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Abstract
Root depth, as an important component of root architecture, plays a significant role in growth,

grain yield determination and abiotic stress tolerance in crop plants, but its genetic basis remains

poorly elucidated. In this study, a panel composed of 323 wheat (Triticum aestivum L.) accessions

was assessed for variation in root depth and genotyped with the Wheat 660K SNP Array. GWAS

(genome-wide association study) detected significant association between a 125 bp miniature

inverted-repeat transposable element (MITE) in the promoter of the TaVSR1-B gene with root

depth at the booting stage. We showed that the MITE repressed TaVSR1-B expression by DNA

methylation and H3K27 tri-methylation. The roles of TaVSR1-B in root growth were verified by

altered expression of the gene in transgenic wheat, rice and a tavsr1 TILLING mutant. Increased

TaVSR1-B expression made the root elongation zone shorter and the differentiation zone longer,

leading to deeper root. This work provides novel insight into the genetic basis of variation in root

depth and a promising target for genetic improvement of root architecture in wheat.

Introduction

Wheat (Triticum aestivum L.) is the most widely cultivated crop in

the world, providing about 19% of the global calories consumed

by humans (Godfray et al., 2010; Ray et al., 2013). With the

increasing global demand for food and aggravated effects of

abiotic stress, including drought and nutrient deficiency, there is

an urgent need for breeding wheat cultivars with high and stable

yields (Tester and Langridge, 2010; Wang et al., 2020). Roots play

a vital role in plant development, not only for absorbing water

and nutrients, but also for perceiving stress signals from the soil

(Aida et al., 2004; Promchuea et al., 2017). Therefore, under-

standing root morphology and function is vitally important for

wheat improvement.

Recently, several QTLs and genes for root-related traits in

wheat were identified using forward genetic approaches (Liu

et al., 2013; Maccaferri et al., 2016; Soriano and Alvaro, 2019).

For example, VERNALIZATION1 and TaMOR modulate root

system architecture in wheat (Li et al., 2016; Voss-Fels et al.,

2018). On the other hand, GWAS has made significant contri-

butions in wheat genetic research following the development of

the Wheat 660K SNP Array, which consists of 630 517 SNPs with

advantages of high efficiency and genome specificity (Cavanagh

et al., 2013; Li et al., 2020; Zhou et al., 2018). However, the

problem of observing root phenotype and the complexity of the

wheat genome have hampered efficient identification of regula-

tory genes for root-related traits in this crop species (Ayalew

et al., 2018; Cane et al., 2014; Pang et al., 2020).

The booting stage is a key stage of yield determination, and

root depth is an important aspect of root architecture (Li et al.,

2019b; Wasson et al., 2012). In this study, a previously genotyped

panel of 323 wheat accessions was used in a GWAS based on the

Wheat 660K SNP Array. We identified TaVSR1-B as a key

regulatory gene for root depth at the booting stage. Enhanced

expression of TaVSR1-B conferred a deeper root in both trans-

genic wheat and rice, whereas a tavsr1 mutant has shallower

root. The presence of a 125 bp MITE insertion in the TaVSR1-B

promoter was associated with shallower root, lower TaVSR1-B

expression, higher DNA methylation and H3K27 tri-methylation.

This work uncovered a function of TaVSR1-B in root develop-

ment, and the results could facilitate the optimization of root

architecture in wheat breeding.

Results

TaVSR1-B is associated with root depth at the booting
stage

We previously used a panel of 323 wheat accessions to identify

the genomic regions controlling root traits at late growth stages

in wheat (Li et al., 2019a). In this study, we used the same data to

study the genetic basis regulating root depth at the booting

stage. The mean value for root depth was 57.4 cm, and the

coefficient of variation and broad-sense heritability were 12.4%

and 78.7%, respectively, suggesting that the root depth at the

booting stage was suitable for genetic analysis. In consideration

of the population structure (Q) and kinship (K), marker–trait
relationships were analysed using mixed linear model (MLM). A

haplotype block with peak SNP (89 435 662-89 562 498 bp) on

chromosome 2B (Figure S1) was significantly associated with root

depth at the booting stage (Figure 1). Six candidate genes were

predicted in this block (Table S1). Two significant SNPs were

located within the promoter region, and one significant SNP was

within the coding region of TraesCS2B02G122400 (Table S2),

which encodes a vacuolar sorting receptor protein sharing high

protein sequence homology with Arabidopsis VSR1. The wheat

gene is hereafter named TaVSR1-B (Figure S2).
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TaVSR1-B is involved in regulation of root development
in wheat

Previous studies showed that atvsr1 mutants had defective

seedling establishment (Zouhar et al., 2010) and that the atvsr1

plants were smaller than the wild-type (WT) plants when grown

under normal conditions (Wang et al., 2015). We speculated that

TaVSR1-B might affect root growth in wheat. We obtained three

TILLING mutants of durum wheat cv. Kronos (Krasileva et al.,

2017) (detailed information in Table S3; Figure S2) for pheno-

typing. The mutants were backcrossed twice to the WT Kronos in

order to eliminate background noise. When grown in polyvinyl

chloride tubes containing soil, the mutant roots were signif-

icantly shallower than those of the WT at the booting stage

(Figure S3). These results supported the prediction that TaVSR1-B

might be responsible for the observed differences in root

phenotype.

We analysed the spatiotemporal expression pattern of the

TaVSR1-B gene in wheat cv. Hanxuan 10 (Hap4). TaVSR1-B

showed higher expression in roots at the seedling stage, and in

spikes and roots at the booting stage (Figure 2a). This expression

pattern suggested that TaVSR1-B may also play a role in spike

development, in addition to root development.

It is notable that our GWAS identified a strong correlation

between TaVSR1-B (located on chromosome 2B) and root depth

in hexaploid wheat, but not the homoeologs on chromosomes 2A

and 2D (TaVSR1-A and -D), suggesting that these homoeologs

might have diverged functions. To verify this hypothesis, we

investigated the expression levels of TaVSR1-B in roots of the

three homoeologs. Expression pattern analysis showed that

TaVSR1-B had the highest expression level, TaVSR1-D next and

TaVSR1-A, the lowest expression in all examined tissues of wheat

cv. Hanxuan 10 at the booting stage (Figure 2b). These data

suggested that TaVSR1-B might play a predominant role among

the three TaVSR1 homoeologs in root depth determination due to

its higher expression level.

Sequence polymorphism of TaVSR1-B

To identify the causal variation in root depth, we sequenced

TaVSR1-B in a diverse set of 32 accessions identified by simple

sequence repeat (SSR) markers from a germplasm panel (Zhang

et al., 2017). A 6.3 kb genomic region, including promoter,

coding region and 5’- and 3’-UTR sequences of TaVSR1-B, was

analysed. Forty polymorphic sites were identified, including a

125 bp InDel (insertion/deletion) located 1845 bp upstream of

the start codon of TaVSR1-B, 11 synonymous SNPs, 2 non-

Figure 1 A locus on chromosome 2B was

significantly associated with root depth at

the booting stage. (a) Regional Manhattan

block surrounding the TaVSR1-B genomic

region (89 435 662–89 562 498 bp). The

SNP are shown by diamonds. The InDel at

�1845 bp in the TaVSR1-B promoter is

shown with a red diamond. (b) Filtered

gene models (IWGSC_v1.1) within the

block region are indicated as arrows. The

position of TaVSR1-B

(TraesCS2B02G122400) is indicated by a

red arrow. (c) Linkage disequilibrium heat

map of the chromosome region.
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synonymous SNPs in the signal peptide region and 26 SNPs in the

promoter, UTR and intron regions (Table S4). These variations in

the germplasm were identified as four TaVSR1-B haplotypes

named Hap1 to Hap4. The natural population of 323 wheat

accessions was also classified into four haplotypes based on 3

polymorphic sites: the InDel at �1845 bp, the SNP at �1569 bp

and the SNP at 1840 bp (Table S5; Figure 3a). Notably, Hap1 and

Hap2 genotypes with InDel-1845 had significantly shallower roots

than those of Hap3 and Hap4 without the InDel (Figure 3b, c).

Hap1 and Hap3 genotypes encode the same protein named

TaVSR1-B-1/3, whereas Hap2 and Hap4 genotypes encode a

different protein, named TaVSR1-B-2/4 (Figure S2).

In order to clarify whether variations in the TaVSR1-B coding

region affect gene function, we compared the protein functions

of TaVSR1-B-1/3 and TaVSR1-B-2/4. Transmembrane domain

prediction showed that transmembrane probability of TaVSR1-B-

1/3 in the signal peptide region was much higher than that of

TaVSR1-B-2/4 (Figures S4 and S5a, b). However, both TaVSR1-B-

1/3 and TaVSR1-B-2/4 co-localized with AtVSR1 in PVC/MVB (pre-

vacuolar compartment or multi-vesicular body) of wheat proto-

plasts (Figure S5c, d). It appeared that these variations in signal

peptides had no effect on sub-cellular localization of TaVSR1-B.

We therefore assumed that InDel-1845 plays a key role in

affecting root depth at the booting stage despite the similarity of

the protein sequences encoded by the four haplotypes.

Sequence and structure analysis of InDel-1845 revealed that it

comprised a long-terminal inverted repeat (TIR, each 55 bp), a

13 bp loop and a target site duplication (TSD) of two nucleotides

(TA) at the end. There was another TSD before the insertion

(Figure 3d). This 125 bp DNA sequence can form a stem-loop

structure (Figure 3e). Two 24-nt small RNA sequences found in

the Small RNA Database of the IWGSC (International Wheat

Genome Sequencing Consortium) aligned to the MITE (Figure S6).

All these features indicated that it belonged to the Tc1/Mariner

superfamily of MITE that consists of TIRs and TSDs, with

preferential insertion at TA (Jiang et al., 2004; Lu et al., 2012).

The MITE was present in the promoter of TaVSR1-B allele for

shallow root, in cultivars such as Drysdale (Hap1), but was absent

in the allele for deep root in cultivars represented by Hanxuan 10

(Hap4).

Effect of the MITE insertion on canopy temperature in
wheat germplasm panel

Previous research demonstrated that root depth was significantly

correlated with CT (canopy temperature) at both booting and

grain filling (Li et al., 2019b, 2019a). CT can therefore be used as

an indicator of root development because root system depth

affects the uptake of soil water, thereby affecting transpiration

and finally CT differences. An association analysis of the MITE

insertion and CT on the full panel of 323 accessions showed that

the MITE insertion was also significantly associated with CT

(Table S6). MITE+ accessions had significantly higher CT than

MITE� accessions in 12 of 16 comparisons, that is combinations

of 10 environmental situations and the booting or grain filling

stage (Figure S7a). Correspondingly, the root systems of MITE+

accessions were significantly shorter than those of MITE�

accessions at both growth stages (Figure S7b). These results

supported the notion that the MITE insertion in the TaVSR1-B

promoter directly affects root depth and indirectly affects

transpiration and CT.

The MITE insertion correlates with lower TaVSR1-B
expression

Since the MITE insertion is located in the promoter of TaVSR1-B,

we hypothesized that it might affect TaVSR1-B expression. Real-

time RT-PCR analysis of root samples from ten MITE+ and ten

MITE� genotypes randomly selected from the full germplasm

panel (Table S7) and grown in polyvinyl chloride tubes showed

that the MITE+ genotypes had significantly lower TaVSR1-B

expression than the MITE� genotypes in roots at the booting

stage (Figure 4a), suggesting that the MITE insertion represses

expression of TaVSR1-B.

To substantiate this notion, we compared the expression levels

of TaVSR1-B in seedling root samples of all 323 accessions in the

test panel. Real-time RT-PCR results revealed that the MITE+

genotypes had significantly lower TaVSR1-B expression than the

MITE� genotypes (Figure 4b and Table S8) and that presence of

the MITE was correlated with the shallower root phenotype

(Figure 3c).

The MITE insertion correlates with DNA and histone
methylation differences

Previous studies showed that MITEs have regulatory roles in

nearby gene expression by changing DNA and/or histone methy-

lation status of genes (Castelletti et al., 2014; Gardiner et al.,

Figure 2 Expression pattern of TaVSR1s in wheat. (a) Expression pattern

of TaVSR1-B in tissues of cv. Hanxuan 10 at the seedling and booting

stages. (b) Expression patterns of TaVSR1 genes in cv. Hanxuan 10 at the

booting stage. Error bars, � SE.
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2015; Mao et al., 2015). To better understand why the MITE

insertion is correlated with lower TaVSR1-B expression, we

checked the DNA and histone methylation status of TaVSR1-B

in MITE+ and MITE� genotypes. We found that the positions of

bisulphite sequencing (BSP) in the vicinity of the MITE insertion in

the TaVSR1-B promoter were hyper-methylated in the MITE+

genotypes compared with the MITE� genotypes (Figure 4c).

H3K9me2 and H3K27me3, as repressive histone markers, play an

important role in regulating gene expression (Li et al., 2019c;

Ramirez-Gonzalez et al., 2018). As shown in Figure S8, there was

low level of H3K9me2 distributed around the region. Based on

H3K27me3 enrichment in the wheat cv. Chinese Spring (Fig-

ure S9), three regions (R1-R3) spanning the TaVSR1-B gene and

promoter were analysed. Chromatin immunoprecipitation (ChIP)

using H3K27me3 antibody followed by real-time PCR analysis

demonstrated that R2, nearest to the translation start site, was

hyper-methylated in the MITE+ genotypes compared with the

MITE� genotypes (Figure 4d, e). These results further supported

the premise that variations in the TaVSR1-B promoter affect root

development through modifying DNA and histone methylation.

The MITE insertion in wheat introgression lines

To further validate the effect of the MITE insertion on root

development in wheat, we constructed a BC3F4 introgression

population derived from a shallow rooted cv. Drysdale (with MITE

insertion, MITE+) and a deep rooted cv. Hanxuan 10 (without

Figure 3 HaplotypesofTaVSR1-Bandrootdepthphenotypesat thebootingstage for theentire testpanel. (a) FourTaVSR1-Bhaplotypeswere identified.When

aseriesofconsecutivevariantswere incompleteLD,onlyone isshown. (b)Rootdepthphenotypesofdifferenthaplotypes.ndenotes thenumberofgenotypesper

haplotype. Statistical significance was determined by a two-sided t-test. (c) Root depth difference between Hap1/2 and Hap3/4. Error bars,� SE. Statistical

significancewasdeterminedbya two-sided t-test,***P < 0.001. (d)DNAsequencedifferencebetweenHap1/2andHap3/4causedbya125 bpMITE inserted in

theTaVSR1-Bpromoter region.Target siteduplications (TSDs)are indicatedby redboxes.The loop is indicatedbyablackbox.Twoterminal inverted repeats (TIRs)

are indicatedby arrows. (e) Predictedhairpin structure of theMITE consistingof two57 bp stems anda13 bp loop. Two24-nt small RNA sequences found in the

IWGSC Small RNA Database matching theMITE are highlighted in red.
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MITE insertion, MITE�). Among 160 introgression lines (ILs), there

were 6 MITE+ genotypes, 153 MITE� genotypes and 1 heterozy-

gote (Figure 5a). To determine the phenotypic contributions of

the alleles to root development in a more quantitative way, the

primary root lengths of seedlings were determined. Apparently,

genotypes with MITE+ had significantly shorter primary roots than

MITE� genotypes (Figure 5b, c). Moreover, qRT-PCR expression

analysis of the 160 hexaploid introgression lines showed that

TaVSR1-B expression in seedling roots was higher in the MITE�

genotypes, including Hanxuan 10, than in the MITE+ genotypes,

including Drysdale (Figure 5d). Additionally, we also checked

H3K27me3 and DNA methylation status of TaVSR1-B in the ILs

and observed a similar trend as that in 323 accessions population

(Figure 5e, f).

Figure 4 Comparisons of TaVSR1-B expression, DNA methylation and H3K27me3 status between MITE+ and MITE� haplotypes of wheat. (a) TaVSR1-B

expression in roots of MITE+ and MITE� haplotypes at the booting stage. Ten accessions of each of MITE+ and MITE� haplotypes were assayed. Error bars, �
SE. Statistical significance was determined by a two-sided t-test, ***P < 0.001. (b) TaVSR1-B expression in MITE+ and MITE� haplotypes in roots of

seedlings of all 323 accessions in the test panel. In box plots, centre values are medians, lines indicate variability outside the upper and lower quartiles, and

circles denote outliers. Error bars, � SE. Statistical significance was determined by a two-sided t-test, ***P < 0.001. (c) Average DNA methylation status

determined by bisulphite sequencing. The 20 accessions used for determining the expression of TaVSR1-B haplotypes were used. The MITE region is

indicated by a red line. (d) H3K27me3 methylation status detected by ChIP–qPCR assays. The same 20 accessions were used. The H3K27me3 status of the

TaGAPDH was detected in parallel as a negative control. Anti-H3 was used as an internal reference in the ChIP–qPCR assay. AB indicates with antibody; no

AB indicates without antibody. Error bars, � SE. (e) Position for detecting epigenetic status. The 125 bp MITE insertion is illustrated by the red box, 5’- and

3’-UTR regions by grey boxes and exons by black boxes. The positions of bisulphite sequencing (BSP), ChIP-qPCR (R1-R3) in the genomic region of TaVSR1-B

and ChIP-qPCR (ChIP), real-time (RT) in the TaGAPDH are indicated by black lines selected based on H3K27me3 of Chinese Spring (Figure S9).
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Increased expression of TaVSR1-B confers deeper roots

Given that the MITE insertion was negatively correlated with

TaVSR1-B expression and root depth, we generated transgenic

cv. Fielder expressing the coding sequence of TaVSR1-BHap2/4

driven by MITE+ (Hap2) or MITE� (Hap4) promoters. Transgenic

lines were assayed using pCAMBIA1391 vector primers (Fig-

ure S10a). Lines with Hap4 showed significantly increased

expression of TaVSR1-B, and lines with Hap2 showed similar

expression of TaVSR1-B compared with that of the WT

(Figure S10b). This result verified the notion that MITE+ has a

significant effect on TaVSR1-B expression in the transgenic

wheat. Phenotypic analysis showed that the Hap4-4/9 transgenic

lines (MITE�) had deeper roots and higher dry weights of root

and shoot than the Hap2�-5/7 transgenic lines (MITE+) and the

WT (Figure 6 and Figure S10c). There were no significant

differences for other agronomic traits, including crown root

number, plant height, spike number per plant, grain number per

spike and 1000-kernel weight, between WT and transgenic lines

irrespective of being grown in polyvinyl chloride tubes or in the

field (Figures S10d-h and S11).

We also constructed vectors representing the four haplotypes

based on pCAMBIA1391 and transformed them into rice. As

expected, transgenic rice lines with vector 3 or 4 (MITE�) showed

higher TaVSR1-B expression levels than lines with vector 1 or 2

(MITE+) (Figure S12). These results indicated that the MITE

insertion had a significant repressive effect on TaVSR1-B expres-

sion in rice as well. Consistently, transgenic rice lines with Hap3 or

Hap4 (MITE�) had deeper roots than comparable lines with Hap1,

Hap2 (both MITE+) or WT (Figure S13). Taken together, heterol-

ogous expression of TaVSR1-B without the MITE insertion

conferred deeper roots while with the MITE insertion did not.

TaVSR1-B regulates root depth by influencing the ratio
of elongation zone to differentiated zone

We next examined the structure of root tip to investigate the

cellular basis of TaVSR1-B in regulating root depth. We found that

there was no significant difference between transgenic line Hap4-

9 and wild type in the meristematic zone, regardless of zone

length, average cell length or cell number. However, the

elongation zone of TaVSR1-B transgenic lines was shorter and

contained smaller cells than the wild type, whereas the differen-

tiation zone was longer and contained more cells than the wild

type (Figure 7). These results suggested that TaVSR1-B might

accelerate transition of cells in the elongation zone to cells in the

differentiation zone.

Previous studies demonstrated that AtVSR1 was likely involved

in biogenesis of PVCs by transporting cargo from the PVC (or

MVB) to the vacuole (Shimada et al., 2003). We examined

whether TaVSR1-B took part in formation of central vacuoles in

Figure 5 Effect of the MITE insertion in TaVSR1-B on roots in an IL population. (a) Representative comparison of genotyping based on the 125 bp MITE

insertion in the parents and IL population. The DNA band from MITE+ genotypes was 517 bp; and the band from MITE� genotypes was 392 bp. (b)

Phenotypes of two-week-old seedlings of two TaVSR1-B haplotypes in the ILs. Bar, 5 cm. (c) Average primary root lengths of two TaVSR1-B haplotypes in

the ILs. Error bars, � SE. Statistical significance was determined by a two-sided t-test, *P < 0.05. (d) Average relative expression in roots of two TaVSR1-B

haplotypes. Error bars, � SE. Statistical significance was determined by a two-sided t-test, ***P < 0.001. (e) Average H3K27me3 methylation status

detected by anti-H3K27me3 ChIP–qPCR assays. The six homozygous MITE+ accessions and randomly selected six homozygous of MITE� accessions were

used. Error bars, � SE. (f) Average DNA methylation status determined by bisulphite sequencing. The same 12 accessions were used in this experiment.
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the root cells, but detected no significant differences between

wild type and line Hap4-9 at the MZ or EZ (Figure S14). These

results hinted that TaVSR1-B might affect other processes rather

than formation of vacuoles.

Discussion

Root depth, an important aspect of root architecture, has a strong

connection with plant growth, grain yield and abiotic stress

tolerance. Consequently, optimization of root architecture could

be a significant objective for wheat breeders. Booting is the key

growth period for establishing grain yield potential in wheat, as

the root depth at this stage is significantly correlated with yield

per plant and canopy temperature (Li et al., 2019a). As large-scale

phenotyping of root depth in field conditions in technically

challenging and prohibitively labour intensive, we investigated

root depth at the booting stage using a polyvinyl chloride tube

method in this study. Our GWAS identified TaVSR1-B, which

encodes a vacuolar sorting receptor protein, as an important

regulator of root depth in wheat at the booting stage.

Previous studies reported that VSRs (vacuolar sorting receptors)

play a universal role in sorting vacuolar-soluble proteins (Niemes

et al., 2010; Pelham and Rothman, 2000; Reyes et al., 2011). In

Arabidopsis, there are seven family members (Lousa et al., 2012;

Robinson, 2014) not only involved in sorting storage proteins

targeted to the protein storage vacuole (PSV) in seeds but also

involved in sorting soluble lytic vacuolar (LV) and PSV proteins in

vegetative cells (Lee et al., 2013). VSR1, first known as

Arabidopsis thaliana epidermal growth factor receptor-like pro-

tein (AtELP1), showed highest expression in roots (Ahmed et al.,

1997), although its function was unknown. Recent studies

showed that VSR1 was essential for germination vigour, seedling

establishment (Zouhar et al., 2010), pollen tube growth (Wang

et al., 2010) and osmotic stress-induced ABA biosynthesis (Wang

et al., 2015). Thus, VSR may have multiple functions in plant

growth. Here, we proved that TaVSR1-B is involved in determi-

nation of root architecture in wheat. However, we did not find

evidence for TaVSR1-B in regulating vacuole formation. Instead,

we found that TaVSR1-B accelerates transition of cells in the

elongation zone to cells in the differentiation zone, hence

producing deeper roots (Figure 7). Further studies are required

to elucidate the precise molecular mechanisms of TaVSR1-B in

regulating root growth in wheat.

More than 85% of the wheat genome is comprised of

transposable elements (TEs) (International Wheat Genome

Sequencing Consortium, 2018) that are present in about half of

all genes (Zhao et al., 2017). Numerous studies have documented

important roles of TEs in reshaping the genomes, evolution and

ecological adaptation of various plants (Cui and Cao, 2014;

Slotkin and Martienssen, 2007). For example, a TE (Hopscotch)

inserted in the regulatory region of teosinte branched1 (tb1)

increases apical dominance in maize (Studer et al., 2011). In

maize, within the Vgt1 region, a major QTL regulating flowering

time, the contrasting QTL alleles showed 29 SNPs and InDels and

one 143-bp insertion into the Gasp�e Flint allele of a MITE

transposon belonging to the Tourist family (Salvi et al., 2007). A

CACTA-like TE in the ZmCCT promoter attenuates photoperiod

sensitivity (Yang et al., 2013). A terminal-repeat retrotransposon

in miniature (TRIM) element in the promoter of Ms2 causes male

sterility in wheat (Xia et al., 2017). Previous studies also reported

Figure 6 Seedling phenotypes of two

transgenic TaVSR1-B haplotype wheat

lines. Seedlings (a), root depth (b), and root

dry weight (c) of transgenic Hap2 (MITE+)

and Hap4 (MITE�) lines. Data were based

on three biological replications, nine

seedlings per line per replicate. Bar, 10 cm.

Error bars, � SE. Statistical significance was

determined by a two-sided t-test,

*P < 0.05.
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that insertion of a MITE in the wheat Vrn-A1 promoter led to an

altered vernalization requirement made through the miRNA

pathway (Gorafi et al., 2016; Yu et al., 2014), while insertion

of TaMITE81 in the 5’-UTR of TaCHS7BL (chalcone synthase (CHS)

caused its low expression, leading to reduced anthocyanin

biosynthesis and a white grain phenotype (Xi et al., 2016). In

this study, we found that a 125 bp MITE insertion in the promoter

region TaVSR1-B was responsible for shorter root depth at the

booting stage of growth. We further showed that the MITE

insertion in the promoter of TaVSR1-B represses its expression by

modulating DNA and histone methylation. Our findings highlight

an important role of TEs in regulating wheat root development.

Breeding wheat for diverse target ecological areas requires

different root architecture. Here, we found that the presence/

absence of a MITE in the promoter of TaVSR1-B-affected root

depth at the booting stage. Thus, appropriate TaVSR1-B alleles

(MITE+ or MITE�) could be used to breed wheat cultivars fit

different target ecological areas. For example, as phosphorus is

mainly found in the shallow soil, nitrogen is distributed in the

deep soil, and moisture content in different soil layers varies

according to natural precipitation and irrigation conditions, the

target TaVSR1-B allele can be chosen to gain the optimal root

architecture on the basis of soil water, fertilizer and other

conditions in the target area.

Experimental procedures

GWAS of root depth

The germplasm panel used in this study was a panel of 323

wheat accessions including 12 landraces, 36 advanced lines

and 275 modern varieties previously genotyped with the Wheat

660K SNP Array. A total of 395 675 SNPs with missing rates

≤0.2 and minor allele frequency ≥0.05 were used for GWAS (Li

et al., 2019a). Root depth and statistical analyses were

performed as described by Li et al. (2019a). Briefly, polyvinyl

chloride tubes (11 cm in diameter, and 100 cm length for

booting plants, 180 cm length for grain filling plants) were pre-

buried into a soil pit. Matching polyethylene (PE) bags loaded

with soil were inserted into the tubes. The soil moisture was

maintained at 80 � 5% of field capacity. Eight seeds of each

Figure 7 Root morphology of transgenic TaVSR1-B Hap4 wheat. (a) PI staining of roots of 2-week-old WT and Hap4-9 transgenic seedlings. The

meristematic zone (MZ) is marked by a white line, and the elongation zone (EZ) by a blue line. Red bars, 500 lm. Each image was made by fusing four

photographs of the same root. (b) Zone length of MZ, EZ and differentiation zone (DZ); (c) Cell number of MZ, EZ and DZ; (d) Average cell length of MZ, EZ

and DZ. At least 10 roots were measured in each of three repeated experiments. Error bars, � SE. Statistical significance was determined by a two-sided t-

test, *P < 0.05, **P < 0.01.
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accession were sown in each soil column with three replica-

tions in October, and seedlings were thinned to three plants.

The PE bags were withdrawn from the tubes at the booting or

grain filling stages, and root depths were recorded for deepest

root tip. The relationships between markers and traits were

analysed using TASSEL 5.0 software based on mixed linear

model (MLM), in which the population structure (Q), kinship (K)

and PCA were estimated as previously described (Li et al.,

2019a). Based on the Bonferroni correction, the suggestive P

value threshold was 2.53 9 10–6 (= 1/395 675), which was

considered as the threshold for association.

Canopy temperature and its association with genotype

The entire test panel was planted in 10 environments (year 9 lo-

cation 9 treatment) at Changping (40°13’N, 116°13’E) and

Shunyi (40°23’N, 116°56’E), Beijing, over two growing seasons

(2015–2017) for measurement of canopy temperature (CT) under

two water regimes, drought-stressed (DS) and well-watered

(WW) with or without heat-stress (HS) treatment at the booting

(B) and grain filling (G) stages. The experimental unit was a 2-m

long, four-row plot with 30 cm between rows and 40 seeds

planted per row. DS plots were rain-fed (the amount of rainfall

was shown in Figure S15) whereas WW plots were thrice irrigated

with 750 m3/ha at the pre-overwintering, booting and flowering

stage when the amounts of rainfall were insufficient. Heat stress

(HS) was simulated at Shunyi by covering the plots with polythene

sheets at the flowering stage to increase temperature. Associa-

tion analysis between phenotype and genotype was performed as

described by Li et al. (2019a).

Phylogenetic tree construction for VSR1

Using the full-length amino acid sequence of TaVSR1-B as query,

VSR1 family members were identified from different plant species

by BLAST search of proteins in the NCBI database. Homologous

VSR1 proteins were aligned using DNAMAN. The full-length

sequences were used to construct a phylogenetic tree by the

maximum likelihood method using Molecular Evolutionary

Genetics Analysis (MEGA) software version 5.2 (http://www.

megasoftware.net).

Phenotypic analysis of Kronos TILLING mutants

Three TILLING mutants of durum wheat cv. Kronos were

obtained from Professor Daolin Fu (Shandong Agricultural

University, China), who has received approval from Dr. Jorge

Dubcovsky at UC Davis, the inventor of the Kronos mutant

lines. These mutants were twice backcrossed with Kronos to

eliminate noise from the genetic background prior to pheno-

typing. Seeds of Kronos (WT) and its mutants were planted in

soil columns in polyvinyl chloride PVC tubes in March. Root

depth at the booting stage and statistical analyses were

performed as described above.

Sequence polymorphism of TaVSR1-B

The genomic region of TaVSR1-B (6.3 kb), including promoter

(2.3 kb), coding regions (including introns) and 5’ and 3’-UTR

sequences were amplified from 32 widely variable wheat

accessions identified by dispersed simple sequence repeat (SSR)

markers. Purified PCR products were cloned into pEASY-Blunt

vectors and transformed into E. coli. Twelve positive clones were

sequenced with an ABI 3730 DNA Analyzer. Sequence poly-

morphism was analysed using SeqMan software (DNASTAR,

USA).

Analysis of TaVSR1-B protein structure

Signal peptides in the TaVSR1-B protein were predicted through

Signalp Server v.5.0 (http://www.cbs.dtu.dk/services/SignalP), and

transmembrane domains were predicted by TMHMM Server v.2.0

(http://www.cbs.dtu.dk/services/TMHMM/).

Sub-cellular localization

The full-length cDNA of TaVSR1-Bs was fused at restriction

enzyme sites of Spe I and Kpn I upstream of GFP in the

pCAMBIA1300 vector under control of the CaMV 35S promoter.

The constructs and AtVSR1-mCherry were co-transformed into

wheat protoplasts from 2-week-old seedlings based on the PEG-

mediated method (Yoo et al., 2007), then incubated at 25 °C in

darkness for 16 h. Imaging was performed with a Zeiss LSM880

confocal microscope.

TaVSR1s gene expression analysis

Root and leaf tissues of wheat cv. Hanxuan 10 from 2-week-old

seedlings and different tissues at the booting stage (root, root

base, stem, node, leaf and spike) were harvested to analyse the

spatiotemporal expression pattern of the TaVSR1 genes. To

detect effects of allelic variants on expression level of TaVSR1-B,

two sets of ten randomly selected accessions with and without

MITE (Table S7) were grown in the polyvinyl chloride tubes and

roots were sampled at the booting stage. Root samples from all

323 accessions in the test panel were harvested from 2-week-old

seedlings. Total RNAs were extracted, and real-time PCR analysis

was performed. The TaGAPDH gene was used as an internal

control to normalize the data.

Bisulphite sequencing

Genomic DNA isolated from the above 20 accessions was used

for bisulphite sequencing (Table S7). One microgram of genomic

DNA from each sample was treated by bisulphite with the EZ DNA

Methylation-Gold Kit (Zymo Research, Orange, CA, D5005),

following the manufacturer’s protocol. After bisulphite conver-

sion, the DNA was used as template for PCR. Amplified PCR

fragments were then cloned into the pEASY-T1 cloning vector

(TRANS, CT101) and transformed into E. coli for sequencing. At

least ten clones of each accession were sequenced. DNA

methylation status was the mean value for accessions of each

MITE+ or MITE� haplotype.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed following a published protocol (Saleh et al.,

2008) using whole-plant tissues of 2-week-old seedlings from the

above 20 accessions (Table S7). Briefly, 5 ll of anti-H3 (Abcam,

ab1791, http://www.abcam.com/) or anti-H3K27me3 (Abcam,

ab6002) antibodies were used for each ChIP assay. ChIP products

were dissolved in TE, and the amount of immunoprecipitated

chromatin was determined by real-time PCR. TaGAPDH was used

as the internal control. The relative abundance was normalized to

the amount of DNA immunoprecipitated by H3 antibody.

H3K27me3 methylation status was the mean value of accessions

with each MITE+ or MITE� haplotype.

Allelic effect of TaVSR1-B in an introgression population

A BC3F4 population was used as the plant material to validate

the effects of TaVSR1-B alleles. The population was constructed

by using a deep root genotype Hanxuan 10 as the recurrent

parent, and a shallow root genotype Drysdale as the donor
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parent, through three randomly backcrossing generations fol-

lowed by three selfing generations. One hundred and sixty

introgression lines (ILs) were used in the validation of TaVSR1-B

allele effects. The genotypes of the ILs were identified by

separating the PCR products of the MITE insertion at the

TaVSR1-B locus on 2% agarose gel. Primary root samples were

collected from 2-week-old seedlings grown hydroponically to

measure root length and to detect gene expression differences

of two haplotypes. Six homozygous MITE+ accessions and six

randomly selected homozygous MITE� accessions were used to

measure DNA methylation and H3K27me3 status as mentioned

above.

Production of transgenic wheat

Four kinds of vectors based on pCAMBIA1391 were constructed

for transgenesis. Four fragments were amplified: TaVSR1-BHap1/3

cDNA from cDNA of wheat cv. Drysdale (Hap1), TaVSR1-BHap2/4

cDNA from cDNA of wheat cv. Hanxuan 10 (Hap4), TaVSR1-B

promoter with MITE insertion (MITE+) from DNA of Drysdale and

TaVSR1-B promoter without MITE insertion (MITE�) from DNA of

Hanxuan 10. Then, combinations of different cDNAs and

promoters were amplified together based on the Splice Overlap

Extension (SOE) PCR method (Ward et al., 1993) and inserted into

pCAMBIA1391 through seamless DNA cloning using In-Fusion�
HD Cloning Plus (638910, TaKaRa, http://www.takara-bio.com/).

In detail, Vector 1 representing Hap1 consisted of TaVSR1-BHap1/3

cDNA driven by the TaVSR1-B MITE+ promoter; Vector 2

representing Hap2 consisted of TaVSR1-BHap2/4 cDNA driven by

the TaVSR1-B MITE+ promoter; Vector 3 representing Hap3

consisted of TaVSR1-BHap1/3 cDNA driven by the TaVSR1-B MITE�

promoter; and Vector 4 representing Hap4, consisted of TaVSR1-

BHap2/4 cDNA driven by the TaVSR1-B MITE� promoter. All

primers used in this study are listed in Table S9. Transgenic wheat

cv. Fielder lines were produced by infection with Agrobacterium

EHA105 with Vector 2 and Vector 4. Transgenic T0, T1 and T2
wheat seeds were selected by 50 lg/mL hygromycin B. Trans-

genic-positive and sibling transgenic-negative (WT) plants were

confirmed in each generation by PCR analysis. The roots of 2-

week-old homozygous T3 wheat lines were used to detect

expression of TaVSR1-B through real-time PCR. At least 20

independent lines were obtained for each vector. Transgenic lines

Hap2-5 and Hap2-7 (Vector 2) and Hap4-4 and Hap4-9 (Vector 4)

were selected for further analyses.

Production of transgenic rice

Transgenic rice cv. Kitaake lines were produced by infection with

Agrobacterium EHA105 with above four kinds of vectors.

Transgenic T0, T1 and T2 rice seeds were selected by 50 lg/mL

hygromycin B. Transgenic-positive and sibling transgenic-negative

(WT) plants were confirmed in each generation by PCR. The roots

of 2-week-old homozygous T3 rice lines were used to measure

expression of TaVSR1-Bs through real-time PCR. At least 20

independent lines were obtained for each vector. Four lines,

Hap1-3, Hap2-12, Hap3-8 and Hap4-10 were selected for further

analyses.

Phenotypic analysis of transgenic lines

Homozygous T3 transgenic wheat lines and WT Fielder were

grown in soil column for phenotyping root traits as described

above. The traits measured at booting included root depth,

crown root number, root dry weight and shoot dry weight.

The same materials were also grown in the field as 1 m single

row plots spaced 30 cm apart, and with 10 plants per row.

Crown root numbers at booting, plant height, spike number

per plant and grain number per spike were measured at the

adult stage; thousand kernel weight was recorded post-

harvest.

Homozygous T3 transgenic rice lines and WT Kitaake were used

for phenotyping. The rice plants were grown in peat soil in plastic

containers (90 9 35 9 30 cm). Each container held 3 rows

spaced 10 cm apart, with 8 plants in each row with normal field

management. There were three replications with 10 plants per

line investigated in each replicate. Similar traits were investigated

as for wheat.

Wheat root morphology

The transgenic wheat lines and WT were germinated and grown

in water for observing root phenotypes. Roots of 2-week-old

seedlings were stained with 10 lg/mL propidium iodide (PI) for

5 min, photographed using a Zeiss LSM880 confocal microscope,

analysed and jointed by ImageJ (National Institutes of Health,

http://rsb.info.nih.gov/ij/). Zone lengths, cell numbers and cell

lengths were measured for the meristematic zone (MZ, between

the root cap and first elongating cell), elongation zone (EZ, from

the first elongating cell to the first root hair) and differentiation

zone (DZ, from the first root hair to the merging of root and

hypocotyl). At least 10 roots were analysed per line in each of

three repeated experiments.

Roots were stained by 0.03% Neutral Red for 5 min and

washed three times before MZ and EZ images were collected

using a Zeiss LSM880 confocal microscope with a 543 nm laser

for excitation. At least 10 roots were observed per line in each of

three repeated experiments.
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