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% Flax (Linum usitatissimum L.) is an important oil and fiber crop. Using modern methods for flax breeding allows ac-
celerating the introduction of some desired genes into the genotypes of future varieties. Today, an important condition for
their creation is the development of research, that is based on next-generation sequencing (NGS). This review summa-
rizes the results obtained using NGS in flax research. To date, a linkage map with a high marker density has been obtained
for L. usitatissimum, which is already being used for a more efficient search for quantitative traits loci. Comparative stu-
dies of transcriptomes and miRNomes of flax under stress and in control conditions elucidated molecular-genetic mecha-
nisms of abiotic and biotic stress responses. The very accurate model for genomic selection of flax resistant to pasmo was
constructed. Based on NGS-sequencing also some details of the genus Linum evolution were clarified. The knowledge
systematized in the review can be useful for researchers working in flax breeding and whereas fundamental interest for
understanding the phylogenetic relationships within the genus Linum, the ontogenesis, and the mechanisms of the re-
sponse of flax plants to various stress factors.

% Keywords: flax; genome-wide association studies; genomic selection; linseed; Linum usitatissimum; marker-assist-
ed selection; RNA-seq; transcriptome; NGS-sequencing.
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& Jlen (Linum usitatissimum L.) — Ba)kHas Mac/H4YHAs U NPsIUJbHAS KyJbTypa. [IpuMeneHne coBpeMeHHbIX METOJ0B
CeJIeKLIMH JIbHA T03BOJISIET YCKOPSITh BBEEHHE HEKOTOPBIX KeJlaeMblX BAPHAHTOB I'€HOB B I'€HOTHIbI Oy/ylIUX COPTOB.
Ha ceropnsitinmii ieHb BaXKHBIM YCJIOBHEM JUISl HX CO3/JaHHs SIBJISIETCS] pa3BUTHE MCC/IEI0BaHHI, OCHOBAHHBIX Ha CEKBe-
HupoBannu Hooro nokosiennss (NGS, Next Generation Sequencing). B nanHoil 0630pHO# cTaThe 060061EHbI Pe3yJib-
TaThl, MoJlyueHHble Ha ocHoBe npuMeHeHust NGS-cekBeHHPOBaHUS B HCC/IEI0BAHUH JibHA. K HacTosilieMy MOMeEHTY st
L. usitatissimum nosiyueHa reHeTHUECKasi Kapra ClLEMJIEHHs C BBICOKOH MJIOTHOCTbIO MapPKEPOB, KOTOPYIO y»Ke MCIOJIb-
3y10T 7151 6oJiee 9(PEeKTHBHOrO MONUCKA JIOKYCOB KOJHUECTBEHHBIX MPU3HAKOB. Ha ocHOBe cpaBHHUTE/BHBIX HCC/IEI0BAHHII
TpaHckpuntoMoB U MUKpoPHK JibHa B KOHTPOJIBHBIX M CTPECCOBBIX YCJOBHSX YTOUHEHBI MOJIEKYJSPHO-TeHEeTHUECKHE
MeXaHH3Mbl OTBETOB Ha GMOTHUECKHe W aGMOTHUYeCKHe cTpecchl. Bblia moctpoena orsMyaloniasicsi BBICOKOH TOYHOCTHIO
MOJie/b TEHOMHOMH CeJIeKIMK JIbHAa Ha YCTOHYMBOCTb K macmo. Takike, 6iarogapst mpumeHenuio NGS-cekBennpoBanus,
yal0Ch YTOUHHUTb HEKOTOPble 0COOEHHOCTH IBOJIOIMHM T€HOMOB MpeacTaBuTeneil poxa Linum. CHcTeMaTH3HPOBAHHbIE
B 0030pe 3HAHHsT MOTYT OBbITh TOJIE3HbI AT UCCAe0BaTeNeH, BEAYIMX paboTy MO CeNeKIHH JbHA, U MPEACTABATh (PyH-
JIaMEHTaJILHBIH UHTepeC /st MOHUMaHusl (PUIOreHeTHUECKUX B3aUMOOTHOILIEHHH BHYTPH poaa Linum, oco6eHHOCTeH OH-
ToreHe3a M MEeXaHH3MOB OTBeTa PACTEHHH JibHA HAa pa3iuyHble (haKTOpbI CTpecca.

% KaroueBble caoBa: Linum usitatissimum; cexsennpoBanne PHK; RNA-seq; reHomHast cesieKist; JeH MaCJHYHbIN;
JIEH-JI0JITYHELl; MapKep-OpUeHTHPOBaHHAsT CeeKIIUs; TOJHOMeHOMHBIN aHau3 accounanni; NGS-cekBeHHpoBaHHe; TpaH-
CKPHMTOM.
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INTRODUCTION

Flax (Linum usitatissimum 1.) is a valuable fi-
ber and oil crop. Four subspecies are distinguished
within the species: (1) common flax (L. usitatis-
simum L. var. wusitatissimum sensu Rechinger
(1974)), which is cultivated as a spring fiber and
oil crop; (2) crown flax (L. usitatissimum var.
humile (Mill.) Pers.); (3) linseed (L. usitatis-
simum L. var. intermedium (Czernom.) Kutuz.);
and (4) dwarf crown flax (L. usitatissimum var.
nanum Kutuz.) [1]. Flax is cultivated on all con-
tinents, except for Antarctica. Among crops used
for fiber, flax cultivation area is ranked fourth in
the world, and linseed is ranked tenth among oil
crops [2].

In Russia, the flax cultivation objectives comply
with global trends. However, special attention is
paid to the development of varieties with higher
ecological plasticity and adaptivity to unfavorable
conditions, as well as to freezing tolerant crop
forms with reduced photoperiodic sensitivity [3, 4].
Breeding of aluminum tolerant plant is important
for flax cultivated in northern Russia [5, 6].
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Compared to other crops, the use of the state-
of-the-art technology (e. g., marker-assisted se-
lection, MAS) for flax breeding is difficult because
of insufficient data on economically important
genes. However, the search for effective genetic
markers for breeding continues. According to the
number of publications concerning this topic,
Russia is one of the five world leaders along with
Canada, USA, India, and China (Supplementa-
tion 1).

Research on economically important genes
in linseed exceeds three times that in fiber flax.
Greater attention has been paid to the identifica-
tion of the loci associated with the oil fatty acid
composition than to loci associated with resis-
tance/tolerance and seed yield (Fig. 1).

MAS is a popular method used for identifi-
cation of markers associated with allelic gene
variants. MAS is used for selection of traits with
mono- and oligogenic control and can comple-
ment traditional breeding approaches to speed
breeding for certain traits. The novelest approach
for variety improvement by traits with mono- and
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Fig. 1. The main directions of flax research using DNA markers. The number of publications related to the use of markers in the
main areas in flax breeding is based on publications in the Scopus database (www.scopus.com, accessed September 13, 2019) at the
intersection of the keyword “Marker” with “Fiber Flax” / “Linseed” and with “Resistance” (to biotic stress) / “Tolerance” (to abi-
otic stress) / “Fiber content” / “Seed yield”) / «Fatty acid». * — not in all articles it is possible to determine which type of flax was

described.
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oligogenic control is genome editing. For exam-
ple, Sauer et al. (2016) applied the CRISPR/
Cas technology to create a glyphosate resistant
genotype [7].

Genomic selection is a promising approach for
crop improvement by traits with polygenic con-
trol. This is an alternative strategy that uses sta-
tistical models to predict the plants with the best
phenotypes based on a large number of markers
for individual selection [8]. This approach is used
for flax genomic selection regarding resistance to
pasmo (Septoria linicola (Speg.) Gar.) [9].

Next-generation sequencing (NGS) is fre-
quently used to detect new genetic markers for
MAS or target genes for genome editing, as well
as for genomic selection.

The purpose of this review is to analyze and
systematize data describing the application of
NGS-based approaches in flax genetic studies and
breeding, as well as assessment of the prospects
for their further use in flax production.

SEQUENCING OF LINUM USITATISSIMUM GENOME

The chromosome number of the genus Linum L.
representatives varies broadly from 2n =16 to
2n =72 [10]. The cultivated species L. usitatis-
simum has a diploid genome (2n = 30) accord-
ing to the comparative analysis of the genomes of
different representatives of Linum genus. These
findings support the concept that L. usitatissi-
mum passed during it evolution through allote-
traploidy via hybridization of two ancestral diploid
species [11—13].

In 2011, the first flax full genome physi-
cal map was presented by an international team
headed by Canadian scientists under the Total
Utilization Flax Genomics Project (TUFGEN).
A library comprising 43,776 bacterial artificial
chromosome (BAC) clones was developed for the
CDC Bethune variety, based on which 87,552
BAC-end sequences (BES) were obtained [14].
The map consisted of 416 contigs covering
~368 Mb and 1 contig represented a chloroplast
genome [14]. Among the known repeated frac-
tions, ribosomal RNA encoding genes constituted
~13.8% and mobile genetic elements — 6.1 %.
Functions of 45.1% of sequences remained un-
known [14].

In 2012, the genome of CDC Bethune variety
was sequenced de novo via the whole-genome
shotgun (WGS) sequencing [15]. Reads were as-
sembled into 116,602 contigs (302 Mb) of which
88,384 scaffolds were linked together with a total
size of 318 Mb, which corresponds to ~81% of
the flax genome. More than 96% of the flax ex-
pressed sequence tags (ESTs) obtained from the
database of the National Center for Biotechnology
Information (NCBI), USA, were mapped to the
genome sequence obtained. It was demonstrated
that 20% of the genome is represented by trans-
posons; the portion of microRNA genes was <1%.
The authors detected 43,484 coding genes [15].
The assembly process detected 31 scaffolds con-
taining chloroplast DNA, although an attempt to
combine them in one molecule of the chloroplast
genome failed [15].

The methods of direct and reverse genetics
can be used to study variability by economical-
ly important traits. One such method is optical
mapping based on direct identification of DNA
restriction sites using laser confocal microscopy.
The overall spectrum of the obtained DNA frag-
ments serves as a unique “barcode” for the initial
sequence [16]. The BioNano genome (BNG) opti-
cal map of flax used the BioNano IRIS platiorm,
which allowed to improve the assembly quality
and supplemented the genome sequence of the
CDC Bethune variety based on physical and ge-
netic maps [13—15]. The alignment of 211 BNG
contigs (298.6 Mb, 94.2%) and 622 scaffolds
(286.6 Mb, 94.9%) was performed by Wang et
al. [15]. Based on the specified scaffolds obtained
by You et al. [13] and the confirmed physical map
of “CDC Bethune,” 211 BNG contigs were com-
bined into 94 supercontigs, which were then asso-
ciated with the L. usitatissimum 15 chromosomes
linkage maps. The total size of pseudo-molecules
was 316 Mb, which covered 97% of the annotated
flax genes [13].

Sequencing, assembly, and detailed analysis
of the L. usitatissimum plastid genome was per-
formed by Lopes et al. [17]. The plastid genome
represented a DNA ring molecule of 156,721 bp
with a typical structure consisting of four parts:
two inverted repeats (31,990 bp each) between
which the large single copy (LSC) and small
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single copy (SSC) are located and unique areas
including 81,767 bp and 10,974 bp, respectively.
In total, 109 unique genes and 2 pseudo-genes
were identified in the genome, along with the loss
of conservative clpP introns and the complete se-
quence of rpsl6 [17].

Thus, as a result of these studies, the L. usita-
tissimum genome constructed is available as
a basis for quick and effective assembly of the
genomes of other representatives of this species,
as well as further related species.

Information on the assembly of the flax genome
and associated data is provided in MAS 2.

APPLICATION OF NGS METHODS FOR ANALYSIS
OF DNA POLYMORPHISM

Prior to the use of NGS for genotyping, there
were about 20 methods of single nucleotide poly-
morphism (SNP) detection. With the development
of NGS techniques it became possible to identify
thousands of markers simultaneously [21]. De-
tected SNPs are used to assess the genetic diver-
sity and to map genes or QTL (quantitative trait
loci) for further marker-assisted selection (MAS)
[22—-31].

Pyrosequencing, an NGS approach based on
the detection of released pyrophosphates, could be
used for finding SNPs [32—35]. One of the first
experiments performed with this approach exam-
ined the species L. usitatissimum and L. bienne.
Using of a pipeline to identify de novo allelic
variants in flax genome enabled the detection of
1,067 SNPs in 713 contigs. Most of those de-
tected additional SNPs and indels (single nucleo-
tide insertions and deletions) were confirmed by
Sanger sequencing [36].

In 2015, Galindo-Gonzalez et al. [24] demon-
strated the effectiveness of lon Torrent sequenc-
ing to detect mutations in certain areas of the
genome for large populations of flax. The authors
screened 768 mutants obtained via ethyl meth-
ane sulfonate (EMS) treatment with the use of
microarrays. Out of the 29 potential mutations
detected aiter NGS analysis, 16 were confirmed
using Sanger sequencing [24].

NGS technology includes methods that re-
duced genome complexity, such as restriction site-
associated DNA sequencing (RAD-seq) [37, 38],

restriction enzyme-based reduced representation
library sequencing (RRL-seq) [23, 39], genoty-
ping-by-sequencing (GBS) [40], and specific locus
amplified fragment sequencing (SLAF-seq) [29],
which allows to detect of numerous SNPs in a
short period of time at low cost.

Kumar et al. [23] performed RRL-seq of the
eight flax varieties genomes using the Illumina
platform (sequencing by synthesis via insertion of
3’-modified nucleotides with attached fluorescent
tags) [23]. They detected 55,465 SNPs, 25% of
which were located in the genes. The 4,863 SNPs,
detected in the CDC Bethune and Macbeth varie-
ties were confirmed by GBS of recombinant inbred
lines (RILs). The average occurrence irequency of
polymorphic loci was 0.17 per 1000 bp [23].

The SLAF-seq method is used to search for
new SNPs, which reduces analysis costs and in-
creases the possibility of effective deep sequenc-
ing [27, 41—46]. The method is an optimized
version of RAD-seq and specifically intended for
large-scale genotyping experiments based on a
series of preliminary experiments [47]. In 2017,
this method was used by Yi et al. [27] to detect
4,145 SNPs with an average distance of 0.64 cM,
which were used to construct a marker-rich ge-
netic map [27].

It is important that quantitative trait loci can
be finally linked to certain scaffolds through
SLAF-markers, which is the basis for prelimi-
nary conclusions about adjacent genes or genes
with pleiotropic effects, which affect the flax ec-
onomically valuable traits. For example, Wu et
al. [31] developed a marker-rich map with QTL
for economically important traits. Based on the
analysis of F2 mapping population Diane x NYI
with 2,339 markers, they developed a genetic
map (1483.25 ¢cM) covering 15 linkage groups,
with the average distance between the markers
0.63 cM. They described 12 loci associated with
the flax economically valuable traits (e.g., plant
height, seed yield, fiber content, and fiber yield)
[31].

The quick introduction of high-throughput
genotyping methods allowed to develop several
genetic maps for one species, which are com-
bined in the uniform consensus map integrating
additional markers in the areas where QTL are
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located [49]. For example, in 2013, Asgarinia et
al. [49] used 143 SSR (simple sequence repeat)
polymorphic markers — based on the analysis of
mapping population NorMan/Linda and developed
maps for all 15 linkage groups with total length
1,241 cM. They also conducted QTL-analysis for
powdery mildew resistance and detected loci in
the linkage groups 1, 7, and 9 associated with the
SSR-markers mapped. The physical locations of
these loci in the genome were determined by ho-
mology search in the whole-genome sequencing
database, for which the information about nucleo-
tide sequences of ESTs and BAC-clones was used
(48, 54].

Thus, high-throughput sequencing can be ef-
fectively used to detect a large number of markers,
as well as map the loci for economically important
flax traits with simultaneous identification of their
location on the genetic map and detect the physi-
cal location in the genome.

GENOME-WIDE ASSOCIATION STUDIES

Traditional mapping of QTL in plants is
performed using bi-parental mapping popula-
tions [50], which have several limitations. The
most critical problem is the absence of allelic di-
versity, as the population originates from two par-
ents, and genetic variation is limited by the parent
lines. Recently, genome-wide association stud-
ies (GWAS) have been used to detect candidate
genes associated with economically important
traits [51 —53]. This method requires the using of
large number of markers and is used to analyze a
wide range of genotypes. Finally, it provides the
base to understand molecular and genetic mecha-
nisms of polygenic traits formation. Success of
this method depends primarily on the genetic
structure of the analyzed population as well as
on quantity and distribution of molecular markers
used [54]. GWAS becomes more accessible due to
whole-genome sequencing data and development
of high throughput genotyping methods.

Recently, GWAS has become an integral meth-
od for detecting new economically valuable flax
genes [50—58]. The work started recently, and
most experiments are aimed at identification of
the loci, which determined the quality of the raw
material obtained from flax.

SLAF-seq-based GWAS is an effective technol-
ogy for identifying alleles, which was confirmed
by Xie et al. [56, 57] by using a combination of
these methods for genotyping of 224 flax varieties.
Sequencing identified 584,987 SNPs, with an
average occurrence frequency of 1 per 1.2 thou-
sand bp.

Using efficient mixed-model association eX-
pedited (EMMAX), general linear model (GLM)
and a mixed linear model (MLM) SNPs associated
with oil content, plant height, number of branches
and capsules and weight of 1,000 seeds were re-
vealed, enabling the detection of candidate genes
for these traits [56, 57] (Supplementation 3).

[t is important that GWAS is implemented in
addition to the search for traces of positive se-
lection in the genome (for example, genome-wide
selective sweep scan, GW3S). Such traces can be
found as the reduction of nucleotide variations fre-
quency in the regions bordering new useful muta-
tions [60].

You et al. [59] described genome regions as-
sociated with the yield and oil content, detected
using GWAS, which was completed by GW3S.
Authors used GBS to investigate 260 lines as-
signed to three different bi-parental mapping
populations, resulting in detection of more than
500 thousand SNPs. Based on the results of this
analysis, the authors detected 33 QTLs for im-
portant flax traits, 7 of which were related to the
maturity time, 5 — to plant height, and the rest
were associated with the fatty acid composition of
oil [59].

In 2018, Soto-Cerda et al. [55] detected loci
influencing the mucilage and hull content in seeds
of Canadian flax. A decrease of these parameters
was desirable for increasing the feeding value of
seeds in cattle farming. Seven loci were identified,
which were associated with seed mucilage content
and four loci were determined with a low hull con-
tent [55] (Supplementation 3).

GWAS is also suitable for analysis flax resis-
tance to pathogens and factors of abiotic stress,
which have complicated polygenic control. For ex-
ample, He et al. [58] conducted GWAS for 370 flax
accessions of Canadian collection based on the re-
sults of 5 years of field examinations concerning
resistance to pasmo. Using GBS, they detected
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258,873 SNPs distributed through all 15 chromo-
somes. Based on orthology with the genes of Ara-
bidopsis thaliana, two candidate genes for flax
resistance to this pathogen were detected [58].

Using GWAS based on 5-years field data, He
et al. [9] conducted a search for loci associated
with flax resistance to Selenophoma linicola.
On the basis of the collection of 370 accessions
as the training and test populations, they devel-
oped a high-throughput prediction model of flax’s
genetic resistance to this pathogen with an accu-
racy of 0.92, which is the most accurate genomic
prediction model among all models for plant resis-
tance to diseases [9].

Thus, GWAS concerning flax indicates the ne-
cessity of using several statistical models for loci
identification, which promote a search for genetic
markers for further use in breeding programs.

APPROACHES TO GENOMIC SELECTION

Genomic selection (GS) enables researchers
to overcome the restrictions of MAS in terms of
quantitative traits. GS aims at determining the
genetic potential of an examined sample instead
of identifying specific QTL [61].

Several GS attempts have been made on flax.
In 2016, You et al. [62] conducted a selection of
samples using GS according to their breeding
value predicted by a statistical model based on
the interaction between phenotypes and genetic
markers. For seed yield, oil content, iodine value,
and content of linolic and linolenic acids in each
of the three tested parental populations, predicted
accuracy and effectiveness of GS were performed
relative to phenotypical selection based on three
models: random regression best linear unbiased
prediction (RR-BLUP), Bayesian LASSO (BL),
and Bayesian ridge regression (BRR) [62]. De-
spite empirical results demonstrating that GS
could increase the flax yield in breeding, further
investigations are required to develop the optimal
training populations and sets of markers for using
GS in flax breeding [62].

Thus, increased using of GS remains a chal-
lenge because total analysis expenses are higher
than for MAS. However, the development of tech-
nologies and enlargement of genome resources
will ensure broader use of GS.

USE OF HIGH-THROUGHPUT SEQUENCING FOR
PHYLOGENY OF LINUM GENUS REPRESENTATIVES

High-throughput sequencing methods have be-
come the main approaches to analyze non model
plant species for detection of their phylogenetic
relations [63]. The RAD-seq and GBS methods
are distinguished among all other methods, while
whole-genome sequencing is used less frequently
[40, 64—66]. Finally, phylogenetic reconstruc-
tion is based on SNP data that can be promptly
obtained from any type of genome at low cost
[67, 68].

In the study by Fu et al. [26], genome DNA
from 18 flax accessions, which were attributed
to 16 species of four sections, were sequenced
using the Illumina platiorm. The experiment de-
tected 6,143 SNPs in chloroplast DNA, 2,673 in
mitochondrial DNA, and 19,562 in nuclear DNA.
Phylogenetic trees constructed based on the anal-
ysis of nuclear, plastid, and mitochondrial mark-
ers reflect the divergence of four types of Linum
that are similar in topology. This demonstrates the
availability of congruent phylogenetic links of the
four sections within the genus Linum. Three main
branches detecting two main evolutionary stages
that led to the cultivated flax (L. wusitatissimum)
were also identified. This species and its progeni-
tor (L. angustifolium) formed an individual branch
that was more genetically linked to L. decumbens
and L. grandiflorum [26].

High-throughput sequencing of gene multico-
py rRNA families enabled corrections in the flax
phylogeny; the detection of intra- and interspecific
divergence of the sequences of rRNA genes was
also achieved. Based on sequence data, Bolsheva
et al. [12] categorized the representatives of the
section Linum into four branches: diploid species
(L. decumbens and L. grandiflorum); tetrapo-
loid species (L. narbonense); tetraploid species
(L. usitatissimum and its wild progenitor L. an-
gustifolium); and polyploid species (L. margi-
nale). 1t is assumed that L. usitatissimum and
L. angustifolium could result from the hybridiza-
tion of two diploid species (2n = 16) that are pos-
sible progenitors of the modern species L. gandi-
florum and L. decumbens, or hybridization of the
progenitors of L. narbonense with 2n = 14 and
diploid species with 2n = 16 [12].
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Variation in morphology, size, and number of
chromosomes in karyotypes is determined by a set
of repeated sequences. A comparative analysis of
repeated sequences in the flax genome was con-
ducted by Bolsheva et al. [69]. Based on low-cov-
ering whole-genome sequencing data for 12 flax
species attributed to six sections they concluded
that genomes differ by the number of repeated frac-
tions but their sets are similar in all species [69].
The family of Ty3/Gypsy retrotransposons repre-
sented the major fraction of repeated sequences
in all species analyzed. Evolutionary development
of the flax forms was accompanied with waves of
increasing numbers of tandem repeats (i.e., satel-
lite DNA) and retrotransposons with long termi-
nal repeats (LTRs). The least number of dispersed
repeats and the largest amount of satellite DNA
in flax genomes from Linum is probably the re-
sult of the allotetraploid origin of plants in this
group [69].

Thus, NGS methods helped to reveal new details
of evolution of Linum representatives which can be
used in the studies of genomes organization and
phylogenetic interaction within this genus.

TRANSCRIPTOME ANALYSIS

Access to updated and amended flax genomes
sequences [13] will contribute to more effective
breeding. However, information on flax genome
only is insufficient. The extensive transcriptomics,
proteomics, and metabolomics data are required
because only the combination of all omics data
will lead to better understanding of important
physiological and molecular mechanisms unique
for this plant species. High-throughput sequenc-
ing of RNA (RNA-seq) is effectively used to ana-
lyze transcriptomes and detect genes involved
in the development of economically important
traits, with special attention being paid to the re-
sistance to biotic and tolerance to abiotic stres-
sors [70—72]. The identification of differentially
expressed genes (DEGs) currently provides bet-
ter understanding of the mechanisms based on
the development of the evaluated traits. The use
of transcriptomics approaches in flax studies is in
it’s very beginning [73].

The central idea of transcriptomics is the com-
parison of gene expression in two contrasting con-

ditions, for example, in the most favorable and least
favorable environmental conditions. Especially ef-
fective is the comparison in different conditions a
set of genotypes — resistant and susceptible to
the tested type of stress. The identification of new
genes of resistance/tolerance among DEGs will
help to develop new diagnostic markers to speed
breeding process.

Among abiotic stressors, unfavorable soil com-
position is a main factor limiting the flax cultivation
areas. It is not surprising that one of the first experi-
ments, conducted in this direction is considered to
be the evaluation of the plant transcriptome under
salinity-alkalinity stress by the RNA-seq method,
where the expression patterns of five categories of
genes were analyzed, including transcription fac-
tors, signal transduction proteins, phytohormones,
antioxidant protection enzymes and molecular
transporters. Among DEGs the genes belonging to
the key regulatory families involved in response to
abiotic stress, such as WRKY, MAPKKK (mitogen-
activated protein kinase kinase), ABA (abscisic
acid), PrxR (NADH-peroxiredoxin reductase), and
genes encoding proteins included in ion channels
were detected [74].

Searching for genes associated with osmotic
stress in flax, Wu et al. [73] conducted sequenc-
ing of the transcriptome of seedlings grown in
normal conditions and stressed conditions caused
by polyethylene glycole 6000. The authors anno-
tated 2,533 genes, out of which 239 were defined
as DEGs. A significant number of genes were at-
tributed to the families encoding transcription fac-
tors such as nascent polypeptide-associated com-
plex (NAC), late embryogenesis—abundant (LEA),
WRKY, ethylene responsive factors (ERF), and
basic-leucine zipper (bZIP) [73].

In 2019, Wu et al. [75] applied high through-
put sequencing of RNA to evaluate transcriptomes
and detect flax genes for salinity tolerance. Out
of the 2,582 co-expressed genes, 2,482 were
annotated. It was demonstrated that the main
mechanisms of flax salinity tolerance were asso-
ciated with plant hormone signal transduction,
photosynthesis-antenna proteins and biosynthesis
of amino acids [75].

The flax genome has high plasticity. Therefore,
some accessions have genetic changes that have
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been inherited by several generations in case of
nutrient disbalance in the soil. Such genotypes
are called genotrophs [76]. Dmitriev et al. [6]
used transcriptome analysis to detect flax DEGs
in the process of planting in unbalanced nutrients
compared to optimal conditions. On the basis of
high throughput sequencing authors selected
17 genes for the further analyses using quanti-
tative PCR methods with extended group of ac-
cessions. In excessive nutrition conditions, gene
expression changes were detected in genes enco-
ding proteins of the WRKY family. In phosphate-
deficient conditions, the expression of genes,
which encoded proteins of the jasmonate ZIM-do-
main (JAZ), harbinger transposase-derived nucle-
ase (HARBI1), and inhibitor of growth 1 (INGI)
families, was changed [6].

In 2016, Dmitriev et al. [77] sequenced
16 transcriptomes of four flax accessions (two
aluminum-stress tolerant and two sensitive ones)
to evaluate plants resistance to aluminum toxic-
ity. Based on the obtained sequencing data, genes
with differential expression were detected, most of
which had transportation functions. A significant
increase of gene expression in glutathione-S-
transferase and UDP-glycosyl-transierase allowed
the authors to make the assumption that these
genes are involved in protective mechanisms of
plants against aluminum stress via scavenging of
reactive oxygen forms and modification of the cell
wall [77] (Supplementation 3). Later, Zyablitsin
et al. [78] determined that three transcript vari-
ants of the gene CAX3 are expressed in the roots
of flax seedlings. Data of quantitative PCR corre-
lated with the sequencing data of the same plants
samples. Thus, CAX3-Ca2*/H*-antiporter could
be involved in flax’s reaction to high soil acidity
and aluminum stress by Ca®"-specified in tracel-
lular regulation [78] (Supplementation 3).

Additionally, Dmitriev et al. [79] evaluated the
reaction of flax varieties to reduced acidity and
lack of zinc using transcriptome analysis. More
considerable inhibitions of growth and changes in
gene expression in comparison with the control
group and the group grown in the conditions of
zinc deficiency were detected in the tested flax
varieties grown at pH 5.5. DEGs detected by the
authors are involved in different processes, inclu-

ding ionic transport, cell wall biogenesis, oxidore-
ductase activity, and photosynthesis. These genes
may play role in flax response to the tested stres-
sors [79].

[t is also important to evaluate the resistance of
flax to biotic stresses. In 2016, GalindoGonzélez
et al. [80] were the first to apply transcriptome
analysis to evaluate the mechanisms of resistance
to Fusarium oxysporum. The CDC Bethune va-
riety, which is moderately resistant to Fusarium
wilt disease, was used for a complete examina-
tion of the transcriptome by RNA-seq. The re-
sults confirmed the known mechanisms of flax
response to the pathogen to a great extent and
amended the existing data, which allowed the au-
thors to make an updated and more comprehen-
sive model of flax resistance to F. oxysporum [80]
(Supplementation 3).

Responses to Fusarium wilt disease in the flax
hybrids resistant to it was examined by Dmitriev
et al. [81]. For identification of candidate genes, a
search was conducted among genes with elevated
or reduced expression in resistant (in comparison
with sensitive) varieties and populations during
the ingress of infection. Among DEGs, special at-
tention was given to the genes encoding salt re-
sponse protein (SRG), UDP-glycosyltransferase,
ATPase associated with different cell activities
(AAA-ATPase), glucan-endo-1,3-beta-glucosi-
dase, transcription factors -MYB, dehydrins, and
auxin-sensitive protein SAUR. The authors as-
sumed that the identified genes with specifically
induced expression in response to F. oxysporum
infection are the most optimal candidate genes for
flax resistance to it [81].

Another direction in the area of transcripto-
mic research of plants relates to the evaluation of
molecular genetic mechanisms of ontogenesis, for
which comparison of gene transcripts from diffe-
rent parts of the plant and at different stages of
differentiation is conducted. These results clarify
known molecular genetic mechanisms and detect
the new mechanisms of evolutionary and onto-
genetic changes, as well as identify the potential
target genes for the site-directed mutagenesis for
the purpose of changing the type of growth and
development, acceleration of flowering, matura-
tion, etc.
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RNA-seq was used to compare transcriptomes
in two segments of the infertile shoot of a 14-day
flax plant, in which all leaves were removed [82].
Detected differences in expression between the
apical part of the shoot and the major part of the
stem supported other approaches (e. g., screening
of mutants) aimed at the evaluation of primary dif-
ferentiation of phloem fibers [82].

In 2017, Mokshina et al. [83] examined the ex-
pression of genes of the cellulose synthase com-
plex of flax (LusCESA) at different stages of devel-
opment and in the process of gravitropic reaction
of plants using RNA-seqand qPCR. Gravistimula-
tion of plants temporarily increased the number of
transcriptomes of the cellulose synthase complex.
Thus, fibers of the inner (tertiary) cell wall have
specific mechanisms of biosynthesis of cellulose
and peculiarities of its regulation [83].

Using transcriptome analysis data, Shivaraj
et al. [84] evaluated genes of integral membrane
proteins, mostly presented by aquaporins. Analy-
sis demonstrated high expression of proteins of
the plasma membrane in numerous tissues, low
expression of integral nodulin-26-like proteins,
and expression of 17 integral tonoplast proteins
specific for seeds. A large-scale analysis of the
proteins provided better understanding of their
physiological function in flax development [84].

Dash et al. [85] conducted assembly of tran-
scriptome moderate tolerance to drought of the
Indian flax variety T-397. The obtained data will
help to identify loci and find SSR markers for se-
lection of drought tolerant varieties [85].

Gorshkova et al. [86] conducted RNA-seq of
the primary flax phloem for intrusively growing fi-
bers obtained with laser microdissection methods.
As changes in the levels of mMRNA of the individ-
ual genes are not directly associated with protein
synthesis and especially with the enzyme activity,
transcriptome profiling was used as a high infor-
mative approach to detect metabolic pathways and
proteins having a key role in the intrusive growth
of the cells. It was determined that elongation of
cells relates to the activation of photosynthesis
and intense expression of chaperonins and thio-
redoxins localized in the chloroplasts. It was also
defined that a great part of specifically activated
genes encoded expansions, enzymes for the pec-

tins modification, and several proteins localized in
the cell wall [86].

Data available regarding the examination of
flax transcriptome are provided in NCBI Sequence
Read Archive [88] and NCBI Gene Expression
Omnibus databases [73, 82, 85, 86, 88].

Importantly, in the area of flax transcriptomics,
there are more publications regarding of its toler-
ance to abiotic factors than to resistance to the
biotic ones. This is probably because of the breed-
ing programs and the target properties of plants
for specific regions. However, there exists a pos-
sibility for further prospective evaluation of DEGs
under different types of stressors, as well as in the
process of ontogenesis. Finally, the total data re-
lated to transcriptome analysis will allow to create
a reference maps for the detection of resistance/
tolerance additional genes useful for the programs
of flax MAS or for genetic editing.

USE OF HIGH-THROUGHPUT SEQUENCING
IN EVALUATION OF microRNA

MicroRNAs (miRNAs) are a class of small,
noncoding RNA detected in different organisms,
including plants. They consist of about 20—24 nu-
cleotides and can control numerous biological pro-
cesses by negative regulation of gene expression
with specific binding and inhibition of the target
mRNA [89]. The level of microRNA changes in
stressful conditions caused by factors such as
drought, hypoxia, cold, salinization of soil, avail-
ability of heavy metals, and high or low level of
nutrients [90—95].

NGS is often used to evaluate microRNA in
plants. Melnikova et al. [93] identified 96 conser-
vative homologs of microRNA of 21 families, 12 of
which were detected for the first time. The most
spread family in flax is miR165/166, which ac-
cording to the authors is involved in the regulation
of genes expression, participates in the coordina-
tion of metabolism in plants under stress and in
the specialization of the plant tissues. Expression
of seven microRNAs (miR168, miR169, miR395,
miR398, miR399, miR408, and lus-miR-N1) in
the nutrient deficiency was assessed based on the
sequencing data in the enlarged number of ac-
cessions using PCR in the online mode. In the
conditions of phosphate deficiency, change in the

& ecological genetics

2020;18(1)

eISSN 2411-9202



112

METHODOLOGY IN ECOLOGICAL GENETICS

expressions of lus-miR-N1 and miR399 were de-
tected. Negative correlation of the expression of
lus-miR-N1 and its predicted target was detected,
as well as of the gene of ubiquitin-activating en-
zyme E1, and miR399 and its predicted target —
gene of ubiquitin-conjugating enzyme E2 [93, 96].

In flax response to aluminum stress, Dmit-
riev et al. [95] noted changes in the expressions
of miR319, miR390, and miR393. They possibly
play important roles in stress reactions of plant by
regulating the growth processes [95].

In 2016, Yu et al. [94] examined the microRNA
profile of flax in salinity-alkalinity stress conditions
by using high-throughput sequencing. A total
124 microRNAs were attributed to 23 conservative
families and 394 new microRNAs were identified.
After assessment of the DEG profiles, 17 known
lus-miRNA and 36 new lus-miRNA were selected,
which were used to predict the target genes. Pa-
rallel analysis of the terminal reads of RNA and
profiling of transcriptome demonstrated changes
in the expression of 29 pairs of microRNAs under
the applied stress conditions. It was suggested
that the target miR398 gene coding for super-

oxide dismutase and miR530, which targets the
transcription factors of the WRK family, could play
significant roles in flax stress resistance [94].

Flax microRNA data are deposited in miRbase
database. The resource contains repository that
presents sequences of 124 microRNA of L. usita-
tissimum [97]. Primary and secondary structures,
localization in flax genome of assembly v1.0, are
also provided.

On the basis of published data, testing of to-
lerance to abiotic factors is highly interesting.
However, examination of microRNAs and their
functions in flax ares till in the initial stages and
several key issues remain unanswered. The accu-
mulation of knowledge about the mechanisms of
microRNA regulation in plants will allow to de-
velop artificial microRNA to use them as effective
tools to control gene expressions.

CONCLUSION

The use of modern methods in addition to
traditional breeding approaches makes develop-
ment of flax varieties with desired traits more ef-
ficient (Fig. 2). The development of new genetic

Genomic selection

SNP

DArT

BS

Genotypin
AFLP yping

SSR

Genetic maps, QTL-
analysis // bi-parental
mapping populations

RAPD

RFLP

Varieties with specified
quantitative characteristics

Identified haplotypes

associated with quantitative

traits
A

DNA markers for targeted
selection
Varieties with desired traits with
mono- and oligo genic control

Fibre and seed yield
Training Oil content and
population quality
Fibre content and
Phenotyping quality
Tolerance
GWAS // varietal
population
Resistance

Marker-assisted selection

Fig. 2. Schematic representation of modern breeding approaches based on the use of a combination of approaches for marker-assisted

and genomic selection

* dKo02uHecKasa eeHemuKa

TOM 18 Nel 2020

ISSN 1811-0932



METO/OJIOTHS SKOJIOTHYECKOH TEHETHKH

113

markers for breeding and detection of new tar-
get genes for genome editing will contribute to
the enhancement of research based on the use of
methods such as high-throughput sequencing in
the quantitative genetics and transcriptomics of
flax. The obtained results will also have funda-
mental relevance, leading to further understand-
ing of the phylogenetic traits of the genus Linum,
evolution of genomes representative of this genus,

mechanisms of the ontogenetic development of
plants and phenotypic variation, and variation in
responses to different environment.

Acknowledgments

This review was prepared in the frame of VIR
Project No. 0481-2019-0001.

Conflicts of interest

The authors declare no conflicts of interest.

Supplementation 1

The use of flax DNA markers in studies in different countries is based on a search for publications in the Scopus database
(www.scopus.com, accessed February 1, 2019) by the intersection of the keywords “Marker” and “Linum”
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Supplementation 2

Electronic resources containing full genome flax sequencing data

Genome sequencing and assembly results, as well as
recent assembly data for L. wusitatissimum pseudomol-
ecules, are available in the NCBI GenBank nucleotide
sequence database under the identifier GenomeProject
# 68161 [18]. Access numbers are from CP027619 to
CP027633 for each of the 15 chromosomes. Sequences
obtained on the basis of phasmids and BAC libraries were
presented in GenBank under the numbers HQ902252,
JN133299-JN133301 and JX174444-JX174449.

The annotated genome sequence and information
about coding genes are also available in the Phyto-
zome database [13, 15, 19]. The assembly characteris-
tics are the total length of the assembled sequences is
approximately 318.3 million bp, the number of scaffolds

is 88,420, the number of contigs is 110390. Annotated
genome contains 43471 genes and 43484 transcripts.
In addition, the database contains ESTs from the NCBI
GenBank mapped to the genome using PASA (the Pro-
gram to Assembly Spliced Alignments) [15].

Some data on the genomes of flax species can be
found in the European Archive for Nucleotide Sequen-
ces (ENA)[20]. For example, raw pair readings obtained by
shotgun sequencing of wild flax species such as L. leonii
(SRR1592650), L. lewissii (SRR1592654), L. perenne
(SRR1592548), L. narbonense (SRR1592545) L. gran-
diflorum (SRR1592647), L. decumbens (SRR1592610)
and L. angustifolium (SRR1592607).
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Candidate genes associated with agronomic traits of flax

Supplementation 1

Candidate gene associated

Refe-

elongation of these parts of the plant;
a decrease of the gene expression
leads to a short interstitial length

Trait with trait Encoding protein Interpretation Method rence
Palmitic acid | PIP5K (Lus10022606) Phosphatidylinositol- | Playing a role in the inositol phos- GWAS [56]
content (PHOSPHATIDYLINOSITOL- | 4-phosphate 5-kinase | phate metabolism pathway, hydroly-

4-PHOSPHATE 5-KINASE) sis of phosphatidylinositol can serve
as precursors for the synthesis of
palmitic acid
Plant height [ABC (Lus10016125) ATP-binding cassette | Provide transport of lipids, sugars, GWAS [56]
(ATP-BINDING CASSETTE) amino acids, etc. thus plays an im-
portant role in the development and
growth of plants
UGT (UDP- UDP-glycosyltrans- | The overexpression of UGT84B1 GWAS [57]
GLYCOSYLTRANSFERASE)  |ferase and UGT74E2 in Arabidopsis causes
phenotypes with shorter stature and
more branches. Affects the deve-
lopment of plants modulated the
metabolic pathway of auxin
PL (PECTATE LYASE) Pectate lyase The PL gene is closely associated GWAS [57]
with the growth and development In
rice and Arabidopsis by regulating
the rate of cell division and the par-
ticipation of cell wall modifications
Fiber content | Lus! 0016354 Xanthoxine Participates in transfer and signal GWAS [56]
Dehydrogenase transduction of phosphate from
roots to the aboveground parts. In-
creased phosphate intake increases
seed size
Stearic acid |Lus!0021171 Protein phosphatase In flax with reduced gene expres- GWAS, [56]
content sion, an content of stearic acid is RNA-seq
increased
1000-seed PHO1 (PHOSPHATE Phosphate permease Participates in transfer and signal GWAS [56]
weight PERMEASE) transduction of phosphate from roots
to the aboveground parts. Increased
phosphate intake increases seed size
Numberof | GRAS (GIBBERELLIC ACID | Transcriptional factor of | They play a key role in the devel- GWAS [57]
branches INSENSITIVE + REPRESSOR | GRAS family opment and signal transduction.
OF GA1-3 + SCARECROW) | GRAS (GIBBEREL- LS and MOCI are members of
LIC ACID INSENSI- | the GRAS protein family. The lack
TIVE + REPRESSOR | of LS gene expression inhibits the
OF GAL- formation of axillary meristem and
3 + SCARECROW) | reduces the number of axillary buds.
The absence of MOC expression
leads to an almost complete absence
of tillering in rice because the gene
product is involved in cell cycle
regulation
XTH XYLOGLUCAN Xyloglucan XTH9 is expressed in Arabidopsis in GWAS [57]
ENDOTRANSGLUCOSYLASE/ | endotransglucosylase/ |ipa apical meristem of flower buds
HYDROLASE hydrolase and stalks and is associated with an
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Supplementation (continued)

tion of phosphate transport. CAX3
is in tonoplast. CAX3 mutants

of arabidopsis are susceptible to
stress caused by increased salin-
ity and acidity. CAX1 and CAX3 are
involved in the regulation of pH in
the apoplast

Trait Candidate gene gssomated Encoding protein Interpretation Method Refe-
with trait rence
Mucilage GATLS (Lus10009311) Galacturosyl transfer- | Involved in rhamnogalacturonan I GWAS [55]
content (GALACTUROSYL ase-like 5 (RG ) backbone synthesis.
TRANSFERASE-LIKE 5)
MUM4 (Lus10009288) UDP-L-rhamnos Important for production of rham- GWAS [55]
(MUCILAGE-MODIFIED 4) | synthase nose, a key substrate for mucilage
biosynthesis
PME36 (Lus10009287) Pectin Plays role in pectin synthesis and GWAS [55]
(PECTIN METHYLESTERASE 36) | methylesterase 36 cell wall modification
SBT1.7 (Lus10009313, Subtilisin-like serine | 3anyckaer aktuBaluio GepMeHTOB, GWAS [55]
Lus10007083) protease MOAMMHUILMPYIOLINX KIETOUHYIO CTEH-
(SUBTILISIN-LIKE SERINE KY JUIs BBIJICJICHHST C/IH3H
PROTEASE)
TT8 (Lus10007101) TT Transcription Factor | Part of a transcription factor complex | GWAS [55]
(TRANSPARENT TESTA 8) Family that, along with GLABRA2 (GL2),
regulates MUM4 gene expression
Hull content |AGL62 (Lus10035456) AGL Transcription AGL62 mutants can initiate embryo GWAS [55]
(AGAMOUS-LIKE MADS - Factor Family and endosperm formation but are
BOX PROTEIN) not able to form the seed coat
GHI7 (Lus10018306) Glycosyl hydrolase Coexpressed with TT12, AHA1O, GWAS [59]
(GLYCOSYL HYDROLASE family 17 and BAN, that might process
FAMILY 17) glycosylated flavan-3-ol monomers,
leading to accumulation of PAs in
the seed coat
UGT79B1 (Lus10026926) UDP-glucose flavonol | A key enzyme that catalyzes the GWAS [55]
(UDP-GLUCOSE 3-0-glucosyltransferase | final stage of anthocyanin biosyn-
FILAVONOL 3-0O-GLU- thesis
COSYLTRANSFERASE)
Response CAX3 (CA?* /H*-EXCHANGER) | Ca%*/H*-exchanger Participates in the regulation of RNA-seq [78]
to High Soil plant growth and assimilation of
Acidity nutrients, as well as in the regula-
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Supplementation (continued)

Trait

Candidate gene associated
with trait

Encoding protein

Interpretation

Method

Refe-

rence

Response to
aluminum
stress

GST (GLUTATHIONE
S-TRANSFERASE)

CAX3 (CA?*/H*-EXC)

UGT
(UDP-GLYCOSYLTRANSFE-
RASE)

Glutathione-
S-transferase

Ca2*/H*-exchanger

UDP-glycosyltrans-
ferase

Participates in stress response,
including oxidative stress, and can act
as glutathione-dependent peroxidase.
The effect of aluminum on plants leads
to the formation of reactive oxygen
species and lipid peroxidation at low
pH. GST expression increases both
in resistant and toxic-sensitive effects
of this substance in corn, arabidop-
sis and others under increasing of
aluminium content. An increase in
GST expression was observed in flax
under Al stress, especially in resistant
varieties

The increased regulation of the
CAX3 gene was revealed in flax
tolerant to aluminum. Activation of
CAX3 gene promotes the compart-
mentalization of Ca®" in vacuoles.
It is possible mechanism to ensure
flax resistance to stress caused by
increased aluminum concentrations

Participate in the biosynthesis of
secondary metabolites, hormonal
homeostasis, detoxification of
xenobiotics and in the reaction

of plants to stress. Changes in

UGT expression upon exposure to
elevated aluminum concentrations
were observed in rice, flax, corn, and
other crops. Genes participate in
lignan biosynthesis and cell detoxifi-
cation from secondary metabolites of
reactive oxygen species, which may
be a mechanism of flax resistance to
Al stress

RNA-seq

RNA-seq

RNA-seq

[77]

[78]

[77]

Resistance
to Fusarium
oxysporum

WRKY3, WRKY70, WRKY75

MYBI113, MYB108

Transcription factors
of WRKY family

Transcription factors of
MYB family

Overexpression of these genes in

A. thaliana is observed under biotic
stress. The transcription of WRKY75
orthologs is enhanced in Brassica
napus after infection with Sclero-
tinia sclerotiorum and Alternaria
brassicae

Panee nokasano, uro y A. thaliana
MYB1 13 wnayuupyetcst Ipy MHOKY -
JSILK F.oxysporum 1 uMeeT pelua-
tolllee 3HaUeHHe JUIsi TPOU3BO/CTBA
AHTOLMAHOB, KOTOPbIE BKJIIOYAIOT
crietuuecKe CTaui MeTaboJn3-
Ma (heHUINPONaHOUIOB

RNA-seq

RNA-seq

[80]

[80]
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Supplementation (continued)

Trait

Candidate gene associated
with trait

Encoding protein

Interpretation

Method

Refe-
rence

Resistance
to Fusarium
oxysporum

ERFI, ERF14 (ETHYLENE
RESPONSE FACTOR)

CYP79B2, CYP79B3
(CYTOCHROME P450)

PRX52 (PEROXIDASE 52)

CHS (CHALCONE
SYNTHASE)

DFR (DIHYDROFLAVONOL
REDUCTASE)

RIPK (RPMI-INDUCED
PROTEIN KINASE)

Ethylene response
transcriptional factor

Cytochrome P450

Peroxidase involved in
the lignin formation

Chalcone synthase

Dihydroxyflavone
reductase

RPMI-induced protein
kinase

Increased expression of ERF fam-
ily genes is observed in infected
plants. In plants which inoculate
by Fusarium, reactivation of ERF
genes was observed. ERF1 is
probably one of the most important
genes involved in the protection

of plants from fungal pathogens,
and is associated with resistance
of A. thaliana to F. oxysporum sp.
conglutinans and F. oxysporum
sp. lycopersici

CYP450 promotes the conversion
of tryptophan to indole-3-acetal-
doxime (a precursor of indole-
3-acetic acid — auxin). Activation
of the auxin pool is crucial for the
germination and growth of plants,
which can also protect plants
against pathogens

Participates in the formation of
lignin. Gene expression increased
more than 40 times in A. thaliana
under the infection of Verticillium
longisporum

A key enzyme in the biosynthesis
of flavonoids, which have a high
antioxidant ability. This is used
to create forms with increased
resistance to F. oxysporum and
F. culmorum by constructing a
transgenic flax with multicon-
struction, including chalcon
synthase (CHS), chalconisom-
erase (CHI) and dihydroflavonol
reductase (DFR) of petunia

One of the key enzymes for the
synthesis of anthocyanins, is used,
like CHS

The gene is an ortholog of the

A. thaliana ATG05940, which en-
codes a protein kinase that activates
effector immunity

RNA-seq

RNA-seq

RNA-seq

RNA-seq

RNA-seq

RNA-seq

(80]

(80]

(80]

(80]

[80]

[80]
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