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Abstract

Plant symbiotic mutants are useful tool to uncover the molecular-genetic mechanisms of nodule senescence. The pea (Pisum
sativum L.) mutants SGEFix -1 (sym40), SGEFix -3 (sym26), and SGEFix -7 (sym27) display an early nodule senescence
phenotype, whereas the mutant SGEFix -2 (sym33) does not show premature degradation of symbiotic structures, but its nodules
show an enhanced immune response. The nodules of these mutants were compared with each other and with those of the wild-
type SGE line using seven marker genes that are known to be activated during nodule senescence. In wild-type SGE nodules,
transcript levels of all of the senescence-associated genes were highest at 6 weeks after inoculation (WAI). The senescence-
associated genes showed higher transcript abundance in mutant nodules than in wild-type nodules at 2 WAI and attained
maximum levels in the mutant nodules at 4 WAL Immunolocalization analyses showed that the ethylene precursor 1-
aminocyclopropane- 1-carboxylate accumulated earlier in the mutant nodules than in wild-type nodules. Together, these results
showed that nodule senescence was activated in ineffective nodules blocked at different developmental stages in pea lines that
harbor mutations in four symbiotic genes.
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Abbreviations which differentiate into nitrogen-fixing bacteroids and form
ABA  Abscisic acid organelle-like symbiosomes (Tsyganova et al. 2018). Nodule
ACC 1-Aminocyclopropane-1-carboxylate senescence is the final stage of nodule function, during which
WAI  Weeks after inoculation symbiosomes and infected cells are degraded and the plant
DAI  Days after inoculation reuses the nutrients accumulated in the nodule (Serova and

Tsyganov 2014). Transcriptomic studies of the model legumes
Lotus japonicus (Regel) K. Larsen and Medicago truncatula
Gaertn. have shown that many genes are up- or down-
regulated in senescent nodules (Van de Velde et al. 2006;
Maunoury et al. 2010; Cabeza et al. 2014; Chungopast et al.
2014), confirming the importance of this process.

Together with natural senescence, premature nodule senes-
cence can be induced by various unfavorable factors (Swaraj
et al. 1993; Gonzalez et al. 1998; Matamoros et al. 1999;
Hernandez-Jiménez et al. 2002; Pérez Guerra et al. 2010). In
soybean nodules, darkness causes early senescence accompa-
nied by autophagy of symbiosomes (Vauclare et al. 2010). In

Introduction

Legumes interact with soil bacteria known as rhizobia to form
symbiotic nodules. Nodule cells are infected with rhizobia,
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Genetic analyses of L. japonicus and M. truncatula have
revealed that mutations in several genes lead to early nodule
senescence. In L. japonicus, these genes include LjSST1,
encoding a nodule-specific sulfate transporter located on the
symbiosome membrane (Krusell et al. 2005); LjIGNI,
encoding a protein with ankyrin repeats and transmembrane
domains that is required for bacteroid differentiation and func-
tioning (Kumagai et al. 2007); LijSEN1, encoding an integral
membrane protein (Hakoyama et al. 2012); and LjAPNI,
encoding a nepenthesin-type aspartic peptidase that is required
for nodule functioning in a rhizobial strain-specific manner
(Yamaya-Ito et al. 2018). In M. truncatula, the genes whose
mutation leads to early nodule senescence include MtDNF2,
which produces a main transcript encoding a
phosphatidylinositol-specific phospholipase C-like protein,
and five different transcripts as a result of alternative splicing
(Bourcy et al. 2013); MtRSD encodes a nodule-specific cys-
teine-2/histidine-2 (C,H,) transcription factor, which is a re-
pressor of VAMP721a that encodes vesicle-associated mem-
brane protein 721a (Sinharoy et al. 2013); MtDNF4 and
MtDNF?7, which encode the nodule cysteine-rich (NCR) pro-
teins NCR211 and NCR169, respectively (Kim et al. 2015;
Horvath et al. 2015); MtSymCRK, which encodes a non-
arginine aspartate (nonRD) receptor-like kinase (Berrabah
etal. 2014); MtNAD1, which encodes a small uncharacterized
protein localized to the endoplasmic reticulum (Wang et al.
2016; Domonkos et al. 2017); and MtNFS1 and MtNFS?2 that
encode NCR proteins inducing bacterial death and early nod-
ule senescence in rhizobial strain-dependent manner (Yang
et al. 2017; Wang et al. 2017).

Studies of genetic collections of pea (Pisum sativum L.)
symbiotic mutants have revealed six loci at which mutations
lead to the formation of nodules with premature degradation
of symbiotic structures and an early senescence phenotype
(Borisov et al. 2007). The two loci cloned to date are
Sym40, an ortholog of M. truncatula MtEFD (Nemankin
2011), which encodes a transcription factor that negatively
regulates the cytokinin response protein RR4 (Vernié¢ et al.
2008), and Sym 13, the presumable orthologous LjSEN! gene
(Kulaeva et al. 2017).

Senescence of the symbiotic nodule leads to remobilization
of accumulated nutrients to the young developing organs of
the plant (Puppo et al. 2005; Van de Velde et al. 2006; Pérez
Guerra et al. 2010). During nodule aging, mainly cysteine
proteases, known also as thiol proteases, are involved in pro-
tein degradation (Pladys and Vance 1993; Kardailsky and
Brewin 1996; Van de Velde et al. 2006; Pérez Guerra et al.
2010; Pierre et al. 2014). Senescence of the symbiotic nodule
is regulated by transcription factors (D’haeseleer et al. 2010;
De Zélicourt et al. 2012; Karmarkar 2014) and phytohor-
mones (Puppo et al. 2005; Van de Velde et al. 2006; Cam
et al. 2012; Karmarkar 2014; Guinel 2015). Up-regulation of
expression of MtATB2, which encodes a bZIP transcription
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factor, was observed during the aging of alfalfa nodules
(D’haeseleer et al. 2010). In addition, members of the NAC
family of transcription factors, MINAC969 and MtINAC920,
are involved in alfalfa nodule senescence (De Zélicourt et al.
2012; Karmarkar 2014). Previous studies showed that ethyl-
ene, abscisic acid (ABA), jasmonic acid, and nitric oxide
(NO) (Van de Velde et al. 2006; Karmarkar 2014; Serova
et al. 2017; Cam et al. 2012) may be positive regulators of
nodule aging. Genes encoding enzymes involved in ethylene
biosynthesis and jasmonic acid biosynthesis are up-regulated
during nodule aging in alfalfa (Van de Velde et al. 2006) and
pea (Serova et al. 2017). In addition, ethylene activates the
transcription factor MEINAC920 that targets the gene encoding
the cysteine protease MtCP2, which is involved in
symbiosome degradation (Karmarkar 2014). It is assumed that
ABA also is a positive regulator of nodule aging. Puppo et al.
(2005) proposed that ABA in conjunction with ethylene or-
chestrate nutrient recycling during nodule senescence, where-
as gibberellins might suppress nodule senescence (Van de
Velde et al. 2006; Serova et al. 2017). Moreover, nodule aging
is regulated by nitric oxide (II) (NO); an increase in NO con-
centration causes premature senescence in alfalfa nodules
(Cam et al. 2012).

Previously, we selected a set of genes, known to be activat-
ed during nodule senescence (Granell et al. 1992; Kardailsky
and Brewin 1996; Peck and Kende 1998; Martin et al. 1999;
Pariasca et al. 2001; Zdunek-Zastocka 2008; D haeseleer et al.
2010), as molecular markers of nodule senescence in pea
(Serova et al. 2017). These genes encode cysteine protease 1
(Cypl) and 15a (Cyp15a), a thiol protease (TPP), a bZIP tran-
scription factor (ATB2), and key enzymes for ethylene bio-
synthesis (ACS2 for 1-aminocyclopropane-1-carboxylate
(ACC) synthase, and ACOL1 for ACC oxidase) and ABA bio-
synthesis (AO3 for aldehyde oxidase). Using these markers,
we demonstrated the early nodule senescence of the mutants
E135F (sym13) and Sprint-2Fix (sym31) (Serova etal. 2017).
In addition, immunolocalization of ACC and expression anal-
ysis of l-aminocyclopropane-1-carboxylate synthase 2
(PsACS?2) and 1-aminocyclopropane-1-carboxylate oxidase 1
(PsACOI) indicated the possible involvement of ethylene in
pea nodule senescence (Serova et al. 2017). However, because
the genetic background of these mutants showed significant
differences in ripening (Borisov et al. 1997), it was difficult to
compare the results for the different lines. Therefore, compar-
ison of the senescence process among mutants induced in a
single wild-type genotype is of great interest.

In the present study, we focused on the mutant lines
SGEFix -1 (sym40), SGEFix -3 (sym26), and SGEFix -7
(sym27), which show an early nodule senescence phenotype
(Tsyganov et al. 1998, 2013), and the mutant line SGEFix -2
(sym33), which does not show premature degradation of sym-
biotic structures, but rather shows strong defense reactions
(Ivanova et al. 2015). The common trait of each of these
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mutants is their ineffective nodules. When ineffective nodules
form on plant roots as a result of inoculation with an ineffec-
tive rhizobial strain, plants use “sanctions” to prevent further
development of ineffective nodules (Kiers et al. 2003).
Sanctions lead to reduced nodule growth and limited fitness
of the constituent bacteria (Oono et al. 2011; Regus et al.
2017; Westhoek et al. 2017). Sanctions are often realized
through induction of senescence (Regus et al. 2017). We sug-
gest that in the pea mutants, senescence is also a widespread
reaction to the formation of ineffective nodules, regardless of
the developmental stage at which the nodule is blocked. To
test this hypothesis, we compared gene transcription in nod-
ules among the mutant lines and between the mutant lines and
the wild-type SGE line using seven senescence-associated
genes. We also conducted immunolocalization analyses to de-
tect the ethylene precursor, ACC, in nodules of the mutants
and wild-type.

Materials and methods

Plant materials, bacterial strain, and plant growth
conditions

The pea laboratory line SGE and corresponding mutant lines
SGEFix -1 (sym40), SGEFix -2 (sym33), SGEFix -3
(sym26), and SGEFix -7 (sym27) were analyzed in this study
(Table 1). The procedures for seed sterilization, plant inocula-
tion, and plant growth conditions were described previously
(Serova et al. 2017). Materials were collected for analyses at
10 days after inoculation (DAI) and at 2, 4, and 6 weeks after
inoculation (WAI).

Nodule phenotypes

Photographs of wild-type and mutant nodules were taken with
a stereomicroscope SteREO Lumar.V12 (Carl Zeiss,
Oberkochen, Germany) equipped with a videocamera
Axiocam ICc 1 (Carl Zeiss) and AxioVision Rel. 4.8 software
(Carl Zeiss).

Light microscopy

The wild-type and mutant nodules at 2 and 4 WAI were fixated
in freshly prepared fixative solution (2.5% (w/v)-

paraformaldehyde, 0.5% (v/v) glutaraldehyde, 0.1%
(v/v) Triton X-100) in PBS and embedded in Steedman’s wax
as described previously (Serova et al. 2017). Sections of 10 um
were performed with a HM360 microtome (Microm, Walldorf,
Germany) as described previously (Serova et al. 2017).
Sections were stained with 0.1% (w/A) toluidine blue solution
(Supplementary Fig. S8) or propidium iodide (0.5 pg ml ™)
(Supplementary Fig. S6) in PBS for 10 min and washed in
PBS two times for 10 min. Additionally, for mutants
SGEFix -1 (sym40), SGEFix -2 (sym33) 0.5-um-thick, resin-
embedded sections (see Section below) were cut with a glass
knife on a Leica EM UC7 ultramicrotome (Leica
Microsystems, Wetzlar, Germany) and collected on IPN
multiwell slides. Specimens were stained with 0.5% (w/v) tolu-
idine blue in 0.1 mM sodium borate (Supplementary Fig. S7a,
¢). Microscopic analyses were carried out using the
AxiolmagerZ1 (Carl Zeiss) equipped with a microscope camera
Axiocam 506 color (Carl Zeiss).

Electron microscopy

Two-week-old nodules of the mutant SGEFix -7 (sym27) were
harvested from roots and placed directly in fixative. A glancing
cut on one side of each nodule was made to allow better pen-
etration of the fixative. The whole nodules were fixed in 2.5%
(v/v) glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA) in
0.1 M phosphate buffer, pH 7.2. After fixation, samples were
post-fixed in 2% (w/v) osmium tetroxide in phosphate buffer for
2 h. Samples then were dehydrated in a graded series of increas-
ing ethanol concentrations followed by two changes of 100%
acetone. Dehydrated samples were progressively embedded in
Epon (Honeywell Fluka™, Fisher Scientific, Loughborough,
UK) at room temperature. Embedded samples were transferred
to blocks in fresh resin and polymerized at 60 °C for 48 h.
Two-week-old nodules of the mutants SGEFix -1 (sym40),
SGEFix -2 (sym33), and SGEFix -3 (sym26) were processed
using the low-temperature embedding procedure described

Table 1 Plant materials used in

Nodule phenotype

References

this study Genotype Mutant gene
SGE
SGEFix -1 sym40
SGEFix -2 sym33
SGEFix -3 sym26
SGEFix -7 sym27

White nodules with hypertrophic
infection threads and infection droplets;
early degradation of symbiotic structures
White nodules with absence of infection
droplets and no bacterial release
Pink-green nodules

Pink-green nodules

Kosterin and Rozov (1993)
Tsyganov et al. (1994, 1998)

Tsyganov et al. (1994, 1998)

Tsyganov et al. (2013)
Tsyganov et al. (2013)
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previously (Tsyganova et al. 2009). Briefly, nodules were
fixed in 2.5% (v/v) glutaraldehyde (Sigma-Aldrich) in 0.5 M
sodium cacodylate, pH 7.2. Samples then were dehydrated
and embedded in London Resin White (Sigma-Aldrich) with
benzoin methyl ether as the catalyst for ultraviolet polymeri-
zation at — 20 °C using the Leica EM AFS2 automatic freeze
substitution system (Leica Microsystems).

For transmission electron microscopy, 90—100-nm-
thick ultrathin sections were cut using a diamond knife
(Diatome, Bienne, Switzerland) on a Leica EM UC7 ul-
tramicrotome (Leica Microsystems) and collected on
gold grids coated with 4% (w/v) pyroxylin and carbon.
The grids containing the sections were counterstained
with 2% (w/v) aqueous uranyl acetate for 1 h followed
by lead citrate for 1 min. All solutions were filtered
before use, and filter-sterilized deionized water was used
throughout the experiment. The nodule tissues were ex-
amined and photographed under a JEM-1400 transmis-
sion electron microscope (JEOL Corporation, Tokyo,
Japan) at 80 kV.

Gene selection and primer design

The selection of senescence-associated genes and primer de-
sign were described previously (Serova et al. 2017).

Total RNA isolation and cDNA synthesis

Total RNA was extracted using the PureZol™ reagent
(Bio-Rad, Hercules, CA, USA) in accordance with the
manufacturer’s instructions. Samples treated with DNAse
I (MBI Fermentas, Vilnius, Lithuania) were loaded onto
microchips and then analyzed and quantified with a
MultiNA capillary microelectrophoresis system
(Shimadzu Corporation, Kyoto, Japan). DNA-free total
RNA (1.5 pg) then was used to synthesize cDNA with
200 U RevertAid Reverse Transcriptase (MBI Fermentas)
in accordance with the manufacturer’s instructions. The
resulting cDNAs were diluted five times for use in real-
time PCR.

Relative real-time PCR analysis

Relative real-time PCR experiments were conducted using a
C1000™ Thermal Cycler combined with the optical module
CFX96™ Real-Time System (Bio-Rad). We used iQ™
SYBR® Green Supermix (Bio-Rad) for reactions and tran-
script detection in accordance with the manufacturer’s proto-
col (Serova et al. 2017). The results were processed using
CFX Manager™ software (Bio-Rad) and analyzed using the
2 22T method. Relative abundance was normalized against
that of the reference gene (PsGAPC1). Two-week-old nodules
of SGE and zone IV of 4-week-old nodules of SGE were used
as calibrators for calculation of relative transcript abundance
in experiments with whole samples and laser microdissection
and pressure catapulting (LMPC) samples, respectively. For
each gene, transcript levels were analyzed with three technical
replicates. Data were statistically analyzed using Microsoft
Excel software. Gene expression levels were compared using
one-way ANOVA; a P value <0.05 was considered to be
significant. Experiments were performed with three replicates
of six to eight plants per line.

Laser microdissection and pressure catapulting
and RNA extraction

Samples were prepared for LMPC as described previously
(Serova et al. 2017). Two- and 4-week-old nodules of wild-
type SGE and 2-week-old nodules of the mutant line
SGEFix -7 (sym27) were used in these analyses
(Supplementary Figs. S1-S3). Laser microdissection was con-
ducted with a PALM MicroBeam System (Carl Zeiss).
Sections were visualized on a computer monitor using an
Axiocam ICc 1 video camera (Carl Zeiss). The samples se-
lected with PALM Robo 43 software and isolated using an
ultraviolet laser (350 nm) are listed in Table 2. Selected cells
were catapulted into the Adhesive Cap (Carl Zeiss) and lysed
using the extraction buffer included in the PicoPure™ RNA
Isolation Kit (Arcturus Engineering Inc., Mountain View, CA,
USA). Total RNA was extracted with the PicoPure™ RNA
Isolation Kit (Arcturus Engineering Inc.) in accordance with
the manufacturer’s instructions.

Table 2 Samples selected by

Nodule age, WAI

Number of
derived cells

Type of cells  Nodule zone

laser microdissection and Genotype

pressure catapulting
SGE 2
SGE

SGEFix -7 (sym27) 2

Infected cells  Nitrogen fixation 4544

Infected cells  Nitrogen fixation 2668

Senescence 1715

Infected cells  Zone corresponding nitrogen 2940
fixation zone of the wild-type

Senescence 2714

WAI weeks after inoculation
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In vitro RNA amplification and cDNA synthesis

To generate amplified RNA, in vitro transcription was car-
ried out using the MessageAmp™ Il aRNA Amplification
Kit (Ambion Inc., Foster City, CA, USA) in accordance
with the manufacturer’s protocol. Amplified RNAs were
quantified with a Qubit® 2.0 Fluorometer (Invitrogen,
Carlsbad, CA, USA) in accordance with the manufacturer’s
guidelines. SuperScript® III reverse transcriptase
(Invitrogen) was used to synthesize cDNA from amplified
RNA under the conditions recommended by the manufac-
turer. The cDNA obtained was used for relative real-time
PCR with iQ™ SYBR® Green Supermix (Bio-Rad) as de-
scribed above.

Fixation and 1-aminocyclopropane-1-carboxylate
immunolabeling

The protocol used to fix pea nodules was described pre-
viously (Serova et al. 2017). Nodules were washed three
times with PBS, each wash for 15 min, and then stained
with 0.5% toluidine blue solution in PBS for 1 h. The
excess dye was removed from the nodules by washing
twice with PBS, each wash for 15 min. The samples were
embedded in 3% agarose gel, and then sections (50 pm)
were cut at room temperature with a HM650V microtome
(Microm). Immunolabeling of ACC and staining of nu-
clei and bacteria with propidium iodide were conducted
as described previously (Serova et al. 2017). The anti-
ACC rabbit antibody (Agrisera, Vidnnds, Sweden) at
1:100 dilution and goat anti-rabbit IgG Alexa Fluor 488
(Thermo Fisher Scientific, Waltham, MA, USA) at 1:300
dilution were used as primary and secondary antibodies,
respectively.

The specificity of the primary anti-ACC antibodies
was confirmed using pea nodules saturated with
10 mM ACC (Serova et al. 2017) (Supplementary Fig.
S4a—c). As the control, the primary antibodies were
omitted from the specific binding of secondary antibod-
ies (Supplementary Fig. S4d). Sections were observed
using the LSM 510 META laser scanning confocal sys-
tem (Carl Zeiss) and images were processed using
ZEN2009 software (Carl Zeiss).

Results

Nodule histological and ultrastructural organization
in mutants SGEFix™-3 (sym26) and SGEFix™-7 (sym27)

At 2 and 4 WAI, the wild-type SGE formed pink nod-
ules (Supplementary Fig. S5a, b) with typical indetermi-
nate nodule histological and ultrastructural organization

(Tsyganov et al. 1998), with three distinguishable zones:
the meristem zone, the infection zone, and the nitrogen
fixation zone (Supplementary S6a). In wild-type nodules,
the fourth senescence zone was apparent at the base of
nodules at 4 WAI only (Supplementary Fig. S3a). The
mutants SGEFix -1 (sym40) and SGEFix -2 (sym33)
may form two types of nodules for which the histologi-
cal and ultrastructural organization has been described
previously in detail (Tsyganov et al. 1998; Voroshilova
et al. 2009). In the present study, the mutant SGEFix -1
(sym40) formed only white nodules (Supplementary Fig.
S5c¢), which were filled with cells occupied with
hypertrophied infection droplets at 2 (Supplementary
Figs. S6b and 7a, b) and 4 WAI (data not shown). The
mutant SGEFix -2 (sym33) also formed white nodules
only (Supplementary Fig. S5d), which were filled with
a ramified network of “locked” infection threads at 2
(Supplementary Figs. S6¢ and S7c, d) and 4 WAI (data
not shown). The mutants SGEFix -3 (sym26) and
SGEFix -7 (sym27) formed pinkish nodules
(Supplementary Fig. S5e, f). The nodules of SGEFix -3
(sym26) were dominated by a senescence zone at 2 WAI
(Supplementary Fig. S8a), which occupied the main por-
tion of the nodule at 4 WAI (Supplementary Fig. S8b).
The senescence zone was smaller in SGEFix -7 (sym27)
nodules than in SGEFix -3 (sym26) nodules at 2 WAI
(Supplementary Fig. S8c) and had increased in size in
nodules at 4 WAI (Supplementary Fig. S8d).

In 2-week-old nodules of SGEFix -3 (sym26), the in-
fection zone in infected cells contained pleomorphic bac-
teroids that showed clear signs of morphological differ-
entiation (the cells were enlarged and the matrix was less
electron-dense compared with bacteria inside infection
threads) (Fig. la, b). In nodules of the mutant, the zone
corresponding to the nitrogen fixation zone in wild-type
nodules contained bacteroids with an electron-dense ma-
trix at the tip (Fig. lc, d). In the senescence zone, the
bacteroids inside the symbiosomes had degraded, leaving
remnants of bacteroids and symbiosome membranes
(Fig. le, 1).

In 2-week-old nodules of SGEFix -7 (sym27), the in-
fected cells in the infection zone contained bacteroids
that showed signs of morphological differentiation
(Fig. 2a, b). In the zone corresponding to the nitrogen
fixation zone in wild-type nodules, small electron-dense
inclusions were observed in the bacteroids (Fig. 2¢, d). In
the senescence zone, bacteroids showed signs of degra-
dation inside the symbiosomes, and the peribacteroid
spaces were significantly enlarged (Fig. 2e, f). The tono-
plast was ruptured, degraded bacteroids were located in
the vacuole (Fig. 2e), and the infected cells contained
amyloplasts (Fig. 2c, e). Some infected cells had large
lipid inclusions in the cytoplasm (data not shown).
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Fig. 1 Ultrastructural
organization in nodule of mutant
line SGEFix -3 (sym26). a
Infected cell in infection zone, b
infection thread and bacteroids in
infected cell in infection zone, ¢
infected cell in zone
corresponding to nitrogen fixation
zone in wild-type, d bacteroid in
infected cell in zone
corresponding to nitrogen fixation
zone in wild-type, e degrading
infected cell in senescence zone, f
degrading bacteroid in degrading
infected cell in senescence zone.
1IC, infected cell; DIC, degrading
infected cell; IT, infection thread;
B, bacterium; Ba, bacteroid; DBa,
degrading bacteroid; V, vacuole.
Large and small arrows indicate
electron-dense matrix in bacte-
roids. Scale bars: a=5 um; ¢, e =
2 um; b, d, f=500 nm

Transcription patterns of senescence-associated
genes in nodules of the wild-type and mutants

Cysteine protease 1, cysteine protease 15a, and thiol protease

During nodule aging, the relative transcript levels of cys-
teine protease 1 (PsCypl), cysteine protease 15a
(PsCypl5a), and thiol protease (PsTPP) increased in all
tested lines. The transcript levels of these genes were sig-
nificantly up-regulated already at 4 WAI (which corre-
sponds to the stage of active nitrogen fixation) compared
with 2-week-old nodules of the mutants SGEFix -1
(sym40), SGEFix -3 (sym26), and SGEFix -7 (sym27)
(Fig. 3a—c). However, a slight increase only of PsCypl

@ Springer

and PsCypl5 transcript abundance was observed during
the aging of the SGEFix -2 (sym33) mutant nodules
(Fig. 3a, b). The relative transcript level of PsTPP was
not significantly increased in nodules of SGEFix -2
(sym33) and even slightly decreased at 6 WAI (Fig. 3c).
At 4 WAL, the transcript levels of selected genes encoding
cysteine and thiol proteases in nodules of the mutants
SGEFix -1 (sym40), SGEFix -2 (sym33), SGEFix -3
(sym26), and SGEFix -7 (sym27) were significantly
higher than those in wild-type nodules (Fig. 3a—c). In
wild-type nodules, the transcript levels of the selected
genes were up-regulated only at 6 WAI (Fig. 3a—c). The
most pronounced (7.4-fold) increase in transcript abun-
dance was detected for PsCypl5a (Fig. 3b).
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Fig. 2 Ultrastructural
organization in nodule of mutant
line SGEFix -7 (sym27). a
Infected cell in infection zone, b
bacteroids in infected cell in
infection zone, ¢ infected cell in
zone corresponding to nitrogen
fixation zone in wild-type, d
bacteroids in infected cell in zone
corresponding to nitrogen fixation
zone in wild-type, e degrading
infected cell in senescence zone,
degrading bacteroid in degrading
infected cell in senescence zone.
IC, infected cell; DIC, degrading
infected cell; Ba, bacteroid; DBa,
degrading bacteroid; PBS,
peribacteroid space; V, vacuole.
Large arrows indicate electron-
dense inclusions in bacteroids,
arrowhead indicates infection
thread, asterisks indicate amylo-
plasts, small arrow indicates
degrading symbiosomes in vacu-
ole. Scale bars: a=5 um; ¢, e =
2 um; b, d, f=500 nm

bZIP transcription factor

The bZIP transcription factor (PsATB2) transcript levels in-
creased during nodule aging. In all analyzed mutant geno-
types, up-regulation of PSATB2 transcript abundance was de-
tected already at 4 WAI (Fig. 3d). The greatest increase of
transcript level was observed in 4-week-old SGEFix -3
(sym26) mutant nodules compared with 2-week-old nodules
(Fig. 3d). At4 WAL, PsATB?2 transcript abundance in nodules
was higher in SGEFix -1 (sym40), SGEFix -2 (sym33),
SGEFix -3 (sym26), and SGEFix -7 (sym27), than in wild-
type (Fig. 3d). A significant (6.7-fold) increase in PSATB2
transcript abundance was observed in 6-week-old wild-type
nodules only. In contrast, PSATB2 was down-regulated at 6

WALI in SGEFix -2 (sym33), SGEFix -3 (sym26), and
SGEFix -7 (sym27) (Fig. 3d).

1-Aminocyclopropane-1-carboxylate synthase 2
and 1-aminocyclopropane-1-carboxylate oxidase 1

The transcript abundance of genes encoding key enzymes in
ethylene biosynthesis increased during nodule aging. The
PsACS? transcript levels were higher in 4-week-old nodules
than in 2-week-old nodules of SGEFix -1 (sym40), SGEFix -
3 (sym26), and SGEFix -7 (sym27), respectively (Fig. 4a).
However, this increase was not observed in nodules of
SGEFix -2 (sym33) (Fig. 4a). Up-regulation of PSACO] tran-
scription also was detected in 4-week-old nodules of the
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analyzed mutants (Fig. 4b). The greatest increase was detected
in SGEFix -3 (sym26) and SGEFix -7 (sym27) mutants
(Fig. 4b). In 4-week-old nodules, PsACS2 and PsACOI tran-
script abundance was higher in SGEFix -1 (sym40),
SGEFix -2 (sym33), SGEFix -3 (sym26), and SGEFix -7
(sym27) than in wild-type nodules (Fig. 4a, b). In wild-type
nodules, the PsACS? transcript levels were only significantly
up-regulated (15-fold) at 6 WAl and the PsSACOI mRNA level
was up-regulated (3-fold) at 4 WAI (Fig. 4a and b).

Aldehyde oxidase 3

The transcript levels of aldehyde oxidase 3 (PsAO3), which
encodes the enzyme catalyzing the final stage of ABA biosyn-
thesis, increased in most lines during nodule senescence. Up-
regulation of PsAO3 transcript abundance was observed in the
mutants SGEFix -1 (sym40), SGEFix -3 (sym26), and
SGEFix -7 (sym27) at 4 WAI (Fig. 4c). However, the
PsAO3 transcript level did not change significantly during
nodule aging in SGEFix -2 (sym33). At 4 WA, the transcript
level of PsAO3 in nodules of SGEFix -1 (sym40), SGEFix -2
(sym33), SGEFix -3 (sym26), and SGEFix -7 (sym27) was
higher than that in wild-type nodules (Fig. 4c). At 6 WAI,
the PsAO3 mRNA level was up-regulated (6.3-fold) in wild-
type nodules (Fig. 4c).

It is interesting to note that, unlike the other mutants, in 2-
week-old nodules of SGEFix -2 (sym33) higher transcript
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abundance was observed for all analyzed genes compared
with those in wild-type nodules (Figs. 3a—d and 4a—c).

Transcription patterns of senescence-associated
genes in wild-type SGE and SGEFix™-7 (sym27)
nodules as determined by laser microdissection
and pressure catapulting

The transcription patterns of the seven senescence-
associated genes in different zones of wild-type and mu-
tant SGEFix -7 (sym27) nodules were determined by
LMPC. Infected cells from zone III only were excised
from 2-week-old wild-type nodules (Fig. S1b—d), whereas
infected cells from zone III and the morphologically dis-
tinct zone IV were excised from 4-week-old wild-type
nodules (Fig. S3b—g). In 2-week-old nodules of the mu-
tant line, infected cells were excised from the zone corre-
sponding to zone III in wild-type nodules (zone III') and
the well-defined zone IV (Supplementary Fig. S2b—g).
Differences in transcription patterns among the protease
genes in the nodule zones analyzed were revealed. In the
wild-type, PsCypl5a transcript abundance was 3.3-fold higher
in zone III of 4-week-old nodules than that in 2-week-old nod-
ules (Fig. 5a). No differences in PsTPP transcript levels were
detected (Fig. 5b). However, slight decrease (1.5-fold) and
increase (1.6-fold) of PsCypl5a and PsTPP transcript abun-
dance, respectively, were observed in zone IV relative to zone
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I in wild-type nodules (Fig. 5a, b). In the mutant SGEFix -7
(sym27), the greatest (13.2- and 14-fold) up-regulation of tran-
script abundance of PsCypl5a and PsTPP, respectively, was
detected in zone IV relative to zone III" (Fig. 5a, b). The tran-
script abundance of PsCypl5a and PsTPP was 6.6- and 2.8-
fold higher, respectively, in zone 111" of mutant nodules than in
zone III of wild-type nodules at 2 WAI (Fig. 5a, b). PsCypl
transcripts were not detected in infected cells of wild-type and
mutant nodules.

The transcript levels of PsATB2 were increased during
nodule cell degradation in the wild-type and mutant nod-
ules. In zone IIT of wild-type nodules, the transcript abun-
dance of PsATB2 was 2.5-fold higher in 4-week-old nod-
ules than that in 2-week-old nodules (Fig. 5¢). In 4-week-
old nodules, the PsATB2 transcript level was slightly (1.4-
times) higher in zone IV than that in zone III. In the
mutant nodules, the greatest (27.2-fold) up-regulation of
PsATB2 mRNA level was observed in zone IV relative to
that in zone III'. In 2-week-old nodules, the PsATB2 tran-
script level in zone III" was significantly (8.7-fold) higher
than that in zone III of wild-type nodules (Fig. 5c¢).

The transcript levels of PsAO3 were increased during
the senescence of wild-type and mutant nodules. In wild-
type nodules, the transcript level of PsAO3 in zone III
was 5.4-fold higher at 4 WAI than that at 2 WAI
(Fig. 5d) but did not differ significantly between zones
IIT and IV of 4-WAI nodules. In the mutant nodules, the
greatest (40-fold) increase in PsAO3 transcript level was

detected in zone IV relative to that of zone III'. At 2 WAI,
the PsAO3 transcript level was 2.5 times higher in zone
IIT' than that in zone IIT (Fig. 5d).

The transcript levels of PsACS2, which encodes an
ethylene precursor (ACC) biosynthesis enzyme, were de-
creased during the degradation of infected cells in the
nodules of the wild-type and mutant. No PsACS2 tran-
scripts were detected in zone III of 4-week-old wild-type
nodules (Fig. 5e). In the wild-type nodules, the PsACS2
transcript abundance was significantly (16.2-fold) lower
in zone IV in 4-week-old nodules than in zone III in 2-
week-old nodules. In mutant nodules, the PsACS2 tran-
script level was 3.7-fold lower in zone IV than in zone III.
The PsACS2 mRNA level in zone III' of mutant nodules
was significantly (31.8-fold) higher than that in zone III
of wild-type nodules (Fig. 5e).

During nodule aging and alongside nodule cell degrada-
tion, the transcription levels of PsACO1, which encodes an
ethylene biosynthesis enzyme, were increased in the wild-
type and mutant lines. In the wild-type nodules, PSACO]
transcripts were detected only at 4 WAL In wild-type nod-
ules, the PsACO! transcript level was not significantly dif-
ferent between zones IV and III (Fig. 5f). In the mutant
nodules, the PsACOI transcript level was significantly
(7.5-fold) higher in zone IV than that in zone III". The
greatest (13.7-fold) increase in PsACO] transcript level
was detected in zone III' of the mutant nodules relative to
that of zone III of the wild-type nodules (Fig. 5f).
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Immunolocalization of ACC in wild-type and mutant
nodules

We conducted ACC immunolocalization analyses at 10
DAI (Figs. 6 and 7), and at 2 (Fig. 8), 4 (data not
shown), and 6 WAI (Fig. 9). In wild-type nodules, the
intensity of ACC labeling increased as the nodules aged
(Figs. 6a—c, 8a—c, and 9a—f). In nodules of all analyzed
mutants, ACC levels peaked at 10 DAI and were
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significantly higher than those of wild-type nodules
(Figs. 6d—o and 7d—o0). Compared with wild-type nod-
ules, those of the mutants showed significantly lower
ACC labeling intensity at 4 WAI (data not shown). The
intensity of ACC labeling in nodules was higher in
SGEFix -3 (sym26) (Figs. 6j-1 and 7j-1) and SGEFix -
7 (sym27) (Figs. 6m—o and 7m-—o) than in SGEFix -1
(sym40) (Figs. 6d—f and 7d—f) and SGEFix -2 (sym33)
(Figs. 6g—i and 7g—i).



Early nodule senescence is activated in symbiotic mutants of pea (Pisum sativum L.) forming ineffective... 1453

Fig. 6 Immunolocalization of 1-
aminocyclopropane-1-
carboxylate in nodules of wild-
type (a—c) and corresponding pea
mutants (SGEFix -1 (sym40) (d—
f), SGEFix -2 (sym33) (g-),
SGEFix -3 (sym26) (j-1), and
SGEFix -7 (sym27) (m—o0)) at

10 days after inoculation (DAI).
Zones in nodule are designated by
Roman numerals: [—meristem,
II—infection zone, III—nitrogen
fixation zone, III'—zone corre-
sponding to nitrogen fixation
zone in wild-type. Heat map pro-
vides color code of fluorescence
signal intensities (c, f, i, 1, 0).
Merged differential interference
contrast (DIC) and red channel (a,
d, g, j, m), merged green and red
channels (b, e, h, k, n).
Visualization of ACC by the
Alexa 488 conjugated secondary
antibody (green) and nuclei and
bacteria stained with propidium
iodide (red). Scale bar= 100 pm

In 10-day-old wild-type nodules, the strongest ACC signals
were detected in meristem cells (Figs. 6a—c and 7a—c) and cells
in the infection zone (Fig. 6a—c), whereas weaker ACC signals
were detected in the cells of the nitrogen fixation zone
(Fig. 7a—c). In nodules of the mutants SGEFix -1 (sym40),
SGEFix -2 (sym33), SGEFix -3 (sym26) (Fig. 6j-1), and
SGEFix -7 (sym27) (Fig. 6m—o), the strongest ACC labeling
intensity was in cells in the meristematic zone, the infection

zone, and the zone corresponding to the nitrogen fixation zone
in wild-type nodules (Fig. 7d—o).

At 6 WALI in the wild-type nodules, the strongest ACC
signals were detected in meristematic cells and in cells of
the infection and nitrogen fixation zones (Fig. 9a—c, g—i).
In addition, strong ACC signals were detected in senes-
cent cells (Fig. 9d—f) that had not yet completely degraded

(Fig. 9j-1).
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Fig. 7 Immunolocalization of 1-
aminocyclopropane-1-
carboxylate in cells in central part
of nodules of wild-type (a—c) and
corresponding pea mutants
(SGEFix -1 (sym40) (d-f),
SGEFix -2 (sym33) (g-),
SGEFix -3 (sym26) (j-1), and
SGEFix -7 (sym27) (m—0)) at

10 days after inoculation (DAI).
IC, infected cell; UIC, uninfected
cell. Arrows indicate infection
threads, arrowheads indicate in-
fection droplets. Heat map pro-
vides color code of fluorescence
signal intensities (¢, f, i, 1, 0).
Merged differential interference
contrast (DIC) and red channel (a,
d, g, j, m), merged green and red
channels (b, e, h, k, n).
Visualization of ACC by the
Alexa 488 conjugated secondary
antibody (green) and nuclei and
bacteria stained with propidium
iodide (red). Scale bar =10 um

Discussion

To examine the activation of early senescence in ineffective
nodules, we analyzed a set of pea mutants in the SGE back-
ground in which nodule development is blocked at different
stages. The mutants SGEFix -3 (sym26) and SGEFix -7
(sym27) form pink-green ineffective nodules in which symbi-
otic structures prematurely degrade (a phenotype of early se-
nescence). The mutant SGEFix -1 (sym40) forms white
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ineffective nodules that also show an early senescence pheno-
type, but nodule development is blocked at an earlier stage
than those of SGEFix -3 (sym26) and SGEFix -7 (sym27)
(Tsyganov et al. 1998). The mutant in which nodule develop-
ment is blocked at the earliest stage is SGEFix -2 (sym33).
The early senescence phenotype of the latter mutant had not
been described previously (Tsyganov et al. 1998), but the
strong defense reactions of its nodules have been reported
(Ivanova et al. 2015).
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Fig. 8 Immunolocalization of 1-
aminocyclopropane-1-
carboxylate in nodules of wild-
type (a—c) and corresponding pea
mutants (SGEFix -1 (sym40) (d—
f), SGEFix -2 (sym33) (g-),
SGEFix -3 (sym26) (j-1), and
SGEFix -7 (sym27) (m—o0)) at

2 weeks after inoculation (WAI).
Zones of nodule are designated by
Roman numerals: [—meristem,
II—infection zone, III—nitrogen
fixation zone, III'—zone corre-
sponding to nitrogen fixation
zone in wild-type, [V—senes-
cence zone. Heat map provides
color code of fluorescence signal
intensities (¢, f, i, 1, 0). Merged
differential interference contrast
(DIC) and red channel (a, d, g, j,
m), merged green and red chan-
nels (b, e, h, k, n). Visualization
of ACC by the Alexa 488 conju-
gated secondary antibody (green)
and nuclei and bacteria stained
with propidium iodide (red).
Scale bar=100 um

Previous studies have focused on the ultrastructural orga-
nization of the allelic mutants RisFixM and RisFixT (with
mutations in sym26) and the mutant RisFixQ (with a mutation
in sym27) (Novak et al. 1995; Morzhina et al. 2000) in the pea
‘Finale’ background (Engvild 1987). These mutants are char-
acterized by morphologically differentiated bacteroids that un-
dergo premature degradation. In the present study, we provid-
ed detailed descriptions of the ultrastructural organization of
nodules of allelic mutants in the genes sym26 and sym27 in the

SGE background. Both mutants showed similar nodule ultra-
structural organization to that of the allelic mutants in the
‘Finale’ background and to those of other mutants exhibiting
an early nodule senescence phenotype (Kneen et al. 1990;
Novak et al. 1995; Morzhina et al. 2000). We also observed
a number of previously undescribed phenotypic features. In
the mutant SGEFix -3 (sym26), we observed an electron-
dense matrix that formed a cap at the tip of the bacteroids.
Electron-dense inclusions in the bacteroids were also
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Fig. 9 Immunolocalization of 1-
aminocyclopropane-1-
carboxylate in nodules of wild-
type at 6 WAI (a—f). Cells from
nitrogen fixation zone (g—i) and
senescence zone (j-1). Zones of
nodule are designated by Roman
numerals: [-—meristem, II—in-
fection zone, Ill—nitrogen fixa-
tion zone, IV—senescence zone.
IC, infected cell; UIC, uninfected
cell; DIC, degrading infected cell.
Heat map provides color code of
fluorescence signal intensities (c,
f, i, ). Merged differential inter-
ference contrast (DIC) and red
channel (a, d, g, j), merged green
and red channels (b, e, h, k).
Visualization of ACC by the
Alexa 488 conjugated secondary
antibody (green) and nuclei and
bacteria stained with propidium
iodide (red). Scale bars: a—f=
100 pm, g-1=10 pm

observed in nodules of SGEFix -7 (sym27). The biological
significance of these electron-dense structures is unclear.
The mutant SGEFix -3 (sym26) showed more pronounced
bacteroid senescence, with completely degraded bacteroids
and symbiosomes in 2-week-old nodules. Bacteroids were
not completely degraded in the mutant SGEFix -7 (sym27),
but tonoplast integrity was lost, which is an indicator of pro-
grammed cell death (van Doorn 2011), which often occurs
during legume senescence (Chua et al. 1985; Banba et al.
2001; Chungopast et al. 2014). In addition, the infected cells
accumulated numerous amyloplasts, which is a sign of nodule
ineffectiveness (Forrest et al. 1991).

We compared the transcription patterns of seven
senescence-associated genes among the mutants and between
the mutants and wild-type. These genes encode PsCypl and
PsCypl5a, PSTPP, PsATB2, PsAO3, PsACS2, and PsACOL.
All of these genes are known to participate in nodule senes-
cence. Genes encoding cysteine proteases are the most highly
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expressed genes during nodule aging (Kardailsky and Brewin
1996; Van de Velde et al. 2006). Nodule aging is also accom-
panied by an increase in the transcript levels of MtATB?2
(D’haeseleer et al. 2010). Abscisic acid (Gonzalez et al.
2001) and ethylene (Guinel 2015) are both known to play
positive roles in nodule senescence.

In nodules of the wild-type SGE, the transcript levels of the
seven senescence-associated genes significantly increased at 6
WAL only. Previously, we observed similar activation of these
genes in 6-week-old nodules of the pea line ‘Sprint-2’ and
cultivar ‘Sparkle’ (Serova et al. 2017). Pea nodules have al-
ready formed at 2 WAL, and peak nitrogen fixation occurs at 3
and 4 WAL In pea, nodule senescence is pronounced at 6 WAL,
as confirmed by the transcription of the senescence marker
genes. In the mutants for the genes sym26, sym27, and
sym40, whose nodules show early senescence, the transcript
levels of the senescence marker genes had already increased at
4 WAL Interestingly, high transcript levels of the senescence
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marker genes were observed in nodules of the mutant
SGEFix -2 (sym33), which does not show an early nodule
senescence phenotype. Previously, we observed increased
transcript levels of senescence-associated genes in nodules of
the mutants E135F (sym13) and Sprint-2Fix  (sym31) (Serova
et al. 2017); the former mutant shows an early senescence
phenotype (Kneen et al. 1990; Borisov et al. 1997), but the
latter mutant does not (Borisov et al. 1997).

Despite the pronounced activation of senescence-
associated genes in the nodules of all of the analyzed mutants,
some differences in the transcription patterns of certain genes
were observed among the mutants. For example, the transcript
levels of PsCypl, PsCypl5a, PsACS2, and PsACOI were
higher in the nodules of SGEFix -7 (sym27) than in those of
SGEFix -3 (sym26). The transcript levels of PsTPP and
PsATB2 were higher in SGEFix -3 (sym26) than in the other
mutants. The transcript level of PsAO3 was higher in
SGEFix -7 (sym27) than in SGEFix -3 (sym26) at 4 WAI
but was not significantly different at 6 WAL The biological
significance of these differences is difficult to explain.
Determining the nucleotide sequences of Sym26 and Sym27
and elucidating the functions of the gene products will help to
explain differences in their expression patterns among the mu-
tants. Among the studied mutants, SGEFix -2 (sym33)
showed the highest transcript levels of PsCypl, PsATB2,
PsACOI, and PsAO3 in 2-week-old nodules, and transcription
of the genes PsCypl5a, PsTTP, and PsACS?2 also increased in
2-week-old nodules compared with those of the wild-type.
Such early activation of senescence-associated genes is con-
sistent with the fact that in this mutant nodule development is
blocked at the earliest stage among all of the studied mutants.
In addition, the transcript level of PsTPP did not change dur-
ing nodule aging in SGEFix -2 (sym33). Considering that this
mutant lacks bacterial release (Tsyganov et al. 1998), we spec-
ulate that the thiol protease PsTPP may be important for
symbiosome degradation.

At the cellular level, SGEFix -7 (sym27) showed increased
transcription of senescence-associated genes in the zone cor-
responding to the nitrogen fixation zone in the wild- type. A
similar increase in the transcript levels of senescence-
associated genes was observed previously in the mutant
E135F (syml3) compared with those of the wild-type
‘Sparkle’ (Serova et al. 2017). However, PsCypl transcripts
were not detected in cells of nodules from the wild-type and
the mutant SGEFix -7 (sym27). This result suggests that the
protease PsCypl is not involved in the senescence of the cen-
tral nodule tissue but may be involved in the senescence of
peripheral nodule tissues.

The immunolocalization analysis demonstrated that ACC
levels increase with nodule aging in the wild-type. The in-
crease in labeling intensity was correlated with up-regulation
of PsACS2 and PsACOI] transcription. Similar patterns of
ACC accumulation and PsACS2 and PsACO] transcription

were previously detected in the wild-types ‘Sparkle’ and
‘Sprint-2” (Serova et al. 2017). In the mutants SGEFix -1
(sym40), SGEFix -2 (sym33), SGEFix -3 (sym26), and
SGEFix -7 (sym27), the ACC concentration peaked in 10-
day-old nodules and decreased as the nodules aged. This pat-
tern was indicative of the early activation of nodule senes-
cence in the mutants.

Conclusions

The present results show that senescence-associated genes
are activated in the nodules of various mutants in which
nodule development is blocked at different stages.
Previously, a group of plant and bacterial mutants forming
ineffective nodules on M. truncatula roots, which undergo
early senescence as a result of their ineffectiveness, was
identified (Maunoury et al. 2010). However, nodule devel-
opment in these mutants is blocked at advanced stages, sim-
ilar to the pea mutants defective in the genes sym26 and
sym27. Given that we observed the activation of early se-
nescence even in the mutant defective in the gene sym33 as
well as in mutants defective in the genes sym40, sym26,
sym27 (this work), and syml3 and sym31 (Serova et al.
2017) may indicate that early senescence is a general phe-
nomenon in response to ineffective nodule formation and is
not restricted to legume mutants that form nodules with
morphologically differentiated symbiosomes but lack the
ability to fix nitrogen. Previously, sanctions from the plant
that restrict nodule size were observed during formation of
ineffective nodules after inoculation with ineffective rhizo-
bial strains (Oono et al. 2011; Regus et al. 2017; Westhoek
et al. 2017). Sanctions are often accompanied by nodule
senescence (Regus et al. 2017). Taken together, these results
may indicate that plants use early senescence as a universal
mechanism to recycle nutrients that have been allocated to
ineffective nodules, similar to developmental senescence
(Van de Velde et al. 2006; Pérez Guerra et al. 2010).
However, further studies are needed to test this hypothesis.
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