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Abstract. Active polar transport of the plant hormone auxin carried out by its PIN transporters is a key link in the for-
mation and maintenance of auxin distribution, which, in turn, determines plant morphogenesis. The plasticity of auxin
distribution is largely realized through the molecular genetic regulation of the expression of its transporters belonging
to the PIN-FORMED (PIN) protein family. Regulation of auxin-response genes occurs through the ARF-Aux/IAA signaling
pathway. However, it is not known which ARF-Aux/IAA proteins are involved in the regulation of PIN gene expression
by auxin. In Arabidopsis thaliana, the PIN, ARF, and Aux/IAA families contain a larger number of members; their vari-
ous combinations are possible in realization of the signaling pathway, and this is a challenge for understanding the
mechanisms of this process. The use of high-throughput sequencing data on auxin-induced transcriptomes makes it
possible to identify candidate genes involved in the regulation of PIN expression. To address this problem, we created
an approach for the meta-analysis of auxin-induced transcriptomes, which helped us select genes that change their ex-
pression during the auxin response together with PINT, PIN3, PIN4 and PIN7. Possible regulators of ARF-Aux/IAA signal-
ing pathway for each of the PINs under study were identified, and so were the aspects of their regulatory circuits both
common for groups of PIN genes and specific for each PIN gene. Reconstruction of gene networks and their analysis
predicted possible interactions between genes and served as an additional confirmation of the pathways obtained in
the meta-analysis. The approach developed can be used in the search for gene expression regulators in other genome-
wide data.
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AHHOTaLUA. AKTVBHbIA MONAPHbLIA TPAHCMOPT FOPMOHa PacTEHWUIA ayKCMHA, OCYLLeCTBAEMbI ero TpaHcnopTepa-
MU, — KJtoyeBoe 3BeHO B GOPMMPOBaHMMN U NOAAEPKAHNN pacpefenieHna ayKCrHa, KOTOpoe, B CBOIO oyepefb, onpe-
fenaet mopdoreHes pacteHua. [NacTMYHOCTb pacrnpefeneHns aykcuHa B OONbLUOW CTemneHW peanusyeTcsa yepes
MONEKYNAPHO-TeHETUYECKYIO Perynaumio UM sKcnpeccun TpaHcnopTepos cemenctea PIN-FORMED (PIN) 6enkos. Pe-
rynAaumna aykCMHOM 3KCMPeccum YyBCTBUTESIbHbIX K HeMy reHoB npoucxoauT Yepe3 ARF-Aux/IAA-3aBUCUMbIA CUTHaNb-
HbI NyTb. OfHaKo Heu3BecTHO, Kakne ARF-Aux/IAA 6enku yuacTBytoT B perynaumm ayKCMHOM sKkcnpeccun reHos PIN.
Y Arabidopsis thaliana cemeiicta 6enkoB PIN, ARF 1 Aux/IAA MHOrOUMCIEHHbI, BO3MOXHbI Pa3finyHble KOMOMHaLMK
npeacTaBuUTENen STUX CEMENCTB B peann3auny CUrHanbHOro NyTu, YTo CO34aeT CIOKHOCTb 1A NOHUMAHMWA MeXaHn3-
MOB 3TOro npouecca. /icnonb3oBaHmne AaHHbIX BbICOKOMPOU3BOANTENBHOIO CEKBEHUPOBAHMWA TPAHCKPUMNTOMOB, UH-
AyumpoBaHHbIx aykcmHom (RNA-Seq), aenaeT BO3MOXHbIM O6Hapy»KeHVe reHoB-KaHAMAATOB, yYacTBYOLMX B peryns-
umn skcnpeccum 6enkos PIN. Mbl pa3paboTtanu anroputv MeTaaHanm3a ayKCUH-MHAYLMPOBAHHbIX TPAHCKPYNTOMOB,
C MOMOLLbI0 KOTOPOro 0TOOPany reHbl, U3MeHALLME CBOK SKCMPECCHIO B OTBETE Ha ayKCUH BMmecTe ¢ PINT, PIN3, PIN4,
PIN7, n npefckasany Bo3amoxHble perynatopbl ARF-Aux/IAA cirHanbHoOro nyTu Ans Kaxgoro v3 anddepeHumanbHo
akenpeccupytowmxca PIN. TpyMeHAs cpaBHUTENbHBIN aHanm3, Mbl onpeaenunu obwme 1 crneumdmnyHble acnekTbl B
perynaTopHbIX KOHTYpax, nccnegyembix PIN. PEKOHCTPYKLMA FreHHbIX CeTel 1 X OLeHKa NoKasann BO3MOXHble B3au-
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Meta-analysis of transcriptomes to reveal the participants
of the auxin signaling pathway to its PIN transporters

MOAENCTBMA MeXy reHaMU U NMOCYXXWN AOTMONHUTENbHBIM NOATBEPXKAEHNEM GOMbLUMHCTBA CUFHAJbHBIX NMyTeid, No-
NyYeHHbIX B MeTaaHanm3e. C MOMOLLbIO KOMMJIEKCHOTO NOAXOAA Mbl MPeAcKasany, YTo perynauma aykCMHOM SKcnpec-
cum PIN nponcxoput yepes Heckosibko ARF-Aux/IAA perynaTopHbIX KOHTYPOB, ONOCpefoBaHHbIX KOMOUHaumen ARF4,
ARF10 v 1AA4, 1AA12,1AA17,IAA18 n IAA32. YacTb 13 HUX ABNAIOTCA crneynduyHbiMmU Npu GopMUPOBAHNN ayKCMHOBOMO
OTBeTa C yuacTmem otgenbHbix 6enkoB PIN, Toraa Kak gpyrvie — o6wmmm gna Heckonbkux 6enkos PIN. Pa3paboTaHHbIi
anropuTM MeTaaHanm3a MoOXHO MPUMEHATb /1A peLeHnA APYTnX 3a4a4 NoVCKa PerynaTopoB SKCNPEeCCUn reHoB C Npu-

Brie4yeHnemM NONTHOreHOMHDbIX faHHbIX.

KntoueBble cnoBa: Arabidopsis thaliana; aykcuH; PIN-FORMED; ayKcuH-perynupyemble reHbl; MeTaaHann3 nosHoreHoM-

HbIX AaHHbIX; reHHble CETU.

Introduction
The key role of auxin in regulation of plant growth and deve-
lopment is a well known fact (Mroue et al., 2018). A significant
part of auxin is synthesized in the shoot apical meristems and
then transferred to the root, providing there the development
of lateral and adventitious roots, as well as the maintenance of
the stem cell niche in the root apical meristem. At the cellular
level, auxin role in physiological process is carried out by its
concentration-dependent effect on cell division and elonga-
tion rate (Campanoni, Nick, 2005). Therefore, the formation
and maintenance of auxin concentration gradients plays a
vital role in morphogenesis. For example, in experiments on
root decapitation, it was shown that auxin distribution with a
concentration maximum located at a certain distance from the
new root tip can be formed again in a few hours (Grieneisen
et al., 2007; Mironova et al., 2010). In this case, the regene-
ration of meristem and normal root functioning occurs only
after recovery of auxin distribution pattern (Xu et al., 2006).
The PIN-formed (PIN) family genes, which encode eight
transmembrane transporter proteins in Arabidopsis thaliana,
carry out auxin efflux from the cell (Weijers et al., 2001; Pe-
trasek, 2006). PIN1-4, PIN7 transporters are polar localized on
the cell plasma membrane, thereby the directed auxin flows are
formed in the tissue. For example, at the individual cells level
in A. thaliana root tip auxin fluxes forms hormone distribution
with maximum in quiescent center (QC), which maintains the
stem cell niche in the root (Feraru, Friml, 2008). In most cases,
the PIN function is fundamental in formation and maintenance
of auxin distribution. It was shown experimentally that there
is a complex network of auxin-dependent regulation for PIN
expression, which includes positive and negative feedbacks
(Gelder et al., 2001; Friml, 2004; Sauer et al., 2006; Vieten
et al., 2007). In the article of A. Vieten et al. (2005) it was
experimentally shown that treatment with exogenous auxin
leads to an increase in PINs transcription in the root, and the
optimal auxin concentration for maximum increase differs for
each of these genes. Later we showed that transcriptional and
posttranscriptional regulation of PINI expression by auxin
have distinctive features (Omelyanchuk et al., 2016). At the
transcriptional level, an increase in PIN/ expression occurs
in a wide range of exogenous auxin concentrations, while the
PIN1 protein level changes nonlinearly, increasing with rais-
ing from low auxin concentration to medium, and then further
increase in auxin concentration leads to PIN1 level decreasing.
The major mechanism of auxin-dependent genes regula-
tion occurs through the ARF-Aux/IAA signaling pathway
(Ulmasov et al., 1997). When auxin is absent, ARF tran-
scription factors are bound by Aux/IAA co-repressors. Upon

entering the cell, auxin interacts with TIR1 receptor, which
forms SCFTR! ubiquitin ligase complex together with other
proteins (Dharmasiri et al., 2005; Kepinski, Leyser, 2005).
Further, this complex binds to Aux/IAA proteins, regulating
their degradation in 26S proteasome (Calderon-Villalobos et
al., 2010; Hayashi, 2012). Thus, ARF transcription factors
activate or suppress transcription of auxin response genes.
In A. thaliana genome, 29 Aux/IAA and 23 ARF genes were
found; their expression in different cell types is various, creat-
ing sufficient molecular complexity to provide a variety of
auxin responses (Remington et al., 2004; Teale et al., 2006).
However, it is not known which ARF-Aux/IAA proteins are
involved in auxin regulation of PIN expression. It is only
known that ARF binding sites were found in promoters of all
PINs with bioinformatics methods (Habets, Offringa, 2014).

Reconstruction of the auxin signaling pathway to its PIN
transporters is challenging for direct solution by experimental
methods. Here, we carried out a meta-analysis of auxin-
induced transcriptomes in order to obtain a list of genes that
significantly change expression together with P/Ns in response
to auxin. A complex approach, including a comparative analy-
sis of these lists and gene networks reconstructed based on
those lists, predicted the participants in the ARF-Aux/IAA
signaling pathway involved in P/N expression regulation by
auxin. Thus, the common signaling pathways for PINI, PIN3,
PIN7 are mediated by combination of ARF4 with [4A412 and
IAAI1S8. At the same time, the specific auxin regulation for
individual PINs is probably carried out by other proteins of
ARF-Aux/IAA signaling pathway. For example, our results
showed that ARF'10 and IAA32 were present only in the list
of genes, which significantly change expression along with
PIN4. In addition, we noted the genes that are associated
with post-transcriptional regulation of PINs activity in the
candidate genes list.

Materials and methods

Information used in the meta-analysis. In this study, publicly
available data on A4. thaliana auxin-induced transcriptomes
(microarrays and RNA sequencing) were used. Most of the
data were previously presented in (Cherenkov et al., 2018).
The summary table of the data has been expanded by the in-
formation from (Omelyanchuk et al., 2017). As a result, we
took the results of 22 experiments for the meta-analysis. Genes
were considered differentially expressed (DEG) if the p-value
(according to Benjamini—Hochberg) was less than 0.05. The
sets of experiments (Supplementary 1)! for each PIN were al-

1 Supplementary materials 1-3 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2021-25/appx1.pdf
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located according to the algorithm we developed (see section
“Results. Meta-analysis algorithm”). Work with the summary
table and lists of data was carried out using standard methods
of Excel (filters, conditional formatting).

Gene networks reconstruction. Based on lists of DEGs,
gene networks were reconstructed using the String resource
(https://string-db.org/) (Szklarczyk et al., 2019). String creates
gene networks using user-specified criteria, combining the
genes according to the following types of links: experimentally
determined (e.g. affinity chromatography), databases (an edge
retrieved from the data in databases), textmining (genes found
together in publications), co-expression (the same expression
patterns of mRNA), neighborhood (calculated based on the
proximity of the distance between genes in different genomes),
gene fusion (hybrid genes formed in the course of evolution
from previously independent genes as a result of chromosomal
rearrangements), co-occurrence (presence or absence of linked
proteins across species), protein homology. Each link has its
own score, calculated through the String algorithms.

Results

Meta-analysis algorithm

Stage 1: data collection. We form a summary table of all pub-
licly available microchip experiments and RNA sequencing
data on the topic of interest. In our case, this is information
about differentially expressed genes in response to auxin treat-
ment for A. thaliana. The collected data can be geterogenous,
for example, our meta-analysis contains data from 22 experi-
ments, containing two samples types (root, whole seedling),
three development stages (3-, 5—7-, 10—12 dag seedlings), five
time intervals of treatment (0.5—1 h, 2—4 h, 6-8 h, 12-24 h),
six types of auxin and its concentrations (0.1; 1; 5; 10 uM
IAA; 10 uM NAA; 10 uM IBA).

Stage 2: selection of the experiments appropriate to the
task. In the summary table obtained at Stage 1, we find the
experiments, in which there was a change in gene expression,
for which we are looking for regulators. In accordance with
our issue, it is known that A. thaliana has eight PIN trans-
porters. We found PINI (in five experiments), PIN3 (in eight
experiments), PIN4 (in one experiment) and PIN7 (in six
experiments) differentially expressed in these auxin-induced
public transcriptomes.

Stage 3: identification of genes that change their expression
under auxin influence along with PIN genes. Separately, for
each PIN we selected only those DEGs that changed exclu-
sively in experiments where this PIN changes expression,
and in other experiments DEG was absent. Thus, we identify
genes potentially involved in PIN regulation by auxin. There
also may be genes that are direct targets of auxin gradient
changes due to PIN proteins activity. For each studied PIN, a
table is formed that contains information about activation of
suppression of each DEG under auxin treatment. The DEG is
marked in the table only if it is differentially expressed along
with PIN in at least one experiment.

Stage 4: the formation of DEGs lists that significantly
change expression together with PIN. We used the binomial
distribution to determine the number of experiments, in which
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the gene is a DEG along with PIN, to consider this event
non-random (p > 95 %). For each gene list, the significance
threshold differs according to amount of experiments, in which
a certain PIN is differentially expressed (see Stage 2). In our
case, for PIN3 DEG is considered significant if its expression
changes occur in three or more experiments, for PIN/ and
PIN7 — in two or more experiments. Since P/N4 is differen-
tially expressed only in one experiment, the list of DEGs that
change expression along with PIN4 will not vary from Stage 3.

Stage 5: identification of common and specific gene groups.
Comparing DEG lists from previous stage with each other we
highlight genes found in several lists, i.e. common for P/Ns,
and also mark genes found only in one list, thereby identify-
ing genes that specifically change expression together with
a certain PIN.

Stage 6: gene networks reconstruction. Using prepared lists
of DEGs from Stage 4, we create gene networks for each PIN
and reconstruct interactions between all genes of each list. The
connectivity of this network reflects the gene set, for which
one of interaction types available in the String database has
been found (textminig, co-expression, co-occurrence, etc.).

Stage 7: analysis of gene networks composition. First of all,
we pay attention to genes for which links to the genes under
study are found in String, paying attention to the type of the
interaction. Then from the ontologies list we select biological
process that are related to the studied issue. In our study, we
chose the auxin-activated signaling pathway.

Using the meta-analysis algorithm described above, we
obtained several candidate genes, which regulate PIN expres-
sion with a high probability. Next, we describe the results
of the reconstruction of auxin signaling pathway to its PIN
transporters.

Meta-analysis of auxin-induced transcriptomes

Initially, the collected auxin-induced transcriptomes contained
more than 20 thousand DEGs that change expression in re-
sponse to auxin treatment. Among these DEGs, there were
four members of PIN family: PINI, PIN3, PIN4, PIN7. After
performing the meta-analysis algorithm described above, we
selected four lists of DEGs, jointly changing the expression
with PINI, PIN3, PIN4, PIN7, respectively (Supplemen-
tary 2). In total, expression of 531 genes significantly increased
and 236 genes decreased their expression jointly with PINs
(Fig. 1). Together with PINI, the expression of 378 genes
was significantly altered, of which 375 genes increased the
expression level in auxin response similar to PINI. For the
rest of PIN genes, the difference in number of suppressed and
activated potential regulators was not so great.

Then, we compared the lists with each other and determined
common DEGs for several PINs and specific DEGs to each
PIN gene. Twelve groups of genes were obtained: specific
auxin-activated genes and specific suppressed genes were
found for each PIN, as well as two groups of auxin-activated
genes common for (PINI, PIN3, PIN7) and (PINI, PIN7);
two groups of suppressed genes by auxin, common to (PIN3,
PIN7) and (PINI, PIN3). Activated and suppressed PIN4
potential regulators don’t overlap with those for other PINs.
Since among potential regulators of PIN activity there were
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Fig. 1. Twelve groups of genes identified in meta-analysis that signifi-
cantly change their expression together with PINT, PIN3, PIN4 and PIN7.

1 - auxin activated genes; 2 — auxin inhibited genes.

participants of auxin signaling pathway, we searched for them
in the lists (see Supplementary 2) and described to which DEG
groups they belong.

Prediction of auxin-dependent regulators

of PIN gene expression

Since the meta-analysis predicted auxin-dependent regulators
of PIN gene expression, we isolated genes for transcriptional
and post-transcriptional regulation in DEG lists. We searched
for possible transcriptional regulators only among ARF trans-
cription factors and IA A proteins. Possible post-transcriptional
regulators have been identified among members of known
protein families that affect the PIN protein localization on
cell membrane.

Possible regulators of PIN expression

at the transcriptional level

As a result of meta-analysis, we found that ARF'4 and I4A12,
14A18 are the common potential regulators for (PINI, PIN3,
PIN7). IAA4 has been identified as a specific regulator for
PINI, while ARF10 and IA432 presumably mediated auxin
response for PIN4. In addition, /4417 was found in a group
of genes that change their expression with PINI/ and PIN7.
Interestingly, we didn’t find transcription factors of Aux/IAA
family among specific regulators of PIN3 and PIN7, but we did

Meta-analysis of transcriptomes to reveal the participants
of the auxin signaling pathway to its PIN transporters

find regulators belonging to other transcription factors fami-
lies. Therefore, there are obvious differences in ARF-Aux/IAA
sets for studied PIN genes, which may also cause differences
in dose-dependent regulation of these transporters by auxin.

Possible regulators of PIN polar localization

According to the published data, PIN proteins circulate
between plasma membrane and cytoplasm in vesicles. This
process is regulated by BIG, GN, ARF1 proteins and AGC,
PID kinases families, and their functioning is controlled by
auxin (Dhonukshe, 2011). Moreover, the polar localization
of PIN proteins is also influenced by ABCB1, ABCB19 and
ROPGEF protein family (Pan et al., 2015). In the course of
data meta-analysis, among DEGs in response to auxin treat-
ment we found a downregulation of B/G4 and ROPGEF 11 in
gene lists that change expression jointly with PIN7 and PIN4,
respectively. An upregulation was noted for WAG2 (member
of AGC kinase family) in the group of genes that change their
expression along PINI and PIN7.

In addition, in our opinion, it is interesting that RGF6/GLV'1/
CLEL6 RNA of signal peptide was upregulated in response
to auxin in experiments where activity of PINI and PIN7 is
increased. Another peptide from RGF/GLV/CLEL family,
RGF8/GLV6/CLEL2, was increased in experiments where
only PIN7 changed expression.

Thus, the formation of auxin response for (PINI, PIN3,
PIN7) group is due to common signaling pathways mediated
by ARF4 and 14412, IAA18. Additionally, there are ARF-
Aux/IAA specific paths for PINI and PIN4. Also among the
known auxin-sensitive genes affecting PIN polar localization,
we found downregulation of BIG4 and ROPGEF 11, which
probably contributes to specific responses of PIN7 and PIN4,
respectively.

Reconstruction of gene networks

We used the lists of DEGs for each PIN and reconstructed
gene networks, which made it possible to evaluate described
DEG interaction and, most importantly, how all these DEGs
can affect PIN expression activity. As a result, we obtained
the connected networks, in which interactions with PIN genes
were found, only for PINI, PIN3 and PIN7. The meta-analysis,
from which gene lists for network reconstruction were made,
provides significance in itself, so we used a linkage threshold
of 0.4. Since we are interested in reconstruction of auxin sig-
naling pathway, we noted only this biological process in String.
Notably, most links are formed based on automatic analysis
of the articles texts. In the gene network reconstructed based
on DEGs that change expression along with PIN1, 12 genes
related to the activation of auxin signaling pathway were
found (Supplementary 3). At the same time, [AA12, [AA17
(AXR3), WAG2, AUX1 were directly associated with PIN1,
the other genes of auxin response were associated with PIN1
indirectly (Fig. 2). It can also be noted that AIL6/PLT3 and
AVP1, which are related to the auxin-regulated organ deve-
lopment in Arabidopsis, were directly associated with PIN1
(Krizek, 2011). These genes can be attributed to genes that
are direct targets of auxin gradient changes under PIN action.
Among these genes, the links between PIN1 and AIL6 and
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Fig. 2. A fragment of the gene network, containing genes associated
with PIN1T and genes related to the auxin signaling pathway.

Red circles denote genes traditionally related to the auxin signaling pathway.
Grey - genes identified in meta-analysis, for which direct or indirect links to
PIN1 were found in String. The color of the link reflects what kind of data String
used for the creation of interaction. Yellow links are based on textmining;
black — on co-expression data, blue — on protein homology, pink — on protein-
protein interactions.

WAG?2 were constructed based on co-expression data of RNA
sequencing experiments.

Reconstructed gene network for DEGs that alter expression
jointly with PIN3 contained eight genes traditionally related
to auxin signaling pathway (see Supplementary 3). Direct
interactions to PIN3 have been found for AUX1, TAA12
and SAURO. In the gene network for PIN7, fourteen genes
belonged to traditional auxin signaling pathway. At the same
time PIN7 directly interacts with IAA12, TAA17 (AXR3),
AUXI1, LPRI1 and WAG2 (see Supplementary 3). In addi-
tion, PIN7 had direct links with ABCG33, NFA6, PHOTI,
YUC2, YUCSH, related to other biological processes controlled
by auxin. Reconstruction of gene networks is an additional
verification of the fact that regulation of PIN expression by
auxin likely occurs with participation of IAA12 and IAA17.
It should be noted that the absence of direct connections with
PINs for the rest of predicted by meta-analysis ARF-Aux/IAA
regulators does not exclude them from the list of candidates
for experimental verification in the future.
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Discussion

Phytohormones are actively involved in the processes of plant
growth and morphogenesis. The action of auxin in these pro-
cesses is well studied and it is based on the changes in auxin
distribution in tissues (Mroue et al., 2018). Consequently,
auxin concentration is a limiting factor in determining cell
fate. Proteins-transporters of the PIN family play an important
role in the realization of the morphogenetic action of auxin,
since they create directed fluxes of this hormone in tissues and,
thus, mediate the formation of auxin concentration gradients
(Vanneste, Friml, 2009).

An important aspect in the process described above is
the presence of positive and negative feedback loops in the
mutual regulation of auxin efflux from the cell through PIN
functioning and the number of these transporters controlled
by auxin. The regulation of auxin-sensitive genes expres-
sion is mediated by two proteins families. The first family is
ARF transcription factors, which bind to AuxRe site in the
promoter of the auxin-sensitive gene and act as an activa-
tor or repressor of gene expression (Ulmasov et al., 1997).
In some sources, only ARF5-ARF8, ARF19 are supposed
to be activators of expression, but there is no experimental
confirmation of this (Guilfoyle, Hagen, 2007). The second is
the Aux/IAA corepressors, which in the absence of auxin are
associated with ARF.

Previously, it was reported, that PIN1—4, PIN7 expression
was downregulated in axr3/iaal7 and solitary-root-1(slr-1)/
iaal4 mutants (Vieten et al., 2005) and PIN1 expression is
regulated by ARFS transcription factor (Wenzel et al., 2007),
which interacts with IAA12 (Hamann, 2002). In the present
work, using computer methods of meta-analysis for genome-
wide data and gene networks reconstruction, we predicted the
details of the auxin signaling pathway to its PIN transporters.
The results indicate that there are common mechanisms for
PIN1, PIN3, PIN7 and PIN1, PIN7 transcription regulation by
auxin, as well as specific mechanisms for PIN expression regu-
lation by auxin. By the common mechanism for PIN1, PIN3,
PIN7, we predict the activation of their expression through
ARF4-1AA12, ARF4-1AA1S, and for PINI and PIN7 — ad-
ditionally through ARF4-IAA17. Specific mechanisms are
implemented via ARF4-IAA4 and ARF10-IAA32 for PINI
and PIN4, respectively. The interactions between these ARFs
and IAAs have been experimentally confirmed (Paponov et
al., 2008). Recently, it was shown that salinity downregulates
PIN expression and leads to stabilization of IAA17 (Liu et
al., 2015). Moreover, this type of stress causes a decrease in
the size of root apical meristem due to a decline in auxin ac-
cumulation, mediated by PIN1, PIN3, PIN7 downregulation.
In our data, in auxin-induced transcriptomes, an increase in the
expression of PINI and PIN7 is accompanied by an increase
in IAA17 expression.

For signal peptides of the RGF/GLV/CLEL family, it was
previously noted that during gravitropism they change the
auxin gradient in the hypocotyl and root (Whitford et al.,
2012). At the root, this is due to regulation of PIN2 protein
localization by peptides of this family. It was shown that
peptides GLV3 and, possibly, GLV6 and GLV9, are secreted
from the cortex and endodermis and pass into the outer layers
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to regulate PIN2 localization. The GLV1 peptide is not ex-
pressed in the root, but is present in the hypocotyl, where it also
changes the auxin gradient during gravitropism, both during
overexpression and loss of function upon mutation (Whitford
etal., 2012). According to our data, RGF/GLV/CLEL peptides
are involved in the signaling pathway that regulates PIN1 and
PIN7 protein localization, and possibly indirectly affect the
increase in the expression of these PIN genes. Overexpression
or treatment of GLV 1 leads to lengthening of the root and its
apical meristem due to the fact that the zone of cell division
in the root increases, i. e., cells later proceed to differentiation
(Fernandez et al., 2013). This transition is also associated
with a change in auxin distribution, which is formed by its
transporters.

Conclusion

Thus, created algorithm for the meta-analysis of genome-wide
data was applied to finding participants and reconstructing
the auxin signaling pathway to its transporters. We were able
to reveal that auxin controls PINI, PIN3, PIN7 expression
both through common regulators and specifically, while for
PIN4 only specific regulators have been identified. We found
published experimental data that partially support our assump-
tions. As a result of computer research, we have nominated
new candidates for experimental verification.

References

Calderon-Villalobos L.I., Tan X., Zheng N., Estelle M. Auxin percep-
tion — structural insights. Cold Spring Harb. Perspect. Biol. 2010;2:
a005546-a005546. DOI 10.1101/cshperspect.a005546.

Campanoni P., Nick P. Auxin-dependent cell division and cell elonga-
tion. 1-Naphthaleneacetic acid and 2,4-dichlorophenoxyacetic acid
activate different pathways. Plant Physiol. 2005;137:939-948. DOI
10.1104/pp.104.053843.

Cherenkov P., Novikova D., Omelyanchuk N., Levitsky V., Grosse 1.,
Weijers D., Mironova V. Diversity of cis-regulatory elements associ-
ated with auxin response in Arabidopsis thaliana. J. Exp. Bot. 2018,
69:329-339. DOI 10.1093/jxb/erx254.

Dharmasiri N., Dharmasiri S., Estelle M. The F-box protein TIRI is
an auxin receptor. Nature. 2005;435:441-445. DOI 10.1038/nature
03543.

Dhonukshe P. PIN polarity regulation by AGC-3 kinases and ARF-
GEF. Plant Signal. Behav. 2011;6:1333-1337. DOI 10.4161/psb.6.9.
16611.

Feraru E., Friml J. PIN polar targeting. Plant Physiol. 2008;147:1553-
1559. DOI 10.1104/pp.108.121756.

Fernandez A., Hilson P., Beeckman T. GOLVEN peptides as important
regulatory signalling molecules of plant development. J. Exp. Bot.
2013;64:5263-5268. DOI 10.1093/jxb/ert248.

Friml J. A PINOID-dependent binary switch in apical-basal PIN po-
lar targeting directs auxin efflux. Science. 2004;306:862-865. DOI
10.1126/science.1100618.

Geldner N., Friml J., Stierhof Y.-D., Jiirgens G., Palme K. Auxin trans-
port inhibitors block PIN1 cycling and vesicle trafficking. Nature.
2001;413:425-428. DOI 10.1038/35096571.

Grieneisen V.A., Xu J., Marée A.F.M., Hogeweg P., Scheres B. Auxin
transport is sufficient to generate a maximum and gradient guiding
root growth. Nature. 2007;449:1008-1013. DOI 10.1038/nature
06215.

Guilfoyle T.J., Hagen G. Auxin response factors. Curr. Opin. Plant
Biol. 2007;10:453-460. DOI 10.1016/j.pbi.2007.08.014.

Habets M.E.J., Offringa R. PIN-driven polar auxin transport in plant
developmental plasticity: a key target for environmental and endo-

Meta-analysis of transcriptomes to reveal the participants
of the auxin signaling pathway to its PIN transporters

genous signals. New Phytol. 2014;203:362-377. DOI 10.1111/nph.
12831.

Hamann T. The Arabidopsis BODENLOS gene encodes an auxin re-
sponse protein inhibiting MONOPTEROS-mediated embryo pat-
terning. Genes Dev. 2002;16:1610-1615. DOI 10.1101/gad.229402.

Hayashi K. The interaction and integration of auxin signaling com-
ponents. Plant Cell Physiol. 2012;53:965-975. DOI 10.1093/pcp/
pcs035.

Kepinski S., Leyser O. The Arabidopsis F-box protein TIR1 is an
auxin receptor. Nature. 2005;435:446-451. DOI 10.1038/nature
03542.

Krizek B.A. Auxin regulation of Arabidopsis flower development
involves members of the AINTEGUMENTA-LIKE/PLETHORA
(AIL/PLT) family. J. Exp. Bot. 2011;62:3311-3319. DOI 10.1093/
jxb/err127.

Liu W, Li R.-J., Han T.-T., Cai W., Fu Z.-W., Lu Y.-T. Salt stress re-
duces root meristem size by nitric oxide-mediated modulation of
auxin accumulation and signaling in Arabidopsis. Plant Physiol.
2015;168:343-356. DOI 10.1104/pp.15.00030.

Mironova V.V., Omelyanchuk N.A., Yosiphon G., Fadeev S.1., Kolcha-
nov N.A., Mjolsness E., Likhoshvai V.A. A plausible mechanism for
auxin patterning along the developing root. BMC Syst. Biol. 2010;
4:98. DOI 10.1186/1752-0509-4-98.

Mroue S., Simeunovic A., Robert H.S. Auxin production as an integ-
rator of environmental cues for developmental growth regulation.
J. Exp. Bot. 2018;69:201-212. DOI 10.1093/jxb/erx259.

Omelyanchuk N.A., Kovrizhnykh V.V., Oshchepkova E.A., Paster-
nak T., Palme K., Mironova V.V. A detailed expression map of the
PIN1 auxin transporter in Arabidopsis thaliana root. BMC Plant
Biol. 2016;16:5. DOI 10.1186/s12870-015-0685-0.

Omelyanchuk N.A., Wiebe D.S., Novikova D.D., Levitsky V.G., Klimo-
va N., Gorelova V., Weinholdt C., Vasiliev G.V., Zemlyanskaya E.V.,
Kolchanov N.A., Kochetov A.V., Grosse I., Mironova V.V. Auxin re-
gulates functional gene groups in a fold-change-specific manner in
Arabidopsis thaliana roots. Sci. Rep. 2017;7:2489. DOI 10.1038/
541598-017-02476-8.

Pan X., Chen J., Yang Z. Auxin regulation of cell polarity in plants.
Curr. Opin. Plant Biol. 2015;28:144-153. DOI 10.1016/j.pbi.2015.
10.009.

Paponov L.A., Paponov M., Teale W., Menges M., Chakrabortee S.,
Murray J.A.H., Palme K. Comprehensive transcriptome analysis of
auxin responses in Arabidopsis. Mol. Plant. 2008;1:321-337. DOI
10.1093/mp/ssm021.

Petrasek J. PIN proteins perform a rate-limiting function in cellular
auxin efflux. Science. 2006;312:914-918. DOI 10.1126/science.
1123542.

Remington D.L., Vision T.J., Guilfoyle T.J., Reed J.W. Contrast-
ing modes of diversification in the Aux//[A4 and ARF gene fami-
lies. Plant Physiol. 2004;135:1738-1752. DOI 10.1104/pp.104.
039669.

Sauer M., Balla J., Luschnig C., Wisniewska J., Reinohl V., Friml J.,
Benkova E. Canalization of auxin flow by Aux/IAA-ARF-dependent
feedback regulation of PIN polarity. Genes Dev. 2006;20:2902-2911.
DOI 10.1101/gad.390806.

Szklarczyk D., Gable A.L., Lyon D., Junge A., Wyder S., Huerta-
Cepas J., Simonovic M., Doncheva N.T., Morris J.H., Bork P., Jen-
sen L.J., von Mering C. STRING vl1: protein-protein association
networks with increased coverage, supporting functional discovery
in genome-wide experimental datasets. Nucleic Acids Res. 2019;47:
D607-D613. DOI 10.1093/nar/gky1131.

Teale W.D., Paponov .A., Palme K. Auxin in action: signalling, trans-
port and the control of plant growth and development. Nat. Rev. Mol.
Cell Biol. 2006;7:847-859. DOI 10.1038/nrm2020.

Ulmasov T., Murfett J., Hagen G., Guilfoyle T.J. Aux/IAA proteins
repress expression of reporter genes containing natural and highly
active synthetic auxin response elements. Plant Cell. 1997;9:1963-
1971. DOI 10.1105/tpc.9.11.1963.

44 BaBunoBckuii xKypHan reHeTuku n cenekuum / Vavilov Journal of Genetics and Breeding < 2021 - 25« 1


https://doi.org/10.1038/nature03543
https://doi.org/10.1038/nature03543
https://doi.org/10.1126/science.1100618
https://doi.org/10.1126/science.1100618
https://doi.org/10.1038/nature03542
https://doi.org/10.1038/nature03542

B.B. KoBpuxHbix, 3.C. MycTtadpuH
3.3. baraytanHoBa

Vanneste S., Friml J. Auxin: a trigger for change in plant development.
Cell. 2009;136:1005-1016. DOI 10.1016/j.cell.2009.03.001.

Vieten A., Sauer M., Brewer P.B., Friml J. Molecular and cellular as-
pects of auxin-transport-mediated development. Trends Plant Sci.
2007;12:160-168. DOI 10.1016/j.tplants.2007.03.006.

Vieten A., Vanneste S., Wisniewska J., Benkova E., Benjamins R.,
Beeckman T., Luschnig C., Friml J. Functional redundancy of PIN
proteins is accompanied by auxin-dependent cross-regulation of PIN
expression. Development. 2005;132:4521-4531. DOI 10.1242/dev.
02027.

Weijers D., Franke-van Dijk M., Vencken R.J., Quint A., Hooykaas P.,
Offringa R. An Arabidopsis Minute-like phenotype caused by a
semi-dominant mutation in a RIBOSOMAL PROTEIN S5 gene.
Development. 2001;128:4289-4299.

ORCIDID
Z.S. Mustafin orcid.org/0000-0003-2724-4497

2021
25.1

MeTaaHann3 TPaHCKPUNTOMOB AJ1A MOUCKa YYaCTHUKOB
CUrHaNbHOro NyTu aykcnHa K ero PIN TpaHcnopTepam

Wenzel C.L., Schuetz M., Yu Q., Mattsson J. Dynamics of MONO-
PTEROS and PIN-FORMEDI1 expression during leaf vein pattern
formation in Arabidopsis thaliana. Plant J. 2007;49:387-398. DOI
10.1111/j.1365-313X.2006.02977 .x.

Whitford R., Fernandez A., Tejos R., Pérez A.C., Kleine-Vehn J., Van-
neste S., Drozdzecki A., Leitner J., Abas L., Aerts M., Hoogewijs K.,
Baster P., De GroodtR., Lin Y.-C., Storme V., Van de Peer Y., Beeck-
man T., Madder A., Devreese B., Luschnig C., Friml J., Hilson P.
GOLVEN secretory peptides regulate auxin carrier turnover dur-
ing plant gravitropic responses. Dev. Cell. 2012;22:678-685. DOI
10.1016/j.devcel.2012.02.002.

Xu J., Hofhuis H., Heidstra R., Sauer M., Friml J., Scheres B. A mole-
cular framework for plant regeneration. Science. 2006;311:385-388.
DOI 10.1126/science.1121790.

Acknowledgements. This work was supported by budget project No. 0259-2021-0009 and the Presidents grant RF MK-3470.2021.1.4.
Funding transparency. The authors do not hold financial interests in the presented materials or methods.

Conflict of interest. The authors declare no conflict of interest.

Received October 24, 2020. Revised January 12, 2021. Accepted January 14, 2021.

BMONHOOPMATUKA U CUCTEMHAA KOMIMbIOTEPHAA BUOJIOTUA / BIOINFORMATICS AND COMPUTATIONAL SYSTEMS BIOLOGY 45



