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Abstract. Flax (Linum usitatissimum) is an important agricultural crop grown for fiber and oil production, playing a
key role in various industries such as production of paints, linoleum, food, clothes and composite materials. Fusarium
wilt caused by the fungus Fusarium oxysporum f. sp. lini is a reason of significant economic damage in flax cultivation.
The spores of the fungus can persist in the soil for a long time, so obtaining resistant varieties is important. Here we
used data on the resistance of 297 flax accessions from the collection of the Federal Center for Bast Crops in Torzhok
(Russian Federation) to infection by a highly virulent isolate of the fungus MI39 in 2019-2021. Genotype resistance
to infection was assessed by calculating the DSI index, a normalized proportion of genotypes with the same disease
symptoms. The [IIVmrMLM program in Single_env mode was used to search for regions of the flax genome associ-
ated with resistance. The lIlIVmrMLM model was designed to address methodological shortcomings in identifying all
types of interactions between alleles, genes and environment, and to unbiasedly estimate their genetic effects. Being
a multilocus MLM model, it estimates the effects of all genes as well as the effects of all interactions simultaneously.
A total of 111 QTNs were found, of which 34 fell within the body of a known gene or were located in flanking regions
within 1,000 bp. The genes into which the detected variants fell were associated with resistance to abiotic and biotic
stresses, root, shoot and flower growth and development. Ten of the QTNs found mapped to regions of previously
identified QTLs controlling the synthesis of palmitic, oleic, and other fatty acids. QTN Chr1_1706865/Chr1_1706872
and QTN Chr8_22542741 mark regions identified previously in an association search by the GAPIT program. The al-
lelic effect was confirmed for all the QTNs found: a Mann-Whitney test was performed, which confirmed significant
differences between the DSl index value in carriers of the reference and alternative allele. An increase in the number
of alleles with negative effects in the genotype leads to a statistically significant decrease in the DSl value for all three
years of testing. The groups of varieties with a large number of alleles reducing the DSl index had the best resistance.
A total of 5 varieties were selected from the collection for which the number of alleles reducing the DSI index value
did not exceed the number of alleles with the opposite effect for all three years. These varieties can be used further
in breeding programs.
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AHHoTauwus. JleH (Linum usitatissimum) — BaxHan CeNbCKOX03ANCTBEHHAA Ky/bTypa, BblpalyBaemas A nosyyeHus
BOJIOKHa 1 Macna. JleH ncnonb3ytoT ANA NPOvN3BOACTBA KPaCoK, IMHONEYMa, B NMMLLEBON NPOMbILLNEHHOCTH, ANA NPO-
MN3BOACTBA OAEXAbI 1 KOMMO3UTHBIX MaTePUaNoB. 3HaUMTENbHbIA SKOHOMMUYECKUIA Ylep6 Npu BblipalliBaHUN NibHa
HaHoCUT dy3apro3Hoe yBAAaHKeE, Bbi3biBaeMoe rpubom Fusarium oxysporum f. sp. lini. Cnopbl rpuba moryT gonroe
BpPEeMA COXPaHATbCA B MOYBE, NOSTOMY MOJlyYeHre YCTOMUMBBIX K 3apakeHno COPTOB UMeeT 6osibluoe 3HayeHue.
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MeTtop IIVmrMLM obHapy»u1BaeT HOBble FeHOMHble
accoumaLm € yCTONUMBOCTbIO K dy3apurosy Y ibHa

3pecb Mbl NCMOMNb30BaNy JaHHble 06 ycTonumBocTy 297 06pasLoB fbHa U3 Konnekun OefepanbHOro HayYHOro LIeHT-
pa nybsaHbIX KynbTyp B TopKKe (Poccus) K 3apakeHuio CUibHO BUPYNEHTHbIM 13onaTom rpmba MI39 B 2019-2021 rr.
YCTOMUMBOCTb reHOTMMNA K 3apaKeHnto oLieH1Bany nyTeM BblunciieHma niaekca DSI - HopmanusoBaHHoM nponopumn
reHOTVMNOB C OAUHAKOBLIMY CUMITOMamy 6onesHn. 1na novcka paioHOB reHoOMa JibHa, aCCOLMUPOBAHHBIX C YCTOM-
UYMBOCTbIO, Ucnonb3oBany nporpammy IVmrMLM B pexume Single_env. Mogenb IIVmrMLM 6bina paspabotaHa ana
yCTPaHeHNA MeTOA0MI0TMYECKNX HeAOCTAaTKOB B BbIABNEHUN BCEX TUMOB B3aVIMOAECNCTBUIN MeXAY annenamu, reHamm
1 Cpepon 1 ANA HECMELLEHHOWN OLeHKM UX reHeTnYecknx 3¢pdeKToB. MockonbKy 3To MynbTunokycHaa MLM-mopens,
OHa oLeHVBaeT 3ddeKTbl BCEX FEHOB, a TakXKe 3bPeKTbl BCeX B3aUMOLENCTBMI OQHOBPEMEHHO. Bcero 6bi10 Hange-
Ho 111 QTN, 13 KoTopbIX 34 GblAN SIOKaNM30BaHbl B MOCIEAOBATENIbHOCTY N3BECTHOFO FreHa MM PacMoNOXKeHbI BO
dnaHKMpyoLWmMX panoHax Ha PacCcToAHMM, He npeBblwatowem 1 T.1. H. [eHbl, B KOTOpble nonagany obHapy»KeHHble Ba-
pUaHTbl, 6bINY CBA3aHbI C YCTOMYMBOCTBIO K abMOTUYECKUM 11 BUOTUYECKM CTpeccam, C POCTOM ¥ Pa3BUTMEM KOPHS,
nobera u yeetka. [lecatb u3 HangeHHbIx QTN KapTMpoBanucb B 06nacTsax paHee naeHTUoUUMpoBaHHbIX QTL, KOHT-
ponupyloLwmx CHTe3 NasbMUTUHOBOW, ONENHOBON 1 ApYrux *unpHbiX KncnoT. QTN Chr1_1706865/Chr1_1706872 n
QTN Chr8_22542741 mapKupyoT pafioHbl, nAeHTUGULIMPOBaHHbIE HAMW paHee MpKU NOUCKe accounaumin Nnporpam-
Mo GAPIT. 1na Bcex HangeHHbIx QTN 6bl1 noaTBepXKAEH annesnbHbli 3bdeKT: NponssefeH TecT MaHHa-YUTHU, KO-
TOPbIA NOATBEPAUN 3HAUMMblE Pa3NMuma Mexgy 3HauyeHvrem DSIy Hocuteneln pedepeHCHOro 1 anbTepHaTUBHOMO
annena. YBennueHvie B reHoTMMNe yncna annenemn ¢ HeraTuBHbIM 3GEKTOM NPUBOANT K CTaTUCTUYECKN 3HAYMMOMY
yMeHblUeHWo BenmuuHbl DSI ana Bcex Tpex net TecTrpoBaHuA. Mpynnbl COPTOB C 6OMbLUMM KOIMYECTBOM annenen,
yMeHblLuatoLwwyx nHAeKc DSI, imenun Haunyulyio ycTonumnBocTb. Bcero us konnekumm 6b110 BbibpaHo NATb COPTOB, ANA
KOTOPbIX YMCNO ansieneil, ymeHbluaowmx BenninHy DSI, He npeBbiwano Yncno annenei ¢ o6patHbiM 3ddekTom no
BCEM TPEM rofam. T copTa MOFyT ObITb MCMOJIb30BaHbI B JafibHENLLEM B CENIEKLMOHHbIX MPOrpaMmax.

KnioueBble cnosa: neH; Linum usitatissimum; GWAS; dy3apuosHoe ysagaHue; Fusarium oxysporum f. sp. lini
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Introduction

Flax (Linum usitatissimum) is an important crop grown for
both fiber and oil. Flaxseed oil is used in the food industry as
a source of unsaturated fatty acids and is also used as the main
component of varnishes, paints and linoleum. Flax fiber is used
in textiles, composites and insulation materials (Goudenhooft
et al., 2019). Fusarium wilt caused by the fungus Fusarium
oxysporum f.sp. lini limits flax production (Dean et al., 2012).
This disease lowers fiber quality and can lead to yield loss in
the absence of proactive measures.

Primary fungal infection occurs through the roots. The
pathogen enters the xylem and blocks the flow of water and
nutrients, causing wilting, stem damage and eventually plant
death. The spores of the fungus can persist in infested soil for
up to 50 years and are very difficult to eliminate (Houston,
Knowles, 1949).

Control of Fusarium wilt is possible through various agri-
cultural practices, such as the use of pesticides (Rashid, Ke-
naschuk, 1993), but the possible harmfulness of pesticides
to human health leads to the preference of using varieties
resistant to infection, which is an alternative option to control
yield loss caused by F. oxysporum (Ondrej, 1993; Rozhmina,
Loshakova, 2016).

Resistance to the disease has been acquired through breed-
ing, but the mechanisms of resistance remain incompletely
understood. Modern flax varieties have high to medium re-
sistance to Fusarium wilt (Rozhmina, Loshakova, 2016;
Rozhmina, 2017). However, co-evolution of pathogen and
plant can lead to the emergence of strains with higher aggres-
siveness or to the loss of resistance in varieties, determined by
a small number of genes. Therefore, breeding new varieties
with different combinations of genes determining resistance is
important for long-term effects. Transcriptomics experiments
have shown that cell wall components, transcription factors,
secondary metabolites and antioxidants play a prominent role
in the response of flax to infection by F. oxysporum f.sp. lini
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(Galindo-Gonzalez, Deyholos, 2016; Dmitriev et al., 2017;
Boba et al., 2021).

The search for new genomic variants associated with
disease resistance and the identification of new genes affect-
ing resistance to fungal infection play a key role in breed-
ing programs. The use of classical GWAS identified QTNs
(Quantitative Trait Nucleotides) associated with resistance to
Fusarium wilt (Kanapin et al., 2021) and located mainly on
chromosome 1, as well as on chromosomes 8 and 13. A large
number of QTNs are localized on chromosome 1 within 640 kb
(Kanapin et al., 2021; Cloutier et al., 2024).

Plant resistance to disease may also be determined by mul-
tiple indirect factors related not only to resistance to fungal
infection but also to other plant characteristics, e. g. fatty acids
in plants are known to be involved in defense mechanisms
against various stressors, including fungal infection (Kachroo
et al., 2008; He, Ding, 2020).

Classical MLM-type models help eliminate effects intro-
duced by population structure and sample relatedness, but
suffer from the Bonferroni correction for multiple testing,
which is too stringent to detect associations with complex traits
(Zhang Y.M. et al., 2019). To address this problem, multi-locus
MLM models have been proposed that can detect QTNs with
marginal effects for which the significance threshold set by
the Bonferroni correction is too stringent.

One such method using multi-locus models is the mrMLM
method (Zhang Y.-M. et al., 2020) implemented in the
IMIVmrMLM package (Li M. et al., 2022). In this paper,
we applied this method to search for genomic associations
with resistance assessed in infected plants in 2019, 2020 and
2021, which allowed us to identify novel genetic variants
not previously detected by classical methods. These variants
fell within resistance-related genes as well as within quan-
titative trait loci (QTL, Quantitative Trait Locus) published
previously and related to fatty acid production (You, Cloutier,
2020).
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Materials and methods

297 flax samples from the collection of the Federal Scientific
Centre for Bast Crops were grown in Torzhok, Russia. 180 ac-
cessions were fiber flax varieties, and 117 belonged to oilseed
flax. Of the oilseed samples, 98 belonged to the intermediate
type, 4, to large-seeded varieties, and 15, to the crown type.

Resistance of accessions to F. oxysporum f. sp. lini was
evaluated under infection-provocation nursery conditions with
controlled irrigation but not controlled temperature. Evalua-
tions were conducted in 2019, 2020 and 2021 (Rozhmina et
al., 2022). Each variety was replicated 16 times by sowing
all seeds in cross rows of containers. The dimensions of the
containers were 550 x 85x20 cm. Two genotypes, AP5 and
1-7, were used as susceptible and resistant genotypes to control
Fusarium wilt. The infection background was established by
introducing 400 g of pure culture of F. oxysporum f. sp. lini
strain MI39. Seeds were planted on the 12th day after inocula-
tion with pure culture of the fungus.

Pure culture was prepared by preliminary cultivation of
strain MI39 on agar-agar medium with beer wort and subse-
quent incubation on oat grain substrate (grain/water ratio 1 to
1.75) for 3—4 weeks, until complete infection of oats by the
fungus, after which the pathogen was introduced into the soil.
The indicator of reliability of the infection background was
the reference varieties (resistant and susceptible genotypes),
which were sown at the edges and in the middle of each con-
tainer (16 seeds each). Disease severity was assessed using the
Disease Severity score (DSS). The DSS scores ranged from
0 to 3, where 0 was a healthy plant, 1 was a partially blighted
plant or stem blight on one side, 2 was a completely blighted
plant with seed pods, and 3 was a completely blighted plant
that died before pod formation. Based on the DSS, disease
severity index (DSI) was calculated using the formula adopted
in phytopathology (Guidelines for the Phytopathological
Assessment, 2000): DSI = (Zab/3A) x 100 %, where a is the
number of plants with the same DSS, b is the DSS score; A is
the total number of plants, and 3 is the highest DSS score.

DNA was isolated from leaves using the DNeasy Plant
Mini Kit (Qiagen). Whole-genome sequencing of DNA was
performed in BGI using the [1lumina protocol, which generates
paired-end reads of 150 base pairs in length. Comparison with
the NCBI ASM22429v?2 reference genome assembly (Wang Z.
et al., 2012) was performed using bwa-mem (Li H., Durbin,
2009). Variant prediction was performed using NGSEP (Tello
et al., 2019) version 4.0; from the 3,416,829 SNPs obtained,
72,526 SNPs were retained after filtering by MAF = 0.05 and
conditioning on the presence of the variant in at least 85 % of
genotypes. An annotation of the flax genome with the indicated
Arabidopsis orthologous genes was provided by the Cloutier
group (You, Cloutier, 2020).

Using the [IIVmrMLM package (Li M. et al., 2022) in
Single env mode, GWAS analyses were performed on genetic
data filtered by MAF = 0.05. TASSEL (Bradbury et al., 2007)
and PLINK (Purcell et al., 2007) with standard settings were
used for the necessary data transformation.

The additive effect calculated by the [IIVmrMLM package
was used to identify genotypes with high performance. An
allele with a negative effect led to a decrease in the DSI in its
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carriers, while an allele with a positive effect increased the
DSI. Varieties were selected in which the number of negative-
effect alleles exceeded the number of positive-effect alleles.

Linkage disequilibrium decay (LD) was estimated using the
square of the Pearson correlation coefficient (r2). PopLDdecay
version 3.4.1 (Zhang C. et al., 2019) was run to calculate r? in
a 300 kb window. LD decay was calculated based on r? and
distance for each SNP pair using the R script.

Results

Environmental characteristics may influence disease develop-
ment. Plants were grown under the infection-provocation
nursery conditions with regular irrigation but not controlled
temperature. According to the weather station at the grow-
ing site, the temperature in the first decade of May was
above average in 2019 and 2020 and below average in 2021
(Table 1). In the second decade of May, the temperature was
above average in 2019 and 2021 and below average in 2020.

The analysis of variance showed that the Fusarium wilt
infection depends on the year of cultivation and genotype
(Table 2). When considering the influence of temperatures,
it was found that only the temperature in the 1st decade
of May has a significant influence on the variation (F > 1,
Pr(>F) < 0.05); moreover, its influence on the Fusarium wilt
infection is almost identical to the influence of the year, as
can be seen from the values of the root mean square of the
residuals in the analysis of variance in Table 2, whereas other
environmental characteristics made only a small contribution.

On average, the difference between the maximum and
minimum DSI values for genotype in different years is 25.9.
Nevertheless, the differences in the DSI for the whole popu-
lation under consideration from one year to another do not
show sufficient significance: when comparing the 2019 and
2020 data, the p-value was 0.996, the 2019 and 2021 data,
p =0.113, the 2020 and 2021 data, p = 0.12.

In other words, despite the large influence of growing condi-
tions, the main interest of the study continues to be the effect
of variety (genotype) on disease resistance.

GWAS identified 111 QTNs (Supplementary Materials,
Table S1)! associated with the DSI in different years, of which
35 were associated with 2019 data, 37, with 2020 data, and
40, with 2021 data. QTNs associated with data from different
years are located on all chromosomes, of which 44 fell within
known QTLs (You, Cloutier, 2020; Cloutier et al., 2024) or
appeared to be localized in the gene sequence or less than
1,000 bp away from genes (Fig. 1a—c). The distribution of all
found QTNs in the genome is shown in Figure 1d. The allelic
effect was confirmed for all found QTNs: a Mann—Whitney
test was performed, which confirmed significant differences
between the DSI value in carriers of the reference and alterna-
tive allele (Table S1).

The largest number of QTNs found for each year’s infection
data were located on chromosomes 1, 2, 8 and 15. In a pre-
vious study that used the GAPIT package to find associations
with resistance to Fusarium wilt, QTNs were also located on
chromosomes 1 and 8 (Kanapin et al., 2021). In total, all the

" Tables S1, 52 and Figure S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Duk_Engl.xlsx
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Table 1. Average temperature of the growing seasons 2019-2021 (according to Torzhok meteorological station)

Month Decade Average temperature, °C Average, long-term
2019 2020 2021
May 1 10.1 11.3 7.9 9.9
2 14.5 8.0 16.7 11.5
3 16.3 11.1 12,6 129
June 1 18.8 15.8 15.8 15.3
2 17.9 19.6 19.2 15.6
3 16.0 189 225 16.5
July 1 14.2 18.2 20.5 16.9
2 13.8 15.8 23.2 17.4
3 17.1 16.8 17.9 17.5
August 1 133 17.7 184 17.2
2 16.1 - - 15.2
3 15.7 - - 13.9
QTNs explain more than 50 % of the variation, at most one  Table 2. Dispersion analysis
QTN explains about 5 % of the variation for one year, as can Source of variance Mean Sq F Pr(>F)
be seen in Table 3.
Only one QTN was found in the data of two years and three DSI ~ genotype + year
pai.rs of QTNs found for different years appeared to be located Genotype 29315 10,016 <2e-16
quite close to each other, as shown in Table 4. Table 4 also
presents the mean non-normalized DSI values for carriers of ~ Year 1927.7 6.586 0.00148
the reference and alternative allele fora given QTN. Itcanbe ¢ 01 292.7

seen that carriers of the alternative allele for all the indicated
QTNs showed much lower DSI values than the reference allele
carriers. However, of the mentioned QTNs, only one QTN
common to the 2020 and 2021 data fell within the sequence of
a gene, the function of which, however, is not known, while the
other three pairs were located more than 1 kb away from the
nearest genes. It can also be noted that QTNs Chrl 1706865/
Chrl 1706872 fell into the previously identified region on
chromosome 1, with coordinates 1213418-1854337, asso-
ciated with resistance to Fusarium wilt (Kanapin et al., 2021).

Of'the 111 QTNs associated with Fusarium wilt resistance
in different years, 34 were localized within the gene body
or were located at a distance of less than 1 kb from the gene
(Table 5).

Within the protein-coding genes and their 1-kb flanking
regions, we found 34 QTNs (Table 5), of which 12 had an
alternative allele with an effect of decreasing the value of the
DSI and 22 with an effect of increasing this value.

10 QTNs fell within the QTLs published previously in
(You, Cloutier, 2020), of which two were near a known gene
(marked as ** in Table 5). In addition, one QTN fell within a
region associated with resistance to Fusarium wilt on chromo-
some 1 (Table 6), published in (Kanapin et al., 2021; Cloutier
et al., 2024).

Eleven QTNs whose positions overlap with previously
identified QTLs from (You, Cloutier, 2020; Cloutier et al.,
2024) are shown in Table 6. Most of these QTL are associated
with the production of fatty acids: palmitic acid, oleic acid,

VMMYHUTET U NMPOAYKTUBHOCTb PACTEHUIA / PLANT IMMUNITY AND PERFORMANCE

DSI ~ genotype + temperature in the 1st decade of May

Genotype 2931.0 10.01 <2e-16
Temperature

in the 15t decade of May 3396.0 11.590 0.000707
Residuals 293.0

linolenic acid, etc., and only two QTNs, Chrl 17552378 and
Chrl 2540379, fell into QTLs associated with plant immunity.
In nine out of eleven cases, the presence of the alternative QTN
allele in the plant resulted in an increase in the DSI value, and
only in two cases the alternative allele resulted in a decrease
in the DSI value compared to the reference allele carriers.

To assess variety performance, the number of alleles with a
negative effect (reduction of the DSI value) and with a positive
effect was counted among the QTNs found from each year’s
data (Table S2). The number of negative and positive alleles
affecting the DSI for each year is different, but an increase in
the total number of alleles with a negative effect in the varieties
leads to a statistically significant decrease in the DSI value
for all three years, as can be seen in Figure 2.

Table 7 shows the varieties for which the number of alleles
that increased the DSI value did not exceed the number of
alleles with the opposite effect in all three years.
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Fig. 1. Location of QTNs associated with fusarium wilt relative to chromosomes in flax.

a-c-Manhattan plots of GWAS results using the [IIVmrMLM package; black shows QTNs that fell in the QTL or were located near genes along with their LOD score
value, which is used in lIVmrMLM to assess significance; d - distribution of QTNs found for the DSI for the three years data, by chromosome.

Table 3. Cumulative percentage of variation in each year’s data explained by QTNs

Data Total 2, % QTNs with the largest r?, % Largest r?, %
DSI2019 55.99 Chr3_18720497 5.31
DSI2020 58.50 Chr2_15253612 4.43
DSI 2021 69.84 Chr12_10144355 5.35

Note. QTN names are formed as ChrX_N, where X is the chromosome number and N is the position in the chromosome.

Table 4. Co-localized QTNs across the years

QTN Chr3_18671763 Chr1_1706865/ Chr15_7067724/ Chr2_25600109/
Chr1_1706872 Chr15_7067662 Chr2_25600116
Year 2020/2021 2019/2021 2020/2021 2020/2021
Distance between QTNs 0bp 7 bp 62 bp 7 bp
2, % 1.14/3.47 4.24/3.17 1.05/0.75 4.25/4.66
Average DSI for REF 41.55/36.92 43.12/38.47 41.24/36.31 41.85/38.7
Average DSI for ALT 25.18/21.02 10.55/9.52 24.75/20.56 14.53/15.06
p-value of the Mann-Whitney test  0.0014/0.0021 5.42e-19/1.16e-13 0.0026/0.0027 1.56e-06/2.92e-10
Nearest gene Lus10033807 Lus10025819 Lus10001477 Lus10003500
QTN location relative to the gene  Within the gene 1,026/1,033 bp 3,605/3,543 bp 23,760/23,753 bp
downstream downstream upstream

Gene annotation

Ortholog in Arabidopsis

Protein
with an unknown
function (DUF1664)

AT1G04960.1

2-Oxoglutarate (20G)
and Fe(ll)-dependent

oxygenase superfamily

protein

AT3G21360.1

Remorin family protein

AT5G23750.2

Basic helix-loop-helix
(bHLH) DNA-binding
superfamily protein

AT3G21330.1

Note.The corresponding lines show data for different years separated by “/”; bp — base pairs; REF — reference allele; ALT - alternative allele.
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MeTtop IIVmrMLM obHapy»u1BaeT HOBble FeHOMHble
accoumaLm € yCTONUMBOCTbIO K dy3apurosy Y ibHa

Table 5. QTNs located within protein-coding genes and their 1-kb flanking regions

2025
293

QTN 2, %
Chr1_740951 0.51
Chr1_6391647 2.21
Chr1_15073726 0.90
Chr1_22688905 0.64
Chr1_25377570 3.15
Chr4_1087234 1.82
Chr5_15553508 1.24
**(QPAL-Lu5.2, PAL)
Chr6_5732293 1.86
Chr9_2114668 0.68
Chr13_6339069 1.71
Chr13_12427556 1.21
Chr14_12732300 1.08
Chr15_2097827 0.88
Chr1_2540379 2.02
**(Lu1_2500703, DSI)
Chr2_16849610 1.01
Chr3_1992356 1.34
Chr3_24632490 1.27

Average DSl for REF
Average DSI for ALT

32.67
46.32%
35.67
43.75%
41.12*
31.36
41.63*
8.42
41.97*
30.21
35.08

46.28*

33.95

45.51*
36.49
48.47*%
35.09
52.45%
35.05

53.25%

34.20
49.92*
41.14*
21.40
33.09
49.75%

36.98

58.99*
35.50
50.85*
35.70

58.40*
43.84*%
28.25
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QTN position

relative to a gene
2019

Lus10036050,

gene body

Lus10034284,
gene body

Lus10015586,
gene body

Lus10014640,
573 bp downstream

Lus10027990,
gene body

Lus10030349,
155 bp upstream

Lus10024055,
gene body

Lus10036674,
132 bp downstream

Lus10017493,
464 bp upstream

Lus10002083,
88 bp downstream

Lus10010801,
894 bp upstream

Lus10008367,
263 bp upstream

Lus10007320,
gene body
2020

Lus10025924,
539 bp upstream

Lus10016310,
gene body

Lus10037255,
gene body

Lus10037741,
gene body

Annotation

Calcium-dependent protein
kinase 34

Sodium/calcium exchanger
family protein

Prolyl oligopeptidase family
protein

Major facilitator superfamily
protein

Oxidoreductase, 20G-Fe(ll)
oxygenase family protein

DZC (Disease resistance/
zinc finger/chromosome
condensation-like region)
domain-containing protein

(Ortholog Arabidopsis:
nitric oxide synthase
interacting protein)

Homeobox 1

NAC (No Apical Meristem)
domain transcriptional
regulator superfamily protein

Cytochrome P450, family 721,
subfamily A, polypeptide 1

ARM repeat superfamily
protein

RING/FYVE/PHD-type
zinc finger family protein

Sec14p-like
phosphatidylinositol
transfer family protein

Cytochrome P450, family 721,
subfamily A, polypeptide 1

Solute:sodium symporters,
urea transmembrane
transporters

Lipoamide dehydrogenase 1

Ortholog in Arabidopsis

AT5G19360.1

AT5G17850.1

AT1G50380.1

AT2G39210.1

AT4G02940.1
(Duan et al., 2017)

AT1G31880.1
(Depuydt et al., 2013;
Rodriguez-Villalon et al., 2014)

AT5G65030.1

AT3G01470.1
(Aoyama et al., 1995)

AT4G34630.1

AT5G08790.1
(Delessert et al., 2005;
Wang X. et al., 2009;
Wang X., Culver, 2012)

AT1G75130.1

AT3G08960.1
(Jiaetal., 2023)

AT1G29800.1
(Kim et al.,, 2023)

AT3G24840.1

AT1G75130.1

AT5G45380.1
(Liu et al., 2003;
Kojima et al., 2007)

AT3G16950.2
(Lutziger, Oliver, 2000)
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Table 5 (end)

QTN r’,%  Average DSIfor REF QTN position Annotation Ortholog in Arabidopsis
relative to a gene

Average DSl for ALT

2020 .
Chr4_19469341 0.79  4045* Lus10039825, - AT4G28290.1
21.40 945 bp upstream
Chr8_7404794 0.81 40.23* Lus10021849, Cysteine-rich RLK AT4G23160.1
1574 gene body (receptor-like protein kinase) 8
Chr9_2644458 316  36.05 Lus10010491, Immunoglobulin E-set AT3G07880.1
5410 gene body superfamily protein (Carol et al., 2005)
Chr11_15810790 0.29 37.57 Lus10023622, ADC synthase superfamily AT1G74710.1
gene body protein (Wildermuth et al.,, 2001;
64.13* Strawn et al., 2007)
Chr14_2163238 1.74  42.23* Lus10025537, PAZ domain-containing AT5G21030.1
gene body protein/piwi domain-
23.94 containing protein
Chr15_1044247 0.95 34.39 Lus10011210, F-box and associated AT1G32420.1
33 bp upstream interaction domains-
43.97% containing protein
2020, 2021
Chr3_18671763 1.14  41.55% Lus10033807, Protein of unknown function ~ AT1G04960.1
55 18 gene body (DUF1664)
2021
Chr1_20417569 0.57  35.92* Lus10015886, Nucleotidyl-transferase family ~ AT4G00060.1
14.00 gene body protein
Chr2_17726495 295 30.63 Lus10033187, K-box region and MADS-box ~ AT3G54340.1
gene body transcription factor family (Krizek, Meyerowitz, 1996)
45.43* protein
Chr4_2301676 327 2994 Lus10029444, Peptide chain release factor 1 AT3G62910.1
4851 gene body (Motohashi et al., 2007)
Chr4_12925693 222 3224 Lus10015799, Leucine-rich repeat protein AT1G67510.1
55 gg gene body kinase family protein
Chr6_8828608 289 31.06 Lus10036278, RNA-directed DNA polymerase AT5G04050.1
568 bp downstream  (reverse transcriptase)
44.86*
Chr7_3147157 0.87 31.48 Lus10023551, - AT5G66440.1
**(QPAL-Lu7.3, PAL) 48 22+ 387 bp upstream
Chr10_16815632 1.08 29.87 Lus10022764, ABI five binding protein 3 AT3G29575.1
4319+ 483 bp upstream (Garcia et al., 2008)
Chr11_575034 049 3280 Lus10027253, Ortholog Arabidopsis: AT3G18050.1
20,28 gene body GPI- anchor protein
Chr12_9853001 1.96  36.04* Lus10024259, Aldehyde dehydrogenase 2C4  AT3G24503.1
2076 gene body (Nair et al., 2004)
Chr15_13834579 0.87  35.60% Lus10037970, Plant U-box 14, AT3G54850.1
16.58 gene body flowering regulation (Andersen et al., 2004)

Note. REF - reference allele; ALT - alternative allele. * The largest of the mean DSl values in carriers of the reference or alternative allele; ** QTNs localized both
in the gene body and known QTL.
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Table 6. QTNs located within previously identified QTLs

MeTtop IIVmrMLM obHapy»u1BaeT HOBble FeHOMHble
accoumaLm € yCTONUMBOCTbIO K dy3apurosy Y ibHa

2025
293

QTN

Chr5_15553508

Chr8_21862725

Chr12_7449738

Chr1_2540379

Chr5_12086840

Chr8_22542741

Chr1_17552378

Chr7_3147157

Chr7_4787639

Chr12_1240570

Chr12_6862107

% Average DSI for REF  QTL Trait QTL position
Average DSl for ALT

1.24 33.95 QPAL-Lu5.2 PAL 13796740-15667804
45.51*

247 36.27 QOLE-Lu8.1 OLE 21781910-23526575
51.36*

1.06 36.35 QOIL-Lu12.6 OlL 4591134-7490902
60.51%

2.02 36.98 Lu1_2500703 DSI 2500703-2636369
58.99%

1.77 37.19 QPAL-Lu5.1 PAL 12061283-12181348
53.09%

2.77 41.64* QOLE-Lu8.1 OLE 21781910-23526575
23.63

0.90 28.86 QPM-crc-LG1 PM 16920407-18739647
41.23*

0.87 31.48 QPAL-Lu7.3 PAL 624439-5423600
48.22*

1.57 35.91* QPAL-Lu7.3 PAL 624439-5423600
18.53

0.81 32.95 QIOD-Lu12.3/QLIN-Lu12.3/QLIO-Lu12.3 IOD/LIN/LIO  489561-2981562
55.79*%

3.27 3231 QOIL-Lul12.6 OIL 4591134-7490902
55.52*%

Note. REF - carriers of the reference allele, ALT - carriers of the alternative allele. * The largest of the mean DSl values in carriers of the reference or alternative
allele. Abbreviations of trait names from (You, Cloutier, 2020): PAL (Palmitic %) — palmitic acid content; OLE (Oleic %) - oleic acid content; OIL (Oil content %) - oil
content, PM (Powdery mildew rating) — powdery mildew rate; IOD (lodine value) - iodine content; LIN (Linoleic %) - linoleic acid content; LIO (Linolenic %) —

linolenic acid content.

2019 2020 2021
p=0.021 p=0.0037 p =0.0046
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Fig. 2. Distribution of DSl values in different years for accessions containing different numbers of alleles that have a negative effect

on the DSl value.
The upper part of the graphs shows the p-value of the statistical test.
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associations with resistance to Fusarium wilt in flax

Table 7. Varieties that had the best combination of alleles with positive and negative effects in all three years

DSI Morphotype Country
2019 2020 2021
0 8.3 0 Fiber Japan
0 0 0 Intermediate Czechia
0 8.3 0 France
19 8.3 0 Russia
0 0 0
Discussion

In this paper, we used the IIIVmrMLM program to find ge-
nomic regions controlling resistance to Fusarium wilt in flax.
Atotal of 111 QTNs associated with the disease severity index
(DSI) value in data from different years were found.

QTNs Chrl 1706865, Chrl 1706872, and Chr8 22542741
apparently point to regions on chromosomes 1 and 8 pre-
viously found using the GAPIT package, as published in
(Kanapin et al., 2021), being less than the average LD for the
corresponding chromosomes, which was 16 and 45 kb for
chromosomes 1 and 8, respectively (Fig. S1).

Many of the QTNs fall into or near genes with impor-
tant functions, and it is possible that these genes are casual
(Table 5). Among the QTNs found to fall into genes, there
are QTNs that have a favorable effect on a trait. For example,
the alternative allele of the QTN Chrl 25377570 in the
Lus10027990 gene decreases the DSI which is a favorable ef-
fect for this value. The orthologue of this gene in Arabidopsis
AT4G02940.1 encodes a dioxygenase that demethylates meA
in mRNA. Mutations in this gene affect the mRNA stability of
the flowering time regulators FT, SPL3, and SPL9 and delay
the transition from vegetative growth to flowering (Duan
et al., 2017). The alternative allele of QTN Chr3 1992356
(Table 5) located in the Lus10037255 gene also increases
the DSI value. The Lus10037255 ortholog encodes the urea
proton symporter DUR3, which is involved in urea transport
across the plasma membrane into root cells (Liu et al., 2003;
Kojima et al., 2007). Since F. oxysporum infects plants via
roots, the transport of metabolites in roots may influence the
susceptibility of the plant to infection.

Some QTNs fall into genes associated with plant immunity
(Table 5). For example, QTN Chrl5 2097827 with a posi-
tive effect (ALT allele increases the DSI) is localized in the
Lus10007320 gene, the orthologue of which in Arabidopsis
regulates autophagy (Kim et al., 2023). In contrast the alterna-
tive alleles of QTNs in the genes Lus10021849, Lus10008367,
and Lus10024259 decrease the DSI value. Lus10021849 is an
orthologue of Arabidopsis CRK8, which encodes a receptor-
like protein kinase. The Arabidopsis orthologue Lus10008367
encodes the effector Ran KA120. This effector prevents auto-
immune activation in the absence of pathogens and restricts
the activity of the SNC gene, which encodes a TIR-NB-LRR-
like receptor involved in the salicylic acid-mediated immune
response (Jia et al., 2023). The Lus10024259 orthologue in
Arabidopsis is involved in the biosynthesis of ferulic and
synapic acids (Nair et al., 2004), which are important for plant
resistance to biotic and abiotic stresses.

388

Breeding Name

Line Honkei35, k-5396

Line AGT987, k-7225

Cultivar Eolle, k-7034

Line VNIIL, LM92, k-6672

Cultivar Voronezhskij 1308/138, k-3052

In many cases, the presence of the alternative allele resulted
in an increased DSI value in its carriers. Many of the genes
that harbored such QTNs were associated with root or leaf
growth. For example, Lus10030349 (Table 5) (orthologue
AT1G31880.1) encodes the BREVIS RADIX protein, which
regulates cell elongation and differentiation in the root and
shoot (Depuydt et al., 2013; Rodriguez-Villalon et al., 2014).
Lus10036674 (orthologue AT3G01470.1) encodes the HATS
protein with homeobox and leucine zipper domains that is
involved in the mechanism of leaf growth regulation (Aoyama
et al., 1995). Lus10010491 (orthologue AT3G07880.1) en-
codes RhoGDI, an inhibitor of GDP dissociation from Rho
GTPase. This inhibitor spatially restricts the sites of growth
to a single point on the trichoblast and regulates activation of
the RHD2/AtrbohC NADPH oxidase, which is required for
root hair growth (Carol et al., 2005).

Mutations in genes related to plant immunity and stress
response can also have a negative effect on plant resistance
to Fusarium wilt (Table 5). For example, Lus10002083 (or-
thologue of AT5G08790.1) encodes the ATAF2 protein, which
is involved in the regulation of basal defense responses of
the host plant against viral infection (Delessert et al., 2005;
Wang X. et al., 2009; Wang X., Culver, 2012). Lus10023622
(ortholog AT1G74710.1) encodes chloroplast isochorismate
synthase 1, which is involved in the synthesis of salicylic acid,
essential for plant defense against pathogens (Wildermuth et
al.,2001; Strawn et al., 2007). The AT1G67510.1 orthologue,
Lus10015799, encodes an RLK protein kinase rich in leucine
repeats. Many RLK kinases are involved in cell response
processes to pathogens and abiotic stresses (Lease et al.,
1998; Gish, Clark, 2011; Yan et al., 2023). The orthologue of
AT3G29575.1, Lus10022764, acts as a negative regulator of
abscisic acid (ABA) and stress response (Garcia et al., 2008).

Also, some QTNs are located in genes related to energy
metabolism and flower growth. For example, AT3G16950.2,
the orthologue of the Lus10037741 gene (Table 5), encodes
a dehydrogenase that is a component of the plastid pyruvate
dehydrogenase complex (PDC) (Lutziger, Oliver, 2000). This
complex is involved in glycolysis. Lus10037741 contains
the Chr3 24632490 QTN, in which the alternative allele
reduces the DSI value (Table 5). Conversely, the alterna-
tive QTN alleles Chr4 2301676 and Chr2 17726495 in the
genes Lus10029444 and Lus10033187 increase the DSI value
(Table 5). AT3G62910.1, the orthologue of the Lus10029444
gene, encodes the chloroplast peptide chain release factor
APG3, which is required for normal chloroplast development
(Motohashi et al., 2007). AT3G54340.1, the orthologue of
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2025
293

MeTtop IIVmrMLM obHapy»u1BaeT HOBble FeHOMHble
accoumaLm € yCTONUMBOCTbIO K dy3apurosy Y ibHa
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Fig. 3. Normalized DSl values in carriers of the reference (REF) and alternative (ALT) alleles in an independent dataset of 100 samples

for some QTNs common to both datasets.

The p-values of the Mann-Whitney test are shown.

Lus10033187, encodes the homeobox protein APETALA 3,
which regulates flower development (Krizek, Meyerowitz,
1996). On the other hand, QTN Chrl5 13834579 in the
Lus10037970 gene, orthologous to the flowering regulator
AT3G54850.1, has a positive effect on resistance to F. 0xy-
sporum, reducing the DSI value in carriers of the alternative
allele.

It is also interesting to note that 11 of the QTNs found over-
lapped with previously published functional QTL regions, but
only two of these regions were associated with plant immunity,
while the rest were related to fatty acid production (Table 6).
Fatty acids in plants act as a defense against pathogens and
abiotic stresses (Kachroo et al., 2008; He, Ding, 2020); in
addition, palmitic acid has been shown to reduce Fusarium
infection in other plants (Ma et al., 2021). Thus, QTNs located
in regions associated with fatty acid production may influence
plant resistance to Fusarium wilt. Four QTN fell into regions
associated with palmitic acid (Table 6), which may indicate an
important role of this acid in defense against Fusarium wilt in
flax. The Chr8 22542741 QTN overlapped with the QOLE-
Lu8.1 QTL associated with oleic acid production, and the
Chr8 2256060236 and Chr8 2256060290 QTNs previously
found with the GAPIT package (Kanapin et al., 2021) also fell
within this region, indicating the possible importance of oleic
acid production in protecting the plant against Fusarium wilt.
One QTN, Chrl 2540379, also overlapped with a recently
published region associated with flax resistance to Fusarium
wilt (Cloutier et al., 2024).

We also tested on an independent dataset of 100 accessions
the validity of the detected associations between QTNs and the
DSI value (Fig. 3). This dataset grown under the same condi-
tions was previously sequenced separately from the dataset
under consideration and does not overlap with the dataset
used in this study. It can be noted that the Chr5 15553508
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and Chr7 3147157 QTNs, which fell into the palmitic acid-
related regions, and the Chr8 22542741 QTN, which fell
into the oleic acid-related region, demonstrate a significant
difference in the DSI value between carriers of the refer-
ence and alternative alleles in this dataset (Fig. 3). Also, a
significant allelic effect is seen in QTNs located in genes
involved in plant immunity and stress response (Tables 5
and 6): Chr13 6339069 (Lus10002083), Chrl14 12732300
(Lus10008367), Chr4 12925693 (Lus10015799), and
Chr10 16815632 (Lus10022764). This suggests that these
genes may also be involved in the defense of flax plants
against infection.

We identified five varieties with the largest number of al-
leles decreasing the DSI (Table 7). The DSI of these varieties
is much lower than the average DSI value, which for 2019,
2020 and 2021 was 38.7, 38.9 and 34.4, respectively. These
varieties can be integrated into modern breeding programs.

Conclusion

As a result of application of the new multilocus model
IIIVmrMLM to search for genomic associations with flax
resistance to Fusarium wilt wilt, new genomic variants located
in important regulatory regions were identified. Varieties with
these variants showed greater resistance to the disease and can
be used in breeding programs.
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