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Genetic diversity of bread wheat and durum wheat varieties at the Ppd1- and ZCCT1
loci and identification genotypes by DNA markers

Abstract: The study of growth type and rate of development alleles gene of valuable cereal species, in
particular wheat, determination of single alleles and their combinations in specific genetic material,
identification of genotypes — carriers of different functional allelic variants is significant for the creation
of varieties adapted to cultivation in specific climatic condition. In this regard, it is relevant to conduct
molecular genetic analysis using DNA markers, which can identify allelic variations of I"7- and Ppd-
genes and their carriers in wheat, which is vital for the selection of genotypes and practical breeding of
high-yielding varieties in certain climatic regions. The study object is the molecular genetic polymorphism
of wheat varieties at the loci of growth type and rate of development. The study aimed to research the
allelic diversity at the Ppd-7 and ZCCT-1 loci of bread wheat (T. aestivum) and durum wheat (1. durum)
varieties of different origins and identification of genotypes catrying the corresponding alleles based on
DNA markers. The objectives of the work included marker analysis of wheat varieties (1. aestivum, T.
durum) at these loci and identification of the corresponding alleles and genotypes. Methods: DNA
extraction, allele-specific PCR, agarose and polyacrylamide gel electrophoresis. Statistical analysis was
performed using Microsoft Excel software. The genetic variability of 46 spring wheat varieties (25 — T.
aestivum, 21 — I. durum) of various origins was analyzed at the Ppd-7 and ZCCT-1 loci. Possible
combinations of alleles for each of the studied loci in bread and durum wheat varieties were identified,
and the most common variants were determined. Among the studies of bread wheat varieties, eleven Ppd-
1 genotypes were identified. Two mutant recessive alleles were low-frequency in bread wheat varieties,
whereas one was widely distributed in durum wheat. The ZCCT-7 locus in the studied varieties is
represented mostly by two genes. Absence of ZCCT-B7 (null allele) is standard. In bread wheat varieties,
only one gene (double null allele) and all three ZCCT-1 genes were detected once. The frequency of the
null allele for ZCCT-B7 is comparable to that of varieties carrying two other genes (ZCCI-D1, ZCCT-
AT) of the ZCCT-1 locus. The combination of ZCCT-7 with the alleles Ppd-A1b or Ppd-A1_del2ex7 is also
comparable in the frequency of distribution in varieties. The distribution frequency in the combination
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ZCCT-1 varieties with the alleles Ppd-A1b or Ppd-AT1_del2ex7 is also comparable. The analysis results can
be used in genetic and plant breeding research to select genotypes and predict agronomically important
traits in wheat.

Keywords: bread wheat (T. aestivum. L), durum wheat (T. durum. Desf)), Ppdl, ZCCT1, DNA

polymorphism, DNA markers.
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TI'eHeTnyuHe pi3HOMAHITTA COPTIB IIIEHUIT M AKOI Ta TBEPAOI 32 AoKycamu PpdI- Ta
ZCCT1I1rainentndikania rerorumnis 3a AHK-mapkepamu

Anomayis. BuBueHHA aA€AIB TEHIB THITY Ta TEMIIB PO3BUTKY IIIHHUX BHAIB 3AAKIB, B TOMY YHCAl ITIIICHNATI],
BH3HAYEHHA OKPEMHX aACAIB Ta X KOMOIHALIH Y IIEBHOIO TEHETUYHOTO MaTepiaAy, BUABACHHA TCHOTUIIB
— HOCI{B pi3HUX (DYHKIIOHAABHUX 4ACABHHX BapIaHTIB MA€ CyITEBE 3HAYCHHA AAf CTBOPEHHSA COPTIB,
AAAIITOBAHHX AO BHPOIIYBAHHA B KOHKPETHHX KAIMATHYHHX YMOBaX. Y IIbOMY 3B’f3Ky aKTYAABHHM €
IIPOBEACHHSA MOAEKYAAPHO-TEHETUYHOrO aHaAlzy 3 Bukopucramaam AHK-mapkepis, sxi 3aarHi
inerTudikyBaTn areAbHi Bapiawii [7n- Ta Ppd-reniB Ta ix HOCIIB y HIHHHX 3AaKIB, 30KpEMa IIIIEHNLI AAA
AODOPY reHOTHIIB Ta e(DEKTHBHOI CEACKIIl BHCOKOBPOXKAMHIX COPTIB Y IIEBHUX KAIMATHYHHX PEriOHAX.
OB’eKT AQHOTO AOCAIAKEHHSA - MOACKYASPHO-TEHETHYIHNN ITOAIMOP(]I3M COPTIB MIICHHUII 32 AOKyCAMI
THIIy Ta TEMIIB pO3BUTKY. MeToro pobOTH OYAO BUBYEHHS AAEABHOIO PI3HOMAHITTA COPTIB IIICHMUIIL
vakol (1. aestivum) Ta t1BepAol (L. durum) piznoro moxoaxenus 3a Aokycamu Ppd-1, ZCCI-1,
inerrTHdIKaLis BIATOBIAHUX aA€AlB Ta reHOTHINB-HOCIB Ha ocHOBI AHK-mapkepis. Ao 3aBaasb poboTu
BXOAHAO IIPOBEACHHS MAPKEPHOIO aHaAi3y coprtis mueHutyi (1. aestivum, T. durum) 3a nanuMu Aokycamu,
BUABACHHA BIAITOBIAHUX aAeAiB Ta iAeHtudikamia remorumiB. Meroan: Buaisenus AHK, aaeanb-
crerticpiuna ITAP, eaexkrpodopes y arapo3HOMY Ta HOAIAKPUAAMIAHOMY IEAfX, AHAAI3 OTPHUMAHHUX AAHUX
3 sukopucranusm Microsoft Excel. Pesyapratn. [1poanaaisoBano resermany BapiabeApHicTb 46 copTiB
apoi mmenntd (25 — T. aestivum, 21 — T, durum) pizHOro moxoaxenus sa Aokycamu Ppd-1 ta ZCCI-1,
BCTAHOBACHO MOKAUBI KOMOIHAILI aA€AIB AAfl KOMKHOIO 3 AOCAIAKYBAHHUX AOKYCIB y COPTIB IIIIEHHUIN
M’KOI Ta TBEPAOI, BU3HAYEHO HaHOIABII morupeHi BapianTa. CepeA AOCAIAKYBAHHX COPTIB M SKOL
IIIIEHUIT BUABACHO OAHMHAALATh Ppd-7T-remorumis. ¥V Apux cOpTiB M'SIKOI IIIIEHHUIN IIOKa3aHA HU3bKA
3yCTPIYaABHICTD ABOX MYTAHTHUX PELIECUBHUX AACAIB 1 ITOIIHPEHICTh OAHOIO 3 HUX Y IILIEHHUII] TBEPAOL.
Aoxyc ZCCT-1 y AOCAIAKEHHUX COPTIB IIPEACTABACHHH 3A€OIABIIOrO ABoMa reramu. Ilommpenum e
Biacyrricte ZCCT-B7 (HyAbOBHI aAeAb). Y IIOOAMHOKHX BHIIAAKAX Y COPTIB 1. aestivum BUABACHO
HaABHICTb AHIIIE OAHOIO reHa (IOABIMHHH HyAb-aAeAb) Ta Bcix Tppox remiB ZCCT-1. Yacrora
3ycrpivasbHOCTI HyAb-aaeAro 110 ZCCT-BT nopiBHAHA 3 TAKOIO COPTIB-HOCIB ABOX iHIHX renis (ZCCT-
D1, ZCCI-AT) aokycy ZCCT-1. Takox HOPIBHAHHOIO € 4YaCTOTa IIOIIHPEHHA y COPTIB KOMOiHAIil
ZCCT-1 3 aneaamu Ppd-Alb abo Ppd-Al_del2ex7. Pesyapratu aHAAI3y MOXyTb OyTH BHKOPHCTaHI B



IEHETHKO-CEACKIIHHUX AOCAIAKEHHAX AAf AOOOPY TIE€HOTHINB Ta IIPOTHO3YBAHHA BIAITIOBIAHHX

ArPOHOMIYHO-IIIHHUX O3HAK Y IIIICHHII.

Karwouosi cnoga: mmennis Maka (T. aestivum. L), mmennms tBepaa (T. durum. Dest)), Ppd1l, ZCCT1,

roaimopdism AHK, AHK-mapkepmn.
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Abbreviations:

PRR is Pseudo-Response-Regulator,

FT is Flowering Time,

Vrn is Vernalization,

Ppd is Photopetiod,

ZCCT is Zinc Finger CCT,

DNA is Deoxyribonucleic Acid,

CTAB is Cetyltrimethylammonium Bromide,
PCR is Polymerase Chain Reaction.

Introduction

Increasing the adaptive potential of created genotypes of valuable cereal species, particularly
wheat, due to optimal development rates in a specific growing region continues to attract
significant attention. It is one of the essential directions of modern plant breeding programs
(Hasan et al., 2027). In wheat, as in other cereal crops, the Ppd and I"rm gene systems are the main
ones in controlling the adaptive responses of the plant organism to the environment. By
controlling the duration and rate of the initial stages of organogenesis, the alleles of the 7% and
Ppd genes have a direct effect on many important traits, in particular, the level of formation of
yield components, the resistance of genotypes to adverse conditions caused by the action of
biotic and abiotic factors.

Ppd-1 genes of wheat are localized in the short arm of chromosomes of the second
homeologous group. They belong to the family of PRRs (Beales et al., 2007; Cockram et al., 2007),
whose protein products directly influence the activity of other genes, in particular F'T, which are
responsible for the induction of flowering (Turck et al., 2008; Fernandez-Callgja et al., 2027). There
is a direct relationship, particularly in wheat, between the expression of dominant Ppd-7 alleles,
the transcriptional activity of the F'I" (177 3) locus, and heading time. (Nishida et al., 2013).

Ppd-1 genes are important regulators of flowering in cereals. Thus, varieties that weakly
respond to photoperiod are more adapted to growing conditions in areas with short winter, early
spring, and high summer temperatures (Law et al., 1997, Worland et al., 1998). Photoperiod-
insensitive alleles became widespread in bread wheat varieties after the “green revolution.”
Mutations identified in dominant alleles of Ppd-7 are due to deletions or insertions in the
promoter region, such as an increase in the number of copies of this gene (CNV mutants) (Dzaz
et al., 2012).

The influence of dominant alleles of Ppd-7 from homeologous A, B, and D genomes of
wheat on the reduction of sensitivity to photoperiod and heading time is not equivalent. Thus,

the dominant allele Ppd-D7a is less sensitive to photoperiod and is associated with the earliest



flowering in short days. Lower expression levels were shown for dominant alleles of the Ppd-A7
and Ppd-B1 genes (Bentley et al. 2013).

PPD-1 proteins induce the 17 3 flowering locus, the repressor of which is the 72 locus,
as one of the important elements of the adaptive regulatory mechanism of vernalization (Kippes
et al., 2010).

It is known that the I’'RINZ2 locus in wheat contains genes that encode transcription factors
of the ZCCT type with the so-called “zinc finger” structure and the CCT motif, which is similar
to other proteins in A. thaliana (Kinmonth-Schultz et al., 2019).

ZCCT genes were first mapped in the diploid wheat genome in the region of the long arm
of chromosome 5A (translocation from 4A). In hexa- and tetraploid wheat, in addition to
chromosome 5A, they are also localized in the long arms of chromosomes of the fourth
homologous group of B- and D-genomes. Each polyploid wheat genome contains three copies
of the ZCCT gene. One of these copies (ZCCT-3) is reduced and not functional. Only the ZCCT-
7 and ZCCT-2 genes retain functional activity. In addition, duplication of the ZCCT-B2 gene is
frequently observed (ZCCT-B2a and ZCC1-B2b copies) (Distelfeld et al., 2009; Zhu et al., 2017).

The primary attention in wheat is paid to the study of ZCCT-7, which, according to many
studies, is the most influential on the rate of development and the reduction of the response to
vernalization. A dose-dependent effect on development rates characterizes the number of
functional ZCCT7 genes and, according to existing knowledge about epistatic interaction with
other [’RN genes, can potentially affect agronomic traits (Yan et al., 2015).

Decreased sensitivity to vernalization due to mutations in the ZCCT gene sequence
encoding the CCT domain or the presence of null alleles for these genes (Diszelfeld et al., 2009,
Zhu et al., 2017). Recent studies have found that the I”’'RIN-B2 gene has more influence on the
need for vernalization in wheat than its homologous gene I"'RN-D2 (Kippes et al., 2016).

The study aimed to research the allelic diversity at the Ppd-7 and ZCCT-1 loci of bread
wheat (1. aestivum) and durum wheat (T. durum) varieties of different origins and identification of
genotypes carrying the corresponding alleles based on DNA markers.

Since the rate of passage of the stage from germination to heading is controlled by the genes
of these two genetic systems, obtaining data on the variability of both Ppd and " loci, in
particular ZCCT-7, is of scientific and practical interest. The use of molecular markers
significantly increases the efficiency of identification of a large amount of genetic material,
providing valuable information for understanding the adaptive value of single alleles or their

combinations in specific wheat cultivation conditions.

Materials and methods

Genetic matetial for research

Analysis of DNA polymorphism in the Ppd-7 and ZCCT-7 loci was carried out using 46
spring wheat varieties of different origins, in particular, 25 varieties of T. aestzvum (Anshlag, Vetka,
Heroinya, Katyusha, Skorospelka 95; Skorospelka 99; Svitanok, Srebryanka, Kharkovskaya 30;
Etud/UKR; Apu/FIN; Herakles, Capta /FRA; Chanate, Loros/USA; Ciano 67; Opata 85;
Turaco/MEX; Norin 29; Notin 17; Konosu 25/JPN; Balaganka, Duvanka, Satrubra,
Saratovskaya 29; Sibiryachka 4; Shortandinka, Strela, Poltavka/RUS) and 21 varieties of T. durum
(Chornokoloska, Gordeiforme 3; Kharkovskaya 1; Kharkovskaya 3; Kharkovskaya 15;
Kharkovskaya 21; Kharkovskaya 33; Kharkovskaya 37; Kharkovskaya 39; Kharkovskaya 51;



Kuchumovka 46; Luganskaya 7; Mestnaya, Narodnaya /UKR; Beloturka/RUS; Trems, Presto
de taviro/PRT; Metliuri, Thilisuri 9/GEO; Shirvan 5/AZE; Gumillo/TTA).

Molecular genetic analysis

Total DNA from wheat grains and seedlings was isolated using the CTAB method. Gene
marker analysis was carried out according to recommendations in the literature: Ppd-A71 (Wilhelm
et al., 2009), Ppd-A1_del303, Ppd-AT1_del2ex7 (Takenaka et.al., 2012), Ppd-Bla (Diaz et.al, 2012),
Ppd-D1, Ppd-B1c (Beales et.al, 2007), Ppd-D1a, Ppd-D1b, Ppd-D1¢ (Show et.al, 2013), Ppd-D1d (Guo
et.al., 2010), ZCCT-1 (Zbhu et al., 2017).

Samples of isolated DNA from the studied varieties were amplified by allele-specific PCR.
PCR amplification products were tested using electrophoresis in agarose and polyacrylamide
gels. The sequences of PCR primers, the composition of the reaction mixture, the conditions for
PCR amplification, electrophoresis, and visualization of PCR products are also given in the
above literature.

The DNA marking data analysis was performed using Microsoft Excel.

The results of the study

DNA markers analyzed the variability of 25 spring bread wheat (1. aestivum) varieties and 21
spring durum wheat (T. durum) varieties at the Ppd-1 and ZCCT-1 loci.

The study of the Ppd-1locus

DNA marking of Ppd-1 alleles was carried out, in particular Ppd-D1a, Ppd-D1b, Ppd-D1e, Ppd-
D1d, Ppd-B1¢, Ppd-B1a, Ppd-A1b, Ppd-A1_del303, Ppd-AT1_del2ex7.

Marker fragments are 288 bp -Ppd-D1a, 414 bp - Ppd-D1b, 672 bp - Ppd-D1¢, 174 bp - Ppd-
D1d, 223 bp -Ppd-Bla, 452 bp — Ppd-A1b, 425 bp - Ppd-Blc, 220 bp - Ppd-AT1_de/303, 170 bp -
ATl _del2ex7.

Ppd-1(T. aestivum)

Nine alleles were found at the locus Ppd-7 due to the DNA marking analysis of the studied
bread wheat varieties, based on the combination of which 11 Ppd-7 genotypes were identified
(Table 7). The most common allele in the studied sample of spring varieties is Ppd-D7¢. This allele
was detected in 10 (40%) of the studied varieties (1. aestivum) of different origins, including four
of Ukrainian plant breeding.

The Ppd-D1¢allele carriers were varieties Anshlag, Heroinya, Skorospelka 95, Kharkovskaya
30, Herakles, Balaganka, Duvanka, Saratovskaya 29, Poltavka, Sarrubra.

Nine out of 10 varieties with the Ppd-D7¢ allele also had the most common genotype in this
sample, Ppd-D1cPpd-B1Ppd-A1b, the frequency of which was 36£9.6%. This genotype was
identified in representatives of different origins, including four Ukrainian varieties: Anshlag,
Heroinya, Skorospelka 95, and Kharkovskaya 30.

The genotype Ppd-D1aPpd-B1bPpd-A1b was present in the sample with a frequency of
20£8.0. This genotype was identified in varieties of different origins, including two Ukrainian
varieties, Katyusha and Skorospelka 99, and in varieties Capta, Chanate, and Norin 17 from
France, the USA, and Japan.

The Ppd-B7 gene multicopy alleles are presented in various combinations with alleles of two
other photoperiod genes as part of nine other genotypes, occurring in one or two varieties from
the sample with a frequency of 4£3.9 and 8£5.4, respectively.

Varieties with dominant Ppd-A7 have not been identified, but carriers of mutant recessive
alleles Ppd-A1_de/303 and Ppd-A1_del2ex7 are present.



Single cases of mutant alleles were identified in the Ppd-7 genotypes of the Mexican varieties
Ciano 67 (Ppd-D1aPpd-B1bPpd-A1_de/303), Opata 85 (Ppd-D1aPpd-B1bPpd-AT1_del2ex7), and the
Eastern European variety Sarrubra (Ppd-D1cPpd-B1bPpd-A1_del2ex7).

Ppd-1(T. durum)

Two Ppd-1 genes control the photoperiodic response in durum wheat. The main differences
in the trait manifestation are associated with the Ppd-A7 gene.

It is known that T. durum has two dominant alleles, Ppd-A7a.2 and Ppd-ATa.3, the first of
which has a higher expression level. In the set of spring varieties of durum wheat, the Ppd-A7a.2
and Ppd-ATla.3 alleles were detected in Luganskaya 7 and Merliuri, respectively (Bentley et.al.,
2017).

In tetraploid wheat species, the Ppd-A7 gene is highly polymorphic. According to the data
of some authors (Takenaka et.al., 2012), it is considered to be more than 60 haplotypes, including
haplotypes with a 303 bp deletion in exons 5,6 and a 2 bp deletion in exon 7. The Ppd-AT1_del303
allele was not detected in durum wheat varieties, unlike in bread wheat, which is consistent with
literary sources. Royo et al. (2078) reported the presence of this allele only in ancient varieties of
durum wheat and its absence in modern commercial ones. On the contrary, the Ppd-A1_del2ex7
allele is widely distributed in durum wheat. The mutant allele in the sample studied was detected
in 10 (47.6%) from 21 varieties of various origins, including seven Ukrainian (Kuchumovka,
Chornokoloska 46; Kharkovskaya 21; Kharkovskaya 39; Kharkovskaya 33; Kharkovskaya 37;
Narodnaya) and three others (Beloturka, Thbilisuri 9; Trems).

The Ppd-A1b allele was detected in nine (43%) of the T. durum studied varieties, including 6
Ukrainian (Gordeiforme 3; Kharkovskaya 1; Kharkovskaya 15; Kharkovskaya 3; Kharkovskaya
51; Mestnaya).

Thus, marker analysis made it possible to identify varieties of bread and durum wheat
carriers of specific alleles of the Ppd-7 genes and determine their Ppd-7 genotypes. The indicated
varieties can be used in plant breeding programs as donors of these or other alleles of
photoperiod sensitivity genes or their various combinations.

The study of the ZCCT-1locus

ZCCT-1(T. aestivum)

Based on the results of the analysis, it was established that the ZCCT-1 locus in the studied
spring bread wheat (T. aestivum) varieties is mainly represented by the ZCCT-D7 and ZCCT-A1
genes.

It was shown that most varieties have a null allele for ZCCT-B1 at this locus, similar to the
theoretical data presented in the literature (Zbu et al., 2010).

The double null allele ZCCT-A7 ZCCT-B7 was identified in the Skorospelka 99 variety. All
three genes were present in two Russian-bred varieties, Balaganka and Duvanka.

ZCCT-1(T. durum)

In durum wheat varieties (1. durum), the ZCCT-1 locus is also represented by two genes. A
combination of two genes, ZCCT-A7 and ZCCT-B1, was detected in 11 studied varieties. Some
of these varieties (Kharkovskaya 33; Kharkovskaya 37; Narodnaya, Kharkovskaya 3;
Kharkovskaya 51; Mestnaya) are from Ukraine, and five varieties (Beloturka, Shirvan 5; Gumillo,
Merliuri, Thilisuri 9) are of other origin.

The null allele ZCCT-B7 was detected in 10 (47.6%) varieties, including eight Ukrainian
(Kuchumovka, Chornokoloska 46; Kharkovskaya 21; Kharkovskaya 39; Gordeiforme 3;



Kharkovskaya 1; Kharkovskaya 15; Luganskaya 7) and two (Trems, Presto de Tavira) of another
origin.

In combination with the Ppd-A1_del2ex7 allele, the null allele for ZCCT-B7 was detected in
5 wvarieties (Kharkovskaya 33; Kharkovskaya 37; Narodnaya, Beloturka, Tbilisuri 9), in
combination with Ppd-A7b it was found in 4 varieties (Gordeiforme 3; Kharkovskaya 1;
Kharkovskaya 15; Presto de Tavira), which amounted to 23.8% and 19.0% in this sample,
respectively.

The combination of ZCCT-A1ZCCT-B1/Ppd-A1_del2ex7 and ZCCT-A1 ZCCT-B1/Ppd-
ATbwas found in ten varieties and equal numbers. (Table 2).

Therefore, varieties with different Ppd-7 and ZCCT-7 genotypes can create the genetic
material necessary to study the effect of single specific alleles and their combinations on
development rate and other traits.

Discussion

A wide range of studies of photoperiodic response in spring varieties of bread wheat indicate
the predominance of carriers with recessive Ppd-1. In particular, carriers of recessive alleles are
varieties from Scandinavian countries (Sweden, Finland), where spring comes late and daylight
hours in summer are 18-19 hours.

Since multiple alleles were found for the Ppd-7 genes, and each gene represents a series of
sensitive and insensitive alleles, marking of recessive mutant alleles of the Ppd-D17 and Ppd-A1
genes made it possible to identify high variability in combinations of alleles of photoperiod
genes.

Marking of Ppd-1 loci was performed in 25 varieties of spring bread wheat (1. aestivum) of
different origins, which allowed the identification of eleven Ppd-7 genotypes with different
combinations of Ppd-7 alleles. In this sample, the most common genotype was Ppd-D1cPpd-
B1bPpd-AT1b. At the same time, in the sample of varieties, another genotype was detected with
the most common allele among the studied varieties Ppd-D7¢ and with a rare allele A7_ del2ex7
(Ppd-D1¢Ppd-B1bPpd-AT_ del2ex7), which has a corresponding mutation in Ppd-AT.

The decrease in photoperiodic response due to the influence of dominant alleles increases
in temperate climate zones and, especially at low latitudes. In the total sample of varieties, the
Ppd-D1a allele and the Ppd-D1aPpd-B1bPpd-AT1b genotype were found with high frequency,
detected in 20% of the varieties. The dominant Ppd-D7a allele is also present in a variety of four
other Ppd-genotypes, including, in some, combinations with the dominant Ppd-B7a and Ppd-Bie.

In low-latitude varieties, in Mexico and Japan, where daylight hours are shortened and
amount to 13-14 hours, varieties with a low reaction to photoperiod predominate. Among
Japanese varieties, spring and winter varieties often have digenic dominant Ppd control. Only
Norin 29 had the Ppd-D1bPpd-B1¢Ppd-A1b genotype in the Japanese varieties studied. A
monogenic control involving the Ppd-B1a allele was not detected, most likely due to the small
sample size. The Mexican variety Turaco with the genotype Ppd-D1bPpd-B1aPpd-A1bwas one of
the parents in creating the Ukrainian variety Etud, which inherited two dominant Ppd alleles. The
high variability of Ppd-7 genotypes is also due to allelic differences in the Ppd-A7 gene, although
the Ppd-A7b allele was mainly detected in the varieties presented in the sample. The Ppd-
AT_del303 allele was found only in the Mexican variety Ciano 67 in combination with Ppd-D17a.
It can be noted that, unlike winter wheat, which often has mutant recessive alleles of the Ppd-



D1 gene, including in combination with Ppd-A1_del303, in spring wheat, the allele of the Ppd-
AT gene with a deletion in exons 5,6 is rare.

In the sample of durum wheat varieties, this mutant allele was not detected. However,
according to literature data, Ppd-A7_de/303 was detected in ancient European varieties but not
in modern commercial ones (Royo ¢ al,, 2018).

The data on marking the Ppd-AT1_del2ex7 allele in bread wheat and durum wheat are
particularly interesting. According to the marking results, the allele with a deletion in exon 7 is

widely represented in the 1. durum but is rare in common wheat. The Ppd-AT1_del2ex7 allele was
detected in the Sarrubra (RUS) and Opata 85 (MEX) varieties. The Sarrubra variety was obtained
from a combination of crossing the spring variety Poltavka (1. aestivum, PpdD1cPpdB1bPpd.A1b)
and Beloturka (1. durum, Ppd-A1_del2ex7). The Sarrubra variety inherited a mutant recessive allele
of the Ppd-AT7 gene from a durum wheat variety, which resulted in the formation of the
PpdD1cPpdB1bPpdAT_ del2ex7 genotype. With such an allelic combination, it can be assumed
that this variety has a later heading.

Mutations in the ZCCT gene encoding the CCT domain or the presence of null alleles for
these genes cause decreased sensitivity to vernalization (Distelfeld et al., 2009; Zhu et al., 2017).

No polyploid wheat representative has been identified that simultaneously contains null
alleles or non-functional variants of all ZCCT genes (Distelfeld et al., 2009; Zhu et al., 201T). Some
known mutations lead to changes in amino acid sequences in the CCT domain of ZCCT1
proteins, which are associated with changes in heading time (Distelfeld et al., 2009).

Each of the polyploid wheat genomes contains three ZCCT genes, of which the primary
attention is paid to the study of ZCCT-7, which, according to many studies, has more on the rate
of development and the reduction of the response to vernalization (Yan et al., 2015). According
to the results of this study at the ZCCT-7 locus, it was found that among the analyzed of spring
bread wheat genotypes of different development types and origins, there is a significant spread
of the variant with a null allele for the ZCCT-B7 gene, which correlates with literature data. It
should be noted that the absence of ZCCT-B7 is widely found, as is already known, in Ukrainian
varieties and other European genotypes. At the same time, there is evidence in the literature of
a relatively low frequency of the null allele for ZCCT-B7 in bread wheat varieties of American
and Chinese origin. However, double mutants were found in them (Zbx et al., 2017).

It is known that varieties lacking ZCCT-B7 are more common among spring wheat
genotypes than winter wheat genotypes and durum wheat genotypes of different growth types.
As shown in this study, the ZCCT-7 locus in spring durum wheat varieties was represented by
two genes, and 47.6% of them had a null allele at ZCCT-B7. The presence of null alleles results
in the absence of the translation product of the corresponding ZCCT'7 gene, which eliminates
any competitive interaction with other proteins containing the CCT domain. It can be assumed
that the presence of null alleles of ZCCT7 genes can affect the indicators of traits directly or
indirectly regulated by genes encoding CCT-domain-containing proteins that enter into
competitive interaction with ZCCT proteins. Identifying and assessing the prevalence of null-
allele mutants for the ZCCT'7 genes in hexaploid and tetraploid wheat is particularly interesting
in this connection.

Since the rate of passage of the stage from germination to heading is controlled by genes of
two genetic systems, [z and Ppd, information on the variability of both Ppd-genotypes and 17-
genotypes, in particular the genes of the ZCCT-7 locus, is necessary and valuable.



Using molecular markers significantly increases the efficiency of identifying large amounts
of genetic material, providing initial information for understanding the adaptive value of single
alleles or their combinations in specific wheat cultivation conditions (Fait & Balashova, 2022).

Conclusion

Variability of Ppd-1 genotype varieties of two commercial wheat species (1. aestivum, T.
durum) is shown.

The allele Ppd-D17¢ and the genotype Ppd-D1cPpd-B1bPpd-A1b were the most common in
spring-bread wheat varieties.

The Ppd-Dia allele, which became widespread as a result of the green revolution, is
presented in five combinations with alleles of two other photoperiod genes, of which the Ppd-
D1aPpd-B1bPpd-A1a genotype is predominant.

A rare presence of mutant recessive alleles Ppd-A7_de/303 and Ppd-A1_delZex7 encoding
non-functional proteins was detected in spring bread wheat varieties and a broad prevalence of
the one latter in durum wheat varieties.

The ZCCT-1 locus in T. aestivum varieties is mainly represented by the ZCCT-D7 and ZCCT-
AT genes (null alleles for ZCCT-BT). In the T. durum varieties, the proportion of carriers of the
ZCCT-AT genotypes (null alleles for ZCCT-B7) and ZCCT-B1ZCCT-AT is comparable.

Varieties with different Ppd-7 and ZCCT-7 genotypes can be used in genetic and plant
breeding research to study the effects of single alleles and allelic combinations, create new genetic

material, and in wheat breeding practice.
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Appendix

Table 1. Ppd-genotypes of spring bread wheat (1. aestivum) varieties

Ppd-genotype Varieties n PxS,
Anshlag, Heroinya, Skorospelka 95, Kharkovskaya
Ppd-D1cPpd-B1bPpd-A1b 30, Herakles, Balaganka, Duvanka, Saratovskaya 29, 9 3619,6
Poltavka
PpdD1d Ppd-B1bPpd-Alb Apu, Sibiryachka 4 2 8154
Ppd-D1aPpd-B1bPpd-A1b Capta, Chanate, Katyusha, Norin 17, Skorospelka 99 5 2018,0
Ppd-D1aPpd-B1bPpd-A1_del303 Ciano 67 1 4439
PpdB1a Ppd-D1aPpd-B1cPpd-Alb Konosu 25 1 4+3,9
Ppd-D1aPpd-B1aPpd-Alb Etud, Turaco 2 8154
PpdD1d Ppd-B1aPpd-Atb Loros 1 4+3,9
PpdD1d Ppd-B1cPpd-AT1b Strela 1 4+3,9
Ppd-D1bPpd-B1cPpd-Alb Notin 29 1 4+3,9
Ppd-D1aPpd-B1bPpd-A1_del2ex7 Opata 85 1 4+3,9
Ppd-D1cPpd-B1bPpd-Al_ del2ex7 Sarrubra 1 4+3,9
Total 25 100
Table 2. Ppd-AT1 and ZCCT-1 genotypes of spring durum wheat (T. durum) varieties
Vatiety Ppd-At ZCCT-1 n P1Ss,
Kuchumovka, Chornokoloska 46, Kharkovskaya 21
3 3 3 T +
Kharkovskaya 39, Trems PpdA1_del2ex7 | ZCCT-AT1 5 23,819,29
Gordeiforme 3, Kharkovskaya .1, Khatrkovskaya 15, PrdAts JCCT A1 4 19,0+8,56
Presto de taviro
Beloturka, Kharkovskaya 33, Kharkovskaya 37, ZCCT-A1 +
Narodnaya, Thilisuri 9 PpdAl_de2e? | Zccrpy | 2| 28592
Kharkovskaya 3, Kharkovskaya 51, Mestnaya, Shirvan 5, ZCCT-AT i
Gumillo PpdAts JCCT-BI 5 23,8%9,29
Luganskaya 7 PpdAla2 ZCCT-AT 1 4,814,66
. ZCCT-AT
+
Metliuri PpdAta.3 7CCT-BI 1 4,814,66
Total 21 100
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