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% Background. Linseed solin varieties were created for nutrition, but the effect of oil fatty acid (FA) composition on other
characters is not clear. Materials and methods. Using 6 inbreeding generations from 26 heterogeneous flax accessions
were generated 19 high (HL), 7 medium (ML) and 14 low linolenic (LL) lines. For each lines contents of 5 basic FA:
palmitic, stearic, oleic (OLE), linoleic (LIO) and linolenic (LIN); the ratio LIO/LIN, oil iodine number, vegetative pe-
riod (VP) phases and plants size were evaluated. Development of CAPS marker for LuFAD3A gene was performed using
idtdna.com. Sequencing of LIN genes sites was done in the Centre MCT SPBGU and Eurogen. Results. ANOVA showed
significant differences HL, ML and LL groups for PAL, OLE, LIO, LIN, LIO/LIN, IOD. Considerable decrease of LIN,
causes asymmetric changes in FA ratio and correlations between them and other traits. Factor analysis revealed the influ-
ence of two factors. The first one divided lines according to their LIN level and characters associated with it, the second
one — according to the VP and OLE. LIN synthesis is controlled by two complementary genes LuFAD3A and LuFAD3B.
Sequencing of LuFAD3A gene 1 exon of 6 lines revealed a mutation ( Gy, — Ays;), resulting in formation of stop codon.
Developed developed CAPS-marker confirmed the homozygosity of hybrids between LL (gc-391) and HL lines (gc-65,
109, 121). Descendants of hybrid between gc-109 and gc-391 ripened 8-10 days earlier than ge-391. CAPS markers
of LuFAD3B gene revealed differences between HL, ML, LL lines. Sequencing of this gene first exon and the beginning
of the second one in 3 lines (1 HL, 2LL) showed that this method reveals a mutation in the second restriction site, located
in the 2 exon (Cy — T), and causing the replacement Hys — Tyr. Conclusion. Lines from GC have wide variability of FA
and other agronomic characters, combination of which will expand the cultivation of solin.

% Keywords: biological diversity; CAPS markers; genetic collection; Linum usitatissimum; solin; LuFAD3A and
LuFAD3B genes; morphological characteristics; seed oil fatty acid composition.
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% C HUCrosb30BaHUEM ILIECTH TMOKOJIEHHE HHIyXTa M3 26 TeTeporeHHbIX 06paslioB JbHa noJydeHbl 40 juHUE, cpeld KOTOPBIX
19 Bricoko- (BJI), 7 cpenne- (CJ1) n 14 nuskomunosnenobix (HJI). D1u nuHMYM OLileHEHBI IO COJIEPIKAHHIO TISITH OCHOBHBIX KUPHBIX
kucsior (JKK): nassmurunosoit (PAL), creaputosoit, osnentoBoit (OLE), annoneoit (LIO), munonenosoit (LIN); cootHoleHnt0
LIO/LIN, ionnomy uucay macna (10D), dbasam Bererarmonnoro nepuona (BIT) n pasmepam pactenus. JlucrepcHoHHbIH aHann3
rnokasas foctosepHble otuunst BJI-, CJ1-, HJI-rpynn no PAL, OLE, LIO, LIN, LIO/LIN, IOD. Peskoe chukenue LIN BbisbiBaeT
HeCHMMETpPHUHbIEe H3MeHeH s B cooTHoweHun YKK, Koppessiiusix MexKay HUMH W 0CTa IbHBIMK Npu3Hakamu. baiarogapsi hakropHomy
aHaJnay GblIo 0OHAPYKEHO BJMSIHHE JIBYX (DAKTOPOB: MEPBbIA — paziesinil JUHAK 1o ypoBHIO LIN U CBsI3aHHBIX ¢ HUM TPU3HAKOB,
sropoit — o BIT u OLE. O6pasosanue LIN koHTpospytoT aBa KomniemenTtapHbix reda LuFAD3A n LuFADSB. Cekpenupona-
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HHe 1nepBoro sK3oHa reHa LuFADS3A y wectu JiuHUi BbIsiBUIO MyTalnio (Gys; — Ay ), TPUBOJISILLYIO K 06pa30BaHHUIO CTOM-KOIOHA.
Paspa6oranublit CAPS-mapkep noarBep/ini roMO3HIOTHOCTb TOTOMKOB rHOPUIOB oT ckpeliBanus HJT- (rk-391) u BJI-smmuwuit (rk-
65, -109, -121). [Tokasano, uTo MOTOMKH ruOpUIOB ¢ JuHUel rK-109 cospeBann na 8—10 aueit paublue poauressckoit HJT-muuun
rk-391. C nomousio CAPS-mapkepos rena LuFAD3B ypanoch yeraHoButh pazsnuns mexkay BJ1-, CJI- u HJl-nunusiva. B pe-
3yJIbTaTe CeKBEHUPOBAHHMS MEPBOTr0 W Hauajla BTOPOTro 3K30HOB 3Toro reHa y Tpex Jjunuil (1 BJI, 2 HJI) 6bi1a BoisiBiena myraimst
BO BTOPOM CaiiTe PeCTPHKLMH, Haxoasllasics Bo BTopom 3k3oHe (Cy — Ty) v npuopsiias k 3ameHe Hys — Tyr.

& Kmouesbie cinoBa: CAPS-mapkepsl; Linum usitatissimum; solin; 6GuoJjiornieckoe pasHooGpasue; reHeTHuecKast KoJeKIHs;
reubl LuFAD3A v LuFAD3B; »KUPHOKHCJIOTHBIA COCTAB Macsia ceMsiH; MOPgosIorHiecKue Mpu3HaKH.

INTRODUCTION

Areas of flax oil in the world amount to 2.8 mil-
lion ha. The Russia is the main producer of this culture
(709,000 ha in 2016), as the European Union, Brazil, and
Japan prohibited the import of transgenic flax grown in
Canada [1]. However, in flax productivity, Russia is behind
Canada, the United States, and France [2]. In the Russia,
flax ranks fourth in profitability among the oil plants after
sunflower, soy, and rape plant and can serve as a reserve
plant to compensate for the deficit of the raw material in
case of poor harvest of sunflower and soy not only in the
South but also in any other regions of the Russia [3].

Flax oil contains five major fatty acids (FA): two satu-
rated acids, i.e., palmitic acid (PAL, 16 : 0) and stearic acid
(STE, 18:0) and three unsaturated acids, i.e., oleic acid
(OLE, 18: 1), linoleic acid (LIO, 18 : 2), and linolenic acid
(LIN, 18: 3). According to the position of the last double
bond, LIO is attributed to w6-acid, and LIN is attributed
to w3-acid. Flax oil usually contains approximately 50 %
LIN, thanks to which it is used in many industries, but it
rancidifies quickly, which hampers its nutritional use [4].

Flax CVs are split into high linolenic (HL) and low lin-
olenic (LL) according to their purpose. There are 33 CVs
in the Russia, and 4 of them are LL [5].

HL flax oil is indispensable for pharmaceutical and
perfumery industries, soap production, and the paintwork
industry [6]. It is critical for the oil to dry fast for the pro-
duction of paints and drying oils, which is connected to
its unsaturation as evaluated by the iodine value (IOD).
Normally, it fluctuates in the range from 180 to 190 [7].

When using flax as a major food in case of celiac dis-
ease and other alimentary diseases for the replacement of
cereal flour, it is recommended to follow the w6/w3acid
ratio of 5—10/1 for usual food and 3—5/1 for dietary ther-
apy. The major CVs have a ratio of ~0.25/1 [8]; therefore,
to produce full-fat flour, LIN should be reduced.

The first LL c¢v Linola (Linola™) were developed in
the 1970s in Canada [9]. They contained approximately
2 % LIN and are double-recessive homozygotes in com-
plementary genes /nl and [n2. The other CVs are succes-
sors of cv Linola and were obtained independently from
it. They all are patented and unavailable for scientific
studies.

The contents of different FAs interact. The plant
genotype as well as the environmental conditions affects

their ratio [10]. FA biosynthesis is well studied. Genes
of stearoyl ACP desaturase (18:0 — 18:1) sadl and
sad2 were sequenced in 1994 (Singh et al., 1994, cit.
ex [11]), genes of desaturase-2 (18:1 — 18:2) fad2a
and fad2?a were sequenced in 2007 (Khadake et al.,
2009, cit. ex [11, 12]), and genes of desaturase-3 (18 :2
— 18:3) fad3a and fad3b were sequenced in 2005
[13]. Genes of the start of FA biosynthesis, i.e., ketoac-
yl-CoA synthase (KAS), were sequenced in 2004 [14],
but their function was determined in 2014, i.e., KASII
(acetylCoA + malonylCoA — 4 : 0), KAS/ (4 : 0 — 16:0),
and KASII (16:0 — 18:0)[15].

Genes fad3a and fad3b (also known as [nl and [n2)
are also considered valuable for flax selection, as they
code desaturase that converts LIO into LIN, which is
required for processed oil but not desirable for food oil
[15]. Genes fad3a and fad3b have the size of 3280 and
3002 bp, respectively, and contain 6 exons and 5 introns,
each coding proteins with a length of 391 and 392 amino
acids. The similarity of genes at the DNA level amounts
to 85 %, and the similarity of amino acids amounts to
94 %. Genes differ in dimensions due to indels from 1
to 29 bp localized in introns. Six isoforms are known for
fad3a, four of which do not result in ferment inactivation.
The first one, A (8 alleles with synonym replacements),
is the most widely spread, and isoforms B, C, and E (per
1—2 alleles) are rare. Isoforms D and E lost functional-
ity due to nonsense mutations. Seven isoforms are known
for fad3b, five of which do not result in ferment inacti-
vation. These are isoforms A (four alleles), D (eight al-
leles), G (seven alleles), and E and F (two alleles each).
Only two isoforms do not produce full-scale products:
isoform B due to nonsense mutation in the first exon
and isoform C due to the replacement of histidine with
tyrosine in the first His box of the active center of desatu-
rase [11].

Thus, selection modification of the FA content (FAC) of
flax oil should be based on the search of spontaneous or
induced mutations in genes fad3a and fad3b, the assess-
ment of different combinations of alleles and genes, and
the mandatory biochemical confirmation of the oil content
modification.

The yellow color of seeds is important for the produc-
tion of flax of food value. It is controlled by several genes
as follows: s/, an inhibitor of anthocyanin specifies white
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deformed flower besides the yellow color of anthers and
seeds; pf-ad controls the pink color of petals besides the
yellow color of seeds; f* determines the light blue corolla
and spotted seeds; and oral determines the speckled
seeds and orange anthers. Three organo-specific genes
are responsible for light coloration of seeds, i.e., YSEDI
and ysed? (yellow) and rsI (light yellow-brown) [16].

A lot of LL CVs were developed worldwide; however, it
is not clear how changes of oil FAC affect the other traits.
The authors of most CVs do not focus on the LL gene
donors as well as on the methods of their selection and
verification of the purity of variety. Therefore, the objec-
tives are as follows: (1) identification of the polymorphism
of oil seed FAC among the lines and CVs of flax, (2) ex-
amination of the link systems between FAC, plant height,
and early ripeness of flax group contrast in LIN level, (3)
development of CAPS markers for alleles of LL genes,
and (4) verification of homozygosis of LL lines created
blindly.

MATERIALS AND METHODS

To identify the polymorphism by FAC, 19 HL, 8
medium linolenic (ML), and 16 LL lines were studied
(Table 1). Line gc-2 from the accession of old selection
(I-1 from k-48) with red-brown seeds was used as the
“wild type” (Fig. 1).

Several lines were obtained from each of the two LL
cv Linola and cv Eyre; they have different habits and dif-
fer in the level of LIN and the FA ratio. Some lines were
obtained as a result of crossing of LL line gc-391 (1-2-1
from i-601679, Eyre, Australia) homozygous by genes
YSEDI and sfbsl (inhibition of anthocyanin synthesis
in hypocotyls and flowers) with HL lines carrying other
genes of the light color of seeds or genes of the economic
traits and the further selection of stable forms but without
FAC control. Among HL parents, gc-65 (1-3 from k-3178,
Tver Province) is homozygous by gene oral, early ripen-
ing, and two lines are obtained from it (HL and ML),
gc-109 (1-32 from k-6099, Argentina) is homozygous by
gene wfl (white petals) connected to early blossom [17],
and five lines are obtained from it (one HL, two ML, and
two LL); ge-121 (I-1-1 from k-6272, Northern Ireland) is
homozygous by gene rs/ and is involved in the develop-
ment of two lines (HL and ML); gc-173 is homozygous
by gene ysed? and is involved in the development of two
HL lines; and gc-392 (ge-132 x ge-103) is homozygous
by genes sI and sfbsl, and LL line was selected from its
hybrid.

From 1995 to 2016, the lines were assessed for the
duration of phases of vegetation period (VP) based on
VIR Pushkin laboratories: germination—flowering of the
first flower (T1), flowering of first flower—ripening of first

Eyre local Makovi MAG L.Dominion, Ottawa 2152, Currong Lin 225
(AUS) (RUS, Tver reg.) (ARG) (GBR) (GER) (AUS) (NLD)
i-601679 LL k-3178 HL k-6099 HL k-6272 HL i-548145 HL k-6608 HL k-5896 HL
(% x6 6x® 6x® 6x(§$} 6x( 6x($ 6x$
14 (LL) 11 (BJT) 1-4 (BJT)
gc-441 rk-132 ' |rx-103
1320 || (l;li()) J éxé
ge-498 se v v y
13 (HL) 1-3-2 (HL) 1-1-1 (HL) 1-1 (HL) 1-1 (L) 132x103
6\ gc-65 8 gc-109 6\ ‘ ge-121 8 ge-173 8 gc-392
v l l
v
1-1-2 (LL) g v y
- X X X A A
1 1 1 1 1
L A L v ¥
G Fy [ = ] [r ]
x4 x4 x4 4 6 6 X6 X6
x4 x4 X6
1-1 (HL) 1-1 (HL) 1-1 (HL) |[I-2 (HL)
391x65 391x121 391x173 |[391x173
1-2 (ML) 1-2 (ML) |[1-3 (ML) 1-2 (ML)
391x65 391x109|{391x109 391x121
1-1 (LL) 14 (LL) 1-1 (LL)
391x109 391x109 391x392
Fig. 1. Pedigree of hybrid origine lines involved in the study
& ecological genetics 2019;17(2) eISSN 2411-9202
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Table 1
Characters of flax lines from VIR genetic collection and varieties participating in the experiment
Number according Generation
to VIR catalog of inbreeding, Line progenitor LIN Seeds color Identified genes
or pedigree line
gc-2 1-1 k-48 (Altgausen sel., Russia) HL red-brown wild type (w. t.)
gc-483 1-1 k-3713 (China) HL yellow pf-ad?
gc-448 I-1 k-3730 (China) HL yellow sl
gc-136 1-1 k-6634 (Mermilloid, Czechia) HL yellow sl
gc-210 1-1 i-588294 (b- 125, Lithuania) HL red-brown -
gc-163! 1-2-1 k-726 (Soletskiy kryazh Pscov reg., Russia) | ML red-brown -
ge-119 1-2-3 k-6210 (NP (RR) 38, India) ML red-brown -
gc-395 1-1 i-601680 (Walaga, Australia) LL yellow YSEDI
gc-474 I-1 i-612949 (Amon, Czechia, Agritec) LL yellow YSED ??
ge-512 I-1 i-620803 (N852, Unknown) LL yellow sfbs1?, YSED1?
gc-513 1-2 i-620804 (N853, Unknown) LL yellow sfbs1?, YSED1?
ge-514 1-3 i-620805 (N854, Unknown) LL yellow sfbs1?, YSED1?
gc-b15 1-4 i-620806 (N858, Unknown) LL yellow pf-ad?
gc-516 1-5 i-620807 (N864, Unknown) LL yellow sfbsl?, YSED1?
k-8677" ﬁzzqertr‘ye”ia] Istok, Russia, Penza NIISH LL  |yellow YSEDI?
k-8871! ﬁzz“ertnyerda] LM98, Russia, VNIIL, Torzok LL  |yellow YSEDI?
gc-390 I-1 i-595808 (Linola, Canada); LL ML yellow YSED1
gc-393 1-2 HL red-brown
gc-394 1-3 ML red-brown
gc-523 1-8-1 LL yellow YSED1
gc-391 1-1-2 i-601679 (Eyre, Australia); LL LL yellow sfbsl, YSED1
gc-472 1-3-1 HL yellow YSED1
gc-498 1-3-2 HL yellow YSEDI
gc-441 1-4 LL yellow sfbsl, YSED1
gc-420 1-5 LL yellow sfosl, YSEDI
HL lines, used for hybridization
gc-65 -3 k-3178 (local, Russia, Tver’ reg.) HL }I}eel?é\i)/r;nggsh oral
gc-103 1-4 k-5896 (Lin 225, The Netherlands) HL yellow s
ge-109 [-3—2 k-6099 (Makovi M.A.G., Argentine) HL red-brown wfl
ge-121 I-1-1 k-6272 (L. Dominion, North Ireland) | HL pale yellow-brown | rs/
gc-173 I-1 i(—}ilrlilaérlli),)(48254,0ttawa 2152, HL yellow ysed?2
ge-132 (1-1 from
gc-392 I-1 k-6608, Currong, |gc-103 HL yellow

Australia)
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Number according Generation
to VIR catalog of inbreeding, Line progenitor LIN Seeds color Identified genes
or pedigree line
Lines originating from hybrids between parents with contrast levels of LIN

391 x 65-1 I21-1 gc-391 HL yellow oral, sfpsl, YSEDI
391 x 65-2 I,1-2 ge-65 ML yellow oral, sfpsl, YSEDI
391 x 109-1 I, 1-1 LL yellow wfl, YSEDI
391 x 109-2 I,1-2 ML yellow wfl, YSEDI
391 x 109-3 I,1-3 gc-109 ML yellow sfosl, wfl, YSED1
391 x 109-4 I,1-4 LL yellow sfosl, wfl, YSED1
391 x 109-5 I,1-5 HL yellow sfosl, wfl, YSED1
391 x 121-1 I-1 HL pale yellow-brown | sfbs/, sfcl, rs]
391 x 121-2 1-2 ge-121 ML pale yellow-brown | sfbs/, sfcl, rsi
391 x 173-1 1-1 HL yellow sfbsl, sfe3-2, ysed?
391 x 173-2 1-2 ge-173 HL yellow sfbsl, sfe3-2, ysed?
391 x 392-1 I-1 gc-392 LL yellow sl, sfbsl, YSED1
' — Accession was not used in statistical analysis, > — from line phenotype without allelic test, * — 6 or more generations of
inbreeding are not marked. LIN — linolenic acid. HL — high linolenic, ML — medium linolenic, LL — low-linolenic

boll (T2), and germination—ripening of first boll (T3);
the total (Ho) and technical (Ht) height and length of
the inflorescense (Inf) were also taken into account. As
the weather conditions in the years of examination were
different, data were balanced by means of the method of
reduced average values [ 18] to the early ripening standard.
Then the average value for the entire period of examina-
tion was calculated for each line.

Oil FAC was assessed by means of gas liquid chro-
matography with mass spectrometry of the methyl ethers
of FA using chromatograph Agilent 6850. The percent
content of five FAs in the oil was determined: PAL, STE,
OLE, LIO, and LIN as well as the LIO/LIN ratio.

The major characteristic of technical oil is its IOD.
This is an indicator of FA oil unsaturation; the higher the
IOD, the faster the oil dries. IOD was calculated accord-
ing to the following formula (AOCS Method Cd lc-85,
cit. ex [11]):

[OD = 0.86 OLE + 1.732 LIO + 2.616 LIN,

where 10D is iodine value of oil and OLE, LIO, and LIN
are the shares of oleic, linoleic, and linolenic acids in the
oil, respectively.

Data were analyzed using programs Statistica 7.0 for
Windows and the analysis package Excel 2007 for Win-
dows [19, 20].

The interval for the minimum and maximum values of
each indicator was calculated as lim + HCP (the least
significant difference, by Fischer) [21].

To define the effect of the flax group by LIN (HL, ML,
and LL) on the plant height, early ripening, and oil FAC,
one-way analysis of variance (ANOVA) was used. The

share of factor effect (n?, %) was calculated according to
Fischer [21].

The difference between the flax grouped by LIN level
was evaluated by the criterion of Tukey’s honestly sig-
nificant difference for unequal selections with post hoc
pairwise comparison of means after declining hypothesis
HO about the absence of differences with the results of
ANOVA [19, 20].

The analysis of correlation systems between traits was
conducted for each flax group (as per Pearson) plotting
correlation pleiade. Factors of correlation between the
z-converted matrix of correlation were calculated for the
assessment of the similarity of link systems for each of
three groups. These traits demonstrate a similarity of ma-
trix structure [22].

DNA was extracted from ten 2-day roots of flax seed-
ling according to the standard technique for each li-
ne [23].

A polymerase chain reaction was conducted in the vol-
ume of 20 pl. The mixture included DreamTaq™ Green
Master Mix (2X) (Thermo Scientific), 5 pmol for each
primer, and 1 pl DNA preparation. Primers were synthe-
sized by “Eurogen” [24]. Primers flanking the area with
supposed mutation in LuFAD3A gene were selected using
the program idtdna.com [25]. Previously published prim-
ers and the protocol were used for the detection of muta-
tions in LuFAD3B gene [13].

DNA was sequenced based on RC of SpbSU “Develop-
ment of molecular and cellular technologies” and “Euro-
gen.” Reference sequences for gene LuFAD3A used in the
work were HM991829.1, HM991830.1, HM991831.1,
and JQ963128.1.
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Gene sequences were aligned using the program tcof-
fee [26]. Nucleotide sequences were analyzed using the
programs MEGA 7.0.21 [27] and UGENE1.290 [28].

RESULTS AND DISCUSSION

Using six generations of inbreeding from 26 hetero-
genic accessions of flax, 40 lines were obtained, of which
19 were HL, 7 were ML, and 14 were LL.

The traits of the examined lines were low varying
(CV <10 %; Tl and T3) or moderately varying
(CV < 26 %; Ho, Ht, Inf, T2, PAL, STE, OLE, and IOD),
and only those that were connected to linolenic acid syn-
thesis (CV 26 %—146 %; LIO, LIN, and the LIO/LIN
ratio) were high varying (Table 2).

The total plant height varied from 52 ¢cm in some LL
lines (gc-391, 512, 514, 516) to 95 cm of ge-2 (stan-
dards), and the technical length ranged from 33 e¢m (HL,

gc-483; ML, ge-119; and LL, gc-391) to 75 em (ge-2).
ANOVA demonstrated significant differences of flax groups
in all three traits. Differences in 10 ecm between HL and
LL by Tukey's test were significant. Inflorescens lenght
ranged from 13 cm (HL ge-103, 121, 136) to 26 cm (HL
gc-483, 109, 173; LL gc-523) and almost did not differ in
the flax groups (see Table 2; Fig. 2).

The most early ripening HL lines were gc-2 and
gc-65, which had short three VPs (T1 = 39, T2 = 25,
and T3 = 64 days) and for late ripening was HL gc-393,
a mutant from LL line of c¢v Linola (T1 = 55, T2 = 48,
and T3 = 103 days). HL gc-448 (40 days) and ML [-2
from gc-391 x gc-65 (54 days) were distinguished only
for the duration of the germination—flowering period.
With the results of ANOVA, no differences were detected
between flax groups as per T1 and T3; however, signifi-
cant differences by T2 were detected. On the other hand,

Parameters of the plants height, duration of vegetative period phases and fatty acids composition of seed oil in flax fable2
accessions that differ in the level of linolenic acid synthesis
Number
E\‘/Cﬁgggglgo Ho Ht Inf | TI T2 T3 | PAL STE OLE LIO LIN | LIO/LIN  IOD
or pedigreeg
L lines

gc-2 93 75 18 40 25 64 4 3 19 15 60 0,25 198
gc-65 70 52 17 39 26 65 4 3 21 17 55 0,30 192
gc-483 59 33 25 47 38 85 6 3 13 11 67 0,17 205
gc-448 64 42 22 40 41 81 6 2 14 12 67 0,17 209
gc-103 75 62 13 49 36 85 5 4 14 12 65 0,19 203
gc-109 75 49 26 43 40 82 4 3 23 15 55 0,27 190
gc-121 62 48 14 43 33 76 5 3 16 18 59 0,30 198
gc-136 72 59 14 47 36 84 5 5 15 14 62 0,22 198
gc-173 78 52 26 45 38 83 5 5 18 20 53 0,37 187
gc-210 84 63 20 43 32 75 5 5 23 19 48 0,40 180
gc-393 79 60 19 55 48 103 6 3 21 13 57 0,22 189
gc-472 57 38 20 45 41 85 7 5 15 20 52 0,39 185
gc-498 56 37 19 45 41 86 3 2 13 20 61 0,33 206
gc-392 63 41 22 42 38 80 5 5 20 15 54 0,28 186
391 x 65-1 74 57 17 53 28 81 6 3 23 16 51 0,31 183
391 x 109-5| 64 47 18 41 34 75 5 3 27 17 49 0,34 179
391 x 121-1| 68 53 15 46 36 82 5 4 25 21 46 0,45 177
391 x 173-1 64 44 20 46 40 86 4 2 9 18 66 0,27 212
391 x 173-2| 72 50 22 48 40 88 6 5 17 19 53 0,35 187
Average 70+2 51+2 19+1|45+1 36+1 81+2|5+0 4+0 18+x1 16+1 5H57+11]029+0,02 193+2
CV 14 21 21 10 16 10 19 29 26 19 11 27 §
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Number
E{j}c}grc i‘;gl(fg Ho Ht Inf | TI T2 T3 | PAL STE OLE LIO LIN | LIO/LIN  IOD
or pedigree
ML lines
ge-163 7 3 28 19 43 0,44 169
ge-119 59 36 22 | 41 3% 77 5 4 34 17 39 0,44 161
gc-390 74 55 19 | 47 31 78 5 3 17 32 44 0,72 184
gc-394 80 59 21 48 32 80 5 4 20 37 34 1,08 170
391%x65-2 | 76 60 16 | 54 27 8l 6 4 19 35 36 0,96 171
391 x 109-2| 64 46 17 | 41 34 75 5 4 29 48 14 3,46 144
391 x109-3| 60 45 15 | 45 34 78 5 4 25 29 37 0,78 168
391x121-2] 67 46 20 | 45 38 83 5 5 29 21 41 0,51 167
Average 6843 5043 1941|4642 3341 7941|540 440 25+2 31+4 3544 | 1,144040 166+5
cv 12 18 15 10 10 3 8 15 26 33 28 92 7
LL lines and commercial varieties
ge-523 74 48 25 | 49 32 8l 6 4 17 67 6 12,00 146
ge-391 53 35 18 | 42 42 & 6 4 23 60 7 9,07 142
go-441 59 42 17 | 41 4 85 7 3 27 62 2 29,27 135
gc-420 56 37 19 | 42 41 83 7 4 18 69 3 22,78 142
gc-395 58 38 2 | 45 40 &5 7 3 19 69 2 31,26 141
ge-474 74 52 22 | 53 41 94 7 4 16 72 i 49,33 142
gc-512 52 37 15 | 43 41 84 7 5 24 61 3 23,51 134
ge-513 57 38 18 | 43 40 82 7 6 27 58 2 31,99 129
ge-514 55 38 17 | 43 40 84 7 4 19 69 2 34,74 140
ge-515 62 40 22 | 48 38 86 6 4 18 68 3 26,07 141
ge-516 52 37 15 | 43 39 82 6 4 22 66 2 37,31 138
391 x 109-1| 58 42 16 | 41 33 74 6 4 26 62 i 42,66 135
391 x 109-4| 64 45 19 | 42 34 76 4 4 24 62 6 10,18 145
391 x392-1| 61 40 21 43 39 82 3 2 16 75 4 19,60 154
k-8677 6 4 13 75 2 47,18 145
k-8871 7 3 19 69 2 33,84 141
Average 60+2 41+1 1941|4441 39+1 83+1|6+0 440 21+1 66+1 3+0 | 2743 14042
cv 12 12 16 8 9 6 19 24 20 8 57 44 4
Sveerr‘ae;il 6612 47+2 1941|4541 37+1 8241|540 440 20+1 36+4 34+4| 10+2  170+4
LSD 3 3 1 1 2 2 03 03 2 7 8 5 8
cv 15 20 18 9 14 8 20 25 26 64 74 149 15

Note: Ho — the total height; Ht — the technical height; Inf — the length of the inflorescence; T1 — the duration of the phase

of germination — flowering of the first flower; T2 — the duration the phase flowering of the first flower — ripening of the first boll;
T3 — the duration of the phase of the germination — ripenting of the first boll; PAL — palmitic acid; STE — stearic acid;
OLE — oleic acid; LIO — linoleic acid; LIN — linolenic acid; IOD — iodine number; Minimum values selected by Tukey HSD crite-
rion are indicated in italics maximum values are indicated in bold
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Fig. 2. The proportion of influence (n2) of the linolenic acid degree (HL — high linolenic, ML — medium linolenic, LL — low-linolenic)

and random variation (error) according to the results of one-way analysis of variance (ANOVA). * differences between groups are
significant; Ho — the total height; Ht — the technical height; Inf — the length of the inflorescence; T1 — the duration of the
phase of germination — flowering of the first flower; T2 — the duration the phase flowering of the first flower — ripening of the
first boll; T3 — the duration of the phase of the germination — ripenting of the first boll; PAL. — palmitic acid; STE — stearic
acid; OLE — oleic acid; LIO — linoleic acid; LIN — linolenic acid; IOD — iodine number; F is the Fisher criterion value; p is the
probability of similarity of classes (HL, ML, LL); differences — significant differences of these classes according to the results of a

posteriori comparison by the Tukey criterion for unequal sampling

the maximum differences in 6 days between flax groups
for T2 as per Tukey’s test were insignificant (see Table 2;
Fig. 2).

The content of PAL in oil varied from 3 % (HL, gc-2,
gc6d, and gc498, 1-1 from gc-391 x ge-173; LL, I-1 from
gc-391 x ge-392) to 7 % (HL, ge-472; ML, ge-163; LL,
gc-441, gc-420, ge-395, ge-474, ge-512, ge-513, ge-514,
and gc-8871). ANOVA demonstrated significant differen-
ces for flax groups for this trait. Differences of 1 % bet-
ween HL and LL by Tukey’s test were significant; the
same differences between HL and ML were not detected
due to little sampling (see Table 2; Fig. 2).

The content of STE in oil varied from 2 % (HL, gc-498,
I-1 from gc-391 x gc-173; LL, I-1 from gc-391 x gc-392)
to 6 % (LL, ge-513) and did not differ significantly in flax
groups (see Table 2; Fig. 2).

The content of OLE in oil varied from 9 % (HL, 1-1
from gc-391 x ge-173) to 34 % (ML, ge-119). ANOVA
demonstrated significant differences for flax groups in this
trait stipulated by differences in 7 % between ML and HL
by Tukey’s test (see Table 2; Fig. 2).

The share of effect of flax group (n?) on the above-de-
scribed traits with significant differences varied from 17 %
to 25 %. For flax groups connected to LIN level in all
traits, ANOVA demonstrated significant differences, and
the share of effect varied from 77 % to 95 %, which was
caused by the concept of division into groups (see Fig. 2).

The content of LIO in oil varied from 11 % to 75 %
(HL, 11—-21 %; ML, 17—48 %; and LL, 58—75 %).
The lowest percent of LIO was demonstrated in almost
all HL lines (gc-483, gc-448, ge-103, etc.); the high-
est percent was demonstrated in almost all LL lines (I-1
u3 gc-391 x gc-392, k-8677, gc-474, etc.; see Table 2).
Tukey’s test demonstrated significant differences for all
three flax groups.

The content of LIN in oil varied from 1 % to 67 %
(HL, 46—67 %; ML, 14—44 %; LL, 1=7 %). The low-
est percent of LIN was demonstrated in all LL accessions;
the highest were HL gc-483, gc-448, etc. (see Table 2).
Tukey’s test demonstrated significant differences for all
three flax groups (see Fig. 2).

The LIO/LIN ratio varied from 0.17 to 49.33 (HL,
0.17—0.45; ML, 0.44—3.46; and LL, 9.07—49.33). Mini-
mum values were demonstrated by all HL flax, maximum
LL. The LIO/LIN ratio is a strongly varied trait (CV
149 %). However, in HL form, it is more permanent (CV
27 %) than in ML (CV 92 %) and LL (CV 44 %). ANOVA
demonstrated significant differences for flax groups by this
trait (see Table 2); in terms of Tukey’s test, only LL had a
significant difference from HL and ML forms (see Fig. 2).

Only the oil of 1-2 from gc-391 x ge-109 of all studied
accessions can be used for nutritional therapy “as it is”;
for dietary therapy, two lines of CVs gc-391 and gc-523 as
well as hybrid lines [-4 from ge-391 x gc-109 can be used.
The rest of the oils require blending.
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The IOD of oil varied from 129 to 212 (HL, 177—212;
ML, 161—184; and LL, 129—154). The smallest value
was demonstrated by LL gc-441, ge-512, ge-513, I-1
from ge-391 x ge-109; the highest one was demonstrated
by HL gc-483, gc-448, gc-472, 1-1 from gc-391 x gc-121
(see Table 2). Tukey’s test demonstrated significant dif-
ferences for all three groups of flax (see Table 2; Fig. 2).

FAC in seeds sometimes correlates with VP phases
and heights. As described previously [10], changes in the
seeds in the reduction of LIN synthesis cause nonsym-
metric changes in the FA ratio, which affects the correla-
tion between them. In all three groups of flax, two pleiades
of correlated traits were detected. Only a few correlations
coincided in each of them: in the first one, heights are
closely connected to each other as Ht amounts to ap-
proximately 90 % of Ho; in the center of the second one,
the content of LIN in oil negatively correlates with the
LIO/LIN ratio and positively correlates with IOD. Similar
to the first case, this is the result of arithmetic regularities
of the calculation of the last two traits (Fig. 3).

In HL lines, the first pleiade is formed with duration
of VP (T3) closely positively correlated to its phases (T1
and T2) as well as moderately positively with PAL, formed
at the beginning of the biosynthesis of FA. T2 negatively

PAL il

Inf N

Inf T % \ OIT‘E
T3 BN
n

PAL
STE Ho

m
LIO/

==r2>09
—0,9>r20,7
—0,7>r205

correlates with Ht, which in turn is very strongly positive-
ly connected to Ho. The second pleiade, besides its very
strong positive correlation with LIN and IOD and strong
negative correlation with the LIO/LIN ratio as well as its
strong negative correlation between the latter ones, has a
strong negative correlation of OLE with LIN and 10D as
well as a moderate negative correlation of latter ones with
STE. LIO is strongly positively connected to the LIO/LIN
ratio and moderately negatively connected to LIN. FAs
negatively correlated with LIN are its precursor. Inf is in-
dependent from any other traits (see Fig. 3).

The group of ML lines is small in number, the cor-
relation between its traits is significant at r > 0.75, and
many strong and all moderate correlations cannot be
taken into account. The first pleiade is formed by TI,
besides the heights, which is strongly positively con-
nected to Ht; they both negatively correlate with T2. The
content of OLE strongly negatively correlates with the
first two traits. The second pleiade is formed with posi-
tively strongly correlated in pairs LIO and 10D as well
as with LIO and the LIO/LIN ratio. These two groups
negatively correlate with each other. Inf, T3, and the con-
tent of saturated acids do not depend on any other traits
(see Fig. 3).

Correlation pleiades of traits of pland
height, duration of phases of vegetative
period and the fatty acid composition of
seed oil of flax accessions, differing in the
level of linolenic acid synthesis: @ — high
linolenic; b — medium linolenic; ¢ — low
linolenic. Ho — the total height; Ht —
the technical height; Inf — the length of
the inflorescence; T1 — the duration of
the phase of germination — flowering
of the first flower; T2 — the duration the
phase flowering of the first flower — ri-
pening of the first boll; T3 — the duration
of the phase of the germination — ripent-
ing of the first boll; PAL — palmitic acid;
STE — stearic acid; OLE — oleic acid;
LIO — linoleic acid; LIN — linolenic
acid; IOD — iodine number

—emer<0
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In LL lines, the first pleiade is formed with heights,
and Tl and Inf are positively connected to each other.
T1 positively correlates with T3, and T2 is positively cor-
related to it. The center of the second pleiade is shifted
for IOD, which is positively connected to LIO (strongly)
and LIN (moderately) and negatively with OLE, STE,
and PAL. LIO also strongly negatively correlates with
OLE and moderately with STE; the latter one in turn is
positively connected to PAL. LIN very strongly negatively
correlates with the LIO/LIN ratio as the variability of LIN
determines the variance of this ratio. Pleiades are con-
nected to one another with moderate negative correlation
of OLE with T1 and Inf; the latter has positive correlation
with IOD (see Fig. 3).

Correlations between the z-converted matrix of corre-
lations for flax groups demonstrated their moderate simi-
larity (7. = 0.50, iy, = 0.42, and ry,,, = 0.54),
which is mostly stipulated with arithmetic regularities of
trait measurement/calculation.

Using factor analysis (principle components method),
two major factors were detected that affect the examined
traits (Fig. 4).

The first factor determines the LIO/LIN ratio. It in-
dicates antagonism LIN, 10D, and the heights of plants
(Ho and Ht) on the one hand and the LIO, PAL, and the
LIO/LIN ratio on the other hand. It characterizes approxi-
mately 40 % of the total variance. This factor with small
overlap separated LL lines from HL. ML lines took inter-
mediate position. It is interesting that overlapping toward
LL is caused by the availability of ML heterozygosis in
selection (1-2 from gc-391 x gc-109) as well as revertant
to HL from LL CV (gc-472).

The second factor determines early ripening and dem-
onstrates antagonism to duration of all three phases of
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VP on the one hand and OLE on the other hand. It ex-
plains approximately 20 % of the total variability. This
factor distinguished early ripening, as a rule, high oleic
ge-2, ge-65, and -1, 1-2, 1-4, 1-5 from gc-391 x ge-109,
and experimentally late ripening low oleic gc-393 as well
as late ripening low oleic gc-483, ge-472, -1 and 1-2 from
gc-391 x ge-173.

In the system of two factors, three groups of lines were
split: (1) LL, gc-391, gc-441, gc-420, ge-395, ge-512,
gc-513, ge-514, ge-515, and ge-516, with lowest amount
of LIN and the highest LIO; (2) the most early ripening
and HL gc-2 and gc65; and (3) two sister lines LL -2 and
ML 1-4 from gc-391 x gc-109 as early ripening. Experi-
mental late ripening HL gc-393 and late ripening ge-474
are separate from others: LL and low oleic.

Thus, factor analysis allows grouping lines in corre-
lated traits and characterizing them in complex.

A new method of identification of alleles of LuFAD3A
gene was developed for the search of differences between
lines LL and ML by genes of biosynthesis of LIN, which
controls its formation. An analysis of available NCBI
sequences of alleles of LuFAD3A gene demonstrated
that in most LL accessions, the mutation-inhibiting
synthesis of LIN is in the first exon of the gene. Prim-
ers FAD3AelF (acttggcatcctgeattactt) and FAD3AelR
(ccagaaagataatgtgaaattacc) were constructed that fix this
area. The product of amplification has a length of 526 bp.
When it is sequenced, each of mutant allele LuFAD3A
of lines gc-391 and gc-515 similar replacements is de-
tected in position 28 (G — A), position 255 (G — A),
and position 309 (A — Q) of the first exon, which in-
dicates the identity of alleles between one another and
the full similarity with sequence from the NCBI for geno-
type SP2047 (HM881831). The replacement in posi-
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Fig. 4. Factor loading for 13 studied traits (@) and factor scores for 40 lines of flax () in the system of two factors. Ho — the total height;
Ht — the technical height; Inf — the length of the inflorescence; T1 — the duration of the phase of germination — flowering of
the first flower; T2 — the duration the phase flowering of the first flower — ripening of the first boll; T3 — the duration of the phase
of the germination — ripenting of the first boll; PAL — palmitic acid; STE — stearic acid; OLE — oleic acid; LIO — linoleic acid,
LIN — linolenic acid; IOD — jodine number . HL — high linolenic, SL — medium linolenic, NL — low-linolenic
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tion 255 (G — A) results in the formation of termination
codon.

The use of restrictase Haelll allows to identify the
mutant allele containing replacement Gy;; — Ay, Two
sites of restriction are available within the amplified Irag-
ment of the allele (Fig. 5). When it is decomposed, frag-
ments 85, 90, and 351 bp are formed. The mutation
specified above is in position 442 of the product of am-
plification and affects one of the two sites of restriction,
which results in the formation of fragments 90 and 436
(351 + 85) bp. Thus, we proposed a new option of CAPS
marker. It helps to identify that CVs JIM98 and Istok, as
well as lines from LL cv Linola (gc-390 and ge-523),
Eyre (gc-391, gc-441, and gc-420), Walaga (gc-395),

Amon (gc-474), and accessions 852, 853, 854, 858, and
864 (gc-512—gc-516), are homozygous in mutation in
this area of gene (Table 3).

For the second gene, LuFAD3B, the previously pub-
lished protocol was used for the detection of mutation
in the first exon [13]. The product of amplification has a
length of 468 bp. When it is sequenced, the mutant al-
leles of lines gc-391 and ge-515 detected replacement in
position 6 (C — T) of the second exon, which resulted
in the replacement of Hys — Tyr. It was shown that the
use of restrictase BsaJl allows to identify the mutant al-
lele. Two sites are available for restrictase within the am-
plified fragment of allele of the wild type (Fig. 5). Frag-
ments with a length of 191, 240, and 37 bp are formed
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Fig. 5.

Molecular marking of LuFAD3A (a—c) and LuFAD3B (d—f) gene: a, d — restriction map of the gene fragment; b, e — chromato-

grams of the wild type (gc-2) and mutant (ge-391), SNP are marked by arrows; ¢, f — electrophoregram of restriction products of
PCR fragment. HL — high linolenic, ML — medium linolenic, LL — low-linolenic
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during its decomposition. The mutations specified above
are in position 431 of the product of amplification and in-
volve one of the three restriction sites, which results in
the formation of fragments with a length of 191 and 277
(240 + 37) bp. A restriction product of 37 bp of HL forms
is combined with the low molecular nonspecific products
of amplification; the one gets false impression about the
difference of HL and LL forms in size of the larger product
of amplification. Thus, the CAPS marker proposed previ-
ously for genotypes 593 to 708 can be used for gc-391.
It was detected that lines from LL CVs Linola (gc-394),
Eyre (gc-391, 420), and Walaga (gc-395) and acces-
sion 858 (gc-515) are homozygous by mutation in this
area of gene (Table 4). Based on the available data of the
NCBI sequences of allele of LuFAD3B gene (KF026416),

it was detected that cv Amon has the same point mutation
as gc-391.

LL cv Eyre (Australia) was one of the first to come
to VIR colllection that was heterogeneous by LL genes.
Several lines were obtained on its basis, but only one
line is used for crossing (gc-391). By means of obtained
markers, homozygosis of hybrids from cross-breeding of
LL (gc-391) and HL lines (see Table 3; Fig. 5) by gene
LuFfAD3A was confirmed. Progeny I, I-1, 1-3, 1-4 from
hybrid gc-391 x gc-109, 1-2 from hybrid gc-391 x gc-65
and progeny F, I-1 from hybrid gc-391 x gc-392 are ho-
mozygous by recessive allele of LuFAD3A gene. Progeny
Fy -1, 1-2 from hybrid gc-391 x gc-121, ge-391 x ge-121
and progeny F, 1-1 gc-391 x gc-65, 1-5 from hybrid
gc-391 x ge-109 are homozygous by the dominant allele

Table 3
Polymorphism of flax lines’ LuFAD3A gene according to the length of restriction fragments (CAPS markers)
Number Fragment length Number Fragment length
E\iché)g?fgg LIN, % &) Allele %ﬁi;’ﬁj?jjg LIN, % (op) Allele
or pedigree I 2 or pedigree I -
HL lines ML lines
ge-2 58 330 100 w. t. gc-163 43 330 100 w. t.
gc-65 50 330 100 w. t ge-119 33 330 100 w. t
gc-483 66 330 100 w. t. gc-390 41 430 100 mut.
gc-448 67 330 100 w. t. gc-394 34 330 100 w. t.
gc-103 61 330 100 w. t 391 x 65-2 36 430 100 mut.
ge-109 46 330 100 w. t. 391 x 109-2 14 430+330 100 w. t. + mut.
ge-121 58 330 100 w. t. 391 x 109-3 37 430 100 mut.
gc-136 61 330 100 w. t 391 x 121-2 41 330 100 w. t
ge-173 55 330 100 w. t. LL lines
gc-210 48 330 100 w. t. gc-523 6 430 100 mut.
gc-393 57 330 100 w. t ge-391 5 430 100 mut.
gc-472 52 330 100 w. t. gc-441 2 430 100 mut.
gc-498 61 330 100 w. t. gc-420 3 430 100 mut.
gc-392 54 330 100 w. t. gc-395 2 430 100 mut.
391 x 65-1 51 330 100 w. t. gc-474 2 430 100 mut.
391 x 109-5 49 330 100 w. t. ge-512 3 430 100 mut.
391 x 121-1 46 430 100 mut. ge-513 2 430 100 mut.
391 x 173-1 66 330 100 w. t. gc-514 2 430 100 mut.
391 x 173-2 53 330 100 w. t. gc-515 3 430 100 mut.
gc-516 2 430 100 mut.
391 x 109-1 1 430 100 mut.
391 x 109-4 6 430 100 mut.
391 x 392-1 4 430 100 mut.
k-8677 2 430 100 mut.
k-8871 2 430 100 mut.
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Table 4
Polymorphism of flax lines’ LuFAD3B gene according to the length of restriction fragments (CAPS markers)
Number Fragment length Number Fragment length
i/clclgrc(g&it; LIN, % o) Allele a&ﬁ;’ﬁjﬁﬁ(}g LIN, % (bp) Allele
or pedigree I 2 or pedigree 1 2
HL lines ML lines
gc-2 58 240 191 w. t ge-119 33 240 191 w. t
gc-65 50 240 191 w. t. gc-390 41 240 191 w. t.
ge-109 46 240 191 w. . ge-394 34 277 191 mut.
ge-136 61 240 191 w. t LL lines
gc-173 55 240 191 w. t. gc-391 5 277 191 mut.
gc-393 57 240 191 w. t. gc-420 3 277 191 mut.
gc-395 2 277 191 mut.
gc-515 3 277 191 mut.

of this gene. Progeny F; [-2 from hybrid gc-391 x gc-109
appeared to be heterozygous by this gene. Line [-2 from
gc-391 x ge-121 is interesting: it is homozygous by the
recessive allele of LL gene with the results of DNA analy-
sis, but it has the boundary content of LIN; therefore, it
was attributed to HL instead of ML. Thus, parental line
ge-121 has a different way to slightly increase the level of
LIN. Although the references describe only two genes re-
sponsible for LIN synthesis, according to our information,
the genetic surrounding is rather important.

The LL CVs available for us are late ripening and are
not adapted to the conditions of Russia; therefore, the
study objective was to select prospective early ripening
forms. It was shown that hybrids, in which breeding record
the line gc-109 presented, were ripen 8 to 10 days earlier
than the parental LL line gc-391. The most prospective
ML line 1-3 and LL lines I-1 and [-4 were from the cros-
sing of ge-391 x gc-109.

CONCLUSION

Lines of VIR flax genetic collections have a wide va-
riety of FA oil. A sharp reduction of the synthesis of LIN
causes nonsymmetric changes in the FA ratio, which ef-
fects the correlation between them and other traits. Factor
analysis clearly splits the lines by the level of LIN and the
traits connected to it. Primers were constructed, restri-
ctases were selected, and an experiment protocol was de-
veloped for the identification of alleles of LuFAD3A gene.
It was determined that all LL forms available in the VIR
collection have mutation in the first exon (Gysy % Ays) of
this gene. The test system [13] developed for mutation
identification in the first exon of LuFAD3B gene of geno-
types 593 to 708 can be used for mutation in the second
exon of gc-391, ete.

Four generations of inbreeding are sufficient in most
cases for the selection of homozygous forms.
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