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Abstract Cell wall invertase (CWI) is a critical
enzyme for sink tissue development and carbon parti-
tion, and has a high association with kernel weight.
Characterization of Cwi genes and development of
functional markers are of importance for marker-
assisted selection in wheat breeding. In the present
study, the full-length genomic DNA sequence of a Cwi
gene located on wheat chromosome 2A, designated
TaCwi-Al, was characterized by in silico cloning and
experimental validation. TaCwi-Al comprises seven
exons and six introns, with 3,676 bpin total, and an open
reading frame (ORF) of 1,767 bp. A pair of comple-
mentary dominant markers, CWI21 and CWI22, was
developed based on allelic variations at the TaCwi-Al
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locus. A 404-bp PCR fragment was amplified by CWI21
in varieties with lower kernel weights, whereas a 402-bp
fragment was generated by CWI22 in the varieties with
higher kernel weights. The markers CWI21 and CWI22
were located on chromosome 2AL using a F,.5 popu-
lation from a cross Doumai/Shi 4185, and a set of
Chinese Spring nullisomic—tetrasomic lines. They were
linked to the SSR locus Xbarcl5-2AL with a genetic
distance of 10.9 cM. QTL analysis indicated that
TaCwi-Al could explain 4.8% of phenotypic variance
for kernel weight over 2 years. Two sets of Chinese
landraces and two sets of commercial wheat varieties
were used to validate the association of CWI21 and
CWI22 with kernel weight. The results indicated that the
functional markers CWI21 and CWI22 were closely
related to kernel weight and could be used in wheat
breeding for improving grain yield.
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Introduction

Wheat is one of the most important food crops in the
world. Increasing grain yield is of great importance to
meet the needs of wheat for increasing human
populations. Grain yield is closely associated with
kernel number per unit area and kernel weight
(Kumbhar et al. 1983). In Chinese environments,
140-160 kg per hectare can be added, when the
thousand-kernel weight (TKW) is increased by one
gram (Tian et al. 2006). Collaku (1989) reported that
20% of the variation in wheat yield can be attributed
to TKW. In addition to its contributions to yield per
se, TKW is crucial for variety acceptance by farmers
in countries such as India and China. Therefore,
developing varieties with high kernel weight is an
important objective in wheat breeding programs.

In most plants, the assimilated carbon in the form
of sugars such as sucrose is transported from the
photosynthetic tissues (source) to non-photosynthetic
tissues (sink) (Sturm 1999), where the sucrose can be
used directly or cleaved into hexoses by sucrose
synthase or invertase (Copenald 1990). Invertase is a
hydrolase, catalyzing the conversion of sucrose to
glucose and fructose. Based on their solubility,
localization and pH optima, the invertases in higher
plants are of three types, viz. cytoplasmic, vacuolar,
and cell wall (Kim et al. 2000). Cell wall invertase
(CWI) with an acidic pH optimum and bound to the
cell wall ionically catalyzes the hydrolysis of sucrose
to glucose and fructose (Sturm 1999).

Many studies indicate that CWI plays an important
role in carbon partitioning (Tang et al. 1999) and sink
organ development (Sturm 1999; Chourey et al.
2006), and is related to kernel weight (Miller and
Chourey 1992; Cheng et al. 1996; Wang et al. 2008).
Weber et al. (1995) reported that the amount of CWI
in the seed coat was highly related to the level of
hexoses in cotyledons and apoplastic endospermal
spaces, and proposed that it played a crucial role in
establishing sink strength in young seed. Transgenic
carrot antisense repression of CWI showed reduced
taproot growth and an increased dry weight leaf-
to-root ratio (Tang et al. 1999). The seed weight of
the maize mutant seed Miniature-1, which lacks of
invertase activity, was reduced by 70% relative to the
normal weight (Miller and Chourey 1992; Cheng
et al. 1996). Hirose et al. (2002) also found that the
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expression of the OsCINI gene was related to CWI
activity and caryopsis development, suggesting that
OsCINI is important for supplying carbon to the
kernels. More recently, the rice GIFI gene was
cloned. It encodes a cell wall invertase required for
carbon partitioning during early grain-filling, and its
unique expression pattern confirmed that CWI was
highly associated with kernel weight (Wang et al.
2008).

The cDNA sequence encoding CWI was first
cloned from carrot (Sturm and Chrispeels 1990) and
was then identified and characterized in a variety of
plants, such as tomato (Godt and Roitsch 1997),
soybean (Dimou et al. 2005), maize (Cheng et al.
1996), sorghum (Jain et al. 2008), and rice (Hirose
et al. 2002). Common features of the amino acid
sequences of plant CWI are a f-fructosidase motif
(NDPNG/A) and a Cys residue (Sturm 1999). These
Cwi genes have similar structure, with six to eight
exons (Tymowska-Lalanne and Kreis 1998), and
most of them contain an extremely small exon
(exon 2) coding only three amino acids (DPN)
(Sturm 1999). To date, however, no full-length
DNA sequence of Cwi has been cloned in common
wheat.

A large number of quantitative trait loci (QTLs)
have been reported to control grain yield and yield
components. In particular, QTLs for kernel weight
were mapped on almost all 21 wheat chromosomes
(Huang et al. 2003; Quarrie et al. 2005; Su et al. 2006).
Su et al. (2006) found eight QTLs for kernel weight
per spike on chromosomes 2A, 2D, 4B, 5A, 7A and
7B. These QTLs explained each 5.6-16.2% of phe-
notypic variation. Four QTLs for TKW were detected
on 1D, 2A, 5D, and 6A, and their contributions in
different environments ranged from 5.9 to 20.1% (Sun
et al. 2009). Functional markers developed from
polymorphic sites of genes are very important for
marker-assisted breeding in wheat (Bagge et al. 2007).
Use of functional markers for kernel weight would
benefit high-yield wheat breeding.

The objectives of this study were to characterize
allelic variations at the TaCwi-Al locus on wheat
chromosome 2A, develop functional markers for the
gene, and evaluate its association with kernel weight
in Chinese commercial wheat varieties and land-
races, and a F,.3 population from a cross Doumai/
Shi 4185.
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Materials and methods
Plant materials

Two sets of Chinese commercial wheat varieties and
two sets of Chinese landraces, viz. Set I, 192 winter
wheat varieties from China Wheat Zones I, II, III and
IV; Set II, 117 winter wheat varieties from China
Wheat Zone 1V; Set III, 130 landraces from China
Wheat Zones I, 11, III, IV, V and VIII; and Set IV, 48
landraces from China Wheat Zones I, II, III, V and
VIII, were used for validation of the newly devel-
oped STS markers. The China Wheat Zones were
described in detail by Zhang et al. (2008). The
Chinese Spring (CS) nullisomic-tetrasomic and dit-
elosomic lines, and a wheat-barley chromosome
substitution line N2A-S2H provided by Prof. Xiao
Chen, Institute of Crop Science, CAAS, were
employed to verify the chromosomal location of the
STS markers. Nullisomic-tetrasomic 2A lines are
sterile and cannot be maintained. The 2H chromo-
some is able to restore fertility to CS nullisomic 2A
and can be used in identifying genetic effects that are
lost in the absence of chromosome 2A. A population
of 217 F,.5 lines derived from Doumai/Shi 4185 was
used to map the STS markers and QTL analysis. Shi
4185 has a low TKW (36.1 g), whereas Doumai has a
high TKW (55.0 g).

Field trials

During the 2002-2003 cropping season, the varieties
of Set I were grown in randomized complete blocks
with three replicates at the Anyang Experimental
Station, CAAS, located in Henan Province. Each
plot consisted of two 2-m rows spaced 25 cm apart,
with 75 plants in each row. During the 2008-2009
cropping season, Sets II and III were grown in
randomized complete blocks with three replicates at
the Chengdu Experimental Station, Sichuan Acad-
emy of Agricultural Sciences, located in Chengdu,
Sichuan Province. Set IV varieties were grown in
randomized complete blocks with three replicates at
the Beijing Experimental Station of CAAS during the
2008-2009 cropping season. The 217 F,.3 lines were
planted at Beijing Experimental Station of CAAS
during the 2008-2009 and 2009-2010 cropping
seasons. Test plots were managed according to local
practices. All field trials were kept free of weeds and

diseases, with two applications of broad-range herbi-
cides and fungicides, respectively. Plants were har-
vested by hand when the plants reached physiological
maturity. The TKW was evaluated by weighing 200
kernels in duplicate, after the seeds had been dried to
a standard moisture content.

Strategies for cloning and sequence analysis
of TaCwi-Al

We used the cDNA sequence of the rice GIFI gene
encoding a cell wall invertase (GenBank accession
EU095553, Wang et al. 2008) as a probe for a BLAST
searching against the wheat EST database in GenBank.
All wheat ESTs sharing high similarity with the ref-
erence gene were selected as candidate sequences
(E value < e-50, score >300 bp and identity >70%,
http://www.ncbi.nlm.nih.gov). The putative full-length
sequences of wheat Cwi genes were constructed by
analyzing and assembling the wheat ESTs. Primers
were designed based on the constructed sequence
using the software Primer Premier 5 (http:/www.
premierbiosoft.com) and synthesized by Shanghai
Sangon Biological Engineering Technology & Service
Co. Ltd. (http://www.sangon.com). Each primer com-
bination was tested with N2A—-S2H, N2B-T2A and
N2D-T2B to confirm the chromosomal location of the
primers and their amplified PCR fragments.

Genomic DNA was extracted from seeds using a
method modified from Lagudah et al. (1991). PCRs
were performed in an MJ Research PTC-200 thermal
cycler in a total volume of 20 pl, including 20 mM of
Tris—HCI (pH 8.4), 20 mM of KCl, 100 uM of each
of dNTPs, 1.5 mM of MgCl,, 5 pmol of each primer,
1 unit of Tag DNA polymerase (TTANGEN Biotech
Co., Ltd., Beijing, http://www.tiangen.com) and
50 ng of template DNA. Reaction conditions were
95°C for 5 min, followed by 40 cycles of 95°C for
45 s, 58°C for 1 min 15 s, and 72°C for 2 min, with a
final extension of 72°C for 8§ min. The PCR products
were separated by electrophoresis on a 1.5% agarose
gel stained with ethidium bromide and visualized
using UV light. Targeted fragments with expected
sizes (Table 1) were recovered and cloned into the
pMD18-T vector, and sequenced by Shanghai Sangon
Biological Engineering Technology and Service Co.
Ltd. (http://www.sangon.com).

Three wheat varieties with higher and three
with lower kernel weights were used for cloning the
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Table 1 Three primer sets

. . Y , .
used for cloning TaCwi-Al, S?E;kseert Primer sequence (5-3) imigl;gied fSr Zers:n];C(lE )
and two functional markers g g s (bp
developed for the gene Cl Forward: GCCCCAGTGTGAGAGCAATGGTAGT 1-1,361 1,361

Reverse: CACCTCGTAGTTGATGTCGC

C2 Forward: CAGCCCAGCATCAAGTCCGA

1,242-2,996 1,755

Reverse: CCGAGCAAAGAAGCCCAACA

C3 Forward: GCCGGTGAGTCTCAAGGACC

2,164-3,676 1,513

Reverse: TTCCTACGGGCAAAATGAT

CWI21

#Amplified region was
counted from the genomic
DNA sequence of TaCwi-Al
cloned in this study

CwI22

Forward: GTGGTGATGAGTTCATGGTTAAG
Reverse: AGAAGCCCAACATTAAATCAAC
Forward: GGTGATGAGTTCATGGTTAAT
Reverse: AGAAGCCCAACATTAAATCAAC

2,705-3,108 404

2,707-3,108 402

full-length sequence of TaCwi-Al on chromosome
2A to identify allelic variations at the locus. The PCR
of each primer set was repeated three times for each
DNA sample, and each PCR product was sequenced
at least three times to ensure the accuracy of the
nucleotide sequences. The genomic DNA sequences
of TaCwi-Al were aligned by the software DNA-
MAN (http://www.lynnon.com) to detect the allelic
variants among different varieties. The intron posi-
tions were also determined by DNAMAN through
alignment of the amplified genomic DNA sequence
and the constructed cDNA sequences.

Development of functional markers for TaCwi-Al

Three wheat varieties with higher and three with
lower TKW were used for developing new STS
markers. Based on the sequence divergence of the
allelic variants at the TaCwi-Al locus, two comple-
mentary dominant markers, CWI21 and CWI22, were
designed to identify allelic variants at the TaCwi-Al
locus. These were validated with the two sets of
Chinese landraces and two sets of commercial
varieties. PCRs for CWI21 and CWI22 were 95°C
for 5 min, followed by 38 cycles of 95°C for 45 s,
58°C (CWI21) or 60°C (CWI22) for 45 s, and 72°C
for 60 s, with a final extension of 72°C for 8 min.

Statistical analyses
Analysis of variance (ANOVA) was conducted by
the Analyze-Compare Means-Independent-Samples

t-Test in SPSS10.0 with genotype classes as a
categorical variable to derive the mean TKW for each
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class and to test the significance of the differences
between the two classes. Linkage analysis was per-
formed with the software Map Manager QTX (Manly
et al. 2001) and the Kosambi function was used for
calculating genetic distances (Kosambi 1944). QTL
analysis was conducted using the software QTL
Cartographer V2.5 (Wang et al. 2005), and a LOD
score of 3.0 was used as the threshold for declaration of
linkage and QTL detection.

Results
Cloning and characterization of TaCwi-Al

Using the cDNA sequence of rice GIFI gene (Gen-
Bank accession EU095553) as a probe for BLAST
searching against the wheat EST database in Gen-
Bank, four wheat ESTs, viz. CK206103, CD927722,
CJ673133, and CD927242, covering the full coding
sequence of the reference gene, were identified and
assembled to construct the assumed full-length cDNA
of the Cwi gene. Three primer sets, namely, C1, C2
and C3, were generated to amplify the full-length
genomic DNA sequence of TaCwi-Al based on the
assumed Cwi sequence. Each primer set was tested
with CS nullisomic—tetrasomic lines N2B-T2A and
N2D-T2B, and barley chromosome substitution line
N2A-S2H, for confirming its chromosomal location
(Sup-fig. 1). The PCR products amplified from these
primer sets were recovered and cloned, and eight
clones from each PCR product were sequenced. Thus
the sequences obtained in the clones from CI1, C2,
and C3 were assembled to construct the full-length
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DNA sequence of TaCwi-Al (Table 1), which was
then aligned with the corresponding sequence assem-
bled with cDNAs by DNAMAN to determine the
exons and introns.

The complete genomic DNA sequence of TaCwi-Al
was 3,676 bp, with seven exons and six introns,
including the 5" and 3’ flanking sequences. The exon—
intron structure of TaCwi-Al was very similar to
those of the maize and rice genes encoding cell wall
invertase. As also for those genes the second exon of
wheat TaCwi-Al was 9 bp, encoding part of a highly
conserved region, which is present in all known
invertase proteins. The third exon was the longest
among the seven exons.

The cDNA sequence of the cloned TaCwi-Al was
1,954 bp, containing an open reading frame (ORF) of
1,767 bp, a 17-bp 5’ untranslated region (UTR) and a
170-bp 3’ UTR. The deduced pre-mature peptide
sequence of TaCwi-Al consisted of 588 amino
acid residues, with a predicted molecular weight of
65.4 kDa. The putative cleavage site of the deduced
pre-mature peptide was located in the same position
as that from other Cwi genes, based on the alignment
of the deduced amino acids of TaCwi-Al with
those in Cwi genes in other plants (Sup-fig. 2). The

cleavage would generate a mature protein of 564
amino acid residues with a molecular weight of 63
kDa and a transit peptide of 24 amino acids with a
molecular weight of 2.4 kDa. A basic pl of 8.9 was
calculated using the DNAMAN sequence analysis
tool, suggesting that in the cell wall environment,
where the pH is acidic, TaCwi-Al would be ionically
bound to the cell wall components.

Identification and validation of functional markers
for TaCwi-Al

The amplified genomic DNA sequences of TaCwi-Al
from wheat varieties with different kernel weights
showed two allelic variants, TaCwi-Ala and TaCwi-Alb
(Fig. 1). Nine single-nucleotide polymorphisms
(SNPs), four in introns and five in exons, were
detected in the DNA sequences from varieties with
lower and higher TKW. Two complementary dom-
inant markers, CWI21 and CWI22, were designed
based on the SNP at the position of the 2,727th base
of TaCwi-Al. CWI22 yielded a 402-bp PCR fragment
in varieties with allele TaCwi-Ala, and CWI21
yielded a 404-bp fragment in those with allele
TaCwi-Alb (Fig. 2). In the test of 192 varieties in

ACAGCTTAGAAAACTAGACTCGTCGTCACGCGCACATTGGCATTGGCCTTGCACGCACAC 2610
ACAGCTTAGAAAACTAGACTCGTCGTCACGCGCACATTGGCATTGGCCTTGCACGCACAC 2610

CTCCAATCTAGCTAGGCTCCAACTGAACTGGTGCAACCTAACAATAGATCGTTTTAATTT 2670
CTCCAATCTAGCTAGGCTCCAACTGAACTGGTGCAACCTAACAATAGATCGTTTTAATTT 2670

CWI22 Forward primer

GACCAACATAATGTCTGTTCCCTTTTGTAAGCGTGTpGTGATGAGTTCATGGTTAAﬂTAC 2730
GACCAACATAATGTCTGTTCCCTTTTGTAAGCGTpTGGTGATGAGTTCATGGTTAAQTAC 2730

CWI121 Forward primer

CGGACTAACTTGTTTCATCAGGCTGACGTCGAGGTGAGCTTTGAGGTGCCGAGCCTGGAG 2790
CGGACTAACTTGTTTCATCAGGCTGACGTCGAGGTGAGCTTTGAGGTGCCGAGCCTGGAG 2790

GGAGCGGAGGCGCTGGACCCGGCGCTAGCCAACGACGCCCAGAAGCTGTGCAGCTTGAGG 2850

GGAGCGGAGGCGCTGGACCCGGCGCTAGCCAACGACGCCCAGAAGCTGTGCAGCGTGAGG 2850

GGTGCCGACGTGGAAGGCGGCGTGGGCCCCTTCGGTCTGTGGGTGCTCGCCTCGTCCAAG 2910

GGTGCCGACGTGGAAGGCGGCGTGGGCCCCTTCGGTCTGTGGGTGCTCGCCTCGTCCAAG 2910

CTGGAGGAGAAGACGGCGGTCTTCTTCCAGGTGTTCAAGGCCGCGCGCAACATCAACAGC 2970

CTGGAGGAGAAGACGGCGGTCTTCTTCCAGGTGTTCAAGGCCGCGCGCAACATCAACAGC 2970

ACCAAGCCGGTGGTCCTCATGTGCTCCGACCCCACCACGTAATGACATCTCCTGATCCTC 3030

ACCAAGCCGGTGGTCCTCATGTGCTCCGACCCCACCACGTAATGACATCTCCTGATCCTC 3030

ATTTCTCCCTTAAATTCATTATTTCTCACGCATGTGACATGCACACATTAGCTAGC 3090
ATTTCTCCCTTAAATTCATTATTTCTCACGCATGTGACATGCACACATTAGCTAGC 3090

[ATTTAATGTTGGGCTTCTITTGCTCGGTGCAGGTCATCTTTGAACCCGAACCTCTACAAGC 3150

Fig. 1 Part of DNA TaCwi-Ala

sequences alignment of the TaCwi-Alb

TaCoi-AlD. The DNA

atwi-ALb. 1he TaCwi-Alb

sequences of exons are

underlined. The shaded TaCwi-Ala

bases are SNPs between the TacCwi-Alb

two alleles. The sequences

of the forward primers and TaCwi-Ala

complementary sequences TaCwi-Alb

of reverse primers for

CWI21 and CWI22 are TaCwi-Ala

boxed TaCwi-Alb
TaCwi-Ala
TaCwi-Alb
TaCwi-Ala
TaCwi-Alb
TaCwi-Ala
TaCwi-Alb
TaCwi-Ala
TaCwi-Alb

CWI22 Reverse primer

TaCwi-Ala
TaCwi-Alb

ETTTAATGTTGGGCTTCTFTGCTCGGTGCAGGTCATCTTTGAACCCGAACCTCTACAAGC 3150

CWI21Reverse primer
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04

05

06

Fig. 2 PCR fragments amplified with the markers CWI22
(a) and CWI21 (b) in 14 Chinese winter wheat varieties.
M DNA ladder DL2000; 01 Doumai (TKW 55.0 g); 02
Zhongmai 9 (53.2 g); 03 Chuanmai 39 (55.0 g); 04 SW18390
(50.5 g); 05 Neimai 8 (52.6 g); 06 Shannong 664 (52.2 g); 07

Set I using CWI21land CWI22, the 404-bp fragment
was detected in 46 varieties (TaCwi-Alb), with an
averaged TKW of 42.6 g, whereas the 402-bp
fragment was found in 146 varieties (TaCwi-Ala),
with a mean TKW of 45.0 g, indicating a significant
difference in TKW between genotypes TaCwi-Ala
and TaCwi-Alb (P < 0.05) (Table 2). Among the
117 varieties in Set II, the 402-bp fragment was found
in 102 varieties (TaCwi-Ala), with a mean TKW of
45.2 g, whereas the 404-bp fragment was detected in
15 genotypes (TaCwi-Alb), with an averaged TKW
of 42.8 g. In the test of the varieties in set III using
CWI21 and CWI22, the 404-bp fragment was
detected in 125 genotypes (TaCwi-A1b), with a mean
TKW of 28.3 g, whereas the 402-bp fragment was
found in 5 varieties (TaCwi-Ala), with an averaged
TKW of 37.8 g, showing a significant difference of
TKW between the genotypes TaCwi-Ala and TaCwi-Alb
(P < 0.05). Similar results were also obtained with
Set IV varieties, in which the 402-bp fragment was
found in 5 varieties (TaCwi-Ala), and the 404-bp
fragment was detected in 43 genotypes (TaCwi-A1D),

07

08 09

404bp
4—

Chuanmai 43 (54.2 g); 08 Fengmai 24 (37.8 g); 09 Shi 4185
(36.1 g); 10 Linhan 917 (38.0 g); 11 Yumai 21 (32.2 g); 12
Mianyang 26 (39.3 g); 13 Chuannong 16 (34.9 g); 14 Yangmai
10272 g)

with average TKW of 35.7 and 28.6 g, respectively.
These results confirmed the association of TaCwi-Al
with TKW in Chinese wheat germplasms. Among the
309 Chinese commercial varieties in Sets I and 11, the
frequencies of TaCwi-Ala and TaCwi-A1b were 80.3
and 19.7%, respectively, whereas the frequencies of
TaCwi-Ala and TaCwi-Alb were 5.6 and 94.4%,
respectively, in the 178 Chinese landrace wheats
(Sets III and IV).

QTL mapping and chromosomal location
of TaCwi-Al

Linkage analysis with the F,.; population of Doumai/
Shi 4185 showed that CWI21 and CWI22 were linked
to Xbarcl5 on chromosome 2AL, with a genetic
distance of 10.9 cM, indicating TaCwi-Al is located
on chromosome 2AL (Fig. 3). A major QTL for
TKW on chromosome 2A co-segregated with CWI21
and CWI22, and explained 4.8% of the phenotypic
variance in the F,.; populations over 2 years, with a
LOD score of 3.3 (Fig. 3). The locations of CWI21

Table 2 Association

. . Plant material Genotype Number of Mean TKW (g)* Standard Range
between allelic variants of accessions deviation
TaCwi-Al and TKW in
Chinese commercial wheat Set I TaCwia-Ala 146 45.0a 5.1 33.4-56.7
varieties and landraces
TaCwia-Alb 46 42.6b 3.6 32.4-50.6
Set 11 TaCwia-Ala 102 45.2a 5.9 25.8-55.0
TaCwia-Alb 15 42.8a 6.0 27.3-51.5
2 i~ . Set 111 TaCwia-Ala 5 37.8a 6.9 31.0-47.0
Different letters following
the mean TKW indicate TaCwia-Alb 125 28.3b 5.7 13.5-45.5
significant differences Set IV TaCwia-Ala 5 35.7a 6.4 27.0-46.0
between the two genotypes TaCwia-Alb 43 28.6b 40 18.0-38.0

(P < 0.05)
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cM
Xwmce401 B
6.9

Xbarc20] —
15.0

Xgwm71 —
17.6

TaCwi-A1/Cwi2l/Cwi22 — >
10.9
Xbarcl5 —

21.2
Xgwmd45 —

21.6

Xwmcl70 —

19.0

Xgwm312 —
2A

Fig. 3 Logarithm of odds (LOD) contours obtained by
composite interval mapping (CIM) for quantitative trait loci
(QTL) on TKW in the F,.; population of Doumai/Shi4185. The
data of TKW were averaged over 2 years. LOD thresholds, 3.0

and CWI22 on chromosome 2A were also confirmed
by amplifying genomic DNA from a set of CS
nullisomic—tetrasomic lines, and wheat-barley chro-
mosome substitution line N2A-S2H (Sup-fig. 3). No
PCR product was amplified in N2A-S2H.

Discussion
Cloning and characterization of TaCwi-Al

Common wheat is an allohexaploid with an enormous
genome size. It is essential to make sure that primer
sets used for cloning genes are chromosome-specific.
In the present study, two primer sets, CW1 and CW2,
initially designed for amplification of the full-length
Cwi genes did not show genome specificity in PCR
amplification. The PCR products amplified from the
CS nullisomic—tetrasomic lines, N2B-T2A and
N2D-T2B, with primer set CW1 were cloned and
sequenced. Two divergent sequences were obtained
in the clones from N2B-T2A, and one of them was
the same as that in the clones from N2D-T2B,
implying that the common sequence was on chromo-
some 2A. Similarly, the same sequence obtained in
clones from N2B-T2A and N2D-T2B with primer
sets CW2 was the downstream sequence of TaCwi-Al

gene on chromosome 2A. Three specific primer sets,
Cl1, C2 and C3, were then designed based on the
chromosome 2A-specific sequences to amplify the
full-length sequence of TaCwi-AI on 2A and to
identify sequence polymorphisms of different varie-
ties. The three primer sets were also tested with CS
nullisomic—tetrasomic lines N2B-T2A and N2D-
T2B, and the wheat-barley chromosome substitution
line N2A-S2H, to confirm their locations. Through
this strategy, the complete genomic DNA sequence of
TaCwi-Al on chromosome 2A was constructed.

There was a high degree of identity between the
deduced amino acid sequence of TaCwi-Al and those
from other plants. The deduced amino acid sequence
of TaCwi-Al shared sequence identities of 79.3%
with rice GIF1 (Wang et al. 2008), 75.2% with maize
Incw?2 (Carlson et al. 2000), and 67.8% with sorghum
Incwl (Jain et al. 2008). The deduced amino acid
sequences predicted from wheat TaCwi-Al cDNA
showed the presence of highly conserved f-fructos-
idase motifs and cysteine catalytic sites. TaCwi-Al
has a proline in the fifth residue of the cysteine
catalytic site, indicating the typical structure of a Cwi
gene. All known cell wall invertase genes have a
proline residue in this sequence motif, whereas
vacuolar invertase genes possess a valine residue
(Goetz and Roitsh 1999; Tymowska-Lalanne and
Kreis 1998).

Molecular mechanism for the association
between allelic variations of TaCwi-Al and TKW

The exons are the regions encoding proteins in the
open reading frame (ORF) of genes. In this study, five
SNPs between TaCwi-Ala and TaCwi-Alb were
found in the exons. However, four of them were
silent mutations not producing changes in the amino
acid sequences. The point mutation in the fifth exon
at position 2,845th base pair in TaCwi-Al is a
missense mutation resulting in the amino acid
transition from Leu to Val at codon 442. This may
account in part for the TKW variance between
genotypes with the two alleles.

Introns have very important gene-regulatory func-
tions. They can influence DNA transcription by
variable splicing (Fedorova and Fedorov 2003). One
way of alternative splicing is frame shifting, which
alters the splicing position in the intron causing the
DNA to be read differently (Bergman 2001). GT-AG
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is a typical structure for intron splicing in higher
plants. In the present case, all intron sequences have
typical 5-GT and 3’-AG boundaries. The point
mutation in the fourth intron at bp 2727 used to
design the STS marker, had changed from AT to AG,
a 3/-splice site in introns. This implies that alternative
splicing might be involved in the post-transcriptional
modification of TaCwi-Alb, resulting in an altered
transcription of the fifth exon and generating a
different mRNA encoding a different polypeptide.

Evaluation of the functional markers CWI21
and CWI22

Function markers are ideal tools for marker-assisted
selection in wheat breeding. In the present study, two
complementary dominant functional markers CWI21
and CWI22 for TaCwi-Al were developed and
validated. The markers showed a high association
with TKW and thus can be used in the improvement of
wheat yield. Previously, Sun et al. (2009) found two
QTL clusters related to kernel width, TKW, and test
weight on chromosomes 2A and 5D. Wang et al.
(2009) detected QTL QTgw.nfcri-2A for TKW on
chromosome 2A, in the interval Xbarcll65-
Xbarcl124. In the present study, a major QTL for
TKW on chromosome 2A co-segregating with CWI21
and CWI22 was detected. CWI21 and CWI22 (TaC-
wi-Al) were linked with Xbarc15-2AL with a genetic
distance of 10.9 cM, and it might correspond to the
QTL for kernel weight detected by Wang et al. (2009),
which was located on chromosome 2A, in the interval
Xwmce522-Xcfa2263 near to Xbarcl5-2AL.

There was considerable overlapping in the TKW
distributions of varieties with the different fragments
produced by CWI21 and CWI22. Some varieties with
the 404-bp fragment amplified by CWI21 showed
higher TKW, and some with 402-bp fragment showed
lower TKW. This can be attributed to other genes
affecting TKW. In previous studies, many QTLs for
TKW were reported and located on almost all 21
wheat chromosomes (Li et al. 2007; Kumar et al.
2006). TaCwi-Al is only one of the genes associated
with kernel weight, and obviously cannot explain all
the variance of kernel weight. More research is
needed to identify and clone other major genes or
QTLs responsible for TKW and to develop function
markers for wheat breeding.
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Frequencies of allelic variants at the TaCwi-Al
locus in Chinese commercial wheat varieties
and landraces

Two allelic variants, TaCwi-Ala and TaCwi-Alb,
were detected in Chinese commercial wheat varieties
and landraces. The TaCwi-Ala allele associated with
higher TKW was detected in 80.3% of Chinese
commercial wheat varieties, but was present in only
5.6% of Chinese landraces. Increased TKW has been
a major objective in Chinese wheat breeding pro-
grams during the past 60 years. Zhou et al. (2007a)
noted that TKW had remarkably increased with
annual genetic gains of 1.3% in the Northern China
Plain over 30 years and that simultaneous increases
in kernel number per spike and TKW had also
occurred in the Yellow and Huai Valley Wheat Zone.
The genetic improvement of grain yield primarily
attributed to the increased TKW and kernel weight
per spike were also observed in the Southern China
winter wheat region from 1949 to 2000 (Zhou et al.
2007b). Wang et al. (2008) also reported that the
GIF1 gene in rice might have been a target for
artificial selection because grain-filling directly con-
tributes to kernel weight. It seems that selection for
TKW in wheat breeding has resulted in higher
frequencies of TaCwi-Ala associated with higher
TKW in Chinese commercial wheat varieties.
Although selection did not target TaCwi-Ala, the
present work indicates that TaCwi-AI is an important
gene related to wheat kernel weight, and ultimately,
yield.
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