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Abstract. One of the main ways to fine-tune the adaptive potential of wheat cultivars is to regulate the timing of flow-
ering using the genes of the Vrn-1 locus, which determines the type and rate of development. Recently, with the use of
introgression and isogenic lines of bread wheat, it was shown that this locus is involved in the genetic control of root
length and weight both under irrigation and drought conditions. It turned out that the VrnAT gene is associated with
a significant decrease in the size of the root system in a winter genotype. The Vrn-AT gene had the strongest effect on
the reduction of the root system in comparison with the homoeoallelic genes Vrn-B1 and Vrn-D1. The aim of this work
was to determine whether the allelic composition of the genes at the Vrn-1 locus affects the root size in seven spring
cultivars and in two lines of bread wheat differing in flowering time under conditions of normal watering and drought.
The research was carried out in a hydroponic greenhouse; drought was created at the tillering stage. In this work, we
have shown that early flowering wheat cultivars with the dominant Vrn-A7a allele have more lightweight and shorter
roots under normal watering conditions compared to the late flowering carriers of the dominant homoeoalleles Vrn-B1
and Vrn-D1. In drought conditions, the root length decreased insignificantly, but the weight of the roots significantly
decreased in all genotypes, with the exception of Diamant 2. It has been hypothesized that the level of the transcrip-
tion factor VRN-1 at the onset of drought may affect the size of the root system. The large variability in root weight may
indicate the participation, in addition to the Vrn-1 locus, of other gene networks in the formation of this trait. Breeders
working to develop early maturing varieties should consider the possibility of reducing the root size, especially in arid
conditions. A significant increase in the root size of line 821 with introgressions into chromosomes 2A, 2B, and 5A from
T. timopheevii indicates the possibility of using congeners as a source of increasing the trait in wheat.
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B3anMOCBS3b MeXOVy reHeTUUYeCKM CTaTyCcoM Jiokyca Vrn-1
I pasMepaMu KOPHEBOI CUCTEMbI V MSITKOJ IIIIeHUIIbI
(Triticum aestivum L.)
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AHHoTauua. OgHUM 13 rMaBHbIX CMOCOOOB TOHKOWM HACTPOWMKN aAanTaLMOHHOrO NOTeHLMana COPTOB MLWEeHWLbl AB-
NAETCA perynnpoBaHne CPOKOB LIBETEHNA C UCMOb30BaHeM reHoB Jlokyca Vrn-1, onpefenatowero Tmn n CKopocTb
pa3suTuA. ViccnepoBaHumsa, cBA3bIBalOLME CPOKYM LiBETEHMA C GOPMMPOBaHMEM KOPHEBOIN CUCTEMbl B HOPMalbHbIX 1
3aCyLUNMBbIX YCIOBUAX, €ANHNYHbI. HeJlaBHO C MCMOJIb30BaHMEM NHTPOrPeCcCUPOBaHHBIX M U30M€HHbIX JIMHWIA MLUeHN-
bl 6bINI0 MOKa3aHo, YTO NIOKYC Vrn-1 yyacTByeT B reHeTUYeCKOM KOHTPOJE AIMHbI U MacCbl KOPHEN 1 yrna HaknoHa
KOpPHeN B MOYBe KakK Ha Mos1Be, Tak 1 Ha 3acyxe. V3 Tpex romeoannenbHbIx reHoB — Vrn-A1, V-B1 n Vrn-D1 -ren Vin A1
Havbornee CUNbHO yMeHbLLaJ pa3mepbl KOPHEBOI CUCTEMBI Y 03UMOro reHoTuNa. Llenbto Halweld paboTbl 6bin10 onpepe-
NUTb, BAVAET JIN aNNeNbHblA COCTaB reHoB JIoKyca Vin-1 Ha pa3BuTME KOPHEBOW CUCTEMbI Y Pa3INYAIOLLMXCA MO CPOKaM
LiBETEHUA CEMUN APOBbIX COPTOB U ABYX IMHNI MATKOW MLUEHNLbl B YCIIOBMAX HOPManbHOro nonvea u 3acyxu. Miccne-
[0BaHNA NPoBeAeHbI B YCNOBUAX MNMAPONOHHON TEMMLbI, 3acyxa Co3AaBanacb Ha CTagum KyLieHusa. Mbl nokasanu, 4to
paHHeLBeTyL/e copTa MWeHNLbl C AOMUHAHTHbIM annenem Vrn-ATa B HOpMasbHbIX YCIIOBUAX NOMVBA MMEIOT KOPHU
MeHbLUe Maccbl U ANNHbI MO CPAaBHEHMIO C MO3AHOLBETYLYMMY HOCUTENAMU JOMUHAHTHbIX romeoannenei Vin-B1 n
Vrn-D1. Ha 3acyxe ANiMHa KOPHel yMeHbLUanacb He3HaumMTeNIbHO, @ BOT Macca KOpPHeN JOCTOBEPHO CHUXKanach y Bcex
reHOTVMNOB, 3a UCK/oYeHnem copTa [lnamaHT 2. Mbl npeAnonoxKmnn, YTo ypoBeHb TpaHCKpunuuoHHoro ¢paktopa VRN-1
Ha MOMEHT HaCTYMNNEHNA 3aCyXN MOXKET OKa3blBaTb BIMAHME Ha pa3Mep KOPHeBOW cucTeMbl. bonbliol pasmax n3meH-
YMBOCTU MO Macce KOPHe MOXeT CBUAETENbCTBOBaTb 06 yyacTuy, MOMMMO NoKyca Vrn-1, Apyrux reHHbIx ceTeit B Gpop-
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The size of the root system in wheat
is associated with the Vrn-AT locus

MUPOBaHMN 3TOro Npu3sHaka. CenekymoHepam, paboTaoWwmm Hafl Co3haHeM CKOPOCMENbIX COPTOB, CNieAyeT YUnTbl-
BaTb BO3MOXXHOCTb YMEHbLUEHNA pa3MepoB KOPHEBOW CUCTEMbl, OCOGEHHO B 3aCyLUMBbIX YCIIOBUAX. 3HaUYMTENIbHOE
yBENNYEHME MACCbl KOPHEN Y NIMHUN 821 C MHTpOrpeccuamm B xpomocombl 2A, 2B n 5A ot Bugaa T. timopheevii ykasbiBaeTt
Ha BO3MOXHOCTb MCMOJIb30BaHNA COPOANYEN B KaueCTBe CTOYHMKA YBENMYEHNA pa3mepa KOPHeN Y NMileHnLbl.
KnioueBble cioBa: MArkas niueHnLa; KopHeBasa cucTema; 3acyxa; Vrn-1; cpokm LBeTeHuA.

Introduction

Roots are an integral part of the plant organism. Their develop-
ment begins at the first stages of ontogenesis. The architecture
of the root system determines firm rooting of plants, efficient
absorption of nutrients and water from the soil, and interaction
with the soil biome. A well-developed shallow root system is
able to absorb moisture even from small rains, while a longer
root system gains access to moisture accumulated in the deeper
layers of the soil. These properties of the root system are es-
pecially important in condition of droughts, which currently
represent the most serious climate threat worldwide (Ahmad
etal.,2017; IPCC, 2018). It was shown that the morphological
and functional features of the root system are associated with
the preservation of the yield under drought conditions (Comas
et al., 2013). The accumulation and practical application of
genetic knowledge about the formation of the root system in
agricultural crops can lead to the second Green Revolution
(Den Herder et al., 2010).

In rice and maize, genes responsible for the formation of
the root system have been identified and cloned (Uga et al.,
2013; Kitomi et al., 2018). Studies on the genetic control of
the root system in bread wheat (7riticum aestivum L.) lag
significantly behind the studies carried out on rice and maize.
So far, in bread wheat, using bi-parental mapping populations
and varietal associative mapping panels, QTLs have been
localized on the chromosomes of almost all homoeological
groups, which indicates a complex genetic control of this trait
in wheat (Ehdaie et al., 2016; Lui et al., 2019). Researchers
are also looking for genetic diversity for root size in relatives
of bread wheat (Feng et al., 2018). It has been shown that the
presence of rye introgression in wheat genotypes leads to a
significant increase in root weight and an increase in plant
productivity under normal and drought conditions (Ehdaie
et al., 2003). A similar effect was found in the wheat line
Pavon 76 with introgression from Agropyron elongatum to
chromosome 7DL (Placido et al., 2013).

The dominant alleles of the Vin-A1, Vin-Bl1, and Vin-D1
genes located on chromosomes 5A, 5B, and 5D determine the
spring type of wheat development (Mclntosh et al., 2013).
It was recently found that the Vrn-1 locus is involved in the
genetic control of root length, root weight, and root angle in
wheat and barley (Voss-Fels et al., 2018). We were the first
to show the relationship between the flowering time and the
size of wheat root system under drought conditions (Pshenich-
nikova et al., 2020). Using monosomic lines of cv. Saratov-
skaya 29 for chromosomes 5A, 5B, and 5D, we discovered that
the Vrn-A1 gene most strongly affects the decrease in the size
of'the root system in comparison with other dominant genes of
the Vrn-1 locus. The main task of this work was to determine
whether the allelic composition of genes at the Vin-1 locus
affects the development of the root system in different cultivars
and lines of bread wheat, differing in terms of flowering time
under conditions of normal watering and drought.
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Materials and methods

The studies were carried out on bread wheat accessions that
are not related by origin and differ in the allelic composition of
the Vrn-1 genes. The set of genotypes included spring cultivars
Saratovskaya 29 (529), Novosibirskaya 67 (N67), Yanetskis
Probat (YP), Diamant 2 (Dm2), Milturum 553 (M553), Du-
vanka, Chinese cultivar Chinese Spring (CS), line 821 with
introgressions from 7. timopheevii Tausch. into chromoso-
mes 2A, 2B, and 5A of S29 (Leonova et al., 2001) and
winter synthetic hexaploid wheat line Synthetic 6x (Syn6x)
(AABBDD), obtained from the crossing of 7. dicoccoides and
Ae. tauschii and carrying introgression on chromosome 5D.

To equalize the vegetative period in the set of genotypes,
two of them were vernalized at a temperature of +2 °C and
a 12-hour light regime: winter Syn6x for 60 days, and the
late-ripening cultivar CS for 30 days. Plants were grown in
a hydroponic greenhouse of the Institute of Cytology and
Genetics of the Siberian Branch of the Russian Academy
of Sciences (Center for Shared Use “Laboratory of Arti-
ficial Plant Cultivation”) under 12—14-hour artificial light
45,000-50,000 Ix, night temperature 18-20 °C and day tem-
perature 24-26 °C. Expanded clay with a particle size of 5 to
15 mm was used as an artificial soil. Knop’s solution served
as a nutrient solution. The plants were grown in two identical
bathtubs 500 x 100 x 35 cm in size and about 2 m? in volume.
The distance between the plants was 12 cm.

Each genotype was grown under two irrigation regimes
during three growing seasons. Before tillering stage, all plants
were watered equally twice a day. After the beginning of tiller-
ing, two watering regimes were created. In the control variant,
the previous irrigation regime was maintained until the end of
the season. In the experimental variant, watering was stopped.
The moisture level was measured in both baths once a week
using a moisture meter. Humidity in the control experiment
was 28-30 % throughout the season. Under drought condi-
tions, the humidity gradually decreased and within a month
was established at the level of 10-12 %. These experimental
conditions simulate changes in soil moisture in the field during
spring sowing in the sharply continental climate of Siberia.
The flowering date was noted for each plant. The stage of grain
waxy ripeness was considered the end of the experiment, after
which watering in the control variant was stopped. After the
soil dried out, the plants were dug up with the roots, and the
aboveground part was cut off. After measuring the length of the
roots, they were left in air until completely dry and weighed.

A.B. Shcherban performed molecular analysis of the allelic
state of the genes at the Vrn-1 locus in the studied genotypes
according to the previously described method (Shcherban et
al., 2012).

Phenotypic data obtained during three growing seasons
were combined and analyzed by one-way analysis of variance
separately for each trait and each irrigation regime. Com-
parative analysis between groups of genotypes and watering
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regimes was performed using Student’s #-test. The drought
tolerance index was measured as a percentage and was calcu-
lated as the ratio of the mean value of the trait under drought to
the mean value of the trait under irrigation, multiplied by 100.
To study the relationship between three traits (days before
flowering, root length and root weight), Pearson correlation
analysis was performed. Analyzes were performed using the
statistical package STATISTICA 6.

Results

Molecular analysis of the allelic composition of the Vin-1 lo-
cus in nine wheat genotypes showed the presence of the do-
minant allele a at the Vrn-A1 locus in cultivars S29, YP, N67,
Dm2 and line 821 with introgression from 7. timopheevii,
created on the basis of cultivar S29 (Table 1). The recessive
allele vin-A1 was found in cultivars M553, Duvanka, CS,
and Syn6x. The samples also differed in the allelic state of
the Vrn-B1 locus. The dominant allele Vrn-B1c was found in
cultivars S29, YP, and line 821, the dominant allele Vin-Bla
was found in cultivars N67, Dm2, M553, and Duvanka, and
the recessive allele vrn-B1 was found in CS and Syn6x. All
studied wheat samples, with the exception of CS, had the
vrn-D1 recessive allele. The CS had a dominant Vin-Dla
allele (see Table 1).

As a result of the analysis of the allelic state of the Vrn-1
genes, the studied samples were divided into two groups. The
first group included four cultivars (S29, N67, Dm2, YP) and
line 821 — carriers of the dominant allele of the Vin-41a gene.
The second group included four cultivars (M553, Duvanka, CS
and Syn6x) — carriers of the vrn-A41 recessive allele. Analysis
of the flowering time showed that plants in the first group
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flowered 6 days earlier when irrigated and 7 days earlier in
drought than plants in the second group (= 3.50; p < 0.001).
Among the carriers of the Vrn-Ala allele, under both irriga-
tion conditions, cultivars S29 and N67 flowered ecarlier (see
Table 1). Among the carriers of the recessive allele vrn-41,
the earliest cultivars were CS under irrigation and vernalized
Syn6x under drought. The average number of days before
flowering significantly increased under drought conditions in
all studied genotypes (see Table 1). The tolerance index of this
trait did not show a large range in the studied genotypes, with
the exception of line 821 and cultivar CS, in which the delay
in tillering during drought was the most significant (Table 2).

The root system was studied in all accessions under condi-
tions of normal irrigation and drought. The range of variability
in root length was 15 % under irrigation and 50 % under
drought, and in root weight — 400 % under irrigation and
500 % under drought (see Table 1).

Line 821 (32 ¢cm), Syn6x (30.2 cm) and cultivar Duvanka
(29.7 cm) had the longest roots under irrigation. The roots of
the cultivars YP, N67 and CS were several centimeters shorter.
S29 and Dm2 formed the shortest roots (about 22 cm). A sig-
nificant decrease in root length under drought was noted for
N67 and Syn6x, and an increase was observed in Dm2. In the
rest of the accessions, drought did not have a significant effect
on this trait. It should be noted that the cultivars of the second
group (carriers of the recessive vrn-A41 allele) had significantly
longer roots both during irrigation and drought compared to
the cultivars carrying the Vrn-Ala allele. On average, root
length slightly decreased during drought in all genotypes.
The tolerance index of this trait did not show a large range
(see Table 2).

Table 1. Average values of the number of days before flowering, length and weight of roots in bread wheat genotypes
differing in the allelic composition of the Vrn-1 locus under watering and drought

Genotypes Vrn-1 alleles Days before flowering Length, cm Weight, g
Wateing  Drought  Watering  Drought  Watering  Drought
....................................................................................... Camersofthedommanta||e|e V,,,A,a
S 2 9 ......................... Vm Amvmmc VmD, ................... 397a# ............... 4 40a ................. 221a ................. Zoza ................. 0 32a ................. 0 173 ...............

YP .......................... Vm Amva,c V mm ................... 4 37b ................. 4 55a ................. 258b ................. 247b ................. 0 40a ................. 0 26a ...............

N67 ........................ Vm Amvamvm D1 .................. 4 13a ................. 4 36a ................. 258b ................. 232a ................. 0 3oa ................. O 24a ...............

sz ....................... vamvamvm D, .................. 4 26b ................. 4 66b ................. 218a ................. 243b ................. 0 23a ................. 0 3 1b ..............

L, n e . 8 21 ................. Vm AmvaIC va’ ................... 4 25b ................. 517c ................. 320c ................. 306c ................. 0 76b ................. 0 24a ...............

Average ............................................................................ 4 19 .................. 4 63*** ............. 255 .................. 246 .................. 0 40 .................. O 27*** ...........
......................................................................................... Camersoftherecesswea”elevmA]
M 553 ..................... V mA 1 VmBm va, ..................... 4 70c ................. 506c ................. 286c ................. 308c ................. 118c ................. 0 23a ...............

Duva n ka ................ V mA 1 VmBm vmm ..................... 508d ................. 514c ................. 297c ................. 295c ................. 0 8Ob ................. 0 30b ..............

CS .......................... V mA 1 V mm . V mD 1 a .................... 4 55b ................. 558d ................. 272b ................. 249b ................. 109c ................. 0 68c ...............

S yn 6X .................... V mA ’ v mB] . vm D7 ....................... 4 74C ................. 4 89b ................. 302c ................. 244b ................. 0 83b ................. 0 72C ...............

Average ............................................................................ 4 77*** ............. 517*** ............. 289** ............... 274** ............... 100*** ............. 0 48*** ...........

#The mean values followed by different letters in the column are significantly different according to the LSD at p = 0.05 within the entire set of genotypes.
Differences between the mean values of traits in the groups of carriers of different alleles of the Vrn-AT gene are significant at ** p <0.01, *** p < 0.001.
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Table 2. Drought tolerance indices of wheat genotypes
with a different allelic state of the genes at the Vrn-T1 locus

Genotypes Tolerance indices, %

Daysbefore  Rootlength  Rootweight

flowering
.................................................... VmAm
529”1 ......................... 91 ......................... 53 ......................
YP104 ......................... 95 ......................... 63 ......................
N67106 ......................... 90 ......................... 79 ......................
szmg ....................... 1”135 ......................
|_m6821122 ......................... 96 ......................... 32 ......................
..................................................... vaI
M553108 ....................... 10819 ......................
Duvanka1o1 ......................... 99 ......................... 37 ......................
C5123 ......................... 92 ......................... 62 ......................
Syn6x103 ......................... 81 ......................... 87 ......................

Much greater variability was shown by root weight, both in
absolute values and in the tolerance index to drought. Under
normal irrigation, average root weight in the genotypes car-
rying the dominant Vrn-41a allele was 0.6 g less than in the
carriers of the recessive allele. Under these conditions, four
wheat cultivars (S29, YP, N67, and Dm2) from the first group
did not differ significantly from each other. The values ranged
from 0.23 to 0.40 g (see Table 1). At the same time, the root
weight in line 821 belonging to the same group turned out to
be almost twice as high as in the cultivars mentioned above. In
the group of genotypes — carriers of the recessive allele vrn-A41,
cultivars M553 (Vrn-Bla) and CS (Vrn-D1a) had the largest

The size of the root system in wheat
is associated with the Vrn-AT locus

root weight under irrigation, more than 1 g. The weight of roots
in cultivars Duvanka and Syn6x was lower, about 0.8 g, and
approximately the same as in line 821 from the first group.

Cultivar Dm2 differed from the other genotypes by the
increase in root weight during drought. Dm2 showed the high-
est tolerance index of the trait, 135 % (see Table 2). In other
genotypes, the weight of the roots decreased during drought.
Cultivar M553 had the most significant 5-fold decrease in
root weight with tolerance index 19 %. Cultivar Duvanka,
which has the same allelic composition of the Vrn-1 locus as
MS553, also showed a significant decrease in this trait during
drought, tolerance index was 37 %. The same significant
decrease in root weight was noted for line 821 from the first
group of genotypes. Comparison of tolerance indices among
the three studied traits showed that the root weight was the
most sensitive to drought in comparison with the root length
and the timing of flowering.

Correlation analysis was carried out for three traits for the
entire set of genotypes and separately for each of the groups
differing in the dominant composition of the Vrn-41 gene
(Table 3). For the entire population, a correlation was found
between the number of days before flowering and the root
weight, both during irrigation and during drought. The root
length correlated with the number of days before flowering
only under drought conditions in the entire studied popula-
tion and among the carriers of the dominant Vrn-41a allele.
The analysis showed that under irrigation conditions there is
a correlation between the weight and length of roots for the
entire population and for separate groups of genotypes. In
drought conditions, this correlation was retained only for the
genotypes of the second group with the recessive allele vin-A1.

Discussion

Previously, the involvement of the Vrn-1 locus in the forma-
tion of the size of the root system was established, but the
study did not use genetic material with the dominant Vrn-41
allele (Voss-Fels et al., 2018). We have shown that the Vin-A1

Table 3. Correlation coefficients between the number of days before flowering, root length and root weight
under normal watering and drought among nine wheat genotypes differing in the allelic state of the genes at the Vrn-T1 locus

Traits Watering

Drought

Root length 0.12 - 0.31%* -
R ootwe, ght ................ 0 36*** ................................................ 0 43** e 0 24* ..................................................... - 0 02 ................................
.............................................................................. AmongthecamersOfthedommanta”deVmAm
R ooﬂen gth ............... - 012 ..................................................... S 0 49*** ................................................... S
R OOtwel ght ................ 0 23 ..................................................... 0 42** ................................ 0 O 6 ........................................................ 0 23 ...............................

Note. Differences are significant at * p < 0.05, ** p < 0.01, and *** p < 0.001.
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gene, located on chromosome 5A, has the strongest effect on
root development compared to the Vrn-BI and Vrn-D1 genes
(Pshenichnikova et al., 2020). This effect was discovered due
to the use of a set of S29 monosomic lines. It should be noted
that both of these studies were carried out on experimental
genetic material using substitution, isogenic or recombinant
wheat lines.

In this work, using seven spring bread wheat cultivars dif-
fering in the time of transition to flowering, and the lines with
the introgressions from the tetraploid species 7. timopheevii
and Ae. tauschii, we estimated the dependence of the develop-
ment of the root system on the allelic state of the Vrn-1 locus.
We also tried to establish how the length and weight of roots
in different cultivars are related to the number of days before
flowering under normal and drought conditions. The cultivars
were divided into two groups. The first group included carriers
of the dominant allele Vrn-Ala, the second — carriers of the
recessive allele vrn-A1. At the same time, eight out of nine
studied genotypes carried dominant alleles of other genes of
the Vrn-1 locus.

In this work, we have shown that early flowering cultivars
with the dominant Vin-Ala allele had, on average, signifi-
cantly shorter roots compared to late flowering carriers of the
recessive allele. Under irrigation, the difference was 3.4 cm,
under drought — 2.8 cm. Cultivars with the recessive allele
vrn-A1 also significantly exceeded cultivars of the first group
by root weight (see Table 1). Under irrigation, the difference
was 0.6 g, and under drought — 0.24 g. Allelism for the Vin-B1
gene did not affect the size of the root system in carriers of
the dominant Virn-41a allele.

Great variability in root weight between groups and within
groups was found both under irrigation and under drought.
The weight increased due to the intensive formation of secon-
dary roots. Most likely, gene networks not associated with the
Vrn-1 locus control this process. This assumption was made
earlier when the size of the root system was studied in lines
with introgression from Ae. tauschii (Pshenichnikova et al.,
2020). It was confirmed in the present study when line 821 —
the carrier of the dominant Vrn-417a allele and introgression
into chromosomes 2A and 2B — was studied. The length of
roots in the line 821 was comparable to the length of roots of
the cultivars of the first group (carriers of Vin-41a). However,
in terms of the weight of roots, line 821 was comparable to
the accessions from the second group. Earlier, loci associ-
ated with root morphology and size were already identified
in chromosomes 2A and 2B in bread wheat (Ehdaie et al.,
2016; Liu et al., 2019).

In our experiment, drought, which occurred at an early stage
of plant development, led to an increase in the number of days
before flowering in all genotypes (see Table 1). This effect can
be considered as the time spent by the plant on the adaptive
restructuring of metabolism. Under drought conditions, among
all studied genotypes, a correlation was observed between the
number of days before flowering and the length and weight
of roots. This may indirectly indicate the participation of the
Vrn-1 locus in the formation of the root system in response
to drought. Under drought conditions, no correlation was
observed between the weight and length of roots. Since under
irrigation conditions the relationship between these characters
was significant (p < 0.001, see Table 3), the lack of correla-
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tion under drought conditions may indicate a mismatch in
the genetic pathways for the formation of the root system in
unfavorable conditions. The correlation analysis carried out
for individual groups showed that only among the carriers
of the dominant Vrn-41la allele the number of days before
flowering correlated with the length of roots. No correlations
were found among the carriers of the vin-A41 recessive allele.
Perhaps this is due to the fact that by the time of the onset
and development of drought (the beginning of tillering), the
carriers of the dominant Vrn-41 allele accumulate the tran-
scription factor VRN in the leaves in a larger amount than
in the carriers of the recessive allele vrn-41 and the dominant
genes Vrn-B1 and Vrn-D1 (Lukoianov et al., 2005). This leads
to the interaction of VRN1 with the networks of hormonal
and signaling responses at earlier stages and the arrest of root
growth. In cultivars that carry only the dominant genes Vin-B1
and Vrn-D1, this response is delayed, and the roots continue
to grow in length.

As has already been noted, the effect of drought on two
traits, root length and weight, was different. For each genotype,
variability in root length under two irrigation regimes was not
significant (see Table 1). This is also evidenced by the drought
tolerance indices, which, in general, were close to 100 % (see
Table 2). The greatest decrease in root length during drought
was observed in vernalized Syn6x. Earlier, we showed that
the combined effect of vernalization and drought significantly
inhibits the growth of the root system and revealed a weak
dependence of the root length under the irrigation conditions
(Pshenichnikova et al., 2020). In this work, we have shown
that in the studied genotypes the length of the roots depends
on the allelic state of the Vrn-1 locus to a greater extent than
on the irrigation regime.

The weight of roots, in contrast, showed great diversity of
variability under drought. This is reflected in the indicators
of the tolerance indices (see Table 2). The greatest decrease
in the root weight and low tolerance index (53 %) among the
cultivars carrying the dominant allele of the Vin-A1 gene was
found in the drought-tolerant cultivar S29. Line 821, which has
a genetic basis of cultivar S29, showed the greatest decrease
(by 3.2 times) in the weight of roots during drought and the
lowest tolerance index in the first group — 32 %. These va-
lues are comparable to the decrease in weight in the cultivars
from the second group, which form a large root system under
favorable irrigation conditions. In Duvanka, the weight of
roots decreased 2.7 times with a tolerance index of 37 %, and
in M553 — 5 times with the lowest tolerance index — 19 %.
Cultivar Dm2 turned out to be the only one of the entire
population in which weight of roots and their length were
increased. Dm2 was characterized by high tolerance index of
the root weight. In general, cultivars, carriers of the dominant
Vrn-A1 allele, and vernalized cultivar CS (Vrn-D1 gene) and
winter Syn6x had similar dynamics of root weight reduction
under drought. Vernalization induces intensive production of
the transcription factor VRN-1 (Trevaskis et al., 2007) and
thus equalizes the vegetation status of vernalized accessions
and cultivars carrying the dominant allele of the V7n-41 gene.
The level of the transcription factor VRN-1 at the onset of
drought may be insufficient for the effective functioning of
the gene networks for drought resistance in the non-vernalized
cultivars M553 and Duvanka, carriers of the recessive allele
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of the Vrn-A1l gene and the dominant allele of the Vin-Bl
gene. Thus, the dynamics of the decrease in root weight under
drought may indirectly indicate the relationship of the Vin-1
locus with the gene networks of the response to drought.

The lack of correlation between weight and length of the
roots in the entire population under drought indicates the
disconnection of the processes of root growth and the accu-
mulation of its biomass through the formation of secondary
roots. Each cultivar can use different individual adaptive
mechanisms under drought conditions. In particular, cultivar
Tincurrin, which has a small root system, has been shown to
use soil water more efficiently under drought (Figueroa-Bustos
et al., 2020). This was achieved by reducing photosynthetic
processes and accelerating grain filling before the onset of
serious consequences of water stress. In our experiment, we
used cultivar S29, which also has a small root system, but is
considered drought-tolerant (Ilyina, 1989). Previously, it was
shown that drought resistance of S29 is provided by diverse
physiological mechanisms (Osipova et al., 2020).

The mechanisms of the formation of the root system have
been studied most fully in the model diploid plant Arabidop-
sis thaliana. 1t was found that in Arabidopsis, abscisic acid
negatively affected the number and elongation of lateral roots
during irrigation (De Smet et al., 2006). Cytokinin has an
inhibitory effect on branching of lateral roots, while cytokinin
biosynthesis mutants exhibit an increased number of lateral
roots (Smith, de Smet, 2012). These and other studies have
identified individual components of the development of the
root system. At the same time, root development was found
to be integrated into systemic signaling that, through sugar
metabolism, coordinates whole plant growth during flowering
induction (Bouché et al., 2016). Experiments on transgenic
barley have shown that the transcription factor VRNI has,
in addition to the main binding sites in the promoters of the
flowering initiation genes, secondary binding sites. These
sites have been found in genes that play a central role in
both hormonal responses and hormone metabolism, which
include abscisic acid and cytokinins (Deng et al., 2015).
Thus, taking part in the regulation of hormonal pathways,
VRNI can influence the formation of the root system under
drought conditions.

Conclusion

The allelic composition of the Vin-1 locus determines the
time required for wheat plants to enter the generative phase
of development. Studies linking the timing of flowering
with the formation of the root system under normal and arid
conditions are sporadic. In this work, we have shown that
cultivars with a dominant allele of the Vrn-4A1 gene under
normal watering conditions have roots of smaller mass and
length compared to carriers of the dominant homoeoalleles
Vin-B1 and Vin-D1. Drought, which occurs at the tillering
stage, led to later flowering of the studied genotypes. At the
same time, the length of roots decreased insignificantly, but
the weight of roots significantly decreased during drought in
all genotypes with the exception of Dm2. The large range of
variability in root weight may indicate the participation of
additional gene networks in the formation of this trait under
drought. Introgressions from 7. timopheevii and Ae. tauschii
led to an increase in the size of the root system. This indicates
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The size of the root system in wheat
is associated with the Vrn-AT locus

the possibility of using congeners as a source of increasing
root size in wheat.

Regulation of the flowering time of cultivars in different
growing conditions using the Vrn-1 locus is considered one
of the main ways to fine-tune the adaptive potential. As our
work has shown, one should also take into account the pos-
sible relationship of this locus with the size of the root system.
Breeders working to develop early maturing cultivars may
experience a reduction in the size of the root system, especially
in arid conditions. One of the ways to maintain the size of the
root system in wheat can be the use of introgressions from
species-congeners.
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