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ABSTRACT 

The development and release of low-irrigation barley cultivars mark a significant 

achievement in breeding efforts for drought tolerance; however, the specific physiological 

traits associated with their drought tolerance remain unclear. The goal of this dissertation was 

to examine the hypothesis that barley cultivars bred for low-input conditions have particular 

adaptive traits that improve crop performance under drought conditions.   

The general objectives of this study were: (1) to compare plant growth and yield of 

low and high-input barley varieties under high and low irrigation regimes; (2) to evaluate 

rooting characteristics of tested varieties under high and low irrigation regimes; and (3) to 

explore differences in root tip physiology of tested varieties at early stages of plant 

development.   

Two years of replicated field trials were conducted in Tucson, Arizona comparing 

low-input varieties Solar and Solum to high-input, semi-dwarf varieties Kopious and 

Cochise.  Observed traits associated with improved performance of the low-input varieties 

under drought conditions included early vigor, early flowering, greater root density at lower 

depths (40-80 cm), and more effective water use exhibited by greater water use post-anthesis.  

Observations from the root profile wall revealed all varieties, especially the low-input 

cultivars, had thicker, web-like roots under low irrigation and that Solar roots were most able 

to penetrate through a hard subsoil caliche layer at 80 cm depth.   

Field trials were followed by an empirical survey comparing early root development 

between the field-tested varieties. The results of this study revealed the low-input varieties 

exhibited faster seed germination and a decreased root elongation zone.  Border cell number 

of the low-input varieties was also higher than that of the high-input variety Kopious, but 

lower than that of Cochise.  It was also found, compared to the other varieties, Solar root tips 

produced a significantly larger mucilage layer and developed more root hairs in the presence 
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of water.  These observed traits, if found to be linked to the drought adaptive physiology of 

Solar could be used for simple, rapid, and inexpensive screening of new drought-adapted 

varieties.   
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I. INTRODUCTION

I.1 Context of Research

Drought in the context of agriculture is defined as a prolonged temporal period 

(weeks, months, growing season) with insufficient crop water supply such that yields can be 

adversely affected.  Whether as short-term delays in rainfall or as part of larger climatic 

trends, drought conditions can threaten farmers’ livelihoods and global food security 

(Ceccarelli et al., 2010).  For example, a slight decrease in world barley yield in recent years 

has been caused by severe drought in countries such as Australia, where yield declined from 

2.15 ton/ha to 0.95 ton/ha in 2006, and in Ukraine, where total production declined from 11.4 

million tons to 6.2 million tons in 2007 (Zhou, 2010).  In addition to meteorological drought, 

a lack of sufficient crop water can also result from an inadequate irrigation water supply.  

Increasing demand for scarce water resources from non-agricultural sectors along with the 

drought-induced reduction of contracted water deliveries (as seen in many California Valley 

Project and Central Arizona Project irrigation districts) limit the availability of quality water 

for crop production.   

Despite gains in productivity experienced as part of the Green Revolution (GR) and 

subsequent advances in agriculture technology, cereal grain supply per capita has declined in 

part because of an increase in the human population and concurrent shortages of freshwater 

and cropland (Pimentel, 2004).  The productivity achievements of the GR were possible due 

to adequate water supply through irrigation and because high-yielding semi-dwarf varieties 

were more responsive to external inputs (Lynch, 2007).  As such, the technologies of the GR 

did not focus on the constraints to aproduction in more marginal environments, especially 

tolerance to stresses such as drought.  Therefore, while semi-dwarf varieties of wheat 

provided yield gains of 40% in irrigated areas, in dry areas, gains were often no more than 

10% (Pingali 2012).   
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In light of the aforementioned constraints to agricultural water availability, there is a 

well-recognized need for adapting crops to low water use conditions.  The purpose of this 

study was to analyze crop physiological responses to water stress through a comparison of 

growth, phenology, yield, and rooting characteristics under low and high irrigation 

conditions.  This field-based work was complemented by an exploration of root growth at 

early stages of development.   

I.2 Literature Review

1.2.1 Physiological Mechanisms of Drought Tolerance.  Physiological strategies of 

drought tolerance have been characterized by Blum (2011) as dehydration avoidance, 

dehydration tolerance, and drought escape.  Dehydration avoidance is defined as a plant’s 

ability to maintain a relatively high level of hydration under conditions of soil or atmospheric 

water stress.   Plant types exhibiting dehydration avoidance can be generally classified as 

“water savers,” those that avoid dehydration by reduced transpiration/water use, and “water 

spenders,” those that use other means besides reduced transpiration to maintain plant growth 

and yield such as increased water access (Levitt, 1980).  

A defining physiological response of dehydration avoidance is stomatal closure, an 

abscisic acid-driven response to moisture deficit that serves to reduce plant water loss 

through transpiration (Blum, 2011).  Non-stomatal strategies of drought avoidance include 

the production of epicuticular wax (EW) coating and leaf glaucousness.  Greater EW and leaf 

glaucousness serve to reduce transpirational demand by lessening cuticular (non-stomatal) 

transpiration and increasing leaf reflectance, respectively (Turner, 1980).  An association 

between increased leaf glaucousness and/or EW with grain yield of barley and other cereals 

under drought stress has been well documented (Johnson et al., 1983; Febrero et al., 1998; 

Gonzales and Ayerbe, 2010).   
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Another important strategy of dehydration avoidance is osmotic adjustment (OA).  

Cellular accumulation of solutes under water deficit lowers plant water potential and aids in 

maintaining cellular hydration and stomatal conductance, and thus transpiration and 

photosynthesis (Blum, 2011).  Barley genotypes with higher OA capacity have been found to 

have greater grain yield and growth under drought stress (Blum 1989; Gonzalez et al. 2008).   

In addition to OA, development of an early-season canopy cover has shown to be an 

effective “water saving” strategy, particularly in Mediterranean-type environments where 

early-season moisture is followed by dry conditions post-anthesis (terminal drought stress).  

Studies of water use in such environments suggest soil evaporation (Es) can account for a 

substantial portion of total crop water use.  Cooper et al. (1983) found Es was 35% of the 

seasonal evapotranspiration for barley grown in Northern Syria, and up to 75% in unfertilized 

fields where crop growth was poor (1987).  Studying water use of wheat grown in a 

Mediterranean-type environment of Australia, Es was reported to be 33% (French & Schultz, 

1984) and 40% of crop evapotranspiration (Siddique et al., 1990). 

Greater early-season leaf area index (LAI) and/or shoot biomass development, known 

as early vigor, can provide greater light interception and decrease direct water loss through 

soil evaporation.  Less evaporative water loss can increase soil moisture available for crop 

transpiration and photosynthesis thereby improving a crop’s effective use of water (Blum, 

2009).  This has been shown in both wheat and barley (Shepard et al., 1987; Cooper et al., 

1987).  Advantageous grain and biomass yield of barley over other temperate cereals in 

Mediterranean-type environments is in part attributed to barley’s greater early vigor 

(Acevedo et al., 1991).  Comparing vegetative growth of wheat and barley cultivars López-

Castañeda et al. (1995) found barley to have 40% greater biomass and two times greater LAI 

than wheat at the two-leaf stage.   Siddique et al. (1990) report barley had faster leaf area 

development and 15% less soil evaporation than wheat, resulting in higher grain yield under 
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rainfed conditions.  Morphological traits such as early vigor that limit soil water loss have 

demonstrated to be effective criteria when breeding for adaption to low-rainfall areas prone to 

terminal drought (van Oosterom and Acevedo, 1992).   

Dehydration avoidance though “water spending” is also associated with an increased 

ability of plants to access additional soil moisture via robust root systems.  The role of root 

traits in plant performance under drought stress will be further explored in the following 

section. 

Dehydration tolerance describes a plant’s ability to function under low plant-water 

status (Levitt, 1980).  Physiological mechanisms include cell membrane stability, carbon 

reserve utilization for grain-filling, and drought-tolerant reproduction strategies such as a 

short anthesis-to-silking interval, which has significantly improved yields of maize under 

drought stress (Bolanos and Edmeades 1996, Reynolds et al., 2010).  Drought stress during 

grain filling can inhibit photosynthesis and thus reduce assimilate supply to developing seeds 

(Saini and Westgate, 1999; Shah and Paulsen, 2003).  The availability and remobilization of 

carbon reserves from pre-anthesis vegetative growth is highly correlated with grain yield 

under dry conditions, particularly when late-season conditions can limit photosynthesis 

(Slafer et. al, 1990; Blum 1998; Villegas et al., 2001).  Carbohydrate reserve capacity and 

utilization for grain filling is largely a function of stem length, with shorter genotypes having 

less reserve availability, as found in studies on dwarf wheat by Borrell et al. (1993) and 

Srivastava et al. (2017).  A multisite study by Lopes et al. (2014) found plant height of wheat 

was significantly and positively associated with grain yield in low yielding rainfed test sites 

across Central and West Asia.   

Drought escape is a phenological adaptation in which flowering time and duration of 

crop growth occur at optimal soil moisture availability, such that the plant minimizes 

exposure to terminal drought stress (Blum, 2011).  Cereal grain yield and quality are most 
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affected by stress during the flowering or anthesis growth stage and subsequent grain filling 

period, a time that is often accompanied by high temperatures in the semi-arid/arid regions 

where barley is grown (Farooq et al., 2014).  The occurrence of heat stress during drought 

stress can have an exacerbating or synergistic effect on grain yield (Nicolas et al., 1984; Shah 

and Paulsen, 2003).  For example, studying the combined effects of drought and heat stress, 

Mahrookashani et al. (2017) report a 13%-27% reduction in wheat grain weight under 

drought stress alone, compared to a 43%-83% reduction under combined heat and drought 

stress.   

While there exists a positive correlation between growth duration and yield under 

well-watered conditions (greater yield potential), late-flowering can be disadvantageous to 

grain yield under terminal drought stress.  The positive relationship between early flowering 

and grain yield is well recognized such that selecting for early maturing phenotypes has 

shown to be a successful breeding strategy, particularly in Mediterranean-type environments 

(Siddique et al., 1990; Acevedo et. al., 1991; Reynolds et al., 2010).  Additionally, similar 

flowering or heading times under drought as compared to under well-watered conditions is 

considered a useful indicator of drought tolerance when evaluating varieties (Blum, 2011).    

Not only does early maturity help to avoid terminal drought stress, but it can also 

reduce crop water use.  Comparing consumptive water use, St. Andre et al. (1978) found 

barley used 3.28 inches less water than wheat in the San Joaquin Valley of central California, 

where water scarcity and cost are persistent challenges for growers.  The results of this study 

indicated that because wheat matures later than barley, it used more water during the final 

stages of maturation, especially during the latter half of May, when water use by wheat was 

1.2 inches more than barley.  A study by Ottman et al. (2012) comparing seasonal water use 

of barley cultivars grown in southern Arizona found that Seco, a low-irrigation variety 

developed from the same low-input germplasm as Solar and Solum, used less water than the 
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high-input varieties primarily due to its earlier maturity.   

1.2.2 The Study of Root Systems: Field-Based Methods.  The role of plant roots in 

crop performance has long interested agronomists and plant breeders yet has largely remained 

an understudied “hidden half” of plant physiology compared to above-ground growth (Waisel 

et al., 1996: Lynch, 2007).  Described as the “step-child of science” by Böhm (1979), the 

study of roots under natural field conditions can be methodologically tedious and time-

consuming.  Though difficult to study in situ, there has been a resurging interest in root 

systems in recent years due to their recognized role in resource acquisition as well as 

methodological advances in the fields of root ecology and root physiology (Palta and Watt, 

2007).   

Prior to the development of non-destructive methods such as rhizotrons, pioneers of 

root physiology have long been in the trenches producing intricate depictions of root systems.  

American plant ecologist John Weaver (1884-1966) is one such pioneer who excavated and 

mapped roots of roughly 1,000 native prairie plants and vegetable crops (Kourik, 2005). 

Weaver’s seminal publication “Root Development of Field Crops” (1926) evolved the long-

used excavation technique into a recognized scientific method.  The excavation method, also 

known as the “skeleton technique,” involves carefully removing surrounding soil to expose 

the entire root system of a plant.  First reported by Hales (1727), full root system excavation 

is the oldest method used in root research (Böhm, 1979).   

Besides formalizing the excavation method, Weaver was also the first to use the 

profile wall method for studying field crops (Weaver 1919, 1926).  The profile wall method, 

also known as the trench profile method, is carried out by digging a trench traversing rows to 

a depth of 1.5 m or more.  The profile wall surface is smoothed with a profile knife or spade 

and roots are exposed with mechanical tools, pressurized air, or water (Böhm, 1979).  This 

method was further developed by Oskamp and Batjer (1932) who created maps of exposed 
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fruit tree roots using dots of varying size to correlate with root diameter.  The work of 

Oskamp and Batjer demonstrated that by exposing and quantifying roots on a smoothed 

profile wall, root distribution could be determined, establishing the profile technique as a 

useful and scientifically sound method (Böhm, 1979).   First used with orchard and later 

forest trees (Scully, 1942), the profile wall method has been applied to the study of rye, 

maize, and wheatgrass root systems (Bakermans and De Witt, 1970; Böhm, 1976; Cox et al., 

2006).   

In addition to profile walls, other methods of field-based root research include glass 

walls, monoliths, soil-core sampling with augurs, and rhizotrons.  Glass windows, first used 

by Sachs (1873), and later by Hurd (1968) as part of a wheat breeding program, involve using 

glass-paned boxes to study small, isolated volumes of soil (Box, 1996).  Studying forest tree 

roots, McDougal (1916) was the first to use a glass plate placed against the soil profile to 

observe roots in an undisturbed, natural setting.  The glass wall method evolved into 

underground root laboratories known as rhizotrons which allow in situ and continuous 

observation of root growth.  The first rhizotron in the United States was built at the Auburn 

University Agriculture Experiment Station in Auburn, Alabama in 1969 to study root growth 

and soil water interactions (Klepper and Kasper, 1994).  In response to the cost and 

treatment/replication limitations of rhizotrons, the technique of using mini-rhizotrons 

evolved: transparent tubes placed in soil that allow researchers to use a miniature video 

camera to view and record root images in the natural soil environment (Upchurch and 

Ritchie, 1983; Taylor 1988).    

Other field-based root study methods include, among others, measuring root pulling 

strength, in which plant resistance to vertical pull is measured by a tensiometer (Ortman et 

al., 1968; Beck et al., 1988), as well as measuring root electrical capacitance (Chloupek, 

1977).  A more recently developed field-based method is Shovelomics, created by the Penn 
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State Roots Lab directed by plant physiologists Jonathan Lynch and Kathleen Brown.  

Described as a high-throughput phenotyping strategy, Shovelomics involves visually 

assessing the root crown of excavated field crops to estimate growth and architecture 

(Trachsel et al., 2011).  Lastly, the use of canopy temperature has come into use as an indirect 

indicator of root depth, with cooler canopies associated with deeper roots due to enhanced 

subsoil water access under drought (Lopes and Reynolds, 2010).  

1.2.3 Root Traits and Their Relation to Drought Tolerance.  The ability of plant 

roots to capture maximum soil moisture and thus avoid dehydration stress is associated with 

three traits: maximum root depth, root density, and root penetration capacity (Palta et al., 

2009).  While clear differences in root characteristics exist between different plant species, 

differences between genotypes have also been observed with implications for crop 

performance under water-limited conditions (Den Herder, 2010; Narayanan et al., 2014).   

Like other traits, variation in root phenotypic expression depends on the target 

environment the genotype is adapted to and the environment in which it is grown i.e. 

genotype-by-environment interactions (O’Toole and Bland, 1987).  In irrigated high-input 

systems, a reduction in root system size and depth may be beneficial when adequate nutrients 

and water are available so that more assimilates are allocated to biomass growth rather than 

root growth (Fritter, 2002).  In contrast, some genotypes adapted to low-input systems exhibit 

greater dry matter partitioning to root systems that often extend deeper into the soil (Hurd, 

1974; Lynch, 2011).   

One example of genotypic variation in rooting characteristics is the observed 

reduction in root system size of semi-dwarf and dwarf varieties of maize, wheat, and barley 

compared to older cultivars and landraces (Grando and Cecarelli, 1995; Waines and Ehdaie, 

1997, 2007).  These observations suggest a reduction in root system size may have been 

indirectly selected for during the development of high-yielding Green Revolution varieties, 
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particularly when selection occurred under well-irrigated and well-fertilized conditions 

(Pingali, 2012).  Varied results exist, however, such as those of Cholick et al. (1977) 

reporting no difference between the root systems of semi-dwarf and taller cultivars and those 

of Chloupek et al. (2006) reporting a comparably greater root system size in genotypes 

expressing semi-dwarf genes.    

Rice cultivars provide a useful model for studying genotypic variability in root system 

development due to the divergence between wetland and dryland types, with studies 

indicating dryland rice exhibits larger, deeper roots compared to wetland adapted cultivars 

(Chang and Vergara, 1975; Lilley and Fukai, 1994; MacMillan, 2006).  A similar pattern has 

been found in wheat and barley with implications for grain yield under low water conditions 

(Manschadi et al., 2008; Boudiar et al., 2020).  For example, in an evaluation of 25 durum 

wheat genotypes, the deepest rooting genotypes were identified as those bred for terminal 

drought stress while those with the shallowest roots originated from regions with limited 

topsoil and short periodic rainfall (El Hassouni et al., 2018).   

Rooting Depth.  Deeper roots are a primary way to increase crop water access during 

terminal drought stress if soil moisture is present at lower profile depths.  As upper soil layers 

dry, access to subsoil water is especially important post-anthesis as photosynthate is allocated to 

grain growth (Blum, 2011; Wasson et al., 2012). Even small additional amounts of water 

accessed post-anthesis can have a significant impact on grain yield as well as water use 

efficiency.  Kirkegaard et al. (2007) found 10.5 mm of additional subsoil water used from 

lower depths (1.35 m-1.85 m) post-anthesis increased wheat grain yield by 0.62 t/ha.  A 

correlation between deep root systems and yield under water-limited conditions has been 

documented in wheat and barley (Lopes and Reynolds, 2010; Carvalho et al., 2014).      

Root Density.  In addition to root depth, soil moisture extraction can be enhanced by 

extensive root growth and proliferation in the soil matrix (Palta and Watt, 2009).  Root length 
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density (RLD) and root system size (RSS) are measurements used to quantify patterns of root 

development.  The benefit of greater root density on soil water absorption during terminal 

drought appears most significant when present at lower depths (Lynch and Wojciechowski, 

2015).  Conversely, reduced root density in the topsoil in certain climates has shown to be an 

adaptive drought avoidance strategy.  Fewer roots present in shallow, drying soil are 

associated with better leaf growth and less foliar ABA (Martin-Vertedor and Dodd, 2011; 

Wasson et al., 2012).  Estimating RSS by electrical capacitance, Chloupek et al. (2010) report 

spring barley varieties with a greater RSS had higher yields and improved malting quality in 

dry years.  Another study found among cultivars developed for semi-arid dryland agriculture, 

the highest yielding cultivar under moderate drought stress had greater root mass and RLD in 

subsoil layers (20-100 cm depth) and used more water after anthesis, especially from subsoil 

layers (Fang et al., 2017).   

Currently, there exist contrasting views and research results on whether a large root 

system is an advantageous trait under water-limited environments (Palta et al., 2011).  As 

discussed above, one view is that large root systems are ideal for crops grown in drought 

areas as they are capable of absorbing more soil water.  Others have suggested in water-

limited conditions, a small root system concentrated within the topsoil may be advantageous 

for better capturing and using occasional spring rainfall for grain filling (Manschadi et al., 

2006; Ehdaie et al., 2012).   

Root Penetration. In association with rooting depth and root density, the penetration 

ability of roots is considered an important drought adaptive trait as soil hardness generally 

increases as the soil dries (Clark et al., 2003; Columbi et al., 2018).  Hardening of soil can 

increase mechanical impedance, a major limiting factor of root elongation and proliferation 

within the soil (Lynch et al., 2014).  Cereal cultivars better able to penetrate hard-pans have 

been shown to have deeper root growth and better access to water (Cairns et al., 2004; Acuña 
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et al., 2012; Kubo et al., 2006).  One aspect of root penetration ability is the role of root 

diameter, evidenced by thicker roots being better able to grow through hard, dry soil 

(Materechera et al., 1991).  Thickening of roots serves to relieve stress at the root tip and 

decrease buckling (Clark et al., 2003).  According to Lynch et al. (2014) relief of root axial 

stress by thick roots depends on the level of soil–root friction, which is influenced by the 

lubricating coating of detached border cells and mucilage, a topic that will be covered in the 

following section.  Thicker roots have been shown to enhance water uptake in conditions of 

subsoil compaction through their enhanced penetration (Nosalewicz and Lipiec, 2014).    

Soil impendence has been reported to affect both the rate of root elongation and the 

length of the elongation zone in roots (Lynch and Wojciechowski, 2015).  A growth model 

for the dynamics of this process was proposed by Hettiaratchi et al. (1990) summarized in the 

following steps: (1) axial elongation of the root is impended by hard soil around the root cap, 

which causes radial rather than axial cell expansion; (2) radial thickening of the elongation 

zone helps to relieve stress at the root cap facilitating continued axial growth; (3) the root cap 

encounters impeded soil again, in which the process is repeated.  Impedance by dry or 

compacted soil can as much as double the root diameter and substantially decrease the length 

of the elongation zone (Bengough et al., 2006; Watt et al., 2005).   

Root hairs have proven particularly important to root growth in mechanically impeded 

soil.  Haling et al. (2013) comparing mutated lines of barley with and without root hairs 

found genotypes with root hairs had improved penetration through high-strength soil.  A 

mechanistic model of root penetration suggests root hairs serve as an anchor for the root cap 

as it “thrusts” into the soil, providing support behind the elongation zone and counteracting 

the tendency to buckle (Hettiaratchi, 1990).  Root hair proliferation closer to the root tip has 

been observed in mechanically impeded barley roots (Goss and Russell, 1980).  Root hair 

development also plays a critical role in water relations by increasing root surface area and 

18



enhancing water uptake capacity (White and Kirkegaard, 2010; Brown et al., 2012).    

1.2.4 Root Tip Mucilage and Border Cells.  Charles Darwin in his reflective The 

Power of Movement in Plants (1880), compared the root tip to the animal brain, “receiving 

impressions from the sense-organs, and directing several movements”, thereby conveying the 

complex and responsive nature of root tip dynamics.   

The plant root tip includes the apical meristem and root cap initials which are 

progenitor cells to all new growth in the root (Watson et al., 2015).  Root tips are surrounded 

in a protective mucilaginous matrix produced by the root cap and composed of, among other 

things, polysaccharides, enzymes, and growth factors (Lynch and Whipps, 1990; Ma et al., 

2010).  Within the root cap mucilage of most plant species are specialized populations of 

living cells named root border cells (Hawes et al., 1998).  Border cells function as a physical 

and biological interface between the root and the soil and have distinct gene expression 

patterns from those of progenitor cells in the root cap (Brigham et al., 1995; Watson et al., 

2015).    

Border cells exude and are surrounded by a high molecular weight mucilage that can 

hold up to 1000 times its weight in water (Guinel and McCully, 1986, 1987).  Within the 

border cell mucilage is a complex of more than 100 proteins including antimicrobial 

enzymes, that ensheathe the root tip and provide a biotic boundary (Watson et al., 2015).  

This protective layer is important because damage to the root tip can reduce growth or cause 

plant death.  Upon root tip exposure to water, border cell mucilage immediately swells from 

absorption, causing separation and dispersal of border cells (Hawes et al., 1998; McCully and 

Sealey, 1996).  As roots penetrate the soil environment, root border cells and their associated 

mucilage also detach from the root cap.  The root cap meristem produces new cells to replace 

those detached, maintaining a protective barrier of border cells as the root tip moves through 

the soil (Hawes and Pueppke, 1986).     
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The lubricating coating of detached border cells and mucilage plays a major role in 

relieving soil–root friction around the advancing root tip, facilitating root penetration 

(Bengough and McKenzie, 1997; Guinel and McCully, 1987; Kirby and Bengough, 2002).  

Due to the significant water holding capacity of border cell mucilage, it is implicated in 

dehydration avoidance of the root tip as it moves through dry soil (McCully, 1999; 

Bengough, 2012).  In addition, the presence of mucilage is reported to increase the water 

holding capacity within the rhizosphere and help bind together the rhizosheath, a complex of 

microorganisms, root exudates, root hairs, and soil particles bound to roots (Lynch et al., 

2014; Young, 1995).  First noted on drought-tolerant plants from semi-arid environments, 

rhizosheaths are thought to improve the hydration of roots in dry soils (North and Nobel 

1997; Pang et al., 2017).  Besides assisting water acquisition in drying soil, the rhizosheath is 

also implicated in enhanced nutrient uptake.  For example, a correlation between rhizosheath 

weight and phosphorous uptake by barley has been demonstrated under dry conditions 

(Brown et al., 2012; George et al., 2014).   

  The number of border cells released by the root cap varies from 0 to 10,000 per root 

depending on species. A single radicle of tomato, pepper, cotton, and soybean will produce 

up to 20, 90, 3,100, and 3,760 border cells respectively.  Gramineae family plants produce an 

average of approximately 1,500 border cells: a single radicle of wheat, rice, rye, and maize 

produces up to 1,400, 1,600, 1,980, and 2,730 border cells, respectively (Hawes and Pueppke, 

1986).  Carbon allocation to root exudates of some plant species has been measured to be 

40%-90% of total fixed carbon, depending on the growth stage.  Border cells and their 

associated mucilage can comprise up to 98% of this exudate (Lynch and Whipps, 1990; Odell 

et al., 2008).  The energetic allocation to the border cell complex suggests its importance to 

plant growth and mediation of the root microbiome.       

Under normal conditions, once a set of border cells has been produced, an 
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endogenous signal inhibits mitosis in the root cap meristem and no new border cells are 

produced until removed by water or during root advancement through soil (Brigham, 1996).  

Border cell production can change in response to environmental signals such as changes in 

growth medium, presence of soil pathogens and symbionts, and presence of plant defense 

hormones (Curlango-Rivera et al., 2010, 2013).  These environmental signals have shown to 

result in an increase in border cell production and the size of their associated mucilage layer.  

Dynamic border cell interactions have been documented in response to a variety of heavy 

metals including lead and aluminum, in which the mucilage layer of border cells (known as 

the extracellular trap) significantly increases in an apparent dose-dependent manner 

(Miyasaka and Hawes, 2001; Huskey et al., 2018).  In response to soil compaction, a 12-fold 

increase in the number of maize root border cells has been reported (Iijima et al., 2000).   

In addition to exogenously induced changes in border cell production, intraspecies 

variation in border cell numbers has been found, first documented by Knox et al. (2007).  

Border cells of transgenic cultivars of cotton were not only found to express insecticidal Cry 

proteins into their extracellular matrix, but one cultivar was found to yield over 10,000 border 

cells per root tip, twice the amount produced by the other tested varieties.  

Variation in border cell number is of interest due to the recognized impact these cells 

have on mediating plant-soil dynamics.  The role of border cells in plant defense is well 

recognized.  Border cells have been shown to attract and immobilize pathogenic nematodes, 

bacteria, and fungi in a host-microbe specific manner, through the extracellular trapping of 

contaminants in their mucilage.  The presence of extracellular DNA within this mucilage has 

been discovered and found to be critical to the protection of the host root tip (Wen et al., 

2009, 2017).    

 Border cells also release chemical signals that induce expression of the bacterial 

genes required for establishment of symbiotic plant-microbe associations, such as nod genes 
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of Rhizobium spp.  (Zhu et al., 1997).  Border cell population size has been found to strongly 

correlate with rates of mycorrhizal colonization, the presence of which has been shown to 

improve water uptake (Niemira et al., 1996; Ruth et al., 2011).   Species that do not produce 

border cells, such as those in the Brassicaceae family, are also considered minimally or 

nonmycorrhizal (Tester et al., 1987).   

I.2.5 History of Barley Domestication.  Barley (Hordeum vulgare L.) is among the

world’s oldest and most widely cultivated cereal grains.  Archaeological remains of 

domesticated barley and early forms of wheat were found in human Neolithic sites dated 

8,500 years B.C., with the widespread cultivation of barley occurring an estimated 10,500 

years ago (Lev-Yadun et al., 2000; Zohary and Hopf 2001).  Cereal domestication of two-

rowed barley, emmer wheat, and einkorn is believed to have made possible the Neolithic 

transition from hunter-gatherer to agriculturally-based societies and the resultant 

establishment of permanently occupied villages by 7000 B.C. in what is referred to as the 

Fertile Crescent: Iran, Iraq, Turkey, Syria, and Jordan (Harland and Zohary, 1966; Diamond 

2002).  The well-recognized contribution of wheat and, in particular, barley to the rise of the 

first civilizations in the Near East underscores the important role cereals have played in the 

arc of human history.   

The wild progenitor of barley is Hordeum spontaneum (C. Koch), a winter-

germinating subspecies of H. vulgare L. native to a wide region of Eurasia (von Bothmer et 

al., 2003).  Compared to Triticum dicoccoides (wild emmer wheat), Secale spp. (wild ryes), 

and other founder crops of the Fertile Crescent, the natural range of wild barley extends much 

farther into Central Asia as well as the eastern Mediterranean region, spanning a wide range 

of climates and soils (Harlan 1979; Zohary and Hopf, 1993).   H. spontaneum is not only 

widespread but is also considered well adapted to arid climates: it can be found growing in 

areas with 200-250 mm of annual rainfall (Willcox, 2005).  Present-day distributions of wild 
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barley can still be found in its native habitat of the Fertile Crescent (Nevo 1992; Valkoun et 

al., 1998).  Adapted to low-rainfall and low-fertility conditions, stands of wild barley provide 

an important genetic resource for integration into modern plant breeding programs (Ellis et 

al., 2000; Nevo 2006).    

The significant presence of genomic segments from local wild populations in 

landraces suggests that wild populations contributed locally adaptive variation to primitive 

varieties (Poets et al., 2015).  Current archeological and genetic evidence suggests modern 

cultivated barley is of polyphyletic origin, independently domesticated over time in 

geographically distinct areas (Dai et al., 2014; Ren et al., 2013)  Phylogeographic analysis of 

wild and landrace barley accessions indicate the presence of genetically and morphologically 

distinct barleys from the Himalayas, suggesting an independent domestication event outside 

of the Fertile Crescent during the same Neolithic period (10-12,000 years ago) (Badr et al., 

2000; Saisho and Purugganan, 2007).  The first domestication in The Fertile Crescent is 

believed to have contributed the majority of diversity in European and North African 

cultivars, whereas domestication in the Tibetan Himalayas contributed to the diversity found 

in barleys from East and South Asia which tend to be better adapted to dry, cold conditions 

and high elevations (Morrell and Clegg, 2007).   Though less supported, Ethiopia and 

Morocco have also been suggested as centers of independent barley domestication, 

highlighting the mosaic ancestry of this long-cultivated crop (Bekele, 1983; Molina-Cano et 

al., 1987; 2005).   

1.2.6 Modern Uses and Cultivation.  In part due to its long cultivation history and 

geographic range, barley is today one of the most widely adapted and most grown cereal 

crops.  Barley ranks fourth in global cereal production, after maize, rice, and wheat.  Based 

on average tons harvested between 1994-2018, the top barley producing countries are Russia, 

Germany, Canada, and France (FAO, 2020).  While Europe accounts for the majority of 
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production, barley is cultivated throughout the world, where it is often grown as a rainfed 

crop. In many developing countries with arid or semi-arid climates barley is a common staple 

food source.  Developing countries account for about 18% of total barley production (Akar et 

al., 2004).  In general, barley is more productive and its yield more stable against seasonal 

variation than wheat and most other small grains. Therefore, resource-limited farmers tend to 

prefer barley production, considering it as a kind of guarantee against crop failure risks 

(Ullrich, 2011).   

Grown either as a spring or winter annual, barley grain is primarily used as feed for 

animals, malt for alcoholic beverages, and food for human consumption (Badr et al., 2000). 

As an animal feed source, barley grain is often used to supplement forage-based diets or as a 

finishing ration (Bauer and Lardy, 2017).   In the United States, corn is the primary feed grain 

produced followed by sorghum and then barley, which is of comparable nutritional quality 

(Owens et al., 1995; USDA 2020).  In many countries, especially rural developing areas, 

barley straw is an important animal feed source (Akar et al., 2004).  Cut for hay or silage, 

barley can serve as a dual-purpose crop providing both grain for human consumption and 

straw for livestock feed.     

Barley has several beneficial agronomic uses, especially when grown in rotation.  The 

high biomass stalks, when incorporated into the soil at the end of the growing season reduce 

surface crusting and can improve soil structure (SARE, 2007).  The abundance of tilth 

improving organic matter from unharvested plant material and roots enhances soil water 

holding capacity of benefit to the succeeding crop (Miller et al., 1989).  For example, when 

planted in rotation with cotton, Solum barley, one of the low-irrigation varieties included in 

the presented studies, significantly improved soil characteristics such as tilth, water holding 

capacity, and intake rate, leading the authors to conclude Solum is a low-input and profitable 

rotation option (Husman and Ottman, 1992).     
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Barley’s requirements for inputs, particularly nitrogen, are relatively low.  Barley has 

a reduced requirement for nitrogen fertilizer compared to wheat as it does not require late-

season applications to boost grain protein (Ottman, 2011).  Barley is also known for its ability 

to scavenge significant amounts of nitrogen, which can be returned to the soil in the form of 

barley residue (Jensen, 1996; SARE, 2007).  Besides growing in a uniquely wide range of 

altitudes barley is also noted for its tolerance to cold, drought, alkalinity, and salinity (Cook 

and Evans, 1987; Badr et al., 2000; Akar 2004).   

Barley is considered a relatively hardy crop in its resistance to plant pathogens.  

Globally it is estimated that pests and disease account for 8.5% and 10.5% of annual barley 

crop losses respectively.  Naturally tolerant landraces and cultivars as well as resistance genes 

within the Hordeum genus provide a rich resource for breeding resistant varieties (Oerke and 

Dehne, 1997).  Extensive evaluation and identification of resistant genotypes to major biotic 

stresses has been carried out to include powdery mildew (Blumeria graminis), leaf rust 

(Puccinia hordei Otth), ear diseases such as smut (Ustilaginales), and the mosaic virus 

complex (Weibull et al., 2003).  Certain barley cultivars have also shown significant 

resistance to nematodes and the ability to reduce populations of various nematodes species 

within the soil (Cook and Evans, 1987; Smiley and Yan, 2009; Andersen and Andersen, 

1970).   A review by Chełkowski et al. (2003) identified 107 major plant disease resistance 

genes (R-genes) against fungal pathogens, viruses, and aphids in Hordeum vulgare 

accessions.   

1.2.7 Background on Tested Varieties.  The development of barley cultivars adapted 

to water-limited environments was the motivation for a breeding program initiated by the 

Agriculture Research Service (ARS), USDA, and the Agriculture Experiment Station (AES) 

of the University of Arizona.  Beginning in the winter of 1974-75, the development of a 

barley population selected for performance under a one-irrigation cultural regime culminated 
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in the release of Composite Cross XXXIX in 1981.  Composite cross populations are formed 

by assembling seed stocks with diverse evolutionary origins.  As a breeding tool, these 

populations provide rich gene pools and are considered an effective way of selecting superior 

lines for low-input systems (Phillips and Wolfe, 2005).   

Composite Cross XXXIX germplasm originated as a collection of barley from arid 

regions around the world.  This population was developed though male-sterile facilitated 

recurrent selection for adaptation to a single irrigation of 15 cm to 20 cm of water applied at 

or before planting (enough to wet the soil profile to a depth of 1.5 m to 1.8 m).  The only 

additional moisture received was supplied by seasonal rainfall, averaging 7-11 cm in southern 

Arizona.   Selection criteria included turgid plants at flowering, plump seed, and ability to 

outcross (male sterility) (Ramage and Thompson, 1981).       

Continued breeding efforts using the Composite Cross XXXIX germplasm resulted in 

the release of six-row “one-irrigation barley” lines and cultivars including Solum in 1991 (by 

the ARS, USDA and Arizona AES) and most recently Solar (by Arizona AES) in 2006.  

Originating as F6 selections, these varieties were released as spring barleys for winter crop 

production in low water use environments in the Southwestern United States, intended to be 

grown with only one or two irrigations applied.   Variety trials by Arizona AES (2002 to 

2004) demonstrated that Solar had significantly higher yield, test weight, and lodging 

resistance than its predecessor Solum (Arizona AES, 2006).   

The semi-dwarf varieties, Cochise and Kopious, included in the presented study were 

selected from Composite Cross XXXII, a germplasm developed for adaption to high-input 

conditions (well-watered and fertilized). Disagreement exists as to what is the optimum 

environment in which to select for yield when breeding for dry areas.  In favor of selection 

under favorable environments, it is argued the higher yield potential of high-input lines will 

confer a yield advantage even under stress conditions (Pfeiffer, 1988; Bänziger et al., 1997).  
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Conversely, others such as Ceccarelli (1994) and Blum (1988) have argued in favor of 

selection under the target environment as early as possible using locally adapted germplasm.  

and selection in the target environment  

I.3 Objectives

I.3.1 To identify drought-adaptive traits through a comparison of crop growth,

phenology, and yield of tested varieties under high and low irrigation conditions in repeated 

field trials.   

I.3.2 To examine through the profile wall method, differences in root system

development between tested varieties, specifically root density and rooting depth. 

I.3.3 To survey root development of tested varieties at early stages of growth.

I.3.4 To explore the functional impact of any observed physiological differences at

early stages with varietal performance in the field. 

I.4 Format of this Dissertation.

The research conducted for this dissertation will be presented as appendices 

containing copies of published articles. A summary of each appendix containing the 

contribution of the author of this dissertation is presented in the following section. 

II. PRESENT STUDY

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in this document. 
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II.1 Summary of Appendix A: Drought-Tolerant Barley: I. Field Observations of

Growth and Development. 

Appendix A is a published journal article in Agronomy (2018), Vol.9 (5), p.221.  The 

article featured in the Special Issue “Root-Soil Interactions”.  The presented study reports 

results from two years of replicated field trials comparing yield, phenology, water usage, and 

rooting characteristics of low-irrigation varieties Solar and Solum to high-input, semi-dwarf 

varieties Kopious and Cochise.  

The objective was to identify the differential performance of varieties under high and 

low water conditions through a comparison of growth and developmental traits.  Rooting 

characteristics were analyzed by digging in-field root profile walls to a depth of 1.8 m. 

Varieties were compared under high (877 mm) and low (223 mm) water regimes including 

irrigation and precipitation. Observed traits associated with improved performance of the 

low-irrigation varieties under drought conditions included early vigor, early flowering, 

greater root growth at 40–80 cm depth, and more effective water use exhibited by greater 

water extraction post-anthesis. The deeper rooting pattern of the low-irrigation varieties may 

be related to their ability to use more water post-anthesis under water stress, and thus, to fill 

grain, compared to high input varieties.  Results confirmed those previously reported 

regarding key morphological traits associated with adaptation to low-water conditions.   

My contribution to this study included the selection, adaptation, and implementation 

of the root profile pit method to carry out an in-depth investigation of barley root systems for 

which I am responsible for data collection of root density ratings as well as observation of in 

situ root system dynamics.  In addition, I was responsible for management of all field trial 

logistics including the taking of neutron probe measurements, estimation of soil water 

depletion, and scheduling of irrigations.  In addition to ensuring proper management of field 

sites throughout the season in coordination with field technical staff, I am responsible for data 
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collection of the physiological parameters of interests.  Along with data collection, my 

contribution includes the statistical analysis of data results and interpretation regarding their 

significance as drought adaptive traits. Lastly, I am the primary author of the following 

article.   

II.2 Summary of Appendix B: Drought-Tolerant Barley: II. Root Tip characteristics in

Emerging Roots 

Appendix B is an article in Agronomy (2018), Vol.9 (5), p.220.  The article featured 

with Appendix A in the Special Issue “Root-Soil Interactions.”  Root properties that are 

expressed at the early stages of crop development that influence plant growth and functioning 

are increasingly being investigated as potential selection criteria in crop improvement 

programs.  The purpose of this study was to evaluate early root development in low and high 

input barley varieties. 

Results of this study revealed the low-input varieties exhibited faster seed germination 

and a decreased root elongation zone.  Border cell number of the low-input varieties was also 

higher than that of the high-input variety Kopious, but lower than that of Cochise.   It was 

also found, compared to the other varieties, Solar root tips produced a significantly larger 

mucilage layer and developed more root hairs in the presence of water.  The observed traits, 

if found to be linked to the drought adaptive traits previously observed in Solar, such as 

greater root density at lower depths, greater water extraction post-anthesis, and early vigor, could 

yield a simple, rapid, and inexpensive tool to screen for new drought-adapted crop varieties.   

My contribution to the presented study involved initiating this collaborative research 

effort between myself and the lab of Dr. Martha Hawes.  Having observed noteworthy 

differences in rooting depth, penetration ability, and root phenotypes between field-tested 

varieties I reached out to Dr. Hawes with whom the presented study was conceived and 
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conducted.  My contribution to this article was data collection of the surveyed root traits 

including collection of border cells and microscopic analysis of root-tip mucilage using India 

ink assays as well as the quantification of mucilage size using Image-J software.  I am also 

the primary author of this published article.   
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Abstract: An ever-growing challenge to agricultural production worldwide is the reduced availability
of water and increased incidence of drought. The development of low-irrigation barley cultivars
marks a significant achievement in breeding efforts for drought tolerance, but specific traits conferring
adaptation to water stress remain unclear. Here, we report results from two years of replicated field
trials comparing yield, phenology, water usage, and rooting characteristics of low-irrigation varieties
“Solar” and “Solum” to high-input, semi-dwarf varieties “Kopious” and “Cochise”. The objective
was to identify differential performance of varieties under high- and low-water conditions through
comparison of growth and developmental traits. Rooting characteristics were analyzed by digging
in-field root profile walls to a depth of 1.8 m. Varieties were compared under high (877 mm) and
low (223 mm) water regimes including irrigation and precipitation. Observed traits associated with
improved performance of the low-irrigation varieties under drought conditions included early vigor,
early flowering, greater root growth at 40–80 cm depth, and more effective water use exhibited by
greater water extraction post-anthesis. The deeper rooting pattern of the low-irrigation varieties may
be related to their ability to use more water post-anthesis under water stress, and thus, to fill grain,
compared to high input varieties.

Keywords: drought tolerance; low irrigation; barley; root traits; field trial; water use; root profile

1. Introduction

Barley has demonstrated a capacity to thrive in arid and semi-arid climates where drought is
a determinant of crop productivity. The projected increase in incidence and severity of drought
conditions combined with the predicted decline in water availability has sparked interest in crop
production that is less water dependent [1,2]. As a result of the increasing demand for cereal grains,
attributable to human and animal consumption, there is an emerging consensus that demand could be
better met through the development, dissemination, and adoption of drought tolerant genotypes [3,4].

Major drought tolerance traits assessed in this study relate to crop growth, water use, and yield.
Crop growth as measured by biomass is indicative of a crop’s ability to retain function in a dehydrated
state [5–8]. Greater early-season leaf or shoot biomass, known as early vigor, is another drought
adaptive trait. Early season canopy cover reduces evaporation from the soil surface leaving more water
available for crop growth [9–11]. Plant height under drought stress compared to under non-stress
conditions is also an indicator of crop drought tolerance as is the allocation of carbohydrate reserves to
grain filling, expressed by harvest index [12–14].

Harvest index, the ratio of grain to total above-ground biomass, and grain yield in cereals is
most affected by terminal drought stress, i.e., stress during the critical reproductive stage of anthesis.
Therefore, traits associated with increased water access during grain fill, or changes in crop duration
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are associated with greater harvest index and grain yield [15,16]. A primary way to increase crop water
access is through deeper roots, if subsurface water is available. Water use during this period is critical
as photosynthate is allocated to grain growth [17,18]. In association with rooting depth, penetration
ability of roots is of interest, as soil hardness generally increases as the soil dries [19,20].

Another means to improve water access is by adapting crop phenology to seasonal moisture
availability. Considered one of the most impactful breeding strategies for low-water environments,
faster phenological development has led to improved yield of cereals in Mediterranean-type
environments characterized by winter precipitation and terminal drought stress [21–23]. Shorter crop
duration maximizes growth when temperatures and vapor pressure deficit are lower.

The development and release of one-irrigation barley cultivars marks a significant achievement
in breeding efforts for drought tolerance; however, the specific physiological and phenological traits
associated with their drought tolerance remain unclear. In an effort to elucidate these traits, two
years of replicated field trials were conducted in Tucson, Arizona comparing low-input varieties
“Solar” and “Solum” to high-input, conventional varieties “Kopious” and “Cochise”. We hypothesize
that the low-input varieties will perform better under low water conditions and vice versa at
high water conditions due to differences in yield components, phenology, water use patterns, and
rooting characteristics.

2. Materials and Methods

2.1. Varietal Information

Development of barley cultivars adapted to water-limited environments was the motivation for
a breeding program headed by R.T. Ramage and R. K. Thompson with the Agriculture Experiment
Station (AES) of the University of Arizona and the Agriculture Research Service (ARS), USDA. In 1981,
Composite Cross XXXIX was released, a population adapted to a single irrigation of 15 cm to 20 cm
applied at or before planting (enough to wet the soil profile to a depth of 1.5 m to 1.8 m), with normal
seasonal rainfall around 7 cm to 11 cm in Southwest Arizona. Selection criteria included turgid plants
at flowering, plump seed, and ability to outcross (male sterility) [24].

Continued breeding efforts using the Composite Cross XXXIX germplasm resulted in the release
of six-row “one-irrigation barley” varieties: Solum in 1991 (by the ARS, USDA and Arizona AES)
and Solar (by Arizona AES) in 2006. Originating as F6 selections, these varieties were released as
spring barleys for winter crop production in low-water-use environments in the Southwestern United
States where only one or two irrigations were applied. Variety trials by Arizona AES (2002 to 2004)
have confirmed “Solar” has significantly higher yield, test weight, and lodging resistance than its
predecessor “Solum” [25].

The conventional varieties included in this study were “Kopious” and “Cochise”, derived from
Composite Cross XXXII, a short-straw high-input population developed by Ramage et al. [26]. These
varieties normally receive 5 to 7 flood irrigations of around 150 mm per irrigation each season.

2.2. Site Characteristics

Field studies were conducted to study barley performance under high- and low-irrigation
conditions. Trials were conducted in the years of 2015 and 2018 at the University of Arizona, Campus
Agricultural Station in Tucson, AZ located at 32◦9′36” N, and 110◦33′36” W. Soil type was a Gila very
fine sandy loam (coarse-loamy, mixed, superactive, calcareous, thermic Typic Torrifluvent). The field
was fallow prior to the 2015 and 2018 planting.

2.3. Cultural Methods

The cultural methods were similar each year, with slight variations. For the 2015 trial, planting
occurred on 3 December 2014 and was established with sprinkler irrigation from 12 December to 16
December (33 mm). For the 2018 trial, planting occurred on 7 December 2017 and was established with
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sprinkler irrigation from 12 December to 1 January (51 mm). In both years, the seed was planted into
dry, flat soil with a cone planter. The low-input varieties were planted at a seeding rate of 78 kg ha−1

(1.24 million seeds ha−1) and the high-input varieties were planted at a seeding rate of 157 kg ha−1

(2.4 million seeds ha−1) to reflect the optimum seeding rate for each variety type.
Nitrogen was applied in the form of urea (46–0–0) at a rate of 56 kg N ha−1 at planting. During the

growing season, an additional 112 kg N ha−1 was applied around the tillering stage to both irrigation
treatments. Weeds and insects were controlled as needed. Each plot was 7 rows wide with a row
spacing of 15 cm and a plot length of 9 m. The experimental design was Latin square with each variety
having four reps per treatment.

2.4. Soil Water Measurements

Neutron probe access tubes were installed to a depth of 1.8 m to measure volumetric water content
at depth increments of 0.3 m. Soil water was measured approximately once a week and relative to
irrigations (0–1 day before, and 3–4 days after irrigation) with a neutron probe (CPN Model 503DR,
Campbell Pacific Nuclear International Inc., Concord, CA, USA). The neutron probe was calibrated by
regressing volumetric water content against standardized neutron count ratios using multiple paired
measurements when soil was wet and dry. Volumetric soil moisture content for the neutron probe
calibration was determined from gravimetric water content and bulk density.

Neutron probe counts from 0 m to 1.8 m were used to calculate period water use for each variety
by the water balance method, with precipitation and irrigation included and runoff assumed to be
negligible. The period water use values were summed at the end of the season for total water use of
each variety.

Water use (ET) was estimated from the differences in soil water content between specific time
periods plus rainfall. Deep percolation was considered negligible as soil water content was taken at
least 3 days after an irrigation when field capacity had been reached and most deep percolation had
already occurred. Furthermore, soil water content was measured at 1.8 m, a depth beyond which not
much water would percolate. The time periods between soil water measurements were at least 3 days
after an irrigation and 0–1 day before the next irrigation, as mentioned above. Water use between soil
water measurements before and after an irrigation were estimated by averaging the estimated daily
water use before and after the soil water measurements. This daily water use was calculated from
the crop coefficient (Kc) multiplied by reference evapotransiration (ETo). The Kc was calculated from
ET/ETo. Water use between planting and the first soil water measurement was estimated using a Kc of
0.25 multiplied by ETo from the nearby weather station.

2.5. Soil Water Retention Characterization

Soil water characteristics previously reported by Miller and Ottman were used [27]. Soil
bulk density was 1.48 g cm−3. Volumetric soil water content was 0.24 m3 m−3 at field capacity
(θvFC), 0.085 m3 m−3 at permanent wilting point (θvPWP), and plant-available water (θvPAW) was
0.155 m3 m−3. The differences in soil water characteristics among depths were small and less than the
standard error of these measurements, so values were averaged across depths.

2.6. Irrigation Treatments

The experiment included two irrigation treatments: high and low, hereon referred to as HI and
LI respectively (Table 1). In both years, sprinkler irrigation was applied to both treatments until
seedling emergence. Sprinkler irrigation was used to germinate the seed as it results in better stand
establishment than flooding, where a soil crust often forms inhibiting seedling emergence. Flood
irrigation was used during the season after emergence since the soil profile could be saturated with a
single flood irrigation, whereas several sprinkle irrigation events would be required to do so to prevent
surface runoff. The frequency of flood irrigations in the HI treatment was based on levels of soil water
depletion (SWD), with irrigations occurring around 50% depletion or approximately every two weeks
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during mid-season, totaling 6 irrigations per season. In 2015, the LI treatment only received sprinkler
irrigation and no subsequent flood irrigations due to high precipitation in December and January.
In 2018, the LI treatment received one flood irrigation following emergence, and an additional flood
irrigation at the five-leaf stage. The source of irrigation water was tertiary-treated municipal effluent.

Table 1. Soil water depletion (SWD) and irrigation amounts for barley irrigation trials conducted in
Tucson, AZ in 2015 and 2018. The growing season precipitation was 151 mm in 2015 and 55 mm in 2018.

Water Source Date High Irrigation Treatment Low Irrigation Treatment

2015 SWD mm SWD mm

Sprinkler Irrigation 12–16 Dec. * n/a 33 n/a 33

Floods

16 Dec. * n/a 117
23 Jan. 0.40 78
20 Feb. 0.52 156
4 Mar. 0.65 152
27 Mar. 0.70 128
10 Apr. 0.74 137

total 801 33

2018 SWD mm SWD mm

Sprinkler Irrigation 11 Dec *–1 Jan. n/a 51 n/a 51

Floods

10 Jan. n/a 53 n/a 52
9 Feb. 0.49 110 0.49 105
9 Mar. 0.47 81
23 Mar. 0.48 84
6 Apr. 0.50 89

26 Apr. 0.84 91
total 637 208

* Dates in December were in 2014 and 2017 when respective plantings occurred.

2.7. Plant Measurements

Measurements of plant biomass and interception of photo synthetically active radiation (PAR)
were taken throughout the season around five leaf, first node, boot, and flowering stages. Date of
heading, flowering, and physiological maturity were recorded. Biomass samples were obtained from
an area of two rows by a 45.7 cm cut at the base. Dry weight was assessed after samples had dried at
60 ◦C for 2 to 10 days depending on growth stage. Intercepted PAR was measured with a Sunfleck
Ceptometer (Decagon Devices, Pullman, WA, USA). Measurements were taken within one hour of
solar noon on clear days. Three averaged readings were taken at the soil surface within the canopy,
along with companion measurements of incident PAR outside the influence of the canopy.

Heading date was recorded when 50% of the heads were past the leaf collar. Flowering date was
recorded when 50% of heads had anthers extruded. Maturity date was noted when 50% of heads and
peduncle had changed to tan color.

At harvest, biomass yield, height, and lodging were assessed as well as grain yield, test weight,
and seed weight. Plant height was averaged from 10 heads. For final biomass yield, 1 m2 of whole
barley plants were hand-harvested and dried at 60 ◦C. Grain weight was assessed from the 1 m2

sample. For final grain yield, 5 rows by 1.5 m were hand-harvested and threshed. Clean seed was
assessed for test weight and seed weight.

2.8. Method of Root Analysis

Root density at physiological maturity was assessed using the profile wall method. A 1.8-m deep
trench traversing the plots was dug with a back-hoe, taking care to create a vertical, flat profile, that was
later smoothed with a shovel. The profile wall was washed slowly with water using a fanned spray
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nozzle to expose the roots. For each variety under both irrigation treatments, the density of roots within
10 cm × 10 cm grids were rated on a scale of 1 to 10 along the total profile (100-cm wide by 180-cm deep).
For example, a rating of 1 was given when 1 to 2 roots were present in the grid square, a rating of 5 was
given when approximately 50 percent of the grid square was filled with roots, and a rating of 10 was
scored when roots filled the majority of the grid square. See Figure 1 for examples of root ratings.
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Figure 1. Examples of root density ratings from the profile walls: (a) rating of 1; (b) rating of 5; (c)
rating of 10.

In 2018, a 6-mm thick plexiglass sheet measuring 1.2 m × 0.85 m was placed flush against each
profile wall and buried early in the season. The intention was to have the roots grow up to the plexiglass
and be observable without washing, however, washing was still required. Placement of the plexiglass
did create a flat soil surface for when the root profile wall was dug and greatly facilitated the process
of washing away the soil.

2.9. Statistical Analysis

The data was analyzed by SAS version 9.4 using the PROC GLM procedure, except for water use
which was analyzed using the PROC MIXED procedure, and the root profile wall data which was
analyzed using SPSS version 25 with the GLM procedure.

2.10. Weather

Weather data was recorded by the Arizona Meteorological Network (AZMET) Campus
Agricultural Center weather station, located about 0.5 km from the experimental plots. See Table 2 for
growing season temperature, precipitation, and ETo.

Table 2. Monthly average maximum and minimum temperature, precipitation, and reference ETo for
the 2015 and 2018 growing seasons compared with the 31-year average in Tucson, AZ.

Month
Max. Temperature Min. Temperature Precipitation Reference ETo

2015 2018 31-yr avg. 2015 2018 31-yr avg. 2015 2018 31-yr avg. 2015 2018 31-yr avg.
◦C mm

Dec. * 18.9 21.7 18.9 3.3 2.8 1.6 55 8 22 51 69 59
Jan. 19.4 22.8 19.5 3.9 2.2 1.8 57 6 22 61 76 68
Feb. 23.9 21.1 21.0 6.7 3.9 3.4 9 41 18 89 76 84

March 26.1 25.0 24.8 8.9 6.1 6.3 16 0 10 140 130 142
April 28.3 31.1 28.2 9.4 10.6 9.2 6 0 7 180 183 184
May 30.0 33.9 32.8 12.8 13.9 13.5 8 0 3 203 221 228

Mean 24.4 25.9 24.2 7.5 6.6 13.5 - - - - - -
Sum - - - - - - 151 55 82 724 754 765

* Month of December shows data for 2014 and 2017 when respective plantings occurred, ETo was calculated using
the standardized Penman–Monteith equation.

47



Agronomy 2019, 9, 221 6 of 18

3. Results

3.1. Light Interception

Fraction of photosynthetically active radiation (fPAR) intercepted by the crop differed among
varieties depending on irrigation treatment and year (Table 3). Under HI in 2015, fPAR was higher
for the high-input varieties at first and last sampling, and in 2018 there was no difference between
groups. Under LI in 2015, fPAR was also greater for the high-input varieties at all sampling times.
Conversely, under LI in 2018, the low-input varieties had higher fPAR at all measurement times. High
precipitation during the beginning of the 2015 growing season may explain the improved performance
of the high-input varieties under low irrigation conditions for this year. In 2015, in Dec–Jan, there
was 122 mm of precipitation, compared to 14 mm in 2018 and the 33-year average of 44 mm at the
field location.

Table 3. Effect of irrigation treatment on the fraction of photosynthetically active radiation (PAR)
intercepted by barley for trials conducted in Tucson in 2015 and 2018.

Irrigation
Treatment Variety 2015 2018

21 Jan. 19 Feb. 16 Mar. 2 Feb. 23 Feb. 20 Mar. 27-Mar.

High “Cochise” 0.532 0.976 0.996 0.459 0.668 0.911 0.596
“Kopious” 0.540 0.984 0.996 0.623 0.864 0.973 0.719

Mean 0.536 0.98 0.996 0.541 0.766 0.942 0.657
“Solar” 0.312 0.975 0.987 0.534 0.811 0.946 0.652

“Solum” 0.294 0.975 0.969 0.481 0.752 0.943 0.613
Mean 0.303 0.975 0.978 0.508 0.781 0.944 0.632

Variety ns ns ** ** ** ** **
Variety

Adaptation * ns ** ns ns ns ns

LSD.05 ns ns 0.012 0.069 0.065 0.015 0.052

Low “Cochise” 0.468 0.989 0.992 0.369 0.626 0.872 0.529
“Kopious” 0.457 0.990 0.991 0.588 0.856 0.955 0.692

Mean
“Solar”

0.463 0.990 0.992 0.479 0.741 0.914 0.611
0.381 0.985 0.988 0.577 0.821 0.955 0.684

“Solum” 0.305 0.977 0.976 0.607 0.817 0.958 0.706
Mean 0.343 0.981 0.982 0.592 0.819 0.957 0.695

Variety * ** ** ** ** ** **
Variety

Adaptation ** ** ** ** ** ** **

LSD.05 0.116 0.007 0.004 0.097 0.067 0.047 0.072

* Significance of variety effect and variety adaptation effect was based on a p-values: + < 0.10, * < 0.05, ** < 0.01;
while ns = not significant. Least significant difference (LSD) was calculated at the p < 0.05 level.

3.2. Plant Growth and Biomass Accumulation

Biomass yield differed among varieties depending on irrigation treatment (Table 4). Under HI
in 2015, biomass yield did not differ between nor within groups except at the first sampling time in
which the high-input varieties had greater biomass than the low-input varieties. Under HI in 2018,
biomass yield did not differ between groups except at the last sampling time in which the low-input
varieties outperformed the high-input varieties. Under LI in 2015, the high-input varieties had higher
biomass at the first two sampling dates, possibly due to unusually high precipitation, but the low-input
varieties had higher biomass at the last sampling date. Under LI in 2018, the low-input varieties had
higher biomass at all but one of the sampling times.
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Table 4. Effect of irrigation treatment on biomass yield (g m−2) of barley for trials conducted in Tucson
in 2015 and 2018.

Irrigation
Treatment Variety 2015 2018

21 Jan. 19 Feb. 16 Mar. 7 Feb. 23 Feb. 16 Mar. 27 Mar.

High “Cochise” 150 1812 3215 90.4 278 963 1656
“Kopious” 166 1744 2903 141 303 1364 1833

Mean 158 1778 3059 116 290 1163 1744
“Solar” 125 1787 3165 134 360 1473 2081
Solum 114 1729 2921 120 315 1206 2180
Mean 119 1758 3043 127 338 1339 2131

Variety * ns ns + ns ns ns
Variety

Adaptation ** ns ns ns ns ns *

LSD.05 35.9 334 381 41.3 96.8 434 472

Low “Cochise” 144 1884 2795 68.2 283 911 1196
“Kopious” 184 1952 2404 162 314 1202 1670

Mean 164 1918 2600 115 298 1056 1433
“Solar” 142 1930 2978 157 497 1324 2013

“Solum” 130 1676 3064 144 407 1330 2365
Mean 136 1803 3021 151 452 1327 2189

Variety ** * * ** ns ns **
Variety

Adaptation ** + ** * * ns **

LSD.05 28.3 186 441 48.7 246 489 618

* Significance of variety effect and variety adaptation effect was based on a p-values: + < 0.10, * < 0.05, ** < 0.01;
while ns = not significant. Least significant difference (LSD) was calculated at the p < 0.05 level.

3.3. Phenology

All varieties progressed faster under LI (Table 5). As a group, under HI, the low-input varieties
flowered five days earlier in 2015, and eight days earlier in 2018 than the high-input varieties. Under
LI, the low-input varieties flowered two days earlier in 2015 and four days earlier in 2018 compared
to the high-input varieties. Similarly, under HI, compared to the high-input varieties, the low-input
varieties reached physiological maturity (PM) eight and nine days earlier in 2015 and 2018, respectively.
Under LI, the low-input varieties reached PM nine and six days earlier in 2015 and 2018, respectively.

Another phenological difference observed was time between heading and flowering. Under HI,
all varieties flowered one to two days after heading. Under LI, however, the high-input varieties
flowered 0 to 1 days after heading while the low-input varieties maintained the one to two-day interval
observed under HI. A shortened heading to anthesis interval, observed both years, may be a sign of
stress response in “Cochise” and “Kopious”.

49



Agronomy 2019, 9, 221 8 of 18

Table 5. Effect of irrigation treatment on heading, flowering and physiological maturity of barley by
date for trials conducted in Tucson in 2015 and 2018.

Irrigation
Treatment Variety 2015 2018

Heading Flowering Maturity Heading Flowering Maturity

High “Cochise” 9 Mar. 11 Mar. 1 May 20 Mar. 22 Mar. 6 May
“Kopious” 9 Mar. 11 Mar. 1 May 22 Mar. 24 Mar. 30 Apr.

Mean 9 Mar. 11 Mar. 1 May 21 Mar. 23 Mar. 3 May
“Solar” 5 Mar. 7 Mar. 23 Apr. 15 Mar. 17 Mar. 26 Apr.

“Solum” 5 Mar. 6 Mar. 23 Apr. 13 Mar. 14 Mar. 23 Apr.
Mean 5 Mar. 6 Mar. 23 Apr. 14 Mar. 15 Mar. 24 Apr.

Variety ** ** ** ** ** **
Variety

Adaptation ** ** ** ** ** **

LSD 05 0 0.4 0 2.2 2.2 0.85

Low “Cochise” 7 Mar. 7 Mar. 11 Apr. 19 Mar. 19 Mar. 24 Apr.
“Kopious” 7 Mar. 7 Mar. 10 Apr. 20 Mar. 20 Mar. 23 Apr.

Mean 7 Mar. 7 Mar. 10 Apr. 19 Mar. 19 Mar. 23 Apr.
“Solar” 4 Mar. 6 Mar. 3 Apr. 14 Mar. 16 Mar. 19 Apr.

“Solum” 3 Mar. 4 Mar. 31 Mar. 13 Mar. 14 Mar. 16 Apr.
Mean 3 Mar. 5 Mar. 1 Apr. 13 Mar. 15 Mar. 17 Apr.

Variety ** * ** ** ** **
Variety

Adaptation ** * ** ** ** **

LSD.05 1.6 1.8 1.20 1.51 1.14 1.31

* Significance of variety effect and variety adaptation effect was based on a p-values: + < 0.10, * < 0.05, ** < 0.01;
while ns = not significant. Least significant difference (LSD) was calculated at the p < 0.05 level.

3.4. Final Yield Components

Yield and yield components differed among varieties depending on irrigation treatment, variety,
and year (Tables 6 and 7). For the HI treatment in 2015 and 2018, high-input varieties had higher
total yield and grain yield compared to low-input varieties. Differences between test weight were not
significant. Under HI, harvest index was similar between groups in 2015 but higher for the high-input
varieties in 2018. In contrast, under LI in 2015 and 2018, low-input varieties had higher grain yield and
test weight. “Solar” was the only variety to meet or surpass the minimum test weight (605 kg m−3) to
be qualified as Grade 1 barley based on standards set by the Federal Grain Inspection Service of the
US [28]. Harvest index was also higher for the low-input group in 2015 but not significantly different in
2018. Total yield did not differ between groups under LI either year; however, “Solar” had the highest
and “Cochise” the lowest total yield of all varieties. Kernel weight and plant height were higher for
the low-input varieties under both LI and HI treatments in both years. Percent of lodging was higher
for the low-input varieties in 2015 under HI and LI. Between the low-input varieties, “Solar” lodged
significantly less. In 2018, lodging was minimal. Lastly, under LI the average height of the semi-dwarf
varieties (69 cm in 2015 and 59 cm in 2018) was below optimal height for mechanical harvest (typically
76 cm to 86 cm) [29].
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Table 6. Effect of irrigation treatment on barley yield and yield components for a trial conducted in
Tucson in 2015.

Irrigation
Treatment Variety Total

Yield
Grain
Yield

Harvest
Index

Test
Weight

Kernel
Weight Lodging Plant

Height

g m−2 g m−2 % kg m−3 g/1000 % cm

High “Cochise” 2490 715 29 623 31.6 31 85
“Kopious” 3019 813 40 684 42.3 0 86

Mean 2755 764 34 654 37.0 16 86
“Solar” 2456 470 31 672 45.0 19 102

“Solum” 2020 437 35 601 42.5 61 93
Mean 2238 454 33 637 44 40 98

Variety + ** + * ** * **
Variety

Adaptation * ** ns ns ** + **

LSD.05 467 145 7.8 60.1 6.0 38 6.5

Low “Cochise” 1705 236 20 482 17.3 0 69
“Kopious” 1565 260 19 470 17.4 0 69

Mean 1635 248 19 476 17.4 0 69
“Solar” 1890 335 25 607 25.5 4 104

“Solum” 1181 262 27 480 26.6 43 95
Mean 1536 299 26 544 26.1 24 99

Variety + ** + ** ** ** **
Variety

Adaptation ns ** * ** ** ** **

LSD.05 512 51.9 7.5 29.9 5.8 19 4.3

* Significance of variety effect and variety adaptation effect was based on a p-values: + < 0.10, * < 0.05, ** < 0.01;
while ns = not significant. Least significant difference (LSD) was calculated at the p < 0.05 level.

Table 7. Effect of irrigation treatment on barley yield and yield components for a trial conducted in
Tucson in 2018.

Irrigation
treatment Variety Total

Yield
Grain
Yield

Harvest
Index

Test
Weight

Kernel
Weight Lodging Plant

Height

g m−2 g m−2 % kg m−3 g/1000 % cm

High “Cochise” 1389 620 40 726 30.0 0 83
“Kopious” 1630 677 38 743 32.6 0 81

Mean 1509 647 39 734 31.3 0 82
“Solar” 1347 524 34 810 40.7 3.75 104

“Solum” 1018 358 32 762 44.3 2.5 100
Mean 1183 442 33 786 42.5 3.13 102

Variety * * ns ** ** ns **
Variety

Adaptation * ** * ** ** ns **

LSD.05 409 193 ns 27.5 4.2 ns 7.5

Low “Cochise” 843 299 32 544 20.6 0 58
“Kopious” 952 220 20 535 18.4 0 61

Mean 898 259 27 540 19.5 0 59
“Solar” 1132 403 32 696 27.3 0 97

“Solum” 794 274 32 600 27.7 0 93
Mean 963 339 32 648 27.5 0 95

Variety ** * ns ** ** - **
Variety

Adaptation ns * ns ** ** - **

LSD.05 134 101 ns 42.0 5.1 - 4.4

* Significance of variety effect and variety adaptation effect was based on a p-values: + < 0.10, * < 0.05, ** < 0.01;
while ns = not significant. Least significant difference (LSD) was calculated at the p < 0.05 level.
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3.5. Root Traits

A comparison of root growth by each variety under HI verse LI shows that the high-input varieties
had more root growth under HI than they did under LI, especially in the top 0–30 cm (Figure 2).
Conversely, the low-input varieties had more root growth under LI than HI especially from 40–80 cm
depth. The low-input varieties also had higher average root growth compared to high-input varieties
in both years under LI (Figure 3). In 2015, “Solum” had significantly more roots than the other varieties
from 0–100 cm and in 2018 “Solar” had significantly more roots than the other varieties from 50–90 cm.
Under HI, there was no difference in average root growth between varieties; however, “Kopious” had
more roots than the other varieties at 40–50 cm depth in 2015, and in 2018, “Cochise” had more roots
than the other varieties at 20–30 cm depth.
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Figure 2. Root density ratings at depths from profile walls dug at physiological maturity under
high irrigation (dry) and low irrigation (wet) by variety: (a) “Cochise”; (b) “Kopious”; (c) “Solar”;
(d) “Solum”. Crossmark “×” indicates significant difference in root density at p < 0.05.

Observations from the root profile showed dramatic differences in rooting between varieties,
especially at depth. (Figure 4). The profile also revealed that under LI, “Solar” and “Solum” roots
were able to penetrate through a hard caliche layer starting at 70 cm to 80 cm depth (Figure 5). Caliche
is a hardened, naturally cemented deposit of calcium carbonate common in the soils of arid regions.
In addition, under HI, roots of all varieties generally appeared thinner and less aggregated than roots
under LI which appeared thicker and often formed a webbed, mesh-like conglomeration (Figure 6).
Roots of the low-input varieties showed this webbed phenotype more often than the high-input
varieties; however, as Figure 7 shows, they too sometimes formed this root morphology.
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3.6. Water Use

Total cumulative water use was generally similar between varieties under both high and low
irrigation in 2015 and 2018, with the exception of “Cochise” under HI in 2018, using significantly more
water than the other varieties (Figure 8). “Cochise” began using more water than the other varieties
post-anthesis, approximately 100 days after planting. However, general trends of cumulative water use
by growth stage, show that the high-input varieties use more water pre-anthesis while the low-input
varieties use more water post-anthesis (Table 8).
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Table 8. Effect of irrigation treatment on barley water use (mm) for trials conducted in Tucson in 2015
and 2018.

Irrigation
Treatment Variety Cumulative Pre-Anthesis Post-Anthesis

2015 2018 2015 2018 2015 2018

High “Cochise” 581 627 272 244 309 383
“Kopious” 621 454 271 215 351 241

Mean 601 540 271 229 330 312
“Solar” 594 466 209 171 386 293

“Solum” 581 426 218 151 363 275
Mean 588 446 213 161 374 284

Variety ns ** ** ** ** **
Variety

adaptation ns * ** ** ** +

Variety × depth * ** ns ** ** **
LSD.05 ns 52 24 27 35 35

55



Agronomy 2019, 9, 221 14 of 18

Table 8. Cont.

Irrigation
Treatment Variety Cumulative Pre-Anthesis Post-Anthesis

2015 2018 2015 2018 2015 2018

Low “Cochise” 292 270 210 181 82 88
“Kopious” 298 306 221 231 77 74

Avg 295 288 216 206 80 81
“Solar” 290 296 186 197 105 100

“Solum” 267 284 170 186 97 98
Mean 279 290 178 192 101 99

Variety ns ns ** * ** **
Variety

adaptation ns ns ** ns ** **

Variety × depth ns ns ns ns ** ns
LSD.05 ns ns 26 35 15 16

* Significance of variety effect and variety adaptation effect was based on a p-values: + < 0.10, * < 0.05, ** < 0.01;
while ns = not significant. Least significant difference (LSD) was calculated at the p < 0.05 level.

4. Discussion

4.1. Early Vigor

Defined by fast leaf area development and biomass accumulation, early seedling vigor is associated
with greater leaf area, and thus, greater incident light interception [30,31]. Our results show higher
light interception by the low-input varieties under LI at all sampling times in 2018, but not 2015, which
may have been due to high rainfall during the early 2015 season. Higher fPAR at the beginning of the
2018 season suggests early vigor in the low-input varieties under LI when considering fPAR as a proxy
for leaf area.

Similar to the fPAR results, biomass was also greater for the low-input varieties under LI at
first sampling in 2018. Greater early season growth is particularly useful under drought conditions
as ground cover and canopy shading serve to reduce evaporation from the soil surface, increasing
available water for transpiration and crop growth [32,33].

4.2. Early Flowering and Maturity

The importance of early flowering/heading as a drought escape mechanism has been extensively
reported on, as have positive correlations between earliness and grain yield under drought stress in
cereals [34,35]. In this study, early flowering and maturity were observed in the varieties bred for low
irrigation conditions and correlated with higher grain yield under LI. Under HI, early maturity was
negatively correlated with grain yield.

4.3. Root Length Density, Depth, and Penetration

Greater average root length density and deeper roots of “Solar” and “Solum” under LI correlated
with higher grain yield. Similar results have been reported in other studies in which deeper rooted
genotypes had higher grain yield under drought stress [36–41]. The observation from the root profile
that “Solar” and “Solum” roots were able to penetrate through a caliche layer starting at 70 cm depth
is noteworthy. Mechanical impedance is a major limiting factor of root growth [42]. Cereal cultivars
better able to penetrate hard pans have been shown to have deeper root growth and better access to
water [43–45]. Many of the studies on root penetration ability have been conducted in pot experiments
with artificially compacted soil. The use of root profile walls in this experiment allowed for in-field
visual documentation of roots growing through hard soil.
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4.4. Plant Height and Lodging Resistance

Though dramatic gains in grain yield were achieved through the development of semi-dwarf
cereals, in cases of severe water deficit, they may be too short for mechanical harvest, or less economically
profitable in areas where straw used as animal feed is an important commodity, e.g., West Asia and
North Africa [46]. A multisite study by Silva Lopes et al. [47] found plant height was significantly
and positively associated with grain yield in the most low-yielding, rainfed environments. The results
from this study found the taller varieties, “Solar” and “Solum” outperformed the semi-dwarf cultivars
in grain yield under LI. The low-input varieties were also able to maintain similar plant height under
LI as that under HI which is indicative of their drought tolerance [13]. Moreover, under LI the average
height of the semi-dwarf varieties (69 cm in 2015 and 59 cm in 2018) was below optimal height for
mechanical harvest (typically 76 to 86 cm) [29].

As expected, the semi-dwarf varieties had significantly less lodging than the standard-height
varieties, particularly under HI. “Solar” demonstrated significantly less lodging than its predecessor
“Solum”, as it was bred to do [25]. Bending strength or stiffness has been associated with root
penetration of hard soils [48]. The improved lodging resistance of Solar may somehow be related to
the ability of Solar roots to better penetrate through drying/hard soil.

4.5. Effective Use of Water

Effective use of water (EUW) describes maximizing soil water capture for assimilate partitioning
to reproduction [49]. Effective use of water was demonstrated through early vigor and higher harvest
index of the low-input varieties under LI. In addition, under both irrigation treatments cumulative
water use over the season was the same between all the varieties tested, indicating those bred for
low-water use environments had greater grain yield per unit water use under LI. The observation
that the low-input varieties use less water pre-anthesis and more water post-anthesis under drought
conditions suggest they may employ a water conservation technique such as early vigor to ensure
water is still available during the critical grain filling period or have a means of accessing more water
during this period, such as the rooting traits of “Solar” and “Solum”. A study by Siddique et al. [50]
similarly found early flowering genotypes of wheat exhibiting early vigor had lower rates of soil
evaporation early in the season and used a greater ratio of water post-anthesis than pre-anthesis.

4.6. Future Research

Given the extensive time and labor required for root profile analysis, future research could explore
how to improve the efficiency, effectiveness, and replicability of this method to better study roots
in realistic soil environments. Real time monitoring of water use may reveal interesting patterns
undetectable by the neutron probe. Further exploration of differences in root morphology and traits
associated with water usage would help to further our understanding of drought tolerance.

5. Conclusions

Though debate exists regarding whether selection under optimal or stress conditions is preferable
when breeding for drought tolerance, the results of this study show the varieties bred for low-water
conditions had greater grain yield and test weight under LI than varieties bred for high-water-use
conditions. Advantageous traits under HI conditions were associated with poorer performance under
drought stress, specifically later maturity, shallow root systems, and less water-use post-anthesis.
Observed strategies of drought tolerance in this study included early vigor, early flowering, greater
root density at depth, and greater water extraction post-anthesis. The root profile pit addressed the
need for root studies conducted in realistic environments and revealed insights difficult to capture
with other field-based methods.
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Abstract: Reduced water resources are of increasingly urgent global concern. One potential strategy
to address the crisis is the use of drought tolerant crops in agriculture. Barley varieties developed
for reduced irrigation (“Solum” and “Solar”) use significantly less water than conventional varieties
(“Cochise” and “Kopious”). The underlying mechanism of this drought tolerance is unknown
but root structure and function play a key role in plant water uptake. In this study, an empirical
survey compared early root development between drought tolerant and conventional varieties.
Traits associated with root meristem-regulated cell division including rate of seed germination,
border cell number and root cap mucilage production, and root hair emergence were quantified
during root emergence. Preliminary results revealed that drought tolerant varieties exhibited faster
seed germination and root hair production than conventional varieties. Border cell number and
mucilage production in the drought tolerant varieties also were higher than in the conventional
variety “Kopious,” but lower than in “Cochise”. Each trait, if found to be linked to the observed
drought tolerance, could yield a simple, rapid, and inexpensive tool to screen for new crop varieties.
Further detailed studies are needed.

Keywords: drought tolerance; root traits; border cells; mucilage; barley

1. Introduction

Characterization of the physiological aspects of crops grown under drought conditions is a
well-recognized methodology for the identification of important secondary traits when breeding for
water-limited environments [1–3]. Barley is characterized by fast-pre-anthesis growth and high tiller
output, traits that are used to explain why barley is well adapted to dry areas [4]. Described as fast
development of leaf area and/or shoot biomass, early seedling vigor is attributed to advantageous
growth of barley over wheat in Mediterranean-type environments [5,6]. Vigorous early growth and
canopy shading serve to reduce evaporation from the soil surface thereby increasing available water
for crop transpiration [3].

Vigorous root systems are another effective means by which cereals can maximize soil moisture
use, particularly if able to access subsoil moisture during reproductive growth when additional water
is used for grain development and filling [7]. Root vigor describes early and fast root extension and
proliferation, greater root biomass, and greater root length and density [8]. A study of wheat roots
demonstrated an additional 10 mm of water accessed by roots from the subsoil late in the season
(post-anthesis) increased grain yield by over 0.50 tons per hectare [9].
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This study focused on four varieties of commercially available six-row spring barley varieties with
varied adaptation to drought stress [10,11]. “Kopious” and “Cochise” are characterized as semi-dwarf,
high-input, high-yielding conventional varieties bred for high irrigation conditions, with 5 to 7 flood
irrigations of 150 mm per irrigation each season. Both conventional varieties were developed from the
same germplasm Composite Cross XXXII [12]. “Solar” and its predecessor “Solum” are characterized
as low-input varieties that were bred for adaptation to water limited environments, receiving a single
irrigation of 150 to 200 mm of water applied immediately after planting. Both drought tolerant varieties
were derived from the Composite Cross XXXIX germplasm [13,14].

Two years of replicated field trials have found the drought resistant barley varieties “Solum”
and “Solar” to exhibit distinct rooting and water use patterns compared to the conventional varieties
“Cochise” and “Kopious” [15]. Observed traits associated with improved performance of the drought
tolerant varieties included greater average root growth and greater water extraction post-anthesis [15].
The goal of this study was to determine if variation in root traits can be detected during early
development of these varieties whose divergence in drought tolerance has been established in
field trials.

2. Materials and Methods

2.1. Plant Material

Seeds of barley (Hordeum vulgare) “Solar”, “Solum,” “Kopious,” and “Cochise” were surface
sterilized with 95% ethanol for five minutes, followed by a treatment with 0.8% sodium hypochlorite
solution for five minutes. Seeds were rinsed five times with sterile deionized water (sdH2O), 17.3 MΩ-cm
e-Pure (Barnstead/Thermolyne. Dubuque, IA, USA). After one hour imbibition in sdH2O, seeds were
placed onto 1% agar (Sigma-Aldrich. St. Louis, MO, USA) overlaid with sterile germination paper
(Anchor Paper. St. Paul, MN, USA) and incubated for 24 or 48 h at 25 ◦C.

2.2. Root Border Cell Number

Germinating seeds of all barley varieties under study were collected 24 h after incubation and
then transferred into CYG seed germination pouches (Mega International. St. Paul, MN, USA) and
kept at bench laboratory conditions at room temperature (~25 ◦C). Radicles reaching a length of at
least 25 mm were selected and single root tips were immersed in 100 µL of sdH2O for inspection
under low magnification with a Zeiss SV8 stereo microscope (Carl Zeiss. Oberkochen, Germany) to
ensure proper root tip and border cell formation. Root border cells, which dissociate from the root tip
upon contact with water, were separated and collected from the root tip by micropipetting [16–24].
Border cell numbers were counted from 10 µL aliquot samples of the border cell-sdH2O suspension
using an Olympus BX60F5 compound microscope. One replicate consisted of one border cell sample
collected from one radicle from one seedling for each barley variety grown in a seed germination
pouch. Each experiment included at least three replicate samples for each barley variety and each
experiment was independently repeated three times. Shapiro-Wilk normality tests were performed
for each barley variety under study to determine if assumptions of normal distribution were met for
analysis of variance (ANOVA). Pairwise comparison analyses of border cell numbers between barley
varieties were performed using Welch Two Sample t-tests.

2.3. Root Tip Mucilage Dimensions

Healthy barley seedlings were collected 48 h after incubation and single root tips were then
immersed in 100 µL sdH2O for inspection under low magnification. Mucilage dimensions were
analyzed by India ink negative stain. One µL of India ink solution, which cannot penetrate the
boundaries of the mucilage layer, was added to a single root tip immersed in 100 µL of sdH2O and
visualized using a Zeiss SV8 stereo microscope, as described in previous studies [16–20,24]. Images of
the root tip mucilage were captured using a Leica DFC290 HD digital camera (Leica Camera. Wetzlar,
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Germany) with Leica LAS software V 4.0.0 (Leica Microsystems. Heerbrugg, Switzerland). Area of the
mucilage surrounding the root tip was measured from image files using ImageJ 1.x image processing
program [16]. One replicate consisted of one root tip sample from one radicle from one seedling for
each barley variety germinated for 48 h. Each experiment included at least four replicate samples for
each barley variety and each experiment was independently repeated three times. Pairwise comparison
analyses of measured mucilage areas between barley varieties were performed using Welch Two
Sample t-tests.

2.4. Measurement of Root Hairs in Presence of Water

Germinating seeds of all barley varieties under study were collected 24 h after incubation and then
transferred into sterile Falcon MULTIWELL 6 well tissue culture plates (Becton Dickinson. Franklin
Lakes, NJ, USA). Under aseptic conditions, germinating seeds were placed individually in each well
containing one mL of sdH2O and kept at bench laboratory conditions for two days at room temperature
(~25 ◦C). Root hair development of each radicle for each seedling was analyzed using a Zeiss SV8 stereo
microscope, and radicles with presence of normal or extra production of root hairs were quantified.
Each replicate consisted of one radicle from one seedling for each barley variety grown in 6 well tissue
culture plates. Each experiment included at least seven replicate samples for each plant variety and
each experiment was independently repeated at least three times. Fisher’s exact tests were performed
to analyze contingency tables with numbers of radicles with normal or extra production of root hairs,
and for pairwise comparison analyses between barley varieties.

2.5. Root Tip and Root Elongation Zone Dimensions

Healthy barley seedlings with a radicle length of at least 25 mm were collected 48 h after incubation
and radicles were then individually placed onto microscope slides and covered with sdH2O to be
visualized using an Olympus BX60F5 compound microscope (Olympus Optical. Tokyo, Japan).
After inspection for proper root tip and border cell formation, the emergence of the youngest root hair
was visualized in order to identify the elongation zone. The longitudinal distance between the youngest
emergent root hair and the root tip was measured with an eyepiece reticle under 100x magnification.
Each replicate consisted of one root tip sample collected from one radicle from one seedling for each
barley variety incubated for 48 h. Each experiment included at least three replicates samples for each
barley variety and each experiment was independently repeated three times. Shapiro-Wilk normality
tests were performed for each barley variety under study. After ANOVA, pairwise comparison analyses
between barley varieties were performed using Welch Two Sample t-tests.

2.6. Rate of Germination and Root Growth

After sterilization and transfer of seeds to agar plates, the germination rate (number of seeds
with at least one emerging root >1 mm in length) was recorded at 24, 48, 72 and 96 h of incubation.
Seeds with an emerging root tip were transferred into seed germination pouches, and root length of all
emerging roots was measured daily to assess rate of root growth.

2.7. Statistical Analysis

Statistical analyses of assays were performed using R version 3.4.3 [17].

3. Results

3.1. Increased Mucilage on “Solar” Root Tips

A divergence in the size of the mucilage layer on “Solar” and “Kopious” was evident without
magnification, so microscopic analyses were carried out on replicate samples. Significant variation in
the size of the mucilage layer was confirmed by direct measurement (Table 1). When immersed into
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India ink solution, microscopic visualization revealed an obvious difference in mucilage size between
the two species (Figure 1).

Table 1. Increased root tip mucilage area in drought tolerant z barley varieties.

Plant Variety Root Tip Mucilage Area (mm2)

“Kopious” 0.74 ± 0.28 a

“Cochise” 0.80 ± 0.31 a

“Solar” z 1.14 ± 0.46 b

“Solum” z 0.92 ± 0.26 a

Values represent the mean ± standard deviation of at least four replicates for each plant variety in at least three
independent experiments (n ≥ 12). Mucilage area with the same letter are not significantly different according to
Welch Two Sample t-test (p < 0.05).
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Figure 1. Increased mucilage production in “Solar”. The size of the mucilage layer (clear area denoted
by blue arrows) from root tips of (A) conventional barley “Kopious” and (B) drought tolerant “Solar” is
visualized using India ink, which cannot penetrate the mucilage surrounding border cells.

3.2. Increased Border Cell Production on “Solar” Root Tips

The root cap mucilage layer is exported from root border cells [18–24]. Experiments therefore
were carried out to determine if the observed difference in mucilage layer stems from altered border
cell production. The results revealed that border cell number from the drought tolerant varieties under
study are significantly higher than “Kopious,” but significantly lower than “Cochise” (Table 2).

Table 2. Number of border cells produced by conventional y and drought tolerant z barley varieties.

Plant Variety Root Border Cell Number

“Kopious” y 289 ± 28 a

“Cochise” y 634 ± 183 b

“Solar” z 472 ± 52 c

“Solum” z 460 ± 95 c

Values represent the mean ± standard deviation from at least three replicate samples in at least three independent
experiments (n ≥ 9). Cell numbers with the same letter are not significantly different according to Welch Two Sample
t-test (p < 0.01).
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3.3. Altered Root Hair Development

In the process of evaluating aspects of root tip mucilage and border cells, a previously unseen
phenotype was evident in barley roots as they developed while immersed in water (Figure 2). In the
first set of experiments, root hair emergence from “Solum” and conventional varieties under study
was consistent with that seen in previous studies with roots from many plant species (Figure 2A).
The region of elongation between the root tip and emerging root hairs was evident (arrows). In contrast,
prolific root hairs developed on “Solar” roots within 2–3 mm behind the root tip (arrow), and the root
hairs were significantly longer and more abundant (Figure 2B).

Agronomy 2019, 9, x FOR PEER REVIEW 5 of 10 

 

3.3. Altered Root Hair Development 

In the process of evaluating aspects of root tip mucilage and border cells, a previously unseen 
phenotype was evident in barley roots as they developed while immersed in water (Figure 2). In the 
first set of experiments, root hair emergence from “Solum” and conventional varieties under study 
was consistent with that seen in previous studies with roots from many plant species (Figure 2A). 
The region of elongation between the root tip and emerging root hairs was evident (arrows). In 
contrast, prolific root hairs developed on “Solar” roots within 2-3 mm behind the root tip (arrow), 
and the root hairs were significantly longer and more abundant (Figure 2B).  

 
Figure 2. Divergent hairy root development in conventional variety “Kopious” (A) and drought-tolerant 
variety “Solar” (B) when the roots emerged from seedlings immersed in water. 

This ‘hairy’ phenotype was found to occur in “Solar” and conventional varieties under study in 
additional experiments, but the percentage of roots with the increased root hairs was significantly 
smaller than the percentage of “Solar” roots exhibiting this phenotype (Table 3). 

Table 3. Measurement of root hairs in conventionaly and drought tolerantz barley varieties. 

Plant 
Variety 

Number of Roots with 
Normal Root Hairs 

Number of Roots with 
Extra Root Hairs 

n % Hairy 
Phenotype 

“Kopious”y 

“Cochise”y 

28 
44 

5 
8 

33 
52 

15a 
15a 

“Solar”z 
“Solum”z 

18 
48 

19 
6 

37 
54 

51b 
11a 

Values reflect results from at least seven replicates for each plant variety in at least three independent 
experiments (n ≥ 21). Percentages of roots with hairy phenotype with the same letter are not 
significantly different according to Fisher’s Exact test (p < 0.01). 

The altered root hair emergence was confirmed by direct measurement of the site of the first 
emerging root hairs at the start of the region of elongation (Table 4). 

Table 4. Decreased root elongation zone in drought tolerantz barley varieties. 

Plant Variety Root Tip + Elongation Zone (um) 
“Kopious” 

“Cochise” 

2155.6 ± 199.3a 
2067.8 ± 317.8a 

“Solar”z 

“Solum”z 

1765.0 ± 228.4b 

1786.7 ± 314.9b 

A B 

Figure 2. Divergent hairy root development in conventional variety “Kopious” (A) and drought-tolerant
variety “Solar” (B) when the roots emerged from seedlings immersed in water.

This ‘hairy’ phenotype was found to occur in “Solar” and conventional varieties under study in
additional experiments, but the percentage of roots with the increased root hairs was significantly
smaller than the percentage of “Solar” roots exhibiting this phenotype (Table 3).

Table 3. Measurement of root hairs in conventional y and drought tolerant z barley varieties.

Plant Variety Number of Roots with
Normal Root Hairs

Number of Roots
with Extra Root Hairs n % Hairy

Phenotype

“Kopious” y 28 5 33 15 a

“Cochise” y 44 8 52 15 a

“Solar” z 18 19 37 51 b

“Solum” z 48 6 54 11 a

Values reflect results from at least seven replicates for each plant variety in at least three independent experiments
(n ≥ 21). Percentages of roots with hairy phenotype with the same letter are not significantly different according to
Fisher’s Exact test (p < 0.01).

The altered root hair emergence was confirmed by direct measurement of the site of the first
emerging root hairs at the start of the region of elongation (Table 4).
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Table 4. Decreased root elongation zone in drought tolerant z barley varieties.

Plant Variety Root Tip + Elongation Zone (um)

“Kopious” 2155.6 ± 199.3 a

“Cochise” 2067.8 ± 317.8 a

“Solar” z 1765.0 ± 228.4 b

“Solum” z 1786.7 ± 314.9 b

Values reflect the mean ± standard deviation from at least three replicates for each plant variety in at least three
independent experiments (n ≥ 9). Root tip and elongation zone distances with the same letter are not significantly
different according to Welch Two Sample t-test (p < 0.01).

3.4. Altered Rate of Seed Germination in Drought Tolerant and Conventional Barley

Throughout experimentation, “Solar” and “Solum” seeds repeatedly demonstrated an increased
rate of germination compared to “Kopious” and “Cochise.” Many environmental factors (weather, soil,
seed contamination, harvest, etc.) can influence germination, root development and seedling vigor
in the field. In order to estimate the genotype contribution to observed germination rate differences,
seed lots harvested from “Solar,” “Solum,” ”Kopious” and “Cochise” were compared. To control
for environmental factors, all seeds were grown during 2018, in the same field, and same time of
year. The results revealed a 24-h delay in initial root emergence in “Cochise” and “Kopius” vs “Solar”
and “Solum” (Table 5). The overall germination rate over time was similar for all four varieties,
with 95–100% after three days for “Solar” and “Solum,” and 90–100% for “Cochise” and “Kopious”
after four days.

Table 5. More rapid seed germination in drought tolerant “Solar” than conventional Kopious.”

Plant Variety 24 h 48 h 72 h 96 h Total

“Solar” 26/60 (43%) 24/60 (40%) 10/60 (17%) 60/60 (100%)
“Solum” 27/60 (45%) 19/60 (32%) 13/60 (22%) 59/60 (98%)

“Cochise” 0/60 16/60 (27%) 22/60 (37%) 19/60 (32%) 57/60 (95%)
“Kopious” 0/60 19/60 (32%) 19/60 (32%) 19/60 (32%) 57/60 (95%)

3.5. Rate of Root Growth

To assess potential variation in rate of root growth, healthy, germinated seeds of all four varieties
were transferred to seed germination pouches after 24 h of incubation. Root length was measured
every 24 h over the course of seven days (data not shown). Rate of root growth at 25 ± 2 mm per day
was the same for all four varieties, and consistent with values obtained with other species under the
same conditions (Figure 3).
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4. Discussion

The increasingly urgent need for strategies to cope with drought is well recognized [25]. Although
the impact of developing drought tolerant crops is a key strategy, the underlying mechanisms that can
guide breeding efforts remain elusive [26,27]. Root architecture including root hair development plays a
critical role in overall water uptake; thus, possible correlation between variation in root hair emergence
between drought tolerant (“Solar” and “Solum”) and conventional (“Kopious” and “Cochise”) varieties
necessitates of future assessment [28–31]. The correlation of the higher grain yield of “Solar” under
low-irrigation conditions and the hairy root phenotype observed in this study suggests root hairs may
play a role in drought tolerance. In addition, although the hairy root phenotype was rarely observed in
“Solum,” both drought tolerant genotypes did exhibit shorter elongation zones than the conventional
varieties, suggesting genotypic similarities in root hair morphology.

Further exploration between water uptake and border cell number will also be of interest. Border
cells are specialized to protect vulnerable root tips from pathogenic infection and damage from toxic
metals, and to stimulate associations with beneficial organisms [18,19]. They are produced by a
dedicated meristem programmed to deliver a specific number of viable cells with gene expression and
protein secretion patterns that are distinct from progenitor cells in the root cap [32–34]. Border cells
produce signals needed to facilitate associations with microbes such as mycorrhizal fungi which confer
increased plant water uptake [35]. Even a difference of a few border cells has been shown to create a
measurable difference in the rate of mycorrhizal associations [36]. Species in the Brassicaceae family
which do not produce border cells are not susceptible to infection by these beneficial fungi [37].

Stability of genotype in regard to border cell numbers was found for the drought tolerant varieties
but not for the conventional varieties, for instance, “Kopious” showed the lowest border cell production
and “Cochise” the highest (as well as the highest standard deviation in border cell number of all
varieties). The observed differences in border cell production between the varieties surveyed in this
study highlight the need for further investigation into the causes and impacts of border cell variation.

The mucilage secreted by border cells has been shown to underlie production of the ‘rhizosheath’
which surrounds the root and facilitates root growth and penetration [38–41]. As such, the correlation
between increased border cell number and mucilage production with improved soil penetration by
“Solar” roots is an interesting parallel. For instance, it was found a 12-fold increase in the number of
root border cells of maize as a result of soil compaction [42]. Lubrication provided by border cells may
explain how “Solar” roots were able to penetrate through a Caliche (soil calcium carbonate deposits)
layer at 70 cm depth [15].

Faster germination may be part of an early vigor and/or drought escape mechanism employed
by “Solar” and “Solum,” which reach physiological maturity six to nine days earlier than “Cochise”
and “Kopious” under low irrigation conditions [15]. Speed of germination as an indicator of yield has
been previously reported in crops under both optimal and stress conditions and may be a valuable
screening trait, particularly for short-duration varieties such as the spring-barley varieties included in
this study [43–46].

Variation in germination rate also suggests potential hormonal differences between barley varieties.
Gibberellins, in particular, warrant further study due to gibberellin-regulated reduced biosynthesis in
semi-dwarf crops, promotion of seed germination, and potential modulation of stress response [47–49].
Variation in root hair phenotypes may also be attributed to hormonal differences between the varieties
under study. Expression of root hair-promoting hormones, such as auxin and ethylene, should be
further explored as well as their interaction with root exudates such as strigolactones [50,51].

5. Conclusions

Future work to understand the evolution of the evaluated phenotypes in the development of the
drought tolerant varieties would be worthwhile. Review of these traits in the breeding population and
progenitor lines would establish if any traits tested in this study were indirectly selected for in the
course of breeding barley varieties under drought conditions. The results of this study highlight the
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dynamic nature of root tip properties, such that all or one of the observed traits could have a significant
impact on drought tolerance. A causative relation between border cell number, mucilage production,
or root hairs, and soil penetration or water uptake may provide a rapid and cost-effective tool to screen
for drought tolerance in crop plants.
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