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ABSTRACT 

The need to curb increased pollution of environmental resources caused by excessive 

nitrogen (N) fertilizer application  and N  fertilizer use inefficiencies in wheat 

(Triticum aestivum) production systems warrants an inexpensive, sustainable, 

environmentally sound solution, the root system. In addition to water and nutrient 

uptake, provision of anchorage, competitiveness and adaptation to stress, roots also 

have significant roles in soil exploration, stand establishment, adaptation to drought, 

belowground carbon sequestration, soil structure improvement and maintenance of 

soil fertility by driving microbial processes. Wheat germplasm containing the short 

arm of rye chromosome 1 (1RS) has recently been found to have larger root system 

sizes in pot experiments in addition to previously documented higher yields and 

resistance to leaf, stem and yellow rust. These 1RS lines could therefore be useful in 

wheat breeding efforts targeting superior root system traits for yield improvements as 

well as environmental and economic benefits. However, these root traits have yet to 

be evaluated under field conditions, where environmental factors frequently vary and 

their applicability to improving the plant’s N economy is largely unknown. 

Furthermore any modifications in root morphological traits of the wheat - rye (1RS) 

translocations that may explain the increase in root size have yet to be examined. 

The objective of this dissertation was therefore to evaluate root biomass production of 

Pavon 76 and its wheat-rye (1RS) translocations, effects of root biomass on nitrogen 

use efficiency, and lastly to examine the temporal variation in their root 

morphological traits and early growth vigor.  

This dissertation begins with a field evaluation of root growth dynamics and root 

biomass size of Pavon 76 wheat and its wheat-rye (1RS) translocation lines 1RS.1AL 
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and 1RS.1BL under organic and synthetic N fertilizer systems. The translocation line 

1RS.1BL had 9 and 23 % higher total root biomass than Pavon 76 at the jointing and 

physiological maturity stages respectively. The 1RS translocations also had slightly 

higher grain yields than Pavon 76. These results confirm previous findings from 

potted experiments and also suggest that superior root system size could be associated 

with increased grain yields, and thus selections for the former would not adversely 

affect grain yield potential. 

The effects of root growth dynamics and root biomass size on the N use efficiency 

(NUE) of Pavon 76 wheat and its’ wheat-rye (1RS) translocation lines 1RS.1AL and 

1RS.1BL under organic and synthetic N fertilizer systems were also examined. 

Despite higher root mass of the translocation lines relative to Pavon76, there were no 

significant differences in total plant N uptake or NUE among genotypes. Root N 

uptake peaked at the jointing stage, where it comprised about 22-34% of the total 

plant N uptake and was lowest at physiological maturity for all genotypes. The 

inclusion of root N uptake reduced the N utilization efficiency and N harvest index by 

6-14 and 7-15% respectively, indicating that the use of only the above ground plant 

parts over estimates these parameters. Root N uptake therefore influences the plant’s 

N economy, especially earlier in the growth cycle and should be considered in wheat 

NUE evaluations.  

 

Lastly, I examined the temporal variation in root morphological traits and early root 

growth vigor of Pavon 76 bread wheat and its wheat-rye (1RS) translocations 

1RS.1AL, 1RS.1BL and 1RS.1DL over five growth stages. Genotype differences in 

root biomass, length, and surface area were only detected at anthesis and 

physiological maturity, while differences in average root diameter were significant at 
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the start of tillering probably due to different rates of nodal root initiation. The 1RS 

translocation 1RS.1AL had 12 and 39% higher root biomass than Pavon 76 at anthesis 

and maturity respectively, while 1RS.1DL had 24 % higher root mass than Pavon 76 

at maturity. 1RS.1BL had 38% higher root mass and 16% longer roots than Pavon76 

at physiological maturity. This suggests the existence of differences among the 

genotypes in below ground partitioning of assimilates at peak nutrient demand 

(anthesis) for grain filling, and also in rates of root decay and senescence. The lack of 

differences in root morphological traits including number of root axiles, and root:plant 

mass ratio among genotypes at early growth stages (6-46 days after sowing) indicates 

that there are minimal differences in early root growth vigor.  

I have shown that the 1RS translocation in Pavon 76 bread wheat back ground 

increases root biomass under field conditions of varying N fertilizer systems, with no 

adverse effects on grain yield. Using the 1RS translocation lines, I have also shown 

that the root system contributes substantially to the wheat plant’s N economy, 

especially early in growth. I have also shown that Pavon 76’s 1RS translocations have 

similar root morphological traits as the non translocated lines except at anthesis and 

physiological maturity suggesting differences in growth phenology. The 1RS 

translocations could therefore expand the wheat breeder’s tool box in selections for 

superior root traits for improved NUE without adverse effects on grain yield. 
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INTRODUCTION 

  

1.1 LITERATURE REVIEW 

Wheat is a global food staple, accounting for 20% of humanity’s food, the number 

one source of protein and a major source of calories in diets of developing countries 

(Braun et al., 2010; CIMMYT, 2011).  In 2012, global wheat production was a record 

690 Mt (FAO, STAT 2012), and demand is projected to increase by 60% in 2050 

(Rosegrant and Agcaoili, 2010). In the US, wheat is the 3
rd

 largest field crop after 

soybeans and corn with a market value of $18 billion (USDA NASS, 2012). Wheat is 

referred to as the miracle crop of the 20
th

 century because the increases in productivity 

from the improved varieties of the Green Revolution saved millions of lives in Asia 

and Latin America (CIMMYT, 2011). However this dramatic growth in productivity 

and yields was a result of a combination of high yielding, semi- dwarf varieties and 

high levels of inputs such as pesticides and N fertilizers (Tillman et al., 2002). Most 

wheat cultivars grown in the developed world were thus bred under conventional high 

input N systems and are ill suited to the poor soils, and low input conditions of 

developing nations (Dawson et al., 2008; Tilman et al., 2002; Gewin, 2010). There is 

thus a need for wheat cultivars bred under low input conditions such as organic N 

fertilizer with adaptive traits such as large, vigorous, deep roots to maximize crop N 

uptake under low availability conditions.  

The root system is rapidly emerging as central to environmentally sound, sustainable 

approaches to addressing wheat crop productivity challenges including declining soil 

fertility that threaten to raise prices by 2050  (Rosegrant and Agcaoili, 2010; Gewin, 

2010; CIMMYT, 2011). The plant root system’s roles as the suppliers of water and 
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minerals, provision of anchorage, competitiveness, adaptation to abiotic and biotic 

stress are well documented (Russell, 1971; Barraclough, 1986). Plant roots are also 

critical to crop improvement efforts due to their role in belowground carbon 

sequestration, soil structure improvement and maintenance of soil fertility through 

regulation of microbial processes (White et al., 2013).  

Root system size, distribution within the soil and root architectural attributes such as 

shallow axial growth angles are important for nitrogen (N) acquisition,  improved top 

soil foraging, and enhanced phosphorus (P) acquisition (Miller and Cramer, 2004; 

Lynch, 2013).  Root morphological traits including root hairs, diameter, length, 

surface area and number are important for soil exploration and penetration ability, 

acquisition of low mobility nutrients such as phosphorus and zinc in the soil and stand 

establishment (Genc et al., 2007; Lynch, 1995; Grando and Ceccarelli, 1995; 

Materechera et al., 1992; Nye and Tinker, 1977). Furthermore, recent studies in 

quantitative trait loci mapping in wheat have provided evidence for the importance of 

early root vigor in nutrient uptake (Ren et al., 2012). Liao et al. (2004, 2006) also 

found that early, extensive root growth and root biomass accumulation in the top soil 

profile was associated with higher N uptake and reduction in nutrient leaching losses 

in wheat grown on sandy soils. Lynch and van Beem, (1993) also reported that 

common bean (Phaseolus vulgaris) genotypes with more vigorous and highly 

branched root systems were more phosphorus-efficient. A large vigorous root system, 

through avoidance of plant water deficits is also vital to producing high yields where 

water is only available at deep profiles (Clarke et al., 1984). Spring wheat cultivars 

with vigorous root growth and faster soil penetration suffered less yield reductions 

under moisture stress (Hurd, 1968). Additionally, Liao et al. (2004) and Palta et al. 
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(2004) found that early root growth vigor in wheat was vital for early stand 

establishment and improved pre-anthesis growth.   

 In cereals, greater rooting depth and high root-length density at depth increase the 

water-capturing capacity particularly during the grain filling period (Passioura, 1983; 

Ludlow and Muchow, 1990).  Sullivan et al. (2000) found positive correlations 

between fibrous root length, surface area and volume and nitrate uptake rate in 

Kentucky blue grass (Poa pratensis L.). Bowman et al. (1998) reported that deep 

rooted creeping bent grass (Agrostis palustris Huds.) turf  absorbed N more 

efficiently than shallow rooted species. Rooting depth also determined the ability to 

intercept nitrates prone to leaching (Gastal and Lemaire, 2002).  Root length also 

influences uptake of less mobile ions like P that are sparingly soluble and rely 

extensively on root interception (DeWilligen, 1986; Miller and Cramer, 2004; 

Atkinson, 1991). For example, longer and thinner roots had higher uptake rates of 

zinc and phosphorus in durum (Triticum turgidum durum) and bread wheat (Dong et 

al., 1995; Gregory, 2006; Rengel and Graham, 1995). Higher root length densities 

also resulted in greater uptake capacity of nitrates and reduced nitrate leaching in 

studies with maize (Wiesler and Horst, 1994). Positive correlations between total root 

length and grain yield have also been reported for winter wheat, oats and barley 

(Barraclough, 1984; Leon and Schwang, 1992). 

Additionally, root biomass investments at depth have been associated with adaptation 

to drought in wheat as they improve the plant’s ability to mine a larger soil profile for 

water and nutrients (Evans, 1977; King et al., 2003; Waines et al., 2007; Lopes and 

Reynolds, 2010). In durum wheat, genotypes with the largest root mass under drought 

had the least yield reduction under severe stress (Motzo et al., 1993). Larger root 

systems also provide greater root-soil contacts that are important for phosphorus (P) 
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uptake and reduced nitrate leaching due to increased nitrate uptake (Geron et al., 

1993; Gahoonia and Nielsen, 2004).  Additionally, higher root weight and volume 

were found to be associated with increased capacity to absorb nutrients in barley 

(Hordeum vulgare) seedlings (Hackett, 1969). However, bigger roots may have 

drawbacks, as critics predict increased competition with shoots for photo assimilates 

could limit the plant’s capacity to store carbon in the harvested portion of the plant 

(Garnet et al., 2009). Moreover, roots are also a major sink for assimilates, requiring 

twice as much assimilate to produce per unit dry matter as shoots (Passioura, 1983). 

The afore-mentioned challenges coupled with the root system’s inaccessibility, 

difficulties in non-destructive growth monitoring of roots, and logistical constraints in 

time and labor associated with root system research,  have all contributed to the dearth 

of root system research studies (Gahoonia and Nielsen, 2004; Gregory et al., 1978; 

Mengel, 1995). 

Bread wheat (Triticum aestivum) possesses a fibrous root system comprising 6 to 7 

seminal (primary) axile roots and about 20 nodal (adventitious) roots (axiles) per 

stem. Seminal roots initiate from the coleorhiza, are thinner, grow deeper into the soil 

and are important for seedling moisture absorption and establishment, as well as 

tolerance to drought stress (Gregory et al., 1978; Percival, 1921; Watt et al., 2008). 

Nodal roots are thicker and emerge horizontally from the coleoptile and stem nodes at 

the tillering stage (Grando et al., 1995; Kirby, 2002). They represent younger, newly 

emerged roots, thus are more reflective of root growth vigor and soil nutrient status 

(Sullivan et al., 2000; Tennant., 1976).  

Agronomic improvements and genetic variation in bread wheat have been achieved 

by means of alien genome transfers such as chromosome substitutions and 

translocations from species of related genera like rye (Secale cereale) (Merker, 1984). 
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Rye is a popular source of genome transfers due to its highly developed root system, 

resistance to several wheat diseases and higher tolerance to low temperatures, drought 

and low pH (Merker, 1984; Bartos et al., 2008). The short arm of rye chromosome 1 

has been introgressed into several wheat cultivars throughout the world (Schlegel and 

Korzun, 1997; Rabinovich, 1998). Lukaszewski, (1990) found that in the USA, 7.1% 

of wheat cultivars had the 1RS.1BL translocation. This is because the presence of the 

1RS arm in the wheat genome enhances grain yield and agronomic productivity 

(Rajaram et al., 1983; Villareal et al., 1991; 1994). Moreover, the 1RS arm also 

carries genes encoding resistance to pests like the green bug (Schizaphis graminum) 

and diseases such as leaf rust (Puccinia recondita sp. tritici), stem rust (Puccinia 

graminis sp. tritici) and powdery mildew (Erysiphe graminis sp. tritici) (McIntosh, 

1983; Heun and Fishbeck, 1987). Wheat genotypes with the (1RS) rye translocation 

also had better performance on acid soils due to thinner roots and higher root length 

density (Manske and Vlek, 2002). 

 To assess the mechanisms of yield increase in the 1RS translocations, Lukaszewski, 

(1997) generated a set of near isogenic wheat -rye translocation lines 1RS.1AL, 

1RS.1BL and 1RS.1DL from the reconstructed chromosome 1R, in the Pavon76 bread 

wheat genetic     background. Subsequent studies showed higher root biomass at 

maturity, superior root anatomical features and reduced leachate nitrate concentrations 

from the translocation lines than the non-translocated line in controlled environments 

(Ehdaie et al., 2003; 2010; Sharma et al., 2010). These genotypes could therefore 

expand the breeder’s tool box to select for superior root traits to improve nutrient 

uptake.  Their higher root biomass could increase N uptake and contribute to 

reductions in N fertilizer wastes and losses, associated with wheat production 

systems. However, their root growth dynamics have not been evaluated under field 
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conditions, and their root size contribution to the plant’s N economy has yet to be 

elucidated. 

Nitrogen is critical to wheat production and its shortage is the most important 

nutritional disorder limiting crop yields in agricultural soils (Fageria and Baliger, 

2005). Nitrogen fertilizer application dominates crop nutrition worldwide and global 

trends for its use are at about one hundred billion kg year 
-1

, with the majority of 

consumption going towards cereal production (Glass, 2003; Russell, 2010). In cereals, 

N fertilizer applications have enabled large increases in grain yields and grain protein 

(Daigger et al., 1976; Garnet et al., 2009). The nitrogen concentration of wheat 

products determines quality and market value, as it must exceed 18 g kg 
-1

 for 

acceptable quality for bread or noodles (Cassman et al., 2002). A wheat crop thus 

requires about 168-336 kg ha
-1

 of fertilizer N for optimum yields, and contains 15-17 

kg of N per 454 kg of grain whose protein content ranges from 12-14% (Ottman and 

Thompson, 2006).  

 

Nitrogen fertilizer use in wheat is however, inefficient; only 27-33% of total N 

applied is in harvested grains, the rest is immobilized into organic N, lost through run 

off, leaching or volatilization (Olson and Swallow, 1984; Raun and Johnson, 1999). 

Thus N fertilizer applications are usually in excess of plant requirements as growers 

seek to maximize yields and avoid price penalties associated with low grain protein 

(Miller and Cramer, 2004). This excessive application of N fertilizers has severe 

environmental impacts in addition to economic costs (Miller and Cramer, 2004). For 

example, more than 25% of drinking water wells in the U.S. contain nitrate levels 

above the safety standard of 45 ppm, and nitrate pollution from N fertilizer 
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applications has led to increased harmful algal blooms, and coastal hypoxic zones 

(Conway and Pretty, 1991; Altieri and Bravo, 2007). Additionally, N fertilizer 

production is a high energy consumption process, accounting for 1.2% of the world’s 

energy usage, increased green-house gas production and competition for fossil fuel 

reserves (Ahlgren et al., 2008; Garnett et al., 2009). N fertilizer use is expected to 

increase threefold by 2050 unless it is checked by a significant increase in use 

efficiency (Tilman et al., 2002). There is therefore increasing emphasis worldwide to 

develop more sustainable N management strategies for improving nitrogen use 

efficiency (NUE) in wheat (Raun et al., 2002; Shanahan et al., 2008).  

Nitrogen use efficiency is defined as the ratio of grain yield to N supply (plant 

available soil N), often substituted for by applied fertilizer N (Moll et al., 1982). It is 

the product of two physiological components, N utilization efficiency (NUtE) and N 

uptake efficiency (NUpE), where NUtE is the ratio of grain yield to total N in the 

plant while NUpE is the ratio of total above ground plant N at harvest to total N 

supplied (Moll et al.,1982). For the majority of studies however, total plant N in 

computations of NUtE is substituted for by above ground plant N, disregarding the 

root system (Fageria and Baliger, 2005; Dawson et al., 2008). The root system 

contribution to the plant’s NUE although minimally studied is substantial as it 

comprises about 30% of total plant weight early in growth and 8-15% of total plant 

mass at harvest (Gallagher and Biscoe, 1978; Gregory et al., 1978; Campbell et al., 

1977; Andersson et al., 2005; Garnett et al., 2009). Moreover roots have been found 

to represent 10-20% of total plant N at maturity (Campbell et al., 1977; Andersson 

and Johansson, 2006).  Furthermore, Andersson et al. (2005) observed that roots 

retained N transport past wheat grain ripening, suggesting a significant below ground 
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post anthesis contribution to grain N. Roots could therefore substantially influence the 

plant’s N economy.  

Roots also play a key role in post anthesis N uptake especially under non limiting N 

and soil moisture conditions and are credited with  post anthesis N contributions as 

high as 24.3% to grain N at maturity (Smith et al., 1983; Banziger et al.,1994; 

Andersson et al., 2005). Daigger et al. (1976) documented a larger demand for N by 

wheat grains post anthesis than could be met solely by N translocation from shoots. 

Root architecture, biomass morphology and physiology are especially influential in 

the plant’s NUE (Dawson et al., 2008). Jian-Bo et al. (2010) found that plant NUE 

was dependent on root morphology and physiology in rice (Oryza sativa). Higher N 

uptake efficiency has been associated with early vigorous root growth, larger root 

densities and more extensive root systems in wheat and perennial grasses (Liao et al., 

2004; Noulas et al., 2010; Jiang et al., 2000; Zemenchik and Albrecht, 2002). Higher 

wheat root biomass has also been associated with reduced leachate nitrate 

concentrations and more efficient N acquisition (Liu et al., 2009; Ehdaie et al., 2010). 

Wiesler and Horst, (1994) reported positive correlations between root length density 

and ability to utilize nitrate in maize (Zea mays).  The afore mentioned studies attest 

to the possibility of improving N acquisition by the use of cultivars with superior root 

systems that are better able to intercept and take up soil N (Foulkes et al., 1998; Le 

Gouis et al., 2000). Wheat cultivars with superior root traits could increase the 

efficiency of N recovery from soil, and enable successful crop production under 

reduced N fertilizer application with contingent environmental and economic 

advantages.  

The majority of studies aimed at improving NUE have mainly targeted increased 

grain protein and yield response to fertilizer N, and not necessarily the reduction of 
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environmental impacts of excess N fertilizer application (Dawson et al., 2008). 

Selection for superior root traits could offer a more environmentally sustainable 

solution to excessive fertilizer use by reducing N leaching losses and improving N 

recovery or uptake in wheat improvement programs (Ehdaie et al., 2010; Foulkes et 

al., 2009; Goulding, 2004). Genotypes with more extensive root systems reduced 

leaching losses by about 50%  in studies with creeping bent grass (Agrostis palustris) 

(Bowman et al., 1998). Ehdaie et al. (2010) reported higher root biomass and reduced 

leachate nitrate concentrations for the Pavon 76 1RS translocations under controlled 

environment greenhouse conditions. Olson and Swallow (1984) attributed increases in 

soil N uptake to larger root systems in studies with bread wheat. NUE measurements 

could also be improved by incorporating several different growth stages in addition to 

harvest. This is because crop maturity (harvest stage) is only a single point in time and 

may not adequately reflect the N dynamics of the crop over the growing season 

(Dawson et al., 2008). Evaluations of NUE at several growth stages and integration of 

the information should provide more accurate measures of crop N efficiency.  

The form of N fertilizer supplied to a crop also influences available N, N uptake and 

root growth (Whitehead, 1995). For example, organic N fertilizer systems usually do 

not have high levels of mineral N (available N) in the soil profile but often have 

greater mineralization potential due to greater soil organic matter levels relative to 

synthetic N fertilizer systems (Power and Doran, 1984; Drinkwater et al., 1998; 

Stockdale et al., 2002; Dawson et al., 2008). The N in organic fertilizer systems is 

also subject to numerous losses, with at least 50% of manure N lost in storage and 

transport and another 25% lost after application (Bouldin et al., 1984). Organic 

nitrogen (N) systems are therefore usually characterized by N limiting conditions, 

lower grain yields and grain N relative to conventional high N input systems despite 
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high supplies of mineral N. This is due to unpredictability of N availability and lack 

of synchrony with crop N demand (Gill et al., 1995; Berry et al., 2002; Gooding et al., 

1999). Organic N amendments however confer significant non-nutrient related 

benefits that may improve root growth, such as enhanced beneficial soil microbial 

populations, reduced pathogen populations and increased soil organic matter (Bulluck 

et al., 2002; Stukenholtz et al., 2002). These non-nutrient benefits may explain the 

higher wheat root length densities in surface soil layers reported by Rehana et al. 

(2010) under farm yard manure compared to plots with inorganic fertilizer despite 

lower total root mass densities.  

 

Although previous studies have evaluated root mass at maturity and root anatomy of  

Pavon 76 and its near isogenic wheat-rye translocation lines, and documented greater 

root mass for the translocations, all have been conducted  under controlled 

environments using pots (Ehdaie et al., 2003, 2010; Sharma et al., 2010). The bigger 

root mass and its accompanying advantages observed under controlled environments 

may not translate to field production systems where crops are subjected to varying 

types and levels of fertilizer as well as fluctuating environmental factors. 

Additionally, critical root system traits such as early root vigor and root morphology, 

both of which may explain the higher root biomass at maturity and yield advantages 

of the 1RS translocations, have yet to be examined for these genotypes. In this 

dissertation, I evaluated the root growth dynamics and root biomass of Pavon76 and 

its near isogenic lines in the field under varying N fertilizer systems, at several growth 

stages. I also assessed the contribution of root biomass to nitrogen utilization 

efficiency and overall yield of these genotypes. Finally, I examined early root vigor 
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and variations in root morphological traits over the growth cycle using potted 

experiments.  

 

1.2  Explanation of dissertation format 

 

The major goal of this dissertation was to examine the “field root growth dynamics 

and root biomass size of the Pavon76 and its near isogenic wheat-rye (1RS) lines, 

effects of root biomass on nitrogen use efficiency, and the temporal variation in root 

morphology and early root growth vigor of these genotypes”. 

This introduction and the present study section below lay the basis for this research 

and give a brief overview of the key results. Detailed results are included as three 

appendices, each of which is intended for publication as an independent paper in a 

peer-reviewed journal.  

 

In Appendix A, I investigate the root growth dynamics and root biomass size of 

Pavon 76 wheat and its wheat-rye (1RS) translocation lines under organic and 

synthetic nitrogen fertilizer systems 

  

In Appendix B, I evaluate the nitrogen use efficiency of Pavon 76 wheat and its 

wheat-rye (1RS) translocation lines as affected by root growth dynamics and root 

biomass size  

 

In Appendix C, I examine the temporal variation in root morphological traits and 

early root growth vigor of Pavon 76 wheat and its wheat-rye (1RS) translocation lines 
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2.0 PRESENT STUDY 

 

The detailed methods, results and conclusions from this dissertation research are 

presented in the appended manuscripts. Below, I summarize the most important 

findings from each of the appendices.  

 

2.1  Root growth dynamics and root biomass size of Pavon 76 bread wheat 

and its wheat-rye (1RS) translocation lines under organic and synthetic nitrogen 

fertilizer systems 

  The goal of this research was to investigate root growth of Pavon76 bread wheat 

(Triticum aestivum L.) and its near isogenic wheat- rye (Secale cereale L.) 

translocation lines, 1RS.1AL and 1RS.1BL under organic and synthetic nitrogen (N) 

fertilizer systems. Over two growing seasons, I sampled plant root and shoot biomass 

at three growth stages (jointing, anthesis and maturity), and used statistical analyses to 

evaluate the effect of genotypes and N fertilizer systems. I found that the near 

isogenic wheat- rye translocation lines had higher root mass than Pavon 76 in the top 

40 cm soil layers and at depth. Differences in root mass were significant at jointing 

and maturity stages, and from synthetic N, low organic N and zero N fertilizer 

systems. 

 

2.2 Nitrogen use efficiency of Pavon 76 bread wheat and its wheat-rye (1RS) 

translocation lines as affected by root growth dynamics and root biomass size   

The goal of this research was to examine the effects of field root growth dynamics 

and root biomass size on nitrogen (N ) uptake and N use efficiency (NUE) for 

Pavon76 bread wheat and its’ wheat- rye translocation lines, 1RS.1AL and 1RS.1BL 
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under organic and synthetic N fertilizer systems. Over two growing seasons, I 

sampled plant shoot, root and grain dry mass and total N concentration at jointing, 

anthesis and maturity growth stages. I found that genotype differences in total plant N 

uptake and NUE were similar. Root N concentration and root N uptake, peaked at the 

jointing stage and were lowest at physiological maturity for all the genotypes. The 

wheat root system’s contribution to the plant’s N economy could therefore be greatest 

early in the crop’s growth cycle. Additionally, the inclusion of root N uptake reduced 

the N utilization efficiency and N harvest index substantially, indicating that the use 

of only the above ground plant parts over estimates these parameters.  

2.3 Temporal variation in root morphological traits and early root growth 

vigor of Pavon 76 bread wheat and its wheat-rye (1RS) translocation lines  

The goal of this research was to examine early root growth vigor and temporal 

variation in root morphological traits of Pavon 76 bread wheat and its wheat-rye 

(1RS) translocation lines 1RS.1AL, 1RS.1BL and 1RS.1DL. I sampled whole roots of 

wheat seedlings for biomass and morphology measurements every five days starting 

six days after planting, for a total of eight sampling occasions to assess early root 

growth vigor. In addition, I sampled whole roots for biomass and morphology 

measurements at early and late tillering, stem elongation, anthesis and physiological 

maturity using potted experiments in two growing seasons. Between 6-46 days after 

sowing, root traits including number of axiles, length, surface area, volume and 

biomass increased at similar rates for all four genotypes suggesting that there are 

minimal differences in early root growth vigor. Total root biomass, length and surface 

area were least at early tillering but peaked at anthesis, while average root diameter 

decreased with advancement in growth. Genotype differences in root biomass, length 

and surface area were only detected at anthesis and physiological maturity. This 
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suggests the likelihood of genotype variations in biomass allocation during the plant’s 

reproductive phase and in rates of root senescence.  
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Root growth dynamics and root biomass size of Pavon 76 bread wheat and its 

wheat-rye (1RS) translocation lines under organic and synthetic nitrogen 

fertilizer systems 

 

Abstract 

 

The plant root system is earmarked as key to the next Green Revolution, one that will 

require fewer inputs, involve minimal fertilizer losses and ensure environmental 

sustainability. The aim of this research study was to investigate root growth of Pavon 

76 bread wheat and its wheat (Triticum aestivum L.) - rye (Secale cereale L.) (1RS) 

translocation lines under field conditions. Root growth of three genotypes including 

Pavon 76, Pavon 761RS.1AL and Pavon 761RS.1BL was examined under the organic 

nitrogen (N) or synthetic N (urea) fertilizer system over 2 wheat growing seasons, 

2010-11 and 2011-12. The genotype 1RS.1BL had 23% higher total root biomass than 

Pavon 76 at the physiological maturity stage in the 2010-2011 growing season, and 

9% higher total root biomass than Pavon 76 at the jointing stage in the 2011-12 

growing season. The genotypes 1RS.1AL and 1RS.1BL had 23.3-55.9 gm
-3 

and
 
15.1-

31gm
-3

 higher root mass than Pavon76 in soil profiles above 40 cm and below, 

respectively. The 1RS translocations also had higher root dry mass than Pavon 76 

under synthetic N, low organic N and zero N fertilizer. Mean genotype grain yields 

for both growing seasons ranged from 3.8 to 4.1 Mg ha
-1

 and were slightly higher for 

1RS.1BL and 1RS.1DL relative to Pavon 76. These field studies show higher root dry 

matter and grain yield among genotypes with the 1RS translocations relative to the 

parent line Pavon 76. These traits could be exploited by wheat breeders selecting for 



35 
 

superior root traits accompanied by yield improvements to increase nutrient uptake 

and use efficiency. 

 

Introduction 

 

Field studies on plant roots are generally limited due to inaccessibility, difficulties 

associated with non-destructive growth monitoring of roots, and logistical constraints 

in time and labor associated with root system research (Gahoonia and Nielsen, 2004; 

Gregory et al., 1978; Mengel, 1995). Studies validating root traits and their impact on 

growth and yield are also scarce, yet roots play a significant role in providing 

anchorage, competitiveness, adaptation to abiotic and biotic stress, and water and 

nutrient uptake (Richards, 2008). Moreover, enhanced root systems may provide a 

low cost and environmentally sustainable option for improving nutrient use efficiency 

and yields that does not require high input use (Gewin, 2010). 

 

Root biomass explains below ground assimilates partitioning, and large investments at 

depth improve the plant’s ability to mine a larger soil profile for water and nutrients 

(Evans, 1977; King et al., 2003; Waines et al., 2007). For example, in durum wheat 

(Triticum turgidum durum), genotypes with the largest root mass under drought had 

the least yield reduction under severe stress (Motzo et al., 1993). Faster accumulation 

of root biomass, root length and surface area in wheat were also associated with early 

plant vigor and consequently higher nitrogen (N) uptake (Liao et al., 2004). 

Additionally, higher root volume and dry weight were found to be associated with 

increased capacity to absorb nutrients in barley (Hordeum vulgare) seedlings 

(Hackett, 1969). 
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Wheat (Triticum aestivum) root biomass production is modified by genetic factors and 

management practices including tillage intensity, irrigation regime, and fertilizer input 

(Gajri and Prihar, 1985; Motzo et al., 1993; Qin et al., 2004; Richards, 2008). Under 

low nutrient and water supply, wheat produces finer roots per unit soil volume and a 

larger root system comprising an expansive adventitious root growth to enable 

exploration of greater soil volumes (Manske and Vlek, 2002). Conversely, daily 

irrigation and N fertilization also led to the earliest attained maximum winter wheat 

root biomass (Thorup-Kristensen et al., 2009; Katterer et al., 1993).  

 

Nitrogen fertilizer has a major influence on wheat root to plant ratios (Daigger et al., 

1976; Russell, 1977; Welbank et al., 1974). Under N deficiency, plants may increase 

root growth to maximize soil exploration by allocating larger proportions of 

photosynthates to the root system (Whitehead, 1995), and decrease root to plant mass 

ratios with ample N nutrition (Barraclough, 1984). Moreover the form of N fertilizer 

supplied to a crop may also influence root growth (Whitehead, 1995). Organic N 

amendments like cattle manure reportedly confer significant non-nutrient related 

benefits that may improve root growth, such as enhanced beneficial soil microbial 

populations, reduced pathogen populations and increased soil organic matter (Bulluck 

et al., 2002; Stukenholtz et al., 2002). These non-nutrient benefits may explain the 

higher wheat root length densities found in surface soil layers of plots under farm yard 

manure compared to those with inorganic fertilizer (Rasool et al. 2010).  

 

Genetic introgressions with the rye (Secale cereale) genome have been used to 

improve wheat traits, due to rye’s highly developed larger root system, resistance to 
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several diseases and higher tolerance to low temperatures and drought (Merker, 1984; 

Manske and Vlek, 2002). The  short arm of rye chromosome 1 (1RS) is contained in 

several high yielding cultivars of the U.S, and breeding lines of the International 

Maize and Wheat Improvement Center (CIMMYT) (Manske and Vlek, 2002; 

Lukaszewski, 1990). This is because it is associated with substantial yield increases, 

improved resistance to leaf rusts and powdery mildews and increased stress tolerance 

in wheat (Merker, 1982; Rajaram et al., 1983; Villareal et al., 1995; McIntosh, 1983; 

Heun and Fishbeck, 1987).  

 

Recently, bread wheat genotypes with the 1RS translocation were found to have 

developed  higher root mass, thinner roots and larger root length density in pot 

experiments under controlled environment conditions (Ehdaie et al., 2003, 2010). 

However, there has been no study to verify whether the differences in root growth of 

these wheat (1RS) translocations are expressed under field conditions and their 

potential benefits for marginal environments, such as low N fertilizer input 

conditions. Moreover findings from controlled environments may not translate to field 

conditions due to variations in environmental factors in the latter. The advantages of 

the wheat-rye (1RS) translocation to low input organic N fertilizer systems versus 

high input N conditions are also largely unknown yet extensive root growth is often 

required for high yields in marginal environments (Manske and Vlek, 2002). 

Therefore, field studies were initiated to investigate root growth, biomass distribution 

and grain yield of the bread wheat cultivar Pavon 76 and its 1RS translocation lines 

under organic and synthetic N fertilizer management systems, to test whether the 1RS 

translocation lines produce higher root biomass under field conditions, and to examine 

the association between root mass and grain yield of these genotypes. 
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Materials and methods 

Experiment site 

Field experiments were conducted in the 2010-2011 and 2011-2012 growing seasons 

at the University of Arizona’s Maricopa Agricultural Center (Maricopa, AZ, 33o 04’N 

111o 130 58’W, 361 m above sea level). The soils at the experimental sites were Casa 

Grande-fine loamy, mixed, hyperthermic Typic Natrargids, with a sandy loam, and 

sandy clay loam texture. The rainfall totals were 29.5 and 42.4 mm in the 2010-2011 

and 2011-2012 growing seasons (December to May), respectively. Basin irrigation 

was used to minimize water deficit supplying a total of 1170 and 1205 mm of water in 

the 2010-2011 and 2011-2012 growing seasons, respectively. 

 

Experimental design and Crop management 

Each experiment was laid out in a split-plot design with four replications. The main 

plots were nitrogen (N) fertilizer management systems consisting of either organic N 

fertilizer (manure), synthetic N fertilizer (urea), or unfertilized control (CK). Organic 

manure was applied at either 12.5 (low rate/O-Lo) or 25 t ha
-1 

(high rate/O-Hi)
 
similar 

to organic barley production systems in Arizona (Ottman and Andrade-Sanchez, 

2011) and incorporated into soil prior to planting. The organic manure contained up to 

3300 ppm of nitrate-N, 59 ppm of ammonium-N and about 24,000 ppm total N (Table 

1). Synthetic N in the form of urea was broadcast at either 67 kg N ha
-1 (low rate/N-Lo) 

or at 135 kg N ha
-1 (high rate/N-Hi) in three split applications (at pre-planting, tillering 

and booting stages). These rates were chosen based on residual available soil N 

obtained from pre-planting soil tests (Table 1). The sub plots were the genotypes 

Pavon 76 and its three translocated lines Pavon 76 1RS.1AL, Pavon 761RS.1BL, and 
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Pavon 76 1RS.1DL. Pavon 76 is a spring bread wheat variety from the breeding 

program of Centro Internacional de Mejoramiento de Maı´z y Trigo (CIMMYT), 

Mexico. The near-isogenic 1RS lines were generated by translocation of the same 

short arm of chromosome 1 of rye (1RS) for the short arm of chromosomes 1A, 1B, 

and 1D in the genetic background of Pavon 76 wheat (Lukaszewski, 1997).   

 

The experimental plots measured 9 m by 4.5 m and 12 m by 3 m in 2010-2011 and 

2011-2012, respectively, with inter-row spacings of 19 cm. Wheat was seeded at a 

rate of 112-179 kg ha
-1 

into dry soil on December 15, 2010 and December 8, 2011 and 

irrigated the next day. Based on pre-season soil analysis and recommendations from 

University of Arizona Cooperative Extension (Ottman and Thompson, 2006), pre-

plant phosphorus in the form of triple super phosphate was applied at a rate of 56 kg 

ha
-1 

in the 2011-2012 growing season. In both growing seasons, the crop was managed 

following routine wheat production practices, including pest, disease and weed 

control to avoid yield limitations.  

 

Root sampling  

Root samples were collected at three growth stages each year, mid-jointing or stem 

elongation, (82 and 76 days after sowing (DAS), anthesis (117 and 124 DAS) and 

physiological maturity (148 and 152 DAS in 2010-2011 and 2011-2012 growing 

seasons, respectively). Roots were sampled from only three genotypes, Pavon 76 

1RS.1AL, Pavon 76 1RS.1BL and Pavon 76. Root sampling employed metallic open 

ended baskets measuring 45 x 31 x 24cm which were buried pre-planting within crop 

rows to 40cm depths. The baskets were used to extract intact soil monoliths 

containing shoots and most of the root system in the cultivated soil layer. 
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At each selected root sampling stage, one basket containing an intact soil block with 

plants was manually retrieved per plot.  The soil blocks/monoliths contained in the 

baskets were then trimmed to a uniform width of 19 cm, with one row of plants in the 

middle of the block. Roots were extracted from the soil blocks by washing with water 

over 1mm mesh screens then oven dried at 65
o
C for 48 hours and weighed to obtain 

dry mass. The dry mass measurements obtained were used to estimate genotype root 

mass per unit soil volume in the top 40 cm soil profile. 

 

Additionally, soil cores were taken from the sites of uprooted baskets for each plot, 

using a hand-held auger (7.5cm diameter) on each root sampling date. Soil cores were 

obtained from the 40-70cm, 70-100cm, 100-130cm profiles in 2010-2011 and from 

40-80cm, 80-110cm, and 110 -140cm depths in 2011-2012. These profile depths were 

chosen following reports that maximum rooting depth is typically 80-120 cm in spring 

wheat (Siddique et al., 1990). 

 

Roots were retrieved by soaking the soil cores in tubs of water and filtering roots out 

on a 1mm mesh filter. Washed root samples were stored in 50:50% water: alcohol 

mixture at 4
o
C prior to sorting and drying. During sorting, new or live wheat roots 

(pale brown color) were separated from gravel, organic debris and dead roots using 

tweezers, oven dried at 65
o
C and weighed to obtain root dry mass at depth. Since soil 

cores and monoliths were of different volumes, root mass was converted to root 

densities (g m
-3

 of soil) as recommended by Campbell et al. (1977). Thus total root 

dry weights per unit soil volume were computed as the sum of all root weight 
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densities per plot from all sampled soil profiles (0-130 cm) and (0-140 cm) in 2010-

2011 and 2011-2012 respectively. 

 

Shoot dry matter and grain yield  

On each root sampling date, shoots from within the retrieved and trimmed soil blocks 

were cut at the soil surface, oven dried at 65
o
C and weighed to obtain shoot dry mass. 

At crop maturity, the undisturbed middle 8 rows of each plot from all four genotypes 

were harvested using a small- plot combine harvester for estimates of grain yield and 

grain protein content on June 22, 2011 and May 23, 2012. The wheat crop in the 

2010-2011 growing season matured by mid-May, but harvest was delayed due to 

equipment failure. Straw yield and harvest index were estimated by plant samples 

from 1x4 m rows.  

 

Data analysis 

A mixed-model repeated measures analysis of variance (Littell et al., 1996) was used 

to determine effects of the influence of genotype, N fertilizer system, sampling stage 

and their interaction on root and shoot mass and yield parameters. The block variable 

and its interaction terms were entered as random effects while sampling dates were 

entered as repeated measures. The Kenward-Roger formula was used to calculate the 

corrected degrees of freedom for the Type III F tests. The first order heterogeneous 

autoregressive option (ARH1) was used to estimate the covariance structure of the 

repeated measures as it consistently maximized both Akaike’s information and 

Schwarz’ Bayesian Criteria (Littell et al., 1996). All response variable analyses were 

conducted separately for each year due to significant year, and year by treatment 

effects. Significant differences among main effects were examined using mean 
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separations in the DIFF option of the LSMEANS statement while significant 

interaction terms were further analyzed, at each level of one of the main effects, using 

the SLICE option of the LS MEANS statement. All analyses were conducted in the 

PROC MIXED platform of SAS (SAS Institute, Cary, NC, USA).   

 

 

Results 

Total root biomass  

The year x N fertilizer system and year x genotype interactions had significant effects 

on total root biomass, thus data for each year are presented separately (Table 1.5). 

Although the genotype by growth stage and genotype by N fertilizer system 

interactions were not significant, root biomass data are presented by growth stage and 

N fertilizer system to show changes over different stages and fertilizer treatments. In 

the 2010-2011 growing season, the genotype 1RS.1BL had 23% higher root biomass 

than Pavon 76 at the physiological maturity stage (Table 2). In the 2011-12 growing 

season, 1RS.1BL had 9% significantly higher total root biomass than Pavon 76 at the 

jointing stage (Table 2). Generally, our data indicated that the translocated lines 

1RS.1AL and 1RS.1BL had higher root biomass than Pavon 76 under field 

conditions.  

Total root biomass under the organic N fertilizer management systems was 10 and 20 

% higher than the synthetic N systems and the unfertilized control respectively in the 

2010-2011 growing season. In the 2011-2012 growing season, the synthetic N 

fertilizer system had 16 and 28% higher total root biomass than the organic N and the 

unfertilized control systems respectively. In general, 1RS.1AL had higher root mass 

than 1RS.1BL and Pavon 76 in almost all N fertilizer management systems, but 
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significant differences were only observed in the low synthetic N, high organic N and 

unfertilized control systems in the 2010-2011 growing season and in the unfertilized 

control in the 2011-2012 growing season (Table 2).  

 

Root biomass in the top 40 cm profile  

The year x genotype and year x N fertilizer system interactions had significant effects 

on root biomass in the top 40 cm profile thus data for each year are presented 

separately. Root biomass in the top 40cm soil layer varied significantly among 

genotypes, growth stages, and N fertilizer systems in both growing seasons. In the 

2010-2011 growing season, 1RS.1AL had greater root biomass in anthesis stage and 

both 1RS.1AL and 1RS.1BL had higher root biomass at physiological maturity stage 

compared to Pavon 76 (Fig. 1A). In the 2011-2012 growing season, only 1RS.1BL 

had higher root biomass at anthesis stage compared to Pavon 76 (Fig. 1B). 

 

Among N fertilizer systems, the low rate of synthetic N and high rate of organic N 

supported greater root biomass in the top 40cm profiles compared to other fertilizer 

systems in the 2010-2011 growing season (Fig. 2A). Significant differences among 

genotypes were observed within the synthetic N and unfertilized treatments where 

1RS.1AL and 1RS.1BL had significantly higher root biomass than Pavon 76 (Fig. 

2A). In the 2011-2012 growing season, significant differences between the 

translocated lines and Pavon 76 were observed in the high synthetic N, unfertilized 

control and low organic N rate (Fig. 2B). 

 

Root biomass below 40 cm 
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Root mass densities from all profiles beneath 40 cm did not vary significantly among 

genotypes or N fertilizer systems, and showed no year x genotype or year x N 

fertilizer system interactions.  However when root mass densities from all profiles > 

40 cm were summed, differences among the N fertilizer systems were significant. 

Root biomass densities decreased with soil profile depth at both anthesis and maturity 

in the 2010-2011 growing season (Fig 1A). The genotype1RS.1AL had significantly 

higher root biomass than 1RS.1BL and Pavon 76 in the 40 -70cm profile at the 

jointing stage, and at physiological maturity 1RS.1BL had significantly higher root 

biomass than Pavon 76 in the 70-100 cm profile in the 2010-2011 growing season 

(Fig 1A). In the 2011-2012 growing season, no differences in root biomass were 

observed among genotypes within profile depths below 40cm, at all three growth 

stages. However, root biomass at depth was higher among the translocation lines than 

Pavon 76 (Fig 1B).   

Among fertilizer systems, organic N systems supported higher root biomass at depth 

than synthetic N and the unfertilized control in both growing seasons. The 

translocation lines 1RS.1AL and 1RS.1BL had significantly higher root biomass at 

depth (40-130 cm) than Pavon 76 under the high organic N rate in the 2010-2011 

growing season (Fig 2A).  In the 2011-2012 growing season, there were no significant 

differences observed in root biomass at depth among genotypes within N fertilizer 

systems (Fig 2B).  

 

Root: plant biomass ratio (Root dry weight ratio) 

The root:plant biomass ratio varied significantly between growth stages in both years, 

and among N fertilizer systems in 2011-12. 
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 In both growing seasons, the root dry weight ratio decreased with advancement in 

growth, from a mean of 46-55% at jointing to 14-17% at physiological maturity 

(Table 3). The 1RS.1BL translocation line attained higher root: plant biomass ratios at 

the jointing stage in the 2010-2011 growing season. Although there were no 

significant differences in root dry weight ratio among genotypes in the 2011-2012 

growing season, 1RS.1AL had a higher mean root: plant biomass ratio compared to 

Pavon 76. Among the fertilizer treatments, significant differences were observed in 

the high organic fertilizer treatment in the 2010-2011 growing season and in the 

unfertilized control treatment in the 2011-2012 growing season, where 1RS.1AL had 

higher root: plant biomass ratio compared to Pavon 76 (Table 3). 

 

Grain yields  

The ANOVA of grain yields for both years combined showed significant differences 

between years, among N fertilizer systems and significant year x N fertilizer system 

interactions (p<0.05). However, neither the year x genotype nor genotype x N 

fertilizer system interactions were significant, thus grain yield data are presented as 

means of both years. Genotype grain yields were statistically similar except for 

1RS.1AL that had significantly lower grain yields than 1RS.1BL (Fig. 3A). Mean 

genotype grain yields for both 2010-11 and 2011-12 ranged from 3.76 to 4.08 Mg ha
-

1
. 

As expected grain yields increased with N fertilizer rate under both synthetic and 

organic N management systems. The synthetic N fertilizer systems produced higher 

mean grain yields (4.7 Mg ha 
-1

) relative to organic N systems (3.5 Mg ha 
-1

) and the 

zero N system (3.4 Mg ha 
-1

) (Fig. 3B). 
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Grain yield and root mass associations 

The regressions of grain yield with root mass were significant and positive only for 

root mass from the 0-40cm soil profiles for both growing seasons (R
2
 = 0.58) (Fig.3).  

This suggests that selections for one trait are not detrimental to the other but may 

instead improve it. 

 

Discussion 

Wheat genotypes containing the rye chromosome arm (1RS) are reported to have 

enhanced grain yields, speculatively attributed to a superior rooting system 

(Lukaszewski, 1990; Villareal et al., 1991; Moreno-Sevilla et al., 1995; Ehdaie et al., 

2003). Recent studies have indeed reported higher root biomass for bread wheat 

genotypes with the 1RS translocations than their near isogenic equivalents without the 

translocation at physiological maturity, from pot experiments under controlled 

environments (Ehdaie et al., 2003, 2010). This manuscript is the first to compare root 

biomass among the 1RS translocated lines at different growth stages under field 

conditions.  

 

Our studies found significantly higher root biomass among the 1RS translocations at 

the physiological maturity and jointing growth stages in the 2010-11 and 2011-12 

growing seasons respectively, in agreement with findings from green house 

experiments (Ehdaie et al., 2003, 2010). Total root biomass averaged over N fertilizer 

systems ranged from 572 to 714 for 1RS.1AL, 520 to 739 for 1RS.1BL and from 475 

to 671g m 
-3

 for Pavon 76 in the 2010-11 and 2011-12 growing seasons respectively. 

The 1RS translocations could therefore be useful in wheat breeding programs 
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selecting for superior root traits to improve water and nutrient uptake, minimize 

leaching losses and excessive N fertilizer applications.  

 

Wheat root growth for all genotypes followed a sigmoid growth curve with a 49% 

increase in root biomass from jointing to anthesis followed by a 27% decrease by 

physiological maturity in 2011-12, consistent with several reports on spring and 

winter wheat (Campbell et al., 1977; Gregory et al., 1978; Barraclough and Weir, 

1988). The disparity in the 2010-11 season could have been due to earlier sampling at 

148 DAS compared to 152 DAS in 2011-12 that likely preceded the onset of root 

senescence or to a surge in root proliferation later in the crop’s growth cycle. Gregory 

et al. (1978) observed that roots continue to proliferate between anthesis and harvest.  

 

Our studies showed that about 57-81% of the total root biomass was contributed by 

the top 40 cm of soil in both growing seasons at anthesis, well within the range 

reported in previous studies (Gregory et al. 1978; Campbell et al. 1977; and Wilhelm 

et al. 1982). Differences in total root biomass among the genotypes were therefore 

mainly significant in the top 40cm profile, similar to findings from pot culture 

experiments by Ehdaie et al. (2010). Contributions to total root mass declined with 

soil profile depth to 9 and 4% in the 40-70cm and 100-130 cm depths respectively in 

2010-11 and 19 and 7% in the 40-80cm and 110-140cm profiles respectively in the 

2011-12 growing season. Several authors have reported similar declines in winter 

wheat root density with depth (Campbell et al., 1977; Gregory et al., 1978; 

Barraclough et al., 1989). Future studies could therefore capitalize on sampling for 

roots at their peak growth stage, anthesis and utilize mostly the top soil profiles for 

reasonable estimates of wheat root biomass accumulation. 
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Root to total plant biomass (root dry weight) ratios are significant for assessments of 

the root system’s role in causing yield limitations (Barraclough, 1984). Our results 

showed a general decrease in root dry weight ratios from 42-59% at the jointing stage 

to 13-19% by physiological maturity. Slightly lower values have been reported for 

winter and spring wheat (25-30%) at early growth stages (Gregory et al., 1978; 

Campbell et al., 1977); however the authors documented similar root dry weight ratios 

to our results at maturity (10 to15%). Our studies also showed significantly larger root 

dry weight ratios for the genotype 1RS.1BL at the jointing stage likely due to higher 

early root growth vigor. 

 

Nitrogen fertilizer application may result in increased root weight, provided plants are 

severely deficient in N (Boote, 1976; Cunningham, 1968; Toomre, 1966). In this 

study, total root biomass generally increased with N fertilizer rate, except for the 

2010-11 growing season probably due to low soil N. Campbell et al. (1977) and 

Barraclough et al. (1989) similarly reported increased wheat root growth with N under 

irrigated conditions. Notably however, were the superior root mass yields of the 1RS 

translocations relative to the parent line Pavon76 in almost all N fertilizer 

management systems. These findings suggest a potential applicability of the wheat - 

rye translocations to a wide range of N fertilizer wheat management systems. 

 

Mean grain yields for both growing seasons were slightly low, and ranged from 3.76 

to 4.08 Mg ha
-1

. Ehdaie et al. (2003) reported a higher range 4.07- 4.89 Mg ha
-1

 for 

the same genotypes at Moreno valley, California. The low yields were probably due 

to lower rates of N fertilizer used in the studies. Differences in grain yields of the 1RS 
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lines and Pavon 76 were not significant. Ehdaie et al. (2003) similarly reported no 

significant differences between the wheat-rye lines and the parent line under dry field 

conditions. Villareal et al. (1991) also found no significant differences in grain yields 

between 1B/1R spring wheat genotypes and non translocated 1B genotypes.   As 

expected, higher mean grain yields were obtained under synthetic N fertilizer (1.2 Mg 

ha
-1

) than organic N systems likely due to higher levels of available N. Organic N 

systems are often constrained by the timing of N availability despite high mineral N 

supply from organic matter (Berry et al., 2002). 

 

The positive associations between grain yield and root mass from our studies are 

similar to findings from Ehdaie et al. (2003) in pot experiments. Manske and Vlek, 

(2002) and Lopes and Reynolds, (2010), also reported positive associations between 

root system parameters and grain yield. These results suggest that selections for high 

root mass among 1RS translocations would not reduce grain yield potential. 

 

Conclusion 

This study utilized a combination of soil monoliths to sample wheat roots in the top 

40 cm soil profile and soil cores for deep seated roots to investigate field root growth 

of the Pavon76 wheat 1RS translocation lines under synthetic and organic N fertilizer 

management systems. The goal was to generate estimates of field wheat root mass 

distribution per unit volume of soil, that better account for soil spatial and temporal 

variability, under different N management systems. The results demonstrate that the 

bread wheat-rye (1RS) translocations Pavon761RS.1AL Pavon761RS.1BL grown in 

Arizona’s irrigated desert develop significantly higher root dry mass than the non-

translocated line Pavon76. The results confirmed findings from the potted 
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experiments and showed that the translocated lines possess higher root biomass at 

both 0-40 and 40-130 cm depth under field conditions. The 1RS translocation lines 

were also high yielding and performed exceptionally well under synthetic N, low 

organic manure N rates and zero N fertilizer management systems. This implies that 

root system traits in wheat could be improved upon without adverse effects on yield 

potential. 
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Table 1.  Pre-plant nutrient analysis of organic manure and soils from experimental sites  

 pH *E.C CEC  

(meq/100g) 

Calcium 

(ppm) 

Magnesium  

(ppm) 

Potassium 

(ppm) 

Phosphate 

PO4- P  

(ppm) 

Nitrate-N 

 (ppm) 

Ammonia-N  

(ppm) 

Organic N 

(ppm) 

Total N 

(ppm) 

Manure             

2010-11 7.2 9.8 - 6400 1100 5800 650 1500 29 21000 23,000 

2011-12 7.1 9.7 - 7700 1400 6900 520 3300 59 21000 24,000 

Soil             

2010-11 8.4 0.67 22..5 3700 220 360 11.0 8.7 - - - 

2011-12 8.6 0.53 24.3 4000 280 320 8.6 3 - - - 

*E.C = Electric conductivity; CEC = Cation exchange capacity 
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Table 1.5.  ANOVA p values for root biomass, root : plant biomass ratio, and grain yield in  2010-11 and 2011- 12 

  

Root biomass in top 

40cm (baskets) 

Sum of root biomass 

40-130 cm 

Total root biomass 

density Root : plant biomass Grain yield 

2010-2011 Genotype 0.04 0.49 0.09 0.27 0.96 

 

N-fert  0.02 0.01 0.03 0.76 0.84 

 

Genotype x N fert 0.16 0.10 0.12 0.19 0.44 

 

Stage  <0.01 <0.01 <0.01 <0.01 - 

 

Genotype x stage 0.32 0.02 0.12 0.08 - 

 

N-fert x stage 0.29 0.32 0.71 0.56 - 

 

Genotype x N-fert x stage 0.90 0.62 0.58 0.68 - 

2011-2012 Genotype 0.12 0.17 0.18 0.05 0.46 

 

N-fert  <0.01 0.13 <0.01 <0.01 <0.01 

 

Genotype x N fert 0.01 0.79 0.33 0.70 0.03 

 

Stage  <0.01 0.10 <0.01 <0.01 - 

 

Genotype x stage 0.26 0.89 0.71 0.84 - 

 

N-fert x stage 0.05 0.62 0.10 0.08 - 

 

Genotype x N-fert x stage <0.01 0.74 0.10 0.23 - 
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Table 2. Total root biomass at different growth stages and within fertilizer systems (g m 
-3

)  

Genotype 
Growth stage  N- fertilizer system 

Genotype 

means Jointing Anthesis Maturity  *N-Lo N-Hi O- Lo O- Hi CK 

2010-11           

Pavon 76 522.1a 398.0a 501.9b  453.5b 454.4a 552.6a 526.6ab 407.6b 475.0b 

1RS.1AL 589.0a 535.4a 590.4ab  599.3a 494.7a 589.1a 672.4a 503.9a 571.9a 

1RS.1BL 492.9a 454.6a 619.3a  570.8a 505.1a 497.8a 532.8b 499.7ab 520.0ab 

2011-12           

Pavon 76 570.3b 839.1a 602.8a  671.7a 793.6a 616.9a 681.9a 587.2b 670.8a 

1RS.1AL 583.7ab 897.2a 652.1a  804.5a 817.6a 642.1a 708.2a 563.1b 714.3a 

1RS.1BL 624.9a 901.3a 672.8a  846.8a 720.4a 689.8a 724.7a 683.0a 738.8a 

*N-Lo = 67 kg N ha
-1

; N-Hi = 135 kg N ha
-1

; O -Lo = 12.5 t ha
-1

; O - Hi = 25 t ha
-1

; CK= Unfertilized control 
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Table 3. Genotype root :plant biomass ratios at different growth stages and fertilizer systems  

Genotype  Growth stage  N- fertilizer system Genotype 

 Jointing  Anthesis  Maturity  * N-Lo N-Hi O -Lo O -Hi CK means  

2010-11           

Pavon 76 0.42b 0.15a 0.13a  0.23a 0.23a 0.27a 0.28b 0.26a 0.25a 

1RS.1AL 0.44b 0.19a 0.15a  0.27a 0.23a 0.28a 0.31a 0.26a 0.27a 

1RS.1BL 0.50a 0.17a 0.15a  0.32a 0.27a 0.28a 0.32ab 0.30a 0.29a 

2011-12           

Pavon 76 0.49a 0.34a 0.14a  0.35a 0.30a 0.34a 0.26a 0.35b 0.32b 

1RS.1AL 0.59a 0.31a 0.19a  0.37a 0.33a 0.35a 0.33a 0.41a 0.36a 

1RS.1BL 0.56a 0.25a 0.19a  0.34a 0.29a 0.34a 0.31a 0.38ab 0.33ab 

*N-Lo = 67 kg N ha
-1

; N-Hi = 135 kg N ha
-1

; O -Lo = 12.5 t ha
-1

; O - Hi = 25 t ha
-1

; CK= Unfertilized control 
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Figure 1. Root biomass density distribution along soil profile depths in the 2010-11 

(A) and 2011-2012 (B) growing season at different growth stages 
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Figure 2. Root biomass density distribution under different N fertilizer systems in 

the 2010-11 (A) and 2011-12 growing seasons (B). 
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Figure 3. Mean grain yields by genotype (A) and N fertilizer systems (B) in 2010-11 

and 2011-12.  
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Figure  4. Regression of grain yield and root mass from the 0-40cm soil profiles in 

the 2010-11 and 2011-12 growing seasons.  

 

 

 

 

 

 

 

y = 3.31ln(x) - 15.70 

R² = 0.58 

0

2

4

6

8

10

0 100 200 300 400 500 600 700

G
r
a
i
n
 
y
i
e
l
d
 
(
M

g
 
h
a

-
1
)
 

Root mass (g m
-3

) 

2011 2012



64 
 

 
 

 

 

 

 

APPENDIX B 

 

NITROGEN USE EFFICIENCY OF PAVON 76 BREAD WHEAT AND ITS 

WHEAT-RYE (1RS) TRANSLOCATION LINES AS AFFECTED BY ROOT 

GROWTH DYNAMICS AND ROOT BIOMASS SIZE 

 

Ruth J. Kaggwa
1
, Giles Waines

2
 and Guangyao Wang

3
 

1
School of Plant Sciences, University of Arizona, 303 Forbes Building, Tucson, AZ 

85721, USA.  

2
Department of Botany and Plant Sciences, University of California Riverside CA92521-

0124. 

3
Desert Research and Extension Center, 1004 E. Holton Rd. El Centro, CA 92243 

 

Article to be submitted to the Field Crops journal  

 

 

 

 

 



65 
 

 
 

 

 

 

 

 

 

Nitrogen use efficiency of Pavon 76 bread wheat and its wheat-rye (1RS) 

translocation lines as affected by root growth dynamics and root biomass size   

 

Abstract 

The wheat root system plays a key role in pre-anthesis nitrogen (N) uptake and has also 

been credited with post anthesis N contributions to grain N at maturity. However, 

majority of studies disregard the amount of N in the root system, utilizing only the 

aboveground N as a measure of total plant N for assessments of nitrogen use efficiency 

(NUE). We conducted a two year field study to examine the effects of root growth 

dynamics and biomass size on N uptake and utilization efficiency pre- and post anthesis. 

The study employed the bread wheat (Triticum aestivum) cultivar Pavon76 and its near 

isogenic rye translocation (1RS) lines, 1RS.1AL and 1RS.1BL supplied with organic N in 

animal manure at 12.5 or 25 t ha 
-1 

or synthetic N fertilizer at 0, 67 or 135 kg N ha
-1

. Root 

growth peaked at anthesis in the 2011-2012 growing season and declined thereafter. The 

1RS lines had 22-26% higher root biomass than Pavon76 at maturity, and greater root N 

uptake at jointing and maturity in the 2010-2011 growing season.  Root N uptake 
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comprised about 22-34% of the total plant N uptake at the jointing stage, and declined to 

7-13% at maturity. The inclusion of root N uptake reduced the N utilization efficiency 

(NUtE) and N harvest index (NHI) by 6-14 and 7-15% respectively, indicating that the 

use of only the above ground plant parts over estimates these parameters. The mean 

genotype NUE ranged from 48-57 kg grain kg
-1 

N fertilizer and did not differ among the 

genotypes. High fertilizer N supply generally reduced the N uptake efficiency, N 

utilization efficiency and the N use efficiency but increased shoot biomass, root and shoot 

N concentration and shoot N uptake, grain yield and grain N concentration. This study 

suggests that root system N uptake contributes significantly to plant N uptake at early 

growth stages and should be considered in wheat NUE evaluations especially at earlier 

growth stages. Additionally, the root system N uptake’s effect on key N efficiency  

variables such as NHI and NUtE indicates that its inclusion would improve accuracy of 

NUE estimations. 

 

Introduction 

Nitrogen (N) is important to wheat production because of its effect on grain yield, protein 

content, nutritional, milling and baking qualities of wheat flour (Daigger et al., 1976). 

However global N fertilizer use in wheat is generally inefficient as only 33% of the total 

N applied is harvested in the grain, the rest lost as runoff, leached nitrate (NO3
-
) in 

groundwater, volatilization or by microbial denitrification (Vitousek et al., 1997; Raun 

and Johnson, 1999). These losses pose grave environmental consequences in most high 

input conventional production systems (Altieri and Bravo, 2007). Thus there is growing 

emphasis to improve nitrogen use efficiency (NUE) in wheat production systems through 
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improved agronomy and breeding of crop varieties with higher soil N uptake efficiency 

(Raun et al., 2002; Shanahan et al., 2008; Allard et al., 2013; Cassman et al., 2002). 

These wheat improvement efforts could target the root system, as it is quickly emerging 

as a low cost, environmentally sound solution to improving NUE (Gewin, 2010). 

 

Nitrogen use efficiency is defined as the grain produced per unit of available soil N. It is 

the product of two components, N uptake efficiency (NUpE) which is the capture of N by 

roots or total above ground plant N per unit of total N supplied, and N utilization 

efficiency (NUtE), the grain yield per unit of total N in the plant (Moll et al., 1982; Ortiz-

Monasterio et al., 1997). Despite the requirement for total plant N in NUtE computations, 

majority of studies disregard the amounts of N in the root system and utilize only the 

aboveground (shoots) N as a measure of total plant N (Dawson et al., 2008). Moreover, 

roots have been reported to contribute up to 20% of the grain N at maturity through post 

anthesis N redistribution (Simpson et al., 1983; Heitholt et al.1990; Andersson and 

Johansson. 2006).  

 

Roots play a key role in post anthesis N uptake, especially under non-limiting N and soil 

moisture conditions (Smith et al., 1983; Banziger et al., 1994). In wheat, higher N uptake 

efficiency has been associated with early and vigorous root growth and larger root 

density at maturity (Liao et al., 2004; Noulas et al., 2010). This is probably due to the fact 

that higher wheat root biomass can reduce leachate nitrate concentrations and improve  

efficiency of N acquisition (Liu et al., 2009; Ehdaie et al., 2010). Root architecture and 

biomass are especially influential in the plant’s NUE (Dawson et al., 2008). NUE has 
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also been found to be dependent on root morphology and physiology in rice (Oryza 

sativa) (Jian-Bo et al., 2010). Additionally, positive correlations between root length 

density and ability to utilize nitrate have been reported in maize, indicating the overall 

importance of root characteristics to N uptake and use efficiency (Wiesler and Horst, 

1994). These aforementioned studies attest to the possibility of improving N acquisition 

by the use of cultivars with superior root systems that are better able to intercept and take 

up soil N (Foulkes et al., 1998; Le Gouis et al., 2000). 

 

In bread wheat, roots are a significant source of N redistributed to the grain and have 

been credited with post anthesis N contributions as high as 16-24% to grain N at maturity 

under hydroponic conditions (Smith et al., 1983; Simpson et al.,1983; Andersson et al., 

2005). Additionally, roots are involved in cycling N from shoots to the grain. Simpson et 

al. (1983) found that more than half of the N translocated from leaves to the grain was 

first cycled in the roots and later transported via the transpiration stream. 

 

The root system’s importance to the plant’s economy varies with N fertilizer rate (Kondo 

et al., 2003; Wang et al., 2005; Mackay and Barber, 1986). Lower wheat root:shoot ratios 

and smaller root system sizes have been observed when soil N is readily available 

(Barraclough, 1984) while some studies have shown larger root system sizes and biomass 

under similar conditions (Tennant, 1976; Maizlish et al., 1980; Campbell et al., 1977) and 

also under limiting N conditions (Glass, 2003; Miller and Cramer, 2004; Barraclough et 

al., 1989).   
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The nature of N fertilizer applied is also important as it has a direct effect on N 

availability and consequently NUE (Dawson et al., 2008). Organic N systems are usually 

characterized by N limiting conditions, lower grain yields and grain N relative to 

conventional high N input systems despite high supplies of mineral N, due to 

unpredictable timing of N availability (Gill et al., 1995; Berry et al., 2002; Gooding et al.,  

 

1999). However, organic N amendments confer significant non-nutrient related benefits 

such as enhanced beneficial soil microbial populations, reduced pathogen populations 

and increased soil organic matter, all of which may improve root growth and 

consequently N uptake and NUE (Rehana et al., 2010; Bulluck et al., 2002; Stukenholtz 

et al., 2002). 

 

Studies of wheat root contributions to NUE and N redistribution have mostly been 

conducted in controlled environments using pots (Simpson et al., 1983; Andersson and 

Johansson. 2006). The influence of root traits such as size and architecture on NUE and 

wheat grain N content under field conditions is still largely unclear and studies about N 

remobilization from roots are scarce (Noulas et al., 2010; Garnet et al., 2009; Allard et 

al., 2013). The main challenge is the difficulty in extracting entire intact root systems 

from soil in field environments coupled with concerns that bigger roots with higher 

demands for carbon could result in a reduction in assimilate transfer to the harvested 

grain (Guingo et al., 1998; Kondo et al., 2003; Passioura, 1983; Garnett et al., 2009). This 

study was conducted to examine the influence of root biomass pre- and post- anthesis on 

total plant N uptake and NUE, using a selection of superior root biomass near isogenic 
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Pavon 76 bread wheat-rye genotypes in synthetic and organic N fertilizer systems under 

field conditions. 

 

Materials and methods 

Experiment site 

Field experiments were conducted in the 2010-2011 and 2011-2012 growing seasons at 

the University of Arizona’s Maricopa Agricultural Center (Maricopa, AZ, 33
o
 04’N 111

o
 

130 58’W, 361 m above sea level). The soils at the experimental sites were Casa Grande-

fine loamy, mixed, hyperthermic Typic Natrargids, with a sandy loam, and sandy clay 

loam texture. The rainfall totals were 29.5 and 42.4 mm in the 2010-2011 and 2011-2012 

growing seasons respectively. Basin flood irrigation was used to minimize water deficits, 

supplying a total of 1170 and 1205 mm of water in the 2010-2011 and 2011-2012 

growing seasons, respectively. 

 

Experimental design and Crop management 

The experiments were laid out in a split-plot design with four replications. The main plots 

consisted of synthetic N fertilizer (urea) applications at either of three rates; 0 kg N ha
-1

 

(unfertilized control or CK), 67 kg N ha
-1 

(C-Low) or 135 kg N ha
-1

 (C-High) and organic 

N fertilizer (manure) at either of two rates, 12.5 t ha
-1 

(O-Low) or 25 t ha
-1 

(O-High). 

Synthetic N fertilizer was manually broadcast into plots prior to anthesis in two and three 

split applications in the 2010-2011 and 2011-2012 growing seasons, respectively (Table 

1). The manure containing up to 3300 mg kg
-1

 of nitrate-N, 59 mg kg
-1

 of ammonium-N 

and about 24,000 mg kg
-1

  total N was mechanically incorporated into soil prior to 
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planting in both years (Table 1.5). The sub plots were the genotypes Pavon76 and its 

three translocated lines Pavon76 1RS.1AL, Pavon76 1RS.1BL, and Pavon76 1RS.1DL. 

Pavon76 is a spring bread wheat variety from the breeding program of Centro 

Internacional de Mejoramiento de Maı´z y Trigo (CIMMYT), Mexico. The near-isogenic 

1RS lines were generated by translocation of the same short arm of chromosome 1 of rye 

(Secale cereale L.) (1RS) for the short arm of chromosomes 1A, 1B, and 1D in the 

genetic background of Pavon 76 wheat (Lukaszewski, 1997).   

 

Prior to bread wheat planting in the 2011-2012 growing season, Sudangrass [Sorghum 

bicolor (L.) Moench var. sudanense] cover crops were grown in the summer, to remove 

excess N and reduce fertility variations in the experimental site. Additionally, pre-plant 

phosphorus in the form of triple super phosphate was applied at a rate of 56 kg ha
-1 

in the 

2011-2012 growing season based on pre-season soil analysis and recommendations from 

University of Arizona Cooperative Extension (Ottman and Thompson, 2006). Wheat was 

seeded into dry soil in plots measuring 9 by 4.5 m, and 12 by 3 m in 2010-2011 and 

2011-2012 respectively, with an inter-row spacing of 19 cm at a rate of 112- 179 kg ha
-1 

on December 15, 2010 and December 8, 2011 and irrigated the next day. In both growing 

seasons the crop was managed following routine wheat production practices, including 

pest, disease and weed control to avoid yield limitations.  

 

Plant sampling and plant measurements  

Wheat shoots and roots were sampled destructively at 82, 117 and 148 days after sowing 

(DAS) in the 2010-2011 growing season and 76, 124 and 152 DAS in the 2011-2012 
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growing season which were at mid-jointing (stem elongation), anthesis, and maturity 

growth stages, respectively. Roots were sampled from only three genotypes, Pavon 76, 

Pavon 76 1RS.1AL, and Pavon 76 1RS.1BL, using a combination of soil monoliths for 

shallow roots, and soil cores for deep roots. The intact soil blocks (monoliths) containing 

shoots and roots were retrieved from plots at each sampling date using metallic open 

ended baskets measuring 45 x 31 x 24 cm buried pre-planting within crop rows to 40 cm 

depths. At each sampling occasion, one basket was manually retrieved per plot, the soil 

block contained therein trimmed to a uniform width of 19 cm, similar to the within plot 

inter row spacing, shoots cut at the soil surface and roots extracted by washing the soil 

off with water. Additionally, soil cores were taken from the 40-70 cm, 70-100 cm, 100-

130 cm profiles in the 2010-2011 growing season and from 40-80 cm, 80-110 cm, and 

110 -140 cm depths in the 2011-2012 growing season at the sites of uprooted baskets for 

each plot, using a hand-held auger (7.5 cm diameter) on each root sampling occasion. 

Wheat roots contained therein were retrieved by soaking the soil cores in tubs of water 

and filtering roots out on a 1mm mesh filter, sorted and separated from gravel, organic 

debris and dead roots using tweezers. All root samples were oven dried at 65
o
C and 

weighed to obtain root dry mass. 

  

Shoot samples were oven dried at 65
o
C, weighed and ground prior to N analysis. In the 

2010-2011 growing season, at anthesis all shoots were separated into stems, leaves and 

spikes, prior to determination of total N. At crop maturity, the undisturbed middle 8 rows 

of each plot from all four genotypes were harvested using a small-plot combine harvester 

for estimates of grain yield and grain protein content on June 22, 2011 and May 23, 2012. 
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Plants from four 1m row sections per plot were destructively sampled to estimate straw 

yield and harvest index. In both years, shoot samples taken at harvest were separated into 

grains and straw prior to determination of total N. All dried and weighed biomass 

samples were finely ground through a 0.42 mm mesh screen and analyzed for total N  

 

 

concentration (%N) by the Dumas combustion method using the Carlo Erba 1500 NA 

nitrogen/carbon analyzer (Carlo Erba Strumentazione, Milan, Italy).    

 

Data analysis 

For each genotype, nitrogen use efficiency (NUE) and its components, uptake and 

utilization efficiency were computed according to Moll et al. (1982) and Fageria et al. 

(2008) as described below. The N harvest index, N uptake efficiency, N utilization 

efficiency and N use efficiency were calculated based on shoot N only and total plant N. 

The N uptake efficiency and consequently the N use efficiency were computed for the 

synthetic N rates only, as the available N from the organic N systems was difficult to 

accurately estimate. And calculations for the synthetic N rates are relative to fertilizer N, 

since soil N supply was not measured, as suggested by Moll et al. (1982) and Ortiz-

Monasterio et al. (1997). 

 

Total shoots N uptake (Nt shoots, kg ha
-1

) = Shoots dry mass × %N in dry mass               [1] 

 

Total roots N uptake (Nt roots, kg ha
-1

) = Roots dry mass × %N in dry mass                     [2] 
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Total plant N uptake (Nt plant, kg ha
-1

) = (Nt shoots, kg ha
-1

) + (Nt roots, kg ha
-1

)                   [3] 

 

Total grain N uptake (Ng, kg ha
-1

) = Grain yield × Grain N Concentration                     [4] 

 

N uptake efficiency, shoots only  (NUpE shoots, kg N shoots kg Nfertilizer
-

1
)  = 

Nt shoots                          

[5] Fx 

   

N uptake efficiency, whole plant (NUpE plant, kg Nplant kg Nfertilizer
-1

) = 

Nt plant                                     

[6] Fx 

 

N utilization efficiency shoots only  (NUtE shoots, kg grain kg N shoots
 -1) 

= 

Grain yield                    

[7] Nt shoots 

 

 

N utilization efficiency whole plant (NUtE plant, kg grain kg N  plant 
-1

) 
  

 

Grain yield 
                   

[8] 

Nt plant 

 

N use efficiency, shoots (NUE, kg grain kg Nfertilizer
-1

) = NUpE shoots × NUtE shoots           [9] 

 

N use efficiency, plant (NUE, kg grain kg Nfertilizer
-1

) = NUpE plant × NUtE plant             [10] 

 

N harvest index, shoots (NHI shoots, %) = 

Ng 

                                [11] 

Nt shoots 
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          N harvest index, whole plant (NHI plant, %) = 

Ng 

                          [12]                                                

Nt plant 

   

 

where Ng is N in wheat grain at maturity, and Fx is the N fertilizer rate. 

 

A mixed-model repeated measures analysis of variance (Littell et al., 1996) was used to 

determine effects of the influence of genotype, N fertilizer system, and their interaction 

on root mass, grain yield and N uptake and utilization indices. The block variable and its 

interaction terms were considered random effects while sampling dates were entered as 

repeated measures. The Kenward-Roger formula was used to calculate the corrected 

degrees of freedom for the Type III F tests. The first order heterogeneous autoregressive 

option (ARH1) was used to estimate the covariance structure of the repeated measures as 

it consistently maximized both Akaike’s information and Schwarz’ Bayesian Criteria 

(Littell et al., 1996). Significant differences among main effects were tested using mean 

separations in the DIFF option of the LSMEANS statement while significant interaction 

terms were further analyzed, at each level of one of the main effects, using the SLICE 

option of the LS MEANS statement. All analyses were conducted in the PROC MIXED 

platform of SAS (SAS Institute, Cary, NC, USA).  Data for each growth stage was 

analyzed separately for both growing seasons (years) due to variations in total synthetic 

fertilizer N applied by growth stage (Table 1). 
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Results 

 At the jointing stage, year effects were significant for all but total N uptake, and the year 

x genotype interactions were significant for all variables except for shoot and root N 

concentration, shoot N uptake, and the root:total N uptake, therefore means for all the 

variables are presented separately for each year. Genotype x N fertilizer treatment 

interactions were not significant for any of the variables measured therefore means are 

averaged over all N fertilizer treatments. The year x N fertilizer treatment interactions 

were significant for all variables except for root% N and the root:total N uptake ratio 

therefore means under each N fertilizer treatment and year are presented (Table 2). 

  

At anthesis, year had a significant effect on all variables except for shoot biomass and N 

concentration, thus genotype means for each variable are presented separately for each 

year. There were no significant year x genotype interaction effects on any of the variables 

except root N concentration. The year x N fertilizer treatment interactions were 

significant for all but root biomass, root and total plant N uptake. Means for each N 

fertilizer system are therefore presented separately for each year. There were no 

significant genotype x N fertilizer interactions, genotype means are thus presented as 

averages over all N fertilizer systems (Table 2).  

 

At maturity, year had a significant effect on all N indices except for root biomass, root N 

uptake, above ground NHI and NUE (Tables 2 and 3). There were no significant 

genotype effects on any variable except root N uptake. The year x genotype interactions 

were significant for root biomass, NHI shoot, NHI plant, NUtE shoot and the year x N 
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fertilizer system interactions were significant for all but shoot and root mass, shoot %N, 

root N uptake, and NUtE plant, thus means for each year are presented (Table 2 and 3). The 

genotype x N fertilizer system interactions were significant only for shoot mass, therefore 

genotype means are presented as averages over all N fertilizer systems for each year 

(Table 2). 

 

Plant biomass and N uptake as affected by genotypes 

The mean root biomass yields averaged over genotypes were 1844 and 2502 kg ha
-1

 in 

the 2010-2011 and 2011-2012 growing seasons, respectively. The 1RS translocation lines 

had 22-26% higher root biomass compared to Pavon 76 at maturity in the 2010-2011 

growing season and genotype 1RS.1BL had 9% higher root biomass than Pavon 76 at 

jointing stage in the 2011-2012 growing season (Table 4). Mean shoot biomass was not 

significantly different among genotypes except at anthesis in the 2011-2012 growing 

season when Pavon 76 had 20% higher shoot mass than 1RS.1AL (Table 4). 

 

Genotype differences in root N uptake were only significant at jointing and maturity 

stages in the 2010-2011 growing season. 1RS.1AL had 32% higher root N than 1RS.1BL 

at jointing while at maturity, 1RS.1AL and 1RS.1BL had 19 and 40% higher root N 

uptake than Pavon 76, respectively (Table 4). The high root N uptake was probably due 

to higher root biomass and/or higher root N concentration. At jointing, anthesis, and 

maturity stage, the mean genotype root N uptake was 14.5, 9.1 and 8.9 kg N ha
-1

 in the 

2010-2011 growing season and 22.3, 13.6 and 9.0 kg N ha
-1

 in the 2011-2012 growing 
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season, respectively. Genotypes did not differ in shoot and total N uptake at any of the 

three growth stages in both growing seasons.  

 

Root N uptake comprised on average about 22-34, 7-15 and 7-13% of the total plant N 

uptake at jointing, anthesis and maturity, respectively (Table 4). The root to plant N 

uptake ratio differed significantly among genotypes at maturity in the 2010-2011 growing 

season and at anthesis and maturity in the 2011-2012 growing season (Table 4). The 1RS 

translocation lines had higher root to plant N uptake ratio compared to Pavon76, 

indicating that the 1RS translocation lines allocated more N to roots compared to 

Pavon76.  

 

Plant biomass and N uptake as affected by N fertilizer treatments 

Root biomass varied significantly among N fertilizer systems at all the stages sampled in 

both growing seasons except for anthesis in the 2011-2012 growing season (Table 5). The 

high rate organic N system supported the highest root biomass in the 2010-2011 growing 

season, while the low rate of synthetic N treatment had the highest root biomass in the 

2011-2012 growing season. Shoot biomass yields were only significantly affected by N 

fertilizer systems at anthesis in the 2010-2011 growing season, where the low synthetic N 

rate had 20% higher shoot biomass than the unfertilized control. In the 2011-2012 

growing season, shoot biomass yields from the high N rates of both N fertilizer systems 

were significantly higher than from the low N rates and the unfertilized control due to 

low pre-plant soil N content.   
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Root N uptake increased with fertilizer N supply (Table 5). In the 2010-2011 growing 

season, the high organic N rate had significantly higher root N uptake than the other 

systems at jointing, while at anthesis and maturity root N uptake from the unfertilized 

control was significantly lower than either all the N systems or the high N fertilizer rates. 

In the 2011-2012 growing season, generally the unfertilized control and low rate of 

organic N had significantly lower root N uptake than any of the other N fertilizer systems 

at all three growth stages. The higher root N uptake was probably due to higher root 

biomass and root N concentrations.  

 

Shoot N uptake varied significantly among N fertilizer systems at all stages both growing 

seasons except for jointing in the 2010-2011 growing season (Table 5). At anthesis and 

maturity in the 2010-2011 growing season, the unfertilized control had significantly 

lower shoot N uptake than the other N systems, while at maturity the organic N systems 

the unfertilized control had significantly lower shoot N uptake than the high synthetic N 

rate. In the 2011-2012 growing season the high synthetic N rate had significantly higher 

shoot N uptake than all the other N fertilizer systems at all three growth stages. 

 

In the 2010-2011 growing season, the root to plant N uptake ratio was only significantly 

different at maturity between the high organic N rate and the other N fertilized systems 

(Table 5). In the 2011-2012 growing season, the root to plant N uptake ratio varied 

significantly among N fertilizer systems at all three growth stages and was consistently 

highest in the unfertilized control and lowest in the high synthetic N, indicating wheat 

crop invested higher proportions of N source to root under low fertility conditions. 
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Grain yield, NHI, and N use efficiency affected by genotype 

The grain yields and grain N concentration did not differ significantly among genotypes 

despite 1RS.1BL having the highest yields and grain N concentration in both growing 

seasons (Table 6).  

 

The NHIshoots averaged across genotypes ranged from 76-80% and was 7-15% greater 

than the NHIplant in both growing seasons. Both Pavon76 and 1RS.1BL had significantly 

higher NHIshoots and NHIplant than 1RS.1AL in the 2010-2011 growing season. In the 

2011-2012 growing season, genotype differences in the NHIshoots and NHIplant were not 

significant. The inclusion of root N uptake reduced NHI substantially indicating that the 

use of only the above ground plant parts over -estimates the parameter.  

 

Genotype differences in N uptake efficiency were only manifest in the 2011-12 growing 

season where Pavon 76 had a 17% higher NUpE shoots than 1RS.1AL (Table 6). Averaged 

across genotypes, the mean NUpE plant was greater than the NUpE shoots, by 6-11% in both 

growing seasons (Table 6). Genotype differences in NUtE were only manifest in the 

2010-11 growing season where Pavon 76 and 1RS.1BL had a 14% significantly larger 

NUtE plant than 1RS.1AL (Table 6). The inclusion of root N uptake reduced NUtE by 6 

and 14% in the 2010-2011 and 2011-2012 growing seasons, respectively. There were no 

significant differences in NUE among genotypes. Generally, the addition of root N 

uptake increased N uptake efficiency but reduced N utilization efficiency as expected, 
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while N use efficiency was not affected because it indicates grain production per unit of 

N fertilizer.  

 

Grain yield, NHI, and N use efficiency affected by N fertilizer treatment 

Grain yields were significantly different among N fertilizer systems only in the 2011-

2012 growing season (Table 7). The high synthetic N rate produced higher yield 

compared to other treatments. Grain N concentration in the synthetic N systems was 

significantly higher than the organic N fertilizer systems and the unfertilized control in 

the 2010-2011 growing season. In the 2011-2012 growing season, the high synthetic N 

system had the highest grain N concentration and the high organic N system had the 

lowest among the treatments.  

 

There were significant differences in both the NHIshoots and NHIplant among N fertilizer 

systems in the two growing seasons, except for the NHI plant in the 2011-2012 growing 

season (Table 7). In the 2010-2011 growing season, the unfertilized control treatment had 

a significantly greater NHIshoots than the high synthetic N rate system, and a significantly 

higher NHIplant than both the high synthetic and organic N systems. In the 2011-2012 

growing season, the NHIshoots from the low synthetic N fertilizer system was significantly 

larger than that from the low rate organic N system and the unfertilized control. Upon 

accounting for root N uptake, NHI decreased by 7 and 15%  in the 2010-2011 and 2011-

2012 growing season, respectively.   
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The N uptake efficiency, N utilization efficiency and N use efficiency decreased with N 

supply, in both seasons, more so under synthetic N (Table 7). The NUpEshoots and 

NUpEplant differed significantly among the N fertilizer rates in both growing seasons 

(Table 7). The low synthetic N rate had twice the NUpE shoots and NUpE plant of the high 

synthetic N rate in the 2010-2011 growing season and 1.4 times the NUpE shoots and 

NUpE plant of the high synthetic N rate in the 2011-2012 growing season.  

 

The low organic N rate supported 18 and 34% significantly higher NUtE shoots than the 

low and high synthetic N rates respectively and the NUtE plant was 30% higher from the 

unfertilized control than the high synthetic N rate in the 2010-2011 growing season. In 

the 2011-2012 growing season, the NUtE shoots from the high organic N rate was 

significantly higher than that from the low organic N rate, unfertilized control, and high 

synthetic N rate by 8, 12 and 20% respectively. The NUtE plant from the high organic N 

rate was 12 and 15% greater than that from the unfertilized control, and high synthetic N 

rate respectively in the 2011-2012 growing season. 

 

Discussion 

This study evaluated the contribution of the root system to the plant’s N economy at the 

jointing, anthesis and maturity growth stages using Pavon76 bread wheat and its near 

isogenic wheat-rye translocation lines 1RS.1AL and 1RS.1BL. We observed higher root 

biomass from the wheat-rye translocation lines than Pavon 76 at jointing and maturity, 

confirming the results from Ehdaie et al. (2010), who similarly found 31-46% more root 

mass from these translocation lines than Pavon76 at maturity in pot experiments. 
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However genotype differences in root N uptake were manifest between the translocation 

lines and only at jointing and maturity in 2010-2011. 

 

Root N comprised about 22-34% and 7-13% of total plant N uptake at jointing and 

maturity respectively. Campbell et al. (1977) and Andersson and Johansson, (2006) 

similarly reported declines in root N fractions with advancing growth stage, and obtained 

values ranging from 9-20% of total plant N at maturity. The substantial contribution of 

root N to total N uptake at the jointing stage, attributable to a high root mass fraction 

suggests that the root system’s contribution to the plant’s N economy is greatest and most 

significant early in the crop’s growth. The N taken up by roots early in crop development 

is probably later redistributed to the shoots during reproductive growth. In bread wheat 

60-95% of grain N comes from remobilized N stored in roots and shoots before anthesis 

(Palta and Fillery, 1995; Habash et al., 2006).  Smith et al. (1983) and Andersson and 

Johansson, (2006) also found that 60% of the N in the roots at early growth stages was 

redistributed to above ground plant parts at later stages.  

 

It has long been established that N uptake by roots during grain filling accounts for less 

than half of the N in grain and that vegetative organs are a net source of N for the grain, 

remobilizing about 70% of the N present at anthesis (Gaju et al., 2011; Pearman et al., 

1978). In our study, the root N contribution to total plant N uptake was 2-3, 6-13 and 7-

13 times less than that from shoots at jointing, anthesis, and maturity respectively, in both 

growing seasons. This indicates that at anthesis and maturity, roots are probably neither a 

significant source nor sink for N, and likely provide minimal competition with the grains 



84 
 

 
 

(Smith et al., 1983). Total root, shoot and plant N uptake generally increased with N 

fertilizer, similar to findings by Barraclough et al. (2010) from studies with winter wheat. 

The increase in N uptake may be due to an increase in mineralization and/or root growth, 

both of which increase the uptake of soil N in fertilized plots (Jenkinson et al. 1985; 

Sowers et al.1994). 

 

Mean grain N concentration ranged from 1.5-2.1%, similar to values reported by 

Barraclough et al. (2010) from studies with bread wheat (1.4-1.5%). Grain yields and 

grain N concentration were 30 and 18% higher respectively, under synthetic than organic 

N systems probably due to higher supply of available N. Cereal grain yields and grain N 

concentration are often lower in organic N systems due to difficulties synchronizing crop 

N demand with N mineralization relative to synthetic N systems (Watson et al. 2002; 

Gooding et al. 1999; Berry et al. 2002).  

 

The NHIshoots ranged from 76-85%, showing a relatively high N partitioning efficiency 

between vegetative tissues and the grains among genotypes. Clarke et al. (1990) and 

Andersson and Johansson, (2006) reported similar values ranging from 71-85% for bread 

wheat. The NHI declined by 7-15% upon accounting for belowground N in agreement 

with previous studies (Andersson and Johansson, 2006; Allard et al., 2013). This suggests 

that NHI estimates based only on total shoot N uptake overestimate the amount of N 

translocated to the grain. Genotype differences in NHI were observed in the 2010-2011 

growing season with significantly lower values for 1RS.1AL than the other genotypes. 

The NHI response to N fertilizer supply was inconsistent over the two growing seasons. 

Previous studies similarly report inconsistent results, for example, Ehdaie et al. (2001) 
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reported an 8% increase in NHI with greater N supply, while Pearman et al. (1978) and 

Allard et al. (2013) reported reductions in NHI with fertilizer N. 

 

While genotype differences in NUpE shoots in 2011-2012 and NUtE plant in the 2010-2011 

growing season were significant, the NUE did not differ significantly among the 

genotypes.  The lack of a significant difference among genotypes in NUE has also been 

reported by Gauer et al. (1992) for six spring bread wheat cultivars. The inclusion of root 

N however caused substantial changes in the NUpE and NUtE; the NUpE increased by 7-

10% and the NUtE decreased by 6-14%, but the NUE was unaffected. The substantial 

variation suggests that these indices are often over or under estimated by studies that 

disregard the root N uptake.  

 

The N uptake efficiency, N utilization efficiency, and N use efficiency decreased with N 

supply in both seasons. This has been observed in several similar wheat studies (Pask et 

al., 2012; Ehdaie et al., 2001 and Le Gouis et al., 2000; Oritz-Monasterio et al., 1997; 

Gauer et al., 1992; Dhugga and Waines, 1989; Oritz-Monasterio et al., 1997; Dawson et 

al., 2008). The decrease was probably due to a greater yield response from crops under 

low N relative to those with higher N rates. Nitrogen utilization efficiency is greatest 

under low levels of applied N where the yield response to N is potentially the highest 

(Campbell et al. 1977; Clarke et al.1990; Ehdaie et al. 2001).  

 

Conclusion 
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The 1RS lines had significantly higher root mass than Pavon76 at jointing and maturity in 

the different growing seasons and significantly higher root:plant N uptake ratios at 

anthesis and maturity. There were however no significant differences in grain yield, grain 

N, NUpE plant, NUtE shoots, and NUE among genotypes. Results also showed that root N 

concentration and N uptake and root:plant N uptake ratio, peaked at the jointing stage and 

were lowest at physiological maturity for all the genotypes. The wheat root system’s 

contribution to the plant’s N economy could therefore be greatest early in the crop’s 

growth, probably due to higher root mass fractions. Additionally, the inclusion of root N 

uptake reduced the NUtE and NHI substantially, indicating that the use of only the above 

ground plant parts over estimates these parameters. High fertilizer N supply generally 

reduced the N uptake efficiency, N utilization efficiency and N use efficiency but 

increased shoot biomass, root and shoot N concentration and shoot N uptake, grain yield 

and grain N concentration. This study has emphasized the importance of root N uptake in 

wheat NUE evaluations especially at earlier growth stages. 

 

 

 

 

 

 

 

 

 



87 
 

 
 

 

 

 

 

 

 

 

 

 

 

References 

 

Allard, V., Martre, P., Le Gouis, J., 2013. Genetic variability in biomass allocation to 

roots in wheat is mainly related to crop tillering dynamics and nitrogen status. Europ J 

Agronomy. 46, 68-76. 

Altieri, M.A., Bravo, E., 2007. The ecological and social tragedy of crop-based biofuel 

production in the Americas. Retrieved November 5
th

 2012, from 

http://www.foodfirst.org/node/1662. 

Andersson, A., 2005a. Nitrogen redistribution in spring wheat. Doctoral dissertation. 

ISSN 1652-6880, ISBN 91-576-7009-9. 

Andersson, A., Johansson, E., Oscarson, P., 2005b. Nitrogen redistribution from the roots 

in post-anthesis plants of spring Wheat. Plant and Soil. 269, 321-332. 

Andersson, A., and Johansson, E., 2006. Nitrogen partitioning in entire plants of different 

spring wheat cultivars. J Agronomy & Crop Science.192, 121-131.  

Banziger, M., Feil, B., and Stamp, E., 1994. Competition between nitrogen accumulation 

and grain growth for carbohydrates during grain filling of wheat. Crop Sci. 34, 440-446. 

Barraclough, P. B., and Leigh, R. A., 1984. The growth and activity of winter wheat roots 

in the field: the effect of sowing date and soil type on root growth of high yielding crops. 

Journal of Agricultural Science.103, 59-74. 



88 
 

 
 

Barraclough, P. B., Kuhlmann, H., Weir, A. H., 1989.The effects of prolonged drought 

and nitrogen fertilizer on root and shoot growth and water uptake by winter wheat. J 

Agronomy & Crop Science. 163, 352-360. 

Barraclough, P. B., Howarth, Jones, J.R., Lopez-Bellido, J. R., Parmar, S., Shepherd, 

C.E., Hawkesford, M. J., 2010. Nitrogen efficiency of wheat: Genotypic and 

environmental variation and prospects for improvement. Europ J Agronomy. 33, 1-11. 

 

Berry, P.M., Sylvester-Bradley, L., Philipps, D.J., Hatch, S.P., Cuttle Rayns, F.W., 

Gosling, P., 2002. Is the productivity of organic farms restricted by the supply of 

available nitrogen? Soil Use and Management. 18, 248-255.  

 

Bulluck III, L.R., Brosius, M., Evanylo, G.K., Ristaino, J.B., 2002. Organic and synthetic 

fertility amendments influence soil microbial, physical and chemical properties on 

organic and conventional farms. Applied Soil Ecology. 19, 147-160. 

 

Campbell, C, A., Cameron, D. R., Nicholaichuk, W., Davidson, H. R., 1977. Effects of 

fertilizer N and soil moisture on growth, N content, and moisture use by spring wheat. 

Can J Soil Sci. 57, 289-310. 

 

Cassman, K. G., Dobermann, A.,Walters, D. T., 2002. Agroecosystems, nitrogen-use 

efficiency, and nitrogen management. Journal of the Human Environment. 31(2),132-

140. 

 

 Clarke, J.M., Campbell, C. A., Cutforth, H. W., DePauw, R. M., Winkleman, G.E.,1990. 

Nitrogen and phosphorus uptake, translocation, and utilization efficiency of wheat in 

relation to environment and cultivar yield and protein levels. Can J Plant Sci. 70, 965-

977. 

 

Daigger, L. A., Sander, D. H., and Peterson, G. A., 1978. Nitrogen content of winter 

wheat during growth and maturation. Agronomy Journal. Vol. 68, September - October 

1978. 

Dawson, J.C., Huggins, D. R., Jones. S. S., 2008. Characterizing nitrogen use efficiency 

in natural and agricultural ecosystems to improve the performance of cereal crops in low-

input and organic agricultural systems. Field Crops Research. 107, 89-101.  

Ehdaie, B., Shakiba, M. R., Waines J. G., 2001. Sowing date and nitrogen input influence 

nitrogen -use efficiency in spring bread and durum wheat genotypes. Journal of Plant 

Nutrition. 24, (6): 899-919. 



89 
 

 
 

Ehdaie, B., Whitkus, R. W., and Waines, J. G., 2003. Root biomass, water-use efficiency, 

and performance of wheat-rye translocations of chromosomes 1 and 2 in spring bread 

wheat ‘Pavon’. Crop Sci. 43,710-717. 

 

Ehdaie, B., Merhaut, D. J., Ahmadian, S., Hoops, A. C., Khuong, T., Layne A. P., 

Waines. J. G., 2010. Root system size influences water-nutrient uptake and nitrate 

leaching potential in wheat. J Agronomy & Crop Science. ISSN 0931-2250. 

 

Eissenstat, D.M., Yanai, R.D., 1997. The ecology of root life span. Advances in 

Ecological Research. 27, 1-62 

 

Fageria, N. K., Baligar, V. C., and Li, Y.C., 2008. The role of nutrient efficient plants in 

improving crop yields in the twenty first century. Journal of Plant Nutrition. 31: 6, 1121-

1157. 
 

Foulkes, M. J., Sylvester-Bradley, R., Scott, R. K., 1998. Evidence for differences 

between winter wheat cultivars in acquisition of soil mineral nitrogen and uptake and 

utilization of applied fertilizer nitrogen. Journal of Agricultural Science. 130, 29-44. 

 

Foulkes, M.J., Hawkesford, M.J., Barraclough, P.B., Holdsworth, M.J., Kerr, S., 

Kightley, S., Shewry, P.R., 2009. Identifying traits to improve the nitrogen economy of 

wheat: Recent advances and future prospects. Field Crops Research. 114, 329-342. 

 

Fowler, D.B., Brydon, J., Darroch, B.A., Entz, M.H., Johnston, A.M., 1990. Environment 

and genotype influence on grain protein concentration of wheat and rye. Agronomy 

Journal. 82, 655-664. 

 

Gaju, O., Allard, V., Martre, P., Snape, J.W., Heumez, E., LeGouis, J., Moreau, D., 

Bogard, M., Griffiths, S., Orford, S., 2011. Identification of traits to improve the 

nitrogen-use efficiency of wheat genotypes. Field Crops Research. 123, 139-152. 

 

Garnett, T., Conn, V., Kaiser, B.N., 2009. Root based approaches to improving nitrogen 

use efficiency in plants. Plant, Cell and Environment.32, 1272-1283. 

 

Gauer, L.E., Grant, C.A., Gehl, D.T., Bailey, L.D., 1992. Effects of nitrogen fertilization 

on grain protein content, nitrogen uptake and nitrogen use efficiency of six spring wheat 

(Triticum aestivum L.) cultivars, in relation to estimated moisture supply. Canadian 

Journal of Plant Science. 72, 235-241. 

 



90 
 

 
 

Gill, K., Jarvis, S.C., and Hatch, D.J., 1995. Mineralization of nitrogen in long-term 
pasture soils: effects of management. Plant and Soil. 172, 153-162. 
 

Glass, A. D. M., 2003. Nitrogen use efficiency of crop plants: Physiological constraints 

upon 

nitrogen absorption. Critical reviews in plant sciences. 22:5, 453-470. 

 

Gooding, M.J., Cannon, N.D., Thompson, A.J., Davies, W.P., 1999. Quality and value of 

organic grain from contrasting bread making wheat varieties and near isogenic lines 

differing in dwarfing genes. Biological Agriculture and Horticulture. 16, 335-350. 

 

Goulding, K.W.T., 2004. Minimising losses of nitrogen from UK agriculture. J Agric 

Soc. 165, 1-11. 

 

 Gregory, P. J., McGowan, M., Biscoe, V. P., Hunter. B., 1978.Water relations of winter 

wheat. 1. Growth of the root system. J agric Sci Camb. 91, 91-102. 

 

Habash, D.Z., Bernard ,S., Shondelmaier, J., Weyen, Y., Quarrie, S.A., 2006. The 

genetics of nitrogen use on hexaploid wheat: N utilization, development and yield. 

Theoretical and Applied Genetics. 114, 403–419. 

 

Heitholt, J. J., Croy, L.I., Maness, N.O., Nguyen, H.T., 1990. Nitrogen partitioning in 

genotypes of winter wheat differing in grain N concentration. Field Crops Research. 23, 

133-144. 

 

Jian-Bo, F., Ya-Li, Z., Turner, D., Yin-Hua, D., Dong-Sheng, W., Qi-Rong, S., 2010. 

Root physiological and morphological characteristics of two rice cultivars with different 

nitrogen-use efficiency. Pedosphere. 20(4), 446-455. 

 

Katterer, T., Hansson, A, C., Andren, O., 1993.Wheat root biomass and nitrogen 

dynamics- effects of daily irrigation and fertilization. Plant and Soil. 151, 21-30.  

 

Kondo, M., Pablico, P.P., Aragones, D.V., Agbisit, R., Morita, S., Courtois, B., 2003. 

Genotypic and environmental variations in root morphology in rice genotypes under 

upland field conditions. Plant and Soil. 255, 189-200. 

Le Gouis, J., Be´ghin, D., Heumez, E., Pluchard, P., 2000. Genetic differences for 

nitrogen uptake and nitrogen utilisation efficiencies in winter wheat. European Journal of 

Agronomy. 12,163–173. 



91 
 

 
 

Liao, M., Fillery, I.R., Palta, J.A., 2004. Early vigorous growth is a major factor 

influencing nitrogen uptake in wheat. Functional Plant Biology. 31, 121-129. 

Littell, R.C., Milliken, G. A., Stroup, W. W., Wolfinger, R.D., 1996. SAS System for 

mixed models. SAS Institute Inc., Cary, NC.  

 

Liu, J., Chen, F., Olokhnuud, C., Glass, A. D. M., Tong, Y., Zhang, F., Mi, G., 2009. 

Root size and nitrogen-uptake activity in two maize (Zea mays) inbred lines differing in 

nitrogen-use efficiency. J Plant Nutr Soil Sci. 172, 230-236. 

 

Lukaszewski, A. J., 1997. Further manipulation by centric misdivision of the 1RS.1BL 

translocation in wheat. Euphytica. 94, 257-261, 1997. 

 

Mackay, A. D., Barber S.A., 1986. Effect of nitrogen on root growth of two corn 

genotypes in the field. Agronomy Journal. 78, 699-703. 

 

Maizlish, N. A., Fritton, D. D., Kendal, W. A., 1980. Root morphology and early 

development of maize at varying levels of nitrogen. Agronomy Journal. Vol. 72, January-

February 1980.  

 

Miller, A.J., and Cramer, M.D., 2004. Root nitrogen acquisition and assimilation. Plant 

and Soil. 274, 1-36. 

 

Moll, R.H., Kamprath, E.J., Jackson, W.A., 1982. Analysis and interpretation of factors 

which contribute to efficiency to nitrogen utilization. Agron J. 75, 562-564. 

 

Noulas, C., Liedgens, M., Stamp, P., Alexiou, I., Herrera, J. M., 2010. Subsoil root 

growth of field grown spring wheat genotypes (Triticum aestivum l.) differing in nitrogen 

use efficiency parameters. Journal of Plant Nutrition. 33:13, 1887-1903. 

 

Olson, R. V., Swallow, C. W., 1984. Fate of labeled nitrogen fertilizer applied to winter 

wheat for five years. Soil Sci Soc Am J. 48, 583-586. 

 

Ortiz-Monasterio, J. I., Sayre, K. D., Rajaram, S., and McMahon, M., 1997. Genetic 

progress in wheat yield and nitrogen use efficiency under four nitrogen rates. Crop Sci. 

37, 898-904.  

 

Ottman, M., Thompson, T., 2006. Fertilizing small grains in Arizona. The University of 

Arizona cooperative extension.az1346.cals.arizona.edu/pubs/crops/az1346.pdf. 

 



92 
 

 
 

Ottman, M. J., Andrade-Sanchez, P., 2011. Determination of optimal planting 

configuration of low input and organic barley and wheat production in Arizona. 2011 

Forage and grain report, College of Agriculture and Life Sciences, University of Arizona. 

 

Palta, J. A., and Fillery, I.R.P., 1995. N application enhances remobilization and reduces 

losses of pre-anthesis N in wheat grown on a duplex soil. Australian Journal of 

Agricultural Research. 46(3), 519 - 531. 

 

Paska, A.J.D., Sylvester-Bradley, R., Jamieson, P.D., Foulkes, M.J., 2012. Quantifying 

how winter wheat crops accumulate and use nitrogen reserves during growth. Field Crops 

Research. 126,104-118. 

 

Passioura, J.B., 1983. Roots and drought resistance. J Agricultural Water Management. 7, 

265-280. 

 

Pearman, I., Thomas, S. M., Thorne, G. N., 1978. Effect of nitrogen fertilizer on growth 

and yield of semi-dwarf and tall varieties of winter wheat.1978. J agric Sci, Camb. 91, 

31-45. 

 

Rajaram, S., Mann, C.E., Ortiz-Ferrara, G., Mujeeb-Kazi, A., 1983. Adaptation, stability 

and high yield potential of certain 1B/1R CIMMYT wheats. Proc. Sixth Intern. Wheat 

Genet. Symp. 1983, Plant Germplasm Inst., Kyoto, 613-621. 

 

Raun, W.R., and Johnson, G.V., 1999. Improving nitrogen use efficiency for cereal 

production. 

Agron J. 91, 357-363. 

 

Raun, W.R., Solie, J. B., Johnson, G.V, Stone, M.L, Mullen, R.W, Freeman, K.W, 

Thomason, W. E, and Lukina, E.V, 2002. Improving nitrogen use efficiency in cereal 

grain production with optical sensing and variable rate application. Agron J. 94, 815-820. 

 

Rehana, R., Kukal, S. S., and Hira, G. S., 2010. Root growth and soil water dynamics in 

relation to inorganic and organic fertilization in maize-wheat. Communications in Soil 

Science and Plant Analysis. 41: 20, 2478- 2490. 

 

Russell, E.J., 2010. Soil conditions and plant growth, eleventh ed. Longman Publishing, 

UK. 

 

Shanahan, J.F., Kitchen, N.R., Raunc,W.R., Schepersa, J. S., 2008. Responsive in-season 

nitrogen management for cereals. Computers and electronics in agriculture. 61, 51-62. 



93 
 

 
 

 

Siddique, K.H.M., Belford, R.K., Tennant. D., 1990. Root: shoot ratios of old and 

modern, tall and semi-dwarf wheats in a Mediterranean environment. Plant and Soil. 121, 

89-98. 

 

Simpson, R.J., Lambers, H., Dalling, M. J., 1983. Nitrogen redistribution during grain 

growth in wheat (Triticum aestivum l.) IV. Development of a quantitative model of the 

translocation of nitrogen to the grain. Plant physiol. 71, 7-14 

 

Smith, T. L., Peterson, G. A., Sander D. H., 1983. Nitrogen distribution in roots and tops 

of winter wheat. Agronomy Journal. Vol. 75, November-December 1983. 

 

Stukenholtz, P, D., Koenig, R.T., Hole, D.J., Miller, B.E., 2003. Partitioning the nutrient 

and non -nutrient contributions of compost to dryland –organic wheat. Compost science 

and utilization. 10:3, 238-243. 

 

Sullivan, W., Jiang, M. Z, and Hull, R.J., 2000. Root morphology and its relationship 

with nitrate uptake in Kentucky bluegrass. Crop Sci. 40, 765-772. 

 

Tennant, D., 1976. Root growth of wheat. I. Early patterns of multiplication and 

extension of wheat roots including effects of levels of nitrogen, phosphorus and 

potassium. Australian Journal of Agricultural Research. 27, 183-196. 

 

Van Beem, J., 1997. Variation in nitrogen use efficiency and root system size in 

temperate maize genotypes. In: Edmeades GO, Banziger M, Mickelson HR, Pena-

Valdivia CB (eds) Developing drought- and low N-tolerant maize. CIMMYT, Mexico 

DF (Mexico). 

 

Van Sanford, D. A., and MacKown, C. T., 1986. Variation in nitrogen use efficiency 

among soft red winter wheat Genotypes. Theor Appl Genet. 72,158-163. 

 

Villareal, R. L., Rajaram, S., Mujeeb-Kazi, A. and Del Toro, E., 1991. Effect of 

chromosome lB/lR translocation on the yield potential of certain spring wheats (Triticum 

aestivum L.). Short Communication Plant Breeding. 106, 77-81. 

 

Villareal, R.L., Mujeeb-Kazi, A., Rajaram, S., del Toro, E., 1994. Associated effects of 

chromosome 1B/1R translocation on agronomic traits in hexaploid wheat. Breed Sci. 44, 

7-11. 

 



94 
 

 
 

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson, P. A., Schindler, 

D.W., Schlesinger, W. H., Tilman, D. G., 1997. Human alteration of the global nitrogen 

cycle: sources and consequences. Ecological Applications. 7(3), 737-750. 

 

Waines, J. G., Ehdaie. B., 2007. Domestication and crop physiology: Roots of green-

revolution wheat. Annals of Botany. 100, 991-998. 

 

Wang, Y., Mi, G., Chen, F., Zhang, J., Zhang, F., 2005. Response of root morphology to 

nitrate supply and its contribution to nitrogen accumulation in maize. Journal of Plant 

Nutrition. 27:12, 

2189-2202. 

 

Watson, C.A., Atkinson, D., Gosling, P., Jackson, L.R., Rayns, F.W., 2002. Managing 

soil fertility in organic farming systems. Soil Use and Management. 18 (S1), 239-247. 

 

Wiesler, F., and Horst, W.J., 1994. Root growth and nitrate utilization of maize cultivars 

under field conditions. Plant and Soil. 163, 267-277. 

 

 

 



95 
 

 
 

 

Table 1. N fertilizer systems, rates and application dates in the 2010-2011 and 2011-2012 growing seasons. 

Year Growth stages Dates CK1 
C-Low  

(kg N ha 
-1

) 

C-High  

(kg N ha 
-1

) 

O- Low  

(t manure ha
-1

) 

O-High  

(t manure ha
-1

) 

2010-2011 Pre- plant 12-7-2010 0 0 0 12.5 25 

 Tillering  -- 0 0 0 - - 

 Jointing 3- 8- 2011 0 33.5 67.5 - - 

 Booting  3-24- 2011 0 33.5 67.5 - - 

        

2011-2012 Pre- plant 11-10-2011 0 - - 12.5 25 

 Pre -plant 12-8-2011 0 22.3 22.3 - - 

 Tillering  2- 8-2012 0 22.3 56.4 - - 

 Jointing 3-13-2012 0 22.3 56.4 - - 
1
CK = Unfertilized control; C-Low = 67 kg N ha 

-1
; C-High = 135 kg N ha

-1
; O -Low = 12.5 t ha

-1
; O-High = 25 t ha

-1
 

 

Table 1.5.  Pre-plant nutrient analysis of organic manure and soils from experimental sites  

 pH *E.C CEC  

(meq/100g) 

Calcium 

(ppm) 

Magnesium  

(ppm) 

Potassium 

(ppm) 

Phosphate 

P O4 -P 

(ppm) 

Nitrate-N 

 (ppm) 

Ammonia-N  

(ppm) 

Organic N 

(ppm) 

Total N 

(ppm) 

Manure             

2010-11 7.2 9.8 - 6400 1100 5800 650 1500 29 21000 23,000 

2011-12 7.1 9.7 - 7700 1400 6900 520 3300 59 21000 24,000 

Soil             

2010-11 8.4 0.67 22.5 3700 220 360 11.0 8.7 - - - 

2011-12 8.6 0.53 24.3 4000 280 320 8.6 3 - - - 

*E.C = Electric conductivity; CEC = Cation exchange capacity 
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Table 2: ANOVA p values for shoot and root biomass, % N, N uptake (Nt) and the root:total plant N uptake ratio in the 2010-2011 and 2011-2012 

growing seasons. 

Effect  Effect  Shoot 

biomass 

Root 

biomass 

Roots 

%N 

Shoots % N Shoots Nt Roots Nt Total Nt 

 Year <0.01 <0.01 < 0.01 <0.01 0.03 <0.01 0.95 

 Genotype 0.85 0.79 0.17 0.32 0.95 0.54 0.90 

 Year x genotype 0.01 <0.01 0.14 0.20 0.05 <0.01 0.03 

Jointing N –fertilizer 0.03 <0.01 0.26 <0.01 0.01 <0.01 0.03 

 Year x N-fertilizer 0.03 <0.01 0.32 0.03 0.01 <0.01 0.04 

 Genotype x N fertilizer 0.71 0.89 0.22 0.05 0.91 0.54 0.95 

 Year 0.25 <0.01 < 0.01 0.08 < 0.01 < 0.01 < 0.01 

 Genotype 0.61 0.37 0.04 0.34 0.95 0.27 0.79 

Anthesis Year x genotype 0.45 0.64 < 0.01 0.14 0.60 0.24 0.54 

 N – fertilizer <0.01 0.19 < 0.01 <0.01 < 0.01 0.01 < 0.01 

 Year x N- fertilizer <0.01 0.60 0.01 <0.01 0.01 0.57 0.23 

 Genotype x N fertilizer 0.36 0.06 0.16 0.53 0.59 0.20 0.57 

 Year <0.01 0.41 0.04 < 0.01 < 0.01 0.69 < 0.01 

 Genotype 0.68 0.77 0.20 0.59 0.28 0.04 0.33 

 Year x genotype 0.62 0.04 0.06 0.51 0.77 0.11 0.59 

Maturity N – fertilizer 0.14 0.07 < 0.01 0.09 < 0.01 < 0.01 < 0.01 

 Year x N- fertilizer 0.46 0.05 0.01 0.55 < 0.01 0.10 < 0.01 

 Genotype x N fertilizer 0.01 0.17 0.47 0.06 0.46 0.64 0.58 

 

Table 3: ANOVA p values for grain yield, grain N%, NHI
1
, NUpE, NUtE and NUE at maturity in 2011 &12 

Effect  Grain 

yield 

Grain N 

% 
NHI shoot NHI plant NUpE 

Shoot 

NUpE 

Plant 

NUtE 

Shoot 

NUtE 

Plant 

NUE 

Shoot 

NUE 

Plant 

Year <0.01 <0.01 0.05 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Genotype 0.96 0.24 0.05 0.12 0.44 0.24 0.57 0.20 0.44 0.24 

Year x genotype 0.66 0.76 < 0.01 < 0.01 0.49 0.69 0.04 0.09 0.49 0.69 

N fertilizer <0.01 <0.01 0.11 0.77 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Year x N- fertilizer  <0.01 <0.01 0.03 < 0.01 < 0.01 < 0.01 0.04 0.09 < 0.01 < 0.01 

Genotype x N 

fertilizer 

0.53 0.41 0.05 0.17 0.25 0.13 0.68 0.73 0.25 0.13 

1
NHI = N harvest index; NUpE = N uptake efficiency; NUtE =N utilization efficiency; NUE = N use efficiency 
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Table 4: Mean shoot and root biomass, N concentration, N uptake and the root:total plant N uptake ratio for all genotypes. 

Year Stage Genotype 

Biomass (kg ha
-1

)  N concentration (%)  N uptake (kg ha
-1

) 

Shoots  Roots  Shoots  Roots  Shoots    Roots   Total   Root: 

Total 

 Jointing Pavon 76 2573a* 1759a  2.17b 0.79a  63.4a 13.8ab 78.2a 0.21a 

  1RS.1AL 2585a 1967a  2.42a 0.87a  63.1a 16.9a 80.0a 0.22a 

  1RS.1BL 2026a 1658a  2.36ab 0.78a  49.0a 12.8b 61.1a 0.24a 

  Pavon76 8532a 1508a  1.37a 0.65a  118.6a 9.7a 144.5a 0.072a 

2010-2011 Anthesis 1RS.1AL 8418a 1916a  1.41a 0.57ab  122.0a 9.8a 136.6a 0.075a 

  1RS.1BL 8652 a 1624a  1.30a 0.49b  114.3a 7.9a 126.2a 0.067a 

  Pavon76 11694a 1767b  1.04a 0.42ab  121.8a 7.4b 128.0a 0.061b 

 Maturity 1RS.1AL 12942a 2162a  1.02a 0.40b  115.7a 8.8b 127.9a 0.071a 

  1RS.1BL 12868a 2235a  1.11a 0.49a  125.5a 10.4a 134.8a 0.069a 

  Pavon 76 1752a 2154b  2.54a 1.00a  45.1a 21.7a 64.2a 0.347a 

 Jointing 1RS.1AL 1693a 2129b  2.54a 1.00a  43.9a 21.6a 66.4a 0.339a 

  1RS.1BL 2024a 2340a  2.54a 0.98a  54.0a 23.6a 78.6a 0.325a 

  Pavon 76 9631a 3023a  0.90a 0.41a  93.9a 12.4a 111.4a 0.119b 

2011-2012 Anthesis 1RS.1AL 8048b 3169a  0.89a 0.45a  83.0a 14.5a 101.4a 0.169a 

  1RS.1BL 9152ab 3184a  0.91a 0.42a  91.2a 14.0a 95.9a 0.162a 

  Pavon 76 8591a 2011a  0.798a 0.41a  71.56a 8.12a 78.4a 0.116b 

 Maturity 1RS.1AL 7934a 2236a  0724a 0.42a  58.05a 9.70a 69.6a 0.150a 

  1RS.1BL 8677a 2274a  0.759a 0.40a  68.28a 9.15a 78.3a 0.118b 

 
*
 Within columns in each growing season, means followed by the same letter for the same growth stage are not significantly different according to LSD (0.05). 
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Table 5: Mean shoot and root biomass, N concentration, N uptake and root: total plant N uptake ratio for all N- fertilizer treatments. 

Year Stage 
N fertilizer 

system 

Biomass (kg ha
-1

)  N concentration (%)  N uptake (kg ha
-1

) 

Shoots  Roots  Shoots  Roots  Shoots    Roots   Total   Root:Total 

  CK 2267a*  1693b  2.47a 0.80b  57.9a 13.5b 72.6a 0.21a 

  C-Low 2267a 1693b  2.47a 0.80b  57.9a 13.5b 72.6a 0.21a 

 Jointing C-High 2267a 1693b  2.47a 0.80b  57.9a 13.5b 72.6a 0.21a 

  O-Low 2427a 1781b  2.20a 0.79b  58.6a 14.2b 72.8a 0.23a 

  O-High 2730a 2094a  2.08a 0.88a  61.2a 18.3a 80.5a 0.25a 

  CK 7763b 1636ab  1.12c 0.46c  80.0b 6.3b 89.3b 0.079a 

  C-Low 9332a 2017a  1.42ab 0.47bc  137.9a 9.2a 151.4a 0.063a 

2010-2011 Anthesis C-High 7999ab 1419b  1.63a 0.76a  135.2a 10.3a 152.6a 0.069a 

  O-Low 8810ab 1628ab  1.32bc 0.59b  118.9a 8.9a 128.8a 0.079a 

  O-High 8841ab 1949ab  1.29bc 0.57bc  116.0a 10.4a 150.2a 0.068a 

  CK 12316a 1881b  1.03a 0.36cd  117.9b 6.9c 124.4b 0.053b 

  C-Low 12913a 1879b  1.12a 0.52ab  129.0ab 8.3bc 137.8ab 0.059b 

 Maturity C-High 13910a 1971ab  1.21a 0.57a  140.3a 11.9a 149.5a 0.072b 

  O-Low 11218a 2298ab  0.97a 0.34d  112.9b 7.5c 117.9b 0.066b 

  O-High 12250a 2305a  0.92a 0.43bc  109.9b 9.9ab 124.7b 0.092a 

  CK 1191d 1792d  2.28c 0.97ab  26.0c 17.5b 43.3c 0.401a 

  C-Low 1887bc 2343ab  2.66b 1.01ab  50.4b 23.9a 74.8b 0.329bc 

 Jointing C-High 2483a 2543a  2.93a 1.03a  73.1a 26.7a 97.1a 0.289c 

  O-Low 1454cd 2033c  2.38c 0.96b  34.7c 19.6b 55.1c 0.358ab 

  O-High  1992b 2248bc  2.44bc 0.99ab  50.1b 23.6a 75.1b 0.314bc 

  CK 5191d 2947a  0.67c 0.40b  35.1d 12.0b 47.7d 0.251a 

  C-Low 9778abc 3359a  0.91b 0.42b  94.9b 14.3ab 108.0b 0.124b 

2011-2012 Anthesis C-High 10347a 3255a  1.41a 0.50a  151.7a 16.4a 162.5a 0.105b 

  O-Low 8325c 2830a  0.77c 0.39b  64.4c 11.5b 75.7c 0.149b 

  O-High 10388ab 3147a  0.76c 0.43ab  79.1bc 13.7ab 93.3bc 0.151b 

  CK 5593d 1797c  0.641c 0.356b  30.60e 6.2c 36.6d 0.150a 

  C-Low 9449b 2698a  0.832b 0.416ab  78.39b 11.7a 86.9b 0.137a 

 Maturity C-High 12911a 2512ab  0.906a 0.456a  115.46a 11.4a 126.7a 0.089b 

  O-Low 6396d 1814c  0.670c 0.351b  42.33d 6.5bc 48.1d 0.137a 

  O-High 7655c 2169bc  0.713c 0.463a  53.54c 9.4ab 61.4c 0.147a 
* Within columns in each growing season, means followed by the same letter for the same growth stage are not significantly different according to LSD (0.05). 



99 
 

 
 

 

 

 

Table 6: Mean grain yield, grain N, NHI
1
, NUpE, NUtE, and NUE at maturity for all genotypes 

Year Genotype Grain 

yield 

(kg ha
-1

) 

Grain N 

(%) 

NHI
1
 

% 

NUpE 

(kg shoots or plant N kg 

N fertilizer 
-1

) 

NUtE 

 (kg grain kg N shoots 

or plant 
-1

) 

 

NUE 

 (kg grain kg N fertilizer 
-1

) 

  Grain 

yield 

  

Grain NHIshoots 

 

NHIplant 

 

NUpEshoots 

 

NUpEplant 

 

NUtEshoots 

 

NUtEplant 

 

NUEshoots 

 

NUEplant 

 

 Pavon 76 4720a* 2.05a 80.6a 76.4a 1.43a 1.59a 39.8a 38.50a 51.1a 51.1a 

2010 -2011 1RS.1AL 4629a 2.02a 74.9b 69.6b 1.47a 1.55a 36.3a 33.71b 51.7a 51.7a 

 1RS.1BL 4940a 2.12a 84.8a 79.4a 1.53a 1.58a 41.3a 38.53a 57.0a 57.0a 

 Pavon 76 3385a 1.49a 75.9a 65.0a 1.09a 1.11a 50.6a 44.3a 53.3a 53.3a 

2011-2012 1RS.1AL 3142a 1.47a 76.8a 66.3a 0.93b 1.07a 52.8a 45.2a 47.9a 47.9a 

 1RS.1BL 3440a 1.50a 76.3a 67.1a 1.02ab 1.17a 50.6a 45.1a 52.2a 52.2a 
1
NHI = N harvest index; NUpE = N uptake efficiency; NUtE =N utilization efficiency; NUE = N use efficiency 

*
 Within columns in each growing season, means followed by the same letter are not significantly different according to LSD (0.05). 
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Table 7: Mean grain yield, grain N, NHI
1
, NUpE, NUtE, and NUE for all N fertilizer treatments at maturity 

Year N-Fertilizer 

system 

Grain 

yield 

(kg ha
-1

) 

Grain 

N% 

NHI
1
 

(%) 

NUpE 

(kg plant N kg N 

fertilizer 
-1

) 

NUtE 

 (kg grain kg N shoots 
-1

) 

 

NUE 

 (kg grain kg N 

fertilizer 
-1

) 

  Whole  

plant 

Grain Shoots 

 

Whole  

plant 

Shoots 

 

Whole 

plant 

Shoots 

 

Whole  

plant 

Shoots 

 

Whole 

plant 

 CK2 5124a* 1.96b 83.4a 79.0a - -    42.5a 40.3a - - 

 C-Low 4731a 2.2a 79.9ab 75.9ab 1.92a 2.06a 36.9bc 34.5ab 71.3a 71.3a 

2010 -2011 C-High 4554a 2.4a 76.8b 71.6b 1.04b 1.11b 32.5c 30.9b 33.7b 33.7b 

 O Low 4748a 1.9b 82.7ab 77.5ab - - 43.7a 40.6a - - 

 O-High 4596a 1.9b 77.6ab 69.8b - - 40.3ab 36.5a - - 

 CK 1604e 1.49bc 74.7bc 63.3a - - 49.7cd 43.0bc - - 

 C-Low 4150b 1.51b 80.1a 68.6a 1.17a 1.30a 53.7ab 47.0ab 61.9a 61.9a 

2011-2012 C-High 5422a 1.67a 76.9ab 69.1a 0.85b 0.94b 46.4d 41.8c 39.7b 39.7b 

 O Lo 2171d 1.40cd 72.3c 63.5a - - 51.2bc 45.0abc - - 

 O-High 2964c 1.36d 77.0abc 65.5a - - 55.6a 48.2a - - 
1
NHI = N harvest index; NUpE = N uptake efficiency; NUtE =N utilization efficiency; NUE = N use efficiency 

2
CK = Unfertilized control; C-Low = 67 kg N ha 

-1
; C-High = 135 kg N ha

-1
; O -Low = 12.5 t ha

-1
; O-High = 25 t ha

-1 

*
 Within columns in each growing season, means followed by the same letter are not significantly different according to LSD (0.05). 
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Temporal variation in root morphological traits and early root growth vigor of 

Pavon 76 bread wheat and its wheat-rye (1RS) translocation lines 

 

Abstract 

Root morphological traits and early growth vigor are critical for drought adaptation, plant 

establishment, nutrient acquisition and uptake and vary with ontogeny, environment, and 

genetic factors. We examined the temporal variation in root morphological traits and 

early root growth vigor of the Pavon 76 bread wheat-rye near isogenic translocation lines 

1RS.1AL, 1RS.1BL and 1RS.1DL at early and late tillering, stem elongation, anthesis 

and physiological maturity using potted experiments in the 2011-12 and 2012-13 growing 

seasons. Root biomass ranged from 0.06 to 5.4 g plant
-1

 over the five stages sampled, and 

roots comprised 46, 15 and 8% of total plant weight at early tillering, anthesis, and 

maturity respectively. Total root length was least at early tillering (6 m plant
-1

) and 

peaked at anthesis with a mean of 529 m plant
-1

. Genotype differences in root biomass, 

length and surface area were only manifest at anthesis and physiological maturity. 
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1RS.1AL had 9% significantly greater root lengths than 1RS.1DL at anthesis and 

1RS.1BL had 16% longer roots than Pavon 76 at physiological maturity. 1RS.1AL also 

had 12 and 39% higher root biomass than Pavon 76 at anthesis and maturity, respectively, 

while 1RS.1DL and 1RS.1BL had 24 and 38% higher root mass than Pavon 76 at 

maturity, respectively. Average root diameter decreased with advancement in growth, 

and ranged from 0.54 mm at early tillering to 0.36 mm at physiological maturity, 

however, differences were only significant at early tillering probably due to different 

rates of nodal root initiation. Higher grain yields of 1RS.1BL and 1RS.1DL relative to 

Pavon 76 were consistent with previous studies, indicating that these translocation lines 

with higher root growth could increase crop yield. 

The lack of significant differences in number of root axiles, root length, surface area, 

mass and plant mass among the genotypes at early growth stages (6-46 days after sowing) 

indicates that there are minimal differences among the genotypes in early root growth 

vigor. 

Introduction 

Root morphology refers to the surface features of a single root axis, and includes traits 

such as root hairs, diameter, length, and surface area (Lynch, 1995). Root morphological 

traits provide an indication of soil exploration and penetration ability, effectiveness of 

water and nutrient uptake, and stand establishment (Evans et al., 1977; Maizlish et al., 

1980; Grando and Ceccarelli, 1995; Materechera et al., 1992; Genc et al., 2007). For 

example, root length and surface area are deemed critical determinants of root acquisition 

and uptake of below ground resources, and root length density (RLD) has been linked to 

the travel distance of water and solutes (Andrews and Newman, 1970; Van Noordwijk 
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and Brouwer, 1991). Root mass from deep soil profiles was recently found to be 

associated with adaptation to water deficits in wheat (Triticum aestivum) (Lopes and 

Reynolds, 2010). Root morphological features are especially important for acquisition of 

nutrients such as phosphorus (P), iron (Fe) and zinc (Zn) that are present at low 

concentrations in soil solutions and have poor diffusivity or low mobility (Nye and 

Tinker, 1977; Barber, 1995; Hill et al., 2006).  Higher uptake rates of Zn and P have been 

reported from longer and thinner roots of durum (Triticum turgidum durum) and bread 

wheat (Dong et al., 1995; Rengel and Graham, 1995; Gregory, 2006). In barley 

(Hordeum vulgare L.), root volume and dry weight were associated with capacity to 

absorb nutrients (Hackett, 1969). In wheat, however, root morphological traits have 

received minimal research attention relative to attributes like, root biomass accumulation 

and root: shoot ratios (Gregory et al., 1978; Siddique et al., 1990; Katterer et al., 1993; 

Wechsung et al., 1995; Ehdaie et al., 2003, 2010), or root length densities and rooting 

depths (Barraclough et al., 1989; Thorup-Kristensen et al., 2009; Lopes and Reynolds, 

2010). This is largely due to difficulties and high costs of techniques to quantify 

morphological traits. 

 

The wheat root system comprises 6-7 seminal (primary) axile roots, about 20 nodal 

(adventitious) roots (axiles) per stem and the lateral roots arising from these (Percival, 

1921; Gregory et al., 1978; Watt et al., 2008). Seminal roots initiate from the coleorhiza, 

are thinner, grow deeper into the soil and comprise 1-14% of the entire root system 

(Manske and Vlek, 2002). They are important for seedling moisture absorption, tolerance 

to drought stress and plant establishment and thus influence the likelihood of survival to 
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maturity (Gregory et al., 1978; Tuberosa and Silvio, 2009). Nodal roots are thicker and 

emerge horizontally from the coleoptile and stem nodes at the 3-4 leaf stage (tillering) 

(Grando et al., 1995; Kirby, 2002). They represent younger, newly emerged roots, and 

thus indicate root growth vigor and soil nutrient status (Sullivan et al., 2000; Tennant, 

1976). Nodal roots are assumed to contribute to the uptake of nutrients and water and 

scavenging of both mobile and immobile soil resources that influence survival of the 

tiller (Klepper et al., 1984; Belford et al., 1987; Lynch, 2011).  

 

Genotypic variation has been reported in wheat root characteristics including rooting 

depth, elongation rate, distribution at depth, root:shoot dry matter ratio and number of 

seminal roots suggesting that there is potential for improving root system traits (Hurd, 

1968; O’Brien, 1979; Siddique et al., 1990; Gregory, 1994; Manske and Vlek, 2002; 

Manschadi et al., 2008).  

 

Alien genome transfers through chromosome substitutions or translocations from species 

such as rye (Secale cereale L.) have contributed to genotypic variation in wheat root 

system attributes especially because rye has a larger and more highly developed root 

system (Merker, 1984; Ehdaie et al., 2003). Studies have reported higher root biomass at 

maturity and enhanced root anatomical features for the Pavon 76 bread wheat-rye (1RS) 

translocation lines (Ehdaie et al., 2003; 2010; Sharma et al., 2010). However there is a 

dearth of information on early root growth vigor and variation of root morphological 

attributes over the growth cycle. And yet these root traits could explain the yield 

advantages associated with wheat genotypes carrying the 1RS translocation (Villareal et 
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al., 1991, 1995). Early, extensive root growth and root biomass accumulation in the top 

soil profile has been associated with nitrogen uptake in wheat (Liao et al., 2004, 2006). 

Quantitative trait loci mapping in wheat has also provided evidence for the importance of 

early root vigor in nutrient uptake (Ren et al., 2012). Additionally, Liao et al. (2004) and 

Palta et al. (2004) found that early root growth vigor in wheat was vital for early stand 

establishment, improved pre-anthesis growth, higher N uptake and reduction in nutrient 

leaching losses such as in sandy soils.  An evaluation of root morphological traits and 

early root growth vigor should thus improve our understanding of resource acquisition 

strategies (Garnet et al., 2009; Fort et al., 2012). This study was conducted to examine the 

temporal variation in root morphological traits and early root growth vigor of Pavon76 

bread wheat and its wheat-rye (1RS) near isogenic translocation lines, 1RS.1AL, 

1RS.1BL and 1RS.1DL. 

 

Materials and Methods 

Experimental design and set up 

Two sets of experiments were conducted at the University of Arizona’s Maricopa 

Agricultural center under ambient weather conditions using polyvinyl chloride (PVC) 

cylinders. 

Experiment 1: This was set up in the 2011-12 and 2012-13 wheat growing seasons. The 

main study factors comprised Pavon76 and three near-isogenic 1RS translocation lines 

1RS.1AL, 1RS.1BL and 1RS.1DL each with four replicates in 2011-12, and six replicates 

in 2012-13, in a completely randomized design. Pavon76 is a spring bread wheat cultivar 

from the breeding program of Centro Internacional de Mejoramiento de Maı´z y Trigo 
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(CIMMYT), Mexico. The near-isogenic 1RS lines were generated by translocation of the 

same short arm of chromosome 1 of rye (Secale cereale L.) (1RS) for the short arm of 

chromosomes 1A, 1B, and 1D in the genetic background of Pavon 76 a spring bread 

wheat variety (Lukaszewski, 1997). Wheat was seeded into PVC cylinders measuring 1 

m long and 0.145 m in diameter, filled with a 50:50 homogenized field soil:sand mixture 

on December 7 in 2011 and 2012 at a rate of 3 seeds per pot. The PVC cylinders were 

lined with transparent perforated polyethene sleeves to ease retrieval of intact roots. The 

plants were thinned to one plant per pot after emergence and irrigated as needed. To 

prevent growth limitations due to nutrient deficiencies, each plant was fertigated with 

45kg N and 23 kg P at the early tillering and booting growth stages in each growing 

season. 

 

Data collection  

Plants were destructively sampled for roots and shoots at early tillering, 41 and 48 days 

after sowing (DAS) in 2011-12 and 2012-13, respectively, late-tillering (69 DAS), 

jointing (97 DAS), anthesis (118 DAS) and physiological maturity (146 DAS) in both 

growing seasons. At each sampling occasion selected plants with intact shoots and roots 

were retrieved by lifting the polyethene sleeves out of the PVC cylinders, and washing 

the plant parts with water. The shoots were then detached from the roots, separated into 

leaves, stems and spikes for leaf area measurements, air dried and weighed to obtain dry 

mass. Roots were stored in a 1:1 alcohol: water mixture at 4
o
C until analysis. During root 

morphological analysis each plant’s entire root system was separated into seminal and 

nodal axile roots and their numbers counted. All root axiles were then stained with 
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toluidine blue dye to increase contrast and visibility during scanning. The stained roots 

were dispersed in water filled glass trays measuring 31 x 24 cm in small portions to 

minimize overlap and scanned with an Epson Perfection flat-bed scanner. Scanned 

images of the roots were then analyzed for total root length, mean root diameter, total 

root volume and total root surface area with WINRHIZO BASIC software (Regent 

Instruments, Quebec Canada). After scanning, all plant parts were air dried for 48 h at 

65
o
C and weighed to obtain dry mass. Specific root lengths (m g

-1
) were then computed 

as ratios of total root lengths to root biomass. 

 

 Experiment 2: This experiment was conducted in the 2012-13 wheat growing season. 

The main study factors comprised Pavon76 and its three near-isogenic 1RS translocation 

lines 1RS.1AL, 1RS.1BL, and 1RS.1DL each with two replicates, in a completely 

randomized design. Wheat was seeded into PVC cylinders measuring 0.6 m long and 

0.145 m in diameter, filled with a 50:50 homogenized field soil:sand mixture at a rate of 

3 seeds per pot on December 7, 2012. The plants were thinned to 2 per pot (cylinder) for 

a total of 32 plants per genotype after emergence and irrigated as needed. For each 

genotype, four seedlings were destructively sampled every five days starting from 

December 13, 2012 (6 DAS), for a total of eight sampling occasions. At each sampling, 

seedlings were retrieved from the PVC cylinders by washing off the soil with water. The 

washed seedlings were then assessed for number of root axiles, root length, root surface 

area, root diameter, total root volume using the previously described protocol for root 

sample processing, image acquisition and analysis. After scanning, all plant parts were air 

dried for 48 h at 65
o
C and weighed to obtain dry mass. 
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Data analysis 

A mixed-model measures analysis of variance (Littell et al., 1996) was used to determine 

effects of the influence of genotype, year, sampling stage and their interaction on root 

parameters, shoot mass and grain yield. The block variable and its interaction terms were 

entered as random effects. The Kenward-Roger formula was used to calculate the 

corrected degrees of freedom for the Type III F tests. Significant differences among main 

effects were tested using mean separations in the DIFF option of the LSMEANS 

statement while significant interaction terms were further analyzed, at each level of one 

of the main effects, using the SLICE option of the LS MEANS statement. All analyses 

were conducted in the PROC MIXED platform of SAS (SAS Institute, Cary, NC, USA).   

 

For experiment 2, growing degree days (GDD) were calculated using the single sine 

method with a base temperature of 0 
o
C and a ceiling temperature of 30 

o
C (Zalom et al. 

1983). Straight lines were fitted to the relationships of root number or diameter with 

GDD.  Power functions were fitted to the relationships of root length, volume, surface 

area, mass, plant mass, or root:plant mass ratio and GDD. The functions and parameters 

were compared using extra sum of squares method (Ratkowsky, 1983).  

 

Results 

Although the year effects were significant for all parameters measured except specific 

root length, grain yield and shoot mass, there were no significant year x genotype 

interactions for any of the parameters measured except number of nodal axile roots, 
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therefore the genotype means are presented as averages of the two growing seasons 

(2011-12 and 2012-13). The growth stage and year x growth stage interactions were 

significant for all parameters measured. However the genotype x growth stage 

interactions were only significant for root mass and shoot mass (Table 1). Genotype 

means for each parameter at each growth stage are therefore presented. Genotype effects 

were only significant for root mass and specific root length. 

 

 

Total root length 

The mean total root length was 6.4, 40.3, 333.3, 529.9 and 465.5 m plant 
-1 

at early and 

mid tillering, jointing, anthesis and physiological maturity, respectively (Table 2). 

Significant differences among genotypes were only manifest at anthesis and 

physiological maturity. At anthesis, 1RS.1AL had 9% greater root lengths than Pavon 76 

and 1RS.1DL. At physiological maturity, 1RS.1BL had 16% longer roots than Pavon 76, 

indicating that the 1RS translocation increased total root length. 

 

Root surface area 

Root surface area averaged over genotypes was 90.6, 599.0, 4736.2, 6988.3, and 5228.7 

cm
2 

plant
-1

 at early and mid-tillering, jointing, anthesis and physiological maturity 

respectively, indicating significantly large root soil contacts for nutrient uptake (Table 2). 

Significant differences among genotypes were only detected at anthesis, where 1RS.1AL 

had 12 and 18% larger root surface areas than 1RS.1DL and Pavon 76, respectively. At 
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maturity, 1RS.1AL and 1RS.1BL had 17 and 20% higher surface areas than Pavon76, 

respectively. 

 

Average root diameter 

Average root diameter decreased with growth due to increased growth of finer roots at 

later growth stages, and was 0.535, 0.502, 0.466, 0.424, and 0.364mm at early and mid 

tillering, jointing, anthesis and physiological maturity respectively. Significant 

differences among genotypes were only at early tillering, where 1RS.1AL had 7% thicker 

diameter roots than 1RS.1DL (Table 2). There were no significant differences between 

Pavon76 and its translocation lines at all growth stages. 

 

Specific root length 

Specific root length is the average length of root per gram of root biomass and indicates 

the plant’s investment in biomass per unit root length. Mean specific root length did not 

change significantly with growth, and was, 101, 117, 105, 101, 110 m g
-1 

at early and mid 

tillering, jointing, anthesis, and physiological maturity, respectively. Genotype variations 

in specific root length were significant only at physiological maturity where, Pavon76 

had 15-25% higher specific root lengths than the 1RS near isogenic lines (Table 2). 

 

Number of nodal and seminal root axiles 

Nodal root axile numbers increased with growth, and ranged from a mean of 2 at early 

tillering to 52, 88 and 95 at jointing, anthesis and physiological maturity respectively 

(Table 2). Genotype differences in number of nodal root axiles were significant at 



112 
 

 

anthesis and physiological maturity. At anthesis, 1RS.1BL had 12% more nodal root 

axiles than Pavon76, whereas at maturity, the 1RS lines had 11-20 more root axiles than 

Pavon76 (Table 2). Pavon76 had similar numbers of nodal root axiles as the 1RS 

translocations at early growth stages. However, at and after anthesis, as the number of 

nodal root axiles continued to increase in the translocation lines, the numbers in Pavon76 

plateaued. The number of seminal root axiles from early tillering to maturity ranged from 

5-7 for all genotypes (Data not shown).   

 

Root and Shoot mass 

Root mass peaked at anthesis and declined thereafter, averaging 0.06, 3.17, 5.36 and 4.25 

g plant 
-1

 at the early tillering, jointing, anthesis, and maturity stages, respectively (Table 

3). However, genotype differences in root mass were only significant at anthesis and 

physiological maturity where the 1RS translocation lines had higher root dry mass than 

Pavon76. 1RS.1AL had 12 and 39% higher root biomass than Pavon 76 at anthesis and 

maturity, respectively, while 1RS.1BL and 1RS.1DL had 38 and 24% significantly higher 

root mass than Pavon 76 at maturity, respectively. 

 Shoot biomass per plant was not significantly different among genotypes at all growth 

stages except for maturity, where 1RS.1AL had significantly lower shoot biomass than 

other genotypes.  

 

 Root:shoot and Root:plant (root:plant dry weight) ratios 

The mean root:shoot ratio of all genotypes decreased from 0.97 at early tillering to 0.09 

plant
-1

 at maturity (Table 3). Genotype root:shoot ratios were only significantly different 
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at early tillering, where 1RS.1AL, 1RS.1BL had higher ratios than 1RS.1DL and 

Pavon76.  

The root:plant dry weight ratio reduced as growth progressed. Averaged over genotypes, 

roots comprised 46, 28, 24, 15 and 8% of total plant weight at the early and late tillering, 

jointing, anthesis, and maturity stages, respectively. However, the root:plant dry weight 

ratio was only significantly different at early tillering stage, where the genotypes 

1RS.1AL and 1RS.1BL had significantly higher ratios than 1RS.1DL and Pavon76. This 

indicates that 1RS.1AL and 1RS.1BL partitioned more assimilates into roots at early 

growth stages. 

   

Grain yield 

Genotype mean grain yields ranged from 14 to 18 g plant
-1

 and varied significantly 

among the genotypes (Table 3). Grain yields of 1RS.1DL and 1RS.1BL were 25-29% 

higher than 1RS.1AL. The results are consistent with grain yields in our field 

experiments (Appendix A). The genotype 1RS.1AL with the highest root mass at 

physiological maturity also had the lowest grain yield.  

 

Early root growth vigor 

At early growth stages (6-46 DAS), the total number of root axiles per plant increased 

linearly while root length, surface area, volume, and mass as well as total plant mass 

increased according to power functions (Fig. 1). However the root diameter and 

root:plant mass ratio decreased as seedling growth progressed (Fig. 1). There were no 

significant differences in rate of increase of total number of root axiles, root length, 
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surface area, root volume, and shoot mass, plant mass, and root:plant mass ratio among 

genotypes between 6 and 46 DAS. The genotype Pavon76 had larger average root 

diameter at emergence but it decreased faster than other genotypes as seedling growth 

progressed. The genotype 1RS.1DL had a higher rate of increase in root mass than 

1RS.1BL at early growth stage. The lack of significant differences among genotypes at 

early growth stages and the data at the tillering stage in the first experiment indicate that 

there are minimal differences among the genotypes in early root growth vigor.  

Discussion 

Deep, extensive root systems are not only beneficial for water and nitrate  acquisition, but  

are also effective in capturing other leaching prone nutrients such as sulphates, 

minimizing soil erosion, and sequestering carbon in the soil (White et al., 2013). 

In our study, the genotypes 1RS.1AL and 1RS.1BL had greater root lengths, surface area, 

and biomass at anthesis and physiological maturity.  Ehdaie et al. (2010) reported similar 

root biomass increase from the translocation lines than Pavon 76 at maturity. Higher root 

biomass from the 1RS lines than Pavon 76 at anthesis and maturity suggests that they 

could be beneficial for improving nutrient uptake (Ehdaie et al., 2010). Liao et al. (2004) 

observed significant correlations between wheat root biomass, length and nitrate uptake 

and concluded that wheat crops with bigger and deeper root systems may be more 

effective in capturing nitrogen. Additionally, Sullivan et al., (2000) reported positive 

correlations between fibrous root length, surface area and volume with nitrate uptake rate 

in Kentucky blue grass (Poa pratensis L.). These translocation lines may also be useful 

for increasing uptake rates of low mobility nutrients like P, Fe, and Zn (Silberbush and 

Barber, 1984; Eissenstat, 1992; Barber, 1995; Manske et al., 2000). These nutrients are 
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present at low concentrations in most high pH soils and their uptake depends on increased 

root-soil contacts. Bigger roots, however, could also foster increased competition for 

assimilates and become yield limiting, thus their increased demands for carbohydrates 

have to be compensated by increases in water and nutrient uptake (Passioura, 1983; 

Manske and Vlek, 2002; Garnet et al., 2009). 

 

The root growth rates of all four genotypes were similar at early stages in both 

experiments; however, Pavon76 had lower root biomass at physiological maturity. The 

lower root biomass and higher specific root length of Pavon76 at physiological maturity 

may be due to earlier maturity and root senescence relative to the 1RS lines. Ehdaie et al. 

(2003) observed that 1RS translocation in Pavon 76 delayed maturity under field 

conditions. Villareal et al. (1998) also found that wheat –rye translocation lines of the 

spring bread wheat cultivar “Seri M82” with the T1BL.1RS chromosome took longer to 

flower and mature than genotypes without the translocation.  

 

Root length, surface area, and mass increased exponentially before the jointing stage; this 

was followed by a smaller increase from jointing to anthesis and a decrease from anthesis 

to physiological maturity. The range of root lengths obtained at late tillering, 69 DAS 

were similar to that reported by Robinson et al. (1994) for 42 and 49 day old wheat 

plants. The slower progress of root elongation in our study can be attributed to cooler 

environments as plants were grown under ambient weather conditions and not in 

greenhouses. Root mass at maturity ranged from 3.4 to 4.7g plant
-1

, and was slightly 

higher than the 2.5 to 3.4 g plant
-1

 observed by Ehdaie et al. (2003) for these genotypes at 
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the same stage. The difference in results may be due to the variation in days to maturity, 

which ranged from 106-114 DAS, compared to 146 DAS in our studies due to cooler 

growing conditions. The longer growing season in our studies probably allowed for 

prolonged root biomass accumulation. 

 

On average, roots thinned as growth progressed; the significantly thinner roots for 

1RS.1DL at early tillering could indicate higher P uptake and better performance on 

marginal soil conditions. Manske and Vlek (2002) reported that wheat genotypes with the 

1R translocation had thinner roots, higher root length density, and performed better on 

acid soils. The average root diameter range from our studies, 0.364-0.535 mm, is higher 

than the average diameter range of 0.14-0.30 mm reported by Manske and Vlek (2002) 

for wheat. The difference could be due to variation in growth environments, such as soil 

columns versus field conditions and soil nutrition status. 

 

Root dry weight ratios (root biomass fractions) decreased from 46 % at early tillering to 

15 and 8% at anthesis and maturity, respectively. Gregory et al. (1978) reported a similar 

root biomass fraction of about 10% at harvest, while Katterer et al. (1993) reported a 

lower root biomass fraction at harvest (4%) in winter wheat field studies. Several field 

studies have also reported higher investments of total plant biomass in wheat roots at 

anthesis than our study. Siddique et al. (1990) reported a root biomass fraction of 35%, 

while Campbell et al. (1977) reported 25%. The difference in results might be due to 

differences in availability of nutrients and sampling methods for pot experiments versus 

field studies. The significantly higher root:shoot ratios and root dry weight ratios for 
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1RS.1AL, 1RS.1BL than Pavon76 at early tillering suggest greater growth vigor in the 

translocation lines.  Greater vigor could be beneficial for rain fed production systems 

with challenges such as late sowing rains and shortened growing seasons (Richards et al., 

2007). 

 

Studies have reported substantial grain yield increases from germplasm containing the 

wheat -rye translocation (Villareal et al., 1991; 1995). In our studies, the genotypes 

1RS.1BL and 1RS.1DL had 5-8% higher grain yields than Pavon 76, similar to findings 

by Ehdaie et al. (2010), who reported 6-8% higher yields. Grain yields ranged from 14-18 

g plant
-1

 similar to 15.6-17.5 g plant
-1

 reported by Ehdaie et al. (2003) for Pavon 76 and 

its 3 near isogenic lines from well watered pot experiments. This indicates that the 

translocation lines with higher root growth could increase crop yield. 

 

Conclusion  

In this study, we observed no differences in rates of increase of root morphological traits 

among all four genotypes at the seedling stages (6-46DAS), suggesting that the genotypes 

have similar early root growth vigor. Genotype differences in root biomass, length, and 

surface area among Pavon76 and its 3 near isogenic wheat-rye translocation lines were 

only detected at anthesis and physiological maturity, with significantly higher values for 

1RS.1AL relative to 1RS.1DL and Pavon76. This suggests the existence of differences 

among the genotypes in below ground partitioning of assimilates at peak nutrient demand 

(anthesis) for grain filling, and also in rates of root decay and senescence. Differences in 

average root diameter were significant only early in crop development, at the start of 
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tillering between 1RS.1AL and 1RS.1DL probably due to different rates of nodal root 

initiation. Nodal roots are initiated at the start of tillering and are thicker in diameter, 

comprise majority of the plant’s root system and thus likely influenced the entire root 

system’s diameter. Higher grain yield of 1RS.1BL and 1RS.1DL were consistent with 

previous studies, indicating that these translocation lines with higher root growth could 

increase crop yield.  
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Table 1. ANOVA P-values of root length, surface area, average diameter, root biomass, specific root length, root:shoot, root:plant, shoot  mass and 

grain yield for 2011-12 and 2012-13 

 Root 

length 

Surface 

area 

Diameter Root 

mass 

Number of 

nodal root 

axiles 

Specific 

root length 

Root 

:shoot 

Root 

:plant 

Shoot 

mass 

Grain 

yield 

*Year <0.01 <0.01 <0.01 <0.01 <0.01 0.19 <0.01 <0.01 0.17 0.21 

Growth stage <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 - 

Year x growth stage <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 - 

Genotype 0.17 0.09 0.39 0.01 0.42 0.02 0.60 0.23 0.31 0.09 

Year x genotype 0.95 0.75 0.36 0.86 <0.01 0.11 0.50 0.48 0.74 0.73 

Growth stage x 

genotype 

0.60 0.14 0.42 <0.01 0.17 0.27 0.84 0.54 <0.01 - 

Year x growth stage 

x genotype 

0.29 0.18 0.84 0.62 <0.01 0.43 0.92 0.92 0.09 - 

*Year = growing season  
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Table. 2 Mean root length, surface area, diameter and specific root length per plant at early tillering (41 and 48 DAS), late -tillering (69 DAS), jointing 

(97 DAS), anthesis (118 DAS) and physiological maturity (146 DAS) in 2011-12&2012-13 

Growth stages Genotypes  Total root  

length   

 (m) 

Total root 

surface  area  

(cm
2
) 

Average root 

diameter     

(mm) 

Specific root 

length  

(m g
-1

) 

Number of 

nodal root axiles 

Early tillering  1RS.1 AL 6.08 a* 88.5 a 0.554 a 90.9 a 1.7 a 

 1RS.1BL 6.55 a 93.1 a 0.534 ab 102.2 a 1.5 a 

 1RS.1DL 5.49 a 76.9 a 0.508 b 104.0 a 1.7 a 

 Pavon 76 7.36 a 103.8 a 0.544 ab 106.6 a 2.0 a 

Late  tillering  1RS.1 AL 38.24 a 543.5 a 0.501 a 119.2 a 8.3 a 

 1RS.1BL 46.11 a 714.7 a 0.518 a 113.8 a 8.1 a 

 1RS.1DL 32.46 a 495.6 a 0.505 a 113.0 a 7.4 a 

 Pavon 76 44.34 a 642.3 a 0.483 a 121.5 a 8.9 a 

Jointing  1RS.1 AL 332.71 a 4617.7 a 0.454 a 106.1 a 55.9 a 

 1RS.1BL 344.92 a 5003.4 a 0.468 a 106.1 a 52.2 a 

 1RS.1DL 301.94 a 4279.2 a 0.467 a 104.6 a 48.3 a 

 Pavon 76 353.58 a 5044.6 a 0.474 a 104.9 a 52.2 a 

 Anthesis  1RS.1 AL 561.63 a 7630.7 a 0.439 a 99.3 a 87.9  ab 

 1RS.1BL 527.06 ab 7049.8 ab 0.434 a 95.9 a 93.3 a 

 1RS.1DL 514.20 b 6820.1 b 0.428 a 97.6 a 86.7  ab 

 Pavon 76 516.56 ab 6452.7 b 0.397 a 111.2 a 83.0 b 

Physiological maturity 1RS.1 AL 477.64 ab 5506.2 a 0.370 a 101.2 b 103.4 a 

 1RS.1BL 508.18 a 5665.8 a 0.372 a 109.8 b 94.1 a 

 1RS.1DL 439.18 ab 5023.3 ab 0.368 a 102.7 b 98.4 a 

 Pavon 76 436.92 b 4719.4 b 0.346 a 126.9 a 82.7 b 
*
Within columns for each growth stage, means followed by the same letter are not significantly different according to LSD (0.05). 

 

 

 

 



127 
 

 

Table. 3 .Mean root biomass, root:shoot, root:plant mass ratios, shoot mass and grain yield per plant at early tillering (41 and 48 DAS), late -tillering 

(69 DAS), jointing (97 DAS),  anthesis (118 DAS)  and physiologic al maturity (146 DAS) in 2011-12 and 2012-13  

Growth stages Genotypes  Root biomass 

(g) 
Shoot biomass 

(g) 
Root :shoot Root :plant 

mass 

Grain yield  

(g) 

Early tillering  1RS.1 AL 0.068 a* 0.070 a 1.08 a 0.50 a - 

 1RS.1BL 0.065 a 0.068 a 1.08 a 0.49 a - 

 1RS.1DL 0.052 a 0.073 a 0.84 b 0.43 b - 

 Pavon 76 0.067 a 0.098 a 0.91 ab 0.43 b - 

Late  tillering  1RS.1 AL 0.35 a 1.05 a 0.357 a 0.26 a - 

 1RS.1BL 0.42 a 1.04 a 0.421 a 0.29 a - 

 1RS.1DL 0.29 a 0.70 a 0.428 a 0.29 a - 

 Pavon 76 0.37 a 1.01 a 0.416 a 0.28 a - 

Jointing  1RS.1 AL 3.08 a 9.99 a 0.342 a 0.25 a - 

 1RS.1BL 3.25 a 9.98 a 0.327 a 0.24 a - 

 1RS.1DL 2.99 a 9.90 a 0.306 a 0.23 a - 

 Pavon 76 3.38 a 11.91a 0.299 a 0.23 a - 

 Anthesis  1RS.1 AL 5.64 a 29.8 a 0.190 a 0.16 a - 

 1RS.1BL 5.49 ab 29.2 a 0.189 a 0.16 a - 

 1RS.1DL 5.29 ab 29.2 a 0.183 a 0.15 a - 

 Pavon 76 5.03 b 29.9 a 0.171 a 0.14 a - 

Physiological maturity 1RS.1 AL 4.73 a 40.7 b 0.118 a 0.10 a 13.73 b 

 1RS.1BL 4.68 ab 48.7 a 0.096 a 0.09 a 17.75 a 

 1RS.1DL 4.20 b 47.9 a 0.089 a 0.08 a 17.19 a 

 Pavon 76 3.39 c 44.8 a 0.076 a 0.07 a 16.41 ab 
*
Within columns for each growth stage, means followed by the same letter are not significantly different according to LSD (0.05). 
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Figure 1- a: Root number, length, diameter, and volume as affected by genotypes at early growth stages (6-46 DAS).  
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Figure 1-b. Root surface area, mass, plant mass, and root:plant mass ratio as affected by genotypes at early growth stages (6-46 DAS). 

 


