PROCEEDINGS OF THE CONFERENCE “RESISTANCE OF PLANTS BaBUNoBCKUI XypHan reHeTrKkm 1 cenexkunmn. 2024;28(1):33-43
AND MICROORGANISMS TO ADVERSE ENVIRONMENTAL FACTORS” DOI 10.18699/VJGB-24-05

Original article

Original Russian text https://vavilovj-icg.ru/

Expression of auxin transporter genes
in flax (Linum usitatissimum) fibers during gravity response

N.N. Ibragimova ®, N.E. Mokshina

Kazan Institute of Biochemistry and Biophysics of Kazan Scientific Center of the Russian Academy of Sciences, Kazan, Russia
® nibra@yandex.ru

Abstract. Gravitropism is an adaptive reaction of plants associated with the ability of various plant organs to be
located and to grow in a certain direction relative to the gravity vector, while usually the asymmetric distribution of
the phytohormone auxin is a necessary condition for the gravitropical bending of plant organs. Earlier, we described
significant morphological changes in phloem fibers with a thickened cell wall located on different sides of the stem in
the area of the gravitropic curvature. The present study is the first work devoted to the identification of genes encod-
ing auxin transporters in cells at different stages of development and during gravity response. In this study, the flax
genes encoding the AUX1/LAX, PIN-FORMED, PIN-LIKES, and ABCB auxin transporters were identified. A comparative
analysis of the expression of these genes in flax phloem fibers at different stages of development revealed increased
expression of some of these genes at the stage of intrusive growth (LusLAX2 (A, B), LuxPIN1-D, LusPILS7 (C, D)), at the
early stage of tertiary cell wall formation (LusAUXT (A, D), LusABCBT (A, B), LusABCB15-A, LusPINT (A, B), LusPIN4-A, and
LusPIN5-A), and at the late stage of tertiary cell wall development (LusLAX3 (A, B)). It was shown that in the course of
gravitropism, the expression of many genes, including those responsible for the influx of auxin in cells (LusAUX1-D), in
the studied families increased. Differential expression of auxin transporter genes was revealed during gravity response
in fibers located on different sides of the stem (upper (PUL) and lower (OPP)). The difference was observed due to the
expression of genes, the products of which are responsible for auxin intracellular transport (LusPILS3, LusPILS7-A) and
its efflux (LusABCB15-B, LusABCB19-B). It was noted that the increased expression of PIN genes and ABCB genes was
more typical of fibers on the opposite side. The results obtained allow us to make an assumption about the presence
of differential auxin content in the fibers of different sides of gravistimulated flax plants, which may be determined by
an uneven outflow of auxin. This study gives an idea of auxin carriers in flax and lays the foundation for further studies
of their functions in the development of phloem fiber and in gravity response.
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DKCIIpecCs r'eHOB TPaHCIIOPTEPOB aVKC/HA B BOJIOKHAX JIbHA
(Linum usitatissimum) Ipu TpaBUOTBETE

H.H. M6parumosa @, H.E. MokumHa

KasaHcKnin MHCTUTYT 6roxmummm 1 6uodrsnkmn — o6ocobnieHHoe CTPYKTypHoe noapasneneHne OeaepanbHOro NCCIeA0BaTENbCKOrO LEHTPa
«KasaHCKMI HayuHbI LieHTp Poccuniickon akagemun Hayk», KasaHb, Poccuna
® nibra@yandex.ru

AHHoTauuA. [paBNTPONM3M — alanTUBHaA peakLya pacTeHUi, CBA3aHHAA CO CMOCOBHOCTbIO OPraHOB pPacTeHWI pac-
nonaratbcA 1 pacTu B onpefeseHHOM Hanpas/ieHUN OTHOCUTESTbHO BEKTOPA CUIbl TAKeCTu. [pu 3ToM acummeTpury-
Hoe pacnpegeneHne GUTOropMOHa ayKCrHa CUUTAETCS HEOOXOAVMbBIM YCIIOBMEM /151 TPOMMYECKOTO M3rba opraHoB
pacTeHuA. PaHee HaMu OblI ONUCaHbI ApPKNe Mopdonornyeckre N3MeHeHUs GI03MHBIX BOTOKOH C YTOSLLEHHON Ke-
TOYHOW CTEHKOW, HAXOAALLMXCA HA Pa3HbIX CTOPOHAX 3pesiblX yUacTKoB cTebnA B 0611acTv rpaBUTPONMYECKOro 13rnba.
HacToAwee nccneposanmve - nepeas paboTa, NoceAlWeHHaa naeHTUdGMKaLny reHoB, KOAUPYLWMX NePEeHOCUMKI ayK-
CUHa B 3TUX KJIeTKax Ha pa3HbIX CTaAMAX PasBUTUA U NPY FpaBroTBeTe. B pacTeHnAX nbHa nAeHTUPLMPOBaHbI FeHbl
OCHOBHbIX NepeHocunkoB aykcumHa: AUX1/LAX, PIN-FORMED, PIN-LIKES n ABCB. CpaBHUTeNbHbIN aHaNM3 3KCnpeccum
3TUX reHOB BO (JIO3IMHbIX BOJIOKHAX JIbHA, HAXOAALMXCA Ha Pa3HbIX CTaAUAX Pa3BUTUA, BbIAB MOBbILEHHYIO JKC-
npeccuio HEKOTOPbIX FTEHOB Ha CTaAnu MHTPY3uBHoro pocta (LusLAX2 (A, B), LuxPINT-D, LusPILS7 (C, D)), Ha paHHew
cTagum GopmMmpoBaHMA TPETUYHON KeTouHow cTeHKkun (LusAUXT (A, D), LusABCBT (A, B), LusABCB15-A, LusPINT (A, B),
LusPIN4-A, LusPIN5-A) n Ha no3aHen cTagumn pa3BUTUA TPETUUYHOW KneTouyHown cTeHKu (LusLAX3 (A, B)). NokasaHo, uto
npwv rpaBUTPONM3Me MOBbILIANach SKCNPECCUA MHOTUX FEHOB MCCeAyeMblX CEMEeNCTB, B TOM UKC/e OTBEYaloLMX 3a
NpUTOK ayKcrHa B kneTkun (LusAUX1-D). BoiaBneHa anddepeHumnanbHana sKCNpeccmsa reHoB NepeHoCUMKoB ayKcmHa
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Npv rPaBUOTBETE B BOJIOKHAX, HAXOAALWMXCA Ha Pa3HbIX CTOpPOHax cTebns — BepxHel (PUL) n HuxHel (OPP): pas-
nnuvie HabMoAaNoCh 3a CYET IKCMPECCUM FeHOB, MPOAYKTbl KOTOPbIX OTBEYAIOT 338 BHYTPUK/IETOUHbIN TPAHCMOPT
(LusPILS3, LusPILS7-A) n OTTOK ayKCUHa 13 kneTtok (LusABCB15-B, LusABCB19-B). MNoBbllweHHasn skcnpeccra PIN-reHoB n
ABCB-reHoB 6blna 6onee TnuyHa ana BonokoH OPP-cTopoHbl ctebna. MonyuyeHHble pe3ynbTaTbl TO3BONAT CAeNaTb
npeanonoxeHve o Hannunn auddepeHUranbHOro CoaepKaHna ayKCMHa B BOMIOKHaX PasHbIX CTOPOH CcTebnA rpasu-
CTUMYIMPOBAHHbIX PacTEHWI NibHa, KOTOPOE, BO3MOXKHO, ONpeaenaeTca HepaBHOMEPHbIM OTTOKOM ayKcuHa. Vccne-
[loBaHVe faeT NpefcTaB/ieHre O NepeHOoCYKax ayKCMHa BO JibHE 1 3aKnafblBaeT OCHOBY ANA Aa/ibHENLLIEro n3yyeHuns
X GYHKLMIN B pa3BuTUM GJI0IMHOIO BOSIOKHA M NPWY rPaBroTBETe.

Kntouesble cnosa: neH; Linum usitatissimum L.; rpaBuTponm3m; BONIOKHO; TPAHCMOPT ayKCMHA; SKCMPECCUA reHoB.

Introduction

Plants are under the constant influence of abiotic and biotic
factors, including unfavorable ones. The activity and coordi-
nated action of auxin (indole-3-acetic acid, IAA) carriers in
plants underlie a flexible network that mobilizes IAA in re-
sponse to various environmental changes. This applies to plant
tropisms as well. Regardless of the mechanisms involved, the
activity of the phytohormone auxin is crucial for all tropisms,
including gravitropism (Harrison, Pickard, 1989; Evans, 1991;
Li et al., 1991; Rakusova et al., 2019). It has been shown
that inhibitors of IAA transport block the development of the
gravitropic reaction in plants (Li et al., 1991). The uneven
distribution of auxin due to the participation of protein carriers
during gravitropism is an important area of both fundamental
and applied research related to plant lodging.

The implementation of the gravity response is associated
with the formation of a gravitropic curvature. The formation of
such curvature in plants occurs with the participation of diffe-
rent mechanisms: in young, actively growing organs (seedling
roots, hypocotyles, coleoptiles), the bend is formed due to
different rates of cell elongation on the different sides of the
gravistimulated organ (Harrison, Pickard, 1989; Lietal., 1991;
Zhu etal., 2019). On the other hand, the gravitropic curvature
of mature stems, in addition to the above-mentioned mecha-
nism (which, apparently, continues in the plant growing tip) in
the parts of the stem that have ceased elongation, occurs due
to the probable “contractile” properties of the fibers (Ibragi-
mova etal., 2017). The mechanism of formation of gravitropic
curvature of mature stems also has its own characteristics in
plant species of different systematic groups: in angiosperm
woody plants, it is formed due to changes in cambial activi-
ty and the formation of a tertiary cell wall (TCW) in xylem
fibers on the upper side of the gravistimulated organ, leading
to the formation of tension wood (Haygreen, Bowyer, 1996;
Jourez etal., 2001). In mature gymnosperm stems, gravitropic
curvature is provided by the formation of compression wood,
which appears on the underside of the gravistimulated organ
(Timell, 1969). Finally, in mature annual stems of herbaceous
plants, including flax, gravitropic curvature is provided, as we
assume, by primary phloem fibers having a cell wall (or TCW),
while the formation of TCW is also observed in the xylem
fibers of the upper stem side (Ibragimova et al., 2017). If, in
the case of young organs, the role of auxin in the formation of
curvature is actively studied, information on the distribution
of TAA in mature organs is very limited and contradictory
(Hellgren et al., 2004; Gerttula et al., 2015).

Auxin is distributed in the plant body by two different
but interconnected transport systems: first, rapid flow in the

phloem together with photosynthetic assimilates; and second,
slow and directional polar transport of auxin from cell to cell
(Adamowski, Friml, 2015). While phloem transport provides
a general way of auxin delivery from its place of synthesis
to the recipient organs, polar transport distributes auxin in an
accurate manner, which is critical for the formation of local
auxin maxima and is one of the key elements in its function-
ing (Friml et al., 2002; Zazimalova et al., 2010; Adamowski,
Friml, 2015). Auxin carriers of the PIN family form the main
part of this system, controlling the direction and speed of
transport through a number of cells (Zazimalova et al., 2010).
As for possible changes in the expression of genes for the
PIN protein, the relevant data are currently limited to several
model species.

In addition to the PIN (PIN-FORMED) family, auxin
transport is carried out by other types of proteins: AUX1/LAX
(AUXIN-INSENSITIVE1/LIKE AUXT1), ABCB (subfamily
of ATP-binding cassette transporters), PILS (PIN-LIKES),
NRTI1.1 (nitrate transporter 1.1), and WAT1 (WALLS ARE
THIN1) (Manna et al., 2022). It is believed that at a low pH
of the apoplast, auxin becomes protonated and can penetrate
into the cell by diffusion. In certain types of cells, auxin can
be transported to the cytosol by protein carriers, members of
the AUX1/LAX family (Swarup, Péret, 2012). Inside the cell,
auxin becomes negatively charged, and consequently, carriers
are required to ensure its efflux, such as PIN and ABCB,
through the cell membrane into the apoplast (Zazimalova et
al., 2010). A less-characterized group of PILS transport pro-
teins is probably responsible for intracellular auxin transport
(Barbez et al., 2012).

In this study, the genes for the main auxin carrier proteins
(PIN, AUX1/LAX, ABCB, and PILS) were identified in the
flax genome. Their expression was evaluated using compara-
tive transcriptomic analysis of the phloem fibers, which were
sampled from control and gravistimulated flax plants. As a
model system, we selected flax phloem fibers at different
stages of development (with primary (PCW) and thickened
tertiary cell walls (TCW)), as well as phloem fibers from diffe-
rent sides of gravistimulated flax plants at a late stage of TCW
development. Flax phloem fibers are arranged along the stem
axis in the bundles, which simplifies their isolation at different
stages of development, separated in space and time (fibers
reach a finite length during intrusive growth, and then layers of
secondary and tertiary CW are sequentially deposited in cells
(Gorshkova et al., 2003)). All this makes it possible to conduct
diverse studies at the cell level. It was shown that during flax
gravistimulation, phloem fibers localized on different sides of
the stem (upper (PUL) and lower (OPP)) had morphological
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and structural biochemical changes (Ibragimova et al., 2017,
2020). Analysis of the expression of genes encoding the main
auxin carriers in isolated fibers will reveal the type of auxin
transport, which, as we assume, is activated in phloem fibers
during gravity response.

Materials and methods
Identification of auxin transporters. Using the Phytozome
database, protein sequences containing functional domains
(Pfam) PF01490, PF03547 and PF03547, PF00005, charac-
teristic of AUX1/LAX, PIN/PILS, and ABCB auxin trans-
porters, respectively, were identified. The identified genes
for auxin carriers in flax were named in accordance with the
orthologous sequence of Arabidopsis thaliana (thale cress);
the functions of the products of all identified genes are pre-
dicted since their annotation is based on homology to the
characterized genes of the thale cress. All sequences of the
analyzed genes are presented in an Supplementary Material'.

Gene expression level and phylogenetic analysis. To
evaluate gene expression, we used previously obtained tran-
scriptomic data for flax plants (rapid growth phase), which
are available in the FIBexDB database (https://ssl.cres-t.org/
fibex/flax/) (Mokshina et al., 2021). For analysis, phloem
fibers were taken at different stages of development: before
the formation of TCW (the stage of intrusive growth, iFIBa),
at the early stage of TCW formation (tFIBa), at the late stage
of TCW formation (tFIBD), as well as on different sides of the
stem (PUL —upper part of bending plants, and OPP — opposite
part) at the late stage of TCW formation during gravistimu-
lation. Gravistimulation was carried out by tilting the plants
(at the base) parallel to the soil (90 degrees). Gene expression
in fibers at the late stage of TCW formation was analyzed 8§,
24, and 96 hours after the plants were inclined. More than
two-fold changes are being discussed.

To build a phylogenetic tree, the Maximum Likelihood
method was used, the Le_Gascuel 2008 model (LG+G); Boot-
strap support 1000. It was performed in the MEGA7 program.

Results

The genes encoding the main families of auxin transporters
were identified: AUX1/LAX, responsible for the influx of
auxin into the cell (Swarup, Péret, 2012); PIN-FORMED and
ABCB, responsible mainly for the auxin outflow (Zazimalova
etal., 2010); PIN-LIKES (PILS), responsible for intracellular
auxin transport (Barbez et al., 2012); expression of the listed
genes was analyzed.

Identification and expression of LusPINs and LusPILS
In the flax genome, when searching in the Phytozome database
(https://phytozome-next.jgi.doe.gov/) according to the pre-
sence of the PF03547 membrane transporter domain, 34 genes
were found that correspond to 12 orthologs in Arabidopsis;
a total of 15 genes with PF03547 (8 — PIN, 7 — PILS) were
found in the Arabidopsis genome.

The sequence of the Lus/0020829 gene (AT2G01420,
PIN4) was corrected by us in the Augustus program (https://
bioinf.uni-greifswald.de/augustus/) and continued by the

1 Supplementary Material is available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx1.xIsx
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Lus10020830 sequence. The adjustment also took into account
the results of BLASTX Arabi/Clami/Rice, available in the
Phytozome database (JBrowse) (https://phytozome-next.jgi.
doe.gov/jbrowse/index.html). Similarly, six more sequences
were edited: Lus10009685 (AT1G73590, PIN1), Lus10002280
(AT1G71090, PILS2), Lus10018006 (AT1G73590, PIN1),
Lus10036000 (AT1G71090, PILS2; Lus100360001 was
excluded from analysis), Lus10042003 (AT1G73590, PIN1),
and Lus10016704 (AT1G71090, PILS2). The Lus10004059
sequence (AT1G71090, PILS2) included a fragment of 119 un-
identified amino acids (out of 443), which is probably due to
problems with initial sequencing and/or genome assembly.
Redundant domains were removed from the Lus10016688
sequence, after which the closest homologue to it was es-
tablished as PILS7 (AT5G65980). Not typical domains were
removed from the Lus10019229 sequence (AT1G20925,
PILS1), but it cannot be considered fully predicted since it
failed to establish the position of the start codon in silico. The
Lus10012680 sequence (AT2G01420, PIN4) was increased
from 231 to 517 amino acids. Sequences without predicted
transmembrane domains were excluded from the analysis.
When correcting the sequences, the integrity of some domains
was restored, and the number of transmembrane domains and
molecular weight approached the indicators characteristic of
the members of the analyzed family.

Thus, after bioinformatics analysis and correction, 27 se-
quences remained out of 34, annotated as PIN membrane trans-
porters, or PILS, which we used for further analysis (Table 1).

The molecular weight of these proteins varied from 33.5
to 75 kDa, the value of pl — from 5.3 to 9.6; the number of
transmembrane domains — from 5 to 10 (see Table 1).

To annotate the PIN/PILS genes, in addition to the BLAST
results, we performed a phylogenetic analysis of the amino
acid sequences of PIN/PILS in Arabidopsis and flax (Fig. 1).
The analyzed sequences were expected to be divided into two
clades: PIN and PILS. Several orthologs of the Arabidopsis
PIN corresponded to two paralog genes in the flax genome
(PIN2, 5, 8); four flax sequences were in the same group with
the A. thaliana PIN1, and two L. usitatissimum sequences
corresponded to the AtPIN3/4/7 group. Many PILS were also
duplicated (see Fig. 1).

The expression of the genes Lus/0001429 (LusPIN2-A),
Lus10001637 (LusPIN2-B), Lus10004287 (LusPILS1-A),
Lus10002280 (LusPILS2-A), and Lus10010303 (PILS-A) was
low (<16 TGR) and was not further analyzed. At different
stages of development and during gravistimulation, 22 PIN/
PILS were expressed in the fibers. According to the dynamics
of expression, several groups of genes can be distinguished.
Interestingly, three genes (LusPINI-D, LusPILS7-C, and D)
showed an increased level of expression in fibers only at
the stage of their elongation, while expression decreased in
mature fibers, and there were no differences in fibers during
gravistimulation (Fig. 2).

A group of genes was also revealed that had a pronounced
expression peak in fibers at an early stage of TCW formation
(tFIBa) (Fig. 3, LusPIN1-A, B, LusPIN4-A) or almost the same
level in fibers during elongation and formation of thickened
TCW (see Fig. 3, LusPINI-C, LusPIN4-B, LusPILS2-B). At
the same time, the expression of all these genes decreased in
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Table 1. List and some characteristics of LusPIN and LusPILS sequences

LUS Name AA

TMH_LUS

Note.The corrected sequences are highlighted in bold. * Incomplete sequences.

Hereinafter: LUS - Linum usitatissimum; AT — Arabidopsis thaliana; AA - number of amino acids; Mw — molecular weight, kDa; pl - isoelectric point; TMH — number

of transmembrane domains.

mature fibers and was activated again during gravistimulation,
especially in OPP samples. The peak of expression during
gravistimulation occurred at 24 hours, then expression de-
creased and was close to the minimum values characteristic
of control tFIBb samples.

The expression of some genes did not change significantly
in all samples (LusPILS2-C, and D) or was increased in fibers
at an early stage of TCW formation (tFIBa) (LusPIN5-B,
LusPILS1-C, D, LusPILS6-A, B, and LusPILS7-B), but did
not differ significantly in fibers during gravistimulation (data
not shown). Figure 4 shows the gene expression, the maxi-

mum value of which was observed during gravistimulation.
LusPIN5-A had a maximum expression level in PUL fibers at
96 hours after gravistimulation. LusP/LS3 had an increased
expression level in OPP samples after 8 hours, while the peak
of expression was also observed in PUL samples, but only
24 hours after the beginning of gravistimulation (see Fig. 4).

Three of the 22 genes showed an increased level of ex-
pression only during gravistimulation, and especially in PUL
samples after 24 hours (LusPINS-B), or 8 hours from the
beginning of gravistimulation (LusPILSI1-B, LusPILS7-A).
The expression of LusPINS-B decreased in PUL samples
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Fig. 1. Phylogenetic tree for amino acid sequences PF03547 in A. thaliana
and L. usitatissimum.

Maximum Likelihood method, model Le_Gascuel_2008 (LG+G). Bootstrap
support 1000. Performed in the MEGA 7 program. The red marker indicates
the sequences of A. thaliana.
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after 96 hours, but at the same time increased in OPP (Fig. 5).
The most contrasting expression between PUL and OPP was
demonstrated for LusPILS7-A, which was almost leveled
after 96 hours.

Identification and expression of LusAUX1/LAX

Auxin influx carriers LusAUX1/LAX have a conservative
PF01490 domain (Transmembrane amino acid transporter
protein). In 4. thaliana, the AUX1/LAX family is represented
by four highly conserved genes called AUX1, LAX1, LAX2, and
LAX3, which encode proteins similar to amino acid carriers
(Young et al., 1999). In total, 82 genes of flax with PF01490
are represented in the Phytozome database. Of these, eight
encode auxin transporters and correspond to three 4. thaliana
orthologous genes (AUX1, AUX2, and LAX3). All genes in
this group encoded proteins close in molecular weight and
isoelectric point; 10 transmembrane domains were predicted
for all proteins (Table 2).

The genes encoding LusLAX2 (A and B) were highly
expressed in intrusively growing fibers (iFIBa), while their
expression dropped sharply in the fibers forming TCW and
remained low during gravistimulation (Fig. 6).

The expression dynamics of LusLAX3 (4 and B) were
absolutely different from LusLAX2, while the expression
dynamics between the two paralogs were identical, as in the
case of LusLAX2. LusLAX3 had the maximum expression level
in the fibers forming TCW at a late stage (tFIBb). During the
gravity response, the expression level of these genes dropped
sharply (Fig. 7).

LusAUXI genes had a relatively high level of expression
in all samples, while four paralogs showed a clear division
into two groups according to the expression patterns: with the
maximum level in the fibers forming TCW (tFIBa, LusAUX1-
A, and D), and with the maximum level of expression in the
fibers of gravistimulated plants (OPP, 24 hours) (LusAUX1-B,

and C) (Fig. 8).

Identification and expression of LusABCB

According to the Phytozome database, 206 ABC transporter
genes are present in the flax genome, of which 32 genes belong
to group B. To analyze the expression, we selected orthologs of
the listed 4. thaliana genes in flax. 25 genes corresponding to
5 Arabidopsis orthologs were identified: ABCBI (2 flax genes),
ABCB4 (4 flax genes), ABCB15 (9 flax genes), ABCB19
(8 flax genes), and ABCB20 (2 flax genes). The Lus10011977
sequence was partially corrected, and Lus/0036616 and
Lus10036617 were combined into one sequence (Table 3).
Of the 24 genes, 4 (ABCB4 and 3 isoforms of ABCB15) had
a low level of expression or were not expressed.

The remaining 21 genes had different levels and patterns
of expression. Thus, LusABCB20 (A and B) had a high level
of expression in growing fibers, and at an early stage of TCW
formation, in mature fibers, their expression decreased and
almost did not change during gravistimulation. Two of the four
isoforms of LusABCB4 had a maximum expression level in
growing fibers, while the expression level itself was low, and
the third isoform had a peak expression in fibers at an early
stage of the formation of TCW. The most diverse expression
patterns were characteristic of LusABCB19, which also had

MATEPUAJIbl KOHOEPEHLIUU «YCTONYNUBOCTb PACTEHU U MUKPOOPTAHU3MOB K HEBJIATOMPUATHBIM ®AKTOPAM CPE[Ibl» / 37
PROCEEDINGS OF THE CONFERENCE “RESISTANCE OF PLANTS AND MICROORGANISMS TO ADVERSE ENVIRONMENTAL FACTORS”



N. Ibragimova Expression of auxin transporter genes in flax

E. Mokshina (Linum usitatissimum) fibers during gravity response
150 Lus10042003_PIN1-D 300 Lus10016688_PILS7-C 50 Lus10035978_PILS7-D

5
= 120 40 — PUL
2 200 —— OPP
o 20 30 —— Without dividing
[o}
d 60 20
s 100
T 30 10
g

0 0 0
iFIBa tFIBa tFIBb 8h 24h 96h iFIBa tFIBa tFIBb 8h 24h 96h iFIBa tFIBa tFIBb 8h 24h 96h

Fig. 2. Expression of LusPIN/PILS with an increased level of expression only in intrusively growing fibers.

Here and in Fig. 3-9: iFIBa - intrusively growing fibers; tFIBa — the early stage of tertiary cell wall (TCW) formation; tFIBb - the late stage of TCW formation.
8, 24, 96 hours - the time of fixation of the samples after the stem inclination; TGR - total gene reads; PUL - pulling side; OPP - opposite to the PUL-side. Without
dividing - the plants were not subjected to gravistimulation, and the stem was not divided into PUL and OPP.
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Fig. 3. Expression of LusPINT-A, B, C, LusPIN4-A, B, LusPILS2-B in flax fibers under normal conditions and in gravity response.
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Fig. 4. Expression of LusPIN5-A and LusPILS3 in flax fibers under normal conditions and in gravity response.
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Fig. 5. Expression of LusPIN8-B, LusPILS1-B, LusPILS7-A in flax fibers under normal conditions and in gravity response.
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Table 2. List and some characteristics of LusAUX1/LAX sequences
LUS AT LUS Name AA Mw, kDa pl TMH_LUS
Lus10028278 AT2G38120 AUX1-A 628 70.0 7.2 10
Lus10002498 AT2G38120 AUX1-B 497 55.7 8.7 10
Lus10004831 AT2G38120 AUX1-C 487 54.7 8.7 10
Lus10040212 AT2G38120 AUX1-D 486 54.7 8.9 10
Lus10025057 AT2G21050 LAX2-A 497 55.6 8.5 10
Lus10034488 AT2G21050 LAX2-B 497 55.5 8.6 10
Lus10028078 AT1G77690 LAX3-A 477 53.7 8.7 10
Lus10025628 AT1G77690 LAX3-B 478 53.8 8.6 10
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Fig. 6. Expression of LusLAX2-A, B in fibers under normal conditions and in gravity re-

sponse.
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Fig. 7. Expression of LusLAX3-A, and Bin flax fibers under
normal conditions and in gravity response.
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Fig. 8. Expression of LusAUX1-A, B, C, D in flax fibers under normal conditions and in gravity response.

the largest number of expressed isoforms (8 genes) (data are
not provided).

We selected LusABCB as having the maximum difference
in expression between PUL and OPP samples. Among the
6 genes, 4 genes had increased expression in the fibers forming
TCW, the expression of these genes decreased in more mature
fibers but increased in the fibers of gravistimulated plants,
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especially in OPP samples (significantly for ABCB15-B and
ABCBI19-B) (Fig. 9). A low level of expression was observed
for LusABCB15-B, but the gene was specifically activated
during gravistimulation and was practically not expressed
in other samples. The expression of this gene is almost five
times higher in OPP-side fibers compared to PUL (8, 24 hours)
(see Fig. 9).
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Table 3. List and some characteristics of LusABCB sequences

Expression of auxin transporter genes in flax
(Linum usitatissimum) fibers during gravity response

LUS AT LUS Name
Lus10024162 ................... A-|-36283 45 ...................... ABCB15E ..................
Lus1oo33470 ................... AT3628860 ...................... ABCB19F ..................
Lus1oo14427 ................... ATZG369 10 ...................... ABCB1A ....................
Lus1oo15595 ................... AT3G28860 ...................... ABCBWG ..................
Lus10041565 ................... AT36283 45 ...................... ABCBwB ..................
Lus10035834 ................... A-|-3628345 ...................... ABCB15H ..................
Lus1oo30674 ................... AT3628860 ...................... ABCB193 ..................
Lus10005249 ................... AT3628860 ...................... ABCBWA ..................
Lus10012959 ................... AT36283 45 ...................... ABCB15D ..................
Lus1oo329” ................... AT3G28860 ...................... ABCBWH ..................
Lus10023437 ................... A-|-3655320 ...................... ABCBZOA ..................
Lus10023929 ................... ATZG369 10 ...................... ABCB1B ....................
Lus1oo11977* ................. ATZGMOOO ...................... ABCB4D ....................
Lus10038050 ................... AT2G47000 ...................... ABCB4B ....................
Lu510013178* ................. AT3G28860 ...................... ABCBwD ..................
Lus10039533 ................... A-|-36283 45 ...................... ABCB15F ..................
Lus10008139 ................... A-|-3628860 ...................... ABCB19C ..................
Lus1oo40315 ................... AT3655320 ...................... ABCBZOB ..................
Lus10036616/17 ............. AT3G283 45 ...................... ABCBwG ..................
Lu510039458 ................... AT36283 45 ...................... ABCB15A ..................
Lus10009989 ................... ATZG47000 ...................... ABCB4C ....................
Lus10020905 ................... A-|-3628860 ...................... ABCB19E ..................
Lus10005839 ................... AT36283 45 ...................... ABCB15C ..................
Lus10004520* ................. ATZG47000 ...................... ABCB4A ....................

*The sequence may be incorrect.

Discussion

The action of auxin as a switch is closely related to the pres-
ence of local maximums and minimums formed in tissues
(Adamowski, Friml, 2015). They are created, maintained,
and modulated by intercellular auxin transfer, a plant-specific
process. This process, called polar auxin transport, depends
on the action of representatives of at least three auxin carrier
families: PIN-FORMED, AUX1/LAX, and ABCB (Geisler
etal., 2017).

In this study, the main auxin carrier genes were identified
in flax plants: 12 LusPINs, 15 LusPILS, 8 LusAUX1/LAX,
and 24 LusABCB. A comparative analysis of the expression
of these genes in flax phloem fibers at different stages of de-
velopment revealed increased expression of some of them at
the stage of intrusive growth (LusLAX2 (A, B), LuxPINI-D,
LusPILS7 (C, D)), at the early stage of TCW formation
(LusAUX1 (4, D), LusABCB1-A, B, LusABCB15-A, LusPIN1-

AA Mw, kDa pl TMH_LUS
1246 ...................... 1 357 .................... 859 .......................
15” ...................... 1 648 .................... 8812 .......................
1210 ...................... 1 321 .................... 889 .......................
]268 ...................... 1 39270” .......................
1244 ...................... 1 3527810 .......................
1287 ...................... 1 398 .................... 897 .......................
1254 ...................... 1 366 .................... 808 .......................
1254 ...................... 1 365 .................... 808 .......................
1237 ...................... 1 354 .................... 869 .......................
1269 ...................... 1 389729 .......................
1406 ...................... 1 554 .................... 6312 .......................
1338 ...................... 1 4597312 .......................
1072 ...................... 1 174 .................... 832 .......................
1216 ...................... 1 311 .................... 849 .......................
...... 243226646710
1250 ...................... 1 364 .................... 829 .......................
1249 ...................... 1 36174” .......................
1395 ...................... 1 541 .................... 6412 .......................
1267 ...................... 1 378 .................... 899 .......................
1270 ...................... ] 377 .................... 809 .......................
1272 ...................... 1 369779 .......................
1504 ...................... 1 636 .................... 8812 .......................
1261 ...................... 1 368 .................... 8310 .......................
826892 .................... 827 .......................

A, B, LusPIN4-A, LusPIN5-A), and at the late stage of TCW
formation (LusLAX3 (A4, B)).

As known, all auxin transporters can be simplistically
divided into three groups: responsible for the influx of auxin
into the cell, outflow from the cell and intracellular transport.
Two types of carriers participate in the outflow of auxin from
the cell: PIN proteins and ABCB carriers (Zazimalova et al.,
2010). PIN protein classification is usually based on phyloge-
netic relationships, subcellular localization, and the length of
hydrophilic loop domains. From this point of view, members
ofthe PIN protein family are usually grouped into three types:
(1) canonical (PIN1, 2, 3, 4 and 7 — for 4. thaliana), localized
on the plasmalemma (PM), which mediate the intercellular
flow of auxin; (2) non-canonical (PIN5 and 8 — for 4. thalia-
na), which are localized on the EPR membrane and mediate
auxin exchange between the cytosol and the EPR, contributing
to intracellular auxin homeostasis; and (3) double, PM- and
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Fig. 9. Expression of some LusABCB1, 15, and 79 gene isoforms in fibers under normal conditions and in gravity response.

EPR-localized, PINs, such as PING in 4. thaliana, with unclear
function (Zhang et al., 2020). According to the results obtained
in this study, the following trend was observed for PIN car-
riers: the genes of canonical LusPINs were highly expressed in
fibers at the early stage of TCW formation (see Fig. 3) and in
fibers of gravistimulated plants, and their increased expression
was observed in OPP samples (see Fig. 3), while increased
expression of non-canonical PIN genes was observed in PUL
samples (see Fig. 4, 5), which gives us the opportunity to
assume a redistribution of auxin content in fibers on diffe-
rent stem sides during graviresponse. In confirmation of this
assumption, a similar trend was also revealed in relation to
ABCB carriers (see Fig. 9): a higher expression of LusABC1,
15, and /9 in OPP samples was shown. ABCB transporters
carry out transport due to the direct binding of ATP and the
energy that is released during ATP hydrolysis and can func-
tion when chemiosmotic gradients decrease or when auxin
must move against the gradient (Zazimalova et al., 2010).
Arabidopsis contains 21 full-sized ABCB genes (Kang et al.,
2011), but only for four isoforms (ABCB1, ABCB4, ABCB19,
and ABCB21) reliable data concerning auxin transport were
obtained; for ABCB1 and ABCB19, data on coordinated
action under gravitropism have been demonstrated (Geisler
et al., 2017). It has also recently been shown that the pairs
ABCB1/19 and ABCB6/20 represent the main ABCB auxin
carriers over long distances through the vascular system in
Arabidopsis (Jenness et al., 2022). There is an assumption
that ABCB14 and ABCB15 are involved in auxin transport
during stem lignification (Kaneda et al., 2011). It should be
noted that the expression of genes for the ABCB transporter
in Arabidopsis seedlings was studied in the roots, hypocotyl,
and apex of the shoot (Geisler et al., 2017). It was assumed that
ABCBs can play the role of the main auxin carriers: they are
uniformly localized on PM, are usually found in various plant
species, and persist stably regardless of internal and external
signals. On the contrary, PINs are asymmetrically localized
and dynamically distributed in response to endogenous and
exogenous signals (Cho M., Cho H.T., 2013).

It should be noted that in this study, two paralogs homolo-
gous to the AtPIN3/4/7 clade were identified (see Fig. 1),
which we annotated by the closest homologue as LusPIN4
(A and B). PIN3 is known to provide lateral auxin transport
(Friml et al., 2002; Rakusova et al., 2019); high expression of
PIN3 is shown in mature rami fibers with a thickened TCW
(Bao et al., 2019), and during tension wood formation (Gert-
tula et al., 2015). In this study, the LusPIN4 genes (4 and B)
significantly increased expression during gravistimulation
(24 hours) (see Fig. 3), but expression in the fibers of OPP
samples was slightly higher compared to PUL samples.
A similar trend was shown for gene expression and membrane
localization of AtPIN3 and AtPIN4 during the hypocotyl api-
cal hook formation, where pulling and opposite sides are also
observed. The authors suggested that an increase in the content
of PIN3 and PIN4 in the cell membrane on the opposite side
is a decisive factor for the local auxin maximum formation
(Zhu et al., 2019). It should be noted that we investigated the
part of the stem of mature plants where the fibers do not grow
by elongation, where the second (located below) curvature is
formed. We have previously shown that when the upper part
ofthe stem is removed (where the upper curvature is formed),
plants implement the gravitropic reaction no less successfully
(Ibragimova et al., 2017).

In the current work, it was shown that AUX1/LAX genes
responsible for auxin influx into the cell increased expres-
sion during gravireaction to the level of expression in fibers
at an early stage of TCW formation (Lus4AUXI-D for PUL),
but there was no significant difference between OPP and
PUL (see Fig. 8). However, a very interesting fact is that
the highly expressed genes Lus/0028078 and Lus10025628
(AT1G77690 — LAX3) had a single maximum in the control
samples at the late stage of TCW formation (see Fig. 7).
These data are consistent with the high expression of similar
genes observed in mature rami fibers (Bao et al., 2019). With
gravity response, the expression of these genes decreased and
increased slightly towards the end of the reaction, approach-
ing the values in the phase of the beginning of the formation
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of TCW (see Fig. 7). For LAX2, another effect was observed:
the maximum expression in the fibers occurred in the phase
of intrusive growth, but, as for LAX3 and AUX1, with gravity
response, the expression values were again close to values
at the early stage of TCW formation (significantly for the
LusLAX2-A gene on the PUL side) (see Fig. 6).

The results of our study show that the increased expres-
sion of LusPILS in fibers quite often occurred during gravity
response, both in the fibers of the PUL and OPP sides (see
Fig. 4, 5), which suggests the presence of a relationship
between gravity reaction and intracellular redistribution of
auxin in general. At the same time, in some cases, a significant
difference was observed in the fibers on different sides of the
stem (LusPILS3 and LusPILS7-A) (see Fig. 4, 5). It should
be noted that in LusPILS7-C and D, high expression was ob-
served only at the stage of intrusive fiber growth (see Fig. 2).
PILS transporters have been identified in silico as a putative
family of auxin transport mediators; it has been shown that
PILS, including PILS3 and PILS7, regulate the accumula-
tion of auxin in the cell by retaining the added auxin (Barbez
et al., 2012), which may also occur in the case of gravisti-
mulation.

Thus, it was shown that during the gravitropic reaction, the
genes encoding transporters responsible for auxin outflow
from the cell (PIN and ABCB) and intracellular transport re-
sponsible for auxin homeostasis (non-canonical PINS, PINS
and PILS) were most significantly expressed. The expression
level of these genes often approached the values that were
characteristic of the stage at the beginning of TCW forma-
tion, when biosynthetic processes proceeded more intensively
compared to those in mature fibers. It was shown that the
expression of transporter genes responsible for the influx of
auxin into cells (LusAUXI-D) also increased during gravi-
tropism. The differential expression of the genes of the IAA
carriers in the fibers located on different sides of the stem was
revealed: the difference was observed due to the expression
of genes, the products of which are responsible for intracel-
lular transport (LusPILS3, LusPILS7-A) and auxin outflow
(LusABCB15-B, LusABCB19-B). Increased expression of PIN
genes and ABCB genes was more typical for the fibers of the
OPP side of the stem.

Conclusion

In this study, the main auxin carrier genes were identified
in flax plants: 8 LusAUX1/LAX, 12 LusPIN-FORMED,
15 LusPIN-LIKES, and 24 LusABCB. The differential ex-
pression of the genes of the IAA transporters at different
stages of development and in the fibers located on different
stem sides during gravity response was revealed. We assume
that the realization of this reaction may be associated with
an asymmetric redistribution of auxin, mainly due to auxin
intracellular transporters and transporters responsible for its
outflow from the cell, an increase in the gene expression of
which we observed during gravireaction. Further studies are
required to clarify the mechanisms of auxin’s participation in
the implementation of a gravity response not associated with
growth by elongation, along with the participation of other
hormones in it.

Expression of auxin transporter genes in flax
(Linum usitatissimum) fibers during gravity response
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