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Abstract

As a result of interaction with rhizobia, legume plants are able to fix atmospheric nitrogen
in symbiotic nodules. Development and functioning of symbiotic nodules are under strong host plant
control, including phytohormonal regulation (B.J. Ferguson et al., 2014). Due to the fact that nodule
formation is a highly energy-consuming process, nodule number is restricted by plant. The negative
regulation of nodulation involves, along with ethylene (A.V. Tsyganova et al., 2015), also salicylic
(P.C. Van Spronsen et al., 2003; G. Stacey et al., 2006), jasmonic (Sun et al., 2006) and abscisic
(Ding et al., 2008) acids. It is important to note that all listed phytohormones act at the different
stages of development and functioning of symbiotic nodules. The first negative effects of jasmonic
and abscisic acids are related to the blocking of calcium oscillations (J. Sun et al., 2006; Y. Ding et
al., 2008), induced by Nod factors (lipochitooligosaccharides synthesized by rhizobia and activating a
program for the development of infection and nodule organogenesis). Calcium oscillations are also
blocked by ethylene (G.E. Oldroyd et al., 2001). Salicylic, jasmonic and abscisic acids influence the
further development of symbiosis, blocking both the growth of infection threads (through which the
rhizobia penetrate into the root), and the formation of nodule primordia (T. Nakagawa et al., 2006;
J. Sun et al., 2006; Y. Ding et al. 2008). For abscisic acid it was shown that its negative effect on the
development of nodule primordia is mediated by the influence on cytokinin signal transduction
pathway (Y. Ding et al., 2008). Salicylic, jasmonic and abscisic acids also negatively affect the nitro-
gen-fixing activity of the nodules, and for abscisic acid it has been shown that the negative effect is
associated with the activation of the production of nitrogen monoxide NO (A. Tominaga et al.,
2010). Nevertheless, all these phytohormones can have a positive effect on the formation and func-
tioning of nodules. For example, jasmonic acid activates the expression of rhizobial nod genes that
control the synthesis of Nod factors (F. Mabood et al., 2006). It is interesting to note that for sali-
cylic and abscisic acids a positive role in activating the defense mechanisms in plants under the ac-
tion of stress factors has been shown, which leads to a decrease in their negative effect on the func-
tioning of the nodules (F. Palma et al., 2013, 2014). Future studies of the interaction of ethylene,
salicylic, jasmonic and abscisic acids in the negative regulation of the formation of nitrogen-fixing
nodules are of great interest. Such studies should shed light on why several phytohormones are in-
volved in negative regulation and what the specificity of each of them is. It is important to study the
possibility of practical use of mutants with a lower level of any of the phytohormones (ethylene,
salicylic, jasmonic and abscisic acids). Therefore, it seems promising to study the mutant enfI (en-
hanced nitrogen fixationl), obtained on the model legume Lotus japonicus and characterized by an
increased level of nitrogen fixation (A. Tominaga et al., 2009). At the same time, it should be con-
sidered that a change in the level of a certain phytohormone can have a negative impact both on the
development of the plant and its response to abiotic and biotic stresses.
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tohormones

An adaptive capacity for biological fixation of nitrogen is characteristic
feature of legumes as a result of interaction with soil rhizobia [1]. During the in-



teraction, specialized organs are formed on the legume roots, called symbiotic
nodules; rhizobia in them are differentiated into bacteroids, which able to fix at-
mospheric nitrogen [2]. The symbiotic nodule development is based on the ex-
change of signaling molecules [3]. An important role in signaling belongs to phy-
tohormones such as jasmonic acid [4], cytokinins and auxins [5, 6], gibberellins
[7], ethylene [8, 9], abscisic acid [10], salicylic acid [11], strigalactones, and
brassinosteroids [12-14]. The formation of a nitrogen-fixing nodule is very energy-
consuming, that is why the nodule number is strictly regulated by the plant. We
have previously reviewed the negative regulation of the development and function-
ing of symbiotic nodules by ethylene (Fig.).
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role of salicylic acid in the mu-

tualistic legume-rhizobial symbiosis is particularly studied.
One of the first publications reported on the effect of different concentra-
tions of salicylic acid on nodulation during the pre-treatment of Vigna mungo (L.)
Hepper T-9 variety seeds. A decrease in nitrogenase activity was detected at all stud-
ied concentrations. At the same time, 10 uM concentration stimulated nodulation,
whereas at higher concentrations (100 uM and 1 mM), the effect was negative [16].
In another study, the role of Nod factors in inhibiting salicylic acid-mediated
defense responses in legumes was studied. Inoculation of alfalfa (Medicago sativa
L.) by NodC rhizobia mutant unable to synthesize Nod factors, as well as by the
incompatible strain of Rhizobium leguminosarum bv. trifolii resulted in a signifi-
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cant increase in salicylic acid accumulation compared to plants inoculated with
a wild type strain [17]. Salicylic acid at 25 uM concertation, having no visible
effect on plant development, caused a delay in the formation of nodules and a
decrease in their number when used exogenously for pre-treatment of alfalfa
plants before inoculation with rhizobia. Simultaneous addition of 1077 M of Nod
factor of R. meliloti and 25 uM salicylic acid to the nutrient medium reduced the
number of formed primordia by 75 %. Consequently, Nod factors along with the
induction of infection and nodule organogenesis are involved in suppressing the
accumulation of salicylic acid, which is necessary for the successful development
of nodule primordium [17].

Study of Frisson variety of pea (Pisum sativum L.) wild type plants and
of P2 mutant (sym30) unable to form symbiotic nodules and arbuscular mycor-
rhiza showed salicylic acid accumulation in P2 plants inoculated with
R. leguminosarum bv. viciae wild strain or the NodC mutant [18]. Inoculation
with a strain of mycorrhizal fungus Glomus mosseae (Nico. & Gerd.) Gerd. and
Trappe also led to a greater accumulation of salicylic acid in P2 plants compared
to the wild type plants. In inoculation with a pathogenic Pseudomonas syringae
ssp. syringae strain there were no differences in the amount of salicylic acid be-
tween the mutant and wild type plants. Perhaps the sym30 mutation causes spe-
cific resistance to symbiotic microorganisms, which is associated with the accu-
mulation of salicylic acid [18].

The negative effect of salicylic acid was also described for legume plants
with determinate type nodules with limited activity of the nodule meristem. The
treatment of soybean (Glycine max (L.) Merr.) seedling roots with 1 mM or 4
mM salicylic acid significantly reduced the number of nodules formed [19].
Treatment of the leaves with 1 mM salicylic acid, on the contrary, increased the
nodule number. T. Sato et al. (20) compared the effect of salicylic acid on
nodulation in the parental Williams soybean variety and in two NOD1-3 (#/,)
and NOD2-4 (rjg) hypernodulating mutants forming increased nodule number. A
5-day-old seedlings were pre-treated with 100 uM salicylic acid for 5 days, after
which they were inoculated with Bradyrhizobium japonicum USDAIL10 strain.
There was a significant decrease in the number of nodules on the roots of the
parental variety, and they were not capable of nitrogen fixation. At the same
time, in both hypernodulating mutants, the nodule number was reduced much
lesser. These results suggest that salicylic acid is involved in the autoregulation of
nodulation [20].

The effect of salicylic acid was investigated in Vicia sativa L. plants in-
oculated by R. leguminosarum bv. viciae RBL 5523 and 248 strains. Salicylic acid
at 100 uM concentration added to the nutrient solution completely inhibited
nodule formation [21]. However, a 5 uM salicylic acid for strain RBL 5523 and
0.5 uM for strain 248 stimulated nodulation. In Lotus japonicus (Regel)
K. Larsen plants inoculated with TONO, R7A and EI1R strains and treated with
100 uM salicylic acid, nodulation was not inhibited. A negative effect of treat-
ment with 100 uM salicylic acid was observed for pea plants of the parental vari-
ety Frisson and the supernodulating mutant P88 inoculated with R. legumi-
nosarum bv. viciae RBL 248, for alfalfa (M. sativa L.) plants inoculated with Si-
norhizobium meliloti RCR 2011, and for clover (TFrifolium repens L.) inoculated
with R. leguminoarum bv. trifolii ANU 843. At the same time, treatment with 100
uM salicylic acid did not inhibit formation of determinate nodules on bean
(Phaseolus vulgaris 1..) Negro Jamapa variety plants inoculated with R. elti CE3
and soybean plants (Glycine soja Siebold & Zucc.) inoculated with S. fredii
HNOL [21].



Subsequently, it was found that the negative effect of salicylic acid on V.
sativa is manifested in the first 72 hours after plant inoculation. Pre-treatment
for 24 hours did not affect the nodule number, and the addition of salicylic acid
after 72 hours reduced their number by only 50 %. Salicylic acid has been shown
to affect the association of rhizobia with the root surface, since curled root hairs
and infection threads have not been detected. At the same time, root treatment
with purified Nod factors caused deformation of root hairs under the addition of
100 uM salicylic acid, while cell divisions in the inner root cortex were blocked
[21].

In further experiments, the transgenic L. japonicus and Medicago trun-
catula Gaertn. plants with bacterial nahG gene encoding salicylate hydroxylase
were used [22]. Transgenic L. japonicus lines having one or two copies of the
nahG gene had a decreased content of salicylic acid, which correlated with an
increased number of nodules and infection threads in root hairs. Transgenic
plants showed a significant increase in the root length. The authors did not note
the increase in the number of infection threads per centimeter of the root com-
pared to wild type plants. In experiments with spot inoculation of roots with rhi-
zobia, which made it possible to level the effect of root elongation, it was shown
that the nodule number increases in plants expressing nahG. Similar results were
obtained with another model legume, M. truncatula. Inoculation of composite
plants expressing nahG resulted in a 2-fold increase in the number of infection
threads and nodules compared to the control, with no visible effect on root
growth [22]. Probably, salicylic acid may be involved in plant autoregulation of
the nodule number at the stage of infection thread formation through the activa-
tion of defense reactions [22] (see Fig.).

The role of salicylic acid in the nodule formation was also studied in cell
cultures of wild type L. japonicus plants and the Nod™ mutant Ljsym4-2 carrying
a mutation in the CASTOR gene which encodes protein of nuclear membrane
ion channel. This channel is involved in calcium oscillations induced by Nod
factors [23]. The Ljsym4-2 mutant is also unable to form arbuscules when inocu-
lated with mycorrhizal fungus, as the fungal infection is aborted in the colonized
epidermal cells in which the program of premature cell death is activated [24].
The mutant cell culture showed increased sensitivity to 0.5 and 1 mM salicylic
acid, which was manifested in a sharp increase in the number of dead cells com-
pared to that in the wild type cell culture [25]. A two-peak increase in the con-
tent of hydrogen peroxide was observed in the mutant culture, which is charac-
teristic of the cellular response to the pathogenic attack [26]. Increased produc-
tion of hydrogen peroxide preceded the activation of the production of nitrogen
monoxide NO. That is, the content of salicylic acid, which wild type cells per-
ceive as the physiological norm, in a mutant culture becomes a signal for the
launch of cell death. This culture also revealed a constitutive increase in the ex-
pression of the LjPRI gene [25]. In composite plants, in the roots of which the
nahG gene was expressed, no nodules were formed. This confirms that the al-
tered sensitivity to salicylic acid in the mutant Ljsym4-2 does not cause the Nod™
phenotype.

Two-day pre-treatment with 0.1 and 0.5 mM salicylic acid positively in-
fluenced nitrogenase activity and nodule biomass in 49-day-old alfalfa (M. sati-
va) plants which were subsequently exposed to 200 mM NaCl for 12 days [27].
It is suggested that this effect is associated with the antioxidant metabolism acti-
vation by salicylic acid (see Fig.). A positive effect was also observed when
107> M salicylic acid were used to treat aboveground part of 30-day-old chickpea
(Cicer arietinum L.) variety Avarodhi plants which grew in soil contaminated
with cadmium (25 mg) [28]. An increase in the nodule number, nitrogenase ac-



tivity, leghemoglobin content, as well as enzymes involved in nitrogen assimila-
tion was observed in the control 90-day-old plants and those grown in polluted
soil [28].

The study of R. leguminosarum bv. viciae 3148 strain revealed the pres-
ence in rhizobia of two systems of active efflux of substances from the cell (ef-
flux pump) of the MFS (major facilitator superfamily) type controlled by the
salRAB and rmrA genes activated by salicylic acid [29]. Mutation in the salAd
gene led to a significant inhibition of rhizobia growth in the presence of 2 mM
salicylic acid, whereas alteration in the rmrA gene had no such effect. Both mu-
tations did not affect the ability of rhizobia to form symbiotic nodules and their
nitrogen-fixing activity. These results can be explained by the presence in the
rhizobia genome of additional systems of active efflux of substances from the cell
which compensate for the loss of the functional product of the sa/lRAB and rmrA
genes [29].

Jasmonic acid is involved in the regulation of various processes of plant
development during biotic and abiotic stresses including legume-rhizobial symbi-
osis (30).

It was assumed that not only flavonoids, but also other substances asso-
ciated with the phenylpropanoid pathway may be involved in activation of the
rhizobia nod genes expression [31]. It has been shown that jasmonic acid and
methyl jasmonate can induce the expression of nod genes in some strains of rhi-
zobia, and jasmonic acid together with naringenin, a natural flavonoid inducer,
have a synergistic effect [31]. Later, the positive effect of jasmonic acid and methyl
jasmonate on the production of Nod factors (see Fig.) was confirmed for B. japon-
icum 532C and USDAZ3 strains [32]. The assumption that jasmonic acid, along
with flavonoids, may be involved in the induction of rhizobia nod genes is also
confirmed by the fact that its high content was observed in the root tips of soy-
bean (G. max (L.) Merr.) seedlings of Williams variety [33]. It was also shown that
jasmonic acid participates in the induction of the biosynthesis of flavonoids, since
the treatment of M. truncatula seedlings with methyl jasmonate led to the induc-
tion of the MtFNSII-2 gene encoding flavon synthase 11 [34].

However, in M. ftruncatula plants grown on a medium containing
jasmonic acid the nodule number decreased. The effect was observed already at
0.1 uM concentration, and 10 uM concentration completely inhibited nodula-
tion. However, the presence of 10 uM jasmonic acid in the culture medium did
not affect the development of S. meliloti, that is, jasmonic acid primarily pre-
vents the infection of host plant with rhizobia (see Fig.) [35]. Jasmonic acid has
been found to suppress the expression of the ENODII and RIPI genes that are
activated at the initial stages of symbiosis, as well as calcium oscillations caused
by the Nod factor [35] (see Fig.). It was previously shown that ethylene also
blocks calcium oscillations [36] (see Fig.). High concentrations of jasmonic acid
(100 uM) completely suppress calcium oscillations, while lower amounts change
oscillation frequency [35]. In sickle, an ethylene-insensitive mutant, the frequen-
cy of calcium oscillations decreased at lower levels of jasmonic acid compared to
the wild type, that is, ethylene inhibits the effect of jasmonic acid during the de-
velopment of nodules and these hormones act as antagonists in the regulation of
calcium oscillations induced by Nod factors [35]. Adding aminoethoxyvinylgly-
cine, the ethylene inhibitor, to the wild type plants or using the sickle mutant sig-
nificantly reduced negative impact on nodulation, indicating a synergistic effect of
jasmonic acid and ethylene in regulation of nodulation (see Fig.).

Spraying L. japonicus shoots with 104-1073 M methyl jasmonate resulted
in significant suppression of nodulation in wild type plants and the harl-4 hy-
pernodulating mutant. When plants were treated with lower concentrations of



methyl jasmonate (10°-10° M), a stronger inhibition was observed for the harl-
4 mutant, which may be explained by the higher effect of low concentrations of
methyl jasmonate on the number of nodules formed in the mutant lacking the
ability perceive the signal of autoregulation [37]. Methyl jasmonate has a nega-
tive effect on the nodule number, blocking the root hair curling, the growth of
infection threads and the formation of nodule primordia [37] (see Fig.).

Jasmonic acid activates expression of vspA, vspB and LoxZ2 genes in the
hyper-nodulating soybean (G. max (L.) Merr.) SS2-2 mutant carrying a muta-
tion in NTS/GmNARK gene which encodes a serine-threonine receptor protein
kinase similar to CLAVATAI [38]. In contrast, expression of the PRI gene con-
trolling the response to salicylic acid was declined. The mutant also showed a 2-
fold increase in the content of jasmonic acid in the leaves compared to the wild
type. Treatment of plants with methyl jasmonate resulted in a decrease in the
nodule number; however, in harl-4 mutant the nodule number decreased to a
greater extent than in the wild type plants [37], and in the SS2-2 mutant—to a
lesser extent [38]. In not inoculated mutant plants, there was a higher expression
of jasmonic acid response genes in the leaves but not in the roots compared to
the wild type plants. NTS/GmNARK, as a negative regulator of jasmonic acid
synthesis in the leaves, probably participates in a defense mechanism dependent
on jasmonic acid, along with participation in the autoregulation of the nodule
number [38].

In nodules of M. truncatula, allen oxide cyclase, an enzyme involved in
jasmonic acid biosynthesis, is localized in plastids of uninfected cells in the ni-
trogen fixation zone, as well as in nodule cortex cells [39]. The pattern of distri-
bution of allen oxide cyclase did not differ in nodules formed by effective and
ineffective strains. Measurement of jasmonic acid level did not reveal a signifi-
cant difference between the roots and nodules. In transgenic roots of the compo-
site M. truncatula plants in which the MtAOCI gene was turned off by RNA in-
terference (RNAIi), there were no changes in nodule development, that is why
the authors concluded that jasmonic acid does not participate in the regulation
of this process [39].

However, jasmonic acid has positive effect on the formation of nodules
in L. japonicus. The phytochrome B mutant (phyB) had a reduced content of
photosynthesis products, as well as jasmonoyl-isoleucine conjugate, the active
jasmonic acid derivative [40]. This mutant formed a smaller number of nodules,
and 0.1 uM jasmonic acid increased their number, as compared to the wild type
plants. In wild type plants grown at low the red/far red light ratio, the nodule
number was also reduced, and jasmonic acid treatment increased this number.
These data indicate that jasmonic acid is involved in the photomorphogenetic
regulation of nodule formation through plant perception of the red/far red light
ratio [40]. Incubation of 3-week-old soybean (G. max (L.) Merr.) nodules of the
Don Mario variety for 5 days in solutions containing jasmonic or 12-
oxophytodienic acid, a precursor in the biosynthesis of jasmonic acid, led to an
increase in the number and size of cells in nodules [41].

Abscisic acid is an important plant hormone involved in the adaptation
to various stresses such as drought, cooling, and salinity [42].

Treatment of pea roots with abscisic acid (see Fig.) inhibits nodulation
and block cell divisions in the root cortex which are activated during the nodule
formation [43]. The negative effect of abscisic acid has been shown for soybean
(G. max (L.) Merr.) wild type plants and for hypernodulating mutant NODI1-3
[44, 45], as well as for the clover (7. repens) and L. japonicus plants [46]. Treat-
ment of the L. japonicus plants with 1 and 10 uM abamine, the inhibitor of 9-



cis-epoxy-carotenoid dioxygenase which is involved in the biosynthesis of ab-
scisic acid, resulted in a lower level of endogenous abscisic acid and an increase
in the nodule number [46]. It was shown that abscisic acid significantly reduces
the number of curled root hairs and hairs with infection threads [46] (see Fig.).
Later, the negative effect of abscisic acid on nitrogen fixation was revealed. In
pea plants, daily treatment of 3-week-old nodules with 100 uM abscisic acid for
9 days resulted in a significant decrease in nitrogen fixation [47]. The treatment
of bean (P. vulgaris L.) seedlings with 1 and 10 uM abscisic acid also reduced
nitrogen fixation. When 100 mM NaCl was added to the plants at 1 uM abscisic
acid, nitrogen fixation was reduced to a lesser extent than without treatment
[48]. Pre-treatment of alfalfa (M. sativa L.) plants with 10 uM abscisic acid re-
duced nitrogen fixation. Similarly to bean plants, treatment with abscisic acid
reduced the negative effect of 200 mM NaCl on the nitrogen fixing activity of
nodules [49]. The authors associate this effect with the activation of the antioxi-
dant defense system in nodules by abscisic acid (see Fig.).

Experiments on M. truncatula plants revealed the dose-dependent nega-
tive impact of abscisic acid on the number of nodules and infection threads [50].
The negative effect was confirmed when analyzing the expression of two marker
genes that are activated in the early stages of symbiosis, RIPI and ENODII. Ab-
scisic acid, like jasmonic acid [35] and ethylene [36], affects calcium oscillations
induced by Nod factors (see Fig.). The 1 mM abscisic acid completely blocked
calcium oscillations, whereas lower concentrations altered their frequency and
amplitude [50]. It was established that at high concentrations of Nod factors, the
negative effect of abscisic acid can be leveled, that is, during nodule develop-
ment, the quantitative balance between Nod factor and abscisic acid is important
[50].

Importantly, abscisic acid and ethylene regulate the development of
nodules independently. In M. fruncatula roots, the overexpression of the abil-1
mutant allele of the ABSCISIC ACID INSENSITIVEI gene of Arabidopsis thali-
ana (L.) Heynh. encoding nonfunctional protein phosphatase 2C, results in
blocking the abscisic acid signaling pathway and an increase in the nodule num-
ber [50]. Another sta-1 mutant for the SENSITIVITY TO ABA gene (STA) in-
duced directly in M. fruncatula formed decreased nodule number. At the same
time, the sensitivity of formation of nodule primordia to abscisic acid was in-
creased in the mutant, while the root hair deformation and curling under the
action of Nod factors became less susceptible to abscisic acid [50]. It has also
been shown that abscisic acid reduces the expression of ENOD40 and NIN genes
that is activated in the inner layers of the root during the formation of nodule
primordium under the influence of cytokinin [50]. In L. japonicus snf2 plants
carrying a mutation with loss of function in LOTUS HISTIDINE KINASE 1
(LHKI) gene which encodes a cytokinin receptor, abscisic acid suppresses the
formation of spontaneous nodules. The obtained data confirmed the assumption
that the abscisic acid blocks the development of nodule primordia by affecting
the cytokinin signaling cascade [43, 50]. It was previously shown that the ab-
scisic acid/cytokinin ratio is lower in the supernodulating soybean mutant nts382
compared to the wild type [51].

Screening of L. japonicus mutants insensitive to abscisic acid revealed
enfl (enhanced nitrogen fixation 1) variant with a 1.7-fold number of nodules
and higher nitrogen fixation [52]. This mutant also produced more infection
threads. It was shown that the mutant phenotype is determined by a reduced
content of abscisic acid. Treatment of wild type plants with abamine led to high-
er nitrogen fixation accompanying a decreased amount of abscisic acid. The enf]
mutation did not affect expression of genes involved in nitrogen fixation, but



caused a decrease in the content of nitrogen oxide NO [52, 53], the inhibitor of
nitrogen fixation [54].

Thus, the negative effect of salicylic acid on the development of symbi-
otic nodules was revealed both during exogenous treatment and in transgenic
plants when endogenous level of salicylic acid altered. The negative effect was
observed in plants with determinate nodules with limited activity of the meristem
and in plants forming indeterminate ones with long activity of the meristem. Sal-
icylic acid also leads to a decrease in nitrogen fixation. It should be noted that
under salt stress, the nitrogen fixation decreased to a lesser extent in plants sub-
jected to salicylic acid pre-treatment, which is probably due to the activation of
the antioxidant defense system when exposed to salicylic acid. The positive effect
of salicylic acid on nodule formation and nitrogen fixing activity has been re-
cently described in chickpea plants grown both in the presence and in the ab-
sence of cadmium salts in the soil. It was shown that exogenous jasmonic acid
serves as a negative regulator of nodulation, and also can play positive role in
induction of rhizobia nod-genes. However, endogenous jasmonic acid does not
participate in symbiotic nodule development. Negative regulation of nodule de-
velopment has also been demonstrated for abscisic acid using both exogenous
treatments and mutants with an altered level of endogenous abscisic acid. Pre-
treatment with abscisic acid reduced the negative effect of salt stress, probably
due to the activation of antioxidant defense.

Thus, in general, salicylic, jasmonic and abscisic acids, like ethylene, are
negative regulators of the development and functioning of symbiotic nodules.
Regulation occurs at different stages of nodule development. However, these
phytohormones may be also involved in positive regulation, especially under
stresses. Of great interest are further studies to describe the interaction between
ethylene, salicylic, jasmonic and abscisic acids in regulation of legume-rhizobial
symbiosis and to detect the peculiarities of the action of each phytohormone.
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