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ABSTRACT

Immunity and senescence play a crucial role in the functioning of the legume symbiotic nodules. The miss-
regulation of one of these processes compromises the symbiosis leading to death of the endosymbiont and
the arrest of the nodule functioning. The relationship between immunity and senescence has been exten-
sively studied in plant organs where a synergistic response can be observed. However, the interplay be-
tween immunity and senescence in the symbiotic organ is poorly discussed in the literature and these phe-
nomena are often mixed up. Recent studies revealed that the cooperation between immunity and
senescence is not always observed in the nodule, suggesting complex interactions between these two pro-
cesses within the symbiotic organ. Here, we discuss recent results on the interplay between immunity and
senescence in the nodule and the specificities of this relationship during legume-rhizobium symbiosis.
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INTRODUCTION

When assimilable nitrogen is limited in the environment, legumi-
nous plants have the ability to establish a symbiosis with
nitrogen-fixing soil bacteria, called rhizobia, and to form dedicated
symbiotic root organs, the nodules, which are chronically infected
by thousands of bacteroids (the intracellular forms of the rhizo-
bium embedded into the symbiosome). Inside the host cell, bac-
teroids convert atmospheric nitrogen (N,) into NH,* thanks to
the activity of the nitrogenase enzyme (Yang et al., 2022). Due to
the high oxygen (O,) sensitivity of the nitrogenase, the nitrogen
fixation occurs under low concentration of O, controlled by a
legume protein, the leghemoglobin (Larrainzar et al., 2020).
Leghemoglobin is a marker of functional nodules, giving to this
organ its characteristic pink color (Pislariu et al., 2012). Two
major morphotypes of nodules exist: (1) the determinate nodules
as those formed by Lotus japonicus, Phaseolus vulgaris, and
Glycine max showing a spherical shape due to the non-
persistent nature of the meristem and (2) the indeterminate nod-
ules formed by plants such as Medicago and Pisum species
that have an elongated shape due to a persistent meristem
located in the nodule apex (Hirsch, 1992).

Legume species belonging to the Inverted Repeat Lacking Clade
(IRLC) including Medicago species produce NODULE-SPECIFIC
CYSTEINE-RICH (NCR) peptides specifically expressed in the
nodule. Prior to nitrogen-fixation, NCRs trigger the Terminal Dif-
ferentiation of the Bacteroids (TDB) by inducing genome endore-
duplication together with an increased size of the endosymbiont
and the inhibition of bacterial cell division (Montiel et al., 2017). In
addition, NCR247 can also promote symbiosis through the
control of iron homeostasis of the symbiotic bacteria (Sankari
et al.,, 2022). Due to the lack of the NCR genes, most
leguminous plants outside the IRLC including L. japonicus and
G. max, produce nodules containing fixing-nitrogen bacteroids,
which are non-terminally differentiated (Czernic et al., 2015;
Alunni and Gourion, 2016). This absence of the TDB s
associated to a reduction of the symbiont efficiency in these
species (Oono and Denison, 2010; Alunni and Gourion, 2016).
The level of bacteroid differentiation can reflect the symbiotic
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process achievement in the IRLC clade. As an example, the
absence of bacteroid differentiation is associated with an early
symbiotic arrest in legume inducing TDB (Berrabah et al., 2018a).

Inside the host cell, rhizobium survival is linked to the activity of
nodule-specific genes, namely NODULINS, some of which are
involved in the control of nodule immunity. Several genes control-
ling nodule defense and/or senescence have been characterized
in Medicago littoralis (formerly called M. truncatula R108 ecotype)
(Choi et al., 2022) such as DEFECTIVE IN NITROGEN FIXATION
2 (DNF2 Bourcy et al.,, 2013), Symbiotic CYSTEINE-RICH
RECEPTOR-LIKE KINASE (SymCRK) (Berrabah et al., 2014a),
REGULATOR OF SYMBIOSOME DIFFERENTIATION (RSD)
(Sinharoy et al., 2013), NODULES WITH ACTIVATED DEFENSE
1 (NAD1) (Wang et al, 2016), and NODULE INCEPTION
(NIN) (Liu et al., 2021). They correspond respectively to a
phospholipase-C phosphatidyl-dependent protein-like, a cys-
teine-rich receptor kinase, a C,H, transcription factor (TF), a
transmembrane protein, and a symbiotic TF. These genes coor-
dinate their action to control nodule immunity, as an example
DNF2, SymCRK, and RSD act sequentially during nodule devel-
opment to repress defense (Berrabah et al., 2015). Studies of
the bacteroid differentiation process revealed that plants
lacking NAD1 (Wang et al., 2016; Domonkos et al., 2017), DNF2
(Bourcy et al., 2013), SymCRK (Berrabah et al., 2014a), and
RSD (Sinharoy et al., 2013) display symbiotic arrest early in
the TDB process. Interestingly, identification of the signal
involved in the activation of defense in dnf2, symCRK, and
rsd nodules revealed that DNF2 prevents defenses in response
to environmental elicitors (Berrabah et al., 2014b), whereas
SymCRK and RSD repress the immunity in response to
bacterial infection and/or bacteroid differentiation (Berrabah
et al., 2015).

The legume-rhizobium interaction is energy-consuming and the
host can tightly control misfunctioning nodules by activating
senescence (Booth et al.,, 2021; Zhou et al, 2021). The
senescence can be defined as a phenomenon of decline
leading to the end of cell functions with progressive destruction
and nutrient recycling from senescing plant tissues (Gan, 2018).
The senescence naturally occurs when nodule efficiency
decreases with aging (developmental senescence) but can also
be induced in response to stress or in the presence of nitrogen
in the environment (induced senescence) (Berrabah et al.,
2018a; Zhou et al., 2021). Inactivation of genes required for
nodule metabolism and functioning such as iron (Walton et al.,
2020) and sulfate transport (Ma et al., 2023) or involved in the
TDB (Horvath et al., 2015, 2023; Kim et al., 2015) also results in
the formation of non-fixing nitrogen (fix-) nodules with early
senescence features. The senescence in the nodule aims to
adjust the metabolic balance between the carbon (C) provided
by the host to the symbiont and the nitrogen (N) fixed by the
bacteroid (Laguerre et al., 2012; Staudinger et al., 2016;
Lambert et al., 2020) and can occur differentially according to
the nodule and the senescence types (developmental or
induced). In determinate nodules the senescence starts from the
central zone and extends outwards, whereas in indeterminate
nodules the senescent zone develops at the nodule base,
harbors a cylindrical shape in the center of the nodule, and
spreads to the periphery (Puppo et al., 2005; Van de Velde et
al., 2006; Pérez Guerra et al.,, 2010). The senescence is
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associated with the oxidation of the leghemoglobin resulting in
a greenish coloration of senescent nodules (Xia, 2018). In
addition, during this process, the induction of specific genes,
the CYSTEINE PROTEASES (CPs), occurs. These genes are
involved in cell content recycling and potentially in bacteroid
degradation (Pierre et al., 2014).

Beside senescence, immunity is also an essential process con-
trolling the symbiotic interaction (Gourion et al., 2015; Berrabah
et al., 2019). Immune responses arise in nodules upon some
treatments such as wounding (Berrabah et al., 2023), boron
deficiency (Reguera et al., 2010), or in mutants defective in
genes that control immunity and chronic infection (Bourcy
et al.,, 2013; Sinharoy et al., 2013; Berrabah et al., 2014a;
Wang et al., 2016; Liu et al., 2021). Suppression of defenses
is therefore required for nodule functioning. Interestingly,
senescence and immunity start from the host infected cells and
spread to uninfected cells (Van de Velde et al., 2006; Berrabah
et al., 2018b); however, unlike the senescence that leads to a
progressive destruction and recycling of cell components, the
immune response is generally a rapid reaction leading to an
increased expression of defense and stress-response genes
like PATHOGENESIS-RELATED PROTEINS (PRs) and the se-
cretion of defense compounds like phenols or phytoalexins
(Naoumkina et al., 2007; Miller et al., 2017).

Immunity and senescence play a crucial role in nodule func-
tioning and deregulation of these processes can lead to the
suppression of the bacteroid and the arrest of the nodule devel-
opment or functioning. However, the relationship between im-
munity and senescence is poorly discussed in the literature. In
this review, we discuss the types of interactions occurring be-
tween immunity and senescence in the nodule in association
with genetic and physiological factors that control or influence
this relationship.

SENESCENCE AND IMMUNITY INDUCE
DISTINCT PHYSIOLOGICAL RESPONSES
IN THE NODULE

Due to the difficulty to distinguish between senescence or de-
fense responses in the nodule, authors often confuse them in
the literature. Defense and senescence markers are generally
used to assess these responses in the symbiotic organ. Senes-
cence is evaluated by analyzing the expression of genes involved
in cell recycling such as the CPs (Wyk et al., 2014; Vorster et al.,
2019), such as CP2 to CP6 genes, which are specific of the
nodule senescence in M. truncatula (Pérez Guerra et al., 2010;
Zhou et al., 2021; Sauviac et al., 2022). By contrast, the
expression of various defense genes (Table 1) like PRs is used
to evaluate the nodule defense status. However, defense genes
used in these analyses can be different from one publication to
another due to the fluctuation of gene expression depending on
culture conditions and nodule age (Bourcy et al, 2013;
Berrabah et al., 2023). Moreover, the expression level of certain
defense genes like PRs is frequently higher than that of CPs in
the nodule (Berrabah et al., 2023; Nguyen et al., 2023), which
sometimes leads to confusion about the activated process. It is
thus important to select multiple and strongly expressed
defense markers or to perform transcriptomic analyses to
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Gene ID Genotype Abbreviation Full name Reference
Medtrdg076470 Medicago sp. BGL (1-3 glucanase Berrabah et al. (2014a)
Medtr3g080050 Medicago sp. CERK1-like Chitin Elicitor Receptor Kinase 1 Wang et al. (2016)
Medtr3g118390 Medicago sp. Chitinase Chitinase Class | Berrabah et al. (2014a)
Medtr6g007763 Medicago sp. DOX Pathogen-inducible a-dioxygenase Wang et al. (2016)
Medtr2g084010 Medicago sp. Lip Lignin Biosynthetic Peroxidase Wang et al. (2016)
Medtr2g008360 Medicago sp. MtBAK1 BRASSINOSTEROID INSENSITIVE Wang et al. (2016)

1-ASSOCIATED RECEPTOR KINASE 1
Medtr4g094610 Medicago sp. MLtFLS2 Flageline Sensing 2 Wang et al. (2016)
Medtrbg076170 Medicago sp. NDR1 NONRACE-SPECIFIC Berrabah et al. (2014a)

DISEASE RESISTANCE1
Medtr1g064090 Medicago sp. PAL Phenlyalanine Amonia-Lyase Berrabah et al. (2014a)
Medtr4g128750 Medicago sp. PR1 Pathogenesis-related protein 1 Wang et al. (2016)
Medtr2g035150 Medicago sp. PR10 Pathogenesis-related protein 10 Bourcy et al. (2013)
Medtr6g033450 Medicago sp. PR10 Pathogenesis-related protein 10 Berrabah et al. (2023)
Medtr4g120970 Medicago sp. PR10 Pathogenesis-related protein 10 Berrabah et al. (2023)
Medtr5g010640 Medicago sp. PR5 Pathogenesis-related protein 5 Berrabah et al. (2023)
Medtr8g096910 Medicago sp. PR5 Pathogenesis-related protein 5 Berrabah et al. (2023)
Medtr1g099310 Medicago sp. PR8 Pathogenesis-related protein 8 Berrabah et al. (2023)
Medtrbg027860 Medicago sp. R gene CC-NBS-LRR Wang et al. (2016)
Medtr4g091380 Medicago sp. R gene LRR - NBS Wang et al. (2016)
Medtr8g470390 Medicago sp. R gene TIR-NBS-LRR Wang et al. (2016)
Medtr3g098350 Medicago sp. RbohD Respiratory Burst Oxidase-like Wang et al. (2016)

Protein D
Medtr1g016780 Medicago sp. VPE Vacuolar Processing Enzyme Wang et al. (2016)
Medtr8g014650 Medicago sp. VSP Vesicles Storage Protein Berrabah et al. (2014a)
Medtr8g098945 Medicago sp. WRKY29 WRKY 29 Wang et al. (2016)
Medtr3g031220 Medicago sp. WRKY33 WRKY 33 Wang et al. (2016)
Glyma.15G062500 G. max PR1 Pathogenesis-related protein 1 Krishnan et al. (2016)
Glyma.03G132700 G. max PR2 Pathogenesis-related protein 2 Nguyen et al. (2023)
Glyma.01G165800 G. max Rj4 Pathogenesis-related protein 5 Yasuda et al. (2016)
Glyma.15G062400 G. max PR1 Pathogenesis-related protein 1 Yasuda et al. (2016)
Glyma.13G278000 G. max PDF1.2 Plant Defensin 1.2 Yasuda et al. (2016)
Glyma.16G 128000 G. max Rj2 TIR-NBS-LRR Sugawara et al. (2018)
Glyma.05G245800 G. max PR5 Pathogenesis-related protein 5 Hashami et al. (2019)
Lj6g0000876 L. japonicus PR10 Pathogenesis-related protein 10 Nakatsukasa-Akune et al. (2005)
Lj1g0008690 L. japonicus Chitinase Chitinase class | Nakatsukasa-Akune et al. (2005)
Lj390020393 L. japonicus BGL B81-3 glucanase Nakatsukasa-Akune et al. (2005)
Lj290017950 L. japonicus DOX Pathogen-inducible a-dioxygenase Nakatsukasa-Akune et al. (2005)
Lj390025759 L. japonicus MPK3 Mitogen-associated Protein Kinase 3 Lopez-Gomez et al. (2012)
Lj490021901 L. japonicus CP450 Cytochrome P450 Lopez-Gomez et al. (2012)

Table 1. Defense markers validated by reverse transcription qPCR for the nodule immune response analysis.

validate defense responses in nodules (Wang et al., 2016; Liu

et al., 2021; Zhang et al., 2023).

To avoid any potential confusion between senescent nodules and
those with exacerbated defenses, gene expression needs to be
associated with analysis of the nodule phenotype. In addition to

the induction of CPs, senescent nodules display a white or
greenish color due to the absence or the degradation of the le-
ghemoglobin, respectively (Luo et al., 2005; Xia, 2018). By
contrast, necrotic nodules with exacerbated defenses display a
brownish color, accumulate defense compounds such as
phenols and often overexpress defense markers (Bourcy et al.,

Plant Communications 5, 100888, April 8 2024 © 2024
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2013; Sinharoy et al., 2013; Berrabah et al., 2014a; Wang et al.,
2016; Liu et al., 2021).

It is noteworthy that, in the literature, senescence is less studied
in the nodule than in other plant organs. Similarly, the expression
of defense and senescence markers, or the accumulation of
phenolic compounds, are not always reported or described. In
this review, the immunity is considered as stimulated when at
least an overexpression of defense genes is observed compared
with senescence markers. In contrast, senescence is considered
to be stimulated when senescence markers are more induced
than defense genes.

SENESCENCE AND IMMUNITY
COOPERATE IN NON-SYMBIOTIC PLANT
ORGANS

The relationship between immunity and senescence is poorly
understood within the nodule, whereas outside this organ, this
relationship has been studied in depth and provides valuable in-
formation for understanding the interplay between immunity and
senescence.

It is largely accepted that senescence and immunity cooperate
during senescence or defense responses in plant organs other
than nodules. As an example, the treatment of Arabidopsis
thaliana seedlings with the FLAGELLIN 22 (FLG22) peptide,
a bacterial Microbial/Pathogen-Associated Molecular Pattern
(M/PAMP), leads to the activation of an M/PAMP-Triggered Im-
munity (MTl or PTI) (Sanguankiattichai et al., 2022). This
response is accompanied by the stimulation of senescence
markers, indicating that PTI activates senescence (Denoux
et al.,, 2008). Moreover, in A. thaliana the proliferation of the
pathogenic bacteria Pseudomonas syringae in planta can be
suppressed by an induced senescence through the abscission
of cauline leaves. This induced senescence is only observed
with the P. syringae strains carrying a functional TYPE Il
SECRETION SYSTEM (T3SS) (Patharkar et al.,, 2017), a
molecular complex used by the bacteria to inject effectors into
the host cell to shut down the PTI signaling and hijack plant
metabolism (Ngou et al., 2022). Plants can perceive effectors
through intracellular NUCLEOTIDE-BINDING SITE LEUCINE-
RICH REPEAT receptors (NBS-LRRs) and induce effector-trig-
gered immunity (ETI). This response represents a second layer
of the plant immunity after the PTI (Wu et al., 2014). The
A. thaliana mutant impaired in SENESCENCE-ASSOCIATED
GENE 101 (SAG101) fails to induce leaf senescence (He
and Gan, 2002). SAG7071 encodes an acyl hydrolase forming
a complex with the NBS-LRR, ENHANCED DISEASE
SUSCEPTIBILITY 1 (EDS1), and controls plant innate immunity.
Together these data indicate that beyond PTI, ETI can also trigger
senescence responses (Feys et al., 2005; Dongus and
Parker, 2021).

In addition to PTl and ETI, phytohormones such as jasmonic acid
(JA) and salicylic acid (SA) also regulate plant immunity (Pieterse
et al., 2012). The analysis of natural leaf senescence in the non-
legume A. thaliana or the leguminous plant G. max, revealed
the activation of genes associated with JA and the stimulation
of defense-related genes such as PATHOGENESIS-RELATED
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PROTEIN 1 (PR1, Gupta et al., 2016; Borniego et al., 2020).
Moreover, silencing of the AUTOPHAGY-RELATED GENE 2
(ATG2) in soybean led to acceleration of the senescence
(Hashimi et al., 2021). These fast senescence responses co-
occur with the stimulation of immunity through accumulation of
the SA hormone and reactive oxygen species (ROS) as well as in-
duction of PR1 (Hashimi et al., 2021). Other studies revealed a
tight cooperation between immunity and senescence in plants
for the suppression of inefficient and pathogen-infected organs
(Zhang et al., 2020).

It has been proposed that pathogen-triggered senescence in
plants is a part of the immune response and that senescence in-
creases the plasticity of immunity as plants are able to eliminate
infected organs to withstand the infection (Patharkar et al., 2017).
In addition, the activation of the senescence can also be the result
of metabolic depletion induced by pathogens (Haffner et al.,
2015). In agreement with that, the inoculation of Oryza sativa
with the pathogen Cochliobolus miyabeanus decreases the
photosynthesis and the nitrogen contents, which are associated
with the induction of the senescence process (Bockhaven et al.,
2015). In contrast, the role of the defense genes whose
expression is stimulated during the developmental senescence
remains to be clarified. Different non-exclusive hypotheses can
explain this observation: (1) defenses could help plants to destroy
senescent tissues. Indeed, the defense gene PATHOGENESIS-
RELATED PROTEIN 10 (PR10) encoding an endonuclease
involved in programmed cell death, is induced in different senes-
cent organs and could participate in the cell death establishment
observed during senescence (Wu et al., 2017; Lee et al., 2018;
Morris et al.,, 2021). (2) Immunity could also protect the
senescent organs from potential invaders as senescent organs
display a drastic reduction of the cell integrity, which can
represent an entrance for microbes. (3) The defense response
can potentially result from a stress generated during the
senescence. In agreement with this, the treatment of nodulated
plants with phosphinothricin, a herbicide inhibiting the glutamine
synthetase (Takano and Dayan, 2020), leads to a stress-induced
senescence in the nodule. This induced senescence displays
defense stimulation higher than those observed during develop-
mental senescence, indicating that the stress is an important fac-
tor affecting the recruitment of defense during the senescence
(Van de Velde et al., 2006; Seabra et al., 2012). (4) The
stimulation of immunity observed during senescence could also
result from the perception of Damage-Associated Molecular
Pattern (DAMP) molecules by the host, which are plant
compounds released during pathogen infection, cell damage, or
in response to cell death signaling (Li et al., 2020). According to
that, the treatment of A. thaliana seedlings with the DAMP
oligogalacturonides stimulates defense and senescence genes
(Davidsson et al., 2017).

SENESCENCE OF NITROGEN-FIXING
NODULES CO-OCCURS WITH IMMUNE
STIMULATION

Senescence of the nitrogen-fixing (fix+) nodules is different from
that of other plant organs since, in addition to the recycling of the
host cell, it also allows the recycling of the bacteroids (Gourion
et al.,, 2015). Despite nodule specificities, the comparison of
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M. truncatula transcriptomes from senescent leaves and nodules
revealed an overlap of physiological responses (Pérez Guerra
et al,, 2010). Similarly, treatment of nodulated plants with
phosphinothricin induces nodule senescence and a massive
induction of CPs and defense genes (Seabra et al., 2012). In
addition, RNA-seq analyses of G. max nodules undergoing
developmental senescence revealed an accumulation of PR
transcripts (Yuan et al., 2017). Together these observations
indicate an activation of the immunity in senescent nodules as
reported for leaves.

Unlike some CPs specifically expressed during nodule senes-
cence, activated defense genes do not appear to be exclusively
related to symbiosis. For example, in M. truncatula, several PRs
that are upregulated during nodule senescence, are also overex-
pressed in roots exposed to pathogens such as Phymatotrichop-
sis omnivora (Benedito et al., 2008; Uppalapati et al., 2009; Seabra
et al., 2012). In addition, it has recently been shown that the root
pathogen Ralstonia solanacearum is able to infect M. truncatula
nodules and that defense genes induced in senescent nodules
are also induced in nodules infected by this pathogen without
apparent senescence features (e.g., formation of senescent
zone or overexpression of CPs) (Benezech et al., 2020). It
indicates that defense activation is not systematically
associated with senescence response in fix+ nodules.

IMMUNITY INFLUENCES SENESCENCE
ACTIVATION IN THE NODULE

In certain circumstances the stimulation of the immune response
in the nodule also leads to the induction of the senescence. For
example, the accumulation of necrotic tissues that are character-
istic of defense responses, can also be associated with senes-
cence when CPs are stimulated (Horvath et al., 2015; Liu et al.,
2021). Moreover, induction of defense and senescence markers
combined with bacteroid death is observed in M. littoralis
(R108) nodules exposed to wounding, suggesting that the
loss of the symbiotic organ integrity (due to mechanical
stress or the rupture of the oxygen barrier) compromises the
symbiont survival through stimulation of both immunity and
senescence (Berrabah et al., 2023). A transcriptome analysis of
Bradyrhizobium diazoefficiens 113-2, the endosymbiont of
G. max, reveals the accumulation of core T3SS transcripts during
nodule senescence (Yuan et al., 2021). Similarly, the inoculation
of L. japonicus ecotype MG-20 or Lotus burttii with the Bradyrhi-
zobium elkanii incompatible strain leads to the formation of
senescent nodules. The use of the B. elkanii strain mutated in
the T3SS or in the symbiotic effector NopM delays the sen-
escence response (Kusakabe et al., 2020). NopM was shown
to prevent defense signaling through ubiquitin-ligase activity
resulting in ROS accumulation (Xin et al., 2012). Together these
observations indicate that a default in immune suppression can
lead to senescence responses. NopL is another effector
preventing nodule senescence during the interaction between
Sinorhizobium sp. strain NGR234 and its host P. vulgaris
(Zhang et al., 2011). NopL prevents early senescence through
the phosphorylation of a MITOGEN-ACTIVATED PROTEIN Ki-
NASE (MAPK) involved in defense signaling activation (Ge
et al., 2016). Taken together these data indicate that default in
PTI inhibition can trigger a senescence process in the nodule.

Plant Communications

IMMUNITY AND SENESCENCE SHOW
CONTRASTED RESPONSES DURING
NODULE DEVELOPMENT

Nodule development involves hundreds of plant and rhizobia
genes synchronized during symbiosis. Some of these genes act
sequentially during the nodule development and their inactivation
can abort symbiosis at different nodule developmental stages,
which can be correlated with the arrest of the bacteroid differen-
tiation (Oke and Long, 1999; Mitra and Long, 2004; Maunoury et
al., 2010). Accordingly numerous legume mutants forming fix-
nodules have been identified with the largest collection
described in M. truncatula and M. littoralis (R108) (Starker et al.,
2006; Pislariu et al., 2012; Kang et al., 2016; Roy et al., 2020).
The nodule development of fix- mutants is generally arrested
during the bacteroid differentiation process. In M. littoralis
(R108)-producing indeterminate nodules with TDB, fix- mutants
can be classified into three groups depending on the symbiotic
phenotype and CP/PR expression (Figure 1): the first group
(G1) develops small brownish nodules with exacerbated
defenses characterized by phenol accumulation and premature
abortion of the differentiation process (non-elongated bacteroids).
This group almost displays higher stimulation of defense genes
than senescence markers, as observed in dnf2 (Bourcy et al.,
2013; Berrabah et al., 2014a, 2023). The second group (G2)
includes mutants producing senescent nodules with dead
elongated bacteroids as for sultr3.5 and a higher induction of CPs
than defense genes (Berrabah et al., 2023). The third group (G3)
includes mutants producing necrotic nodules with elongated
bacteroids and phenol accumulation and a high expression
level of both CPs and PRs as observed in the fix- mutant
nf2100 (Berrabah et al., 2023). These different behaviors reflect
a complex relationship between defense and senescence
responses, which are not always stimulated with similar amplitude
in fix- nodules. In addition, the differences in bacteroid
differentiation observed between the fix- mutants seem to
indicate that the variation in PRs and CPs stimulation can
change according to the nodule developmental stage (Berrabah
et al., 2023).

Leguminous plants producing determinate nodules without TDB,
such as G. max, show co-activation of the immunity and the senes-
cence in senescent wild-type (WT) fix+ nodules (Yuan et al., 2017).
Unlike M. littoralis (R108), in mutants producing determinate
nodules impaired in nitrogen fixation, the contrasted responses
observed between immunity and senescence stimulation are not
clear. As an example, mutants of G. max URICASE (UOX) and
XANTHINE DEHYDROGENASE (XDH) genes form necrotic
nodules with a low nitrogen-fixation activity. Expression analyses
revealed an overexpression of both defense (PR7) and senescence
(CP1) markers in uox compared with the WT, although PR7 shows
a higher expression than CP71 (Nguyen et al., 2023). These
observations suggest that uvox and potentially xdh mutants
develop nodules with a phenotype similar to that observed in
the G1 mutant group of M. littoralis (R108). Like for plant
producing indeterminate nodules (Medicago species), this
necrotic phenotype is not always observed in G. max mutants
producing fix- nodules since several mutants developing non-
necrotic nodules have been isolated (So et al., 1987; Thony-
Meyer et al., 1989; Appunu and Dhar, 2008); however, the
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Figure 1. Immunity/senescence stimula-
tion in indeterminate nodules.
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evaluation of the defense stimulation is not yet compared in these
nodules. Surprisingly, in L. japonicus, the inactivation of SymCRK
and NADT, two genes involved in the suppression of nodule
immunity, does not affect nodule functioning (Yu et al., 2019),
whereas the mutated alleles of this genes in M. littoralis (R108)
develop nodules with exacerbated defense responses (Berrabah
et al., 2014a; Wang et al., 2016). The different behaviors between
nodules producing or not TDB, point to the presence of a
divergent control of immunity and senescence.

THE IMMUNITY AND SENESCENCE
BALANCE IN NODULES

The expression patterns of defense and senescence markers in
M. littoralis (R108) nodules suggest a balance between these pro-
cesses rather than an opposition (Figure 1). As mentioned earlier, a
slight stimulation of CP and PR genes can be observed in G1 and
G2 mutants, respectively, indicating that senescence and defense
processes are not totally suppressed in nodules showing
exacerbated defense or senescence (Sinharoy et al.,, 2013;
Wang et al., 2016; Berrabah et al., 2023). This hypothesis is
supported by the observation demonstrating that cultivation of
G2 mutants in sand/perlite media which can contain
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In M. littoralis (formerly M. truncatula R108), three
groups of fix- mutants can be distinguished based
on nodule phenotype and stimulation of immu-
nity/senescence markers. Group 1 (G1) mutants
like dnf2 (Bourcy et al., 2013) produce small
necrotic nodules showing UnDifferentiated (UD,
non-elongated) bacteroids and exacerbated de-
fense reactions (Bourcy et al., 2013; Sinharoy
et al., 2013; Berrabah et al., 2014a). G1 mutants
show higher stimulation of defense genes
(example PR8) than senescence markers
(example CP3) (Berrabah et al., 2023). Group 2
(G2) mutants develop elongated fix- nodules
with senescent behaviors and Elongated Non-
Fixing (E-NF) nitrogen bacteroids, such as
sultr3.5 (Berrabah et al., 2023). This group shows
a higher expression of senescence genes than
defense genes. Group 3 (G3) mutants such as
nf2100 develop elongated nodules with E-NF
bacteroids and nodule necrosis. These mutants
present high stimulation of both defense
and senescence genes (Berrabah et al., 2023).
WT plants produce nodules hosting fully
differentiated (Elongated Fixing [EF] nitrogen)
bacteroids. Induction of senescence response in
WT nodules leads to the degradation of the
leghemoglobin (conferring a greenish color to
the nodule) and to the stimulation of defense
and senescence markers, as observed during
nodule response to wounding (Berrabah et al.,
2023). The graphs show the mean relative gene
expression in the mutants (dnf2, sultr3.5, nf2100)
compared with the WT and in the wounding
nodules compared with the control. Error bars
represent the standard errors. Triangles
represent the amplitudes of defense (red) and
senescence (green) stimulation in the nodules.

L.
N

environmental elicitors such as microbes or polysaccharides
(Elieh-Ali-Komi and Hamblin, 2016; Chialva et al., 2018;
Semchenko et al., 2022), reduces senescence and enhances
immune responses compared with axenic culture conditions
(Berrabah et al., 2023). This suggests that environmental elicitors
can reverse the immunity/senescence stimulation in G2 mutants.
In line with this, it was previously demonstrated that defenses
observed in the M. littoralis (R108) dnf2 mutant are dependent of
environmental conditions. Indeed, the cultivation of this mutant
on a medium containing a low concentration of elicitor (e.g.,
agarose) restores the WT nitrogen-fixation capacity, whereas
growing it on a medium enriched in a defense elicitor such as ulvan
(Jaulneau et al., 2010) leads to a fix- phenotype (Berrabah et al.,
2014b). Based on these observations, we speculate that specific
genes such as DNF2 may influence the immunity/senescence
relationship in the nodule in response to environmental elicitors.

PHYTOHORMONES MODULATE THE
IMMUNITY/SENESCENCE INTERPLAY IN
THE NODULE

Ethylene is a central hormone controlling senescence and immu-
nity in plants. Ethylene impacts the gene expression through the
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de-repression of the TF ETHYLENE-INSENSITIVE 2 (EIN2)
(Guinel, 2015; Binder, 2020). Inoculation of legumes with
rhizobia strains overexpressing the 1-AMINOCYCLOPROPANE-
1-CARBOXYLIC ACID (ACC) DEAMINASE, an enzyme degrading
the ethylene precursor ACC, leads to the formation of nodules ex-
hibiting delayed senescence (Tittabutr et al., 2015; Lopez et al.,
2018). Moreover, the application of ethylene on M. littoralis
(R108) fix+ nodules results in an upregulation of defense and
senescence markers (Berrabah et al., 2018b). Similarly,
reduction of the ethylene biosynthesis in nodules of dnf2 and
symCRK (G1 mutants) treated with an ethylene biosynthesis
inhibitor, the aminoethoxyvinylglycine, decreases defense
responses (van Loon et al., 2006; Berrabah et al., 2018b).
These findings indicate that ethylene signaling affects defense
and senescence in fix- and fix+ nodules, playing a key role in
controlling the immunity/senescence interplay. Interestingly,
ethylene seems to affect the senescence/immunity balance
differentially depending on the legume species. L. japonicus
and M. truncatula nodules treated with ethylene develop a
typical senescence zone, whereas M. littoralis (R108)-treated
nodules display necrosis (Berrabah et al., 2018b). Similarly, fix-
mutants of P. sativum exhibiting immune or senescence
responses in nodules show, respectively, low or high expression
of ETHYLENE BIOSYNTHESIS GENES (EBGs), suggesting that
ethylene stimulates nodule senescence rather than immunity in
P. sativum (Serova et al., 2018). In addition, nitrogen supply on
M. truncatula nodulated plants cultivated in a split-root system
leads to nodule senescence stimulation of treated and non-
treated roots (Kosslak and Bohlool, 1984; Lambert et al., 2020).
These senescent nodules showed expression stimulation of
defense genes, senescence genes, and EBGs, suggesting that
the ethylene could control immunity and senescence at a
systemic level (Lambert et al., 2020).

Other hormones interplay with the ethylene signaling pathway
during plant senescence. The JA acts synergistically with the
ethylene to control plant defense and senescence stimulation
(Guinel, 2015). JA promotes ethylene responses through the
degradation of JASMONATE-ZIM DOMAIN 2 (JAZ2), leading to
the release of MYC2 involved in the stimulation of numerous
genes including EBGs and ETHYLENE RESPONSE FACTORS
(ERFs) (Wasternack, 2007; Ju and Chang, 2015). Senescent
nodules of G. max display an accumulation of JA (Costanzo et
al., 2012) and some LIPOXYGENASE (LOX) genes involved in
JA biosynthesis are upregulated in M. littoralis (R108) fix-
mutants such as symCRK (Berrabah et al., 2018b). LOX
transcripts also accumulate in senescent WT fix+ nodules and
induction of LOX genes is often associated with the
accumulation of the stress hormone, the abscisic acid (ABA)
(Ferguson and Mathesius, 2003). These findings indicate that
JA and ABA also participate in the control of defense and
senescence responses in the nodule.

Beside the JA, SA effects are also extensively studied in plants
since this hormone contributes to the regulation of defense and
senescence responses (Zhang et al.,, 2020). The SA acts
antagonistically to the JA and prevents JA-induced leaf senes-
cence (Ji et al., 2016). During early symbiotic interactions (e.g.,
nodule formation), SA hinders root infection by the rhizobia. For
example, expression of the NahG gene encoding salicylate
hydroxylase (SA degrading enzyme) in M. truncatula A17 or in
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L. japonicus reduces the SA content and increases root
infection and nodule numbers (Stacey et al., 2006). In the
nodules, the role of the SA is not yet understood, but regarding
to its essential function in other plant organs, SA probably plays
a key role in the regulation of the senescence and the defense
in the nodules.

Gibberellins (GAs) are also antagonist actors of the ethylene-JA
and ABA pathways (Pieterse et al., 2012). The P. sativum
mutants, sym26, sym33, sym27, and sym40 exhibiting
senescent nodules display low concentration of GAs and high
EBGs expression, whereas an application of GAs on WT fix+
nodules leads to a delayed senescence and a decrease of EBG
expression (Serova et al., 2019). Therefore, GAs likely act in
opposition with other phytohormones for the adjustment of the
immunity/senescence stimulation in the nodules. Strigolactones
are other important phytohormones that regulate nodulation
(McAdam et al., 2017). Van Dingenen and colleagues showed
that ramosus (rms) mutants of P. sativum impaired in
strigolactone synthesis (rms? and rms5) and signaling (rms3
and rms4) display a delay of the nodule senescence. This
behavior correlates with a slight reduction of malic acid level
during nodule organogenesis and a reduction of sugars in the
senescent nodules (Van Dingenen et al., 2023). These
observations suggest that strigolactones also participate in
nodule senescence, potentially by affecting sugar levels.

THE REDOX STATE CONTRIBUTES TO
THE CONTROL OF THE BALANCE
BETWEEN IMMUNITY AND SENESCENCE

The redox state is the result of homeostasis between the presence
on one hand of oxidative molecules such as ROS and reactive ni-
trogen species (RNS), and on the other hand antioxidants able to
buffer the oxidative molecules (Mandon et al., 2021). Several
reviews discussing the role of ROS, RNS, and antioxidant
molecules during symbiosis have been published (Montiel et al.,
2016; Bruand and Meilhoc, 2019; Fernandez-Gobel et al., 2019;
Minguillon et al., 2022). It was shown that both ROS and RNS
trigger defenses during the root infection by the rhizobia,
stimulate symbiotic gene expression and control nodule
senescence (Berger et al, 2021; Minguillon et al., 2022).
However, the precise role of these reactive species in the
immunity/senescence interplay in the nodule needs further
investigations. Sinorhizobium meliloti mutants /srB altered in the
LysR regulator show an increased ROS production and induce
senescent nodules (Luo et al., 2005; Tang et al., 2013; Syska
et al., 2019). Furthermore, in M. littoralis (R108), NAD1 represses
the symbiotic immunity through the prevention of ROS
production by inhibiting the RESPIRATORY BURST OXIDASE HO-
MOLOGS (RBOHB and RBOHD) (Yu et al., 2018), suggesting that
ROS contribute to the symbiotic defense signaling. In addition, the
role of ROS in immunity and senescence stimulation seems to be
divergent between legume species as, unlike in M. littoralis
(R108), the knockout mutant of NAD7 in L. japonicus does not
alter the symbiotic nodule functioning (Yu et al., 2019). Moreover
overexpression of PvRBOHB in P. vulgaris leads to ROS
accumulation and delays nodule senescence, indicating that
ROS likely act as anti-senescence molecules in P. vulgaris
(Arthikala et al., 2014). More generally, the production of ROS
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Figure 2. PTI-associated genes are expressed
during the nodule senescence in M. truncatula.
Senescent nodules overexpress some PTl-associ-
ated genes such as the FLS2-BAK1 signaling com-
ponents. On the left, the molecular model of FLS2-
BAK1 signaling described in A. thaliana by Bigeard
et al. (2015): FLS2 perceives the FLG22 peptide, a
component of the bacterial flagellin. The binding of
FLG22 to FLS2 induces its heterodimerization with
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(MAPK) cascades: MKK4-5/MPK6-3 and MEKK1/
MKK1-2/MPK4. The MAPKs stimulate transcrip-
tional factors involved in the induction of defense
genes (Bigeard et al., 2015). On the right panel is
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and module 2: MEKK1: Medtr5g060350/MKK1:

Medtr2g040510, MKK2: Medtr4g125800/MPK4: Medtr7g078690) show similar expression in non-senescent and senescent nodules except for MPK3 and
MPK4, which are more expressed in senescent nodules. The graphs show the mean gene expression and the error bars represent the standard errors. The
black colors represent the expression values for control treatments. The gray colors represent the expression values in nodules after treatments with nitrate
or phosphinothricin. Orthologous genes were identified using the Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html) and the expression
data were obtained from the M. truncatula Gene Expression Atlas (https://medicago.toulouse.inrae.fr/GEA). The genes detected by two probsets (MKK4/5,
MEKK1, MKK2, and MPK4) are distinguished in the graphics and annotated with numbers 1 and 2.

stimulates the senescence in indeterminate nodules and prevents
it in determinate nodules (Puppo et al., 2005).

Nitric oxide (NO) is the most studied RNS produced during sym-
biosis. In M. truncatula and M. littoralis nodules, NO is highly pro-
duced in the fixation zone and close to the senescent zone
(Berger et al., 2021). Inoculation of M. truncatula with S. meliloti
strain overexpressing the Flavohemoglobin (HMP) encoding
NO-detoxifying enzyme, delays nodule senescence (Cam et al.,
2012). The role of NO in nodule defense and senescence
activation requires further studies, but it has been proposed
that NO acts as a signal molecule controlling protein activities
through S-nitrosylation, tyrosine nitration, and metal nitrosylation
(Berger et al., 2021). In agreement with that, different symbiotic
proteins are able to complex with NO, such as the rhizobial TF
NnrR regulating denitrification (Mesa et al., 2003; De Bruijn
et al., 2006; Meilhoc et al., 2010). NO could also interplay with
the ethylene signaling as it was shown that the group VIl
ethylene TFs of A. thaliana participate in the NO signaling
(Gibbs et al., 2015). Interestingly, the overexpression of the
HMP gene in Mesorhizobium loti reduces NO without affecting
the senescence in L. japonicus nodules, suggesting that, in
addition to ROS, NO also shows differential effects in nodules
depending on the legumes species (Fukudome et al., 2021).
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DEFENSE SIGNALING EVENTS
ASSOCIATED WITH THE NODULE
SENESCENCE

The expression of a wide range of genes controlling the immune
signaling pathways is stimulated in the nodule during senescence
and defense responses. Several LRR-RLK genes are upregulated
in M. littoralis (R108) mutants showing nodules with exacerbated
defense or in fix+ senescent nodules. These genes include the
FLAGELLIN SENSING 2 (FLS2) and BRASSINOSTEROID
INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1 (BAKT) re-
ceptors whose expression are induced in G1 mutants nad1, rsd,
and in fix+ senescent nodules (Benedito et al., 2008; Seabra
et al., 2012; Sinharoy et al., 2013; Wang et al., 2016). Interestingly,
expression analyses of the M. truncatula orthologs of A. thaliana
genes associated to the FLS2-BAK1 signaling cascade (Bigeard
et al.,, 2015) reveals that these orthologs are expressed in the
nodules and that the expression of several of them (8 out of 13
genes) is increased upon nitrate- and phosphinothricin-triggered
senescence (https://lipm-browsers.toulouse.inra.fr/expression-
atlas/mtgeav3/, Figure 2). The expression of genes downstream
to FLS2-BAK1 signaling during senescence suggests that com-
ponents necessary for the activation of the PTI signaling are
induced during nodule senescence and that senescent nodules
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Figure 3. Upregulation of defense genes dur-
ing nodule senescence correlates with a
decrease of the symbiotic defense repressor
expression.

Medicago produces indeterminate nodules in which
a senescent zone is formed at the base of the
nodule and progresses toward the apex. During
the senescence of this organ, a downregulation
of symbiotic defense repressors (MtSymCRK,
MtDNF2, MtRSD, MtNAD1, and MtNIN) is observed
and correlates with an upregulation of defense
genes (MtPR10, MtNBS-LRR, and MtLYST-INTER-
ACTING PROTEIN: MtLIP). In G. max determinate
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are potentially more sensitive to M/PAMPs than non-senescent
nodules. Metagenomic analyses reveal that, in nature, the nodule
can contain several endophytic microbes in addition to the sym-
biont (Brown et al., 2020; Zheng et al., 2020). The higher
M/PAMP sensitivity of the senescent nodule can potentially
prevent uncontrolled endophyte proliferation during senescence.

In addition to the PTI signaling genes, the expression of the NBS-
LRRs and NON-RACE-SPECIFIC DISEASE RESISTANCE-1 LIKE
(NDR1-LIKE) genes controlling PTl and ETI (DeYoung and Innes,
2006; Knepper et al., 2011; Yang et al., 2021) is also induced
during nodule defense and senescence (Benedito et al., 2008;
Seabra et al., 2012; Wang et al., 2016; Liu et al., 2021). These
observations suggest a high potential of M/PAMPs and effector
perception of the nodule symbiotic organ during immune and
senescence responses. Furthermore, other proteins such as the
CALCIUM-DEPENDENT PROTEIN KINASE (CDPK) and RBOH en-
zymes also participate in nodule immunity signaling (Yu et al.,
2018). Interestingly, the analysis of the symCRK proteome
reveals the accumulation of RBOHG and calcium binding proteins
CDPK-RELATED KINASE 1 (CRK1), CDPK®, 15, and 23 proteins,
suggesting the conservation of similar defense signaling pathways
in G1 mutants (Berrabah et al., 2018b; Zhao et al., 2021). These
observations indicate that various members of the CDPK and
RBOH families are recruited in the nodules and their activities
appear essential for the control of defense signaling during the
development and the senescence of the symbiotic organ.

In M. littoralis (R108), the immune response observed during the
senescence process in fix+ nodules correlates with the downre-
gulation of SymCRK, RSD, DNF2, NAD1, and NIN (Figure 3). This
suggests that defenses produced in fix+ nodules during
senescence result from a reduced expression of genes
suppressing nodule immunity and consequently activation of
defense signaling (Berrabah et al., 2018b, 2023). Interestingly,
expression analyses in senescent nodules of G. max orthologs
of RSD, DNF2, NAD1, and NIN reveal that downregulation of
these genes co-occurs with an upregulation of defense markers

X
QQ‘

0\“

[ Fix+ Nodules [] Senescent nodules

r T (GmDNF2, GmRSD, GmNAD1, and GmNIN) (Roy
Qg,f‘ Qg,'} et al., 2020) are suppressed, whereas an induction
$ 068 of defense markers (GmPR1, GmPR4, GmPR5.1,
and GmPR5.2) is observed. Transcriptomic data
for M. truncatula and G. max are here analyzed
using GENEVESTIGATOR (Hruz et al., 2008). Log2
FC corresponds to the log2 fold change test
versus control.

(Figure 3). These data suggest that the reduced expression of
the defense suppressors is a common feature of indeterminate
and determinate nodules during the senescence.

TFs CONTROLLING IMMUNITY AND
SENESCENCE IN THE NODULE

Different TFs regulating the immunity and the senescence in
nodules have been identified. In addition to RSD, which is
required to prevent defenses in M. littoralis (R108) nodules, TFs
belonging to the NAC family control the nodule senescence
(De Zélicourt et al., 2012; Zhou et al., 2021; Sauviac et al.,
2022). Several members of this family are associated with plant
responses to biotic and abiotic stresses (Bian et al., 2020;
Meraj et al., 2020). In G. max, NAC018 and NACO039 are two
master regulators of the nodule senescence (Yu et al., 2023).
Interestingly these NAC genes are upregulated during the
response of both G. max-resistant and -susceptible genotypes
to the pathogenic fungus Sclerotinia sclerotiorum, indicating
that NAC018 and NACO039 might be recruited during G. max in
response to pathogens (Ranjan et al., 2019). Another well-
characterized NAC TF is NAC969, involved in M. truncatula
response to salt stress. The silencing of NAC969 leads to early
nodule senescence (De Zélicourt et al., 2012). Moreover, the
expression profile of NAC969 in the MtGEA database reveals a
stimulation of this gene in response to the root pathogen
P. omnivora in M. truncatula (https://lipm-browsers.toulouse.
inra.fr/pub/expressionAtlas/app)(Uppalapati et al., 2009). These
observations indicate that NAC TFs represent promising
candidates for the control of plant defense during nodule
senescence. In agreement with this, the NAC TFs SOYBEAN
NITROGEN-ASSOCIATED NAPs (SNAPs) 1, 2, 3, and 4 constitute
a transcriptional regulation hub of nodule senescence induced by
nitrate. In G. max SNAP1, 2, 3, and 4 activate the expression of
WRKY®6, 22, 33, and 7 ERF during the nodule senescence
(Wang et al., 2023). The WRKY family is involved in the plant
immunity in Medicago species as shown through transcriptomic
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Figure 4. Defense events associated with the nodule
senescence or loss of the immune repression.

The immune genetic network is recruited during the nodule senescence
and defense, and includes membrane-anchored (Receptor-like Kinase
[RLK]) and cytoplasmic receptors (NBS-LRR). These receptors activate
the defense signaling cascade, which can occur in response to various
signals including disorder between C and N metabolisms, environment
(including Microbial/Pathogen-Associated Molecular Patterns [M/PAMP],
biotic and abiotic stresses), and effectors injected by the rhizobium and
recognized by NBS-LRR. Activated receptors lead to the stimulation of
ROS production (generated by RBOH enzymes), the production of RNS
(like NO), the activation of Ca®* binding proteins such as CDPK, and the
stimulation of defense signaling proteins like MAPK. Defense signaling
activates TFs such as NAC and WRKY transcription factors that can
potentially induce defense genes like PRs, CHITINASES, BETA-ENDO-
GLUCANASE (BGL), and PHENYLALANINE AMMONIA LYASE (PAL).
Defense signaling together with induced defense genes leads to the
accumulation of defense compounds (phenol), activation of programmed
cell death (PCD) and bacteroid death.

analyses of resistant versus susceptible alfalfa (Medicago sativa
L.) plants to Pseudomonas syringae pv. syringae or Fusarium
root rot (Nemchinov et al., 2017). ERF genes are associated
with ethylene signaling and some of them are required in the
defense response against the spotted alfalfa aphid of resistant
versus susceptible M. truncatula lines (Jacques et al., 2020).
Two ERF genes from the B-3 subgroup, ERF1-3 and ERF1-4,
are similarly upregulated in WT and ein2 mutant insensitive to
ethylene (also called sickle) of M. truncatula in response to
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the fungal necrotrophic pathogen Rhizoctonia solani, indicating
that an EIN2-independent mechanism may contribute to the
pathogen-mediated regulation of these genes (Varma Penmetsa
et al., 2008; Anderson et al., 2010).

In contrast with NAC behaviors, the TFs bHLH2 and ATB2,
which are required to prevent M. truncatula nodule senescence,
are repressed during M. truncatula response to P. omnivorum
(https://lipm-browsers.toulouse.inra.fr/pub/expressionAtlas/app/)
(Uppalapati et al., 2009; D’Haeseleer et al., 2010; Deng et al.,
2019). Together these observations suggest the presence of
common and specific TFs regulating immunity and senescence
in the nodule.

IMMUNITY LEADS TO THE INDUCTION
OF GENES AFFECTING BACTEROIDS
AND HOST CELL SURVIVAL

Defense genes with different biochemical activities are associ-
ated with the nodule defense. As described earlier, some mem-
bers of the PR10 family are induced during senescence and im-
munity in different organs including necrotic or senescent
nodules (Liu et al., 2006; He et al., 2013). The PR10 family is
involved in the activation of programmed cell death in response
to pathogens and likely during nodule senescence (Reguera
et al., 2010; Ma et al., 2018). Moreover, PR10 can bind phenols
and potentially regulate the accumulation of these antimicrobial
compounds during nodule defense (Morris et al., 2021).

Other genes may participate in the death of bacteroids, including
PR5 (Berrabah et al., 2023), a homolog of thaumatin-like proteins
showing antimicrobial activity (Hu and Reddy, 1997). The
thaumatin-like Rj4 soybean gene controls host selection of the
rhizobium by activation of defense signaling (Tang et al., 2016;
Yasuda et al.,, 2016; Nguyen et al., 2017). PR8 is another
upregulated gene during nodule defense and senescence in G3
mutant and WT senescent nodules (Benedito et al., 2008;
Seabra et al., 2012; Berrabah et al., 2023) encoding a chitinase
class Il protein (Ali et al., 2018) with homology to antibacterial
lysozyme enzyme (Scheltinga et al., 1994). In Malus pumila Mill.
(apple tree), PR8 is induced during response to the bacterial
pathogen Erwinia amylovora (Santander et al., 2022). In symCRK
nodules, PR8 is detected in the symbiosome (Berrabah et al.,
2018b), suggesting a potential role of this protein in the
alteration of the bacteroid survival.

CONCLUDING REMARKS

Immunity and senescence show a versatile and complex inter-
play in legume nodules, challenging the model of cooperation
observed in other organs. In indeterminate nodules of Medicago
species, the stimulation of these processes can change during
nodule development. Mutants arrested early in nodule formation
overproduce defense or senescence responses, whereas these
processes can be co-stimulated during late nodule developmental
stages or in senescent WT nodules. A genetic network including
various immunity-related genes is required during the symbiotic
defense and senescence responses (Figure 4), highlighting the
complexity of the defense response in the nodule. This review
suggests that immunity and senescence are in equilibrium and


https://lipm-browsers.toulouse.inra.fr/pub/expressionAtlas/app/

Defense and senescence interplay in legume nodules

are influenced by many factors such as development,
environment, and stresses. The immunity/senescence balance
allows plants to tightly regulate and protect the nodule
functioning. The immune and senescence responses can
diverge depending on legume species and hormones including
ethylene, JA, SA, ABA, GAs, and strigolactones together with the
redox state, which represent key components adjusting the
immunity/senescence balance locally and systemically. These
differences could represent key elements explaining the variation
of immunity and senescence management in the nodule
between legume species.

ACKNOWLEDGMENTS
No conflict of interest declared.

FUNDING

This review is supported by the LabEx Saclay Plant Sciences (CHRONOS
project, ANR-17-EUR-0007, EUR SPS-GSR, and ANR-10-LABX-0040-
SPS) and the ANR-21-CE20-0016 grant (PATHOSYM project). The
LabEx Saclay Plant Sciences is managed by the French National
Research Agency under the program Investissements d’avenir ANR-11-
IDEX-003-02. This work was also supported by the IdEX Universite de
Paris ANR-18-IDEX-0001 and funding obtained from the invitation pro-
grams for foreign researchers from Paris Cité University.

Received: October 3, 2023
Revised: February 5, 2024
Accepted: March 23, 2024
Published: March 26, 2024

REFERENCES

Ali, S., Ganai, B.A., Kamili, A.N., et al. (2018). Pathogenesis-related
proteins and peptides as promising tools for engineering plants with
multiple stress tolerance. Microbiol. Res. 212-213:29-37.

Alunni, B., and Gourion, B. (2016). Terminal bacteroid differentiation in
the legume-rhizobium symbiosis Nodule-specific cysteine-rich
peptides and beyond. New Phytol. 211:411-417.

Anderson, J.P., Lichtenzveig, J., Gleason, C., Oliver, R.P., and Singh,
K.B. (2010). The B-3 ethylene response factor MtERF1-1 mediates
resistance to a subset of root pathogens in Medicago truncatula
without adversely affecting symbiosis with rhizobia. Plant Physiol.
154:861-873.

Appunu, C., and Dhar, B. (2008). Isolation and symbiotic characteristics
of two Tn5-derived phage-resistant Bradyrhizobium japonicum strains
that nodulate soybean. Curr. Microbiol. 57:212-217.

Arthikala, M.K., Sanchez-Lépez, R., Nava, N., Santana, O., Cardenas,
L., and Quinto, C. (2014). RbohB, a Phaseolus vulgaris NADPH
oxidase gene, enhances symbiosome number, bacteroid size, and
nitrogen fixation in nodules and impairs mycorrhizal colonization.
New Phytol. 202:886-900.

Benedito, V.A., Torres-jerez, |., Murray, J.D., Andriankaja, A., Allen, S.,
Kakar, K., Wandrey, M., Verdier, J., Zuber, H., Ott, T., et al. (2008). A
gene expression atlas of the model legume Medicago truncatula. Plant
J. 65:504-513.

Benezech, C., Berrabah, F., Jardinaud, M.F., Le Scornet, A., Milhes, M.,
Jiang, G., George, J., Ratet, P., Vailleau, F., and Gourion, B. (2020).
Medicago-Sinorhizobium-Ralstonia co-infection reveals legume nodules
as pathogen confined infectionsites developing weak defenses. Curr.
Biol. 30:351-358.e4.

Berger, A., Boscari, A., Puppo, A., and Brouquisse, R. (2021). Nitrate
reductases and hemoglobins control nitrogen-fixing symbiosis by
regulating nitric oxide accumulation. J. Exp. Bot. 72:873-884.

Plant Communications

Berrabah, F., Bourcy, M., Eschstruth, A., Cayrel, A., Guefrachi, I.,
Mergaert, P., Wen, J., Jean, V., Mysore, K.S., Gourion, B., and
Ratet, P. (2014a). A nonRD receptor-like kinase prevents nodule
early senescence and defense-like reactions during symbiosis. New
Phytol. 203:1305-1314.

Berrabah, F., Bourcy, M., Cayrel, A., Eschstruth, A., Mondy, S., Ratet,
P., and Gourion, B. (2014b). Growth conditions determine the DNF2
requirement for symbiosis. PLoS One 9, e91866.

Berrabah, F., Ratet, P., and Gourion, B. (2015). Multiple steps control
immunity during the intracellular accommodation of rhizobia. J. Exp.
Bot. 66:1977-1985.

Berrabah, F., Salem, E.H.A., Garmier, M., and Ratet, P. (2018a). The
multiple faces of the Medicago-Sinorhizobium symbiosis. Methods
Mol. Biol. 1822:241-260.

Berrabah, F., Balliau, T., Ait-Salem, E.H., George, J., Zivy, M., Ratet,
P., and Gourion, B. (2018b). Control of the ethylene signaling
pathway prevents plant defenses during intracellular accommodation
of the rhizobia. New Phytol. 219:310-323.

Berrabah, F., Ratet, P., and Gourion, B. (2019). Legume Nodules:
massive infection in the absence of defense induction. Mol. Plant
Microbe Interact. 32:35-44.

Berrabah, F., Bernal, G., EIhosseyn, A.-S., El Kassis, C., L’Horset, R.,
Benaceur, F., Wen, J., Mysore, K.S., Garmier, M., Gourion, B., et al.
(2023). Insight into the control of nodule immunity and senescence
during Medicago truncatula symbiosis. Plant Physiol. 191:729-746.

Bian, Z., Gao, H., and Wang, C. (2020). NAC transcription factors as
positive or negative regulators during ongoing battle between
pathogens and our food crops. Int. J. Mol. Sci. 22:81.

Bigeard, J., Colcombet, J., and Hirt, H. (2015). Signaling mechanisms in
pattern-triggered immunity (PTI). Mol. Plant 8:521-539.

Binder, B.M. (2020). Ethylene signaling in plants. J. Biol. Chem.
295:7710-7725.

Van Bockhaven, J., Steppe, K., Bauweraerts, ., Kikuchi, S., Asano, T.,
Hofte, M., and De Vleesschauwer, D. (2015). Primary metabolism
plays a central role in moulding silicon-inducible brown spot
resistance in rice. Mol. Plant Pathol. 16:811-824.

Booth, N.J., Smith, P.M.C., Ramesh, S.A., and Day, D.A. (2021). Malate
transport and metabolism in nitrogen-fixing legume nodules.
Molecules 26:6876.

Borniego, M.L., Molina, M.C., Guiamét, J.J., and Martinez, D.E. (2020).
Physiological and proteomic changes in the apoplast accompany leaf
senescence in Arabidopsis. Front. Plant Sci. 10:1635.

Bourcy, M., Brocard, L., Pislariu, C.l., Cosson, V., Mergaert, P., Tadege,
M., Mysore, K.S., Udvardi, M.K., Gourion, B., and Ratet, P. (2013).
Medicago truncatula DNF2 is a PI-PLC-XD-containing protein requierd
for bacteroid persistence and prevention of nodule early senescence
and defense-like reactions. New Phytol. 197:1250-1261.

Brown, S.P., Grillo, M.A., Podowski, J.C., and Heath, K.D. (2020). Soil
origin and plant genotype structure distinct microbiome compartments
in the model legume Medicago truncatula. Microbiome 8:139.

Bruand, C., and Meilhoc, E. (2019). Nitric oxide in plants: Pro- or anti-
senescence. J. Exp. Bot. 70:4419-4427.

Cam, Y., Pierre, O., Boncompagni, E., Hérouart, D., Meilhoc, E., and
Bruand, C. (2012). Nitric oxide (NO): A key player in the senescence
of Medicago truncatula root nodules. New Phytol. 196:548-560.

Chialva, M., Zhou, Y., Spadaro, D., and Bonfante, P. (2018). Not only
priming: Soil microbiota may protect tomato from root pathogens.
Plant Signal. Behav. 13, e1464855.

Choi, I.S., Wojciechowski, M.F., Steele, K.P., Hopkins, A., Ruhiman,
T.A., and Jansen, R.K. (2022). Plastid phylogenomics uncovers

Plant Communications 5, 100888, April 8 2024 © 2024 11


http://refhub.elsevier.com/S2590-3462(24)00130-5/sref1
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref1
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref1
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref2
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref2
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref2
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref3
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref3
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref3
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref3
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref3
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref4
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref4
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref4
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref5
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref5
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref5
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref5
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref5
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref6
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref6
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref6
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref6
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref7
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref7
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref7
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref7
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref7
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref8
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref8
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref8
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref9
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref9
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref9
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref9
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref9
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref10
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref10
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref10
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref11
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref11
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref11
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref12
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref12
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref12
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref13
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref13
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref13
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref13
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref14
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref14
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref14
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref15
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref15
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref15
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref15
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref16
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref16
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref16
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref17
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref17
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref18
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref18
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref19
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref19
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref19
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref19
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref19
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref20
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref20
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref20
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref21
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref21
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref21
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref22
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref22
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref22
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref22
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref22
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref23
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref23
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref23
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref24
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref24
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref26
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref26
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref26
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref27
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref27
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref27
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref28
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref28

Plant Communications

multiple species in Medicago truncatula (Fabaceae) germplasm
accessions. Sci. Rep. 12, 21172.

Costanzo, M.E., Andrade, A., del Carmen Tordable, M., Cassan, F.,
and Abdala, G. (2012). Production and function of jasmonates in
nodulated roots of soybean plants inoculated with Bradyrhizobium
japonicum. Arch. Microbiol. 194:837-845.

Czernic, P., Gully, D., Cartieaux, F., Moulin, L., Guefrachi, l., Patrel, D.,
Pierre, O., Fardoux, J., Chaintreuil, C., Nguyen, P., et al. (2015).
Convergent evolution of endosymbiont differentiation in dalbergioid
and inverted repeat-lacking clade legumes mediated by nodule-
specific cysteine-rich peptides. Plant Physiol. 169:1254-1265.

D’Haeseleer, K., De Keyser, A., Goormachtig, S., and Holsters, M.
(2010). Transcription factor MtATB2: About nodulation, sucrose and
senescence. Plant Cell Physiol. 51:1416-1424.

Davidsson, P., Broberg, M., Kariola, T., Sipari, N., Pirhonen, M., and
Palva, E.T. (2017). Short oligogalacturonides induce pathogen
resistance-associated gene expression in Arabidopsis thaliana. BMC
Plant Biol. 17:19.

De Bruijn, F.J., Rossbach, S., Bruand, C., and Parrish, J.R. (2006). A
highly conserved Sinorhizobium meliloti operon is induced
microaerobically via the FixLJ system and by nitric oxide (NO) via
NnrR. Environ. Microbiol. 8:1371-1381.

de Zélicourt, A., Diet, A., Marion, J., Laffont, C., Ariel, F., Moison, M.,
Zahaf, O., Crespi, M., Gruber, V., and Frugier, F. (2012). Dual
involvement of a Medlicago truncatula NAC transcription factor in root
abiotic stress response and symbiotic nodule senescence. Plant J.
70:220-230.

Deng, J., Zhu, F., Liu,J.,Zhao, Y.,Wen, J., Wang, T.,and Dong, J. (2019).
Transcription factor bHLH2 represses CYSTEINE PROTEASE77 to
negatively regulate nodule senescence. Plant Physiol. 181:1683-1703.

Denoux, C., Galletti, R., Mammarella, N., Gopalan, S., Daniéle, W., De
Lorenzo, G., Ferrari, S., Ausubel, F.M., and Dewdney, J. (2008).
Activation of defense response pathways by OGs and FIg22 elicitors
in Arabidopsis seedlings. Mol. Plant 1:423-445.

DeYoung, B.J., and Innes, R.W. (2006). Plant NBS-LRR proteins in
pathogen sensing and host defense. Nat. Immunol. 7:1243-1249.

Domonkos, A., Kovacs, S., Gombar, A., Kiss, E., Horvath, B., Kovats,
G.Z., Farkas, A., Toth, M.T., Ayaydin, F., Boka, K., et al. (2017). NAD1
controls defense-like responses in Medicago truncatula symbiotic
nitrogen fixing nodules following rhizobial colonization in a BacA-
independent manner. Genes 8:387.

Dongus, J.A., and Parker, J.E. (2021). EDS1 signalling: At the nexus of
intracellular and surface receptor immunity. Curr. Opin. Plant Biol.
62, 102039.

Elieh-Ali-Komi, D., and Hamblin, M.R. (2016). Chitin and chitosan:
production and application of versatile biomedical nanomaterials. Int.
J. Adv. Res. 4:411-427.

Ferguson, B.J., and Mathesius, U. (2003). Signaling interactions during
nodule development. J. Plant Growth Regul. 22:47-72.

Fernandez-Gobel, T.F., Deanna, R., Muhoz, N.B., Robert, G.,
Asurmendi, S., and Lascano, R. (2019). Redox systemic signaling
and induced tolerance responses during soybean-Bradyrhizobium
japonicum interaction: Involvement of nod factor receptor and
autoregulation of nodulation. Front. Plant Sci. 10:141.

Feys, B.J., Wiermer, M., Bhat, R.A., et al. (2005). Arabidopsis
SENESCENCE-ASSOCIATED GENE101 stabilizes and signals within
an ENHANCED DISEASE SUSCEPTIBILITY1 complex in plant innate
immunity. Plant Cell 17:2601-2613.

Fukudome, M., Shimokawa, Y., Hashimoto, S., Maesako, Y., Uchi-
Fukudome, N., Niihara, K., Osuki, K.l., and Uchiumi, T. (2021).
Nitric oxide detoxification by Mesorhizobium loti affects root nodule
symbiosis with Lotus japonicus. Microb. Environ. 36, ME21038.

12 Plant Communications 5, 100888, April 8 2024 © 2024

Defense and senescence interplay in legume nodules

Gan, S. (2018). Concepts and types of senescence in plants. In Plant
Senescence: Methods and Protocols. Methods Mol. Biol. 1744:3-8.

Ge, Y.Y., Xiang, Q.W., Wagner, C., Zhang, D., Xie, Z.P., and Staehelin,
C. (2016). The type 3 effector NopL of Sinorhizobium sp. strain NGR234
is a mitogen-activated protein kinase substrate. J. Exp. Bot.
67:2483-2494.

Gibbs, D.J., Conde, J.V., Berckhan, S., Prasad, G., Mendiondo, G.M.,
and Holdsworth, M.J. (2015). Group VIl ethylene response factors
coordinate oxygen and nitric oxide signal transduction and stress
responses in plants. Plant Physiol. 169:23-31.

Gourion, B., Berrabah, F., Ratet, P., and Stacey, G. (2015). Rhizobium-
legume symbioses : The crucial role of plant immunity. Trends Plant
Sci. 20:186-194.

Guinel, F.C. (2015). Ethylene, a hormone at the center-stage of
nodulation. Front. Plant Sci. 6:1121.

Gupta, R, Lee, S.J., Min, C.W., et al. (2016). Coupling of gel-based 2-DE
and 1-DE shotgun proteomics approaches to dig deep into the leaf
senescence proteome of Glycine max. J. Proteomics 148:65-74.

Haffner, E., Konietzki, S., and Diederichsen, E. (2015). Keeping control:
The role of senescence and development in plant pathogenesis and
defense. Plants 4:449-488.

Hashami, S.Z., Nakamura, H., Ohkama-Ohtsu, N., et al. (2019).
Evaluation of immune responses induced by simultaneous
inoculations of soybean (Glycine max [L.] Merr.) with soil bacteria and
rhizobia. Microbes Environ. 34:64-75.

Hashimi, S.M., Wu, N.N., Ran, J., and Liu, J.Z. (2021). Silencing
autophagy-related gene 2 (ATG2) results in accelerated senescence
and enhanced immunity in soybean. Int. J. Mol. Sci. 22, 11749.

He, Y., and Gan, S. (2002). A gene encoding an acyl hydrolase is involved
in leaf senescence in Arabidopsis. Plant Cell 14:805-815.

He, M., Xu, Y., Cao, J., Zhu, Z., Jiao, Y., Wang, Y., Guan, X., Yang, Y.,
Xu, W., and Fu, Z. (2013). Subcellular localization and functional
analyses of a PR10 protein gene from Vitis pseudoreticulata in
response to Plasmopara viticola infection. Protoplasma 250:129-140.

Hirsch, A.M. (1992). Developmental biology of legume nodulation. New
Phytol. 122:211-237.

Horvath, B., Domonkos, A., Kereszt, A., Sziics, A., Abraham, E.,
Ayaydin, F., Boka, K., Chen, Y., Chen, R., Murray, J.D., et al.
(2015). NCR169, abolishes symbiotic nitrogen fixation in the
Medicago truncatula dnf7 mutant. Proc. Natl. Acad. Sci. USA
112:15232-15237.

Horvath, B., and Glngor, B. (2023). Toth M., et al. The Medicago
truncatula nodule-specific cysteine-rich peptides, NCR343 and NCR-
new35 are required for the maintenance of rhizobia in nitrogen-fixing
nodules. New Phytol. 239:1974-1988.

Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S., Oertle, L.,
Widmayer, P., Gruissem, W., and Zimmermann, P. (2008).
Genevestigator V3: A reference expression database for the meta-
analysis of transcriptomes. Adv. Bioinformatics 2008, 420747.

Hu, X., and Reddy, A.S. (1997). Cloning and expression of a PR5-like
protein from Arabidopsis: Inhibition of fungal growth by bacterially
expressed protein. Plant Mol. Biol. 34:949-959.

Jacques, S., Sperschneider, J., Garg, G., Thatcher, L.F., Gao, L.L.,
Kamphuis, L.G., and Singh, K.B. (2020). A functional genomics
approach to dissect spotted alfalfa aphid resistance in Medicago
truncatula. Sci. Rep. 10, 22159.

Jaulneau, V., Lafitte, C., Jacquet, C., Fournier, S., Salamagne, S.,
Briand, X., Esquerré-Tugayé, M.T., and Dumas, B. (2010). Ulvan, a
sulfated polysaccharide from green algae, activates plant immunity
through the jasmonic acid signaling pathway. J. Biomed. Biotechnol.
2010, 525291.


http://refhub.elsevier.com/S2590-3462(24)00130-5/sref28
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref28
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref29
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref29
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref29
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref29
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref30
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref30
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref30
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref30
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref30
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref31
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref31
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref31
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref32
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref32
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref32
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref32
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref33
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref33
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref33
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref33
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref34
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref34
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref34
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref34
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref34
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref35
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref35
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref35
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref36
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref36
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref36
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref36
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref37
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref37
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref38
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref38
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref38
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref38
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref38
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref39
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref39
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref39
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref40
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref40
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref40
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref41
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref41
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref42
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref42
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref42
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref42
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref42
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref42
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref25
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref25
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref25
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref25
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref43
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref43
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref43
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref43
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref44
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref44
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref45
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref45
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref45
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref45
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref46
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref46
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref46
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref46
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref47
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref47
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref47
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref48
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref48
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref49
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref49
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref49
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref50
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref50
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref50
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref50
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref159
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref159
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref159
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref159
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref51
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref51
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref51
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref51
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref52
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref52
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref53
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref53
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref53
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref53
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref54
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref54
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref55
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref55
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref55
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref55
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref55
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref55
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref56
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref56
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref56
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref56
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref56
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref56
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref57
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref57
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref57
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref57
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref58
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref58
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref58
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref59
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref59
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref59
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref59
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref60
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref60
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref60
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref60
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref60

Defense and senescence interplay in legume nodules

Ji, Y., Liu, J., and Xing, D. (2016). Low concentrations of salicylic acid
delay methyl jasmonate-induced leaf senescence by up-regulating
nitric oxide synthase activity. J. Exp. Bot. 67:5233-5245.

Ju, C., and Chang, C. (2015). Mechanistic insights in ethylene perception
and signal transduction. Plant Physiol. 169:85-95.

Kang, Y., Li, M., Sinharoy, S., and Verdier, J. (2016). A snapshot of
functional genetic studies in Medicago truncatula. Front. Plant Sci.
7:1175.

Kim, M., Chen, Y., Xi, J., Waters, C., Chen, R., and Wang, D. (2015). An
antimicrobial peptide essential for bacterial survival in the nitrogen-
fixing symbiosis. Proc. Natl. Acad. Sci. USA 112:15238-15243.

Knepper, C., Savory, E.A., and Day, B. (2011). The role of NDR1 in
pathogen perception and plant defense signaling. Plant Signal.
Behav. 6:1114-1116.

Kosslak, R.M., and Bohlool, B.B. (1984). Suppression of nodule
development of one side of a split-root system of soybeans caused
by prior inoculation of the other side. Plant Physiol. 75:125-130.

Krishnan, H.B., Alaswad, A.A., Oehrle, N.W., and Gillman, J.D. (2016).
Deletion of the SACPD-C locus alters the symbiotic relationship
between Bradyrhizobium japonicum USDA110 and soybean,
resulting in elicitation of plant defense response and nodulation
defects. Mol. Plant Microbe Interact. 29:862-877.

Kusakabe, S., Higasitani, N., Kaneko, T., Yasuda, M., Miwa, H.,
Okazaki, S., Saeki, K., Higashitani, A., and Sato, S. (2020). Lotus
accessions possess multiple checkpoints triggered by different type
Il secretion system effectors of the wide-host-range symbiont
Bradyrhizobium elkanii USDA61. Microb. Environ. 35, ME19141.

Laguerre, G., Heulin-Gotty, K., Brunel, B., Klonowska, A., Le Quéré,
A., Tillard, P., Prin, Y., Cleyet-Marel, J.C., and Lepetit, M. (2012).
Local and systemic N signaling are involved in Medicago truncatula
preference for the most efficient Sinorhizobium symbiotic partners.
New Phytol. 195:437-449.

Lambert, I, Pervent, M., Le Queré, A., Clément, G., Tauzin, M.,
Severac, D., Benezech, C., Tillard, P., Martin-Magniette, M.-L.,
Colella, S., and Lepetit, M. (2020). Responses of mature symbiotic
nodules to the whole-plant systemic nitrogen signaling. J. Exp. Bot.
71:5039-5052.

Larrainzar, E., Villar, I., Rubio, M.C., Pérez-Rontomé, C., Huertas, R.,
Sato, S., Mun, J.H., and Becana, M. (2020). Hemoglobins in the
legume-Rhizobium symbiosis. New Phytol. 228:472-484.

Lee, D., Lee, G., Kim, B., Jang, S., Lee, Y., Yu, Y., Seo, J., Kim, S, Lee,
Y.H., Lee, J., et al. (2018). Identification of a spotted leaf sheath gene
involved in early senescence and defense response in rice. Front. Plant
Sci. 9:1274.

Li, P., Lu, Y.J., Chen, H., and Day, B. (2020). The lifecycle of the plant
immune system. CRC Cirit. Rev. Plant Sci. 39:72-100.

Liu, X., Huang, B., Lin, J., Fei, J., Chen, Z., Pang, Y., Sun, X., and Tang,
K. (2006). A novel pathogenesis-related protein (SsPR10) from
Solanum surattense with ribonucleolytic and antimicrobial activity is
stress- and pathogen-inducible. J. Plant Physiol. 163:546-556.

Liu, J., Rasing, M., Zeng, T., Klein, J., Kulikova, O., and Bisseling, T.
(2021). NIN is essential for development of symbiosomes,
suppression of defence and premature senescence in Medicago
truncatula nodules. New Phytol. 230:290-303.

Lépez, S.M.Y., Sanchez, M.D.M., Pastorino, G.N., Franco, M.E.E.,
Garcia, N.T., and Balatti, P.A. (2018). Nodulation and delayed
nodule senescence : Strategies of two Bradyrhizobium Japonicum
isolates with high capacity to fix nitrogen. Curr. Microbiol.
75:997-1005.

Lopez-Gomez, M., Sandal, N., Stougaard, J., and Boller, T. (2012).
Interplay of flg22-induced defence responses and nodulation in
Lotus japonicus. J. Exp. Bot. 63:393-401.

Plant Communications

Luo, L., Yao, S.Y., Becker, A., Riiberg, S., Yu, G.Q., Zhu, J.B., and
Cheng, H.P. (2005). Two new Sinorhizobium meliloti LysR-Type
transcriptional regulators required for nodulation. J. Bacteriol.
187:4562-4572.

Ma, H., Xiang, G., Li, Z., Wang, Y., Dou, M., Su, L., Yin, X,, Liu, R., Wang,
Y., and Xu, Y. (2018). Grapevine VpPR10.1 functions in resistance to
Plasmopara viticola through triggering a cell death-like defence
response by interacting with VpVDACS3. Plant Biotechnol. J.
16:1488-1501.

Ma, Y., Zhu, W., Zhao, W., Zhang, B., He, J., Zhang, C., Li, P., Hu, Y.,
Zhou, Z., Yan, Z., et al. (2023). MtESN2 is a subgroup Il sulphate
transporter required for symbiotic nitrogen fixation and prevention of
nodule early senescence in Medicago truncatula. Plant Cell Environ.
46:3558-3574.

Mandon, K., Nazaret, F., Farajzadeh, D., Alloing, G., and Frendo, P.
(2021). Redox regulation in diazotrophic bacteria in interaction with
plants. Antioxidants 10:880.

Maunoury, N., Redondo-Nieto, M., Bourcy, M., et al. (2010).
Differentiation of symbiotic cells and endosymbionts in Medicago
truncatula nodulation are coupled to two transcriptome-switches.
PLoS One 5, €9519.

McAdam, E.L., Hugill, C., Fort, S., Samain, E., Cottaz, S., Davies, N.W.,
Reid, J.B., and Foo, E. (2017). Determining the site of action of
strigolactones during nodulation. Plant Physiol. 175:529-542.

Meilhoc, E., Cam, Y., Skapski, A., and Bruand, C. (2010). The response
to nitric oxide of the nitrogen-fixing symbiont Sinorhizobium meliloti.
Mol. Plant Microbe Interact. 23:748-759.

Meraj, T.A., Fu, J., Raza, M.A,, Zhu, C., Shen, Q., Xu, D., and Wang, Q.
(2020). Transcriptional factors regulate plant stress responses through
mediating secondary metabolism. Genes 11:346.

Mesa, S., Bedmar, E.J., Chanfon, A., Hennecke, H., and Fischer, H.M.
(2003). Bradyrhizobium japonicum NnrR, a denitrification regulator,
expands the FixLJ-FixK2 regulatory cascade. J. Bacteriol.
185:3978-3982.

Miller, R.N.G., Costa Alves, G.S., and Van Sluys, M.A. (2017). Plant
immunity: Unravelling the complexity of plant responses to biotic
stresses. Ann. Bot. 119:681-687.

Minguillén, S., Matamoros, M.A., Duanmu, D., and Becana, M. (2022).
Signaling by reactive molecules and antioxidants in legume nodules.
New Phytol. 236:815-832.

Mitra, R.M., and Long, S.R. (2004). Plant and bacterial symbiotic mutants
define three transcriptionally distinct stages in the development of the
Medicago truncatula/Sinorhizobium meliloti symbiosis. Plant Physiol.
134:595-604.

Montiel, J., Arthikala, M.K., Cardenas, L., and Quinto, C. (2016).
Legume NADPH oxidases have crucial roles at different stages of
nodulation. Int. J. Mol. Sci. 17:680.

Montiel, J., Downie, J.A., Farkas, A., Bihari, P., Herczeg, R., Balint, B.,
Mergaert, P., Kereszt, A., and Kondorosi, E. (2017). Morphotype
of bacteroids in different legumes correlates with the number and type
of symbiotic NCR peptides. Proc. Natl. Acad. Sci. USA 114:5041-5046.

Morris, J.S., Caldo, K.M.P., Liang, S., and Facchini, P.J. (2021). PR10/
Bet vi1-like proteins as novel contributors to plant biochemical
diversity. Chembiochem 22:264-287.

Nakatsukasa-Akune, M., Yamashita, K., Shimoda, Y., et al. (2005).
Suppression of root nodule formation by artificial expression of the
TrEnodDR1 (coat protein of White clover cryptic virus 1) gene in
Lotus japonicus. Mol. Plant Microbe Interact. 18:1069-1080.

Naoumkina, M., Farag, M.A., Sumner, L.W., Tang, Y., Liu, C.-J., and
Dixon, R.A. (2007). Different mechanisms for phytoalexin induction
by pathogen and wound signals in Medicago truncatula. Proc. Natl.
Acad. Sci. USA 104:17909-17915.

Plant Communications 5, 100888, April 8 2024 © 2024 13


http://refhub.elsevier.com/S2590-3462(24)00130-5/sref61
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref61
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref61
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref62
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref62
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref63
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref63
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref63
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref64
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref64
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref64
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref65
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref65
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref65
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref66
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref66
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref66
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref157
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref157
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref157
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref157
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref157
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref67
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref67
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref67
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref67
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref67
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref68
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref68
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref68
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref68
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref68
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref69
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref69
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref69
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref69
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref69
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref70
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref70
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref70
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref71
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref71
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref71
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref71
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref72
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref72
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref73
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref73
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref73
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref73
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref74
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref74
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref74
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref74
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref75
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref75
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref75
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref75
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref75
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref161
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref161
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref161
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref76
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref76
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref76
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref76
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref76
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref77
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref77
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref77
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref77
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref77
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref78
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref78
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref78
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref78
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref78
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref79
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref79
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref79
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref80
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref80
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref80
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref80
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref81
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref81
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref81
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref82
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref82
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref82
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref83
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref83
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref83
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref84
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref84
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref84
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref84
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref85
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref85
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref85
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref86
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref86
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref86
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref87
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref87
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref87
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref87
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref88
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref88
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref88
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref89
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref89
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref89
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref89
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref90
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref90
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref90
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref160
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref160
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref160
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref160
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref91
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref91
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref91
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref91

Plant Communications

Nemchinov, L.G., Shao, J., Lee, M.N., Postnikova, O.A., and Samac,
D.A. (2017). Resistant and susceptible responses in alfalfa (Medicago
sativa) to bacterial stem blight caused by Pseudomonas syringae pv.
syringae. PLoS One 12, e0189781.

Ngou, B.P.M., Ding, P., and Jones, J.D.G. (2022). Thirty years of
resistance: Zig-zag through the plant immune system. Plant Cell
34:1447-1478.

Nguyen, H.P., Miwa, H., Kaneko, T., Sato, S., and Okazaki, S. (2017).
Identification of Bradyrhizobium elkanii genes involved in incompatibility
with Vigna radiata. Genes 8:374.

Nguyen, C.X., Dohnalkova, A., Hancock, C.N., Kirk, K.R., Stacey, G.,
and Stacey, M.G. (2023). Critical role for uricase and xanthine
dehydrogenase in soybean nitrogen fixation and nodule development.
Plant Genome 16, e20171.

Oke, V., and Long, S.R. (1999). Bacteroid formation in the rhizobium-
legume symbiosis. Curr. Opin. Microbiol. 2:641-646.

Oono, R., and Denison, R.F. (2010). Comparing symbiotic efficiency
between swollen versus nonswollen rhizobial bacteroids. Plant
Physiol. 154:1541-1548.

Patharkar, O.R., Gassmann, W., and Walker, J.C. (2017). Leaf shedding
as an anti-bacterial defense in Arabidopsis cauline leaves. PLoS Genet.
13, e1007132.

Pérez Guerra, J.C., Coussens, G., De Keyser, A., De Rycke, R., De
Bodt, S., Van De Velde, W., Goormachtig, S., and Holsters, M.
(2010). Comparison of developmental and stress-induced nodule
senescence in Medicago truncatula. Plant Physiol. 152:1574-1584.

Pierre, O., Hopkins, J., Combier, M., Baldacci, F., Engler, G.,
Brouquisse, R., Hérouart, D., and Boncompagni, E. (2014).
Involvement of papain and legumain proteinase in the senescence
process of Medicago truncatula nodules. New Phytol. 202:849-863.

Pieterse, C.M.J., Van der Does, D., Zamioudis, C., Leon-Reyes, A.,
and Van Wees, S.C.M. (2012). Hormonal modulation of plant
immunity. Annu. Rev. Cell Dev. Biol. 28:489-521.

Pislariu, C.l., Murray, J.D., Wen, J., Cosson, V., Muni, R.R.D., Wang,
M., Benedito, V.A., Andriankaja, A., Cheng, X., Jerez, L.T., et al.
(2012). A Medicago truncatula tobacco retrotransposon insertion
mutant collection with defects in nodule development and symbiotic
nitrogen fixation. Plant Physiol. 159:1686-1699.

Puppo, A., Groten, K., Bastian, F., Carzaniga, R., Soussi, M., Lucas,
M.M., De Felipe, M.R., Harrison, J., Vanacker, H., and Foyer, C.H.
(2005). Legume nodule senescence: Roles for redox and hormone
signalling in the orchestration of the natural aging process. New
Phytol. 165:683-701.

Ranjan, A., Westrick, N.M., Jain, S., Piotrowski, J.S., Ranjan, M.,
Kessens, R., Stiegman, L., Grau, C.R., Conley, S.P., Smith, D.L.,
and Kabbage, M. (2019). Resistance against Sclerotinia sclerotiorum
in soybean involves a reprogramming of the phenylpropanoid
pathway and up-regulation of antifungal activity targeting ergosterol
biosynthesis. Plant Biotechnol. J. 17:1567-1581.

Reguera, M., Bonilla, I., and Bolaios, L. (2010). Boron deficiency results
in induction of pathogenesis-related proteins from the PR-10 family
during the legume-rhizobia interaction. J. Plant Physiol. 167:625-632.

Roy, S., Liu, W., Nandety, R.S., Crook, A., Mysore, K.S., Pislariu, C.I.,
Frugoli, J., Dickstein, R., and Udvardi, M.K. (2020). Celebrating 20
years of genetic discoveries in legume nodulation and symbiotic
nitrogen fixation. Plant Cell 32:15-41.

Sanguankiattichai, N., Buscaill, P., and Preston, G.M. (2022). How
bacteria overcome flagellin pattern recognition in plants. Curr. Opin.
Plant Biol. 67, 102224,

Sankari, S., Babu, V.M.P., Bian, K., Alhhazmi, A., Andorfer, M.C.,
Avalos, D.M., Smith, T.A., Yoon, K., Drennan, C.L., Yaffe, M.B.,

14 Plant Communications 5, 100888, April 8 2024 © 2024

Defense and senescence interplay in legume nodules

et al. (2022). A haem-sequestering plant peptide promotes iron
uptake in symbiotic bacteria. Nat. Microbiol. 7:1453-1465.

Santander, R.D., Khodadadi, F., Meredith, C.L., Radenovié, Z.,
Clements, J., and Acéimovi¢, S.G. (2022). Fire blight resistance,
irrigation and conducive wet weather improve Erwinia amylovora
winter survival in cankers. Front. Microbiol. 13, 1009364.

Sauviac, L., Rémy, A., Huault, E., Dalmasso, M., Kazmierczak, T.,
Jardinaud, M.-F., Legrand, L., Moreau, C., Ruiz, B., Cazalé, A.C.,
et al. (2022). A dual legume-rhizobium transcriptome of symbiotic
nodule senescence reveals coordinated plant and bacterial
responses. Plant Cell Environ. 45:3100-3121.

Terwisscha van Scheltinga, A.C., Kalk, K.H., Beintema, J.J., and
Dijkstra, B.W. (1994). Crystal structures of hevamine, a plant
defence protein with chitinase and lysozyme activity, and its complex
with an inhibitor. Structure 2:1181-1189.

Seabra, A.R., Pereira, P.A., Becker, J.D., and Carvalho, H.G. (2012).
Inhibition of glutamine synthetase by phosphinothricin leads to
transcriptome reprograming in root nodules of Medicago truncatula.
Mol. Plant Microbe Interact. 25:976-992.

Semchenko, M., Barry, K.E., de Vries, F.T., Mommer, L., Moora, M.,
and Macia-Vicente, J.G. (2022). Deciphering the role of specialist
and generalist plant-microbial interactions as drivers of plant-soil
feedback. New Phytol. 234:1929-1944.

Serova, T.A., Tsyganova, A.V., Tikhonovich, I.A., and Tsyganov, V.E.
(2019). Gibberellins inhibit nodule senescence and stimulate nodule
meristem bifurcation in pea (Pisum sativum L.). Front. Plant Sci. 10:285.

Serova, T.A., Tsyganova, A.V., and Tsyganov, V.E. (2018). Early nodule
senescence is activated in symbiotic mutants of pea (Pisum sativum L.)
forming ineffective nodules blocked at different nodule developmental
stages. Protoplasma 255:1443-1459.

Sinharoy, S., Torres-Jerez, l., Bandyopadhyay, K., Kereszt, A.,
Pislariu, C.l., Nakashima, J., Benedito, V.A., Kondorosi, E., and
Udvardi, M.K. (2013). The C,H, transcription factor regulator of
symbiosome differentiation represses transcription of the secretory
pathway gene VAMP721a and promotes symbiosome development
in Medicago truncatula. Plant Cell 25:3584-3601.

So, J.S., Hodgson, A.L., Haugland, R., Leavitt, M., Banfalvi, Z.,
Nieuwkoop, A.J., and Stacey, G. (1987). Transposon-induced
symbiotic mutants of Bradyrhizobium japonicum : Isolation of two
gene regions essential for nodulation. Mol. Gen. Genet. 207:15-23.

Starker, C.G., Parra-Colmenares, A.L., Smith, L., Mitra, R.M., and
Long, S.R. (2006). Nitrogen fixation mutants of Medlicago truncatula
fail to support plant and bacterial symbiotic gene expression. Plant
Physiol. 140:671-680.

Staudinger, C., Mehmeti-Tershani, V., Gil-Quintana, E., et al. (2016).
Evidence for a rhizobia-induced drought stress response strategy in
Medicago truncatula. J. Proteomics 136:202-213.

Stacey, G., McAlvin, C.,B., Kim, S.-Y., Olivares, J., and Soto, M.,J.
(2006). Effects of Endogenous Salicylic Acid on Nodulation in the
Model Legumes Lotus japonicus and Medicago truncatula. Plant
Physiol. 141:1473-1481.

Sugawara, M., Takahashi, S., Umehara, Y., et al. (2018). Variation in
bradyrhizobial NopP effector determines symbiotic incompatibility
with Rj2-soybeans via effector-triggered immunity. Nat. Commun.
9:3139.

Syska, C., Brouquisse, R., Alloing, G., Pauly, N., Frendo, P., Bosseno,
M., Dupont, L., and Boscari, A. (2019). Molecular weapons contribute
to intracellular rhizobia accommodation within legume host cell. Front.
Plant Sci. 10:1496.

Takano, H.K., and Dayan, F.E. (2020). Glufosinate-ammonium: A review
of the current state of knowledge. Pest Manag. Sci. 76:3911-3925.


http://refhub.elsevier.com/S2590-3462(24)00130-5/sref92
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref92
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref92
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref92
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref93
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref93
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref93
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref94
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref94
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref94
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref95
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref95
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref95
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref95
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref96
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref96
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref97
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref97
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref97
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref98
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref98
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref98
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref99
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref99
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref99
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref99
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref100
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref100
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref100
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref100
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref101
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref101
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref101
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref102
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref102
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref102
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref102
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref102
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref103
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref103
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref103
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref103
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref103
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref104
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref104
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref104
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref104
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref104
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref104
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref105
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref105
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref105
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref106
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref106
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref106
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref106
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref107
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref107
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref107
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref108
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref108
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref108
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref108
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref109
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref109
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref109
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref109
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref109
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref109
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref109
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref109
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref110
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref110
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref110
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref110
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref110
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref111
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref111
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref111
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref111
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref112
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref112
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref112
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref112
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref113
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref113
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref113
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref113
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref115
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref115
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref115
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref114
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref114
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref114
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref114
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref116
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref116
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref116
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref116
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref116
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref116
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref116
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref116
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref117
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref117
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref117
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref117
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref118
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref118
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref118
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref118
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref119
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref119
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref119
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref120
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref120
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref120
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref120
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref158
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref158
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref158
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref158
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref121
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref121
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref121
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref121
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref122
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref122

Defense and senescence interplay in legume nodules

Tang, G., Lu, D., Wang, D., and Luo, L. (2013). Sinorhizobium meliloti IsrB
is involved in alfalfa root nodule development and nitrogen-fixing
bacteroid differentiation. Chin. Sci. Bull. 58:4077-4083.

Tang, F., Yang, S., Liu, J., and Zhu, H. (2016). Rj4, a gene controlling
nodulation specificity in soybeans, encodes a thaumatin-like protein
but not the one previously reported. Plant Physiol. 170:26-32.

Thony-Meyer, L., Stax, D., and Hennecke, H. (1989). An unusual gene
cluster for the cytochrome bc, complex in Bradyrhizobium japonicum
and its requirement for effective root nodule symbiosis. Cell 57:683-697.

Tittabutr, P., Sripakdi, S., Boonkerd, N., Tanthanuch, W.,
Minamisawa, K., and Teaumroong, N. (2015). Possible role of 1-
Aminocyclopropane-1-Carboxylate (ACC) deaminase activity of
Sinorhizobium sp. BL3 on symbiosis with mung bean and
determinate nodule senescence. Microbes Environ. 30:310-320.

Uppalapati, S.R., Marek, S.M., Lee, H.K., Nakashima, J., Tang, Y.,
Sledge, M.K., Dixon, R.A., and Mysore, K.S. (2009). Global gene
expression profiling during Medicago truncatula—Phymatotrichopsis
omnivora interaction reveals a role for jasmonic acid, ethylene, and
the flavonoid pathway in disease development. Mol. Plant Microbe
Interact. 22:7-17.

Van de Velde, W., Perez Guerra, J.C., De Keyser, A., et al. (2006). Aging
in legume symbiosis. A molecular view on nodule senescence in
Medicago truncatula. Plant Physiol. 141:711-720.

Van Dingenen, J., De Keyser, A., Desmet, S., Clarysse, A., Beullens, S.,
Michiels, J., Planque, M., and Goormachtig, S. (2023). Strigolactones
repress nodule development and senescence in pea. Plant J. 116:7-22.

Van Loon, L.C., Geraats, B.P.J., and Linthorst, H.J.M. (2006). Ethylene
as a modulator of disease resistance in plants. Trends Plant Sci.
11:184-191.

Penmetsa, R.V., Uribe, P., Anderson, J., Lichtenzveig, J., Gish, J.C.,
Nam, Y.W., Engstrom, E., Xu, K., Sckisel, G., Pereira, M., et al.
(2008). The Medicago truncatula ortholog of Arabidopsis EIN2, sickle,
is a negative regulator of symbiotic and pathogenic microbial
associations. Plant J. 55:580-595.

Vorster, B.J., Cullis, C.A., and Kunert, K.J. (2019). Plant vacuolar
processing enzymes. Front. Plant Sci. 10:479.

Walton, J.H., Kontra-Kovats, G., Green, R.T., Domonkos, A., Horvath,
B., Brear, E.M., Franceschetti, M., Kald, P., and Balk, J. (2020). The
Medicago truncatula vacuolar iron transporter-like proteins VTL4 and
VTL8 deliver iron to symbiotic bacteria at different stages of the
infection process. New Phytol. 228:651-666.

Wang, C., Yu, H., Luo, L., Duan, L., Cai, L., He, X., Wen, J., Mysore,
K.S., Li, G., Xiao, A., et al. (2016). NODULES WITH ACTIVATED
DEFENSE 1 is required for maintenance of rhizobial endosymbiosis
in Medicago truncatula. New Phytol. 212:176-191.

Wang, X., Qiu, Z., Zhu, W., Wang, N., Bai, M., Kuang, H., Cai, C., Zhong,
X., Kong, F., Lu, P., and Guan, Y. (2023). The NAC transcription
factors SNAP1/2/3/4 are central regulators mediating high nitrogen
responses in mature nodules of soybean. Nat. Commun. 14:4711.

Wasternack, C. (2007). Jasmonates: An update on biosynthesis, signal
transduction and action in plant stress response, growth and
development. Ann. Bot. 100:681-697.

Wu, L., Chen, H., Curtis, C., and Fu, Z.Q. (2014). Go in for the kill: How
plants deploy effector-triggered immunity to combat pathogens.
Virulence 5:710-721.

Wu, L., Ma, N., Jia, Y., Zhang, Y., Feng, M., Jiang, C.Z., Ma, C., and Gao,
J. (2017). An ethylene-induced regulatory module delays flower
senescence by regulating cytokinin content. Plant Physiol. 173:853-862.

van Wyk, S.G., Du Plessis, M., Cullis, C.A., Kunert, K.J., and Vorster,
B.J. (2014). Cysteine protease and cystatin expression and activity
during soybean nodule development and senescence. BMC Plant
Biol. 14:294.

Plant Communications

Xia, X. (2018). Phenotypic analysis and molecular markers of plant nodule
senescence. Methods Mol. Biol. 1744:65-80.

Xin, D.-W., Liao, S., Xie, Z.-P., Hann, D.R., Steinle, L., Boller, T., and
Staehelin, C. (2012). Functional analysis of NopM, a novel E3
ubiquitin ligase (NEL) domain effector of Rhizobium sp. strain
NGR234. PLoS Pathog. 8, e1002707.

Yang, B., Yang, S., Guo, B., Wang, Y., Zheng, W., Tian, M., Dai, K., Liu,
Z., Wang, H., Ma, Z., et al. (2021). The Phytophthora effector Avh241
interacts with host NDR1-like proteins to manipulate plant immunity. J.
Integr. Plant Biol. 63:1382-1396.

Yang, J., Lan, L., Jin, Y., Yu, N., Wang, D., and Wang, E. (2022).
Mechanisms underlying legume-rhizobium symbioses. J. Integr.
Plant Biol. 64:244-267.

Yasuda, M., Miwa, H., Masuda, S., Takebayashi, Y., Sakakibara, H.,
and Okazaki, S. (2016). Effector-triggered immunity determines host
genotype-specific incompatibility in legume-rhizobium symbiosis.
Plant Cell Physiol. 57:1791-1800.

Yu, H., Xiao, A., Dong, R, Fan, Y., Zhang, X., Liu, C., Wang, C., Zhu, H.,
Duanmu, D., Cao, Y., and Zhang, Z. (2018). Suppression of innate
immunity mediated by the CDPK-Rboh complex is required for
rhizobial colonization in Medicago truncatula nodules. New Phytol.
220:425-434.

Yu, H., Bao, H., Zhang, Z., and Cao, Y. (2019). Immune signaling
pathway during terminal bacteroid differentiation in nodules. Trends
Plant Sci. 24:299-302.

Yu, H., Xiao, A., Wu, J., Li, H., Duan, Y., Chen, Q., Zhu, H., and Cao, Y.
(2023). GmNACO039 and GmNACO018 activate the expression of
cysteine protease genes to promote soybean nodule senescence.
Plant Cell 35:2929-2951.

Yuan, S.L., Li, R., Chen, H.F., Zhang, C.J., Chen, L.M., Hao, Q.N., Chen,
S.L., Shan, Z.H., Yang, Z.L., Zhang, X.J., et al. (2017). RNA-Seq
analysis of nodule development at five different developmental
stages of soybean (Glycine max) inoculated with Bradyrhizobium
japonicum strain 113-2. Sci. Rep. 7, 42248.

Yuan, S., Zhou, S., Feng, Y., Zhang, C., Huang, Y., Shan, Z., Chen, S.,
Guo, W., Yang, H., Yang, Z., et al. (2021). Identification of the
important genes of Bradyrhizobium diazoefficiens 113-2 involved in
soybean nodule development and senescence. Front. Microbiol. 12,
754837.

Zhang, L., Chen, X.J., Lu, H.B., Xie, Z.P., and Staehelin, C. (2011).
Functional analysis of the type 3 effector nodulation outer protein L
(NopL) from Rhizobium sp. NGR234: Symbiotic effects, phosphorylation,
and interference with mitogen-activated protein kinase signaling. J. Biol.
Chem. 286:32178-32187.

Zhang, Y., Wang, H.-L., Li, Z., and Guo, H. (2020). Genetic network
between leaf senescence and plant immunity: crucial regulatory
nodes and new insights. Plants 9:495.

Zhang, D., Wu, Q., Zhao, Y., Yan, Z., Xiao, A., Yu, H., and Cao, Y. (2023).
Dual RNA-Seq analysis pinpoints a balanced regulation between
symbiosis and immunity in Medicago truncatula-Sinorhizobium
meliloti symbiotic nodules. Int. J. Mol. Sci. 24, 16178.

Zhao, P., Liu, Y., Kong, W., Ji, J., Cai, T., and Guo, Z. (2021). Genome-
wide identification and characterization of calcium-dependent protein
kinase (CDPK) and CDPK-related kinase (CRK) gene families in
Medicago truncatula. Int. J. Mol. Sci. 22:1044.

Zheng, Y., Liang, J.,Zhao,D.L.,Meng, C., Xu, Z.C., Xie, Z.H., and Zhang,
C.S. (2020). The root nodule microbiome of cultivated and wild
halophytic legumes showed similar diversity but distinct community
structure in yellow river delta saline soils. Microorganisms 8:207.

Zhou, S., Zhang, C., Huang, Y., Chen, H., Yuan, S., and Zhou, X. (2021).
Characteristics and research progress of legume nodule senescence.
Plants 10:1103.

Plant Communications 5, 100888, April 8 2024 © 2024 15


http://refhub.elsevier.com/S2590-3462(24)00130-5/sref123
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref123
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref123
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref124
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref124
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref124
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref125
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref125
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref125
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref125
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref126
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref126
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref126
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref126
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref126
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref127
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref127
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref127
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref127
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref127
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref127
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref128
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref128
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref128
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref129
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref129
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref129
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref130
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref130
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref130
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref131
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref131
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref131
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref131
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref131
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref132
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref132
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref133
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref133
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref133
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref133
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref133
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref134
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref134
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref134
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref134
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref135
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref135
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref135
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref135
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref135
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref136
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref136
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref136
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref137
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref137
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref137
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref138
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref138
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref138
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref139
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref139
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref139
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref139
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref140
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref140
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref141
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref141
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref141
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref141
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref142
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref142
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref142
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref142
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref143
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref143
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref143
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref144
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref144
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref144
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref144
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref145
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref145
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref145
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref145
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref145
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref146
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref146
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref146
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref147
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref147
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref147
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref147
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref148
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref148
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref148
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref148
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref148
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref149
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref149
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref149
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref149
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref149
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref150
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref150
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref150
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref150
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref150
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref151
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref151
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref151
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref152
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref152
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref152
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref152
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref153
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref153
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref153
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref153
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref154
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref154
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref154
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref154
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref155
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref155
http://refhub.elsevier.com/S2590-3462(24)00130-5/sref155

	Defense and senescence interplay in legume nodules
	Introduction
	Senescence and immunity induce distinct physiological responses in the nodule
	Senescence and immunity cooperate in non-symbiotic plant organs
	Senescence of nitrogen-fixing nodules co-occurs with immune stimulation
	Immunity influences senescence activation in the nodule
	Immunity and senescence show contrasted responses during nodule development
	The immunity and senescence balance in nodules
	Phytohormones modulate the immunity/senescence interplay in the nodule
	The redox state contributes to the control of the balance between immunity and senescence
	Defense signaling events associated with the nodule senescence
	TFs controlling immunity and senescence in the nodule
	Immunity leads to the induction of genes affecting bacteroids and host cell survival
	Concluding remarks
	Acknowledgments
	Funding
	References


