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SUMMARY

GW2 is emerging as a key genetic determinant of grain weight in cereal crops; it has three homoeologs

(TaGW2-A1, -B1 and -D1) in hexaploid common wheat (Triticum aestivum L.). Here, by analyzing the gene

editing mutants that lack one (B1 or D1), two (B1 and D1) or all three (A1, B1 and D1) homoeologs of

TaGW2, several insights are gained into the functions of TaGW2-B1 and -D1 in common wheat grain traits.

First, both TaGW2-B1 and -D1 affect thousand-grain weight (TGW) by influencing grain width and length,

but the effect conferred by TaGW2-B1 is stronger than that of TaGW2-D1. Second, there exists functional

interaction between TaGW2 homoeologs because the TGW increase shown by a double mutant (lacking B1

and D1) was substantially larger than that of their single mutants. Third, both TaGW2-B1 and -D1 modulate

cell number and length in the outer pericarp of developing grains, with TaGW2-B1 being more potent.

Finally, TaGW2 homoeologs also affect grain protein content as this parameter was generally increased in

the mutants, especially in the lines lacking two or three homoeologs. Consistent with this finding, two

wheat end-use quality-related parameters, flour protein content and gluten strength, were considerably ele-

vated in the mutants. Collectively, our data shed light on functional difference between and additive interac-

tion of TaGW2 homoeologs in the genetic control of grain weight and protein content traits in common

wheat, which may accelerate further research on this important gene and its application in wheat

improvement.

Keywords: gene editing mutant, genetic interaction, grain length, grain protein content, grain width, grain

weight, homoeolog, pericarp, Triticum aestivum.

INTRODUCTION

Plant seeds constitute the most important food source for

humans. Consequently, substantial efforts have been

devoted to studying the molecular basis underlying the

formation and variation of grain traits (Zuo and Li, 2014; Li

and Li, 2016). One major goal of this endeavor is to identify

the genes controlling grain weight (GW) and its compo-

nent traits grain width (GWH) and grain length (GL) in

order to effectively enhance grain productivity through

genetic manipulation (Zuo and Li, 2014; Li and Yang, 2017;

Nadolska-Orczyk et al., 2017).

Among the genes that have so far been found to regu-

late GW, many are involved in controlled degradation of

protein through the ubiquitin–proteasome pathway (Li

and Li, 2016). One of these genes, GW2, has attracted

wide attention. This gene, encoding a RING-type E3 ubiq-

uitin ligase, was originally found to regulate rice GW by

increasing the cell number of spikelet hulls (Song et al.,

2007). There is now increasing evidence that GW2 homo-

logs exist in other cereal crops (e.g. maize, wheat and

sorghum) and may also be involved in control of GW (Li

et al., 2010a; Su et al., 2011; Tao et al., 2017). In hexa-

ploid common wheat (Triticum aestivum L., AABBDD),

three TaGW2 homoeologs (TaGW2-A1, -B1 and -D1) have

been identified (Qin et al., 2014), but only TaGW2-A1 has

been proved to affect GW, GWH and GL through mutant

analysis (Simmonds et al., 2016). Haplotype and genetic
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diversity analyses have also implicated the involvement

of TaGW2-B1 and -D1 in control of GW (Qin et al., 2014,

2017), but this has yet to be confirmed through mutant

analysis. Although the loss-of-function alleles of TaGW2-

A1 have generally been shown to be associated with GW

enhancement (Su et al., 2011; Yang et al., 2012; Zhang

et al., 2013; Jaiswal et al., 2015; Simmonds et al., 2016),

simultaneous silencing of all three TaGW2 homoeologs

via RNA interference (RNAi) has yielded conflicting

results, decreasing GW in one report (Bednarek et al.,

2012) but increasing GW in another (Hong et al., 2014).

Furthermore, potential functional interaction of TaGW2

homoeologs in wheat grain trait formation has not been

studied. The cell biological basis underlying the regula-

tion of GW by TaGW2 is still obscure. These knowledge

gaps are not conducive to a more complete understand-

ing of the function of TaGW2 and the use of this gene

for improving grain traits.

Based on the information presented above, the main

objectives of this work were to investigate the function of

TaGW2-B1 and -D1 and potential functional interaction of

TaGW2 homoeologs in regulating common wheat grain

traits. Central to our work was the analysis of four knock-

out mutants of TaGW2 developed using clustered regularly

interspaced short palindromic repeats (CRISPR)/Cas9-

mediated gene editing; these lacked one (B1 or D1), two

(B1 and D1) or all three (A1, B1 and D1) homoeologs of

TaGW2. The resultant data provided genetic evidence for

the function of TaGW2-B1 and -D1 in the control of thou-

sand-grain weight (TGW), a director indicator of GW, as

well as that of grain protein content (GPC), a crucial deter-

minant of wheat end-use quality (Shewry, 2007). Further-

more, additive genetic interaction was detected in the

action of TaGW2-B1 and -D1, and modulation of maternal

pericarp cell growth by the two homoeologs was uncov-

ered. Lastly, the increase in GPC in the mutants was

accompanied by considerable elevation in two important

quality parameters related to end-use: flour protein content

(FPC) and gluten strength. The insights obtained may have

important and practical implications for further basic and

applied studies of TaGW2.

RESULTS

Development of homozygous and transgene-free mutants

We identified three TaGW2 homoeologs (designated as

TaGW2KN-A1, -B1 and -D1) in the winter wheat cultivar

Kenong 199 (Table S1 in the online Supporting Informa-

tion), and found that TaGW2KN-A1 was highly similar to a

previously characterized elite allele with a frame-shifting T

nucleotide insertion in the coding region (Yang et al.,

2012). TaGW2KN-B1 and -D1 all carried an intact open read-

ing frame (ORF) (Table S1). The three homoeologs were

more than 98% identical in the coding sequence, and

exhibited a similar expression profile before and after

anthesis, namely being substantially downregulated at 10

and 20 days after anthesis (DAA) but upregulated at 30

DAA (Figure S1). However, at all four stages, the transcript

level of TaGW2KN-B1 was highest, followed by TaGW2KN-

D1 and TaGW2KN-A1 (Figure S1). A previous study also

showed that the expression level of TaGW2 homoeologs in

developing wheat grains could be ranked as TaGW2-

B1 > TaGW2-D1 > TaGW2-A1 (Hong et al., 2014).

A single-guide RNA (sgRNA) that matched perfectly with

TaGW2KN-B1 and TaGW2KN-D1 but had one mismatch with

TaGW2KN-A1 was designed (Figure 1). Using this sgRNA

and a transgene-free protocol of CRISPR/Cas9-mediated

genome editing (Zhang et al., 2016), 43 independent T0

mutants were obtained. Because TaGW2KN-A1 was already

a knockout allele (see above), we focused on analyzing

TaGW2KN-B1 and -D1. Hence, homozygous lines (gw2kn-b1,

gw2kn-d1 and gw2kn-b1d1; Figure 1) with frame-shift muta-

tions in B1, D1 or both homoeologs were identified and

examined in subsequent investigations. In gw2kn-b1,

TaGW2KN-B1 was mutated by the insertion of a frame-shift-

ing adenine nucleotide; in gw2kn-d1, TaGW2KN-D1 was dis-

rupted by the deletion of seven nucleotides; in gw2kn-b1d1,

TaGW2KN-B1 and -D1 carried a single T nucleotide

Figure 1. Development of TaGW2 mutants by

CRISPR/Cas9-mediated genome editing.

The exon (vertical bar) and intron (horizontal line)

structure of TaGW2 homoeologs, target sites of sin-

gle guide RNA (sgRNA) in the homoeologs, and

CRISPR/Cas9-induced indels in specific TaGW2

homoeologs (in brackets) in the four homozygous

mutants (gw2kn-b1, gw2kn-d1, gw2kn-b1d1 and

gw2bw-a1b1d1) are depicted. The protospacer-adja-

cent motif is highlighted in green, and the single

nucleotide polymorphism among the three target

sites is underlined.
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insertion and a 13-bp deletion, respectively, both of which

debilitated the reading frame (Figure 1).

Similarly, three TaGW2 homoeologs (designated as

TaGW2BW-A1, -B1 and -D1) with an intact ORF were iso-

lated from the spring wheat cultivar Bobwhite (Table S1).

TaGW2BW-A1, -B1 and -D1 greatly resembled their counter-

parts TaGW2KN-A1, -B1 and -D1 in their nucleotide

sequence (more than 98.3% identical; Table S2). Thus, we

edited TaGW2BW-A1, -B1 and -D1 using the same CRISPR/

Cas9 protocol and sgRNA described above, and a homozy-

gous triple mutant (gw2bw-a1b1d1), with frame-shifting

mutations engineered in all three homoeologs, was devel-

oped (Figure 1). The plants of gw2bw-a1b1d1, as well as

those of gw2kn-b1, gw2kn-d1 and gw2kn-b1d1, were all con-

firmed to be transgene-free by genomic PCR with five pri-

mer sets recognizing different parts of the CRISPR/Cas9

construct. Together, four homozygous and transgene-free

CRISPR mutants with defined mutation sites in one, two or

all three TaGW2 homoeologs were developed in two

varietal backgrounds.

TaGW2 mutants differ in the improvement of grain weight

and yield-related traits

The grain samples harvested from Kenong 199, gw2kn-b1,

gw2kn-d1 and gw2kn-b1d1 cultivated in three different envi-

ronments were assessed. From Table 1, it is clear that the

TGW values of the three mutants were all significantly

elevated relative to that of the wild-type (WT) control

(Kenong 199), with the increases displayed by gw2kn-b1

and gw2kn-b1d1 being larger than that of gw2kn-d1. Consis-

tent with this result, the GWH and GL values of the

mutants were generally and significantly higher than those

of the WT control, although the improvement exhibited by

gw2kn-d1 was comparatively smaller (Table 1, Figure 2a).

Surprisingly, we noticed that the grains of gw2kn-b1d1

were morphologically wrinkled compared with those of the

WT control, gw2kn-b1 and gw2kn-d1 (Figure 2a). Consider-

ing all three environments, the increase in TGW was high-

est in gw2kn-b1d1 (10.40–13.14%), intermediate in gw2kn-b1

(5.73–12.04%) and relatively low in gw2kn-d1 (1.18–8.74%);

this order was also found for the increases in GWH and GL

displayed by the three mutants (Table 1).

A similar assessment was conducted for Bobwhite and

gw2bw-a1b1d1 with the grains harvested from two different

environments. The TGW and GWH of gw2bw-a1b1d1

were both consistently and significantly larger than those

of the WT control (Bobwhite); the GL measurement

of gw2bw-a1b1d1 was also considerably higher than that of

the WT control (Figure 2b, Table S3). Like the grains of

gw2kn-b1d1 (Figure 2a), those of gw2bw-a1b1d1 were also

wrinkled (Figure 2b).

Further to the assessment above, grain yield per plant

(GYP) was evaluated for the two sets of wheat materials.

For Kenong 199 and derivative mutants, the mean GYP

Table 1 Comparison of thousand grain weight (TGW), grain width (GWH) and grain length (GL) between Kenong 199 and three TaGW2
gene editing mutants.a

Environment Line TGW (g) GWH (mm) GL (mm)

2016-Beijing Kenong 199 44.52 � 1.51 3.40 � 0.07 5.45 � 0.09
gw2kn-b1 49.88 � 1.13**

[12.04%]
3.55 � 0.05**
[4.41%]

5.69 � 0.11*
[4.40%]

gw2kn-d1 45.87 � 1.12*
[3.03%]

3.45 � 0.07
[1.47%]

5.46 � 0.08
[0.18%]

gw2kn-b1d1 50.37 � 1.06**
[13.14%]

3.63 � 0.07**
[6.76%]

5.76 � 0.06**
[5.69%]

2017-Beijing Kenong 199 44.60 � 1.83 3.47 � 0.08 5.24 � 0.08
gw2kn-b1 48.73 � 1.93**

[9.26%]
3.56 � 0.09*
[2.59%]

5.57 � 0.12**
[6.30%]

gw2kn-d1 48.50 � 1.15**
[8.74%]

3.54 � 0.04*
[2.02%]

5.40 � 0.04**
[3.05%]

gw2kn-b1d1 50.19 � 0.70**
[12.53%]

3.70 � 0.08**
[6.63%]

5.54 � 0.07**
[5.73%]

2017-Gaocheng Kenong 199 41.36 � 0.80 3.31 � 0.05 5.76 � 0.06
gw2kn-b1 43.73 � 0.97**

[5.73%]
3.41 � 0.05**
[3.02%]

5.96 � 0.12**
[3.47%]

gw2kn-d1 41.85 � 1.31
[1.18%]

3.35 � 0.07
[1.21%]

5.83 � 0.08
[1.22%]

gw2kn-b1d1 45.66 � 0.86**
[10.40%]

3.48 � 0.06**
[5.14%]

6.00 � 0.08**
[4.17%]

aThe values are presented as mean � SD. For each line in each environment, the grains from at least 20 plants were combined, with three
separate samples taken from the combined seed lot for trait assessment. The percentages in the square brackets indicate the increases over
Kenong 199. Statistical comparison was conducted using the independent samples t-test in the SPSS program. *P < 0.05; **P < 0.01.
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values of gw2kn-b1 and gw2kn-b1d1 were generally higher

than that of Kenong 199, with the upper bounds being

10.46 and 16.53%, respectively, but the average GYP of

gw2kn-d1 was considerably lower (by 4.14–12.18%) than

that of Kenong 199 (Figure S2a). In the case of Bobwhite

and its associated mutant, the mean GYP of gw2bw-a1b1d1

was generally higher (up to 14.17% higher) than that of

Bobwhite (Figure S2b).

Collectively, the above results indicate substantial

improvement of GW and yield-related traits in three TaGW2

mutants (gw2kn-b1, gw2kn-b1d1 and gw2bw-a1b1d1) relative

to their WT controls. But gw2kn-d1 shows a comparatively

lower improvement of grain-related traits, and exhibits

decreased GYP compared with the WT control.

TaGW2 mutants display differential enhancement of grain

protein content, flour protein content and gluten strength

By analyzing the data from a previous transcriptome study

(Pearce et al., 2015), we found that TaGW2 homoeologs

were expressed in both the pericarp and endosperm tis-

sues in developing wheat grains (Figure S3). This led us to

investigate GPC and the contents of seed storage proteins

(SSPs) in the mutants and their respective progenitors

(Kenong 199 or Bobwhite). Analysis of the grain samples

harvested from two different environments (2016-BJ and

2017-BJ) revealed that GPC was considerably elevated in

the mutants relative to that of Kenong 199, particularly in

gw2kn-b1 (elevated by up to 18.83%) and gw2kn-b1d1 (in-

creased by up to 15.45%) (Table 2). Consistent with this

finding, glutenins and gliadins, two major groups of wheat

SSPs (Shewry et al., 2003), were generally increased in the

three mutants, with gw2kn-b1 and gw2kn-b1d1 showing

much larger rises than gw2kn-d1 (Table 2). Similarly, the

GPC of gw2bw-a1b1d1 also tended to be higher than that of

Bobwhite in two separate environments (Table S3).

Because GPC and the contents of glutenins and gliadins

are vital in determining wheat end-use quality (Shewry,

2007), we tested if gw2kn-d1, gw2kn-b1 and gw2kn-b1d1

might have altered FPC and gluten strength, which are

important parameters of wheat end-use quality (Wrigley

et al., 2009). In both 2016-BJ and 2017-BJ, the FPC values

of gw2kn-d1, gw2kn-b1 and gw2kn-b1d1 were generally and

significantly higher than that of Kenong 199, with the

highest percentage increase (up to 24.97%) observed for

gw2kn-b1d1 (Figure 3a). The sodium dodecyl sulfate sedi-

mentation volume (SDS-SV), signifying gluten strength

(Ross and Bettge, 2009), was also significantly higher in

the three mutants than in Kenong 199, with gw2kn-b1d1

again showing the highest percentage increase (up to

18.53%) (Figure 3b).

Clearly, the three parameters related to end-use quality,

i.e. GPC, FPC and SDS-SV, are all enhanced in the exam-

ined TaGW2 mutants, especially for gw2kn-b1, gw2kn-b1d1

and gw2bw-a1b1d1. The enhancement is associated with

increased levels of accumulation of glutenins and gliadins.

TaGW2 mutants exhibit altered growth of maternal

pericarp cells

In rice, knockout of GW2 enhances GW and GWH by pro-

moting the number of spikelet hull cells and the size of

endosperm cells (Song et al., 2007). Therefore we analyzed

cell growth in the developing grains of Kenong 199 and

Figure 2. Comparison of grain size and appearance between the wild type and mutant lines.

The comparison was made between the wild type Kenong 199 and derivative mutants (gw2kn-b1, gw2kn-d1 and gw2kn-b1d1) (a) or between the wild type Bob-

white and gw2bw-a1b1d1 (b). The grains were aligned to illustrate grain width (GWH) and grain length (GL) between wild-type and mutant lines. Note that the

grains of gw2kn-b1d1 and gw2bw-a1b1d1 were morphologically wrinkled. The data shown are representative of three (a) or two (b) environments. Scale bars =
10 mm.
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derivative mutants. The grains at 21 DAA were employed

in this analysis because they reached maximum fresh

weight around this stage. The cells in the outer pericarp

were mainly examined because the three TaGW2 homoe-

ologs were highly expressed there (Figure S3). To simplify

the task, the middle portion along the longitudinal axis of

the grains was used for the analysis (Figure 4a). In the

median sections (Figure 4b), the total number of cells in

the surface layer of the outer pericarp was significantly

higher in gw2kn-b1 and gw2kn-b1d1 than that in Kenong

199, with gw2kn-b1d1 showing a much bigger increase;

gw2kn-d1 also exhibited some increase in this parameter

although this was not significant (Figure 4c). Cryo-scan-

ning electron microscopy revealed that the surface peri-

carp cells of the three mutants were much longer than

those of Kenong 199 (Figure 4d). Upon closer examination,

substantial differences were found among Kenong 199 and

mutant lines in the two lateral sides of the outer pericarp

(indicated in Figure 4a). In Kenong 199, the outer pericarp

contained mostly two layers of cells (Figure 4e), whereas

in gw2kn-b1 and gw2kn-d1 four cell layers were commonly

observed in the outer pericarp (Figure 4f, g). For gw2kn-

b1d1, the outer pericarp was generally composed of three

cell layers (Figure 4 h).

Together, these results show that the growth of maternal

pericarp cells in gw2kn-b1, gw2kn-d1 and gw2kn-b1d1 is

altered in multiple ways and that the alteration differs

among the three mutants.

DISCUSSION

TaGW2 homoeologs experienced substantial selection in

polyploidization, domestication and artificial breeding of

common wheat (Qin et al., 2014, 2017), indicating that they

may have played pivotal roles in the increase in GW that

occurred during the evolution of modern wheat cultivars

from primitive ancestral species. However, prior to this

work there was only limited information on the involve-

ment of TaGW2-B1 and -D1 in regulation of GW. The pres-

ence of three homoeologs with high sequence similarities

may have hampered the functional analysis of TaGW2. To

overcome this difficulty, we analyzed a unique series of

gene editing mutants that had knockout mutations in one,

two or all three TaGW2 homoeologs. The results obtained

have allowed us to more completely explore the functions

of TaGW2 homoeologs in the genetic control of common

wheat grain traits and the relevant mechanisms.

Insights into the functions of TaGW2 homoeologs

First, both TaGW2-B1 and -D1 function in the genetic con-

trol of GW, and they participate in the negative regulation

of this trait. This insight is supported by the finding that

knocking out TaGW2KN-B1, TaGW2KN-D1 or both promoted

significant increases of TGW and its component trait GWH

and GL (Table 1). Moreover, the effect conferred by

TaGW2-B1 is stronger than that by TaGW2-D1 because

gw2kn-b1 consistently exhibited higher increases of TGW,

GWH and GL than gw2kn-d1 (Table 1). Second, there may

exist an additive interaction between TaGW2-B1 and -D1 as

the increases of TGW, GWH and GL shown by gw2kn-b1d1

were generally larger than those of gw2kn-b1 or gw2kn-d1

alone (Table 1). Third, both TaGW2-B1 and -D1 modulate

cell number and length in the outer pericarp of developing

grains, with the potency of TaGW2-B1 being greater (Fig-

ure 4). Lastly, TaGW2 homoeologs also take part in the

genetic control of GPC, as this parameter was generally

increased in the mutants, especially in the lines lacking

Table 2 Comparison of grain protein content (GPC) and the glutenin and gliadin contents between Kenong 199 and three TaGW2 gene edit-
ing mutants.a

Environment Line GPC (%)
Total glutenin
(lg/mg grain)

Total gliadin
(lg/mg grain)

2016-Beijing Kenong 199 12.43 � 0.19 30.29 � 0.41 47.11 � 0.91
gw2kn-b1 14.77 � 0.35**

[18.83%]
35.50 � 10.51**
[17.20%]

54.74 � 16.13**
[16.20%]

gw2kn-d1 12.81 � 0.18
[3.01%]

30.30 � 1.28
[0.03%]

47.19 � 0.63
[0.17%]

gw2kn-b1d1 14.35 � 0.05**
[15.45%]

31.28 � 0.17*
[3.27%]

56.39 � 1.00**
[19.70%]

2017-Beijing Kenong 199 13.28 � 0.15 30.83 � 0.23 60.02 � 0.32
gw2kn-b1 14.21 � 0.66*

[7.00%]
32.22 � 1.89*
[4.51%]

63.77 � 1.88*
[6.25%]

gw2kn-d1 14.69 � 0.70*
[10.84%]

31.89 � 0.26*
[3.44%]

68.34 � 0.34**
[13.86%]

gw2kn-b1d1 14.85 � 0.41**
[11.82%]

33.41 � 0.32**
[8.37%]

70.90 � 1.23**
[18.13%]

aThe values are presented as mean � SD. For each line in each environment, the grains from at least 20 plants were combined, with three
separate samples taken from the combined seed lot for trait assessment. The percentages in the square brackets indicate the increases over
Kenong 199. Statistical comparison was conducted using the independent samples t-test in the SPSS program. *P < 0.05; **P < 0.01.
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two or three homoeologs (Tables 2 and S3). Like their

functional difference in the TGW trait, TaGW2-B1 is again

more powerful than TaGW2-D1 in affecting GPC and the

glutenin and gliadin content in common wheat grains

(Table 2).

In line with their increases in TGW (Tables 1 and S3),

the GYP values of gw2kn-b1, gw2kn-b1d1 and gw2bw-

a1b1d1 were higher than those of their WT controls

(Kenong 199 or Bobwhite; Figure S2), indicating that

increase in TGW contributes to elevation of GYP in the

mutants. Consistent with the rises in GPC (Table 2), gw2kn-

b1 gw2kn-d1 and gw2kn-b1d1 displayed elevated FPC and

gluten strength (Figure 3), suggesting improved end-use

quality in the three mutants. Because gw2kn-b1d1 consis-

tently exhibited higher GYP, FPC and SDS-SV values than

gw2kn-b1 (Figures S2a and 3), it is possible that additive

interaction may also operate in the influence on wheat

yield and end-use quality traits by TaGW2-B1 and -D1.

However, more systematic and rigorous studies are

needed to ascertain the dissimilar effects of TaGW2

homoeologs on wheat yield and end-use quality, consider-

ing that these traits are complex and controlled by multiple

genes.

Understanding homoeolog differences and interactions

is indispensable for objectively resolving the function of

common wheat genes (Borrill et al., 2015). In this regard,

the insights outlined above represent an advance towards

understanding the functions of TaGW2 homoeologs. In

agreement with our finding on the functional superiority of

TaGW2-B1 over TaGW2-D1, a previous haplotype analysis

showed that TaGW2-B1 could explain a higher percentage

of variation in TGW than TaGW2-A1 in common wheat cul-

tivars (Qin et al., 2014). Thus, TaGW2-B1 may be function-

ally superior to both TaGW2-A1 and -D1. The reason

behind the functional superiority of TaGW2-B1 is unknown

at present, but it is interesting to note that both our work

(Figure S1) and that of Hong et al. (2014) showed that

TaGW2-B1 was more highly expressed than TaGW2-A1

and -D1 in the developing grains. We note that in Figure S3

the expression level of TaGW2-B1 was no higher than that

of TaGW2-D1, but the dataset used for generating this fig-

ure was obtained by analyzing a different cultivar and

using dissected grain parts (Pearce et al., 2015). Neverthe-

less, the expression level of TaGW2-B1 was much higher

than that of TaGW2-A1 in Figure S3. Bednarek et al. (2012)

demonstrated that TaGW2 homoeologs possess E3 ligase

activity and shuttle between the cytoplasmic and nuclear

compartments. It is possible that TaGW2-B1 may play a

more dominant role than TaGW2-A1 and -D1 in the con-

trolled degradation of certain key cellular proteins through

the proteasome pathway during grain development. How-

ever, further research is needed to verify this possibility.

Modulation of cell growth in maternal tissues has been

considered as a basic step in the regulation of GW, GWH

and GL by a number of genes in Arabidopsis and rice (Zuo

and Li, 2014; Li and Li, 2016). A recent study showed that a

major quantitative trait locus on wheat chromosome 5A

promoted GW by enhancing both GL and GWH, with a

substantial increase in cell length found in the pericarp

(Brinton et al., 2017). Based on the changes in carpel/grain

size in developing wheat grains, Simmonds et al. (2016)

indicated that TaGW2-A1 may regulate GW by acting on

the maternal tissue. Here, by coupling genetic and cell bio-

logical investigations, we observed that knocking out

TaGW2-B1, -D1 or both resulted in different degrees of

enhancement in pericarp cell number and length (Fig-

ure 4). Consequently, we suggest that TaGW2 homoeologs

modulate maternal pericarp cell growth, thereby affecting

GWH, GL and TGW. However, the cell number and length

increases observed for gw2kn-b1d1 were not simply a sum

of the effects by gw2kn-b1 or gw2kn-d1 alone, indicating

Figure 3. Evaluation of flour protein content (FPC) and sodium dodecyl sul-

fate sedimentation volume (SDS-SV) in Kenong 199 and derivative TaGW2

mutants.

Flour protein content (% of flour) (a) and SDS-SV (ml) (b) were determined

for Kenong 199 and three TaGW2 mutants (gw2kn-b1, gw2kn-d1 and gw2kn-

b1d1) using the grain samples harvested from two environments (BJ-2016

and BJ-2017). The means (�SD) of the three mutants were each compared

with that of Kenong 199 using the independent samples t-test. *P < 0.05;

**P < 0.01.
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complex functional interactions between TaGW2 homoeo-

logs in modulating the growth of pericarp cells.

The genetic basis of GPC has been investigated in many

studies in wheat (Shewry, 2007; Nigro et al., 2014;

W€urschum et al., 2016). At the molecular level, three

important genes regulating wheat GPC, namely Gpc-B1,

SPA and DEMETER, have been characterized (Uauy et al.,

2006; Ravel et al., 2009; Wen et al., 2012). The latter two

genes regulate GPC by controlling the expression of glute-

nin and gliadin genes. This coincides with our observation

that increases in GPC in the single and double mutants of

TaGW2 were associated with upregulated accumulation of

glutenins and gliadins (Table 2). Considering the E3 ligase

activity of TaGW2 protein and their likely involvement in

the proteasome pathway (Bednarek et al., 2012), it will be

interesting to test if the effects of TaGW2 homoeologs on

GPC may be brought about by regulating the turnover of

certain key proteins (e.g. SPA and DEMETER) controlling

the expression of glutenin and gliadin genes in wheat

grains.

A further finding made in this work is that the grains of

gw2kn-b1d1 and gw2bw-a1b1d1, but not those of gw2kn-b1

and gw2kn-d1, were wrinkled (Figure 2). Because

TaGW2KN-A1 is already a naturally evolved loss-of-function

allele (see above), gw2kn-b1d1 was actually a triple mutant

and gw2kn-b1 and gw2kn-d1 were both double mutants.

Thus, grain wrinkling is a problem shared by two triple

mutants in two varietal (Kenong 199 and Bobwhite) back-

grounds, but it does not occur in the double mutants lack-

ing TaGW2-A1 and -B1 or TaGW2-A1 and -D1. This leads

us to speculate that grain wrinkling in the triple mutants

may be caused by excessive reduction of TaGW2 function.

We did not find any significant difference in seed starch

content between Kenong 199 and gw2kn-b1d1 cultivated in

two environments (Table S4). Therefore the grain wrinkling

phenotype displayed by gw2kn-b1d1 is unlikely to be

caused by alteration in seed starch content. Further studies

involving transcriptomic and proteomic experiments may

yield useful clues to understanding the observed grain

wrinkling phenotype.

Finally, our findings that both gw2kn-b1d1 and

gw2bw-a1b1d1 exhibited increases in TGW in multiple envi-

ronments (Tables 1 and S3) contrast with the report that

simultaneously silencing three TaGW2 homoeologs by

RNAi decreased TGW (Bednarek et al., 2012). Our results,

together with the data reported by Hong et al. (2014),

argue strongly that reducing the function of all three

TaGW2 copies will most probably increase, rather than

decrease, GW, although this increase was accompanied by

a grain wrinkling problem.

Implications for further research

From the points discussed above, several new areas cen-

tral to understanding the individual and combined actions

Figure 4. Effects of knocking out TaGW2-B1, -D1 or both on the pericarp cell growth of developing grains.

(a) A typical developing grain of Kenong 199 at 21 days after anthesis (DAA). The middle portion used for light and cryo-scanning electron microscopy experi-

ments in this work is boxed in red. Scale bar = 1 mm. (b) A median section cut from the middle portion of a developing grain of Kenong 199 at 21 DAA. The

boxed lateral sides were examined in detail in (e)–(h). ES, endosperm; Op, outer pericarp. Scale bar = 1 mm. (c), (d) Comparison of cell number and length

between Kenong 199 (wild-type control, WT) and three mutant lines. For each genotype, the median sections cut from 10 different grains were examined for the

number of cells in the surface layer of the outer pericarp; the middle portions of 20 different grains were examined by scanning electron microscopy to reveal

the length of the cells in the surface layer of the outer pericarp. The means (�SD) of the mutants were each compared with that of the WT control using the

independent samples t-test. *P < 0.05; **P < 0.01. (e)–(h) Cell layers in the lateral sides of the outer pericarp (OP) in Kenong 199 (WT control) and three mutant

lines. The lateral sides examined are indicated in (b). Each image was representative of 10 different grains. Scale bar = 100 lm.
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of TaGW2 homoeologs in regulating TGW and GPC and

the cell biological and underlying biochemical basis are

now open for future research. In addition, our data may

have practical implications for the use of TaGW2 in wheat

breeding.

First, knockout mutants of TaGW2-B1 or combinations

with those of TaGW2-A1 may now be used to enhance

TGW and GPC in common wheat. As discussed above, the

enhancement effects conferred by TaGW2-B1 mutants are

probably much better than those conferred by the TaGW2-

A1 alleles characterized so far. TaGW2-B1 mutants may be

identified in wheat germplasm; alternatively, as exempli-

fied in this work, they can also be created in the desired

genetic backgrounds using efficient transgene-free gene

editing methods (Zhang et al., 2016). Second, the substan-

tial increases in TGW and GPC augmented by knocking out

all three TaGW2 homoeologs may be harnessed to

improve the yield and quality traits of wheat, providing

that the grain wrinkling problem can be overcome satisfac-

torily. A possible solution to the problem is to find genetic

suppressor(s) of the grain wrinkling phenotype, and we are

now in the process of investigating this possibility.

In summary, our work sheds light on functional differ-

ence and additive interaction of TaGW2-B1 and -D1 in the

genetic control of GW and protein content traits in com-

mon wheat, which may stimulate further research on this

important gene and its application in wheat improvement.

EXPERIMENTAL PROCEDURES

Cloning and sequence analysis of TaGW2 homoeologs

The cDNA coding region of TaGW2-A1, -B1 and -D1 homoeologs
was isolated from Kenong 199 and Bobwhite using RT-PCR as
described previously (Yang et al., 2012; Hong et al., 2014). The
forward and reverse primers used were GW2-CDS-F (50-ATGGG
GAACAGAATAGGAGGGAGG-30) and GW2-CDS-R (50-TTACAAC
CATGCCAACCCTTGCGT-30), respectively. The cDNA and deduced
amino acid sequences for the six genes are listed in Table S1.
Sequence comparisons were conducted using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/).

Investigation of the expression of TaGW2 homoeologs

The expression profiles of TaGW2KN-A1, -B1 and -D1 in the devel-
oping grains of Kenong 199 were investigated using a HiSeq tran-
scriptomic data set, generated by sequencing the total RNA
samples extracted from unfertilized caryopses and the grains at
10, 20 and 30 DAA. For each time point, three biological replicates
were sequenced. Detailed analysis of the RNA sequencing experi-
ment will be reported elsewhere. The software Bowtie (Ben et al.,
2009) was used to align HiSeq reads to the coding sequence of
TaGW2KN-A1, -B1 and -D1, respectively, with the wrongly mapped
reads corrected by manual inspection. The expression level was
presented as reads per kilobase per million mapped reads
(Figure S1).

The expression patterns of TaGW2 homoeologs in the endo-
sperm, inner pericarp and outer pericarp tissues were investigated
with the transcriptomic data deposited in the WheatEXP website

(https://wheat.pw.usda.gov/WheatExp/). Briefly, the cDNA coding
sequence of TaGW2KN-A1, -B1 and -D1 was blasted in WheatEXP.
This identified the three TaGW2 homoeologs (Traes_6AS_3F739-
BAFF.2, Traes_6BS_28B1B89B5.2 and Traes_6DS_9452342E3.2)
annotated by the International Wheat Genome Sequencing Con-
sortium. The expression patterns of the homoeologs in three lay-
ers of developing wheat grains (i.e. outer pericarp, inner pericarp
and endosperm, collected at 12 DAA; Figure S2) were then
obtained using the transcriptomic data reported by Pearce et al.
(2015).

Development and growth of mutants

The 43 T0 gene editing mutants of TaGW2 developed using the
immature embryos of Kenong 199 were described in our previous
publication (Zhang et al., 2016). In brief, these mutants were pre-
pared through transient expression of CRISPR/Cas9 DNA
(TECCDNA) or RNA in the immature embryos with a sgRNA tar-
geting the eighth exon (Figure 1). The two methods yielded 26
and 17 T0 mutants, respectively. Homozygous gw2kn-b1, gw2kn-d1
and gw2kn-b1d1 seedlings were identified in the T2 population
through sequencing amplicons carrying the target sites. The
homozygous mutant lines and their WT progenitor were then cul-
tivated in three different environments, i.e. a net house in the field
in Beijing in 2016 and controlled field plots in Beijing and Gao-
cheng (Hebei Province, China), respectively, in 2017. Standard
agronomic practices were applied to promote seed setting.

TECCDNA was employed to edit the TaGW2 homoeologs in
Bobwhite as described above. A total of 2000 immature embryos
were used in the transformation experiment, which yielded 47 T0

mutants. Three T0 mutants with indels in all six TaGW2 alleles
were identified; their T2 seeds were employed to identify a
homozygous mutant (i.e. gw2bw-a1b1d1) with frame-shifting
indels in TaGW2BW-A1, -B1 and -D1. The gw2bw-a1b1d1 plants
were grown in the net house in Beijing as outlined above, with
grain samples harvested in 2016 and 2017, respectively. The
grains from WT Bobwhite plants were similarly harvested, and
served as controls in the experiments.

Neither gw2kn-b1, gw2kn-d1 and gw2kn-b1d1 seedlings nor those
of gw2bw-a1b1d1 were found to contain the integration sites of
Cas9 and sgRNA constructs when checked by PCR with the primer
sets detailed by Zhang et al. (2016).

Phenotypic assessment

For each line in each environment the grains from at least 20
plants were harvested and combined for phenotypic assessment;
the mean TGW, GWH and GL values were determined using three
separate grain samples with an automatic seed trait analysis sys-
tem (Model SC-G, Wseen Ltd, http://hzwseen.foodmate.net/). The
GYP was assessed by measuring and averaging the GW of seven
plants per genotype per environment. The FPC and SDS-SV were
measured for the desired genotypes following the method
detailed by Li et al. (2010b), with three different flour samples
used per genotype per environment.

Light microscopy

The following steps were carried out at room temperature i.e.
23�C–25�C unless otherwise stated. The developing grains were
collected from Kenong 199 and gw2kn-b1, gw2kn-d1 and gw2kn-
b1d1 plants at 21 DAA. The two ends of the grains were gently
removed under FAA fixative (70% alcohol, 5% acetic acid, 0.02%
formaldehyde), with the middle portion fixed in FAA for 24 h at
4°C. Afterwards, the fixed materials were gradually dehydrated
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using 70, 80, 90, 95 and 100% alcohol solutions (1 h in each solu-
tion and with gentle rotation). The resultant samples were sequen-
tially treated with three LR White acrylic resin/alcohol mixtures
(1:2, 1:1 and 2:1, 3 h in each mixture), followed by two consecu-
tive infiltrations in 100% LR White (8 h each). The LR White resin
used was of medium grade (Sigma-Aldrich, http://www.sigmaald
rich.com/). Subsequently, each of the infiltrated grain materials
was embedded in 300 ll of pure LR White, with the polymerization
accomplished at 65°C for 24 h. The sections (1.5 lm thick) were
cut with a diamond knife on a Leica microtome (Leica Microsys-
tems, https://www.leica-microsystems.com/). They were then trea-
ted with the periodic acid-Schiff regent and counter-stained with
0.1% Coomassie Bright Blue, as described previously (Wu et al.,
2016). The sections were examined under a Leica DM2500 micro-
scope (Leica Microsystems) and the images taken using a digital
camera.

Cryo-scanning electron microscopy and measurement of

cell length

At 21 DAA, the developing grains were carefully separated from
the surrounding glumes, attached to aluminum stubs and exam-
ined following the method reported by Mazurek et al. (2013). The
cryo-preparation system used was Quorum PP3000T (Quorum
Technologies Ltd, https://www.quorumtech.com/), and the scan-
ning electron microscope employed was a Hitachi S-3000N (Hita-
chi High-Technologies, https://www.hitachi-hightech.com/global/).
For each line (Kenong 199, gw2kn-b1, gw2kn-d1 and gw2kn-b1d1) at
least five different grains were examined, with the images being
taken from the middle portion of the grain along the longitudinal
axis. The captured images were analyzed using ImageJ software
(https://imagej.nih.gov/ij/). The mean length of surface cells in the
outer pericarp of each line was calculated by measuring approxi-
mately 400 cells.

Determination of GPC and the glutenin and gliadin

contents

For each line, GPC was assayed using wholemeal flour prepared
with a cyclone hammer mill from 50 g of grains. The assay was
accomplished on an Organic Elemental Analysis Flash 2000 ele-
mental analyzer (Thermo Scientific Corporation, https://www.ther
mofisher.com/) following Method 46-30 recommended by the
American Association of Cereal Chemists (AACC International,
2000). Three measurements were performed using separate grain
samples. The glutenin and gliadin contents in the grains were
measured using reverse phase-high performance liquid chro-
matography (Marchylo et al., 1989), with three determinations
conducted for each line with separate grain samples.

Statistical analysis

Numerical phenotypical data were presented as means � SD.
Statistical analysis of the means was performed by an indepen-
dent samples t-test in the SPSS program (SPSS Inc., https://www.
ibm.com/analytics/data-science/predictive-analytics/spss-statistical-
software/).
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