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Appropriate root system architecture (RSA) canimprove maize yields in
densely planted fields, but little is known about its genetic basis in maize.
Here we performed root phenotyping of 14,301 field-grown plants from

an association mapping panel to study the genetic architecture of maize
RSA. Agenome-wide association study identified 81 high-confidence
RSA-associated candidate genes and revealed that 28 (24.3%) of known
root-related genes were selected during maize domestication and
improvement. We found that modern maize breeding has selected for a
steeply angled root system. Favourable alleles related to steep root system
angle have continuously accumulated over the course of modern breeding,
and our data pinpoint the root-related genes that have been selected in
different breeding eras. We confirm that two auxin-related genes, ZmRSA3.1
and ZmRSA3.2, contribute to the regulation of root angle and depthin
maize. Our genome-wide identification of RSA-associated genes provides
new strategies and genetic resources for breeding maize suitable for
high-density planting.

Maize (Zea maysL.) is grown worldwide and serves as a major pillar of
global food security’. Breeding has contributed to about 50% of the
increase in maize yield over the past century? and breeders continue
to select new maize varieties that can tolerate high-density planting
systems, thereby increasing the yield per unit area’*. Reductions in
ear height, leaf angle, tassel branch number, tiller number and anthe-
sis-silking interval have all enabled maize adaptation to high-density
planting systems>*. Geneticimprovement of root system architecture
(RSA)isalsothought to contribute toincreased crop yields indensely

planted fields>®. High-density planting systems increase the competi-
tion between plants for nutrients and water, and aspects of RSAsuch as
deeprooting canimprove water and nitrogen use efficiency and reduce
root-to-root competition’’., Steeper maize root angles have alsobeen
foundin high-density planting systems®'°. Therefore, genetic modifi-
cations of root traits provide an opportunity for crop improvement.
Inrecent years, researchers have attempted toincrease crop yields
through genetic improvement of root architecture. Two rice genes,
Deeperrooting1(DROI) and Phosphorus-starvationtolerance1(PSTOLI),
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regulateroot architecture and increase grain yield under stress condi-
tions™*2. The Enhanced Gravitropism 2 (EGT2) gene of barley was cloned
and shown to regulate root growth angle in barley and wheat'. Many
maize genetic studies have been performed on aspects of RSA such as
root length, root number and root weight; fewer studies have focused
onroot angle and root depth, and most have involved only primary
quantitative trait locus mapping'*. Agenome-wide association study
(GWAS) of maizeroot traits, followed by functional validation, identified
two genes, ZmTIP1and ZmCIPK15, that control root angle'®”. However,
sofar, only two studies related to GWAS analysis of maize root architec-
ture have been conducted under field conditions™".

Root traits, like aboveground traits, have been selected during
the processes of domestication and improvement?2*, The extent of
root elongation has been shown to increase under N stress in maize,
whereas the number of tillers decreases under Nstress in teosinte, the
ancestor of maize*>?°, Compared with modern maize, teosinte shows
greater variation in root aerenchyma?. Maize landraces also show
greater variation in many root architectural traits, with the exception
of nodal root number and branching?. For instance, landraces have
larger xylem and stele areas, longer nodal roots, wider nodal systems
and more seminal roots, whereas teosintes are smaller but have more
nodal roots with greater branching®. Newly released maize varieties
were found to have deeper root systems than older varieties?®*. The
introduction of favourable chromosome segments from teosinte can
improve maize tolerance to flooding stress*’. Moreover, some genes
under selection during maize domestication have been reported to
participate in regulating aspects of root system development?*', For
instance, teosinte branched 1 (tb1) regulates the number of crown roots
and lateral roots?, and teosinte glume architecture 1 (tgal) regulates
the number of brace root whorls®. The mining of elite root haplotypes
during maize breeding can enhance tolerance to high planting densi-
tiesand increase the absorption of water and nutrients'®*?, Asuperior
haplotype with variantsinthe ZmTIP1 promoter region was associated
with increased root hair length and, thus, improved drought resist-
ance’®. Therefore, the identification of root-related genes selected
during maize domestication and improvement can be valuable for the
development of new varieties with improved root traits.

The molecular basis of root development hasbeen studied exten-
sively in Arabidopsis and rice. Plant hormone (for example, auxin and
cytokinin) signal transduction, hormone transport, multiple tran-
scription factors, external nutrient levels and biosynthetic pathway
genes all participate in root development®**, Unlike the root system
of Arabidopsis, the maize root system is complex and contains sev-
eral parts with structurally and functionally distinct characteristics.
Moreover, only a limited number of root developmental genes have
been characterized in maize®. For instance, RUMI encodes an Aux/IAA
proteinthatisacentral regulator of auxinsignalling, and rumI mutant
is defective in maize lateral root production from the primary root*°.
Hence, more studies are needed to fully characterize the molecular
events that regulate maize root development.

Inthis Article, we used an association mapping panel of 380 maize
inbred lines to study the genetic architecture of adult maize root traits
under field conditions. GWAS and root transcriptomic analyses revealed
multiple high-priority candidate genes. We used transgenic lines to
functionally validate the molecular mechanisms of two high-priority
candidate genes that regulate maize RSA. We also identified maize root
genes that have been under selection during domestication, improve-
mentand modernmaize breeding, and we identified favourable alleles.
Our results provide valuable insight into the regulation of root archi-
tecture in maize and other gramineous crops.

Results

RSA traits differ among subpopulations and breeding eras

We phenotyped rootarchitectural traits of 380 maize inbred linesinan
association panel across four environments (2 locations x 2 years) in

the field. Root system samples with a diameter of 40 cmand a depth of
30 cmwere excavated fromaround the stem of approximately 15,000
individual plants, and eight root traits were measured on each sample:
opening root angle (ROA), top root angle (RTA), bottom root angle
(RBA), median width of the root system (RMEW), maximum width of
theroot system (RMAW), root width after correction (ROIW), projected
root area (AREA) and area of the root convex hull (ACH) (Fig. 1a and
Supplementary Table 1). The best linear unbiased prediction (BLUP)
values for each trait across the four environments were estimated to
represent the root phenotype of each line. The eight root traits were
highly correlated (Supplementary Table 2, Extended Data Fig.1and
Supplementary Note). They were grouped into three categories by
principal component analysis (PCA) of the phenotypes: root angle
(ROA, RTA and RBA), root width (RMEW, RMAW and ROIW) and root
area (AREAand ACH) (Supplementary Fig. 1a,b, Extended Data Fig. 2
and Supplementary Note). Their broad-sense heritabilities ranged from
0.63 for AREA to 0.85 for RTA and were generally lower than those of
aboveground agronomic traits* (Supplementary Table 3).

Theinbredlines were divided into four subpopulations according
totheir geneticrelationships in the association population® (Methods).
Our phenotypic datashowed that the stiff stalk subpopulation (SS) had
asmaller root angle, width, and area than the non-stiff stalk (NSS),
tropical and subtropical (TST) and mixed subpopulations (P < 0.05;
Extended DataFig.3 and Supplementary Note). Therepresentative SS
lines were B73 and GEMS66, and the representative lines of the other
subpopulations were MO17, ZHENG58 and GEMS25. According to the
release year of the inbred lines, we divided the Chinese inbred lines of
this association panel into three subgroups* (Methods). Compared
with earlier inbred lines, the newly released inbred lines had steeper
root angles and narrower root widths (P < 0.05; Fig. 1b,c and Supple-
mentary Table 4). These results suggest that the root architecture of
maize may have become steeper and narrower during the modern
breeding process in China, and these root architecture features have
been proposed to promote water and nitrogen absorption in maize
and improve adaptability to high-density planting®*.

Identification and prioritization of RSA candidate genes
We used GWAS to explore the genetic basis of root architectural vari-
ationin the association panel, and weidentified 371single-nucleotide
polymorphisms (SNPs) associated with the eight root traits (Fig. 2a,
Supplementary Fig. 2, Supplementary Table 5 and Methods). The
proportions of phenotypic variance explained by these SNPs ranged
from4.1% to 11.2% with amedian value of 5.3%. By searching for candi-
date genes within 50 kb up- and downstream of the associated SNPs,
we identified 795 GWAS candidate genes (Supplementary Table 6).
These genes were involved mainly in molecular function pathways
such as anatomical structure morphogenesis, transport, response
to stimulus, signal transduction and cellular component organiza-
tion (Supplementary Fig. 3). Several known root-related genes (for
example, ZmIAA4 (GRMZM2G159285), ZmRTHI (GRMZM2G099056),
ZmAUX1(GRMZM2G127949),ZmIAA10 (ZmRSA3.1, GRMZM2G138268)
and ZmEXPAS (GRMZM2G361064)) were identified in our GWAS
results within 50 kb of associated SNPs (Fig. 2a and Supplementary
Table 7; Fisher’s exact test, P < 0.01). For instance, ZmRTHI (signifi-
cant SNP located within the gene) was significantly associated with
ROA (root angle category; P=3.85 x 10~°), RMEW (root width category;
P=17.61x107%) and ROIW (root width category; P=2.39 x107°) (Fig. 2b),
and its mutant displays a defective root hair phenotype in maize®.
ZmAUXI (2.85 kb fromthe closest significant SNP), which was associated
with RBA (root angle category; P=5.64 x107°) and RMAW (root width
category; P=9.82 x107), encodes an auxin transporter-like protein and
affects the geotropism of the maize root system*° (Fig. 2c).

To more efficiently identify high-priority candidate genes, a gene
co-expression network was constructed using root transcriptome
data. Eighty-one of the 795 GWAS candidate genes were selected on the
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Fig.1|Changes in RSA over the course of Chinese maize breeding. a, Variations
in RSA among association populations in the GWAS panel. b, Values of ROA,
RMEW and AREA in maize from different eras of Chinese breeding. In each

box, the lower and upper boundaries represent the 25th and 75th percentiles,
respectively. The middle horizontal line represents the median. The whiskers
represent1.5x the interquartile range. Different letters above the boxes indicate

significant differences at P < 0.05 (one-way analysis of variance followed by
Duncan’s multiple-comparison test). Nine inbred lines were released during
1960-1979 (CN1960&70s, n=9), 80 during 1980-1999 (CN1980&90s, nn = 80)
and 4 after 2000 (CN2000&10s, n = 4). ¢, Representative inbred lines produced
during different eras of Chinese maize breeding.

basis of their strong co-expression in the maize root and were defined
as high-priority candidate genes (Supplementary Fig. 4 and Supple-
mentary Table 8). The functions of these high-priority candidate genes
included anatomical structure morphogenesis, cell differentiation and
cell growth (Supplementary Fig. 5). Among the high-priority candi-
dategenes, four (ZmAUX1,ZmIAA4 (2.99 kb from the closest significant
SNP), ZmRSA3.1 (significant SNP located within the gene) and ZmRSA3.2
(GRMZM2G044055; 3.06 kb from the closest significant SNP)) have
previously beenreported to be related to root development*®** (Fisher’s
exacttest, P<0.01).

Selective sweeps during modern maize breeding in China

To detect the indirect selection of root-related genes during modern
maize breeding, we collected 172 maize improved inbred lines from a
previousstudy*. The inbred lines released in1960-1979,1980-1999 and
after 2000 were named CN1960&70s, CN1980&90s and CN2000&10s,
respectively. A cross-population composite likelihood ratio (XP-CLR)*
was used to detect putatively selected regions during modern Chi-
nese breeding (selection in maize improved lines from three differ-
ent breeding eras in China). The analysis of genome-wide selective
sweeps identified 3,793 genes (Fig. 3a,b and Supplementary Table
9), and we identified 3,322 and 2,540 genes that were selected during
domestication and improvement, respectively (Supplementary Fig. 6,
Supplementary Tables 10 and 11, and Methods). Eighty-one, 93 and 59
of our GWAS candidate genes were selected during modern Chinese
breeding, domestication and improvement, respectively (Fig.3a,b and
Supplementary Fig. 6). Furthermore, 71, 24 and 41 GWAS candidate
genes were selected during the three breeding eras of CN1980&90s ver-
sus CN1960&70s, CN2000&10s versus CN1960&70s, and CN2000&10s
versus CN1980&90s, respectively (Fig. 3a,c).

By analysing the whole-genome selection signals of three
modern breeding eras in China, we found that five, three and
seven known root-related genes were indirectly selected during
CN1980&90s versus CN1960&70s, CN2000&10s versus CN1960&70s,
and CN2000&10s versus CN1980&90s, respectively (Fig. 3b). For
example, the well-studied maize gene RTH1 (GRMZM2G099056)
was indirectly selected between CN1980&90s and CN1960&70s.
RTHI encodes a sec3 homologue and regulates root hair elonga-
tion by mediating the polar exocytosis of secretory vesicles®.
RUMI (GRMZM2G037368), which was indirectly selected between
CN2000&10s and CN1960&70s, encodes a 269-amino-acid
monocot-specific Aux/IAA protein thatis required for the initiation
of embryonic seminal roots and post-embryonic lateral roots from
primary roots of maize®.

To detect indirect selection on root-related genes during maize
domestication (from teosinte to maize landraces) and improvement
(from maize landraces to improved inbred lines)*®, we carried out
selective sweep detection using 68 teosintes, 55 maize landraces and
172 maize improved lines* (Methods). Genes related to shoot-borne
roots (brace and crown roots), which determine the skeleton of the
whole root system (Supplementary Table 12), were mainly indirectly
selected during the domestication process from teosinte to maize
landraces*®. During the process of improvement from maize landraces
to improved inbred lines*®, indirectly selected traits involved mainly
the seminal roots and lateral roots, and the functions of related genes
included response to external stimulus, cell communication, anatomi-
cal structure development and biosynthetic process (Supplementary
Table12). Interestingly, the root candidate gene ZmRSA3.2identified in
thisstudy wasalsoindirectly selected during the improvement process
(Supplementary Fig. 6b).
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Fig.2| GWAS identification of candidate genes for variation in maize root
traits. a, Manhattan plot of eight root traits analysed by GWAS. Several known
root-related genes were identified in our GWAS results within 50 kb of associated
SNPs (Fisher’s exact test, P < 0.01). The Pvalue was calculated in TASSEL 5.0
software using the CMLM model. b,c, GWAS identification of ZmRTHI and
ZmAUXI as candidate genes for RSA variation. Each set of plotsincludes a

partial Manhattan plot (top left), the candidate gene structure, an LD heat map
(bottom left) and the ROA values of different haplotypes (box plot). ZmRTHI was
co-located by ROA, ROIW and RMEW, and ZmAUX1 was co-located by RBA and

deletion insertion
(n=281) (n=62)

R? colour key
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RMAW. LD, linkage disequilibrium. d,e, ZmRSA3.1 and ZmRSA3.2 were identified
on the basis of GWAS and co-expression analysis. ZmRSA3.1 was co-located by
the ACH and RMEW, and ZmRSA3.2 was co-located by ROIW and RMAW. The
known root-related genes marked in Fig. 2a are included in Supplementary
Table7.Ineach box, the lower and upper boundaries represent the 25th and 75th
percentiles, respectively. The middle horizontal line represents the median. The
whiskers represent 1.5x the interquartile range. The Pvalues in the box plots are
derived from two-sided Student’s ¢-tests, and ‘n’ in b-e denotes the number of
inbred lines in each haplotype group.

Therole of favourable alleles during maize breeding

To study changes in favourable allele frequencies over the course of
modern breeding, we used SNPs that were significantly related to
root phenotypes in the GWAS. As modern breeding continued, newly
released inbred lines tended to have a greater number of favourable

alleles associated with steep root angle and narrow root width, espe-
ciallyinbred lines released after 2000 (CN1960&70s versus 2000&10s
and CN1980&90s versus 2000&10s, P < 0.05; Fig. 4a and Supplementary
Tables4and13). Furthermore, on the basis of inbred lines released in dif-
ferent breeding eras, we summarized the numbers of favourable alleles
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with different eras of Chinese breeding. The black number at the top left of each
Manhattan plot is the number of GWAS candidate genes selected during each
breedingera, and the red number is the number of GWAS candidate genes related
toroot development that have been functionally characterized. Inbred lines
released during1960-1979,1980-1999 and after 2000 were named CN1960&70s,
CN1980&90s and CN2000&10s, respectively.

inmatching hybridsidentified by GWAS (Supplementary Table 14). We
found that the total number of favourable alleles carried by hybrids also
increased significantly over the course of modern breeding (R*=0.38,
P=1.15x10"*;Fig. 4b). To further verify this phenomenon, we used can-
didate gene association analysis to determine the association between
root phenotype and polymorphic sites of known root-related genes
and high-priority candidate genes identified in this study (Methods).

As maize breeding advanced, more favourable alleles accumulated in
inbred lines and hybrids (Supplementary Fig. 7).

Tofurther examine the above resultsin detail, we used eight inbred
lines and four hybrids with different allele combinations at two newly
identified root-related genes (ZmRSA3.1and ZmRSA3.2) for compara-
tive analysis. On the basis of significant SNPs identified by GWAS,
ZmRSA3.1(C/T) and ZmRSA3.2 (A/T) could be divided into four allele
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Fig. 4| Therole of favourable alleles in the maize breeding process. a, The
number of favourable alleles related to steep root architecture in maize inbred
lines from different breeding eras: 1960&70s (n =9),1980&90s (n = 80) and
2000&10s (n=4).b, The number of favourable alleles corresponding to maize
hybrids (n = 27) selected from inbred lines in our association panel. The x axis
represents the release years of hybrids produced by crosses between inbred lines
inthe association panel. The y axis is the number of favourable alleles related to
steep root architecture identified by GWAS of eight root traits. Linear regression
was used for the analysis, and the coefficient of determination (R?) and the P
value of the resulting equation are provided. ¢, The ROA, ROIW and ACH of four
allele combinations corresponding to significant GWAS SNPs of ZmRSA3.1and
ZmRSA3.2. The alleles corresponding to these two candidate genes are C/T and
A/T, respectively. The T alleles is the favourable genotype at both loci. Four allele
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and ACH indicates the number of biologically independent samples. The ‘n’in
grainyield and biomass indicates the number of independent experiments.
Data are presented as mean + s.d. In the box plotsinaand ¢, the lower and
upper boundaries represent the 25th and 75th percentiles, respectively.

The middle horizontal line represents the median. The whiskers represent
1.5x the interquartile range. Different letters in a, cand e indicate significant
differences at P < 0.05 (one-way analysis of variance followed by Duncan’s
multiple-comparison test).
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combinations (CA, CT, TAand TT). Atbothloci, the T allelic variant was
associated with smaller root system angle, width and area (Fig. 4c).
From the eight parents, the four elite hybrids Yedan13 (YD13), Non-
gdal08 (ND108), Zhengdan958 (ZD958) and Xianyu335 (XY335) carried
CT/CT,CT/TA, TT/CTand TT/TT allele combinations, respectively (Fig.
4d). The numbers of favourable alleles (T) carried by the four hybrids
were thus 2, 2,3 and 4 (Fig. 4d). YD13,ND108, ZD958 and XY335 were
released in1989,1991,1996 and 2000, respectively. In contrast to the
older varieties (YD13 and ND108), the newly released varieties (ZD958
and XY335) had steeper and smaller root systems, which may have
made them more tolerant of high planting density (Fig. 4d). Quantita-
tive analysis of their crownroots showed that the ROA, ROIW and ACH
of ZD958 and XY335 were significantly reduced by 27.96% (P < 0.001),
38.01% (P < 0.001) and 45.36% (P < 0.01) relative to those of YD13 and
ND108 (Fig. 4e). Moreover, the grain yield and aboveground biomass
of ZD958 and XY335 were significantly higher by 23.99% (P < 0.001)
and16.62% (P < 0.001) relative to those of YD13 and ND108 (Fig. 4e and
Supplementary Table 15).

Functional validation of two RSA candidate genes

Two high-priority candidate genes, ZmRSA3.1 and ZmRSA3.2, were
selected for initial functional validation through the creation of over-
expression lines. ZmRSA3.1encodes amember of the AUX/IAA protein
family with271amino acids*®. ZmRSA3.2is agene with an unknown func-
tionin maize; its Arabidopsishomologue (AT3G25500.1) regulates actin
filament and microtubule dynamics, which affect cell shape®. Three
independent transformation lines were generated for each candidate
gene, and their root phenotypes were compared with that of the wild
type under field conditions. The ROA (root angle category) values of
the ZmRSA3.1and ZmRSA3.2 overexpression lines were lower than that
ofthe wild type by 11.5-28.7% and 11.6-25.2% (P < 0.001), respectively.
The root depths of the ZmRSA3.1 and ZmRSA3.2 overexpression lines
were greater than those of the wild type by 22.0-22.1% and 25.3-29.2%
(P<0.001), respectively (Fig. 5a,b, Supplementary Fig. 9 and Supple-
mentary Table16). There was no significant difference in shoot biomass
between wild-type and multiple overexpression lines (Supplementary
Fig. 9i,j). These results were consistent with a role for ZmRSA3.1 and
ZmRSA3.2in the control of root architecture.

We re-sequenced alleles of ZmRSA3.1 and ZmRSA3.2 across the
association panel, including the 5’ untranslated region (UTR), coding
sequence and 3’ UTR (Methods). Sequence alignments revealed a
24 bp insertion/deletion (indel) in the second exon of ZmRSA3.1 that
was highly associated with root angle and depth (P=6.63 x10™*) (Fig.
2d).Likewise, alargeindel (1,862 bp) inthe 3’ UTR region of ZmRSA3.2
was associated with root angle and depth (P = 4.47 x 107?) (Fig. 2e). We
foundthatinbredlines carrying haplotype1(Hapl_deletion; ZmRSA3.1
and ZmRSA3.2 deletion) showed smaller ROA values to those with
haplotype 2 (Hap2_insertion; ZmRSA3.1 and ZmRSA3.2 insertion)
(P=6.63x10"*and 4.47 x 107, respectively; Fig. 2d,e). The expression
levels of both ZmRSA3.1and ZmRSA3.2 were negatively correlated with
ROA (P=1.57 x107° and 3.27 x 1073, respectively; Supplementary Fig.
10a,b). Moreover, the favourable haplotype (Hap2) of ZmRSA3.1 and
ZmRSA3.2 has higher gene expression levels and a smaller ROA com-
pared with Hap1 (Supplementary Fig.10c,d). Collectively, these results
show that the twoindels of ZmRSA3.1and ZmRSA3.2 may be promising
functional sites for future root genetic improvement of maize.

Toexplore the physiological and molecular mechanisms by which
ZmRSA3.1and ZmRSA3.2 may influence root traits, we quantified the
IAA concentrations in crown root tips and performed transcriptomic
assays. Compared with the wild type, overexpression of ZmRSA3.1
and ZmRSA3.2 resulted in a significant increase in IAA concentration
by 36.3% (P=4.34 x10™*) and 63.9% (P=1.10 x107%), respectively (Fig.
5d). Subcellular localization of fusion proteins in maize protoplasts
demonstrated that 35S:ZmRSA3.1-GFP and 35S:ZmRSA3.2-GFP local-
ized mainly to the nucleus and plasma membrane, respectively (Fig.

5c and Supplementary Figs. 11 and 12). Protein—protein interaction
network analysis indicated that ZmRSA3.1 may interact with two
auxin response factors (ZmARF4 (GRMZM2G034840) and ZmARF29
(GRMZM2G086949)) and that ZmRSA3.2 may interact with ZmIAA38
(GRMZM2G035465). The predicted interacting proteins were then veri-
fied using ayeast two-hybrid assay (Fig. 5e). Transcriptome analysis of
differentially expressed genes (DEGs) showed that overexpression of
ZmRSA3.1and ZmRSA3.2 caused significant changesinthe expression of
hormone-related genesinvolved in response to hormones, auxin stimu-
lation, auxin-mediated pathways and nitrate transport (Supplementary
Figs.13and 14 and Supplementary Tables 17-22). There were 444 com-
mon DEGs between the two comparisons of OE-ZmRSA3.1 versus wild
type and OE-ZmRSA3.2 versus wild type (Fig. 5f). They included some
known root-related genes such as ZmARGOS8 (GRMZM2G354338),
ZmD3(GRMZM2G093195) and ZmD5 (GRMZM2G093603), which have
beenshownto regulate nodal root number via the auxin and gibberel-
linpathways*>' (Supplementary Tables 23 and 24 and Supplementary
Fig.15). These results suggest that the overexpression of ZmRSA3.1and
ZmRSA3.2 affects the maize auxin signalling pathway, which in turn
causes changesin auxin distribution in the crown root and ultimately
leads to changes in RSA (Supplementary Fig. 16d).

Discussion

Many studies have highlighted the potential benefits of steeper RSA
and have reported that a steeper RSAimproves crop stress resistance
and tolerance of high planting densities, thus contributing to sustain-
able crop production”®*>%, Root architecture has changed over the
course of domestication and improvement, especially under modern
high-density planting systems?-**?°, Nonetheless, there have been few
studies on the genetic basis of maize RSA and the genes responsible
for changesin RSA during maize domestication and breeding. Here we
document changes in the RSA of maize during the modern breeding
process and provide genetic evidence (Figs.1and 4a,b and Supplemen-
tary Fig. 7). GWAS and co-expression analysis were used to identify
high-priority candidate genes associated with root phenotypes of maize
(Fig. 2a and Supplementary Fig. 4). Moreover, the functions of the
two candidate genes inregulating maize RSA were investigated using
transgenic materials (Fig. 5a,b). Finally, we summarized and classified
the known genes that control maize root development on the basis of
their functions (Fig. 6).

Although many genetic studies of maize root traits have been
performed, very few genes that influence maize RSA have been clo
ned"'>7%* In this study, we sampled 14,301 root systems of adult,
field-grown maize plants from an association panel, and 371 SNPs
and 795 GWAS candidate genes were identified. These candidates
included some known root-related genes, such as ZmlAA4, ZmRTH]1,
ZmAUXI and ZmEXPAS, lending confidence to our GWAS results (Fig.
2a). Co-expression networks provide a powerful basis for prioritizing
candidate causal genes from GWAS loci”. Here we combined GWAS
datawith co-expression analysis to identify 81 high-priority candidate
genes (Supplementary Fig. 4), providing a wide range of high-quality
candidate genes for maize RSA traits. We also collected and summa-
rized all known root-related genes in maize whose functions affect
crown roots, seminal roots and lateral roots (Supplementary Table
12). Our work therefore provides a comprehensive summary of root
candidate genesin maize. Identifying favourable alleles of these genes
isaworthwhiletarget for future maize root geneticimprovement (Sup-
plementary Tables 14 and 15).

Inmodern maize production, increased planting density has made
animportant contribution to continuous improvements in grain yield”.
Compared with older maize hybrids, modern hybrids tend to show
higheryield performance under high planting densities (Supplemen-
tary Fig. 17). Over the course of maize breeding, RSA has also been
altered, and newly released hybrids tend to have longer total root
lengths and a greater proportion of root length in the deeper soil
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Fig. 5| Validation of two candidate genes associated with RSA. a,b, Root
architecture images (a) and statistics (b), showing the ROA and root depth
(DEPTH) of wild-type and ZmRSA3.1 and ZmRSA3.2 overexpression plants. To
obtain the entire maize root system, root excavation was performed at the
silking stage, and the excavation was stopped when the maize root system was
no longer visible to the naked eye. The ‘n’ indicates the number of biologically
independent samples. Bars represent mean + s.d. ¢, Subcellular localization
assays of ZmRSA3.1and ZmRSA3.2. Representative images are shown. Each
experiment was repeated four times independently with similar results. Scale
bars,10 um. d, The IAA concentrations of wild-type and ZmRSA3.1and ZmRSA3.2
overexpression plants. The ‘n’indicates the number of independent experiments.
Dataare presented as mean + s.d. e, Interactions between ZmRSA3.1and ZmARFs

(ZmARF4 and ZmARF29) and between ZmRSA3.2 and ZmIAA38 are indicated
by yeast two-hybrid assays. The coding sequences of ZmRSA3.1and ZmRSA3.2
were ligated into the pGBKT7 vector to generate the pGBKT7-ZmRSA3.1and
pGBKT7-ZmRSA3.2 bait vectors (BD-ZmRSA3.1and BD-ZmRSA3.2, respectively),
and the coding sequences of ZmARF4, ZmARF29 and ZmIAA38 were ligated
into the prey vector pGADT7 to generate pGADT7-ARF4, pGADT7-ARF29 and
pGADT7-1AA38 (AD-ARF4, AD-ARF29 and AD-IAA38, respectively). The vectors
pGBKT7p53/pGADT7-T and pGBKT7-Lam/pGADT7-T were used as the positive
and negative controls (Lamin-T and 53-T, respectively). f, Venn diagram of the
numbers of DEGs derived from root transcriptome analysis of wild-type and
ZmRSA3.1and ZmRSA3.2 overexpression plants. Pvalues of two-tailed Student’s
t-testsareindicatedinband d.

profile’®* (Supplementary Fig. 18). However, this change has not pre-
viously been documented inreleased inbred lines, nor has there been
genetic evidence to support it. In this study, we found that the root
system of inbred lines gradually narrowed over the course of mod-
ern maize breeding (Fig. 1b,c and Supplementary Table 4), and this is
consistent with previous published literature from China”. However,
this conclusion is inconsistent with the findings of York et al.*. Using
fifteen hybrids released by DuPont Pioneer between 1900 and 2000,
they found that the most recent material had ashallower root system®®.
The reasons for the inconsistency may be that, on the one hand, the
genetic background and breeding age of the materials used in differ-
ent studies are different, and, on the other hand, the environments
are different (for example, soil types and soil organic matter). On the
basis of GWAS identification of significant SNPs associated with RSA,
we found that favourable alleles (for steeper roots) have accumulated
inmodern inbred lines (Supplementary Table 14) and their resulting
hybrids (Fig. 4). Information on these favourable alleles can provide

important guidance for molecular-marker-assisted breeding (Sup-
plementary Fig. 8 and Supplementary Table 13). This result suggests
that, with the accumulation of favourable root alleles, newly released
hybrids may have steeper root architecture. Changesinroot architec-
ture may enable maize to thrive under high-density planting by enhanc-
ing water and nitrogen absorption and improving lodging resistance,
thereby increasing grainyield’”>**. Breeders have made improvements
inaboveground morphological traits that promote the adaptation of
maize to high-density planting systems; these include more upright
leaves, lower ear heights and so forth>**. These results suggest that,
while breeders were improving aboveground agronomic traits, root
traits may also have been indirectly selected during the process?® .
Previousresearch has shown that the RSA of maize hasundergone
significant changes over the course of domestication and improve-
ment’°?*, Forinstance, two known domestication genes (tb1 and tgal)
have been reported to regulate maize root system development®*.
Sofar, there has been no systematic identification and comparison of
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Fig. 6 | Genes that have been reported to affect the development of maize roots. For details on these genes, refer to Supplementary Table 7.

maize root genes selected during domestication and improvement.
In this study, whole-genome selection scans revealed that 28 (24.3%)
of known root genes were indirectly selected during the domestica-
tion and improvement of maize (Supplementary Table 12). By analys-
ing the whole-genome selection signals of three modern breeding
eras in China, we found that 13 (11.3%) known root-related genes were
indirectly selected during modern breeding eras (Fig. 3b). When we
performed Fisher’s exact test on the overlaps shown in Fig. 3b,c, we
did not obtain asignificant result (P> 0.05). This may be because these
data were not based on the candidate gene identification method of
co-expression with GWAS based onintervals. Instead, the method was

based on the XP-CLR values, where the top 20% of values, including
selected candidate genes, are precisely located. In the domestication
process, genesrelated to traits of shoot-borne roots (brace and crown
roots) were indirectly selected; these roots determine the skeleton of
therootsystem (Fig. 6 and Supplementary Table 12). The functions of
these selected genes included signal transduction and responses to
endogenous stimulus, external stimulus and abiotic stimulus (Sup-
plementary Table 12). For example, RTCL (AC149818.2_FG0O09) binds to
LOB domain (LBD) downstream promoters and acts as atranscription
factor to control shoot-borne root elongation early in development’®,
and BIGE1 (GRMZM2G148937) has been documented to regulate the
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number of seminal and shoot-borne roots in maize*. In the process
of maize improvement and modern maize breeding, genes related to
traits of seminal roots and lateral roots were indirectly selected (Sup-
plementary Table 12). For instance, LRP1 (GRMZM2G077752) actsasa
transcriptional activator in auxin signalling downstream of the Aux/
IAA gene RUMI, and our results thus suggest that LRPI functions in
maize root development via the RUM1-dependent auxin signalling
pathway®. Root genesindirectly selected during domestication could
be used for future genetic improvements such as lodging resistance.
The root genes indirectly selected during improvement and modern
breeding could be used to increase planting density and improve the
absorption of nutrients and water. These findings provide new insight
into changes in RSA during maize domestication and improvement.

Severalknownroot-related genes in maize have been cloned using
amutantapproach”, and theiridentities indicate that key elements of
auxin signal transduction play an important regulatory role in maize
root development. Forexample, Aux/IAA and LBD proteins contribute
to theinitiation of seed roots, shoot-borne roots and lateral roots™*",
RTCS and RTCL control the initiation and elongation of maize crown
roots; they encode plant-specific LBD transcription factors and are
both involved in the auxin signal transduction pathway®’. Increased
auxin in maize root tips causes the plant to allocate more carbohy-
dratesto theroots, thereby improving root growth®%, Here ZmRSA3.1
identified in this study encodes an Aux/IAA protein. Similar to genes
identified in previous studies®*®, the overexpression of ZmRSA3.1
increased the accumulation of auxin in root tips, thereby promoting
crown root elongation (Fig. 5a,b,d and Supplementary Fig. 9a-d). A
yeast two-hybrid assay showed that, asan Aux/IAA protein, ZmRSA3.1
couldinteract with the auxinresponse factorsZmARF4 and ZmARF29
(Fig. Se). The rice homologue of ZmRSA3.1, OsIAA30 (0s12g40890),
hasbeenreported to participate in auxin signalling and to control the
expression of genes required for lateral root initiationinrice**. Hence,
we speculate that, at high IAA concentrations, ZmRSA3.1 may bind to
theauxinreceptor SCF™ and be degraded through the ubiquitination
pathway. The released auxin response factors ZmARF4 and ZmARF29
may then promote maize crown root development by regulating the
transcription of auxin response genes.

Auxin playsacentralrolein plant growthand development®***, The
transportand signal transduction of auxin depend on actin organiza-
tion®, and the actin cytoskeleton is required for polarized cell growth
in plants®. For instance, the Arabidopsis gene AtFHI1 (AT3G25500),
aformin homology protein, has been reported to participate in the
signal transduction cascade that leads to re-arrangement of the actin
cytoskeleton®, and it may therefore regulate cell morphogenesis and
macroscopic organ development®. The rice gene OsFHI (0s01g67240)
hasbeenreportedto play asignificant role in root-hair elongation via
theregulation of actin-dependent transport®. In this study, we identi-
fied the high-priority candidate gene ZmRSA3.2, whichis ahomologue
of AtFHI and OsFH1. Overexpression of ZmRSA3.2 caused the accumula-
tion of auxininthe root tips and promoted elongation of the crownroot
(Fig. 5a,b,d and Supplementary Fig. 9e-h). Furthermore, ZmRSA3.2
interacted with the auxinresponse factor ZmARF38 (Fig. 5e), consistent
withaprevious study®®. Therefore, we speculate thatZmRSA3.2 may be
regulated by ZmARF38 and may in turn regulate the transport of auxin
inroot tips by mediating the re-arrangement of the actin cytoskeleton.
The numerous DEGs shared between the ZmRSA3.1and ZmRSA3.2 over-
expression lines suggest that ZmRSA3.1 and ZmRSA3.2 may regulate
maize root development through some common regulatory pathways,
suchasthe regulation of plant hormone levels (Fig. 5f, Supplementary
Fig.14 and Supplementary Tables 23 and 24). Inaddition, similar to pre-
viousreports of genes that affect root angle*’°, root gravitropism was
found tobe stronger after overexpression of ZmRSA3.1and ZmRSA3.2
(Supplementary Fig. 16a-c). These findings give new insight into the
molecular regulation of maize root system development and provide
new moleculartargets for maize breeding. Nonetheless, more extensive

research on the detailed molecular mechanism by which ZmRSA3.2
regulates maize crown root elongation will be required in the future.

Methods

Population materials and growth conditions

A maize (Zea mays L.) association panel of 380 genetically diverse
inbred lines was prepared, including tropical, subtropical and temper-
ate materials representing global maize diversity” (Supplementary
Table 25). We divided the inbred lines into three groups (CN1960&70s,
CN1980&90s and CN2000&10s) on the basis of their release year*
(Supplementary Table 4). In addition, these inbred lines can be
divided into four subgroups (SS, NSS, TST and mixed) according to
their genetic relationship® (Supplementary Table 25). The 380 maize
inbred lines were grown under field conditionsin 2015and 2016 at the
Shangzhuang Experimental Station of China Agricultural University
(40°06’ N, 116°11" E) in Beijing (location 1) and in 2015 and 2017 at the
Xinxiang Comprehensive Scientific Research Experimental Base of
the Henan Academy of Agricultural Sciences (35°11’ N, 113°80’ E) in
Henan Province (location 2). Each inbred line was planted in a single
rowatadensity of 100,000 plants ha™, and lines were replicated three
times in a randomized block design. The distance between rows was
50 cm, and theinter-plant distance was 20 cm. We applied 200 kg ha™
nitrogen (urea), 120 kg ha™ phosphate (P,0;) and 75 kg ha™ potassium
(K,S0,) eachyear.

Phenotyping of RSA

At the silking stage, three to five adjacent plants with similar above-
ground growth were selected from each replicate of each inbred line
forrootexcavation, for up to15root systems perinbred line. The overall
root architecture of maize is mainly determined by thick and hard
nodal roots, and this root skeleton is seldom changed by washing the
roots. On the basis of a previously described method, a soil cylinder
with a diameter of 40 cm and a depth of 30 cm was dug from around
the stem of each plant’. A standard shovel was used to perform the
root excavation. The excavated roots were gently shaken to remove
most of the attached soil. The roots were then soaked in soapy water,
and the remaining soil was removed using a washing apparatus with
adjustable water pressure. The root systems were then transferred to
astudiowithastablelight-emitting diode light, and two-dimensional
images were obtained with acamera (ILCE-5100, Sony). All root images
were stored inJPEG file format (Supplementary Fig. 19). Root system
architectural parameters were quantified from the images using Root
Estimator for Shovelomics Traits (REST, v1.0.1) and Digital Imaging of
Root Traits (DIRT)”>”, Eight root traits were derived from the images
(Supplementary Fig.1a and Supplementary Table 1).

Data organization and phenotype analysis

The BLUP for eachtraitinthe four environments (2 locations x 2 years)
was estimated with the ‘Ime4’ package in R-3.6.1 (ref. ”°) using the fol-
lowing mixed linear model:

BLUP = (1lrep%in%env) + (1lenv) + (1|gen) + (1lenv:gen) withgeno-
type (gen), environment (env), genotype x environment (env:gen) and
replications (rep) asrandom effects. The BLUP value of each inbred line
was used for basic statistical analysis of the phenotypes, correlation
analysis, cluster analysis and PCA. Correlation among the eight root
traits was estimated using Pearson correlations between pairs of traits
with the ‘cor’ functionin R. The formula used was:

_cov(X,Y)
XY T ToX x oY

where cov(X,Y) is the co-variance between two root traits, and X and
oYrepresentthe standard deviation (s.d.) of the two traits. The cluster
analysis of eight root traits was performed using the ‘hclust’ functionin
Rwiththe ‘ward’ method. The Euclidean distance between all pairs of
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root traits was calculated with the ‘dist’ functioninR, and the formula

used was:
P 2
dy = | 2 (i —Xp)
P=1

where i and; are traits selected from the eight root traits, and p is the
number of variables. The ‘principal’ functions of the ‘psych’R package
were used to perform PCA (R version R-3.6.1).

The broad-sense heritability (h%) was calculated using the follow-
ing formula:

2 2

0, o
R=c2/|02+-% +=
¢/\% n m

where ¢ is the genotypic variance, o2, is the interaction variance
between genotype and environment, ¢2is the residual variance, ris the
number of replications and n is the number of environments in

the study.

Genotyping and population genetic analyses

The genotypes of the 380 inbred lines in this study were obtained
from four different genotyping platforms: RNA sequencing®7¢,a 50K
array derived from the maize high-density array (600K) (ref. ”’), the
Illumina MaizeSNP50 Bead Chip”® and genotyping-by-sequencing
technology”. The genotypes from the four platforms were merged
after strict quality controls for each dataset, and 1.25 million SNPs with
minor allele frequency (MAF) > 5% were used for further analysis®’. The
physicallocations of the SNPs were based on the B73 RefGen_v2 genome
sequence (https://www.maizegdb.org/). The final merged genotype
set, population structure and kinship were obtained from the Maizego
website (http://www.maizego.org/Resources.html).

GWAS of root traits and candidate gene annotations
Genome-wide association analysis was performed in TASSEL (v5.2.50)
software using the compressed mixed linear mixed (CMLM) model with
1,253,814 SNP markers, population structure (Q) and relative kinship
matrix (K) files, and BLUP root phenotypic values®-**. The threshold
4.15 corresponded to a Bonferroni correction of 1/n, where n was the
number of independent markers determined by PLINK (v1.90) (ref. **)
(window size 200, step size 5, * = 0.05). Given the rigour of the mixed
linear model, and to balance false positives and false negatives, we
conservatively chose —log,,P = 4.0 asamoderate threshold for calling
significant associations. The GWAS results were visualized by Man-
hattan plots generated with the ‘CMplot’ R package (https://github.
com/YinLiLin/R-CMplot). On the basis of previous research®®, GWAS
candidate genes were obtained by searching for genes within 50 kb
up-and downstream of each unique, significantly associated SNP base
on the B73 RefGen_v2 maize genome sequence. For gene functional
annotation, the candidate genes identified from the association map-
ping analyses were submitted to MaizeGDB (https://www.maizegdb.
org/), National Center for Biotechnology Information (NCBI) (https://
www.ncbi.nlm.nih.gov/) and The Arabidopsis Information Resource
(TAIR; https://www.arabidopsis.org/) to search for the best match
gene annotations. To evaluate the association results of this study, 115
known genes underlying root-related traits are summarized from the
published literature and from functional annotations of their homolo-
gous genes (Supplementary Table 7).

Construction of a gene co-expression network for maize roots

Atotal of 35 maize inbred lines were randomly selected from the asso-
ciation paneland planted in the Shangzhuang Experimental Station at
China Agricultural University in the summer of 2019 (Supplementary
Table 26). Two to three plants from each line were selected at the silk-
ing stage, and two layers of brace roots below the soil surface were

collected and frozen in liquid nitrogen. Total RNA was extracted using
TRIzol reagent (Takara) according to the manufacturer’s instructions.
RNA concentration and purity were measured usingaNanoDrop 2000
instrument (Thermo Fisher Scientific). RNA integrity was assessed using
the RNA Nano 6000 Assay Kit and the Agilent Bioanalyzer 2100 system
(Agilent Technologies). Sequencing libraries were generated using the
NEBNext Ultra RNA Library Prep Kit for Illumina (NEB) following the
manufacturer’srecommendations. Paired-end, stranded libraries were
sequenced on an Illumina HiSeq 6000 system to obtain 150 bp reads.
Clean reads were deposited into the Sequence Read Archive (https://
www.ncbi.nlm.nih.gov/sra) under project number PRJNA694491.
HISAT2 (v2.1.0) (ref.®*) was used for sequence alignment, and StringTie
(v2.0) (ref.®) was used to assemble and quantify gene expression levels
as fragments per kilobase per million mapped fragments (FPKM) values
after the alignment analysis was completed. The raw FPKM table was
imported into Camoco (v.0.6.3) (ref.>), acomputational framework for
integrating significant GWAS loci with gene co-expression networks,
and passed through the quality control pipeline.

Co-expression network analysis

Camoco® was used to prioritize causal RSA-related genes in maize.
The GWAS locus information was derived from the genome-wide
association analysis, and density metrics were used to perform the
co-expression network analysis. The candidate window size was 50 kb,
and the maximum number of flanking genes was 2. The candidate
windows were calculated both upstream and downstream of the input
SNPs. Finally, ascore >0.1was used as afiltering parameter to generate
ahigh-priority candidate gene set. Cytoscape (v3.9.0) (ref. %) was used
tovisualize the network and the high-priority candidate gene set. The
Cytoscape plugin BINGO (v3.0.3) (ref. ¥) was used to calculate over-
represented Gene Ontology (GO) termsin the high-priority candidate
genes and display them as a network of significant GO terms.

Selective sweep detection for domestication and
improvement

A composite likelihood approach (XP-CLR) was used to scan for
genome-wide selective sweeps®. Sixty-eight teosintes*” were used
as a reference, and 55 maize landraces*” were used as a query to
identify potential domestication-related sweeps (teosinte versus
maize landraces) (Supplementary Table 27). To detect possible
improvement-related sweeps, 55 maize landraces were used as a ref-
erence, and 172 maize improved lines* were used as a query (maize
landraces versus maize improved lines) (Supplementary Table 27).
For detection of sweeps associated with the modern maize breeding
process, 172 improved maize inbred lines released in different breed-
ingeras were used. Whole-genome, high-throughput sequencing data
for teosinte, landraces and maize improved lines were downloaded
from the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra)
using BioProject numbers PRJNA616247 and PRJNA609577. The short
sequencing reads were mapped to the B73 reference genome using
BWA-MEM (v0.7.17-r1188) with default parameters®. Format conver-
sionand sorting of the mapping result were performed with SAMtools
(v1.7) (ref.*’). Bcftools (v1.8) (ref. °°) was used to call the raw variants,
merge all samples and filter variants with max-missing = 0.8. Selective
sweep analysis was performed with a step of 10 kb and a sliding win-
dow of 10 kb, and the top 20% of features were identified as putatively
selected features.

Obtaining aligned sequences of high-priority candidate genes
and knownroot-related genes

Contigs of high-priority candidate genes and known root-related
genes wereretrieved from a published genome article”. Each de novo
assembly was mapped to the maize B73 reference genome 4.0 (AGPv4)
using minimap2 (v2.17-r941) (ref. °*) with the parameters ‘-c -x asm5-B5
-04,16-no-long-join -r 85 -N 50 -s 65 -z 200-mask-level 0.9-min-occ
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200 -g 2500-score-N 2-cs’. The alignments were then filtered using
Quast (v5.0.2) (ref. *), which kept the best alignment for each contig to
minimize the variants. The filtered alignment results from Quast were
converted to AXT format using the custom script ‘coord2axt.sh’ and
converted to MAF format using ‘axtToMaf’ from the University of Cali-
fornia, Santa Cruz bioinformatics utilities (http://genome.ucsc.edu).
The multiple alignments based on AGPv4 regions and the consensus
sequences wereretrieved using the custom pipeline ‘PANZ_aln_extrac-
tor’.Ingeneral, to obtain multiple alignments based on AGPv4 regions,
we subsetted eachindividual’s MAF file according to the query AGPv4
region using maf_extract_ranges_indexed.py from bx-python. Each
individual’'s sequences were thenretrieved from the alignment blocks,
and multiple alignment was performed using sequences from allindi-
vidualsinthe association mapping panelasinputin MAFFT (v7.427) (ref.
**)with the options‘-op 4-ep O-retree 1’ to prevent gap opening within
previously aligned blocks in each MAF file. The consensus sequence
for eachindividual was thenacquired by retaining the most frequently
counted base for each individual.

Analysis of favourable alleles by GWAS

Significant SNP sets generated by GWAS, knownroot-related genes and
high-priority candidate genes identified from co-expression analysis
were used toinvestigate changesinthe frequency of favourable alleles
during Chinese maize breeding. The candidate association analysis
of known root-related genes and high-priority candidate genes was
performedin TASSEL (v5.2.50) using ageneral linear mixed model that
included population structure (Q) and BLUP root phenotypic value®"2,
Thealleletypesassociated with steeper root growth angle were deemed
tobethe favourablealleles. The numbers of favourable alleles carried
by Chinese hybrids selected from the inbred lines in our association
panel were calculated as the sum of the favourable alleles of the two
corresponding parents.

Root phenotypic and yield data of maize hybrids from
different breeding eras

Tofurtherinvestigate the changesin favourable alleles over the course
of maize breeding, we compared the total number of favourable
alleles from the two parents of maize hybrids from different breeding
eras. Four maize hybrids (Yedan13, Nongdal08, Zhengdan958 and
Xianyu335) representing different years were used as an example to
further verify the effects of favourable alleles on RSA, aboveground
biomass and grain yield. Root images of the four hybrids were obtained
fromour previous unpublished work. REST (v1.0.1) (ref.”*) was used for
quantitative analysis of RSA to obtain the values of the ROA, ROIW and
ACH.Thegrainyield and the aboveground biomass of the four hybrids
were obtained from a previous study®.

Construction of maize transgenic overexpression lines

To create the overexpression constructs, the coding sequences of
ZmRSA3.1 (GRMZM2G138268) and ZmRSA3.2 (GRMZM2G044055)
were amplified from the cDNA library of B73 and inserted into the
pBCXUN vector under the control of the maize Ubiquitin 1 promoter
(Ubi), forming the pUbi::ZmRSA3.1 and pUbi::ZmRSA3.2 vectors. The
two constructs were transformed into Agrobacterium tumefaciens
strain EHA105 by the freeze-thaw method and then into young maize
embryos ofinbred line B73_329 by Agrobacterium-mediated transfor-
mation”. All the overexpression lines were cultivated at the Center for
Crop Functional Genomics and Molecular Breeding of China Agricul-
tural University.

RSA phenotyping of transgenic overexpression lines under
field conditions

Inthe summer of2019 and 2020, transgene-negative plants (B73_329)
and three transgenic overexpression lines of each gene were planted at
adensity of 80,000 plants ha™ with three biological replicates at the

Shangzhuang Experimental Station of China Agricultural University
(Supplementary Table 16). The distance between rows was 50 cm,
and the inter-plant distance was 25 cm. The fertilization levels and
field management were consistent with those used during the root
phenotype survey of the GWAS panel. To obtain the entire maize root
system, root excavation was performed at the silking stage, and the
excavation was stopped when the maize root system was no longer
visible to the naked eye. REST (v1.0.1) (ref. ”*) and DIRT”® were used to
quantify ROA and the depth of the root skeleton (DEPTH). Plant height
and aboveground biomass were also measured at the silking stage.

Subcellularlocalization assay

The coding regions of ZmRSA3.1 and ZmRSA3.2 were amplified from
the complementary DNA library of inbred line B73 and cloned into the
pCAMBIA1302 vector, which contains a green fluorescent protein at
the C terminus. Therestriction endonuclease Ncol was used to digest
the pCAMBIA vector. The In-Fusion HD CloningKit (TaKaRa) was used
to clone ZmRSA3.1 and ZmRSA3.2 into the pCAMBIA1302 vector by
the In-Fusion reaction to generate pCAMBIA-ZmRSA3.1-mGFP5 and
pCAMBIA-ZmRSA3.2-mGFP5. The GFP fusion proteins were expressed
in maize mesophyll protoplasts under the control of the CaMV 35S
promoter, and images were collected with a Nikon C2-ER confocal
microscope (Nikon).Images of the empty vector control are provided
in Supplementary Figs. 11 and 12. Sequences of primers are listed in
Supplementary Table 28.

Yeast two-hybrid assay

Theyeast two-hybrid assays were performed using the yeast strain Y2H
Gold. The coding sequences of GRMZM2G138268_P01 (ZmRSA3.1),
GRMZM2G044055_P01 (ZmRSA3.2), GRMZM2G086949_P01
(ZmARF29), GRMZM2G034840_P02 (ZmARF4) and GRMZM2G035465_
P03 (ZmIAA38) were PCR amplified from the cDNA library of inbred
line B73. The coding sequences of ZmRSA3.1 and ZmRSA3.2 were
ligated into the pGBKT7 vector to generate pGBKT7-ZmRSA3.1 and
pGBKT7-ZmRSA3.2 as bait vectors (BD-ZmRSA3.1and BD-ZmRSA3.2,
respectively), and the coding sequences of ZmARF29, ZmARF4
and ZmIAA38 were ligated into the prey vector pGADT7 to gener-
ate pGADT7-ARF4, pGADT7-ARF29 and pGADT7-IAA38 (AD-ARF4,
AD-ARF29 and AD-IAA38, respectively). The pGBKT7-p53/pGADT7-T
and pGBKT7-Lam/pGADT7-T vectors were transferred to Y2H Gold
competent cells and used as the positive and negative controls
(53-T and Lamin-T, respectively). Interactions were determined
by co-transforming the prey and bait vectors into yeast Y2H Gold
and growing the yeast colonies on SD-His-Leu-Trp+X-a-Gal plates.
Sequences of primers are listed in Supplementary Table 28.

Quantification of IAA concentrations

Wild-type maize and the ZmRSA3.1 and ZmRSA3.2 overexpression
lines were planted under field conditions, and three plants of each
genotype were selected at the silking stage. The root tips of the first
layer of crown roots below the soil surface were sampled and ground
inliquid nitrogen. The root samples were then used for IAA quantifica-
tion and transcriptome sequencing. For IAA quantification, IAA was
extracted and purified as described previously®. IAA was quantified
onanultraperformance liquid chromatography system (Waters) with a
liquid chromatograph-tandem mass spectrometer coupled toa 6500
Q-Trap system (AB SCIEX) following a previously reported procedure”.

Analysis of DEGs between transgenic lines and wild type

Collection of root samples was carried out during the 2019 field trial to
identify the root phenotype of the overexpression lines. The root tips
of the first layer of crown roots below the soil surface were sampled
for transcriptome sequencing. Three biological replicates were used
for the wild-type and each overexpression line, and three plants from
eachbiological replicate were selected for root sampling and pooling.
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In total, nine libraries (three maize genotypes (WT, OE-ZmRSA3.1 and
OE-ZmRSA3.2) with three biological replicates per genotype) were
sequenced. The methods used for root transcriptome sequencing,
sequence alignment and transcript assembly were the same as those
described for the construction of the co-expression network above.
DEGs were identified with DESeq2 (ref. *®) using | (log,(fold change))| > 1
and a false discovery rate (Benjamini-Hochberg adjusted P-value)
<0.001. GO enrichment analysis of the DEGs was performed using
the R package topGO (https://bioconductor.org/packages/release/
bioc/html/topGO.html). The GO enrichment network was visualized
using Cytoscape (v3.9.0) (ref. *°). Clean reads were deposited into the
Sequence Read Archive under BioProject number PRJNA693427.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Datasupporting the findings of this work are available within the paper
and its Supplementary Information. The genotype set, population
structure and kinship data canbe downloaded from the Maizego web-
site (http://www.maizego.org/Resources.html). All root phenotype
dataforthe380inbred maizelinesareincludedin Supplementary Table
25. The RNA-sequencing reads used to construct the co-expression
network and theroot transcriptome sequencing reads were deposited
in the NCBI Sequence Read Archive (https://www.ncbi.nlm.nih.gov/)
under accession codes PRINA694491and PRJNA693427, respectively.
Source data are provided with this paper.

Code availability

Allscripts for GWAS, co-expression network analysis, selective sweep
detectionfor domestication andimprovement, and obtaining aligned
sequences of high-priority candidate genes and known root-related
genes (https://doi.org/10.5281/zenodo.7112683) are available on
Zenodo.
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Extended Data Fig.1| Pearson correlations among eight root traits. The red lines represent positive correlations, and the green lines represent negative
correlations. The line width represents the strength of the correlation. Yellow lines indicate that the correlation coefficient was close to zero.
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Extended Data Fig. 2| Principal component analysis of eight root traits. The red ellipse indicates the area-related traits; the yellow ellipse indicates the
width-related traits; and the green ellipse indicates the angle-related traits.
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Extended Data Fig. 3 | Cluster analysis of 380 maize inbred lines based onroot
traits. (a) Cluster analysis of 380 inbred lines based on ROA, RMEW, and AREA. (b)
Representative inbred lines from the three clusters (groups 1-3). (c) Comparison
of eight root traits among groups 1-3. (d) Comparison of eight root traits among

four subpopulations. (e) Proportion of lines from each of four subgroups in the
three cluster groups. The four subgroups (Mixed, SS, NSS, and TST) are based on
genetic relationships among the different inbred lines. Mixed, mixed group; SS,
stiff stalk group; NSS, non-stiff stalk group; TST, tropical and subtropical group.
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