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Abstract
Root anatomical phenes have important roles in soil resource capture and plant perfor-

mance; however, their phenotypic plasticity and genetic architecture is poorly under-

stood. We hypothesized that (a) the responses of root anatomical phenes to water

deficit (stress plasticity) and different environmental conditions (environmental plas-

ticity) are genetically controlled and (b) stress and environmental plasticity are associ-

ated with different genetic loci than those controlling the expression of phenes under

water-stress and well-watered conditions. Root anatomy was phenotyped in a large

maize (Zea mays L.) association panel in the field with and without water deficit

stress in Arizona and without water deficit stress in South Africa. Anatomical phenes

displayed stress and environmental plasticity; many phenotypic responses to water

deficit were adaptive, and the magnitude of response varied by genotype. We iden-

tified 57 candidate genes associated with stress and environmental plasticity and 64

candidate genes associated with phenes under well-watered and water-stress condi-

tions in Arizona and under well-watered conditions in South Africa. Four candidate

genes co-localized between plasticity groups or for phenes expressed under each con-

dition. The genetic architecture of phenotypic plasticity is highly quantitative, and

many distinct genes control plasticity in response to water deficit and different envi-

ronments, which poses a challenge for breeding programs.

1 INTRODUCTION

Root anatomical phenes have important implications for plant

interactions, nutrient cycling, and soil resource capture, par-

ticularly in environments with suboptimal water and nutrient

availability (Lynch, 2013, 2018). The identification of root

Abbreviations: AA, total root cortical aerenchyma area; CCFN, cortical

cell file number; CCS, average cortical cell size in the whole root cortex;

RCA, root cortical aerenchyma; RXSA, root cross-sectional area; SNP,

single nucleotide polymorphism; TCA, total cortical area; TMETVA, total

metaxylem vessel area; TSA, total stele area.
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anatomical phenes (phene is to phenotype as gene is to geno-
type) (Lynch, 2011; Pieruschka & Poorter, 2012; York, Nord,

& Lynch, 2013) and understanding their genetic architec-

ture is an important step in phene-based or ideotype breeding

critical for crop improvement (Lynch, 2013). Unpredictable

growth environments due to decreasing freshwater availabil-

ity, climate change, and the rising costs of N fertilizer demand

the development of cultivars that are resilient to abiotic stress

(Brisson et al., 2010; Sandhu et al., 2016; Tebaldi & Lobell,

2008; Woods, Williams, Hughes, Black, & Murphy, 2010).

Generally, cultivars are selected for uniformity and yield sta-

bility within specific environmental and management prac-

tices, and phenotypic plasticity is often considered a challenge
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(Basford & Cooper, 1998; Cooper, Rajatasereekul, Immark,

Fukai, & Basnayake, 1999). The ability of a plant to alter its

phenotype in response to the environment is called phenotypic
plasticity and affects morphology, anatomy, development, or

changes in resource allocation (Sultan, 2000). Phenotypic

plasticity is under genetic control (e.g., Sandhu et al., 2016)

and includes components of genotype × environment inter-

action, adaptation, and acclimation. Cultivars that can adapt

their phenotypic expression in response to environmental sig-

nals are potential breeding targets for increasing agricultural

productivity (e.g., Nicotra et al., 2010; Topp, 2016), although

the fitness impacts of phenotypic plasticity are poorly under-

stood, and it has been proposed that in some cases plasticity

may be maladaptive (Lynch, 2013, 2019).

Root phenes affect the temporal and spatial distribution

of roots in specific soil domains and therefore the ability of

roots to acquire mobile and immobile soil resources (Lynch,

2013, 2018; Lynch & Brown, 2012; Lynch & Wojciechowski,

2015). Mobile nutrients, including NO3 and water, are gener-

ally more available in deeper soil strata with time due to leach-

ing, crop uptake, and evaporation. In contrast, P, an immo-

bile soil nutrient, is more available in the topsoil (Lynch &

Brown, 2001). Plants that are able to acquire soil resources

at reduced metabolic cost will have increased productivity by

permitting greater resource allocation to growth, continued

resource acquisition, and reproduction (Lynch, 2013, 2015,

2018, 2019).

Several root anatomical phenes can improve plant perfor-

mance under edaphic stress by reducing the nutrient and car-

bon cost of tissue maintenance and construction (Lynch, 2013,

2015, 2018). Root cortical aerenchyma (RCA) are air-filled

lacunae that result from programmed cell death (Drew, He,

& Morgan, 2000). These air-filled lacunae replace respir-

ing cortical cells and therefore reduce root respiration and

nutrient demand (Chimungu et al., 2015b; Saengwilai, Nord,

Chimungu, Brown, & Lynch, 2014). The formation of RCA

and the subsequent reduction in tissue maintenance costs

improves plant growth and yield in environments with sub-

optimal water and N availability by enabling roots to explore

deeper soil domains, thereby improving the capture of water

and N (Chimungu et al., 2015b; Jaramillo, Nord, Chimungu,

Brown, & Lynch, 2013; Saengwilai et al., 2014; Zhu, Brown,

& Lynch, 2010a). Similarly, greater cortical cell size and/or

fewer cortical cell files reduce root respiration and nutri-

ent content, thereby improving soil exploration of deep soil

domains, enhancing water acquisition and subsequently plant

performance and yield in drought environments (Chimungu,

Brown, & Lynch, 2014a, 2014b).

Another strategy for increasing plant performance in

drought environments is “water banking,” involving the con-

servation of soil water throughout the growth season (Feng,

Lindner, Robbins, & Dinneny, 2016). Plants have a variety of

strategies to conserve soil water throughout the growth sea-

son, and reducing root hair density and/or the diameter of

xylem vessels have been proposed as water banking strategies

(Wasson et al., 2012). In addition, conserving water through-

out the growth season may moderate shoot water stress by

increasing shoot water use efficiency. Wheat (Triticum aes-
tivum L.) breeding programs selecting for decreased xylem

vessel area resulted in 3–11% greater yields in drought envi-

ronments than in well-watered treatments (Richards & Pas-

sioura, 1989).

Depending on the root phene, phenotypic changes as a

result of plasticity may be of variable duration. For example,

the number and size of cortical cells is established near the

root apex, and changes in mature tissues are limited. In con-

trast, the expression of aquaporins fluctuates in response to

water availability (Zargar et al., 2017). Under conditions of

sustained edaphic stress, such as low P availability, plastic-

ity that is established in early development, such as the num-

ber and size of cortical cells, may be beneficial. However,

plasticity of long duration may be maladaptive for stresses

that fluctuate on shorter time scales, including drought, by

generating a sustained response to ephemeral conditions

(Lynch, 2013).

In variable environments, phenotypic plasticity may be

advantageous; however, intensive fertilization and greater

nutrient availability in high-input environments may cause

phenotypic plasticity to be maladaptive. Crop species evolved

in environments with abiotic and biotic stresses influencing

root growth and function, and therefore strategies for soil

resource capture may not have utility in high-input environ-

ments in which constraints for soil resource acquisition and

plant growth under stress are mitigated (Lynch, 2018). In most

agricultural systems, root phenotypes that explore deep soil

domains, whether plastic or not, enhance the capture of water

and N (Gowda, Henry, Yamauchi, Shashidhar, & Serraj, 2011;

Henry, Gowda, Torres, Mcnally, & Serraj, 2011; Manschadi,

Christopher, deVoil, & Hammer, 2006).

In maize, root cortical aerenchyma (Chimungu et al.,

2015b), cortical cell file number (Chimungu et al., 2014b),

and cortical cell size (Chimungu et al., 2014a) improve shoot

biomass and yield under drought conditions. High yield stabil-

ity correlated with high root architectural plasticity in drought

and low-P environments in rice (Oryza sativa L.) (Sandhu

et al., 2016). Plasticity has been observed for RCA in rice in

response to water stress, corresponding to greater shoot dry

weight and yield (Niones, Suralta, Inukai, & Yamauchi, 2012,

2013). However, root cortical aerenchyma formation in rice

did not influence water uptake or shoot biomass in drought

(Gicaraya, Cadiz, & Henry, 2017). In soybean [Glycine max
(L.) Merr.] grown under water stress, metaxylem number

increased, thereby improving root hydraulic conductivity,

while the total cortical area was reduced, which reduced the

metabolic cost of accessing water in deeper soil domains

(Prince et al., 2017). Plasticity of xylem vessel diameter and
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number and stele diameter has been observed in response to

water deficit in wheat and rice (Kadam et al., 2017). It has

been speculated that greater phenotypic plasticity in wheat

root anatomical traits results in greater stress tolerance com-

pared with rice (Kadam et al., 2017).

Few genetic loci have been associated with root anatom-

ical phenes. Quantitative trait loci (QTL) have been identi-

fied for root stele and xylem vessel diameter in rice (Uga

et al., 2008, 2010), xylem vessel phenes in wheat (Sharma

et al., 2010), RCA in Zea species (Mano, Omori, Muraki, &

Takamizo, 2005, 2007), and areas of cross section, stele, cor-

tex, aerenchyma, and cortical cells, root cortical aerenchyma,

and cortical cell file number in maize (Burton et al., 2014).

However, the majority of root QTL studies have focused

on young or greenhouse-grown plants grown in artificial

media that do not represent the heterogeneous matrix of soil

found under field conditions and may be a poor predictor

of mature root system architecture (Zhu, Ingram, Benfey, &

Elich, 2011).

Root anatomical phenes merit consideration in breed-

ing programs to improve crop performance (Lobet et al.,

2019). It is essential to understand individual phenes and

their genetic architecture in order to increase abiotic stress

tolerance and provide insights into the mechanisms con-

trolling phenotypic variation for root phenes. In this study,

we phenotyped a large diversity panel for root anatomi-

cal phenes in mature, field-grown maize in multiple envi-

ronments. The objectives of this research were to test the

hypotheses that (a) the responses of root anatomical phenes

to water deficit (stress plasticity) and different environments

(environmental plasticity) are under genetic control and (b)

genetic loci associated with plasticity are distinct from loci

controlling phenotypic expression under water-stress and

well-watered conditions.

2 MATERIALS AND METHODS

2.1 Field conditions, experimental design,
and plant materials

Root anatomical phenotypes were measured on the Wisconsin

Diversity Association Panel (Hansey et al., 2011), a collec-

tion of maize inbred lines that display uniformity and vigor

and reach grain maturity in the northern Midwest of the

United States. Experiments were conducted at the Apache

Root Biology Center (ARBC) in Willcox, AZ (32◦153′9.252″

N, 109◦49′56.928″ W) under well-watered and water-stressed

conditions (Supplemental Table S1) and the Ukulima Root

Biology Center (URBC) in Alma, Limpopo, South Africa

(24◦33′12″ S, 28◦7′2584″ E) under non-stress conditions

(Supplemental Table S2). At the Arizona site, experiments

were conducted from May to August in 2016 on a Grabe

loam (a coarse-loamy, mixed, thermic Typic Torrifluvent),

and genotypes were grown in two replications per treatment in

a randomized complete block design. At the South Africa site,

experiments were conducted from January to April in 2010,

2011, and 2012 and from November to February in 2013 on

a Clovelly loamy sand (a Typic Ustipsamment). Genotypes

were grown in four replications in a randomized complete

block design each year. Each line was planted in a single-row

plot, consisting of 20 plants. Row width was 75 cm and the

distance between plants within a row was 23 cm. Soil nutri-

ent levels and pH were adjusted according to maize produc-

tion requirements and based on soil tests at the beginning

of the season. All experiments were irrigated using a center

pivot system. Drought was induced approximately 4 wk after

planting and monitored throughout the growth season by PR2

multidepth soil moisture probes (Dynamax). The water-stress

treatment was confirmed by ∼20% vegetative biomass growth

reduction and 40% yield reduction under water-stressed com-

pared with well-watered conditions.

2.2 Phenotypic analysis

Root anatomy was phenotyped in all experiments, and eval-

uations were performed based on the “shovelomics” method

(Trachsel, Kaeppler, Brown, & Lynch, 2011) followed by laser

ablation tomography (Hall, Lanba, & Lynch, 2019). At anthe-

sis, one representative plant per plot was excavated in a soil

monolith using a standard shovel and soaked in water for

15 min to remove soil. Root crowns were washed with low-

pressure water to remove the remaining soil. Root anatomy

was collected by excising a nodal root from the crown and

sampling a 3-cm segment from 5–8 cm of the basal portion

of the root. At the South Africa field site, a second whorl

crown root was excised, and at the Arizona field site a fourth

whorl crown root was excised. The fourth whorl crown roots

emerged after drought initiation. The sampled root segment

was placed in 75% ethanol for preservation until ablation

using laser ablation tomography. In short, a 355-nm pulsed

laser (Avia 7000) was used to vaporize the root at the cam-

era focal plane ahead of an imaging stage. The sample was

moved into the ablation plane, vaporized, and imaged simul-

taneously. Root cross-sectional images were captured using

a Canon T3i camera with a 53 micro lens (MP-E 65 mm).

Root images were analyzed for eight anatomical phenotypes

(Table 1) using RootScan2.0 (Burton, Williams, Lynch, &

Brown, 2012) and MIPAR (Sosa, Huber, Welk, & Fraser,

2014) software. At anthesis, plant height was measured on

three plants per plot in South Africa and shoot dry biomass

was collected for one plant per plot in Arizona. Yield was col-

lected at maturity and cobs from three plants per plot. All ears

from three representative plants were harvested, and the grain

and cobs were weighed.
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T A B L E 1 Description of anatomical phenes measured at anthesis

from cross-sectional images captured from a representative third whorl

crown root

Trait Description
RXSA root cross-sectional area, mm2

TCA total cortical area, mm2

TSA total stele area, mm2

TMETVA total metaxylem vessel area, mm2

AA total root cortical aerenchyma area, mm2

RCA root cortical aerenchyma (as a percentage of TCA), %

CCS average cortical cell size in the whole root cortex, μm2

CCFN number of cortical cell files

2.3 Data analysis

Plasticity in response to water deficit (stress plasticity) was

calculated relative to control (no stress) growing conditions

for each phene:

Stress Plasticity = (WS −WW)
WW

where WS is the mean value of the phene under water-stressed

conditions for each replication and WW is the mean value of

the phene under well-watered conditions for each replication.

Plasticity in response to the environment (environmental

plasticity) was calculated as a relative phenotypic value of

South Africa growing conditions compared with the Arizona

growing conditions for each phene:

Environmental Plasticity = (SA − AZ)
AZ

where SA is the mean value of the phene in the South Africa

environment and AZ is the mean value of the phene in the

WW Arizona environment.

Broad-sense heritability and repeatability on an entry mean

basis were calculated for each anatomical phene according to

Fehr (1993).

Best linear unbiased predictors were calculated for each

treatment and environment using a random-effects linear

model in the R package lme4 (Bates et al., 2015) and used

for subsequent analysis.

𝑦𝑖𝑗𝑘 = μ + 𝑐𝑖 + 𝑔𝑗 + 𝑏𝑘(𝑖) + (𝑐𝑔)𝑖𝑗 + 𝑒

where yijk is the predicted response, μ is the grand mean, c is

the effect of year, g is the effect of genotype, b is the effect of

replication nested within year, and e is the residual error.

For phenotypes in water-stress and well-watered environ-

ments in Arizona, an average of two replications within each

treatment was calculated. For phenotypes in well-watered

environments in South Africa, an average of four replications

over four years was calculated. Stress plasticity was calcu-

lated by replication. Environmental plasticity was calculated

by year. Residuals were transformed according to Box Cox

analysis, and all phenes required transformation. Allometric

analysis was performed by logarithmically transforming plant

performance metrics (i.e. yield and biomass) and regress-

ing them against a logarithmic transformation of each phene.

From these regression analyses, the coefficient of determi-

nation (R2) and the slope of the regression line (α) were

determined to reveal the underlying exponential relationship

between size traits and biomass or yield.

Anatomical phenes and their stress and environmental plas-

ticity values were used in a multiple-loci linear mixed model

for genome-wide association mapping analysis (Zhang et al.,

2010) implemented in the FarmCPU R package (Liu, Huang,

Fan, Buckler, & Z, 2016). The model used 593,727 sin-

gle nucleotide polymorphism (SNP) markers for the Arizona

dataset and 602,361 SNP markers for the South Africa dataset

(Mazaheri et al., 2019), and allelic effects were estimated rel-

ative to the minor allele. Significant SNPs were identified

based on a genome-wide corrected Bonferroni threshold of

−log(p) = 7.07. Q–Q plots suggested a good model fit (Sup-

plemental Figure S1).

R software (version 3.2.4) (R Core Team, 2018), Biocon-

ductor (Bioconductor, 2002), MapMan (Usadel et al., 2009),

and MaizeGDB (Lawrence, 2005) were used to annotate

genes and compare significant SNPs. Candidate genes iden-

tified through significant genome-wide association mapping

hits were detected based on the physical position of genes in

the version 4 B73 (AGPv4) reference sequence assembly (Jiao

et al., 2017). A one-way ANOVA and Tukey’s honestly sig-

nificant difference was used to analyze the differences among

phenotypic distributions of phenes in different environment

and treatments.

3 RESULTS

3.1 Root anatomical phenes demonstrate
genetic variability and environmental plasticity

Both stress and environmental plasticity were observed for

each phene (Figure 1), and plasticity varied by genotype (Fig-

ure 2). Genotype and replication had a significant effect on

most root phenes (Supplemental Table S2). A wide range

of natural variation for anatomical phenes and their plastic

response was observed (Supplemental Figure S2, Supplemen-

tal Table S3). Water deficit had a significant effect on root

anatomical phenotypes (Supplemental Table S3). On average,

root cross-sectional area (RXSA), total stele area (TSA), and

total metaxylem vessel area (TMETVA) were reduced 9, 11,

and 18%, respectively, under water-stressed conditions com-

pared with well-watered conditions. Cortical phenes includ-

ing total root cortical aerenchyma area (AA), the percentage
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F I G U R E 1 (a) Distributions of genotypic means for each phene under well-watered (WW) and water-stress (WS) conditions at the Apache

Root Biology Center (ARBC) in Arizona and WW conditions at the Ukulima Root Biology Center (URBC) in South Africa; and (b) distribution of

the change in root phene values under drought stress or between environments, where the y axis represents the relative difference in phene value

between well-watered and water-stress conditions (stress plasticity, change relative to the well-watered treatment) or the relative difference between

the two environments environment (environmental plasticity, change relative to the Arizona field site) for each phene. Phenes include aerenchyma

area (AA), root cortical aerenchyma (RCA), number of cortical cell files (CCFN), cortical cell size (CCS), root cross-sectional area (RXSA), total

cortical area (TCA), total metaxylem vessel area (TMETVA), and total stele area (TSA). Letters above the plots show significant differences between

distributions according to a one-way ANOVA and Tukey’s honestly significant difference

of the cortex that is root cortical aerenchyma (RCA), the total

cortical area (TCA), and cortical cell file number (CCFN)

were reduced 27, 25, 7, and 9%, respectively, under water-

stressed compared with well-watered conditions. The average

cortical cell size (CCS) was 7% greater under water-stress

conditions than well-watered conditions (Figure 1), but the

response of cortical cells to water stress depended on their

position within the cortex (Supplemental Figure S4).

Root phenes under well-watered and water-stress condi-

tions and environmental plasticity were more heritable than

plastic responses to drought (Table 2). Repeatability for

TMETVA was the greatest under well-watered and water-

stress conditions but the smallest in stress plasticity compared

with all other phenes. Repeatability for RXSA and TSA were

relatively stable across well-watered, water-stress, and stress

plasticity. A large number of genes with relatively small effect

sizes are associated with these highly quantitative and genet-

ically controlled anatomical phenes (Table 2).

Allometric relationships between root anatomical phenes

and yield or vegetative biomass were not significant. The

majority of root phenes with significant scaling exponents

(p < .05) had smaller scaling exponent values than the

expected isometric values under well-watered and water-

stressed conditions. Therefore, as plant size or yield increases,
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F I G U R E 2 Examples of genotypic variation in plastic response to drought and environment. Anatomical images of a non-plastic genotype and

a plastic genotype for root cortical aerenchyma (RCA) under well-watered and water-stress conditions. Scale bar represents 1 mm

T A B L E 2 Heritability and repeatability of root anatomical phenes in the Wisconsin Diversity Panel. Heritability was calculated for phenes

measured in South Africa because data were available for multiple years; repeatability was calculated for phenes measured in Arizona because data

were not available for multiple years, only multiple replications. Variation explained by the single nucleotide polymorphisms (SNPs) refers to the

phenotypic variance. No significant SNPs were identified for TSA under well-watered conditions or for TMETVA under water-stress conditions

Parameter Statistic RXSA TCA TSA TMETVA AA RCA CCFN CCS
Arizona, well-watered repeatability .26 .29 .27 .31 .17 .20 .24 .24

variation explained by SNPs, % 7.98 9.23 – 11.11 17.68 20.32 12.62 11.07

Arizona, water stress repeatability .23 .23 .26 .38 .13 .14 .11 .12

variation explained by SNPs, % 10.3 11.01 21.92 – 20.31 11.97 8.58 2.05

Stress plasticity repeatability .23 .17 .21 .1 .13 .16 .15 .13

South Africa, well-watered heritability .38 .37 .56 .55 .5 0.59 .43 .3

variation explained by SNPs, % 82.33 44.11 29.6 95.01 108.24 12.98 61.37 92.5

Environmental plasticity heritability .26 .21 .29 .43 .22 .17 .19 .14

Notes: RXSA, root cross-sectional area; TCA, total cortical area; TSA, total stele area; TMETVA, total metaxylem vessel area; AA, total root cortical aerenchyma area;

RCA, root cortical aerenchyma; CCFN, number of cortical cell files; CCS, average cortical cell size.

the proportion of these phenes would be less than that pre-

dicted with isometric growth (Supplemental Table S4).

3.2 Few candidate genes overlapped between
phene values and plasticity responses

Genome-wide association mapping identified 158 signifi-

cant SNPs associated with root anatomy in well-watered

and water-stressed plants and their stress and environmen-

tal plastic responses using a Bonferroni-corrected genome-

wide threshold value of log(p)= 7.07 (Figure 3, Supplemental

Figure S3). Candidate genes were identified as gene models

containing SNPs above the Bonferroni significance thresh-

old. Significant SNPs were identified in 24 candidate genes

associated with stress plasticity and 33 candidate genes asso-

ciated with environmental plasticity between the two field

sites. In addition, 16 and 18 candidate genes were associated
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F I G U R E 3 Genome-wide association mapping

results for root cortical aerenchyma (RCA) in plants

grown (a) under well-watered (WW) and water-stress

(WS) conditions at the Apache Root Biology Center

(ARBC) in Arizona and WW conditions at the

Ukulima Root Biology Center (URBC) in South

Africa; and (b) their stress and environmental

plasticities. See Supplemental Figure S2 for plots of

other anatomical phenes

F I G U R E 4 The relative proportion of unique gene models associated with well-watered and water-stress conditions and environmental and

stress plasticity for root cross-sectional area (RXSA), total cortical area (TCA), total stele area (TSA), total metaxylem vessel area (TMETVA),

aerenchyma area (AA), root cortical aerenchyma (RCA), number of cortical cell files (CCFN), and cortical cell size (CCS)
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F I G U R E 5 Mapman ontogenic categories for annotated gene models associated with significant single nucleotide polymorphisms (a) under

water stress in Arizona (44% annotated), (b) well watered in Arizona (50% annotated), and (c) well watered in South Africa (90% annotated), and

measures of (d) stress plasticity in Arizona (71% annotated), and (e) environmental plasticity (73% annotated)

with phenes under well-watered and water-stress conditions,

respectively, in Arizona and 30 candidate genes were associ-

ated with root phenes under well-watered conditions in South

Africa (Figure 4). All candidate genes are listed in Supple-

mental Tables S5, S6, S7, S8, and S9. Approximately 66% of

the candidate gene models were annotated for Mapman onto-

genic categories (Supplemental Tables S5, S6, S7, S8, and

S9). Of the annotated gene models, the water stress group had

significantly more genes associated with metabolism and pro-

tein degradation than the well-watered and plasticity groups.

The Arizona well-watered group had significantly more genes

associated with protein transport and the South Africa well-

watered group had significantly more genes associated with

DNA and RNA regulation compared with the other groups

(Figure 5).

A few significant SNPs co-localized between well-watered,

water-stressed, and/or stress and environmental plasticity

groups. Two sets of significant SNPs co-localized among

well-watered, water-stressed, and plasticity expression in

response to drought (Supplemental Tables S7, S8, and

S9). Interestingly, both genes (Zm00001d003513, abscisic

acid synthesis/degradation, and Zm00001d026383, signaling

receptor kinase) were found to be associated with TCA. One

set of two SNPs co-localized between well-watered and plas-

ticity groups for TMETVA (Zm00001d032659, protein EXE-

CUTER 1; Supplemental Tables S8 and S9). Two co-localized

SNPs located in a gene (Zm00001d031445) associated with

ethylene signaling were co-localized between environmental

plasticity and well-watered groups in the South Africa envi-

ronment (Supplemental Tables S5 and S6). One SNP for AA

was associated with the environmental plasticity response and

the other SNP was associated with the RCA percentage under

well-watered conditions in South Africa.

Significant SNPs for plasticity were detected for all

anatomical phenes measured. Significant SNPs were detected

for all phenes except TSA in the well-watered environment

and for all phenes except TMETVA in the water-stressed envi-

ronment. Approximately 27 and 20% of unique gene mod-

els were associated with environmental and stress plasticity,

respectively, while approximately 26, 15, and 13% of unique

gene models were associated with well-watered conditions in

South Africa and well-watered and water-stress conditions in

Arizona, respectively (Figure 4).

4 DISCUSSION

Understanding phenotypic plasticity and its genetic archi-

tecture has important implications for understanding plant

adaptation to edaphic stress and breeding more resilient

crops. Root anatomical phenes and their plastic response to

drought stress and environment are heritable and demon-

strate characteristics of quantitative traits. We observed

a large variation in the extent and direction of drought
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stress and environmental plasticity of root anatomical phenes

(Figure 1). Few significant SNPs co-localized between

the plasticity groups or the expression of anatomical

phenes within water-stress or well-watered environments

(Figure 3, Supplemental Figure S3, Supplemental Tables S5,

S6, S7, S8, S9), reflecting the range of adaptation strategies

used by the genotypes in this collection of diverse and agro-

nomically relevant inbred lines.

4.1 Potential adaptive value of phene states
and plasticity

In water-stressed conditions, the cortical phenes total corti-

cal area (TCA), aerenchyma area (AA), percent cortex that is

root cortical aerenchyma (RCA), and cortical cell file number

(CCFN) were smaller on average compared to well-watered

conditions, while cortical cell size (CCS) was greater on

average in water-stress compared to well-watered conditions.

Reduced CCFN and greater CCS improve drought tolerance

in maize by reducing the metabolic cost of the root cortex,

enabling greater soil exploration, water acquisition, growth,

and yield from drying soil (Chimungu et al., 2014a, 2014b).

Reducing CCFN and increasing CCS may be an adaptation to

improve growth under drought, while greater CCFN may be

a more adaptive trait in compacted soils by enabling the pen-

etration of hard soils and potentially enabling greater carbon

storage to support further root development.

Under water stress, the average RXSA across the panel was

less, but the stele/cortical area ratio remained unchanged com-

pared with well-watered conditions (Supplemental Table S3).

A smaller root diameter is beneficial under drought by reduc-

ing the metabolic cost of soil exploration. However, drought

and mechanical impedance commonly co-occur in agroe-

cosystems and have the potential to overlap in their impacts

on plant growth because dry soils are often harder than moist

soils. The ability of a root to penetrate hard soil is particularly

important under drought, and a smaller diameter may reduce

the ability of a root to overcome soil impedance. Stele diame-

ter is correlated with root tensile strength (Chimungu, Loades,

& Lynch, 2015a) and therefore reduced TSA under water

stress may reduce the ability of a root to penetrate hard, drying

soil. In addition, the size of cells in different cortical regions

is important for root penetration of hard soil because smaller

cortical cells in the outer cortical regions prevent the root from

buckling during penetration (Chimungu et al., 2014a). Geno-

types with a thicker cortex (TCA) had greater root bending

strength (Chimungu et al., 2015a). Although the average CCS

in the entire cortex was greater under water stress, cell size in

the outer cortical regions was 38% less than that under well-

watered conditions (Supplemental Figure S4). Cortical cell

size was increased under drought, which may leave the root

susceptible to buckling and with a reduced ability to pene-

trate hard soils (Chimungu et al., 2015a; Striker et al., 2007).

However, it is important to note that root segments near the

base of the plant were sampled, while the penetration abil-

ity of roots is dependent on the cortical phenes near the root

tip. Cortical phenes have important implications in reduc-

ing root metabolic costs and the ability of roots to penetrate

hard soils. This study demonstrates that nodal roots responded

to water deficit by decreasing RXSA, which presumably has

more value for root foraging and water capture than maintain-

ing thick roots.

Mean values of RCA and AA were significantly reduced

by water stress, although there was substantial plasticity in

both directions for RCA in response to drought. The major-

ity of genotypes had a reduction in AA and RCA formation

under drought; however, decreases in AA and RCA mean

values under water deficit are driven by a smaller propor-

tion of genotypes with greater plastic responses. Several stud-

ies using fewer genotypes have demonstrated that upregula-

tion of RCA formation by drought stress reduces the cor-

tical metabolic burden to facilitate greater soil exploration

(Chimungu et al., 2015b; Jaramillo et al., 2013; Zhu et al.,

2010a), although some genotypes in these studies also exhib-

ited reduced RCA under drought (Chimungu et al., 2015b;

Jaramillo et al., 2013). Different watering regimes and soil

types influence water availability in different soil strata, which

could explain the reduction in RCA in some genotypes (17%

of genotypes) in this study. For example, due to high evap-

otranspiration and sandy soil, we used frequent irrigation,

which may have caused temporary hypoxia in the topsoil,

thereby promoting the formation of RCA, unlike typical rain-

fed maize production. In this study, RCA formation was gen-

erally greater than in other field studies under water-stress

and well-watered conditions in silt and sandy loam soils

(Chimungu et al., 2015b; Zhu et al., 2010a). Optimal RCA

formation most likely varies with the interaction of soil type

and drought timing and intensity.

The TMETVA was less under water-stress than well-

watered conditions. A smaller xylem vessel area, and there-

fore reduced axial hydraulic conductivity, can be advanta-

geous under water-limited conditions by conserving soil water

throughout the growth season, a strategy known as “water

banking” (Feng et al., 2016). Reduced hydraulic conductivity

may prevent desiccation of the growing root tip and surround-

ing soil throughout the growth season, as well as moderating

shoot water stress by increasing shoot water use efficiency.

We speculate that the plastic response of reduced TMETVA

under water stress is an adaptation to improve drought tol-

erance. While the general trend across all genotypes was

reduced TMETVA under water stress, substantial plasticity

was observed in both directions under water-stressed com-

pared with well-watered conditions. While reduced TMETVA

may be advantageous under drought conditions, reduced

hydraulic conductivity may also reduce carbon gain, growth,
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and yield, which may be detrimental under well-watered

conditions. Deeper roots may represent a carbon cost of the

root system at the expense of the growth of other tissues

(Tardieu, Draye, & Javaux, 2017) unless deep roots are linked

with or caused by root phene states that reduce the metabolic

cost of soil exploration (Lynch, 2018). In this case, plastic-

ity for TMETVA may be useful because large conductance is

optimal under well-watered conditions and reduced conduc-

tance is useful under water stress.

4.2 Variation of genetic control of anatomical
phenes with environment

Our results indicate that root architectural and anatomical

phenes and their plastic response to water stress and the envi-

ronment are genetically controlled and highly quantitative.

A total of 121 unique gene models were identified as being

associated with root anatomy in well-watered and water-stress

environments and with phenotypic plasticity. Many genes

with relatively small effect sizes were associated with these

phenes (Table 2). Stress plasticity was less heritable than root

phene values within water-stress and well-watered conditions.

Heritable plasticity responses indicate that root plasticity is

genetically controlled. Root phenes are highly quantitative,

and plasticity in response to edaphic stress may make breed-

ing for these phenes challenging. Understanding root pheno-

typic plasticity and its genetic control may permit the selec-

tion of lines with optimal plasticity to improve plant growth in

specific environments. For example, plants with greater phe-

notypic plasticity for TMETVA may be more useful in envi-

ronments with fluctuating drought, while reduced phenotypic

plasticity for CCS may be more beneficial in environments

with sustained stress throughout the growth season, including

low N availability.

While the overall trend was a decrease in vegetative

biomass and yield under drought, significant plasticity was

observed in both directions (Supplemental Figure S5), that

is, genotypes varied in their tolerance to the type of drought

imposed. Genotypes may have different strategies to achieve

drought tolerance, and the plastic responses of root phenes

or phene aggregates to drought may be an adaptive or mal-

adaptive response. Specific root phenes are important in plant

stress tolerance; however, root phenes do not function in iso-

lation (Miguel, Postma, & Lynch, 2015; York et al., 2013).

Synergisms exist between phene states with a large metabolic

cost and phenes that reduce the metabolic cost of the root. For

example, RCA is more beneficial in plants with increased lat-

eral branching density since the lateral roots represent a sig-

nificant cost (Postma & Lynch, 2011). Understanding phene

synergisms and their plastic interactions may be an important

consideration for breeders.

4.3 Candidate genes with known associations
with stress responses

Several genes were identified for anatomical phenes and plas-

tic responses that were previously associated with low phos-

phate responses in crops. A gene associated with CCS under

well-watered conditions in this study (Zm00001d038608,

Supplemental Table S8) and a gene (Zm00001d034241) asso-

ciated with environmental plasticity of TSA (Supplemental

Table S5) were found to be upregulated in maize grown with

low P (Su et al., 2014). A gene associated with TSA under

well-watered conditions in South Africa (Zm00001d023377,

Supplemental Table S6) is homologous with genes asso-

ciated with phosphate starvation in Arabidposis and rice

(Cheng, Pittman, Bronwyn, Shigaki, & Hirschi, 2003, 2005).

A number of root phenes influence P capture under subopti-

mal P availability, including the density of lateral branching

(Postma, Dathe, & Lynch, 2014; Zhu & Lynch, 2004), RCA

(Galindo-Castañeda, Brown, & Lynch, 2018), the number of

crown roots (Sun, Gao, & Lynch, 2018), and root hair length

(Zhu, Zhang, & Lynch, 2010b). Presumably, genes that are

differentially expressed under low-P availability could con-

tribute to controlling root phenes under many edaphic stresses

through common signaling pathways such as ethylene.

Fiber protein Fb2 (Zm00001d043911) is differentially

expressed in maize tassels and ears under water deficit

(Zhuang et al., 2008), and SNPs within that gene were

associated with the plastic response of RCA to drought (Sup-

plemental Table S9). Sucrose synthase 2 (Zm00001d047253)

is associated with the plastic response to drought, is differently

expressed in soybean roots under water stress, and plays a key

role in N2 fixation under drought (Supplemental Table S9). A

significant SNP associated with the plastic response of RCA

under drought was located in sucrose synthase 2 (Supple-

mental Table S9). The SNPs within genes associated with the

environmental plastic response of CCS (Zm00001d018045,

Supplemental Table S5) and TMETVA under well-watered

conditions in South Africa (ARF25, Zm00001d011953, Sup-

plemental Table S6) were associated with drought tolerance

in maize (Kim et al., 2012; Xu et al., 2014). Many strategies

exist for drought tolerance, and presumably many different

genes in different pathways control the expression of phenes

that optimize plant growth under water deficit.

A gene downregulated in maize leaves upon formation of

arbuscular mycorrhizae (Zm00001d051932) (Gerlach et al.,

2015) was associated with the environmental plasticity of

TMETVA (Supplemental Table S5). A gene associated with

the environmental plasticity of RXSA (Zm00001d018342)

was downregulated in maize cobs under low N (Pan et al.,

2015) (Supplemental Table S5). Fluctuating environmental

factors, including N availability and arbuscular mycorrhizae
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colonization presumably target some of the same genes or

gene pathways as factors including environmental plasticity.

A gene differentially expressed under water-logged condi-

tions (Zm00001d047253) (Arora, Panda, Mittal, & Mallikar-

juna, 2017) was associated with the plastic response of RCA

(Supplemental Table S9). In addition, a gene associated with

cell death (Zm00001d015971) (Gao et al., 2009) was asso-

ciated with the plastic response of AA (Supplemental Table

S9). Hypoxia induces RCA formation via ethylene signaling

and programmed cell death (Evans, 2003), and presumably

common signaling pathways (e.g. ethylene) induce RCA for-

mation and control the expression of other root phenes under

a range of edaphic stresses.

Two significant SNPs associated with TCA co-localized

among well-watered, water-stressed, and plasticity expres-

sion in response to drought. One SNP was located in

Zm00001d003513, which is associated with abscisic acid

synthesis and degradation (Supplemental Tables S7, S8, and

S9). Abscisic acid has been demonstrated to help main-

tain shoot and root growth under water deficit and prevent

excess ethylene production from tissues under water stress

(Sharp & LeNoble, 2002). The other SNP was located in

Zm00001d026383, annotated as a signaling receptor kinase

(Supplemental Tables S7, S8, and S9). Receptor-like kinases

are key regulators of plant architecture and growth behavior

and contribute to improving plant performance under drought

(Marshall et al., 2012). Genes associated with plant hormone

signaling, synthesis, and degradation have large implications

in the expression of root phenes under different environmental

conditions and their plastic responses.

Of the gene models identified, 66% were annotated. Plas-

ticity may be controlled by many genes in various pathways

as indicated by the co-localization of a few SNPs among well-

watered, water-stress, and plasticity groups (Figures 4 and 5).

The expression of anatomical phenes is highly dependent on

environment and abiotic stress factors. Differences in soil

texture, photoperiod, and precipitation patterns presumably

contributed to environmental plasticity. Generally, anatom-

ical features were smaller in the South Africa environment

than the Arizona environment, probably because anatomical

phenes were measured on a second whorl crown root at the

South Africa field site and on a fourth whorl crown root at

the Arizona field site. Crown roots typically become thicker

at each successive whorl, and there are allometric relation-

ships between RXSA and other area-based anatomical phenes

(Yang, Schneider, Brown, & Lynch, 2019). Differences in

phene expression between different whorls may also indicate

that different whorls are under distinct genetic control. Con-

sideration of gene networks, phene networks, and dynamic

responses may result in stronger associations of phenes with

genetic loci and pathways.

Substantial variation was observed for all phenes in well-

watered and water-stress environments and for plasticity, that

is, phenotypic responses to water availability and/or environ-

ment. Root anatomical phenes and their plastic responses are

heritable, and their genetic architectures are highly quantita-

tive and complex. Many distinct candidate genes with small

effects were associated with plasticity and anatomical phenes

per se. However, not only is the genetic control of plasticity in

a specific environment complex, but plasticity in response to

various abiotic stresses and/or environments is controlled by

distinct genes. In the current study, no genes associated with

plasticity were similar between the water-stress and environ-

mental plasticity groups. Presumably, plasticity in response to

other abiotic stresses, including low N and P availability, are

also controlled by a suite of distinct genes.

Highly complex quantitative traits with small effects pose

a challenge for breeding programs, particularly single-trait

breeding programs using conventional tools like marker-

assisted selection. Distinctly genetically controlled plasticity

responses to different environmental conditions limits the

adaptive value of a plastic genotype, and breeders may need

to target a specific plastic response to a specific abiotic stress

or environment rather than just generally breeding for a highly

plastic cultivar. In this study, genotypes that were highly

plastic in response to water deficit were distinct from those

with a plastic response to the environment. Breeding efforts to

develop cultivars that are plastic for a range of conditions and

stresses may be maladaptive in environments with multiple

stresses or stresses that fluctuate on a shorter time scale. For

example, in environments with sustained P stress, plasticity

established early in development, such as CCS, may be ben-

eficial; however, this plasticity of long duration may be mal-

adaptive under drought or N stresses that fluctuate on a shorter

time scale (Lynch, 2013). The fitness landscape of plasticity

is highly complex yet poorly understood and merits further

research to understand how to deploy plasticity in breeding

programs. Interactions between root phenes and/or pheno-

typic plasticity may be synergistic or antagonistic, and further

studies are needed to fully understand these interactions.

Identifying genes that control root phenes and their plastic

expression will provide tools for breeders to (a) develop crops

better adapted to a wide range of environments and manage-

ment practices or (b) develop lines with defined plasticity to

be grown in targeted agroecosystems. Phenotypic plasticity

and interactions between phenes will require further research

to understand their implications for edaphic stress tolerance.
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