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This article presents the results of a molecular marker-assisted study of allelic variants of Wx genes in common
wheat (Triticum aestivum L.) lines. The study was carried out as part of the work on the transfer of null alleles of
the genes Wx-A1, Wx-B1, and Wx-D1 to the varieties of soft wheat and creation of breeding material with modi-
fied activities of the main enzymes involved in amylose biosynthesis. The lines were obtained at the Department
of Breeding and Seed Production of Wheat and Triticale, National Center of Grain named after PP. Lukyanenko,
by crossing mutant forms carrying inactive (null) alleles of genes Wx-A1, Wx-B1, and Wx-D1 with bread wheat
cultivars. The molecular markers selected for the study allowed identification of valuable breeding material car-
rying both single null alleles of Wx genes and their combinations in its genome. A combination of two null alleles
(Wx-A1b+ Wx-D1b) was detected in 30 lines. The presence of three null alleles (Wx-A1b+ Wx-B1b + Wx-D1b), which
corresponded to fully Wx wheat, was found in one line. We selected 37 lines that combined the presence of the
Wx-BTe allele with the Wx-A1b and Wx-D1b null alleles. The Wx-A1b+ Wx-Ble combination was identified in 26
lines, and 24 lines carried the combination of alleles Wx-BTe+ Wx-D1b.The mutant forms PI619381, PI619384, and
P1619386 were identified as carriers of the functional Wx-BTe allele. The Wx-A1b and Wx-BTe alleles could have
been transferred to the studied lines from the donors used or from the Starshina and Korotyshka varieties, respec-
tively. The mutant forms used in the crosses are donors of the Wx-B1b and Wx-D1b alleles. The use of molecular
markers chosen by us for identification of the allelic state of the Wx-A1, Wx-B1, and Wx-D1 genes can provide
grounds for marker-assisted selection for this trait. Selected lines found to possess null alleles of the Wx genes are
applicable in breeding programs aimed at the improvement of technological qualities of grain and raise of bread
wheat varieties with modified starch properties.
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H3yueHue IVHUI MSTKOMN ITIIEeHUIIbI
cesiekii HalimoHa/JIbHOTO I1eHTpa 3epHa uM. IL.I1. JIVKbIHEeHKO
10 a/UIeIbHBIM BapraHTaM reHoB Waxy
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HaunoHanbHbIl LeHTp 3epHa uMm. I.1. JlykbaHeHKo, KpacHopap, Poccuna
® e-mail: davayan@rambler.ru

B cTatbe npepcTtaBneHbl pesynbraTbl M3yYeHWA C MOMOLLbIO MOJIEKYNIAPHbBIX MapKEPOB IMHWUIA MATKOWN MLEHWL|b
(Triticum aestivum L.) no annenbHbIM BapriaHTam reHoB Wx. iccnegoBaHne NpoBoaunm B pamkax paboT no nepe-
naue Hynb-annenen reHoB Wx-A1, Wx-B1, Wx-D1 B copTa MArKow NweHnLbl 1 CO3AaHNI0 CeNIeKLMOHHOTo MmaTepua-
na C I3MEHEHHOWN aKTVBHOCTbIO OCHOBHbIX GepPMEHTOB, y4acTBYOLNX B GUOCUHTE3E aMUNO3bl. JINHUN NOMyYeHbl
B OTAene cenekymmn n CeMeHOBOACTBA MLEHWLbl 1 TpUTUKane HaunoHanbHOro LeHTpa 3epHa um. .1, JlykbaHer-
KO B pe3ynbTaTe CKpeLlvBaHUA MyTaHTHbIX GOPM — HOCUTENEN HeaKTUBHBIX (Hynb-annenen) reHos Wx-A1, Wx-B1,
Wx-D1 c KoMmepuecKnMmn copTamm MArkon nieHunubl. OTobpaHHble Ana paboTbl MONeKynApHble MapKepbl Mo-
3BOSIVN BbIABUTb LIEHHDbIN CENeKLMOHHbIA MaTepuan, MMeIoLWNi B CBOeM reHOMe Kak eiHNYHble Hyfb-annenu
reHoB Wx, Tak n ux kombuHaumn. CouetaHune aByx Hynb-annenei (Wx-A1b+ Wx-D1b) o6HapyxeHo y 30 nuHuin. Ha-
nuuue Tpex Hynb-annenen (Wx-A1b+ Wx-B1b+Wx-D1b), uto cooTBETCTBYET NONHOCTbIO WX-MweHnLam, obHapy-
XeHo y ogHol nuHUK. OTo6paHo 37 NUHWIA, coueTatowmx NpucyTcTBre annens Wx-Ble ¢ Hynb-annenammn Wx-A1b
n Wx-D1b. Y 26 nuHuin ngeHtnduymnpoBaHa kombuHauua (Wx-A1b + Wx-Ble), 24 nuHMM UMenn coyeTaHve anne-
nen (Wx-Ble+ Wx-D1b). UpeHTndurumpoBaHo, 4to MyTaHTHble popmbl PI619381, PI619384, PI619386 — HocuTenun
dyHKumoHanbHoro annens Wx-Ble. Annenn Wx-A1b n Wx-Ble mornu 6biTb NepefaHbl B U3yyaemble AMHUN Kak OT
NCMNOMb3yeMbIX JOHOPOB, Tak 1 OT copToB CTaplunHa 1 KopoTbilika COOTBETCTBEHHO. [JoHOpaMu NprBHECEHVA B
nuHmmn annenen Wx-B1b n Wx-D1b cny»aT UCNONb30BaHHble B CKPeLBaHUAX MyTaHTHble Gopmbl. MNprmeHeHne
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M3yyeHne NUHUN MATKOW NieHnL bl
no annenbHbIM BapraHTam reHos Waxy

0TOOPaHHbIX HAMW MOMNEKYNAPHbBIX MaPKEPOB ANA NAEHTUPUKALMN annefibHoro coctoAaHmna reHos Wx-AT, Wx-B1,
Wx-D1 moxeT cTaTb 3$PpeKTMBHON OCHOBOW ANA CeNeKUMM C MOMOLLbI MONEKYAPHbIX Mapkepos (MAS) no aaH-
HOMy nNpu3sHaky. OTobpaHHble TMHUK C NAEHTUGULIMPOBAHHBIMUN B HUX HyMb-annenamu reHos Wx npeactaBnatoT
NHTepeC Af1A CeneKkLMOHHbIX NPOrpamMm, HanpaB/ieHHbIX Ha YiyULleHMe TEXHONOMMYECKMX KayecTB 3epHa 1 Nnony-
YeHe COPTOB MATKOW MLUEHULIbI C HOBbIMM CBOMCTBaMM Kpaxmara.

KnioueBble cioBa: MArkas nileHnLa; MosIeKynApHble MapKepbl; reHbl Wx.

Introduction

An urgent task of common wheat breeding programs is the
creation of varieties with improved technological qualities
of grain.

A starch fraction of about 70 % of the total dry matter in
wheat grain can significantly affect the quality of the final use
of common wheat flour (Zeng et al., 1997). The broad use of
wheat starch in the chemical and food industries is due to its
properties. These include: hygroscopicity, neutrality of taste,
good tolerance of heat treatment, moderate viscosity, and
emulsion stabilization (Maningat, Seib, 1997). One of the
interesting properties is the ability of grains to swell in warm
liquid. Another distinctive feature is the ability to form pastes
stable under thermal stress or long-term storage (Maningat
et al., 2009).

Starch quality is closely related to the ratio between amy-
lose and amylopectin, the two major constituents of starch.
Granule-bound starch synthase (GBSSI) is the enzyme respon-
sible for amylose synthesis in wheat grain. As some important
technological properties of starch, such as gelatinization,
bonding, and gelation, depend on the amylose/amylopectin
ratio (Zeng et al., 1997). The GBSSI enzyme, or Waxy pro-
tein, has been the subject of many studies in recent years. In
common wheat, this enzyme is encoded by three homologous
Waxy (Wx) genes located on chromosomes 7A (locus Wx-Al),
7D (Wx-D1), and 4A (Wx-B1l), (Shure et al., 1983; Chao et
al., 1989; Yamamori et al., 1994). Each of the Wx genes has
several allelic variants. The most common wild-type alleles
are called Wx-Ala, Wx-Bla, and Wx-D1a (Yamamori et al.,
1994; Nakamura et al., 1995). These alleles carry no mutations,
and they intensely express GBSSI protein. Another type of
allele (null allele) is nonfunctional and less common. It leads
to a decrease in amylose content in starch. It is known that the
Wx-B1 gene has the greatest effect on amylose content in com-
mon wheat starch, followed by Wx-D1 and Wx-Al (Yamamori
et al., 1994). Functional alleles different from those of the
wild type were also isolated, but their effects remain poorly
understood. The presence of three null alleles for the Wx-Al,
Wx-B1, and Wx-D1 genes leads to complete elimination of
GBSSI1, absence of amylose synthesis, and the formation of
amylopectin-type starch (Nakamura et al., 2002).

At present, molecular marking methods are in broad use to
identify the allelic state of Wx genes. They make it possible to
detect various alleles of Wx genes, including null alleles, and
can be used as the basis for breeding programs aimed at pro-
ducing common wheat with a modified amylose/amylopectin
ratio (Nakamura et al., 1995; Kiribuchi-Otobe et al., 1997).

Earlier, M. V. Klimushina et al. (2012) applied molecular
markers to a study of the allelic composition of Wx genes in 99
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varieties and lines of common wheat bred at the Lukyanenko
National Grain Center (NGC). They found that most acces-
sions had wild-type alleles (which do not reduce amylose
content in starch). The data obtained motivated the work on
the transfer of null alleles of the Wx-Al, Wx-B1, and Wx-D1
genes to common wheat varieties of NGC and the creation of
breeding material with altered activities of the main enzymes
involved in amylose biosynthesis.

This article presents the results of molecular marker-
assisted analysis of Fg lines of common wheat for allelic
variants of Wx genes. The purpose of the work was to select
valuable genotypes carrying both individual null alleles and
their combinations for their subsequent involvement in the
breeding process aimed at obtaining varieties with improved
technological qualities of grain.

Materials and methods

The study was conducted with 502 lines of common wheat
generation Fg. The lines were obtained at NGC by crossing
carriers of inactive (null) alleles Wx-Al, Wx-B1, Wx-D1 to
commercial varieties of common wheat. The mutant forms
PI1619381, P1619384, P1619376, P1619386, P1619377, and
P1619378, in which the functional Waxy protein was not
synthesized, were used as null alleles donors. These wheat
forms were obtained from CIMMYT Turkey as part of a col-
laboration on the exchange of breeding material. The mutant
forms had been created at the National Center for the Study
of Small-Grain Germplasm, USDA-ARS, United States,
by crossbreeding of Bai Huo common wheat varieties from
China, a null allele carrier of the Wx-D1 gene, to Kanto 107
and Ike varieties from the USA, carrying null alleles of the
Wx-ALl and Wx-B1 genes. Varieties Starshina, Vassa, Utrish,
Tabor, Esaul, Kuma, Grom, and Sila, raised at NGC, and
variety Korotyshka, bred at the Belgorod Research Institute
of Agriculture, were used as recipients. The crossing combina-
tions of the lines under study are shown in Table 1.

DNA was isolated from 5 to 7-day-old etiolated wheat
seedlings according to the method (Plaschke et al., 1995).
The lines were genotyped for the allelic state of Wx genes by
PCR. Primers were selected on the basis of literature data; their
names and amplification conditions are presented in Table 2.
The reaction mixture of the volume 25 pl contained 1x buffer
for TagDNA polymerase (50 mM KCI, 20 mM TrisHCI pH
8.4, 2-5 mM MgCl,, and 0.01 % tween-20), 2 mM MgCl,,
0.2 mM each dNTP, 12.5 pM each primer, 50 ng of DNA and
1 U of Taq polymerase.

Amplification was carried out according to the conditions
recommended by the authors with minor modifications (see
Table 2). PCR products were resolved by agarose gel elec-
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Table 1. Crossing combinations of the lines under study
(year of crossing 2012)

Cross
combination No.

Crossbreeding combination

54 (PI619381/Korotyshka) x Starshina
55(P|619384/K0r0ty5hka)xStarshma .....................
56(P|619376/Va55a)xva55a ......................................
58(P|619384/Utr|5h)XUt”Sh ....................................
59(p|619384/K0r0ty5hka)xsl|a ...............................
60(EsauVH619386/Nassa)xvassa ..........................
6 Tabor x (PI619381/Korotyshka/Starshina)
2 Grom x (PI619378/Korotyshka/Starshina)
70(Esau|/p|619381)xEsau| ......................................
71(Esau|/P|619377)XKuma .....................................

trophoresis in 0.5 X TBE buffer. The gel concentration ranged
from 1.5 to 2.0 % depending on the size of the amplified
fragment. The gels were stained with ethidium bromide and
photographed under ultraviolet light using an Infiniti 1000
photo box. The 100 bp M 24 DNA marker SibEnzyme was
used as a molecular weight ladder.

Results

A total of 502 soft wheat generation Fy lines were analyzed
for the allelic state of the Wx-Al, Wx-B1, and Wx-D1 genes
with the use of molecular markers. The numbers of samples
studied for each crossing combination, as well as the numbers
of identified alleles, are presented in Table 3.

The study of'the allelic states of the Wx-AL gene in the lines
was carried out using the codominant marker designed by
T. Nakamura et al. (2002). The null allele of the Wx-Al gene
was detected in all crossing combinations except for No. 59
and 60. Altogether, 122 lines carrying Wx-Alb were identi-

Allelic variants for Waxy genes in common wheat
lines bred at the Lukyanenko National Grain Center

fied; in the rest, the Wx-Ala allele (wild type) was present.
The presence of the Wx-Alb null allele was confirmed in all
donors used (mutant for the Wx-Al, Wx-B1, and Wx-D1 genes).

To identify the allelic state of the Wx-B1 gene, a marker
developed by A. McLauchlan et al. (2001) was used at the first
step. Samples with identified Wx-B1b null alleles were then
rescreened with the marker proposed by L.S. Vanzetti et al.
(2009) (Figure). L.S. Vanzetti et al. (2009) have shown that
the use of a molecular marker developed by A. McLauchlan
et al. (2001) does not discriminate Wx-Ble and the Wx-B1b
null allele, whereas no amplification occurs in samples with
null allele with the use of the other marker. This can cause
errors stemming from poor DNA isolation and PCR inhibition
in some samples (Klimushina et al., 2012).

The null allele Wx-B1b was detected in one line obtained
from cross combination No. 56, in four lines of combination
No. 62, and in five lines of combination No. 71. It was also
found that out of six mutant forms used as donors, the Wx-
B1b allele was present in three: P1619376, P1619377, and
PI619378. A functional allele of Wx-Ble, other than Wx-Bla,
was detected in 108 lines. It was absent from combinations
No. 56, 59, 62, and 71.

The nonfunctional allele Wx-D1b was detected in 100 lines,
in all crossing combinations except for No. 56 and 59. The
largest number of lines with this allele were identified in the
combination of crossing No. 70. As a result of the analysis,
lines carrying combinations of null alleles of the Wx genes
were selected (Table 4).

The combination of two null alleles (Wx-Alb+Wx-D1b)
was detected in 19 lines from cross combination No. 58, in
three lines in combinations No. 61 and 62, in two lines in
combination No. 70, and in one line in combination No. 71.
The presence of three null alleles (Wx-Alb+Wx-B1lb+Wx-
D1b), which corresponds to fully Wx wheat, was found in line
56-12Mc4, obtained from crossing the mutant form PI1 619376
to Vassa variety (crossing combination No. 56). Thirty-seven
lines were selected combining the presence of the Wx-Ble
allele with the null alleles Wx-Alb and Wx-D1b. The combi-
nation (Wx-Alb+Wx-Ble) was identified in 26 lines, and 24
lines carried the combination of alleles (Wx-Ble+Wx-D1b).

Table 2. PCR conditions and names of primers used to identify the corresponding alleles of Wx genes

Gene Primers Annealing Allele Amplicon size, bp
temperature, °C

WXA7 ............ A FCandARZ(Nakamuraeta|2002) ........................... 6 5 ........................................... WXAM ................... 3 89 .............................................
WXA”) ................... 3 70 .............................................

. me B 4,: a nd 4R (M d_a u ch|an et a| 200 1) ............................. 6 5 ........................................... WxB,a ................... 3 . fragm ents 299 257 227 .......
weBlb 2fragments, 299,257

WXB1Landwa1R(Vanzettleta| 2009) .................. 6 5 ........................................... WX37G461 ..............................................

WXB,b ................... La c k Of frag ment .......................

WxB7e495 .............................................

WXD, WXD12Fand WXD1 ZR(Shanﬂoue ta|2001) ....... 5 5 ........................................... WXD,a .................. 9 00 .............................................
WXD,b .................. 2 79 .............................................
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Table 3. Numbers of crossing combinations and lines with identified null alleles Wx-A1b, Wx-B1b, and Wx-D1b

and the functional allele Wx-BTe

Cross Number

combination No.  of lines Wx—AIb
e % %
ss a5 7
s 72 noo
Bt 2
59 ............................... 3 3 ..............................................
60 ............................... 6 2 ..............................................
T VA
62 o o
0 00 3
o s 7
""""""""""""""""""" s2 2

Electrophoretic image of PCR products with primers:

Numbers of lines with identified alleles

Wx-B1b Wx-Ble Wx-D1b
..................................................... 2 217
..................................................... 2 04
................... 1
..................................................... 117
..................................................... 5 1
..................................................... 134
4 ................................................................... 3 ...............................
4742 .............................
5 ................................................................... 12 .............................
"""""""""" w w8 100

<«— 2%99bp

-
~= L <— 257 bp

a - 4F and 4R (McLauchlan et al,, 2001). 7-12 - line crossing combination No. 54; 13 - K+ (mutant form PI619381); b - Wx-B1L and Wx-B1R
(Vanzetti et al., 2009). 7 - K+ (mutant form PI619381); 2-9, 12-14 - lines of crossing combination 54; 70 — mutant form PI619377;

11 - mutant form PI619378. M — molecular weight ladder.

Discussion

The chosen molecular markers revealed common wheat lines
bearing single null alleles of Wx genes or their combinations.
The use of molecular markers to identify the allelic states of
the Wx-Al, Wx-B1, and Wx-D1 genes can provide grounds for
marker-assisted selection for this trait. At the initial stages of
selection to study the allelic state of the Wx-B1 gene, screen-
ing with the codominant marker designed by M. Saito et al.
(2009), which allows the identification of heterozygous plants,
is advisable. However, work with this marker requires high-
resolution electrophoresis to more accurately discriminate

FTEHETUYECKUE PECYPCbl PACTEHWUI / PLANT GENETICS RESOURCES

PCR fragments corresponding to Wx-Ble and Wx-Bla al-
leles. The Wx-Alb null allele may have come to the crossing
combination lines No. 54, 55, 61, 62 from the mutant forms
PI619381, PI619384, and PI619378 used as donors, as well
as from Starshina. According to M.V. Klimushina (2012),
this variety carries Wx-Alb. In case of lines obtained from the
combination of crosses No. 56, 58, 70, and 71, the Wx-Alb
allele was transferred from donors P1619376, P1619384,
PI619381, and P1619377, respectively. M.G. Divashuk et
al. (2011) showed that the variety Korotyshka, in which the
null allele Wx-B1b was previously mistakenly identified, is a
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Table 4. The ordinal numbers of the combination of crosses and the numbers of lines

with the identified combination of alleles of Wx genes

Cross
combination No.

54 9
55 ...................................... 17 ............................... 2 ........................................
56 ...................................................................................................................
58 ....................................................................... 19 ........................................
61 ......................................... 5 ............................... 3 ............................... 1 ........
62 ......................................................................... 3 ........................................
70 ......................................................................... 2 ........................................
71 .......................................................................... 1 .............................. 23 .......
Totamumbe, ................... 26 ............................. 30 ............................. 24 .......

of lines

carrier of the functional allele Wx-B1e. Therefore, this variety
could be a donor of the Wx-B1e allele for its descendant lines
(crossing combinations No. 54, 55, 61). We have identified
the functional allele Wx-Ble in the mutant forms P1619381,
P1619384, and P1619386. Thus, the Wx-B1e allele could also
have been transmitted from PI619381 and P1619384 and in
the case of crossing combination No. 70, only from P1619381.
Varieties participating in the crosses are not carriers of null
alleles of the Wx-B1 or Wx-D1 genes. Therefore, the donors
of the Wx-B1b allele in 10 selected lines were the mutant
forms P1619376, P1619377, and P1619378, and in case of the
Wx-D1b allele, P1619381, P1619384, P1619386, P1619377,
and P1619378.

The selected lines with the Wx gene alleles identified therein
are of interest for breeding programs aimed at improving the
technological qualities of grain and obtaining common wheat
varieties with new starch properties. Wx-B1b null allele lines
are promising for the production of special types of noodles,
such as udon or ramen. This is due to their high swelling
volumes and high paste viscosity peak, which are observed in
wheats with low amylose contents. For example, the suitability
of Australian common wheat varieties for the production of
Japanese udon noodles is partly due to the low level of amylose
in these varieties (Oda et al., 1980; Toyokawa et al., 1989).
It has also been found that most of them lack Wx-B1 protein
(Yamamori et al., 1994). The properties of starch from fully
Wx wheats (bearing the null alleles Wx-Alb, Wx-B1b, and
Wx-D1b) are not suitable for use in the production of noodles,
but may be useful for industrial purposes. The use of fully
Wx-wheats in regular flour mixtures increases the weight yield
of the product and the volume of baked bread, and pure flour
obtained from Wx wheat varieties has a low specific volume
and a sticky crumb structure and is not suitable for bakery
products (Hayakawa et al., 2004). The maximum content of
Wx wheat flour without significant negative changes in the
quality of bakery products is 30 %. However, Wx wheat flour
can serve as improver, and it contributes to the long-term stor-
age of finished products (Hayakawa et al., 2004).
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Numbers of lines with an identified combination of alleles of Wx genes

15
22
1
37 1
Conclusion

The study of allelic variants of Wx genes is an important step in
the breeding of common wheat varieties with starch composi-
tion modified without chemical modification. As a result of
the work, valuable source material was selected for breeding
common wheat with improved technological qualities of grain.
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