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The WF1 (White Flower 1) gene controlling the white color
of petals and flowering time in lines from a mapping
population of flax (Linum usitatissimum L.)
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Flax (Linum usitatissimum L.) is grown in different climatic zones as both a spring and winter crop. Adaptation to
different growing conditions produced genotypes with different growth durations and degrees of photosensitivity. It
was always of great importance for breeders to create varieties with rapid development, in particular, early-flowering
ones. The evaluation of lines from the VIR flax genetic collection revealed a wide intraspecific diversity in the duration
of growth phases, the number of leaves on the stem (physiological indicator of early flowering), and the degree of
photosensitivity. Line gc-109, early flowering under the long-day conditions, but greatly photosensitive, was found to
possess the wfl (white flowers) gene, associated with early flowering and a small number of leaves. This line was crossed
to the late-flowering but low-photosensitive line gc-375, which had reddish purple flowers. The analysis of segregation
in F, held under the long (19 hours) and short (12 hours, daylength at the equator) day conditions showed that the
number of leaves on the plant stem was associated with the flowering time and controlled by close genetic systems
only under the long-day conditions. In addition, no relationship between the flowering time and petal color was found
under the short-day conditions. Thus, different groups of genes are active in different light schedules. More than 200
lines of the 6th generation of inbreeding were obtained from the plants of the hybrid population. Their field testing
under the long-day conditions showed that although the majority of the lines with white petals flowered early and
had a small number of leaves, some of them bloomed later and were leafier. On the contrary, the early flowering and
less leafy lines appeared among the lines with colored flowers. Therefore, it is reasonable to assume that a crossover
between the gene participating in the control of early flowering, which came from the gc-109 line, and its wf1 gene
occurred in meiosis of F,. The linkage between the genes controlling early flowering and white petals suggests that
flower color can serve as a marker of early flowering in the selection of early breeding material.
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I'en WF1 (White flower 1) 6e101IBETKOBOCTY VI CPOKI IIBETEHUS
JIMTHUI KapTUPVIOILel mony/asaiuumn jdibHa (Linum usitatissimum L.)

H.b. bpau ®, V.W. MaTBuenko, E.A. ITopoxoBunoBa, A.B. ITaBaoB

DepepanbHbii ccnefoBaTeNbCKUIA LLEHTP BCepoccuincknii MIHCTUTYT reHeTUYeCKrX pecypcos pacteHuii um. H./. Basunosa (BUP), CaHkT-MNeTtepbypr, Poccus
& e-mail: n.brutch@vir.nw.ru

JNeH (Linum usitatissimum L.) BbipalLMBatoT B Pa3INYHbIX KNMMaTUYECKMX 30HaX KaK APOBYIO 1 03UMyto KynbTypy. MNpu-
cnocobneHue K pasiMyHbIM YCNIOBUAM MPOM3pacTaH1A NPUBESO K NOABMEHMIO reHOTUMOB C Pa3HbIM BEreTaLMlOHHbIM
neprofoM 1 PasfIMYHOI CTeneHbio pOTOUYBCTBUTENBHOCTHU. B TO e BpemaA AnA cenekunoHepos GbICTPO pa3BurBalo-
LMeca, N B YaCTHOCTU paHOLBETYLLNE, COPTa BCeraa umenm 6osnbluoe 3HauyeHue. VisyyeHne nMHWIM reHeTUYeCKo Kos-
nekumu nbHa BVIP BbIABMIO LWMPOKOe BHYTPVBMAOBOE pa3HoobOpa3sme No Npofo/mKNTeNIbHOCTU $a3 BereTaLMoHHOro
nepuopa, YNCIy NNCTbeB Ha cTebne ($pr3nonornyeckomy nokasaTtento paHHero LBeTeHUsA) U cTeneHn GpoTouyBCTBI-
TeNbHOCTW. Y paHOLBETYLLEN B YCIOBUAX JJIMHHOIO [HA, HO CUNIbHO pOTOUYBCTBUTENbHOMN NUHUN FK-109 6bin naeHTU-
drLmpoBaH reH 6enoLBeTKOBOCTU W1, aCCOLMMPOBAHHbIN C PAHHUM LIBETEHWEM U MajlbiM KOJIMYeCTBOM JINCTbEB. ITY
NVHUIO CKPECTUNIN C NMO3AHOLBETYLLEl, HO cnabo GpoToUyBCTBUTENBHO NIMHMEN TK-375, nMeloLLeil KpacHo-¢roneTo-
Bble LBeTKu. [pu n3yyenun paciennexus F, B ycnosuax annHHoro (19 u) n kopoTkoro (12 4 — anvHa AHA Ha aKBaTope)
[HA YCTaHOBJIEHO, YTO YNCIIO NNCTbEB Ha CTebrle pacTeHMA acCoLMMPOBAHO CO BPEMEHEM LIBETEHWA 1 KOHTPONNPY-
eTcA 6IU3KMMM reHEeTUYECKMM CCTEMaMM TOJTbKO Ha [JIMHHOM AHe. Kpome TOoro, Ha KOPOTKOM AHE He NpoABNAnach
CBA3b MEXAY BPEMeHeM LiBEeTEHMA 1 LiIBETOM JiIenecTKoB. Takum 06pa3om, Mpu pasHbiX pexkriMax OCBeLLeHNA akTBHbI
pasHble rpynnbl reHoB. V13 pacteHnit rmbpuaHoi nonynauum 6oi1o nonyyeHo 6onee 200 AMHWIA 6-TO MOKONEHUA UH-
6puanHra. Mix TectrpoBaHue B MONEBbIX YCIOBUAX AAVHHOTO iHA NMOKa3ano, YTo XOTA 6OMbLUMHCTBO 6eNoLBEeTKOBbIX
NMHWIA 3aLBETaI0 PaHO 1 IMENO Manoe KONMYeCTBO INCTbEB, YaCTb U3 HMX LiBeNa NO3A4HO 1 6bina 6onee 06nMcTBeHHa.
Cpeay NMHUIA C OKpaLleHHbIMY LIBETKaMU Ha060pOT NOABUANCL PaHOLBETYLLME U ManoobnMCcTBeHHble. Takum obpa-
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30M, MOXHO CAienaTb BbIBOA O TOM, UTO B Meo3e F1 nponsoLwent KpoCcCnHroep mMmexay reHom, y4acteyrLwmnm B KOH-
Tpone paHHero useteHuA, npuweawnm ot JIMHNN rk-109, n ee reHom wfT. CLI,eI'IJ'IeHI/Ie reHOB paHHero uBeteHnAa n Ge-
JIOUBETKOBOCTU CBMNAETENIbCTBYET O BO3MOKHOCTU NCMNONb30BaHUA LIBETA NENECTKOB Kak MapKepa paHHero uBeTteHnA
npun 0T6ope cKopocnenoro cefieKUMoOHHOro matepurana.

KnioueBble crioBa: neH; ¢OTO‘-IyBCTBVITeJ'IbHOCTb; CKOpPOCNeNnoCTb; OKpacCKa UBETKa; cuerieHne.

Introduction

Cultivated plant Linum usitatissimum L. is spread all over the
world in different climatic zones, latitudes, and elevations
above the sea level. It is grown as a spring and winter crop.
Anyway, the earliness of a variety is one of the most important
agronomic characters. This species is characterized by wide
ranges of total growth duration and the duration of its main
phases: from germination till flowering and from flowering
till ripening (Brutch et al., 2011). Being a quantitative charac-
ter, the duration of flax vegetative period is under polygenic
control (Brutch, 2011). The two growth phases are controlled
by different genetic systems (Brutch, 2011). It means that each
phase makes its own contribution and is important for crop
earliness. Also, the number of leaves on the stem below the
inflorescence is considered to be an indicator of flowering
time in different plants (Obraztsov, 1983). This fact was also
confirmed for flax, and a certain similarity between the in-
heritance patterns of flowering time and leaf number was
discovered (Brutch, 2011).

Though the rate of plant development is influenced by
many genes, it is interesting for breeders to search for mor-
phological characters associated with earliness, because they
can simplify the selection of breeding material. Such work
was done at VIR on the basis of its flax genetic collection. It
was discovered that in line gc-109, selected from the Argen-
tine variety Macovi (k-6099), the gene wfl (white flower 1),
controlling white filaments and petal color, was associated
with early flowering (Porokhovinova, 2000). A specific feature
of this gene is that it is semi dominant for corolla color. As a
consequence, heterozygotes for this gene have diluted petal
colors. This fact helps genotyping flowering plants. Due to
this phenomenon, the association of the wf7 gene with early
flowering was confirmed, because plant development accel-
erated proportionally to the number of mutant alleles in the
genome (Porokhovinova, 2000).

As mentioned above, flax is cultivated at different latitudes
as both a spring and winter crop. It means that plants develop
under different photoperiodic conditions. It was believed for
long that L. usitatissimum was entirely a long-day species.
However, evaluation of accessions from the VIR genetic col-
lection revealed genotypes not influenced by the short 12-hour
day (daytime at the equator). Also, the conducted experiments
demonstrated a wide range of photosensitivity among the
evaluated lines (Brutch et al., 2008). Previously it was found
in many crops that the absence of photosensitivity could be
used as an indicator of flowering earliness (Koshkin et al.,
2003). But in contrast to other crops, it was discovered that
flax had genotypes with all possible combinations of flowering
earliness and photosensitivity degree, i. e. early flowering and
low photosensitivity, late flowering and low photosensitivity,
early flowering and high photosensitivity, late flowering and
high photosensitivity (Brutch et al., 2008; Domantovich et al.,
2012). It was detected in those experiments that line gc-109,
being early in flowering under long-day conditions, was highly
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photosensitive. On the contrary, line gc-375, selected from the
Egyptian accession Giza purple (k-6263), being rather late in
flowering under long-day conditions, demonstrated relatively
low photosensitivity (Domantovich at al., 2012). This line, in
contrast to gc-109, had red-violet flowers. The discovery of
this unique plant material allowed further genetic analysis of
earliness, particularly, time of flowering.

The present paper is devoted to the evaluation of the flax
flowering time inheritance, the number of leaves on the stem,
and association of these characters with the white flower gene
under long- and short-day conditions. Finally, the structure
of the mapping population, consisting of self-pollinated
lines selected from the hybrid between contrasting parents,
is described.

Materials and methods
The experiments were carried out in Saint Petersburg, Russia,
at 60° N. Two inbred lines from the VIR genetic collection,
differing by several characters, were chosen for hybridiza-
tion. Early-flowering and highly photosensitive line gc-109
was used as the female parent. It had white flowers controlled
by the genotype wflwfl SFC3-2SFC3-2 CSBICSBI (Po-
rokhovinova, 2011). The male parent was late-flowering and
low photosensitive line gc-375 with reddish purple flowers,
controlled by the genotype WFIWFI sfc3-2sfc3-2 csblcsbl
(Porokhovinova, 2011). Both parents and F, and F, hybrids
were tested for flowering time and degree of photosensitivity
in a special facility with transparent glass and non-transparent
pavilions. In the end of May, 10 seeds of each genotype were
sown in 5-liter pots placed on mobile trolleys in two variants.
During the germination—flowering time, the tested plants were
exposed to the short-day (12 hours) conditions by moving the
trolleys into the lightproof pavilion every day. For this time
control plants were placed in the transparent pavilion. Thus,
they remained under natural illumination (17.5-19 hours),
and the influence of other environmental factors was equal
for both plant groups. The date of the first flower opening was
recorded for each plant, and the germination—flowering time
was estimated. The average duration of this phase under long
(T1) and short (T2) day conditions was calculated for each
genotype. The coefficient of photoperiodic sensitivity (CPhPS)
was calculated as CPhPS = T2/T1. When plants matured,
leaves on stems below the inflorescence were counted.

Field experiments were conducted at the same geographic
location. The F;—F, families were grown in the field with
individual isolation of the plants. Those showing segregation
in petal color were rejected. For the next generation, seeds
from only one plant from each family were chosen. Finally,
about 200 lines that had no segregation within six years were
selected and propagated. The created lines were evaluated in
the field on 1 m long rows spaced by 0.1 m.

Evaluation of quantitative character inheritance is a very
complicated task. Phenotypes are formed under the control
of many genes whose expression is influenced by many en-
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vironmental factors. In our experiment, the number of genes
controlling the duration of the phase from germination to the
opening of the first flower was analyzed by a computer pro-
gram created by A.F. Merezhko (2005) on the Excel platform.
The analyses were carried out individually for each year,
characterized by specific weather conditions.

Statistical analysis of petal color association with quantita-
tive characters was carried out using the bi-serial correlation
coefficient:

ro= (xavl _xav2) nmn,
bs >
S, N(N-1)
where x_,,, x,, are the average character values for the

groups with alternative colors; n,, n, are the volumes of these
groups; N=(n, +n,) is the sampling volume; S is the standard
deviation for the whole sampling. The significance of ,  was
estimated by Student’s #-test. The difference was considered
significant when:

toal=Tps M >t for k= N-2 and 5 % significance level.
(I-rp)

Results

Several years of previous research showed that the early
flowering parent gc-109 had high photosensitivity (CPhPS =
= 1.26-1.45), and the late flowering, gc-375, low (CPhPS =
= 0.95-1.07). High photosensitivity was dominant in F,
(CPhPS = 1.28). The genetic analysis of flowering time per-
formed with F, under the long-day conditions in 2008 revealed
significant differences between the parental lines in two genes
without dominance: one main gene and the other, 2.5 times
weaker (Table 1). Exact determination of the number of genes
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controlling the number of leaves on the stem (physiological
indicator of earliness) appeared to be impossible, but the most
probable model of inheritance included three genes with the
dominance degrees ranging from 0.0 to 0.5. One of the genes
was 2.5 times stronger than the others. In addition, the correla-
tion between the flowering time and the number of leaves on
the stem in F, population under the long-day conditions was
very close (»=0.91). In 2009, the most reliable model of the
flowering time genetic control included two genes with some
epistasis, although a three-gene system was also probable (see
Table 1). The inheritance of the leaf number character was very
similar to that of the first variant of flowering time inheritance
(see Table 1). The correlation between the flowering time and
the number of leaves on the stem was 0.50. Thus, it can be
supposed that the flowering time and the number of leaves
are substantially determined by the same genes.

In 2008, the parental lines grown under the short-day con-
ditions differed significantly from each other in five genes
determining flowering time (Table 2). The first one was three
times stronger than the others and had a partial dominance
(=0.5) of early flowering. The inheritance of the leaf number
on the stem was close to a three-gene model. One of these
genes was four times stronger than the others. The correla-
tion between flowering time and the number of leaves on the
stem in the F, population was 0.57. In 2009, flowering time
inheritance was close to a four-gene model in which one gene
influenced the character three times stronger than the others,
and the second, two times stronger than the remaining two
genes. Leaf number inheritance also corresponded to a four-
gene model where only one gene was 1.5 times as strong as
the others. The correlation between flowering time and the
number of leaves on the stem was 0.38. Thus, it is reasonable to

Table 1. Character inheritance under the long-day conditions in F, of the gc-109x gc-375 hybrid in 2008 and 2009

Year Number of genes Dominance Influence of genes Epistasis x? observed ¥ theoretical
............................................................... D evelopmentalphasefromgermmat.ontotheﬁrstﬂoweropenmg
2008 ............ 2 A:B:oA:253:1o ........................... N 0543* ................... 5 99 ..................
2009 ............ 2 A=1o|3=o4 ........................... E qual .......................................... B >A:03083* ................... 3 84 ..................

3 A=B=1.0,C=04 No 1.91% 3.84

A, B, C - gene symbols.
* Inheritance model is statistically significant.

Table 2. Character inheritance under the short-day conditions in the gc-109 x gc-375 hybrid in 2008 and 2009

Number of genes  Dominance Influence of genes Epistasis y? observed  y? theoretical

A, B, C - gene symbols.
* Inheritance model is statistically significant.
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Table 3. Comparison of genotypic classes in the segregation for quantitative characters
in F, of the gc109x gc375 hybrid under the long-day conditions in 2008

Characters of the 15t genotype Characters of the 2" genotype treal ty Tps treal ts
GenOtypexav+mX ...................... n .......... G enOtypexav+mX ................... n ........
.............................................................................. p hasefromgerm.nat.ontotheﬁrstﬂoweropemng
WF7WF14711050 .................. 3 o ........ WF1WH4471040 ............... 5 7372*200037362* ......... 196 .........
WF7Wf1447¢o4o .................. 5 7 ........ W ﬁwﬂ431i057 ............... 2 6230*200024226* ......... 196 .........
WF1WF1471io5o .................. 3 0 ........ W ﬂwﬂ431i057 ............... 2 6526*200053523* ......... 196 .........
................................................................................................ Numberoﬂeavesonthestem
WF,WF, ..................... 10271232 ............... 3 0 ........ WF]Wﬂ ................... 3 82i216 ............... 5 7459*200023214* ......... 195 .........
WF1WH ........................ 8 821215 ............... 5 7 ........ W ﬂwﬂ ..................... 7 991318 ............... 2 6215*200052539* ......... 196 .........
WF,WH ..................... 10271232 ................ 3 0 ........ W Hwﬂ ..................... 7 991313 ............... 2 6579*200042425* ......... 196 .........
* Difference between groups is statistically significant.
Table 4. Comparison of genotypic classes in the segregation for quantitative characters

in F, of the gc109x gc375 hybrid under the short-day conditions in 2008

Characters of the 15t genotype Characters of the 2" genotype treal ts
GenOtypexav+mxn ................ G enOtypexav+mxn ............
.............................................................................. phasefromgermmat.ontotheﬁrstﬂoweropenmg
WF,WH ............................ 5 94108652 .............. W/:7Wf1 ............................ 5 83¢05589 ............. 106200 .............
WF7Wf1 ............................. 5 83105589 ............. W HWH .............................. 5 74¢o7548 ............. 0 95200 .............
WF1WF1 ............................ 5 94i086 ......................... 5 2 ............. W HWH .............................. 5 74107548 ............. 172200 .............
................................................................................................ Numberoﬂeavesonthestem
WF,WH ............................ 1467¢245 ....................... 5 2 ............. WF,Wﬂ ............................ 1454124389 ............. 0 33200 .............
WHWH ............................. 1454124389 ............. W HWH .............................. 1397139743 ............. 122200 .............
WHWF] ............................ 14671245 ....................... 5 2 ............. W HWH .............................. 1397139748 ............. 150200 .............

conclude that the differences between the inheritance models
of flowering time and the leaf number were more substantial
under the short-day conditions than under long-day ones.
Further analysis of the previously identified association
between the wf7 gene controlling white petals (from line
gc-109, Argentina) with early flowering in the I, generation
showed that the expression of this gene correlated with early
flowering and small number of leaves only under the long-day
conditions. Thus, the results indicate that at different light-
dark schedules, different genes controlling flowering time and
the number of leaves on the stem are expressed. The gene(s)
controlling early flowering and associated with the wf/ gene
does (do) not function under the short-day conditions.
Analyses of the F, segregation of wfI gene alleles according
to petal color showed that the recessive allele was associated
with early flowering and fewer leaves only under the long-day
conditions (Tables 3—6). In 2008, the differences in flower-
ing time between genotypes WFIWF 1, WFIwfl and wflwfI
under the long-day conditions were statistically significant,
although WFIwf1 plants bloomed only one day later than
wflwf1 ones (see Table 3). In 2009, the first flower opening
was synchronous with the last two genotypes (see Table 5).
The same results were obtained for the number of leaves on
the stems under the long-day conditions in 2008 and 2009
(see Tables 3, 5). Under the short-day conditions, significant
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differences between genotypes were found in neither flowering
time nor the number of leaves (see Tables 4, 6). These results
confirm that the gene involved in the control of flowering
time and associated with the wf7 gene functions only under
long-day conditions.

Evaluation of F; families under the long-day field conditions
showed that the segregation in the hybrid population resulted
in the appearance of families with white flowers characterized
by both early and relatively late flowering time. Also, early-
flowering families appeared among families with colored
flowers. Families heterozygous for this gene were divided into
two groups: in the first the segregation in further generations
showed significant association of the flowering time with petal
color; whereas no such relationship was observed in the other.
This suggests that one of the genes involved in the control of
early flowering under the long-day conditions was linked to
the wf7 gene. As a result of chromosomal crossover, recom-
bination occurred in several descendant families.

A set of about 200 I, lines was evaluated in the field under
the natural long-day conditions in 2018. The groups of lines
with white and colored flowers were not equal in size, so the
results are presented as percentages of genotypes with approxi-
mately equivalent quantitative characters. The majority of the
lines with white flowers were early flowering ones, and those
that had colored flowers generally flowered later (Figure, ).
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Table 5. Comparison of genotypic classes in the segregation for quantitative characters
in F, of the gc109x gc375 hybrid under the long-day conditions in 2009
Characters of the 1 genotype Characters of the 2"d genotype treal ty Tos treal ty
Genotype Xay EMX n Genotype XayEMX n
Phase from germination to the first flower opening
WF1WF1 55.9+0.42 64 WF1wf1 51.9+0.42 106 6.26°  2.00 0.44 6.26* 196
WF1wf1 51.9+0.42 106 wflwf1 52.2+0.47 64 0.43 2.00 - - 1.96
WF1WF1 55.9+0.42 64 kil 52.2+0.47 64 586 200 044  6.06* 1.96
Number of leaves on the stem
WFTWF1 88.7+2.45 58 WF1wf1 80.2+1.73 103 2.85%  2.00 0.22 2.85% 196
WF1wf1 80.2+1.73 103 wflwf1 81.2+1.79 60 0.37 2.00 - - 1.96
WFTWF1 88.7+£2.45 58 wflwf1 81.2+1.79 60 247%  2.00 0.93 26.52% 1.96
* Difference between groups is statistically significant.
Table 6. Comparison of genotypic classes in the segregation for quantitative characters
in F, of the gc109 x gc375 hybrid under the short-day conditions in 2009
Characters of the 1t genotype Characters of the 2" genotype treal ty
Genotype Xgy EMX n Genotype Xay £ MX n
Phase from germination to the first flower opening
WF1WF1 66.1+0.94 52 WF1wf1 65.7+0.70 117 0.33 2.00
WF1wf1 65.7+0.70 17 wflwf1 63.8+0.86 64 1.69 2.00
WF1WF1 66.1+0.94 52 wflwf1 63.8+0.86 64 1.83 2.00
Number of leaves on the stem
WF1WF1 113.5+£3.01 49 WF1wf1 103 1.32 2.00
WF1wf1 115.2+1.78 103 wflwf1 64 1.40 2.00
WF1WF1 113.5+3.01 49 wflwf1 64 0.65 2.00
a b
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Germination-flowering phase, days

Number of leaves on the stem

Distribution of lines with white and colored flowers according to their germination-flowering phase duration (a) and the number of leaves on the
stem (b) in field conditions. Leningrad Province, 2018.

This was also true of the number of leaves (see Figure, b).
In general, the correlation between the time of flowering
and the number of leaves was retained (» = 0.74) within this
sampling, because the experiment was conducted under the
long-day conditions. The association of petal color with the

BNONOTNA PA3BUTUA PACTEHWI / DEVELOPMENTAL BIOLOGY OF PLANTS

time of flowering and the number of leaves on the stem was
also still significant (Table 7). However, as already found for
F; generation, some genotypes expressed other phenotypes.
Some white-flowered lines were very late in blooming, and
several lines with colored petals were very early.
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Table 7. Comparison of genotypic classes in the segregation for quantitative characters
in lines selected from the gc109 x gc375 hybrid under long-day field conditions in 2018

Characters of the 1t genotype Characters of the 2" genotype treal ts Tps treal to
GenOtypexaVimX ...................... n GenOtype .................. XaVimX ...................... n .........
............................................................................. phasefromgermmat,ontotheﬁrstﬂoweropemng
WF7473¢056 ................ 134 ....... W f1Wf1445i06568 ......... 3 76* ........ 2 00028414* ........ 196 .......
............................................................................................... Numberoﬂeavesonthestem
WF1 ......................... 7 66i305 ................ 134 ....... W ﬂwﬂ ........................ 7 02i21368 ......... 3 84* ........ 2 00027403* ........ 196 .......

* Difference between groups is statistically significant.

Conclusion

Evaluation of the lines selected from the hybrid between the
early flowering line gc-109 with white petals and the late-
flowering gc-375 with reddish purple petals showed that one
of'the genes involved in the control of flowering time under the
long-day conditions was linked to the white flower gene wf7.
This marker can be used for the detection of early flowering
genotypes in hybrid populations. It can be especially useful in
cases when the progeny is grown under abnormal conditions
(green house, etc.) when the real flowering earliness is not
evident. In addition, the white color of petals indicates the
high probability of earliness gene homozygosity.
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