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The maize root system has been reshaped by indirect selection during global
adaptation to new agricultural environments. In this study, we characterized
theroot systems of more than 9,000 global maize accessions and its wild

relatives, defining the geographical signature and genomic basis of variation

inseminal root number. We demonstrate that seminal root number has
increased during maize domestication followed by a decrease in response
to limited water availability in locally adapted varieties. By combining
environmental and phenotypic association analyses with linkage mapping,
we identified genes linking environmental variation and seminal root
number. Functional characterization of the transcription factor ZmHb77
andinsilico root modeling provides evidence that reshaping root system
architecture by reducing the number of seminal roots and promoting lateral
root density is beneficial for the resilience of maize seedlings to drought.

The spread of crops from their ancestral habitats and expansion of
cultivation was accompanied by substantial phenotypic changes,
driven by a combination of direct farmer selection and environmen-
taladaptation'. Maize (Zea mays ssp. mays) was initially domesticated
in southwest Mexico approximately 9,000 years ago from the wild
lowland teosinte Zea mays ssp. parviglumis, with subsequent admix-
ture with the highland teosinte Zea mays ssp. mexicana contributing
substantially to modern populations**. Following domestication from
Zea mays spp. parviglumis, maize spread to the highlands of Mexico

and South America* (Fig. 1a). Subsequent adaptation to temperate
climates allowed the expansion of maize from the tropics to diverse
environments around the globe**. Root system functionis instrumental
in colonizing new habitats’ and acquiring resources; in particular, water
and nutrientsin natural soils of different geographical origins®. During
domestication and diversification, the maize root system has become
more complex by acquiring the capacity to form seminal roots, afeature
largely absent in the maize progenitor teosinte®'. In maize seedlings,
the number of seminal roots determines the overall structure of the
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Fig.1|Maize evolutionary history resolves global organization of SRN.

a, Geographical variability of SRN in traditional varieties of maize (n = 2,424).
SRN was determined in globally collected traditional varieties of indicated
geographical origin. Domestication and expansion times* for maize populations
areindicated accordingly. The global map of average annual precipitation
between 1991 and 2020 is derived from NOAA’s Climate.gov (https://www.
climate.gov) and WorldClim prec 30 s (https://www.worldclim.org/data/
worldclim21.html#google_vignette). The map was produced inR (v.4.2.2) with
the packages ‘maps’ and ‘raster’. b, Seminal root differentiation across the genus
Zeaincluding teosinte (n=173), traditional varieties (n=4,868) and modern
inbred lines (n =4,049). Each dot indicates the average SRN of each investigated

|
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Traditional varieties Inbred lines
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accession. n =10 biologically independent seedlings per inbred lineand n=20
biologically independent seedlings per traditional variety. Boxes span from the
firstto the third quartile, lines represent the median and whiskers include data
within the 1.5x interquartile range of the lower and upper quartiles. Data points
outside of whiskers represent outliers. Significant differences among groups
areindicated by exact values (one-way ANOVA, Tukey’s HSD). ¢, Reconstruction
of root system architecture and initiation sites of seminal roots by non-invasive
magnetic resonance imaging (MRI) in natural soil. Teosinte, 1.A.12 (Ames 21793);
traditional varieties: Navajo tribe (P1311229), Guatemala 110 (P1490825); modern
inbred lines: C30 (Ames 26815), CML289 (Ames 32336).

root system and thereby the depth and soil volume that the roots can
explore' ", Seminal roots are formed endogenously in the embryo
between 22 and 40 days after pollination'*. They are beneficial for nitro-
genand phosphorus acquisition during maize seedling development®
and can persist and remain functional during the whole life cycle of
the maize plant’*. However, the question of how the maize root system
adaptedits form and function during domestication and global expan-
sionremains elusive. Understanding the genetic basis, environmental
drivers and the potential adaptive value of seminal root number (SRN)
variation to changing environmentsis essential to develop crops that
areresilient to future climatic challenges.

Results

Variation of SRN follows maize domestication

We investigated the environmental and genetic factors driving diver-
sity in SRN in the genus Zea. We quantified SRN in a set of >9,000

Zea accessions representing worldwide diversity across the major
maize-cultivating regionsin the Americas, Europe, Asia and Africa. Our
collectionincluded 173 wild teosinte accessions, 4,868 traditional varie-
ties (also known as landraces) and 4,049 modern inbred lines. Under
controlled conditions, maize varieties produced up to 11seminal roots
in traditional varieties (Supplementary Table 1) and up to 14 seminal
rootsinmoderninbred lines (Supplementary Table 2). Overall, maize
varieties formed on average 3.3 seminal roots, while teosinte acces-
sions (Fig.1b,c) did not produce any seminal roots in 23% of the acces-
sions (n=173) (Supplementary Fig. 1a and Supplementary Table 3).
Interestingly, although SRN was low across all teosinte accessions,
highland teosinte (Zea mays ssp. mexicana) produced significantly
more seminal roots than the lowland teosinte Zea mays spp. parvi-
glumis (Supplementary Fig. 1b). These data are consistent with the
previously advanced hypothesis that seminal root formation in Zea is
adomestication trait'*".

Nature Genetics


http://www.nature.com/naturegenetics
https://www.climate.gov
https://www.climate.gov
https://www.worldclim.org/data/worldclim21.html#google_vignette
https://www.worldclim.org/data/worldclim21.html#google_vignette

Article

https://doi.org/10.1038/s41588-024-01761-3

Observed
== Predicted

Latitude

-105

-95

Predicted

-logi,pP T

LOD

Longitude SRN Chromosome
€ MAGIC parents d e rtcs
5 30
© o
o B
@« ] g 5
O k2 = g 2
O«s 3 < 8
O«a 20 Effect
O«ks 1 -02 0 02
@ Gor © Mus @ Pat O Tab 15 ,ﬂ
O Jal ©Nal O Rev @ Zap 0 5 10 15 20

Fig.2| Geographical and genomic signatures of SRN variation in Mexico.

a, SRN decreases along a latitudinal gradient from south to north in Mexico.
White dots indicate the locations of sampled native maize traditional varieties.
Green saturation indicates increasing predicted SRN based on arandom
forest model. The marginal plot depicts the calculated means of observed

and predicted SRN over latitude. The map was produced in R (v.4.2.2) with the
packages ‘raster’ and ‘ggplot2’. b, Genomic loci of SRN variation. Miami plot
shows GWA of SNP predicted trait values above the x axis and with measured
traits from a MAGIC population below the axis. Alternating colors indicate the
ten maize chromosomes. Significant P values were controlled by a one-sided
F-test (null hypothesis). The rtcs gene was labeled accordingly. ¢, Source of
the eight founders of the MAGIC population. Shading on the map corresponds
to anancestry coefficient (K = 5) based on a broader genotyped panel. LOD,
logarithm of odds. MAGIC founder traditional variety abbreviations: Gor,
Gordo; Mus, Mushito; Pat, Palomero Toluqueno; Tab, Tablonicllo; Jal, Jala;

Chromosome 1 (Mb)

Nal, Nal Tel; Rev, Reventador; Zap, Zap Chico. The ancestry coefficients

were calculated using the ‘tess3r’ package and the map was produced using
packages ‘maps’ and ‘raster’ inR (v.4.2.2). d, Genome-wide effects in the MAGIC
population support alatitudinal dependency of SRN. Dots show predicted
SRN for each of the eight founder parents based on a genome-wide model
generated from the derived MAGIC families. Multiple points for each founder
indicate the result of dropping each chromosome in turn from the model.
Thetrend line and correlation are based on the complete model with alinear
fit of latitude on predicted SRN by two-sided statistics (null hypothesis) using
all ten chromosomes. The gray curve shows the frequency density of the whole
population with the vertical line at the mean. e, MAGIC founder allele effects
ina20 Mb window around rtcs. Polynomial fit of marker effects against source
latitude for the eight alleles segregating in the MAGIC population. The vertical
dashed line indicates the position of rtcs.

Recently,ithasbeen suggested that theincreaseinseed size during
domestication was a prerequisite for seminal root formation®. In our
study, SRN was only weakly correlated with seed size or the propor-
tion oftheembryotothe whole seed areaacross 2,429 moderninbred
lines (Supplementary Fig.2) and showed no relationship withembryo
volume in a panel of diverse US traditional varieties (Supplementary
Fig.3). Thus, it is likely that the formation of seminal roots is inde-
pendent of the process of seed selection during breeding. However,
we cannot rule out the possibility that other factors from the seed
may have an effect on the SRN. To further investigate the relationship
between seed traits and SRN, we evaluated an additional collection of
663 modern USinbred lines (Supplementary Table 4) and 975 globally
distributed traditional varieties (Supplementary Table 5). We found
that sweet corn, flour corn and popcorn varieties characterized by
specific carbohydrate compositions formed fewer seminal roots than
other varietiesin moderninbred lines (Supplementary Fig. 4a) or tra-
ditional varieties (Supplementary Fig. 4b). Analysis of near-isogenic
lines with mutants that alter the sugar composition of the endosperm
(sugaryl, shrunken2) demonstrated that seminal root formation is
independent of the amount of carbohydrates available during seed
development (Supplementary Fig. 5). Therefore, we reasoned that the
increase in SRN was part of domestication during the global expan-
sion of maize but was independent of seed traits in maize, which have
been strongly modified by human selection and breeding. It should be
noted that sowing depth might have a potential effect on the variation
of SRN because modern varieties are usually planted closer to the soil
surface than teosinte.

Geographical and genomic signals of seminal root variation

To determine whether and how SRN varies with the environment, we
applied machine learning to investigate the most important climatic
and soil factors associated with SRN across 1,484 georeferenced tra-
ditional varieties sourced from diverse climatic and soil conditions
(Supplementary Table 6). Traditional varieties that originated from
arid regions had fewer seminal roots than those of other origins (Sup-
plementaryFig. 6a). Usingrandom forest modeling, we found that mean
diurnaltemperaturerange (Pearson’sr=-0.36, P < 0.001), temperature
seasonality (Pearson’sr=-0.29, P < 0.001) and precipitation seasonality
(Pearson’sr=-0.07,P=0.010) were the best environmental predictors
of SRN followed by soil organic carbon (Pearson’sr=0.11, P < 0.001) and
sand content (Pearson’sr=-0.16, P < 0.001) (Supplementary Fig. 6b,c).
High meandiurnal temperature range and precipitation seasonality are
important meteorological indicators associated with extreme climates
such as deserts. Importantly, we further showed that paleoclimatic
levels of precipitationin the mid-Holocene (ca. 6,000 years ago) was a
significant predictor of SRN (Supplementary Fig. 6d; Pearson’sr= 0.30,
P<0.001), highlighting the importance of rainfall level in the evolu-
tionary patterns of the maize root system. To better understand the
relationship between SRN and the environment, we combined selected
environmental variablesinto asecond predictive random forest model.
Focusing specifically on Mexican maize, we identified a broad trend
of decreasing SRN with increasing latitude (Fig. 2a). We next used our
trained model to predict SRN for an additional panel of 1,781 previously
genotyped and georeferenced Mexican varieties’ (Fig. 2a). Using the
available genotypes and our predicted SRN values, we performed a
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genome-wide association study (GWAS; Fig. 2b), identifying genomic
locilinked to the combinations of environmental variables that them-
selves described SRN variation in our training set.

To phenotypically map SRN in Mexican maize, we generated and
evaluated an eight-parent Multi-parent Advanced Generation Inter-
Cross (MAGIC) population from founders that spanned the previously
observed latitudinal cline in SRN (Fig. 2c). Comparison of the results
of predicted trait GWAS and MAGIC mappingidentified several shared
genomic regions, including a locus on chromosome 1linked to the
previously described gene rootless concerning crown and seminal
roots™ (rtcs; Fig. 2b). The MAGIC population partially breaks down the
population structure that can confound studies of local adaptation.On
this basis, we used the MAGIC families to generate agenome-wide pre-
dictive model for SRN and then applied thismodel to the eight founder
haplotypes. Interestingly, our model recovered the latitudinal trend in
SRN that we have observed in our broader sampling (Fig. 2d). This result
was robust to the removal of any single chromosome from the model,
indicating that effects throughout the genome were contributing to
the clinal trend, consistent with persistent directional selection and
local adaptation. We examined the region of the genome around rtcs
more closely by modeling separate allele effects for each of the eight
founders, recovering evidence of an allelic series with effects ranging
from positive to negative following the founder source from south
to north (Fig. 2e). Thus, our ecological and genomic models suggest
SRN variation is probably shaped by indirect selection for adaptation
to new environments.

Northern Flint alleles drive seminal root differentiation

Previous population genetic analyses have described the expansion
of maize out of northwestern Mexico and its subsequent adaptation
to the dry environment of the southwestern US (Arizona and New
Mexico)"'®. In our study, accessions sampled from the southwestern
US had remarkably low SRNs (Fig. 3a). In fact, more than 57% (53 out
0f92) of southwestern US accessions completely lacked seminal roots
(Fig.3band Supplementary Table 7). Such seminal root defective phe-
notypes fromthe southwestern US were more drastic than those of the
investigated teosinte lines (Supplementary Fig.1a and Supplementary
Table 1). Interestingly, we observed such low SRNs exclusively in the
United States, Canada and some European countries (Supplementary
Table 1), which associates with a higher share of Northern Flint, agroup
derived from the US Southwest'* %, Using amaximum-likelihood esti-
mation, we evaluated the effect of the Northern Flint germplasm on SRN
across our sampling. We found that the proportion of alleles derived
from the Northern Flint germplasm negatively correlated with SRN
in both the US (Fig. 3c) and modern European inbred lines (Fig. 3d).

SRN was not significantly correlated with proportions of germplasm
derived from Tropical highlands, Tropical lowlands or Southern dent
(Supplementary Fig. 7). We next genotyped 778 geographically diverse
US traditional varieties and confirmed that the proportion of intro-
gressed Northern Flint germplasm correlated negatively with SRN
(Fig.3e). We also evaluated a collection of introgression lines carrying
genomicregions of the typical Northern Flint traditional variety Gaspé
Flint?2. Theintrogression lines with a higher share of the Northern Flint
genome formed fewer seminal roots than the other panels evaluated
(Supplementary Fig. 8). Overall, these phenotypic and genetic analy-
ses indicate that alleles derived from the Northern Flint germplasm
of southwestern US origin are an important factor determining SRN
during the local adaptation of maize to different environments.

Seminal root variation contributes to root functional traits

To determine the potential adaptive importance of SRN across different
environments, we used in silico root models to determine the impact
of SRNin the context of whole root system architecture using 218 rep-
resentative US maize traditional varieties (Supplementary Table 8).
We first evaluated root architectural and morphological traits using
arhizobox system® to parameterize the structural-functionalmodel
CPlantBox**. The simulationsillustrate that SRN negatively correlates
with seedling primary root length and lateral root density along the
primary root throughout the whole root system (Fig. 4a). We found
thatvariationin SRN impacts seedling vigor by modulating the overall
root system conductance (K,,) (Fig. 4b). To explore whether changes
in SRN will reshape root system architecture under realistic soil con-
ditions, we used magnetic resonance imaging and positron emission
tomography (MRI-PET) to compare the maize seminal rootless mutant
rtcs to an isogenic wild-type line that produced an average of three
seminal roots (Fig. 4c). Inthe absence of seminal roots, the rtcs mutant
produced anincreased number of lateral roots. Water uptake in young
maize has previously been shown to be dominated by lateral roots®,
suggesting that reducing SRN to favor lateral root production may
have anadaptive advantage for seedling establishmentin water-limited
conditions. We further characterized a specific southwestern US tra-
ditional variety (Navajo tribe) that we had identified to produce no
seminal roots but a significantly enhanced number of lateral roots
(Fig.1c and Supplementary Fig. 9). Thus, variation in SRN might drive
the overall dimension and branching of the whole root system, which
will potentially determine the plant’s capacity to capture water. We
next used the CPlantBox realizations for each of the 218 traditional
varieties to determine their standard uptake fraction and demonstrated
that the potentially relative contribution of lateral roots to total root
water uptake decreases with increasing SRN (Fig. 4d). Based on these

Fig.3 | Variation in SRN coincides with proportional originfrom Northern
Flint maize sources. a, Patterns of water availability and seminal root
differentiation across the USA. The annual average precipitation (1991-2020)
map is derived from NOAA’s Climate.gov (https://www.climate.cov) and
WorldClim prec 30 s (https://www.worldclim.org/data/worldclim21.
html#google_vignette). The map was produced in R (v.4.2.2) with the packages
‘maps’ and ‘raster’. The size of the pie charts indicates the number of sampled
traditional variety accessions while colored areas denote the proportions of SRN
classes. b, Violin plots show SRN variation in traditional varieties originating
from different geographical regions of the US. n = 20 biologically independent
seedlings per traditional variety. The traditional variety accessions were
contributed by the North Central Regional Plant Introduction Station and the
International Center for Maize and Wheat Improvement. The geographical
information of groups of traditional varieties derives from the narrative
information of the US National Plant Germplasm System (https://npgsweb.
ars-grin.gov/gringlobal). Sample sizes are Southwest US (n =134), West US
(n=95), Midwest US (n =348), Northeast US (n =73), Southeast US (n = 259).
Atwo-sided test of significance with Bonferroni correction was performed to
adjust the Pvalue for the multiple independent tests among regional pools.

Boxes span from the first to the third quartiles, center dots represent median
values and whiskers extend 1.5x the interquartile range of the lower and upper
quartiles. c-d, Pearson’s correlation between SRN and the proportion of
NorthernFlint sources in the US Ames panel (¢) and the European collection

(d). Estimates of historical sources for individual Ames moderninbred lines and
modern European inbred lines are extracted from published studies***. Here,
the proportion of Northern Flint sources was correlated with SRN across modern
maize inbred lines. The P value denotes the probability at which the correlation
coefficient (solid line) is zero (null hypothesis) at a 95% confidence interval
(shaded area). SS, stiff-stalk; NSS, non-stiff stalk; TS, tropical/sub-tropical;
Mixed, mixture of these different germplasms. e, Pearson’s correlation between
SRN and the proportion of Northern Flint germplasm sources in US traditional
varieties. The reference Northern Flint-sourced traditional varieties were defined
accordingly”. Scatterplots show combined SRN data of traditional varieties
from different geographical origins with best fit (solid line) and 95% confidence
interval (gray shading) for linear regression (P=5.4 x 10™%°, n = 778). Different
colors of dots correspond to different geographical origins of investigated
traditional varieties.
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modeling results, variation in SRN might determine the overall absorp-
tive surface by impacting lateral root formation.

We selected 66 representative traditional varieties (Supplemen-
tary Table 8) from the panel of 218 and experimentally measured tran-
spiration rates in wet soil, finding no significant difference between
groups (Supplementary Fig. 10). We then used a soil-plant hydraulic
model and determined that the stress onset limit (that is, the point at
which a small increase in transpiration provokes a large drop in leaf
water potential atagiven soil water potential) occurred atless negative
leaf water potential in the traditional varieties with lower SRNs (Fig. 4e).

Indeed, maize traditional varieties with one seminal root require higher
water flow rates per unit root length than traditional varieties with five
seminal roots, which induces a local drop in soil water potential and
exhibits an earlier stomatal closure’*”. This allows the varieties to
sustain similar transpiration rates. We propose that such adaptive sto-
matal behavior leading to lower transpiration is beneficial for seedling
maizethatis subject to water stress. Inaddition, salt-simulated drought
conditions tend toincrease the lignin accumulation along the tip of the
primary root (Supplementary Fig.11). Interestingly, traditional varie-
ties with fewer seminal roots tend to respond more dramatically than
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(n=218). ¢, Seminal root defects of the rtcs mutant cause highly branched lateral
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lower SRNs already formed very short crown roots but their contribution to water
uptake is not considered. e, Simulation of transpiration rates of representative
traditional varieties (n = 76) from a subset of 218 traditional varieties. A maize
traditional variety with one seminal root requires larger gradients in soil water
potential than a traditional variety with five seminal roots to sustain the same
transpiration rate. Hence, stress onset limit (SOL) occurs at alower negative leaf
water potential for plants with lower SRN.

those with more seminal roots, especially under water stress conditions
(Supplementary Fig.11), which facilitates root penetration through dry
soil. Thus, seminal root variation might contribute to the optimization
ofrootarchitectural, hydraulicand physiological changes forimproved
planttolerance to limited water availability.

ZmHb77regulates root system architecture and drought
resilience

Tounderstand the genetic basis of variationin SRN ininbred maize, we
performed GWAS using an association panel of 1,604 diverse modern
inbred lines that mainly originated from the US, China and Europe and
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thatencompass the maize heterotic groups used inthe US and China®.
We observed substantial variation in SRN, with values ranging from
0-12 and an average of three (Supplementary Table 3). We detected
atotal of 160 associated single-nucleotide polymorphisms (SNPs)
(P=1.0 x107%), corresponding to 160 candidate genes underlying SRN
(Fig. 5a and Supplementary Table 9). Among these candidate genes,
we identified rtcs, which is known to regulate SRN in maize'. We next
screened for novel mutants of these candidate genes in the BonnMu
reverse genetics resource of maize®” and identified transposon inser-
tions in five distinct genes that resulted in reduced SRN (Supplemen-
tary Fig. 12 and Supplementary Table 10). Among those five genes,
one gene, Zm00001d045398 on chromosome 9, was annotated as
Homeobox-transcriptionfactor77 (ref.30) (ZmHb77). Tofurther validate
the function of ZmHb77 inregulating root development, we generated
twoindependent CRISPR-Cas9 knockout lines (KO1and KO3) (Fig. 5b).
Both mutantalleles KO1and KO3 conditioned asignificant reductionin
SRN (Fig. 5c,d) coupled with anincrease in lateral root density (Fig. 5e,f),
suggesting that this gene has a role in reshaping seedling root archi-
tecture by regulating SRN and lateral root density. We then carried out
a soil cultivation box experiment with mutant and wild-type plants
under well-watered and drought conditions followed by re-watering.
The mutants showed a significant advantage regarding growth and
photosynthesis rate under both drought and re-watering conditions,
although there were no visible differences under well-watered condi-
tions (Fig. 5g-j). Interestingly, mutants with fewer seminal roots but
more lateral roots were more tolerant to drought and had a higher
survivalrate than wild-type plants after re-watering, while we observed
no differences between mutants and wild type under well-watered
conditions (Fig. 5i,k). These results support the notion that ZmHb77
controls SRN and that SRN-dependent root architectural traits—in
particular, lateral root density—improve drought tolerance and the
recovery from drought stress.

Natural variation of the ZmHb77 allele and function

To explore the natural variation of ZmHb77 in association with
root architecture and drought tolerance, we first identified five
non-synonymous SNPs located in ZmHb77 that form four major hap-
lotype groups of maize inbred lines (Supplementary Fig.13). The inbred
lines with Hap 1formed significantly more seminal roots than the other
haplotypes (Supplementary Fig. 13). We next aligned our structural-
functional model results to georeferenced locations across the US.
Interestingly, root system hydraulic conductance showed a general
gradient patternfrom the southwest dry areato the temperate region
of'the US (Fig. 6a), suggesting that root hydraulic conductance might
have adapted with water availability. We then extended our drought
analysisto the different traditional varieties and verified that Northern
Flint varieties (n = 5) with fewer seminal roots contribute to drought
tolerance and resilience (Supplementary Fig. 14a) for significantly
higher biomass (Supplementary Fig. 14b) and stomatal conductance
(Supplementary Fig. 14c) after re-watering. We next performed the

haplotype analysis for the ZmHb77 allele in the traditional varieties
and identified 41 high-confidence haplotypes (C allele) and the same
number of A allele haplotypes (Supplementary Table11). In particular, C
allele haplotypes displayed significantly fewer seminal roots but signifi-
cantly higher drought tolerance than the A allele haplotypes (Fig. 6b).

To further identify potential isogenic lines carrying the ZmHb77
allele and drought tolerance based on Northern Flint-sourced vari-
eties, we evaluated the SRN, lateral root density and dry biomass
under well-watered and drought conditions for the whole Gaspé
Flintintrogression library introgressed into B73 (refs. 22,31). We first
demonstrated that GF111 (inbred line developed by repeated selfing
and selected from Gaspé Flint) had a great advantage with respect to
droughttolerance andresiliencein comparisonto theinbred line B73
(Fig. 6¢). Next, we explored the whole introgression population (n = 68)
and identified that the lines with a higher share of the GF111 genome
showed significantly (**=0.12, P= 0.0015) less seminal roots, but sig-
nificantly (*=0.38, P=7.3 x 107°) higher lateral root density (Fig. 6d).
At the same time, these genotypes provided drought tolerance as
measured by the drought index of the dry biomass. Specifically, we
identified four introgression lines (GF111°™7) with ZmHb77 alleles
from GF111 and another four lines (B737™7’) from B73, respectively.
The GF1112™"7” |ines formed fewer seminal roots but a significantly
higher lateral root density than the B732™"77 [ines (Fig. 6d). We then
performed an RNA sequencing experiment to explore the gene expres-
sionpatternin theembryo androot stele tissue. Interestingly, ZmHb77
is,ingeneral, lowly expressed in the embryo tissue but highly expressed
inthe root stele, where the lateral roots initiate (Fig. 6e), suggesting
that the major function of ZmHb77 is linked with lateral root forma-
tion. Based on the specific expression pattern of ZmHb77between the
GF111°™"77 and B73“™"" [ines, ZmHb77 might function in the promotion
of seminal root formation but inhibition of lateral root density in maize
seedlings (Fig. 6e). In particular, GF111™7’ [ines displayed a strong
drought tolerance as highlighted by a higher photosynthetic rate and
stomal conductance (Fig. 6f and Supplementary Fig. 15). Indeed, less
inhibition of ZmHb77 on lateral root formation was demonstrated in
the GF1117™7 |ines under drought followed by re-watering (Fig. 6g).
Interestingly, drought tolerance in maize driven by root architectural
changes canbeindependently validated by the recs mutant and its wild
type (Supplementary Fig. 16). Finally, we summarized our finding as a
schematic model (Fig. 6h) inwhichZmHb77acts as acentral modulator
contributing to the promotion of seminal root formation butinhibition
of lateral root density in maize seedlings. Such root architectural and
functional plasticity provides maize seedlings with great potential to
balance external water constraints.

Discussion

Plant root system architecture has a critical role in the adaptation to
environmental constraints”*>. However, to date, little is known about
how the formation and function of root systems evolved in space
and time during the domestication of agricultural crops, and it has

Fig. 5| Functional characterization of ZmHbZ77 controlling root traits

and drought tolerance. a, Manhattan plot from GWA mapping of SRNin
1,604 diverse moderninbred lines. The dashed horizontal line represents the
suggestive threshold (P=1.0 x 107°). The known gene rtcs and five novel candidate
genes controlling SRN are indicated by arrows. b, Sequence of ZmHb77 and the
target sites of mutation by CRISPR-Cas9. PAM, protospacer-adjacent motif.
c—f, CRISPR-knockout (KO1and KO3) plants of ZmHb77 display lower SRN (c,d)
but higher lateral root density than the wild type (WT) (e,f). Root phenotyping
was performed for 2-week-old maize plants grown in germination paper rolls.
SRN was counted and lateral root density was obtained from the number of
lateral roots per cm of primary root. For d, n =13 biologically independent
seedlings for WT and KO1, and n = 10 biologically independent seedlings for
KO3.For f, n=15biologically independent seedlings for WT, n = 11 biologically
independent seedlings for KO1, and n =10 biologically independent seedlings

for KO3. Dataare presented as mean values. Error bars, s.e.m. g-i, Comparison of
drought tolerance between WT and plants of the two ZmHb77 CRISPR-knockout
lines grown under well-watered (g), drought (h) and drought followed by re-
watering (i). Ing-i, scale bar, 5 cm. j, Photosynthetic rate of mutants and wild
type under well-watered and drought conditions. n = 7 biologically independent
replicates. k, Survival rate of WT and ZmHb77 knockout lines after exposure

to drought stress. Wild-type and mutant seeds were precultured under well-
watered conditions until the three-leaf stage and then either adequately supplied
with water or not watered for another 12 days. Drought-stressed plants were
re-watered and the survival rate was recorded after 7 days. Three biologically
independent replicates were performed and eachreplicate included 12 individual
plants. Significant differences between WT and KO lines are indicated by exact
Pvalues (one-sided Student’s ¢-test). ns, not significant.
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remained unclear to what extent root trait adaptation was required
tointroduce maize to new environments and what role root traits had
in maize domestication. Using the global diversity of the genus Zea,
our study demonstrates that SRN varies between domesticated maize
traditional varieties and moderninbred lines compared with their wild
teosinte progenitors and suggests that variationin SRN might have had
anoverriding role during the process of maize domestication™ (Fig. 1).
In traditional maize varieties, the demographically distinct groups
sweet corn, flour corn and popcorn sourced from southwestern US
have shown the fewest SRNs (Supplementary Fig. 4). Independent lines

Introgressed lines

!

ZmHB77 — Lateral roots

of evidenceindicate that adapted alleles, derived from Northern Flint
maize contribute to the variation of SRN in both modern inbred lines
and traditional varieties (Fig. 3). Subsequent local adaptation of SRN
isinline with the maize domestication history, in which NorthernFlint
originated from the Southwest US desert'”*® and then expanded to the
northern US and Europe®. We further applied ecological and genomic
models and found a clinal trend in SRN across latitude and climatic
factors (Fig.2a and Supplementary Fig. 9). Recently, such an adaptive
signature has been reported in the geographical adaptation of rice to
local soil nitrogen availability**. Here, we provide evidence for rtcs, a
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Fig. 6 | Natural variation of the ZmHb77 allele and its contribution to root
architecture and drought tolerance in maize seedlings. a, Geographical
distribution of root system hydraulic conductance. Each data point corresponds
to the structural-functional model outcome. The precipitation data was derived
from Koppen-Geiger climate classification maps at 1 km resolution (https://
doi.org/10.1038/sdata.2018.214). The map was produced with Python (v.3.9.13)
with the packages ‘rasterio’, ‘geopanda’ and ‘matplotlib’. b, Haplotype analysis
for traditional maize varieties. SRNs were counted in the paper-roll system (see
Methods). The drought experiment was performed in soil and some varieties
were removed from analysis because of unsuccessful germination. Significant
differences between different alleles are indicated by exact P values (two-sided
Student’s t-test). Boxes span from the first to the third quartile, lines represent
the median and whiskers include data within the 1.5x interquartile range of the
lower and upper quartiles. Data points outside of whiskers represent outliers.

¢, Seedling performance of B73 and GF111 (inbred line developed by repeated
selfing and selected from Gaspé Flint) grown under well-watered, drought and
drought followed by re-watering. d, Correlation between drought index and

the proportion of introgressed genome from GF111. Scatterplots show best fit
(solid line) for linear regression. Two-sided test of significance with Bonferroni
correction was performed to adjust the P value for multiple independent tests.
LRD, lateral root density; DW, dry weight. e, Tissue-specific expression of ZmHb77
inthe embryo and root stele between different introgressed lines from B73

(1-4) and GF111 (5-8) donors. Significant differences between introgressed lines
within each tissue are indicated by different letters (one-way ANOVA, Tukey’s
HSD, P=0.04).n=4biologically independent replicates. Data are presented as
mean values. Error bars, s.e.m. SAM, shoot apical meristem; RAM, root apical
meristem; SN, scutellar node; SRP, seminal root primordia. f, Photosynthetic rate
and stomatal conductance of different introgression lines from B73 and GF111
donors under well-watered and re-watered conditions, respectively. Significant
differences between different lines are indicated by different letters under
well-watered and re-watered conditions, respectively (one-way ANOVA, Tukey’s
HSD, P=0.001). Data are presented as mean values. Error bars,s.e.m.and n =4
biologicallyindependent replicates per genotype and treatment. g, Expression
of ZmHb77in the root stele tissue after re-watering among different introgression
lines. Significant differences between introgressed lines in the root stele are
indicated by different letters (one-way ANOVA, Tukey’s HSD, P=0.001). For e

and g, data are presented as mean values. Error bars, s.e.m.; n = 5biologically
independent replicates per genotype and treatment. Detailed information on
introgressed lines (Supplementary Fig.15) is listed with B73 donors (1, IL-100-
5-8-5;2,1L-10-7-1; 3,1L-130-2-8-2; 4, 1L-13-7-4) and GF111 donors (5, IL-121-6-6-6;
6,1L-130-2-8-5; 7, IL-140-8-4-4; 8, IL-140-8-4-5). h, Working model of a potential
function of ZmHb77 on the formation of seminal roots and lateral roots in
contribution to maize seedling drought tolerance. MSR, more seminal roots; LSR,
less seminal roots.

known determinant of SRN, to associate with variation in SRN along
geographicalgradients (Fig. 2e), emphasizing theimportance of land-
scape and environmental factors in driving root trait differentiation.
In the near future, climate change will increase the incidence of
drought, imposing a major threat to crop production®. Improved
adaptive capacity to withstand flash drought is required for crops to
mitigate such negative impacts in agricultural systems™. To tolerate
stress and optimize the uptake of water even with a transient drought
period, crops need to adapt root properties. We detected enhanced
lateral root branchinginbothtraditional varieties (Fig.1c) and the rtcs
mutants when seminal roots were absent (Fig. 4c) as well as recovering
a similar result through in silico modeling (Fig. 4a). At the seedling
stage, traditional varieties with fewer seminal roots can substantially
reduce the carbon cost for the seed, and thus enable the formation
of highly dense and long lateral roots along the primary root (Fig. 4).
Interestingly, we detected a significantly higher accumulation of lignin
in the primary root tip of traditional varieties with few or no seminal
roots under osmotic stress conditions (Supplementary Fig. 14). Such
adaptive behavior with enhanced lateral root branchingin contact with
water” and primary root lignification for better penetration of hard
and dry soil” improves plant tolerance to limited water availability,
especially for the survival of seedlings after severe drought’®. In this
context, we identified the transcription factor ZmHb77 that affects
overallroot architecturebyincreasing SRN but suppressing lateral root
density (Fig. 5c-f). Deletion of ZmHb77 ultimately enhances the survival
of plants after recovery from drought (Fig. 5j,1). Indeed, domesticated
wheat and barley have also been reported to form alarger number of
seminal roots than their wild relatives'>*. Based on the global warm-
ing scenario and anincreasingincidence of drought, itis necessary to
consider reducing the number of seminal roots in favor of lateral root
branching for more efficient acquisition of soil water in the modern
cultivars. It isimportant to note that such architectural plasticity will
have its major impact during the seedling stage before crown roots
become established’ and sustain water uptake at later developmental
stages. Our systemic analyses indicate that SRNisanimportantdriver
for the formation and pattern of lateral roots along the primary root
(Fig. 6), thereby determining the overall absorptive surface and forag-
ing capacity of crop roots. Variationin SRN alters hydraulic properties
and may bear genetic potential to modify root plasticity and deepen our
understanding of how plant roots sense and adapt to fluctuating water
availability by hydropatterning*® or xerobranching*. Future studies
need toaddress how SRN variation can optimize root development and

hydraulic architecture for enhanced resilience in cereals*’. Our results
not only reveal the past signature of domestication and adaptation
of maize roots but highlight the genetic potential to improve climate
resilience in future crops.
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Methods

Global investigation of maize germplasm

Global maize germplasmwas collected for systematic root phenotyp-
ing. A global collection of 2,444 modern inbred lines held in Ames,
lowa (Ames Inbred Diversity panel), was contributed by the United
States Department of Agriculture (https://www.grin-global.org). The
European germplasm used in this study included the CornFed panel
consisting of 429 inbred lines, 38 inbred lines from the University of
Hohenheim (Germany) and 20 inbred lines from Centro Investigacions
Agrarias Mabegondo (Spain). Furthermore, we surveyed 1,604 Chinese
inbred lines donated by the Chinese Academy of Agricultural Sciences
representing the dominant genotypes used in Chinese maize breed-
ing?. Finally, 4,868 traditional variety accessions and 173 teosinte
accessions were contributed by the US National Plant Germplasm
System (https://npgsweb.ars-grin.gov/gringlobal), the International
Center for Maize and Wheat Improvement (www.cimmyt.org) collec-
tion, the Chinese Academy of Agricultural Sciences and the Technical
University of Munich.

High-throughput root phenotyping

A high-throughput paper-roll system was used for phenotyping
the seedling root system*. To synchronize the growth rates of dif-
ferent genotypes, we grew maize for 10 days until all seminal roots
were formed in all maize genotypes. Ten and twenty representative
seeds were germinated for maize inbred lines and traditional varie-
ties, respectively. Owing to seed limitation, 15 teosinte seeds for each
accession were investigated accordingly. In brief, the kernels were
placed inoneline on germination paper (Ilength, 38 cm; width, 25 cm;
Anchor Paper Co., Saint Paul, USA) at about 2 cm from the top, with
aninterspace of 3-4 cm. The paper was then rolled to ensure that all
kernelsstayedin place, and rolls with kernels were placedina 5 I beaker
with 11 of deionized water and then transferred into a phytochamber
withal6 hlight,26 °Cand 8 hdark, 18 °Ccycle. The number of seminal
roots was defined and recorded in Supplementary Fig. 1. The types of
seminal roots include the dorsal seminal roots initiated between the
mesocotyl and the seed embryo and ventral seminal roots initiated
fromthe scutellar node (Supplementary Fig.1).

Non-invasive root and carbonimaging using MRI-PET

For the MRl and PET experiment, the r¢cs mutant and its wild type B73
were grown in pots (20 cm height, 8 cm inner diameter) filled with a
mixture of 83.3% quartz sand plus 16.7% loam. The loam was derived
from a Haplic Phaeozem in 0-50 cm depth (Schladebach, Germany)
and the sand was from WF33, Quarzwerke (Frechen, Germany). Soil and
sand were homogenized, dried and sieved to 1 mm. The mixture was
fertilized, homogeneously filled up to18 cm pot height and compacted
toabulkdensity 0f1.47 g cm™. Seeds were surface-sterilized in10% H,0,
for 10 min, primed in a saturated CaSO, solution for 3 h and planted
at1cm depth (days after planting, 0). The pot surface was covered
with perforated plastic foil. Plants were grown in a climate chamber
atthe same conditions described for the MRl experiment. Plants were
watered to asoil volumetric water content of 18% with deionized water
every other day.

Plants were measured with PET at 7, 15 and 21 days after planting
(wild type) or11,15and 22 days after germination (r¢cs mutant). The PET
climate chamber was set to the same conditions as the growth chamber
of the plants but illumination was provided by home-built LED lamps
with photosynthetically active radiation of 350 pmol m™s™at canopy
level. For labeling, the shoot was sealed airtightina cuvette connected
toagas exchange and "Ctracer application system*and placed inside
the PET measurement volume. The system was used to measure gas
exchange of the plant in an open mode and to circulate 'CO, with a
radioactivity of about 100 MBq for 6 min through the plant cuvettein
aclosed loop. Afterward, the system was opened to the environment
againwith exhaust gas passinga CO,absorber (Soda Lime HC Atemkalk,

Medisize Deutschland) and used for monitoring plant gas exchange as
before to ensure the plant was actively photosynthesizing. The gas flow
inside the cuvette was similar to the conditionsin the climate chamber.

The PET instrument used for these measurementsis a custom-built
devicebased on digital silicon-based photo multipliers (Philips Digital
Photon Counting) with a field of view of 18 cm in diameter and 20 cm
height**%, Measurement duration was 140 min starting immediately
after the 5 minlabeling pulse of 'CO,, and images were reconstructed
withanominal resolution of 0.9 x 0.9 x 1.0 mm3.

Images were reconstructed with PRESTO (v.3.01)*” and prepared
for print medium by making amaximum intensity projection over time
of the PET image, co-registering with MRI images, and normalizing
view angle, contrast and brightness in all images of the same plant to
those of the respective first measurement with MeVisLab (v.3.4; MeVis
Medical Solutions AG).

)49

Structural-functional model of root system architecture
Toexplore the effect of seminal root variation on the overall root archi-
tecture, we performed afour-step image analysis for 218 traditional US
varieties grownin therhizobox as described in Supplementary Fig. 17
(ref.50). First,a convolutional neural network model was trained with
RootPainter (v.0.16) to automatically segment the root system from
the background®. Second, the segmented root system was binarized,
andresiding segmentation errors were corrected by hand. Third, each
root system was semi-automatically traced with Root System Ana-
lyzer (RSA; v.2.0)*. For this purpose, we manually defined the start
and end points of the primary root and each seminal root. The lateral
roots were automatically detected by RSA, and detection errors were
manually corrected. As a last step, an RSML file was exported from
RSA and migrated to SmartRoot (v.4.21), which we used to manually
label seminal and crown roots****. SmartRoot was also used to finally
extractallarchitectural parameters, including a full CPlantBox (v.2.0)
parameter set for each root system?**, According to the young age
of the root systems, we calculated linear elongation rates for each
root type. The parameter set was used to generate five realizations
of virtual root systems with the stochastic CPlantBox model, each
representing one of the root systems grown on filter paper. From the
root diameter of the generated root systems and the allometry that we
could find and anatomical traits according to previous studies™**"’,
average root anatomies were created with the GRANAR (v.1.1) model®°
for each root type present on the generated root system. The radial
hydraulic conductivity and axial hydraulic conductance (K,and K,) of
these root anatomies were estimated with the model MECHA (v.2.1)*
using the same subcellular hydraulic properties®’. The K, estimations
match three scenarios accounting for three hydrophobic barriers set
up per generated root anatomy; one with only an endodermal Caspar-
ianstrip, asecond withafully suberized endodermisand athird witha
fully suberized endodermis and an exodermal Casparian strip. Based
on previous work®, an arbitrary delay of 2 days between two hydro-
phobic barrier scenarios was made to achieve maturity of the roots at
the apical unbranched zone. The K, estimations match two scenarios
accounting for the maturation of the meta-xylemvessels, which, in this
case, mature 1day after the suberization of the endodermis. Before
that, only proto-xylem vessels were included for the axial water uptake.
Here, we used the root diameters to distinguish between the different
genotypes, as they are one of the major factors influencing the root
hydraulic properties®’. From the CPlantBoxroot systemarchitectures
and their respective root hydraulic conductance, the K, and the stand-
ard uptake fractions were determined with the model MARSHAL (v.1.1)**
for eachvirtual root system.

Linking SRN to environmental conditions

We first compared the SRN of traditional varieties with geographi-
cal coordinates across main climates using a one-way PERMANOVA
(permutational multivariate ANOVA) with a post-hoc test. Climate
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types were classified using the Koppen-Geiger climate classifica-
tion (v.1; http://koeppen-geiger.vu-wien.ac.at/present.htm). We then
conducted a machine-learning random forest analysis to assess the
most important environmental factors associated with SRN. We con-
sidered key environmental factors such as climate type, current and
past (Mid-Holocene, about 6,000 years ago) temperature and pre-
cipitation conditions, current climatic seasonality, soil properties
and topography. Current and past climatic conditions were retrieved
from the Worldclimdataset (https://worldclim.org/; ~1 kmresolution).
We included past climatic conditions to account for the influence of
climate during the domestication process. We focused on past mean
annual temperature and precipitation because we have reliable infor-
mation on the past for these variables. Soil properties were retrieved
from https://soilgrids.org (v.2; 250 mresolution).

Environmental GWAS and adaptive alleles analysis

Phenotypic data. A collection of 681 Zea mays traditional varieties
accessions from the Maize Center of Origin, Mexico, were used to
associate variationin SRN to climatic and edaphic gradients.

Environmental data. For each georeferenced accession of traditional
varieties, we compiled climatic and soil descriptors representative
of the long-term averages of their point of origin, following methods
used in previously published work®* (Supplementary Table 12). All
used databases are publicly available and have global coverage. Data
were collected from WorldClim®, the NCEP/NCAR Reanalysis Project®,
NASA Surface Radiation Budget (https://asdc.larc.nasa.gov/project/
SRB), Climate Research Unit®, SoilGrids®®, the Global Soil Dataset®
and ArcGIS’®”, See Supplementary Table 12 for a description of all
environmental variables.

Feature selection.Importantly, notall variables in the environmental
dataset will describe variationin SRN. Feature selection before model
building eliminates unimportant or redundant variables by identifying
those with significant associations to an outcome variable, improving
model accuracy. Thefeature selection method Borutawas employed to
identify environmental aspects that describe variationin SRN. Aspects
ofthe abiotic environment that significantly described variationin SRN
were identified using the Boruta() function from the Boruta package
(v.7.0.0)inR™.

Random forest. Environmental variables identified by Boruta were
used for random forest model construction. Random forest works
under the expectation thataresponse variable can be described by sev-
eral explanatory variables through the construction of decision trees.
Thus, each random forest model is representative of the non-linear,
unique combination of explanatory variables that describe variation
inaresponse variable. Random forest models were built in R (v.4.2.2)
using the randomForest() function under default parameters. A total
of 5,000 trees were built and one-third the number of explanatory
variables were tried at each split”>. Random forest models were trained
with 80% of the data. Model success was evaluated with Nash-Sutcliffe
efficiency, Out-of-bag R*and the mean absolute error of the remaining
validation set.

Using the constructed random forest models, SRNs were pre-
dicted for 1,781 genotyped traditional varieties in Mexico. These tra-
ditional varieties were genotyped as a part of the Seeds of Discovery
project (SeeD).

GWAS. We conducted a genome-association analysis to measure the
associations between SNPs of traditional variety genotypes and SRNs
predicted by environmental variables. We used a linear model™ to fit
the genotypic data and predicted SRNs for these accessions of tradi-
tional varieties. The first five eigenvectors of the genetic relationship
matrix wereincluded inthe model to control for populationstructure.

Gene-level analysis. The summary SNP statistics from GWAS was ana-
lyzed using MAGMA (Multi-marker Analysis of GenoMic Annotation) to
aggregate the effect of multiple genetic markers simultaneously and
determine their joint association with the phenotype at the gene level”.

Population genetic structure analysis. We performed population
structure analysis to estimate the ancestry coefficient of the studied
traditional varieties using the R package tess3r’*””. Weran the function
tess3 assuming ancestry populations (K) from1-9, and selected K=5
based on the cross-validation scores.

Genetic analysis for traditional maize varieties

We next genotyped over 3,000 traditional maize varieties covering
the global diversity. In brief, genomic DNA was extracted from the
leaves of bulked maize seedlings for each traditional variety acces-
sion. Quantificationand qualification of DNA were checked by agarose
gel electrophoresis and a Qubit DNA Assay Kit in Qubit 2.0 Fluorom-
eter (Life Technologies). For library preparation, 1 ug genomic DNA
was digested using restriction enzymes, and the obtained fragments
wereligated with barcodes and amplified by PCR. Subsequently, DNA
fragments from different samples were pooled, and the desired frag-
ments of DNA were recovered by electrophoresis. The quality of the
libraries was controlled using the Qubit2.0 kit. Agilent 2100 was used
to check the insert size of the libraries after diluting the library to
1ng pl™ Quantitative PCR was performed to detect the effective con-
centration of libraries (the effective concentration of library >2 nM)
when the insert size was appropriate. All steps were taken to ensure
the quality of the libraries. The constructed libraries were sequenced
by an Illumina NovaSeq 6000 system with a sequencing strategy of
paired-end 150 bp. The raw FASTQ sequencing data were qualified
based onthe Q20 and Phred quality scores (Q,u.q < 1%). Raw reads were
filtered to remove reads containing adapters or reads of low quality;
for example, uncertain nucleotides constitute >10% of either read
(N >10%). Reads were discarded when low-quality nucleotides (base
quality of <5) constituted more than 50% of the read. Consistent with
the lllumina sequencing platform, for pair-end data, we required that
the Q30 was >85% and the error rate was <0.1%. The effective sequenc-
ing datawasaligned with the maize B73 reference genome v.4 through
Burrows-Wheeler Aligner” software (parameters, mem -t 4 -k 32 -M).
The duplicates were removed by SAMTOOLS (v.1.12)® (parameters,
rmdup). SNPs were detected by SAMTOOLS (mpileup-m2-F 0.002-d
1000) with the following standards: read number per SNP >4, <1000;
SNP quality >20. To calculate the introgression of the Northern Flint
genome, we filtered low-quality SNPs (minor allele frequency of <0.05,
missing rate of >50%), and a total of 682,044 SNPs were obtained. The
missing genotypes were thenimputed with Beagle 4 (v.5.2) with default
parameters’. Population structure was conducted with ADMIXTURE
tool (v.1.3.0)*° with default parameters. We then investigated the cor-
relation between the dosage of introgressed genome from Northern
Flintand SRN. The reference Northern Flint-sourced traditional varie-
ties were defined according to the published article".

GWA mapping for amaize resequencing population

A GWAS for SRN was performed using a mixed linear model in the
software EMMAX (version emmax-intel-binary-20120210). A total of
18,169,560 high-quality SNPs with minor allele frequency of >0.01
and missing rate of <20% in the 1,604 inbred lines were employed
in the GWAS*. To determine the genome-wide threshold, we con-
ducted permutation tests by randomly shuffling the phenotypes for
SRN. Then we applied GWAS on the permuted phenotypes by using
the same model that was used for the real observed phenotypes. The
most significant P value across the whole genome was recorded. This
random process was repeated 100 times. The distribution of the most
significant Pvalues across the 100 replicates was used to determine
the threshold, which was the P value corresponding to a 5% chance of
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atype l error. Finally, the threshold was set as P<1.0 x 10~°. However,
under this threshold, only 29 SNPs significantly associated with SRN
wereidentified. We conducted GWAS for SRN using the kinship matrix
of pairwise genetic distances as the variance-covariance in the mixed
linear model of GWAS. The loci associated with population structure
and false negative loci were filtered out. In addition, numerous minor
effect loci for this trait were hardly detected under the strict thresh-
old. Collectively, we conservatively chose 1.0 x 107 as the suggestive
threshold to determine association signals. Although some false posi-
tive signals might be detected, the suggestive threshold would greatly
contribute to adeep mining of candidate genes for SRN. According to
the GWAS association signals, we estimated the candidate regions by
pairwise linkage disequilibrium correlations. The linkage disequilib-
riumblocks (average -20 kb) around peak SNPs (above the suggestive
threshold) were defined as the candidate-associated regions. Genes
withinthe candidate-associated regions were selected as the candidate
genes for SRN.

Genome editing and evaluation of drought tolerance

For gene editing of ZmHb77, the single guide RNA (sgRNA) construct
was designed and introduced into sgRNA expression cassettes by
overlapping PCR®. The three sgRNA expression cassettes of ZmHb77
were then integrated into the pCPB-ZmUbi::hSpCas9 vector. The
gene-editing construct of ZmHb77 wasintroduced into Agrobacterium
strain EHA105 and transformed into the immature embryo of the maize
inbred line B104 through Agrobacterium-mediated transformation.
The ZmHb77 knockout mutants of the T, generation and wild-type
plants were used to conduct phenotypingin the paper-roll culture for
1-week-old seedlings.

For the survival rate experiment, two knockout lines and wild-type
plants were planted in soil (turf to vermiculite in a ratio of 1:1). Three
biological replications were performed using a cultivation box
(length x width x depth, 52 x 34 x 15 cm) and 12 plants for each line
planted per cultivation box as onereplication. Irrigation was stopped
atthethree-leaf stage and drought treatment was performed for about
12 days. The plants were then re-watered, and the survival rate was
recorded after 7 days. An LI-6400 portable photosynthesis system
(LI-COR) was used to obtain photosynthesis measurements and sto-
matal conductance on thelatest fully expanded leaves between 09:00
and11:00 h.

Evaluation of root and drought of introgression population
Tounderstand the contribution of Northern Flint-sourced germplasm
to the root phenotype and drought tolerance, we grew the whole
introgression population (n = 68; Supplementary Table 13) and the
founders Gaspé Flint and B73 under well-watered and drought con-
ditions. Different introgression lines were sown in a cultivation box
(Ilength x width x depth, 30 x 20 x 12 cm) that was filled with 4 kg of
field soil with a 50% vermiculite mixture. The drought treatment was
appliedtothe soil-grown seedlings at the three-leaf stage by reducing
the watering and holding the soil water capacity at 22%, determined by
amultifunctional device COMBI5000 (STEP Systems). Approximately
20 days after cultivation, shoot dry biomass, SRN and lateral root den-
sity were determined accordingly after harvest. The drought index for
each parameter was calculated as the determined ratio under drought
and well-watered conditions. Meanwhile, the fresh leaf tips were sam-
pled for genomic DNA extractions and whole genome resequencing
for all introgressed lines together with founders Gaspé Flint and B73.
Owing to the heterozygosity of Gaspé Flint, we further sequenced a
purified inbred GF111, which was developed by repeated selfing (eight
cycles) and selection starting from the Northern Flint variety Gaspé
Flint®. The correlation between the dosage of the introgression genome
from GF111 and the drought index measured by different traits (dry
biomass, SRN and lateral root density) were plotted across the whole
panel of introgression lines accordingly.

RNA sequencing experiment

We next carried out an RNA sequencing experiment to explore the gene
expression patterninthe embryo and root stele tissue using different
introgression and non-introgression lines of ZmHb77 in a paper-roll
system. Wefirstidentified four (IL-121-6-6-6, IL-130-2-8-5, IL-140-8-4-4
and IL-140-8-4-5) introgression lines (GF111*™"°77) with ZmHb77 alleles
fromthe GF111genome and another four (IL-100-5-8-5, IL-10-7-1, IL-130-
2-8-2and IL-13-7-4) lines (B73%™"°7’) from the B73 genome, respectively.
In brief, these eight lines were cultivated in a paper-roll system* for
3 days until the first primary root tip was visible. The endosperm of
these lines was hand-dissected and removed. The central parts of the
isolated embryos were specifically dissected at the scutellar node tissue
where the seminal roots areinitiated’. For each replicate, tenindividual
tissues were pooled for each line. These lines were further grown on
the paper-roll system for an additional 4 days until the primary root
reached around 10 cm in length, at which point the stele tissue was
manually peeled off®. Ten stele tissues per genotype were defined
as one biological replicate. RNA extraction from embryo and stele
tissues, RNA sequencing and bioinformatic analysis was performed
according to our recent publication*’. We further grew these eight
linesunder well-watered and re-watered conditions to investigate their
drought resilience. The whole experiment was carried out using the
cultivation box system as described above. The photosynthesis rate
and stomatal conductance were estimated and the stele tissues were
dissected and sequenced for gene expression for these eightlinesunder
re-watered conditions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw seminal root phenotyping data, geographical coordinates
and soil modeling data are provided in Supplementary Tables 1-8. All
germplasm information that is the geographically diverse teosinte
accessions, maize traditional varieties and inbred lines contributed
by NCRPIS, CIMMYT and the Chinese maize seed germplasm bank
at the Institute of Crop Sciences, Chinese Academy of Agricultural
Sciences (China) used in this study are summarized in the Supple-
mentary Tables 1-5. Geographical coordinates and elevation infor-
mation of the collection sites for the traditional maize varieties were
retrieved from the public database of the US National Plant Germ-
plasm System (https://www.grin-global.org). Soil and climate data
were collected from WorldClim (https://worldclim.org), the NCEP/
NCAR Reanalysis Project (https://psl.noaa.gov/data/reanalysis/rea-
nalysis.shtml), NASA SRB (https://asdc.larc.nasa.gov/project/SRB),
Climate Research Unit (https://www.uea.ac.uk/groups-and-centres/
climatic-research-unit), SoilGrids (https://soilgrids.org v.2) and the
Global Soil Dataset (https://www.fao.org/soils-portal/data-hub/
soil-maps-and-databases/harmonized-world-soil-database-
vi2/en). Maize genome resequencing data of the Gaspé Flint intro-
gression panel and root RNA sequencing data were deposited in the
Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under
the BioProject ID PRJNA1095206. Source data are provided with
this paper.

Code availability

The customized scripts included in this study are available at
GitHub (https://github.com/PengYuMaize/GlobalSeminalRoot) with
https://doi.org/10.5281/zenodo.10985812 (ref. 83).
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MATLAB (VR2019b) software and AMIRA software (Amira3D 2022.1). The area of embryo and endosperm were detected and quantified by
LemnaTec analytical software (v1). Linear mixed models were fitted using software ASReml-R (v4.0). Feature selection for eGWAS was
employed using Boruta::boruta() (v7.0.0). Random Forest models were built using RandomForest::randomForest() function under default
parameters in R (v4.2.2). Boxplots generated by BoxPlotR (http://shiny.chemgrid.org/boxplotr/). Statistical analyses by R (v4.1.0). The rhizobox
RGB images were analysed by RootPainter (v0.16), Root System Analyzer (v2.0), and SmartRoot (v4.21). We created virtual root system
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detected by SAMTOOLS (v1.12). The missing genotypes were then imputed with Beagle 4 (v5.2) with default parameters. Population structure
was conducted with ADMIXTURE tool (v1.3.0) with default parameters. A genome-wide association study (GWAS) was performed using a
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Maize genome resequencing data of Gaspé flint introgression panel and root RNA sequencing data were deposited in the Sequence Read Archive (http://
www.ncbi.nIm.nih.gov/sra) under the BioProject ID PRINA1095206. Source data of main figures are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf
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Sample size No specific statistical methods were used to determine sample size for the experiments. Instead, we used to date the largest datasets of
maize germplasm including of 173 teosinte accessions, 4868 different maize landraces cover the global domestication area of maize and 4049
inbred lines cover the global maize germplasm pools. All of these genotypes fully reflect maize genetic diversity, were chosen for our main
study. All detailed information was provided with supplemental dataset and figures.

Data exclusions  We exclude the genotypes which did not germinate or had severe fungal contamination issue.

Replication The global investigation of maize inbred lines were explored by 10 individual seeds and landraces were explored by 20 individual seeds. All the
other experiments were performed once with at least three independent biological replicates (See Supplemental Figures).

Randomization  Seeds of different maize genotypes (inbred lines or landraces) were randomly selected and grown under same conditions.
Blinding All seed and root samples for all maize genotypes were harvested blindly with only sample numbers without access to the genotype identities.

Data analysis was blinded to genotypes and allowing them to choose each subject blindly. Data on imaging, morphological and physiological
analyses were acquired by personnel without genotype/treatment information.
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