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Abstract

The garden pea (Pisum sativum L.), like most members of Fabaceae family, is ca-
pable of forming symbioses with beneficial soil microorganisms such as nodule
bacteria (rhizobia), arbuscular mycorrhizal (AM) fungi and plant growth promot-
ing bacteria (PGPB). The autoregulation of nodulation (AON) system is known to
play an important role in controlling both the number of nodules and the level
of root colonization by AM via root-to-shoot signaling mediated by CLAVATA/
ESR-related (CLE) peptides and their receptors. In the pea, mutations in genes
Sym28 (CLV2-like) and Sym29 (CLV1-like), which encode receptors for CLE peptides,
lead to the supernodulation phenotype, i.e., excessive nodule formation. The aim
of the present study was to analyze the response of pea cv. ‘Frisson’ (wild type)
and mutants P64 (sym28) and P88 (sym29) to complex inoculation with rhizobia,
AM fungi and PGPB, with regard to biomass accumulation, yield and transcrip-
tomic alterations. The plants were grown in quartz sand for 2 and 4 weeks after
inoculation with either rhizobia (Rh) or complex inoculation with Rh + AM, Rh +
PGPB, and Rh+AM+PGPB, and the biomass and yield were assessed. Transcrip-
tome sequencing of whole shoots and roots was performed using a modified
RNAseq protocol named MACE (Massive Analysis of cDNA Ends). In the experi-
mental conditions, P88 (sym29) plants demonstrated the best biomass accumu-
lation and yield, as compared to the wild type and P64 (sym28) plants, whereas
P64 (sym28) had the lowest rate of biomass and seed yield. The transcriptome
analysis showed that both supernodulating mutants more actively responded to
biotic and abiotic factors than the wild-type plants and demonstrated increased
expression of genes characteristic to late stages of nodule development. The
roots of P64 (sym28) plants responded to AM+Rh treatment with upregulation of
genes encoding plastid proteins, which can be connected with the activation of
carotenoid biosynthesis (namely, the non-mevalonate pathway that takes place
in root plastids). The more active response to symbionts in P88 (sym29) plants,
as compared to cv. ‘Frisson’, was associated with counterregulation of transcripts
involved in chloroplast functioning and development in leaves, which accompa-
nies successful plant development in symbiotic conditions. Finally, the effect of
retardation of plant aging upon mycorrhization on a transcriptomic level was re-
corded for cv. ‘Frisson’ but not for P64 (sym28) and P88 (sym29) mutants, which
points towards its possible connection with the AON system. The results of this
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work link the plant's autoregulation with the responsive-
ness to inoculation with beneficial soil microorganisms.
Keywords: RNAseq, transcriptomics, arbuscular my-
corrhiza, nodule bacteria, complex inoculation, auto-
regulation of nodulation, garden pea

Introduction

Legume plants (family Fabaceae) are able to establish
three types of beneficial symbiosis: with rhizobia (Rh),
arbuscular mycorrhizal (AM) fungi and plant growth-
promoting bacteria (PGPB) (Tikhonovich et al., 2015).
In symbiosis with rhizobia, legume plants develop new
organs — root nodules — where the rhizobia are con-
verted to symbiotic forms called symbiosomes that fix
atmospheric nitrogen (Tsyganova, Kitaeva and Tsyganov,
2018). During symbiosis with AM fungi, the plant allows
the fungal hyphae to penetrate the roots and to form sym-
biotic structures called arbuscules, through which the
plant acquires water and sparingly soluble phosphates in
exchange for nutrients (Parniske, 2008). The interaction
of legumes with PGPB implies the colonization of root
surfaces and stimulation of plant growth by compounds
excreted by PGPB; PGPB also perform biocontrol over
pathogenic microorganisms by producing antibiotics and
other compounds (Lugtenberg, Rozen and Kamilova,
2017). Since the formation of beneficial symbioses with
microorganisms can improve nitrogen and phosphorus
supply and, consequently, increase the yield and quality
of grains (Smith, Jakobsen, Grenlund and Smith, 2011;
Courty et al,, 2015), studying the molecular mechanisms
of formation and development of symbioses in legumes is
a relevant task for modern genetics.

At the onset of both nitrogen-fixing symbiosis
(NFS) and AM, mutual recognition of partners due to
signal exchange occurs: plant secondary metabolites
(flavonoids in the case of NFS and strigolactones — the
carotenoid derivatives — in the case of AM) excreted
from the roots attract microorganisms and stimulate
them to produce chitin-derived signal molecules, Nod
factors and Myc factors, respectively. These Nod and
Myc factors are then perceived by specialized plant re-
ceptors (Zipfel and Oldroyd, 2017; Leppyanen et al.,
2018; Miiller et al., 2019). After successful recognition
of a microsymbiont, the legume plant activates the sig-
nal cascade (also known as CSP, the common symbiosis
pathway, because it is shared between NFS and AM),
that results in transcriptional changes leading to sub-
sequent development of the symbiotic structures (Old-
royd, 2013; Larrainzar et al., 2015).

Another commonality between NFS and AM relates
to the regulation of the nodule number and the AM colo-
nization level in the root; these are controlled in legumes
by a system known as AON (autoregulation of nodula-
tion) (Reid et al., 2011; Wang, Reid and Foo, 2018). The

central role in the AON is played by the Leucine-rich
repeat (LRR) receptor kinase homologous to Arabidopsis
thaliana CLAVATA1 (CLV1), known as SYM29 in pea
(reviewed in Wang et al.,, 2018). This protein acts as a
shoot receptor of root-derived signals, CLAVATA/ESR-
related (CLE) peptides. Some members of the CLE pep-
tide family, represented by CLE12 and CLE13 in pea, are
synthesized in emerging nodules and are transported
through the xylem to shoots, where they serve as a signal
of nodulation intensity (Mortier et al., 2010). In shoots,
CLE peptides are perceived by receptor complexes that
include CLV1 receptor kinase, CORYNE (CRN) recep-
tor pseudokinase and CLAVATA2 (CLV2) receptor-like
protein (Roy et al., 2020); these complexes generate a
signal of a still unknown nature that suppresses further
nodulation. Mutations in genes encoding the proteins
that constitute the receptor complexes perceiving CLE
peptides lead to supernodulation. An important role in
AON is played by the TOO MUCH LOVE (TML1 and
TML2) Kelch-repeat F-box proteins, which act as nega-
tive regulators of nodulation in roots in response to the
shoot-derived signal (Magori et al., 2009).

The garden pea (Pisum sativum L.) is an important
legume crop grown worldwide (FAOSTAT 2018) and
the oldest object of genetics as a scientific discipline
since Gregor Mendel’s experiments. The pea has been
used as a model object for studying genetic bases of NFS
and AM for many years (Borisov et al., 2007; Tsyganov
and Tsyganova, 2020). Several mutant lines of pea with
different defects in nodulation and mycorrhization, for
which the nucleotide sequence and point mutations
leading to mutant phenotype have been identified, re-
main a useful and valuable material for genetic studies
(Zhukov et al., 2016). Among them, lines carrying muta-
tions in CLV1 (sym29) and CLV2 (sym28) are available in
pea. They were characterized by a supernodulation phe-
notype, which is accompanied in the case of sym28 by
shoot fasciation (which points towards the role of pea
CLV2 gene in control of shoot meristem, in addition
to nodulation) (Krusell et al., 2011). For CLV1 (sym29)
the supermycorrhization phenotype was also described,
which was not the case for the sym28 mutant (Morandi,
Sagan, Prado-Vivant and Duc, 2000). So far, no studies
of complex, multi-component plant-microbial systems
in pea supernodulating mutants have been reported,
although for some pea varieties and cultivars with nor-
mal nodule and mycorrhizal phenotype the effect of
dual Rhizobium-AM fungal on proteome and metabo-
lome has been studied (Desalegn, Turetschek, Kaul and
Wienkoop, 2016). Here, we investigated the impact of
pea AON mutations sym28 and sym29 on biomass, seed
yield and transcriptome profiles of plants inoculated
with NB, AM and PGPB, and found that the AON sys-
tem influences the responsiveness of plants to complex
interactions with beneficial microorganisms.
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Materials and methods

Experimental setup

The seeds of cultivar (cv.) ‘Frisson” (wild type) and mu-
tant lines P64 (sym28) and P88 (sym29) (Sagan and Duc,
1996) were surface sterilized with concentrated sulfuric
acid, rinsed with sterile water, germinated on wet ver-
miculite for three days in darkness at 25°C, planted in
5 L pots filled with quartz sand (five plants per pot), and
inoculated with 150 ml of water suspension (10° CFU *
I!) of Rhizobium leguminosarum bv. viciae RCAM1026
(Afonin, Sulima, Zhernakov and Zhukov, 2017). In vari-
ants with AM inoculation, the AM fungus Rhizophagus
irregularis strain BEG144, provided by the International
Bank for the Glomeromycota (Dijon, France), was used
to inoculate pea seedlings. Allium schoenoprasum L. was
used as a host plant for R.irregularis cultivation. Fresh
roots of A. schoenoprasum colonized by R. irregularis were
surface-disinfected as described by Cranenbrouck et al.
(2005), cut into 0.5-1 cm segments and used as AM fun-
gal inoculum in this study (0.2 g of inoculum per plant
into wells made in the sand before planting). Finally, in
variants with PGPB inoculation, 2 ml of water suspension
of Arthrobacter mysorens 7 strain (accession number in
The Russian Collection of Agricultural Microorganisms
(RCAM) (ARRIAM, St. Petersburg) RCAM 01094 (Afo-
nin et al,, 2021)) in concentration 5 * 10° CFU/ml were
poured under each planted seedling. This strain is an ac-
tive component of ‘Mysorin’ biopreparation that was pre-
viously described as possessing plant growth promoting
qualities and was shown to enhance the effect of other
biopreparations containing R.leguminosarum (Kozhe-
myakov et al., 2015). Thus, the following combinations of
inoculation were obtained: 1) rhizobia (Rh), 2) rhizobia +
AM (Rh + Myc), 3) rhizobia + PGPB (Rh + PGPB), and
4) rhizobia + AM + PGPB (Rh + Myc + PGPB). Note that
the inoculation with rhizobia was applied as an obligatory
component in all treatments, since Rhizobium legumino-
sarum bv. viciae strains capable of forming nodules on pea
plants are present in most soils of Russia, and the present
experiment was designed to model field conditions.
Before planting, the weight of pots was adjusted to the
same value. The plants were grown under non-controlled
light, humidity, and temperature conditions in a green-
house of the All-Russia Research Institute for Agricultural
Microbiology, St. Petersburg (June-August 2018). The
plants were harvested as follows: three pots per variant
were harvested in 2 and 4 weeks post-inoculation (= plant-
ing; wpi), and six pots were harvested at the stage of mature
seeds (approx. 3 months post inoculation). The dry weight
of plants’ aerial parts was determined at all time points,
the nodule number and AM colonization were analyzed at
4 wpi only, and the weight of seeds and the total number
of seeds per plant were recorded at full maturation of the

plants. Several lateral roots (30 cm length) from each pea
root system were randomly selected and then subjected
to analysis of AM development as described by Shtark et
al. (2016). No intraradical mycelium was detected at this
time point; however, extraradical mycelium was observed
on the surface of the analyzed roots.

Statistical analysis

Statistical analysis of plant growth parameters for three
genotypes under different inoculations was performed
using Generalized Linear Models (GLMs). For each of the
analyzed parameters, we defined the distribution type and
the link function (see Table S1)! which fitted the observed
data in the best way based on the model diagnostic, which
included visual analysis of residual plots, Cook’ distance
plots and Q-Q plots. Initial (full) models included all
three analyzed factors: (i) Genotype, (ii) PGPB inocula-
tion, (iii) AM inoculation, and their interactions.

P ~ Genotype*PGPB*AM

Using the Likelihood Ratio Test, we tested the sig-
nificance of model terms and afterwards reduced full
models to ones that included three main factors and
interactions of genotype with PGPB and genotype with
arbuscular mycorrhiza.

P ~ Genotype+PGPB+AM+
Genotype:PGPB+Genotype:AM

For comparisons between genotypes under differ-
ent inoculation treatments and between treatments for
each genotype, we formulated several hypotheses coded
in Contrast Matrix that were tested with Wald test us-
ing the ‘multicomp’ R-package. The false discovery rate
(FDR) approach was used for multiple comparisons cor-
rection in multiple hypothesis testing.

Transcriptomics

Three plants from each variant were removed from the
pots, the roots were rinsed with water, and the whole
root systems and shoots were immediately frozen in liq-
uid nitrogen. The samples were then ground in liquid ni-
trogen, and total RNA was extracted with Qiagen Plant
Mini kit (Qiagen, Hilden, Germany) and used for se-
quencing libraries preparation with a MACE kit (GenX-
Pro GmbH, Frankfurt-am-Main, Germany) according
to the manufacturer’s protocol, described in detail by
Zhernakov et al. (2019). The libraries were sequenced on
an Illumina HiSeq 2500 in Macrogen (Seoul, South Ko-
rea). The sequencing results are deposited in the NCBI
database (bioproject PRINA658774, accession numbers
SAMN15887753-SAMN15887848).

! Supplemental material to the article is available at
https://biocomm.spbu.ru/article/view/9796
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The quality of the raw reads was evaluated in FastQC
(Andrews et al., 2014); the trimming of polyA tails, adapt-
ers, and removal of low quality sequences was performed
in BBDuk (Bushnell, 2018). Mapping the reads to the ref-
erence genome of pea cv. ‘Frisson’ (Afonin et al., unpub-
lished data) was performed in STAR (ver. 2.7.3 a) (Dobin
et al., 2013), with parallel quantification; at least 1.2 mln
reads per sample were mapped, with >89.5% of mapped
reads. PCA (Principal Component Analysis) plots were
constructed with the use of DESeq2 and ggplot2 (Wick-
ham, 2016) packages. After analysis of PCA plots (Sup-
pl. Fig. 1 A, B), five outlying samples belonging to the
P64 (sym28) mutant were excluded. Differential gene ex-
pression analysis was performed using the DESeq2 pack-
age (ver 1.26.0) (Love, Huber and Anders, 2014); the
genes were considered differentially expressed if the Wald
test was passed with a g-value below 0.05 and log2 fold
change below 0.5. GO terms for genes of interest were
obtained using the Trinotate suite (Bryant et al., 2017).
GO enrichment analysis (using the weight01 algorithm
and Fisher’s exact test) and further visualization were per-
formed in the packages topGO (Alexa and Rahnenfiihrer,
2009) and ggplot2, respectively. To estimate the expres-
sion level of individual genes, the raw counts of aligned
reads were normalized by the counts per million method
(CPM), logarithmed, and transformed into a z-scale.

Results

Growth and yield parameters of P64 (sym28),
P88 (sym29) and cv. ‘Frisson’ (wild type)

The shoot biomass accumulation was different in all
tested lines. Both sym28 and sym29 mutants had less
shoot weight at 2 wpi compared to the wild-type cv.
‘Frisson’ Nevertheless, at 4 wpi the P88 (sym29) shoot
biomass did not statistically differ from the shoot bio-
mass of ‘Frisson’ plants under any type of inoculation.
The final shoot biomass (10 wpi) of the P88 (sym29) mu-
tant was higher than that of the wild-type ‘Frisson’ That
difference between wild type and the P88 mutant was
statistically significant for both AM-inoculated groups,
with and without PGPB inoculation. At the same time
P64 (sym28) still gained less biomass in shoots in com-
parison with the wild-type cv. ‘Frisson’

The separate influence of AM and PGPB (with rhi-
zobia as the background factor) on growth and yield
parameters of the genotypes was assessed (Fig. 1). The
comparisons of inoculated and non-inoculated plants
showed no significant effect of PGPB under experimen-
tal conditions for all three genotypes. At the same time,
the influence of AM fungi was considerable: AM slightly
reduced the seed number and seed weight in cv. Fris-
son’ but increased these parameters in the P88 (sym29)
mutant (Fig. 1).

Linear approximation of shoot biomass accu-
mulation at 2 and 4 wpi time points suggests that the
P64 (sym28) mutant accumulated biomass more slowly,
thus gaining less biomass at the end of the experiment
than cv. ‘Frisson’ and P88 (sym29). P88 (sym29) demon-
strated a slight delay as compared to cv. Frisson’ at initial
stages but had the highest shoot biomass at the end of
the experiment. The difference between cv. ‘Frisson’ and
P88 (sym29) was statistically significant for the mycorrhi-
zal plants. Thus, P88 (sym29) plants in the experimental
conditions had higher shoot growth rate at some stages,
as compared to the wild type and the P64 (sym28) plants.

As expected, both P64 (sym28) and P88 (sym29)
mutants formed an increased number of nodules in
comparison with the wild-type cv. ‘Frisson” at 4 wpi
(106 % and 142 % more, respectively) (Fig. 1). Inocula-
tion with PGPB and AM showed no significant effect on
the number of nodules formed in all three lines. Fur-
thermore, we did not observe any differences in the root
biomass between lines or treatment groups.

PCA (Principal Component Analysis) of
3'MACE-seq data

The 3’MACE-seq reads were mapped onto the reference
genome after the quality control and trimming step, and
the resulting gene expression data was analyzed. The PCA
plots were built for root and shoot samples separately (Fig.
S1A, S1B). The first component (80 % of variance for roots
and 60% for shoots) clearly distinguished time points
(2 and 4 wpi) and may therefore be considered as the time
scale. The second component (12 % and 20 % for roots and
shoots, respectively) distinguished mutants from wild type
and, at the same time, P64 (sym28) mycorrhizal samples
from non-mycorrhizal ones at 2 wpi. For the shoot samples
of cv. ‘Frisson’ at 2 wpi, a shift of non-mycorrhizal samples
towards the group of older samples (4 wpi), as compared
to the mycorrhizal samples, was noticed.

Transcriptomic response to
mono-inoculation with rhizobia (Rh)

In the variant of mono-inoculation with rhizobia, the
expression profiles of two supernodulating mutants
P64 (sym28) and P88 (sym29), as expected, differed sig-
nificantly from that of the wild-type cv. ‘Frisson’ and
shared a substantial amount of common differentially
expressed genes (DEGs) (Fig. 2 and Fig. S2 A, B, C). The
P88 (sym29) mutant demonstrated more unique DEGs, as
compared to P64 (sym28), in shoots at 2 and 4 wpi time
points, and in roots at the 2 wpi time point (Fig. S2 A, B,
C). Functional annotation of DEGs showed that, in terms
of biological process, the roots of mutants at 2 wpi share
the increased response to several factors, as compared to
the roots of the wild-type plants. Namely, the groups of
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DEGs included responses to: 1) environmental factors,
2) biotic factors such as response to chitin (probably, to
Nod factors), 3) phytohormones (auxin, salicylic acid, ab-
scisic acid, jasmonic acid), and 4) the defense response to
other organisms. Other biological processes over-repre-
sented in both mutants were related to regulation of tran-
scription (both positive and negative), protein autoubiq-
uitination, multicellular organism growth, and ethylene-
and abscisic acid-activated signaling pathways, including
genes related to induced systemic resistance.

A few DEGs unique to P64 (sym28) roots were re-
lated to protein folding, while in roots of P88 (sym29),
more numerous unique DEGs corresponded to the same
GO terms as those shared with P64 (sym28), pointing
at a more active response to the factors (including the
response to bacterium) and associated activation of the
related hormone-mediated signaling pathway and cell
morphogenesis. Remarkably, a large group of genes re-
lated to cellular aromatic compound metabolic process
was found to be specific to P88 (sym29) roots.

At the first and second time points, 2 and 4 wpi, in
roots, the genes related to nodulation and nodule mor-
phogenesis were upregulated in both mutants, in line
with the supernodulation phenotype which implies the
increase of the expression of nodule-related genes (Sup-
pl. Fig. 2A). In shoots of mutants in 2 wpi, similarly to
the roots, the common DEGs were related to responses
and regulation (Fig. S2B), and P64 (sym28) shoots, simi-
larly to the roots, over-expressed genes related to pro-
tein folding. Shoots of P88 (sym29) showed more pro-
nounced response to biotic and abiotic stimuli than in
cv. ‘Frisson’ and P64 (sym28) in 2 and 4 wpi (Fig. S2C).

Transcriptomic response to
combined inoculation with Rh, PGPB and AM

The influence of factors Rh+AM and Rh+PGPB was as-
sessed by a two-factor analysis. Similarly to the results
of the plant growth parameter analysis, no significant
changes in gene expression were detected after PGPB
treatment in any of the studied variants. The effect of
AM fungi was clearly seen at 2 wpi for cv. ‘Frisson’ and
P64 (sym28) (Fig. 3), and was less pronounced in the
case of P88 (sym29) (Fig. S3). At the second time point
(4 wpi), unfortunately, the high variability and disper-
sion detected in the data (probably due to growth in
non-controlled conditions) blurred the effect of AM in-
oculation so that fewer DEGs could be detected.

Transcriptomic response of P64 (sym28) to
Rh+AM inoculation

The gene expression upon AM inoculation was specifi-
cally examined in cv. ‘Frisson’ and P64 (sym28) roots
and shoots at 2 wpi. The functional annotation of DEGs

in roots highlighted the processes common for both
genotypes, such as several types of responses and regu-
lation of transcription and metabolism. The differences
between cv. Frisson’ and P64 (sym28) were mainly re-
lated to genes involved in response to another organism
(specifically, to a fungus), response to lipids and nitro-
gen compounds, generation of precursor metabolites
and energy, and oxidation-reduction process (Fig. 3A),
which indicates a more active response to AM fungus
in P64 (sym28). Also, some genes annotated as encod-
ing the chloroplastic products were significantly upreg-
ulated in P64 (sym28) roots upon mycorrhization; this
may be connected with carotenoid biosynthesis, since
some reactions of this process proceed in plastids in
both shoots and roots (Strack and Fester, 2006). Inter-
estingly, in roots of P88 (sym29), the same genes had a
high expression level regardless of inoculation type, and
at 4 wpi, both mutants also showed upregulation of these
genes compared to the wild type.

In shoots of these genotypes at 2 wpi, the pattern
of DEGs was similar to that obtained for the roots, with
common DEGs related to responses, regulation and the
hormone-mediated signaling pathway (Fig. 3B). The
shoots of P64 (sym28) were more responsive to AM in-
oculation, as there were more DEGs, which were distrib-
uted among the same groups of biological processes. The
unique DEGs were related to response to lipids, organic
substances, alcohol, abscisic acid, and the oxidation-re-
duction process.

Transcriptomic response of P88 (sym29) and
cv. ‘Frisson’ to triple inoculation

The plants’ response to triple inoculation (Rh + AM
+ PGPB) was studied using the cv. Frisson’ and
P88 (sym29) data (because some P64 (sym28) samples
had been discarded after assessment by PCA, and the
remaining number of samples was insufficient for this
analysis). Remarkably, the response to triple inocula-
tion, as compared to mono-inoculation with rhizobia,
was different for wild type and supernodulating mutant
P88 (sym29) inrootsin 2 wpi (Fig. S4 A). Inroots, in 4 wpi
the response was weaker and less specific (Fig. $4 B). In
shoots, in 2 wpi the response was almost indistinguish-
able (Fig. S4 C), but in 4 wpi P88 (sym29) showed a sig-
nificant response, which, intriguingly, was opposite to
that of cv. ‘Frisson’ (Fig. S4 D). In total, 40 genes were
found to be counterregulated: 30 were upregulated in
P88 (sym29) and 10 were downregulated. The upregu-
lated genes are mainly involved in chloroplast function-
ing and development (e.g., those encoding RUBISCO,
CURVATURE THYLAKOID and chloroplastic thiore-
doxin and ferredoxin), which is in agreement with ac-
tive growth of plant shoots at this time point. Interest-
ingly, these genes have low expression level in shoots of
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P64 (sym28) (Fig. 4), in line with poor development of
these plants. Thus, this set of shoot-expressed genes can
be suggested as markers of successful development of
pea plants under triple inoculation.

Differential expression of known symbiotic genes

The expression of genes related to nodulation and to
AON was examined in detail with the use of MACE-seq
data. In 2 and 4 wpi, roots of sym28 and sym29 mutants,
as compared to the wild type, demonstrated elevated ex-
pression of genes specific to nodules (i.e., encoding nod-
ulins Enod12A, Enod12B, Enod5, Enod16 and Enod75,
as well as transcription factors CYCLOPS/IPD3, NF-
YA1 and NF-YA2, which corresponds to the supernodu-
lation phenotype of these mutants (Fig. 5A, B). These
genes are related to infection and nodule development,
and their upregulation in the roots reflects the loss of
the ability to limit the extent of symbiosis via a nega-
tive feedback loop in AON mutants. At the same time, at
4 wpi, Sym genes involved in signal transduction at early
stages of the legume-rhizobial symbiosis were less ex-
pressed in root systems of the mutants than in that of cv.
‘Frisson’ (Fig. 5B). This decrease in early symbiotic gene
expression may be connected with AON-independent
local control of nodulation in the roots of sym28 and
sym29 mutants that already formed an excessive num-
ber of nodules.

The expression of genes related to autoregulation
of nodulation was also examined. At 4 wpi, TMLI and
TML2 encoding negative regulators of nodulation were
strongly expressed in roots of wild-type plants, but were
decreased in the roots of P64 (sym28) and P88 (sym29)
mutants defective in CLV1 and CLV2 components of
AON (Fig. S5A). Similarly, NNC1 encoding a transcrip-
tional repressor that disturbs CLE gene expression was
decreased in the roots of both mutants at 4 wpi. At the
same time, CEPI suppressing TMLI, TML2 expression
via CRA2 receptor kinase was upregulated in the roots
of P64 (sym28) and P88 (sym29) mutants at 2 and 4 wpi.

The effect of mycorrhization was also estimated in
wild-type and mutants. At 2 wpi, mycorrhization caused
downregulation of CREI and CEPI in roots of all lines,
and CRA2 and CORYNE in the roots of AON mutants
only (Fig. S5A). At 4 wpi, CREI and CEP1 were strongly
expressed in P88 (sym29) roots and were downregu-
lated upon mycorrhization, and NNCI1, CORYNE and
CRA2 were upregulated in roots of cv. ‘Frisson’ but
not in AON mutants, except for CRA2 in P88 (sym29)
(Suppl. Fig. 5B). In shoots, at 2 and 4 wpi the expression
of CLV1, regardless of AM inoculation, was decreased
in P88 (sym29) and strongly increased in P64 (sym28),
as compared to wild type (Fig. S5C, D). Expression of
CRA2 and CORYNE was higher in wild-type shoots than
in shoots of both AON mutants.

Discussion

In this study, plants of P64 (sym28) and P88 (sym29)
were compared with plants of parental genotype cv.
‘Frisson’ (wild type) after growth in quartz sand under
inoculation with beneficial microorganisms in the fol-
lowing combinations: 1) rhizobia (Rh), 2) rhizobia +
AM (Rh + Myc), 3) rhizobia + PGPB (Rh + PGPB), and
4) rhizobia + AM + PGPB (Rh + Myc + PGPB). In previ-
ous experiments, the growth parameters of supernodu-
lating mutants obtained from cv. ‘Frisson’ did not exceed
that of the parental line (Sagan, Ney and Duc, 1993; Mo-
randi, Sagan, Prado-Vivant and Duc, 2000; Salon et al.,
2001; Bourion et al., 2007), whereas in the present study
P88 (sym29) plants showed superiority over cv. ‘Frisson’
and P64 (sym28). This may have happened because the
experimental conditions of the present study, which ap-
peared to be favorable for P88 (sym29), did not replicate
the conditions of previous experiments (where double
inoculation with Rh+AM was studied in field condi-
tions, and the effect of only mono-inoculation with AM
or Rh was evaluated in sand or another substrate). The
advantage of P88 (sym29) may be linked to the nature
of the mutation, which causes amino acid change L290F
in one of the LRR repeats (Krusell et al., 2002), which
negatively affects the receptor functioning but, possibly,
doesn’t fully block its activity. In turn, P64 (sym28) car-
ries a strong allele with a mutation causing a preliminary
stop codon (W456Stop) in the LRR region (Krusell et al.,
2011), which leads to a lack of transmembrane domain
and, apparently, to a total dysfunction of the protein.

The supernodulation phenotype and correspond-
ing transcriptomic changes in roots and shoots of
P64 (sym28) and P88 (sym29) mutants impaired in
the CLV receptors reflect the breakdown of the auto-
regulation mechanism. Indeed, the nodule number
in P64 (sym28) and P88 (sym29) was 2 and 2.5 times
higher, respectively, than in wild type, and this ratio was
not significantly affected by any inoculation type. The
presence of excessive nodules was clearly seen on a tran-
scriptomic level: the nodule-specific genes had a higher
expression level in roots of both mutants than in wild-
type roots. At the same time, the roots of the mutants
showed a decrease in expression level of several genes
involved in AON and encoding negative regulators of
nodulation such as TMLI, TML2 and NNCI, which may
indicate continuous nodule formation in sym28 and
sym29 mutants due to loss of the system control of nod-
ulation. Indeed, the loss of balanced control of nodula-
tion may trigger upregulation of genes controlling plant
response to environmental and biotic factors and the
defense response to other organisms, as it was shown for
AON mutants.

The elevated response to plant hormones such
as salicylic acid, abscisic acid and jasmonic acid, and
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downregulation of CREI and CEPI in roots of all lines,
including the AON mutants, which occur upon mycor-
rhization, point at the activity of alternative regulatory
systems that may compensate for the defects in CLV-
based autoregulation of nodulation in both mutants. The
fact that the genes CREI and CEPI were downregulated
upon mycorrhization in P88 (sym29) roots also suggests
that the local control over microsymbionts is not affect-
ed in this AON mutant.

Transcriptome profiles show that both supernodu-
lating mutants more actively responded to biotic and
abiotic factors as compared to wild type, and they dem-
onstrated a more pronounced defense response. This
active response at early time points was associated with
slower biomass accumulation in both mutants. How-
ever, at the final time point, the P88 (sym29) genotype
overtook the others, indicating that the high responsiv-
ity to inoculation (or, the strategy of relying on symbio-
ses rather than refusing them) may, in some conditions,
be advantageous.

The effect of inoculation with AM fungi and PGPB
on top of rhizobia appeared to be minor in our experi-
ment. With regard to PGPB, this can be explained by the
use of a suboptimal concentration of PGPB strain in the
inoculum and/or due to incompatibility of this strain
with pea genotype cv. ‘Frisson’ and the corresponding
mutant lines. Also, the set-up of the experiment in non-
controlled temperature and humidity conditions obvi-
ously resulted in high variation between the samples,
which might have masked the slight effects of the tested
PGPB strain on gene expression, if it indeed showed
any. The effect of AM inoculation, however, was more
pronounced (although at early time points the internal
mycelium had not yet formed) so that we detected al-
terations in gene expression connected with AM+Rh
treatment. Despite the fact that there was no intraradical
mycelium in the roots, the extraradical mycelium could
influence the plant. It is known that plants are capable
of perceiving molecular signals sent by the germinated
spores and external mycelium of AM fungi at the pre-
symbiotic stage of mycorrhiza development (Nadal and
Paszkowski, 2013). In addition, fungal mycelium can re-
lease substances that stimulate plant growth (Felten et
al., 2009; Splivallo et al., 2009).

Interestingly, the strongest effect of AM+Rh treat-
ment was characteristic for the P64 (sym28) mutant, in
the roots of which we detected the upregulation of genes
encoding plastid proteins. Plastid proteins are known
to play a significant role in mycorrhization, since some
stages of carotenoid biosynthesis (namely, the non-
mevalonate pathway) occur in plastids (Walter, Fester
and Strack, 2000; Strack and Fester, 2006). In shoots
of P64 (sym28) we detected a similarly strong effect of
AM+Rh treatment, which may reflect a different devel-
opmental status of mycorrhizal and non-mycorrhizal

plants (for example, retardation of transition to flower-
ing).

Intriguingly, on the PCA plots the non-mycorrhizal
samples of shoots of the wild-type plants at 2 wpi were
shifted towards the 4 wpi samples, as compared to my-
corrhizal samples, indicating a delay in plant develop-
ment for cv. ‘Frisson’ under mycorrhization. The same
effect of retardation of plant aging upon mycorrhization
was described in our previous work with the use of me-
tabolomics (Shtark et al., 2019). It is tempting to fur-
ther investigate the transcriptomics data from this ex-
periment in order to detect genes whose expression can
serve as a marker of plant’s rejuvenation under influence
of AM, but we refrain from doing so until more samples
from repeated experiments are obtained. Interestingly,
this effect was not seen in the P88 (sym29) mutant and
was scarcely detected in the P64 (sym28) mutant as well,
which points at its possible connection with the auto-
regulation system.

Conclusion

This study added new information on phenotyp-
ic characterization of pea supernodulating mutants
P64 (sym28) and P88 (sym29) in symbiosis with ben-
eficial soil microorganisms. Namely, it was found that
in some conditions AON defects leading to excessive
nodule formation might be advantageous; however, this
effect should be studied in detail in the controlled envi-
ronment of a growth chamber. AON mutants appeared
to be more responsive to inoculation than the wild-type
plants, and the strongest reaction to mycorrhization was
described for P64 (sym28), for which the activation of
plastid metabolism in roots and modulation of plant
immune reactions in shoots was detected. Particular
groups of genes differentially expressed in AON mutants
regardless of the inoculation type were also described,
such as genes related to protein folding in P64 (sym28),
and genes related to secondary metabolite production
in P88 (sym29). In general, the results of this work link
the activity of the plant autoregulation system with the
plant’s responsiveness to inoculation with beneficial soil
microorganisms.
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