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Plant roots are critical for water and nutrient acquisition, environmental adaptation, and
yield formation. Herein, 196 wheat accessions from the Huang-Huai Wheat Region of
China were collected to investigate six root traits at seedling stage under three growing
environments [indoor hydroponic culture (IHC), outdoor hydroponic culture (OHC), and
outdoor pot culture (OPC)] and the root dry weight (RDW) under OPC at four growth
stages and four yield traits in four environments. Additionally, a genome-wide association
study was performed with a Wheat 660K SNP Array. The results showed that the root
traits varied most under OPC, followed by those under both OHC and IHC, and root
elongation under hydroponic culture was faster than that under pot culture. Root traits
under OHC might help predict those under OPC. Moreover, root traits were significantly
negatively correlated with grain yield (GY) and grains per spike (GPS), positively
correlated with thousand-kernel weight (TKW), and weakly correlated with number of
spikes per area (SPA). Twelve stable chromosomal regions associated with the root
traits were detected on chromosomes 1D, 2A, 4A, 4B, 5B, 6D, and unmapped markers.
Among them, a stable chromosomal interval from 737.85 to 742.00 Mb on chromosome
4A, which regulated total root length (TRL), was identified under three growing
environments. Linkage disequilibrium (LD) blocks were used to identify 27 genes related
to root development. Three genes TraesCS4A02G484200, TraesCS4A02G484800,
TraesCS4A02G493800, and TraesCS4A02G493900, are involved in cell elongation and
differentiation and expressed at high levels in root tissues. Another vital co-localization
interval on chromosome 5B (397.72—-410.88 Mb) was associated with not only RDW
under OHC and OPC but also TKW.

Keywords: wheat, root traits, yield traits, genome-wide association study (GWAS), co-localization region

Abbreviations: TRL, Total length of roots; TRV, Total root volume; ARD, Average root diameter; TRA, Total root area; NRT,
Number of root tips; RDW, Root dry weight; GY, Grain yield per area; SPA, Spikes per area; GPS, Grains per spike; TKW,
Thousand-kernel weight; OHC, Outdoor hydroponic culture; IHC, Indoor hydroponic culture; OPC, Outdoor pot culture;
SS, Seedling stage; WP, Wintering period; JS, Jointing stage; MS, Mature stage; GWAS, Genome-wide association study; BLUE,
Best linear unbiased estimation; SNP, Single- nucleotide polymorphism; LD, Linkage disequilibrium; QTL, Quantitative trait
loci.
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INTRODUCTION

As the population increases, the demand for wheat doubles
approximately every 20 years; therefore, a continuous yield
improvement in wheat production is an urgent issue. Xie
et al. (2017) found that grain number per unit area, grain
per spike, and plant biomass were lower for wheat lines with
shorter root lengths, while lines with longer roots had the
highest biomass and grain yield. The root-shoot ratio of plants
improves access to residual moisture in deep soils under drought
conditions, particularly in the mid- to late-stage (Reynolds
et al., 2007). According to another study, the wheat root weight
density was positively correlated with grain yield and water
used efficiency (Man et al,, 2015). Root system facilitates aerial
growth and is very critical for yield (Fang et al, 2017), and
its morphological characteristics include root length, surface
area, volume, diameter, and number of root tips. Root length,
surface area, and volume affect the spatial arrangement of roots
underground, while root diameter is associated with the ability
to penetrate strong soil and drought tolerance, and the root
tip is the most active part of the root system (Kabir et al,
2015; Maccaferri et al., 2016; Bai et al., 2019). Previous studies
have shown that optimizing root spatial configuration may
lead to a higher absorption efficiency of water and nutrients,
thus improving yield levels (Osmont et al, 2007; Bishopp
and Lynch, 2015). Researchers have adopted indoor cultivation
methods combined with digital imaging to determine the root
traits of seedlings and elucidate the mechanisms regulating root
growth and development through forward genetic strategies. For
instance, 46 quantitative trait loci (QTLs) of root morphological
traits had been identified on 17 of 21 chromosomes, excluding
chromosomes 1D, 4D, 6B, and 6D, and 4.98-24.31% of the
phenotypic variation had been explained (Liu et al., 2013). Ren
etal. (2012) detected 35 QTLs based on a recombinant inbred line
(RIL) population of Xiaoyan 54 x Beijing 411, and these QTLs
were primarily distributed on chromosomes 2B, 2D, 4B, 6A, 6B,
and 7B. Cao et al. (2014) mapped a root length QTL (qTaLRO-
B1) flanked by Xgwm210 and Xbarc1138.2 on chromosome 2BS
using near-isogenic lines (NILs) 178A and 178B. Furthermore, a
few genes regulating wheat root morphology have been identified
using reverse genetics methods, including TaZFP34 (Chang et al.,
2016), lateral organ boundaries (LOB) family member TaMOR
(Lietal., 2016), and zinc finger protein OsCYP2 (Cui et al., 2017).

Due to the enormous size (=17 Gb) and polyploidy of the
wheat genome, research on quantitative traits in hexaploid wheat
has lagged behind research in other crops, especially for root
traits. GWAS is a powerful tool for identifying loci that are
significantly associated with target traits based on LD in panel of
accessions. In recent years, with the gradual release of genomic
sequences and genotyping by using sequencing data, GWAS
has become a rapid and effective method for detecting related
QTLs (Neumann et al., 2011). Many types of single-nucleotide
polymorphism (SNP) arrays have been successfully developed to
identify candidate regions for various traits in GWAS panels,
including 9K (Suraj et al., 2014), 55K (Ye et al, 2019), 90K
(Sukumaran et al., 2015; Wang et al., 2017), and 660K arrays
(Chen et al., 2020).

Previous studies for root primarily involved QTL mapping
using biparental populations (RIL, NIL, and doubled haploid
(DH) populations) based on a few simple sequence repeat
markers for plants grown in greenhouses (Ren et al., 2012; Cao
et al., 2014; Ayalew et al, 2016). Thus, the molecular basis of
many root traits remains unclear. Furthermore, some root traits
have been reported to be closely related to yield traits since QTLs
have been found to be co-localized (Atkinson et al., 2015; Xie
et al.,, 2017). Therefore, 196 wheat accessions from the Huang-
Huai Wheat Region of Xie et al.,, 2017). Therefore, 196 wheat
accessions from the Huang-Huai Wheat Region of China, were
used as a GWAS panel to identify root traits in the seedling
stage from three growing environments, RDW from four growth
stages under OPC, and yield traits in the field (Table 1). GWAS
was conducted with the Wheat 660K SNP Array. This work may
elucidate the genetic basis of wheat root traits to assist in the
genetic improvement of the wheat root system.

MATERIALS AND METHODS

Plant Materials

The 196 wheat accessions used in this study included new bread
lines, elite cultivars, and historical varieties from the Huang-Huai
Wheat Region of China. These accessions included 158 from
Henan Province, nine from Shaanxi, eight from Jiangsu, ten from
Shandong, four from Hebei, four from Beijing, one from Anhui,
one from Shanxi, and one land variety from Sichuan (Chinese
Spring) (Supplementary Table 1). Seeds were provided by the
Collaborative Innovation Center of Henan Grain Crops, Henan
Agricultural University.

Experimental Design

Hydroponic Culture

Individuals were grown in a hydroponic system in an indoor
environment (IHC). The indoor environment included day/night
temperatures of 20 and 16°C, respectively, and a 16 h day length
with a light intensity of 1,000 wmol-m~2-s~! (Figure 1A). Seeds
were germinated in Petri dishes and grown on germination
substrate for six days with sterile water. Then, seedlings with
uniform growth were transferred to plastic pots containing 18 L

TABLE 1 | Plant growth traits, growing environments and growth stages in this
study.

Root and yield trait Plant growing environment and growth stage

Total length of roots (TRL)
Total root volume (TRV)
Average root diameter (ARD)
Total root area (TRA)
Number of root tips (NRT)
Root dry weight (RDW)
Grain yield per area (GY)

Indoor Hydroponic culture (IHC)
QOutdoor Pot culture (OPC)
Outdoor Hydroponic culture (OHC)
Seedling stage (SS)
Wintering period (WP)
Jointing stage (JS)

Mature stage (MS)

Spikes per area (SPA)
Grains per spike (GPS)
Thousand-kernel weight (TKW)
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and (C) outdoor pot culture (OPC).

FIGURE 1 | Root experiments on 196 accessions under three growing environments. (A) Indoor hydroponic culture (IHC); (B) outdoor hydroponic culture (OHC);

of nutrient solution, and fixed on a foam board with sponge
(Length 5 cm; width 1 cm). The nutrient solution composition
was the same as that described by Ren et al. (2012) with
minor modifications. The nutrient solution was refreshed every
3 days, with the pH maintained at 6.0. Seedlings from fifty
accessions were planted in one box, and 12 boxes were used
for each hydroponic experiment. The 196 wheat accessions were
evaluated in three replicates with two plants per replicate in each
hydroponic experiment.

Another hydroponic experiment was arranged outdoors
(OHC) with three replicates for three consecutive years, from
October 20 to November 20 in 2016, 2017, and 2018 at
Zhengzhou (34.7°N, 113.6°E), Henan, China (Figure 1B). The
planting method was the same as that described above. A full box
of nutrient solution was supplied daily, and a movable shelter was
placed above the seedlings, especially on rainy days. All boxes for
each replicate were fixed together with ropes to prevent outside
interference (strong winds and, small animals).

Pot Experiments

All accessions were planted in pots buried in a field in 2017-
2018 and 2018-2019 at Zhongmou (34.7°N, 114.0°E), Henan,
China to easily extract the complete root system. The 196
wheat accessions were planted in a randomized design with two
replicates for each stage. Each pot (height, 15 cm; diameter,
12 cm) was filled with 3 kg of sieved tillage soil, and the
top edge of each pot was on the same plane as the ground
surface (Figure 1C). The tillage soil was described as “white-
sand loam” with a classification of sandy soil that contained
fertilizer consisting of nitrogen at 2,295 kg-hm~!, phosphorus
at 86.445 kg-hm~! and potassium at 302.49 kg-hm~!. Before
planting, seeds were germinated as described for hydroponic
culture experiments. Uniformly germinating seeds were placed
in each pot. Ten days after sowing, each plot was thinned to two
seedlings equivalent to 1,800,000 seedlings per hectare in the field.
To facilitate management, 1,568 pots representing all accessions
were distributed over 20 blocks (length, 150 cm; width, 160 cm),
with each block containing 80 pots. A border was planted to
prevent the use of plants from around the blocks due to possible
edge effects. The plants were regularly watered to 70-80% of field
capacity at a 10-day interval after sowing. At jointing stage, we
fertilized plants with a total nitrogen content of 3378.00 kg-hm ™1,
available phosphorus content of 90.00 kg-hm~! and available
potassium content of 303.75 kg-hm™!. Other field management

procedures were performed in accordance with local agronomic
practices. Wheat plants cultivated under OPC were as normal as
those grown in the field at different growth stages, with each plant
having tillers (2-5) and ears (1-3) (Supplementary Figure 1).

Root Phenotype Evaluation

For the hydroponic culture experiments, roots were rinsed with
sterile deionized water 30 days after sowing before they were
measured. In the pot experiments, the roots were removed from
the soil at 30 days (seedling stage, SS), 60 days (wintering period,
with a daily mean temperature < 2°C, WP), 150 days (jointing
stage, 50% of main culms grew 1.5-2 cm above the ground, JS),
and 220 days (mature stage, grain size was normal and water
content was less than 20%, MS) after sowing, and rinsed with
fresh water before being measured.

Five root system traits, including total root length (TRL),
total root volume (TRV), number of root tips (NRT), total root
area (TRA), and average root diameter (ARD), were scanned
and analyzed with a Win-RHIZO system (Canada Regent
Instruments, LA6400XL) at seedling stage. After being scanned,
the roots were dried at 80°C for 48 h, and root dry weight (RDW)
was measured using an analytical balance (Germany Sartorius,
QUINTIX224-ICN). Only RDW was measured at WP, JS and MS
under OPC conditions.

Field Experiment of Yield Traits

Field experiments were performed to measure yield traits in
Zhengzhou (34.7°N, 113.7°E) in 2014-2015 and 2015-2016, in
Shangqiu (33.4°N, 115.4°E) in 2014-2015, and in Zhumadian
(33.0°N, 114.1°E) in 2014-2015. The 196 accessions were planted
in a randomized block design with two replicates. Each accession
was planted in one plot containing four rows with 23-cm of row
spacing, and each row was 1.5 m in length with 110 seeds in a
north-south orientation. Twenty adjacent spikes in the middle of
each plot were randomly selected to measure number of grains
per spike (GPS) and then threshed and weighted to calculate
thousand-kernel weight (TKW), the middle two rows (measuring
1.0 m in length) were examined to calculate grain yield (GY) and
spikes per unit area (SPA).

Statistical Analysis

Joint variance analysis, estimation of broad-sense heritability
(Hp?), and BLUE values of phenotypic values obtained in
each environment using in linear mixed models (LMMs) were
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performed using IciMapping v4.0 software (Valassi and Chierici,
2014; Lei et al, 2015). Other analyses, including descriptive
statistics and correlation and canonical correlation analysis, were
conducted using SAS V9.4 software.

The mean values obtained from each environment were
used to analyzing the differences in root traits through a
comprehensive evaluation of the spatial configuration and
t-tests. Differences in root traits under different growing
environments were compared between IHC and OHC,
OHC and OPC, and IHC and OPC. Each root trait was
converted into wu-values using the standardized normal
distribution method to facilitate a comprehensive evaluation
(Chen et al., 2020).

660K SNP Genotyping, GWAS, and

Prediction of Candidate Genes
All 196 accessions surveyed here were genotyped using the Wheat
660K SNP Array, which was provided by Beijing Boao Crystal
Code Biotechnology Co., Ltd.'. Quality control and filtering of
raw data were performed with a missing rate threshold of 20%
and a minor allele frequency (MAF) of 5% using TASSEL v5.0
software (Bradbury et al., 2007). Chen et al. (2020) used 197
wheat accessions including the 196 wheat accessions analyzed
in this study, and used same as 660K SNP Array for GWAS.
Genetic diversity, population structure, and LD analyses were
performed using the methods reported by Chen et al. (2020)
with minor revisions. Previous reports indicated that the 196
accessions could be divided into two subpopulations, which
are largely consistent with the K-values, principal component
analysis (PCA)-matrix and quantile (Q)-matrix in the present
study (Jakobsson and Rosenberg, 2007; Earl and Vonholdt,
2012). Firstly, GWAS was formally performed using five models
(generalized linear models (GLMs): Q and PCA; mixed linear
models (MLMs): K, PCA 4 K, and Q + K) to obtain an optimized
model using the quantile-quantile (Q-Q) plot of each trait under
IHC. The best model was considered when the actual —logo
(p-value) was closest to the expected -logjo (p) value (Liu et al,
2015). An MLM correcting for both the Q-matrix and K-matrix
was confirmed to reduce the population structure and relative
kinship errors. Then, we used an MLM (Q + K) to analyze
associations among single environment and BLUE values for each
trait with Tassel v5.0 software. The threshold for the p-value
should be set to log)p (1/n) when the number of SNP markers
was n. However, the Bonferroni-Holm correction for multiple
testing (alpha = 0.05) was too conservative and no significant
SNPs were detected. To combine the GWAS results in all of
the growing environments Markers with an adjusted-log;o (P-
value) > 3.5 were regarded as significantly associated (Beyer et al.,
2019). Lastly, Manhattan and Q-Q plots were generated using the
CMplot package in R*.

LD and haplotype block structure were analyzed using
Haploview 4.2 software to obtain physical positions of the

Uhttp://wheat.pw.usda.gov/ggpages/topics/ Wheat_660_SNP_array_developed_
by_CAAS.pdf

Zhttps://github.com/YinLiLin/R- CMplot

identified stable regions. IWGSCv1.0 Chinese Spring’® was
used to retrieve candidate genes ID and sequence located in
the haplotype block. Gene sequences were used to perform
a BLAST search for orthologous genes in Arabidopsis and
Oryza sativa L. on the NCBI website*. Expression pattern of
candidate genes were determined by blasting the predicted
coding sequences (CDS) to WheatEXP® with an E-value cutoff
le-10 and covering five different wheat tissues (spikes, roots,
leaves, grain, and stems) each sampled at three different
developmental stages.

RESULTS

Phenotypic Variations of Root Traits

From Different Growing Environments

The frequencies of most root traits in plants from
different growing environments were normally distributed
(Supplementary Figure 2). Joint variance analysis indicated
very significant genotype (variety) and genotype x environment
(G x E) effects (p < 0.01) (Table 2). Root traits under
OPC exhibited the greatest variation among the growing
environments, followed by those of plants grown in OHC and
IHC in the seedling period. In addition, the average u-value
for each accession was used to evaluate its root morphology
under different growing environments to obtain extreme root
materials (Supplementary Table 1). Under IHC, the coefficients
of variation (CVs) for TRT, RDW, TRV, TRL, and TRA did not
differ substantially and were higher than those of TAD. Yujiao 5,
Fanmai 5 and Yandian 9433 displayed poorer root development
with lower u-values (1 < —1.31), and Pingan 8, Yunong 416
and Luomai 21 exhibited better root development with higher
u-values (u > 1.34). Under OHC, the CVs for all root traits
ranged from 5.57 to 17.21%, and the heritability (Hp?) ranged
from 45.86 to 63.16%. Yumai 2, Yumai 8, and Luomai 23 had
poorer root development with lower u-values (4 < —1.22), and
Sumai 3, Yake 028 and Nanda 2419 had better root development
with higher u-values (u > 1.47). Under OPC, the CVs for all
root traits ranged from 8.80 to 38.23%, and Hp? ranged from
42.95 to 51.80%. Kaimai 18, Zhongchuang 805 and San 160
had poorer root development with lower u-values (u < —1.22),
and Zhengpinmai 8, Luohan 6 and Yanke 028 had better root
development with higher u-values (u > 1.47).

As shown in Table 2, the RDWs for wheat in pot experiments
increased non-linearly over time, ranging from 44.0 (seedling)
to 448.5 mg (mature), and the increase at jointing stage was the
largest. In terms of individual accession, Zhengpinmai 8, Luohan
6 and Yanke 028 had higher RDWs at seedling stage, Zhoumai
13, Zhengyumai 043 and Chinese Spring had higher RDWs at
wintering period, Zhengmai 379, Yunong 9901 and Jinmai 47 had
higher RDWs at jointing stage, and Luohan 3, Zhengyumai 043
and Yumai 51 had higher RDWs at mature stage. By contrast,
Kaimai 18, Zhongchuang 805 and San 160 had lower RDWs at

Shttp://plants.ensembl.org/hmmer/index.html
*https://www.ncbi.nlm.nih.gov/nuccore/
“https://wheat.pw.usda.gov/WheatExp/
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TABLE 2 | Phenotypic variation and heritability for the root traits of the 196 wheat accessions under different growing environments.

Traits Range mean CV (%) F (G) F (G*E) Hg? (%)
IHC TRL (cm) 310.3-806.4 524.8 + 57.3 22.6 4.4 - 70.66
TRA (cm?) 40.2-125.9 77.4 +16.8 23.3 5.3"* - 66.81
ARD (mm) 0.39-0.62 0.47 +0.03 8.3 8.4 - 78.77
TRV (cm?) 0.4-1.6 0.90 + 0.60 26.8 3.7 - 66.45
NRT (count) 196.3-847.0 4711 +15.6 31.2 8.6™ - 79.19
RDW (mg) 9.8-37.5 217 +£27.6 27.6 3.4 - 54.24
OHC TRL (cm) 564.7-1271.3 833.3 + 14.2 14.2 11.4* 4.6"* 63.2
TRA (cm?) 77.5-191.1 112.0 £17.7 14.4 9.2** 4.9* 59.2
ARD (mm) 0.32-0.52 0.43 £ 0.1 5.8 7.4 6.1** 45.9
TRV (cm?) 0.6-2.6 1.6+1.3 17.0 6.1 4.7 50.8
NRT (count) 335.8-923.7 606.5 + 37.5 17.2 9.1 5.0 53.9
RDW (mg) 25.2-53.8 37.8+12.3 12.3 81.7* 72,7 54.0
OPC-SS TRL (cm) 224.0-1008.0 524.6 + 48.9 27.0 7.4 6.8** 48.0
TRA (cm?) 44.1-168.8 95.3+17.3 24.4 6.7 5.8"* 49.9
ARD (mm) 0.42-0.80 0.58 £+ 0.1 8.1 5.9** 6.4 43.0
TRV (cm?) 0.6-3.0 1.5+04 28.3 6.6™ 5.1 51.8
NRT (count) 214.3-1198.8 589.2 £ 45.6 38.2 8.3"* 8.1 471
RDW (mg) 22.6-71.1 44.0+24.4 24.4 131.2** 115.7* 51.0
OPC-WP RDW (mg) 72.5-185.0 120.0 + 19.1 19.1 243.6** 200.5** 55.9
OPC-JS RDW (mg) 200.1-572.8 383.0 + 45.7 22.7 7.4 5.1** 57.3
OPC-MS RDW (mg) 150.2-922.9 448.5 + 34.8 34.8 72.3* 57.8** 55.0

TRL, total root length; TRV, total root volume, NRT, number of root tips; TRA, total root area; ARD, average root diameter; RDW, root dry weight; IHC, indoor hydroponic
culture; OHC, outdoor hydroponic culture; OPC, outdoor pot culture; SS, seedling stage; WF, wintering period; JS, jointing stage;, MS, mature stage; G, genotype; E,

environment; Hg?, broad sense heritability; —, indicated no variance component; **, Significant at p < 0.01.

seedling stage, Pu 2056, San 160 and Jinan 17 had lower RDWs at
wintering period, Luomai 24, Yumai 52 and Fanmai 11 had lower
RDWs at jointing stage, and Yunnong 949, Luomai 24 and Yujiao
5 had lower RDWs at mature stage. In summary, some varieties
developed rapidly at earlier stages, while others developed rapidly
at later stages.

Differences in Root Traits of Wheat From
Different Growing Environments

Large variations in the same root traits were found among
different growing environments (Supplementary Table 2).

root traits under OHC might provide a good prediction for
those under OPC.

Correlations Between Root Traits
Correlations between root traits were identical in the different
growing environments (Supplementary Table 3). Except for

TABLE 3 | Correlation coefficients of root traits between the growing
environments.

Compared to IHC, TRL, TRA, TRV, NRT, and RDW under Traits IHC-vs-OHC IHC-vs-OPC OHC-vs-OPC
OHC had a very significant increase but not ARD. Under OPC, TRL 0.335™ 0.059 0.292**
TRA, ARD, TRV, NRT, and RDW had a very significant increase, ~TRA 0.256 0.066 0.377"*
but not TRL. Compared to OHC, TRL, TRA, TRV, and NRT  ARD 0.189* 0.063 0.093
under OPC were reduced very significantly, while ARD and TRV 0.162 0.103 0.337"
RDW were very significantly increased. Root development in  NRT 0.271* 0.078 0.323"*
wheat cultivated under IHC was slower than wheat cultivated ~RDW 0.124 0.016 0.378"
under OHC and OPC, and root elongation under hydroponic V 0.421 0.385 0.515

culture was faster than that under pot culture. Compared with
that of IHC, root system under OPC showed a higher canonical
correlation with that under OHC, and simple correlation
coeflicients of root traits except for TRL, were very significant
between OPC and OHC and larger than those between OPC

V, Canonical correlation coefficient; *, Significant at p < 0.05; **, Significant at
p < 0.01; ***, Significant at p < 0.001.

TABLE 4 | Correlation coefficients of RDW between SS and other stages.

and IHC (Table 3). None of the correlation coefficients of RDW Environments opc

between seedling stage under IHC and each stage under OPC WP Js MsS

were significant. However, RDW at seedling stage under OHC

exhibited a very significant correlation with that of wintering 5SS underiHC ~0.008 ~0.068 0108

period under OPC, and RDW at seedling stage under QPC 5SS under OHC 01857 —0.036 0128
SS under OPC 0.335™ 0.130 0.168*

had a very significant correlation with that of wintering period
and mature stage under OPC (Table 4). Based on these results,

*, Significant at p < 0.05; **, Significant at p < 0.01.
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ARD, very significant positive correlations were observed
between other root traits. Among them, the correlation
coefficients between TRL and TRA and between TRA and TRV
were very large (approximately 0.9), and the others ranged from
0.367 to 0.834. ARD had a lower correlation with TRL, NRT, and
RDW, and a very significant positive correlation with TRV.

Correlations of Root Traits With Yield

Traits

Most root traits at seedling stage under different growing
environments were negatively correlated with GY, SPA, and
GPS, and positively correlated with TKW. Specifically, NRT
under three growing environments was significantly negatively
correlated with GY. ARD and TRA under OHC were significantly
negatively correlated with GPS, and RDW under OPC was
also significantly negatively correlated with GPS. TRA and
TRV under three growing environments were significantly
positively correlated with TKW. Based on the canonical
correlation analysis indicated that root traits under OHC and
OPC had closer relationships with yield traits than those
under IHC. Correlations of RDW at four growth stages under
OPC with vyield traits showed large differences. RDW at
seedling stage and wintering period was significantly positively
correlated with TKW, and all correlation coeflicients between

TABLE 5 | Correlation coefficients between root traits and yield traits.

Environments Traits SPA GPS TKW GY
IHC TRL 0.016 -0.115 0.190** -0.02
TRA -0.015 -0.113 0.194** —0.033
ARD —0.084 0.009 0.047 —0.023
TRV —0.032 -0.104 0.175* —0.038
NRT 0.029 0.006 —0.067 —0.189**
RDW —0.066 —0.059 0.078 —0.063
% 0.294
OHC TRL -0.019 —0.09 0.178* —0.104
TRA 0.031 -0.137 0.202** -0.116
ARD 0.092 —0.145* 0.037 0.065
TRV 0.064 -0.15* 0.199** —0.088
NRT —0.104 —0.097 0.123 —0.183*
RDW -0.078 —0.061 0.134 -0.124
v 0.407**
OPC TRL 0.009 -0.115 0.135 —0.146*
TRA —0.033 -0.128 0.198** -0.157*
ARD —0.048 —0.039 0.040 —0.052
TRV —0.063 -0.115 0.213** -0.123
NRT -0.017 —0.070 0.055 —0.150*
RDW —0.039 —0.141* 0.158* —0.138
v 0.406**
WP at OPC RDW —0.069 —0.04 0.163* —0.009
JS at OPC RDW —0.039 -0.02 —0.005 -0.037
MS at OPC RDW —0.008 0.108 -0.074 —0.066

GY, grain yield per area; SPA, spikes per area; GPS, grains per spike; TKW,
thousand- kernel weight. *, Significant at p < 0.05; **, Significant at p < 0.01;
*** Significant at p < 0.001.

RDW and grain traits were low at jointing and mature
stages (Table 5).

GWAS of Wheat Root Traits

After filtering, 390,136 SNP markers were available for GWAS
with the optimal mixed linear model of the K + Q matrix.
The GWAS panel was comprised of two subpopulations by
STRUCTURE software and PCA. The LD decay distance was
15, 10, and 20 Mb in the A, B, D subgenome by Chen et al.
(2020) (Supplementary Figure 3). A total of 1,329 significantly
associated loci were detected for root traits from different
environments, and distributed across all 21 chromosomes with
an R? range of 6.49-18.01% (Supplementary Table 4). In view
of their respective growing environments, OHC was associated
with the most SNP loci, followed by OPC and IHC. Using BLUE
values of root traits, 484 SNPs were detected, with an R? range
of 6.38-19.43%. SNP loci of NRT were the most frequently
identified, followed by those of TRL, ARD, TRV, TRA, and RDW
(Supplementary Table 4 and Supplementary Figure 4).

Some SNPs for the same trait were different, but they
were detected from two or three growing environments and
were located at close physical intervals. Taking 10 Mb of LD
decay distance as a confidence interval (Liu et al., 2017; Chen
et al., 2020), a total of 12 co-localization regions were detected
from two or more growing environments, which distributed on
chromosomes 1D, 24, 4A, 4B, 5B, 6D, and unmapped markers,
respectively. Among them, three co-localization regions were
found for TRL, two for TRA, two for TAD, one for TRV, three for
NRT, and one for RDW (Table 6). Three co-localization regions
associated with TRL were located on chromosomes 1D, 4A, and
5B, explaining 9.10-10.22% of the phenotypic variation (Figure 2
and Supplementary Table 5). In particular, one co-localization
region for TRL was found within the 737.85-742.00 Mb on
chromosome 4A with 1 SNP each in IHC, OHC, and OPC.
Two co-localization regions on chromosomes 1D and 4B for
TRA were detected simultaneously in two growing environments,
explaining 7.28-10.33% of the phenotypic variation. Two co-
localization regions on chromosomes 5B and 6D for TAD

TABLE 6 | Summary of co-localization regions for root traits by GWAS.

Traits SNP marker (Mb) IHC OHC OPC
TRL 1D 464.37-465.44 2 4
4A 737.85-742.00 1 1 1
5B 696.34-701.69 1 1
TRA 1D 484.26-486.74 1 2
4B 657.45-658.78 1 1
TAD 5B 652.10-665.20 1 1
6D 463.54-472.27 1 12
TRV 5D 543.09-547.80 3 60
NRT 2A 769.56-771.34 2 1
5B 571.25-572.14 1 1
Un 71.06-77.40 1 1
RDW 5B 397.72-410.88 1 5

Un, unmapped markers.
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FIGURE 2 | Manhattan and Q-Q plots for total root length (TRL) under indoor hydroponic culture (A,B), outdoor hydroponic culture (C,D), and outdoor pot culture
(E,F). The chromosomes on the x-axis and —log+g (o) values on the y-axis were all based on BLUE values. The gray line indicates the threshold of significance at
—log1p (p) = 3.5. The red text box represents the co-localization region among different growing environments.

were detected simultaneously in two growing environments,
explaining 8.37-9.15% of the phenotypic variation. One co-
localization region for TRV in the 543.09-547.81 Mb region
on chromosome 5D, with 3 SNPs in IHC and 60 SNPs
in OPC, explaining 7.04-11.82% of the phenotypic variation.
Three co-localization regions on chromosomes 2A, 5B and
unmapped markers for NRT were detected simultaneously
in two growing environments, explaining 7.08-10.45% of the
phenotypic variation. One co-localization region for RDW was
found in the 397.72-410.88 Mb region on chromosome 5B, with
1 SNP in OHC and 5 SNPs in OPC, explaining 6.88-10.30% of
the phenotypic variation. Of the 12 co-localization regions for
root traits identified, QTL on chromosomes 1D, 4B, and 5D were
reported previously (Ma et al., 2008; Kabir et al., 2015; Xie et al,,
2017), while nine co-localization regions were first detected here.

Because the root traits were closely associated with one
another, some SNPs were simultaneously detected in multiple
traits. For example, 9, 29, and 21 SNPs were significantly
associated with two or more root traits under IHC, OHC, and
OPC, respectively, and they were distributed on all chromosomes
except for 1A. Moreover, five SNPs associated with three root
traits were detected under OHC, and only one was found under
OPC (Supplementary Table 6).

Haploblock Analysis and Candidate
Genes of TRL

LD and haploblock analyses were performed for the co-
localization interval 737.85-742.00 Mb on chromosome
4A, which was associated with TRL across three growing
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environments. And accessions with superior alleles at three
growing environments showed longer TRL than others. At
2 = 0.1, two blocks were clearly separated along this 5-Mb
region (Supplementary Figure 5). Further analysis showed
that these two blocks were located at the physical positions
738.86-739.51 and 742.17-742.33 Mb, which contained 18
and nine genes, respectively. Then, 24 and eight orthologous
genes in other species were identified in Oryza sativa L. and
Arabidopsis, respectively (Supplementary Table 7). These
genes encode proteins involved in growth development,
carbon metabolism, energy metabolism, and plant resistance.
Among them, TraesCS4A02G484200, TraesCS4A02G484800,
TraesCS4A02G493800, and TraesCS4A02G493900 showed high
expression levels in roots at three growth stages (Figure 3 and
Supplementary Table 8). TraesCS4A02G484200 encodes a yippee
domain protein, TraesCS4A02G493900 encodes a member of the
leucine-rich repeat domain superfamily, TraesCS4A02G493800
encodes a member of the F-box-like domain superfamily, and
TraesCS4A02G484800 encodes the glycoside hydrolase family 32
protein. These genes might be involved in regulating root growth
and development.

DISCUSSION

Influence of Different Growing
Environments on Wheat Root
Development

The methods used to acquire root system data for crops have
always been a focus in root studies. Currently, approaches
are primarily divided into two categories: field and glasshouse
identification (Neumann et al., 2009). Lopes and Reynolds (2010)
used soil core sampling in the field to confirm a relationship
between deep roots and yield across genetic differences in eight

wheat sister lines under drought stress. Li et al. (2019) showed
that deep-rooted accessions had lower canopy temperatures and
higher grain yields than those with shallow roots as indicated
by soil column testing. Field identification is labor intensive
and time consuming, so it is not suitable for large-population
root identification. Researchers have adopted hydroponic culture
(Ayalew et al., 2016), gel-filled chambers (Christopher et al,
2013), germination bags (Robertson et al., 1979), and pots (Cao
et al,, 2014), to identify the seedling root traits in an artificial
climate chamber and to find some QTLs or genes important
for root development to overcome these challenges. Glasshouse
identification may not be reflective of root development in a
complex field environment, and it is difficult to apply to the study
of root system in growth stages (Fang et al., 2009). Bai et al. (2019)
reported a weak that correlation between the laboratory-based
root length and field-based root depth across 2 years.

In this study, compared with IHC and OHC, root traits
detection under OPC had a higher cost with respect to labor or
time, and this system easily caused greater damage to the root
system. Root traits under OHC had a very significant correlation
with that under OPC and might provide them a good prediction.
Considering the integrity and feasibility of root trait collection,
hydroponic experiments in an outdoor or climate chamber with
a suitable growing environment can be better used to identify root
system in a large population.

Relationships Between Root Traits and
Yield Traits in Wheat

In wheat, the root system consists of seminal and nodal roots,
seminal roots primarily absorb water and nutrients from deep
soil, and nodal roots are the primary component of root system
after the three-leaf stage (Osmont et al., 2007; Steinemann et al.,
2015). An excessive root mass not only prolongs the growth
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period of a crop but also leads to strong competition for effective
assimilation within plant (limited sources) (Gonzilez et al,
2011). Passioura (1983) showed that an excessive outgrowth
of roots caused inefficient carbohydrate consumption and yield
loss. However, some studies revealed that seminal root number
and TRL at seedling stage were positively correlated with GY
(Maccaferri et al, 2016; Zheng et al, 2019), but negatively
correlated or not correlated with TKW (Neumann et al., 2009).
Atta et al. (2013) found that root traits had weak positive
correlations with GPS, SPA, GY, and water use efficiency.
Reducing nodal root mass can improve water use efficiency after
flowering and thus increase harvest index (Ma et al., 2008). In
this study, root traits were negatively correlated with SPA, GPS,
and GY, and positively correlated with TKW. In most previous
studies, the culture cycle was 10-14 days and the roots only
consisted of seminal roots without nodal roots, but in our study,
the culture cycle was 30 days after sowing with 2-3 nodal roots.
Culture time of root system may be the main reason for the
different results.

According to previous studies, the root system was closely
related to yield from a genetic perspective. Maccaferri et al. (2016)
found that some QTLs that not only improved yield traits (GY
and TKW) but also increased root number and TRL in tetraploid
wheat. Zheng et al. (2019) also found that QTrl.saw-2D.2 located
on chromosome 2D was a major QTL controlling TRL, and was
also associated with TKW and kernel number per spike. Atkinson

et al. (2015) detected two QTLs on chromosomes 2B and 7Dthat
simultaneously controlled root traits at seedling stage, GY and
nitrogen uptake. In rice, a QTL associated with an increased root
length of 9.6 cm was introduced into a dryland variety, which
increased GY by 200 kg-hm ™2 (Steele et al., 2013).

In this study, five SNPs, namely, AX-111649489, AX-
110419051, AX-109835270, AX-110550045, and AX-111547988
on chromosome 5B from 397.72 to 410.88 Mb, were significantly
associated with RDW (Figure 4A). These five SNPs constituted
a haploblock that can be divided into two haplotypes (Hapl
and Hap2; Figure 4B). The frequency of the superior Hap2
was 25.1% in the GWAS panel, showing that it has not been
used in many modern wheat varieties. Hap2 was proposed to
significantly increase RDW at every stage, indicating its vital role
in supporting root growth (Figure 4C). Furthermore, varieties
harboring these elite alleles, including Yanke 028, Fengyou 6,
Yamai 1, and Mengmai 023, contributed to 49.59 g of TKW on
average, which was higher than that of other accessions (42.76 g).
This region for RDW may be a promising locus to use and
evaluate in future studies.

Prediction of Candidate Genes for Wheat

Root Traits
In this study, 12 co-localization regions on chromosomes 1D, 2A,
4A, 4B, 5B, 6D, and unmapped markers were found in wheat

AX111619489
AX.110419051
AX-110550045

AX-109835270

FIGURE 4 | Haplotype analysis of SNPs in the stable region at 397.72-410.88 Mb on chromosome 5B. (A) Local Manhattan plot (top) and LD heatmap (bottom)
surrounding the peak on chromosome 5B; (B) two haplotypes with different alleles; and (C) phenotypic effects of different haplotypes.
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from different growing environments. Alignment to the reference
wheat genome (Chinese Spring) revealed that three regions
were located at similar positions or were consistent with those
found in previous studies. In the 484.26-486.74 Mb region on
chromosome 1D, which was 9 Mb from Xbarc62_1D (493.48 Mb)
(Ibrahim et al., 2012; Sun et al,, 2013), one and two SNPs
were significantly associated with TRA under IHC and OHC,
respectively. In the 657.45-658.78 MDb region on chromosome 4B,
which was approximately 16 Mb from Xwmc413_4B (641.40 Mb),
one SNP each in OHC and OPC was significantly associated with
TRA. And Xwmc413_4B was associated with not only root area
but also root length, root volume, and root dry weight (Maccaferri
et al., 2016). Other pleiotropic SNPs associated with root traits
were also detected in previous studies (Ren et al., 2012; Li et al.,
2019). We predicted that these pleiotropic SNPs might contain
tightly linked genes or encode transcription factors regulating
multiple traits.

A co-localization region identified in all three growing
environments regulating TRL was located within 737.85-
742.00 Mb on chromosome 4A, which has not been reported.
27 candidate genes were detected in this interval, and four
of these genes (TraesCS4A02G484200, TraesCS4A02G484800,
TraesCS4A02G493800, and TraesCS4A02G493900) showed high
expression levels and regulated root length based on their
annotations and expression patterns. TraesCS4A02G484200
encoded a protein containing zinc-finger-like metal binding
domains (yippee domain). Zinc finger protein OsCYP2 controlled
lateral root development in response to auxin, whereas OsCYP2
silencing leaded to significantly fewer lateral roots than in the
wild-type rice plants (Cui et al., 2017). TraesCS4A02G484100,
TraesCS4A02G493800, and TraesCS4A02G494000, which encode
members of the F-box-like protein superfamily, were notably
associated with E3 ubiquitin-mediated protein degradation
in response to abiotic stress (Hua and Vierstra, 2011).
TaFBA1 encodes a homologous F-box protein in wheat
that was translated into tobacco, and its overexpression
improved heat tolerance and lengthened the root (Li et al,
2018). TraesCS4A02G493900 and TraesCS4A02G494100 encoded
leucine-rich repeat domain, which was the important part
of the leucine-rich repeat receptor-like kinase (LRR-RLK).
Root growth is determined by meristem cell elongation and
differentiation (Dello Ioio et al., 2007). One of the LRR-
RLK genes contained 21 leucine-rich repeat domains, which
were expressed in roots and rosettes of Arabidopsis and were
involved in cellular signaling in plants (Walker, 1993). Another
of the LRR-RLK genes (OsSERK1) with high expression levels
was detected in rice calluses during somatic embryogenesis,
and it promoted cell differentiation and mediated defense
signal transduction (Hu et al., 2005). TraesCS4A02G484800 and
TraesCS4A02G485000 encode the glycoside hydrolase family 32,
leucine-rich repeat domain superfamily, and concanavalin A-like
lectin/glucanase domain superfamily members. At1G12240 in
Arabidopsis encodes glycoside hydrolase family 32, which is
involved in the decomposition and transformation of sucrose,
which could promote hypocotyl elongation (Sergeeva et al.,
2006). Similarly, OsINV3 in rice is a gene that encodes glycoside
hydrolase family proteins. Electron microscopy revealed that

the panicles of OsINV3 mutant plants displayed small and few
cells on the inner and outer membranes, indicating that OsINV3
plays an important role in cell expansion (Morey et al., 2018).
TraesCS4A02G484800 is homologous to OsINV3 and AtG12240.
These genes might regulate the elongation and formation of
root cells through the zinc-finger domain, F-box-like proteins,
leucine-rich repeat domains and glycoside hydrolases can thereby
affecting root development.

CONCLUSION

Correlation coefficients of root traits between OHC and OPC
were higher than those for either IHC vs. OPC or IHC
vs. OHC. And, RDW between OHC and OPC was closely
correlated at earlier stages (seedling and wintering). Thus,
OHC may be considered a rapid root identification method
worthy of promotion. Among the 196 wheat accessions,
Luomai 23, Zhongchuang 805, Yandian 9433, Kaimai 18, and
Xinmai 19 had poor root systems, while Yumai 54, Luohan
6, Zhengpinmai 8, and Shangmai 156 had large root systems
under all three growing environments. Root traits were negatively
correlated with GY, SPA, and GPS, but positively correlated
with TKW. 12 co-localization regions were detected with an
R? range of 6.38-19.43%. Among them, a stable region for
TRL was detected within 737.85-742.00 Mb on chromosome
4A over three growing environments. In this region, there
were 27 genes involved in cell elongation and differentiation,
and some genes (TraesCS4A02G484200, TraesCS4A02G484800,
TraesCS4A02G493900, and TraesCS4A02G494000) were highly
expressed in root tissues. Another vital region on chromosome
5B may contribute to both RDW and TKW.
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different growing environments and at different stages.

Supplementary Figure 3 | Population structure analysis of the GWAS
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