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% Background. Legumes establish symbioses with nitrogen-fixing bacteria from the Rhizobium group. In exchange for nutrients,
bacteria provide fixed nitrogen needed to support plant growth. At the moment, information about the involvement of alternative
splicing (AS) in the establishment and maintenance this symbiotic relationships is almost absent, but, as it is a powerful mecha-
nism for the regulation of proteome diversity of the cell, it therefore may participate in cellular response to microsymbionts.
Materials and methods. Alternative splicing was analyzed using the assembly of “supertranscripts” and alignment of the reads
from nodules and root tips to this reference. Target genes expression levels was estimated in tips of non-inoculated roots, and in
nodules (2, 4, and 6 weeks post inoculation) with use of RT-qPCR. Results. In this study, the analysis of AS events in the nodules
and root tips of the pea was carried out. The presence of isoforms of four pea genes (PsSIPI, PsIGN, PsWRKY40, PsPR-10) was
confirmed and their expression level was estimated. Conclusion. Pea nodules were shown to be more enriched with AS events
compared to root tips. Among the functional groups of genes that demonstrate AS events, one of the most enriched functional
groups is the pathogens stress response. Intron retention probably leads to degradation of the transcript via NMD-system or to
change of the protein function, that modulates the activity of genes in nodules.
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% lopox nocesnoit (Pisum sativum L.) cioco6eH BCTyNaTh B CHMOMOTHYECKHME OTHOLIEHHSI ¢ a30T(UKCHPYIOLIMMH GAKTEPUSIMHU
U3 rpynnbl pu3obuit (Rhizobia). B o6mMeH Ha nuTatesibHble BelllecTBa GaKTePUH MOCTABJSIIOT (PUKCHPOBAHHBIN 30T, HEOOXOJIH -
MBI JUIst OJyiep2kaHus pocta pacteHusi. Pukcalys a3ota MPOUCXOJUT B ClELMAIU3UPOBAHHBIX OpraHax — kiaybGeHbKax. Popmu-
poBaHue U (yHKIIHOHMPOBaHHE KiIyOeHbKa — CJI0KHOOPTaHM30BAHHbIH T1poliece, TPeOYIOLUHE TOHKOH peryJ/sitiid paGoThbl TeHOB.
OnuH U3 ee MexaHU3MOB — aJjibTepHaTuBHbIH critaiicuur (AC). Ha nanubiii Moment nndopmatiist o poan AC B yeraHoBJIeHHH
¥ MoJyIePKAHUK CHMOHOTHYECKHX OTHOLLIEHHH MEXIly a30T(HKCHPYIOLIMMH GaKTepusiMi H GOGOBLIMH PACTEHUSMH NPAKTHUECKH
OTCYTCTBYET, HO U3BECTHO, YTO ITO MOIHBIA COCO6 PEryJsiuu pa3HooGpasust mpoteoma KieTku, a notomy AC Habsionaercst
B peakliisiX Ha MPUCYTCTBHE MHKPOCHMOHOHTA. B pamkax paGotbl Obll npoBesieH aHamua coObiThil AC B KaIyGeHbKax U KOHUH-
Kax KopHeil ropoxa mnocesHoro. [Tokazano, 4to cpean (yHKIHOHAMBHBIX PYI FeHOB, JEMOHCTPUPYIOUIHX coObITHst AC, 0IHOH
u3 HauboJiee MpPEeJCTABJICHHBIX SBJSETCS TPyINNa, MPUHUMAIOLIAs y4acTHE B CTPECCOBBIX PEAKLMSIX PACTEHHs Ha MaTOreHbI.
BeposiTHO, TpaHCKPUNTHI € yiepXKaHHBIM HHTPOHOM T0/IBepratoTest BognaeidctBruio NMD-cucreMbl Jii60 MEHSIIOT CBOIO (PYHKIIUIO
BCJICJICTBHE M3MEHEHHUs MEPBUUHON M BTOPMUHON CTPYKTYpbl. Takxe BbIsiBJeHA in Silico, SKCIIePUMEHTAJbHO MOATBEPXKIEHA
1 OlleHeHa KoJiMuecTBeHHO ¢ rpumenenneM mertosa [1LIP B peasbrom Bpemenu npencraBsientocts MPHK uzodopm uetbipex
renoB ropoxa: PsIGNI, PsSIP1, PsPR-10, PsWRKY40.

% KuroueBble c10Ba: ropox MOCeBHOH; CUMOHO03; a/bTepHATHBHDBIN CIJIANCHHT; TPAHCKPUIITOMMKA.

INTRODUCTION extremely wide range of beneficial soil microorganisms,
Legumes, including the garden pea (Pisum sa- representing a key example of mutualistic plant—micro-
tivum L.), are capable of forming symbioses with an bial interactions. One of the most ecologically impor-
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tant and well-studied of these systems is the symbio-
sis of leguminous plants with nitrogen-fixing bacteria.
This type of interaction is beneficial to both the plant
and the bacteria, since the plant receives atmospheric
nitrogen, which bacteria can fix, and the bacteria re-
ceive nutrients and other metabolites. Nitrogen fixation
occurs within special organs called nodules [1]. Cur-
rently, owing to the study of mutants of model legu-
minous plants, the initial stage of nodulation has been
best studied, and the use of the genome synteny phe-
nomenon for cloning homologous genes in the garden
pea has led to the identification of pea gene sequences
responsible for signal perception and specificity of plant
interaction and nodule bacteria strains [2]. However,
the number of genetic determinants involved in nodula-
tion still exceeds the number of known symbiotic genes
of leguminous plants; in addition, very little is known
about the role of various regulatory mechanisms in
processes of formation and/or functioning of nitrogen-
fixing nodules.

One mechanism for the regulation of protein diver-
sity in eukaryotic cells is alternative splicing (AS) [3].
This mechanism is involved in plant responses to bi-
otic and abiotic stress, during which modulation of the
quantitative ratio of transcripts in the cell and regulation
of gene expression occur [4—6]. AS has been studied far
less in plants than in other organisms (e. g., in mam-
mals), and this is especially true for studies involving
“non-model” organisms. However, it has been revealed
that AS plays a key role in the regulation of the pro-
teome of a plant cell under various conditions, includ-
ing stress [6—10]. Depending on the mechanism and
the final exon—intron structure of the transcript, several
types of splicing have been distinguished. The first four
are described most completely in the literature: 1) exon
skipping, when a whole exon is skipped (that is, it is not
included in the mature mRNA, in comparison with the
primary transcript containing the exon); 2) intron reten-
tion (IR), when an intron is not spliced and remains part
of the mature mRNA; 3) alternative donor site, in which
a donor site, also known as a 5’-site of splicing, differs
from that of mature mRNA; and 4) alternative acceptor,
in which a 3’-site of splicing is different in the isoform.
On the basis of the structure of the primary transcript,
three additional types of AS events are distinguished:
1) alternative splicing sites, when both acceptor and do-
nor sites are changed; 2) a new intron, when a splicing
site arises in a previously known exon; and 3) a retained
exon (RE), when a new exon replaces a previously an-
notated exon in mature mRNA [11—13].

The plant’s interactions with bacteria (although non-
pathogenic, in the case of nodule symbiosis) may have

traits in common with stress reactions, so it is highly
possible that AS events can occur in the tissues of nitro-
gen-fixing nodules. Thus, for example, in our previous
study, during analysis of the transcriptome of garden
pea nodules, detected AS of the gene homologous to the
Lotus japonicus IGNI gene (ign — ineffective greenish
nodules 1) [14]. This gene encodes the protein con-
taining transmembrane domains and ankyrin repeats.
In L. japonicus, IGN1 gene expression is not limited to
symbiotic organs (transcripts are found in nodules, roots,
leaves, and flowers), but in /[GN1 gene mutants, only the
functioning of the nodules is impaired, and pale green
nodules are formed, in which nitrogen is not fixed [15].
Nodules demonstrate signs of premature aging, starting
from the stage when nitrogen fixation begins in normal
nodules. The probable function of the IGN1 protein is
anchoring other proteins on the cell membrane, and it
may be related to the control of plant defense reactions;
in the absence of the IGN1 protein, the activity of plant
defense systems leads to the death of bacteria and the
degradation of symbiotic structures [15]. The longer
isoform of the garden pea IGNI gene contains the first
intron (type “intron retention”) and, as a result, can be
translated into a protein that does not contain the ini-
tial 21 amino acids from the N-terminus [14]. However,
since the protein is probably translated from an alterna-
tive start codon, it may have a different signal sequence
at the N-terminus and a different localization in the cell,
and it can be transported to the compartments associ-
ated with symbiosis.

Another case of AS participation in nodulation was
found by Chao Wong et al. [9], who demonstrated that
the mRNA of the LjSIPI gene is subject to AS in no-
dules, thus providing two structurally different isoforms,
short (SIP1S) and long (SIP1L). SymRK-interacting
protein 1 (SIP1) can interact with the receptor kinase,
SymRK, in L. japonicus and probably participates in a
common symbiotic signaling pathway. The longer ver-
sion (SIP1L) contains 17 additional amino acids that
form a complete heat shock protein 20 (Hsp20)-like
domain. It is noteworthy that in L. japonicus, the final
product of this isoform cannot interact with the receptor
kinase. It is important that the short (SIP1S) form was
not found in other higher plants, and the long isoform
(SIP1L) can interact with the orthologs of the SymRK
receptor kinase. Therefore, most likely, the loss of the
ability of SIP1L to interact with SymRK in L. japonicus
is compensated by increased expression of the shorter
version (SIP1S) which binds SymRK and plays a role
in symbiotic signaling [10].

Thus, in various tissues and organs of plants, in-
cluding nodules of various legumes, AS events can
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be detected. Some genes that have specific expres-
sion patterns in these organs may be involved in the
establishment of symbiotic relationships between the
plant and nitrogen-fixing soil bacteria. This fact con-
stitutes grounds for further research. However, the
situation is complicated by the fact that, for the most
effective analysis of AS events, the assembled genome
of the organism is required as the object of research.
The pea genome has not yet been sequenced; how-
ever, we have at our disposal data from experiments
on sequencing the transcriptome of various tissues of
this plant. It is worth noting that work with this kind
of data toward this aim requires special methods of
computational analysis. This paper describes AS events
in nodules and root tips of the garden pea using the
“supertranscriptome” method of assembling from the
available transcriptome data of nodules and root tips
with the subsequent analysis of mapping patterns of
reads for the assembled “supertranscripts.” The use of
reverse transcription PCR and quantitative real-time
PCR confirmed the presence of AS and quantified the
representation of the mRNA of various isoforms in pea
root tips and nodules at three time points after inocu-
lation for four genes: PsSIPI, PsIGN1, PsWRKY40, and
PsPR-10.

MATERIALS AND METHODS

Bioinformatical methods

The results of RNA-seq experiments were used as a
material for computer-aided data analysis, such as as-
sembly and raw reads of the nodules of the SGE line,
assembly and raw reads of the root tips of the SGE
line [14], assembly of the transcriptome of different

reads (nodules)

STAR

pea tissues of the Cameor line [16], and assembly of
the transcriptome of various pea tissues of the JI12822,
Terese, and JI992 lines (GEUUOL.1) [17], as well as
Kaspa and Parafield [18]. To achieve this, we used an
algorithm recommended by the authors of the Lace tool
(available at https://github.com/Oshlack), with minor
modifications (Fig. 1). The quality of raw reads was
controlled by FastQC [19]. Tails were trimmed, and
low-quality reads were removed using the Trimmo-
matic [20]. Decontamination was performed using the
BBtools software package [21]. The reads that passed
quality control were aligned to the transcriptome as-
sembly using the STAR program [22], since this algo-
rithm enables detection of the splice sites.

For a more comprehensive and complete analysis of
AS, “supertranscripts” should be constructed from the
transcriptomes of different tissues. For this task, the as-
semblies of nodules and root tips were combined. After
combining the two assemblies in order to create a set of
contigs with more complete exon—intron composition,
assembly complexity was reduced using the CD-HIT
program [23], by clustering similar transcripts and re-
moving identical ones. Thus, 63,395 of 95,459 contigs
remained in the combined data set.

A necessary step in the construction of supertran-
scripts is the clustering of the initial contigs among
themselves. The first stage of clustering is alignment
of reads to the assembled transcripts. The STAR
program in two-pass mode was used for more ac-
curate alignment and searching for splice sites.
The alignments obtained were processed by the Corset
utility [24], the result of which were contigs grouped
by alignment pattern. In the Lace program [25],

reads (root tips)

merged trascriptome (nodules
and root tips, total 95459
contigs)
T

LACE

“supertranscripts”
(total 44420)

IGV

events identification

mapping analysis and AS J

Fig. 1. Scheme of assembly of “supertranscripts” with the subsequent analysis of alternative splicing events
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a “supertranscript” assembly containing “supertran-
scripts” combining data from nodule and root tissue
was constructed from contigs and a file with data on
how contigs are clustered among themselves. Align-
ment visualization and sequence analysis were per-
formed in the Integrative Genomics Viewer genomic
browser [26]. Additional validation of the presence
of specific isoforms was performed by local alignment
of transcript sequences using Blast for transcriptome
assemblies of pea lines Kaspa, Parafield, Cameor,
JI12822, Terese, and J1992.

Additional functional analysis of sequences dem-
onstrating AS events included an analysis of the open
reading frames and the effect exerted by the AS on the
organization of the coding sequence. Prediction of open
reading frames and translation into the amino acid se-
quence were performed using the Augustus [29] and
ExPASy tools [30]. Protein sequences were aligned us-
ing the Smith—Waterman algorithm implemented in
BLAST for the UniProt database [31] and using the
hidden Markov model algorithm for the Pfam data-
base [32] to predict the potential function of the protein
according to homology. Functional analysis of sequenc-
es demonstrating AS was performed in the REVIGO
program [27], and the annotation of supertranscripts in
the Gene Ontology categories was performed using the
EgeNog database [28].

Biological methods

A line of garden pea (Pisum sativum L.) SGE was
used as an object [34]. To obtain the biological mate-
rial from the root tips, the seeds were sterilized in con-
centrated sulfuric acid for 20 min, followed by washing
with distilled water five times. The plants were grown
in a Heraeus Voetsch phytotron (Germany) with a
16 h/8 h day/night cycle, at a temperature of 21 °C,
with relative humidity of 75%.

To isolate RNA, the tissue of the root tips (5 mm
cut from each lateral root) was homogenized using lig-
uid nitrogen. RNA was isolated according to the Nu-
cleoSpin miRNA protocol (MachereyNagel, Germany).
RNA quality was assessed using gel electrophoresis
in a 1.5% agarose gel. The concentration was evalu-
ated on a Shimadzu UV minil240 spectrophotometer
(Shimadzu, Japan). 1.5 pg of RNA was used for the
reverse transcription reaction. cDNA was synthesized
using ThermoScientific RevertAid First Strand ¢cDNA
Syntesis kit (Thermo Fisher Scientific, USA) in a
T 100 Thermal Cycler amplifier (Bio-Rad Laborato-
ries, USA) according to the manufacturer’s protocol.
Samples for the presence of DNA were assessed by
PCR with primers to the promoter of the translation
initiation factor 4E (number DQ641471 in the NCBI
database).

The procedures for seed sterilization, plant inocu-
lation, growing conditions, RNA isolation, and ¢cDNA
synthesis of nodules were performed according to
methods described previously [35]. Materials for analy-
sis were collected at 2, 4, and 6 weeks after inoculation
with Rhizobium leguminosarum bv. viciae Rlv 3841
strain. The experiment was performed in three biologi-
cal replicates.

The mRNA representation of the detected genes was
estimated using real-time quantitative PCR. The prim-
ers for the real-time PCR procedure were selected so
that the sequence of the forward primer fell on the exon
site upstream the 5’-splicing site for approximately 100
base pairs, and the sequence of the reverse primer fell
on the junction of two exons. This selection method
enabled estimation of the representation of a transcript
subjected to constitutive splicing, that is, without dem-
onstrating the AS pattern, since it was expected that
there was no intron in the product (Fig. 2). To estimate
the amount of the long isoform (with an intron), prim-

_ZL—
—&—

Fig. 2.

Layout of primers for quantitative assessment of isoforms. The upper figure is an isoform diagram with an intron (broad blocks

are exons, narrow is an intron). The bottom figure is an intron-free isoform diagram (black blocks are exons, gray is the border

of exons)
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ers were also used, which were developed according to
the scheme shown in Fig. 2: the forward primer falls on
the middle of the intron, and the reverse one falls on
the exon site located downstream the 3’-splicing site.

Statistical data processing

To compare gene expression between samples, One-
way Analysis Of Variance was used, followed by the
use of the Tukey test. This enabled the identification of
which groups differed significantly from each other and
to correct for multiple comparisons [33]. Data analysis
and visualization was performed in the R programming
environment (version 3.4.3).

RESULTS AND DISCUSSION

In total, the supertranscriptome assembly con-
tained 44,420 “supertranscripts” (see Fig. 1). Each
“supertranscript” is a set of exons and introns from all
transcripts synthesized from one assumed gene from
different tissues of one organism. The Augustus util-
ity predicted 40,884 coding sequences (CDS) out of
44,420 “supertranscripts”. Repeated alignment of root
tips and nodule reads on the “supertranscriptome”

enabled the detection and visualization of AS events.
In total, we found 311,477 splicing sites for the nodule
tissue. 278,265 sites were represented by GT/AG, 4355
by GC/AG, and 1285 by AT/AC. 27,572 sites were
represented by non-canonical dinucleotide sequences
(Fig. 3). By analyzing the assembly of the root tips,
47,917 splicing sites were detected, including 40,583
for GT/AG, 912 for GC/AG, 216 for AT/AC, and
6206 non-canonical ones.

An analysis of the exon—intron structure of no-
dule transcripts using Augustus showed that at least
10,233 transcripts contained one or more introns in
their composition. The total number of IR events was
16,149. The total length of all introns was 2,198,563,
and the average length was 136 base pairs. The total
length of the nucleotide pairs of all introns in the as-
sembly of the root tips was only 928,087 (2.3 times
less), which is most likely associated not only with a
smaller variety of AS events but also with a low se-
quencing depth. The average length of an intron was
113, the total number of introns was 8224, and the
number of transcripts containing at least one intron
was 5977 (Table 1). The alignment analysis revealed

Distribution of splicing sites types

2e+05

1e+05

Total number of sites

0.4%
0e+00

1.4%
[ e—

89.3%

8.9%

AT/AC GC/AG

GT/AG Non-canonical

Type of site

Fig. 3. Distribution of different types of splice sites in the pea nodule transcriptome

Table 1

Quantitative description of the alternative splicing events in nodules and root tips assemblies

N.umber of transcripts with >1 Total number Tote'il length Mean length of intron
Plant organ intron (the percentage from i liced intron of introns (b irs)
total number of contigs) ot unspliced mntrons (base pairs) ase pairs
Nodules 10233 (17,5%) 16119 2198563 136
Root tips 5977 (16%) 8224 928087 113
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The functional groups enriched of AS events

tryptophan biosynthetic process
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RNA splicing, via transesterification reactions

RNA splicing, via endonucleolytic clea\s\'\?e and ligation

Biological process
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Fig. 4. Enrichment of various functional groups with alternative splicing events. Frequency is the percentage of total transcripts showing

alternative splicing falling into this functional group

5486 transcripts demonstrating AS events. Annota-
tion of the transcripts detected was performed through
the EggNog database. 812 of 5,486 unique transcripts
were annotated.

Functional analysis of the sequences (in terms of
Gene Ontology) with AS showed that the group of
genes associated with nucleotide metabolism was en-
riched by AS events. AS within this group is likely to
affect replication and transcription processes, in that
it has a general effect on nodule functioning (Fig. 4).
The second largest event-rich AS group includes genes
responsible for stress response. Further analysis of the
AS events was conducted within this cluster. For ex-
perimental confirmation and quantitative assessment of
mRNA representation, four genes were selected, name-
ly, PsSIP1, PsPR-10, PsWRKY40, and PsIGNI.

As a result of the analysis by quantitative real-time
PCR, it was found that, at weeks 2 and 4 after inocula-
tion, the expression of both isoforms of the SIPI gene
was slightly increased, which may indicate the impor-
tance of both long and short isoforms and also suggests
that in pea, as in L. japonicus, the short isoform is a
participant in symbiotic signaling and compensates for
the inability of the long variant to interact with SymRK
(Fig. 5), but these differences were not statistically
significant. However, since the expression of the long
isoform was also induced in nodules at weeks 2, 4,
and 6 after inoculation, it can be assumed that it is
capable of performing some other functions important
for nodule functioning. The expression pattern of the

pea gene SIPI is consistent with the results obtained
by Chao Wong et al. in a study performed on L. ja-
ponicus [9]. For a more detailed description of the SIPI
gene function, further research is required.

Analysis of transcriptome data, alignment of the
mRNA sequences of the PsIGNI gene to the database
of the Transcriptome Shotgun Assembly (at NCBI
website), suggested that the pre-mRNA of this gene
is indeed subject to AS. As mentioned above, this gene
encodes a protein-containing transmembrane domains
and ankyrin repeats. The gene has two isoforms: a
longer one, containing the first unexcised intron with
a premature stop codon, and a short one, without an
intron in this position. Apparently, the long form (with
intron) is present in nodules, but is absent in other
tissues, as indicated by the analysis of transcriptomic
data from the SGE line. According to experimental
data, both isoforms are presented in both root tips
and nodules, since as a result of reverse transcription
PCR and analysis of amplification products using gel
electrophoresis, products of expected size were found,
amplified both from the primers matched to the intron
and from the primers whose position excluded the in-
tron amplification. Moreover, the quantitative analysis
of mRNA representation of both isoforms by real-time
PCR showed that their ratio in nodules of different ages
was at the same level and did not significantly change,
indicating the importance of both isoforms (see Fig. 5).
Probably, IR in the case of a long isoform leads to the
production of the protein from an alternative start co-
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Expression level of PsIGN1 isoforms

Expression level of PsPR-10 isoforms
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Fig. 5. Comparison of expression of the pea gene isoforms PsPR-10, PSWRKY40, PsIGN, PsSIP1. In fig. a the lines are connected to
the comparison group, demonstrating statistically significant differences (roots relative to nodules in terms of 2, 4, 6 weeks),
in fig. d significant differences are shown for isoforms in roots relative to nodules at 2, 4, 6 weeks and separately isoforms with
intron and without in nodules for 2 weeks (* p < 0,05, ** p < 0,0001)

don located upstream the retained intron, as a result
of which the final protein product acquires a signal
sequence, different in its structure, at the N-terminus
and, as a result, a different localization in the cell. It is
noteworthy that the isoform with retained intron seems
to be a characteristic only of pea, since the alignment

of this isoform to M. truncatula, L. japonicus, and Gly-
cine max transcriptomes showed its absence, whereas
this isoform is present in transcriptome assemblies of
SGE, Kaspa, and Parafield pea lines.

A gene from the WRKY family was also identified
among a group of genes exhibiting AS events. WRKY is
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a large family of transcription factors with the WRKY-
domain. The promoters of many genes of defense sys-
tems are enriched with W-box-elements, which serve
as target sites of the transcription factors of the WRKY
family [36]. Alignment results using BLAST showed
that the closest homologues of this gene are MtWRKY40
(GenBank accession XP_003604245) in M. truncatula
and TpWRKY56 (GenBank accession PNY02664.1) in
clover, since the percentages of identity of the amino
acid sequences of the pea gene product and these ho-
mologues are 87 % and 88%, respectively. It is known
that WRKY40 positively regulates plant defense reac-
tions by inducing the expression of a number of defense
genes, but only when coexpressed with two other fam-
ily members, WRKY18 and WRKY60, possibly through
interaction or formation of heterodimers [38].

Two isoforms of the PsWRKY40 gene were found in
the transcriptome of the garden pea, namely, a long
isoform with an unexcised intron located at positions
667 to 825 and containing a premature stop codon in
its sequence and a short one from which the intron
was excised during splicing. As a result, a full-length
protein with a functional WRKY-domain is translated
from the short isoform, which retains the ability to bind
with target sites and induce the expression of defense
genes.

Quantitative analysis revealed that expression of
both isoforms of the PsWRKY40 gene in root tips was
at the same level, and in nodules, a sharp decrease
in both isoforms was observed at weeks 2, 4, and 6.
At week 2, the number of isoforms with retained intron
was increased relative to the isoform without intron at
a statistically significant level (p = 0.0166; see Fig. 5).
These data may indicate that, for full functioning of the
nodules, the plant needs to suppress the expression of
transcription factors that positively regulate the work
of defense genes. In addition to lowering the general
level of gene expression, one of the suppression meth-
ods is an increase in the number of isoforms with re-
tained intron with a premature stop codon by means
of AS, which we observed from the real-time PCR re-
sults. Transcripts with premature stop codon may be-
come targets of the Nonsense-Mediated Decay (NMD)
system. The system identifies aberrant mRNAs that
carry premature stop codons in the intron and selects
them for further degradation, thereby preventing the
accumulation of potentially harmful and dangerous
truncated proteins [37, 39]. Such a mechanism is also
a simpler and faster (in an evolutionary sense) method
of regulating the expression of a gene whose activity
must be suppressed than, for example, changing the
sequence of a promoter.

Another gene demonstrating AS is PR-10. PR-10
proteins (pathogenesis-related proteins) represent a
family of small monomeric proteins characterized by
a conformation with an internal hydrophobic pocket
formed by seven antiparallel beta-sheets and C-termi-
nal alpha helix. It has recently been established that
some proteins from the PR-10 family are involved in
nodulation processes [40]. Among other things, pro-
teins of this family have affinity for a wide range of li-
gands such as cytokinins, gibberellins, fatty acids, and
flavonoids. Thus, PR-10 proteins can be involved in
hormone-mediated resistance to pathogens or regula-
tion of the development of nodules, but since a spe-
cific PR-10 protein can carry in its structure sites for
binding different ligands simultaneously, its functions
may vary depending on the tissue and the conditions
when it is expressed [41]. In the transcriptome of gar-
den pea nodules, two isoforms of the PsPR-10 gene of
M. truncatula homologue MtPhBP were found (Gen-
Bank accession number XP_003600177.1): a long
isoform containing an additional intron in positions
241 to 541 with a premature stop codon and a short
isoform subject to constitutive splicing and therefore
deprived of intron. Thus, the intron-free form is active,
and the transcript with the intron is translated into a
truncated protein or is degraded by the NMD system
even before the translation stage.

A quantitative analysis of the PsPR-10 gene ex-
pression showed that, at weeks 2 and 6, there was a
decrease in expression of the functional variant with-
out an intron in nodules, and at weeks 2 and 4, there
was an increase in expression of the nonfunctional
isoform with the intron in the nodules relative to the
root tips (but this difference was not statistically sig-
nificant; see Fig. 5). This probably indicates that the
functional product of this gene may be involved in the
stress reactions of the plant in response to infection,
and therefore, the functional product is subject to nega-
tive regulation. The expression of this isoform may be
at a high level during the first 3—4 days after inocula-
tion and decreases at later periods, as in M. fruncatula
(see the expression atlas of MtGEA [42]). An increased
expression level of a nonfunctional isoform with an in-
tron retained, but at the level of statistical significance,
may indicate that the transcript is not degraded by the
NMD system, but acquires a new function (for exam-
ple, in signaling) because of changes in the secondary
and tertiary structures.

As expected, the number of isoforms with excised
intron (functional form) of PsPR-10 and PsWRKY40
genes was reduced, since the plant probably needs to
suppress defense reactions in nodules when interacting
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with nitrogen-fixing bacteria, and the isoform with re-
tained intron can be widely represented either because
it is not capable of serving as a transcription factor
(in case of PsWRKY40) and is subject to degradation
through the NMD system or because it acquires a new
function because of a change in the protein structure
(in case of PsPR-10).

CONCLUSION

In this work, the method of assembling “super-
transcripts” [25] was first used for the analysis of AS
in nodules of garden pea. The results obtained en-
able us to conclude that, in nitrogen-fixing nodules,
specific ratios of the isoforms of some genes are reg-
istered (PsPR-10 and PsWRKY40), and in general,
AS is more intense in comparison with the root tips.
We also found that, in garden pea nodules, as in the
nodules of L. japonicus, there are two isoforms of the
PsSIP1 gene, namely, those with retained intron and
without, although it has been previously thought [9]
that the presence of the short isoform in nodules is
a phenomenon specific to L. japonicus. For a more
detailed and reliable study of AS in pea, a more com-
plex analysis is required, based on data from genomic
and transcriptome sequencing, which the authors are
currently working on.
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