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Abstract
Key message CRISPR-Cas9-based genome editing and EMS mutagenesis revealed inter-cultivar differences and 
additivity in the contribution of TaGW2 homoeologues to grain size and weight in wheat.
Abstract The TaGW2 gene homoeologues have been reported to be negative regulators of grain size (GS) and thousand 
grain weight (TGW) in wheat. However, the contribution of each homoeologue to trait variation among different wheat 
cultivars is not well documented. We used the CRISPR-Cas9 system and TILLING to mutagenize each homoeologous gene 
copy in cultivars Bobwhite and Paragon, respectively. Plants carrying single-copy nonsense mutations in different genomes 
showed different levels of GS/TGW increase, with TGW increasing by an average of 5.5% (edited lines) and 5.3% (TILL-
ING mutants). In any combination, the double homoeologue mutants showed higher phenotypic effects than the respective 
single-genome mutants. The double mutants had on average 12.1% (edited) and 10.5% (TILLING) higher TGW with respect 
to wild-type lines. The highest increase in GS and TGW was shown for triple mutants of both cultivars, with increases in 
16.3% (edited) and 20.7% (TILLING) in TGW. The additive effects of the TaGW2 homoeologues were also demonstrated by 
the negative correlation between the functional gene copy number and GS/TGW in Bobwhite mutants and an  F2 population. 
The highest single-genome increases in GS and TGW in Paragon and Bobwhite were obtained by mutations in the B and D 
genomes, respectively. These inter-cultivar differences in the phenotypic effects between the TaGW2 gene homoeologues 
coincide with inter-cultivar differences in the homoeologue expression levels. These results indicate that GS/TGW varia-
tion in wheat can be modulated by the dosage of homoeologous genes with inter-cultivar differences in the magnitude of 
the individual homoeologue effects.

Introduction

Wheat is one of the most widely grown crops in the world 
and contributes 20% of the calories in human diets (FAO: 
http://www.fao.org/faost at/). To ensure food security and 
to achieve sustainable increases in wheat production, novel 
breeding strategies underpinned by the molecular under-
standing of traits contributing to yield need to be developed 
and deployed. The identification of genes controlling yield 
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component traits in many crops (Li and Yang 2017) and the 
development of novel wheat genomic resources and reverse 
genetics tools (Krasileva et al. 2017; Wang et al. 2018) 
provide unique opportunities to improve yield potential in 
wheat.

The allohexaploid genome of common wheat (Triticum 
aestivum, 2n = 6x, genomes AABBDD) has many genes 
present in three copies on homoeologous chromosomes. 
This genetic redundancy impedes the functional studies of 
genes controlling important agronomic traits, because the 
phenotypic effects of loss-of-function mutations in a single 
homoeologue are frequently masked by other gene copies 
(Borrill et al. 2015). The development of reverse genetics 
methods based on either TLLING (Krasileva et al. 2017) or 
CRISPR-Cas9 gene editing (Wang et al. 2016, 2018) pro-
vide powerful tools to understand the role of wheat gene 
homoeologues in controlling complex phenotypic traits and 
to expand genetic diversity accessible for wheat improve-
ment offsetting the negative effects of domestication and 
improvement bottlenecks on genetic variation (Avni et al. 
2017; Cavanagh et al. 2013; Wang et al. 2014a).

The TaGW2 gene is an orthologue of the rice GW2 gene 
which negatively regulates grain width and TGW (thousand 
grain weight) by modulating cell division on the husk and 
grain filling (Song et al. 2007). The A genome homoeologue 
of the TaGW2 gene (TaGW2-A1) was previously validated as 
a negative regulator of grain width, grain length and TGW 
in wheat by forward genetic methods (Jaiswal et al. 2015; 
Su et al. 2011; Yang et al. 2012). Using the complemen-
tary reverse genetics approach, a tetraploid wheat mutant 
of TaGW2-A1 was identified from a TILLING population 
(Uauy et al. 2009) and the phenotypic effects of TaGW2-A1 
was studied by backcrossing the mutant line with tetraploid 
wheat Kronos and hexaploid wheat Paragon (Simmonds 
et al. 2016). The results showed that the knock-out (KO) 
of TaGW2-A1 increased grain width (2.8%), grain length 
(2.1%) and TGW (6.6%) in both tetraploid and hexaploid 
wheat, further validating TaGW2-A1 as a negative regulator 
of GS and TGW.

The CRISPR-Cas9-based genome editing technology 
has recently been applied widely to study gene function in 
many species (Cong et al. 2013; Jinek et al. 2012; Mali et al. 
2013; Minkenberg et al. 2017; Mohan 2016; Wang et al. 
2018). The CRISPR-Cas9 system has been successfully used 
in wheat to produce mutant plants for several genes (Liang 
et al. 2017; Wang et al. 2014b, 2018; Zhang et al. 2016). 
We previously showed that the KO of all three homoeo-
logues of TaGW2 gene by CRISPR-Cas9 increased GS and 
TGW much higher than the reported increase in TaGW2-
A1 mutants (TGW; 28% compared to 7%), which suggests 
that the B and D homoeologues (TaGW2-B1 and TaGW2-
D1) have potential phenotypic effects (Wang et al. 2018). 
Recently, the B and D homoeologues were also shown to 

contribute to GS (grain size) and TGW in an additive man-
ner; a double mutant line with mutations in the B and D 
homoeologues produced stronger phenotypic effects than 
single mutant lines for either the B or D homoeologues 
(Zhang et al. 2018).

However, these studies did not fully uncover the genetic 
relationship among all three TaGW2 homoeologues in dif-
ferent wheat cultivars. To further investigate the contribution 
of the TaGW2 gene’s homoeologues to variation in the GS 
and TGW traits in hexaploid wheat, we used mutant lines 
created by CRISPR-Cas9-based gene editing (Wang et al. 
2018) and chemical mutagenesis (Uauy et al. 2009). Wheat 
lines carrying mutations in TaGW2-A1, B1 and D1 in all 
possible combinations were obtained for cultivar Bobwhite 
by expressing the CRISPR-Cas9 gene editing constructs 
(Wang et al. 2018), and for cultivar Paragon by crossing with 
mutants identified in two EMS mutant populations (Uauy 
et al. 2009; Krasileva et al. 2017). The effects of mutations 
in one, two or all three copies of the TaGW2 gene on the 
GS and TGW traits in these two cultivars were investigated. 
Using these data, we studied the contribution of mutations in 
individual gene homoeologs and their combinations to phe-
notypic variation in polyploid wheat and evaluated whether 
the observed magnitude of the homoeologs’ effects remains 
consistent in different genetic backgrounds.

Materials and methods

CRISPR‑Cas9‑induced TaGW2 gene mutant plants

The  T0 generation plants carrying CRISPR-Cas9-induced 
mutations were regenerated and genotyped as described 
previously (Wang et al. 2018). Briefly, the CRISPR-Cas9 
targeted region on the first exon of TaGW2-A1, B1 and D1 
was amplified by PCR using gene-specific primers with 
5′-tails including part of the Illumina TruSeq adapters. The 
second round of PCR was used to add the Illumina TruSeq 
adapter barcodes. To expand the multiplexing capacity of 
Illumina TruSeq barcodes, additional five barcoding bases 
were added between the target-specific primers and Illumina 
adaptors. As shown in Table S1, 96 of samples carrying the 
same TruSeq barcode could be indexed using these internal 
barcodes.

The  T1,  T2 or  T3 generation progeny from independent  T0 
lines were used in phenotyping experiments. Cultivar Bob-
white and plants carrying the wild-type alleles of TaGW2 
genes segregating from the same  T0 lines were used as 
controls.

A  T0 TaGW2 triple genome mutant was crossed with 
cultivar Thatcher to develop  F2 population of 266 lines. 
Because the transgenerational activity of CRISPR-Cas9 
constructs could induce new mutations in the non-edited 
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target sites (Wang et al. 2018), the genotypes of all plants 
in each experiment were ascertained by next-generation 
sequencing as described above (the mutations are shown 
in Table S2–S4). Any plant carrying deletions or insertions 
not causing coding frame shift were excluded from further 
analyses.

Selection EMS‑induced loss‑of‑function mutants 
of the TaGW2 gene

The homozygous G to A mutation at the AG splice accep-
tor site of exon 5 (G2373A) in TaGW2-A1 has been dis-
covered through screening of the Kronos TILLING popu-
lation, as reported in Simmonds et al. (2016). Mutants of 
TaGW2-B1 gene were identified in Kronos using B genome-
specific primers (Table S5) following the same procedure 
described for TaGW2-A1 (Simmonds et al. 2016). The D 
genome mutant was identified by in silico screening of the 
wheat TILLING database (www.wheat -tilli ng.com) (Kra-
sileva et al. 2017) using a BLASTN-based comparison of 
the TaGW2-D1 sequence. The locations of the mutations for 
the three homoeologues and the resulting codon changes are 
shown in Figure S1.

Development of wheat lines with double and triple 
EMS KOs of the TaGW2 gene

TILLING mutant Kronos0341, which carries the heterozy-
gous C2504T mutation in TaGW2-B1, was crossed to the 
cultivar Paragon. Plants of TILLING mutant Cadenza1441 
carrying the homozygous mutation G7139A in TaGW2-
D1 were crossed with Paragon NILs homozygous for the 
G2373A TaGW2-A1 SNP. The resulting  F1 plants were inter-
crossed to produce  BC1F1 seeds (Figure S2). Marker-assisted 
selection was carried out on the  BC1F1 plants using KASPar 
markers for the selection of plants heterozygous for all three 
mutations (AaBbDd). These plants were self-pollinated and 
the resultant plants  (BC1F2) screened for the selection of 
lines homozygous for all three mutations. To enable a rep-
licated experiment, plants were once more self-pollinated 
to  BC1F3.

Seeds of the Paragon  BC1 NIL carrying the three TILL-
ING-derived mutant alleles developed in this study are 
available to the wheat community via the JIC Germplasm 
Resources Unit (https ://seeds tor.ac.uk/) accession number 
W10347.

Plant growth conditions

The CRISPR-Cas9 mutant plants were grown in Kansas 
State University greenhouses under 12/12 h light/dark condi-
tions in the first month, and then grown until harvested under 
16 h light/8 h dark; room temperature was set as 24 °C in the 

day and 21 °C in the night. Plants were grown in 1 L square 
pots filled with 3/4 laboratory-made soil (volume ratio of 
soil:peatmoss:perlites:CaSO4 is 20:20:10:1) on the bottom 
and 1/4 Sungro soil (Sun Gro Horticulture, Agawam, MA, 
USA) on the top. The  F2 populations of Bobwhite’s TaGW2 
gene mutant and Thatcher were grown in the 1/4 L pots 
under the same greenhouse conditions as Bobwhite mutant 
plants. For each experiment, all plants were set in one green-
house randomly.

The TILLING-derived  BC1F3 plants were sown at the 
John Innes Centre in two 96-well trays comprising of peat 
and sand compost. The seedlings were propagated for 
3 weeks in a controlled environment room (CER) with set 
points of 16 h day/8 h night and temperatures of 20/16 °C. 
Once genotyped, selected plants were potted into 1 L pots 
with Petersfield Cereal Mix (Petersfield, Leicester, UK) and 
transferred to a Conviron BDW80 CER (Conviron, Winni-
peg, Canada) set at 16/8 day/night lighting (300 μmol m−2 
 s−1), temperatures of 20/15 °C, respectively, and 50% rela-
tive humidity, until maturity. Plants were arranged in a com-
plete randomized design.

Expression analysis of TaGW2 gene

To estimate the relative gene expression levels of TaGW2-
A1, B1 and D1 in Bobwhite, the tissues from pollinating 
stage Bobwhite plants were sampled and frozen immediately 
in liquid nitrogen. In total, nine different tissues in five bio-
logical replicates were collected. Seven tissues were sam-
pled from the main tiller: 1-week-old endosperm, spike with 
removed endosperm, flag leaf, flag leaf sheath, lower leaf 
and leaf sheath (two leaves lower than flag leaf), and stem. 
One non-pollinated spike was sampled from another tiller of 
the same plants. The roots of the same plants were sampled 
as well. RNA was extracted using Trizol (Thermo Fisher 
Scientific, Catalog #: 15596018) following the manufac-
ture’s protocol. The first-strand cDNA was synthesized using 
kit “SuperScript™ III First-Strand Synthesis SuperMix for 
qRT-PCR” (Thermo Fisher Scientific, Catalog #: 11752-
250) following the manufacture’s protocol. The TaGW2-A1, 
B1 and D1 homoeologue-specific primers (Table S6) were 
designed and validated by PCR using the DNA of Chinese 
Spring nulli-tetrasomic lines (Figure S3). Real-time PCR 
was performed with iQ™ SYBR Green Supermix (BIO-
RAD, Catalog #: 170-8882) following the manufacture’s 
protocol, using the TaActin gene as reference.

Seeds of eight wheat accessions (PI 306676, PI 410914, 
PI 410954, PI 155119, PI 254028, PI 15185, PI 43346, PI 
243727) were ordered from GRIN (Germplasm Resources 
Information Network) database maintained by USDA ARS 
(Agriculture Research Service). The relative expression lev-
els of the TaGW2-A1, B1 and D1 genes in these cultivars 
were assessed in the leaves of 1-week-old seedlings. The 

http://www.wheat-tilling.com
https://seedstor.ac.uk/
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relative expression level of TaGW2-A1, B1 and D1 in the 
Bobwhite lines carrying different mutated alleles of TaGW2 
were analyzed in the 5th leaf of plants at the 5-leaf develop-
ment stage.

The relative expression levels of TaGW2-A1, B1 and D1 
in hexaploid cultivar Azhurnaya was downloaded from the 
wheat eFP browser (http://bar.utoro nto.ca/efp_wheat /cgi-
bin/efpWe b.cgi; Ramírez-González et al. 2018) based on 
methods outlined in Borrill et al. (2016). The expression 
levels of the TaGW2-A1, B1 and D1 genes in cultivar Chi-
nese Spring were obtained from WheatExp (https ://wheat 
.pw.usda.gov/Wheat Exp/) (Pearce et al. 2015) and were 
based on RNA-Seq data generated for tissues at different 
developmental stages defined by Zadoks scale (Choulet et al. 
2014; Zadoks et al. 1974).

Grain morphometric and TGW trait data

A MARVIN seed analyzer (GTA Sensorik GmbH, Germany) 
was used to collect data on grain morphometric measure-
ments (grain width, length, area), and thousand grain weight. 
All seeds on a plant from the CRISPR-Cas9 mutant popula-
tions were analyzed, and the mean values per plant were 
used for statistical analyses. In Paragon mutants, seed data 
were collected from three spikes per plant separately, and 
the mean of three spikes was calculated and used for further 
analyses.

Statistical analysis of data

The distribution of raw GS/TGW data was visualized using 
the box and whisker plots. One-way ANOVA was applied 
when multiple groups of data were compared followed by 
post hoc Tukey’s test. Student’s t test was applied to assess 
the significance of difference between the two groups of 
data.

Results

Identification of EMS‑induced mutations 
in TaGW2‑B1 and TaGW2‑D1

Primers specific to the B genome (JB2 & JB7) were 
designed to amplify a 1091-bp region across exons 2–6 
of TaGW2-B1 (Table S5). The three pooled DNA plates 
of the Kronos TILLING population were screened using 
the same procedures as for the A genome (Simmonds 
et al. 2016). In total, 19 putative mutations were discov-
ered, one resulting in a heterozygous C to T transition at 
position 514 of the TaGW2-B1 coding sequence (CDS) 
in exon 5 (position 2504 in gDNA), leading to a prema-
ture stop codon in TILLING line Kronos0341. A KASP 

(Kompetitive Allele Specific PCR) marker was developed 
(TaGW2_B1_WT/M/C) to confirm the C/T polymorphism 
(Figure S1, Table S5).

The D genome mutation was discovered by BLASTN-
based comparison of the TaGW2-D1 sequence with the 
wheat TILLING database (www.wheat -tilli ng.com) (Kra-
sileva et al. 2017). Mutant line Cadenza1441 was identified 
as containing a G to A transition at position 698 of CDS in 
exon 7 (position 7139 in genomic DNA) causing a premature 
termination codon. The D genome-specific KASPar marker 
(Ramirez-Gonzalez et al. 2015) was utilized to confirm the 
mutation (Figure S1, Table S5).

Single‑genome KO mutants of TaGW2 
homoeologues increase both grain size and weight

The phenotypic effects of a KO mutation in only one of the 
three TaGW2 gene homoeologues were assessed by compar-
ing grain morphometric parameters and TGW of mutant and 
wild-type wheat lines. In Bobwhite, all KO mutations in the 
TaGW2-A1, TaGW2-B1 or TaGW2-D1 gene copies signifi-
cantly increased the grain width, grain area and TGW in at 
least one experiment (Student’s t test P < 0.05; Tables 1 and 
2, Figs. 1 and S4). The KO mutation of TaGW2-D1 gene had 
the highest effects, increased the grain width, grain area and 
TGW by 2.3–2.9%, 4.6–5.9% and 6.7–8.0%, respectively, 
while the KO mutation of TaGW2-A1 gene had the low-
est effects, increased the grain width, grain area and TGW 
by 1.7–2.2%, 0.2–3.7% and 3.9–4.9%, respectively. The 
increase in TGW for single mutants had a weighted average 
of 5.46% across all single mutants. The grain length was 
significantly increased only in the KO mutant of the TaGW2-
D1 gene (3.0–3.8%), but not the KOs of the TaGW2-A1 and 
TaGW2-B1 genes. The comparison of the seed morphomet-
ric traits and TGW between the regenerated wheat lines and 
Bobwhite cultivar revealed no differences indicating that 
plant transformation and regeneration did not affect the traits 
of interest in gene edited plants (Table 2).  

In Paragon, single mutants increased TGW by an average 
of 5.34%. However, differences between homoeologues were 
observed (unlike in Bobwhite), with only the TaGW2-A1 and 
TaGW2-B1 mutants resulting in significantly increased GS 
and TGW (P < 0.05; 8.6 and 9.5%, respectively), whereas 
the D genome single mutant had no significant effects (− 1.6, 
Table 3 and Fig. 2). The highest increase in GS and TGW 
in Paragon was associated with the KO mutation in the B 
genome (Table 3). As in Bobwhite, no phenotypic differ-
ences between plants carrying wild-type alleles in all three 
genomes (genotype AABBDD) and wheat cultivar Paragon 
were detected (except for grain length), suggesting that back-
ground mutations segregating in the progeny did not have 
substantial effects on the evaluated traits (Table 3).

http://bar.utoronto.ca/efp_wheat/cgi-bin/efpWeb.cgi
http://bar.utoronto.ca/efp_wheat/cgi-bin/efpWeb.cgi
https://wheat.pw.usda.gov/WheatExp/
https://wheat.pw.usda.gov/WheatExp/
http://www.wheat-tilling.com
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TaGW2 displays a dosage‑dependent effect on grain 
size and weight

To investigate whether the phenotypic effects of TaGW2 
were dosage-dependent, we evaluated double- and triple 
KO mutant lines of Bobwhite and Paragon. In Bobwhite, all 
double mutants (genotypes aabbDD, aaBBdd, and AAbbdd) 

had higher grain width and TGW compared to the respec-
tive single mutants (Tables 1 and 2, Figs. 1 and S4), with an 
average increase in 12.1% in TGW with respect to wild-type 
plants. These differences were significant (Student’s t test 
P < 0.05) in at least one of the two experiments, except for 
the comparison of TGW between the A and D double mutant 
and the D genome single mutant lines (P = 0.23). Consistent 

Table 1  The thousand grain 
weight and grain morphometric 
parameters for CRISPR-Cas9-
induced TaGW2 gene mutants 
(2017 Spring experiment)

All data are shown as mean ± standard error. The phenotype data of each genotype were compared to that 
of genotype AABBDD using the two-tailed Student’s t test; *significant at 0.01 < P < 0.05, **significant at 
0.001 < P < 0.01, ***significant at 0.0001 < P < 0.001, ****significant at P < 0.0001. Since there were no 
phenotypic differences between regenerated plants with genotype AABBDD and wheat cultivar Bobwhite, 
the data from these plants were combined for analysis

Genotype N TGW Area Width Length

AABBDD 12 28.79 ± 0.12 12.88 ± 0.04 3.15 ± 0.005 5.54 ± 0.011
aaBBDD 4 30.2 ± 0.22 13.36 ± 0.1 3.22 ± 0.018 5.63 ± 0.019

4.89%* 3.69%* 2.22%* 1.71%
AAbbDD 6 30.47 ± 0.34 13.49 ± 0.11 3.23 ± 0.01 5.67 ± 0.035

5.83%* 4.73%* 2.50%* 2.34%
AABBdd 6 30.72 ± 0.56 13.64 ± 0.16 3.24 ± 0.024 5.71 ± 0.033

6.71% 5.90%* 2.91%* 3.00%*
aaBBdd 3 31.18 ± 0.92 13.33 ± 0.15 3.3 ± 0.046 5.48 ± 0.051

8.29%* 3.51% 4.75%** − 1.07%
AAbbdd 4 34.41 ± 0.36 14.39 ± 0.09 3.37 ± 0.014 5.78 ± 0.013

19.51%**** 11.68%**** 7.02%**** 4.34%**
aabbdd 5 34.14 ± 0.25 14.51 ± 0.04 3.39 ± 0.005 5.84 ± 0.013

18.56%**** 12.63%**** 7.57%**** 5.52%***
ANOVA (P value) 0.000104 6.282e−05 9.372e−05 0.00347

Table 2  The thousand grain 
weight and grain morphometric 
parameters for CRISPR-Cas9-
induced TaGW2 gene mutants 
(2017 Fall experiment)

All data are shown as mean ± standard error. The phenotype data of each genotype was compared to that 
of genotype AABBDD using the two-tailed Student’s t test; *significant at 0.01 < P < 0.05, **significant at 
0.001 < P < 0.01, ***significant at 0.0001 < P < 0.001, ****significant at P < 0.0001. There were no pheno-
typic differences between regenerated plants with genotype AABBDD and wheat cultivar Bobwhite

Genotype N TGW (g) Area  (mm2) Width (mm) Length (mm)

Bobwhite 11 40.85 ± 0.53 15.97 ± 0.14 3.53 ± 0.018 6.1 ± 0.038
AABBDD 37 39.95 ± 0.16 15.96 ± 0.08 3.54 ± 0.056 6.11 ± 0.029
aaBBDD 26 41.49 ± 0.46 15.99 ± 0.13 3.6 ± 0.017 6.09 ± 0.032

3.85%* 0.19% 1.69%* − 0.33%
AAbbDD 53 41.85 ± 0.37 16.25 ± 0.11 3.6 ± 0.013 6.17 ± 0.032

4.76%** 1.82% 1.69%** 0.98%
AABBdd 28 43.15 ± 0.56 16.69 ± 0.16 3.62 ± 0.017 6.34 ± 0.045

8.01%**** 4.57%*** 2.26%** 3.76%****
aabbDD 7 44.58 ± 0.45 16.65 ± 0.16 3.7 ± 0.022 6.04 ± 0.048

11.59%*** 4.32%** 4.52%*** − 1.15%
aaBBdd 16 44.36 ± 0.88 16.69 ± 0.18 3.69 ± 0.022 6.16 ± 0.032

11.04%**** 4.57%*** 4.24%**** 0.82%
AAbbdd 30 44.79 ± 0.4 16.83 ± 0.12 3.68 ± 0.016 6.21 ± 0.029

12.12%**** 5.45%**** 3.95%**** 1.64%**
aabbdd 37 46.33 ± 0.38 17.24 ± 0.1 3.74 ± 0.013 6.28 ± 0.026

15.97%**** 8.02%**** 5.65%**** 2.78%****
ANOVA (P value) < 2.2e−16 2.531e−15 < 2.2e−16 3.175e−08
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with the B and D single mutants having higher contribution 
to GS/TGW than A single mutant, the grain length, grain 
area and TGW of the B and D double mutants were mostly 
the highest among all the double mutants except for grain 
width in one of the two experiments (Tables 1 and 2, Figs. 1 
and S4).

In Paragon, the aabbDD and aaBBdd double mutants had 
a significant increase in grain width compared to the respec-
tive single mutants (Student’s t test P < 0.05). Though not 
statistically significant, the TGW of aabbDD and aaBBdd 
double mutants was higher than the TGW of the respective 
single mutants (Table 3 and Fig. 2). The grain area of the 
aabbDD double mutant was higher compared to the respec-
tive single mutants (Student’s t test P < 0.05). Overall, dou-
ble mutants increased TGW by an average of 10.53% with 
respect to wild-type plants.

The phenotypic effects of the TaGW2 gene triple mutants 
were also investigated in both genetic backgrounds. In Bob-
white, the triple KO mutant had significantly higher GS and 
TGW compared to all three double mutants (Student’s t test 

P < 0.05) in at least one experiment, except for the compari-
son of grain width between the triple and the aabbDD dou-
ble mutant. On average, Bobwhite triple mutants increased 
TGW by 16.28%, grain width by 5.88% and grain length by 
3.11% with respect to the wild-type lines.

In Paragon, the distributions and mean values for GS and 
TGW in the triple mutants were close to those observed for 
double mutants in the A and B genomes (Student’s t test 
P > 0.05), which was consistent with the lack of significant 
increase in GS and TGW in the single D genome mutant 
(Fig. 2 and Table 3). The Paragon triple mutant had signifi-
cantly increased GS and TGW compared to both A and B 
single mutants (Student’s t test P < 0.05), with an increase 
in 20.66% in TGW, 8.79% in grain width and 7.27% in grain 
length with respect to wild-type lines.

The previous analyses were conducted with plants 
homozygous for mutations at each of the three genes. We 
further investigated the dosage-dependent response of grain 
morphometric traits and TGW by evaluating lines carrying 
the TaGW2 gene mutations in homozygous or heterozygous 

Fig. 1  The effects of sin-
gle-, double-, and triple- KO 
mutations in the TaGW2 gene 
homoeologues on the grain 
morphometric and TGW traits 
in Bobwhite. a The image of 
twenty seeds from wild-type, 
single-, double- and triple- 
mutant plants (scale bar 1 cm). 
b–e Box and whisker plots show 
the distribution of TGW (b), 
grain area (c), grain width (d), 
and grain length (e) for wild-
type and mutant wheat lines. 
The datasets from Bobwhite and 
the  T0 progeny plants carrying 
wild-type TaGW2 alleles were 
combined because they did 
not show statistical differences 
(Table 2). The mean value for 
each genotype is shown as a 
red circle. The genotypes of 
the TaGW2 homoeologues are 
shown in all panels with lower 
and uppercase letters cor-
responding to the mutant and 
wild-type alleles, respectively, 
for the A, B, and D genome 
homoeologues (color figure 
online)

(a)

(b) (c)

(d) (e)

aabbdd

aabbDD

aaBBdd

AAbbdd

aaBBDD

AAbbDD

AABBdd
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states (Table S3). The analysis of GS and TGW traits in 
these lines showed that the distribution of GS and TGW 
negatively correlates with the number of the TaGW2 func-
tional alleles (Fig. 3); the correlation coefficients for the 
TGW, grain area, grain width and grain length traits were 
− 0.51, − 0.38, − 0.49, and − 0.14, respectively. A similar 
relationship between phenotypic effects and the dosage of 
functional alleles was observed in the  F2 population devel-
oped by crossing the Bobwhite triple mutant with cultivar 
Thatcher (Figure S5).

Genome‑specific bias and inter‑cultivar variation 
in TaGW2 homoeologue expression

A possible reason for the larger phenotypic effects of 
individual TaGW2 homoeologues could be higher rela-
tive expression compared to the other gene copies. To test 
this hypothesis, we investigated the relative expression of 
TaGW2-A1, B1 and D1 in Bobwhite. In Bobwhite, TaGW2-
D1 had slightly higher expression level than TaGW2-B1, 
and the expression level of TaGW2-A1 was significantly 
lower than that of the B and D genomes (Student’s t test 
P < 0.05) (Fig. 4a). This expression pattern among the 
gene homoeologues was similar to that in Chinese Spring, 
where TaGW2-A1 had the lowest and TaGW2-D1 had the 

highest expression levels (Figure S6). The rank order of 
each homoeologue’s expression level in Bobwhite matched 
the rank order of the homoeologue’s KO effect on the GS 
and TGW traits.

The expression patterns of TaGW2-A1, B1 and D1 
described for Bobwhite and Chinese Spring were different 
from those reported for cultivars Shi4185 and Kenong99, 
both of which had the expression levels of three homoe-
ologues ranked as follows: TaGW2-B1 > TaGW2-
D1 > TaGW2-A1 (Hong et al. 2014; Zhang et al. 2018). 
To understand whether the inter-cultivar variation in the 
contribution of the TaGW2-A1, TaGW2-B1 and TaGW2-
D1 genes to total expression is a common phenomenon, 
we analyzed the in silico expression browser of cultivar 
Azhurnaya and an additional eight wheat cultivars. Our 
results showed variation in the level of contribution of 
each homoeologue to the total expression of the TaGW2 
gene among these cultivars (Fig. 4b, c, Table S7). For 
example, in Azhurnaya, the expression level of TaGW2-
B1 was significantly higher than that of TaGW2-A1 and 
TaGW2-D1, and the expression of TaGW2-D1 was only 
slightly lower than that of TaGW2-A1 (Fig. 4b, Table S7). 
These results suggest the possibility that the grain morpho-
metric and TGW traits in different cultivars are affected 
by the relative expression of the different genomic copies 
of TaGW2.

Table 3  The TGW and grain 
morphometric parameters for 
the TaGW2 gene mutants from 
the Paragon  BC1F3 population

All data are shown as mean ± standard error. The phenotype data of each genotype and Paragon was com-
pared to genotype AABBDD using the two-tailed Student’s t test, *significant at 0.01 < P < 0.05, **sig-
nificant at 0.001 < P < 0.01, ***significant at 0.0001 < P < 0.001, ****significant at P < 0.0001. Except for 
grain length, there were no phenotypic differences between plants carrying wild-type alleles in all three 
genomes (genotype AABBDD) and wheat cultivar Paragon

Genotype N TGW (g) Area  (mm2) Width (mm) Length (mm)

Paragon 8 45.64 ± 1.2 18.01 ± 0.24 3.46 ± 0.034 6.33 ± 0.028
− 5.52%****

AABBDD 32 45.98 ± 1.21 18.36 ± 0.2 3.45 ± 0.03 6.7 ± 0.039
aaBBDD 23 49.95 ± 1.43 19.33 ± 0.25 3.58 ± 0.035 6.78 ± 0.054

8.63%* 5.23%** 3.72%** 1.19%
AAbbDD 24 50.33 ± 1.84 19.5 ± 0.31 3.57 ± 0.039 6.86 ± 0.041

9.46%* 6.20%** 3.33%* 2.45%**
AABBdd 25 45.22 ± 1.61 18.27 ± 0.28 3.47 ± 0.035 6.64 ± 0.052

− 1.65% − 0.53% 0.55% − 0.86%
aabbDD 7 54.89 ± 3.95 21.93 ± 0.7 3.95 ± 0.046 7.04 ± 0.156

19.38%** 19.44%**** 14.40%**** 5.17%**
aaBBdd 3 52.18 ± 6.85 20.36 ± 1.66 3.83 ± 0.183 6.75 ± 0.208

13.48% 10.87%* 10.80%** 0.86%
AAbbdd 22 49.34 ± 1.73 19.81 ± 0.38 3.59 ± 0.047 6.98 ± 0.062

7.31% 7.90%*** 4.06%* 4.28%***
aabbdd 45 55.48 ± 1.48 21.42 ± 0.31 3.76 ± 0.037 7.18 ± 0.039

20.66%**** 16.65%**** 8.79%**** 7.27%****
ANOVA (P value) 1.755e−05 < 2.2e−16 8.395e−12 < 2.2e−16
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Expression of the TaGW2 homoeologues 
in the Bobwhite mutants

To investigate the effect of mutations on the relative 
expression of the TaGW2 homoeologues, we assessed the 
expression levels of each TaGW2 copy in the single, dou-
ble, and triple mutants of Bobwhite (Fig. 5). Except for 
the A genome, the single mutants in the B and D genomes 
led to significant down-regulation of their own expres-
sion. However, the down-regulation of the TaGW2-A1 
gene expression was statistically significant only in the 
A/B genome double mutant. In all cases, mutations in a 
single gene copy did not result in significant compensa-
tory changes in the expression of the other homoeologues. 
Only in the B/D double mutant, there was a significant 
up-regulation of TaGW2-A1 expression compared to the 
wild-type level (Student’s t test P < 0.05). The remaining 
double mutants did not show changes in the expression 
of the remaining single functional copy compared to the 
wild-type plants.

Discussion

Using the wheat TILLING populations and the CRISPR-
Cas9-based genome editing technology, we showed that the 
KO of each of the three homoeologues of the TaGW2 gene, 
which are all functional in Bobwhite (Zhang et al. 2018), and 
the A and B genome copies of the TaGW2 gene in Paragon 
increase GS and TGW. Our results are consistent with the 
previous studies (Simmonds et al. 2016; Zhang et al. 2018) 
demonstrating that the functional copies of the TaGW2 gene 
are negative regulators of GS and TGW. The only exception 
was the lack of significant effect of the TaGW2-D1 gene 
KO in Paragon. However, the aaBBdd double mutants had a 
significant increase in grain width compared to the A and D 
genome single mutants, which indicated that the D genome 
single mutant might have effects on GS/TGW, albeit smaller 
compared to other genome copies.

Our study demonstrated that mutations in the homoe-
ologous copies of the TaGW2 gene have dosage-dependent 
effects on phenotype in both analyzed wheat cultivars. With 

Fig. 2  The effects of single-, 
double-, and triple-gene KO 
mutations in the TaGW2 gene 
on the grain morphometric and 
TGW traits in Paragon. a The 
image of twenty seeds from 
wild-type (6 functional alleles), 
single- (4), double- (2) and 
triple (0) mutant plants (scale 
bar 1 cm). b-e Box and whisker 
plots show the distribution of 
TGW (b), grain area (c), grain 
width (d), and grain length 
(e) for wild-type and mutant 
wheat lines. The mean value 
for each genotype is shown as 
a red circle. The genotypes of 
the TaGW2 homoeologues are 
similar to those in Fig. 1 (color 
figure online)

6

4

2
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the reduction in the number of functional gene copies, the 
grain morphometric traits and TGW tended to increase 
reaching maximum value in the lines with all TaGW2 gene 
copies mutated. While in each cultivar one of the homoeo-
logues showed more substantial effect than the others, most 
significant phenotypic changes were associated with changes 
in gene dosage rather than with particular combinations of 
mutated alleles. For example, in all possible double mutant 
combinations (AB, AD, BD), increase in GS and TGW was 
higher than in single gene KO. These results were consistent 
with higher TGW in a mutant of cultivar Kenong99 that car-
ried mutations in the B and D genome copies of the TaGW2 
gene compared to mutants carrying KO mutations in either 
B or D genomes (Zhang et al. 2018). These findings are 
consistent with the previous studies suggesting the func-
tional redundancy of duplicated genes in wheat (Borrill et al. 
2015; Jordan et al. 2015; Uauy 2017), and indicate that by 
changing the dosages of functional homoeoalleles, it should 
be possible to expand the range of phenotypic variation in 
wheat available for trait improvement.

Previously, it was suggested that TaGW2-B1 might be 
functionally more active than TaGW2-D1 (Zhang et al. 
2018). Consistent with this finding, in Paragon, the KO of 
TaGW2-B1 had larger effects on some grain morphometric 
traits compared to the mutants of TaGW2-A1 or TaGW2-
D1. However, the finding that the mutation with the high-
est effect in Bobwhite is located in the D genome suggests 

the presence of inter-cultivar variation for the contribu-
tion of TaGW2-A1, TaGW2-B1 and TaGW2-D1 to regulate 
yield component traits. One possible factor underlying this 
variation can be inter-cultivar differences in the contribu-
tion of different homoeologues to the total level of TaGW2 
gene expression. Our data are consistent with this hypoth-
esis by showing that the KO of the homoeologue expressed 
at the highest level had the highest effect on phenotype. 
The lack of direct effect of homoeologue KOs on the 
expression of other non-mutated gene copies also suggests 
that the total level of the functional TaGW2 gene tran-
scripts is defined by the dose of the non-mutated homoeo-
logues. Likewise, the previous studies demonstrated that 
the level of TaGW2 gene expression is negatively related to 
the GS and TGW (Hong et al. 2014; Qin et al. 2014, 2017; 
Su et al. 2011). The analysis of a diverse set of wheat cul-
tivars corroborated that inter-cultivar variation in the rela-
tive expression of the TaGW2 homoeologues is common 
in wheat and suggest that variation in the contribution of 
different genomes to gene expression might play impor-
tant roles in phenotypic variation in wheat. Understanding 
the basis of this homoeologue-specific expression bias in 
natural populations will be critical for connecting pheno-
type with genotype in future studies. For the TaGW2 gene, 
extensive difference among the homoeologous copies was 
discovered in the promoter regions (Qin et al. 2017), sug-
gesting that diversity in the regulatory sequences can be 

Fig. 3  Relationship between 
the number of wild-type (non-
mutant) TaGW2 gene copies 
and grain morphometric and 
TGW traits in Bobwhite. Box 
and whisker plots show the trait 
distribution for TGW (a), grain 
area (b), grain width (c), and 
grain length (d) in Bobwhite 
gene edited mutants grouped 
based on the number of func-
tional TaGW2 copies. The mean 
value of each group is shown 
as a red circle within the box 
plot. The number of functional 
TaGW2 copies is shown on the 
horizontal axis (color figure 
online)
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one of the factors driving inter-cultivar expressional diver-
sity in this gene.

In the previous study, the triple mutants of both Kenong99 
and Bobwhite produced wrinkled grains (Zhang et al. 2018). 

Likewise, in our study, wrinkled grains were found in the 
double (A and B genomes) and triple mutants of Paragon. 
It was speculated that wrinkled grains in the triple mutants 
might result from significant reductions of the TaGW2 

Fig. 4  The expression patterns 
of the TaGW2 gene homoeo-
logues across different tissues 
and among different varieties. a 
RT-PCR analysis of the relative 
expression levels of the three 
TaGW2 homoeologues from 
different tissues of cultivar Bob-
white. b Analysis of the relative 
expression levels of TaGW2 
homoeologue from different 
tissues of cultivar Azhurnaya 
using RNA-Seq data. Expres-
sion values are expressed in 
Transcripts Per Million (TPM) c 
RT-PCR analysis of the relative 
expression levels of TaGW2 
homoeologues in a diverse 
panel of wheat lines using leaf 
tissues collected at two-leaf 
stage. Error bars denote stand-
ard error based on five biologi-
cal and two technical replicates. 
The plant ID are from U.S. 
National Plant Germplasm Sys-
tem (https ://npgsw eb.ars-grin.
gov/gring lobal /searc h.aspx?)

https://npgsweb.ars-grin.gov/gringlobal/search.aspx
https://npgsweb.ars-grin.gov/gringlobal/search.aspx
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function (Zhang et al. 2018). However, no wrinkled grains 
were found in the triple-gene KO mutants of Bobwhite in 
our study, which suggest this effect might result from insuf-
ficient grain filling under glasshouse conditions. The total 
KO of TaGW2 gene function could strongly increase the 
maternal pericarp cell growth and thus increase the space 
for grain filling (Simmonds et al. 2016; Zhang et al. 2018). 

If the source is unable to fill grain due to low productiv-
ity, or reduced efficiency of transport from source to sink, 
the enlarged seeds on the TaGW2 gene mutants could be 
wrinkled after maturation. It is possible that the deficient 
grain filling could be offset by optimal growth conditions 
promoting active grain filling under field conditions or by 
combining the trait with high biomass lines.

Conclusion

By using TILLING and the CRISPR-Cas9-based genome 
editing strategy, we demonstrated that all three homoeo-
logues copies of the TaGW2 gene act as negative regulators 
of GS and TGW. By combining homoeologous KO muta-
tions in TaGW2 in all possible combinations, we showed that 
homoeologues act additively imposing dosage-dependent 
effects on both total gene expression and phenotype. The 
newly generated alleles of TaGW2 will allow combining 
mutant alleles in different configurations which should allow 
fine tuning of the phenotypic effects. The marker-assisted 
selection efforts will be facilitated by the availability of pre-
viously reported genome-specific Cleaved Amplified Poly-
morphic Sequences markers for the CRISPR-Cas9-induced 
mutations (Wang et al. 2018), as well as KASP markers that 
can be developed for the EMS-induced mutations in this 
study.

Here, we also report cultivar-specific phenotypic effects 
for different homoeologous copies of the TaGW2 gene. 
This inter-cultivar variation appears to be associated with 
the level of homoeologue contribution to the total level 
of TaGW2 gene expression. The results from the expres-
sion study across varieties suggests that understanding 
the relative contribution of each homoeologue in the tar-
get varieties will be an important considering and should 
help determine the best mutant combinations to deploy to 
improve grain size, and potentially yields in the field. Taken 
together, our results indicate that the polyploid origin of the 
wheat genome provides ample opportunities for diversify-
ing the genetic architecture of agronomic traits. The tar-
geted mutagenesis of allopolyploid genome on genes with 
the potential to affect major traits can be a powerful tool 
for expanding existing allelic variation available for wheat 
improvement.
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Fig. 5  Transcript levels of the TaGW2 homoeologues in wheat 
mutants. RT-PCR analysis of the TaGW2 gene homoeologues using 
genome-specific primers (Fig. S3). The abbreviation WT, a, b, 
d, ab, ad, bd, and abd on the x-axis stand for genotypes AABBDD, 
aaBBDD, AAbbDD, AABBdd, aabbDD, aaBBdd, AAbbdd, and 
aabbdd, respectively. Expression values (mean ± standard error based 
on three biological and two technical replicates) for each TaGW2 
homoeologue in the leaf tissues was first normalized using actin as 
internal control, and then shown as relative expression to the respec-
tive homoeologue in the wild-type plant. The relative expression lev-
els of TaGW2-A1, TaGW2-A1, and TaGW2-D1 in mutant plants were 
compared to that of the wild-type plant using the Student’s t test; 
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