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ABSTRACT
Oligosaccharins, which are biologically active oligosaccharide fragments of cell wall polysaccharides,
may regulate the processes of growth and development as well as the response to stress factors. We
characterized the effect of the oligosaccharin that stimulates rhizogenesis (OSRG) on the gene expres-
sion profile in the course of IAA-induced formation of adventitious roots in hypocotyl explants of
buckwheat (Fagopyrum esculentum Moench.). The transcriptomes at two stages of IAA-induced root
primordium formation (6 h and 24 h after induction) were compared after either treatment with auxin
alone or joint treatment with auxin and OSRG. The set of differentially expressed genes indicated the
special importance of oligosaccharin at the early stage of auxin-induced adventitious root formation.
The list of genes with altered mRNA abundance in the presence of oligosaccharin included those, which
Arabidopsis homologs encode proteins directly involved in the response to auxin as well as proteins that
contribute to redox regulation, detoxification of various compounds, vesicle trafficking, and cell wall
modification. The obtained results contribute to understanding the mechanism of adventitious root
formation and demonstrate that OSRG is involved in fine-tuning of ROS and auxin regulatory modes
involved in root development.
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1. Introduction

Adventitious roots are plant roots that form after germination
(postembryonic roots) from any non-root tissue (leaves,
hypocotyl, stems, etc.). They are produced both during nor-
mal development and in response to stress conditions.1,2 The
formation of adventitious roots is an excellent experimental
system for studying important physiological and molecular
events that occur during morphogenesis.

The development of adventitious roots involves several succes-
sive stages. Depending on the tasks and selected criteria, the
number of stages of root formation varies from two3 to five.4 or
even seven.5 stages. The most widely recognized phases of adven-
titious roots formation are induction, initiation, and expression.6

The induction stage is characterized by initial biochemical and
molecular changes, which leads to reprogramming of target cells,
but there are no visible changes. The initiation stage begins with
the first visible cell divisions and ends with the formation of
domed root primordia. The expression stage of adventitious
roots formation includes the growth of root primordia through
explant tissues, the establishment of vascular connections and the
emergence of roots on the surface of the explant.6 The last stage
does not require the use of exogenous auxin for the adventitious
root formation,7 since the formed primordium becomes
autonomous.3 Using auxin sensitivity as a criterion allows

reducing the number of stages to two key stages: (i) when the
exogenous auxin has a stimulating effect and (ii) when auxin is not
required or even has an inhibitory effect.7,8

The importance of sensitivity to auxin as a criterion is deter-
mined by the fact that auxin is a key player in the root formation
process and the other participants are considered to influence
root formation through changes in its homeostasis, transport, or
via signaling pathways mediated by this hormone.9 For example,
signalingmolecules such as NO,10 cGMP,11 Ca2+12 or H2O2

13 are
involved in the formation of adventitious roots through an
auxin-mediated signaling pathway.

Studies conducted over the past 20 years have shown that
oligosaccharins – oligosaccharide fragments of cell wall polysac-
charides that exhibit biological activity – can act as endogenous
regulators of the process of root formation .14–17 The effects of
the oligosaccharins produced from different cell wall polymers
on the process of adventitious root formation have been shown
in various model systems. Pectic cell wall fragments regulate the
formation of roots in thin-layer explants of tobacco (Nicotiana
tabacum L.)18 and buckwheat (Fagopyrum esculentumMoench)
hypocotyls.19 Xyloglucan oligosaccharides stimulate the rooting
of in vitro grown shoots of black pine (Pinus nigra J.F.Arnold)
and birch (Betula paryrifera Marshall).20 Fragments of galacto-
glucomannan have been demonstrated to affect adventitious
root formation in mung bean (Vigna radiata (L.) Wilczek)
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hypocotyls.16 Oligogalacturonides, the best-studied oligosac-
charins, which are fragments of the linear pectic polymer homo-
galacturonan, show both inhibitory14,21 and activating22,23

effects on the root formation process.
Interactions with auxin have been demonstrated for several

oligosaccharins, in addition to most effectors involved in the
process of adventitious root formation. For example, oligogalac-
turonides with a polymerization degree of 6–18 inhibit auxin-
induced root formation in tobacco explants.14 The inhibitory
effect of oligogalacturonides is eliminated by increasing the
concentration of auxin.24 Galactoglucomannan-derived oligo-
saccharins stimulate the formation of adventitious roots in the
hypocotyls of mung beans without the addition of exogenous
auxin and inhibit this process in its presence.16 Depending on
the hormone concentration, fragments of the cell wall pectins of
sycamore either induce or inhibit the formation of adventitious
roots in thin-layer tobacco explants.18 The inhibitory effect of
oligogalacturonides on auxin-induced adventitious root forma-
tion in Arabidopsis leaf explants is coupled to the changes in the
expression of the genes involved in early auxin reactions (IAA5,
SAUR16, and SAUR-AC1); changes in expression are detected
within 30minutes of treatment indicating that the oligogalactur-
onide-triggered cascade rapidly affects auxin signaling.21 The
ability of oligogalacturonides at submicromolar concentrations
to affect the activity of some (but not all) auxin-upregulated
promoters was demonstrated in a set of transgenic plants har-
boring the GUS gene under the control of pNt114 of tobacco,
prolB and prolD of Agrobacterium rhizogenes, or pGm-GH3 of
soybean.24,25 All of these data indicate the existence of
a relationship between the mechanisms of oligosaccharins and
auxin action.

Most of the studies on the effects of oligosaccharins have been
carried out using cell wall polysaccharide fragments obtained by
enzymatic and chemical hydrolysis or chemical synthesis, raising
the question of the presence of such compounds in vivo.
Additionally, a method for obtaining biologically active oligo-
saccharides from plant homogenates without prior hydrolysis of
cell wall polymers was developed,19 confirming the existence of
such regulatory molecules in planta. Among the oligosaccharide
fractions isolated from pea seedlings that exhibit biological
activity in the test system of hypocotyl explants from buckwheat
(Fagopyrum esculentum Moench.),19 one fraction presented the
pronounced ability to stimulate IAA-induced formation of
adventitious roots, and was named OSRG (oligosaccharine that
stimulates rhizogenesis).26 Notably, treatment with OSRG alone
(without IAA) did not stimulate root development in this test
system compared to explants without both effectors.

The effects of oligosaccharins on the root formation in all
studied plant systems have been characterized mainly by bio-
chemical or histological approaches.16,27 Recently, the RNA
sequencing method (RNA-Seq) has been successfully used to
profile gene expression during the formation of adventitious
roots in the presence or absence of auxin. Such studies have
been performed for the hypocotyl segments of mung beans,28

carnation (Dianthus caryophyllus L.) stem cuttings,29 petunia
(Petunia hybrida cv. Mitchell) cuttings,30 segments of tetra-
ploid black locust (Robinia pseudoacacia L.)31 and tea
(Camellia sinensis L.) nodal cuttings.32 Genes encoding mem-
bers of the auxin signaling pathway involved in adventitious

root formation have been identified, including auxin-induced
the genes encoding some ARFs (AUXIN RESPONSE
FACTOR) and GH3 (GRETCHEN HAGEN 3) and genes
encoding the YUCCA flavin monooxygenases (enzymes
involved in auxin biosynthesis), the auxin transporters PIN
(PIN-FORMED) and ABCB/PGP (ATP BINDING B/
P-GLYCOPROTEIN CASSETTE-TYPE), the high-affinity
auxin influx carriers AUX1 and LIKE AUX1 (LAX1), and an
auxin-sensitive transcription factor with a LOB domain
(LATERAL ORGAN BOUNDARIES DOMAIN). A complete
analysis of the changes in the transcriptome under the action of
rhizogenic oligosaccharins has never been carried out before.
The few transcriptome studies to characterize oligosaccharin
effects have been performed for other auxin-dependent pro-
cesses and only for oligogalacturonides.33,34

In the current work, we used RNA-Seq technology to
reveal the effect of the oligosaccharin OSRG on gene expres-
sion patterns at two stages of auxin-induced adventitious root
formation in buckwheat hypocotyls. The purpose of this study
was to identify the genes and associated regulatory pathways
responsible for the stimulating effect of this oligosaccharin on
the development of adventitious root primordia, with the
main focus on the interaction of the two effectors: auxin
and oligosaccharin. This analysis sheds light on the mechan-
ism of the formation of adventitious roots and the role of cell
wall oligosaccharides in this process.

2. Materials and methods

2.1. Extraction, purification and compositional
characterization of the oligosaccharin

The oligosaccharide extraction was carried out according to
the method described by Zabotina with colleagues19 with
minor modifications. A method for isolation and purification
is based on the high hydrophilicity of neutral oligosaccharides
and the absence of charges. The oligosaccharide fractions were
isolated from pea seedlings (Pisum sativum L.) grown in tap
water at 25°C under 100 μmol m−2 s−1 light with 12 h photo-
period for 8 days. The seedlings were fixed for 30 min at 100°
C, dried at 60°C to a constant weight, and ground to
a powder. Plant material was washed three times with chloro-
form:ethanol (1:2) mixture and the last extraction was carried
out by boiling the solution for 30 min in a water bath. The
pellet was washed four times with 70% ethanol and dried in
air. The resulting alcohol insoluble residue was homogenized
in phosphate buffer (50 mM KH2PO4, pH 7.0) and filtered.
The pellet was additionally washed two times with the same
buffer and the buffer extracts were combined.

Further purification of the fractions was performed by
cation- and anion-exchange chromatography and gel filtra-
tion. The buffer extract was brought to pH 6.0 with 4 M HCl,
applied to a Dowex 50W×2 column, and eluted with 50 mM
phosphate buffer (pH 6.0). NaCl was added to the concentra-
tion of 1.5 M; the resulting solution was applied to a Dowex
50W×2 column and eluted with 1.5 M NaCl. The obtained
solution was desalted on a Sephadex G-10 column. In cold
conditions (2°C), the extract was brought to pH 2.2, passed
through a Dowex 50W×2 column eluted with water (pH 2.2)
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and immediately neutralized to pH 7.0. The neutralized solu-
tion was concentrated, brought to pH 8.0 with ammonium
hydroxide and applied to a DEAE-cellulose column eluted
with 10 mM NH4Cl (pH 8.0). The solution was desalted on
a Sephadex G-10 column and dried under vacuum. The
obtained solution contained mainly neutral oligosaccharides,
since a significant amount of proteins, phenols, and various
acidic compounds, which included uronic acids, were
absorbed on the resins.

The next step was gel-permeation chromatography on
a Toyopearl HW-55F column eluted with 100 mM NaCl; the
flow rate was 0.3 ml/min. The collected fractions were
desalted on a Sephadex G-10 column and dried under
vacuum. After this step, fractions (in equal amount of carbo-
hydrate) were tested for the ability to stimulate IAA-induced
formation of adventitious roots. The fraction with the highest
activity was used for further purification. The last chromato-
graphy step was gel-permeation on a Biogel P-4 column. The
elution was carried out with 0.02% NaN3; the flow rate was
0.3 ml/min. The fractions were collected and checked for the

ability to stimulate IAA-induced formation of adventitious
roots. The fraction with the maximal activity (fraction 3,
OSRG) was characterized (Figure 1) and used in the experi-
ments to analyze transcriptome changes.

The molecular weight distribution of OSRG was determined
by gel-filtrationon sequentially connected OHpak SB-G
(6.0 × 50 mm, guard column), OHpak SB-806M HQ
(8.0 × 300 mm) and OHpak SB-804 HQ (8.0 × 300 mm) columns
(Shodex, Japan). Elution was carried out with 0.1 M NaCl, flow
rate 0.5 ml/min, the temperature of the columns 40°C. Detection
was carried out using an Agilent 1260 Infinity refractometric
detector (Agilent, Germany). Dextran (2000 kDa; Sigma, USA),
pullulans (380, 100, 23.7, and 5.8 kDa; Showa Denko, Japan) with
low polydispersity indexes (1.09–1.19) and D-(+)-glucose (Merck,
Germany) were used as standards for calibration. The number of
analytical replicates was 2. The results were processed using
Agilent GPC/SEC software.

To confirm the absence of non-carbohydrate components
in the oligosaccharide fraction with biological activity, the
types of chromophore groups were analyzed by wavelength

Figure 1. Characterization of the oligosaccharide fraction that stimulates the auxin-induced development of adventitious roots on the buckwheat hypocotyl. (a)
Chromatography of the carbohydrate fraction obtained from the buffer-extractable compounds of pea seedlings on Biogel P-4, revealing a fraction of oligosacchar-
ides that stimulates auxin-induced rhizogenesis (OSRG). (b) The increase in the number of auxin-induced adventitious roots per hypocotyl in the presence of OSRG
(means ± standard error). (c) Absorption spectra obtained for buffer-extractable compounds before purification for the mixture of standard monosaccharides with
a composition similar to that of OSRG and for the collected oligosaccharide fraction. (d) Determination of the molecular weight distribution (according to pullulan
standards) using sequentially connected OHpak SB-806M HQ and OHpak SB-804 HQ columns. (e) Monosaccharide analysis of the collected oligosaccharide fraction
performed by high-performance anion-exchange chromatography.
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scanning in the absorption range of 190–1100 nm. Scanning
was performed on a UV/Lambda 25 spectrophotometer
(Perkin Elmer, USA).

The monosaccharide composition of OSRG was characterized
by anion-exchange chromatography. Samples were hydrolyzed
with 2M TFA at 120°C for 1 h, dried to remove TFA, dissolved
in deionized water, and analyzed using aDX-500 system equipped
with a CarboPac PA-1 column (4 × 250mm) and an ED40 pulsed
amperometric detector (Dionex, USA). The column temperature
was 30°C, and the mobile phase (pumped at 1ml/min) consisted
of 100% A (0–20 min), 90% A (20–21 min), 50% A (22–41 min),
0%A (42–55min), and, finally, 100%A (56–85min), where Awas
16.5mMNaOH, and the other solvent (B) was 100 mMNaOH in
1 M sodium acetate. The results were analyzed using PeakNet
software according to the calibrations obtained for monosacchar-
ide standards treated in advance with 2M TFA at 120°C for 1 h.

2.2. Treatment of buckwheat hypocotyl explants with
oligosaccharide fractions

The testing of the oligosaccharide fractions for their ability to
stimulate root formation was carried out in the previously devel-
oped test system of hypocotyl segments of buckwheat (Fagopyrum
esculentumMoench.).19,35 The growth of buckwheat seedlings and
the preparation and cultivation of explants were performed under
sterile conditions. Seeds were sterilized for 10 min in a 2% sodium
hypochlorite solution and then germinated in the dark at 25°C on
hormone-free medium for 4–5 days at the half-stremgth
Murashige-Skoog medium (MS/2)36 with the addition of 0.8%
agar and 2% sucrose. Segments of 1 cm in length were cut from
the middle part of the hypocotyls, additionally cut lengthwise into
two parts, placed cut-side down in Petri dishes with MS/2 liquid
medium supplemented with 2% sucrose, IAA alone or together
with oligosaccharide fraction, and cultured in the dark at 25°C.
The applied concentrations of IAA (3 μM) and OSRG (0.5 μg/ml)
were determined as optimal in earlier experiments.26 The number
of roots (at least 2 mm in length) that emerged on each explant
was determined visually on the 5th day of incubation. Data on
root numbers are expressed as the means ± standard error; the
differences between the separate experimental groups were eval-
uated with the t-test, P˂0.05.

For the analysis of transcriptome changes, the isolated
explants were collected in a liquid medium and divided into
three groups. The first group was placed in medium without
effectors (IAA or OSRG) and was sampled immediately after
the preparation of all explants; this group was designated the
control (CTR) and used as a reference. The second group was
placed in medium with IAA, and the third group was placed in
medium with IAA+OSRG. The samples for transcriptome ana-
lysis were collected 6 h and 24 h after the addition of effectors.
For each treatment (IAA or IAA+OSRG) and each time point (6
and 24 h), 2 biological replicates, each consisting of 13 explants,
were collected. The samples were fixed with liquid nitrogen and
stored at −80°C until RNA extraction. Additionally, ten explants
of each variant were left for long-term cultivation (5 days) to
assess the effect of the treatments on root formation by counting
the number of the emerged roots.

2.3. RNA extraction and sequencing

The total RNA from each collected sample was extracted using
a TRIzol analogue combined with an RNeasyMini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. Polysaccharides and polyphenolics were removed from
the RNA preparations by adding the Plant RNA Isolation Aid
reagent (Ambion, USA) and β-mercaptoethanol to the lysis
buffer RLT (according to37). The DNA residues from the
obtained RNA samples were eliminated by DNase I treatment
using a DNA-free kit (Ambion, USA). A total of 10 RNA
samples (5 variants of two biological replicates in each) were
obtained. Qualitative and quantitative evaluation of the RNA
and cDNA libraries was performed with a Qubit fluorometer
(Invitrogen, USA) and 2100 BioAnalyzer technology (Agilent
Technologies) with the Agilent RNA 6000 Pico Kit (Agilent
Technologies).

The preparation of cDNA libraries and subsequent sequen-
cing were performed using the TruSeq Sample Prep Kit v3
(Illumina, USA) and the Illumina HiSeq 2500 platform
according to the manufacturer’s instructions. Sequencing
was carried out in single-end mode with a 60 nt read length
and sequencing depth of 25 million mapped reads per sample.

2.4. RNA-Seq data analysis

Sequence trimming, mapping and expression level determination
were carried out according to.38 For each gene, the total gene reads
(TGR) were determined as the number of all reads that were
mapped to this gene. Differentially expressed genes (DEGs) were
identified for each pair of corresponding hypocotyl variants using
the R package “DESeq2”.39 An FC (fold change)≥ |2| with an
adjusted p-value (padj) <0.05 was considered the threshold for the
identification of DEGs. The draft genome sequence of Fagopyrum
esculentum and annotation available at NCBI under BioProject #
PRJNA487881 (https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA487881) was used as a reference. The annotations of the
mentioned Arabidopsis thaliana genes are provided according to
the TAIR (https://www.arabidopsis.org/), UniProt (https://www.
UniProt.org/UniProt) or SUBA4 (http://suba.live/) database. To
validate RNA-Seq data, the expression level of 5 genes was
assessed in all analyzed samples by qPCR. The results showed
that qPCR data were in good agreement with those of RNA-Seq
(Supplementary 1).

3. Results

3.1. Characterization of the obtained carbohydrate
fraction and its effects on the formation of adventitious
roots on buckwheat explants

The oligosaccharide fraction to be used as an effector for
further transcriptome studies was determined based on the
ability to stimulate root formation on the fragments of buck-
wheat hypocotyls. Fraction 3 (OSRG) obtained after separa-
tion on a column containing Biogel P-4 was the most effective
in root induction and led to over 30% increase in root number
(Figure 1a, b). For other fractions, the stimulating effect was
completely absent or was below 10%. In the samples collected
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for transcriptome analysis, the number of adventitious roots
on explants cultivated in the presence of OSRG constituted
13.4 ± 1.1 roots per explant compared to 10.1 ± 1.5 roots per
explant for the samples treated only with auxin.

The separation of OSRG using high-performance liquid
chromatography on series-connected OHpak columns
revealed three peaks in the elution profile, whose retention
times of corresponded to molecular weights of 6.8, 1.3 and
0.5 kDa according to calibration with pullulans (Figure 1c).
The predominant components were those whose retention
times corresponded to the highest molecular weight peak,
with a degree of polymerization over 30 according to calibra-
tion with pullulans. The diversity of monosaccharides in the
fraction and the potential presence of galactose and arabinose
in cell wall-derived carbohydrates that are highly substituted
and differ in their spatial structure from linear pullulans did
not allow for strict correlation of the retention time in the
column with the degree of polymerization.

Spectrophotometric analysis of the different types of chro-
mophore groups in the sample obtained after chromatography
purification of the buffer-extractable fraction of pea seedlings
revealed one main absorption band with a maximum in the
far UV region (190 nm) and a long shoulder of low intensity
in the region of 220–340 nm (Figure 1c), both of which are
characteristic of the absorption of sugars.40,41 The identical
absorption spectrum of standard individual monosaccharides
in the same proportions as the analyzed fraction confirmed
that the absorption bands identified for OSRG were are car-
bohydrates and that there were no functional groups of non-
carbohydrate compounds. The absorption spectrum of the
non-purified fraction contained numerous bands correspond-
ing to non-carbohydrate components (Figure 1c).

Monosaccharide analysis of the physiologically active car-
bohydrate fraction obtained after separation on Biogel P-4
column revealed the presence of mostly neutral components,
among which galactose residues prevailed (37 mol%), and
arabinose and glucose residues were present in approximately
equal proportions (29 and 23 mol%), while rhamnose (9 mol%)
and xylose together with mannose (1 mol% of each) were
minor components, as was galacturonic acid, which was
detected in a trace amount (Figure 1e). A mixture of individual
monosaccharides with the same proportions found in OSRG
and the same total concentration did not have any effect on
IAA-induced root formation (data not shown).

3.2. General transcriptome characteristics of the
analyzed samples

Transcriptome analysis was performed for buckwheat hypo-
cotyls treated with IAA or IAA+OSRG for 6 or 24 h. The time
intervals were chosen to take into account the stages of
explant sensitivity to the applied effectors described in our
previous study26 and the timing of events presented by other
authors.13,28 For the appearance of adventitious roots to
occur, buckwheat explants should be cultured in auxin solu-
tion for 24 hours, after which the hormone can be removed
from the medium.26 This period of sensitivity to auxin, which
some authors designate as a whole “root initiation”,7 is
divided into two stages by other authors: the induction and

initiation period.42 In the work on the hypocotyls of mung
bean, the length of the first stage is determined as 6 hours, of
the second – 24 hours.42

The samples for analysis were designated as IAA (6 h), IAA
+OS (6 h), IAA (24 h), and IAA+OS (24 h). As a result of the
global profiling of the transcriptome, approximately
300 million reads with a quality score above Q30 were
obtained. For each treatment, two replicates were sequenced
using the Illumina HiSeq 2500 platform. All raw data were
uploaded onto NCBI SRA with the BioSample accession as
PRJNA595876. Pearson’s correlation coefficients of the two
replicates for each treatment were larger than 90%, suggesting
an appreciable correlation between them (Table S1).

A total of 24,929 expressed genes with a normalized TGR>
5 were identified in two replicates of at least one sample
(Table S2). Among these genes, 10,927 genes exhibited differ-
ential expression in various combinations of pairwise compar-
isons (Figure 2). IAA induced profound changes in the
transcriptome of the buckwheat hypocotyl explants, with
thousands of genes exhibiting a change in expression after
either 6 or 24 h of explant cultivation (Figure 2). This finding
is in accordance with many transcriptome studies on the
effect of auxin on adventitious or lateral root formation.42,43

The presence of the oligosaccharin stimulating the auxin-
induced development of adventitious roots26 resulted in the
differential expression of 122 genes identified with the applied
thresholds (log2FC>1, padj<0.05) (Figure 2). These genes were
within the focus of our current study. Two-thirds of these
genes were detected after 6 h of sample incubation, indicating
that the effect of oligosaccharin was more pronounced in the
earlier stage of auxin-induced adventitious root formation.

3.3. Differentially expressed genes after 6 h of
cultivation of buckwheat explants in iaa-containing
medium with or without OSRG

In the samples collected after 6 h of incubation with both
effectors compared to incubation with IAA alone, the abun-
dance of the transcripts of 40 genes was increased, and that of
39 was decreased. Some of the genes that were grouped as being
upregulated by OSRG addition (Figure 3) were actually down-
regulated by treatment with IAA alone, but their expression
remained at the same level as in the 0 h sample without treat-
ment with IAA or OSRG (control) or was even upregulated in
the presence of OSRG (Figure 3). This was the case for the two
genes with the highest fold-changes in mRNA abundance:
tr_12709 and tr_18008. The closest Arabidopsis homologue
(AT4G02340) of tr_12709 is annotated as a gene for hydrolase,
an alpha/beta fold family domain-containing protein showing
epoxide hydrolase activity (https://www.arabidopsis.org). The
transcript tr_18008 is homologous to AT3G58640, a gene of the
MAP3K family (mitogen-activated protein kinase kinase-like
protein) that is involved in protein phosphorylation. The
6-h effect of IAA alone decreased the expression of this
MAP3K, while the addition of OSRGmaintained its expression
at a similar level to that in all other analyzed samples (Figure 3).
Similarly, the abundance of the tr_10564 (no homologs) and
tr_17255 (homologue of AT3G08710) transcripts was
decreased by IAA alone but remained at the initial level in the
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presence of OSRG. AT3G08710 encodes thioredoxin H-type 9,
associated with the plasma membrane; it travels from cell to
cell, suggesting a role in intercellular communication. The
genes encoding the electron-transfer flavoprotein tr_24751
(homologue of AT5G43430) and the metallothionein
tr_14620 (homologue of AT3G09390) were considerably upre-
gulated compared to the samples treated with IAA alone but
downregulated compared to the control (Figure 3).

The most extensive group of genes that were substantially
upregulated in IAA+OS (6 h) group compared to both the
control and IAA (6 h) samples consisted of genes encoding
proteins that are potentially involved in redox regulation and
the detoxification of various compounds. This group included
four genes encoding glutathione S-transferases: tr_9993 (homo-
logue of AT5G41210), tr_12969 (homologue of AT1G78380),
tr_7253 and tr_7251 (both homologous to AT3G09270). After
6 h of incubation, the mRNAs of these genes were up to 25 times
more abundant in the IAA+OS sample compared to the control
and 2 times more abundant compared to the group treated with
IAA alone (Figure 3). This group also included the oxidoreduc-
tase tr_14896 (homologue of AT1G59950), cinnamyl-alcohol
dehydrogenase tr_27503 (homologue of AT1G72680), cell wall
peroxidase tr_27995 (homologue of AT5G05340), and the cyto-
chrome P450s tr_6304 (homologue of AT3G14690) and tr_943
(homologue of AT3G48270).

Three genes that were considerably upregulated after 6 h of
incubation in the presence of OSRG compared to both the
IAA-alone and control groups exhibited Arabidopsis homo-
logs annotated as genes for putative ribosomal proteins:

tr_8710 (homologue of AT3G59540 for 60S ribosomal protein
L38), tr_1505 (homologue of AT4G36130 for 60S ribosomal
protein L8) and tr_19682(homologue of AT2G37190 for 60S
ribosomal protein L11). The transcripts of these genes were
especially abundant under OSRG treatment in earlier stages of
the IAA-induced formation of adventitious roots (Figure 3).
The abundance of the transcript of tr_27774, which exhibits
homology to AT1G02130, encoding a protein from the Rab1
GTPase subfamily, was also specifically increased in the pre-
sence of OSRG after 6 h of explant cultivation. This protein is
required for membrane trafficking between the endoplasmic
reticulum and the Golgi apparatus and for normal Golgi
movement.44 Several genes encoding cell wall-related proteins
were upregulated in IAA+OS (6 h) samples compared to IAA
(6 h) samples: tr_7228 (homologue of AT5G02260, encoding
expansin A9), tr_14050 (homologue of AT2G18660, encoding
plant natriuretic peptide A, which belongs to a class of sys-
temically mobile molecules distantly related to expansins),
tr_9793 (homologue of AT2G37870, encoding lipid transfer
protein-like), and tr_1043 (homologue of AT2G38870, encod-
ing a serine protease inhibitor).

In IAA+OS (6 h) samples, the transcription of tr_845, which
is homologous to AT4G15550, encoding UDP-glucose:indole-
3-acetate beta-D-glucosyltransferase, was increased (Figure 3).
This enzyme may be involved in the conjugation of IAA.45 The
transcript of tr_118 showed increased abundance at the 6 h time
point in the presence of OSRG, and this gene is similar to
AT5G50850, encoding the E1β subunit of the mitochondrial
pyruvate dehydrogenase complex, which

Figure 2. Quantitative characteristics of genes expressed in the analyzed samples.
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oxidativelydecarboxylates pyruvate to form NADH and acetyl-
CoA. This protein, designated MACCI-BOU 1 (MAB1), is
a molecular player in auxin-regulated organ formation and
has been suggested to contribute to PIN-dependent auxin
polar transport via metabolic regulation.46 The Arabidopsis
homologue of tr_4377, AT1G20050, which encodes a 3-beta-
hydroxysteroid-delta-isomerase, the integral membrane pro-
tein HYDRA1, which has been demonstrated to play an impor-
tant role in root patterning and influence the distribution of the
PIN1 and PIN2 auxin efflux carriers;47 the abundance of
tr_4377 transcripts was increased by OSRG.

Two upregulated genes were homologous to Arabidopsis
genes that show Blast hits only to plant species and encode
proteins of unknown function: tr_12315, homologous to
AT4G30010, which encodes an unknown plant-specific protein
located in mitochondria according to SUBA4 (http://suba.live/),
and tr_9407, homologous to AT1G70840, encoding major latex
protein (MLP)-like protein 31. For several differentially
expressed genes, no functional annotations are available
(Figure 3). TargetP (http://www.cbs.dtu.dk/services/TargetP/)
indicated the localization of corresponding proteins for two of
these genes (tr_14274 and tr_966) to the mitochondrion and one
(tr_12846) to the chloroplast; no transmembrane domains were
found in any of these genes according to TMHMM (http://www.
cbs.dtu.dk/services/TMHMM/) (Table S3).

The genes downregulated by OSRG at the 6 h time point
included two genes, tr_6232 and tr_23526, whose Arabidopsis

homologs encode proteins that are directly involved in the
response to auxin: AT5G43700 (ATAUX2-11/IAA4) and
AT1G04240 (SHORT HYPOCOTYL 2, SHY2/IAA3), respec-
tively, both of which are AUX/IAA transcriptional regulator
family proteins (Figure 4). The transcript abundance of both
tr_6232 and tr_23526 was further decreased in the IAA+OS
(24 h) samples (Figure 4). Two buckwheat genes whose
Arabidopsis homologs encode transcription factors, tr_27441
(AT1G01060, encoding LATE ELONGATED HYPOCOTYL
(LHY) from the MYB family involved in circadian rhythms)
and tr_23365 (AT3G02550, encoding LOB domain-containing
protein 41 (LBD41), were also downregulated in the IAA+OS
(6 h) samples (Figure 4).

Several small groups of functionally related downregulated
genes were detected, indicating the importance of the regulation
of the corresponding processes: tr_19499 and tr_12517, homo-
logous to Arabidopsis genes encoding histones (AT5G02560 and
AT4G40030, respectively); and tr_27353 and tr_27354, homo-
logous to the same gene, AT1G53540, encoding the small ubi-
quitous chaperone hsp20 (Figure 4b). Three buckwheat genes
(tr_23577, tr_8323, and tr_6520) whose Arabidopsis homologs
(AT3G21000, AT3G29785, and AT5G48050, respectively) were
annotated in TAIR (www.arabidopsis.org) as encoding retro-
transposon family proteins, were also downregulated; however,
both the expression levels of these buckwheat genes and their
degree of similarity to the Arabidopsis genes (Table S2) were
rather low.

Figure 3. (a) List of upregulated genes in IAA+OS (6 h) samples compared with IAA (6 h) samples (cut off log2FC>1, padj<0.05) and the corresponding expression
level indicators in the form of normalized TGR values. (b) Expression levels of upregulated genes (log2FC> 1, padj<0.05) in IAA+OS (6 h) samples compared to IAA
(6 h) samples (right side) and in the comparisons of the IAA+OS (6 h) and IAA (6 h) groups with the control sample (CTR; 0 h) (left side): “*” indicates differential
expression compared to control genes with a padj value <0.05.
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The downregulation of the genes tr_208 (homologue of
AT5G09810, encoding actin 7) and tr_12282 (homologue of
AT5G23860, encoding tubulin beta 8) (Figure 4) in IAA+OS
(6 h) samples indicated the possibility of an effect of OSRG on
cytoskeletal rearrangement. tr_11900, homologous to
AT3G14205, which encodes a SUPPRESSOR OF ACTIN
domain protein 2 (SAC2), was also downregulated. SAC2
belongs to the phosphoinositide phosphatase family of proteins
specific to land plants; such proteins localize to the tonoplast
and are involved in vacuolar trafficking and turgor-driven cell
expansion.48 Another down-regulated gene, tr_19066, is homo-
logous to AT1G09070, encoding the SOYBEAN GENE
REGULATED BY COLD-2 (SRC2) protein, which is also
involved in vesicle trafficking to vacuoles.49

Several genes that were downregulated in the IAA+OS (6 h)
samples exhibited homology to Arabidopsis genes encoding
enzymes performing various post-translational modifications
of proteins (Figure 4). One of these genes, tr_27502, is homo-
logous to AT3G04810, encoding LSTK-1-like kinase, a member
of the NIMA-related serine/threonine kinases (Neks), which
have been linked to cell cycle regulation in fungi and mammals
andmight be involved in plant development.50 Other unknown
proteins included a protein involved in N-terminal protein
myristoylation (tr_21811 – AT3G03280) and a putative acyl-
protein thioesterase (tr_24160 – AT4G22305), which is an

enzyme that cleaves off lipid modifications on proteins.51

Myristoylation is a post-translational protein modification in
which myristic acid is covalently attached to the N-terminal
glycine residue; this modification influences the conforma-
tional stability of individual proteins and their ability to inter-
act with membranes or the hydrophobic domains of other
proteins.52 The considerably downregulated tr_17811 gene
(Figure 4) is homologous to AT1G70830, encoding MLP-like
protein 28, which can bind steroids (in vitro) and may also bind
other types of hydrophobic ligands.53

3.4. Differentially expressed genes identified after
24-h of cultivation of buckwheat explants on
iaa-containing medium with or without OSRG

After 24 h of effector action, several genes were found to be
upregulated in the presence of OSRG to a higher level than in
any other analyzed sample. These included tr_3050 (homo-
logue of AT3G23790, encoding an AMP-binding enzyme with
a poorly characterized function), tr_13010, homologue of
AT5G08370, encoding α-galactosidase 2, which modifies the
cell wall,54 tr_17004 (homologous to AT3G03280 (as was
tr_21811, downregulated at 6 h)), encoding an unknown
protein that is probably involved in N-terminal protein

Figure 4. (a) List of downregulated genes in IAA+OS (6 h) samples compared with IAA (6 h) samples (cut off log2FC<1, padj<0.05) and the corresponding expression
level indicators in the form of normalized TGR values. (b) Expression levels of downregulated genes (log2FC <1, padj<0.05) in IAA+OS (6 h) samples compared to IAA
(6 h) samples (left) and in the comparison of IAA+OS (6 h) samples with the control sample (CTR; 0 h) (right): “*” denotes differentially expressed genes with a padj
value <0.05.
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myristoylation (https://apps.araport.org), tr_22226 (homolo-
gue of AT4G38580, encoding a heavy metal-associated iso-
prenylated plant protein that may serve as
a metallochaperone)55 and tr_19416 (homologue of
AT1G26800, encoding the E3 ubiquitin-protein ligase
MPSR1) (Figure 5). At the same time, the tr_26771 gene
(homologue of AT5G02500, encoding heat shock protein 70
(a chaperone)) was also upregulated in the presence of OSRG
(Figure 5).

Only two genes were upregulated in the presence of OSRG at
both 6 h and 24 h; each of them encodes a protein with a poorly
characterized function: tr_9407, homologous to AT1G70840,
encoding major latex protein (MLP)-like protein 31, and
tr_22607, homologous to AT3G23570, encoding an alpha/beta-
hydrolase superfamily protein. The list of the upregulated genes
identified at 24 h in the presence of OSRG also included
tr_17023, a homologue of AT4G23030, encoding transporters
from the multidrug and toxic compound extrusion (MATE)
family, and tr_22481, a homologue of AT3G07890, encoding
the Ypt/Rab-GAP domain of the gyp1p superfamily protein
that modulates vesicle transport through interaction with
RabGTPases by stimulating GTP hydrolysis.56 Additionally, the
tr_23692 gene (encoding a putative GTP-hydrolase), homolo-
gous to AT1G33970 (encoding P-loop-containing nucleoside
triphosphate hydrolase), was also upregulated in the presence
of OSRG (Figure 5).

Genes encoding several transcription factors were differen-
tially expressed in the presence of OSRG at the second studied
stage of adventitious root formation. Among these transcrip-
tion factors, MYB77 (tr_13881, homologous to AT3G50060)
deserves special attention, since this transcription factor is
involved in lateral root development; it interacts with ARF7
and regulates the expression of certain auxin-responsive

genes.57 The genes encoding two other transcription factors,
SHY2/IAA3 (tr_5571, homologue of AT1G04240) and HY5
(tr_12661, homologue of AT5G11260), were also upregulated
in the presence of OSRG. HY5 is a shoot-to-root mobile
transcription factor that is involved in light sensing and coor-
dinates carbon and nitrogen metabolism.58 All three listed
genes encoding transcription factors were actually downregu-
lated by treatment with IAA alone at 24 h but remained at
a similar level to that in the previous stage in the presence of
oligosaccharin (Figure 5). Similar dynamics of mRNA abun-
dance were detected for tr_16404, a homologue of
AT4G18250, encoding a receptor serine/threonine-like pro-
tein located in the plasma membrane (Figure 5). The genes
encoding two transcription factors, tr_14849 homologous to
AT5G41315, encoding the basic helix loop helix domain pro-
tein GLABRA 3 (involved in the specification of root epider-
mal cell fate59), and tr_17421, homologous to AT2G35940,
encoding the homeodomain factor BHL1, were downregu-
lated in IAA+OS (24 h) samples compared to IAA (24 h)
samples (Figure 6).

In several cases, one orthologous gene in Arabidopsis had
a number of buckwheat homologs that were differentially
expressed in the presence of OSRG. Two buckwheat homologs
(tr_29296 and tr_15201) of the Arabidopsis gene AT1G27730
were both downregulated at 6 h and upregulated at 24 h
(Figure 4, 5). AT1G27730 encodes ZAT10, a zinc finger protein
of the Cys2/His2 type that acts as a transcriptional repressor that
is suggested tomodulate or balance the response of plants toROS
and abiotic stress responses.60 Three buckwheat homologs of
AT1G54050 were detected among the differentially expressed
genes: two (tr_27353 and tr_27354) were downregulated at 6 h
(Figure 4), and one (tr_11898) was upregulated at the later stage
of root development (Figure 5). AT1G54050 encodes heat shock

Figure 5. (a) List of upregulated genes in IAA+OS (24 h) samples compared with IAA (24 h) samples (cut off log2FC>1, padj<0.05) and the corresponding expression
level indicators in the form of normalized TGR values. (b) Expression levels of upregulated genes (log2FC> 1, padj<0.05) in IAA+OS (24 h) samples compared to IAA
(24 h) samples (right side) and in the comparisons of the IAA+OS (24 h) and IAA (24 h) groups with the control sample (CTR; 0 h) (left side): “*” indicates differential
expression compared to control genes with a padj value<0.05.
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protein 20 (HSP20), which serves as amolecular chaperone. Two
buckwheat homologs of AT2G38870, encoding a serine protease
inhibitor, exhibited opposite expression dynamics, with tr_1043
being upregulated at 6 h (Figure 3) and tr_17678 being down-
regulated at 24 h (Figure 6).

The decrease in the gene expression of tr_17148 (homolo-
gous to AT5G58600, another name for the PMR5 gene, encod-
ing the TRICHOME BIREFRINGENCE-LIKE 44 protein)
observed after 24 h of cultivation in response to OSRG showed
that oligosaccharin can also affect the properties of cell walls
through the modification of cell wall polymers because tri-
chome birefringence-like proteins are proposed to encode
wall polysaccharide-specific O-acetyltransferases.61 Some
genes that were differentially expressed at 24 h encoded other
proteins that are able to modify the cell wall, including the
upregulated tr_6863 gene (homologue of AT2G26440, encod-
ing pectinesterase), the already mentioned tr_13010 gene
(homologue of AT5G08370, encoding α-galactosidase 2), and
tr_18077 (homologue of AT4G08685, encoding an extensin
family protein) (Figure 5), and the downregulated tr_9438
gene (homologue of AT1G05260, encoding a cell wall perox-
idase) (Figure 6).

4. Discussion

4.1. Modulation of the auxin response by OSRG

Comparative analysis of gene expression profiles between differ-
ent time points in the process of root development and between
the IAA and IAA+OSRG treatments revealed genes that were
differentially expressed in the presence of the oligosaccharin
OSRG, which stimulates IAA-induced root formation in hypo-
cotyl explants of buckwheat, as shown previously.26 The addition

of auxin to the excised hypocotyls cultivated in a liquid medium,
induced adventitious root formation coupled with the differen-
tial expression of several thousand genes (Figure 2). Hundreds of
these genes encode proteins directly involved in auxin signaling,
including many transcription factors and regulators, as well as
auxin transporters, auxin-binding proteins, and enzymes
involved in auxin metabolism (Table S2). Despite the fact that
OSRG affects IAA-induced adventitious root development and
is weakly effective in the absence of the hormone,26 a few differ-
entially expressed genes that are directly associated with auxin-
metabolism or signaling were revealed in the presence of
oligosaccharin. Among the most relevant auxin signaling
genes, OSRG influenced the expression of Aux2-11/IAA4 and
SHY2/IAA3, both of which belong to the family of Aux/IAA
genes. SHY2/IAA3 is a known regulator of both lateral and
adventitious root formation.62 Lateral root development is rather
similar to adventitious root formation and is better
characterized.63 This permits us to refer to studies on lateral
root primordium development and emergence when discussing
these processes for adventitious roots, while keeping in mind the
differences between these root types, especially in the root induc-
tion stage.64 The SHY2/IAA3 gene encodes a protein that is
a component of one of the four known AUX/IAA-ARFmodules
mediating auxin signaling at different stages of lateral root
formation.65,66 It is also possible that a change in the expression
of the SHY2/IAA3 gene reflects a change in the balance between
the cytokinin- and auxin-mediated signaling pathways.
Cytokinin and auxin antagonistically control the balance
between cell division and differentiation in roots by influencing
the expression of SHY2/IAA3.67 OSRG likely contributes to
changes in the balance of one hormonal signaling pathway
versus another at different stages in the formation of adventi-
tious roots, suppressing SHY2/IAA3 gene expression in the first

Figure 6. (a) List of downregulated genes in IAA+OS (24 h) samples compared with IAA (24 h) samples (cut off log2FC<1, padj<0.05) and the corresponding
expression level indicators in the form of normalized TGR values. (b) Expression levels of downregulated genes (log2FC <1, padj<0.05) in IAA+OS (24 h) samples
compared to IAA (24 h) samples (left) and in the comparison of IAA+OS (24 h) samples with the control sample (CTR; 0 h) (right): “*” denotes differentially expressed
genes with a padj value <0.05.
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analyzed stage and increasing it in the second. Regulation of
cytokinin activity can occur due to downregulation of the
tr_26328, homologue of AT1G27450, encoding adenine phos-
phoribosyl transferase 1 (APT1), which catalyzes cytokinin inac-
tivation through phosphoribosylation (Figure 4). Loss of APT1
activity leads to excess accumulation of active cytokinin, evoking
cytokinin-regulated responses.68

AUX2-11/IAA4 also plays a certain role in root formation,
although the corresponding AUX/IAA-ARF module has not
been identified. Local expression of the AUX2-11 gene is
observed at sites of the initiation of lateral roots.69 AUX2-11
is a unique member of the AUX/IAA family of proteins, since
it exhibits a carboxyl terminal motif that acts as a substrate for
geranylgeranyltransferaseI.70 The loss of activity of this
enzyme increases the auxin-induced initiation of lateral
roots, possibly through inactivation of AUX2-11 and an
increase in the transcription of auxin-regulated genes.71

Notably, the expression of the gene encoding the transcrip-
tion factor MYB77 was upregulated by OSRG (Figure 5). The
roles of MYBs in the development and differentiation of roots
have been proven.72 However, only MYB77 shows a direct
interaction with the auxin response factor, which is usually
associated only with transcriptional repressors from the AUX/
IAA protein family. MYB77 binds ARF7, which is considered
to be one of the key regulators of lateral root formation.57

Thus, upregulation of MYB77 by OSRG may lead to the
modulation of auxin-inducible gene expression and further
regulation of lateral root formation. Activation of MYB77
expression in the presence of OSRG occurred only at
the second analyzed stage of root development. At the same
time, HY5 expression was activated (Figure 5). HY5 is
a transcription factor associated with light signaling; however,
it is also involved in many aspects of root development,
including lateral root formation and is thought to alter the
balance of signaling through auxin and cytokinin.73 The
known targets of auxin signaling through ARF7 and ARF19
are several members of the LBD gene family, which encodes
plant-specific TFs.74 Members of the LBD family have been
demonstrated to take part in adventitious and lateral root
formation.74,75 Expression of LBD41 was downregulated by
OSRGat early stage of adventitious root formation (Figure 4).

OSRG did not affect the expression of the genes encoding
various transporters of auxin, including numerous pin-
formed proteins (PIN), proteins of the AUXIN-
RESISTANT1 and LIKE AUXIN-RESISTANT (AUX1/LAX)
families, or WALLS ARE THIN 1 (WAT1), although many of
these genes were significantly influenced by IAA and were
differentially expressed at the two analyzed stages of adventi-
tious root formation (Table S2). However, after 24 h of incu-
bation with IAA and oligosaccharin, the tr_17386 gene,
a homologue of AT5G54490, encoding PINOID (PID)-
binding protein (PBP1), showed increased expression
(Figure 5). PBP1 contains EF-hand calcium-binding motifs
and acts as a positive regulator of auxin release from cells by
regulating the activity of the protein kinase PINOID, which
phosphorylates conserved serine residues in PIN auxin efflux
carriers.76 The distribution of the auxin efflux carriers PIN1
and PIN2 and PIN-dependent auxin polar transport can also
be influenced by the integral membrane protein HYDRA1,47

by MACCI-BOU 1 (MAB1),46 and by SAC2 and SRC2 pro-
teins involved in vesicle trafficking to vacuoles48,49 since
degradation of at least some PIN proteins may occur through
this trafficking route.77 The transcription of the genes encod-
ing listed proteins was affected by OSRG.Taken together,
these results indicate that some elements of the auxin signal-
ing pathway are influenced by the presence of oligosaccharin,
as can be assumed from the differential expression of the
corresponding genes. However, the changes are rather
minor, especially compared with the effects of IAA itself.

4.2. The possible effect of OSRG through ROS
metabolism

In a recent review of the morphogenesis of lateral root primordia
in angiosperms,78 two major regulatory modes involved in lat-
eral root formation in Arabidopsis were designated: the auxin
mode and the reactive oxygen species (ROS) mode. The latter
involves four peroxidases (PER7, PER9, PER57, and PER64), two
transcription factors (MYB36 and the bHLH transcription factor
UPBEAT1 (UPB1), which is expressed in the flanking region of
the developing root primordium and regulates the expression of
a subset PER genes),79 and RESPIRATORY BURST OXIDASE
HOMOLOG (RBOH) (which belongs to a family of NADPH
oxidases that produce extracellular ROS).79,80 According to
UniProt, all four designated peroxidases are cell-wall localized,
while at least some members of the RBOH family, including the
one encoded by the gene expressed in buckwheat explants at
adventitious root induction, are plasma membrane proteins.

The ROS mode is considered to be especially important at
the advanced stages of lateral root emergence, rather than at
primordium specification.79,80 In our test system, the tran-
scription of the genes encoding two ROS mode components,
UPB1 (tr_4146, homologue of AT2G47270) and PER57
(tr_2938, homologue of AT5G17820), was increased after
IAA addition at the early stage of adventitious root formation
(Table S2). The transcription of the gene encoding RBOH
(tr_6314, homologue of AT1G09090) was highly active in
explanted hypocotyls even without the addition of IAA or
OSRG and was maintained at a high level in the presence of
these effectors. These findings indicate that the ROS regula-
tory mode may operate in buckwheat hypocotyl explants at
the early stage of root development induction by auxin. Two
genes encoding MYB36 (tr_20342 and tr_7854, homologs of
AT5G57620) were activated at the second stage (Table S2).
Such differences from lateral root development may occur
because adventitious and lateral roots could have evolved
from different cell types and may present differences in prim-
ing events.63,64 In addition, the involvement of the ROS mode
in lateral root formation was studied in intact Arabidopsis
roots, while in our test system, the wounding effect due to
explant excision caused the formation of ROS at the very
beginning of tissue reprogramming.

Among the known components of the ROS regulatory mode,
the presence of oligosaccharin affects the transcription of two
peroxidases (Figure 3). SRC2, which is encoded by a gene that is
downregulated by OSRG (Figure 4), is known to affect at least one
member of the RBOH family and to enhance its ROS-producing
activity.81 Many other genes encoding proteins involved in redox
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regulation are also differentially expressed in the presence of
OSRG. Significant activation of several genes encoding glu-
tathione transferases was among the most obvious effects of
OSRG, which occurred specifically at the earlier stage of adventi-
tious root development. Glutathione transferases are soluble
enzymes that are common in eukaryotic and prokaryotic species
and are divided into several classes, designated as phi, tau, theta,
etc.; in plant genomes, these enzymes are represented by large
multigene families.82 Glutathione transferases conjugate the tri-
peptide glutathione (γ-Glu-Cys-Gly) to a broad range of mole-
cules. OSRG stimulated the expression of four genes from this
family (Figure 3), three of which have Arabidopsis homologs
(AT1G78380 and AT3G09270) that belong to the tau group,
which encodes a plant-specific class of glutathione transferases.
Glutathione transferases are known to be involved in plant devel-
opment under normal growth conditions, the reactions to various
stresses and the detoxification of xenobiotics; they have also been
shown to be auxin-binding proteins.83 Such binding may contri-
bute to the temporary storage of auxin or its transport to its
receptors. One of the functions of glutathione-S-transferase is to
prevent cytotoxic events that may occur as a result of excessive
accumulation of auxin molecules within cells.84 Thus, such
enzymes can be involved in the intracellular modulation of both
ROS and auxin action. As stated in a recent review,85 there are
multiple functions of such enzymes in plant tissues, which are not
well characterized and could still be underestimated. The expres-
sion of genes encoding other enzymes that may be involved in
redox regulation (thioredoxin, metallothionein, cytochrome P450,
dehydrogenase, oxidoreductase, electron transfer flavoprotein) is
also upregulated by the action of oligosaccharin after 6 h of
explant cultivation (Figure 3). ROS are known to act as signaling
molecules in many cellular processes.86,87 Though neither all
components of the ROS regulatory mode nor their interconnec-
tions have been established, it is clear that some of them localize to
the cell wall (e.g., those affected by OSRG peroxidases) or the
plasma membrane (the homologue of actively expressed RBOH
has several cytoplasmic, transmembrane and extracellular
domains). This is especially important when considering the
possible mechanisms of oligosaccharin action. OSRG has
a rather large size (Figure 1) and therefore cannot pass through
the plasma membrane. The products of its possible hydrolysis
(individual monosaccharide) do not exhibit an effect on IAA-
induced adventitious root formation, at least at concentrations
similar to the OSRG concentrations. Thus, the suggested site of
OSRG action and the ROS regulatory mode partially overlap,
giving rise to the possibility of their interaction. Most likely,
oligosaccharin stimulates IAA-induced adventitious root forma-
tion in buckwheat hypocotyl explants through the action on the
first stage of root development by changing the ROS level and
regulating the operation of the ROS regulatory mode.

4.3. The sets of differentially expressed genes differed
significantly at the two studied stages of adventitious
root formation

The development of adventitious root involves the set of succes-
sive processes. The time points selected for the transcriptome
analysis reflected different stages in the process of rhizogenesis
occurring in excised hypocotyls: the first stage (6 h) encompasses

the diverse processes involved in overcoming the consequences
of explant cutting, founder cell specification, and maybe the first
anticlinal/periclinal divisions, while at the second stage (24 h),
the development of the dome-shaped primordium, which
mainly involves cell division and growth inside the parental
tissue before the appearance of a newly forming root on the
hypocotyl surface, takes place.6,42 These stages are characterized
by specific sets of genes that are differentially expressed in the
presence of IAA and OSRG compared to the group treated with
IAA alone, indicating the specificity of the processes that take
place at each of the stages. For example, genes encoding several
chaperones (heat shock proteins) are downregulated at 6 h
(Figure 4) and upregulated at 24 h (Figure 5). The upregulation
of the gene encoding the E3 ubiquitin-protein ligase MPSR1 at
24 h was notable (Figure 5). This enzyme recognizes emergent
misfolded proteins independent of chaperones.88 The increased
expression of the gene encoding this enzymemay indicate that in
the second phase of the root formation process, activation of the
protein degradation process through the 26S proteasomemay be
stimulated by OSRG, and this specific targeting of proteins for
degradation may be an important mechanism of root formation.

The majority of differentially expressed genes identified in
the presence of oligosaccharin were detected at the earlier
stage of root development, in accordance with the data show-
ing that OSRG has a maximum effect if added to the explants
during early stages of IAA action or even in advance of IAA
treatment.26 Rather unexpectedly, the genes encoding several
ribosomal proteins were among these upregulated genes.
There are not enough arguments to suggest the direct invol-
vement of ribosomal proteins in adventitious root formation;
however, our data are in accordance with an earlier report
that a number of ribosomal protein-encoding gene mutants
display a significant reduction in the number of adventitious
roots that develop on the hypocotyl after whole root
excision.89 Together, these data indicate the need for further
research on the possible roles of ribosomal proteins in root
development and plant morphogenesis in general.

Reprogramming of cell identities during development fre-
quently requires changes in the chromatin state that need to be
restricted to the correct cell populations, which has been well
studied in animal cells.90 In plant cells, an auxin-regulated chro-
matin state switch that directs reprogramming from transit ampli-
fication to primordium founder cell fate in Arabidopsis
inflorescences has been identified.91 The authors reporting this
switch believe that this mechanism underlies additional auxin-
controlled cell fate reprogramming events, for example, during
embryo patterning and leaf morphogenesis. There may be
a similar mechanism involved in reprogramming the fate of cells
in the formation of the founder cells of the adventitious root
primordium. A significant number of differentially expressed
genes identified in the presence of oligosaccharin after 6 h of
explant cultivation encoded proteins involved in chromatin reor-
ganization and the remodeling of geneticmaterial (histones, retro-
transposons). Transposon-derived transcripts have been reported
in several plant species, such as maize and rice; in rice roots, they
are suggested to influence developmental processes through inter-
actions with specific miRNAs.92

The emergence of adventitious roots requires the reorga-
nization of cell walls, both in the primordium itself and in the
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tissues covering the primordia that favor its passage to the
organ surface. Furthermore, lateral root induction is depen-
dent on the mechanical properties of the overlying tissues that
are modified by cell wall-modifying enzymes at the early
stages of root development.93,94 The presence of OSRG
resulted in the differential expression of several genes encod-
ing cell wall proteins (according to the annotation of homo-
logous genes in Arabidopsis): α-expansin, plant natriuretic
peptide, peroxidase, lipid-transfer protein, α-galactosidase,
and pectinesterase. The expression of tr_7228 (for α-
expansin) was considerably activated by IAA and OSRG at
the 6 h time point compared both to the control and the
group treated with IAA alone; after 24 h, the expression of
this gene decreased (Figure 4b), indicating particular impor-
tance at the early stage of primordium formation. The expres-
sion of tr_13010 (α-galactosidase) increased only after 24 h in
auxin- and oligosaccharin-containing medium.

The tr_6863 gene (homologue of pectin esterase) was
highly upregulated after 6 h in IAA-containing medium (as
compared to the initial samples), irrespective of the presence
of OSRG. At the later stage, oligosaccharin helped to maintain
high expression of this gene, while its expression considerably
decreased under treatment with IAA alone (Figure 6). Pectin
demethylesterification performed by pectin esterases leads to
the modification of pectin gel properties and often accompa-
nies developmental properties.95 The degree of pectin methy-
lation differs in the cell walls of the forming primordium and
the cells of the tissues covering the primordium.96 Additional
modification of cell wall polymers can occur due to the
decrease in the expression of the tr_17148 gene, encoding
the TRICHOME BIREFRINGENCE-LIKE (TBL44) protein,
an acetyltransferase specific for the cell wall.61 O-acetylation
affects rheological properties and may interfere with the enzy-
matic cleavage of cell wall polysaccharides.97 Therefore, the
decrease in TBL44 gene expression induced by OSRG at this
stage can reduce the level of the acetylation of wall polymers,
making them more sensitive to hydrolytic enzymes, which will
favor the passage of the primordium.

4.4. Toward the possible mechanisms of oligosaccharin
effects

The analysis of transcriptome changes caused by the presence
of OSRG in the IAA-containing medium used for buckwheat
hypocotyl cultivation suggested the major pathways that lead
to an increased number of adventitious roots developed in
explants. Although these data are not sufficient to definitively
establish the complete mechanisms and chain of events
involved, they suggest some highlights regarding the molecu-
lar events associated with oligosaccharin action (Figure 7). We
concentrate on components potentially associated with OSRG
action and do not consider the expression of “classical” auxin-
induced genes.

Apparently, oligosaccharin either stimulates an increase in
the number of competent cells that give rise to adventitious roots
or contributes to the maintenance of the auxin-initiated root
primordia, leading to their full development since not all pri-
mordia initiated after auxin treatment develop into emergent
roots.98 Herewith, oligosaccharin molecules are too large to be

able to penetrate inside the cells; for example, labeled nonasac-
charide is not taken up by cultured plant cells.99 OSRG rather
acts on some targets located in the cell wall or on the outer
plasma membrane side. Thus, OSRG does not affect gene tran-
scription directly but provides conditions that change the reg-
ulatory modes involved in adventitious root development. There
are two major regulatory modes involved in root branching that
can be subjected to OSRG action: the ROS and auxin modes,
which can also interact with each other. Notably, the ROS mode
is manifested more strongly at the earlier stage, during founder
cell specification and primordium initiation. One of the most
prominent types of direct or indirect targets that could be
involved in the intracellular modulation of both ROS and
auxin action is the glutathione transferases, which seem to be
quite important in plant development, but their exact influence
on root initiation and development remains unclear. Both of
these modes could contribute to the observed regulation of cell
wall components, which also have an impact on cell proliferation
and elongation.

No indication of a specific receptor or corresponding sig-
naling cascade for OSRG is provided by our data. Rather,
oligosaccharin can be suggested to interact with other effector
receptors located at the plasma membrane or with the mem-
brane itself. For example, the acidic oligosaccharins (oligoga-
lacturonids) are responsible for the phosphorylation of the
subclass of remorins, which are plant-specific proteins located
in lipid rafts of the plasma membrane.100 The interactions of
OSRG with membrane components may be increased by ROS
or by members of the ROS regulatory mode. Changes in the
lipid constituents of the membrane can be anticipated from
the upregulation of the gene encoding HYDRA1, involved in
the metabolism of sterols, in the presence of OSRG. Sterols
are important components of the membrane that regulate its
permeability and lateral mobility and influence the distribu-
tion of the PIN1 and PIN2 auxin efflux carriers.47 The
detected changes in the expression of genes encoding the
enzymes involved in lipid modifications of proteins can also
contribute to such effects. Upregulation of the expression of
ribosomal proteins at the early stage could influence lipid
metabolism and link auxin-regulated developmental pattern-
ing with endomembrane trafficking.28 Fine-tuning of PIN
recycling in the presence of OSRG is also suggested by
changes in the expression of the genes encoding several pro-
teins involved in vesicle trafficking and in the internalization
of PIN proteins into vacuole.

Active chromatin reorganization and remodeling of genetic
material are induced by OSRG, but again, the mediator is
unknown. The behavior of the IAA3 and IAA4 genes was
also noteworthy, which differed from the behavior observed
under treatment with IAA alone. This fact may indicate some
changes in auxin signaling and its influence on primordium
initiation under OSRG action. Among the transcription fac-
tors that were upregulated under OSRG treatment, the most
intriguing factors were HY5 and MYB77, both of which were
activated at a late stage and could be involved in the regula-
tion of the “late response” determining the emergence of
adventitious roots on the surface of explants.

The results obtained in the current study contribute to the
understanding of the mechanism of adventitious root
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formation in plants and demonstrate that OSRG is involved in
the signaling pathway for the regulation of rhizogenesis, pro-
viding a number of promising scientific “primordia” for
further investigation.
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