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Abstract

Root metaxylem are phenotypically diverse structures whose function is related to their anatomy,
particularly under drought stress. Much research has dissected the genetic machinery underlying
metaxylem phenotypes in dicots, but monocots are relatively unexplored. In maize (Zea mays), a
robust pipeline integrated a GWAS of root metaxylem phenes under well-watered and water
stress conditions with a gene co-expression network to identify candidate genes most likely to
impact metaxylem phenotypes. We identified several promising candidate genes in 14 gene co-
expression modules inferred to be functionally relevant to xylem development. We also
identified five gene candidates that co-localized in multiple root metaxylem phenes in both well-
watered and water stress conditions. Using a rice GWAS conducted in parallel, we detected
overlapping genetic architecture influencing root metaxylem phenotypes by identifying eight
pairs of syntenic candidate genes significantly associated with metaxylem phenes. There is
evidence that the genes of these syntenic pairs may be involved in biosynthetic processes related
to the cell wall, hormone signaling, oxidative stress responses, and drought responses. Our study
demonstrates a powerful new strategy for identifying promising gene candidates and suggests
several gene candidates that may enhance our understanding of vascular development and

responses to drought in cereals.
Abbreviations:

ABA: abscisic acid

BN: bottleneck gene

BN/HUB: bottleneck and hub gene
GWAS: genome-wide association study
HUB: hub gene

SNP: single nucleotide polymorphism
WS: water stress

WW: well-watered
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Introduction

Drought is a primary constraint to crop production worldwide and its effects are only predicted
to worsen in the coming decades as a result of climate change (Lobell et al., 2011; Dai, 2013;
IPCC, 2013). Plant breeding efforts have been aimed at maintaining crop productivity in stressful
environments in order to sustain growing agriculture-centric economies and to meet increasing
consumer demand. As the primary organ responsible for the sensing and uptake of water, roots
have become a focus for crop improvement under drought (Lynch et al., 2014; Vadez, 2014).
Recent efforts have sought to approach root-focused breeding by selecting for a root system
architecture better adapted to water-limited conditions (Ho et al., 2005; Lynch, 2013; Li et al.,
2018; Zhang et al., 2019; Burridge et al., 2020). For instance, a steep root growth angle that
increases rooting depth has been associated with improved tolerance to water scarcity in maize
(Liakat Ali et al., 2015; Pires et al., 2020) and rice (Uga et al., 2013). Fewer nodal roots with
more sparsely distributed long lateral roots is also associated with improved drought tolerance
(Zhan et al., 2015; Gao and Lynch, 2016; Lynch, 2019). Several anatomical phenes have been
proposed to mitigate drought effects by facilitating the capture of mobile resources, such as
water and nitrogen, deep in the soil profile (Lynch, 2013; Lynch et al., 2014; Lynch, 2018;
Lynch, 2019). Increased aerenchyma production (Zhu et al., 2010; Jaramillo et al., 2013) and
larger cortical cells arranged in fewer files cheapen the root maintenance costs (Chimungu et al.,
2014a; Chimungu et al., 2014b), which would allow more resources to be reallocated to deeper
root construction (Lynch, 2013; Lynch et al., 2014). Additionally, many architectural and
anatomical phenes are plastic, which may be an adaptive response to drought stress (Kano et al.,
2011; Klein et al., 2020; Schneider et al., 2020a; Schneider and Lynch, 2020; Schneider et al.,
2020b). However, less attention has been paid to root hydraulics, which have direct implications

for water uptake and transport (Wasson et al., 2012; Vadez, 2014; Maurel and Nacry, 2020).

Maize, one of the world’s most economically and nutritionally important crops, is particularly
sensitive to drought stress (Lobell et al., 2014; Daryanto et al., 2016). Root metaxylem vessels
are a natural target to improve maize since their size and number in the root is related to abiotic
stress tolerance (Richards and Passioura, 1989; Comas et al., 2013). Several studies have found
an association between drought tolerance and metaxylem vessel number (de Souza et al., 2013;

Klein et al., 2020) or metaxylem vessel area (Richards and Passioura, 1989; Abd Allah et al.,
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82  2010; Purushothaman et al., 2013; de Souza et al., 2013; Klein et al., 2020). Plants with narrower
83  root metaxylem have reduced hydraulic conductivity but more conservative water usage and
84  greater resistance to cavitation (Richards and Passioura, 1989; Sperry and Saliendra, 1994;
85  Vilagrosa et al., 2012; Guet et al., 2015). Given that hydraulic conductance is proportional to the
86  vessel radius raised to the fourth power according to the Hagen-Poiseuille equation, even a slight
87  narrowing of the metaxylem vessels will result in a considerable reduction in axial conductivity.
88  Conservative water usage as a result of restricted hydraulic conductance, especially early in the
89  growing season, has been suggested to be more effective than deeper rooting by making water
90  access more likely during the critical anthesis-silking interval (Zaman-Allah et al., 2011; Feng et
91 al., 2016). Reduced transpiration due to restricted hydraulic conductance from narrow
92  metaxylem vessels may also be beneficial for mitigating drought effects by inducing stomatal
93  closure, increasing water use efficiency by reducing the overall shoot size, and retaining
94  moisture at the root tips to enable further growth through the soil profile (Vadez et al., 2014;
95 Lynch, 2019). A constitutive reduction in metaxylem vessel area could limit plant maximum
96  potential growth or reduce relative growth rates () under well-watered conditions (Wahl and
97  Ryser, 2000; Comas et al., 2013), but these effects may be counteracted by augmenting the
98  number of metaxylem vessels (Lynch et al., 2014). Metaxylem phenes that improve performance

99  under water stress with no penalty under optimal conditions are of utmost importance to identify.

100  Metaxylem vessels form through the careful coordination of phytohormone biosynthesis and
101 signaling, cell wall formation and lignification, cell expansion, radial patterning, and
102 programmed cell death (Roberts and McCann, 2000; Schuetz et al., 2012; Milhinhos and Miguel,
103 2013; Ruzicka et al., 2015). Decades of research have deepened our understanding of the genetic
104  and developmental underpinnings of xylem development but has mostly been limited to
105  dicotyledonous or woody species. Recent studies have identified two quantitative trait loci
106  intervals associated with xylem area traits in spring barley (Hordeum vulgare) (Oyiga et al.,
107 2020) and a few genetic loci associated with root metaxylem size and number in rice (Oryza
108  sativa) (Kadam et al., 2017). However, the genetic mechanisms regulating xylem development in
109  grain crops is still poorly understood. Arranged in a polyarchy pattern (Hochholdinger, 2009),
110  the vascular organization of monocot roots, such as members of the Poaceae, is structurally
111  distinct from di-, tri-, or tetrarch patterns typical of most dicots. Cell wall composition also

112 differs between dicots and monocots, since monocots are richer in hydroxycinnamates and
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113 hemicellulose with little pectin or structural protein content (Carpita, 1996; Smith and Harris,
114 1999; Vogel, 2008). Despite these differences, shared genetic machinery underlying xylem
115  development is likely, as is the case for example for the cellulose synthase A (CesA) gene
116  family, which is present in all seed plants (Richmond and Somerville, 2000). Furthermore,
117  comparisons between maize and closely related species have found shared genetic architecture
118  influencing sorghum (Sorghum bicolor) root architecture (Zheng et al., 2020) and rice (Oryza
119  sativa) grain development (Chen et al., 2016). These studies suggest there is a high likelihood
120  that the genetic machinery regulating other developmental processes, like xylem development,

121  may be conserved within monocots.

122 Plasticity in xylem phenotypes in response to drought has been observed in maize (Klein et al.,
123 2020; Schneider et al., 2020a), rice (Henry et al., 2012; Kadam et al., 2017), and wheat (Triticum
124 aestivum) (Kadam et al., 2015), and are likely mediated by stress-responsive cellular and genetic
125  factors. The genetic mechanisms underlying drought-induced variation in root xylem phenotypes
126  are largely unknown. Several genes regulating biosynthesis and signaling of brassinosteroid,
127  cytokinin, ethylene, and gibberellin have been directly implicated in constitutive and abiotic
128  stress-responsive xylem development in dicot roots (Milhinhos and Miguel, 2013;
129  Ramachandran et al., 2020). However, these complex signaling cascades facilitated by hormones
130  are likely modified by crosstalk with other phytohormones like abscisic acid (ABA), whose
131  production increases in response to drought (Finkelstein, 2013; Ramachandran et al., 2020). In
132 maize, increased ABA production induced by drought coincides with increased root hydraulic
133 conductivity, which is likely mediated by augmented activity of root aquaporins rather than
134 changes to root metaxylem anatomy (Hose et al., 2000; Parent et al., 2009). More recent work
135 showed that ABA interfered with signaling among key developmental regulators and
136  subsequently altered root xylem phenotypes in Arabidopsis under limited water availability
137  (Ramachandran et al., 2018). However, there are likely many more genetic components
138  participating in these signaling cascades that contribute to variation in xylem phenotypes and

139  water uptake.

140  Novel breeding and phenotyping technologies have increased the capacity to evaluate and map
141  desirable characteristics to genetic loci in large populations, as is done in a genome-wide

142 association study (GWAS). Even so, many challenges remain when analyzing GWAS outputs to
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143 avoid false positives and isolate the true loci with significant causal effects on phenotype. One
144 method to increase robustness of an associative mapping study is by conducting a comparative
145  multispecies GWAS, which has the potential to enhance our understanding of shared genetic
146  architectures among species (Chen et al., 2016; Zheng et al., 2020). Although maize and rice are
147  different in many respects (e.g. photosynthesis processes, tillering, etc.), their genomes share a
148  high degree of synteny (Bennetzen and Freeling, 1997; Salse et al., 2004; Buell et al., 2005), and
149  in the particular case of xylem phenes, both species have polyarch vascular arrangements.
150  Performing such a comparative GWAS between two grass species of high synteny, like maize

151  and rice, may reveal genetic architectures conserved among the cereals.

152 A second method to increase the robustness of GWAS is coupling it with a gene co-expression
153  network, which is a helpful tool to infer a candidate gene’s biological function relative to the
154  functional role filled by comparably expressed genes (Schaefer et al., 2017; Schaefer et al.,
155 2018). Complex quantitative traits are often pleiotropic and are associated with many significant
156  SNPs with small effect sizes (Ingvarsson and Street, 2011). A candidate gene’s topological
157  characteristics within the gene network may provide insight on its biological role and
158  essentiality. For instance, hub genes (genes that interact with a large number of other members
159  of the subnetwork) and bottleneck genes (genes with a high level of betweenness centrality) are
160  posited to be the most essential for proper function (Jeong et al., 2001; Yu et al., 2004; Yu et al.,
161  2007). Modifying or removing the activity of hub and bottleneck genes has the greatest chance of
162  inducing measurable downstream effects. Thus, integrating a GWAS with a gene co-expression
163 network is a powerful method to identify candidate genes with the highest likelihood of shaping

164  ameasurable effect on phenotype and function.

165 Root metaxylem phenotypes merit greater attention because of their potential to improve crop
166  performance under water-limited conditions. One course of action is to dissect their genetic
167  architecture to provide insight on the loci and overarching mechanisms contributing to root
168  metaxylem phenotypic variation under abiotic stress. In this study, we phenotyped the root
169  metaxylem of a large diversity panel of field-grown maize under well-watered and water stress
170  conditions. A parallel study phenotyped the root metaxylem of a rice diversity panel grown in the
171  greenhouse under well-watered conditions (Vejchasarn 2014). Our objectives were to test the

172 hypotheses that 1.) natural variation in root metaxylem phenotypes is under genetic control; 2.)
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173 genetic loci associated with root metaxylem phenotypes under WS are unique from those
174 activated under WW; and 3.) there is shared genetic architecture associated with root metaxylem

175  phenotypes in maize and rice.
176  Results
177  Natural variation in root metaxylem phenotypes in the field

178  Wide variation in all root metaxylem phenes was observed under both well-watered and water
179  deficit stress (hereafter, water stress) conditions in 180 and 412 genotypes of the Wisconsin
180  Diversity Panel in 2015 and 2016, respectively (Figure 1). A 3-4-fold range in values were
181  observed for all metaxylem phenes under both water treatments except for volumetric flow rate,
182  which exhibited a 31-fold range. Watering regime had no significant overall effect on metaxylem
183  phenotypes except for volumetric flow rate (p = 0.036) (Table 1), but responses to drought varied
184 by genotype (Supplemental Figure S1). Plasticity in all metaxylem vessel phenes in response to
185  water stress ranged from -84%-351% relative to the phene state in well-watered conditions.
186  While total metaxylem vessel area was stable between seasons, there were significant seasonal
187  effects for maximum and median metaxylem vessel areas, metaxylem vessel number, and
188  volumetric flow rate (Table 1). Volumetric flow rate was the only phene to exhibit a significant

189  interactive year and treatment effect.

190  Broad-sense and marker-based heritability on an entry mean basis was calculated within a shared
191  set of 95 genotypes. Broad-sense heritability ranged from 0.625 to 0.805 and marker-based
192 heritability ranged from 0.133-0.361, overall (Table 1). Repeatability was also calculated for the
193  collection of genotypes grown in each season and ranged from 0.602-0.827 in 2015 and 0.466-
194 0.670in 2016 (Table 1).

195  GWAS for metaxylem phenes

196 A panel of 899,794 SNPs (Mazaheri et al., 2019) was used for GWAS on all root metaxylem
197  phenes under well-watered and water-stress conditions conducted with GAPIT (Lipka et al.,
198  2012). The fit of the model was corroborated with quantile-quantile (Q-Q) plots (Supplemental
199  Figure S2). Separate GWAS analyses were performed for each treatment and season of field
200  phenotype data to identify genetic loci that consistently exhibited similar effects on variance in

201  root metaxylem phenotypes. Despite differences in taxa membership in each season, there were
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202 550,617 SNPs included in analyses of each season that were used to evaluate the consistency of
203  minor allele effects on phenotypes (Supplemental Figure S3A). Few of the SNPs omitted from
204  the comparison were significant in any analysis. Because of its larger genotype collection, the
205 2016 GWAS was designated the “testing set” to identify many genetic loci potentially associated
206  with root metaxylem phenotypes. The 2015 GWAS was the “validation set” to corroborate allelic
207  effects observed in the testing set. For the testing and validation sets, the allelic effect of each
208  SNP in each phene was converted to a percentile rank where 0 denoted a strong negative effect
209  and 100 indicated a strong positive effect on phenotype. A SNP with consistent allelic effects for
210  the same phene was one where the percentile rank in the validation set was within 10 percentile
211  points of its rank in the testing set (Supplemental Figure S3). This analysis was repeated for each
212 root metaxylem phene and treatment. The number of SNPs that displayed consistent allelic
213 effects was 24-28% of the full SNP panel included in each GWAS and varied among phenes and
214  treatments (Supplemental Table S2). A SNP was significant if it exceeded the p-threshold and
215 displayed consistent allelic effects on metaxylem phenotypes. No significant associations were
216  detected above the Bonferroni threshold of -log(p) = 9.08. Thus, a more liberal threshold of -
217  log(p) = 3.43 was applied to accommodate SNPs associated with small effect sizes (Figure 2).
218  This threshold was estimated using a model that took into account the average marker-based
219  heritability of all root metaxylem phenes and linkage disequilibrium in maize (Kaley and Purcell

220  2019).

221  Overall, 244 gene models contained or were within 5kb of 351 significant SNPs associated with
222 maize root metaxylem phenes under well-watered and water stress conditions (Table 2, Figure 2,
223 Supplemental Table S3). Under well-watered conditions, 181 significant SNPs located in or near
224 124 gene models were associated with metaxylem phenes (Table 2, Supplemental Table S3).
225  Under water stress, 176 significant SNPs located in or near 126 gene models were associated
226  with metaxylem phenes (Table 2, Supplemental Table S3). Several genomic regions displayed a
227  high density of significant SNPs associated with a specific phene (Figure 2). For instance, 13
228  gene models near 25 significant SNPs associated with total metaxylem vessel area under water
229  stress were detected in a region on chromosome 5. Another region on chromosome 3 contained 5
230  significant SNPs nearby two candidate gene models also associated with total metaxylem vessel
231  area under WS. Two gene models nearby 14 significant SNPs associated with median metaxylem

232 vessel area under water stress were detected on chromosome 2. Seven gene models near 12

8
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233 significant SNPs associated with maximum and/or median metaxylem vessel area under well-
234  watered conditions were detected in a region on chromosome 6. Of the candidate genes
235  associated with root metaxylem phenes under well-watered and water stress, approximately 68%
236  were annotated for Mapman ontogenic categories (Supplemental Figure S4). However, there
237  were few differences in representation of Mapman ontogenic categories for candidate genes
238  associated with the well-watered treatment compared to those associated with water stress. A
239  slightly larger proportion of candidate genes identified under water stress were associated with
240  developmental processes while a larger proportion of candidate genes identified under well-

241  watered conditions were associated with stress responses.

242  The Variant Effect Predictor tool was used to assess the likelihood of the significant SNPs being
243  the causal SNP for mutation in the gene model (McLaren et al., 2016). In well-watered
244  conditions and water stress, approximately 35% and 22% of variants, respectively, generated
245 missense or 5° UTR variants, which are likely to affect protein function or transcriptional
246  regulation (Figure 3). Significant SNPs resulting in missense mutations were over three times as
247  prevalent in candidate genes associated with well-watered conditions (26.7% of all variants)
248  compared to water stress (7.7% of all variants). In both watering regimes, approximately 17% of
249  the SNPs resulted in synonymous mutations likely having no effect on protein function.

250  Nonsense mutations resulting in a premature stop codon were extremely rare.

251  We found 13 significant SNPs associated with six candidate genes co-localized in both watering
252 regimes (Figure 2, Supplemental Table S4). Several of these candidate genes also co-localized in
253  more than one metaxylem phene either by association with a single co-localized SNP or because
254  multiple SNPs residing near the gene were detected. Of these candidate genes, only one was
255  annotated. This gene was Zm00001d018394, DNA-binding protein phosphatase 2C (DBPTF2),
256  and contained four SNPs significantly associated with median root metaxylem vessel area in
257  both water treatments. The other five genes are not annotated, but their functional annotation
258 may be inferred according to its homology with genes characterized in Arabidopsis (Figure 2,
259  Supplemental Table S4). The gene Zm00001d028486 encodes a chemocyanin and contains two
260  SNPs associated with median and maximum root metaxylem vessel areas in both treatments and
261  volumetric flow rate under water stress. Zm00001d031332 encodes a heat shock protein and

262  contains four SNPs associated with median and maximum root metaxylem vessel areas under
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263  well-watered and water stress conditions. Two SNPs nearby Zm00001d038573, a ubiquitin
264  domain containing 1, and Zm00001d038754, an endoplasmic reticulum lumen protein retaining
265 receptor, were associated with maximum and median root metaxylem vessel area in both
266  treatments. Finally, the gene Zm00001d045954 encodes a RNA binding protein that contains one

267  SNP significantly associated with maximum root metaxylem vessel area in both treatments.
268  Gene Co-expression Network of root tissues

269  To identify groups of genes with a high likelihood of regulating root xylem phenotypes, the
270 WGCNA package (Langfelder and Horvath, 2008) was used to discover gene co-expression
271  relationship networks among expressed genes in 19 root tissues (Stelpflug et al., 2016) (Figure
272 4). Using a signed network analysis, 39 modules of co-expressed genes were identified, each one
273 labeled as a color (Figure 4A). The membership of each module ranged from 35
274  (“lavenderblush3”) to 5070 (“black™) genes. Of those, 14 modules had greater potential for being
275  associated with metaxylem phenotypes because of the significant correlation between the module
276  eigengene and root tissue samples relevant to xylem development (Figure 4B). Root tissues most
277  relevant to xylem development (-log(p) > 2) are the stele 3 days after sowing (DAS) (modules
278  “lightcyan”, “thistle2”, “yellowgreen”), the differentiation zone 3 DAS (“darkred”, “lightcyanl”,
279  “red”), the meristematic and elongation zone 3 DAS (“black”, “lightgreen”, “thistle1”), the
280  whole root system 3 DAS (“salmon4”), zone 1 of the primary root 7 DAS (“mediumpurple3”,
281  “orange”), and zone 2 of the primary root 7 DAS (“darkgreen”, “navajowhite2”). Gene ontology
282  (GO) analysis showed that several biological functions related to xylem development were over-
283  represented in the xylem-related modules (Figure 4C). Modules “black” and “lightgreen” were
284  most strongly associated with root morphology and anatomical development whereas module
285  “thistle2” was particularly associated with the cell wall and carbohydrate biosynthesis. GO terms
286  related to signaling were most strongly represented in modules “lightcyan”, “lightgreen” and
287  “yellowgreen”. While the “black” module was most strongly associated with stress responses,
288  six additional modules were shown to be associated with stress responses as well. No GO terms

289  were over-represented by modules “lightcyan1”, “thistle]” and “salmon4” (not shown).

290  Of the 244 significant gene candidates identified in the GWAS, 103 reside in gene co-expression
291  modules relevant to xylem development — 57 under well-watered conditions and 50 under water

292  stress (Table 2). Topology metrics of each module’s network were used to infer the essentiality
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293  of each gene within the network (Supplemental Table S5). Hub genes (HUB), or those that were
294  most connected to the rest of the network, exhibit a high closeness centrality while bottleneck
295  genes (BN), those through which many connections are channeled, exhibit a high betweenness
296  centrality. A gene may be both a bottleneck and hub (BN/HUB). Within the network of each co-
297  expression module, genes in the 80th percentile and above of closeness centrality and
298  betweenness centrality were classified as hub and bottleneck genes, respectively (Supplemental
299  Figures S5). Of the GWAS candidate genes that reside in stele-related modules (“lightcyan”,
300  “thistle2”, “yellowgreen™), 3 hub genes, 1 bottleneck genes, and 3 bottleneck/hub genes were
301  identified (Figure 5). Only one of these genes is annotated: ferritin homolog2 (FER2;
302  Zm00001d023225), a hypothetical bottleneck/hub gene from “thistle2” associated with root

303  metaxylem vessel number under well-watered conditions (Figure 5)..
304  Comparative GWAS on metaxylem phenes between maize and rice

305 Because the development of metaxylem phenotypes in maize and rice is similar, we
306  hypothesized that these species have shared genetic control for metaxylem phenotypes. To test
307  this hypothesis, we compared the unique candidate genes from each maize and rice GWAS to
308 identify syntenic genes that were similarly significant in each analysis. We identified eight pairs
309  of syntenic genes in maize and rice that were significantly associated with metaxylem phenes in
310 a GWAS: six were related to maize grown under well-watered conditions and two were related
311  to maize grown under water stress (Figure 6A, Table 3). Five of these syntenic pairs were
312  similarly associated with size-related metaxylem phenes (maximum, median and total
313  metaxylem vessel areas; volumetric flow rate) or vessel number in both maize and rice. Some of
314  these genes may share similar functional roles since several metabolic pathways were
315 represented by at least two syntenic pairs. Two maize genes (Zm00001d008569,
316  Zm00001d046838) and their respective rice homologs (Os01g0134500, Os06g0334300) are
317 active in the brassinosteroid biosynthesis pathway and were each associated with metaxylem
318  size-related phenes under well-watered conditions (Table 3). Four of these syntenic gene pairs
319  are associated with drought responses. Zm00001d038999 encodes the maize protein drought-
320  induced 19 and was associated with maximum and median vessel area in maize under well-
321  watered conditions, while its rice homolog (Os05g0562200) was associated with metaxylem

322 vessel number in the indica rice subpopulation. Zm00001d048165 and its rice homolog
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323  0s03g0353400 encode the protein EARLY RESPONSIVE TO DEHYDRATION 15, which was
324 similarly associated with metaxylem vessel number in the full rice population and maize under
325 WS. However, there were no significant associations between the minor allele and root

326  metaxylem phenotypes observed in maize or rice for either of these genes.

327 A root-specific kinase 1, Zm00001d014243 and its rice homolog Os10g0395000, were similarly
328  associated with metaxylem size-related phenes under well-watered conditions: volumetric flow
329  rate in maize and median root metaxylem vessel area in the aus rice subpopulation (Figure 6). In
330 maize, individuals containing the minor allele exhibited on average a significantly lower
331  volumetric flow rate compared to the rest of the population (p < 0.001; Figure 6). Substitution
332  with this minor allele results in a missense mutation leading to a replacement of serine for
333  threonine. Because it was distant from the associated significant SNP in rice, phenotypic
334  differences were evaluated for various haplotypes of the gene candidate (Supplemental Figure
335 S6). There were significant differences (p < 0.001) in root metaxylem vessel area among
336  haplotypes where individuals with haplotype 4 contained the smallest root metaxylem vessel area
337 and those of haplotype 7 contained the largest (Figure 6). BLAST was used to collect highly
338  similar sequences of this gene in other species. This syntenic gene pair exhibited a high degree of
339  homology with root specific kinases and serine/threonine protein kinases of several other
340  monocotyledonous species (Figure 6). Root-specific kinase 1 also has several homologs in maize

341  and rice. No sequences of dicots were identified under these parameters.
342
343 Discussion

344  Since metaxylem anatomy has important implications for hydraulic function (Hacke and Sperry,
345  2001; Comas et al., 2013), the genetic architecture of root metaxylem phenotypes has important
346  implications for plant performance under drought. We identified several candidate loci
347  associated with root metaxylem phenes under well-watered and water stressed conditions by
348 integrating a GWAS conducted in maize with a root-specific gene co-expression network and by
349  performing a cross-species comparative GWAS with rice. We observed wide variation in root
350 metaxylem phenotypes in maize, and this variation is under distinct genetic control in optimal
351  and water-limited environments. We observed high heritability in root metaxylem phenes (Table

352 1). Broad-sense heritability observed was higher that previously reported values for root
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353  anatomical phenes (Kadam et al., 2017; Schneider et al., 2020a), but may be slightly conflated
354  given that these values were based on only 95 genotypes than were planted in each season.Mean
355  values of all metaxylem phenes apart from volumetric flow rate were unchanged in response to
356  drought stress (Figure 1), but responses to drought varied by genotype (Supplemental Figure S1).
357  There were few genetic loci associated with root metaxylem phenes that co-localized between
358  water regimes (Supplemental Table S4, Figure 2, Figure 6A), which suggests that drought
359 induces changes in vascular patterning distinctly different from the processes employed when
360 water i1s more readily available. Unexpectedly, three times as many non-synonymous
361  consequences created by minor allele substitutions were associated with root metaxylem phenes
362 in the well-watered treatment compared to water stress (Figure 3). Modifications in plant
363  function due to a missense minor allele substitution may be more impactful under water stress
364  because of the greater selection pressure acting on these alleles compared to well-watered
365 conditions. The mechanisms counteracting potential functional impairments due to missense
366  mutation are perhaps more robust under water stress (Balestrazzi et al., 2011), leading to reduced

367  prevalence of missense variants compared to non-stressed conditions.

368  Our GWAS results identified several candidate genes associated with root metaxylem phenes
369  under well-watered and water stress conditions, and these candidate genes likely serve functional
370  roles relevant to xylem development according to the gene co-expression network. GWAS has
371  been widely utilized as a tool to identify genes related to a particular phenotype, but it also
372  presents many challenges. First, GWAS identifies many genes of which a notable proportion are
373  false positives. Instead of relying solely on significance values associated with SNPs, we sought
374  candidate genes with strong and consistent associations with root metaxylem phenotypes in
375 maize across two field seasons and in a cross-species GWAS comparison with rice. Second,
376  phenotyping highly complex quantitative traits associated with small effect sizes remains a
377  challenge in GWAS (Ingvarsson and Street, 2011; Schneider et al., 2020a; Schneider et al.,
378  2020b), which in turn makes candidate gene selection difficult. Integrating GWAS with a gene
379  co-expression network enables candidate gene selection to be determined by network
380 relationships inferring gene essentiality and biological function in its respective module (Yu et
381 al., 2004; Yu et al., 2007; McDermott et al., 2009). Of the 103 candidate genes identified through
382  GWAS that belonged to gene co-expression modules associated with root tissues most relevant

383  to xylem development, we identified 7 bottleneck genes, 9 hub genes, and 17 bottleneck/hub
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384  genes (Figure 5, Supplemental Figure S5). We argue that these candidate genes that serve as hub
385 and/or bottleneck genes within a gene co-expression network merit greater attention for
386  validation in functional studies. Because these genes are more essential for maintaining gene-
387  gene interactions and signaling cascades, mutation of hub and bottleneck genes may have a
388  greater chance of inducing lethality. However, they also promise a higher likelihood of

389  producing substantial modification in phenotype and function.

390 Because of their contribution to xylem vessel wall development and reinforcement, genes
391 involved in cell wall processes are natural targets for further investigation. Three genes in xylem-
392  related co-expression modules are associated with cell wall-related processes and lignin
393  biosynthesis according to their Mapman annotation: alpha-L-arabinofuranosidase /beta-D-
394  xylosidase isoenzyme ARA-I (Zm00001d009060) associated with cell wall degradation,
395  pectinesterase (Zm00001d022567), and 4-coumarate--CoA ligase-like 4 (Zm00001d027519)
396  (Supplemental Table S3). Four additional candidate genes were proposed to be associated with
397  the biosynthesis and metabolism of cell-wall polysaccharides (Okekeogbu et al., 2019)
398  (Supplemental Table S3): a pectate lyase (Zm00001d015328), a chitin elicitor-binding protein
399  (Zm00001d027533), a protein disulfide isomerase (Zm00001d046399), and a glucan endo-1,3-f3-
400  glucosidase (Zm00001d047712). Interestingly, all candidate genes in this group were associated
401  with root metaxylem size-related phenes under water stress. Surprisingly, we did not find any
402  significant associations with cell wall-related genes that are well known to directly influence
403  xylem development. For instance, cellulose synthase 4 (CesA4), which contained a SNP with a
404  consistent effect on phenotype that was just below the p-threshold (-log(p) = 3.02), is a known
405  positive regulator of xylem differentiation in Arabidopsis (Taylor et al., 2003) and in turn is
406  regulated by VASCULAR-RELATED NAC DOMAIN7 (VND7) (Yamaguchi et al., 2011).
407  Much research has demonstrated that VND6 and VND7 are key regulators of xylem vessel
408  differentiation in Arabidopsis (Kubo et al., 2005; Yamaguchi et al., 2010a; Yamaguchi et al.,
409  2010b; Yamaguchi et al., 2011; Turco et al., 2019), but neither of these genes have yet been
410  characterized in maize. Maize homologs of VND6 — NAC10, NAC27, NAC46, NAC131 — and
411  VND7 — NAC62 and NAC92 — were co-expressed in the three modules strongly associated with
412  stele tissues 3 DAS (“lightcyan”, “thistle2”, “yellowgreen™), but none of these genes were

413  associated with significant SNPs detected in GWAS.
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414  Several gene candidates associated with phytohormone biosynthesis and signaling were
415  identified in our GWAS analyses. Brassinosteroid-deficient Arabidopsis mutants were severely
416  dwarfed, exhibited impaired root elongation, and produced fewer xylem in leaf vascular bundles
417  (Szekeres et al., 1996; Choe et al., 1999a; Choe et al., 1999b). In our cross-species GWAS, two
418  additional gene candidates involved in brassinosteroid metabolism were associated with various
419  metaxylem vessel area-related phenes under WW in both maize and rice (Table 3). A(7)-sterol-
420  C(5)-desaturase (Zm00001d008569, Os01g0134500) is the rate-limiting step in brassinolide
421  biosynthesis and impairment of its activity is linked to defective longitudinal growth, irregularly
422  spaced vascular bundles, and reduced xylem vessel size and number (Choe et al., 1999b). An
423  additional gene syntenic pair (Zm00001d046838, Os06g0334300) encoding a putative receptor-
424 like kinase family protein sharing a high degree of homology to HERCULES1 (HERK1), which
425  is regulated by brassinosteroids and required for cell elongation (Guo et al., 2009a; Guo et al.,
426  2009b). The cross-species GWAS comparison also identified the syntenic gene pair for a
427  Dnal/heat shock protein 40 family protein (Zm00001d039000/0s05g0562300) that was
428  significantly associated with maximum and median metaxylem vessel areas under well-watered
429  conditions and metaxylem vessel number in the rice indica subpopulation. Interestingly, a
430 member of this family has been shown to mediate environmental stress responses via
431  brassinosteroid signaling — over-expression of the gene maintained proper cell elongation in the
432  inflorescence and roots in the presence of a brassinosteroid inhibitor (Bekh-Ochir et al., 2013). In
433  the maize GWAS, five additional genes with potential associations with hormone metabolism
434 and biosynthesis were 1identified (Supplemental Table S3). A flavonol synthase
435  (Zm00001d002100) and AP2/EREB transcription factor 209 (EREB209) are involved in
436  ethylene metabolism and were significantly associated with total root metaxylem vessel area and
437  volumetric flow rate, respectively, under water stress. Ethylene has been shown in Zinnia
438  elegans cultures to play a dual role by stimulating the rate of tracheary element differentiation
439  and controlling the stem cell pool size during secondary xylem formation (Pesquet and
440  Tuominen, 2011). Auxin response factor 29 (ARF29) and aux/IAA-transcription factor 22
441  (IAA22) were significantly associated with various root metaxylem vessel size related
442 phenotypes under water stress and well-watered conditions, respectively. Auxin is a key
443  regulator of nearly every plant developmental process including many aspects of vascular

444  development (Milhinhos and Miguel, 2013). Most recently, auxin application was found to
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445  repress transcription of NACs necessary for fiber and secondary cell wall development and
446  promote vessel-specific NACs in Populus stems (Johnsson et al., 2019). The function of these
447  gene candidates has been mostly characterized in shoots, but our results suggest they may also

448  contribute to variation in root metaxylem phenotypes.

449  Interestingly, the gene encoding a nodulin-like family protein (Zm00001d005082) contained 11
450  significant SNPs associated with maximum, median, and total metaxylem vessel areas and
451  volumetric flow rate under water stress and co-expressed with genes highly expressed in the root
452  meristematic/elongation zone 3 DAS (Supplemental Table S3). This nodulin lies within the
453  genomic region on chromosome 2 that was densely populated with SNPs strongly associated
454  with total root metaxylem vessel area under water stress and may also be a hub gene since its
455  closeness centrality was relatively high (Supplemental Figure S5). Another nodulin protein
456  (Zm00001d037160) contained one SNP strongly associated with metaxylem vessel number and
457  co-expressed with genes highly expressed in the stele 3 DAS (Supplemental Table S3). Nodulins
458 are not specific to legumes since homologs of nodulins have been found in several non-
459  nodulating species (Denancé et al., 2014). In non-nodulating species, nodulin-like proteins are
460  transmembrane proteins shown to transport a wide range of compounds and one has been shown
461  to enhance root hair elongation in rice (Huang et al., 2013). Zm00001d005082 belongs to a
462  nodulin-like protein subfamily whose transport specificity has yet to be characterized in plants
463  (Denancé et al., 2014). Our results suggest a potential novel role for nodulin and nodulin-like

464  proteins, which merits further investigation.

465  Though rice root metaxylem were not phenotyped under drought stress, we identified several
466  shared genetic loci that were directly or indirectly associated with drought responses. One
467  syntenic gene pair (Zm00001d048165/0s05g0562200) encodes the protein drought-induced 19
468  (Table 3), which is a transcriptional activator whose downregulation mutant resulted in longer
469  root systems and enhanced tolerance to drought and high salinity stress in Arabidopsis (Qin et
470  al., 2014). Interestingly, drought-induced 19 potentially interacts with ERD15 (Qin et al., 2014),
471  which was detected as another syntenic gene pair in the cross-species GWAS comparison.
472  ERDI15 (Zm00001d048165/0s03g0353400), is rapidly activated under drought stress and is a
473  negative regulator of ABA (Kariola et al., 2006). ERD15 was also found to mediate osmotic

474  stress-induced programmed cell death in soybean (Glycine max) protoplasts (Alves et al., 2011).
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475  Programmed cell death elicits xylem proliferation, so it is particularly intriguing that ERD15 is
476  associated with metaxylem vessel number in both maize and rice. Similarly, the activity of root
477  specific kinase 1 (Zm00001d014243/0s10g0395000), which was associated with volumetric
478  flow rate under well-watered conditions in maize and median vessel area in the aus rice
479  subpopulation (Table 3), is induced by dehydration and salt (Hwang and Goodman, 1995). The
480  maize GWAS also detected Zm00001d047710, a hypothetical gene of unknown function likely
481  involved in ABA synthesis and degradation, that was associated with total root metaxylem vessel
482  area under water stress (Supplemental Table S3). Though, it is surprising that more candidate
483  genes involved in ABA metabolism were not detected in the GWAS. ABA has only recently
484  been causally linked to induce changes in vascular development (Ramachandran et al., 2018) and
485  crosstalk with other phytohormones creates complex interactions. More research is needed to

486  investigate these relationships further.

487  Our findings suggest broadly that many genes influence root metaxylem phenotypes . In the
488  classic paradigm, many of the candidate genes proposed here may be validated with the use of
489  knockout or over-expression mutants to help elucidate the activity of these individual genes
490 relative to root metaxylem phenotypes and subsequent performance outcomes under drought.
491  However, while that strategy will certainly aid our fundamental understanding of vascular
492  development in a crop species, it may not ultimately be helpful for producers. Our results
493  indicate that identifying genetic loci advantageous in all environments may be difficult given the
494  low degree of overlap between watering regimes (Supplemental Table S4). Moving forward, it
495  may be wiser to develop new germplasm with multiplexed mutations predicted to better adapt to
496  an unpredictable environment. Given that many root phenotypes are influenced by many genes
497  with small effects (Schneider et al., 2020a; Schneider et al., 2020b) despite being highly heritable
498 (Table 1), stacking multiple mutations may elicit more substantial phenotypic differences.
499  Alternatively, we could assess the activity of our candidate genes in genotypes previously
500 demonstrated to be more drought tolerant. Furthermore, given our limited overlap between
501  species, a gene with demonstrated utility in one plant species may not prove to be equally as
502  beneficial in another. Several homologs of  root-specific kinase 1
503  (Zm00001d014243/0s10g0395000) with high sequence similarity were identified in other
504  monocotyledonous species, but none were identified in a dicot (Figure 6). This suggests that the

505  structure and activity of root-specific kinase 1 may have evolved to be unique to monocots and
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506 may not play a similar role in a dicotyledonous species. Therefore, we must expand our
507  understanding of the genetic mechanisms controlling vascular development into more model
508  systems. Vascular development specific to cereal crops has been largely overlooked and must be
509  better characterized in order to produce novel maize lines with hydraulic systems designed to

510  safeguard yields under stress.

511 In this study, root metaxylem phenotypes were observed in a panel of diverse maize lines
512 exposed to optimal and water-limited conditions. Substantial variation was observed for all
513  phenes measured in well-watered and water stressed conditions and these phenotypes were
514  heritable. In a GWAS, a substantial number of gene models contained SNPs significantly
515  associated with root metaxylem phenotypes under well-watered and water stress conditions. Few
516  genes co-localized in both treatments, indicating that the genetic mechanisms underlying root
517  metaxylem phenotypes are dependent on the environment. Integrating the GWAS results with a
518  root-specific gene co-expression network facilitated prioritization of candidate genes. We argue
519 that genes considered to be more essential in the network should be prioritized for validation.
520 Using a cross-species GWAS comparison, we found shared genetic architecture in root
521  metaxylem phenotypes, indicating that select genes may have conserved roles amongst species.
522 Identifying genes that regulate root metaxylem phenotypes will deepen our understanding of
523  plant vascular development, particularly in response to the environment, and provide novel

524  targets for plant breeders to develop cereal varieties best suited to water-limited environments.
525  Materials and Methods
526  Plant Materials, Field Conditions and Experimental Design

527  The root phenotypes of 180 and 412 maize (Zea mays) genotypes from the Wisconsin Diversity
528  Panel (Hansey et al., 2011; Hirsch et al., 2014) were evaluated in the field in 2015 and 2016,
529  respectively, under well-watered and water stressed conditions (Supplemental Table S1). The
530  Wisconsin Diversity Panel is a large collection of inbred maize lines of similar vigor
531  representing the genetic diversity of North American temperate maize. A subset of 95 genotypes
532 were grown in both 2015 and 2016. All experiments were conducted at the Apache Root Biology
533  Center (ARBC) located near Willcox, AZ, USA (32° 29 099 N, 109° 419 3099 W). Field trials
534  were conducted in a Grab loam soil (coarse-loamy, mixed, thermic Typic Torrifluvent) from

535  May through October in 2015 and 2016. Each genotype was planted in a single-row plot of 20
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536  individuals per plot with 23 cm spacing between individuals. Rows were spaced 75 cm apart
537 (5.74 plants m™). Two replications of the WiDiv were grown in each treatment in a randomized
538  complete block design. Experiments were irrigated using a center pivot irrigation system. Well-
539  watered and water stress treatments were induced in separate blocks. The water stress treatment
540  was induced four weeks after planting by withholding 50% of the water needed to sustain
541  adequate growth in the well-watered blocks. The severity of water stress was monitored over the
542  course of the season using PR2 multi-depth soil moisture probes (Dynamax, Houston, TX,
543  USA). Fertilizer and lime application were adjusted according to soil test results in order to meet

544 the nutritional demands for maize production. Pest and pathogen control were applied as needed.
545  Field phenotypic data

546  Maize root metaxylem phenotypes were evaluated using the shovelomics method (Trachsel et al.,
547  2010) coupled with laser ablation tomography (LAT) (Hall et al., 2019; Strock et al., 2019). To
548  summarize, the root crown of one representative maize plant was excavated from each plot just
549  prior to anthesis in a soil monolith using a standard spade approximately 30 cm wide and deep
550  and washed to remove the remaining soil. Samples to assess the root anatomy were collected by
551  excising two segments from the fourth whorl nodal root 5 to 8 cm from the base of the root. The
552 samples were preserved in 75% (v/v) ethanol in water and ablated using LAT. During LAT, the
553  root sample is placed on an imaging stage and moved into a 355 nm pulsed laser (Avia 7000) and
554  vaporized in the focal plane of a camera (Canon T3i with a MP-E 65mm micro lens) that
555  simultaneously captured an image of the cross-section. Metaxylem features were quantified in
556  each cross-section image using MIPAR software (Sosa et al., 2014). Two images were collected
557  from each root segment and averaged to assess the mean fourth nodal root metaxylem
558  phenotype. The theoretical volumetric flow rate was estimated based on the dimensions and
559  number of metaxylem vessels present in each image using the Exact equations (Berker, 1963;
560 Lewis and Boose, 1995), which estimates the volumetric movement of water through non-

561 circular conduits.

562  Broad-sense heritability and repeatability on an entry mean basis of each metaxylem phene was
563  estimated according to (Fehr, 1991). Marker-based heritability was calculated using the
564  ‘heritability’ v.1.3 R package (Kruijer, 2019).

565  Assembly of a root gene co-expression network
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566  Co-expression analysis and module identification were conducted on a publicly available RNA-
567  Seq dataset collected on 19 samples comprising multiple tissues and timepoints (Supplemental
568  Table S6) (Stelpflug et al., 2016) using the WGCNA R package (Langfelder and Horvath, 2008).
569  Genes with an FPKM < 1 for all samples were omitted from the WGCNA analysis. Parameters
570  were adjusted so that the soft threshold was selected to produce a >90% model fit. Additionally,
571  a minimum module size was 30 and the branch cut height was set to 0.8. Modules with a high
572 likelihood to be related to xylem development were designated as those displaying high average
573  gene expression in the stele (Stele_3d), differentiation zone (DifferentiationZone_3d),
574  meristematic/elongation zone (Mz.Ez_3d), whole root system (WholeRootSystem_3d) 3 days
575 after sowing (DAS), and zones 1 and 2 of the primary root 7 DAS (TapRoot_Z1_7d,
576  TapRoot_Z2_7d). Gene ontology (GO) enrichment was conducted on each xylem-related
577  module using AgriGO (Du et al.,, 2010) to correlate possible biological roles with xylem
578  development.

579  Network topology metrics were calculated to infer the relationship between each gene and the
580  rest of the network. For each gene, closeness centrality, i.e. the inverse of the average shortest
581  path between the gene of interest and all other nodes in the network, and betweenness centrality,
582  i.e. the number of shortest paths between all pairs of nodes in the network that pass through the
583  gene of interest, were calculated using ‘igraph’ (Csardi and Nepusz, 2006). Genes in the
584  uppermost quintile of closeness centrality and betweenness centrality were selected as hub and
585  bottleneck genes, respectively. Genes may be labeled as both a hub and bottleneck. Network

586 interactions were visualized using Cytoscape 3.8.0 (Lopes et al., 2010).
587  Genome-wide association analysis

588  GWAS was performed using the phenotypic values obtained from each season and treatment and
589  apanel of 899,784 SNPs assembled using RNA-Seq data from whole seedlings of each member
590  of the WiDiv (Mazaheri et al., 2019) implemented in the GAPIT package (Lipka et al., 2012) in
591  R. Single nucleotide polymorphisms (SNPs) with minor allele frequencies less than 0.01 were
592  discarded from the panel. Due to differences in taxa membership between each season, the
593  number of SNPs included in each GWAS differed: 578,279 in 2015 and 574,175 in 2016. The
594  first three principal components were used as covariates to control for population structure. The

595 minor allele effects associated with SNPs observed in the 2016 GWAS were tested using the
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596 2015 GWAS to identify SNPs with consistent minor allele effects in both seasons. The
597  significance threshold was selected using a linear model that predicts a significant p-threshold
598  according to the marker-based heritability (Kaler and Purcell, 2019). Using the mean marker-
599  based heritability of all phenes (0.264), the p-threshold was predicted to be at -log(p) < 3.43. A
600  SNP that satisfied the p-threshold in 2016 and displayed consistent minor allele effects in both
601  seasons was designated as “significant.” Candidate genes corresponding to a significant SNP
602  were detected according to the AGPv4 reference sequence assembly (Jiao et al., 2017).
603  Annotation of candidate genes was obtained from MaizeGDB (Portwood et al., 2018).

604  Comparative GWAS between Maize and Rice

605 GWAS was conducted on rice metaxylem phenes grown under well-watered conditions in the
606  greenhouse (Reeger et al., unpublished). Rice root anatomy was evaluated on 336 rice (Oryza
607  sativa) accessions from the Rice Diversity Panel 1 (RDP1) (Zhao et al., 2011) grown in
608  greenhouses at University Park, PA (40°49° N, 77°52° W). Accessions represented all O. sativa
609  subpopulations: 52 aus, 67 indica, 11 aromatic, 74 temperate japonica, 80 tropical japonica, and
610 51 admixed accessions. Plants were grown in 10.5 L pots (21 cm x 40.6 cm, top diameter x
611  height, Nursery Supplies Inc., Chambersburg, PA, USA) filled with growth medium consisting
612 of 40% v/v medium size (0.3-0.5 mm) commercial grade sand (Quikrete Companies Inc.,
613  Harrisburg, PA, USA), 60% v/v horticultural vermiculite (Whittemore Companies Inc.,
614  Lawrence, MA, USA), and solid-phase buffered phosphorus (Al-P, prepared according to (Lynch
615 etal., 1990)) providing a constant availability of high (100 uM) phosphorus concentration in the
616  soil solution. Each pot was direct-seeded with three seeds, and after 7 days plants were thinned to
617  one per pot. Plants were irrigated once per day via drip irrigation with Yoshida nutrient solution
618  without phosphate (Yoshida et al., 1971), which was adjusted to pH 5.5-6.0 daily. At the 8th leaf
619  stage, root systems of each plant were excavated, washed with water, and preserved in 70% (v/v)
620 ethanol in water for later sampling. Preserved root tissue at 15 cm from the root apex of two
621 nodal roots was freehand sectioned under a dissection microscope (SMZ-U, Nikon, Tokyo,
622  Japan) at 4x magnification using Teflon-coated double-edged stainless steel blades (Electron
623  Microscopy Sciences, Hatfield, PA, USA). Images of the root cross-section were captured using
624  a Diaphot inverted light microscope (SMZ-U, Nikon, Tokyo, Japan) at 40x magnification
625 equipped with digital camera (NIKON DS-Fil, Tokyo, Japan). The two best images were
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626  selected to quantify root anatomy using the image analysis software Rice Root Analyzer
627  (Taeparsartsit 2013, unpublished) to measure the number of metaxylem vessels and RootScan
628  software (Burton et al., 2012) to measure metaxylem vessel area. Mean values of each root

629  anatomical phene for each genotype were calculated and used for all further analysis.

630 Using the 4.8 million SNPs from the Rice Reference Panel (RICE-RP) (Wang et al., 2018),
631  genome-wide associations were calculated for root anatomical traits in all individuals (ALL), as
632  well as within subpopulations (indica, IND; tropical-japonica, TRJ; temperate-japonica, TEJ;
633 aus, AUS). To avoid false-positives and reduce computational requirements per association, the
634  SNPs were divided into 6 non-orthogonal subsets by linkage-disequilibrium (r*) pruning using
635 the indep and indep_pairwise functions in plink1.9 (Chang et al., 2015). A linear mixed-model in
636  the gwas() function of the ‘rrBLUP’ package in R was used for all associations (Endelman,
637  2011). A minimum minor-allele frequency of 0.05 was used (min.MAF = 0.05) with at least 3
638  minor allele count, and variance components were calculated once (P3D = TRUE). Based on
639  previous methods (McCouch et al., 2016), no principle components were used for single
640  subpopulations, but three principle components were added for associations in ALL (n.PC = 3).
641  To identify genomic regions in the output, the following requirements were used: region had
642  greater than 3 SNPs with -log(p) > 4 that were within 200 kb of each other, region was
643  significant in at least 5 of 6 SNP subsets, and the most-significant SNP (MS-SNP) in the region
644  had -log(p) > 5. In total, 3636 candidate genes were detected in rice for median metaxylem area
645 and number of metaxylem vessels. Genes within these regions with their GO names were

646  retrieved using Bioconductor tools in R (Huber et al., 2015).

647  Maize and rice syntenic genes were identified using the EnsemblPlants database of homologs via
648  the biomaRt package in R (Huber et al., 2015), which utilizes a synteny method based on
649  orthology that was previously described (Schnable et al., 2009). Syntenic gene pairs most likely
650  associated with root metaxylem phenes were made up of genes with a significant association in
651  both maize (-log(p) > 3.43) and rice (-log(p) > 4) GWAS. Significant allelic effects on maize
652  root metaxylem phenotypes were determined using a two-sample t-test (o < 0.05). Because rice
653  candidate genes may be distant from the significant SNP associated with a root metaxylem
654  phene, haplotypes of each candidate gene were identified using a cluster analysis and their

655 metaxylem root phenotypes were compared. SNP genotypes across accessions, which included
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656  all nonsynonymous SNPs in the candidate gene as determined by the SNP-Seek database
657 (Mansueto et al., 2017), were clustered into similar groups using K-means clustering via the
658  ‘pheatmap’ v1.0.12 package in R (Kolde, 2015), where the number of clusters was determined
659 using the within sums of squares method. Significant differences in rice root metaxylem
660  phenotypes across haplotypes were determined using Kruskal-Wallis and pairwise Wilcoxon
661  multiple comparison tests (o < 0.05). Phylogenetic trees based on syntenic gene pairs were
662  constructed to infer the evolutionary history. Sequences of high similarity (megablast) to the
663  maize gene were identified using BLAST and their amino acid sequences were aligned using the
664  MUSCLE algorithm in MEGA X (Hall, 2013). All positions with less than 95% site coverage
665  were eliminated. A bootstrap consensus tree was constructed from 500 replications of Maximum
666  Likelihood trees in MEGA X (Hall, 2013) and edited in TreeGraph 2 (Stéver and Miiller, 2010).
667  The percentage of replicate trees in which the associated taxa clustered together is shown next to

668  the branches.
669  Data Analysis

670  All data analyses were performed in R version 4.0.0 (R Core Team, 2020) with graphical
671  illustration using ‘ggplot2’ (Wickham, 2016).

672  Supplemental Data
673  Supplemental Table S1. Genotypes of the Wisconsin Diversity Panel grown in 2015 and 2016.

674  Supplemental Table S2. Number of SNPs exhibiting consistent effects on root phenotypes in

675 each treatment across both seasons.

676  Supplemental Table S3. Significant SNPs and candidate genes identified via GWAS for
677  associated with all root metaxylem phenes under well-watered and water stress conditions.
678 MXAmax, maximum root metaxylem vessel area; MXAmed, median root metaxylem vessel
679 area; MXAtot, total root metaxylem vessel area; MXN, metaxylem vessel number; VFR,

680  volumetric flow rate.

681  Supplemental Table S4. Significant SNPs and candidate genes that were associated with root
682  metaxylem phenes in both well-watered (WW) and water stress (WS) conditions. MXAmax,
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683  maximum root metaxylem vessel area; MXAmed, median root metaxylem vessel area; MXAtot,

684  total root metaxylem vessel area; MXN, metaxylem vessel number; VFR, volumetric flow rate.

685  Supplemental Table S5. Statistics describing network topology and membership size for each co-

686  expression module strongly associated with root tissues relevant to root metaxylem development.

687  Supplemental Table S6. List of 19 root tissues used to build the root-specific gene co-expression

688  network.

689  Supplemental Figure S1. Correlations between mean values of each genotype under well-watered
690 (WW) and water stressed (WS) conditions for each metaxylem phene in 2015 (black) and 2016
691  (grey). The solid black or grey lines indicate the slope of the correlation. The solid blue line

692  indicates where x =y.

693  Supplemental Figure S2. Q-Q plots assessing the fitness of the model for GWAS of root

694  metaxylem phenes under well-watered (WW) and water stress (WS) conditions.

695  Supplemental Figure S3. General outline of the filtering steps used to identify SNPs with
696  consistent allelic effects in separate GWAS conducted with data collected in 2015 and 2015. (A)
697 A substantial proportion of the SNP panel was included in each GWAS. Binned scatterplots
698  showing (B) the full SNP panel and (C) the filtered set containing SNPs of consistent minor
699 allele effects. The gradation of the bin corresponds to the number of SNPs residing in the bin
700  where densely populated bins are light blue while more sparsely populated bins are dark blue.

701  Supplemental Figure S4. Mapman ontogenic categories for annotated gene models associated

702 with significant SNPs in well-watered and water stress conditions.

703  Supplemental Figure S5. Network topology metrics used to identify hub and bottleneck genes in
704  the pool of candidate genes identified via GWAS. Scatterplots showing closeness centrality
705  against betweenness centrality of each gene for the remaining gene co-expression modules most
706  strongly associated with root tissues relevant to metaxylem development. Modules
707  “navajowhite2” and “thistlel” did not contain any significant SNPs detected in the GWAS.
708  Colors correspond to bottleneck (BN, red), bottleneck/hub (BN/HUB, yellow), hub (HUB, blue),
709  and non-affiliated (None, grey) genes.
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Supplemental Figure S6. Haplotypes of rice genes encoding a root-specific kinase 1

(Os10g0395000).
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Table 1. Two-way ANOVA of root metaxylem phenes measured across two field seasons under

well-watered (WW) and water stress (WS) conditions, and broad-sense and marker-based
heritabilities calculated for each phene among 95 genotypes planted in each season.
Repeatability of each phene was calculated using all genotypes grown in each season. Bold
numbers in the two-way ANOVA indicate significant associations (p < 0.05).
Phene Two-Way ANOVA Broad- Marker- Repeatabilit | Repeatabilit
Descriptio Y Trt Year*Trt Sense based y 2015 y 2016
car r car 11 heritability | heritability (180 genos) | (412 genos)
n F p F p F p (95 genos) | (95 genos) £ £

Maximum

individual 3.19 | 0.074 0.07
metaxylem | 8077 | 0.00456 | o397 | Y 0.625 0.327 0.652 0.67
vessel area

(mm?2)

Median
individual 1.23 1.236 | 0.26
metaxylem | 5769 | 00165 | "7 | 0267 | p 0.805 0.361 0.668 0.662
vessel area

(mm?2)

Total
metaxylem 0.000 0.976 0.23 0.627 0.238 | 0.62 0.646 0.133 0.602 0.466
vessel area 9 7 6 5

(mm?2)
Metaxylem

vessel | 8.661 | 0.00332 0'259 0.442 0'5690 0';4 0.672 0.251 0.827 0.502
number
Volumetric

flow rate 11"‘31 0.000794 4';” 0'0935 4";10 0’23 0.72 0.249 0.8 0.527
(mm3/s)
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726  Table 2. Number of significant SNPs and candidate genes detected in the maize GWAS and the
727  number of candidate genes found in one of 14 gene co-expression modules associated with root

728  tissues most relevant to xylem development.

Number of
Number of | Gene Models | Number of Genes in
Phene Treatment | Significant | within Skb of | Xylem-Related Co-
SNPs significant expression Modules
SNP
Maximum WW 43 26 18
root
metaxylem WS 53 e 19
vessel area
Median root WW 70 44 13
metaxylem
vessel area WS 60 29 21
Total root wWWwW 21 20 8
metaxylem
vessel area WS 59 35 11
Metaxylem WW 51 29 16
vessel number WS 29 2 9
Volumetric WW 29 22 10
flow rate WS 39 2 5
WW 181 124 57
Total WS 176 126 50
Total 351 244 103
729
730
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Table 3. Syntenic gene pairs that were strongly associated with root metaxylem phenes in both

maize and rice.

Rice Rice
Maize Root Root Subpopulatio
Maize Gene Phene Rice Gene Phene n Description
MXAtot WW, 0s01g013450 | MXAme
Zm00001d008569 | VFR_WW 0 d IND Delta(7)-sterol-C5(6)-desaturase 1
0s09g057040 Ascorbate transporter,
Zm00001d011147 | MXAmax_WS 0 MXN ALL chloroplastic
0s10g039500 | MXAme
Zm00001d014243 | VFR_WW 0 d AUS root-specific kinase 1
Polyribonucleotide
0s02g061770 | MXAme nucleotidyltransferase 2,
Zm00001d017216 | MXAtot WW 0 d IND mitochondrial
MXAmax_WW, | 0s05g056220
Zm00001d038999 | MXAmed WW | 0 MXN IND drought-induced 19
MXAmax_WW, | 0s05g056230 HSP40/Dnal peptide-binding
Zm00001d039000 | MXAmed WW | 0 MXN IND protein
MXAmed_WW, | Os06g033430 | MXAme Putative receptor-like protein
Zm00001d046838 | MXAtot WW 0 d ALL kinase family protein
05032035340 EARLY RESPONSIVE TO
Zm00001d048165 | MXN_WS 0 MXN ALL DEHYDRATION 15 (ERDI15)
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735  Figure Legends

736  Figure 1. Wide variation exists in metaxylem phenes under well-watered and water stress
737  conditions in the field. (A) Violin plots show the distribution of each metaxylem phene under
738  well-watered (WW, blue) and water stress (WS, red) in each field season while the overlaid box
739  plots show the median bounded by the first and third quartile. Two-way ANOVA determined
740  statistical differences between treatments and growth seasons (Table 1). (B) Root cross-sectional
741  images collected via laser ablation tomography illustrate the range in each metaxylem

742 phenotype. White scale bars in the bottom left of each image are equal to 0.5 mm.

743 Figure 2. Manhattan plots of the results of the GWAS for (A) maximum metaxylem vessel area,
744  (B) median metaxylem vessel area , (C) total metaxylem vessel area, (D) metaxylem vessel
745  number and (E) volumetric flow rate in each watering regime in 2016 (grey). Results from the
746  well-watered studies are shown on the positive axis while the water stress is on the negative axis.
747  The dotted line indicates the significance threshold (-log(p) > 3.43). Dots colored blue and red
748  are significant SNPs with consistent allelic effects in the 2015 GWAS in the well-watered and
749  water-stressed treatments, respectively. Select genomic regions that shared significant SNPs in

750  both treatments have been highlighted in purple.

751  Figure 3. Predicted consequences of minor allele variants presented as a proportion of the total

752 number of significant SNPs in well-watered (WW) and water stressed (WS) conditions.

753  Figure 4. A gene co-expression network and significant correlation of modules. (A) Hierarchical
754 clustering dendrogram displaying 39 modules of co-expressed genes. (B) A heatmap showing the
755  significance of the correlation (-log(p)) between modules and various root tissues. (C) Inferred
756  biological function of modules most likely associated metaxylem development based on GO
757  analysis. Only GO terms most relevant to xylem development are displayed. No GO terms were

758  over-represented by modules “lightcyan1”, “salmon4”, and “thistle1”.

759  Figure 5. Gene co-expression subnetworks for modules associated with root stele 3 days after
760  sowing. These modules were “lightcyan” (A, D), “thistle2” (B, E) and “yellowgreen” (C, F).
761  Network visualizations (A, B, C) show all interactions within the subnetwork. Scatterplots (D, E,
762  F) show the calculated closeness centrality and betweenness centrality for candidate genes

763  determined by GWAS residing in the corresponding module. All bottleneck (BN),
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764  bottleneck/hub (BN/HUB) and hub (HUB) genes are shown in red, yellow, and blue,
765  respectively.

766  Figure 6. Comparative GWAS between maize and rice for metaxylem phenes identified a
767  syntenic gene pair encoding root-specific kinase 1 associated with root metaxylem phenotypes.
768  (A) Comparison of the results of three GWAS seeking genetic loci associated with root
769  metaxylem phenes in maize under well-watered (WW) and water-stressed (WS) conditions and
770 rice. (B) Manhattan plot of SNPs and their associated with the volumetric flow rate under WW
771  on maize chromosome 5 highlighting the candidate gene (Zm00001d014243) in red. (C)
772  Manhattan plot of SNPs associated with metaxylem vessel area on rice chromosome 10
773 highlighting the candidate gene (Os10g0395000) in red. (D) Significant differences in volumetric
774  flow rate in WW are associated with the minor allele (ALT, yellow) compared to the major allele
775  (REF, blue) determined by two-sample f-test (p < 0.001). (E) Significant differences in
776  metaxylem vessel area are associated with nine haplotypes of Os10g0395000 determined by
777  Kruskal-Wallis (p < 0.001). Haplotypes are disclosed in Supplemental Figure S6. (F)
778  Representative images maize root cross-sections captured via LAT illustrating visual phenotypic
779  differences in individuals that contained the minor (ALT) and major (REF) alleles. (G)
780  Representative images of rice root cross-sections collected by hand-sectioning illustrating visual
781  contrasts in metaxylem vessel area. (H) Phylogenetic tree of gene homologous to root-specific
782  kinase 1. The amino acid sequences of 28 proteins of high sequence similarity were aligned by
783  MUSCLE and the phylogenetic tree was constructed using MEGA version 10.1.8 and TreeGraph
784 2. Bootstrap values from 500 replicates were used to assess the robustness of the tree. The maize

785  and rice candidate genes identified in GWAS are labeled in bold.

786
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Figure 6. Comparative GWAS between maize and rice for metaxylem phenes identified a syntenic gene pair encoding root-
speeific kinase 1 associated with rool metaxylem phenotypes. (A) Comparison of the results of three GWAS secking
genetic loci associated with root metaxylem phenes in maize under well-watered (WW) and water-stressed (WS)
conditions and rice. (B) Manhattan plot of SNPs and their associated with the volumetric flow rate under WW on maize
chromosome 5 highlighting the candidate gene (Zm00001d014243) in red. (C) Manhattan plot of SNPs associated with
metaxylem vessel area on rice chromosome 10 highlighting the candidate gene (Os10g0395000) in red. {D) Significant
differences in volumetric flow rate in WW are associaled with the minor allele (ALT, yellow) compared to the major allele
(REF, blue) determined by two-sample t-test (p < 0.001). (E) Significant differences in metaxylem vessel area are
associated with nine haplotypes of Os10g0395000 determined by Kruskal-Wallis (p < 0.001). Haplotypes are disclosed in
Supplemental Figure S6. (F) Representative images maize rool cross-seclions caplured via LAT illustrating visual
phenotypic differences in individuals that contained the minor (ALT) and major (REF) alleles. (G) Representative images
of rice root cross-sections collected by hand-sectioning illustrating visual contrasts in metaxylem vessel area. (H)
Phylogenctic tree of gene homologous to root-specific kinase 1. The amino acid scquences of 28 proteins of high sequence
similarity were aligned by MUSCLE and the phylogenetic tree was constructed using MEGA version 10.1.8 and
TreeGraph 2. Bootstrap values from 500 replicates were used to assess the robustness of the tree. The maize and rice
candidate genes identified in GWAS are labeled in bold,
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