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Abstract

Waterlogging has increasingly become one of the major constraints to maize (Zea mays L.) production in some maize growing
areas as it seriously decreases the yield. Waterlogging tolerance in maize germplasm provides a basis for maize waterlogging
improvement. In this study, nine seedling traits, plant height (PH), root length (RL), shoot dry weight (SDW), root dry weight
(RDW), adventitious root number (ARN), node number of brace root (BRNN), brace root number (BRN), brace root dry weigh
(BRDW), survival rate (SR), and the secondary traits that were defined as relative phenotypic value of seedling traits under
waterlogging and control treatments were used in a natural population that contain 365 inbred lines to evaluate the waterlogging
tolerance of tropical maize. The result showed that maize waterlogging tolerance was genetically controlled and seedling traits
were significantly different between the control and waterlogging treatments. PH, RL, SDW, and RDW are important seedling
traits for waterlogging tolerance identification. Some tropical maize inbred lines were identified with extreme waterlogging
tolerance that can provide an important germplasm resource for breeding. Population structure analysis showed that two major
phylogenetic subgroups in tropical maize could be identified. Genome-wide association study (GWAS) using 39,266 single
nucleotide polymorphisms (SNPs) across the whole genome identified 49 trait-SNPs distributed on over all 10 chromosomes
excluding chromosome 10. Seventy-one significant SNPs, distributed on all 10 chromosomes excluding chromosome 5, were
identified by extend bulked sample analysis (Ext-BSA) based on the inbred lines with extreme phenotypes. GWAS and Ext-BSA
identified the same loci on binl.07, bin6.01, bin2.09, bin6.04, bin7.02, and bin7.03. Nine genes were proposed as potential
candidate genes. Cloning and functional validation of these genes would be helpful for understanding the molecular mechanism
of waterlogging tolerance in maize.
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Waterlogging is one of the most important abiotic stresses for
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maize production and can cause numerous economic conse-
quence (Olesen et al. 2011; Bailey-Serres et al. 2012). In
South China, waterlogging is one of the most disasters in the
maize early seedling growth phase from the second (V2) to the
seventh leaf stage (V7) (Zaidi et al. 2004) and the former (V2)
is the most susceptible stage (Zaidi et al. 2004; Liu et al.
2010). In this area, heavy rainfall in short periods and poor
drainage can lead to waterlogging of soil which results in
reduced levels of oxygen in tissues and gas diffusion between
cells (Voesenek and Bailey-Serres 2013). The development of
waterlogging-tolerant cultivars with high yield potential
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should be the most economic option to offset the damage
caused by waterlogging (Zaidi et al. 2015; Tian et al. 2019).
Some tropical or subtropical maize germplasms from
International Maize and Wheat Improvement Center
(CIMMYT) were tolerant for waterlogging after directive im-
provement (Zaidi et al. 2010, 2015). The strong photoperiod
sensitivity of tropical maize germplasms makes it hard to
grow directly in Northern China, particularly for the temperate
maize areas. However, the waterlogging tolerance makes it a
good resource to broaden the genetic base of China maize
through the introgression of favorable genes and alleles.
Maize resistance to waterlogging is a complex trait that is
controlled by multiple quantitative trait loci and phenotypic
variation for waterlogging resistance explained by single QTL
was small. It is hard to incorporate tolerance genes into hy-
brids (Yu et al. 2018). Therefore, how to select traits that can
be easily identified and represent waterlogging tolerance ef-
fectively is challenging. For QTL analysis, a major QTL for
root dry weight accounting for 36.3% of phenotypic variance
was located on chromosome 9 (Qiu et al. 2007). Several QTL
associated with root length and root dry weight were identified
with moderate effects, each explaining 4.14-18.88% of the
phenotypic variation (Osman et al. 2013). Five QTL were
mapped on chromosomes 1, 3, 5, 7, and 10, together
explaining approximately 30% of phenotypic variance for
grain yield (Zaidi et al. 2015). In addition, three QTL control-
ling adventitious root formation were located on chromo-
somes 3 (bin3.07-8), 7 (bin 7.04-5), and 8 (bin8.05) (Mano
et al. 2005). Two QTL for root aerenchyma formation were
located on chromosomes 1 (bin 1.06-7) and 7 (bin7.01),
explaining 17% and 12% of the total phenotypic variance
(Mano et al. 2012). As linkage analysis exploits the shared
inheritance of functional polymorphisms and adjacent
markers, we need to create segregating populations (Yu and
Buckler 2006). Recently, genome-wide association studies
(GWAS) have played an important role in dissecting genetic
architecture of complex traits in maize, as maize has numerous
molecular markers, abundant genetic variation, and rapid link-
age disequilibrium (LD) decay. The development of genotyp-
ing technologies has aided the improved resolution of GWAS
with tremendous numbers of markers. Unlike linkage map-
ping, association mapping can be used to explore all the re-
combination events and mutations in a given population with
high resolution (Yan and Warburton 2011). Compared to link-
age mapping, however, association mapping has a lower pow-
er to detect rare alleles, even those with large effects (Yan and
Warburton 2011). GWAS of waterlogging tolerance using
28,791 SNPs and 144 maize inbred lines identified four strong
peak signals on chromosomes 5, 6, and 9 (Zhang et al. 2012).
A total of 110 SNPs associated with waterlogging tolerance
were identified using 368 inbred lines and 558,529 SNPs with
single SNP explaining 2.88-10.67% of the phenotypic vari-
ance. A key candidate gene, GRMZM2G110141, was
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identified, which could be used in marker-assisted selection
(Yu et al. 2018).

GWAS need to genotype all the individuals from a target
population. On the contrary, bulked sample analysis (BSA)
just needs to genotype the individuals with extreme pheno-
types, significantly reducing the scale and cost of genotyping
and simplifying the analysis (Zou et al. 2016). With the de-
velopment of molecular technologies in recent years, BSA has
witnessed many improvements. The pooled DNA analysis can
be used for two contrasting groups of individuals with extreme
phenotypes from either segregants or variants from any pop-
ulations that represent wide ranges of phenotypic variation for
the target trait as suggested by Sun et al. (2010) and Zou et al.
(2016). When the number of individuals contained in each
bulk is large enough, for example, more than 500, BSA can
be combined with genotyping-by-sequencing (GBS) technol-
ogies and used for GWAS (Duncan et al. 2011; Schlotterer
et al. 2014). Whole-genome sequencing of pools of individ-
uals (Pool-seq) can facilitate a broad range of genome-wide
analyses (Schlotterer et al. 2014). Pool-seq has been used in
gene mapping using natural populations (Bastide et al. 2013).

In the present study, 365 tropical or subtropical maize in-
bred lines were genotyped individually. Since maize brace
roots are generally distributed at the soil surface and play an
important role in stabling yield under waterlogging
(Hochholdinger and Tuberosa 2009; Zaidi et al. 2015). In
addition to plant height, root length, shoot dry weight, and
root dry weight, we also measured the node number of brace
root, brace root number, brace root dry weight under the con-
trol and waterlogging treatments. Then, extreme germplasms
were selected according to phenotypic data to form two mixed
pools for resequencing. Ext-BSA, an extended bulked sample
analysis method, combined with GWAS, was used to identify
the genomic regions and candidate genes for waterlogging
tolerance in tropical maize. Molecular markers associated with
waterlogging tolerance provide a support for improving tem-
perate maize germplasm for waterlogging tolerance.

Materials and Methods
Plant materials and waterlogging treatment

A total of 365 tropical /subtropical maize inbred lines were
selected from International Maize and Wheat Improvement
Center (CIMMYT). Majority of the inbred lines are white
kernel types from two major sources, one coming from differ-
ent gene pools or CIMMYT inbred lines entitled with “CML”,
and the other from advanced breeding lines modified from
“CML”. These inbred lines have two heterotic patterns, group
A with tester CML373 and group B with tester CML418, and
they have diverse genetic basis (CIMMYT. 1998). Detailed
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information about these 365 maize inbred lines is provided in
Supplementary Table 1.

Nine seedling traits, including plant height (PH), root
length (RL), shoot dry weight (SDW), and root dry
weight (RDW), adventitious root number (ARN), node
number of brace root (BRNN), brace root number
(BRN), brace root dry weight (BRDW), and survival rate
(SR), were measured as described previously (Du et al.
2016, 2017). In brief, six uniform seedlings of each line
were planted in one silica pot (18 c¢cm in diameter and
18 c¢cm deep). Three and nine pots per line were included
as control and waterlogging treatment, respectively. Three
pots for waterlogging treatment as a group were treated as
one independent biological replicate. Then, the pots for
waterlogging treatments were put into three cement pools
(each 3 m long, 0.8 m wide, and 0.5 m deep). At three-
leaf stage, the cement pools were watered until the water
reaches 2 to 3 cm above the pots, maintaining for 8 days.
To phenotype, 18 seedlings per inbred lines were taken
from each of waterlogging and control treatments with
mean value calculated for each trait. PH, RL, ARN,
BRNN, and BRN were measured manually. SDW,
RDW, and BRDW were measured after dried in an oven
(65 °C) for 3 days. SR was determined using 10 water-
logged sensitive and eight tolerant inbred lines. Nine sec-
ondary traits that were defined as relative phenotypic val-
ue of seedling traits, RPH (e.g., RPH = PHcatment/
PH.onio)s RRL, RSDW, RRDW, RARN, RBRNN,
RBRN, RBRDW were calculated based on the phenotypic
value of seedling traits under waterlogging treatment and
that under control treatment. SR is a seedling trait and is
also a secondary trait.

Data analysis and evaluation of waterlogging
tolerance

Descriptive statistics were calculated with Excel 2016,
and statistical analysis was conducted with Statistical
Analysis System (SAS) software version 9.4, including
one-way analysis of variance (ANOVA) and Pearson
correlation analysis for seedling traits under the
waterlogging and control treatments, and principal com-
ponent analysis (PCA) for the value of nine secondary
traits. We retained principal components with eigen-
values more than 1. The sum of scores of the retained
principal component was taken as comprehensive
waterlogging tolerance index by which 365 inbred lines
were ranked. The Student's test was used to test the
significance difference of relative phenotypic values be-
tween 30 highly tolerant inbred lines and 30 highly
susceptible inbred lines. Significant differences of rela-
tive phenotypic value are indicated with asterisks in the
figures.

Genotyping, population structure, and estimation of
Kinship Matrix

For DNA extraction, 15 seeds were grown in one pot and five
bulked leaf samples were collected to represent each inbred
line using high throughput CTAB method (CAAS-CIMMYT
Maize Molecular Breeding Laboratory 2015). For each inbred
line, 200 ng genomic DNA was used for genotyping on the
Affymetrix® GeneTitan® platform with the Axiom® my
Design GW genotyping array according to manufacturer's
protocol (Xu et al. 2017). In total, 39,266 informative SNPs
with a minor allele frequency (MAF) > 0.05 and missing data
< 10% were used in GWAS. Heterozygous loci were consid-
ered missing. MAF was estimated using PowerMarker V3.25.

In order to decrease running time, a total of 3000 filtered
SNPs with high genetic diversity, low missing rate, and even-
ly distributed on 10 maize chromosomes were selected to
estimate population structure for the 365 inbred lines using
Structure V2.3.3 (Hubisz et al. 2009). The K (number of sub-
populations) was set from 2 to 10 with five runs for each K and
Length of Burnin period and Number of MCMC Reps after
Burnin were set to 10,000 and 20,000, respectively. The opti-
mum K was estimated using the log probability InP (D) from
the STRUCTRE output and the ad hoc statistics AK (Evanno
et al. 2005). All 39,266 SNPs were used to calculate the rela-
tive kinship coefficient matrix using TASSELS.0 (Bradbury
et al. 2007). The closer the relative kinship coefficient is to 0,
the farther the relationship is between the two inbred lines, and
vice visa.

Genome-wide association study (GWAS)

GWAS was performed using values of nine secondary traits
by accounting for population structure (Q matrix) and kinship
matrix (K) between each pair of inbred lines in the association
panel using TASSEL 5.0 and a Bonferroni-corrected thresh-
old set at p = 1/n was used to verify the significance levels,
where n is the number of SNPs used. Using “no compression”
and “population parameters previously determined” (P3D) al-
gorithms, mixed linear model (MLM) was used to detect the
association between phenotype and genotype. The MLM can
be expressed as follows:

Y=XB+Zu+e,

where Y is the observed value vector, 3 is the fixed effect
vector which includes genetic markers and population struc-
ture factors, u is the random effect vector, X and Z are the
known design matrices, and ¢ is the random residual effect
vector. Manhattan plots were created in R software using the
GWAS results.

LD between pairwise SNPs for the association panel was
estimated with TASSEL 5.0 and the average distance of LD
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decay across the entire genome was estimated using all LD
data and SAS Nlin PROC procedure. The candidate genes
containing or adjacent to significant SNPs were identified
using the maize B73 reference genome assembly v3 available
on the MaizeGDB genome database (http://gbrowse.
maizegdb.org/gb3/gbrowse/maize v3/). The closest gene to
each peak SNP was proposed to be the most likely candidate
gene. All the candidate genes were annotated according to the
information available in the MaizeGDB database (http://
www.maizegdb.org/gbrowse).

Bulked sample analyses (BSA)

According to the result of PCA scores, 30 highly
waterlogging tolerant inbred lines and 30 highly suscep-
tible inbred lines were selected. An equal amount of
DNA from each individual is bulked to form tolerant
and susceptible pools. The two DNA pools were re-
sequenced at Berry Genomics. Four libraries of every
pool were constructed for Illumina HiSeq™ 2000 and
paired-end sequencing with 150 bp were performed.
Base calling and filtering of low-quality bases were
done using Fastx-toolkit (v 0.0.14-1) (Li and Durbin
2009). The Genome Analysis Toolkit (GATK) software
was employed to identify SNPs (McKenna et al. 2018).
Two methods were used to correlation analysis. The
first one is SNP-index analysis by which we assessed
the loci through ASNP-index (Abe et al. 2012; Takagi
et al. 2013). The second is Ext-BSA (Extend bulked
sample analysis). Ext-BSA contains three parts as
follows:

(1) Standardization of S-score. The standardized S-score is
the difference between the largest —log(P) upstream and
downstream of the marker and the average —log(P) of the
whole genome.

s
S—score = max (—log P;)—
i=1

e

1
- -1 Pi7
— 2 (“log Py)

where s is the number of markers upstream and down-
stream of the marker of research, and m is the total
number of markers in the whole genome. This method
cannot only eliminate false positive markers but also
simulate the LD between markers to improve the accu-
racy of analysis.

(2) Student's test of allele frequencies between susceptible
and tolerant pools by using the following formula:
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where f; and f, were allele frequencies while n; and n, were
the sample sizes for susceptible and tolerant pools,
respectively.

(3) Bonferroni correction of Student's test. Bonferroni meth-
od (0.05/N, N is the number of effective markers) was
used to correct the test results, and the trait-association
markers or intervals were observed.

For the trait association markers, Bayesian was approached
to estimate the linkage probability between each significant
SNP and the relevant causal gene. SNP index plot regression
lines were obtained by averaging SNP indices from a moving
of five consecutive SNPs and shifting the window one SNP at
a time. The candidate genes containing or adjacent to signifi-
cant SNPs were identified using the maize B73 reference ge-
nome assembly v3 available on the MaizeGDB genome
database.

Results

Phenotypic variation in waterlogging stress identified
in tropical maize

Statistical analysis (Table 1) demonstrated that for nine seed-
ling traits, mean values significantly (P < 0.01) differed
among genotypes, indicating rich genetic diversity in
waterlogging tolerance. Under waterlogging condition, the
mean phenotypic values for PH, RL, SDW, RDW, and
ARN decreased significantly (P < 0.01) but increased signif-
icantly (P< 0.01) for brace root related traits (BRNN, BRN,
BRDW), suggesting that the treatment effects were significant
(P < 0.01). The two most phenotypic variations under
waterlogging treatment were SR (58.88% decreased) and
BRN (74.12% increased). Seedling traits fit a normal distribu-
tion and exhibited positive skewness except RL under
waterlogging treatment (Table 1; Supplementary Fig. 1).
The secondary traits also showed abundant variation, ranging
from 0.413 to 1.119 for RPH, 0.116 to 0.982 for RRL, 0.296
to 1.591 for RSDW, 0.229 to 1.739 for RRDW, 0.248 to 1.459
for RARN, 0.487 to 2.038 for RBRNN, 0.313 to 4.960 for
RBRN, 0.125 to 7.500 for RBRDW, 0 to 1.000 for SR respec-
tively (Figs. 1, 2).
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Table 1 Mean values of nine seedling traits under control (C) and waterlogging (W) conditions

Trait Mean + SD Reduction (%) (0\% Skewness Kurtosis G T

C W C W C w C W

PH (cm) 30.35+545 21.58 +£3.32 29.64 0.18 0.15 0.11 0.04 -0.45 —0.43 ok ok
RL (cm) 30.56 +5.36 15.59 +2.47 48.99 0.18 0.16 0.03 -0.10 0.08 —0.18 sk s
SDW (g) 0.11+0.03 0.09 +0.02 19.44 0.26 0.25 0.18 0.07 —0.33 —0.36 ok o
RDW (g) 0.06 +0.02 0.04 £0.01 31.03 0.28 0.32 0.39 1.25 -0.15 228 ok o
ARN 471+1.14 3.92+1.28 16.81 0.32 0.32 0.29 0.92 —0.14 1.14 ok o
BRNN 1.05 +0.09 1.24+£0.23 -18.93 0.09 0.18 0.92 0.97 2.44 0.39 ok o
BRN 240+1.27 4.19+1.38 —74.72 0.53 0.33 0.27 0.04 —0.11 0.36 ok HEE
BRDW(g) 0.01 £0.01 0.01 £0.01 —29.65 0.71 0.62 0.97 1.05 0.42 0.74 ok HEE
SR (%) NA 41.12 £32.00 58.88 NA 0.93 NA 0.49 NA —1.04 o NA

PH plant height, RL root length, SDW shoot dry weight, RDW root dry weight, ARN adventitious root number, BRNN node number of brace roots,
BRN brace root number, BRDW brace root dry weigh, SR survival rate, NA not analyzed

sk Signiﬁcance at 0.001 levels

All seedling traits except RL were significantly (P < 0.05)
positively correlated between waterlogging and control treat-
ments, indicating that there is some common genetic basis
under both treatments (Table 2). Under the control condition,
SDW was significantly (P < 0.05) positively correlated with
other traits except SR, and RDW was significantly (P < 0.01)
positively correlated with other traits except SR and BRNN,
suggesting that SDW and RDW are two important seedling
traits for waterlogging tolerance identification. ARN was sig-
nificantly (P < 0.05) negatively correlated with BRNN, BRN,
and BRDW, suggesting that adventitious roots inhibited the
growth of brace roots under the control treatment. ARN was
significantly (P < 0.01) positively correlated with BRN under
the treatment condition, suggesting waterlogging treatment
promoted the growth of adventitious roots and brace roots
simultaneously. Under the waterlogging condition, PH and
RL was significantly (P < 0.01) positively correlated with
other traits except SR, suggesting PH and RL are also impor-
tant seedling traits. Under both conditions, SR was only sig-
nificantly (P < 0.01) correlated with BRN, suggesting SR
should be an independent trait for waterlogging tolerance
identification.

Tropical maize inbreds identified with strong
tolerance to waterlogging

PCA for the value of nine secondary traits of 365 trop-
ical inbred lines indicates three principal components
should be retained when eigenvalue more than 1 (Fig.
3a,b) and the cumulative proportion of three principal
components is 62.80%. Correlation matrix of nine sec-
ondary traits showed that there is significantly (P <0.01)
positive correlation between RPH and RSDW

(Supplementary Table 2). We calculated the sum of the
first three PCA and had a rank to the 365 inbred lines
(Supplementary Table 3). The results were in line with
the former research. For example, CML32 was tolerant
to waterlogging (CIMMYT. 1998) while CML311 was
susceptible to waterlogging (Zaidi et al. 2010). Except
for CML32, other CIMMYT germplasms such as
CML130, CML171, CML292, CML325, CML328,
CML 343, CML373, CML428, and CML479 were toler-
ant to waterlogging but CML80, CML127, CML226,
CML254, CML373, CML444, and CML511 were sus-
ceptible to waterlogging. The extreme waterlogging-
tolerant tropical maize germplasms provide an important
resource for developing waterlogging-tolerant maize
hybrids.

Thirty inbred lines with the highest scores and 30 inbred
lines with the lowest scores were selected as the extremely
tolerant and susceptible materials respectively
(Supplementary Table 3). There are significant (P < 0.05 or
P < 0.05) difference between the extremely tolerant and sus-
ceptible materials in RPH, RRL, RARN, RRDW, RSDW,
RBRDW, and SR (Fig. 3c). As an important comprehensive
trait, the mean of SR for extremely tolerant materials is 73.5%
while is 8.88% for extremely susceptible materials.

Two major phylogenetic subgroups in tropical maize
and the suitability of the germplasm panel for GWAS

Population structure analysis for 365 tropical/subtropical in-
bred lines was implemented for K ranging from 2 to 10. The
results indicate that the model overestimated the number of
groups, and thus, no suitable K could be chosen from the Ln
probability and used directly for group determination

@ Springer
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Fig. 1 Distributions of eight secondary traits except SR in the 365
tropical/subtropical maize panel. RPH, relative phenotypic value for plant
height (PH); RRL for root length (RL); RSDW for shoot dry weight
(SDW); RRDW for root dry weight (RDW); RARN for adventitious root

(Supplementary Fig. 2). However, when K = 3 to K=9, two
major subgroups could be identified, population 1 (popl) and
population 2 (pop2) (Fig. 2a and Supplementary Table 1). The
result was line with the previous studies that tropical
germplasms can be classified into heterotic groups A and B
based on their general combining ability (GCA) (Vasal et al.
1992a, b; CIMMYT. 1998; Mickelson et al. 2001). The fre-
quency distribution showed that 90% of the kinship relative
coefficients were between 0 and 0.45 (Fig. 2b). A total of
62.9% of the pairwise kinship estimates were equal to 0, indi-
cating that there was no relatedness between these pairs of
lines, and the remaining estimates decreased continuously
with the increase of category number. The kinship analysis
indicated only few lines with strong similarities. Thus, the
maize panel was suitable for GWAS.
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number (ARN); RBRNN for node number of brace root (BRNN); RBRN
for brace root number (BRN); RBRDW for brace root dry weight
(BRDW); SR: survival rate

Important genetic loci for waterlogging tolerance
identified by GWAS

By controlling population structure (Q matrix) and kin-
ship matrix (K), MLM model was fitted to scan 39,266
SNPs across the whole genome. Quantile quantile-
quantile (QQ plots) indicated that Q matrix and K were
well controlled in GWAS for each trait (Fig. 4 and
Supplementary Figs. 3 and 4). With a cutoff of P <
2.52 x 10°° [log (1/39,266)], 49 trait-SNP combina-
tions were identified as being associated with
waterlogging tolerance (Supplementary Table 4). These
significant associated SNPs were distributed on all 10
chromosomes except chromosome 10 with at least one
SNP identified for each secondary trait. The genotypic
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Fig. 2 Population structure (a) a
and kinship relative coefficients ™
(b) of 365 tropical/subtropical 1]
maize. Delta K values for K =3, K Y
=6and K =9
©
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variance explained (PVE) by a single SNP (R?) ranged
from 5.3% to 10.1%, and mean of PVE for the 49 SNPs
is 7.3%. A total of 17 SNPs were significantly associ-
ated with the above-ground traits (RPH, RSDW) and 29
SNPs were significantly associated with root-related
traits (RRL, RRDW, RARN, RBRNN, RBRN,
RBRDW). The most significant SNPs were associated
with RBRNN, which had the highest PVE of 10.1%
(Supplementary Fig. 4). Three significant SNPs
(3 137228397 on chromosome 3, 4 142418820 on
chromosome 4 and 8 101658071 on chromosome 8)
were identified by two different secondary traits (RPH
and RSDW). Another significant SNP (4 196842052 on
chromosome 4) was associated with both RPH and
RRL. With a more stringent threshold of 1.27 x
10 [—log (0.05/39,266)], only one significant SNP (for
BRNNR) could be identified on chromosome 4.

0.25 0.50 075 1.00

Relative Kinship

Significant SNPs identified for waterlogging tolerance
by Ext-BAS

A total of 415 million Clean Reads and 125 billion Clean
Bases were obtained in the susceptible pool, of which Q30
was 93.30% and 83.79%, respectively, compared with 482
million Clean Reads and 145 billion Clean Bases obtained
in the tolerant pool, of which Q30 was 93.58% and 83.50%,
respectively. For the susceptible and tolerant pools, 98.75%
and 98.56% of the Clean Reads were mapped to the reference
genome and the repetition rate was 12.98% and 13.25% re-
spectively. Using GAKT software, 12,384,120 SNPs were
generated. These SNPs were filtered according to three stan-
dards: SNP-index in both pools was less than 0.3; SNP-index
in one of the pools was missing; clean Q > 20, with 2,842,853
SNPs obtained for BSA. For each SNP, SNP index was cal-
culated and plotted on maize genome (Fig. 5a). As expected,
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Table 2  Pearson's phenotypic correlation coefficients among nine seedling traits

PH RL RDW SDW ARN BRNN BRN BRDW SR
PH 0.315"" 0.194" 0.260"" 0.811"" 0.214" 0.078 0.023 0.086 0.039
RL 0.359™ 0.077 0.308"" 0.173™" -0.052 0.072 0.010 0.078 0.089
RDW 0.251™" 0413 0.118" 0.454™" 0.112" 0.023 0.150" 0.341" 0.060
SDW 0.687"" 0.385" 0.140" 0.319" 0.165" 0.141" 0.194™ 0.307"" 0.057
ARN 0.330™" 0.251" 0.000 0.005 0.558"" -0.129" -0.341"" -0.274"" -0.048
BRNN 0.285™ 0.299™ 0.138" 0.107 0.027 0.159" 0.356"" 0.205" 0.057
BRN 0.354™ 0.347"" 0.148" 0.135" 0.174™ 0.156" 0.254" 0.727" 0.085
BRDW 0.222" 0.346" 0.185" 0.088 -0.016 0.128" 0316 0.316" 0.156""
SR -0.078 0.075 0.060 0.057 -0.048 0.057 0.156" 0.076 NA

Correlation coefficients under the control condition are listed above the diagonal; correlation coefficients under the waterlogging condition are listed
below the diagonal; the diagonal indicates the correlation coefficients of the same traits between and the control condition and the waterlogging

condition.

PH plant height, RL root length, SDW shoot dry weight, RDW root dry weight, ARN adventitious root number, BRNN node number of brace roots, BRN
brace root number, BRDW brace root dry weigh, SR survival rate, NA not analyzed

) Significance at 0.05 level

** Significance at 0.01 level

the SNP indexes were randomly distributed across the genome
around 0.5 for the two extreme pools. Ext-BSA method was
used to extract SNP markers (Fig. 5b) with 345,606 effective
SNP markers obtained. At the threshold of 6.849 [—log;((0.05/
3456006)], 71 significant SNPs were detected across all chro-
mosomes except chromosome 5 (Supplementary Table 5). At
the threshold of 7.538 [log;¢(0.01/345606)], 47 significant
SNPs were detected on chromosomes 2, 3, 4, 6, 7,9, and 10.
At a more stringent significant threshold of 8.539 [-
log;0(0.001/345606)], 21 SNPs were detected with strong sig-
nals on bin2.08, bin6.01, bin6.03, bin7.02, and bin10.04.

Nine potential candidate genes identified by GWAS
and Ext-BSA

The average distance of LD decay across the entire genome
was 212 kb when 7% = 0.1 and this is line with our previous
report (Xu et al. 2017). In GWAS, the genes harboring or
adjacent to the significant SNPs within the 212 kb region were
considered as candidate genes. In Ext-BSA, significant SNPs
within 200 kb windows were used for identification of candi-
date genes. Combined GWAS and Ext-BSA, nine potential
candidate genes were identified, locating in six chromosomal
regions (binl.07, bin2.08, bin6.01, bin6.04, bin7.02, and
bin7.03) (Table 3). Five candidate genes
(GRMZM2G425366, GRMZM2G068672,
GRMZM2G085378, GRMZM2G019443, and
GRMZMS5G851405) identified by Ext-BSA were adjacent to
those identified by GWAS. Four candidate genes
(GRMZM2G171934, GRMZM2G012717,
GRMZM2G106141, and GRMZM2G111309) were identified
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by both GWAS and Ext-BSA within the same windows
(Table 3; Supplementary Tables 4 and 5). Therefore, these
four candidate genes could be used to develop markers for
marker-assisted selection in maize waterlogging tolerance
breeding.

Discussion

Although maize is susceptible to waterlogging at germination
and early seedling stage, there is a significant genetic differ-
ence among genotypes (Mano et al. 2002; Zaidi et al. 2004;
Liu et al. 2010; Zaidi et al. 2015; Yu et al. 2018). CIMMYT
has a large number of tropical maize germplasm, most of
which are derived from broad germplasm pools, populations
and open-pollinated varieties (Xia et al. 2004; Xia et al. 2005).
These germplasms have been evaluated for various biological
or abiotic stresses including waterlogging and widely used in
maize improvement all over the world (Menkir et al. 2004;
Goodman 2005; Reif et al. 2010; Prasanna et al. 2021). A
large number of tropical maize inbreds from CIMMYT have
been intensively evaluated in China (Wu et al. 2007; Chen
et al. 2011; Fan et al. 2018) for many traits. In this study,
365 tropical or subtropical maize inbreds were selected from
different gene pools and advanced CIMMYT breeding lines
with good representativeness, and it is a large-scale evaluation
of waterlogging tolerance. Because metabolic mechanism and
biochemical basis have not been defined yet it is very difficult
to develop a unique index for waterlogging tolerance identifi-
cation (Liu et al. 2010). Under the waterlogging stress, maize
morphological, physiological, biochemical, and
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Fig. 3 Scree test and value of nine secondary traits for 30 highly tolerant
inbred lines and 30 highly susceptible inbred lines. (a) Eigenvalue by
numbers of principal components. (b) Proportion and cumulative by num-
bers of principal. (c) Relative phenotypic value and Student's test of nine

transcriptional changes take place. The relative phenotypic
value for root dry weight, root fresh weight, and root length
decreased significantly (Osman et al. 2013; Yu et al. 2018).
Superoxide anion content (O, ), hydrogen peroxide content
(H,0,), and malondialdehyde (MDA) content increased,
causing an up-regulation of superoxide dismutase (SOD), per-
oxidase (POD), and catalase (CAT) (Tian et al. 2019). Yield is
significant positively correlated with brace roots and chloro-
phyll content (SPAD) and negatively correlated with %stem
and root lodging (Zaidi et al. 2015). Compared with above-
ground traits like plant height and shoot dry weight, roots were
more prone to be affected under waterlogging stress, resulting
in reduced root length and root dry weight (Qiu et al. 2007;
Zhang et al. 2012; Yu et al. 2018). In this study, nine seedlings
traits were evaluated, with PH and SDW as the above-ground
traits while RL, RDW, ARN, BRN, BRNN, and BRDW as
root characteristics. SR can represent overall maize

secondary traits of 30 highly tolerant inbred lines (T) and 30 highly
susceptible inbred lines (S). “ ™ indicate significance at 0.05 and 0.01
levels, respectively

waterlogging tolerance. SDW, RDW, PH, and RL were sig-
nificantly positively correlated with other traits, suggesting
that they are important seedling traits contributing to
waterlogging tolerance in maize. PCA from nine secondary
traits was used to evaluate waterlogging tolerance. CIMMYT
tropical germplasms CML32, CML130, CML171, CML292,
CML325, CML328, CML 343, CML373, CML428, and
CML479 were identified as waterlogging tolerant donors
and can used in our future breeding. The tropical and subtrop-
ical germplasms, which have been adapted to middle area, can
be introduced to higher-latitude areas, through marker-
assisted gene introgression, and used for breeding temperate
maize (Yang et al. 2021). Besides that, we suggested that
except PH, RL, RDW, and SDW, SR should be an indepen-
dent index for waterlogging tolerance identification.

It is estimated that the minimum number of markers needed
for a successful GWAS in maize is more than 10 million dues
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to a much larger genome and a much more rapid LD decay
(Myles et al. 2009). Compared with temperate lines, tropical
lines are more diverse and contain more rare alleles and the
LD decay distance was much shorter (Liu et al. 2003; Yan
et al. 2009). Therefore, GWAS in tropical maize lines require
more markers to get close to the gene of interest (Yan and
Warburton 2011). Nowadays, array-based system can only
achieve to one million SNPs (Gupta et al. 2008; Yan et al.
2010). Although the cost of sequencing-based platform de-
creases recent years, large-scale genotyping is still a bottle-
neck. Another disadvantage of GWAS is that it is difficult to
identify rare alleles in populations, even though they have
greater effects. Next generation sequencing (NGS) of pools
of individuals is often more effective in gene mapping and
provides more accurate allele frequency estimates, even when
taking sequencing errors into account (Futschik and
Schlétterer 2010). It can be inferred that the plants with ex-
treme phenotypes selected for BSA would be those with
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Expected —logl0(p)

quantile plots for RPH, RRDW, and SR are shown in (b), (d), and (f),
respectively. The red lines show genome-wide significance at stringent
thresholds of 2.52 x 10°[~log (1/39,266)]

accumulated favorable alleles from multiple loci. Therefore,
both GWAS-based and BSA-based approaches, which are
complementary with each other, should be used for gene map-
ping and candidate gene discovery. In the present study, four
loci (binl1.07, bin6.01, bin6.04, and bin7.03) were colocated
by both GWAS and Ext-BSA (Supplementary Tables 4 and
5). Of these, one significant SNP (1 204203096 on chromo-
some 1) identified by GWAS is very close to the two signif-
icant SNPs (1 204240360 and 1 204240418 on chromosome
1) identified by Ext-BSA. Two other SNPs (6_117803575 and
6 117609082 on chromosome 6) identified respectively by
GWAS and Ext-BSA are also located very close together.
Up to now, hundreds of QTL have been identified for
waterlogging tolerance across the whole maize genome, in-
cluding those for root aerenchyma formation (Mano and
Omori 2008; Mano et al. 2007, 2008, 2012), adventitious root
formation (Mano et al. 2005), root length, plant height, and
biomass-related traits (Mano et al. 2006; Osman et al. 2013;
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Qiu et al. 2007; Zhang et al. 2012). Majority of the QTL
identified by GWAS were also reported previously. For ex-
ample, previous studies reported the loci on bin 1.07 (Mano
etal. 2007; Mano et al. 2012) and bin 9.07 (Mano et al. 2008)
were associated with controlling constitutive root aerenchyma
formation. In the present study, QTL in bin 1.07 and bin 9.07
were identified for RBRNN. Both the formation of constitu-
tive root aerenchyma and the increase of brace roots under
waterlogging condition promote access to and diffusion of
0O, in maize, suggesting these QTL are associated with a low
O, escape strategy (Bailey-Serres and Voesenek 2008). The
loci on bin 9.07 was also reported to be associated with con-
trolling root dry weight and root fresh weight (Zhang et al.
2012). The loci on both bin 4.05 and bin 8.04 were identified

in two previous reports for controlling shoot dry weight (Qiu
et al. 2007; Osman et al. 2013). In the present study, QTL in
bin 4.05 and bin 8.04 were also identified for RPH and
RSDW. PH was significantly (P < 0.01) positively correlated
with SDW under control and waterlogging conditions, sug-
gesting these QTL may control the elongation rate of above-
ground part. The loci on bin 1.03, bin 1.07, bin 6.04, and bin
10.04 identified by Ext-BSA have been reported previously
for controlling root aerenchyma formation and root fresh
weight (Mano et al. 2007; Mano et al. 2012; Zhang et al.
2012).

Previous studies suggest that the genetic architecture of
these waterlogging related traits is controlled by a few major
QTL plus a large number of minor-effect ones. In the present

Table 3  Potential candidate genes associated with waterlogging tolerance by GWAS and Ext-BSA

Bin CHR BP (Refv3) Peak p value No. Gene ID Gene function

1.07 1 204240360 7.329 3 GRMZM2G171934" PLATZ-transcription factor 4

2.08 2 219553921 8.908 12 GRMZM2G425366 GRAS-transcription factor 64

6.01 6 70152979 9.065 8 GRMZM2G068672 Homeobox-transcription factor 60

6.04 6 115933118 8.506 2 GRMZM2G085378 hypothetical protein ZEAMMB73 585221
6.04 6 117609082 7.953 3 GRMZM2G012717* C2C2-CO-like-transcription factor 10

7.02 7 17083941 10.028 3 GRMZM2G019443 AP2-EREBP-transcription factor 82

7.02 7 40704503 7.391 3 GRMZM2G148056" Two-component response regulator ARR3
7.02 7 95135176 9.128 4 GRMZMS5G851405 histone acetyltransferasel

7.03 7 148441396 8.486 2 GRMZM2G111309* PREDICTED: amidase isoform X1

# Candidate genes were identified by both GWAS and Ext-BSA within the same windows, No. : number of significant SNPs detected by GWAS in the

LD region or Ext-BSA within the 200 kb windows
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study, both GWAS and Ext-BSA were used for waterlogging
traits with nine candidate genes identified. These genes con-
tain transcription factors, hypothetical protein, histone acetyl-
transferasel, and amidase isoform 1. The gene
GRMZM2G171934 in binl.07 encodes PLATZ-transcription
factor 4 (platz4). Plant AT-rich sequence and zinc-binding
proteins (PLATZ) are zinc dependent DNA binding proteins.
They bind to AT rich sequences and function in transcriptional
repression. The gene GRMZM2G012717 in bin6.04 encodes
C2C2-CO-like-transcription factor-10 (col10). Other annota-
tions include intracellular and zinc ion binding. Gene
GRMZM2G148056 in bin7.02 encodes two-component re-
sponse regulator ARR3. Other annotations include
phosphorelay response regulator activity, phosphorelay signal
transduction system, and regulation of transcription. Further
verification of these candidate genes can improve the devel-
opment of maize molecular breeding for waterlogging toler-
ance. Considering the polygenic nature of the waterlogging
tolerance, whole-genome selection could be the most appro-
priate breeding method in the future (Das et al. 2020).

Conclusion

Maize waterlogging tolerance was genetically controlled and
the waterlogging treatment effects was significant (P <0.01).
PH, RL, SDW, and RDW are important seedling traits for
waterlogging tolerance identification. CML32, CML130,
CML171, CML292, CML325, CML328, CML343,
CML373, CML 428, and CML479 were tolerant to
waterlogging. Two major phylogenetic subgroups could be
identified in tropical maize based on 3000 filtered SNPs.
Forty-nine trait-SNP combinations were identified as being
associated with waterlogging tolerance by GWAS and 71 sig-
nificant SNPs were identified by Ext-BSA. Nine candidate
genes were identified and four of them were identified by both
GWAS and Ext-BSA within the same windows.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13353-021-00629-0.
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