitrate as the last electron acceptor so that it reduces to the last 
nitrogenous gaseous compounds N2O and N2. The nitrification and denitrification processes 

Figure 1. Transformations of mineral nitrogen in the soil [46].
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can occur simultaneously in the soil since the aerobic and anaerobic conditions can simultane-
ously take place at the same soil aggregate [26].

The N balance allows the knowledge of the N evolution at the soil–plant system in a settled 
period of time. It also enables the knowledge of the sources of N other than fertilization, and 
the rate of transfer between the different components of N, the main mechanisms of N loss, 
and what amount of N is not likely to be recovered [30]. Therefore, determining the balance 
of N in a culture system helps explain certain parameters that determine the dose of N needed 
by the cereal [28, 49], optimizing the nitrogenous nutrition of the plant and reducing the dan-
ger of contamination.

The goal of this work was to ascertain the quantity of N lost by leaching or by being released 
to the atmosphere and to study the factors that have an effect on such losses. Also, the N bal-
ance in the soil–plant system was to be determined.

2. Materials and methods

2.1. Assay establishment

A nitrogen fertilization experiment was carried out in Gauna, Álava (average annual rain-
fall of 779 mm and average annual temperature of 11.5°C) from November 2001 to February 
2004 in three consecutive seasons. The assay was conducted in the Western Sector of the qua-
ternary aquifer of Vitoria, adjacent to the area vulnerable to the contamination of nitrates of 
agricultural origin. The trial was organized in random blocks with four repetitions in which 
each elementary plot covered an area of 50 m2. The soil on which the trial was established was 
classified as Aquertic Eutrudept [40] and was planted with wheat. Some of the soil properties 
are shown in Table 1. Data regarding when sowing, the first, second, and third N broadcast-
ings, and the harvest took place are shown in Table 2. Before sowing, 90 kg ha−1 of P2O5 ha−1 
and 90 kg ha−1 of K2O ha−1 were applied as 0-14-14. Nitrogen doses of 0, 140, and 220 kg N ha−1 

Depth (cm) 0–30 30–60

Sand (%) 45.18 48.25

Silt (%) 27.14 39.21

Clay (%) 27.67 12.49

pH 7.98 8.13

Organic matter (%) 2.12 1.52

Phosphorous (P) (mg kg−1) 43.30 32.53

Potassium (K) (mg kg−1) 135.00 93.00

Carbonates (%) 11.90 22.00

Table 1. Soil properties of the experiment in Gauna (Álava).
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were applied as ammonium nitrate (33.51% N g/g) in two or three broadcasts as described in 
Table 3. A control treatment in which no N was applied was included. The treatment in which 
140 kg N ha−1 were broadcast was applied in two or three amendments (Table 3) to observe 
the splitting effect and to evaluate a low fertilization strategy in three broadcasts suggested as 
a possible N fertilization management in vulnerable zones.

2.2. Mineral nitrogen (Nmin)

The first Nmin measures, (ammonic and nitric N), took place at start of tillering and at the 
end of winter 2001. They were determined from a mixture of eight samples throughout the 
trial taken at the depths 0–30 and 30–60 cm. Subsequently, all Nmin values were determined 
from a mixture of two samples per treatment, block and depth. These samples were taken 
before sowing, at the end of winter, at Z20, and also after harvest in all years and all treat-
ments except at the end of winter of year 2003, when only samples of the control treatment 
were taken.

The soil samples were shredded manually. Stones, roots, and any other type of plant material 
were discarded. Then, the humidity of the samples was gravimetrically ascertained.

200 mL of 1 M KCl were added to 100 g of soil and the mixture was stirred for 30 min. After 
filtering, the nitrogen of nitric origin in the filtrate was analyzed by segmented flow injection 
[3, 4]. The calculation of Nmin per hectare was corrected according to the content of coarse 
elements of the soil (Table 4).

Total dose (kg N ha−1) Treatment Broadcasts (kg N ha−1)

Start of tillering (Z20)* Start of jointing (Z30) Flag leaf (Z37)

0 0 0 0 0

140 40 + 100 40 100 0

140 40 + 60 + 40 40 60 40

220 80 + 140 80 140 0

*Z20, Z30 and Z37 correspond to Zadoks’ scale [50].

Table 3. Dose and broadcasts of the N fertilization treatments.

Sowing First broadcast Second broadcast Third broadcast Harvest Tilling

2001-11-30 2002-03-04 2002-04-08 2002-05-13 2002-07-24 2002-11-17

2002-10-29 2003-01-20 2003-03-24 2003-05-12 2003-07-08

2003-11-20 2004-03-16 2004-04-15 2004-05-20 2004-07-28

Table 2. Data for sowing, first, second, and third N broadcasts, harvest and tilling.
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2.3. Leached nitrate

Two ceramic cups were inserted per block and treatment. They were buried at a depth of 
60 cm (Figure 2). As a test, in the year 2003, a hole in the soil was performed after harvest. It 
was observed that wheat roots reached a depth of 60 cm as a maximum; so the depth at which 
the ceramic cups were inserted was considered appropriate and it can be considered that the 
gathered nitrogen was not profitable for plants. Liquid samples were collected from ceramic 
cups when it had rained 20–40 mm or every fortnight. The first liquid sample after every inser-
tion was extracted but then discarded. The sampling data occurred between December 20, 
2002 and September 18, 2003 and between January 9 and September 27, both data in 2004. At 
both periods, the ceramic cups were removed at harvest and then inserted again. After every 
sampling session, a vacuum of approximately 50 kPa was performed with a manual pump. 
Afterwards, the nitrate concentration in the sampled water was analyzed through segmented 
flow injection [3, 4].

The water balance was determined in layers 0–20, 20–40, and 40–60 cm depth following 
Campbell’s [11] simplified waterfall method. In this method, it is considered that waters fills 

Figure 2. Ceramic capsule in the soil for leached liquid sampling.

Depth (cm) Soil apparent density (g cm−3) Coarse elements (% g/g) Stone free apparent density (g cm−3)

0–20 1.57 20.8 1.4

20–40 1.59 21.5 1.4

40–60 1.93 42.6 1.6

Table 4. Soil apparent density (g cm−3) and coarse elements (% g/g) at 0–20, 20–40, and 40–60 cm depths.
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a possible N fertilization management in vulnerable zones.

2.2. Mineral nitrogen (Nmin)

The first Nmin measures, (ammonic and nitric N), took place at start of tillering and at the 
end of winter 2001. They were determined from a mixture of eight samples throughout the 
trial taken at the depths 0–30 and 30–60 cm. Subsequently, all Nmin values were determined 
from a mixture of two samples per treatment, block and depth. These samples were taken 
before sowing, at the end of winter, at Z20, and also after harvest in all years and all treat-
ments except at the end of winter of year 2003, when only samples of the control treatment 
were taken.

The soil samples were shredded manually. Stones, roots, and any other type of plant material 
were discarded. Then, the humidity of the samples was gravimetrically ascertained.

200 mL of 1 M KCl were added to 100 g of soil and the mixture was stirred for 30 min. After 
filtering, the nitrogen of nitric origin in the filtrate was analyzed by segmented flow injection 
[3, 4]. The calculation of Nmin per hectare was corrected according to the content of coarse 
elements of the soil (Table 4).

Total dose (kg N ha−1) Treatment Broadcasts (kg N ha−1)

Start of tillering (Z20)* Start of jointing (Z30) Flag leaf (Z37)

0 0 0 0 0

140 40 + 100 40 100 0

140 40 + 60 + 40 40 60 40

220 80 + 140 80 140 0

*Z20, Z30 and Z37 correspond to Zadoks’ scale [50].

Table 3. Dose and broadcasts of the N fertilization treatments.

Sowing First broadcast Second broadcast Third broadcast Harvest Tilling

2001-11-30 2002-03-04 2002-04-08 2002-05-13 2002-07-24 2002-11-17

2002-10-29 2003-01-20 2003-03-24 2003-05-12 2003-07-08

2003-11-20 2004-03-16 2004-04-15 2004-05-20 2004-07-28

Table 2. Data for sowing, first, second, and third N broadcasts, harvest and tilling.
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2.3. Leached nitrate

Two ceramic cups were inserted per block and treatment. They were buried at a depth of 
60 cm (Figure 2). As a test, in the year 2003, a hole in the soil was performed after harvest. It 
was observed that wheat roots reached a depth of 60 cm as a maximum; so the depth at which 
the ceramic cups were inserted was considered appropriate and it can be considered that the 
gathered nitrogen was not profitable for plants. Liquid samples were collected from ceramic 
cups when it had rained 20–40 mm or every fortnight. The first liquid sample after every inser-
tion was extracted but then discarded. The sampling data occurred between December 20, 
2002 and September 18, 2003 and between January 9 and September 27, both data in 2004. At 
both periods, the ceramic cups were removed at harvest and then inserted again. After every 
sampling session, a vacuum of approximately 50 kPa was performed with a manual pump. 
Afterwards, the nitrate concentration in the sampled water was analyzed through segmented 
flow injection [3, 4].

The water balance was determined in layers 0–20, 20–40, and 40–60 cm depth following 
Campbell’s [11] simplified waterfall method. In this method, it is considered that waters fills 

Figure 2. Ceramic capsule in the soil for leached liquid sampling.

Depth (cm) Soil apparent density (g cm−3) Coarse elements (% g/g) Stone free apparent density (g cm−3)

0–20 1.57 20.8 1.4

20–40 1.59 21.5 1.4

40–60 1.93 42.6 1.6

Table 4. Soil apparent density (g cm−3) and coarse elements (% g/g) at 0–20, 20–40, and 40–60 cm depths.
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up every layer of the soil before it flows to the following layer (Eqs. (1)–(3)). Every time a 
sample was taken, the humidity of each of the three layers was measured so that the variation 
of the water reservoir was measured. For every layer, the humidity was measured gravi-
metrically as well as with an IMKO TDR (time domain reflectrometry) so as to calibrate the 
later. However, no relation between both measures was observed; thus, only the gravimetrical 
measures were considered afterward.

The water balance in the 0–20 cm deep layer was calculated as specified in Eq. (1):

   D  20   = Pr –ETc ±  VR  20    (1)

where D20 is drainage (mm) below 20 cm, Pr stands for rain, ETc is the culture’s evapotranspi-
ration (mm) determined according to FAO methodology [2] and VR20 (mm) is the variation of 
the water reservoir in the 0–20 cm layer.

Drainage below 40 and 60 cm was, respectively, ascertained as described in Eqs. (2) and (3):

   D  40   =  D  20   ±  VR  40    (2)

where VR40 is the water reservoir variation in the 20–40 cm (mm) layer and D40 is drainage 
beyond 40 cm (mm).

   D  60   =  D  40   ±  VR  60    (3)

where VR60 is the water reservoir variation in the 40–60 cm (mm) layer and D60 is drainage 
beyond 60 cm (mm).

Finally, the N mass drained during the sampling period was calculated with Eq. (4).

   N  i   =  D  60   ·   [N]   i   ·  10   −2   (4)

where Ni is the N mass of nitric origin drained per period and treatment (kg N ha−1), D60 is 
the water loss due to deep percolation in the period between sampling days (L m−2) and [N] 
is the nitric nitrogen concentration in the leachate sampled at the end of the period i (mg L−1).

Finally, the values obtained per day in Eq. (4) for each treatment and sampling day in the 
period of time comprehended between the days the capsules were inserted and when they 
were removed were summed up so as to assess the N mass leached per hectare in that period.

A piezometer was installed next to the assay so as to detect the moments when the level of 
water was beyond 60 cm. This occurred on the days February 5 and May 7, 2003 and March 
11, and April 1 and 30, 2004.

2.4. Gaseous losses

2.4.1. N2O emissions

To assess the fertilizer application effect on N2O emissions (N2Oem), in the year 2002, those 
emissions were measured after the N fertilizer applications, from March 4 to May 17. During 
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this period of time, samples were taken every 2 days in treatments 0, 40 + 100, 40 + 60 + 40, 
and 80 + 140. In the year 2003, more exhaustive measures were taken so as to assess not only 
the differences in the emissions after N applications but also to study the N2O emissions of 
the field after harvest and laboring and to determine the effect of the temperature and humid-
ity on emissions. Therefore, that year, samples were taken every 2 days after N broadcasting 
and every fortnight from January 20, 2003 to February 4, 2004 in treatments 0, 40 + 100, and 
80 + 140. Measurement frequency intensified around laboring time.

To perform such measurements, 3 L polyvinyl chloride (PVC) hermetic chambers with a rub-
ber septum were inserted in the soil in every block at a depth of 2 cm (Figure 3). Before their 
placement, four 10 mL samples from the atmosphere of the essay were taken at a height of 
2 m. After 45 min, four 10 mL samples of the air of each chamber were taken and kept in 
Vacutainer® blood sampling tubes. Then, the N2O in the samples was analyzed with a gas 
chromatograph (Unicam 8925) equipped with an electron capture detector (ECD). When the 
described measurements were performed in the field, the temperatures of the air at a height 
of 2 m and that of the soil at a depth of 10 cm were also measured. In 2003, the humidity of the 
first 30 cm soil layer was also gravimetrically measured at 4 points of the essay.

With the soil humidity measure, the percentage of soil water-filled pore space was assessed 
using Eq. (5).

  WFPS = H  ρ  SFS   /  (1–  ρ  SFS   / 2.65)   (5)

where WFPS stands for the water-filled pore space (% ml/ml), H, the water percentage in dry 
soil for the 0–30 cm soil layer (% g/g), and ρSFS: stone free soil apparent density (g cm−3).

Soil apparent density is the quotient between the weight of the soil solid particles and the in 
situ total volume of the soil. The in situ volume of the soil was assessed through the excava-
tion method [9] with the adaptation of using polyurethane resin (Wolf, [45]) as the average 
value obtained at four holes dug in the essay at depths 0–20, 20–40, and 40–60 cm. Due to the 

Figure 3. Chamber in the soil.
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up every layer of the soil before it flows to the following layer (Eqs. (1)–(3)). Every time a 
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is the nitric nitrogen concentration in the leachate sampled at the end of the period i (mg L−1).
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A piezometer was installed next to the assay so as to detect the moments when the level of 
water was beyond 60 cm. This occurred on the days February 5 and May 7, 2003 and March 
11, and April 1 and 30, 2004.

2.4. Gaseous losses

2.4.1. N2O emissions

To assess the fertilizer application effect on N2O emissions (N2Oem), in the year 2002, those 
emissions were measured after the N fertilizer applications, from March 4 to May 17. During 
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this period of time, samples were taken every 2 days in treatments 0, 40 + 100, 40 + 60 + 40, 
and 80 + 140. In the year 2003, more exhaustive measures were taken so as to assess not only 
the differences in the emissions after N applications but also to study the N2O emissions of 
the field after harvest and laboring and to determine the effect of the temperature and humid-
ity on emissions. Therefore, that year, samples were taken every 2 days after N broadcasting 
and every fortnight from January 20, 2003 to February 4, 2004 in treatments 0, 40 + 100, and 
80 + 140. Measurement frequency intensified around laboring time.

To perform such measurements, 3 L polyvinyl chloride (PVC) hermetic chambers with a rub-
ber septum were inserted in the soil in every block at a depth of 2 cm (Figure 3). Before their 
placement, four 10 mL samples from the atmosphere of the essay were taken at a height of 
2 m. After 45 min, four 10 mL samples of the air of each chamber were taken and kept in 
Vacutainer® blood sampling tubes. Then, the N2O in the samples was analyzed with a gas 
chromatograph (Unicam 8925) equipped with an electron capture detector (ECD). When the 
described measurements were performed in the field, the temperatures of the air at a height 
of 2 m and that of the soil at a depth of 10 cm were also measured. In 2003, the humidity of the 
first 30 cm soil layer was also gravimetrically measured at 4 points of the essay.

With the soil humidity measure, the percentage of soil water-filled pore space was assessed 
using Eq. (5).
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where WFPS stands for the water-filled pore space (% ml/ml), H, the water percentage in dry 
soil for the 0–30 cm soil layer (% g/g), and ρSFS: stone free soil apparent density (g cm−3).

Soil apparent density is the quotient between the weight of the soil solid particles and the in 
situ total volume of the soil. The in situ volume of the soil was assessed through the excava-
tion method [9] with the adaptation of using polyurethane resin (Wolf, [45]) as the average 
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fact that the soil was quite stony, the apparent density required a correction which was exe-
cuted considering the percentage of gross elements (those that did not pass through a 2 mm 
sieve) (Table 4) and their density, which is acknowledged as 2.65 g cm−3 [37].

2.4.2. N2O production and total denitrification at the arable layer

From January 23 to September 18, 2003, the N2O production rate (N2Oprod) was measured 
in the arable layer at the same treatments and times described for N2Oem. To achieve this, 
two 30 cm long and 2.65 cm diameter wide cylindrical samples were taken at the plots of the 
studied treatments. These two samples were transferred to a hermetic 2 L pot with a rubber 
septum (Figure 4). Then, the pots of the different plots were inserted in a hole next to the stud-
ied plot and were covered with the soil of the same hole and kept to incubate for 24 hours. In 
such a manner, the actual soil temperature and its changes could be mimicked. After 24 hours, 
10 mL samples of the atmosphere of each pot were stocked in Vacutainer® tubes for their 
ulterior N2O determination by gas chromatography (Unicam 8925). The same process was fol-
lowed for other pots to which 100 mL of acetylene (C2H2) (Air Liquide, SA) were injected mak-
ing the atmosphere of the pot rich in acetylene by 5% (Figure 4). C2H2 blocks N2O reduction to 
N2 in the denitrification process and the ammonium oxidation in the nitrification process [33]. 
Therefore, the N2O produced in the incubation with an atmosphere of 5% C2H2 comprises the 
joint production rate of N2O + N2 due to denitrification (Ndeni) [8] (Knowles, [25]).

The cumulated N loss was calculated by the integration of the diary rates of N2Oem, N2Oprod, 
and Ndeni over time.

2.5. Plant N extraction

To determine the N extraction of wheat in the aerial part at harvest, a 0.25 m2 area in each plot 
was randomly chosen and the plants in that area were cut to the ground. Grain and straw were 
separated and dried in an oven at 70°C for 48 h at least to determine biomass. Then, the  samples 

Figure 4. Incubation pot before it was buried and bag and syringe with acetylene.
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were ground and sieved through 0.5 and 1 mm sieves respectively. The total N was determined 
both for straw and grain by Kjeldahl procedure [5] with a Kjeltec Auto sampler System 1035 
(Tecator). The N absorption by the aerial part of the plant (Nab) was determined as the sum of 
the products of the N concentration at grain and straw times their respective biomasses.

The yielded grain quantity datum, needed for the previous calculation was determined 
by harvesting the central 1.5 m wide aisle of each plot. Yield was referred to a humidity of 
120 g kg−1.

2.6. N balance

The N balances are based on the application of the mass conservation principle to the cultures. 
Thus, the variation of N stocked in a system equals the difference among the inputs and out-
puts to the system [31]. Often, the N balance is inferred considering the inputs and outputs in 
relation to the main source, the soil Nmin. This is considered available to plants in spite of the 
fact that it can also be consumed by microorganisms, dissipate as gas, or leach through the soil 
[34]. The balance was assessed as described in Eq. (6) [29]:

  NminS + Min + F = Nab + Nabr + Nlix +  N  2   Oem + NminAH + Nc  (6)

where, NminS: Nmin quantity in soil before seeding (kg N ha−1), Min: soil N fraction in the 
soil due to the conversion of organic nitrogen to ammonium (kg N ha−1) (It is calculated from 
the adjustment of the balance for the control treatment, i.e., 0 (kg N ha−1)), F: fertilizer N 
applied (kg N ha−1), Nab: N absorbed by the aerial part of the plant (kg N ha−1), Nabr: N 
absorbed by the roots of the plant (kg N ha−1) (It was estimated that this was 25% of Nab [38]), 
Nl: leached N (kg N ha−1), N2Oem: N emitted as N2O (kg N ha−1), NminAH: Nmin in soil after 
harvest (kg N ha−1), Nc: Not accounted for.

Thus, a positive Nc means that: (i) the inputs have been overestimated due to an error in its 
calculation or/and experimental error, (ii) the outputs have been underestimated for the same 
reasons as in (i), (iii) there are other N outputs that have not been considered, and (iv) a com-
bination of all or some of the situations described here occurs.

N2Oem was considered in the balance instead of N2Oprod or Ndeni since these last two refer 
to gases produced in the arable layer and thus may not exit the system.

2.7. N use efficiency

For the assessment of N use efficiencies, the following parameters were defined (Huggins and 
Pan, 1993):

Efficiency in the use of the fertilizer (NUE): difference between Nab of the fertilized treatment 
and the non-fertilized, divided by the quantity of fertilizer applied.

Harvest index (HI): quotient between the N in the grain and the N extracted by the aerial part 
of the culture (dimensionless).
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were ground and sieved through 0.5 and 1 mm sieves respectively. The total N was determined 
both for straw and grain by Kjeldahl procedure [5] with a Kjeltec Auto sampler System 1035 
(Tecator). The N absorption by the aerial part of the plant (Nab) was determined as the sum of 
the products of the N concentration at grain and straw times their respective biomasses.

The yielded grain quantity datum, needed for the previous calculation was determined 
by harvesting the central 1.5 m wide aisle of each plot. Yield was referred to a humidity of 
120 g kg−1.
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reasons as in (i), (iii) there are other N outputs that have not been considered, and (iv) a com-
bination of all or some of the situations described here occurs.

N2Oem was considered in the balance instead of N2Oprod or Ndeni since these last two refer 
to gases produced in the arable layer and thus may not exit the system.
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For the assessment of N use efficiencies, the following parameters were defined (Huggins and 
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2.8. Statistics

PROC GLM [39] procedure was used to carry out the variance analysis and then determine 
the differences between averages with the Duncan procedure.

3. Results and discussion

3.1. Mineral N

Through the Nmin analysis, it was observed that about the 80–95% of the Nmineral (Nmin) 
analyzed in the floor of the assay was of nitric origin (Table 5). The non-fertilized treatment 
had the least nitric N percentages at every moment and depth in comparison to the per-
centages in the fertilized treatments. The nitric N percentage was constant or increased with 
depth, (i.e., from 0–30 to 30–60 cm) except in the moments after harvest in years 2003 and 
2004, when the percentage of nitric N was somewhat inferior in the 30–60 cm layer due to the 
deep and recent extraction of the culture until harvest, close to the moment “after harvest” 
referred to in this work.

3.2. Leached nitrate

In Tables 6 and 7, the nitric N leached in the periods comprehended between the beginning of the 
sampling period until harvest and between the beginning of the sampling period until it finished 
are, respectively, shown. Statistically significant differences were only observed between treat-
ment 80 + 140 and the rest of treatments at the period of time comprehended between the begin-
ning of the campaign and harvest in year 2003 and all the sampling period in year 2004. Although 
Webster et al. [44] reported some 19 kg ha−1 of N leached for the non-fertilized treatment, a similar 
figure to that reported in this work in year 2004 (Table 7), the 32 kg N ha−1 obtained for treat-
ment 80 + 140 is minor to the 50 kg N ha−1 quantities reported by the same authors for treatments 
with similar dosages, presumably due to variables such as different kinds of soils, etc. By the 
deduction of nitric N leached at the non-fertilized treatment, the nitric N quantities leached in 
years 2003 and 2004 were assessed in the other treatments. Until harvest, those quantities ranged 
between the 4 and the 6% of the applied N and, when all the sampling periods were considered, 
they comprehended N quantities that ranged between the 8 and the 14% of the N fertilized.

Concurring with the results obtained for treatment 80 + 140, in a study performed in Denmark, 
Kjellerup and Kofoed [24] observed that N fertilizer dosages around 200 kg N ha−1 signifi-
cantly raised the leached nitrate in drained waters for they exceeded the adsorbing capacity 
of the crop; the assessed losses were approximately 40 kg N ha−1. In the neighbor community 
of Navarra, Arregui [7] also described the augmenting N leaching trend for dosages larger 
than 110 or 120 kg N ha−1.

Approximately 50% of the leached N-NO3
− in all the samples in 2004, leached in the period 

comprehended between the moments after harvest and the end of sampling in September for 
all treatments (Table 7).
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In Tables 6 and 7, the average nitric N in the total quantity of drained water is also shown. 
It was calculated as the product of the drained total N (kg ha−1) throughout all the drainage 
period and the drained water (mm) in the same period.

Thus, it can be observed that the maximum average N-NO3
− concentration in the sampling 

period was 7 ppm N in the year 2003 and 14 ppm in the year 2004 for treatment 80 + 140, 
which was the treatment that regards average N-NO3

−, statistically differentiated from the 
rest in years 2003 and 2004 except for treatment 40 + 60 + 40 in year 2004 when all the sam-
pling period was considered. The average concentrations in treatments 40 + 60 + 40 and 
80 + 140 in year 2004 when all the periods were considered were larger than the allowed 
11.3 mg L−1 N-NO3

− limit.

Moment Depth (mm) Treatment

0 40 + 100 40 + 60 + 40 80 + 140

N-NO3
−/Nmin (%)

2002

Before harvest 0–30 82

30–60 96

End of winter 0–30 78

30–60 85

After harvest 0–30 75 89 94 81

30–60 83 89 94 84

2003

Before harvest 0–30 82 86 79 88

30–60 90 89 89 85

End of winter 0–30 67

30–60 43

After harvest 0–30 92 90 86 92

30–60 89 89 84 87

2004

Before harvest 0–30 79 84 86 83

30–60 79 83 83 88

End of winter 0–30 77 87 83 89

30–60 79 83 82 91

After harvest 0–30 88 88 94 93

30–60 80 90 85 84

Table 5. Nitric origin N percentage in relation to Nmin in the soil at different depths, moments, and treatments.
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ment 80 + 140 and the rest of treatments at the period of time comprehended between the begin-
ning of the campaign and harvest in year 2003 and all the sampling period in year 2004. Although 
Webster et al. [44] reported some 19 kg ha−1 of N leached for the non-fertilized treatment, a similar 
figure to that reported in this work in year 2004 (Table 7), the 32 kg N ha−1 obtained for treat-
ment 80 + 140 is minor to the 50 kg N ha−1 quantities reported by the same authors for treatments 
with similar dosages, presumably due to variables such as different kinds of soils, etc. By the 
deduction of nitric N leached at the non-fertilized treatment, the nitric N quantities leached in 
years 2003 and 2004 were assessed in the other treatments. Until harvest, those quantities ranged 
between the 4 and the 6% of the applied N and, when all the sampling periods were considered, 
they comprehended N quantities that ranged between the 8 and the 14% of the N fertilized.

Concurring with the results obtained for treatment 80 + 140, in a study performed in Denmark, 
Kjellerup and Kofoed [24] observed that N fertilizer dosages around 200 kg N ha−1 signifi-
cantly raised the leached nitrate in drained waters for they exceeded the adsorbing capacity 
of the crop; the assessed losses were approximately 40 kg N ha−1. In the neighbor community 
of Navarra, Arregui [7] also described the augmenting N leaching trend for dosages larger 
than 110 or 120 kg N ha−1.

Approximately 50% of the leached N-NO3
− in all the samples in 2004, leached in the period 

comprehended between the moments after harvest and the end of sampling in September for 
all treatments (Table 7).
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In Tables 6 and 7, the average nitric N in the total quantity of drained water is also shown. 
It was calculated as the product of the drained total N (kg ha−1) throughout all the drainage 
period and the drained water (mm) in the same period.

Thus, it can be observed that the maximum average N-NO3
− concentration in the sampling 

period was 7 ppm N in the year 2003 and 14 ppm in the year 2004 for treatment 80 + 140, 
which was the treatment that regards average N-NO3

−, statistically differentiated from the 
rest in years 2003 and 2004 except for treatment 40 + 60 + 40 in year 2004 when all the sam-
pling period was considered. The average concentrations in treatments 40 + 60 + 40 and 
80 + 140 in year 2004 when all the periods were considered were larger than the allowed 
11.3 mg L−1 N-NO3

− limit.

Moment Depth (mm) Treatment

0 40 + 100 40 + 60 + 40 80 + 140

N-NO3
−/Nmin (%)

2002

Before harvest 0–30 82

30–60 96

End of winter 0–30 78

30–60 85

After harvest 0–30 75 89 94 81

30–60 83 89 94 84

2003

Before harvest 0–30 82 86 79 88

30–60 90 89 89 85

End of winter 0–30 67

30–60 43

After harvest 0–30 92 90 86 92

30–60 89 89 84 87

2004

Before harvest 0–30 79 84 86 83

30–60 79 83 83 88

End of winter 0–30 77 87 83 89

30–60 79 83 82 91

After harvest 0–30 88 88 94 93

30–60 80 90 85 84

Table 5. Nitric origin N percentage in relation to Nmin in the soil at different depths, moments, and treatments.
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3.2.1. Gaseous losses

Through the integration in time of the daily emission and production rates, losses due to N2O 
emitted to atmosphere and N2O + N2 due to denitrification in 2002 and 2003 were assessed 
(Table 8). In spite of the fact that N fertilization has a key role in N2O emissions (Bouwman, 
1996), no statistical differences were observed between fertilizing treatments for the emission 
or the N2O cumulated production, as described by Menéndez [32] in an essay carried out in 
Mediterranean climatic conditions. However, when the N2Oem quantity corresponding to the 
non-fertilized treatment is deducted from the other treatments, the N2O emitted quantities 
range from 1.8 to 2.9% of the N broadcast as a fertilizer, superior numbers to those cited by the 
IPCC [20] when estimating the winter house effect caused by agriculture [21].

In 2003, in spite of the fact that applied N dosage had no effect on the N2O emissions to the 
atmosphere or on its production in the arable layer, it did affect the N2O+ N2 production due 
to total denitrification—it was larger for the treatment with the largest N dose, i.e., 80 + 140. 
As mentioned before, N2O+ N2 peaks due to denitrification were only observed until April 2; 
thus, these largest losses due to denitrification are imputable to the denitrification peaks after 
fertilization. Due to the same reason, the cumulated values of N2O+ N2 rates due to denitrifica-
tion until harvest and after it are similar.

Treatment Period

2004 until harvest* 2004 all the sampling period**

N-NO3
− 

(kg ha−1 )
Drainage 
(mm)

[N-NO3
−] 

average (mg L−1)
N-NO3

− 
(kg ha−1)

Drainage 
(mm)

[N-NO3
−] average 

(mg L−1)

0 19 a 371 5 a 38 b 487 8 b

40 + 100 20 a 5 a 41 b 8 b

40 + 60 + 40 31 a 8 a 62 ab 13 ab

80 + 140 32 a 9 a 70 a 14 a

Statistically different values (α ≤ 0.05) are identified with different letters.*from January 9, 2004 to July 1, 2004.
**from January 9, 2004 to September 27, 2004.

Table 7. N-NO3
− leached from January until harvest in all the sampling period of year 2004.

Treatment N-NO3
− (kg ha−1 ) Drainage (mm) [N-NO3

−] average (mg L−1)

0 14 b 350 4 b

40 + 100 14 b 4 ab

40 + 60 + 40 12 b 3 b

80 + 140 23 a 7:00 AM

Statistically different values (α ≤ 0.05) are identified with different letters.

Table 6. N-NO3
− leached from January to harvest in year 2003.

Global Wheat Production90

Although Hussain et al. [19] report in their review, that the emission of greenhouse gases is fre-
quently favored by tilling, such a fact was not observed in this work for N2O, Ndeni, or Nprod.

3.3. Nitrogen balance

Nitrogen balances for the different campaigns are shown in Tables 9–11. The yield and thus 
the extraction of the non-fertilized treatment in year 2002 was larger than in the latter two 
campaigns, due to the fact that in the first year, the field preceding the essay was thoroughly 

Treatment 2002* 2003 until harvest** 2003 in all the sampling period***

N2Oem N2Oem Ndeni Nprod N2Oem

0 2 a 5 a 4 b 7 a 10 a

40 + 100 2 a 4 a 5 b 10 a 9 a

40 + 60 + 40 6 a

80 + 140 5 a 8 a 9a 11 a 14 a

In the year 2003, N2Oem accumulation, from the N2O production rates (N2Oprod) and N2O + N2 due to denitrification 
(Ndeni) from the beginning of the sampling period until harvest and until the end of the sampling period is shown; 
statistically different values are marked with different letters.*From March 5 until May 17, 2002.
**From January 21 to July 4, 2003.
***From 2003, January 21 to 2004, February 4.

Table 8. Cumulated N2O emissions (N2Oem) in all the sampling period in year 2002.

Dosage (kg N ha−1) 0 140 140 220

Splitting 0 40 + 100 40 + 60 + 40 80 + 140

Nmin initial (NminS) 40±3 40±3 40 ±3 40 ±3

N mineralized (MIN) 120±11 120 ±11 120 ±11 120 ±11

N fertilized (F) 0 140 140 220

NTOTAL INPUTS 160±11 300 ±11 300 ±11 380 ±11

N absorbed by the aerial part (Nab) 113±6 177 ±15 185 ±15 188 ±24

N absorbed by the roots (Nabr) 28 ±2 42 ±3 44 ±3 44 ±5

N gas (N2O em) 2 ±0 2 ±0 6 ±3 5 ±2

Nmin after harvest (NminAH) 17 ±5 33 ±1 45 ±14 17 ±3

NTOTAL OUTPUTS 160 ±8 254 ±15 280 ±21 254 ±25

N not computed 0 ±14 46±19 19 ±24 126 ±27

Fertilizer use efficiency (NUE) 0.49 ±0.12 0.60 ±0.14 0.35 ±0.12

N harvest index 0.84 ±0.08 0.90±0.04 0.81 ±0.05 0.87 ±0.06

Table 9. N balance (kg N ha−1) during the 2002 campaign; average values ± standard errors are reported.
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Although Hussain et al. [19] report in their review, that the emission of greenhouse gases is fre-
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Fertilizer use efficiency (NUE) 0.49 ±0.12 0.60 ±0.14 0.35 ±0.12
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Table 9. N balance (kg N ha−1) during the 2002 campaign; average values ± standard errors are reported.
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 fertilized while in the following two campaigns, wheat was again preceded by wheat and it was 
not fertilized. The extraction by the aerial part at the other treatments ranged between 134 and 
188 kg N ha−1. Mineralization rate was between 93 and 123 kg N ha−1 at the three campaigns.

It can be observed that the non-accounted N augmented with the N fertilizer dose, as it hap-
pened with the leached N quantities and the N emitted as N2O. In general, such an effect was 
also observed for balances performed in Navarra and Castilla-La Mancha [34]. As Estavillo 
et al. [15] reported, these facts suggest an N mineralization rate different to that of the non-
fertilized treatment and dependent on the broadcast N fertilizer dose. In this sense, Kuzyakova 
and Stahr [27] observed there was an effect on the mineralization pattern after the fertilizer 
application and Webster et al. [44] imputed the increasing Nc to short periods of immobiliza-
tion that increased with the increasing quantity of available Nmin. Another possibility is that 
the increase of Nc might be due to some other kind of undetermined losses in the study such as 
those derived from ammonia leaching, which is presumed not to be very large since the ammo-
nia quantity regarding nitrate is around 10% of the Nmin (Table 5). The losses corresponding 
to ammonia volatilization were not accounted for, but in posterior studies in the zone, they 
have proved to be dismissible (personal communication).

NUE (nitrogen use efficiency) ranged between 0.35 and 0.60 in the year 2002 and between 0.62 
and 0.82 in the years 2003 and 2004 (Tables 9–11). This occurred due to the major extraction of the 
non-fertilized treatment at the first campaign as compared to the following two, since in the first 
campaign, the essay was preceded by a fertilized crop, while in the following two campaigns, the 

Dosage (kg N ha−1) 0 140 140 220

Splitting 0 40 + 100 40 + 60 + 40 80 + 140

Nmin initial (NminS) 25 ± 5 24 ± 1 25 ± 3 40 ± 10

N mineralized (MIN) 123 ± 12 123 ± 12 123 ± 12 123 ± 11

N fertilized (F) 0 140 140 220

N TOTAL INPUTS 147 ± 13 287 ± 12 288 ± 13 383 ± 15

N absorbed by the aerial part (Nab) 53 ± 6 139 ± 21 145 ± 25 180 ± 22

N absorbed by the roots (Nabr) 13 ± 1 35 ± 5 36 ± 6 45 ± 5

N leached (Nlix) 14 ± 3 14 ± 2 12 ± 2 23 ± 3

N gas (N2O em) 5 ± 4 4 ± 1 8 ± 3

Nmin after harvest (NminAH) 50 ± 4 37 ± 4 30 ± 3 40 ± 1

N TOTAL OUTPUTS 160 ± 135 ± 8 229 ± 21 224 ± 25 296 ± 22

N not computed 12 ± 16 58 ± 24 65 ± 28 86 ± 27

Fertilizer use efficiency (NUE) 0.76 ± 0.22 0.82 ± 0.21 0.72 ± 0.11

N harvest index (HI) 0.76 ± 0.77 0.77 ± 0.03 0.71 ± 0.08 0.65 ± 0.04

The average values ± standard error are indicated.

Table 10. N balance (kg N ha−1) during campaign 2003.
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non-fertilized treatment received no N fertilization. NUE values that range between 0.3 and 0.6 
are frequent at the experiments carried out by the ITGA in Navarra [23].

It was observed that the NUE decreased as the fertilizer dose increased, as observed by other 
authors (Huggins and Pan, [18]). Fischer et al. [16] stated that depending on the quantity and the 
distribution of N, HI (harvest index) in wheat ranged from 0.64 to 0.85. Similarly, HI compre-
hended values between 0.65 and 0.87 in our experiment, the most frequent value of HI was about 
0.70–0.80 (Tables 9–11).

4. Conclusions

1. The average Nmin values in the soils in years 2002, 2003, and 2004 ranged between 12 and 
53 kg N ha−1.

2. Nitrate leaching after harvest in the year 2004 accounted for 50% of the total N leached at 
every treatment. Thus, it was concluded that a significant mineralization took place after 
harvest that, together with the absence of crop in summer, causes a Nmin accumulation in 
summer and its ulterior leaching with the rain in autumn.

3. With treatment 80 + 140, more nitrate was leached than with treatments 0 and 40 + 100; 
losses up to 70 kg N ha−1 were assessed in all the sampling periods in 2004. In this very 
treatment and treatment 40 + 60 + 40, the 11.3 mg L−1 N-NO3

− limit was exceeded, calculated 
as the average concentration in drained water in the sampling period. By the subtraction 
of the nitric N quantity leached for the non-fertilized treatment, it was assessed that the 

Dosage (kg N ha−1) 0 140 140 220

Splitting 0 40 + 100 40 + 60 + 40 80 + 140

Nmin initial (NminS) 28 ± 2 35 ±2 36 ±7 36 ± 3

N mineralized (MIN) 93 ± 16 93 ± 16 93 ± 16 93 ± 16

N fertilized (F) 0 140 140 220

N TOTAL INPUTS 121 ± 16 268 ± 16 269 ± 17 349 ± 16

N absorbed by the aerial part (Nab) 56 ± 14 134 ± 7 145 ± 10 165 ± 5

N absorbed by the roots (Nabr) 14 ± 3 33 ± 2 36 ± 2 41 ± 1

N leached (Nlix) 19 ± 2 20 ± 2 31 ± 2 32 ± 2

Nmin after harvest (Nmin AH) 32 ± 1 33 ± 1 42 ± 8 53 ± 2

N TOTAL OUTPUTS 121 ± 15 220 ± 8 254 ± 13 291 ± 7

N not computed 0 ± 22 48 ± 18 15 ± 22 58 ± 18

Fertilizer use efficiency (NUE) 0.69 ± 0.18 0.79 ± 0.2 0.62 ± 0.1

Harvest index 0.77 ± 0.26 0.73 ± 0.03 0.87 ±0.04 0.74 ± 0.07

Table 11. N balance (kg N ha−1) during campaign 2004; average values ± standard error.
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188 kg N ha−1. Mineralization rate was between 93 and 123 kg N ha−1 at the three campaigns.

It can be observed that the non-accounted N augmented with the N fertilizer dose, as it hap-
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tion that increased with the increasing quantity of available Nmin. Another possibility is that 
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those derived from ammonia leaching, which is presumed not to be very large since the ammo-
nia quantity regarding nitrate is around 10% of the Nmin (Table 5). The losses corresponding 
to ammonia volatilization were not accounted for, but in posterior studies in the zone, they 
have proved to be dismissible (personal communication).
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non-fertilized treatment at the first campaign as compared to the following two, since in the first 
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Table 10. N balance (kg N ha−1) during campaign 2003.
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non-fertilized treatment received no N fertilization. NUE values that range between 0.3 and 0.6 
are frequent at the experiments carried out by the ITGA in Navarra [23].

It was observed that the NUE decreased as the fertilizer dose increased, as observed by other 
authors (Huggins and Pan, [18]). Fischer et al. [16] stated that depending on the quantity and the 
distribution of N, HI (harvest index) in wheat ranged from 0.64 to 0.85. Similarly, HI compre-
hended values between 0.65 and 0.87 in our experiment, the most frequent value of HI was about 
0.70–0.80 (Tables 9–11).

4. Conclusions

1. The average Nmin values in the soils in years 2002, 2003, and 2004 ranged between 12 and 
53 kg N ha−1.

2. Nitrate leaching after harvest in the year 2004 accounted for 50% of the total N leached at 
every treatment. Thus, it was concluded that a significant mineralization took place after 
harvest that, together with the absence of crop in summer, causes a Nmin accumulation in 
summer and its ulterior leaching with the rain in autumn.

3. With treatment 80 + 140, more nitrate was leached than with treatments 0 and 40 + 100; 
losses up to 70 kg N ha−1 were assessed in all the sampling periods in 2004. In this very 
treatment and treatment 40 + 60 + 40, the 11.3 mg L−1 N-NO3

− limit was exceeded, calculated 
as the average concentration in drained water in the sampling period. By the subtraction 
of the nitric N quantity leached for the non-fertilized treatment, it was assessed that the 
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nitric N quantities leached until years 2003 and 2004 ranged between 4 and 6% of the N 
broadcast. If the sampling period after harvest in year 2004 was also considered, the losses 
ranged between 8 and 14% of the N broadcast.

4. N-N2O quantities emitted to the atmosphere in all the sampling period in 2003 ranged 
from 10 kg N ha−1 in the non-fertilized treatment to 14 kg N ha−1 for treatment 80 + 140. By 
the subtraction of the N2O emitted by the non-fertilized treatment from that emitted by 
the rest of the treatments, it was assessed that the emitted N2O quantities ranged between 
1.8 and 2.8% of the N broadcast as fertilizer in the sampling periods in years 2002 and 
2003.

5. No effect was observed due to tilling either on the emitted N2O or on Ndeni or on Nprod.

6. Regarding the N balance, it was concluded that the N inputs to the soil–plant system were 
beyond the outputs. In fact, the N acquainted for as not computed N in the N balance, in-
creased with the raising dosage of fertilizer, as the leached N quantities and the N2O emit-
ted quantities did. This fact suggests an N immobilization rate in the fertilized treatments 
superior to that at the non-fertilized treatments and dependent on the fertilized N dosage.

7. The efficiency in the fertilizer use varied from 0.35 to 0.82 and it was less in year 2002 than 
in the next 2 years. This was due to a major N extraction at the non-fertilized treatment 
in the first campaign as compared to the following 2 years, for at the first campaign, the 
assay was preceded by a fertilized crop, while in the following 2 years, the non-ferti-
lized treatment was not fertilized. The most frequent value for harvest index was around 
0.70–0.80.
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nitric N quantities leached until years 2003 and 2004 ranged between 4 and 6% of the N 
broadcast. If the sampling period after harvest in year 2004 was also considered, the losses 
ranged between 8 and 14% of the N broadcast.

4. N-N2O quantities emitted to the atmosphere in all the sampling period in 2003 ranged 
from 10 kg N ha−1 in the non-fertilized treatment to 14 kg N ha−1 for treatment 80 + 140. By 
the subtraction of the N2O emitted by the non-fertilized treatment from that emitted by 
the rest of the treatments, it was assessed that the emitted N2O quantities ranged between 
1.8 and 2.8% of the N broadcast as fertilizer in the sampling periods in years 2002 and 
2003.

5. No effect was observed due to tilling either on the emitted N2O or on Ndeni or on Nprod.

6. Regarding the N balance, it was concluded that the N inputs to the soil–plant system were 
beyond the outputs. In fact, the N acquainted for as not computed N in the N balance, in-
creased with the raising dosage of fertilizer, as the leached N quantities and the N2O emit-
ted quantities did. This fact suggests an N immobilization rate in the fertilized treatments 
superior to that at the non-fertilized treatments and dependent on the fertilized N dosage.

7. The efficiency in the fertilizer use varied from 0.35 to 0.82 and it was less in year 2002 than 
in the next 2 years. This was due to a major N extraction at the non-fertilized treatment 
in the first campaign as compared to the following 2 years, for at the first campaign, the 
assay was preceded by a fertilized crop, while in the following 2 years, the non-ferti-
lized treatment was not fertilized. The most frequent value for harvest index was around 
0.70–0.80.
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Abstract

There are enormous challenges facing wheat storage, which is the most important crop in 
existence. Wheat is one of the most famous and important plants in human history. There 
is no country in the world that does not give up wheat yields. Countries of the world vary 
and differ in their production and consumption of that important plant. Since ancient 
times, humans have stored wheat grain in special places. Storage areas were developed 
until the current silos were reached. With large quantities of wheat stored in silos, there 
are many challenges to the healthy environment of storage. One of the most important 
challenges facing quality of wheat stored in silos is the spread of conidia and spores of 
many dangerous fungi on wheat grains. One of studies conducted by the authors proved 
presence of some of notorious fungi on and inside wheat mass stored in the silo under 
study. Aspergillus flavus, A. niger, Circinella umbellata, Gliocladium sp., Penicillium frequen-
tans, P. islandicum, and Ulocladium atrum were isolated from wheat samples. All seven 
isolated fungi demonstrated their ability to analyze human red blood cells with different 
strengths. These results are consistent with previous studies that confirm the seriousness 
of presence of these fungi on the health of dealers and exposers especially with bad stor-
age and humidity.

Keywords: fungi, humidity, silos, storage, wheat

1. Introduction

Wheat is one of the most important crops in the world. It is cultivated on an area of about 2 mil-
lion square kilometers. Its ease of adaptation to the soil has spread to several areas of the world. 
Wheat is the mainstay of nutrition for many countries in the world. Based on the latest report 
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of the Food and Agriculture Organization of the United Nations (FAO), that the global wheat 
trade in 2017 reached 754.8 million tons; Russia’s exports of wheat amounted to 30 million 
tons, America 26.5 million tons, Europe 25 million tons, Canada 21 million tons, Australia 20 
million tons, while exports of Ukraine 15 million tons, Kazakhstan 8.5 million tons, Argentina 
8 million tons, the largest countries exporting wheat worldwide (www.fao.org).

Fortunately, global wheat prices have fallen, driven by an increase in global production, which 
has been affected by good weather and the availability of water to grow in the EU, India, Pakistan, 
China, and the United States, which was accompanied by a rise in global exports (www.fao.org).

Forecasts indicate that the use of wheat in 2017–2018 will reach 740 million tons. More than 
43% of the production is consumed by only six countries: China, India, Russian Federation, 
the United States of America, and Pakistan. This is because of the population of these coun-
tries of nearly three billion people, or half the world’s population (www.fao.org).

As many countries in the world do not produce sufficient quantities of wheat for their uses and 
therefore tend to import this strategic commodity. These wheat-importing countries store large 
quantities of these grains in storage places called silos. Since ancient times, wheat grains have 
been stored in huge shipments. Earliest discovery of grain stores dates back to the year 9500 BC 
[1], and these stores in the settlements of the Neolithic period before the pottery “A” were 
located in the Jordan Valley, where the first stores were located in places among other buildings. 
But at the beginning of the 8500 BC, they were moved inside the houses, but with the period of 
7500 BC, they were stored in rooms dedicated to it [2]. The area of the first wheat stores was 3 
× 3 m from the outside, and had suspended layers in order to protect grain from rodents and 
insects and provide ventilation [3]. These stores are then located in Mahjara, which is placed 
in the valley of Sindh since 6000 BC. The ancient Egyptians used to store wheat grains in years 
of prosperity for use in drought ones. Because Egypt’s climate is very drought, Egyptians have 
been able to store grain in silos without a significant loss of quality. The grain silo, as it is called, 
is an ideal way to store grains in all lands of the East since time immemorial. In Turkey and 
Iran, moorings used to buy wheat or barley, which is relatively cheap, and stored it in closed 
and hidden places in the face of famine. In Malta, relatively large quantities of wheat were 
stored in hundreds of silos dug into rocks. The silos can store up to 60–80 tons, by taking proper 
precautions and keeping it in good condition for 4 years or more. By the end of the nineteenth 
century, stores specifically designed for grain conservation began to spread in Great Britain, but 
North America was the home for the major stores, called grain levers. There were large-scale 
climatic obstacles to grain storage in Great Britain on those difficulties significantly. In order 
to keep the grain in good condition, it should be kept as far away as possible from moisture 
and heat because new grains tend to release moisture when brought to the store. In this case, 
microorganisms (mainly fungi) are more active and can heat the grains. If the grain continues 
to be heated, its quality will be affected. Therefore, effective treatment is to place grains on the 
ground in the form of non-thick layers, and to keep the place well ventilated. Hence, grain can 
be configured to store in silos.

In Great Britain, small wheat stores were built on mushroom-shaped logs called stone pillars. 
It was built on a wooden frame and usually has stone roofs. The large ones resemble the open 
ceiling from the front, but the upper part is closed. The first floor is usually accessed by a stone 
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staircase on the outer wall. With tremendous advances in engineering technology in the con-
struction of silos, a new generation of forms and possibilities of silos has begun. High-density 
indoor silos are found in farms, mills, and harbors and can reach a height of 30 m. Largest 
silos are located in North America at major shipping centers such as Chicago, Kansas city, and 
Missouri in the United States, and Thunder Bay, Ontario, and Canada. Many cylindrical silos 
are equipped with a perforated metal floor that allows the air to pass through to keep grain 
free from moisture. Cylindrical silos are often adjacent, with high mechanical devices nearby.

Generally, there are three types of silos, the first type is made of wood, the second type is 
made of concrete, and the third type is made of metal (steel and galvanized). Wheat is as bar-
ley, oat, rye, and so on, used to store suitably both in concrete and metal silos [3] (Figure 1).

Large silos have many appliances including dryers, detergents, workpieces, cranes, and 
conveyors. Dryers leave grain free from moisture. The air is heated in the dehydrator and 
directed over the grains and then used air that has not been heated to cool the grains. The use 
of detergent ensures grain cleanliness. The absorption of dust, husk, or straw is obtained and 
screening and vibration leads to the elimination of grains that are not of the appropriate size 
and density. However, some machines use photovoltaic cells to isolate rotten grains.

Cranes and conveyors are used to transport grains. Vertical grain movement is obtained by cranes. 
Among the most used cranes is a crane with a large conveyor belt and a bundle of buckets. Wheat 
grains in the bucket are transported to high altitude and poured into storage baskets. Tankers 
move the grains horizontally across the silo, called a grain lift. It is a silage storage place as well.

Large quantities of wheat are delivered to the silos. Of course, the huge quantities received by 
silos are coming directly from farms without any transactions. Wheat is then loaded with all 
the residues of process of flail, agricultural soil, and contaminants of harvesting tools during the 

Figure 1. Internal structure of a steel silo as in [3].
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of the Food and Agriculture Organization of the United Nations (FAO), that the global wheat 
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 separation of grains from the ears. It is perhaps of standard importance to prepare wheat grains 
for the flour process to explain how grinding of wheat grains is done by the following procedures. 
The grain of wheat consists of three main parts: grain coats, embryos, and endosperm. The pur-
pose of the milling process is to separate as much of the endosperm content as possible from the 
wrappers. The ratio of flour produced to the percentage of grain used in production is known as 
extraction. The weight of flour produced from 100 g of grain, and depends on this percentage on 
several factors, the most important; extraction method used, type of mills used, nature, and spe-
cific weight of wheat grains. In general, extraction rate is between 70 and 72% in excellent white 
flour, and this percentage is 90–95% in brown flour. What is left behind from milling, so-called 
bran, is used to feed animals. Wheat milling is done by the following subsequent serial steps [4]:

1.1. Receiving

Grain coming from fields or silos is received in the mill after sampling and examined to ensure 
that it meets specifications set by the mill. Grains are received and emptied in conical tanks, 
each of which can reach 10 tons. Of which is covered with a fixed metal mesh for impurities 
when unloading grain. The crane and aspirator pull the grain out of the tanks for delivery to 
the cleaning equipment.

1.2. Cleaning

The cleaning equipment consists of two main units: dry-cleaning unit known as black clean-
ing unit and the wet-cleaning unit known as the white cleaning unit.

1.2.1. Black cleaning

This unit consists of the following equipment:

A. Compound separation device: It is composed of three wire screens installed and port-
able on a metal frame suspended by pulley rods spring to generate vibration movement. 
Sieves are arranged on top of each other so that they have wide holes at the top followed 
by center holes and small holes. As a result, impurities can be eliminated according to 
their size. The device is fitted with a fan mounted at the top of the frame to generate a 
stream of air that helps to breakdown light impurities.

B. Separation device according to the specific weight: This device consists of a metal box 
revolving inside the fan and a strong aspirator and sieve mounted 12% slope from the 
horizontal level, working on the suction of grain and the deposition of heavy impurities 
such as stones and pieces of glass.

C. Magnetic separation device: It is a death pass inside the grain, and is equipped with mag-
netic plates electric work to attract pieces of iron nails and clumps which are collected in 
a special drawer.

D. Vibrating machine for the separation of impurities: It is a composite of a serrated cylinder 
from the inside to be grooves or round pockets to settle round impurities similar to the 
diameter of the grain and different in terms of form, where they gather in special ditches.
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1.3. White cleaning

This unit consists of a peeler and stalker.

A. The peeler consists of a cylinder with rough internal surfaces or coated with a precision 
metal bed that scrapes centrifugal grains. Shells are separated and pulled by an air stream 
generated by an electric fan installed at the top of the peeler.

B. The asset consists of a rectangular basin with a nozzle to feed it with grains, as well as 
an appropriate water source that can be controlled as needed, and ends with a drainage 
basin topped by an appropriate filter. Inside cylinder with two helical separators working 
in opposite directions that wash the grains and push them forward and the light impuri-
ties on the surface of the water. With the rush of grain forward, it passes over a vibrator 
strainer that has been removed from the water and then to a rotary roller dryer to com-
plete removing water droplets from the grain. The question now arises: Is the process of 
drying wheat grains sufficient to remove all moisture from the grain mass? Can wheat 
grains be washed before entering the silos? What is the cost for this? What are possible 
risks of increasing humidity and possibility of conditions for infection of fungal spores 
and conidia?

Perhaps, it is possible in this book to put forward some ideas as follows:

• Presence of units within silos for washing and drying of grains by successive processes of 
passage of warm air currents, and the source of energy units of solar cells installed one way 
or another on sides of the silo exposed to sunlight.

• Putting desiccant materials that absorb air moisture inside silos such as sodium chloride 
and silica gel.

• Exposure of wheat mass to ultraviolet rays for superficial sterilization with constant flip-
ping, taking into account the non-exposure of direct workers to those rays.

• Air fumigation of silos with volatile oils that have the potential to sterilize the air.

Despite all precautions taken in modern silos, many studies have shown that fungi are flour-
ishing on wheat grains and in the air of these reservoirs [5]. Several research findings have 
confirmed the presence of harmful and toxic fungi in many silos, not only on stored grains but 
also on wheat flour derived from those silos. Wheat grains are harvested in agricultural fields 
so they are subjected to contamination with soil particles as well as germs adhered on wheat 
plant itself. For these reasons, the mass of wheat stored in silos contains large quantities of 
dust packed with fungal spores. It is worth mentioning that any defect in the system of grain 
conservation inside silos is followed by the growth of fungal spores among wheat grains, and 
these molds may be not visible to the eye, which ultimately leads to the arrival of consumers.

The problem seems more complicated if wheat is stored in poor conditions, due to the ability 
of wheat to imbibe the air humidity of the silos. A study conducted in Zimbabwe indicated 
that the storage of red wheat in many silos led to a decline in the commercial level of this com-
modity and an increase in the level of fungal toxins [6].
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This unit consists of a peeler and stalker.

A. The peeler consists of a cylinder with rough internal surfaces or coated with a precision 
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In one of the literatures of the previous research, presence of fungi was tested in 34 samples 
collected from 3 silos. Results of this experiment proved that presence of fungi produced 
aflatoxins in majority of tested samples [5]. It is worth mentioning that fungi represent the 
main factors of starchy grain contamination (mycotoxigenic). Therefore, it has been found 
logical to review a study conducted by the authors on presence of fungi that have serious 
precedents as causes of diseases of respiratory system in humans. We will discuss  the danger 
of these fungi to people dealing with wheat grains from the beginning of harvest until the 
entry into silos.

This part of the book will present results of a study conducted in one of the giant silos in 
Sakaka city, Al-Jouf region, Saudi Arabia, in the autumn of 2015. Our results will be discussed 
with results of previous studies in some countries in order to highlight some of the challenges 
facing safe storage of wheat grains inside silos.

2. Materials and methods a research on the presence of fungi in 
wheat stored in a silo in Sakaka city, Saudi Arabia

Twenty samples of wheat grains stored in the large silo in Sakaka were tested for the pres-
ence of fungi (part of this work has been reported elsewhere [7]). This was done by placing 
a known quantity of wheat in a bottle of sterile water next to the sampling area, taking care 
to ensure that one source of fungus (wheat grains) reaches the collection container. When 
returning to the laboratory, fungi were isolated by placing 5 ml of water mashed with fungal 
spores, coming from grain surfaces, in a 9-cm Petri dish and then adding 15 ml of rose-Bengal 
Potato Dextrose Agar (PDA) medium, all in isolation cabinet under aseptic conditions. Dishes 
were closed and sealed with parafilm to ensure full closure and placed upside down in plastic 
bags (previously sterilized by radiation) and incubated at 28°C, and then followed up until 
appearance of fungal colonies. After emergence of fungal colonies, each colony was purified 
on its own, to obtain pure single fungal isolate. Pure fungal samples were subjected to oph-
thalmic and microscopic examinations with imaging and arranged of figurative plates [8, 9].  
Risk of isolated fungi has been tested on human health. Hemolytic ability of the isolated 
fungi to human red blood cells was tested following the method of [10, 11]. Fungal spore 
suspension (in 0.9% NaCl) was used. Washed (using 0.9% NaCl) 100 μl of blood, plus 900 μl 
of spore suspension was incubated, sodium chloride solution, which represents a negative 
control sample, and distilled water (positive control sample), under aseptic conditions, for 
comparison at 28°C, for 24 h, in the dark. Reaction mixtures were separated with the aid of 
a centrifuge and absorbance of supernatant was measured using UV-Vis spectrophotometer 
(spectro uv-2505) at 540 nm to calculate percentage of hemolysis of red blood cells following 
formula of the equation:

  %Hemolytic activity = absorbance of sample–absorbance of saline / absorbance of 
dist . water × 100.  
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3. Results and discussion

Fungi of Aspergillus flavus, A. niger, Circinella umbellata, Gliocladium sp., Penicillium frequentans, 
P. islandicum, and Ulocladium atrum were isolated from wheat samples. Table 1 shows preva-
lence of each fungus.

OR = Occurrence remarks; H = 60% -100.0%, M = 33 - 59.0%, L = 20–32%, and R = 7–19%.

4. Fungal identification

It is worth mentioning that all fungi isolated from wheat surfaces stored in the silo, produces 
huge amounts of spores and conidia. For example, Aspergillus flavus is a fungus of a bad repu-
tation which produces the most dangerous toxin called aflatoxin (AFs). This instinct fungus 
is famous for corruption and damage of many seeds, grains, and nuts [12]. A. flavus produces 
large quantities of conidia bearing on biseriate sterigmata. A. niger produces large quanti-
ties of conidia that are carried on two-row stregmata; these conidia are black, in long chains. 
Conidia of A. niger cause respiratory problem in people exposed to inhalation of such germs, 
such as people working in poultry farms, and so on. Circinella umbellate is a fungus belonging 
to zygomycotina that has huge amounts of spores in many sporangia (Figures 2–8). Previous 

Genera and species Wheat grains

NCl OR TC (%)

Aspergillus 145 20H 38.3

A. flavus 73 20H 19.3

A. niger 72 20H 19.0

Circinella umbellata 28 5 L 7.4

Gliocladium sp. 8 4 L 2.1

Penicillium 138 18H 36.5

P. frequentans 70 18H 18.5

P. islandicum 68 17H 18.0

Ulocladium atrum 59 3 L 15.7

Gross total counts 378

No. of genera 5

No. of species 7

Table 1. Gross counts of fungal genera and species derived from 20 samples of wheat grains collected from the main silo, 
Sakaka, Al-Jouf, Saudi Arabia by germs came from soaked grains in sterilized H2O, number of cases of isolation (NCl; 
out of 20 cases), occurrence remarks (OR), percentage of total counts (TC%) on PDA agar at 28°C.
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In one of the literatures of the previous research, presence of fungi was tested in 34 samples 
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bags (previously sterilized by radiation) and incubated at 28°C, and then followed up until 
appearance of fungal colonies. After emergence of fungal colonies, each colony was purified 
on its own, to obtain pure single fungal isolate. Pure fungal samples were subjected to oph-
thalmic and microscopic examinations with imaging and arranged of figurative plates [8, 9].  
Risk of isolated fungi has been tested on human health. Hemolytic ability of the isolated 
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of spore suspension was incubated, sodium chloride solution, which represents a negative 
control sample, and distilled water (positive control sample), under aseptic conditions, for 
comparison at 28°C, for 24 h, in the dark. Reaction mixtures were separated with the aid of 
a centrifuge and absorbance of supernatant was measured using UV-Vis spectrophotometer 
(spectro uv-2505) at 540 nm to calculate percentage of hemolysis of red blood cells following 
formula of the equation:

  %Hemolytic activity = absorbance of sample–absorbance of saline / absorbance of 
dist . water × 100.  
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A. niger 72 20H 19.0

Circinella umbellata 28 5 L 7.4

Gliocladium sp. 8 4 L 2.1

Penicillium 138 18H 36.5

P. frequentans 70 18H 18.5

P. islandicum 68 17H 18.0

Ulocladium atrum 59 3 L 15.7

Gross total counts 378

No. of genera 5

No. of species 7

Table 1. Gross counts of fungal genera and species derived from 20 samples of wheat grains collected from the main silo, 
Sakaka, Al-Jouf, Saudi Arabia by germs came from soaked grains in sterilized H2O, number of cases of isolation (NCl; 
out of 20 cases), occurrence remarks (OR), percentage of total counts (TC%) on PDA agar at 28°C.
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Figure 2. Hyphal growth of Aspergillus flavus on PDA at 28°C. Photos 1–9 were shot using ordinary compound 
microscope. Non-septate conidiophores and foremost radiate heads with mono- and biseriate sterigmata carried on 
conical-shaped vesicles. Bar 10 μm in the photo 1 is the same for rest of the photos.

Figure 3. Hyphal growth of Aspergillus niger PDA at 28°C. Photos 1–6 taken by ordinary compound microscope. Non-
septate conidiophores and radiate heads with biseriate sterigmata. Bar 10 μm in the photo (1) is the same for photos 2–4, 
and in photo 5 is the same as photo 6.
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Figure 4. Hyphal growth of Circinella umbellate on PDA at 28°C. Photos 1–10 are taken by ordinary compound microscope. 
1–7 branched conidiophores with curved side branches cut off by sporangia. 8–10 gatherings tent form sporangiophores. 
Bar 10 μm in Photo 1 is the same for rest of the photos.

Figure 5. Hyphal growth of Gliocladium sp. on PDA at 28°C. Photos 1–8 shot by ordinary compound microscope. 1–7 
gelatinous grouping of conidia. 8 A conidiophore loads a distinguishing sterigmata peculiar of this fungus. Bar 10 μm in 
Photo 1 is the same for the rest of the photos.
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Figure 6. Hyphal growth of Penicillium frequentans on PDA at 28°C. Photos 1–9 shot by ordinary compound microscope. 
1–9 septate conidiophores carried monoseriate sterigmata. Bar 10 μm in Photo 1 is the same for the rest of the photos.

Figure 7. Hyphal growth of Penicillium islandicum on PDA at 28°C. Photos 1–9 shot by ordinary compound microscope. 
1–9 septate conidiophores carried biseriate sterigmata and symmetrical. Bar 10 μm in the Photo 1 is the same for of the 
rest of the photos.
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studies suggest that this fungus can cause chest allergic diseases and asthma-like symptoms 
for people with low immunity who are subject to inhaling its spores [13].

A previous study has shown that Penicillium frequentans and P. islandicum produced a type 
of fungal toxin called aflatoxin (AFs) [14]. They further caused pulmonary disease, hyper-
sensitivity, allergy (alveoli), a kind of emphysema [15]. As the two fungi produces chains of 
conidia, which are easy to spread through dusted air with the mass of wheat stored in the 
silos, therefore, these toxins can cause risk of spread of diseases for dealers within the silos.

While literature treated Gliocladium as a class of “useful fungi,” modern research raveled the 
contribution of it in the production of a toxin named Gliotoxin [16].

Ulocladium atrum is not far from the problems caused by the fungi mentioned above. It was 
mentioned in some previous studies for its ability to cause allergy in chest and respiratory 
system in humans [17].

By reviewing the previous narration (above), we can say that the isolated fungi of this study 
are present in the form of conidia and spores, lying on the surface of wheat grains and between 
folds of its coats.

There are two types of risks because of the existence of conidia and spores on wheat sur-
faces. The first risk is the exposure of dealers with large quantities of conidia and spores 

Figure 8. Hyphal growth of Ulocladium atrum on PDA at 28°C. Photos 1–7 shot by ordinary compound microscope. 1–7 
septate conidiophores carried singularly broad conidia with rough wall has transverse septa (1–3 septa) and longitudinal 
septum (one or more), comparatively strict at the base and wide at the top. Bar 10 μm in Photo 1 is the same for rest of 
the photos.
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inside the silos. The second danger is the possibility of growth of these conidia and spores, 
with the availability of moisture, to be innate growths producing very dangerous toxins to 
humans. In order to prove the first risk in a measurable experimental way, an experiment 
was conducted to determine the damage that could occur as a result of invasion of conidia 
and spores of the isolated organisms into human lungs and then into the blood via alveoli 
in one way or another.

5. An experiment showing the effect of inhaling spores and conidia 
of the isolated fungi on public health of exposed individuals

Biological effect of spores and conidia of Aspergillus flavus, A. niger, Circinella umbellate, 
Gliocladium sp., Penicillium frequentans, P. islandicum, and Ulocladium atrum on the decomposi-
tion of red blood cells in humans.

Results of the study showed the ability of each of the tested fungi to analyze the red blood 
cells in a human blood sample. There was a disparity in the effect of that on the severity of 
decomposition (hemolytic activity). P. frequentans performed highest response to disruption 
of the human red blood cells (63%), followed by Gliocladium sp. (51%), and A. niger (50%), 
respectively. Conidia and spore suspension of each of Ulocladium atrum, Circinella umbellata, 
Aspergillus flavus, and Penicillium islandicum donated sponses of 23, 22, 20, and 19%, respec-
tively (Figures 9 and 10).

Despite all evidences from previous studies that confirm the seriousness of isolated fungi 
on the health of dealers and exposers, we have tested the ability of these fungi on hemolysis  

Figure 9. Influence of conidia and spore suspension of Aspergillus flavus, A. niger, Circinella umbellate, Gliocladium sp., 
Penicillium frequentans, P. islandicum, and Ulocladium atrum on breakdown of the human red blood cells. Bars above 
columns symbolize standard error of average data from three replicates and reveal differences between averages of 
samples related to control. Significant values against control represent: ** = highly significant at p ˂ 0.01, *** = very 
significant at p ˂ 0.001.
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of human red blood cells. From our results, Penicillium frequentans, Gliocladium sp., and Aspergillus 
niger caused significant damage and decomposition of red blood cells at high rates compared 
to other fungi, while rest of tested fungi also caused damage, but less than the above which 
highlights the risk of exposure to conidia and spores of those fungi. Our findings here correlate 
with previous studies on how bad these fungi are, although no data are available on the effect 
of conidia and spores of some fungi on the decomposition of human red blood cells. All this 
confirms without any doubt the seriousness of the intense exposure to conidia and spores of 
fungi and that the huge quantities of wheat stored in silos is dangerous sources for dealers and 
exposers. We recommend using nasal and oral masks for people working in silos and exposed 
to dust carrying fungal conidia and spores generated by the movement of wheat grains.

From another dimension, these conidia and spores of fungi are sources of severe contamina-
tion to wheat stored in silos. In the case of moisture, wheat becomes an ideal environment for 
growth, reproduction, and growth of fungi, which may grow inside the wheat mass, produc-
ing dangerous fungi that produce toxins.

6. Conclusion

With the steady increase in human numbers and high living and nutrition requirements, it 
is imperative to increase the production of important cereal crops for large segments of the 
population. Wheat is a very important component of human needs throughout the world. 
Therefore, since ancient times people have been interested in working on storing this impor-
tant and vital commodity to get it in time of need. Granaries and silos were established and 
they continued to develop until they reached the current structural and architectural design. 
Nowadays, nearly every country in the world has several silos spread throughout its land to 
cover the continuing needs of cereals. It should be noted that many countries in the world 
have a much higher request for wheat than their production. This leads to the import of this 
important commodity from places of production surplus from the need of producers. Since 
its harvest, wheat has been subjected to successive steps of transport and conservation, which 
makes it vulnerable to pollution and damage. As wheat crop is subjected to the sifting process, 
which removes grain from the harvest residues and soil granules, this factor will be ignored.

Figure 10. Influence of conidial and fungal spores suspension of Circinella umbellata (sample No. 2), Gliocladium sp. 
(sample No. 3), Penicillium frequentans (sample No. 4), Ulocladium atrum (sample No. 5), Penicillium islandicum (sample 
No. 6), Aspergillus flavus (sample No. 7), and Aspergillus niger (sample No. 8) on hydrolysis of human red blood cells. 
Sample 1, is negative control sample [human blood + saline solution (0.9% NaCl)], and Sample 9, is the positive control 
sample [human blood + distilled water].
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Large quantities of wheat during shipping process through giant vessels are exposed to 
many risks. High humidity of transport containers overseas increases chances of wetting 
wheat grains and thus chances of increasing the contamination and growth of fungi in wheat. 
Sometimes conidia and spores of fungi germinate within the mass of wheat grains and pro-
ducing innate fungi which may not be seen by the naked eye and generating very dangerous 
toxins. Often, when shipments of wheat arrive via transport to silos, they are loaded with 
many elements of danger.

In one of the studies conducted by the authors on the presence of harmful fungi in the mass of 
wheat inside a silo, Aspergillus flavus, A. niger, Circinella umbellata, Gliocladium sp., Penicillium 
frequentans, P. islandicum, and Ulocladium atrum were isolated. Since these fungi have prec-
edents to cause some diseases, an experiment has been conducted to prove this. The test of 
the ability of the isolated fungi to analyze human red blood cells has been shown to have a 
high coefficient of effect.

In theory, based on the scientific data and results of the previous studies, we proposed to 
provide a healthy environment within the silos, which is summarized as follows:

1. Washing wheat grain at the before entering for storage in the silos and then drying with 
constant exposure and flipping to warm air currents from the sources of solar energy.

2. Exposing air silos to ultra violet light during periods of non-working workers.

3. Use of aerosols and volatile oils to help sterilize air silos.

4. Put moisture absorbent materials such as calcium chloride and silica gel, to ensure dry 
storage environment.
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Abstract

With adverse growing and harvesting conditions as well as the fluctuation of grain pric-
ing, there have increased supplies of feed wheat used as livestock feed. However, the 
majority of wheat has been used as feed for poultry and swine, and ruminant producers 
have been reluctant to use large quantities of wheat because feeding wheat increases the 
risk of rumen acidosis due to rapid wheat starch digestion in the rumen. To avoid this 
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rations because of competitively priced wheat compared with other feed grains. Wheat is 
high in starch and protein, and low in fiber [1]. Similar to other cereal grains, feed wheat is 
primarily used a source of energy in the form of carbohydrates. Available energy expressed 
as either digestible energy or metabolizable energy per unit of dry matter is similar to corn, 
but higher than other major grains [2]. The majority of wheat has traditionally been used 
as feed for poultry and swine because the use of large quantities of feed wheat in ruminant 
rations has a number of concerns and problems. The primary problem appears that wheat 
starch is highly fermentable and its rate of digestion in the rumen is greater than that of corn 
and barley grains that increase the risk of rumen acidosis in animals fed high-grain diet [1, 
3]. Furthermore, the physical characteristics and nutrient content of wheat can vary consider-
ably due to different types of wheat: soft, hard and durum, and the growing conditions [4]. 
Therefore, nutrient contents of wheat, variety and growing conditions need to be considered 
when quality of feed wheat is assessed. In addition, kernel processing is another key factor 
affecting wheat quality. Whole wheat kernels are poorly digested due to the resistance of 
the seed coat to attack by rumen microbial or host enzymes. Therefore, wheat grains require 
processing to break seed coat. The digestibility of wheat can be increased from about 60% 
if fed whole to over 90% if properly processed. However, attention to processing is crucial 
for best results when feeding wheat since over processing can result in digestive upset and 
several factors (kernel hardness and uniformity, and processing methods) can significantly 
affect the processing results. Finally, level of deoxynivalenol in wheat grain may affect feed 
value. The deoxynivalenol, commonly referred to as vomitoxin, is a mycotoxin that may be 
produced in wheat and barley grain infected by Fusarium head blight or scab [5]. Ruminants 
are generally considered to have more tolerance to Fusarium toxins such as deoxynivalenol 
than poultry and swine because of the detoxifying potential of rumen microbes. However, 
little information is available on the effects of deoxynivalenol level in wheat on performance 
and health of ruminant animals. The levels of deoxynivalenol vary with type of wheat and 
the tolerance to deoxynivalenol also differs depending on type of animals (dairy versus beef 
cattle) or production levels [5]. The present review will be focusing on assessing physical and 
chemical characteristics of wheat, kernel processing and levels of deoxynivalenol related to 
feeding value for ruminant animals based on the published results.

2. Physical and chemical characteristics of feed wheat

Wheat quality is a complex term, and it depends upon the end-use. For feed wheat, the 
quality should be associated primarily to energy level and protein content as well as its 
digestibility in the digestive tract of animals. The feed wheat quality can be assessed with 
its nutrient content such as content of starch or protein, and physical characteristics like 
thousand kernel weight, test weight, and kernel hardness which are easily measured and 
commonly used by commercial feedlots and feed mills to assess the quality of wheat as 
animal feed. Wheat cultivars can be classified by planting season (Winter and Spring), 
hardness of the grain (soft and hard), and color (red and white). Winter wheats are winter 
hardy, so they are planted in the fall. In the spring they resume maturation and are har-
vested early in the summer. Spring wheats are planted in the spring and harvested late in 
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the summer. Soft wheat varieties have starchy kernels and less gluten which mill easier 
than the hard wheats, whereas hard wheats have higher protein and gluten levels than the 
soft wheat with the hardest wheat is durum.

2.1. Physical characteristics

Test weight, also referred to as volume weight or bulk density, is one of the criteria used to 
assess the quality and grade of cereal grains. Test weight is a measure of density and it is mea-
sured volume of grain expressed as kilograms per hectoliter (kg/hL; Table 1). The test weight is 
easily measured and commonly used by feed mills to assess the quality (energy value) of grain 
as animal feed. Heavy kernel typically has larger plumper kernels with greater starch and lower 
fiber concentrations than light weight grain, but there is no consistent relationship between test 
weight of grain and animal growth performance [6]. The test weight is influenced by genet-
ics, agronomic management and environment conditions. Each kernel is composed of the bran 
(seed coat), the germ, and the endosperm. The endosperm is primarily comprised of carbohy-
drates (starch) with protein woven among the starch granules. Starch weighs more than pro-
tein, thus the tighter the starch molecules are woven within a kernel, the greater the test weight. 
The test weight in itself is not a good indicator of feeding value to ruminants. Generally, cattle 
fed wheat with test weights greater than 70 kg/hL will have similar feed efficiency. However, 
usually only wheat with low test weight (<70 kg/hL) will be used as feed, and its energy values 
will be lower and feed efficiency is poorer. Wheat with low test weight may be more diffi-
cult to properly process compared to wheat with higher test weight. In general, kernel size is 
more variable with low test weight grains, making processing more difficult. When the roller is 
set properly for larger kernels, many small kernels will pass through the rollers unprocessed. 
When set properly for smaller kernels, many larger kernels will be processed too finely.

Kernel hardness, defined as the resistance of the kernel to fracture, is a critical factor affect-
ing grain processing and product quality for feed wheat. The wheat industry has applied 
this trait for decades to differentiate grain quality and market classes. Hard wheat kernels 
require more force to fracture than do soft wheat grains, which is caused by differences in the 
endosperm starch-protein matrix [7]. Kernel hardness can be measured as a hardness index 
using a Single Kernel Characterization System [8], milling energy using a Comparamill [9] 
or by particle size analysis [10]. The particle size analysis is the measurement of particle size 
after feed processing, and is a commonly used method to evaluate end-use quality [11]. Soft 
wheat fractures easily with small particle size and limited starch damage, while hard wheat 
produces larger particles with increased starch damage. Kernel hardness is closely related to 

Item Mean STD Min Max

1000 Kernel weight, g 36.4 2.9 32.7 39.1

Test weight, kg/hL 81.6 2.4 78.1 84.3

Kernel hardness 18.4 12.3 0 35.5

Table 1. Variation with variety of physical characteristics of wheat; kernel hardness was estimated by particle size index, 
lower number indicates harder kernel.
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the wheat process affecting the starch damage, particle size and process quality. The grain 
hardness is therefore one of the important distinguishing factors in the wheat evaluation for 
grain quality and plays an important role with regard to the suitability of processing. Kernel 
hardness is measured on a scale from 0 to 35 with durum variety being the hardest (0) and soft 
white spring the softest (35) (Table 1). The increased kernel hardness is generally associated 
with a decrease in the rate of starch digestion, likely because the protein protects starch gran-
ules from microbial digestion. Kernel hardness could be a particularly important property as 
hard kernels may be more susceptible to shattering and generating the fine particles that are 
often associated with rumen acidosis [12] and bloat in ruminants fed high-grain diet [13]. It 
has been found that ruminant performance is significantly influenced by particle size of the 
feed consumed, and a negative relationship between feed particle size and rumen dry matter 
digestibility of grains was reported [14].

2.2. Kernel structure and chemical composition

The major structures of the wheat kernel include the pericarp (seed coat), the endosperm 
and the germ. The pericarp covers and protects the endosperm, which is composed of starch 
granules embedded in a protein matrix (about 80% of dry weight). Starch granules in the 
endosperm vary in size, shape and molecular structure depending on the variety and the 
environmental conditions of cultivation. All starches are made up of two types of glucose 
polymers: amylose and amylopectin. Amylose is a linear polymer with α-(1,4) glycosidic link-
ages and amylopectin is a branched polymer with both α-(1,4) and α-(1,6) linkages. Cereal 
starches are typically composed of approximately 25% amylose and 75% amylopectin. Starch 
digestibility in the digestive tract of animals can vary with relative proportion of amylose and 
amylopectin starch since the digestion of amylose is slower due to lesser accessibility of diges-
tive enzyme compared with amylopectin.

Corn and barley are two mostly used feed grains worldwide in livestock animal rations. 
Wheat is in general higher in protein (15.4%) than corn (9.7%) and barley (12.9%) and has 
starch content intermediate (70%) between corn (76%) and barley (58%) as well as lower in 
fiber than barley (Table 2). As a result, wheat has a total digestible nutrient and net energy 
for gain content that is comparable to corn but higher than that of barley grain [2]. However, 
owing to the number of different types of wheat, soft, hard and durum, the nutrient content 
of wheat can vary considerably. For example, on a dry matter basis, the starch content of 
wheat can range from 62 to 75%, protein from 9 to 19% and neutral detergent fiber from 10 
to 18% (Table 3). This variation was most pronounced in protein content which presumably 
reflects the interaction between proteins and starch granules in the endosperm of wheat [15]. 
The high protein content of wheat may offer advantages in meeting the protein requirements 
of growing animals, whereas the low fiber content may contribute to its increased propensity 
to cause rumen acidosis. Because it exist substantial variation in the chemical composition of 
wheat, there is an interest in developing predictive tools to relate chemical composition to 
nutritional quality and animal performance [16]. Seifried et al. [17] observed negative correla-
tion of protein content of wheat with ruminal protein degradability (r = −0.51; P < 0.05) and 
negative or positive correlation with some amino acid content. Furthermore, new develop-
ments and research in near infrared reflectance spectroscopy may allow accurate and rapid 
assessment of feed quality characteristics related to utilization and animal performance [18].
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3. Biological characteristics

Biological characteristics are here referred to as their digestion characteristics in the digestive 
tract, especially in the rumen. The quality of feed wheat is not only depending on its physi-
cal and chemical characteristics, but also depending on its biological characteristics, i.e., its 
rate of digestion in the rumen and potential digestibility in the total digestive tract. Among 
cereal grains, wheat has the most rapid rate of starch digestion in the rumen (Figure 1), with 
a rate that is almost twice that of barley and almost four times that of corn, if the grains are 
processed similarly. Rapid starch digestion in the rumen increases the production rate of fer-
mentation acids, primarily the volatile fatty acids and if these accumulate, subclinical or clini-
cal ruminal acidosis can occur. However, as with other cereal grains, whole wheat kernels are 
poorly digested owing to the resistance of the seed coat to attack by rumen microorganisms. 
Low fiber levels and a rapid rate of starch digestion make wheat more difficult to feed than 
most other cereal grains. The digestion rates of wheat starch vary with both inherent of kernel 
nature and the kernel processing including processing method used and extent of processing.

The rates of wheat digestion in the rumen are commonly measured either using in vitro or 
in situ technique [19]. In vitro methodologies that simulate animal digestive tract condi-
tions become vital in developing feed additive products and screening large number of feed 
samples at the same time. Batch culture is the one most commonly used in vitro techniques 
in evaluating grain digestion in the rumen [20]. The grains that are tested in batch culture 
need to be ground or rolled and incubated in fermentation media containing buffer and 

Item Wheat Barley Corn Oats

Organic matter 98.0 97.8 98.5 97.7

Crude protein 15.4 12.9 9.7 12.8

Neutral detergent fiber 13.3 20.5 9.3 24.0

Acid detergent fiber 3.2 6.8 3.3 16.5

Starch 70.3 58.3 75.7 58.1

Table 2. Nutrient contents (% of dry matter) of cereal grains.

Item Mean STD Min Max

Organic matter, % 98.5 0.15 97.1 98.7

Crude protein, % 12.6 2.9 9.3 19.1

Neutral detergent fiber, % 13.3 1.8 8.6 17.9

Acid detergent fiber, % 3.6 0.3 3.3 5.2

Ether extract, % 1.7 0.2 1.2 3.2

Starch, % 69.1 4.7 62.5 75.6

Table 3. Variation with variety of chemical and physical characteristics of wheat.
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rumen inoculum at 39°C under anaerobic condition over a period of up to 48 h of incubation. 
The data that are generated can be used to determine the kinetic parameters of fermentation 
including the rate and extent of the grain digestion. The in situ techniques have been exten-
sively used for measuring rumen digestion of feeds as well. The dynamic interactions within 
the rumen are difficult to simulate in vitro, and thus the in situ techniques study digestion 
within the rumen itself and reduce the need for ruminal simulation. Current nutrition mod-
els need for quantitative information on rates and extents of feed digestion in the rumen. 
The in situ rumen digestion kinetics of grains are measured by filling processed grain in 
bags and incubated in the rumen via rumen cannula for a period of series times, thus rumen 
cannulated animals are required.

The rates of wheat dry matter or starch digestion in the rumen varied with type of wheat. 
McAllister and Sultana [19] measured in situ rumen digestion kinetics of three different 
wheats (i.e., soft, hard and very hard) with same degree of processing (Table 4). These 
authors found that the rates of dry matter digestion were lowest for durum (4.1%/h) and 
highest for soft wheat. The digestion rates of wheat in the rumen appeared to be associated 
with kernel hardness because the kernel hardness can reflect to relative affinity between pro-
tein and starch in the endosperm [15]. It suggests that the nature of endosperm protein may 
influence rumen digestion of wheat. However, Lanzas et al. [21] reported the variation in the 
fermentation kinetics among wheat samples from various sources, did not attribute to any 
chemical parameters. Whereas, the study by Lanzas et al. [21] focused mainly on the impact 
of kernel processing that may confound with chemical effects on the fermentation dynamics 
of wheat. In fact, it was reported that protein content of wheat was most highly correlated 
with the rate of wheat digestion (r2 = −0.77) in the study by McAllister and Sultana [19]. It 
suggests protein characteristics as a factor that influences the digestive properties of wheat 
in the rumen. This phenomenon could be explained by the nature of wheat protein. Wheat 
grain has two major proteins, puroindolines A and B that are associated with the fibrillin 
protein complex on the surface of wheat starch granules which may have a central role in 
determining the digestion rate of wheat starch [22].
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Rumen digestion kinetics of wheat grain also varies with wheat genotypes. Seifried et al. [17] 
measured in situ rumen digestion kinetics of over 20 wheat samples varying with genotypes 
and found considerable variation in digestion kinetics of dry matter, protein and starch among 
wheat genotypes. The digestion kinetics parameters include soluble fraction which is immedi-
ately digestible, potential digestible fraction and rate of digestion. The soluble fraction ranged 
from 21 to 40% for dry matter, 11 to 22% for protein and 25 to 49% for starch; the potential 
digestible fraction varied between 53 to 71% for dry matter, 51 to 74% for starch and 75 to 89% 
for protein; and the digestion rate ranged from 29 to 54%/h for dry matter, from 18 to 27%/h 
for protein and from 38 to 99%/h for starch [17]. The differences in digestion kinetics among 
genotypes were explained by the variation in the endosperm characteristics [22]. Therefore, 
these authors concluded that selection of wheat grains with slower digested wheat can be used 
to shift starch digestion from the rumen to the small intestine. The potential to shift more starch 
digestion from the rumen to the small intestine by developing lower ruminal digested wheat 
will be beneficial to reduce risks of rumen acidosis and improve energy efficiency, in par-
ticularly for ruminants fed high-grain rations. It is known better energy efficiency with starch 
digested in the small intestine than in the rumen [23, 24]. However, although improving wheat 
as a feed grain by selection of slower rate of digestion in the rumen is a wise consideration for 
wheat breeder, it may be challenging as all types of wheat (soft, hard and durum) examined 
in the study of McAllister and Sultana [19] exhibited rapid digestion rates than that of corn.

Kinetics parameters

Item a b c ED, %

Dry matter

Durum 0.123a 0.756 0.041 43.0b

Red spring 0.121a 0.736 0.044 43.2b

Soft red winter 0.097b 0.720 0.062 46.3a

Protein

Durum 0.081a 0.857 0.035 39.7

Red spring 0.027b 0.837 0.051 41.2

Soft red winter 0.008c 0.868 0.053 41.5

Starch

Durum 0.173b 0.783 0.039b 48.2b

Red spring 0.243a 0.738 0.043b 55.1a

Soft red winter 0.104c 0.744 0.060a 47.6b

Kinetics of nutrient digestions were estimated using the model: y = a + b(1 − e−c(t−lag)), a = soluble fraction; b = slowly 
digestible fraction; c = fractional digestion rate constant at which b is digested; lag = lag time (h), and t = time of incubation 
(h). Effective degradability (ED) = a + bc/(c + k), where k is the ruminal flow rate assuming 0.06/h. a,b,c means within a 
column and within a nutrient, with different letters differ (P ≤ 0.05).

Table 4. Variation with variety of in situ rumen digestion kinetics of wheat.
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4. Processing wheat

Processing of cereal grains either by grinding, rolling, tempering (i.e., addition of water prior 
to rolling), steam-rolling (i.e., exposure to steam prior to rolling) or steam flaking (i.e., lon-
ger duration of exposure and higher grain temperature) breaks down barriers such as the 
hull, pericarp and protein matrix and allows microbes access to the starch harbored within 
endosperm. Furthermore, these processes reduce the particle size of the grain, increasing the 
surface area available for microbial attachment that these actions increase the rate and extent 
of starch digestion [25]. Although wheat has the most rapid rate of starch digestion in the 
rumen, whole wheat kernels are poorly digested in the rumen, and thus need to be properly 
processed prior to being fed to animals. In fact, excessive processing of wheat results in fine 
particle sizes that can cause digestive upsets (rumen acidosis, bloat) that in themselves reduce 
the profitability of animal production. Conversely, under processing of wheat can result in 
whole kernels in the diet which are not digested by rumen microorganisms contributing to a 
loss of valuable starch in the manure.

4.1. Definition of degree of processing

Maintaining an optimum degree of processing that maximizes the utilization of wheat grain, 
and while ensuring animal health is challenging and critical to the livestock industry. The 
quality of the processed wheat and its particle size can be affected by kernel uniformity, test 
weight, kernel plumpness, and wheat variety. Kernel uniformity is a major concern for the 
efficiency of rolling as grain kernels vary in size and shape, making it impossible to achieve 
optimal processing for all kernels with a single roller setting.

There is no standardized measurement that has been established to assess the degree of grain 
processing [4]. Coarse, medium and fine are descriptors commonly used in research reports, but 
these terms are relative, and specific only to the treatments within a given study [26]. As a conse-
quence, medium-processed grain referred to in one study may actually be equivalent to coarsely 
processed grain in another study. The need for a quantitative measurement of grain processing 
is evident. In the feed industry, the degree of grain processing has been described using a pro-
cessing index, which refers to the volume weight (g/L) of grain after processing expressed as the 
percentage of its volume weight before processing [26]. This index reflects the fact that the more 
extensively wheat is processed, the finer the particle will be, hence, the lower the volume weight 
will be, and consequently, the lower the processing index. However, this processing index is 
influenced by the processing method used. The values generated with dry-rolling can differ 
substantially, depending on the hardness of wheat kernels, whereas, temper- or steam-rolling 
make fractured particles that are more likely to adhere together contributing to reduced fines.

4.2. Grinding versus dry-rolling processing

The rate and extent of dry matter digestion varies among wheat sources and with the extent of 
processing, but seldom have both of these properties been studied in the same experiment. A 
batch culture study was conducted to assess the effects of wheat grain source and processing 
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method on dry matter and protein digestibility. Eight wheat samples collected from various 
sources were either ground through 2-mm sieve or dry-rolled to have processing index of 
80%, and incubated for 24 h in batch culture. Dry matter digestibility ranged from 60 to 68% 
and from 28 to 38%, respectively, for ground and rolled wheat (Figure 2). The digestibility of 
protein varied from 52 to 62% or from 25 to 48%, respectively, for ground and rolled wheat. 
There was no interaction between wheat source and degree of processing. As expected, the 
digestibility of dry matter and protein was greater (P < 0.01) for ground wheat (64 and 56%) 
than for rolled wheat (34 and 38%) after 24 h of incubation. In vitro digestibility of dry mat-
ter and protein linearly (P < 0.01) increased with increasing incubation time and consistently 
higher (P < 0.01) with ground than rolled wheat, whereas no interaction between processing 
and incubation time was noticed (Figure 3). These results showed evident impact of process-
ing method on the extent of wheat digestion in the rumen. The study also demonstrated the 
variation in the digestive value of commercially available wheat grain and emphasized the 
need to have an accurate and rapid means of quality assessment at the point of sale.

4.3. Micronization processing

Micronization is a dry-heat process that generates infrared electromagnetic short waves to 
heat the feedstuff to approximately 110–115°C. It has been used to process grains to increase 
their utilization [27]. Rapid internal heating is accompanied by a rise in water vapor pres-
sure that the feedstuff is cooked from the inside out and the kernel expands to the point 
of eversion. This process has been widely used to process grains for livestock consumption 
[28]. Wang et al. [29] reported that the micronization reduced the in situ dry matter digest-
ibility of both full-fat canola seed and flaxseed. McAllister and Sultana [19] compared three 
different wheats varying with kernel hardness (i.e., soft, hard and durum) and found that 
in situ digestibility of dry matter, crude protein and starch were reduced by micronization 
processing in all three types of wheat. However, the reductions were greater with soft than 

Figure 2. Effects of processing and wheat source on in vitro rumen dry matter and protein digestibility. For dry matter 
digestibility, SEM = 2.9%, processing (P < 0.01), wheat (P < 0.20) and process x wheat (P < 0.45). For crude protein 
digestibility, SEM = 4.7%, processing (P < 0.01), wheat (P < 0.01) and process x wheat (P < 0.19).
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method on dry matter and protein digestibility. Eight wheat samples collected from various 
sources were either ground through 2-mm sieve or dry-rolled to have processing index of 
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hard wheat varieties. These authors suggested that the micronization altered the properties 
of the endosperm in soft wheat that may be more closely resembles that of the harder wheat. 
The micronization may also change wheat starch that may be related to the nature of the 
endosperm with alterations of proteins within the fibrillin complex [30]. The reduction of 
rate and extent of wheat starch digestion using micronization method may provide an effec-
tive processing technique to modulate the rate of acid production during the fermentation of 
wheat in the rumen, thus reduce the severity of rumen acidosis.

4.4. Impact of degree of processing on the feed value of wheat

Recently, a series of experiments using beef cattle were conducted in our laboratory at the 
Lethbridge Research and Development Centre to determine the maximum level of wheat grain 
that could be included in finishing cattle rations, the effects of degree of grain processing on 
wheat utilization and comparison the feeding value between hard versus soft wheat. A study 
was conducted to compare inclusion of 90% wheat grain processed to processing index of 
either 75 or 85% on the growth performance of finishing beef cattle [31]. Compared to steers 
fed dry-rolled wheat with a processing index of 75%, steers fed wheat with a processing index 
of 85% ate 0.4 kg per day more feed. However, this difference in feed intake did not alter the 
daily gain or final live weight of steers. As a result, the feed efficiency, expressed as daily per 
unit of feed consumption, of steers fed wheat with a processing index of 85% was lower than 
for steers fed wheat with a processing index of 75%. Carcass traits had a trend to be different 
with higher back fat thickness but lower rib eye area and lower quality grade (% Canada AAA) 
for steers fed wheat with a processing index of 85% than with a processing index of 75%. The 
steers fed wheat with a processing index of 85% also had more numbers of liver abscesses. 
Therefore, a high processing index (85%, i.e., coarsely processed) increased feed consumption 
but reduced feed efficiency and adversely impacted carcass quality, including saleable meat 

Figure 3. Effects of processing and incubation time on in vitro rumen dry matter and protein digestibility. For dry matter 
digestibility, SEM = 1.1%, processing (P < 0.01), incubation time (P < 0.01) and process x incubation time (P < 0.68). For 
crude protein digestibility, SEM = 2.3%, processing (P < 0.01), wheat (P < 0.01) and process x wheat (P < 0.79).
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yield, back fat thickness, and rib eye area. The greater feed intake but lower feed efficiency 
for steers fed with coarsely processed wheat may be resulted from an increased an amount of 
unprocessed whole kernel, in particularly when the uniformity of kernel size is poor and roll-
ers are set to roll the large kernels [32]. The unprocessed wheat kernel is often poorly digested 
in the digestive tract of cattle because of the seed coat protection from microbial and host 
enzyme access and its faster passage through the digestive tract as well. Consequently, the 
digestibility of coarsely processed wheat would be lower and thus animals need to increase 
feed intake to meet their nutrient requirement. These results appeared to contrast to the gen-
eral recommendation that wheat should be coarsely processed with processing index of 80 
to 85%. The increased feed intake by steers fed wheat with 85% of processing index would 
contribute to the adverse effects on feed efficiency and risks of liver abscesses. The optimum 
processing index may depend on starch content of the wheat as well [16].

4.5. Level of wheat in the diet

Wheat grain is generally recommended to be fed to ruminants in combination with more 
fibrous or slowly fermented feed grains and limited to 40 or 50% of the diet (dry matter basis) 
because of its rapidly fermentable starch in the rumen. A study using rumen cannulated beef 
heifers was conducted to compare inclusion level of wheat relative to barley grain in finishing 
beef cattle rations on measuring rumen pH and fermentation, and digestibility if nutrients in 
the total digestive tract [33]. In this study wheat was substituted for barley grain at 0, 30, 60, 
or 90% of the diet dry matter with the remainder of the diet composed of 6% barley silage 
and 4% vitamin and mineral supplement. All grains were dry-rolled to a processing index 
of 80%. Increasing wheat level from 30, 60 to 90% in the diet linearly increased the duration 
of time that rumen pH was under 5.8, but ruminal pH below 5.5 and 5.2 were not affected. 
These results indicated that subclinical rumen acidosis was not exacerbated with increase of 
wheat grain up to 90%. Rumen acidosis includes acute acidosis and subacute acidosis (also 
called subclinical rumen acidosis). The acute acidosis is characterized by sustained low pH 
(<5.2) without recovery unless intervention is used [12]. The subacute rumen acidosis occurs 
in repeated bouts where pH is <5.6 for >3 h per day [34], but unlike the situation for acute 
acidosis, the pH recovers between bouts. The subacute rumen acidosis is a common metabolic 
disorder in animals fed high-grain diet with rapid fermentation of feed in the rumen and 
subsequent accumulation of volatile fatty acids (acetate, propionate, butyrate), whereas acute 
acidosis is caused by accumulation of lactic acid in the rumen and much less happen. Feed 
intake, animal performance and feed efficiency are adversely impacted when animals suffer 
from subacute rumen acidosis [12]. However, there was no effect of feeding increasing levels 
of wheat on rumen fermentation and nutrient digestibility, which suggest that the levels of 
wheat included in finishing diets of beef cattle could be higher than typically used in the feed-
lot industry if proper bunk management and processing are employed.

4.6. Impact of wheat type on feed value

Grain hardness is a trait that has been used for decades by the wheat industry to differentiate 
quality and market classes, and it is characterized as the resistance of the kernel to fracture [35]. 
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The differences in kernel hardness are the result of differences in affinity of starch and protein 
within endosperm, higher affinity decreases both the rate and extent of starch digestion in 
the rumen [36]. Although the endosperm within different wheat types differs in hardness, all 
wheat types are digested rapidly in the rumen. As a result, the information on the rate and 
extent to which hardness influences the site and extent of starch digestion in wheat is scarce. 
Soft wheat generally exhibits a faster rate of digestion than hard wheat in the rumen [3, 19]. 
However, this relationship is also dependent on the processing method used or the degree of 
wheat processing [31]. The hard wheat kernel may be more susceptible to shattering and gener-
ating the fine particles that are readily fermentable in the rumen [37]. Swan et al. [22] reported 
that starch granules from soft wheat appeared even more resistant to rumen digestion than the 
starch granules from hard wheat because of greater damage to the surface of starch granules 
in hard wheat after cracking using a mill. Recently, we conducted a study using rumen can-
nulated beef heifers fed either soft or hard wheat-based rations [3], there were no differences in 
the rumen pH and rumen acid concentrations between beef heifers fed soft or hard wheat. The 
lack of differences between soft and hard wheats can be explained by the fact that wheat grain 
was processed coarsely (i.e., processing index >80%) to avoid digestive upsets. Similarly, a 
feedlot study using beef steers that were fed soft or hard wheat with the similar wheat process-
ing as did in the study by Yang et al. [3], did not show the differences in feed intake (averaged 
11.3 kg dry matter/day), daily weight gain (1.79 kg), feed efficiency (160 g weight gain/kg dry 
matter intake), and net energy for growth [38]. It concluded that soft and hard wheat exhibited 
the similar feed value for feeding feedlot beef cattle if the ration is formulated with the same 
energy level and wheat is processed at the same degree of processing.

5. Deoxynivalenol content in wheat

Deoxynivalenol, commonly referred to as vomitoxin, is a mycotoxin that may be produced 
in wheat and barley grain infected by Fusarium head blight or scab [39]. The fusarium head 
blight may infect grain heads when wet weather occurs during the flowering and grain filling 
stages of plant development. Although the occurrence of fusarium head blight is not necessary 
to mean that deoxynivalenol is present, a high level of scabby kernels in the harvested grain 
means deoxynivalenol will likely be present. Levels of deoxynivalenol do not necessarily cor-
relate with levels of physical damage in grain. The impact of deoxynivalenol in feed grains 
on animal performance and health vary with type of livestock animals. The evident produc-
tion losses were observed in non-ruminant animals, in particularly swine when vomitoxin-
infested grains were fed [40, 41]. Research conducted with vomitoxin-infested barley indicates 
no apparent problems when fed to growing and finishing cattle or gestating or lactating beef 
cows [42]. It appears that cattle can tolerate high levels of vomitoxin (21 mg deoxynivalenol/
kg wheat) without impacts on performance or health of the cattle [43]. However, exercise cau-
tion with wheat or any grain that has gone out of condition or has mold damage. The possibil-
ity exists that molds and toxins will impact feeding value through reduced feed acceptance, 
intake and performance, as well as higher incidence of morbidity, the possibility of abortion 
in pregnant cattle and, in some cases, even death. Young calves, gestating cows and animals 
under nutritional stress are most vulnerable [43].
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The deoxynivalenol can be measured using several laboratory procedures. The most common 
method used by the Federal Grain Inspection Service and most grain handling and process-
ing facilities is the immunological-antibody method called Enzyme Linked-Immunosorbent 
Assay (ELISA) because it is relatively fast and cheap. The gas chromatography-electron cap-
ture (GC-EC) analytical method is quantitative and used to calibrate ELISA test kits.

The inability to feed wheat with high levels of deoxynivalenol to be fed to swine and poultry 
contributes to the lower price of wheat, but the impacts of deoxynivalenol on the feed value 
of wheat for beef cattle are largely unknown. According to [5], the level of deoxynivalenol in 
North American wheat ranges from 0.3 to 1.0 mg/kg, however the level of deoxynivalenol 
measured in specific lots can reach levels of up to 20 mg/kg. The highest deoxynivalenol 
levels are also usually associated with soft rather than hard wheat [5]. The maximum tol-
erated deoxynivalenol level by Canadian Food Inspection Agent in diets for swine, young 
calves, and lactating dairy animals is 1 mg/kg, and 5 mg/kg in diets for cattle and poultry. 
Ruminants are considered quite resistant to Fusarium toxins such as deoxynivalenol because 
of the detoxifying potential of rumen microbes. Previous studies have shown that the epoxide 
group-bearing parent toxin deoxynivalenol is metabolized to de-epoxy-deoxynivalenol [44]. 
However, little is known about the effects of Fusarium toxins (i.e., deoxynivalenol, fumoni-
sins, trichothecenes, zearalenone) or their metabolites on the activity of rumen microbes and 
the consequent effect on feed efficiency in ruminant animals.

6. Sprouted, frosted and drought-damaged wheat

Wheat can be priced competitively with other feed grains because of damage from disease, 
drought, or sprouting. Wet conditions during fall harvesting can cause widespread sprout 
damage to the grain crop. Physical and chemical characteristics could be different between 
sprouted grains and non-sprouted grains such as lower text weight and starch content but 
higher crude protein due to the concentration effect that occurs when starch is expended dur-
ing the germination process. However, it has been reported that animal performance is simi-
lar when consuming sprout-damaged grain versus non-sprouted wheat grain. Rule et al. [45] 
reported no differences in growth performance or carcass characteristics when comparing 
sprouted wheat with non-sprouted wheat in finishing rations containing 77% wheat-based 
concentrate. Reed et al. [46] concluded that sprouted wheat is palatable, digestible sources 
of nutrients that can be used in beef cattle diets. These authors further indicated that the 
sprouted wheat should be processed similar to non-sprouted wheat for optimal utilization 
by the animal. Growth performance and feed efficiency were improved for steers fed diets 
containing rolled sprouted wheat compared with whole sprouted wheat [46].

Little data is available regarding the feeding value of frosted wheat. However, research con-
ducted in Western Canada with frosted wheat indicates no difference in feeding value of 
frosted grain, compared with non-frosted grain when it was fed in feedlot rations. Drought-
damaged wheat generally has smaller kernels and is lower in starch content than wheat 
grown without drought stress. Nitrate toxicity should not be a concern with wheat grain. 
Wheat does not transfer nitrate into the seed during drought stress.
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The differences in kernel hardness are the result of differences in affinity of starch and protein 
within endosperm, higher affinity decreases both the rate and extent of starch digestion in 
the rumen [36]. Although the endosperm within different wheat types differs in hardness, all 
wheat types are digested rapidly in the rumen. As a result, the information on the rate and 
extent to which hardness influences the site and extent of starch digestion in wheat is scarce. 
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to mean that deoxynivalenol is present, a high level of scabby kernels in the harvested grain 
means deoxynivalenol will likely be present. Levels of deoxynivalenol do not necessarily cor-
relate with levels of physical damage in grain. The impact of deoxynivalenol in feed grains 
on animal performance and health vary with type of livestock animals. The evident produc-
tion losses were observed in non-ruminant animals, in particularly swine when vomitoxin-
infested grains were fed [40, 41]. Research conducted with vomitoxin-infested barley indicates 
no apparent problems when fed to growing and finishing cattle or gestating or lactating beef 
cows [42]. It appears that cattle can tolerate high levels of vomitoxin (21 mg deoxynivalenol/
kg wheat) without impacts on performance or health of the cattle [43]. However, exercise cau-
tion with wheat or any grain that has gone out of condition or has mold damage. The possibil-
ity exists that molds and toxins will impact feeding value through reduced feed acceptance, 
intake and performance, as well as higher incidence of morbidity, the possibility of abortion 
in pregnant cattle and, in some cases, even death. Young calves, gestating cows and animals 
under nutritional stress are most vulnerable [43].
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Wheat can be priced competitively with other feed grains because of damage from disease, 
drought, or sprouting. Wet conditions during fall harvesting can cause widespread sprout 
damage to the grain crop. Physical and chemical characteristics could be different between 
sprouted grains and non-sprouted grains such as lower text weight and starch content but 
higher crude protein due to the concentration effect that occurs when starch is expended dur-
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lar when consuming sprout-damaged grain versus non-sprouted wheat grain. Rule et al. [45] 
reported no differences in growth performance or carcass characteristics when comparing 
sprouted wheat with non-sprouted wheat in finishing rations containing 77% wheat-based 
concentrate. Reed et al. [46] concluded that sprouted wheat is palatable, digestible sources 
of nutrients that can be used in beef cattle diets. These authors further indicated that the 
sprouted wheat should be processed similar to non-sprouted wheat for optimal utilization 
by the animal. Growth performance and feed efficiency were improved for steers fed diets 
containing rolled sprouted wheat compared with whole sprouted wheat [46].

Little data is available regarding the feeding value of frosted wheat. However, research con-
ducted in Western Canada with frosted wheat indicates no difference in feeding value of 
frosted grain, compared with non-frosted grain when it was fed in feedlot rations. Drought-
damaged wheat generally has smaller kernels and is lower in starch content than wheat 
grown without drought stress. Nitrate toxicity should not be a concern with wheat grain. 
Wheat does not transfer nitrate into the seed during drought stress.
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7. Conclusion

Feed values of wheat used in ruminant animal rations can vary substantially, depending on 
types of wheat, physical, chemical and biological characteristics, kernel processing, level of 
wheat in rations, kernel uniformity, kernel damage, contamination of deoxynivalenol, etc. 
Although wheat grain is high in starch and protein, its rapid starch fermentation in the rumen 
is a great concern on developing rumen acidosis when high proportion of wheat is included 
in the ruminant diets. Kernel processing including the selection of processing method and 
manipulation of degree of processing is critical to optimize the wheat utilization in ruminant 
diets. Type of wheat (soft and hard) and physical characteristics (kernel hardness, kernel uni-
formity) could interact with quality of processing, thus impact on feed values of wheat. This 
information will be useful to wheat breeder to develop suitable variety to improve feed value 
when wheat that fails quality grade for milling is used as livestock feed. Although the limited 
information is available, the adverse impact on animal growth performance and health is 
not apparent for feeding cattle with deoxynivalenol contaminated wheat, sprouted wheat or 
damaged kernels due to frosting and drought stress.
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7. Conclusion

Feed values of wheat used in ruminant animal rations can vary substantially, depending on 
types of wheat, physical, chemical and biological characteristics, kernel processing, level of 
wheat in rations, kernel uniformity, kernel damage, contamination of deoxynivalenol, etc. 
Although wheat grain is high in starch and protein, its rapid starch fermentation in the rumen 
is a great concern on developing rumen acidosis when high proportion of wheat is included 
in the ruminant diets. Kernel processing including the selection of processing method and 
manipulation of degree of processing is critical to optimize the wheat utilization in ruminant 
diets. Type of wheat (soft and hard) and physical characteristics (kernel hardness, kernel uni-
formity) could interact with quality of processing, thus impact on feed values of wheat. This 
information will be useful to wheat breeder to develop suitable variety to improve feed value 
when wheat that fails quality grade for milling is used as livestock feed. Although the limited 
information is available, the adverse impact on animal growth performance and health is 
not apparent for feeding cattle with deoxynivalenol contaminated wheat, sprouted wheat or 
damaged kernels due to frosting and drought stress.
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Abstract

The aggregative properties of wheat grain prolamins are largely responsible for the tech-
nological functionalities of the flours and doughs. The ability of wheat prolamins to form 
a plastic three-dimensional network during the mixing depends to a large extent on their 
ability to interact. These aggregative properties, which can be evaluated by measuring 
their molecular weight distribution, are dependent on the polymorphism of the protein 
subunits present but also on the environmental conditions that are applied during grain 
development. Much progress has been made in the last 30 years at a genetic level to better 
understand and/or to favour the interaction properties of the storage proteins. However, 
these improvements can be strongly limited by environmental conditions. Any modifica-
tion of the redox status of the grain cells in response to an oxidative stress can lead to a 
decrease in the degree of association of the prolamins by limiting the protein-protein inter-
actions during the grain desiccation. Considering the current and projected environmental 
impacts (i.e. climate change with increasing heat stress), it is essential to better understand 
these phenomena to implement new breeding strategies for a sustainable quality.

Keywords: wheat, storage proteins, aggregation, breadmaking quality

1. Introduction

During the last 60 years, in the field of cereal chemistry, the scientific community has been 
working to determine in an ever more precise way, the nature of the constituents responsible 
for the acquisition of technological properties (i.e. breadmaking properties for common wheat 
doughs and/or pasta properties in the case of durum wheat). Particular emphasis has been 
placed on those whose (quantitative and/or qualitative) variations account for observed and 
measured changes in processing ability.
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As early as the 1950s, thanks to very good recombination experiments with flour constituents, 
Finney [1] confirms that the baking capacity is essentially conferred by gluten. Gluten, which 
can be defined as a viscoelastic protein complex formed after hydration and the addition of 
flour, consists of a heterogeneous mixture of prolamins (i.e. gliadins and glutenins) associated 
with covalent (S-S) and non-covalent bonds (hydrogen, hydrophobic and ionic). The specific 
role of certain protein fractions (monomer to polymeric proteins ratio) in the different proper-
ties of wheat doughs was also highlighted.

During the period 1970–1990, it became clear that the variation of the baking capacity of 
a flour is based on the ability of its storage proteins (i.e. prolamins) to form, during mix-
ing, a three-dimensional plastic structure (Figure 1A and B). This remarkable structure cre-
ates a cohesive and viscoelastic network, insoluble in water, ensuring the retention of carbon 
dioxide, ethanol and aromas, during the fermentation of the dough and unlike other cere-
als for which these properties are non-existent (Figure 2). Thus, a common wheat is all the 
more breadmaking that its storage proteins have a strong tendency to aggregate into a three-
dimensional viscoelastic network during mixing. Thus, gluten is considered a transient net-
work whose mechanical properties depend on the density of the junction zones between the 
elements that compose it [2].

Since the 1990s, thanks to the integration of many complementary scientific approaches (i.e. 
molecular biology, biochemistry, analytical chemistry, rheology, etc.), a clearer vision of the 
transformation processes and the role of the main protein constituents within them have 
begun to take shape [3]. Thus, attention has been focused on the (polymeric) glutenin fraction 
because a strong relationship has been established between breadmaking properties, such as 
mixing time, extensibility and loaf volume and the molecular weight distribution (MWD) of 
the polymeric protein components [4].

Figure 1. Scanning electron micrographs of durum wheat (A) flour and (B) dough particles (From Hoseney and Rogers 
[3]).
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To the extent that any changes (genetically and/or environmentally controlled) in the molecu-
lar size and/or aggregation status of these polymeric proteins can potentially result in very 
significant changes in the technological properties of the products concerned, it is important 
to understand how they are synthesized and accumulated in grains of wheat during their 
development. This knowledge is essential if we are to manipulate wheat quality in the future 
for traditional or new end users.

This chapter reviews the definition of the molecular weight distribution of wheat storage 
proteins, their changes during grain development and the impacts of environmental factors.

2. Molecular weight distribution (MWD) of wheat storage proteins

2.1. Classification and polymorphism of wheat grain proteins

Like all grain seeds, wheat grain contains a large number of proteins classified as structural 
proteins, functional proteins and reserve proteins. They are unequally distributed within the 
different cell of the grain. A natural gradient of distribution can be highlighted. As a result, 
the starch to protein ratio significantly increases from the peripheral to the central regions of 
the grain. Given the relative weight of these different cells, 70–80% (w/w) of the proteins are 
in the albumen.

The classification system for cereal proteins is mainly based on Osborne’s historical work, in 
1907 [5], based on their differences in solubility later used in sequential extractions (Table 1).  
As a result, four major protein fractions have been defined: albumins (soluble in water), 
globulins (soluble in dilute salt solutions), gliadins (soluble in diluted alcohols, 70% ethanol) 
and finally, glutenins (residual proteins, partially soluble in diluted acids and bases). Other 
authors have enriched these classifications based on structural and/or functional properties 
[6, 7].Within the large family of the storage proteins (prolamins), two main classes can be 

Figure 2. Loss of carbon dioxide and increase in temperature in relation to the heating time for different doughs of 
different cereal grains (From Hoseney and Rogers [3]).
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differentiated due, to their degree of aggregation/polymerization. Thus, on the one hand, 
gliadins (soluble monomeric proteins in aqueous alcohols), which represent approximately 
30–40% (w/w) of flour proteins and on the other hand, glutenins representing, 40–45% (w/w) 
of the total flour proteins. The latter are polymeric and aggregated proteins, forming a much 
more complex material than the gliadins.

Gliadins correspond to a mixture of monomeric proteins of molecular weight between 25 and 
75 kDa and are characterized by their richness in glutamine and proline. They represent 45% 
(w/w) of the total prolamins. There are four classes based on their electrophoretic behaviour 
(i.e. increasing mobility in acid medium): α/β, γ and ω-gliadins (which, respectively, repre-
sent 44–60%, 30–46% and 6–20% of total gliadins) [8].

Glutenins, for their part, represent 40–50% (w/w) of total proteins; they are rich in proline 
and glutamic acid and their content in basic amino acids is higher than that of gliadins. They 
constitute a much more complex material formed of an assembly of polypeptide chains, com-
monly called subunits, linked together mainly by intermolecular disulphide bridges. These 
subunits have been grouped into two different subgroups: low molecular weight subunits 
(LMW-GS) and high molecular weight subunits (HMW-GS).

LMW-GS account for an average of two-thirds of total glutenins. They are very polymorphic 
and have molar masses between 30 and 50 kDa. Given their similarity to some gliadins, these 
have sometimes been difficult to quantify. HMW-GS, as their name indicates, have higher 
molecular weights ranging from 95 to 130 kDa. According to their SDS-PAGE migration, they 
fall into two groups: HMW-GSy (67–74 kDa) and HMW-GSx (83–88 kDa).

Osborne [5] classification Shewry et al. [6] classification Singh and Shepherd [7] 
classification

Protein 
fraction

Solubility MW (kDa) Composition Structure Gene localization* Function

Albumins 
and 
globulins

Water neutral 
salts

5–90 Structural and 
functional 
proteins

Gliadins Diluted 
alcohols

25–75 Monomers Storage proteins 
(prolamins)

- ω Poor in S Gli-1(1A,1B,1D)S

- α Reach in S Gli-2(6A,6B,6D)S

- β Gli-2(6A,6B,6D)S

- γ Gli-1(1A,1B,1D)S

Glutenins Acids, bases, 
reductants, 
detergents

100 to 
several 
millions

Reach in S Polymers

- LMW Glu-3(1A,1B,1D)S

- HMW Glu-1(1A,1B,1D)L

*Allelic blocks, wheat homologous chromosomes (noted 1–6), wheat genomes (A, B and D) and chromosome position: (S) 
short arm, (L) long arm.

Table 1. Classification of wheat grain proteins.
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Gliadins have a large genetic polymorphism, it has been possible to detect between 20 and 40 
different constituents for a wheat variety [9]. Within a class of gliadins, it is possible to find 
several sub-families depending on the composition and richness of certain amino acids (the 
ω1 and ω5 gliadins differ in basic amino acids, glutamine and proline, than that γ1, γ2 and 
γ3 differ in their richness in tyrosine, lysine and methionine). Thus, the polymorphism of 
gliadins is very important that it serves as a basis for the varietal identification of wheat [10].

The polymorphism of low molecular weight glutenic subunits (LMW-GS) is less important 
than that of gliadins. For a given variety, there are 7–6 LMW-GS. But 40 different LMW-GS 
were found in 222 varieties of soft wheat [11]. Finally, high molecular weight glutenic sub-
units (HMW-GS) are the prolamins that have the lowest polymorphism. The association of 
two genes at each Glu-A1, Glu-B1 and Glu-D1 locus was noted. The x-type genes express sub-
units of masses greater than those encoded by y-type genes in SDS-PAGE [12]. However, some 
y-type HMW-GS (notably subunit 12) have been shown to have important immunochemical 
similarities with α/β and γ-gliadins [13]. In all cases, recombination between these genes is 
very rare. The different wheat varieties contain between 3 and 5 HMW-GS. Indeed, 1Ay genes 
are never expressed, and 1By and 1Ax genes are only expressed in some varieties [14].

The primary structure of the storage proteins is well understood. They comprise three dis-
tinct domains (Figure 3): a central domain made up of repeated sequences and two domains 
formed of non-repeated sequences at the ends (i.e. C- and N-terminal). The understanding 
of these sequences has made it possible to locate particularly important cysteine residues 
because of their ability to form disulphide bonds (intra and/or intermolecular). α-, β- and 
γ-gliadins are provided with cysteines at their C-terminal domains; these all being involved 
in the formation of intramolecular disulphide bridges. HMW-GS have unpaired cysteine in 
their C-terminal domain and several others in their N-terminal domain; LMW-GS carrying 
seven C-terminal cysteines and one N-terminal cysteine. Thanks to these unpaired cysteines, 
unlike gliadins, HMW-GS and LMW-GS are able to form intermolecular disulphide bridges. 
Some authors report a globular type structure for the N- and C-terminal and a spiral structure 
for the repetitive domain (Figure 3).

2.2. Gliadin to glutenin ratio

Generally, it is accepted that the functional properties of gluten proteins are related to their 
ability to form a network during technological processes [17, 18]. However, gliadins and 
glutenins do not have the same effect on the rheological properties of doughs or glutens. 
Consequently, gliadins explain the viscous nature, while glutenins determine elasticity. In 
fact, the small quantity of cysteine residues in these storage proteins makes it possible to 
establish an important structural and functional distribution between gliadins and glutenins 
(Figure 4).For the former, all cysteine residues are involved in the establishment of intramo-
lecular disulphide bridges while for both high and low molecular weight glutenins, a number 
of cysteines not involved in intramolecular bonds are therefore available to establish intermo-
lecular links with other subunits. Glutenins are therefore likely to constitute polymers with 
a real consistency, thanks to the formation of intermolecular disulphide bridges, while glia-
dins remain in the monomeric state. The latter may, however, be aggregated by weak bonds 
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differentiated due, to their degree of aggregation/polymerization. Thus, on the one hand, 
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Protein 
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Solubility MW (kDa) Composition Structure Gene localization* Function
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and 
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salts

5–90 Structural and 
functional 
proteins

Gliadins Diluted 
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- ω Poor in S Gli-1(1A,1B,1D)S
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Table 1. Classification of wheat grain proteins.
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γ-gliadins are provided with cysteines at their C-terminal domains; these all being involved 
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seven C-terminal cysteines and one N-terminal cysteine. Thanks to these unpaired cysteines, 
unlike gliadins, HMW-GS and LMW-GS are able to form intermolecular disulphide bridges. 
Some authors report a globular type structure for the N- and C-terminal and a spiral structure 
for the repetitive domain (Figure 3).
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Generally, it is accepted that the functional properties of gluten proteins are related to their 
ability to form a network during technological processes [17, 18]. However, gliadins and 
glutenins do not have the same effect on the rheological properties of doughs or glutens. 
Consequently, gliadins explain the viscous nature, while glutenins determine elasticity. In 
fact, the small quantity of cysteine residues in these storage proteins makes it possible to 
establish an important structural and functional distribution between gliadins and glutenins 
(Figure 4).For the former, all cysteine residues are involved in the establishment of intramo-
lecular disulphide bridges while for both high and low molecular weight glutenins, a number 
of cysteines not involved in intramolecular bonds are therefore available to establish intermo-
lecular links with other subunits. Glutenins are therefore likely to constitute polymers with 
a real consistency, thanks to the formation of intermolecular disulphide bridges, while glia-
dins remain in the monomeric state. The latter may, however, be aggregated by weak bonds 
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(hydrogen and hydrophobic). The viscoelasticity of gluten depends on its state of polymeriza-
tion and the interactions between polymers [2].

A large number of conventional fractionation and reconstitution tests have been conducted 
based on the differential physical properties observed in purified gliadins and glutenins. The 
aim of these studies was to link variations in molecular weight distribution (i.e. monomer to 
polymer ratio) with the rheological characteristics of the glutens obtained. In the majority of 
cases, the results obtained during these different reconstitution studies have demonstrated 
that the rheological properties of the restructured flours generated are strongly influenced 
by the ratio of these two protein fractions [20, 21]. With a constant amount of prolamins, the 
strength of the reconstituted flour, measured at the time of the dough making with a mixo-
graph (i.e. peak time value mix (MPT)), is related to the proportion of polymeric proteins.

The development of the original analytical approaches (i.e. high performance liquid chroma-
tography of size exclusion, SEC-HPLC) during the 1980s confirmed the vast majority of these 
hypothesis, which were essentially based on results obtained from differential solubility pro-
tocols (i.e. gliadins vs. glutenins). Thus, many authors [22–29] have confirmed the existence of 
a significant relationship between the relative amount of glutenin aggregates and the baking 
quality of many everyday wheat genotypes.

Figure 3. Schematic structures of typical primary structures of (A) ω-giadin, (B) α-gliadin, (C) γ-gliadin, (D) LMW-GS, 
(E) HMW-GSy and (F) HMW-GSx [15, 16]. Repetitive sequences are shaded and disulphide bonds between conserved 
cysteine residues (1–8) in the γ-gliadin are shown as lines. SH denotes the positions of cysteine residues in the 
HMW prolamins. Single letter abbreviations for amino acids: F = phenylalanine; G = glycine; L = leucine; P = proline; 
Q = glutamine; S = serine; V = valine and Y = tyrosine.
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The molecular weight distribution (MWD) of prolamins is becoming recognized as the main 
determinant of physical dough properties [30, 31]. However, in theory, the MWD can be 
altered from one sample of wheat (or one cultivar) to another by changes in the relative pro-
portions of monomeric proteins and polymeric proteins (gliadins to glutenins ratio) but also 
by changes in the size distribution of polymeric proteins [32].

2.3. Size distribution of polymeric proteins

Chen and Bushuk [33] revealed that part of the glutenin is soluble in acetic acid thus making 
the distinction between an insoluble and a soluble fraction. The importance of this distinc-
tion became clear when Orth and Bushuk [34] demonstrated a positive correlation between 
the amount of acetic acid insoluble glutenin and bread loaf volume. From then on, insoluble 
glutenin became widely recognized as the key protein fraction that can explain differences in 
dough strength and breadmaking quality [35]. The use of detergents (SDS) and organic sol-
vents (propanol) [36] allowed an even better separation and led to the conclusion that insolu-
bility was due to size and a very high degree of polymerization. Other groups developed 
methodology with propanol to further separate soluble protein parts from the insoluble glu-
tenin. Currently, two main methods are in use to quantify and characterize this fraction. The 
first corresponds to the so-called unextractable polymeric protein (UPP) method using propa-
nol and during which unextractable polymeric protein (UPP) fraction is obtained. Upon soni-
cation, this fraction becomes soluble in SDS [28, 29] and can be analysed using size exclusion 
chromatography [27, 37]. The other method is the SDS method as advanced by Graveland 
et al. [38] resulting in the SDS-insoluble gel protein fraction. This fraction was renamed glu-
tenin macro polymer (GMP) to reflect its highly aggregated nature [39, 40]. Moonen et al. [41] 

Figure 4. A structural model for wheat gluten in which the HMW subunits provide a disulphide-bonded backbone 
which interacts with other gluten proteins through disulphide bonds (LMW subunits) and non-covalent interactions 
(gliadins) (From Shewry et al. [19]).
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(hydrogen and hydrophobic). The viscoelasticity of gluten depends on its state of polymeriza-
tion and the interactions between polymers [2].
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by the ratio of these two protein fractions [20, 21]. With a constant amount of prolamins, the 
strength of the reconstituted flour, measured at the time of the dough making with a mixo-
graph (i.e. peak time value mix (MPT)), is related to the proportion of polymeric proteins.

The development of the original analytical approaches (i.e. high performance liquid chroma-
tography of size exclusion, SEC-HPLC) during the 1980s confirmed the vast majority of these 
hypothesis, which were essentially based on results obtained from differential solubility pro-
tocols (i.e. gliadins vs. glutenins). Thus, many authors [22–29] have confirmed the existence of 
a significant relationship between the relative amount of glutenin aggregates and the baking 
quality of many everyday wheat genotypes.

Figure 3. Schematic structures of typical primary structures of (A) ω-giadin, (B) α-gliadin, (C) γ-gliadin, (D) LMW-GS, 
(E) HMW-GSy and (F) HMW-GSx [15, 16]. Repetitive sequences are shaded and disulphide bonds between conserved 
cysteine residues (1–8) in the γ-gliadin are shown as lines. SH denotes the positions of cysteine residues in the 
HMW prolamins. Single letter abbreviations for amino acids: F = phenylalanine; G = glycine; L = leucine; P = proline; 
Q = glutamine; S = serine; V = valine and Y = tyrosine.
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The molecular weight distribution (MWD) of prolamins is becoming recognized as the main 
determinant of physical dough properties [30, 31]. However, in theory, the MWD can be 
altered from one sample of wheat (or one cultivar) to another by changes in the relative pro-
portions of monomeric proteins and polymeric proteins (gliadins to glutenins ratio) but also 
by changes in the size distribution of polymeric proteins [32].

2.3. Size distribution of polymeric proteins

Chen and Bushuk [33] revealed that part of the glutenin is soluble in acetic acid thus making 
the distinction between an insoluble and a soluble fraction. The importance of this distinc-
tion became clear when Orth and Bushuk [34] demonstrated a positive correlation between 
the amount of acetic acid insoluble glutenin and bread loaf volume. From then on, insoluble 
glutenin became widely recognized as the key protein fraction that can explain differences in 
dough strength and breadmaking quality [35]. The use of detergents (SDS) and organic sol-
vents (propanol) [36] allowed an even better separation and led to the conclusion that insolu-
bility was due to size and a very high degree of polymerization. Other groups developed 
methodology with propanol to further separate soluble protein parts from the insoluble glu-
tenin. Currently, two main methods are in use to quantify and characterize this fraction. The 
first corresponds to the so-called unextractable polymeric protein (UPP) method using propa-
nol and during which unextractable polymeric protein (UPP) fraction is obtained. Upon soni-
cation, this fraction becomes soluble in SDS [28, 29] and can be analysed using size exclusion 
chromatography [27, 37]. The other method is the SDS method as advanced by Graveland 
et al. [38] resulting in the SDS-insoluble gel protein fraction. This fraction was renamed glu-
tenin macro polymer (GMP) to reflect its highly aggregated nature [39, 40]. Moonen et al. [41] 

Figure 4. A structural model for wheat gluten in which the HMW subunits provide a disulphide-bonded backbone 
which interacts with other gluten proteins through disulphide bonds (LMW subunits) and non-covalent interactions 
(gliadins) (From Shewry et al. [19]).
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found that the SDS-insoluble glutenin-gel protein fraction highly correlated with SDS sedi-
mentation values and loaf volume. Weegels et al. [40, 42] studied this fraction in great detail 
and presented firm evidence that GMP quantity correlates to bread loaf volume.

In addition to these classical approaches (UPP and/or GMP), new analytical protocols have 
been developed since the early 2000s to separate and more accurately characterize the molec-
ular size distribution of the polymeric proteins. Flow field-flow fractionation (FFFF) [43–46], 
which is a new separation technique without any stationary phase, and which is therefore not 
hampered by a steric exclusion limit [47–49], has been used successfully to separate a number 
HMW fractions [50–52]. Furthermore, the MALLS technique which is one of the most effective 
means of determining molecular weight, size and conformation of glutenin polymers without 
reference to standards [48, 53–56] has been applied in combination with the A-FFFF method 
to accurately measure size and conformation of wheat glutenins [57] (Figure 5).

The glutenin association level (i.e. the size distribution) is strongly correlated with the 
HMW-GS/LMW-GS [58–60] ratio and the nature of the HMW-GS present (especially 
HMW-GS pair 5 + 10 vs. HMW-GS pair 2 + 12 coded by Glu-D1). As demonstrated by the dif-
ferent experimental approaches carried out in recent years [61–64], the different glutenin sub-
units (i.e. HMW-GS, LMW-GS and HMW-GS x and y type) are unequally distributed within 
polymers. These results demonstrate the existence of a highly ordered structures in which 
some subunits play a predominant role, notably because of their difference in functionality 
(i.e. number and especially position of cysteine residues capable of forming intermolecular 
bonds) [65] (Figure 6).

Figure 5. Asymmetrical flow field-flow fractionation (A4F) profiles of total solubilized storage proteins of a common 
French wheat cultivar (Soissons). UV (blue line), light scattering at 90° (red line) and molecular weight in relation to 
elution time (dark line) (from Lemelin et al. [57]).
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3. Accumulation of prolamins in developing wheat grains

3.1. Endosperm development

The development of the wheat endosperm which has been well described at the microscopic 
level, as reviewed by Bechtel et al. [66], can be quite easily characterized by the study of the 
temporal variations of several quantitative components of it such as the accumulation of the 
total dry matter, the water content of the grain and the accumulation of total protein and 
starch [67] (Figure 7).

The accumulation of total dry matter in the grain provides a good insight into the functioning 
of different accumulation metabolisms (i.e. nitrogen translocation and post-flowering pho-
tosynthesis) [68]. Thus, after an initial lag phase (up to 10–15 days after anthesis (DAA)), it 
is easy to observe a phase of linear accumulation of this dry matter; wheat grains reaching a 
maximum dry weight from 40 DAA.

During this linear phase, the observed phenomena depend on two main variables: the dura-
tion (D) and the speed or flux of assimilates towards the grain (V), so that the weight of a 
grain (P) is given by the relation P = V × D [69]. D can be expressed in days or in the sum of 
average daily temperatures (i.e. degree-days (DD)). The filling speed is the limiting factor in 
the development of the weight of a grain. This speed is mainly by the number of grains per 
m2. Finally, under natural conditions, the duration D cannot compensate for the weight loss 
produced by any reduction in the rate of accumulation. The amount of water per grain that 
gradually increases to about 20 DAA remains relatively constant up to ≈ 35 DAA (i.e. “water 
plateau” phase) before decreasing at harvest time.

The higher the rate of water accumulation in the grain, the greater the height of the “water 
plateau” and the higher the weight of the grain at maturity [70]. Based on changes in the 
amount of water and total dry matter per grain after anthesis, three particular phases of grain 
development can be estimated: the cell division phase, the cell enlargement phase (i.e. grain 

Figure 6. Hierarchical arrangement of HMW-GS and LMW-GS in relation to their intrinsic contribution to polymer 
formation (from Kasarda [65]).
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3.1. Endosperm development
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level, as reviewed by Bechtel et al. [66], can be quite easily characterized by the study of the 
temporal variations of several quantitative components of it such as the accumulation of the 
total dry matter, the water content of the grain and the accumulation of total protein and 
starch [67] (Figure 7).

The accumulation of total dry matter in the grain provides a good insight into the functioning 
of different accumulation metabolisms (i.e. nitrogen translocation and post-flowering pho-
tosynthesis) [68]. Thus, after an initial lag phase (up to 10–15 days after anthesis (DAA)), it 
is easy to observe a phase of linear accumulation of this dry matter; wheat grains reaching a 
maximum dry weight from 40 DAA.

During this linear phase, the observed phenomena depend on two main variables: the dura-
tion (D) and the speed or flux of assimilates towards the grain (V), so that the weight of a 
grain (P) is given by the relation P = V × D [69]. D can be expressed in days or in the sum of 
average daily temperatures (i.e. degree-days (DD)). The filling speed is the limiting factor in 
the development of the weight of a grain. This speed is mainly by the number of grains per 
m2. Finally, under natural conditions, the duration D cannot compensate for the weight loss 
produced by any reduction in the rate of accumulation. The amount of water per grain that 
gradually increases to about 20 DAA remains relatively constant up to ≈ 35 DAA (i.e. “water 
plateau” phase) before decreasing at harvest time.

The higher the rate of water accumulation in the grain, the greater the height of the “water 
plateau” and the higher the weight of the grain at maturity [70]. Based on changes in the 
amount of water and total dry matter per grain after anthesis, three particular phases of grain 
development can be estimated: the cell division phase, the cell enlargement phase (i.e. grain 
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filling phase) and the grain desiccation phase (the beginning of this phase corresponding to 
the acquisition of physiological maturity) [71] during which protein bodies disappear to form 
the protein matrix [72, 73].

Since 1970s, a great deal of work has been done to evaluate the effects of the environment on 
grain development. Thus, the effects of several environmental variables (i.e. light, tempera-
ture, water availability and nutrient availability), taken individually or in combination, have 
been studied [74–85]. In general, temperature and water availability strongly affect the filling 
rate (V) and the duration of grain filling (D), although some differences in behaviour may 
exist between wheat genotypes. Consequently, differences in thermal regimes and/or water 
regimes cause profound changes in the accumulation of the total dry matter (P) by affecting 
indifferently and without compensating the speed and duration of filling [86].

3.2. Accumulation of Storage Proteins

The accumulation of different protein fractions (albumins-globulins, gliadins and glutenins) 
is progressive from flowering until the acquisition of the physiological maturity of the grains 
(≈ 35–40 DAA). However, even if the time of initiation of the biosynthesis of the different 
proteins of the grain is not significantly different (5–7 DAA) [87], their rate of accumulation 

Figure 7. Grain filling period for a common wheat cultivar (Soissons). Evolution of (●) dry matter per kernel, (O) fresh 
matter per kernel, ( ) water quantity per kernel and (X) grain humidity. The vertical lines represent the standard 
deviation (n = 3) (from Carceller and Aussenac [67]).
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varies considerably, suggesting a phenomenon of differential regulation of this biosynthesis 
(Figure 8A and B).

Thus, a certain accumulation asynchrony in the protein fractions of the grain can be high-
lighted. The albumins-globulins accumulate most rapidly in the grain, followed by the mono-
meric prolamins and finally the polymeric prolamins. As many researchers have shown 
[88–93], the accumulation of albumins-globulins is maintained only during the cell division 
phase, contrary to that of prolamins. This confirms the functional and/or structural role of 
these specific proteins.

While the ratio between polymeric proteins and monomeric proteins is stable during the first 
stages of grain development (i.e. cell division and cell enlargement), this ratio increases signif-
icantly during the grain desiccation phase (i.e. after 35 DAA) (Figure 8C). A number of results 
in the literature are quite contradictory [90, 94, 95]. In our opinion, and in accordance with the 

Figure 8. Evolution of the quantity of the different protein fractions (mg.kernel−1) for two common French wheat cultivars 
(A) Soissons and (B) Thésée, as a function of the days after anthesis. ( ) SDS-insoluble polymers; (O) SDS-soluble 
polymers; (￭) albumins and globulins; ( ) monomers and (☐) total proteins. Evolution of (C) the polymer/monomer 
ratio (%) and (D) the quantity of monomers and total polymers (mg.kernel−1) as a function of days after anthesis. (O,●) 
total polymers of Thésée and Soissons, respectively; (☐,￭) Monomers of Thésée and Soissons, respectively. Stages: (P1) 
cell division; (P2) cell enlargement and (P3) grain desiccation and maturation (from Carceller and Aussenac [67]).
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matter per kernel, ( ) water quantity per kernel and (X) grain humidity. The vertical lines represent the standard 
deviation (n = 3) (from Carceller and Aussenac [67]).
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varies considerably, suggesting a phenomenon of differential regulation of this biosynthesis 
(Figure 8A and B).

Thus, a certain accumulation asynchrony in the protein fractions of the grain can be high-
lighted. The albumins-globulins accumulate most rapidly in the grain, followed by the mono-
meric prolamins and finally the polymeric prolamins. As many researchers have shown 
[88–93], the accumulation of albumins-globulins is maintained only during the cell division 
phase, contrary to that of prolamins. This confirms the functional and/or structural role of 
these specific proteins.

While the ratio between polymeric proteins and monomeric proteins is stable during the first 
stages of grain development (i.e. cell division and cell enlargement), this ratio increases signif-
icantly during the grain desiccation phase (i.e. after 35 DAA) (Figure 8C). A number of results 
in the literature are quite contradictory [90, 94, 95]. In our opinion, and in accordance with the 

Figure 8. Evolution of the quantity of the different protein fractions (mg.kernel−1) for two common French wheat cultivars 
(A) Soissons and (B) Thésée, as a function of the days after anthesis. ( ) SDS-insoluble polymers; (O) SDS-soluble 
polymers; (￭) albumins and globulins; ( ) monomers and (☐) total proteins. Evolution of (C) the polymer/monomer 
ratio (%) and (D) the quantity of monomers and total polymers (mg.kernel−1) as a function of days after anthesis. (O,●) 
total polymers of Thésée and Soissons, respectively; (☐,￭) Monomers of Thésée and Soissons, respectively. Stages: (P1) 
cell division; (P2) cell enlargement and (P3) grain desiccation and maturation (from Carceller and Aussenac [67]).
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remarks of Stone and Nicolas [92], most of these differences can be explained by the fact that 
the methods of extraction and analysis of the polymeric proteins retained are extremely var-
ied from one research group to another; it is therefore certain that all the researchers did not 
take into account the same protein entities in the calculation of the polymers/monomers ratio.

The accumulation of SDS-soluble polymers that starts very early in the grain (from 7 DAA), is 
very slow and continues up to the beginning of the drying phase of the grain. The accumula-
tion of SDS-insoluble polymers (i.e. UPP) is, in turn, really visible only when the grain begins 
to lose its water balance (i.e. end of the “water plateau”) [67, 92, 96] (Figure 9B).

These elements must be compared with the observations of researchers such as Woodman 
and Engledow who, as early as the 1920s, noted the increase in the ability of proteins to form 
a coherent mass, gluten, in relation to the beginning of the grain desiccation [97]. The accu-
mulation of the protein polymers in the broad sense coincides perfectly with the accumula-
tion of the different glutenin subunits (LMW-GS and HMW-GS) in the grain [91, 98]; the 
HMW-GS/LMW-GS ratio being an important parameter for differentiating wheat genotypes 
from each other. For example, in the framework of our own research [67, 99], we have been 
able to demonstrate that at harvest time, the association state of polymeric proteins (i.e. SDS-
insoluble polymers/total polymers ratio) is strongly correlated with the HMW-GS/LMW-GS 
ratio. Thus, at maturity, with the same total polymer amount (Figure 9A), the wheat genotype 
Soissons, which is characterized by a HMW-GS/LMW-GS ratio twice that of the wheat geno-
type Thesée, has a SDS-insoluble polymer/total polymer ratio twice as large that of Thésée 
(Figure 9B).

3.3. Unextractable polymeric protein (UPP) accumulation

The formation and accumulation of polymeric protein fractions characterized by high levels of 
aggregation (indifferently qualified in the literature of SDS-insoluble polymeric proteins, unex-
tratable polymeric proteins (UPP) and glutenin macro polymers (GMP)) have been the focus 

Figure 9. Accumulation of total polymers, SDS-soluble and SDS-insoluble polymers as a function of the days after 
anthesis. (A) Total polymers (mg.kernel−1) for (●) Soissons and (O) Thésée. (B) Open symbols are for Thésée and closed 
symbols are for Soissons. ( ) SDS-soluble polymers and (O) SDS-insoluble polymers. Stages: (P1) cell division; (P2) cell 
enlargement and (P3) grain desiccation and maturation (from Carceller and Aussenac [67]).
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of attention during the last 15 years because these fractions became widely recognized as the 
key protein fraction that can explain differences in dough strength and breadmaking quality.

According to the various physiological observations carried out since the early 2000s [67, 93, 
100–102], it appears that the UPP accumulation phase coincides very strongly with the grain 
desiccation phase (Figure 9B), whatever the culture conditions applied (i.e. light, tempera-
ture, water availability and nutrient availability). Thus, 95–100% (w/w) of the UPPs present 
in the grain at harvesting accumulates during the grain desiccation phase. Finally, several 
experiments of artificial dehydration of wheat grains have confirmed the strong relationship 
between grain water loss and UPP accumulation [93, 102].

Although today the mechanisms responsible for the formation of UPPs are still the subject of 
discussions and/or hypotheses, many observations seem to confirm that the strengthening of 
the aggregation character in these polymeric proteins during grain desiccation results from 
the reinforcement of intermolecular interactions (mainly covalent interactions) between the 
different glutenin subunits (HMW-GS and LMW-GS) [103, 104]. This phenomenon has led to 
a very significant increase in the different molecular dimensions (Mw and Rg) of the glutenin 
polymers [103].

Studying the function of free glutenin sulfhydryl (SH) and disulphide (SS) groups in glutenins 
of developing wheat for UPP formation, we showed that the major wheat glutenin subunits 
residing in the protein bodies undergo redox change during the development and the matura-
tion of the grain [103] (Figure 10). Indeed, during the cell division and grain filling, glutenin 

Figure 10. Change in sulfhydryl status of wheat proteins during grain development and maturation. MBBr-derivatized 
(fluorescence photography) storage proteins of a common French wheat cultivar (Soissons). Days after anthesis (DAA) 
(from Rhazi et al. [103]).
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remarks of Stone and Nicolas [92], most of these differences can be explained by the fact that 
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take into account the same protein entities in the calculation of the polymers/monomers ratio.

The accumulation of SDS-soluble polymers that starts very early in the grain (from 7 DAA), is 
very slow and continues up to the beginning of the drying phase of the grain. The accumula-
tion of SDS-insoluble polymers (i.e. UPP) is, in turn, really visible only when the grain begins 
to lose its water balance (i.e. end of the “water plateau”) [67, 92, 96] (Figure 9B).

These elements must be compared with the observations of researchers such as Woodman 
and Engledow who, as early as the 1920s, noted the increase in the ability of proteins to form 
a coherent mass, gluten, in relation to the beginning of the grain desiccation [97]. The accu-
mulation of the protein polymers in the broad sense coincides perfectly with the accumula-
tion of the different glutenin subunits (LMW-GS and HMW-GS) in the grain [91, 98]; the 
HMW-GS/LMW-GS ratio being an important parameter for differentiating wheat genotypes 
from each other. For example, in the framework of our own research [67, 99], we have been 
able to demonstrate that at harvest time, the association state of polymeric proteins (i.e. SDS-
insoluble polymers/total polymers ratio) is strongly correlated with the HMW-GS/LMW-GS 
ratio. Thus, at maturity, with the same total polymer amount (Figure 9A), the wheat genotype 
Soissons, which is characterized by a HMW-GS/LMW-GS ratio twice that of the wheat geno-
type Thesée, has a SDS-insoluble polymer/total polymer ratio twice as large that of Thésée 
(Figure 9B).

3.3. Unextractable polymeric protein (UPP) accumulation

The formation and accumulation of polymeric protein fractions characterized by high levels of 
aggregation (indifferently qualified in the literature of SDS-insoluble polymeric proteins, unex-
tratable polymeric proteins (UPP) and glutenin macro polymers (GMP)) have been the focus 

Figure 9. Accumulation of total polymers, SDS-soluble and SDS-insoluble polymers as a function of the days after 
anthesis. (A) Total polymers (mg.kernel−1) for (●) Soissons and (O) Thésée. (B) Open symbols are for Thésée and closed 
symbols are for Soissons. ( ) SDS-soluble polymers and (O) SDS-insoluble polymers. Stages: (P1) cell division; (P2) cell 
enlargement and (P3) grain desiccation and maturation (from Carceller and Aussenac [67]).

Global Wheat Production144

of attention during the last 15 years because these fractions became widely recognized as the 
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100–102], it appears that the UPP accumulation phase coincides very strongly with the grain 
desiccation phase (Figure 9B), whatever the culture conditions applied (i.e. light, tempera-
ture, water availability and nutrient availability). Thus, 95–100% (w/w) of the UPPs present 
in the grain at harvesting accumulates during the grain desiccation phase. Finally, several 
experiments of artificial dehydration of wheat grains have confirmed the strong relationship 
between grain water loss and UPP accumulation [93, 102].

Although today the mechanisms responsible for the formation of UPPs are still the subject of 
discussions and/or hypotheses, many observations seem to confirm that the strengthening of 
the aggregation character in these polymeric proteins during grain desiccation results from 
the reinforcement of intermolecular interactions (mainly covalent interactions) between the 
different glutenin subunits (HMW-GS and LMW-GS) [103, 104]. This phenomenon has led to 
a very significant increase in the different molecular dimensions (Mw and Rg) of the glutenin 
polymers [103].

Studying the function of free glutenin sulfhydryl (SH) and disulphide (SS) groups in glutenins 
of developing wheat for UPP formation, we showed that the major wheat glutenin subunits 
residing in the protein bodies undergo redox change during the development and the matura-
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subunits and particularly LMW-GS have a large amount of free SH groups and become oxi-
dized during grain desiccation which coincided with the accumulation of UPP. Moreover, 
monobromobimane (mBBr) derivatized of free glutenin SH groups before the artificial grain 
desiccation totally inhibits the UPP deposition [104].

In our hypothesis which is very close to the model proposed by Hamer and van Vliet [105] for 
the gluten structure termed “hyper aggregation” model, the grain desiccation promotes the 
aggregation of polymers already present (i.e. SDS-soluble polymers or level I aggregates in 
the “hyper aggregation” model) by facilitating specifically the formation of interchain hydro-
gen bonding between the repeat regions of glutenin subunits [106–108], which can bring 
glutenin free accessible SH groups into close proximity to form additional intermolecular 
disulphide bridges.

4. Impacts of environmental factors on MWD of prolamins

The multiple agronomic studies which were done during the last 25 years indicate that envi-
ronmental conditions affect the amount, composition and polymerization of the gluten pro-
teins [109–119]. Furthermore, the impact of environmental components on the molecular 
weight distribution of the prolamins is significantly greater than that of genetic components 
(i.e. σ2

E/σ2
R > σ2

G/σ2
R) (Table 2) [120–122]. This is why, in a context of profound environmental 

changes [123], it is very important to better understand the mechanisms responsible for these 
effects in order to better anticipate them.

The availability of nutrients (nitrogen and/or sulphur availability) and the temperature (ther-
mal regime) are the two main environmental factors responsible for these protein changes.

Parameters Maximum value Minimum 
value

Mean value σ2
G/σ2

R σ2
E/σ2

R

Total proteins1 8.700 15.100 11.187 11.411*** 271.577***

Total polymers1 2.785 5.755 4.016 11.104*** 187.462***

Polymer/monomer 0.321 0.700 0.561 14.845*** 72.611***

Polymer Mn
2 0.730 × 106 9.609 × 106 0.972 × 106 1.068NS 4.383***

Polymer Mw
2 1.142 × 106 22.970 × 106 7.640 × 106 3.370*** 38.974***

1Quantity in mg/100 g DM.
2Mn = Molecular weight number-average and Mw = Molecular weight-average (g.mol−1).
***F-test significance at 0.1% level of probability; σ2

G/σ2
R = Genetic variance/Residual variance ratio and σ2

E/
σ2

R = Environmental variance/Residual variance ratio.
NS: Not significant.

Table 2. Genetic (G) and environmental (E) influence on molecular weight distribution of storage proteins determined 
by analysis of variance (F-test) for 130 common French wheat genotypes cultivated in three different locations for 2005 
and 2006 (from Aussenac et al. unpublished data).
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High nitrogen availability translates into high protein contents in the grain and flour but also 
by changes in protein composition. With increasing protein content, gliadins tend to increase 
at a greater rate than other proteins. This can lead to MWD alterations which results from 
decreases in the polymeric-to-monomeric protein ratio and/or increases in the HMW-GS to 
LMW-GS ratio [113, 124, 125].

When sulphur fertilization is limited, the molecular distribution of glutenins is strongly 
affected insofar as this limitation results in a significant modification of the HMW-GS/
LMW-GS ratio [109, 126]. The increase in the HMW-GS/LMW-GS ratio which is linked to the 
fact that the high molecular weight glutenin subunits are much less affected by a sulphur limi-
tation because they are poorer in corresponding amino acids, therefore results in an increase 
in the average molecular weight of the polymers. Finally, sulphur deficiency is accentuated 
by higher nitrogen levels [127].

Temperature (i.e. daily mean temperature, temperature regime and temperature applica-
tion stage) can induce very large changes in the association state of polymers during grain 
filling [110, 128–130]. Thus, in the great majority of the work carried out in recent years, var-
ious researchers have shown that the increase in temperature and/or the sudden change in 
the thermal regime during grain filling could lead to a significant decrease in the association 
status of prolamins resulting in a decrease of MWD (or solubility) of glutenins [131–133].

In the majority of the work to which we have just referred to above, the effects observed are 
most often attributed to modifications in the synthesis activities of the different storage proteins  
(i.e. gliadins vs. glutenins and/or HMW-GS vs. LMW-GS) resulting from modulation of the 
expression of storage protein genes [85]. Today, it seems that other phenomena could also be 
reasonably involved. These phenomena could be based, in particular, on important variations 
in the cellular redox status in response to environmental stimuli (i.e. environmental stress).

It has long been established that desiccation of plant tissues causes the appearance of free 
radicals. Although this phenomenon is a very general mechanism, a large number of obser-
vations have been made from seeds of various species [134–137]. In the majority of these 
studies, the presence of free radicals has been correlated with viability losses [138]. Among 
these implemented detoxification mechanisms, the ascorbate/glutathione cycle (i.e. trapping 
of H2O2 generated) is one of the most efficient. This essential cycle in chlorophyll tissues [139, 
140] has also been studied in seeds [141, 142].

At a cellular level, thiols are the first compounds affected by oxidative stress in general 
because of the high sensitivity to the oxidation of sulfhydryl (SH) groups. The predomi-
nant non-protein thiol in most plant species is glutathione (GSH). This tripeptide ensures the 
maintenance of the redox status at a cellular level but also the storage and transport of the 
reduced sulphur necessary for the synthesis of proteins [143–145]. The first compound result-
ing from the oxidation of glutathione is its dimer (GSSG) which is produced in vivo largely 
thanks to SH/SS exchanges with proteins (noted P) [146]. The reactions below illustrate these 
exchanges.

The GSSG dimer is normally reduced in GSH by glutathione reductase (GR) activity. Thus, 
under normal conditions, glutathione is very much present at a cellular level in its reduced 
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aggregation of polymers already present (i.e. SDS-soluble polymers or level I aggregates in 
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changes [123], it is very important to better understand the mechanisms responsible for these 
effects in order to better anticipate them.

The availability of nutrients (nitrogen and/or sulphur availability) and the temperature (ther-
mal regime) are the two main environmental factors responsible for these protein changes.
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It has long been established that desiccation of plant tissues causes the appearance of free 
radicals. Although this phenomenon is a very general mechanism, a large number of obser-
vations have been made from seeds of various species [134–137]. In the majority of these 
studies, the presence of free radicals has been correlated with viability losses [138]. Among 
these implemented detoxification mechanisms, the ascorbate/glutathione cycle (i.e. trapping 
of H2O2 generated) is one of the most efficient. This essential cycle in chlorophyll tissues [139, 
140] has also been studied in seeds [141, 142].

At a cellular level, thiols are the first compounds affected by oxidative stress in general 
because of the high sensitivity to the oxidation of sulfhydryl (SH) groups. The predomi-
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maintenance of the redox status at a cellular level but also the storage and transport of the 
reduced sulphur necessary for the synthesis of proteins [143–145]. The first compound result-
ing from the oxidation of glutathione is its dimer (GSSG) which is produced in vivo largely 
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Figure 11. SH/SS interchange during dehydration/rehydration phenomenon. (Dh) dehydration step, (Rh) rehydration 
step, (GP) glutathione peroxidase, (GR) glutathione reductase (from Kranner and Grill [150]).

form (i.e. high GSH/GSSH ratio) which has the effect both for maintaining the SH status of 
proteins (to maintain enzymatic activities [147]) and continue to trap H2O2.

Under the influence of oxidative stress, the redox status of glutathione will be modified; 
GSSG dimer will accumulate due to either an increase in GSH oxidation and/or a decrease in 
GSSG reduction activity (i.e. decrease of GSH/GSSH ratio). Such changes in the SH/SS status 
have already been widely observed in response to oxidative stress, especially during seed 
desiccation [148]. Glutathione which is able to bind to protein thiols is considered a “protec-
tive” element of these protein compounds since it prevents the formation of intramolecular 
disulphide (S-S) bridges during the desiccation phenomena [149]. In this way, GSH contrib-
utes both to limit the protein denaturation phenomena and to modulate enzymatic activity 
[150]. In contrast to desiccation, the imbibition phenomenon preceding germination causes 
the reduction of the disulphide bonds (SS) of a large number of compounds such as, GSSG 
[151, 152], protein-SSG conjugates [153], α-amylases [154] or the storage proteins [155, 156]. 
A synthesis of the presumed role of glutathione can be postulated, referring in particular to 
the hypothesis formulated by Kranner and Grill [150] (Figure 11).

Glutathione may occur endogenously in wheat flour in the free reduced glutathione (GSH) 
and free oxidized glutathione disulphide (GSSG) forms as well as in the form of protein-
glutathione mixed disulphides (PSSG) [146–159]. Moreover, approximately 85% of PSSG in 
mature wheat grains are represented by polymeric proteins (PP) conjugated to glutathione 
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(PPSSG) [159]. Even if glutathione is able to bind to the storage proteins during grain filling, 
the formation of PSSG is not however correlated with the accumulation of the storage proteins 
in the grain but coincide rather with the grain desiccation during which the major wheat stor-
age proteins residing in protein bodies undergo redox change (i.e. become oxidized) and UPP 
are accumulated [103, 159, 160].

Figure 12. The relationship between the content of high aggregated polymeric proteins (PP with Mw > 2.0×106 g.mol−1) 
and the content of polymeric proteins conjugated to glutathione (PPSSG) for five different common French wheat 
cultivars (harvest 2005 and 2006 in three locations) (from Aussenac et al. Unpublished data).

Figure 13. Variation of the content of polymeric proteins conjugated to glutathione (PPSSG) for a significant set of 
common French wheat cultivars (harvest 2005 and 2006 in three locations). σ2

G/σ2
R = genetic variance/Residual variance 

ratio and σ2
E/σ2

R = environmental variance/residual variance ratio (from Aussenac et al. Unpublished data).
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Low molecular weight endogenous thiols such as glutathione, which mainly act as “protein 
protectors” [149] through the formation of PSSG during tissue desiccation, are responsible in 
wheat grains during its desiccation to a significant reduction of the MWD of the polymeric 
proteins by the formation of PPSSG (Figure 12). This action is all the more important because 
it is very targeted because GSH was bound almost exclusively to those cysteine residues that 
have been proposed to form intermolecular disulphide bonds (in particular, cysteines Cb* 
and Cx, which are responsible for the aggregative nature of LMW-GS) as Köhler et al. [161] 
has been able to demonstrate it by using 35Slabelled GSH.

Consequently, it is now clear that glutathione conjugation with polymeric proteins during 
the grain development resulting in drastic changes of the cellular redox status (largely due 
to environmental factors - Figure 13) plays a crucial role in controlling the MWD of the poly-
meric proteins which has been shown to be important in determining baking performance.

5. Conclusions

Since the 1990s, there has been a broad consensus within the scientific community that the 
value of using of a wheat flour depends mainly on the quality of the assembly of its prolamins 
(glutenins in particular) which are themselves largely under the control of protein polymor-
phism (the nature and relative abundance of LMW-GS and HMW-GS) and the conditions of 
development and maturation of the grains from which it is made. Although much progress 
has been made in the field of characterization of polymeric structures, in particular through 
the implementation of new analytical approaches (A-4F/MALLS), the fact remains that sig-
nificant work needs to be done to better understand the structure of its protein assemblies of 
technological interest (UPP or GMP).

This chapter demonstrates that to achieve these objectives, it is essential to better understand 
the mechanisms that govern the formation of these polymers and/or protein aggregates in 
wheat grains during the final stages of their development which are subject to changing envi-
ronmental conditions (i.e. rising temperatures). In this context, the important role of cellular 
redox status is addressed by highlighting the significant effects of particular free thiols such 
as glutathione on the state of association of glutenins. These compounds, of which one of the 
main functions is to limit the deleterious effects of oxidative stress on protein structures by 
combining with them, will at the same time reduce the inter-prolamin interactions in the grain 
thus limiting their technological functionalities. The current improved understanding of these 
cellular mechanisms will undoubtedly open up new avenues for exploring redox strategies 
for wheat improvement required for a sustainable quality.
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1. Introduction

Bread wheat (Triticum aestivum L.) is a main crop with global importance for food safety and 
one of the major cereal source of nutrients for both humans and animals. This balance of 
consumption of required nutrient for human metabolic needs generally resulted in serious 
metabolic violations leading to sickness, poor health, suppressing of children development, 
and high economic expenses for society [1]. It is necessary for agricultural systems to ensure 
proper products, which will balance quantity of nutrients to support healthy life. However, in 
many developing countries, agriculture does not meet these requirements [2].

Presently, over three billion people suffer due to micronutrient malnutrition and the numbers 
are increasing [3]. There are many human diseases associated with nutritional deficiency, and 
around two-thirds of all children’s deaths are related to malnutrition [4, 5].

Improvement of many agronomic traits including grain quality requires their genetic varia-
tion, which should be separable from non-genetic impacts. Over the years, the main focus 
of wheat breeding programs was the replacement of traditional varieties with modern high-
yield ones that led to reduction of its genetic diversity mainly by end-use quality charac-
teristics and nutrition quality (FAO Document Repository, 2015). The key desired traits for 
breeding were high yield and disease resistance. It is also known that the genetic variability 
of major crops currently have systematically decreased due to the repeated utilization of the 
local adapted genotypes in breeding processes which leads to the decreasing of the wide 
genetic recombination which may posse the novel traits [6].

Crops’ genetic variability and therefore crop improvement could be powerfully generated 
through mutation breeding. Over the past 80 years, this approach has been applied for devel-
opment of new mutant varieties of both seeds and vegetatively propagated crops [7–9]. 
According to the FAO/IAEA Mutant Variety Database, in 2014, there were 3220 mutant plant 
varieties of 214 plant species all round the world [10] (http://mvgs.iaea.org/). Application of 
mutagenesis in crop breeding has two main steps: the selection of individual mutants with 
improved traits after the mutagenic treatment and utilization of selected plants or lines in 
breeding programs [7].

One of the greatest contributions into crop yield is grain weight trait [11] which is directly 
related to two important morphometric characteristics such as grain size and grain shape. 
Grain size and grain shape are essential breeding traits because they are phenotypically the 
most stable of the yield components. They also greatly influence the grinding process, yield 
of flour, which is the main source for human consumption with a lot of other end-use utiliza-
tions, and starch damage [12]. Larger grains have strong contribution to higher grain weight  
in addition to increase in seedling vigor and production of dry matter of the raw material in 
the field [12, 13]. Grain size can be generally characterized by grain width (GW) and grain 
area (GA), however grain shape also determines along the grain′s main growth axis. Grain 
shape is measured by grain length (GL), grain width (GW), vertical perimeter, sphericity, 
and determination along the horizontal axis [12, 14]. It is very substantial to improve the 
wheat grain morphometry according to the demand of grain market and processing indus-
tries by various breeding approaches. Therefore, the estimation of genetic diversity of the 
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traits related to grain morphometry will be very important for feather genetic improvement 
of wheat varieties according to their end-use quality demand.

The grain protein content (GPC) is an economically valuable trait which plays one of the key 
roles in the determination of the wheat grain nutrition quality and has strong impact on the 
bread-making and end-use quality [15]. Despite the great importance of GPC, advancement 
in wheat breeding for high GPC is quite poor. One of the explanations of this situation is low 
variations by GPC among commercial cultivars; in addition, breeding for high GPC is very dif-
ficult and time consuming due to the trait complicated genetic control. The GPC is routinely 
screened in wheat breeding programs and selected the accessions with high protein content 
being for bread making and accessions with low protein content being for feed and other 
directions of industrial utilizations. One more limitation in wheat breeding programs for high 
GPC is the strong negative correlation between GPC and grain yield [16–18]. Nevertheless, it 
was shown that in common and spelt wheat populations, there are lines with simultaneous 
high GPC and yield components [19].

The evidence of correlation between high GPC and grain morphometry such as grain size 
and grain shape has not been pointed out. The wild tetraploid wheat (Triticum turgidum L. 
var. dicoccoides) has gene for GPC as a promising source for wheat improvement [20], which 
is located on chromosome 6B [21]. The high protein content gene from T. dicoccoides has been 
transferred into hexaploid wheat [22]. However, the exclusive milling and baking properties 
of bread wheat are not found among the diploid and tetraploid wheats. Mainly because of 
the fact that only the hexaploid wheats have the subgenome D chromosomes derived from 
diploid T. tauschii which determine the quality parameters of bread making of common 
wheat as widely suggested by wheat scientists [23]. In order to improve the modern wheat 
cultivars by GPC characteristics without reductions in yield, it is very important to develop 
wheat genotypes with more high N-use efficiency which involves improved N-uptake and/
or N-remobilization [16]. The significant variations in GPC was related to post-anthesis N 
uptake independently of anthesis date and total N at anthesis [24, 25]. One of the last results 
on bread wheat highlights the correlation with GPC of post-flowering N uptake occurring 
early during grain development [26].

Iron and zinc deficiency is a widespread food-related health problem and affects over half of 
the world population [27, 28]. Wheat is the cheapest and primary source, which supplies the 
bulk of nutrients for the human diet. If compared to cultivated wheat species, the wild spe-
cies appear to be a rich genetic resource for high Fe and Zn concentrations [29]. Meanwhile, 
despite cultivated wheat had mainly lower Fe and Zn concentrations that it was indicated for 
wild species, more their screening is required in order to find out elite germplasm with high 
Fe and Zn concentrations already possessing good agronomic productivity [30]. Wheat grain 
has low content micronutrients. For this reason, there is need for genetic enhancement with 
more of this nutrient being one of the most cost-effective and powerful method of diminishing 
global micronutrients malnutrition [31].

Biofortification of cereal grains is one of the most economic effective ways for solving the 
global micronutrients malnutrition issue. Biofortification has multiplicative advantages [31], 
and it is considered to be a promising and cost-effective approach for decreasing malnutrition 
and human health improvement [32].
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The aims of present studies were: (1) to generate M5 mutant lines of spring common wheat 
in genetic background of cv. Eritrospermum-35; (2) to evaluate variability in components 
of productivity, including grain number and weight per main spike (GNS and GWS), grain 
weight per plant (GWP) and 1000-grain weight (TKW), variability in grain morphometry (size 
and shape), and quality parameters, namely GPC, grain Fe (GIC), and grain Zn (GZnC) con-
centrations in parent and M5 mutant lines from generation developed by irradiation treat-
ment of seeds with 100 Gy and 200 Gy and identify those that have high-yield characteristics 
and improved grain quality traits; and (3) to estimate relationship between two sets of data, 
including grain quality and agronomic performance parameters.

2. Materials and methods

2.1. Plant material and application of induced mutagenesis

Grains of spring bread wheat variety cv. Eritrospermum-35 (Triticum aestivum L.) were irradi-
ated by doses of 100 Gy and 200 Gy from a Co60 source at the Kazakh Nuclear Centre. Grains 
were planted immediately after irradiation in order to obtain M1 plants. The M1 generation 
was grown in the experimental field of the Kazakh Institute of Agricultural and Farming near 
Almaty according to the standard agricultural practice. Single spikes were harvested from 
each plant in order to develop the M2 generation. Selection of the best lines from M1 to M5 was 
carried out based on individual plants. The plants of M3 and M4 generations were planted 
in randomized blocks in three replications. The best lines were tested with their parent vari-
ety in order to select advanced mutants. The selection criteria for these lines were GWS and 
GWP, which were applied in the M3 and M4 generations (2011 and 2012) and based on the 
values for the parent cv. Eritrospermum-35 grown under the same trial conditions. In 2011 
and 2012, the parent line had a mean of GWS of 0.79 ± 0.24 g and 0.80 ± 0.26 g, a mean of GWP 
of 2.06 ± 06 g, and 1.41 ± 0.43 g yield values, respectively. The threshold criteria for selection 
in the M3 and M4 generation were GWS >1.1 g and GWP > 2.2 g for mutant lines. Grains of the 
best mutants were individually selected in each generation. After harvesting the M5 plants, 
15 lines from the original 100-Gy radiation dose were selected. These lines were numbered 
as follows: 105(1), 108(1), 113(1), 113(5), 118(1), 118(2), 118(3), 135(1), 136(1), 138(6), 140(2), 
140(3), 140(4), 232(1), and 242(2)). Another 15 lines were selected from the 200-Gy radiation 
dose, which were numbered: 144(1), 144(2), 149(2), 150(7), 152(1), 152(4), 152(5), 152(6), 152(7), 
152(8), 153(4), 153(5), 153(6), 153(7) and 153(8).

Samples of grains of each mutant line and the parent were tested. Grain samples from each 
mutant line, together with the parent Eritrosperumum-35, were planted in a field trial for 
further evaluation. Each line was grown in three replicate three-row plots, 2 m long, 1.20 m 
wide with 20 cm between rows, and 30 seeds planted per row. The trial was managed accord-
ing to the local recommendations for agronomic practices [33]. The following productivity 
parameters, GWP, GNS, GWS, and TGW calculated as the mean weight of three sets of 100 
grains per line were estimated.
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2.2. Grain morphometric analysis

Morphometric analysis was performed with the WinRHIZO and image analysis system ((ver-
sion 1.38 2007, Reagent Instruments Inc., Canada) for GL, GW, and GA on 50–60 grains per 
line and the GL:GW ratio was also calculated.

2.3. Estimation of grain protein content, iron and zinc concentrations

Grain protein content was estimated with near infrared reflectance (NIR) spectroscopy of 
whole grains (ZX50 Portable Grain Analyzer, USA) using respective calibration software pro-
vided by Zeltex. Three repetitions were studied using 25 grains per line.

The measurements of grain iron and zinc concentrations were described in detail [33]. Briefly, 
grain samples (100-Gy- and 200-Gy-dosed M5 mutant lines and cv. Eritrosperumum-35) were 
washed with sodium dodecyl sulfate (0.1%) with the following several times washings in 
deionized water, dried, ground with a mixer mill (Retsch MM400 GmbH) and digested (0.2 g) 
with a mixture of nitric acid (65%, analytical grade) and hydrogen peroxide (30%) (5:1, v/v) 
using digestion automat K-438 and scrubber K-415 model triplescrub (BÜCHI Labortechnik 
AG CH-9230 Flawil 1/Switzerland). The sample was diluted to 20 mL with twice-distilled 
water. The Fe and Zn concentrations were analyzed using flame atomic absorption spectros-
copy (Analytic Jena NovAA350, Germany). Estimation of mineral nutrients were checked 
against the certified reference values from the State standard samples LLC “HromLab,” Zn 
7837–2000, Fe 7835–2000 diluted by 0.3% HNO3. Three extracts and analysis repetitions were 
performed.

2.4. Statistical analysis

All data were evaluated in R 3.0.2 (R Core Development Team 2013). The simultaneous tests 
of general linear hypotheses, Dunnett Contrasts, were used for multiple comparisons of the 
means. Summarized data are reported as a mean values ± standard deviations. Correlation 
coefficients between productivity components and grain-quality parameters and p values 
were calculated using the GenStat software (10th edition). A p-value ≤0.05 was considered 
statistically significant.

3. Results and discussion

In the current study, GPC showed considerable variation from 12.60 to 14.73% with a mean 
of 13.62 ± 0.60% (Figure 1). It identified 11 advanced M5 mutant lines (37.7%), of which 5 lines 
were from 100-Gy gamma-irradiated lines, which demonstrated significant differences from 
the parent up to 5.7–11.0% GPC higher.

The screening of mutant lines (n = 90) for Fe concentration (GIC) showed great variations in 
this grain quality parameter (Figure 2). The GIC varied from 13.49 to 65.53 mg/kg with a mean 
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wide with 20 cm between rows, and 30 seeds planted per row. The trial was managed accord-
ing to the local recommendations for agronomic practices [33]. The following productivity 
parameters, GWP, GNS, GWS, and TGW calculated as the mean weight of three sets of 100 
grains per line were estimated.
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were from 100-Gy gamma-irradiated lines, which demonstrated significant differences from 
the parent up to 5.7–11.0% GPC higher.

The screening of mutant lines (n = 90) for Fe concentration (GIC) showed great variations in 
this grain quality parameter (Figure 2). The GIC varied from 13.49 to 65.53 mg/kg with a mean 
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of 44.95 ± 13.95 mg/kg. The 16 M5 lines (53%) had significantly enhanced GIC with regard to 
cv. Eritrospermum-35 such that it exceeds the parent by 1.3 to 1.9 times. The highest values of 
GIC were revealed in 200-Gy mutant germplasm.

Considerable increase in GIC of mutant lines if compared to parent is the useful tool for fur-
ther crop improvement.

The ranges of GZnC in mutant lines (n=90) were more higher comparing with that of GIC, 
from 25.97 to 106.23 mg/kg with a mean of 65.73±26.39 mg/kg (Figure 3).

Therefore, identification of genetically determined high GIC and GZnC in mutant germplasm 
and afterward development of iron and zinc biofortified varieties is a very important and 

Figure 1. Frequency distribution for range of GPC in 100-Gy- and 200-Gy-dosed M5 wheat mutant lines and parent cv. 
Eritrospermum-35.

Figure 2. Frequency distribution for wheat grain Fe concentration (GIC) in 100- and 200-Gy-dosed M5 wheat mutant 
lines and parent cv. Eritrospermum-35.
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promising approach. Varieties and lines with high GIC and GZnC can be used to reduce the 
human nutrition deficiencies in iron, zinc, and other micronutrients [34, 35].

The key basis of crops improvement is the range of their genetic variability. These ranges 
of values define the genetic variability that exists in the pooled parent and gamma-irradi-
ated M5 lines under one set of environmental conditions. We revealed that 19 M5 mutant 
lines (63%) of which 14 lines were from 100 Gy treatment had significantly higher GZnC 
by 1.24-3.62 times than that of the parent variety. The great variation in GIC and GZnC 
among wheat mutant lines suggests that it is possible to identify and develop cultivars with 
high metal concentration. These grain metal accumulations can occur without adversely 
affecting plant biochemical and physiological functions and they indicate the potential 
to induce mutations in genes involved in mineral homeostasis processes. The advantage 
of wild emmer over cultivated wheat for higher grain nutrient concentrations has been 
previously consistently demonstrated [28]. However, because of sexual incompatibility 
between the crop and its wild relative, it may require embryo rescue or use tissue culture 
to recover fertile embryos.

The results of comparison of mutant lines with significantly enhanced grain Fe and Zn con-
centrations pointed out that eight lines of 100- and 200-Gy-gamma-irradiated M5 (genera-
tion 26.7%, the same number for each) had concomitant increase in both GIC and GZnC 
(Figures 4 and 5). Identification of genetically determined high GIC and GZnC in mutant 
germplasm and afterward development of Fe and Zn biofortified varieties is very important 
and promising approach. Resources with high GIC and GZnC can be used to reduce the 
human nutrition deficiencies in Fe, Zn, and other micronutrients [34, 35].

The effect of gamma irradiation on averages of GIC and GZnC of 100- and 200-Gy-dosed M5 
mutant wheat lines indicated that irradiation treatment of 100-Gy induced greater variations 

Figure 3. Frequency distribution for wheat grain Zn concentration (GZnC) in 100-and 200-Gy-dosed M5 mutant lines 
and parent cv. Eritrospermum-35.
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for GZnC in comparison to GIC, and there is significant difference in GZnC between the dose 
of irradiation (Figure 6).

Spring wheat mutant lines generated by irradiation treatments were characterized by grain 
morphometric parameters, namely grain area (GA), grain length (GL), grain width (GW), and 
the grain length to width ratio (GL:GW ratio) with comparison to the parent. The GA of 100- 
and 200-Gy-treated mutant lines from 16.74 to 23.46 mm2 and from 19.65 to 23.31 mm2 with 
means of 19.68 ± 2.31 mm2 (n = 45) and 21.27 ± 1.28 mm2 (n = 45), respectively (Figure 7A). 
Among 20 genotypes (67%), mostly 200-Gy-treated lines had significantly higher GA than 
that of the parent on intervals between 10.95% and 34.4%.

Figure 4. Comparison of 100 Gy-dosed M5 wheat mutant lines and parent (cv. Eritrospermum-35) with simultaneous 
enhancement of grain Fe and Zn concentrations.

Figure 5. Comparison of 200 Gy-dosed M5 wheat mutant lines and parent (cv. Eritrospermum-35) with significantly 
enhanced grain Fe and Zn concentrations.
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Grain length (GL) of 100- and 200-Gy-dependent mutant lines varied from 6.81 to 9.37 mm 
with a mean of 8.68 ± 0.21 mm (n = 90) (Figure 7B). The majority, 21 M5 lines (77.0%), showed 
significantly longer grains by intervals of 12.09% and 28.0%.

The GW data of 100- and 200-Gy-dosed mutant lines ranged from 3.24 to 4.77 mm with 
4.06 ± 0.26 mm and from 3.65 to 4.79 mm (n = 225) with a mean of 4.43 ± 0.27, respectively. 
With the exception of four 100-Gy-dependent radiation mutant lines (26.67%), most of them 
had significantly lower GW than the parent cv. Eritrospermum-35. Opposite, in 200-Gy-dosed 
lines, 12 lines (80.0%) showed significant wider grains by 12.9–13.5% than the parent.

The means of GW, GL, GL/GW ratio, and GA of M5 mutant lines generated by gamma irradia-
tion with 100- and 200-Gy doses and the parent сv. Eritrospermum-35 are shown in Figure 8.  

Figure 6. The effect of gamma irradiation on averages of grain Fe and Zn concentrations of 100 Gy and 200-Gy-dosed M5 
and the parent cv. Eritrospermum-35.

Figure 7. Phenotypic screening grain area (GA) (A) and grain length (GL) (B) of 100- and 200-Gy-dosed M5 lines and the 
parent cv. Eritrospermum-35.
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These results indicate that among grain morphometric parameters of mutation resources, phe-
notypic variation in GA and to a lesser degree GL were the most variable phenotypic traits. 
Variations in GW and the GL:GW ratio were moderate and less variable. Moreover, most of 
the longer and wider grains were found in lines developed by 200-Gy dose treatment. We did 
not find out the dose-dependent pattern for all grain morphometric parameters. Meanwhile, 
in our previous study with mutant germplasm generated on the base of cv. Almaken, we 
revealed that GW is a dose-dependent pattern and the 200-Gy gamma irradiation induced 
significant higher variation in this shape-characterizing parameter [33].

The generated by 100 Gy and 200 Gy treatments on the base of the cv. Eritrospermum-35 mutant 
lines were evaluated on the following yield-associated parameters: grain weight per plant 
(GWP), grain number per main spike (GNS), and grain weight per main spike (GWS) (Table 1).  
Among these productivity components, TGW of mutant lines showed the highest number of 
genotypes with significantly greater means in comparison to the parent (total 17 lines) and 
followed by a GWP trait (total 14 lines). The TGW in the 100- and 200-Gy-treated germplasm 
varied from 27.64 to 58.54 g with mean of 46.98 ± 8.27 (n = 225) and from 33.58 to 57.18 g with 
mean of 46.98 ± 8.27 (n = 225), respectively.

Another productivity element such as GWP in mutant lines was the most variable trait 
(Table 1). Its range was from 2.34 to 6.53 g in the 100-Gy-dosed lines with 8 genotypes 
(53.3%), having significant higher GWP in comparison to the parent. The variability in GWP 
of 200-Gy-dosed germplasm was from 1.84 to 5.37 g with mean of 3.75 ± 1.18 (n = 225). The 14 
lines (47.0%) were identified as those which had significant higher GWP by 1.86–3.36 times 
than that of the parent.

The GNS means were 46.98 ± 8.27 and 48.69 ± 5.95 (n = 225) in the 100- and 200-Gy-dosed 
mutant lines with their ranges of 30.33–56.67 and of 38.58–58.67, respectively (Table 1). When 
compared to parent and other mutant lines, 11 lines of 100- and 200-Gy-generated lines were 
identified as those having significant high GNS. Concerning the GWS trait, the differences 
were not significant between each of M5 lines and the parent cv. Eritrospermum-35.

Figure 8. Phenotypic variation in grain morphometric parameters (GW, GL, ratio of GL/GW, and GA) of M5 mutant lines 
generated by irradiation with 100- and 200-Gy doses and the parent сv. Eritrospermum-35. Means of GL, GW, GL/GW, 
and GA with standard error bars.
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Genotypes Grain number per 
main spike

Grain weight 
per main spike 
(g)

Grain weight per 
plant (g)

1000 Grain weight (g)

сv. Eritrospermum-35 30.33 ± 8.21 1.55 ± 0.52 1.94 ± 0.07 34.12 ± 1.17

100-Gy-dosed M5 mutant lines

105(1) 38.33 ± 7.51 2.26 ± 1.25 2.34 ± 0.71 41.86 ± 1.02

108(1) 37.33 ± 5.13 1.69 ± 0.27 2.42 ± 0.51 42.17 ± 2.05

113(1) 43.67 ± 7.37 2.01 ± 0.34 2.72 ± 0.56 39.63 ± 0.78

113(5) 43.00 ± 4.36 2.22 ± 0.33 3.28 ± 1.39 45.34 ± 0.82

118(1) 40.33 ± 8.01 1.42 ± 0.53 2.70 ± 0.27 39.32 ± 1.74

118(2) 44.67 ± 1.16 2.20 ± 0.07 2.85 ± 0.34 49.97 ± 0.84**

118(3) 46.33 ± 6.25* 2.70 ± 0.47 3.61 ± 0.72* 49.88 ± 0.58**

135(1) 56.33 ± 4.47*** 2.64 ± 0.45 6.53 ± 0.52*** 58.54 ± 1.49***

136(1) 42.33 ± 6.11 2.53 ± 0.12 6.13 ± 0.18*** 53.54 ± 2.27***

138(6) 45.66 ± 5.06 2.05 ± 0.49 6.37 ± 0.63*** 50.11 ± 2.83***

140(2) 56.67 ± 3.61*** 2.77 ± 0.67 4.01 ± 0.73** 57.23 ± 1.78***

140(3) 40.00 ± 2.03 1.91 ± 0.16 3.13 ± 1.04 56.94 ± 2.16***

140(4) 42.33 ± 4.93 1.88 ± 0.17 3.68 ± 0.32* 48.51 ± 2.38***

232(1) 30.33 ± 5.51 1.46 ± 0.38 2.48 ± 0.46 27.64 ± 1.56

242(2) 47.67 ± 7.02** 2.27 ± 0.49 2.61 ± 0.23 43.98 ± 2.32

200-Gy-dosed M5 mutant lines

144(1) 44.33 ± 3.79 2.22 ± 0.21 4.32 ± 2.28*** 49.67 ± 1.89**

144(2) 41.10 ± 3.52 1.80 ± 0.03 1.84 ± 0.41 33.58 ± 2.49

149(2) 55.34 ± 2.31*** 2.63 ± 0.04 5.37 ± 0.64*** 57.18 ± 1.23***

150(7) 52.34 ± 3.65*** 2.29 ± 0.38 3.01 ± 0.23 49.89 ± 1.24**

152(1) 47.33 ± 6.66** 2.37 ± 0.35 3.75 ± 0.42* 46.21 ± 2.75*

152(3) 43.33 ± 1.53 2.12 ± 0.53 2.59 ± 0.96 39.85 ± 2.16

152(4) 42.00 ± 3.01 1.88 ± 0.30 2.48 ± 0.60 46.86 ± 2.33*

152(5) 50.43 ± 4.04** 2.43 ± 0.12 4.28 ± 0.96*** 51.77 ± 1.39***

152(6) 42.67 ± 4.62 2.22 ± 0.16 3.07 ± 0.21 49.18 ± 2.42

152(7) 41.33 ± 1.53 1.92 ± 0.04 2.24 ± 0.65 45.59 ± 1.88

152(8) 38.00 ± 4.58 1.73 ± 0.23 3.14 ± 0.47 43.23 ± 1.68

153(4) 39.67 ± 2.52 1.83 ± 0.07 3.22 ± 0.23 45.87 ± 1.42

153(5) 58.67 ± 4.02*** 2.87 ± 0.58 4.43 ± 0.87*** 53.77 ± 1.86***

153(6) 51.75 ± 3.42** 2.48 ± 0.78 5.97 ± 1.37*** 54.56 ± 1.38***

153(7) 44.30 ± 3.69 2.07 ± 0.32 5.03 ± 0.74*** 54.17 ± 2.36***

153(8) 51.00 ± 3.84** 2.21 ± 0.49 4.16 ± 1.16*** 49.79 ± 1.86

*, **, and *** denote significance at 0.05, 0.01, and 0.001 probability levels, respectively. The lines are significantly different 
from parent line. Grain number and weight per main spike, grain weight per plant are a means of 15 randomly selected 
spikes/plants.

Table 1. Comparing yield-associated traits of advanced spring wheat M5 mutant lines developed using 100 Gy and 
200 Gy and the parent сv. Eritrospermum-35.
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Comparing yield-associated traits of Eritrospermum-35 spring wheat M5 mutant lines gener-
ated by treatments of 100 Gy and 200 Gy showed that 8 lines numbered by 118(3), 135(1), 
140(2), 149(2), 152(1), 152(5), 153(5), 153(6) and accounting for 26.7% of the total number of 
mutated genotypes had simultaneous significant higher GNS, GWP, and TGW than the par-
ent (Table 1). In our previous study with mutant germplasm developed on cv. Almaken, we 
were able to generate only three lines which had high GNS, GWP, and TGW [33]. This num-
ber is less than the Eritrospermum-35 mutant lines.

Thus, the radiation doses of 100 Gy and 200 Gy had generated mutations with respect to 
components of productivity such as GWS, GWP, and TGW in comparison to the parent, 
with the greatest variation being for GWP and TGW. High GWP and TGW of these mutant 
populations indicate that genetic background of variety selected for irradiation treatment 
is of great importance to generate broad and valuable variability in productivity traits 
(Table 1).

One of the important outputs revealed in the present study was the correlation between con-
centrations of grain nutrients, grain characteristics, and plant productivity. Parent variety 
showed a significant correlation of TGW with GNS and grain morphometric parameter of 
GW with yield-associated components such as TGW and GWS (Table 2). There was no rela-
tion between grain quality characteristics (GPC, GIC, and GZnC) and plant productivity and 
grain morphometry.

In 100-Gy-dosed M5 mutant lines, there was significant correlation of productivity com-
ponents such as GNS with GWS, GNS with GWP (Table 2). Both grain metals, namely 
GZnC and GIC, were related to each other indicating that metal accumulation may be con-
trolled by the same loci. These results which describe positive correlation between grain 
Zn and Fe concentrations are similar to those which were observed in domesticated wheat 
and synthetic hexaploids [31]. This fact suggested that the alleles for Zn and Fe deposi-
tion co-segregate or are pleiotropic effect and therefore grain metal concentrations possibly 
improve metals accumulation simultaneously. It was also found that another nutritional 
value parameter such as GPC was significantly correlated with one of the grain morpho-
metric parameter such as GW.

This finding suggests that this grain quality character may be genetically linked to grain 
morphometry. In our studies reported for Almaken mutant lines such kind of relation was 
revealed for GA, GL, and GW at 200-Gy gamma irradiation treatment [33]. Concerning cor-
relations between parameters characterizing grain size and shape, we determined that there 
was a high relation of GA with GL and GW for 200-Gy-gamma irradiated population.

Similar to 100-Gy-dosed M5 mutant germplasm, GNS was significantly related to GWS 
with high r2 mean as well as grain metals, GZnC and GIC, were correlated to each other in 
200-Gy-dosed M5 mutant lines (Table 2). The interesting fact, which was only revealed for 
these lines, is that GIC except GZnC significantly related to GPC. Thus, in mutant popula-
tions, both metals, GIC and GZnC, are associated with each other. For parameters charac-
terizing grain morphometry, we revealed that there were high correlations of GW with GA 
and GL.
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GWS 
(g)

GWP 
(g)

TGW 
(g)

GPC (%) GIC (mg/kg) GZnC (mg/g) GL (mm) GW 
(mm)

GA (mm2)

cv. Eritrosperumum-35

GNS 0.003 0.115 0.171* 0.056 0.001 0.012 0.011 0.006 0.008

GWS 0.089 0.021 0.007 0.000 0.000 0.078 0.142* 0.004

GWP 0.155 0.005 0.000 0.007 0.120 0.042 0.096

TGW 0.011 0.003 0.065 0.008 0.163** 0.000

GPC 0.021 0.008 0.004 0.001 0.000

GIC 0.000 0.001 0.014 0.008

GZnC 0.030 0.045 0.008

GL 0.115 0.017

GW — 0.008

GNS 0.470*** 0.176** 0.051 0.093 0.000 0.001 0.003 0.043 0.036

GWS) 0.099 0.002 0.038 0.000 0.017 0.019 0.073 0.110

GWP 0.030 0.098 0.083 0.002 0.062 0.071 0.087

TGW 0.050 0.033 0.044 0.010 0.046 0.079

GPC 0.025 0.031 0.063 0.107* 0.020

GIC 0.417*** 0.000 0.006 0.064

GZnC 0.000 0.025 0.038

GL 0.211* 0.048

GW 0.181*

GNS 0.870*** 0.070 0.018 0.048 0.014 0.038 0.011 0.074 0.016

GWS 0.071 0.064 0.011 0.011 0.050 0.088 0.028 0.020

GWP 0.004 0.043 0.072 0.122 0.021 0.006 0.002

TGW 0.059 0.034 0.000 0.018 0.006 0.015

GPC 0.251* 0.036 0.019 0.002 0.144

GIC 0.224* 0.035 0.004 0.000

GZnC 0.045 0.000 0.044

GL 0.400*** 0.451***

GW 0.503***

*, **, and *** denote significance at 0.05, 0.01, and 0.001 probability levels, respectively.

Table 2. R2 correlation between yield-associated traits (TWG, GNS, GWS, and GWP) grain protein content and micro-
elements concentrations, and grain morphometric parameters (GA, GL, GW, and GL:GW ratio) in cv. Eritrospermum-35 
parent and 100 Gy-(orange) and 200-Gy-(gray) M5 mutant lines.
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GW with yield-associated components such as TGW and GWS (Table 2). There was no rela-
tion between grain quality characteristics (GPC, GIC, and GZnC) and plant productivity and 
grain morphometry.

In 100-Gy-dosed M5 mutant lines, there was significant correlation of productivity com-
ponents such as GNS with GWS, GNS with GWP (Table 2). Both grain metals, namely 
GZnC and GIC, were related to each other indicating that metal accumulation may be con-
trolled by the same loci. These results which describe positive correlation between grain 
Zn and Fe concentrations are similar to those which were observed in domesticated wheat 
and synthetic hexaploids [31]. This fact suggested that the alleles for Zn and Fe deposi-
tion co-segregate or are pleiotropic effect and therefore grain metal concentrations possibly 
improve metals accumulation simultaneously. It was also found that another nutritional 
value parameter such as GPC was significantly correlated with one of the grain morpho-
metric parameter such as GW.

This finding suggests that this grain quality character may be genetically linked to grain 
morphometry. In our studies reported for Almaken mutant lines such kind of relation was 
revealed for GA, GL, and GW at 200-Gy gamma irradiation treatment [33]. Concerning cor-
relations between parameters characterizing grain size and shape, we determined that there 
was a high relation of GA with GL and GW for 200-Gy-gamma irradiated population.

Similar to 100-Gy-dosed M5 mutant germplasm, GNS was significantly related to GWS 
with high r2 mean as well as grain metals, GZnC and GIC, were correlated to each other in 
200-Gy-dosed M5 mutant lines (Table 2). The interesting fact, which was only revealed for 
these lines, is that GIC except GZnC significantly related to GPC. Thus, in mutant popula-
tions, both metals, GIC and GZnC, are associated with each other. For parameters charac-
terizing grain morphometry, we revealed that there were high correlations of GW with GA 
and GL.
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4. Conclusions

This study aimed to develop M5 mutant lines of spring wheat by 100-and 200-Gy gamma 
irradiation treatment and identify genetic variability in grain nutritional value includ-
ing grain protein content, grain Fe and Zn concentrations, and yield-associated traits such 
as grain number and weight per main spike, grain weight per plant, and 1000-grain weight 
and grain morphometric parameters, namely grain area, length, and width and M5 mutant 
lines in comparison to the cv. Eritrospermum-35 parent. We identified mutant lines with high 
Fe and Zn concentrations and grain protein content as those which have 1.6–3.4 and 1.4–2.9 
times more as well as 3.7–16.9% than target parameters of parent variety, respectively. Several 
mutant lines showed significantly simultaneous increase of metals concentrations. The posi-
tive correlation of grain protein content with grain width suggests that they are genetically 
related. This relation could be a good candidate for evaluating genotypes for improvement 
of grain protein content. Wheat grain can be biofortified by micronutrients without negative 
impact on crop productivity using new mutant lines. Mutation breeding can significantly con-
tribute to human health malnutrition and improve nutrition quality diet.
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1. Introduction

1.1. Geographical position of the Central Federal District of Russia, achievements in the
selection of wheat and the directions of its improvement

The Central Federal District of Russia (CFDR) is an area of more than 650,000 km2, which
includes 18 oblasts with the capital city of Moscow (Figure 1). The CFDR lies within the
Atlantic-continental climatic region of the north temperate zone. It is characterized by not too
cold winter and warm, but not excessively hot summer. The lowest temperatures are observed
in January: on the average from �8 to �12�C. Summer temperature ranges from 18 to 20�C.
The average duration of the frost-free period is 125–140 days, and the sum of the effective
temperatures is 1800–2300, which allows to successfully cultivate most of the cereals, potatoes,
vegetables, fodder grasses and flax in the CFDR. The average annual precipitation is
450–600 mm [1] (http://studopedya.ru/2-68711.html). This economic region includes about
16,000,000 ha of arable land, in which winter and spring wheat are the leading crops. The area
under these crops is 3,600,000 and 620,000 ha, respectively. Traditionally, until the late 1960s of
the twentieth century, rye was grown in this region, which is less demanding for the fertility of
sod-podzolic soils. However, rye gave way to wheat due to the efforts of breeders. Breeders P.
Lukyanenko (Bezostaya 1, Karlik 1), V. Remeslo (Mironovskaya 808), G. Lapchenko (PPG-1,
PPG-186), E. Varenitsa (Zarya), E. Nettevich (Moskovskaya 35, Priokskaya, Lada) and B.
Sandukhadze (Inna, Galina, Moskovskaya 39, Nemchinovskaya 17) made a great contribution
to the creation of wheat cultivars.

Modern cultivars of bread wheat, derived in the Moscow Scientific Research Institute of Agricul-
ture “Nemchinovka” (Moscow Sc. Res. Inst. of Agr. “Nemchinovka”), are characterized by high
winter hardiness, productivity and grain quality. They are cultivated according to intensive
technologies with the application of mineral fertilizers up to 150 kg N, 120 kg P2O5, 150 kg K2O,
against the background of manure and annual grasses. Seed treatment before sowing, threefold

Figure 1. The Central Federal District on the map of Russia (a) and its composition (b): 1—Belgorod Oblast, 2—Bryansk
Oblast, 3—Vladimir Oblast, 4—Voronezh Oblast, 5—Ivanovo Oblast, 6—Kaluga Oblast, 7—Kostroma Oblast, 8—Kursk
Oblast, 9—Lipetsk Oblast, 10—Moscow, 11—Moscow Oblast, 12—Oryol Oblast, 13—Ryazan Oblast, 14—Smolensk
Oblast, 15—Tambov Oblast, 16—Tver Oblast, 17—Tula Oblast and 18—Yaroslavl Oblast.
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application of fungicides, herbicides, insecticides and growth regulators for the season ensure the
yield of spring wheat up to 7 tons/ha and winter wheat up to 10 tons/ha. However, these
cultivars are susceptible to the majority of fungal diseases common in this zone (powdery
mildew, leaf rust, stem rust and Septoria leaf spot). To date, only one cultivar of winter wheat
Nemchinovskaya 24 with two resistance genes Lr9 and Lr46 has genetic protection against leaf
rust. Therefore, the development of cultivars with increased immunity to fungal diseases is
actual for the CFDR. Extensive transport and economic relations in the globalization of the world
do not exclude the importation of quarantine diseases into our territory, for example, the aggres-
sive race of stem rust Ug99. The worsening of the phytopathological situation requires increased
research in this area, especially in recent years, when the cases of crop damage caused by stem
rust occur more frequently (2010, 2013, 2016 and 2017). The aim of this study was to identify the
sources and donors of resistance to stem rust, including the race Ug99, from the collection of VIR
and “Arsenal” collection, and to create on their basis, the initial material of spring and winter
wheat with durable resistance to stem rust.

2. The development of the initial material of spring and winter wheat with
several Sr genes resistant to Puccinia graminis f. sp. tritici

2.1. The modern phytopathological stem rust situation in CFDR and possible threats

The situation in the CFDR reflects the general trend observed in the populations of P. graminis
in all areas of pathogen distribution; the fungus actively evolves. Differences concern only the
speed and genes of the pathogen virulence, depending on the geographical location. In the
case of Ug99 (TTKSK), the process is very fast (in 18 years, 13 biotypes of the fungus appeared);
on the other hand, in the territory of CFDR, the change of the dominant races took place for
57 years. The phytopathological situation is complicated by the proximity of the CFDR to
European countries, where aggressive pathogens of P. graminis have been identified recently.
Six races (TKTTF, TKKTF, TKPTF, TKKTP, PKPTF and MMMTF) were retrieved from 48
isolates, obtained from the P. graminis population in 2013 in Germany [2]. The detection of the
TKKTP race causes concern because of its virulence to the Sr24, SrTmp and Sr1RSAmigo genes,
although it has been determined that none of these races belongs to the race group TTKSK
(Ug99), and the German isolates of the TKTTF race are phenotypically different from the
TKTTF race that caused plant disease epidemic in Ethiopia in 2013/2014. It is known that 55%
of North American and international cultivars and selection lines resistant to the race TTKSK
(Ug99) are susceptible to the TKKTP race [2]. On the Italian island of Sicily, a new race of stem
rust, the TTTTF, hit several thousand hectares of durum wheat in 2016, leading to the largest
outbreak of stem rust in Europe in recent decades. TTTTF is a newly identified race of stem
rust that can soon spread over long distances along the Mediterranean basin and the Adriatic
coast [3] (http://www.fao.org/news/story/en/item/469467/icode/).

The analysis of the racial composition of R. graminis f. sp. tritici in CFDR was held annually
since 1960. During this time, significant changes occurred in the composition of the dominant
races. In the 1960s–1970s, the population of stem rust included physiological races 21, 17 and
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34 according to Stakman’s nomenclature [4]. Races 11 and 14 were detected regularly, but were
not widely distributed. In the 1960s–1970s, only the resistance genes Sr7b and Sr9g were
completely ineffective. Virulence to the genes Sr5, Sr21, Sr9e, Sr11, Sr6, Sr8a, Sr36, Sr9b, Sr30
and Sr17 was low or absent [5]. In subsequent years, the fungal pathotypes, virulent to the
resistance genes Sr5, Sr21, Sr6, Sr8a and Sr17, appeared. Races of the pathogen MKCT, MKCK,
MKBK, MKBS, MKBT, RKCT and RKBS dominated in CFDR in 2004 [6]. During this period,
the Sr9e, Sr11, Sr36, Sr9b and Sr30 genes were effective. Over the past decade, the structure of
the population on the basis of virulence has changed toward the predominance of several
aggressive virulent races, including races that are virulent to genes Sr5, Sr21, Sr9e, Sr7b, Sr6,
Sr8a, Sr9g, Sr36, Sr30, Sr9a, Sr9d, Sr10 and SrTmp. Among samples from the European part of
the Russian Federation, the races of stem rust MKBT and MRLT in 2002 and TKNT, TKST,
TTNT in 2005 dominated [7]. The race composition of P. graminis f. sp. tritici populations in the
CFDR in the period 2000–2009 is presented in the work of Skolotneva et al. [8]. They analyzed
387 isolates of the fungus using the North American set of differentiators. Samples were
obtained from cereals (wheat and barley), wild herbs and barberry. As a result of the study,
45 races of P. graminis f. sp. tritici were identified. The predominant races TKNT and TKNTF
were isolated. The Ug99 race and its derivatives were not found in the Russian Federation.

According to the data obtained in 2013 [9], during assessing the collection of lines with known
Sr genes, the effective genes of resistance to stem rust in CFDR were the genes Sr2, Sr9e, Sr13,
Sr25, Sr26, Sr31, Sr32, Sr36, Sr44, SrWld and the combination of genes Sr17 + Sr13, Sr31 + Sr38.
According to the data of Skolotneva et al. [8], the resistance genes Sr9e and Sr36 in 2009 were
ineffective in the Central region of Russia. Differences in the data are probably due to a change
in the composition of the pathogen population. Thus, in the same work of Skolotneva, a
change in the percentage of fungal isolates virulent to the Sr17 gene was noted from 92.5% in
2000 to 0% in 2008, and the genes of Sr31 and Sr24 remained effective against all local races of
stem rust. Observations of the pathogen development in the period 2013–2017, conducted in
the All-Russian Research Institute of Phytopathology, showed the annual development of stem
rust. The development of the disease on the susceptible genotype of Khakasskaya in 2017
reached 100% [10].

2.2. Development of bread wheat lines with several resistance Sr genes

The process of creating the initial material of bread wheat with several resistance genes passed
in several stages. First stage: Isolation of resistance sources in the seedling stage; evaluation of
the spring bread wheat line against the background of Ug99 natural infection in Ethiopia.
Second stage: Identification of resistance Sr genes using specific molecular markers and isola-
tion of resistance donors. Third stage: Selection of pairs for crossing and hybridization of
donors among themselves, obtaining of the segregative population of hybrids F2. Fourth stage:
Performing backcrossing by one of the recurrent parents or stepwise hybridization of individ-
ual plants by the third parent in the field against the infectious background of leaf rust;
subsequent self-pollination or repeated backcrossing with test of progeny against infectious
background of leaf rust. At this stage, work with spring and winter plants was carried out in
parallel at different plots and with different planting times. Fifth stage: Selection of individual
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plants by morphotype with parallel identification of Sr genes. Sixth stage: Testing the progeny
of individual spring wheat plants against the infectious background for the North Caucasian
and West Siberian populations of stem rust, and plants of winter wheat for the North Cauca-
sian population of stem rust (infectious background) and natural epidemic development of
stem rust in the Moscow Oblast. Seventh stage: Evaluation of the economically valuable traits of
selected stable lines in the Moscow Oblast conditions in comparison with standard cultivars,
selection of the best genotypes for competitive testing.

Schematically, the process of breeding lines with several effective Sr genes can be represented
in the following sections.

2.2.1. First stage

The identification of the resistance sources to the race Ug99 of stem rust was started by an
employee of FSBSI VIZR Anna Anisimova together with the scientists from Minnesota Univer-
sity (USA) in 2010. At the seedling stage, 386 accessions of bread wheat from the collection of
VIR and the “Arsenal” collection from Moscow Sc. Res. Inst. of Agr. “Nemchinovka” were
evaluated, six accessions of winter wheat and one accession of spring wheat with resistance to
this disease were selected (type of reaction during pathogen penetration from 0 to 2) [11]. It is
the selection line GT 96/90 (hereinafter referred to as line 96) from Bulgaria with genetic
material of the species T. timopheevii, a cultivar of winter wheat Donskaya polukarlikovaya
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the spring bread wheat line against the background of Ug99 natural infection in Ethiopia.
Second stage: Identification of resistance Sr genes using specific molecular markers and isola-
tion of resistance donors. Third stage: Selection of pairs for crossing and hybridization of
donors among themselves, obtaining of the segregative population of hybrids F2. Fourth stage:
Performing backcrossing by one of the recurrent parents or stepwise hybridization of individ-
ual plants by the third parent in the field against the infectious background of leaf rust;
subsequent self-pollination or repeated backcrossing with test of progeny against infectious
background of leaf rust. At this stage, work with spring and winter plants was carried out in
parallel at different plots and with different planting times. Fifth stage: Selection of individual
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plants by morphotype with parallel identification of Sr genes. Sixth stage: Testing the progeny
of individual spring wheat plants against the infectious background for the North Caucasian
and West Siberian populations of stem rust, and plants of winter wheat for the North Cauca-
sian population of stem rust (infectious background) and natural epidemic development of
stem rust in the Moscow Oblast. Seventh stage: Evaluation of the economically valuable traits of
selected stable lines in the Moscow Oblast conditions in comparison with standard cultivars,
selection of the best genotypes for competitive testing.

Schematically, the process of breeding lines with several effective Sr genes can be represented
in the following sections.

2.2.1. First stage

The identification of the resistance sources to the race Ug99 of stem rust was started by an
employee of FSBSI VIZR Anna Anisimova together with the scientists from Minnesota Univer-
sity (USA) in 2010. At the seedling stage, 386 accessions of bread wheat from the collection of
VIR and the “Arsenal” collection from Moscow Sc. Res. Inst. of Agr. “Nemchinovka” were
evaluated, six accessions of winter wheat and one accession of spring wheat with resistance to
this disease were selected (type of reaction during pathogen penetration from 0 to 2) [11]. It is
the selection line GT 96/90 (hereinafter referred to as line 96) from Bulgaria with genetic
material of the species T. timopheevii, a cultivar of winter wheat Donskaya polukarlikovaya
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(hereinafter referred to as D) in the pedigree of which Aegilops tauschii was present (accessions
from the collection of VIR). From the collection, “Arsenal” lines with translocations from
Ae. speltoides were selected: 9/00w (2n = 42), disomic addition lines of Ae. speltoides: 19/95w
and 141/97w (2n = 44); wheat-Ae. speltoides-rye line 119/4-06rw (2n = 42), hereinafter referred to
as line 119. The only stable accession of spring wheat 113/00i-4 (2n = 42) (in the text accession
113), obtained from crossing the spring cultivar Rodina with irradiated pollen of the species
Ae. triuncialis [12] and then crossed with the line with the genetic material of T. kiharae, showed
immunity to the natural infection of stem rust race Ug99 in Ethiopia at the stage of an adult
plant [13].

2.2.2. Second stage

Identification of resistance Sr genes was carried out using molecular markers both to effective
genes against the Ug99 race (Sr2, Sr22, Sr24, Sr25, Sr26, Sr32, Sr35, Sr36, Sr39, Sr40, Sr44, Sr47)
and to ineffective ones: Sr9a, Sr15, Sr17, Sr19 and Sr31, but providing resistance to local
populations of the pathogen. The list of molecular markers is given in Table 1. For each primer,
the most optimal PCR conditions were selected; the conditions given in the original studies are
taken as basis. Separation of amplification products was performed by electrophoresis in 2%
agarose and 8% polyacrylamide gels stained with ethidium bromide at a voltage of 100 V for

Sr gene Chromosome Marker References

Sr2 3B Xgwm533 [14]

Sr9a 2BL Xgwm47 [15, 16]

Sr15 7AL STS638 [17]

Sr17 7BL Wpt5343 [18]

Sr19 2BS Wpt9402 [18, 19]

Sr22 7AL Xbarc121, cfa2123 [20, 21]

Sr24/Lr24 3DL/1BS Sr24#12, Sr24#50 [22]

Sr25/Lr19 7DL Gb [23]

Sr26 6AL Sr26#43 [22]

Sr31 1R/1B Scm9 [24]

Sr32 2AS,2B Xbarc55, Xstm773 [19, 25, 26]

Sr35 3AL Xcfa2170, BE485004 [27]

Sr36 2BS Xwmc477, Xstm773-2 [28]

Sr39 2BS Sr39#22 [29]

Sr40 2BS Xgwm344 [30]

Sr44 7DS Wpt2565 [18]

Sr47 T2BL-2SL�2SS Xgwm501 [31]

Table 1. Specific primers used to identify Sr genes.
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3 h in 0.5� TBE buffer. As markers of molecular weights, 50 bp, 100 bp and 1 kb GeneRulerTM
DNA Ladder from “Fementas”were used. The results of gene identification in new sources are
given in Table 2 [32].

We explain a wide range of identified genes in donors from the “Arsenal” collection by
multiple alien translocations of the genetic material of species Aegilops speltoides, Ae. triuncialis,
Triticum kiharae, Secale cereale, arising during the irradiation of pollen, and in the selection line
GT 96/90 by the presence of translocations from the species T. timopheevii. The use of such
donors, even in paired crosses, can lead to the creation of plant forms with an unusual
combination of resistance Sr genes due to the recombination of genes in meiosis. However,
since we were faced with the task of obtaining the initial material for the selection process, we
had to take into account not only the level of donors ploidy but also the presence of econom-
ically valuable traits. It should be noted that despite the positive identification of the Sr22 gene
in the wheat-Aegilops lines (9/00w, 141/97w and 119/4-06rw) using the Xbarc121 and Xcfa2123
markers, the absence in the pedigree of these lines of the genetic material T. monococcum leaves
doubt in the presence of this gene.

2.2.3. Third stage

We rejected the use of disomic addition lines with chromosomes of Aegilops speltoides in
the selection of pairs for crossing, since the supplemented alien chromosome with which we
bind resistance was rarely conjugated to wheat chromosomes and was lost in the process of
division in meiosis. The remaining donors had an euploid number of chromosomes, but were
different according to the morphophysiological and agronomic characteristics (terms of ear
formation, height, susceptibility to powdery mildew). The D cultivar and the GT 96/90 line had
a very short stem (60–70 cm), early ear formation (late May to early June) and were affected by
powdery mildew to a high degree (severity 30–50%), remaining resistant to leaf rust. For
donors from the “Arsenal” collection, on the contrary, later ear formation, long stem, but
the high resistance to powdery mildew and leaf rust were characteristic. Parent pairs for
crossing were selected with alternative development of traits (short stem, early ear formation,

Line, cultivar Identified Sr genes Severity, % Height,
cm

Grain
weight
per ear, g

1000 grains
weight, g

Powdery
mildew

Leaf
rust

9/00w Sr22, Sr32, Sr44, Sr15 0–5 0 70–80 1.5 40.0

141/97w Sr22, Sr44 0–10 0 90–110 1.4 36.0

113/00i-4 Sr2, Sr36, Sr39, Sr40, Sr44, Sr47, Sr15 0–1 0 90–110 1.4 41.0

119/4-06rw Sr22, Sr32, Sr44, Sr9a, Sr17, Sr19 0–1 10/1 80–100 1.5 42.0

GT 96/90 Sr24,Sr36, Sr40, Sr47, Sr15, Sr17, Sr31 30 0 60–70 1.5 42.0

Donskaya
polukarlikovaya

Sr32, Sr44, Sr9a, Sr17, Sr19 50 5/2 60–70 1.3 40.0

Table 2. Results of the identification of Sr genes in resistance donors to stem rust [32] and their economically useful traits.
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from the collection of VIR). From the collection, “Arsenal” lines with translocations from
Ae. speltoides were selected: 9/00w (2n = 42), disomic addition lines of Ae. speltoides: 19/95w
and 141/97w (2n = 44); wheat-Ae. speltoides-rye line 119/4-06rw (2n = 42), hereinafter referred to
as line 119. The only stable accession of spring wheat 113/00i-4 (2n = 42) (in the text accession
113), obtained from crossing the spring cultivar Rodina with irradiated pollen of the species
Ae. triuncialis [12] and then crossed with the line with the genetic material of T. kiharae, showed
immunity to the natural infection of stem rust race Ug99 in Ethiopia at the stage of an adult
plant [13].

2.2.2. Second stage
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genes against the Ug99 race (Sr2, Sr22, Sr24, Sr25, Sr26, Sr32, Sr35, Sr36, Sr39, Sr40, Sr44, Sr47)
and to ineffective ones: Sr9a, Sr15, Sr17, Sr19 and Sr31, but providing resistance to local
populations of the pathogen. The list of molecular markers is given in Table 1. For each primer,
the most optimal PCR conditions were selected; the conditions given in the original studies are
taken as basis. Separation of amplification products was performed by electrophoresis in 2%
agarose and 8% polyacrylamide gels stained with ethidium bromide at a voltage of 100 V for
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Sr47 T2BL-2SL�2SS Xgwm501 [31]

Table 1. Specific primers used to identify Sr genes.
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3 h in 0.5� TBE buffer. As markers of molecular weights, 50 bp, 100 bp and 1 kb GeneRulerTM
DNA Ladder from “Fementas”were used. The results of gene identification in new sources are
given in Table 2 [32].

We explain a wide range of identified genes in donors from the “Arsenal” collection by
multiple alien translocations of the genetic material of species Aegilops speltoides, Ae. triuncialis,
Triticum kiharae, Secale cereale, arising during the irradiation of pollen, and in the selection line
GT 96/90 by the presence of translocations from the species T. timopheevii. The use of such
donors, even in paired crosses, can lead to the creation of plant forms with an unusual
combination of resistance Sr genes due to the recombination of genes in meiosis. However,
since we were faced with the task of obtaining the initial material for the selection process, we
had to take into account not only the level of donors ploidy but also the presence of econom-
ically valuable traits. It should be noted that despite the positive identification of the Sr22 gene
in the wheat-Aegilops lines (9/00w, 141/97w and 119/4-06rw) using the Xbarc121 and Xcfa2123
markers, the absence in the pedigree of these lines of the genetic material T. monococcum leaves
doubt in the presence of this gene.

2.2.3. Third stage

We rejected the use of disomic addition lines with chromosomes of Aegilops speltoides in
the selection of pairs for crossing, since the supplemented alien chromosome with which we
bind resistance was rarely conjugated to wheat chromosomes and was lost in the process of
division in meiosis. The remaining donors had an euploid number of chromosomes, but were
different according to the morphophysiological and agronomic characteristics (terms of ear
formation, height, susceptibility to powdery mildew). The D cultivar and the GT 96/90 line had
a very short stem (60–70 cm), early ear formation (late May to early June) and were affected by
powdery mildew to a high degree (severity 30–50%), remaining resistant to leaf rust. For
donors from the “Arsenal” collection, on the contrary, later ear formation, long stem, but
the high resistance to powdery mildew and leaf rust were characteristic. Parent pairs for
crossing were selected with alternative development of traits (short stem, early ear formation,

Line, cultivar Identified Sr genes Severity, % Height,
cm

Grain
weight
per ear, g

1000 grains
weight, g

Powdery
mildew

Leaf
rust

9/00w Sr22, Sr32, Sr44, Sr15 0–5 0 70–80 1.5 40.0

141/97w Sr22, Sr44 0–10 0 90–110 1.4 36.0

113/00i-4 Sr2, Sr36, Sr39, Sr40, Sr44, Sr47, Sr15 0–1 0 90–110 1.4 41.0

119/4-06rw Sr22, Sr32, Sr44, Sr9a, Sr17, Sr19 0–1 10/1 80–100 1.5 42.0

GT 96/90 Sr24,Sr36, Sr40, Sr47, Sr15, Sr17, Sr31 30 0 60–70 1.5 42.0

Donskaya
polukarlikovaya

Sr32, Sr44, Sr9a, Sr17, Sr19 50 5/2 60–70 1.3 40.0

Table 2. Results of the identification of Sr genes in resistance donors to stem rust [32] and their economically useful traits.
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susceptibility to powdery mildew) x (long stem, later ear formation, resistance to powdery
mildew). The first crossings were conducted in 2010 in the greenhouse. The following pairs of
direct crossing and backcrossing were successful: (GT 96/90 � 113/00i-4), (119/96rw � GT 96/
90), (113/00i-4 � 119/96rw). In the conditions of the greenhouse, the D cultivar was found to be
the earliest ripening, and it was not possible to hybridize with it because of the mismatch of the
flowering periods. Later, this cultivar was used in stepwise hybridization. F1 plants were also
grown in the greenhouse. The fact of the segregation of future F2 populations into winter and
spring genotypes from the crossing of winter lines with the spring line 113/00i-4 was taken into
account when planning crossings. Crossing with the productive wheat-Ae. speltoides line
145/05i (grain weight from ear is 1.9 g, weight of 1000 grains is 49.0 g), which had group
resistance to powdery mildew and leaf rust, but was susceptible to Ug99, was additionally
planned in order to shift the formative process toward the isolation of productive spring forms
of plants.

2.2.4. Fourth stage

Beginning with F2, the work with spring and winter forms of plants was carried out against
the infectious background of leaf rust at different seeding times. Half of the seeds were sown
in February in the heated plot after snow melting. After the emergence of shoots, the heating
of the soil was switched off, and the plants passed vernalization at natural low temperatures
and natural snow cover. In this case, spring plants perished, and winter plants formed the
ear. The second half of the seeds were sown in the field in spring. Under these conditions,
spring plants formed the ear, and winter crops remained in the tillering phase. Backcrossing
of plants resistant to leaf rust, beginning with F2, was conducted by recurrent spring parent
or line 145/05i (when working with spring genotypes) and winter recurrent parent or D
cultivar (when creating winter wheat lines). The infectious background of leaf rust was
created using all races characteristic for the Moscow Oblast. For further hybridization, only
plants resistant to leaf rust were selected. The second backcrossing or self-pollination was
carried out under the conditions of a greenhouse, the progeny was sown on the appropriate
soil background, and the process of backcrossing on the infectious background of leaf rust
was repeated again. Then self-pollination of plants was carried out. The scheme of the
selection process for obtaining spring and winter lines with several resistance Sr genes is
shown in Figure 2.

2.2.5. Fifth stage

In the progeny of self-pollinated plants, which were sown as lines of different generations
BC1F3, BC2F2, BC3F2, F4, F5, individual plants were selected by morphotype with parallel
identification of Sr genes by PCR analysis. During the selection, attention was drawn to the
habitus of the plant (bush form, the number of productive shoots), the location of the leaves,
the shape of the ear, the presence of marker morphological features (the presence of awns and
anthocyanin on different parts of the plant such as stem, ear, anther), the date of ear formation
and the degree of severity of affection by powdery mildew and leaf rust were taken into
account. Preference was given to plants with group resistance to diseases, with optimal plant
height (80–110 cm), early ripening and an ear with 19–21 developed spikelets, that is, the
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selection of individual plants was not accidental, but aimed to combining economically valu-
able traits. In such plants, a piece of leaf was taken to isolate DNA and to identify Sr genes. In
total 200 spring plants and more than 200 winter plants were selected for PCR analysis. The
spectrums of identified effective Sr genes in spring and winter plants differed.

In spring plants, the genes Sr2, Sr44, Sr36 and Sr40 were found most often in the homozygous
state (71, 89, 78 and 26%, respectively, of the number of plants tested). The Sr22 gene, which
was originally identified in the winter donor 119/4-06rw using two markers Xbark 121 and cfa
2123, was detected in the progeny of selected spring plants at a frequency of 20%, when the
donor was used for backcrossing and the resulting progeny was self-pollinated. The Sr39 and

Figure 2. Scheme of development of spring and winter wheat lines with several resistance Sr genes.
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susceptibility to powdery mildew) x (long stem, later ear formation, resistance to powdery
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flowering periods. Later, this cultivar was used in stepwise hybridization. F1 plants were also
grown in the greenhouse. The fact of the segregation of future F2 populations into winter and
spring genotypes from the crossing of winter lines with the spring line 113/00i-4 was taken into
account when planning crossings. Crossing with the productive wheat-Ae. speltoides line
145/05i (grain weight from ear is 1.9 g, weight of 1000 grains is 49.0 g), which had group
resistance to powdery mildew and leaf rust, but was susceptible to Ug99, was additionally
planned in order to shift the formative process toward the isolation of productive spring forms
of plants.

2.2.4. Fourth stage

Beginning with F2, the work with spring and winter forms of plants was carried out against
the infectious background of leaf rust at different seeding times. Half of the seeds were sown
in February in the heated plot after snow melting. After the emergence of shoots, the heating
of the soil was switched off, and the plants passed vernalization at natural low temperatures
and natural snow cover. In this case, spring plants perished, and winter plants formed the
ear. The second half of the seeds were sown in the field in spring. Under these conditions,
spring plants formed the ear, and winter crops remained in the tillering phase. Backcrossing
of plants resistant to leaf rust, beginning with F2, was conducted by recurrent spring parent
or line 145/05i (when working with spring genotypes) and winter recurrent parent or D
cultivar (when creating winter wheat lines). The infectious background of leaf rust was
created using all races characteristic for the Moscow Oblast. For further hybridization, only
plants resistant to leaf rust were selected. The second backcrossing or self-pollination was
carried out under the conditions of a greenhouse, the progeny was sown on the appropriate
soil background, and the process of backcrossing on the infectious background of leaf rust
was repeated again. Then self-pollination of plants was carried out. The scheme of the
selection process for obtaining spring and winter lines with several resistance Sr genes is
shown in Figure 2.

2.2.5. Fifth stage

In the progeny of self-pollinated plants, which were sown as lines of different generations
BC1F3, BC2F2, BC3F2, F4, F5, individual plants were selected by morphotype with parallel
identification of Sr genes by PCR analysis. During the selection, attention was drawn to the
habitus of the plant (bush form, the number of productive shoots), the location of the leaves,
the shape of the ear, the presence of marker morphological features (the presence of awns and
anthocyanin on different parts of the plant such as stem, ear, anther), the date of ear formation
and the degree of severity of affection by powdery mildew and leaf rust were taken into
account. Preference was given to plants with group resistance to diseases, with optimal plant
height (80–110 cm), early ripening and an ear with 19–21 developed spikelets, that is, the
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selection of individual plants was not accidental, but aimed to combining economically valu-
able traits. In such plants, a piece of leaf was taken to isolate DNA and to identify Sr genes. In
total 200 spring plants and more than 200 winter plants were selected for PCR analysis. The
spectrums of identified effective Sr genes in spring and winter plants differed.

In spring plants, the genes Sr2, Sr44, Sr36 and Sr40 were found most often in the homozygous
state (71, 89, 78 and 26%, respectively, of the number of plants tested). The Sr22 gene, which
was originally identified in the winter donor 119/4-06rw using two markers Xbark 121 and cfa
2123, was detected in the progeny of selected spring plants at a frequency of 20%, when the
donor was used for backcrossing and the resulting progeny was self-pollinated. The Sr39 and
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Sr47 genes were rare, with a frequency of 4.4 and 1.4%, respectively. After PCR analysis, 137
individual plants with several Sr genes in the homozygous state were selected from 200 spring
plants, namely: with two resistance genes—54 plants, with three—64 plants, with four—15
plants and with five genes—4 plants.

In individual winter plants, selected from the hybrid population represented by the families
F3, BC1F2, BC1F3, BC2F3, BC3F2 of different origin, eight genes were identified, which
form a row: Sr2 > Sr44 > Sr32 > Sr36 > Sr22 > Sr31 > Sr47 > Sr39 and Sr40 by the frequency
of occurrence in progeny. The combination spectrum of the identified genes in winter
wheat plants differed from the spectrum of genes identified in spring wheat lines. This is
connected with the orientation of backcrossings conducted in winter and spring wheat.
The combination of Sr genes compound in the genotypes of winter wheat is more diverse.
The plants with the combination of the Sr22, Sr32 and Sr44 genes in the homozygous state
were most often encountered. Plants with a unique combination of genes characteristic
only of winter plants have been found: Sr2 + Sr22, Sr2 + Sr32, Sr2 + Sr36, Sr36 + Sr44,
Sr36 + Sr47, Sr32 + Sr44, Sr22 + Sr44, Sr31 + Sr36, Sr31 + Sr47, Sr31 + Sr44, Sr22 + Sr44 + Sr47,
Sr22 + Sr31 + Sr32, Sr22 + Sr31 + Sr44, Sr22 + Sr36 + Sr44, Sr32 + Sr44 + Sr47,
Sr31 + Sr36 + Sr47, Sr36 + Sr39 + Sr47, Sr2 + Sr22 + Sr36 + Sr44,Sr2 + Sr31 + Sr36 + Sr44,
Sr22 + Sr32 + Sr40 + Sr44, Sr22 + Sr31 + Sr36 + Sr44, Sr2 + Sr22 + Sr32 + Sr44,
Sr2 + Sr22 + Sr32 + Sr40 + Sr44. Specific features in transmission of some resistance genes
are noted. In particular, no plants with the Sr24 gene were detected. The second feature is
associated with the Sr2 gene (the gene was originally identified only in spring wheat 113/
00i-4). The Sr2 gene was in a heterozygous state in more than 70% of winter plants in which
it was identified (Figure 3).

The presence of Sr32, Sr39, Sr40, Sr44 genes, which are poorly studied in relation to other Pgt
races and rarely used in selection programs, with the resistance Sr2 gene of an adult plant
showing “slow rusting” effect, gives particular value to the selected winter plants. However,
the presence of the recessive Sr2 gene of resistance in the heterozygous state in most winter
wheat plants will require additional efforts to transfer it to a homozygous state. In particular,
we have planned experiments on the production of digaploid lines using androgenesis
method. Individual plants with the identified genotype of resistance to stem rust differed
greatly in height (75–145 cm), ear productivity (1.0–2.7 g), weight of 1000 grains (36–60 g) and
morphological features. For further testing in infectious nurseries of stem and leaf rust, 373
individual winter wheat plants were selected: 199 plants with the identified Sr genes and 174
plants selected for a set of other economically valuable traits. From the populations of spring

Figure 3. Identification of the Sr2 gene using the molecular marker Xgwm533 in winter plants 1–36: M—molecular weight
marker of 50 bp “Fermentas”, Sr2—positive control Pavon76, K—negative control Saratovskaya 29 cultivar. The arrow
indicates a diagnostic fragment with a molecular weight of 120 bp. The amplification products were separated in 2%
agarose gel. “+”—presence of the diagnostic fragment; “�”—absence of a diagnostic fragment; h—heterozygote.
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wheat, only 198 spring plants were selected for further testing: 129 plants with identified Sr
genes and 69 plants with a set of valuable traits.

2.2.6. Sixth stage

2.2.6.1. Spring wheat

Progeny testing of individual spring wheat plants was carried out against the infectious
background for the North Caucasian and West Siberian populations of stem rust and leaf
rust, and against the natural background of the disease course in the Moscow Oblast. It
should be clarified that in the south of Russia (Krasnodar Krai), most of the known resistance
genes are ineffective against the causative agent of stem rust. Genes Sr1, Sr5, Sr6, Sr9a, Sr9e,
Sr13, Sr24, Sr27, Sr31, Sr32, Sr35, Sr36 remain effective [33]. One hundred and fifty-eight
lines of spring wheat (or 81% of the number of studied lines) showed high resistance to
infection (0R) by the North Caucasian population of stem rust, and 160 lines were resistant to
leaf rust.

Testing of the same set of spring lines in Western Siberia (Omsk), which were sown with a
special late spring sowing (late crops are more affected than those sown in the optimal time)
led to the death of some lines, but from the 167 surviving lines, 111 lines (66.5%) with
resistance to stem rust were selected. In the year of testing (2015), strong epidemic of stem
rust was observed in the region. Under these conditions, only a small group of genes,
according to the observations of the researchers, was effective (Sr2, Sr9e, Sr11, Sr12, Sr13,
Sr19, Sr24, Sr25, Sr26, Sr27, Sr30, Sr31, Sr35 Sr37), but none of these genes provided full
protection against the disease. The severity of lines with known resistance genes varied from
5 to 30% in comparison with 50–60% severity of cultivars without effective genes [34].
Selected in such harsh conditions, stable lines with group resistance to stem and leaf rust
are valuable initial material for the selection of spring wheat in this region. Structural
analysis performed in comparison with the standard cultivar Omskaya 37 allowed to select
20 lines with the least decrease in productivity in the unfavorable dry conditions of Western
Siberia. In 2016, these lines were involved in crosses with the best adapted varieties culti-
vated in this region (Shamanin, personal communication).

In the Moscow Oblast, in 2015, no development of stem and leaf rust was observed even on the
highly susceptible line Khakasskaya because of unfavorable weather conditions for the devel-
opment of these pathogens (low air humidity, lack of dew, strong wind). However, in the
Moscow suburbs, the spring lines were evaluated for resistance to powdery mildew. After
that, the results of lines estimates at three geographic locations were combined, and genotypes
that showed resistance simultaneously to leaf and stem rust in Krasnodar and Omsk and
resistance to powdery mildew in the Moscow Oblast (71 genotypes) were selected. In 2016,
under the conditions of epidemic development of stem rust in the Moscow Oblast, after
negative selection for resistance to diseases, the timing of the ear formation, height and the
presence of segregation by morphological features, 40 genotypes were left for further tests.
After the statistical evaluation of the productivity elements (yield of grain from 0.3 m2, pro-
ductivity of the ear, weight of 1000 grains), 25 best genotypes with a set of economically
valuable traits were selected (see Stage 7).
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Sr47 genes were rare, with a frequency of 4.4 and 1.4%, respectively. After PCR analysis, 137
individual plants with several Sr genes in the homozygous state were selected from 200 spring
plants, namely: with two resistance genes—54 plants, with three—64 plants, with four—15
plants and with five genes—4 plants.

In individual winter plants, selected from the hybrid population represented by the families
F3, BC1F2, BC1F3, BC2F3, BC3F2 of different origin, eight genes were identified, which
form a row: Sr2 > Sr44 > Sr32 > Sr36 > Sr22 > Sr31 > Sr47 > Sr39 and Sr40 by the frequency
of occurrence in progeny. The combination spectrum of the identified genes in winter
wheat plants differed from the spectrum of genes identified in spring wheat lines. This is
connected with the orientation of backcrossings conducted in winter and spring wheat.
The combination of Sr genes compound in the genotypes of winter wheat is more diverse.
The plants with the combination of the Sr22, Sr32 and Sr44 genes in the homozygous state
were most often encountered. Plants with a unique combination of genes characteristic
only of winter plants have been found: Sr2 + Sr22, Sr2 + Sr32, Sr2 + Sr36, Sr36 + Sr44,
Sr36 + Sr47, Sr32 + Sr44, Sr22 + Sr44, Sr31 + Sr36, Sr31 + Sr47, Sr31 + Sr44, Sr22 + Sr44 + Sr47,
Sr22 + Sr31 + Sr32, Sr22 + Sr31 + Sr44, Sr22 + Sr36 + Sr44, Sr32 + Sr44 + Sr47,
Sr31 + Sr36 + Sr47, Sr36 + Sr39 + Sr47, Sr2 + Sr22 + Sr36 + Sr44,Sr2 + Sr31 + Sr36 + Sr44,
Sr22 + Sr32 + Sr40 + Sr44, Sr22 + Sr31 + Sr36 + Sr44, Sr2 + Sr22 + Sr32 + Sr44,
Sr2 + Sr22 + Sr32 + Sr40 + Sr44. Specific features in transmission of some resistance genes
are noted. In particular, no plants with the Sr24 gene were detected. The second feature is
associated with the Sr2 gene (the gene was originally identified only in spring wheat 113/
00i-4). The Sr2 gene was in a heterozygous state in more than 70% of winter plants in which
it was identified (Figure 3).

The presence of Sr32, Sr39, Sr40, Sr44 genes, which are poorly studied in relation to other Pgt
races and rarely used in selection programs, with the resistance Sr2 gene of an adult plant
showing “slow rusting” effect, gives particular value to the selected winter plants. However,
the presence of the recessive Sr2 gene of resistance in the heterozygous state in most winter
wheat plants will require additional efforts to transfer it to a homozygous state. In particular,
we have planned experiments on the production of digaploid lines using androgenesis
method. Individual plants with the identified genotype of resistance to stem rust differed
greatly in height (75–145 cm), ear productivity (1.0–2.7 g), weight of 1000 grains (36–60 g) and
morphological features. For further testing in infectious nurseries of stem and leaf rust, 373
individual winter wheat plants were selected: 199 plants with the identified Sr genes and 174
plants selected for a set of other economically valuable traits. From the populations of spring

Figure 3. Identification of the Sr2 gene using the molecular marker Xgwm533 in winter plants 1–36: M—molecular weight
marker of 50 bp “Fermentas”, Sr2—positive control Pavon76, K—negative control Saratovskaya 29 cultivar. The arrow
indicates a diagnostic fragment with a molecular weight of 120 bp. The amplification products were separated in 2%
agarose gel. “+”—presence of the diagnostic fragment; “�”—absence of a diagnostic fragment; h—heterozygote.
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wheat, only 198 spring plants were selected for further testing: 129 plants with identified Sr
genes and 69 plants with a set of valuable traits.

2.2.6. Sixth stage

2.2.6.1. Spring wheat

Progeny testing of individual spring wheat plants was carried out against the infectious
background for the North Caucasian and West Siberian populations of stem rust and leaf
rust, and against the natural background of the disease course in the Moscow Oblast. It
should be clarified that in the south of Russia (Krasnodar Krai), most of the known resistance
genes are ineffective against the causative agent of stem rust. Genes Sr1, Sr5, Sr6, Sr9a, Sr9e,
Sr13, Sr24, Sr27, Sr31, Sr32, Sr35, Sr36 remain effective [33]. One hundred and fifty-eight
lines of spring wheat (or 81% of the number of studied lines) showed high resistance to
infection (0R) by the North Caucasian population of stem rust, and 160 lines were resistant to
leaf rust.

Testing of the same set of spring lines in Western Siberia (Omsk), which were sown with a
special late spring sowing (late crops are more affected than those sown in the optimal time)
led to the death of some lines, but from the 167 surviving lines, 111 lines (66.5%) with
resistance to stem rust were selected. In the year of testing (2015), strong epidemic of stem
rust was observed in the region. Under these conditions, only a small group of genes,
according to the observations of the researchers, was effective (Sr2, Sr9e, Sr11, Sr12, Sr13,
Sr19, Sr24, Sr25, Sr26, Sr27, Sr30, Sr31, Sr35 Sr37), but none of these genes provided full
protection against the disease. The severity of lines with known resistance genes varied from
5 to 30% in comparison with 50–60% severity of cultivars without effective genes [34].
Selected in such harsh conditions, stable lines with group resistance to stem and leaf rust
are valuable initial material for the selection of spring wheat in this region. Structural
analysis performed in comparison with the standard cultivar Omskaya 37 allowed to select
20 lines with the least decrease in productivity in the unfavorable dry conditions of Western
Siberia. In 2016, these lines were involved in crosses with the best adapted varieties culti-
vated in this region (Shamanin, personal communication).

In the Moscow Oblast, in 2015, no development of stem and leaf rust was observed even on the
highly susceptible line Khakasskaya because of unfavorable weather conditions for the devel-
opment of these pathogens (low air humidity, lack of dew, strong wind). However, in the
Moscow suburbs, the spring lines were evaluated for resistance to powdery mildew. After
that, the results of lines estimates at three geographic locations were combined, and genotypes
that showed resistance simultaneously to leaf and stem rust in Krasnodar and Omsk and
resistance to powdery mildew in the Moscow Oblast (71 genotypes) were selected. In 2016,
under the conditions of epidemic development of stem rust in the Moscow Oblast, after
negative selection for resistance to diseases, the timing of the ear formation, height and the
presence of segregation by morphological features, 40 genotypes were left for further tests.
After the statistical evaluation of the productivity elements (yield of grain from 0.3 m2, pro-
ductivity of the ear, weight of 1000 grains), 25 best genotypes with a set of economically
valuable traits were selected (see Stage 7).

Genetic Improvement of Bread Wheat for Stem Rust Resistance in the Central Federal Region of Russia: Results…
http://dx.doi.org/10.5772/intechopen.75379

193



2.2.6.2. Winter wheat

The progeny of winter wheat plants was tested in two geographical locations: the Moscow
Oblast against the natural but epidemic course of stem rust in 2016 and Krasnodar for the
North Caucasian population of stem rust against the infectious background. In the Moscow
Oblast in 2016, favorable conditions for the epidemic development of stem rust arose on wheat
crops. The focus of the disease arose on winter wheat in the phase of milk ripeness of grain and
then switched to spring wheat. The disease affected the standard winter wheat cultivar
Moskovskaya 39 by 40% with the type of response to infection 3–4, and allowed a clear
differentiation of the genotypes among the sown source material on the basis of resistance,
and also the evaluation of the spring wheat lines collection with known resistance Sr genes for
the effectiveness of individual genes in the Moscow Oblast.

During assessing the collection of lines with known Sr genes in 2016, it was found that
compared to 2013, the spectrum of effective resistance genes to this disease narrowed, which
indicates possible mutational processes in the fungus population or various sources of plant
disease epidemic. If in 2013, the following genes: Sr2, Sr9e, Sr13, Sr22, Sr25, Sr26, Sr28kt, Sr30,
Sr31, Sr32, Sr36, Sr44, SrWld and combinations Sr13 + Sr17 and Sr31 + Sr38were effective, then
in 2016, only lines with the following Sr genes showed high resistance (severity 0) or resistance
(up to 1% severity with the reaction type of 1 point): Sr28kt, Sr30, Sr31, Sr32 and SrWld, and
lines with the Sr9e, Sr17, Sr25, Sr26, Sr33 and Sr40 genes showed moderate resistance (from 5
to 20% severity with the reaction type of 2 points).

The evaluation of the created winter wheat lines for fungal diseases showed high resistance of
most genotypes to local populations of leaf rust and stem rust and to powdery mildew. Only
14 out of 373 sown lines (about 4% of the genotypes) were susceptible to the P. graminis of the
Moscow population and segregating along this trait. Even more lines (98.7%) were resistant to
P. triticina. In the test material, there were 147 lines resistant to powdery mildew with severity
up to 10% (Table 3). One hundred and thirty-six lines with group resistance to the three
diseases were selected.

The evaluation of 367 winter wheat lines in the Krasnodar Krai made it possible to isolate 146
immune lines (severity 0) and 22 resistant lines (up to 5% severity, reaction type of 1, 2 points),
that is, 46% of the genotypes which showed resistance to the North Caucasian population of
stem rust. By comparing the results obtained in the Moscow Oblast and in the Krasnodar Krai,
50 genotypes that showed stability in both geographically remote points were selected.

Pathogen Total number of lines, pcs. Immune and resistant lines
allocated, pcs.

Susceptible and segregating
lines allocated, pcs.

Pucinia triticina 373 368 5

Pucinia graminis 373 359 14

Blumeria graminis 373 147 226

Table 3. The results of estimations of winter wheat lines for fungal diseases against the natural background of leaf, stem
rust and powdery mildew development in the Moscow Oblast (2016).
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2.2.7. Seventh stage

Evaluation of the economically valuable traits of selected stable lines in the Moscow Oblast condi-
tions in comparison with standard cultivars, selection of the best genotypes for competitive testing.

2.2.7.1. Spring wheat

During the selection of spring genotypes, we were guided by such characteristics as the earlier
(43–46 days) or simultaneous ear formation with the standard spring cultivar Lada, the opti-
mum height of the plant (up to 110 cm), the grain mass from the ear (1.6–2.6 g) and weight of
1000 grains (45–50 g). During the selection of winter lines, the wintering of the lines was taken
into account, and we also oriented toward the listed characteristics and compared them to the
standard winter cultivar Moskovskaya 39. The reliability of the differences in the indices (the
productivity of the ear, the mass of 1000 grains, the height) was estimated upon the results of a
single-factor disperse analysis using the “Agros” statistical analysis algorithms [35]. Protein
and gluten content in the grain was determined on an infrared analyzer SpectraStar 2400 in the
productive lines with large grain. The content of gluten in the flour was analyzed on
Glutamatik Perten device, and the quality of gluten on an IGD-3 M (the measuring instrument
of gluten deformation). Other indicators of flour quality (strength and dilution) were deter-
mined on alveograph and farinograph. The main physiological trait of the selected lines is the
group resistance to fungal diseases (leaf and stem rust, powdery mildew) and the presence of
several identified genes of resistance to stem rust that must provide durable resistance to the
Pgt population in the Central Federal District of the Russian Federation and on the territory of
Western Siberia. The distinctive morphological sign of the majority of the lines is the presence
of anthocyanin on the pericarp of the grain, which causes the grain to acquire a different
degree of coloration (from dark red to dark purple). As a rule, lines with purple grain have
the manifestation of anthocyanins on other organs too (stems, ears, anthers). As stated earlier,
the 25 best genotypes with a set of economically valuable traits were selected among the spring
progeny, which were estimated in 2017 in the control nursery for resistance to diseases, grain
harvest from the plot, grain nature and its quality. The control nursery was laid in triple
replication in the conditions of the Moscow Oblast (area of the registration plot 1.5 m2). All
tested lines of spring wheat confirmed their high resistance to stem and leaf rust, but none of
the lines exceeded the standard cultivar Lada by the yield of grain from the plot. Only three
accessions (11-17, 21-17 and 23-17) out of 25 produced a crop that is not inferior to this
standard. The second standard cultivar Zlata was strongly affected by stem and leaf rust (up
to 70%) and formed a yield significantly lower than Lada and some tested lines (Table 4). Some
of the selected lines, when compared with standard cultivars, look attractive in terms of the
number of days before ear formation, which was reduced by 1–2 days and height (lines 1-17,
12-17, 23-17), group resistance to diseases (lines 1-17, 4-17, 7-17, 8-17, 9-17, 12-17, 15-17, 16-17,
20-17, 23-17), the grain size (lines 12-17, 21-17, 23-17) and grain nature (lines 11-17, 15-17).

According to the results of complex assessments, seven genotypes were selected for the evalua-
tion of grain quality (Table 5) and ecological testing in CFDR (Moscow Oblast, Vladimir Oblast,
Tula Oblast). After the results of the environmental test, which is planned in 2018, the best
prototype of the cultivar will be sent to the State Test and determination of the cultivation regions.
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2.2.6.2. Winter wheat

The progeny of winter wheat plants was tested in two geographical locations: the Moscow
Oblast against the natural but epidemic course of stem rust in 2016 and Krasnodar for the
North Caucasian population of stem rust against the infectious background. In the Moscow
Oblast in 2016, favorable conditions for the epidemic development of stem rust arose on wheat
crops. The focus of the disease arose on winter wheat in the phase of milk ripeness of grain and
then switched to spring wheat. The disease affected the standard winter wheat cultivar
Moskovskaya 39 by 40% with the type of response to infection 3–4, and allowed a clear
differentiation of the genotypes among the sown source material on the basis of resistance,
and also the evaluation of the spring wheat lines collection with known resistance Sr genes for
the effectiveness of individual genes in the Moscow Oblast.

During assessing the collection of lines with known Sr genes in 2016, it was found that
compared to 2013, the spectrum of effective resistance genes to this disease narrowed, which
indicates possible mutational processes in the fungus population or various sources of plant
disease epidemic. If in 2013, the following genes: Sr2, Sr9e, Sr13, Sr22, Sr25, Sr26, Sr28kt, Sr30,
Sr31, Sr32, Sr36, Sr44, SrWld and combinations Sr13 + Sr17 and Sr31 + Sr38were effective, then
in 2016, only lines with the following Sr genes showed high resistance (severity 0) or resistance
(up to 1% severity with the reaction type of 1 point): Sr28kt, Sr30, Sr31, Sr32 and SrWld, and
lines with the Sr9e, Sr17, Sr25, Sr26, Sr33 and Sr40 genes showed moderate resistance (from 5
to 20% severity with the reaction type of 2 points).

The evaluation of the created winter wheat lines for fungal diseases showed high resistance of
most genotypes to local populations of leaf rust and stem rust and to powdery mildew. Only
14 out of 373 sown lines (about 4% of the genotypes) were susceptible to the P. graminis of the
Moscow population and segregating along this trait. Even more lines (98.7%) were resistant to
P. triticina. In the test material, there were 147 lines resistant to powdery mildew with severity
up to 10% (Table 3). One hundred and thirty-six lines with group resistance to the three
diseases were selected.

The evaluation of 367 winter wheat lines in the Krasnodar Krai made it possible to isolate 146
immune lines (severity 0) and 22 resistant lines (up to 5% severity, reaction type of 1, 2 points),
that is, 46% of the genotypes which showed resistance to the North Caucasian population of
stem rust. By comparing the results obtained in the Moscow Oblast and in the Krasnodar Krai,
50 genotypes that showed stability in both geographically remote points were selected.

Pathogen Total number of lines, pcs. Immune and resistant lines
allocated, pcs.

Susceptible and segregating
lines allocated, pcs.

Pucinia triticina 373 368 5

Pucinia graminis 373 359 14

Blumeria graminis 373 147 226

Table 3. The results of estimations of winter wheat lines for fungal diseases against the natural background of leaf, stem
rust and powdery mildew development in the Moscow Oblast (2016).
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2.2.7. Seventh stage

Evaluation of the economically valuable traits of selected stable lines in the Moscow Oblast condi-
tions in comparison with standard cultivars, selection of the best genotypes for competitive testing.

2.2.7.1. Spring wheat

During the selection of spring genotypes, we were guided by such characteristics as the earlier
(43–46 days) or simultaneous ear formation with the standard spring cultivar Lada, the opti-
mum height of the plant (up to 110 cm), the grain mass from the ear (1.6–2.6 g) and weight of
1000 grains (45–50 g). During the selection of winter lines, the wintering of the lines was taken
into account, and we also oriented toward the listed characteristics and compared them to the
standard winter cultivar Moskovskaya 39. The reliability of the differences in the indices (the
productivity of the ear, the mass of 1000 grains, the height) was estimated upon the results of a
single-factor disperse analysis using the “Agros” statistical analysis algorithms [35]. Protein
and gluten content in the grain was determined on an infrared analyzer SpectraStar 2400 in the
productive lines with large grain. The content of gluten in the flour was analyzed on
Glutamatik Perten device, and the quality of gluten on an IGD-3 M (the measuring instrument
of gluten deformation). Other indicators of flour quality (strength and dilution) were deter-
mined on alveograph and farinograph. The main physiological trait of the selected lines is the
group resistance to fungal diseases (leaf and stem rust, powdery mildew) and the presence of
several identified genes of resistance to stem rust that must provide durable resistance to the
Pgt population in the Central Federal District of the Russian Federation and on the territory of
Western Siberia. The distinctive morphological sign of the majority of the lines is the presence
of anthocyanin on the pericarp of the grain, which causes the grain to acquire a different
degree of coloration (from dark red to dark purple). As a rule, lines with purple grain have
the manifestation of anthocyanins on other organs too (stems, ears, anthers). As stated earlier,
the 25 best genotypes with a set of economically valuable traits were selected among the spring
progeny, which were estimated in 2017 in the control nursery for resistance to diseases, grain
harvest from the plot, grain nature and its quality. The control nursery was laid in triple
replication in the conditions of the Moscow Oblast (area of the registration plot 1.5 m2). All
tested lines of spring wheat confirmed their high resistance to stem and leaf rust, but none of
the lines exceeded the standard cultivar Lada by the yield of grain from the plot. Only three
accessions (11-17, 21-17 and 23-17) out of 25 produced a crop that is not inferior to this
standard. The second standard cultivar Zlata was strongly affected by stem and leaf rust (up
to 70%) and formed a yield significantly lower than Lada and some tested lines (Table 4). Some
of the selected lines, when compared with standard cultivars, look attractive in terms of the
number of days before ear formation, which was reduced by 1–2 days and height (lines 1-17,
12-17, 23-17), group resistance to diseases (lines 1-17, 4-17, 7-17, 8-17, 9-17, 12-17, 15-17, 16-17,
20-17, 23-17), the grain size (lines 12-17, 21-17, 23-17) and grain nature (lines 11-17, 15-17).

According to the results of complex assessments, seven genotypes were selected for the evalua-
tion of grain quality (Table 5) and ecological testing in CFDR (Moscow Oblast, Vladimir Oblast,
Tula Oblast). After the results of the environmental test, which is planned in 2018, the best
prototype of the cultivar will be sent to the State Test and determination of the cultivation regions.
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The analysis of grain and flour samples in 2017 is presented in Table 5. Grain has a good
nature, corresponding to the first class and the high weight of 1000 grains (see Table 4). Almost
all the lines have an increased grain hardness, according to the protein content in the grain,
they correspond to the first class (>14.5%), and to the gluten content in grain to the second class
(> 28%). This allows us to attribute them to a group of strong wheat and use them in mill grist
to improve lower quality grain. The high content of gluten in flour characterizes it as a
premium product. However, the quality of gluten is characterized as satisfactorily weak in
the indications of the measuring instrument of gluten deformation (third group). Only one
sample (8-17) for gluten quality corresponds to second group. The strength of the flour (245),
determined on the alveograph, allows it to be attributed to a good filler group, and according
to the dilution factor of the dough (80), the flour is at the standard level and corresponds to
valuable wheat. The results of the baking test show that the volume yield of tin bread of this
line exceeds the standard, and the color and porosity of the crumb are not inferior to it. Due to
the high content of protein and gluten in the flour of other lines, one should also consider their
other purpose, for example, making flour confectionery products, where satisfactorily weak
gluten is required (GDI > 85).

According to the data available in the literature, grain cereals with anthocyanin coloration
have increased antioxidant activity [36]. However, during obtaining the premium flour, the

Line, cv Sr genes Days to
heading

Height,
cm

Disease
severities in
Moscow
Region, %

Yield, g/1.5
m2

Nature of the
grain, g/l

1000 grain
mass, g

Pgt Pt Bgt

1-17 2,36,40h,44 41 119 0 0 0 780 774 41.2

2-17 2,36,40,44 43 128 0 0 15 794 778 47.4

4-17 2,36,40h 45 132 0 0 10 735 758 47.8

7-17 2,32,40,44 43 140 0 0 1 664 732 40.4

8-17 2,36,40h,44 45 147 0 10/1 10 750 782 45.0

9-17 2,36,40h,44 42 128 0 0 7 574 764 45.3

11-17 — 43 142 0 0 15 866 794 44.2

12-17 2,36,40,44 42 120 0 1/1 5 630 758 48.0

15-17 — 42 135 0 0 10 790 790 46.0

16-17 — 44 123 0 0 10 650 778 47.5

20-17 2,36,39,40,47,44 44 123 0 0 0 661 758 41.4

21-17 2,36,40h,44 43 120 0 0 15 814 752 50.5

23-17 — 42 120 0 0 3 925 754 49.0

Zlata (St) — 43 125 70 70 15 625 782 41.0

Lada (St) — 44 131 40 40 15 1012 792 44.0

LSD < p 0.05 6 — — — 198 6 4.4

Table 4. Variety of spring wheat lines from the control nursery for some qualitative and quantitative traits (2017).
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colored shells of the grain go into the bran. An attempt was made to use whole-wheat flour of
bread wheat purple grain lines with a high content of antioxidants (up to 70 mg/100 g) in
confectionery technologies. Whole-grain flour had an increased water holding capacity, far
exceeding control. But according to their technological properties, the samples were inferior
to the standard—the dough formed worse, crumbled, less amenable to laminating. The best
technological properties, closest to the standard, were shown by the samples of lines 8-17, 9-17
and 17-17. Sample 17-17 was distinguished by the presence of large bran, which prevented the
formation of the dough. The baked sugar cookies were better on the indicators of swelling in
water (up to 78%) and specific volume (up to 0.76 g/cm3) compared to the standard (58% and
0.62 g/cm3, respectively). The structure of the cookies from all the samples was more crumbly
and fragile than that of the standard, and the organoleptical properties (taste, smell, appear-
ance, cross-sectional texture) were at the standard level. Using flour from whole grains in
industrial conditions will allow to obtain pastry with a high yield of products suitable for
healthy eating.

2.2.7.2. Winter wheat

From the 373 winter wheat lines created during the experiment, 137 were selected for further
testing in breeding nurseries of the Moscow Oblast. This group also included 49 stable geno-
types, which were selected during the study in the Krasnodar Krai. Table 6 shows the diversity
of the best winter wheat lines by the identified resistance Sr genes and some economically
valuable traits in comparison with the standard cv. Moskovskaya 39 in the Moscow Oblast.

Line Color
of
grain*

Grain
hardness,
%

protein
in
grain,
%

Gluten
in
flour,
%

GDI,
units
the scale
of the
instrument

Alveograph,
W

Dough
dilution,
units
the scale
of the
instrument

Volume
yield of
tin
bread
cm3

Crumb
color

Crumb
porosity

4-17 3 74 15.0 37.3 97 145 130 660 2.8 3.0

7-17 2 80 13.6 29.7 98 130 110 610 3.0 3.0

8-17 3 63 14.4 32.3 87 245 80 970 4.3 4.5

9-17 4 72 15.5 33.7 97 150 100 790 2.8 3.3

12-17 3 57 16.0 36.3 97 93 150 640 2.8 2.5

16-17 3 55 15.1 40.1 102 93 175 460 2.8 2.0

17-17 4 54 15.5 34.6 105 71 125 580 2.0 1.5

St cv.
Lada

2 46 13.7 29.3 71 306 80 950 4.5 4.8

*1—light red, 2—red, 3—dark red, 4—purple.

Table 5. Indicators for the quality of grain, gluten and test baking of bread in spring wheat lines with different intensity
of grain coloring (harvest of 2017).
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The analysis of grain and flour samples in 2017 is presented in Table 5. Grain has a good
nature, corresponding to the first class and the high weight of 1000 grains (see Table 4). Almost
all the lines have an increased grain hardness, according to the protein content in the grain,
they correspond to the first class (>14.5%), and to the gluten content in grain to the second class
(> 28%). This allows us to attribute them to a group of strong wheat and use them in mill grist
to improve lower quality grain. The high content of gluten in flour characterizes it as a
premium product. However, the quality of gluten is characterized as satisfactorily weak in
the indications of the measuring instrument of gluten deformation (third group). Only one
sample (8-17) for gluten quality corresponds to second group. The strength of the flour (245),
determined on the alveograph, allows it to be attributed to a good filler group, and according
to the dilution factor of the dough (80), the flour is at the standard level and corresponds to
valuable wheat. The results of the baking test show that the volume yield of tin bread of this
line exceeds the standard, and the color and porosity of the crumb are not inferior to it. Due to
the high content of protein and gluten in the flour of other lines, one should also consider their
other purpose, for example, making flour confectionery products, where satisfactorily weak
gluten is required (GDI > 85).

According to the data available in the literature, grain cereals with anthocyanin coloration
have increased antioxidant activity [36]. However, during obtaining the premium flour, the

Line, cv Sr genes Days to
heading

Height,
cm

Disease
severities in
Moscow
Region, %

Yield, g/1.5
m2

Nature of the
grain, g/l

1000 grain
mass, g
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1-17 2,36,40h,44 41 119 0 0 0 780 774 41.2

2-17 2,36,40,44 43 128 0 0 15 794 778 47.4

4-17 2,36,40h 45 132 0 0 10 735 758 47.8

7-17 2,32,40,44 43 140 0 0 1 664 732 40.4

8-17 2,36,40h,44 45 147 0 10/1 10 750 782 45.0

9-17 2,36,40h,44 42 128 0 0 7 574 764 45.3

11-17 — 43 142 0 0 15 866 794 44.2

12-17 2,36,40,44 42 120 0 1/1 5 630 758 48.0

15-17 — 42 135 0 0 10 790 790 46.0

16-17 — 44 123 0 0 10 650 778 47.5

20-17 2,36,39,40,47,44 44 123 0 0 0 661 758 41.4

21-17 2,36,40h,44 43 120 0 0 15 814 752 50.5

23-17 — 42 120 0 0 3 925 754 49.0

Zlata (St) — 43 125 70 70 15 625 782 41.0

Lada (St) — 44 131 40 40 15 1012 792 44.0

LSD < p 0.05 6 — — — 198 6 4.4

Table 4. Variety of spring wheat lines from the control nursery for some qualitative and quantitative traits (2017).
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colored shells of the grain go into the bran. An attempt was made to use whole-wheat flour of
bread wheat purple grain lines with a high content of antioxidants (up to 70 mg/100 g) in
confectionery technologies. Whole-grain flour had an increased water holding capacity, far
exceeding control. But according to their technological properties, the samples were inferior
to the standard—the dough formed worse, crumbled, less amenable to laminating. The best
technological properties, closest to the standard, were shown by the samples of lines 8-17, 9-17
and 17-17. Sample 17-17 was distinguished by the presence of large bran, which prevented the
formation of the dough. The baked sugar cookies were better on the indicators of swelling in
water (up to 78%) and specific volume (up to 0.76 g/cm3) compared to the standard (58% and
0.62 g/cm3, respectively). The structure of the cookies from all the samples was more crumbly
and fragile than that of the standard, and the organoleptical properties (taste, smell, appear-
ance, cross-sectional texture) were at the standard level. Using flour from whole grains in
industrial conditions will allow to obtain pastry with a high yield of products suitable for
healthy eating.

2.2.7.2. Winter wheat

From the 373 winter wheat lines created during the experiment, 137 were selected for further
testing in breeding nurseries of the Moscow Oblast. This group also included 49 stable geno-
types, which were selected during the study in the Krasnodar Krai. Table 6 shows the diversity
of the best winter wheat lines by the identified resistance Sr genes and some economically
valuable traits in comparison with the standard cv. Moskovskaya 39 in the Moscow Oblast.

Line Color
of
grain*

Grain
hardness,
%

protein
in
grain,
%

Gluten
in
flour,
%

GDI,
units
the scale
of the
instrument

Alveograph,
W

Dough
dilution,
units
the scale
of the
instrument

Volume
yield of
tin
bread
cm3

Crumb
color

Crumb
porosity

4-17 3 74 15.0 37.3 97 145 130 660 2.8 3.0

7-17 2 80 13.6 29.7 98 130 110 610 3.0 3.0

8-17 3 63 14.4 32.3 87 245 80 970 4.3 4.5

9-17 4 72 15.5 33.7 97 150 100 790 2.8 3.3

12-17 3 57 16.0 36.3 97 93 150 640 2.8 2.5

16-17 3 55 15.1 40.1 102 93 175 460 2.8 2.0

17-17 4 54 15.5 34.6 105 71 125 580 2.0 1.5

St cv.
Lada

2 46 13.7 29.3 71 306 80 950 4.5 4.8

*1—light red, 2—red, 3—dark red, 4—purple.

Table 5. Indicators for the quality of grain, gluten and test baking of bread in spring wheat lines with different intensity
of grain coloring (harvest of 2017).
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Among the winter genotypes, it was possible to select the lines that formed ear 2–8 days earlier
than the standard and had a shorter stem than the standard cv. Moskovskaya 39. Both attri-
butes are of selective importance for the Central Federal District of the Russian Federation, and
breeders tend to create early ripening short-stemmed analogues of productive cultivars. This is
due to the climatic conditions of the CFDR: abundant rainfall with the wind during the
ripening of cereals lead to lodging of cereals and crop losses. Thick stiff short stem provides
resistance to lodging. Most of the created lines form a large grain with the mass of 46–60 g and
the productive ear at the standard level. Several lines (86-16, 48-16) were selected, which are
superior to the standard cultivar according to the productivity of the ear (grain mass from ear
of 2.7 and 2.4 g, respectively). Preliminary evaluation of lines by grain quality (protein and
gluten content in grain) on an infrared analyzer showed an increased value of these parame-
ters in comparison with the Moskovskaya 39 cultivar, which is a quality standard in the non-
Chernozem zone of the Russian Federation. The fluctuation of the protein content in the grain

Lines Pedigree genes Days to heading Height, cm Grain per ear, g 1000 grain mass, g

1-16 (113/119)/D/D Sr2h**,22,44,47 257 90 2.1 50.0

149-16 (113/119)/D/D/D Sr2h,22,32,44 262 95 2.2 48.0

198-16 (113/119) Sr31,36 268 130 1.9 52.0

167-16 (113/119)/D/D Sr2h,22,36 260 83 1.7 51.0

165-16 (96/113)/ D/96 Sr2h,36,44 263 97 2.0 47.0

30-16 (96/113)/ D/D/D Sr2h,31,47 260 86 2.0 48.0

16-16 (96/113)/ D/D Sr32h,36 h,22 259 106 1.7 46.0

43-16 (113/96)/ D/D/D Sr2h,22,32,40 259 78 1.5 48.0

45-16 (113/96)/ D/D/D Sr22,32,44 259 87 2.0 54.0

48-16 (113/96)/ D/96 Sr2h,32 h,36 h 260 93 2.4 51.0

54-16 (113/96)/ D/D Sr22,31,32 h,36 h 259 99 1.9 49.0

85-16 (113/96)/96/96 Sr2h,36,47 262 99 2.0 45.0

86-16 (113/96)/96/96 Sr2h,36 263 98 2.7 49.0

99-16 (113/96)/119/96 Sr2h,36,39,47 264 97 1.9 54.0

326-16 (113/96)/119 Sr2,32 264 135 2.1 44.0

103-16 [(119/96) � (113 � 96)]/96 Sr22,36 264 95 1.8 46.0

128-16 (119/96)/ D/ D Sr2h,22,32 261 91 1.9 61.0

138-16 (119/96)/ D/ D Sr2h,22,32 259 98 2.2 57.0

129-16 (119/96)/ D/ D Sr22,32,44 261 84 2.1 63.0

124-16 (119/96)/ D/ 96 Sr2h,22,31,32 262 115 2.3 61.0

131-16 (119/96)/D/96/96 Sr2h,31,36,47 263 90 1.8 49.0

St cv. Moskovskaya 39 265 115 1.9 49.0

LSD < p 0.05 25 0.50 Factual < F ttheoretical

**h—heterozygous state of gene.

Table 6. Some economically valuable traits of the winter wheat lines with identified genotype of resistance to Pgt.
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from the isolated lines was in the range of 15.2–20.2%, and the gluten content was 29.7–41.5%
(cv. Moskovskaya 39 had 17.6% of protein and 31.4% of gluten in the grain). An additional
assessment of the gluten content in flour, carried out on the Glutomatik device, confirmed such
a high gluten content in the selected lines (37–61.3%), but the quality of gluten of most lines
corresponded to the third class (GDI unit of the instrument 92–114). Such gluten is character-
ized as satisfactorily weak. Flour with such indicators is used in the confectionery industry for
baking biscuits and cookies.

Selected winter wheat lines will have to undergo tests at the control nursery in the Moscow
Oblast, and then environmental testing at three geographical locations, before they receive the
status of the prototype of a new cultivar.

3. Conclusion

During the period 2010–2017, the initial material of spring and winter wheat was developed in
the Moscow Scientific Research Institute of Agriculture “Nemchinovka,” which differs funda-
mentally from the varieties of wheat that have been obtained to date. Namely, for the first time,
prototypes of cultivars with group resistance to the most widespread fungal diseases in the
Central Federal District of Russia (leaf and stem rust and powdery mildew) were developed.
Resistance to stem rust is determined by the presence of 2–4 effective resistance genes not only
to the European but to the North Caucasian and West Siberian Pgt pathogen populations.
Taking into account the presence of the APR gene Sr2 with other effective genes Sr22, Sr32,
Sr39, Sr40, Sr44 and Sr47, lines can also have a selection value for regions where the rust race
Ug99 is common. The genetic diversity of lines, as far as the spectrum of resistance genes is
concerned, differs from that obtained earlier in the world practice. The possibility of creating
such genotypes in a short time is explained by the presence of original resistance donors
having in their genealogy an alien genetic material of species relatives (Aegilops speltoides,
Ae. triuncialis, Triticum kiharae, Secale cereale, T. timopheevii, Ae. tauschii) and the presence of
several effective Sr genes in donors identified using specific molecular markers. The advantage
of the used donors was the presence of other selection valuable traits such as resistance to leaf
rust and powdery mildew, early ripeness and the presence of a short stem. As a result of
simple, stepped and backcross crossings with subsequent self-pollination, hybrid populations
were obtained from which the individual plants were initially selected, and then on their basis,
lines were obtained that were tested for resistance to stem rust at three geographical locations:
Moscow, Krasnodar and Omsk. According to the results of testing, the progeny in breeding
nurseries of the Moscow Oblast and the results of genotypes resistance to stem rust, the lines of
spring and winter wheat are selected in three geographical locations, which form the crop at
the level of standard cultivars without the use of chemical protection agents during cultivation.
This technology allows to get environmentally friendly products for a healthy diet. In fact,
these are new prototypes of spring and bread wheat cultivars for the Central Federal District of
Russia, which can be used as donors of resistance to stem rust while improving wheat in other
regions. These lines have some morphophysiological features such as the presence of anthocy-
anin on the stem, anthers and grain. The presence of anthocyanins gives the grain an increased
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due to the climatic conditions of the CFDR: abundant rainfall with the wind during the
ripening of cereals lead to lodging of cereals and crop losses. Thick stiff short stem provides
resistance to lodging. Most of the created lines form a large grain with the mass of 46–60 g and
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from the isolated lines was in the range of 15.2–20.2%, and the gluten content was 29.7–41.5%
(cv. Moskovskaya 39 had 17.6% of protein and 31.4% of gluten in the grain). An additional
assessment of the gluten content in flour, carried out on the Glutomatik device, confirmed such
a high gluten content in the selected lines (37–61.3%), but the quality of gluten of most lines
corresponded to the third class (GDI unit of the instrument 92–114). Such gluten is character-
ized as satisfactorily weak. Flour with such indicators is used in the confectionery industry for
baking biscuits and cookies.

Selected winter wheat lines will have to undergo tests at the control nursery in the Moscow
Oblast, and then environmental testing at three geographical locations, before they receive the
status of the prototype of a new cultivar.

3. Conclusion

During the period 2010–2017, the initial material of spring and winter wheat was developed in
the Moscow Scientific Research Institute of Agriculture “Nemchinovka,” which differs funda-
mentally from the varieties of wheat that have been obtained to date. Namely, for the first time,
prototypes of cultivars with group resistance to the most widespread fungal diseases in the
Central Federal District of Russia (leaf and stem rust and powdery mildew) were developed.
Resistance to stem rust is determined by the presence of 2–4 effective resistance genes not only
to the European but to the North Caucasian and West Siberian Pgt pathogen populations.
Taking into account the presence of the APR gene Sr2 with other effective genes Sr22, Sr32,
Sr39, Sr40, Sr44 and Sr47, lines can also have a selection value for regions where the rust race
Ug99 is common. The genetic diversity of lines, as far as the spectrum of resistance genes is
concerned, differs from that obtained earlier in the world practice. The possibility of creating
such genotypes in a short time is explained by the presence of original resistance donors
having in their genealogy an alien genetic material of species relatives (Aegilops speltoides,
Ae. triuncialis, Triticum kiharae, Secale cereale, T. timopheevii, Ae. tauschii) and the presence of
several effective Sr genes in donors identified using specific molecular markers. The advantage
of the used donors was the presence of other selection valuable traits such as resistance to leaf
rust and powdery mildew, early ripeness and the presence of a short stem. As a result of
simple, stepped and backcross crossings with subsequent self-pollination, hybrid populations
were obtained from which the individual plants were initially selected, and then on their basis,
lines were obtained that were tested for resistance to stem rust at three geographical locations:
Moscow, Krasnodar and Omsk. According to the results of testing, the progeny in breeding
nurseries of the Moscow Oblast and the results of genotypes resistance to stem rust, the lines of
spring and winter wheat are selected in three geographical locations, which form the crop at
the level of standard cultivars without the use of chemical protection agents during cultivation.
This technology allows to get environmentally friendly products for a healthy diet. In fact,
these are new prototypes of spring and bread wheat cultivars for the Central Federal District of
Russia, which can be used as donors of resistance to stem rust while improving wheat in other
regions. These lines have some morphophysiological features such as the presence of anthocy-
anin on the stem, anthers and grain. The presence of anthocyanins gives the grain an increased
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content of antioxidants and increased resistance to unfavorable environmental factors,
according to the literature. Technological evaluation of the grain from the created lines of
spring and winter wheat showed an increased content of protein and gluten in flour, which
allows them to be classified as a group of strong wheat and used in mill grist to improve the
lower quality grain in baking. However, the quality of gluten in new lines is characterized as
satisfactorily weak. An attempt to define a different direction for the use of such grains in the
food industry, taking into account grain coloring by anthocyanins, namely, in the production of
flour confectionery products (sugar cookies) has been undertaken. Product from whole-wheat
flour exceeded the standard baking on the basis of the features of swelling in water, volume,
crumbliness and fragility, but in organoleptical indicators was not inferior to the standard. It is
concluded that the use of whole-grain flour with increased antioxidant activity for baking
confectionery products determines the use of this grain for healthy food (not only because of
the lack of residual chemical protection agents not used in cultivating such varieties, but also
due to the presence of anthocyanins in the grain and its antioxidant properties). Taking into
account the conducted researches, a new direction in selection for the Central Federal District
of Russia is defined: development of spring and winter wheat varieties with group resistance
to fungus diseases and with grain suitable for healthy nutrition.
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food industry, taking into account grain coloring by anthocyanins, namely, in the production of
flour confectionery products (sugar cookies) has been undertaken. Product from whole-wheat
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crumbliness and fragility, but in organoleptical indicators was not inferior to the standard. It is
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confectionery products determines the use of this grain for healthy food (not only because of
the lack of residual chemical protection agents not used in cultivating such varieties, but also
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Abstract

The results of studies of the correlation relationship between the functional properties 
of dry wheat gluten, protein concentrates from wheat bran and their granulometric frac-
tions with the features of the chemical composition, and the physicochemical proper-
ties of their proteins are presented. Granulometric fractions of bran were obtained from 
grinding process systems with different particle sizes. The correlation interrelation 
between the functional properties of protein products (solubility, water binding capacity, 
fat-binding capacity, and foaming capacity) with a mass fraction of components, frac-
tional amino acid composition, the number of thiol metabolism groups (–S-S– and –SH) 
and the aggregation capacity of whole gluten proteins, its fractions (gliadin, glutenin) 
and products from wheat bran. The obtained information is expedient for using when 
modifying the properties of wheat protein products with the purpose of expanding the 
directions of their use.

Keywords: protein products from wheat, chemical composition, functional properties, 
physicochemical characteristics of proteins, interrelation

1. Introduction

Cereals crops on a global scale are the largest (or most spread) sources of proteins. Among 
them, wheat occupies an important place, the world production of which has increased from 
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from which spare proteins in the dry wheat gluten (DWG) form were extracted industrially, 
intended as a protein ingredient to improve the baking properties of flour and meat substitu-
tion in sausage products. In time of processing of wheat grains on DWG forms bran, which is 
additionally a source of valuable food protein. Therefore, this chapter is devoted to the results 
of a study of the physicochemical properties of DWG proteins and protein concentrates from 
wheat bran for the purpose of applying the information obtained for practical purposes to 
improve and regulate the functional properties of protein ingredients in the development of 
food formulas.

Functional properties of protein products are understood as physicochemical indicators that 
determine the behavior of proteins in the production of food products, providing the neces-
sary structure, and consumer properties [1]. The indicators characterize the parameters of 
products, some of which are substituted or supplemented with protein in the technological 
processes of food production. The functional properties of protein products are evaluated 
both in numerical values and in profiles of dependencies on various technological factors 
(temperature, pH, processing time, etc.) [2–5]. This approach to the evaluation of proper-
ties is reflected in the term “techno-functional,” which includes the features of the reactiv-
ity of proteins in the technological processes of production and storage of food systems. 
Functional properties for concrete food systems are usually evaluated on model recipes, and 
then compared with the properties of traditional or known protein products. The presence 
of hydrophilic and hydrophobic groups in one chain ensures the interaction of proteins with 
water, lipids, carbohydrates, other compounds and leads to the formation of stable emul-
sions, foams, gels, and so on. In solutions proteins can perform  a dispersing and suspend-
ing roles, it’s able to cling to solid particles and by that forming cementing structures. The 
presence of polar and nonpolar, charged and uncharged groups in one polymer chain allows 
proteins to interact with different types of compounds and, thereby, influence the quality of 
food products.

The most important functional properties of protein products are hydration, fat-binding 
capacity, foam ability, stability of emulsions, foam stability (FS), gel-forming ability, adhe-
sion, rheological properties (viscosity, elasticity), ability to spin and texturing [1, 6, 7]. The val-
ues of the functional properties of protein products always determine the directions of their 
use in the production of food products as technological or nutritional ingredients, but not 
always these properties satisfy the requirements of the consumer; therefore, in the chemistry 
of dietary protein, there is a direction devoted to regulating the quality indices of vegetable 
protein products by various modification processes [8–12].

It is known that the functional properties of protein products depend on the chemical nature 
of the raw materials (wheat, rye, soybean, etc.), methods of isolation, processing, and techno-
logical regimes of food production (pH, temperature, recipe, etc.) [13–14]. When analyzing the 
nature of vegetable proteins, food recipes’ designers limit themselves, as a rule, to a statement 
of facts showing how a particular kind of raw material affects the functional properties but 
does not study the molecular basis that conditions these properties. In the practice of using 
protein products, at best, technological factors affecting their functional properties (tempera-
ture, pH, electrolytes, etc.) are taken into account, whereas the characteristics of the chemical, 
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biochemical composition, and physicochemical properties of the polypeptides themselves are 
practically not are considered. Despite the fact that, for example, dry wheat gluten (DWG) is 
widely used in the production of bread as an improver or filler [15–19], the areas of its use can 
be expanded by modifying the functional properties.

The choice of DWG is conditioned not only by the fact that wheat is one of the traditional 
cultures of many peoples of the world for bread production but also because the increasing 
volumes of its cultivation are aimed at producers to use it in technologies and other types 
of food products. In addition, the amount of secondary products of wheat processing in the 
form of bran is also increasing. Taking into account the functional properties on the basis of 
DWG, we have developed special mixtures for the production of oil cakes and protein-con-
taining biscuits [20], based on the gel-forming and foaming ability—marshmallows with the 
replacement of egg protein on DWG [21], based on enzymatically hydrolyzed DWG-bread 
with increased content protein from amaranth (20–25%) for diabetics (unpublished data). 
However, the processes of modifying the functional properties of protein products from 
wheat, the prophylactic and dietary properties of products from them, can be more effective 
if one has more information about the structural features and properties of their proteins, as 
it is known for proteins from other cultures [22–24] that additional studies are needed on the 
characteristics of the composition and properties of protein products from wheat, are the fol-
lowing facts. Thus, it is known that soluble proteins have a greater set of functional properties 
than poorly soluble proteins. They have little change in viscosity, gelatinization, but they have 
a high ability to stabilize suspensions, emulsions, and foams. However, there are proteins 
that do not fall under these patterns. So DWG proteins, despite their low solubility in water 
(1–3%), form structured gels that withstand heating, freezing, and drying. Therefore, they are 
used to prepare protein fibers as a binding agent in the production of film membranes, meat 
analogs, and non-food products [25, 26].

Another example is protein flour made from wheat bran. Having relatively low solubility val-
ues (10–20%), it has a high fat-emulsifying ability (FEA) and foaming capacity (FC): 72–97% 
and 74–100%, respectively [2, 3]. It is possible to increase the solubility of proteins to 25–100% 
by heating to 40–90°C, changing the ionic strength of the system or pH [3], but it is difficult to 
predict the final result of solubility control, as well as other functional properties, because it will 
often have a “one-time” nature and do not provide, as a rule, a stable forecasting of the quality 
of finished products. Hence, in order to predict stable results of the modification of the quality 
of protein products, the purpose of the present study was to study the composition and physi-
cochemical properties of DWG proteins and products from wheat bran and to establish a cor-
relation relationship between the results and the basic functional properties of the ingredients.

2. Materials and methods

2.1. Materials

As protein products, two samples of dry wheat gluten were used from LLC “BM” (Kazakhstan) 
and “Royal Ingredients Group BV” (the Netherlands), as well as concentrates from wheat 
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bran and their fractions obtained according to the technology developed by us [27]. To study 
the amino acid composition of proteins, three samples of wheat gluten were used, which were 
manually washed from the flour of a typical “strong” sort of grain Saratov 29 (spring), typi-
cally “weak”—Akmolinka 1 (spring) and typically medium Gorkovskaya 52 (winter). The 
crude gluten was dried on a lyophilic plant, it was regenerated by washing in tap water for 
15 min and the deformation index on the IDG-1 instrument was determined. Regenerated 
gluten in the first grade of grain was characterized as slightly elongated, “strong,” with an 
indicator of the device of 58 units, in the second—tensile, “normal” with an indicator of 70 
equipment units, the third—as very extensible and “weak” with an indicator of 100 equip-
ment units.

Protein concentrates from wheat bran were obtained from various systems of the technologi-
cal process of JSC “Moscow Combine of Bread Products,” the quality of grain and bran was 
in accordance with the requirements of standards. The bran was combined, sieved through 
a sieve of different diameters, and granulometric fractions with a particle size of more than 
1000, 670, 195, and less than 195 μm were obtained.

To compare the results of the relationship between functional properties and physicochemical 
parameters for proteins from wheat and protein products from another type of raw material, 
soy concentrate, soy isolate Supro 760 from “Soloe” Supro (USA), soy isolate ArdexF ADM 
(USA), concentrates from amaranth and grain of rye, obtained by our methods [28, 29].

2.2. Determination of chemical composition

Indicators of the chemical composition of protein products were determined by the methods 
of state standards of the Russian Federation and generally accepted methods. The mass frac-
tion of moisture was determined in accordance with GOST 13586.5-85; ash content—GOST 
10847-74; mass fraction of fat—according to the method of Soxhlet in the apparatus of the firm 
“Buchi”—GOST 29033-91, the mass fraction of protein—in the automated Kjeldahl system 
of the firm “Buchi”—GOST 10846-91, fiber—according to Gennesberg and Shtoman—GOST 
31675-2012. Carbohydrates were calculated as the difference between 100% and the sum of 
the mass fraction of protein, fat, ash, and fiber.

2.3. Determination of the amino acid composition of proteins

A liquid chromatograph from Hitachi (Japan) was used in a mode with a sulfonated sty-
rene-divinylbenzene copolymer and a step gradient of sodium citrate buffer solutions with 
increasing pH and molarity. The data were processed in an online system “MultiChrome 
1.52” for Windows 98. A sample of 3–5 mg sample was placed in a glass ampoule, 300 μl of a 
mixture of concentrated hydrochloric acid and trifluoroacetic acid (2, 1) with 0.1% 2-mercap-
toethanol was added. The sample was frozen in liquid nitrogen, evacuated and hydrolyzed 
at 155°C for 1 h. The hydrolyzable mixture was evaporated on a rotary evaporator (Centrivap 
Concentrator Labconco, USA). To the residue, 0.1N HCl was added and centrifuged for 5 min 
at 800 g on a Microfuge 22R centrifuge (Beckman-Coulter, USA).
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2.4. Determination of the fractional composition of proteins

1 g of the protein product, weighed to within 0.001 g, was placed in a centrifuge tube, 10 cm3 
of a 0.5 mol/dm3 NaCl solution was added, shaken for 1 h and centrifuged for 15 min at 8000 g.  
The centrifugate was drained, 10 cm3 of cold distilled water was added to the precipitates, 
thoroughly mixed, and centrifuged again. The combined centrifuges were taken as albumins 
and globulins. To extract the gliadin proteins, 20 cm3 of 70% ethanol was added to the precipi-
tates, shaken at 180–200 rpm for 1 h and left overnight at room temperature. The next day the 
sample was shaken for 30 min and centrifuged at 8000 g for 15 min. The centrifugate (gliadin) 
was drained, 20 cm3 of 0.1 mol/dm3 acetic acid was added to the precipitates and again shaken 
for 1 h. The suspension was centrifuged under the same conditions. The extraction procedure 
was repeated one more time. The combined solutions of proteins soluble in acetic acid were 
considered to be soluble glutenin. To isolate insoluble glutenin to the precipitates, 20 cm3 
of AUC included 0.1 N acidic acid, 6M urea, and cetyl three methyl ammonium bromide 
solvent (pH 4.1) were added [24]; the tubes were shaken for 1 h and centrifuged. The extrac-
tion operation was repeated once more, after which the centrifuges were combined and the 
protein content of Kjeldahl was determined therein. The protein precipitate was designated as 
an insoluble protein. The amount of each fraction was expressed as the percentage of soluble 
and insoluble protein from the total amount of protein in the sample.

2.5. Determination of the functional properties of protein products

Functional properties of DWG samples, protein products from wheat bran, amaranth, rye, 
and soybean were determined by the methods described in [30].

2.6. The content of thiol exchange groups

The content of disulfide bonds and sulfhydryl groups in protein preparations from wheat 
bran was analyzed by the Ellman method in Bogdanov’s modification [31].

2.7. Determination of the constant of the final stage of protein aggregation

To determine the aggregating properties of proteins, a sample of the product 1.0 g with an 
accuracy of ±0.001g was suspended in 10 cm3 of a 0.05 mole/ dm3 solution of CH3COOH for 
1 h on a mechanical shaker. The solution was then centrifuged for 15 min at 3000 g, the cen-
trifugate was filtered and the Lowry protein was determined in the filtrate. The solution was 
diluted with 0.05 mol/dm3 acetic acid to a concentration of 0.02% protein. To 1.3 cm3 of the 
protein solution, 1.3 cm3 of 0.2 mol/dm3 phosphate buffer containing 2 mol/dm3 NaCl (pH 5.6) 
was added to the spectrophotometer cuvette. Then, after 10 min at a wavelength of 350 nm, 
the optical density (turbidity) of the solution was measured. The constant of the final stage of 
aggregation (τ10/C) was calculated as the ratio of turbidity (τ) to protein concentration (C) [32].

Analyses were carried out in 3–5 replicates, the results were represented as arithmetic means. 
To determine the confidence interval of the average arithmetic result, the Student’s test was 
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(USA), concentrates from amaranth and grain of rye, obtained by our methods [28, 29].
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Indicators of the chemical composition of protein products were determined by the methods 
of state standards of the Russian Federation and generally accepted methods. The mass frac-
tion of moisture was determined in accordance with GOST 13586.5-85; ash content—GOST 
10847-74; mass fraction of fat—according to the method of Soxhlet in the apparatus of the firm 
“Buchi”—GOST 29033-91, the mass fraction of protein—in the automated Kjeldahl system 
of the firm “Buchi”—GOST 10846-91, fiber—according to Gennesberg and Shtoman—GOST 
31675-2012. Carbohydrates were calculated as the difference between 100% and the sum of 
the mass fraction of protein, fat, ash, and fiber.

2.3. Determination of the amino acid composition of proteins

A liquid chromatograph from Hitachi (Japan) was used in a mode with a sulfonated sty-
rene-divinylbenzene copolymer and a step gradient of sodium citrate buffer solutions with 
increasing pH and molarity. The data were processed in an online system “MultiChrome 
1.52” for Windows 98. A sample of 3–5 mg sample was placed in a glass ampoule, 300 μl of a 
mixture of concentrated hydrochloric acid and trifluoroacetic acid (2, 1) with 0.1% 2-mercap-
toethanol was added. The sample was frozen in liquid nitrogen, evacuated and hydrolyzed 
at 155°C for 1 h. The hydrolyzable mixture was evaporated on a rotary evaporator (Centrivap 
Concentrator Labconco, USA). To the residue, 0.1N HCl was added and centrifuged for 5 min 
at 800 g on a Microfuge 22R centrifuge (Beckman-Coulter, USA).

Global Wheat Production208

2.4. Determination of the fractional composition of proteins

1 g of the protein product, weighed to within 0.001 g, was placed in a centrifuge tube, 10 cm3 
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The centrifugate was drained, 10 cm3 of cold distilled water was added to the precipitates, 
thoroughly mixed, and centrifuged again. The combined centrifuges were taken as albumins 
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tates, shaken at 180–200 rpm for 1 h and left overnight at room temperature. The next day the 
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was drained, 20 cm3 of 0.1 mol/dm3 acetic acid was added to the precipitates and again shaken 
for 1 h. The suspension was centrifuged under the same conditions. The extraction procedure 
was repeated one more time. The combined solutions of proteins soluble in acetic acid were 
considered to be soluble glutenin. To isolate insoluble glutenin to the precipitates, 20 cm3 
of AUC included 0.1 N acidic acid, 6M urea, and cetyl three methyl ammonium bromide 
solvent (pH 4.1) were added [24]; the tubes were shaken for 1 h and centrifuged. The extrac-
tion operation was repeated once more, after which the centrifuges were combined and the 
protein content of Kjeldahl was determined therein. The protein precipitate was designated as 
an insoluble protein. The amount of each fraction was expressed as the percentage of soluble 
and insoluble protein from the total amount of protein in the sample.

2.5. Determination of the functional properties of protein products

Functional properties of DWG samples, protein products from wheat bran, amaranth, rye, 
and soybean were determined by the methods described in [30].

2.6. The content of thiol exchange groups

The content of disulfide bonds and sulfhydryl groups in protein preparations from wheat 
bran was analyzed by the Ellman method in Bogdanov’s modification [31].

2.7. Determination of the constant of the final stage of protein aggregation

To determine the aggregating properties of proteins, a sample of the product 1.0 g with an 
accuracy of ±0.001g was suspended in 10 cm3 of a 0.05 mole/ dm3 solution of CH3COOH for 
1 h on a mechanical shaker. The solution was then centrifuged for 15 min at 3000 g, the cen-
trifugate was filtered and the Lowry protein was determined in the filtrate. The solution was 
diluted with 0.05 mol/dm3 acetic acid to a concentration of 0.02% protein. To 1.3 cm3 of the 
protein solution, 1.3 cm3 of 0.2 mol/dm3 phosphate buffer containing 2 mol/dm3 NaCl (pH 5.6) 
was added to the spectrophotometer cuvette. Then, after 10 min at a wavelength of 350 nm, 
the optical density (turbidity) of the solution was measured. The constant of the final stage of 
aggregation (τ10/C) was calculated as the ratio of turbidity (τ) to protein concentration (C) [32].

Analyses were carried out in 3–5 replicates, the results were represented as arithmetic means. 
To determine the confidence interval of the average arithmetic result, the Student’s test was 
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used at the significance level p = 0.05. The statistical processing of the results was carried out 
with the programs Statistica 6.0 and Mathematica 5.2.

3. Results and discussion

3.1. Dependence of the functional properties of protein products on the chemical 
composition

To study the relationship between the chemical composition and the functional properties 
of protein products from wheat, the mass fraction of the main components was deter-
mined. It was established that all the products, depending on their belonging to one or 
another group, contained different amounts of protein, carbohydrates, fat, ash, and fiber 
(Table 1).

The high correlation between the mass fraction of components and the functional properties 
of protein products from wheat (Table 2) was not found, which is confirmed by the calcula-
tion of the correlation coefficients (r) for variant pairs for different pairs of indices (Table 3).  
Correlation dependence at the mean level is established only for the mass fraction of pro-
tein with FEA, water-binding capacity (WBC), and FC protein products (r = 0.51 − 0.60). 
Correlation coefficients for the mass fraction of the remaining parameters of the chemical 
composition with fat-binding ability (FBA), foam stability (FS), and protein solubility (PS) are 
relatively low.

The correlation relationship between the chemical composition of other vegetable protein 
products (Table 1) and their functional properties (Table 2) was established at a high level  
(r = 0.75 − 0.79) for the mass fraction of protein with FEA and FC and a relatively low for other 
indicators (r = <0.5).

3.1.1. Effect of amino acid composition on the functional properties of protein products

The interrelation of functional properties with the amino acid composition of proteins was 
studied on three gluten samples of different quality (strong, good, and weak), three of its 
fractions (gliadin, soluble, insoluble glutenin), and three protein concentrates from uncon-
ventional grains: amaranth, wheat bran, and rye. The results of determining the amino acid 
composition of gluten and its fractions are given in Table 4, and for other protein products 
in Table 5. Based on the data obtained, the sums of polar (lysine, arginine, aspartic, glutamic 
acid) and nonpolar amino acids (glycine, phenylalanine, alanine, leucine, methionine, isoleu-
cine, valine, and proline), on the ratio of which the surface properties of proteins will depend, 
hence their functional properties: solubility, foaming, the ability to bind and emulsify fat, and 
so on (Tables 4 and 5). Coefficients of pair correlation, reflecting the interrelation between the 
amino acid composition and functional properties, are shown in Table 6. It is shown that for 
gluten of different quality (weak, good, and strong), a high positive correlation between the 
sum of polar amino acids and FBA is detected, high negative with solubility. A high, directly 
proportional relationship was found for FEA and the sum of nonpolar amino acids (r = 0.86).
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For the gliadin fraction, the regularities in the relationship between the sum of polar amino 
acids and FBA and solubility are similar to those of the whole gluten complex, and additional 
regularities were revealed for the sum of nonpolar amino acids: the more they were contained 
in the gliadin, the higher the FC, FS, and FEA gluten (r = 0.70 ± 0, 99). For the sum of nonpo-
lar amino acids in the soluble fraction of glutenin, a high negative correlation with FBA was 
found, a high positive with solubility and FA. The more the amount of polar amino acids in 
the fraction was, the lower the values of the FBA, FEA, and FA but higher solubility.

Protein products Humidity, % Mass fraction, % on dry substance

Protein Fat Carbohydrates Insoluble 
fibers

Ash

Concentrates from wheat:

DWG (Kazakhstan) 4.0 ± 004 75.0 ± 0.9 1.0 ± 
0.04

22.0 ± 0.6 1.0 ± 0.06 1.0 ± 0.12

DWG (The Netherlands) 5.0 ± 0.10 74.0 ± 0.7 1.0 ± 
0.08

23.0 ± 1.0 1.0 ± 0.08 1.0 ± 0.17

Concentrate from wheat bran 5.3 ± 0,05 77.9 ± 2,1 1.3 ± 
0.06

14.7 ± 1.0 2.8 ± 0.08 3.3 ± 0.05

Concentrates from wheat bran fractions, N of sieve, d, mcm:

1,0

> 1000 (descent)

4.1 ± 0.02 72.6 ± 0.21 4.0 ± 
0.04

12.8 ± 0.15 4.5 ± 0.03 6.1 ± 0.02

067

670 (descent)

4.7 ± 0.31 69.4 ± 0.32 3.8 ± 
0.06

17.4 ± 0.04 3.8 ± 0.01 5.6 ± 0.03

38

195 (descent)

5.1 ± 0.22 72.5 ± 0.51 2.2 ± 
0.07

17.3 ± 0.12 3.2 ± 0.06 4.8 ± 0.02

38

<195 (pass)

5.6 ± 0.30 75.7 ± 0.14 1.4 ± 
0.02

19.0 ± 0.08 2.1 ± 0.02 1.8 ± 0.05

Protein products from other types of raw materials:

Soy flour (Belgium) 9.0 ± 0.15 43.0 ± 0.5 14.0 ± 
0.7

34.0 ± 0.50 5.0 ± 1.00 4.0 ± 1.00

Soy concentrate (Russia) 4.0 ± 0.13 61.0 ± 1.2 5.0 ± 1.0 26.0 ± 0.25 4.0 ± 0.09 4.0 ± 0.09

Soy Isolate Supro 760 4.0 ± 0.20 92.0 ± 1.5 0.5 ± 
0.02

1.5 ± 0.80 3.0 ± 0.08 3.0 ± 0.05

Soy isolate Ardex F 4.0 ± 0.40 91.0 ± 1.1 0.5 ± 
0.01

2.0 ± 0.40 3,0 ± 0,05 3.5 ± 0.08

Amaranth concentrate 8.0 ± 0.20 71.6 ± 1.4 1.0 ± 
0.08

20.0 ± 1.1 3.0 ± 0.20 4.4 ± 0.10

Concentrate from rye grains 6.2 ± 0.13 75.5 ± 2.0 1.3 ± 
0.04

17.8 ± 0.09 2.6 ± 0.05 2.8 ± 0.08

Table 1. Chemical composition of protein products from plant material.
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used at the significance level p = 0.05. The statistical processing of the results was carried out 
with the programs Statistica 6.0 and Mathematica 5.2.

3. Results and discussion

3.1. Dependence of the functional properties of protein products on the chemical 
composition

To study the relationship between the chemical composition and the functional properties 
of protein products from wheat, the mass fraction of the main components was deter-
mined. It was established that all the products, depending on their belonging to one or 
another group, contained different amounts of protein, carbohydrates, fat, ash, and fiber 
(Table 1).

The high correlation between the mass fraction of components and the functional properties 
of protein products from wheat (Table 2) was not found, which is confirmed by the calcula-
tion of the correlation coefficients (r) for variant pairs for different pairs of indices (Table 3).  
Correlation dependence at the mean level is established only for the mass fraction of pro-
tein with FEA, water-binding capacity (WBC), and FC protein products (r = 0.51 − 0.60). 
Correlation coefficients for the mass fraction of the remaining parameters of the chemical 
composition with fat-binding ability (FBA), foam stability (FS), and protein solubility (PS) are 
relatively low.

The correlation relationship between the chemical composition of other vegetable protein 
products (Table 1) and their functional properties (Table 2) was established at a high level  
(r = 0.75 − 0.79) for the mass fraction of protein with FEA and FC and a relatively low for other 
indicators (r = <0.5).

3.1.1. Effect of amino acid composition on the functional properties of protein products

The interrelation of functional properties with the amino acid composition of proteins was 
studied on three gluten samples of different quality (strong, good, and weak), three of its 
fractions (gliadin, soluble, insoluble glutenin), and three protein concentrates from uncon-
ventional grains: amaranth, wheat bran, and rye. The results of determining the amino acid 
composition of gluten and its fractions are given in Table 4, and for other protein products 
in Table 5. Based on the data obtained, the sums of polar (lysine, arginine, aspartic, glutamic 
acid) and nonpolar amino acids (glycine, phenylalanine, alanine, leucine, methionine, isoleu-
cine, valine, and proline), on the ratio of which the surface properties of proteins will depend, 
hence their functional properties: solubility, foaming, the ability to bind and emulsify fat, and 
so on (Tables 4 and 5). Coefficients of pair correlation, reflecting the interrelation between the 
amino acid composition and functional properties, are shown in Table 6. It is shown that for 
gluten of different quality (weak, good, and strong), a high positive correlation between the 
sum of polar amino acids and FBA is detected, high negative with solubility. A high, directly 
proportional relationship was found for FEA and the sum of nonpolar amino acids (r = 0.86).
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For the gliadin fraction, the regularities in the relationship between the sum of polar amino 
acids and FBA and solubility are similar to those of the whole gluten complex, and additional 
regularities were revealed for the sum of nonpolar amino acids: the more they were contained 
in the gliadin, the higher the FC, FS, and FEA gluten (r = 0.70 ± 0, 99). For the sum of nonpo-
lar amino acids in the soluble fraction of glutenin, a high negative correlation with FBA was 
found, a high positive with solubility and FA. The more the amount of polar amino acids in 
the fraction was, the lower the values of the FBA, FEA, and FA but higher solubility.

Protein products Humidity, % Mass fraction, % on dry substance

Protein Fat Carbohydrates Insoluble 
fibers

Ash

Concentrates from wheat:

DWG (Kazakhstan) 4.0 ± 004 75.0 ± 0.9 1.0 ± 
0.04

22.0 ± 0.6 1.0 ± 0.06 1.0 ± 0.12

DWG (The Netherlands) 5.0 ± 0.10 74.0 ± 0.7 1.0 ± 
0.08

23.0 ± 1.0 1.0 ± 0.08 1.0 ± 0.17

Concentrate from wheat bran 5.3 ± 0,05 77.9 ± 2,1 1.3 ± 
0.06

14.7 ± 1.0 2.8 ± 0.08 3.3 ± 0.05

Concentrates from wheat bran fractions, N of sieve, d, mcm:

1,0

> 1000 (descent)

4.1 ± 0.02 72.6 ± 0.21 4.0 ± 
0.04

12.8 ± 0.15 4.5 ± 0.03 6.1 ± 0.02

067

670 (descent)

4.7 ± 0.31 69.4 ± 0.32 3.8 ± 
0.06

17.4 ± 0.04 3.8 ± 0.01 5.6 ± 0.03

38

195 (descent)

5.1 ± 0.22 72.5 ± 0.51 2.2 ± 
0.07

17.3 ± 0.12 3.2 ± 0.06 4.8 ± 0.02

38

<195 (pass)

5.6 ± 0.30 75.7 ± 0.14 1.4 ± 
0.02

19.0 ± 0.08 2.1 ± 0.02 1.8 ± 0.05

Protein products from other types of raw materials:

Soy flour (Belgium) 9.0 ± 0.15 43.0 ± 0.5 14.0 ± 
0.7

34.0 ± 0.50 5.0 ± 1.00 4.0 ± 1.00

Soy concentrate (Russia) 4.0 ± 0.13 61.0 ± 1.2 5.0 ± 1.0 26.0 ± 0.25 4.0 ± 0.09 4.0 ± 0.09

Soy Isolate Supro 760 4.0 ± 0.20 92.0 ± 1.5 0.5 ± 
0.02

1.5 ± 0.80 3.0 ± 0.08 3.0 ± 0.05

Soy isolate Ardex F 4.0 ± 0.40 91.0 ± 1.1 0.5 ± 
0.01

2.0 ± 0.40 3,0 ± 0,05 3.5 ± 0.08

Amaranth concentrate 8.0 ± 0.20 71.6 ± 1.4 1.0 ± 
0.08

20.0 ± 1.1 3.0 ± 0.20 4.4 ± 0.10

Concentrate from rye grains 6.2 ± 0.13 75.5 ± 2.0 1.3 ± 
0.04

17.8 ± 0.09 2.6 ± 0.05 2.8 ± 0.08

Table 1. Chemical composition of protein products from plant material.
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It was found that the functional properties of gluten are also interrelated with the characteris-
tics of the amino acid composition of insoluble glutenin: the more nonpolar amino acids were 
FEA. The number of polar amino acids is also directly proportional to the FC values but is 
inversely proportional to WBC and FBA.

Protein products PS, % * WBC, g/g FBA, g/g FEA, % SE, % FC, % FS, %

Concentrates from wheat:

DWG (Kazakhstan) 1.2 ± 0.50 2.39 ± 1.00 2.32 ± 
0.25

64 ± 1.6 92 ± 
2.5

220 ± 
2.8

65 ± 2.0

DWG (The Netherlands) 1.1 ± 0.15 2.27 ± 0.90 1.24 ± 
0.50

50 ± 2.0 70 ± 
1.6

182 ± 
1.9

59 ± 2.0

Concentrate from wheat bran 16.0 ± 0.9 2.90 ± 0.08 4.20 ± 0.5 56 ± 1.3 80 ± 
1.2

85 ± 1.3 70 ± 2.0

Concentrates from wheat bran fractions, N of sieve, d, mcm:

1.0

> 1000 (descent)

13.7 ± 0.6 1.1 ± 0.10 2.4 ± 0.09 95 ± 1.2 90 ± 
2.2

132 ± 
3.2

75 ± 1.8

067

670 (descent)

21.5 ± 1.1 1.0 ± 0.09 2.4 ± 0.07 89 ± 1.1 85 ± 
1.3

130 ± 
2.2

74 ± 2.1

38

195 (descent)

26.9 ± 1.6 0.7 ± 0.05 2.8 ± 0.04 72 ± 1.5 79 ± 
1.4

129 ± 
1.2

65 ± 1.2

38

<195 (pass)

9.8 ± 0.6 0.5 ± 0.06 4.9 ± 0.07 61 ± 2.0 66 ± 
2.7

107 ± 
1.2

63 ± 1.7

Protein products from other types of raw material:

Soy flour (Belgium) 45.1 ± 2.0 1.60 ± 0.80 1.20 ± 
0.08

49 ± 1.2 47 ± 
1.0

80 ± 2.1 60 ± 1.7

Soy concentrate (Russia) 75.3 ± 1.3 7.40 ± 0.35 2.20 ± 
0.50

61 ± 0.9 48 ± 
0.2

50 ± 2.0 68 ± 1.5

Soy Isolate Supro 760 72.6 ± 1.5 7.90 ± 1.00 1.80 ± 
0.05

55 ± 0.5 55 ± 
1.2

110 ± 
2.5

57 ± 1.2

Soy isolate Ardex F 78.5 ± 2.0 6.00 ± 1.50 1.20 ± 
0.08

48 ± 0.9 45 ± 
1.0

95 ± 2.0 55 ± 1.2

Amaranth concentrate 46.0 ± 1.0 2.60 ± 0.05 2.60 ± 
0.80

57 ± 1.20 54 ± 
1.0

200 ± 
2.0

65 ± 1.5

Concentrate from rye grains 18.2 ± 1.0 1.80 ± 0.50 2.20 ± 
0.90

87 ± 1.5 88 ± 
1.1

100 ± 
1.5

40 ± 1.6

*PS—protein solubility; WBC—water-binding capacity; FBA—fat-binding ability; FEA—fat-emulsifying ability; SE—
stability of the emulsion; FC—foaming capacity; FS—foam stability.

Table 2. Functional properties of protein products.
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The results of the dependence of the functional properties of the whole complex of dry wheat 
gluten on the characteristics of the amino acid composition of its proteins were confirmed by 
data obtained for protein concentrates from amaranth, rye, and wheat bran. It is also shown 
that the values of Foaming Capacity and Foam Stability are directly proportional to the con-
tent of the polar (r = 0.93) and nonpolar (r = 0.68 and 0.85) amino acids, and the values of FEA 
are inversely proportional to the sum of nonpolar amino acids (r = −0.79).

3.1.2. Effect of the fractional composition of proteins on the functional properties of protein 
products

The effect of the fractional composition of proteins on the functional properties of protein 
products was studied using protein products from wheat bran and their granulometric frac-
tions as an example. Protein products obtained from bran fractions with different particle 
sizes differed both in their functional properties (Table 7) and in the fractional composition 
of their proteins (Figure 1). The highest amount of albumins and globulins (44%) had protein 
products obtained from the bran fraction with a particle size of 195–670 μm, the lowest (32%) 
protein products from the fraction with a particle size <195 μm.

The highest amount of gluten proteins (gliadin, glutenin) was observed for products isolated 
from the fraction with a size of <195 μm, the smallest for products from the cut fraction with 
a particle size> 1000 μm. A large amount of insoluble glutenin (37%) differed products from a 
large bran fraction (> 1000 μm), a smaller (12%) from a granulometric fraction with a particle 
size <195 μm. Mathematical processing of the data showed that protein solubility was directly 
proportional to the sum of albumins and globulins (r = 0.90), FBA—from the amount of both 
gluten fractions and their sums (r = 0.78–0.90) and the FEA–of the amount of high molecu-
lar weight (MM) glutenin and insoluble proteins (r = 0.73–0.78) (Figure 1). A high inverse  
relationship was found for the solubility of wheat bran concentrate proteins on the amount of 
gliadin and the average negative correlation (r = −0.51–0.69) for WBA on the amount of gliadin 
and sum insoluble proteins.

Functional properties Fraction of total mass, % by dry matter

Protein Carbohydrates Fat Insoluble fibers

PS, % 0.44 0.15 0.30 −0.11

WBC, g/g 0.55 0.22 0.13 0.27

FBA, g/g −0.22 0.41 0.14 0.42

FEA, % 0.60 0.20 0.36 0.32

FC, % 0.51 0.25 0.40 0.18

FS, % 0.23 0.37 0.24 0.28

Table 3. Correlation coefficients (r) between functional properties and chemical composition of protein products.
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It was found that the functional properties of gluten are also interrelated with the characteris-
tics of the amino acid composition of insoluble glutenin: the more nonpolar amino acids were 
FEA. The number of polar amino acids is also directly proportional to the FC values but is 
inversely proportional to WBC and FBA.

Protein products PS, % * WBC, g/g FBA, g/g FEA, % SE, % FC, % FS, %

Concentrates from wheat:

DWG (Kazakhstan) 1.2 ± 0.50 2.39 ± 1.00 2.32 ± 
0.25

64 ± 1.6 92 ± 
2.5

220 ± 
2.8

65 ± 2.0

DWG (The Netherlands) 1.1 ± 0.15 2.27 ± 0.90 1.24 ± 
0.50

50 ± 2.0 70 ± 
1.6

182 ± 
1.9

59 ± 2.0

Concentrate from wheat bran 16.0 ± 0.9 2.90 ± 0.08 4.20 ± 0.5 56 ± 1.3 80 ± 
1.2

85 ± 1.3 70 ± 2.0

Concentrates from wheat bran fractions, N of sieve, d, mcm:

1.0

> 1000 (descent)

13.7 ± 0.6 1.1 ± 0.10 2.4 ± 0.09 95 ± 1.2 90 ± 
2.2

132 ± 
3.2

75 ± 1.8

067

670 (descent)

21.5 ± 1.1 1.0 ± 0.09 2.4 ± 0.07 89 ± 1.1 85 ± 
1.3

130 ± 
2.2

74 ± 2.1

38

195 (descent)

26.9 ± 1.6 0.7 ± 0.05 2.8 ± 0.04 72 ± 1.5 79 ± 
1.4

129 ± 
1.2

65 ± 1.2

38

<195 (pass)

9.8 ± 0.6 0.5 ± 0.06 4.9 ± 0.07 61 ± 2.0 66 ± 
2.7

107 ± 
1.2

63 ± 1.7

Protein products from other types of raw material:

Soy flour (Belgium) 45.1 ± 2.0 1.60 ± 0.80 1.20 ± 
0.08

49 ± 1.2 47 ± 
1.0

80 ± 2.1 60 ± 1.7

Soy concentrate (Russia) 75.3 ± 1.3 7.40 ± 0.35 2.20 ± 
0.50

61 ± 0.9 48 ± 
0.2

50 ± 2.0 68 ± 1.5

Soy Isolate Supro 760 72.6 ± 1.5 7.90 ± 1.00 1.80 ± 
0.05

55 ± 0.5 55 ± 
1.2

110 ± 
2.5

57 ± 1.2
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48 ± 0.9 45 ± 
1.0
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57 ± 1.20 54 ± 
1.0

200 ± 
2.0

65 ± 1.5

Concentrate from rye grains 18.2 ± 1.0 1.80 ± 0.50 2.20 ± 
0.90

87 ± 1.5 88 ± 
1.1

100 ± 
1.5

40 ± 1.6

*PS—protein solubility; WBC—water-binding capacity; FBA—fat-binding ability; FEA—fat-emulsifying ability; SE—
stability of the emulsion; FC—foaming capacity; FS—foam stability.

Table 2. Functional properties of protein products.
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The results of the dependence of the functional properties of the whole complex of dry wheat 
gluten on the characteristics of the amino acid composition of its proteins were confirmed by 
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products was studied using protein products from wheat bran and their granulometric frac-
tions as an example. Protein products obtained from bran fractions with different particle 
sizes differed both in their functional properties (Table 7) and in the fractional composition 
of their proteins (Figure 1). The highest amount of albumins and globulins (44%) had protein 
products obtained from the bran fraction with a particle size of 195–670 μm, the lowest (32%) 
protein products from the fraction with a particle size <195 μm.

The highest amount of gluten proteins (gliadin, glutenin) was observed for products isolated 
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gliadin and the average negative correlation (r = −0.51–0.69) for WBA on the amount of gliadin 
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3.1.3. Effect of the number of thiol exchange groups and the coefficient of the final stage of 
protein aggregation on the functional properties of protein products

It is known that the covalent (disulfide) and non-covalent (hydrogen, ionic) bonds and 
hydrophobic interactions play an important role in the structure of vegetable proteins. To 
identify the participation of these types of interactions in the formation of the functional 
properties of products from wheat bran, the content of sulfhydryl groups, disulfide bonds, 
and the aggregating capacity of proteins were determined (Figure 2). It was taken into 
account that the aggregation of proteins in the presence of sodium chloride molecules is car-
ried out with the participation of hydrophobic interactions. It is established that the values 

Amino acid Strong DWG Good DWG Weak DWG

1 2 3 4 1 2 3 4 1 2 3 4

Lysine 2.24 0.70 1.17 2.63 1.57 0.60 1.27 1.74 1.51 0.79 1.21 1.20

Histidine 2.27 1.81 1.47 2.24 1.99 1.70 1.60 1.76 2.04 1.49 1.20 1.67

Arginine 3.62 2.87 2.85 3.96 3.76 2.55 3.62 4.24 3.43 2.51 3.10 3.44

Aspardic acid 3.75 2.84 2.69 4.09 3.17 3.12 2.62 3.89 3.32 2.95 1.99 4.44

Threonine 2.37 2.20 2.73 5.13 5.16 2.24 2.58 3.95 2.55 2.49 2.96 4.40

Serine 4.87 4.12 3.33 4.25 3.05 4.64 4.61 5.23 4.93 3.97 6.08 8.12

Gluetamic acid 40.16 50.86 49.56 33.15 43.59 50.53 44.36 31.88 43.66 50.96 42.06 30.47

Proline 18.19 18.09 17.40 12.08 17.16 20.95 15.44 10.73 19.12 18.73 14.62 8.47

Glycine 3.96 1.89 3.43 5.32 3.66 1.69 3.51 4.37 4.16 1.63 3.55 5.90

Alanine 3.34 2.50 2.53 2.71 3.34 2.27 2.05 2.90 2.89 2.25 1.97 3.19

Valine 4.58 5.15 4.53 3.96 5.08 5.11 3.69 4.56 4.52 4.74 3.58 3.79

Methionine 2.13 1.64 1.78 1.79 1.73 1.48 1.21 1.33 1.91 0.95 1.21 1.59

Cysteine (1/2) 5.43 5.10 5.74 5.10 3.25 2.72 3.91 2.81 1.91 2.84 4.23 2.60

Isoleucine 4.80 5.10 3.65 2.95 4.49 4.84 3.42 3.33 4.42 4.42 3.32 3.26

Leucine 7.84 8.44 7.34 6.82 8.08 7.83 6.34 7.33 7.99 7.15 5.92 6.37

Tyrosine 3.88 3.01 3.53 3.90 3.65 2.87 3.55 3.45 3.48 2.88 3.48 4.62

Fenylalanine 6.76 6.61 5.97 4.06 7.48 7.07 5.25 5.49 7.05 6.68 5.20 2.83

The sum of 
polar amino 
acids

49.77 57.27 56.27 43.83 52.09 56.80 50.60 41.75 51.92 57.21 44.05 39.55

The sum of 
nonpolar amino 
acids

52.20 49.42 46.63 39.69 51.02 51.27 40.91 40.04 52.06 46.55 39.93 35.4

Note: 1–gluten; 2–gliadin; 3–soluble glutenin; 4–insoluble glutenin.

Table 4. Amino acid composition of wheat gluten of different quality and its fractions, g/100 g of protein.
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of FC and FEA protein concentrate are interrelated with the content of -SH-groups and 
-S-S-bonds: the smaller the -S-S bonds and more -SH-groups, the FC and FEA are higher, 
r = 0.896 and 0.732, respectively.

For FBA, the inverse relationship was observed, the more -S-S bonds in proteins, the indica-
tor, on the contrary, was higher (r = 0.755). For solubility and WBC, there was no significant 
correlation with the indices of thiol metabolism.

FEA and SE of protein products from wheat bran were positively correlated with the coef-
ficient of the final stage of aggregation of τ10/C proteins, as well as with the number of 
-SH-groups. Therefore, one can indirectly conclude that the stronger the property of the  
surface hydrophobicity of proteins, the ability to emulsify fat and the stability of the emul-
sion in foods is higher. These results are consistent with the number of non-polar amino 
acids in gluten and wheat gliad, which included amino acids with hydrophobic radicals 
(Table 6).

Amino acid Protein concentrate from:

Amaranth Wheat bran Rye grains

Lysine 5.43 ± 0.50 6.90 ± 0.40 2.55 ± 0.30

Histidine 3.11 ± 0.25 4.86 ± 0.15 1.58 ± 0.09

Arginine 10.57 ± 1.0 6.21 ± 0.60 3.11 ± 0.10

Aspardic acid 9.51 ± 1.0 8.56 ± 0.50 5.43 ± 1.00

Threonine 3.85 ± 0.25 4.62 ± 0.80 2.37 ± 0.55

Serine 5.40 ± 0.50 6.09 ± 0.80 2.49 ± 0.30

Gluetamic acid 17.88 ± 0.90 14.40 ± 1.1 23.78 ± 1.20

Proline 4.64 ± 0.15 3.77 ± 0.55 9.62 ± 1.00

Glycine 5.57 ± 0.50 6.99 ± 0.90 3.51 ± 0.60

Alanine 4.36 ± 0.20 5.92 ± 0.70 4.07 ± 1.10

Valine 5.17 ± 0.20 5.11 ± 0.50 1.47 ± 0.20

Methionine 4.02 ± 0.3 2.84 ± 0.15 2.13 ± 0.25

Cysteine (1/2) 1.25 ± 0.15 5.10 ± 06 5.43 ± 0.32

Isoleucine 4.63 ± 0.9 3.34 ± 0.62 1.82 ± 0.15

Leucine 7.57 ± 1.05 9.35 ± 1.1 5.60 ± 0.35

Tyrosine 4.61 ± 0.10 5.19 ± 1.0 2.32 ± 0.10

Fenylalanine 10.57 ± 1.5 5.83 ± 1.0 3.96 ± 0.06

The sum of polar amino acids 43.39 ± 1.8 36.07 ± 0.89 34.87 ± 1.12

The sum of nonpolar amino acids 46.53 ± 1.3 43.15 ± 0.67 32.18 ± 1.11

Table 5. Amino acid composition of protein concentrates, g/100 g of protein.
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identify the participation of these types of interactions in the formation of the functional 
properties of products from wheat bran, the content of sulfhydryl groups, disulfide bonds, 
and the aggregating capacity of proteins were determined (Figure 2). It was taken into 
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of FC and FEA protein concentrate are interrelated with the content of -SH-groups and 
-S-S-bonds: the smaller the -S-S bonds and more -SH-groups, the FC and FEA are higher, 
r = 0.896 and 0.732, respectively.

For FBA, the inverse relationship was observed, the more -S-S bonds in proteins, the indica-
tor, on the contrary, was higher (r = 0.755). For solubility and WBC, there was no significant 
correlation with the indices of thiol metabolism.

FEA and SE of protein products from wheat bran were positively correlated with the coef-
ficient of the final stage of aggregation of τ10/C proteins, as well as with the number of 
-SH-groups. Therefore, one can indirectly conclude that the stronger the property of the  
surface hydrophobicity of proteins, the ability to emulsify fat and the stability of the emul-
sion in foods is higher. These results are consistent with the number of non-polar amino 
acids in gluten and wheat gliad, which included amino acids with hydrophobic radicals 
(Table 6).

Amino acid Protein concentrate from:

Amaranth Wheat bran Rye grains

Lysine 5.43 ± 0.50 6.90 ± 0.40 2.55 ± 0.30

Histidine 3.11 ± 0.25 4.86 ± 0.15 1.58 ± 0.09

Arginine 10.57 ± 1.0 6.21 ± 0.60 3.11 ± 0.10

Aspardic acid 9.51 ± 1.0 8.56 ± 0.50 5.43 ± 1.00

Threonine 3.85 ± 0.25 4.62 ± 0.80 2.37 ± 0.55

Serine 5.40 ± 0.50 6.09 ± 0.80 2.49 ± 0.30

Gluetamic acid 17.88 ± 0.90 14.40 ± 1.1 23.78 ± 1.20

Proline 4.64 ± 0.15 3.77 ± 0.55 9.62 ± 1.00

Glycine 5.57 ± 0.50 6.99 ± 0.90 3.51 ± 0.60

Alanine 4.36 ± 0.20 5.92 ± 0.70 4.07 ± 1.10

Valine 5.17 ± 0.20 5.11 ± 0.50 1.47 ± 0.20

Methionine 4.02 ± 0.3 2.84 ± 0.15 2.13 ± 0.25

Cysteine (1/2) 1.25 ± 0.15 5.10 ± 06 5.43 ± 0.32

Isoleucine 4.63 ± 0.9 3.34 ± 0.62 1.82 ± 0.15

Leucine 7.57 ± 1.05 9.35 ± 1.1 5.60 ± 0.35

Tyrosine 4.61 ± 0.10 5.19 ± 1.0 2.32 ± 0.10

Fenylalanine 10.57 ± 1.5 5.83 ± 1.0 3.96 ± 0.06

The sum of polar amino acids 43.39 ± 1.8 36.07 ± 0.89 34.87 ± 1.12

The sum of nonpolar amino acids 46.53 ± 1.3 43.15 ± 0.67 32.18 ± 1.11

Table 5. Amino acid composition of protein concentrates, g/100 g of protein.
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The functional properties of DWG depend on the molecular weight (MM) of the individual 
electrophoretic components obtained in PAGE. Using the example of native and modified 
DWG  obtained by the limited proteolysis method, we showed that single-chain polypeptides 
with low (<40 kDa) and medium (40-60 kDa) MM were included in the composition of DWG 

Raw material PS, % FEA, % SE, % FBA, g/g FC, %

Total insoluble fibers 16.0 ± 0.3 89 87 3.6 119

> 1000 13.7 ± 0.2 95 90 2.4 132

670–1000 21.5 ± 0.3 89 85 2.4 130

195–670 26.9 ± 0.5 72 79 2.8 129

< 195 9.30 ± 0.1 61 66 4.9 107

Table 7. Functional properties of protein preparations.

The sum of amino acids Functional properties

PS, % WBC, g/g FBA, g/g FEA, % FC, % FS, %

Wheat gluten and its fractions:

Wheat gluten

Polar −0. 96 0.54 0.95 −0.78 −0.66 0.22

Nonpolar 0.98 −0.36 −0.76 0.86 −0.11 −0.36

Gliadin

Polar −0.97 −−0.20 0.78 −0. 84 0.21 0.21

Nonpolar −0.21 −0.42 −0.30 0.70 0.79 0.99

Soluble glutenin

Polar 0.62 −0.67 −0.85 −0.62 −0.67 0.54

Nonpolar 0.88 0.62 −0.92 −0.39 0.80 0.14

Insoluble glutenin

Polar 0.24 −0.98 −0.86 −0.61 0.97 −0.49

Nonpolar 0.10 0.57 −0.52 −0.74 0.95 0.90

Protein concentrates from wheat bran

Polar 0.15 0.54 −0.17 −0.37 0.93 0.44

Nonpolar 0.06 0.65 0.10 −0.79 0.68 0.85

Table 6. Coefficients of correlation between functional properties protein products and the sum of amino acids.
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with increased FC and solubility [30]. In multi-stranded polypeptides, DWG, there were more 
single-chain peptides with low MW (12–16 kDa) and fewer with medium (27–39 kDa) and 
high (69–108 kDa) MM.

Figure 1. Coefficients of pair correlation between functional properties products and fractional composition of proteins.

Figure 2. Coefficients of pair correlation between the content of thiol metabolism, protein aggregation coefficient, and 
functional properties of products.
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with increased FC and solubility [30]. In multi-stranded polypeptides, DWG, there were more 
single-chain peptides with low MW (12–16 kDa) and fewer with medium (27–39 kDa) and 
high (69–108 kDa) MM.

Figure 1. Coefficients of pair correlation between functional properties products and fractional composition of proteins.

Figure 2. Coefficients of pair correlation between the content of thiol metabolism, protein aggregation coefficient, and 
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The revealed regularities of interrelation of functional properties with the component compo-
sition were intended for the use of DWG in the production of confectionery products.

4. Conclusion

The results of studies of the chemical composition, physicochemical characteristics of pro-
teins, and functional properties of dry wheat gluten, its components, protein concentrates 
from wheat bran, and their granulometric fractions have shown that it is advisable to 
regulate the quality indices of protein products with the aim of improving them and tak-
ing into account the revealed regularities. A high correlation positive dependence was 
established for the solubility of wheat gluten proteins, protein concentrates from wheat 
bran and their fractions with the amount of albumins and globulins, the sum of nonpolar 
amino acids (gluten, gliadin, soluble glutenin), and a negative correlation with gliadin 
gluten. With the indices of thiol metabolism, the relationship between solubility and WBA 
is not revealed.

For WBC of protein products, the reverse dependence on the sum of the polar amino acids of 
both fractions of glutenin is typical; for FBA, it is a direct relationship with the sum of gluten 
proteins and polar amino acids in gliadin and whole gluten and the inverse relationship was 
observed for the sum of nonpolar amino acids in the alcohol-soluble fraction. The lower the 
protein aggregation coefficient, hence, the less degree of hydrophobic interactions, less than 
-SH-groups, but more -S-S-bonds in proteins, the higher the FBA.

FEA positively correlated with the amount of glutenin and insoluble residue in proteins from 
wheat bran and the sum of nonpolar amino acids in gluten, gliadin. A negative relationship is 
established for the sum of polar amino acids, as whole gluten, and all its fractions. The higher 
the degree of hydrophobic interactions in protein products and the less disulfide bonds in 
them, the ability to emulsify fat and stabilize the emulsion is higher.

The average correlation dependence was revealed for FC and the mass fraction of protein for 
all types of protein products studied. The FC of gluten proteins positively correlated with the 
sum of nonpolar amino acids of gliadin, soluble, insoluble glutenin, and polar amino acids 
of insoluble glutenin. The sum of two kinds of amino acids also positively influenced the FC 
of other protein products. The higher the mass fraction of albumins, globulins, and gliadin in 
gluten, the more FC products are. As for FEA protein products from wheat bran, it was found 
that the higher the content of SH groups and the lower the number of S-S bonds in protein 
products, the more FC protein products are higher.

Consequently, the main functional properties of the protein products studied from wheat are 
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Abstract

This chapter covers relative topics on wheat straw applied as fibrous raw materials for 
pulping and papermaking industry, i.e., chemical components and anatomy of wheat 
straw, pulping process and pulping properties, paper and paperboard products from 
wheat straw pulps, as well as environmental protection issues. Wheat straw is a kind of 
annual vascular-bundled herbal arthrophyte containing cellulose fibers that are accept-
able for pulping and papermaking. The chemical components and anatomy of wheat 
straw were discussed; practically, soda or soda-AQ chemical pulping processes are com-
mon techniques often applied for chemical pulping from wheat straw, conventional and 
advanced bleaching sequences were introduced, and especially ECF and TCF bleaching 
techniques have been successfully applied in China’s paper mills. Cooking and black 
liquor extraction equipment and facilities are explained; chemi-mechanical pulping 
properties of wheat straw, corrugated medium, and linerboard products from wheat 
straw CMP pulps are evaluated; and chemical recovery from chemical cooking black 
liquor and effluent treatment processes are discussed. In this chapter, not only labora-
tory research results but also some commercial operation experiences are shared. These 
information and knowledge described in this chapter will help readers to have a good 
understanding about wheat straw pulping and papermaking; they are useful for pulping 
and papermaking engineer as reference for design and operation management of wheat 
straw pulping lines.
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1. Preface

Wheat cultivation area is the world’s largest agricultural lands, wheat being the most prolific and 
most widely distributed food crops. At present, the global sum of wheat plant area is of more 
than 2.2 million ha, with the annual wheat grain output of 730 million tons, accounting for one-
third of the world’s total food production [1]. Wheat straw is a good fiber material, produced 
annually in huge quantities worldwide in a much shorter growing cycle than wood. The utiliza-
tion of no-woody fiber materials to produce cellulosic pulps is the most economically justified 
solution fitting with the EU’s environmental directives, which aim to reduce the consumption 
of wood fiber in paper and board products and replace it with other plant biomasses [2]. From 
the production point of view, the world’s largest wheat production country is China, followed 
by India, the United States, and Russia, and these four countries produce 45% of the total world 
wheat production. Therefore, there are more than 650 million tons of wheat straws available 
annually [3, 4]. How to utilize these lignocellulosic biomass resources efficiently has been becom-
ing a very urgent issue worldwide [3]. Practically, some countries start to produce electricity by 
using biomass fuel boilers, and some parts of the world feed straws back to agricultural land by 
cutting, but most of those resources have not been properly utilized. There are some countries 
making paper and paperboard products from wheat straw, such as China, Spain, and so on.

The term “pulping,” in technical processes or methods for production of fibers from cellulosic 
raw materials, might be classified mainly as chemical pulping, chemi-mechanical pulping, 
and mechanical pulping processes. The principle of pulping is to separate cellular fibers from 
plant tissues by chemical cooking to remove lignin or mechanical separation combined with 
chemical softening, etc.

2. Fiber anatomic structure, chemical composition and pulping 
properties of wheat straw

Wheat is a kind of annual vascular-bundled herbal arthrophyte (Figures 1 and 2) [5], 
containing spike head, straw stalk (nodes and internodes), and root parts. Countering 
its mass percentage of each part, there are proximate ranges of internodes (68% w/w), 
leaves-sheaths (20% w/w), leaves-blades (6% w/w), nodes and fines (4% w/w), and grain 
and debris (2% w/w). Practically, only internode parts are acceptable for pulping [6]. The 
physical and optical properties of the stubble pulp were better than those of whole wheat 
straw pulp [7]. Therefore, at a commercial pulping process line, about 25–30% w/w loss of 
biomass, unsuitable parts for pulping, should be separated during wheat straw chip prepa-
ration (Figure 3), for purposes of chemical saving and pulp quality improvement as well as 
silica content decrements of black liquor from cooking [6, 8].

Papermaking is the process to form a fiber mat by a mesh net from fiber suspension stock 
through draining water. Fibers are the key element of pulp furnishes for papermaking. With 
contrast to wood fibers, wheat straw fibers are characterized as shorter in average fiber 
length and narrow in width, and there are more non-fiber cell contents. After proper  pulping, 
 cleaning, and screening, pulps from wheat straw can be used for manufacturing various paper 
product grades, such as linerboard, corrugated medium, writing and printing papers, etc.  

Global Wheat Production224

Figure 1. Baled wheat straw.

Figure 2. Cross section of wheat straw [5]. (1) Outer epidermal cells, (2) fibrous tissue band, (3) vessel, (4) bundle sheath, 
(5) vascular bundle, (6) xylem, (7) phloem, (8) parenchyma cell, (9) internal epidermal membrane.

Figure 3. Two types of pretreatment processes for wheat straw chip preparation [6, 8].

Wheat Straw Pulping for Paper and Paperboard Production
http://dx.doi.org/10.5772/intechopen.77274

225



1. Preface

Wheat cultivation area is the world’s largest agricultural lands, wheat being the most prolific and 
most widely distributed food crops. At present, the global sum of wheat plant area is of more 
than 2.2 million ha, with the annual wheat grain output of 730 million tons, accounting for one-
third of the world’s total food production [1]. Wheat straw is a good fiber material, produced 
annually in huge quantities worldwide in a much shorter growing cycle than wood. The utiliza-
tion of no-woody fiber materials to produce cellulosic pulps is the most economically justified 
solution fitting with the EU’s environmental directives, which aim to reduce the consumption 
of wood fiber in paper and board products and replace it with other plant biomasses [2]. From 
the production point of view, the world’s largest wheat production country is China, followed 
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wheat production. Therefore, there are more than 650 million tons of wheat straws available 
annually [3, 4]. How to utilize these lignocellulosic biomass resources efficiently has been becom-
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cutting, but most of those resources have not been properly utilized. There are some countries 
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and mechanical pulping processes. The principle of pulping is to separate cellular fibers from 
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2. Fiber anatomic structure, chemical composition and pulping 
properties of wheat straw

Wheat is a kind of annual vascular-bundled herbal arthrophyte (Figures 1 and 2) [5], 
containing spike head, straw stalk (nodes and internodes), and root parts. Countering 
its mass percentage of each part, there are proximate ranges of internodes (68% w/w), 
leaves-sheaths (20% w/w), leaves-blades (6% w/w), nodes and fines (4% w/w), and grain 
and debris (2% w/w). Practically, only internode parts are acceptable for pulping [6]. The 
physical and optical properties of the stubble pulp were better than those of whole wheat 
straw pulp [7]. Therefore, at a commercial pulping process line, about 25–30% w/w loss of 
biomass, unsuitable parts for pulping, should be separated during wheat straw chip prepa-
ration (Figure 3), for purposes of chemical saving and pulp quality improvement as well as 
silica content decrements of black liquor from cooking [6, 8].

Papermaking is the process to form a fiber mat by a mesh net from fiber suspension stock 
through draining water. Fibers are the key element of pulp furnishes for papermaking. With 
contrast to wood fibers, wheat straw fibers are characterized as shorter in average fiber 
length and narrow in width, and there are more non-fiber cell contents. After proper  pulping, 
 cleaning, and screening, pulps from wheat straw can be used for manufacturing various paper 
product grades, such as linerboard, corrugated medium, writing and printing papers, etc.  
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Figure 1. Baled wheat straw.

Figure 2. Cross section of wheat straw [5]. (1) Outer epidermal cells, (2) fibrous tissue band, (3) vessel, (4) bundle sheath, 
(5) vascular bundle, (6) xylem, (7) phloem, (8) parenchyma cell, (9) internal epidermal membrane.

Figure 3. Two types of pretreatment processes for wheat straw chip preparation [6, 8].
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In some case, it also can be used in cigarette paper furnish with less than 30% proportion to 
adjust paper’s air permeability. Fiber morphology data of wheat straw are listed in Table 1.

With contrast to wood materials, there are less lignin and more hemicellulose contents in 
wheat straw [9] and extremely high content of extractives by 1% caustic soda solution, but its 
biological organizations are bulky and loosened, which is helpful for pulping process. In fact, 
there were a series of pulping processes, successfully employed by wheat straw pulping prac-
tices, such as soda pulping (soda), kraft pulping (KP), and neutral or alkaline sulfite pulping 
(NS or AS) for production of brown pulps and bleached pulps. Chemical compositions of one 
kind of wheat straw from Hebei province, China, are illustrated in Table 2 [10].

Zhan et al. [11] analyzed chemical components of differential parts from wheat straw, and 
results show significant differences on chemical compositions from each part, listed in Table 3.  
Internodes of wheat straw contain higher hemicellulose which is the key element of pulps.

Sample Ash Extractives Pentosanes Lignin Nitrate-EtOH 
cellulose

Cold 
water

Hot 
water

Benzene-
EtOH

1%NaOH

Wheat straw 
(Hebei)

10.65 5.36 23.15 — 44.56 25.56 22.34 40.40

Table 2. Chemical composition of wheat straw (%, wt/wt) [10].

Species Fiber length 
(mm)

Width (um) Rate 
of 
L/W

Wall 
thickness 
(um)

Lumen 
diameter 
(um)

2 W/D Non-fiber 
cell content 
(%)

Avg. Range Avg. Range

Wheat straw 1.32 1.03–1.60 12.9 9.3–15.7 102 5.2 2.5 4.16 37.9

Birch (Betula alba) 1.21 1.01–1.47 18.7 14.7–
22.0

65 — — — 26.7-

Pinus massoniana 3.61 2.33–5.06 50.0 36.3–
65.7

72 3.8E)

8.7(L)

33.1 (E)

16.6 (L)

0.23 (E)

1.05 (L)

1.5

Table 1. Fiber morphology datum of wheat straw and wood [10].

Internodes Nodes Leaves

Klason lignin (%) 19.66 19.98 14.18

Holocellulose (%) 70.27 67.97 60.95

Ash (%) 6.27 8.69 12.06

Table 3. Chemical compositions of wheat straw parts (% wt/wt) [30].
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3. Chemical pulping and pulp bleaching

Soda and soda-anthraquinone (AQ) cooking, as sulfur-free processes, are more suitable in 
producing pulp fibers from some no-woody raw materials [12]. Most common operated 
chemical pulping processes are soda or soda-AQ cooking, using caustic soda or caustic soda-
AQ solution as cooking liquor to dissolve and remove lignin from wheat straw. It was proven 
that AQ can improve selectivity of delignification by caustic soda to prevent carbohydrates 
from hydrolysis [12, 13].

Since chemical pulping process was employed for wheat straw pulping, some disadvantages 
occurred during commercial practices, i.e., higher steam consumption, shortage of heat recov-
ery, changeable in pulp qualities, lower pulp yield, poor pulp drainability, high viscosity of 
black liquor, and so on, which caused some challenges as high production cost, limited appli-
cation of pulps, difficulties on chemical recovery, etc. Some advanced techniques have been 
improved and invented in the past decades [14], summarized as follows: (1) the wheat straw 
chip preparation processes combined with dry method and wet method were developed to 
remove nonfibrous components selectively and efficiently; (2) rapid cooking process at lower 
temperature combined with mechanical fiber dissociation to enhance uniform cooking effects 
and improve pulp qualities; and (3) elemental chlorine-free and total chlorine-free bleaching 
processes invented to eliminate generation of AOX and other bio-toxicities from pulp bleach-
ing operations.

The first installation of continuous cooking system with an annual capacity of 100,000 metric 
tons of wheat straw pulps was operated at Quanlin Paper Group, Shandong, China. This suc-
cessful practice scales up an individual pulp production line capacity from non-wood materi-
als in the world and improves significantly technical specifications of wheat straw pulping. 
The detailed technical specifications are shown in Table 4 [8].

A new type of pulp washer series, i.e., serialized ZXV-type pulp washers, has been innovated 
by Wenrui Machinery Co. Ltd., Shandong, China. The new pulp washers, with the maxi-
mum filtration area of each drum being up to 120 m2, and with a conical chamber structure 
designed and plane distributing valves being applied to improve water flow turnover and 
keep higher vacuum degree in sucking chambers, resulted in a good pulp cleanness and high 
extraction rate of black liquor; on the other hand, dispersing press, agitating device applied 
to improve washing efficiency [3]. The proposed acceptable washing-screening process is 
the sequence with press extraction—replacement washing—closure screening; it has been 
proven by many commercial operations that the new concept of the combined countercurrent 
washing sequence improves black liquor extraction rate significantly, resulting a remarkable 
water-saving effect. For instance, the black liquor extraction rate reaches up to 94.6%. The 
water consumption can be reduced to 40m3/t pulp or less in Xinya Paper Group, contrasting 
to normal water consumption of more than 100 m3/t pulp by traditional process [4].

The bleaching techniques had experienced a long-term development in China’s wheat straw 
pulping practices. Early, the single-stage low consistency bleaching with hypochlorite was 
commonly applied in many non-wood pulping lines, and a three-stage bleaching sequence 
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3. Chemical pulping and pulp bleaching

Soda and soda-anthraquinone (AQ) cooking, as sulfur-free processes, are more suitable in 
producing pulp fibers from some no-woody raw materials [12]. Most common operated 
chemical pulping processes are soda or soda-AQ cooking, using caustic soda or caustic soda-
AQ solution as cooking liquor to dissolve and remove lignin from wheat straw. It was proven 
that AQ can improve selectivity of delignification by caustic soda to prevent carbohydrates 
from hydrolysis [12, 13].

Since chemical pulping process was employed for wheat straw pulping, some disadvantages 
occurred during commercial practices, i.e., higher steam consumption, shortage of heat recov-
ery, changeable in pulp qualities, lower pulp yield, poor pulp drainability, high viscosity of 
black liquor, and so on, which caused some challenges as high production cost, limited appli-
cation of pulps, difficulties on chemical recovery, etc. Some advanced techniques have been 
improved and invented in the past decades [14], summarized as follows: (1) the wheat straw 
chip preparation processes combined with dry method and wet method were developed to 
remove nonfibrous components selectively and efficiently; (2) rapid cooking process at lower 
temperature combined with mechanical fiber dissociation to enhance uniform cooking effects 
and improve pulp qualities; and (3) elemental chlorine-free and total chlorine-free bleaching 
processes invented to eliminate generation of AOX and other bio-toxicities from pulp bleach-
ing operations.

The first installation of continuous cooking system with an annual capacity of 100,000 metric 
tons of wheat straw pulps was operated at Quanlin Paper Group, Shandong, China. This suc-
cessful practice scales up an individual pulp production line capacity from non-wood materi-
als in the world and improves significantly technical specifications of wheat straw pulping. 
The detailed technical specifications are shown in Table 4 [8].

A new type of pulp washer series, i.e., serialized ZXV-type pulp washers, has been innovated 
by Wenrui Machinery Co. Ltd., Shandong, China. The new pulp washers, with the maxi-
mum filtration area of each drum being up to 120 m2, and with a conical chamber structure 
designed and plane distributing valves being applied to improve water flow turnover and 
keep higher vacuum degree in sucking chambers, resulted in a good pulp cleanness and high 
extraction rate of black liquor; on the other hand, dispersing press, agitating device applied 
to improve washing efficiency [3]. The proposed acceptable washing-screening process is 
the sequence with press extraction—replacement washing—closure screening; it has been 
proven by many commercial operations that the new concept of the combined countercurrent 
washing sequence improves black liquor extraction rate significantly, resulting a remarkable 
water-saving effect. For instance, the black liquor extraction rate reaches up to 94.6%. The 
water consumption can be reduced to 40m3/t pulp or less in Xinya Paper Group, contrasting 
to normal water consumption of more than 100 m3/t pulp by traditional process [4].

The bleaching techniques had experienced a long-term development in China’s wheat straw 
pulping practices. Early, the single-stage low consistency bleaching with hypochlorite was 
commonly applied in many non-wood pulping lines, and a three-stage bleaching sequence 
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of CEH (chlorination—alkali extraction—hypochlorite) was not applied until the 1980s of 
the twentieth century [14]. All of the above bleaching sequences contain elemental chlorine 
chemicals with generation of AOX and other organic toxicities in these bleaching effluents. 
Due to poor bleaching selectivity upon residue lignin, there were a large amount of carbo-
hydrates degraded while bleaching, resulting a large water consumption and high chemical 
dosage, to produce bleached pulps with low brightness and weak physic strength as well as 
poor drainability of water. Following more and more strict regulations to effluent discharge, 
elemental chlorine chemicals were forbidden to be used for pulp bleaching, and the bleaching 
techniques were developed toward more environmentally friendly processes, such as ECF 
(elemental chlorine-free) and TCF (totally chlorine-free) bleaching sequences. The first mid-
consistency and shortened TCF bleaching sequence in the world, namely, OQPo (oxygen del-
ignification—chelating metal ions—peroxide bleaching assisted with oxygen) sequence, was 
successfully commercially operated with the capacity of 150 t/d by Xianhe Co., Henan, China 
(Figure 4) in 2008 [15]. By this bleaching sequence, bleached wheat straw pulps (BWSPs) with 
brightness of more than 80%ISO, pulp viscosity of 653 ml/g and breaking length of more than 
7000 m (Tables 5 and 6) and less amount bleaching effluent generated about 30 m3/t pulps, 
decreased by more than 60% of a traditional CEH bleaching process for wheat straw pulps [15].  
Later, a bleached wheat straw pulp production line by TCF sequence with an annual capac-
ity of 200 t/d was installed in Baiyuan Paper Co., Henan, China. Also, enzymes have been 
considered by many pulp scientists to assist bleaching operation with a decrement of chlo-
rine-contained bleaching chemicals, providing an optional measure for bleached pulp quality 
improvement and chlorine-contained bleaching chemical dosage decrement toward an envi-
ronmentally friendly clean production concept.

Items Technical specification

1. Biomass lose rate at wheat straw chip preparation stage (% w/w) 23–28

2. Caustic soda dosage in cooking on raw materials saved (% w/w) 2.5

3. Bleached pulp yield increased on raw materials (% w/w) 5.0

4. Pulp brightness after oxygen delignification (% ISO) 50–55

5. Tensile strength of the unbleached wheat straw pulp (N.m/g) 58.8

6. Black liquor properties at the exit of the black liquor extraction stage:

(i) Extraction efficiency (%) >90

(ii) Viscosity of black liquor (cp) (100°C, 50% solid consistency) <500

7. Black liquor properties at the exit of normal vacuum evaporation system (%w/w) 60–62

8. Mid-stage water discharge

(i) Water discharge amount (m3/t o.d. pulp) <50

(ii) COD of treated effluent (mg/L) <60

Table 4. Advanced technical specifications of wheat straw pulping in Quanlin paper group [15].
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4. Paper products from wheat straw pulps

As previous discussed, bleached wheat straw pulps can be characterized with good strength 
properties, reasonable brightness, good printability, etc., which can be used to manufacture 
a wide range of paper and paperboard grades, such as light-weighted printing paper [16], 
letterpress printing paper, typing paper, writing paper, aluminum foil base paper, cylinder 
polished paper, tissue and sanitary papers, white board, coated ivory board, and almost all 
grades of paper and paperboard grades [17–22]. Practically, to improve pulp stock wet-web 

Figure 4. A short OQPo bleaching sequence for production of bleached wheat straw pulps [15].

Grammage 
(g/m2)

Beating 
degree (oSR)

Tensile 
(N.m/g)

Breaking 
length (km)

Tear (mN.
m2/g)

Burst (kPa.
m2/g)

Fold endurance 
times (1.5 kgf 
tension)

58.3 44.3 71.23 7.16 4.83 4.68 24

Table 5. Physical strength properties of bleached wheat straw pulps by an OQPo sequence [15].

Wheat straw pulps Brightness (%ISO) Viscosity (mL/g)

Screened brown pulp 34.7 965

Pulp after oxygen stage 48.0 850

Pulp after Po stage 81.6 653

Table 6. Viscosity and brightness of wheat straw pulps from different stages [15].

Wheat Straw Pulping for Paper and Paperboard Production
http://dx.doi.org/10.5772/intechopen.77274

229



of CEH (chlorination—alkali extraction—hypochlorite) was not applied until the 1980s of 
the twentieth century [14]. All of the above bleaching sequences contain elemental chlorine 
chemicals with generation of AOX and other organic toxicities in these bleaching effluents. 
Due to poor bleaching selectivity upon residue lignin, there were a large amount of carbo-
hydrates degraded while bleaching, resulting a large water consumption and high chemical 
dosage, to produce bleached pulps with low brightness and weak physic strength as well as 
poor drainability of water. Following more and more strict regulations to effluent discharge, 
elemental chlorine chemicals were forbidden to be used for pulp bleaching, and the bleaching 
techniques were developed toward more environmentally friendly processes, such as ECF 
(elemental chlorine-free) and TCF (totally chlorine-free) bleaching sequences. The first mid-
consistency and shortened TCF bleaching sequence in the world, namely, OQPo (oxygen del-
ignification—chelating metal ions—peroxide bleaching assisted with oxygen) sequence, was 
successfully commercially operated with the capacity of 150 t/d by Xianhe Co., Henan, China 
(Figure 4) in 2008 [15]. By this bleaching sequence, bleached wheat straw pulps (BWSPs) with 
brightness of more than 80%ISO, pulp viscosity of 653 ml/g and breaking length of more than 
7000 m (Tables 5 and 6) and less amount bleaching effluent generated about 30 m3/t pulps, 
decreased by more than 60% of a traditional CEH bleaching process for wheat straw pulps [15].  
Later, a bleached wheat straw pulp production line by TCF sequence with an annual capac-
ity of 200 t/d was installed in Baiyuan Paper Co., Henan, China. Also, enzymes have been 
considered by many pulp scientists to assist bleaching operation with a decrement of chlo-
rine-contained bleaching chemicals, providing an optional measure for bleached pulp quality 
improvement and chlorine-contained bleaching chemical dosage decrement toward an envi-
ronmentally friendly clean production concept.

Items Technical specification

1. Biomass lose rate at wheat straw chip preparation stage (% w/w) 23–28

2. Caustic soda dosage in cooking on raw materials saved (% w/w) 2.5

3. Bleached pulp yield increased on raw materials (% w/w) 5.0

4. Pulp brightness after oxygen delignification (% ISO) 50–55

5. Tensile strength of the unbleached wheat straw pulp (N.m/g) 58.8

6. Black liquor properties at the exit of the black liquor extraction stage:

(i) Extraction efficiency (%) >90

(ii) Viscosity of black liquor (cp) (100°C, 50% solid consistency) <500

7. Black liquor properties at the exit of normal vacuum evaporation system (%w/w) 60–62

8. Mid-stage water discharge

(i) Water discharge amount (m3/t o.d. pulp) <50

(ii) COD of treated effluent (mg/L) <60

Table 4. Advanced technical specifications of wheat straw pulping in Quanlin paper group [15].

Global Wheat Production228

4. Paper products from wheat straw pulps

As previous discussed, bleached wheat straw pulps can be characterized with good strength 
properties, reasonable brightness, good printability, etc., which can be used to manufacture 
a wide range of paper and paperboard grades, such as light-weighted printing paper [16], 
letterpress printing paper, typing paper, writing paper, aluminum foil base paper, cylinder 
polished paper, tissue and sanitary papers, white board, coated ivory board, and almost all 
grades of paper and paperboard grades [17–22]. Practically, to improve pulp stock wet-web 

Figure 4. A short OQPo bleaching sequence for production of bleached wheat straw pulps [15].

Grammage 
(g/m2)

Beating 
degree (oSR)

Tensile 
(N.m/g)

Breaking 
length (km)

Tear (mN.
m2/g)

Burst (kPa.
m2/g)

Fold endurance 
times (1.5 kgf 
tension)

58.3 44.3 71.23 7.16 4.83 4.68 24

Table 5. Physical strength properties of bleached wheat straw pulps by an OQPo sequence [15].

Wheat straw pulps Brightness (%ISO) Viscosity (mL/g)

Screened brown pulp 34.7 965

Pulp after oxygen stage 48.0 850

Pulp after Po stage 81.6 653

Table 6. Viscosity and brightness of wheat straw pulps from different stages [15].

Wheat Straw Pulping for Paper and Paperboard Production
http://dx.doi.org/10.5772/intechopen.77274

229



run ability in paper machine, wheat straw pulp furnishes must be mixed with some portion 
of bleached wood pulps or bamboo pulps occasionally [18, 20].

Some paper mills produce Bible paper products from bleached wheat straw pulps, the for-
mula of pulp furnishes is given in Table 7, and the quality specifications of Bible paper are 
illustrated in Table 8 [18].

5. Chemi-mechanical pulping process and CMP pulp properties

The chemi-mechanical pulping process, combined with multiple stages as chemical pretreat-
ment, fiber mechanical separation, and enzymatic hydrolysis modification, has many sig-
nificant advantages contrasting to chemical pulping process, i.e., higher pulp yield, lower 
pollution load, and easily treated effluent. In fact, chemi-mechanical pulping process has 
been developed rapidly and widely applied for wood pulping. In the early 1990s of the 

Pulps Ratio (%) Beating degree (oSR) Wet weight (g)

Bleached wheat straw pulp 70–50 48–53 >2.2

Bleached softwood pulp 30–50 48–65 5–8

Table 7. Portion of furnish for bible paper [18].

Specific properties unit Bible paper product

Produced product GB 1913–1989 (Grade A)

Grammage g/m2 40 40 ± 1.5

Density g/cm3 0.80 ≥0.8

Fold endurance CD Times 5 ≥5

Breaking length m 3000 ≥2500

Smoothness Average of T-B surfaces s 102 ≥100

Variation % 23 ≤25

Brightness % 80.0 ≥79.0

Opacity % 87.0 ≥85.0

Dust content 0.3–0.5 mm2 Number/m2 40 ≤50

>1.5 mm2 no Not allowed

Moisture content % 6.0 6.0 ± 1.0

Ash % 19 —

Table 8. Quality specification to bible paper products [18].
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 twentieth century, China’s wood pulp production from fast-grown woodchips by promotion 
of  chemi-mechanical pulping technologies, such as CTMP (chemi-thermo-mechanical pulp-
ing), APMP (alkaline peroxide mechanical pulping), P-RC APMP (preconditioning-refiner 
chemical APMP), and CTMP-c (chemi-thermo-mechanical pulping with enhanced chemical 
impregnation) processes, has increased rapidly [23].

Chemi-mechanical pulping from wheat straw studies lasted for more than 30 years in China. 
In the early 1990s of the twentieth century, Liu and Fang [24] investigated chemi-mechanical 
pulping properties from wheat straw using caustic soda impregnation, characteristics of efflu-
ent, and proper treatment process. It was proven that wheat straw can be used to produce 
chemi-mechanical pulps using small amount of caustic soda with advantages as high pulp 
yield, good physical strength, and proper biodegradable effluents [25–27]. A-grade corrugated 
medium was produced from this kind of wheat straw CMP pulps (Table 9), and also A-grade 
linerboard from WSCMP mixed with 15–30% kraft wood pulps was prepared [17, 24].

Zhang et al. [28] also investigated wheat straw chemi-mechanical pulping properties using 
two-stage caustic soda impregnation followed with two-stage atmospheric refining, while a 
total dosage of caustic soda 3–5% was applied at the impregnation stage, resulting pulp yield 
of 73.1% w/w–78.9% w/w, pulp tensile strength of 19.49–41.27 N.m/g, the specific refining 
energy consumption from 827 to 336 kWh/t pulp (Table 10), and COD load in effluent of 
270.5–446.0 kg/t o.d. pulp (Table 11); the relationships between pulp yield versus caustic soda 
dosage and COD load versus pulp yield are illustrated in Figures 5 and 6.

Specification GB1302 Corrugated medium from WSCMP (g/m2)

140 180

Grammage (g/m2) 140 ± 2.0 140.3 180.6

Density (g/cm3) ≥0.5 0.56 0.61

Breaking length (m) ≥4.30 4.94 4.71

Ring crush (N.m/g) ≥ 14.61 16.94

Table 9. Quality specifications of corrugated medium from wheat straw CMP pulps [17].

Pulp 
sample

Caustic 
soda 
dosage 
(%)

Pulp 
yield 
(%)

Specific 
refining 
energy 
(kWh/t 
pulp)

Bulk 
(cm3/g)

Tensile 
(N.m/g)

Burst (kPa.
m2/g)

Tear (mN.
m2/g)

Breaking 
length (m)

CTMP-1 3.0 78.9 827 3.23 19.5 1.04 4.23 2460

CTMP-2 4.0 75.5 555 2.66 32.6 1.60 4.56 3330

CTMP-3 5.0 73.1 336 2.35 41.3 2.31 4.08 4210

Table 10. CTMP pulping properties of wheat straw [28].
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 twentieth century, China’s wood pulp production from fast-grown woodchips by promotion 
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chemi-mechanical pulps using small amount of caustic soda with advantages as high pulp 
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linerboard from WSCMP mixed with 15–30% kraft wood pulps was prepared [17, 24].

Zhang et al. [28] also investigated wheat straw chemi-mechanical pulping properties using 
two-stage caustic soda impregnation followed with two-stage atmospheric refining, while a 
total dosage of caustic soda 3–5% was applied at the impregnation stage, resulting pulp yield 
of 73.1% w/w–78.9% w/w, pulp tensile strength of 19.49–41.27 N.m/g, the specific refining 
energy consumption from 827 to 336 kWh/t pulp (Table 10), and COD load in effluent of 
270.5–446.0 kg/t o.d. pulp (Table 11); the relationships between pulp yield versus caustic soda 
dosage and COD load versus pulp yield are illustrated in Figures 5 and 6.

Specification GB1302 Corrugated medium from WSCMP (g/m2)

140 180

Grammage (g/m2) 140 ± 2.0 140.3 180.6

Density (g/cm3) ≥0.5 0.56 0.61

Breaking length (m) ≥4.30 4.94 4.71

Ring crush (N.m/g) ≥ 14.61 16.94

Table 9. Quality specifications of corrugated medium from wheat straw CMP pulps [17].

Pulp 
sample

Caustic 
soda 
dosage 
(%)

Pulp 
yield 
(%)

Specific 
refining 
energy 
(kWh/t 
pulp)

Bulk 
(cm3/g)

Tensile 
(N.m/g)

Burst (kPa.
m2/g)

Tear (mN.
m2/g)

Breaking 
length (m)

CTMP-1 3.0 78.9 827 3.23 19.5 1.04 4.23 2460

CTMP-2 4.0 75.5 555 2.66 32.6 1.60 4.56 3330

CTMP-3 5.0 73.1 336 2.35 41.3 2.31 4.08 4210

Table 10. CTMP pulping properties of wheat straw [28].
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Effluent Caustic 
dosage (%)

Color 
times

pH 
number

Pollutant load (kg/t)

TOC SS TS COD BOD5 TN TP

CTMP-1 3.0 5166 9.1 150 47.6 188.3 271 181 6.04 1.90

CTMP-2 4.0 5244 9.6 173 78.5 277.1 369 200 6.75 1.92

CTMP-3 5.0 6127 10.1 219 124.3 315.9 446 228 8.08 1.93

Table 11. Characteristics of effluent from wheat straw CTMP pulping [28].

Figure 5. Wheat straw CTMP pulp yield decreases with increment of caustic soda dosage [24, 28].

Figure 6. Pollutant load of effluent decreases with increment of pulp yield [24, 28].
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6. Effluent treatment

It is clear that pollution load from pulping process can be decreased by increasing pulp yield. 
Liu and Fang [24] summarized a relationship between COD load (y) and pulp yield (x) of 
wheat straw pulping, i.e., y = 4929.58426–104.0789x + 0.5883x2, r2 = 0.910. It was proven that 
effluent from wheat straw chemi-mechanical pulping has a good biodegradability contrasting 
with that from OCC (old corrugated container) pulping. Effluent from wheat straw CTMP 
pulping has been characterized and illustrated in Table 12 [24].

The proposed flow diagram for installation of effluent treatment plant is illustrated in 
Figure 7 [24].

Since less amount of chemicals is applied for wheat straw impregnation, the contaminant 
of such pulping effluent consists of low polymerized or monomolecular carbohydrate com-
pounds, which are biodegradable. With consideration of effluent characteristics from each 
stage and quality requirements of process water, it is possible to reuse the used water in a 
short circuit after suitable individual specific treatment. If chemi-mechanical pulping line is 
going to be installed in recycled fiber pulping and papermaking mill, the integrated efflu-
ent from wheat straw CTMP or CMP line will contribute to improve biodegradability for 
recycled fiber pulping effluent, carefully considering the water balance, and it is possible to 
produce wheat straw chemi-mechanical pulps without consumption of any fresh water [17]. 
Therefore, the total volume of discharge effluent will not be increased. It means that the origi-
nal effluent treatment can be operated with improvement of efficiency [17, 25, 27].

Parameters Wheat straw CTMP effluent

Screw press after pre-steaming Pulp washing Integrated effluent

Effluent discharge (m3/BDT) 0.32 12.05 12.37

pH 8.3 8.5 8.1

COD concentration (mg/L) 13,580 17,280 17,185

COD load (kg/BDT) 4.35 208.19 212.54

BOD concentration (mg/L) — — 7888

BOD load (kg/BDT) — — 97.57

Ratio of BOD5/COD — — 0.459

SS (g/L) 3.7 11.81 11.60

TS (g/L) 7.7 19.04 19.32

Ash content in TS (%) 26.7 35.20 34.06

TN (mg/L) 110.0 146.0 145.0

TP (mg/L) 99.0 57.0 58.0

Table 12. Effluent characteristics from wheat straw CTMP pulping [24].
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7. Desilication and chemical recovery of black liquor

7.1. Desilication in wheat straw cooking

Two different kappa number pulps of wheat straw soda-AQ cooking were studied followed 
by O2 cooking for elucidating the effects of alkali charge, temperature and oxygen pressure 
on the black liquor desilication, pulp yield, and pulp delignification. The results showed that 
the soda-AQ cooking conditions had an influence on the properties of the pulp and the black 
liquor in the O2 cooking stage. And, there were proper alkali charge, temperature and pres-
sure ranges for the desilication, the pulp yield, and the black liquor viscosity in the O2 cooking 
system at given other conditions. The results also showed that silica content in the O2 cooking 
pulp did not always decrease with the rise of system pH and silica content of black liquor 
did not always increase with the rise of system pH. The O2 cooking in soda-AQ/O2 two-stage 
cooking cannot only successfully desilicate from the black liquor but also delignify effectively 
itself. Hence, the soda-AQ/O2 cooking process could be an environmentally friendly potential 
pulping process [29].

Desilication kinetics of the O2 stage in the wheat straw soda-AQ/O2 two-stage cooking were 
investigated. In addition, the pulp yield, alkali concentration, and O2 pressure in the O2 cook-
ing were studied. The results showed that desilication reaction from the O2 cooking black 
liquor could be divided into two phases, a rapid initial desilication phase followed by a slow 
final desilication phase. They both follow pseudo-first-order reaction toward the silica con-
centration in black liquor with the reaction energy 64 and 79 kJ/mols, respectively. The dif-
ferential state expressions of two phases were deduced [8, 29].

Studies also indicated that under the experiment conditions, the pulp yield increased by 
0–3.5% and the O2 pressure and alkali concentration in the system decreased with the extend-
ing time at given temperature in the O2 cooking process.

The successful experiences for chemical recovery in China’s wheat straw chemical pulping 
mills indicate the following: (1) to enhance the loss of wheat straw preparation is helpful to 
decrease the silica content and viscosity of black liquor; (2) rapid cooking at lower temperature 

Figure 7. Diagram of an effluent treatment plan [24].
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can prevent degradation of cellulose and provide wheat straw chemical pulps with good physic 
strength and drainability; and (3) high-efficient extraction washer for black liquor is helpful to 
increase the initial concentration of black liquor, resulting steam savings during thickening 
black liquor and also decrement of fresh water consumption in pulp washing stage [4, 8].

For instance, Quanlin Paper Group has successfully operated its chemical recovery system for 
wheat straw chemical pulping black liquor, with an alkali recovery rate of more than 85%, and 
its mid-stage water can be treated economically to meet an extremely strict effluent discharge 
standard (COD concentration is less than 60 mg/L). There are many new techniques applied 
in its wheat straw pulping line, such as application of flying hammer chipper to separate more 
non-fiber components and to improve uniform cooking effects resulting in short cooking time 
and lower chemical dosage, decrement of black liquor viscosity from 1000cp to less than 500cp 
(solid content (55%) and temperature (100°C)); a vertical replacement cooking digester with 
large ration of chips to water was installed, leading to significant chemical dosage decrement 
and initial concentration of black liquor increment to save evaporation cost and to obtain more 
thickened black liquor which is a benefit for chemical recovery boiler [3, 4].

7.2. Application of straw industrial lignin

Although being a highly abundant aromatic feedstock, lignin is still largely regarded simply 
as a source for heat and power for the biorefining or pulping process that liberates the lignin. 
The lack of established processes that add value to the lignin component can be largely attrib-
uted to its chemical recalcitrance and structural complexity. Adding to this complexity, the 
lignin structure is highly dependent on both the feedstock and lignin isolation process [30]. 
However, a part of lignin could be converted into value-added products including bio-based 
aromatic chemicals, as well as building blocks for materials [31]. The soda lignin has more 
value than kraft lignin from wheat straw in manufacturing lignin-derivative compounds in 
terms of the industrial lignin structure and the lignin recovery cost [30, 32]. Lignosulfonates 
and their modified products have always been traditionally and extensively employed as a 
class of thinning agent for drilling fluids. SFP lignin is a kind of lignosulfonate in the waste 
liquor from the pulping of wheat straw with Na2SO3, HCHO, and AQ [33, 34]. Experimental 
results showed that SFP lignin exerts three effects on drilling fluid dilution, foaming, and 
flocculation. Therefore, SFP lignin and its modified products can be used as a thinning and 
foaming agent for drilling fluids, as well as a flocculating agent for treating waste drilling 
fluids [34, 35].

8. Conclusion

Wheat is a kind of annual vascular-bundled herbal arthrophyte with only internodes of about 
68%w/w of the whole stalk being acceptable for pulping and the remainder of 20–30%, i.e., 
leaves-sheaths, leaves-blade, nodes, grain, debris, etc., being removed for chemical saving 
and pulp quality improvement as well as silica content decrements of black liquor from 
 cooking at a commercial pulping process line. There are a series of pulping processes, such as 
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the soda, soda-AQ, KP, NS and AS process, etc., successfully employed by wheat straw pulp-
ing practices for production of brown pulps or bleached pulps, among which the soda-AQ 
(anthraquinone) process is most commonly applied in producing the bleached pulps from 
wheat straw, for AQ to be used in improving selectivity of delignification.

The first installation of continuous cooking system with an annual capacity of 100,000 met-
ric tons of wheat straw pulps was successfully operated in China, scaling up an individual 
pulp production line capacity from non-wood materials in the world, with the tensile 
strength of wheat straw pulp up to 6000 m, the mid-water discharge amount of less than 
50m3/t o.d. pulp, COD less than 60 mg/L of treated effluent, and the black liquor extraction 
rate up to 94.6%.

The first mid-consistency and shortened TCF bleaching sequence in the world, namely, 
OQPo (oxygen delignification—chelating metal ions—peroxide bleaching assisted with 
oxygen) sequence, was successfully commercially operated in China in 2008, with the 
brightness of bleached wheat straw pulps (BWSPs) of more than 80%ISO, the pulp viscosity 
of 653 ml/g, breaking length of more than 7000 m, less amount bleaching effluent generated 
about 30 m3/t pulps, and decrease by more than 60% of a traditional CEH bleaching process. 
The BWSPs can be used to manufacture a wide range of paper and paperboard grades as 
the full or part furnishes, such as light-weighted printing paper, letterpress printing paper, 
typing paper, writing paper, aluminum foil base paper, cylinder polished paper, tissue 
and sanitary papers, white board, coated ivory board, and almost all grades of paper and 
paperboard grades.

Chemi-mechanical pulps, meeting the requirement of manufacturing A-grade corrugated 
medium, A-grade linerboard, etc., can be produced from wheat straw using a small amount 
of caustic soda with advantages as high pulp yield (73.1–78.9%), good physical strength 
(a tensile strength of 19.49–41.27 N.m/g), and proper biodegradable effluents. A relation-
ship between COD load (y) and pulp yield (x) of wheat straw pulping, i.e., y = 4929.58426–
104.0789x + 0.5883x2, r2 = 0.910, is summarized, and it is proven that effluent from wheat straw 
chemi-mechanical pulping has a good biodegradability contrasting with that from OCC (old 
corrugated container) pulping.

The O2 cooking in soda-AQ/O2 two-stage cooking is benefited for the desilicate of black liquor 
from wheat straw chemical pulping line. The successful experiences for chemical recovery 
in China’s wheat straw chemical pulping mills indicate the following: to enhance the loss of 
wheat straw preparation being helpful to decrease the silica content and viscosity of black 
liquor, rapid cooking at lower temperature preventing the degradation of cellulose and pro-
viding wheat straw chemical pulps with good physic strength and drainability, and high 
efficient extraction washer for black liquor added to increase the initial concentration of black 
liquor and to result in steam savings during thickening black liquor and also decrement of 
fresh water consumption in pulp washing stage. SFP lignin, a kind of lignosulfonate in the 
waste liquor from the pulping of wheat straw with Na2SO3, HCHO, and AQ and its modified 
products, can be used as a thinning and foaming agent for drilling fluids, as well as a floccu-
lating agent for treating waste drilling fluids.
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