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Polyamines (PAs) are natural aliphatic amines involved in many physiological processes in aimost
all living organisms, including responses to abiotic stresses and microbial interactions. On
other hand, the family Leguminosae constitutes an economically and ecologically key botanical
group for humans, being also regarded as the most important protein source for livestock. This
review presents the profuse evidence that relates changes in PAs levels during responses to
biotic and abiotic stresses in model and cultivable species within Leguminosae and examines
the unreviewed information regarding their potential roles in the functioning of symbiotic
interactions with nitrogen-fixing bacteria and arbuscular mycorrhizae in this family. As linking
plant physiological behavior with “big data” available in “omics” is an essential step to improve
our understanding of legumes responses to global change, we also examined integrative
MultiOmics approaches available to decrypt the interface legumes-PAs-abiotic and biotic stress
interactions. These approaches are expected to accelerate the identification of stress tolerant
phenotypes and the design of new biotechnological strategies to increase their yield and
adaptation to marginal environments, making better use of available plant genetic resources.

Keywords: legume, plant polyamines, plant stress and adaptation, symbionts, constrained environments

INTRODUCTION

Polyamines (PAs) are organic polycations, acknowledged as regulators of plant growth, development
and stress responses, being putrescine (Put), spermidine (Spd), and spermine (Spm) the most related
to this physiological role (Cohen, 1998). A high number of metabolites and enzymes participate in PAs
metabolism (see Calzadilla et al., 2014 for an extensive description). The diamine Put can be synthesized
directly from ornithine by the enzyme ornithine decarboxylase (ODC, EC 4.1.1.17) or indirectly, via
a series of intermediates following decarboxylation of arginine by arginine decarboxylase (ADC,
EC 4.1.1.19) (Figure 1). In turn, Spd and Spm are synthesized from Put by successive additions of
aminopropyl groups provided by decarboxylated S-adenosylmethionine (SAM), a metabolite derived
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FIGURE 1 | Polyamine metabolism. Biosynthetic pathways for PAs and related metabolites are indicated by continuous lines. Dashed lines show the
metabolites from the catabolism of the Pas. Abbreviations: Put, putrescine; Cad, Cadaverine; Spd, spermidine; Spm, spermine; tSpm, thermospermine; SAM,

S-adenosylmethionine; dcSAM, decarboxylated S-adenosylmethionine; ACC, aminocyclopropane carboxylic acid; P5C, glutamate-5-semialdehyde. Numbers refer
to enzymes: 1, arginine decarboxylase (ADC, EC 4.1.1.19); 2, agmatine iminohydrolase (EC 3.5.3.12); 3, N-carbamoylputrescine amido-hydrolase (EC 3.5.1.53); 4,
ornithine decarboxylase (ODC, EC 4.1.1.17); 5, spermidine synthase (SPDS, EC 2.5.1.16); 6, spermine synthase (SPMS, EC 2.5.1.22); 7, thermospermine synthase;
8, L-lysine decarboxylase (EC 4.1.1.18); 9, SAM synthetase; 10, SAM decarboxylase (SAMDC, EC 4.1.1.50); 11, ACC synthase (EC 4.4.1.14); 12, ACC oxidase
(EC 1.14.17.4); 12, back-conversion polyamine oxidase (non-specific polyamine oxidase, EC 1.5.3.17); 13, terminal catabolism polyamine oxidase (propane-1,3-
diamine-forming, EC 1.5.3.14); 14, diamine oxidase (DAO, EC 1.4.3.6); 15, GAD (glutamate decarboxylase, EC 4.1.1.15); 16, P5SCDH (A1-pyrroline-5-carboxylate
dehydrogenase, EC 1.5.1.12); 17,P5CS (L-glutamate y-semialdehyde dehydrogenase, EC 1.2.1.88); 18, P5CR (A1-pyrroline-5-carboxylate reductase, EC

1.5.1.2); 19, ProDH (proline dehydrogenase, EC 1.5.99.8); 20, OAT (ornithine 8-aminotransferase, EC 2.6.1.13); 21, Glutamate to Ornithine subpathway (five steps
subpathway catalyzed by EC 2.3.1.1, EC 2.7.2.8, EC 1.2.1.38, EC 2.6.1.11 and EC 3.5.1.16).

from the S-adenosylmethionine decarboxylase (SAMDC, EC
4.1.1.50) activity. The aminopropyl additions to Put are catalyzed by
the aminopropyl-transferases Spd (EC 2.5.1.16) and Spm synthases
(EC2.5.1.22). Both ADC and ODC pathways occur in higher plants
and bacteria (Figure 1).

PAs are present in cells as free and bound forms, in variable
amounts, depending on the species and developmental stage
(Jiménez-Bremont et al., 2007; Alcazar et al., 2010; Hussain et al.,
2011 ). The free forms of PAs show water-soluble properties and
therefore, are readily translocated within cells. They may cause

conformational stabilization/destabilization of DNA, RNA,
chromatin, and proteins due to their ability to form electrostatic
linkages with negatively charged molecules (Alcazar et al., 2010;
Wimalasekera et al.,, 2011). PAs can stabilize membranes or
nucleic acids, by binding to their negative surfaces (Galston and
Sawhney, 1990; Kusano et al., 2008). Although the H,O, derived
from PAs catabolism contributes to reactive oxygen species (ROS)
(Gonzalez et al., 2011), PAs can also act as ROS scavengers and
activate antioxidant enzymes (Pottosin et al., 2014a). In addition,
PAs display effects on vacuolar channels and cation transport in
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plants (Pottosin and Muiiiz, 2002; Pottosin and Shabala, 2014;
Zepeda-Jazo and Pottosin, 2018). Notwithstanding the precise
molecular mechanisms by which PAs control plant responses
to abiotic stress remain unknown, several aspects about their
apparently clashing roles in the development have been reviewed
the last years (e.g., Minocha et al., 2014; Singh et al., 2018; Chen
et al., 2019a). These aspects include the involvement of PAs
signaling in direct interactions with different metabolic routes
like intricate hormonal cross-talks, the nitric oxide formation and
the modulation of ion channel activities, and Ca?** homeostasis
(Tun et al., 2006; Yamasaki and Cohen, 2006; Alcazar et al.,
2010; Bitrian et al., 2012; Minocha et al., 2014; Singh et al., 2018;
Podlesakova et al., 2019).

The family Leguminosae, containing close to 770 genera
and over 19,500 species (LPWG, 2017), is the third largest
Angiosperms family in terms of species numbers after Asteraceae
and Orchidaceae. A considerable number of features make
legumes an excellent model system to study the different aspects
of PAs metabolism. Legumes are critical components of natural
and agricultural ecosystems (Escaray et al., 2012). Indeed,
some legumes such as soybean (Glycine max L. Merr.) and
peanut (Arachis hypogaea) are food crops of primary economic
importance for livestock and human consumption, as their
seeds are rich in proteins, carbohydrates, and oils (Duranti and
Gius, 1997; Graham and Vance, 2003). In addition, legumes are
characterized by their ability to establish symbiotic interactions
with nitrogen fixation bacteria (NFB) and arbuscular mycorrhizal
fungi (AMF), which help at plant nutrition and adaptation to
soils offering different environmental constraints (Escaray et al.,
2012; Gibson et al., 2008).

The ability of legumes to establish symbiotic interactions
with nitrogen-fixing bacteria and arbuscular mycorrhizae fungi
gives to some legume species that can exploit their molecular
machinery “pioneer” attributes, with better competition
in nutrient-poor soils and higher adaptation to restricted
environments. However, many legume crops may be affected
by several biotic and abiotic stresses, whereby maintaining their
yields safe from adverse environmental conditions is probably
one of the biggest challenges facing modern agriculture.
Therefore, the obtaining of vigorous genotypes with higher
tolerance to abiotic and biotic stresses has turned an increasingly
important biotechnological target. At this scenario, PAs can play
an important role, and genetic manipulation of crop plants with
genes encoding PAs biosynthetic pathway enzymes is envisioned
as a strategy to achieve plants with improved stress tolerance and
symbiotic performance.

In order to support legume crops yields and to understand
their limitations, biological, physiological, and diverse omics
studies have been carried out in the last 80 years. More recently,
genomic tools (genome sequences, expressed sequence tags,
oligonucleotide, and cDNA microarrays) have emerged, along
with comprehensive databases such as the Legume Information
System  (http://www.comparative-legumes.org). In particular,
genomic sequencing of Medicago truncatula (Young et al., 2011)
and Lotus japonicus (Sato et al., 2008), differing in their patterns
of root nodule formation (Barker et al., 1990; Handberg and
Stougaard, 1992), and also of soybean (Schmutz et al., 2010),

pigeon pea (Varshney et al, 2012), and chickpea (Varshney
et al., 2013) have provided a solid framework to explore PAs
metabolism for legume crop improvement.

The recent developments in legumes research are fundamental
to sustain food security at a global level. However, the current
paradigm in plant science is characterized by a disconnection
of ecophysiology and “omics,” which have been established in
parallel, with only exceptional cross-talks for the past 20 years. A
new field has been proposed in order to capitalize the concurrent
advances of both areas into a single discipline: “ecophysiolomics”
(Flexas and Gago, 2018). This multidisciplinary approach would
require joining forces, equipment, and abilities in the context of
user-friendly integrative bioinformatics resources and concurrent
shared research protocols. This utopic collaborative environment
is essential to advance in the understanding of legumes at levels
ranging from cellular to agroecosystem scales. Then breeders may
be able to use this understanding and translate it into practices or
biotechnological tools.

This review explores the contribution made by studies on
legume species on the basic knowledge of PAs metabolism,
their role in tolerance to biotic and abiotic stresses, and the
establishment of mutualistic relationships relevant to the
physiology of plants and the environment. As significant
future challenges are the development and implementation of
progressive methods of genetic improvement oriented to develop
varieties of legumes that have genetic recovery capacity against
environmental stresses, this review will also get a glimpse of the
state-of-the-art toolkit landscape in legume research.

Polyamines and Abiotic Stress in Legumes
Drought Stress

Exogenous PAs application has shown to mitigate drought stress
in several legumes such as Phaseolus vulgaris (Torabian et al.,
2018a; Torabian et al., 2018b), Trifolium repens (Zhang et al.,
2018), and Vigna radiata (Farhangi-Abriz et al., 2017), whereas
the mechanisms involved in the PAs-mediated alleviation of
drought include the crosstalk with several phytohormones, the
improvement of plant water status, stress signaling, antioxidant
biosynthesis, melatonin production, and DNA protection.

Plant acclimation strategies to water deficit are based on
short-term osmotic responses (Tardieu et al., 2018), and abscisic
acid (ABA) and other phytohormones are acknowledged by their
involvement in fast tolerance response to dehydration (Ullah
et al, 2018). Several studies carried out with ABA-deficient
mutants of non-legume species confirmed that ABA mediates the
drought upregulation of ADC2, SPDSI, and SPMS genes at the
transcriptional level (Alcézar et al., 2010). Legume-base studies
have also provided significant pieces of evidence pointing to PAs
playing a role in the regulation of short-term osmotic responses by
interacting with phytohormones. For example, Espasandin et al.
(2014) showed that the overexpression of the oat ADC2 gene in
Lotus tenuis plants, using a heterologous oat ADC gene under the
control of a drought/ABA-inducible promoter RD29A, increased
Put content in shoots of drought-stressed plants. These authors
revealed that Put controls ABA biosynthesis in response to
drought by modulating the expression of 9-cis-epoxycarotenoid
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dioxygenase (NCED). Drought increased the expression of
oat ADC, total ADC activity, and Put content with only minor
variations in Spd and Spm. The wild-type plants showed
relatively smaller changes in PAs metabolism upon exposure
to water shortage. Concomitantly, the higher Put content in
transgenic lines significantly increased the NCED expression,
suggesting the possibility of transcriptional regulation of ABA
synthesis by Put. All these results underpin the theory that Put
and ABA are assimilated in a positive feedback loop in response
to osmotic stress (Singh et al., 2018). In contrast, Spd application
had no significant effect on ABA accumulation in T. repens,
although it led to increased GA and cytokinin (CTK) content
as well as decreased indole-3-acetic acid (IAA) content under
water deficit condition (Li et al., 2016a). In this species, IAA-
PAs crosstalk was involved in the improvement of antioxidant
defense and osmotic adjustment conferring plant tolerance to
water stress (Li et al., 2018a). Moreover, crosstalk with ABA, TAA,
and CKs is predictable since these phytohormones modulate
root architecture to maintain the water homeostasis to cope
with the long-term water shortage (Khan et al., 2016). In effect,
in drought-stressed L. tenuis (Espasandin et al., 2014), Cicer
arietinum, G. max (Nayyar et al.,, 2005), and Medicago sativa
(Zeid and Shedeed, 2006), the rise in Put level either by over-
expression of genes related to PAs biosynthesis, or exogenous
application promoted root development. These effects may also
be related to the involvement of PAs in the control of cell division
and differentiation, which plays an essential role in the root apex
and during lateral root formation (Couée et al., 2004). Further
proteomic analysis in T. repens (Li et al., 2018b) revealed that
PAs could be one key adaptive response against drought stress,
through the regulation of growth, ribosome, amino acid and
energy metabolism, and antioxidant reactions.

Drought induces oxidative stress due to an imbalance between
ROS formation and scavenging (Fariduddin et al., 2013). The
excessive ROS production, in turn, decreases the membrane
fluidity and damages membrane proteins inactivating the related
receptors, enzymes, and ion channels (Gill and Tuteja, 2010). PAs,
mainly Put and Spm, are responsible for the scavenging of ROS
and can indirectly affect the activities of the involved enzymes
including catalase, peroxidases, and superoxide dismutase
(Alcazar et al., 2010; Minocha et al., 2014; Sanchez-Rodriguez
et al., 2016). A body of evidence obtained from experiments
using water-stressed legumes has also contributed to support
that PAs could act as a signal molecule or as antioxidants during
the stress response. PAs treatment increases the activities of
antioxidant enzymes and reduces the oxidative damages in C.
arietinum (Nayyar and Chander, 2004). Likewise, the exogenous
application of Spm and Spd regulates antioxidant defense system
by increasing the reduced glutathione concentration or catalase
activity in drought-stressed G. max (Radhakrishnan and Lee,
2013) and T. repens (Li et al., 2014a). Furthermore, PAs synthesis
and oxidation have shown to improve H,0,-induced antioxidant
protection in M. sativa (Guo et al., 2014).

Chloroplasts employ several strategies to cope with energy
imbalances and prevent ROS formation, which was recently
reviewed by Vanlerberghe et al. (2016). In such circumstances,
Spm plays an essential role in protecting the photosynthetic

apparatus by interaction with photosystem II and light harvesting
complex (LCH) proteins, preserving the integrity of the thylakoid
membranes structure (Hamdani et al., 2011), helping in the
maintenance of the photosynthetic activity. Drought-sensitive P.
vulgaris plants presented significant decreases in the contents of
all PAs associated with thylakoids isolated from plants growing in
sorbitol and salt conditions (Legocka and Sobieszczuk-Nowicka,
2012), suggesting that thylakoid-associated PAs would be good
markers of plant stress tolerance. Also, Spm application to G.
max leaves reduced osmotic stress-induced losses in chlorophyll,
carotenoid, and protein levels (Radhakrishnan and Lee, 2013).

It is known that PAs actively participate in stress signaling
through an intricate crosstalk with several signal molecules
(Marco et al., 2011; Shi and Chan, 2014). Nitric oxide (NO) is
a key signaling molecule that can also be induced by PAs. In T.
repens, Spd played a role in drought stress-activated pathways
associated with NO release, which mediated antioxidant
defense, contributing to drought tolerance in this plant (Peng
et al., 2016), whereas in Vicia faba, NO accumulation proved
necessary for ABA-induced closure of stomata (Garcia-Mata
and Lamattina, 2002). On other hand, hydrogen sulfide (H,S)
is currently regarded as a novel gaseous signaling molecule in
plants during environmental stress response (Li et al., 2019). In
T. repens, dehydration or exogenous application of Spd caused
a quick H,S accumulation, followed by significant improvement
of antioxidant activities and increased transcript levels of several
transcription factors and genes encoding antioxidant enzymes,
all associated with dehydration tolerance. Further analyses using
NO and H,S scavengers led to the notion that Spd-induced H,0,
could be an upstream signal molecule of NO and H,S, whereas
Spd-induced H,S might act as the downstream signaling of NO
in T. repens leaves.

Drought perturbs photosynthesis due to CO, limitations
resulting from stomatal closure, and biochemical restrictions
associated with the accumulation of reducing power (Pinheiro
and Chaves, 2010). PAs are shown to regulate ion channel and
Ca?" homeostasis, and it is known that changes of free Ca?* in the
cytoplasm of guard cells are responsible for stomatal movement
(Allen and Sanders, 1996; Peiter et al., 2005). Several works
performed on legumes have also suggested that the interaction
between PA-induced H,0, and Ca*' signaling plays a role in
stomata movement. In V. faba, diamine oxidase (DAO) catalyses
the degradation of Put to produce H,O,, thereby elevating the Ca?*
level in guard cells (An et al., 2008). PAs-regulated tolerance to
water stress in T. repens was associated with antioxidant defenses
and dehydrins via their involvement in the Ca?* messenger system
and H,0, signaling pathways (Li et al., 2015a). The constitutive
overexpression of oat arginine decarboxylase 2 (ADC2) gene
increases the net CO, assimilation rate in M. truncatula stressed
leaves at the expenses of an increase in the stomatal conductance
and transpiration (Duque et al, 2016). Contrarily, the ADC2
overexpression driven by the stress-inducible RD29A promoter
improved drought tolerance in L. fenuis plants subjected to
a gradual decrease in water availability, by inducing stomatal
closure to reduce transpiration (Espasandin et al., 2014). As
the intensity of stress increases, PAs promote osmoregulation
and preserves the leaf relative water content by inducing the
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accumulation of proline, an amino acid playing a highly beneficial
role in plants exposed to osmotic stress conditions (Hayat et al.,
2012; in C. arietinum, G. max, and L. tenuis). Furthermore, pre-
treatment of T. repens seeds by soaking with Spd 30 uM for 90
min increased a- and f-amylase activities accelerating the starch
metabolism during germination under low soil water content
(Li et al., 2014b). Likewise, pre-treatment of 7-day-old T. repens
plants with Spd 500 uM for 7 days speed up the water-soluble
sugar, sucrose, fructose, sorbitol, and dehydrins accumulation in
drought-stressed leaves (Li et al., 2015b). Also, y-aminobutyric
acid (GABA), a product of Put catabolism by DAO and terminal
catabolism of Spd (Xing et al, 2007) may act as an osmolyte
to reduce the loss of cellular water and also protects the plant
from stress by regulating cell pH (Podlesdkova et al., 2019). In
fact, treatment with exogenous GABA led to improved drought
tolerance of T. repens, associated with a positive regulation in the
GABA-shunt and PAs metabolism (Yong et al., 2017).

Legumes as model species have facilitated the study of
unique biological mechanisms used by plants in response to
stress. M. truncatula has been valuable to reveal the role of
MtSPDS and MtSPMS genes encoding Spd synthase and Spm/
Spd synthase, respectively, as part of the molecular mechanisms
underlying DNA damage response in legumes (Pagano
et al,, 2019). In M. sativa, melatonin pre-treatment exerted,
through PAs modulation, a protective effect on plants against
waterlogging (Zhang et al., 2014). Interestingly, melatonin
improved tolerance to salt and drought stresses in G. max
and V. faba as well (Wei et al., 2014; Dawood and El-Awadi,
2015). It would be worthwhile to test whether melatonin also
induces the development of lateral root primordia through the
stimulation of polyamine oxydase (PAOI) expression as it was
recently shown for Solanum lycopersicum (Chen et al., 2019b).
Finally, physiological and iTRAQ-based proteomic analyses
on Spd-treated T. repens explained Spd-induced physiological
effects associated with improved drought tolerance through the
higher abundance of differential expressed proteins involved in
protein (ribosomal and chaperone proteins) and amino acids
biosynthesis, in carbon and energy metabolisms, in antioxidants
(ascorbate peroxidase, glutathione peroxidase, and dehydrins),
and in GA and ABA signaling pathways (Li et al., 2016b).

Salt Stress
Salinity is a severe problem for crops worldwide (Flowers, 2004),
affecting around 800 million ha. (FAO, 2008). Salt stress disturbs
plants in a two-phases way; the first involves the reduction
of shoot growth due to the osmotic stress caused by high salt
concentration in the rhizosphere, and the second is driven
by the accumulation of toxic ions (Munns and Tester, 2008).
Supplementation of salt affected plants with exogenous PAs
led to improved toxicity symptoms and plant growth in several
legume species such as V. radiata (Nahar et al., 2016a) and G.
max (Zhang et al., 2014).

Experiments using L. tenuis (formerly Lotus glaber) as
a model to test the hypothesis that free Spd and Spm are
biochemical indicators of the salt stress response, have shown
that salt induced a decrease and an increase of free Spd and
Spm, respectively (Sanchez et al., 2005). These results suggest

the lack of a relationship between the salt induced reduction of
growth rate and Spd content, while Spm might be related to stress
signaling. Several studies using “omics” techniques have revealed
that salinity modulates the expression of genes involved in PAs
metabolism. In C. arietinum (chickpea) roots, it was shown that
salt induced the up-regulation of ADC and SAMDC (Molina,
2008). Sanchez et al. (2011) analyzed the contrasting responses
to salinity of six Lotus species by using comparative ionomics,
transcriptomics, and metabolomics. These authors found that
many salt-elicited genes of PAs metabolism showed a similar
gene-expression profile in sensitive and tolerant species. These
shared transcripts included many genes previously implicated in
plant stress such as enzymes of PAs biosynthesis and catabolism,
proline oxidase, polyamine oxidase, SAMDC, and Spm synthase.
Also, recent metabolomic studies revealed that salinity increases
the content of different free PAs in legumes, in Prosopis
strombulifera leaves (Llanes et al., 2016) and G. max roots (Jiao
etal., 2018). Interestingly, Pr. strombulifera showed an increase of
cadaverine (Cad), an uncommon diamine that characterizes the
legume family (Jancewicz et al., 2016).

The fact that salinity induces osmotic stress and redox
imbalances implies that some stress symptoms and mechanisms
for their mitigation are shared with drought, including
improvement of plant water status, stress signaling, and synthesis
of antioxidants (see previous section). In this regard, several
studies on legume species have contributed to reveal possible
roles of PAs on key physiological responses of plants to salt
stress. In NaCl-treated Pr. strombulifera, Put accumulation
was related to the antioxidant defense system in this species
(Reginato et al, 2012). In V. radiata, supplementation with
exogenous Put resulted in better seedling growth, associated
with enhanced glutathione and ascorbate contents, increased
activities of antioxidant enzymes and glyoxalase enzyme, and
reduced cellular Na* (Nahar et al.,, 2016a). GABA is also an
important intermediate involved in ROS scavenging under
abiotic stress and has been proposed that it contributes to stress
protection (Bouche and Fromm, 2004; Liu et al., 2011). NaCl
(100 mM) stress induced higher GABA accumulation in G.
max through DAO activity stimulation, whereas GABA levels
were reduced concomitantly to PAs increment during stress
recovery (Xing et al., 2007). A regulatory role of GABA on PAs
genes the expression of emerged from salt-treated plants of the
shrub Caragana intermedia (Shi et al., 2010), and V. faba plants
grown under hypoxia (Yang et al., 2013; Yang et al., 2018). Using
quantitative profiling, Dias et al. (2015) detected a decrease of
Put level in tolerant and sensitive chickpea genotypes subjected
to stress, whereas the sensitive genotype also had reduced GABA.
These results were confirmed by a transcriptomic analysis (Liu
et al,, 2019), indicating that the expression of key genes of the
GABA shunt pathway and polyamine degradation was positively
induced in soybean leaves under saline stress. Interestingly, Ca
regulated GABA metabolism pathways in germinating soybean
under NaCl stress, by changing the contribution ratio of GABA
shunt and polyamine degradation pathway for GABA formation
(Yin et al., 2014). Taken together, these results strongly support
the idea that sustaining GABA levels could be a major strategy to
cope with salinity in legumes.
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It is well-known that both PAs and the osmolyte proline
possess a common precursor: glutamate. Glutamate can
be directly converted to proline through the glutamate
Al-pyrroline-5-carboxylate pathway or indirectly to PAs via
its acetylation in ornithine and arginine (Hayat et al., 2012).
This connection between PAs and proline metabolisms would
imply that considerable stress-induced changes in the pool
of PAs could cause a shift in the proline synthesis pathway.
Effectively, in 2-week-old soybean seedlings subjected to NaCl,
Su and Bai (2008) found a negative correlation between proline
accumulation and endogenous Put content. However, in long-
term salt-stressed L. glaber, PAs and proline accumulations were
not correlated (Sanchez et al., 2005). Such a divergence is not
surprising, since it was recently found in wheat that production
of proline was partly regulated independently, and not in an
antagonistic manner from the PAs synthesis (Pal et al., 2018).

Other works have addressed the salt-specific, ionic
homeostasis response, through the regulation of non-selective
cation channels. These protein channels are known to be PAs
targets (Liu et al., 2000) and their blockage by PAs led to the
prevention of the salt-induced K* efflux from Pisum sativum
mesophyll cells (Shabala et al., 2007). In the last species, PAs
were also shown to interact with ROS to alter intracellular Ca?*
homeostasis by modulating both Ca?* influx and efflux transport
systems at the root cell plasma membrane (Zepeda-Jazo et al.,
2011). Pottosin et al. (2012) found a synergism between PAs
and ROS in the induction of passive Ca** and K* fluxes in roots,
which would impact K* homeostasis and Ca** signaling under
stress. Also, in P. sativum roots, PAs caused plasma membrane
depolarization, activated Ca?*, and modulated H*-ATPase pump
activity (Pottosin et al., 2014b). Taken together, this data suggests
a possible link between PAs and Ca?" homeostasis, and stress
responses in legumes, which deserves further attention.

Most of the studies mentioned above have focused on the
effects caused by salt after many hours or days of stress treatment.
Geilfus et al. (2015) performed an extensive metabolomic
analysis of the fast responses to moderate NaCl stress in V. faba.
The metabolite profile revealed a rapid reduction in the content
of leaf Spd, a PA that is especially relevant for H,O, production
during its catabolism by PAO. This fast reduction of leaf Spd
was suggested to contribute to the excessive ROS production
observed in these plants, which started simultaneously 45 min
after NaCl treatment. However, authors did not report whether
that early oxidative burst served as a beneficial event under NaCl
stress or caused oxidative damage. A hint that PAs catabolism
would be beneficial for plant growth was provided by Campestre
et al. (2011). These authors treated 7 day-old G. max seedlings
with NaCl demonstrated that ROS generated as a consequence
of PAs catabolism participate in the hypocotyl elongation of
stressed plants, as apoplastic ROS promote the leaf elongation
under salinity (Rodriguez et al., 2009).

A significant number of additional works have analyzed the
salt-induced changes in the PAs profiles of different legumes
like G. max (Zhang et al., 2014), P. vulgaris (Zapata et al., 2008;
Shevyakova et al., 2013; Lopez-Gomez et al., 2014, Talaat, 2015;
Lépez-Gomez et al., 2016) and L. tenuis (Maiale et al., 2004;

Sanchez et al., 2005; Sannazzaro et al., 2007). Taken together,
these studies performed on legumes indicate that PAs metabolism
is involved in many physiological processes affected by salinity,
through specific mechanisms which contribute to counteract the
effects of salinity.

Heavy Metals and Extreme Environments

Heavy metals-derived soil pollution is one of the most serious
worldwide environmental problems (Ruttens et al., 2006), which
poses a health risk to humans and animals through the food chain
or contaminated drinking water (Granero and Domingo, 2002).
In plants, heavy metal toxicity may cause chlorosis, necrosis and
several alterations in plant phenotype (Benzarti et al., 2008). One
of the symptoms of metal phytotoxicity is oxidative stress, so
plant defense system includes a battery of diverse antioxidants
(Hossain et al., 2012). Although Lin and Kao, (1999) stated
almost 20 years ago that Put accumulation may be part of the
syndrome of copper toxicity, more recent works indicated that
PAs biosynthesis in the presence of heavy metals such as Zn, Cu,
Cd, Mn, Pb, Fe, and Al could be exerting an antioxidant function
by protecting the tissues from the metals-induced oxidative
damage, although the precise mechanism of protection still
needs to be elucidated (Wolff et al., 1995; Franchin et al., 2007;
Groppa et al., 2007).

Heavy metal stress induced the accumulation of Spd in
Cajanus cajan (Radadiya et al., 2016) and of Put, Spm, and
Spd in V. radiata (Choudhary and Singh, 2000). In G. max, the
involvement of PAs seedlings response to cadmium stress was
revealed by the induction of SAMDC after 3 and 24 h of Cd
treatment (Chmielowska-Bgk et al., 2013). Also, in V. radiata,
exogenous Spm application reduced content, accumulation, and
translocation of Cd to different plant organs, which consequently
reduced ROS production and oxidative damage, thus preventing
chlorophyll degradation (Nahar et al., 2016b).

Increased solubilized Al may result from soil acidification
(common in tropical and subtropical regions; Hoekenga et al.,
2003; Rahman et al.,, 2018), limiting crop production (Kochian
et al., 2004). Aluminum toxicity induces oxidative damage by
overproducing reactive oxygen species (ROS; H,0, and O,).
Exogenous Spd induced the protection of photosynthetic pigment
and improved growth performances of V. radiata against Al
stress, by regulating proline, and activating enzymatic and non-
enzymatic antioxidant defenses (Nahar et al., 2017). Favoring NO
over H,O, production by the application of ascorbate (a H,O,
scavenger), a higher expression of the ADC gene and increased
PAs biosynthesis and GABA were associated with improved Pb
tolerance in Prosopis farcta (Zafari et al, 2017).

Onother hand, evolution has allowed plants to adapt to extreme
environments, including severe cold, high salinity, drought
conditions, intense heat, acid soils, and desert environments
(Oh et al., 2013). Plants that inhabit those environments and can
grow optimally at or near those extreme ranges are usually called
extremophiles and harbor a range of mechanisms that help them
to withstand these extreme conditions. The literature addressing
PAs metabolism in legumes using species that naturally occur
in these environments is null, but some information is available
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from studies performed on common legume crops cultivated
under heat conditions and high heavy metal levels. Heat stress
induced accumulation of PAs in heat-tolerant A. hypogaea, a
phenomenon already observed on cell cultures of heat tolerant
plants and absent on susceptible ones (Konigshofer and Lechner,
2002; Raval et al., 2018). A protective role of PAs in this condition
has also been demonstrated in V. radiata and C. cajan under heat
stress. Application of either 0.1 or 1 mM of exogenous Put, Spd,
or Spm in V. radiata seedlings resulted in an enhancement of
the thermal protection, as shown by growth parameters (Basra
etal., 1997). Also, exogenous Put or Spm application (0.5 mM) to
C. cajan seeds resulted in a higher germination percentage, and
when applied on the seedlings, it resulted in the accumulation
of proline (Silva et al., 2015). The protective role of the de novo
PAs synthesis was revealed by treating V. radiata seedlings
with inhibitors of PAs biosynthesis [2 mM and 4 mM of either
difluoromethylornithine (DFMO) or DFEMA], which rendered
them vulnerable to heat-shock (lower root, hypocotyl and whole
seedlinglength), being the inhibitory effect reversed by exogenous
Put (1 mM; Basra et al., 1997). Overall, PAs accumulation seems
to protect legumes against extreme environments and heavy
metal toxicity. Reports suggest that the protective effect would
be mainly through modulation of the redox metabolism and
osmo-protection. However, further research is needed in order to
unravel the connection between PAs pathways and the observed
mitigation effects.

Polyamines and Biotic Interactions in
Legumes

Plant Pathogens and Herbivores

Accumulating evidence indicates that PAs play an essential
role in maintaining cell viability during biotic stress, but they
also participate in the elicitation of plant defense responses,
either functioning as signaling molecules or rather enabling
the generation of ROS through their oxidation by PAO. Part
of the information supporting the important role played by
PAs oxidation during plant response to microbes (reviewed by
Jiménez Bremont et al., 2014) has emerged from studies using
legume species. These studies suggest that Put oxidation might
play a critical role in plant defense against fungal pathogens.

PAs metabolism is tightly regulated during plant-pathogenic
interactions (Jiménez Bremont et al., 2014, Rossi et al., 2018).
Transcriptomic data indicate that the regulation of PAs
metabolism occurring upon pathogen recognition by legume
plants is an intricate and complicated process that obeys
to genotype, plant growth stage, and the kind of pathogen
involved. For instance, in an anthracnose-resistant line of P
vulgaris, Spm synthase, and SAMDC were downregulated
in the first stages of infection by the hemi-biotrophic fungus
Colletotrichum lindemuthianum, compared to a susceptible
line (Padder et al., 2016). However, in later stages ADC, ODC,
and Spd/Spm synthase transcripts were up-regulated, while
those encoding hydroxycinnamoyl transferases and N-acetyl
transferases (enzymes involved in conjugation of PAs to
hydroxycinnamic acid and acetyl groups, respectively) were
down-regulated, indicating that PAs conjugation has no relation

to plant resistance. Nevertheless, PAs metabolism is not always
directly linked to plant resistance. In this sense, in tolerant and
susceptible lines of L. japonicus and M. truncatula confronted
with the bacteria Pseudomonas syringae, PAs synthesis, and
degradation were equally up-regulated (Bordenave et al,
2013; Nemchinov et al., 2017). These discrepancies challenge
the understanding of the real contribution of PAs to plant
resistance. For instance, Spd and Spm synthase activities
were also up-regulated in soybean against the cyst nematode
Heterodera glycines (Wan et al, 2015), SAMDC and ADC
transcripts were down-regulated, and the PAO gene family was
up-regulated in response to the Asian soybean rust Phakopsora
pachyrhizi Sydow (Panthee et al, 2009). In turn, ODC and
Spm synthase down-regulation was reported in L. sativus in
response to Ascochyta lathyri (Almeida et al., 2015) and the M.
truncatula-Phymatotrichopsis omnivore interaction (Uppalapati
etal., 2009), respectively. Thus, further research is required for a
deeper understanding of the connection between the regulation
of PAs homeostasis and plant biotic stress tolerance.

It is known that defense mechanisms deployed by plants
against pathogens depend on the coordinated activation of
signaling pathways involving the production of hormones such
as SA, JA, and Et. Besides, some reports have demonstrated a
clear connection between PAs and hormone metabolism. For
instance, Ozawa et al. (2009) demonstrated that the treatment
of lima bean (P. lunatus) with PAs (particularly Spm), led to an
increment on JA levels, which in turn promote the production
of volatile terpenoids capable of protecting plants against
herbivores. Moreover, co-treatment with Spm and JA led to a
higher terpenoids production, which has a high potential as a
strategy for herbivores control. JA is also produced because of
tissue damage and the attack of pathogenic fungi. Chickpea
plants treated with JA provoked a remarkable induction in DAO
expression and conversely, antagonists of JA (such as SA and
ABA) repressed the expression of this gene (Rea et al., 2002). In
turn, chickpea plants treated with inhibitors of the Spd synthesis
(such as cycloheximide) showed higher levels of Et, which seems
to be a consequence of the accelerated SAM production and
induction of enzymes participating in Et biosynthesis (Gallardo
et al.,, 1994; Gallardo et al., 1995). These data demonstrate a
bidirectional relationship between PAs and defense signaling
pathways mediated by hormones.

Root Symbiosis
Interactions With Arbuscular Mycorrhizal Fungi
Most lineages of terrestrial plants form symbiotic associations
with fungi called arbuscular mycorrhizae (AM) belonging to
the phylum Glomeromycota (Bonfante and Genre, 2008; Wang
et al,, 2010). AM fungal root colonization requires the mutual
recognition of both organisms involved in the symbiosis (Gadkar
et al., 2001; Vierheilig and Piche, 2002), the penetration of the
root, and the invasion of the cortical cells to form arbuscules:
highly branched fungal structures that facilitate the exchange
of nutrients between symbionts (Gutjahr and Parniske, 2013).
Several works using legumes have provided evidences
indicating that PAs directly stimulate root colonization by
AM fungi. This stimulation would occur through at least two
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different mechanisms: 1) stimulating mycelial growth and
adhesion, and 2) inhibiting ethylene (Et) production in roots.
Regarding the first mechanism, it was shown that exogenously
supplied PAs to the growth medium of P. sativum increased
the root colonization with Glomus intraradices (El-Ghachtouli
et al,, 1995). Complementarily, the application of DFMO
inhibited colonization by Glomus mosseae in P. sativum roots,
and the inhibition was reverted by simultaneous application of
Put (El-Ghachtouli et al., 1996). Also, a positive correlation was
found between polyamine chain length and their stimulation
of fungal development (El-Ghachtouli et al., 1995). Another
approach was used in G. max roots, where PAs increased in
AM-roots. In these roots, silencing arginine decarboxylase gene
(GmADC) had a negative effect on mycorrhizal colonization,
also affecting the normal development of the plant (Salloum
et al,, 2018). Interestingly, the silencing of GmDAO in the same
experimental system, promoted arbuscule formation (Salloum
et al., 2018). All these studies successfully demonstrated
the importance of PAs in the stimulation of mycorrhizal
colonization. Additionally, PAs might directly interact with
pectinases of the fungi, increasing adhesion or penetration to
the plant cell wall, as observed in other plant-fungi interactions
(Charnay et al., 1992; Nogales et al.,, 2008). Exogenous Et
applied to both roots growth medium or leaves, have negatively
affected AM infection in M. sativa (Azcon-Aguilar et al., 1981).
Since Spm and Spd has been proved to block Et synthesis in
apple fruits (Apelbaum et al., 1981; Mattoo et al., 2018), it is
possible that part of the PAs effect could be mediated by the
reduction of Et levels in root tissues. The hypothesis about Et
inhibiting root colonization has been tested in brz (E107) P
sativum mutants, where higher Et levels were correlated with
lower mycorrhizal colonization (Foo et al., 2016; Morales
Vela et al., 2007). Interestingly, in ein2 (Et insensitive) mutant
plants treated with Ethephon, mycorrhizal colonization was not
reduced as in the wild type, although PAs were not study in
these mutants. In consequence, the role of PAs reducing root
colonization by Et has been barely suggested. Further research
needs to be done to confirm if Et is required to the role of PAs in
AM-ein2 pea mutants treated or not with Ethephon.

As previously discuss, PAs are involved in stress tolerances
responses, and in the case of mycorrhizal interaction, PAs could
be mediating mitigation effects. A few works have addressed
the putative role of PAs on the AM-induced mitigation of
plant abiotic stress in legumes. In mycorrhizal Trigonella
foenum-graecum, a reduction of salt-induced damage of
the cell membrane ultrastructure was attributed to a higher
PAs (and osmolyte) concentration (Evelin et al., 2013). The
inoculation of V. faba with selected AM fungi Funneliformis
mosseae (syn. Glomus mosseae), Rhizophagus intraradices
(syn. Glomus intraradices), and Claroideoglomus etunicatum
(syn. G. etunicatum) caused amelioration of the negative
effects produced by NaCl (Abeer et al,, 2014). In the last
work, AM fungi stimulate increases in PAs at a higher extent
to that induced by NaCl itself. The higher PAs increase was
interpreted by authors as a proof of the protective role of these
phytoconstituents against salt stress. Likewise, in L. tenuis
plants mycorrhized with Glomus intraradices under salt stress,

a higher content of total free PAs, compared to non-AM ones
was reported by Sannazzaro et al. (2007). Since PAs have been
proposed as candidates for the regulation of root development
under saline situations, authors suggested that the better shape
to cope with salt stress displayed by AM L. tenuis plants was
related to the higher polyamine levels registered.

AM colonization may also increase tolerance of legumes to
heavy metals. Attenuation of Pb toxicity in AMF-associated
Calopogonium mucunoides was associated to a change in amino
acids composition favoring metabolic pathways not related to
protein, but to PAs biosynthesis (Souza et al., 2014).

As it was pointed out in previous sections PAs play a role
in abiotic stress tolerance by regulating water status, ion
homeostasis, photosynthesis, and redox status in plant tissues.
However, the specific mechanisms linking PAs to abiotic stress
mitigation in legumes by AM fungi are not well understood. In
this sense, transcriptomic and metabolomic analysis in plants
with silenced ADC and DAO, interacting with AM fungi under
abiotic stress could be a good starting point for new research
hypothesis. Importantly, in contrast to Arabidopsis and other
plant families, legumes will allow the study of PAs roles in the
triple interaction with rhizobia and AM fungi.

Interaction With Rhizobia

Legumes may establish symbiotic associations with 98 species
of NFB (Weir, 2011). A new plant organ, the symbiotic root
nodule, (Brewin, 1991; Hadri et al., 1998), which hosts bacteria
in an optimized environment for fixing atmospheric dinitrogen
is formed during the interaction (Jones et al., 2007; Wagner,
2012). One of the first evidences that bacterial PAs could be
involved in the nodulation ability of the plant was provided by
Ferraioli et al. (2001). These authors studied the response of
P. vulgaris roots to the inoculation with an N-acetyl-gamma-
glutamyl phosphate reductase mutant strain of Rhizobium
etli (unable to grow with ammonium as the sole nitrogen
source), and revealed that the early root responses to rhizobial
infection were absent with the arginine auxotrophous, but
present with the wild-type parent. PAs regulate nodule
metabolism mainly through their action on plasma membrane
proteins. In soybean nodules, the addition of 200 uM Spd
and Put inhibited by 37 and 54% the H*-ATPase activity, and
both inward and outward ammonium channels, showing that
high PAs levels have potential to reduce nitrogen supply to
the plant in vivo (Whitehead et al., 2001). In addition, the M.
truncatula-Sinorhizobium meliloti symbiotic system provided
evidence that the H,0, produced by PAs catabolism plays a
role in the inhibition of the symbiosis establishment (Hidalgo-
Castellanos et al., 2019).

Previous information regarding the role of PAs during early
infection stages, their effect (as well as that of GABA) on the
regulation of nodule development and efficiency for nitrogen
fixation, as well as the expression of genes related with PAs
metabolism during the interaction was reviewed by Jiménez-
Bremont et al. (2014). That information was centered on
L. japonicus, Galega orientalis, M. sativa, and M. truncatula.
More recently, Becerra-Rivera and Dunn (2019) have thoroughly
reviewed the types and levels of PAs contents in nodules, their
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biosynthetic pathways, and the influence of polyamine on
traits that are important for the bacterial-host interaction,
such as growth capacity, abiotic stress resistance, motility, EPS
production, and biofilm formation, addressing some possible
intervening mechanisms. These authors also described current
knowledge on polyamine synthesis and regulation in rhizobia.

Someworksregardingtherelationshipsamong the symbiosis
with rhizobia, abiotic stresses, and PAs levels were left aside by
the mentioned reviews. For example, salinityinduced increased
PAs levels in M. sativa/R. meliloti (Goicoechea et al., 1998)
and L. tenuis/Mesorhizobium tianshanense (Echeverria et al.,
2013). Also, A. hypogaea inoculated with Bradyrhizobium sp.
SEMIAG6144 presented a higher (Spd + Spm)/Put relationship
in leaves, concomitantly with ameliorated drought symptoms,
compared with non-inoculated ones, suggesting that this
condition favored tolerance to water deficit (Cesari et al.,
2019). In fact, the increase in the relationship (Spd + Spm)/
Put has been used as an indicator of plant tolerance to abiotic
stresses on other species (Zapata et al., 2004). However, the
mechanism involved in the PAs-mediated improvement of
tolerance in symbiotic plants is not well understood yet. In
this regard, some clues could be obtained by focusing future
research on the mutual relationships among salt-induced
changes of PAs, and metabolites intervening in carbon
and nitrogen metabolisms in nodules, and the entire plant.
Glutamate occupies a central position in amino acid plant
metabolism, and it is the precursor of arginine, ornithine
(both PAs precursors), and proline (Figure 1). In turn,
arginine (along with asparagine) is a key storage compound
in higher plants (Forde and Lea, 2007). Moreover, the group
of reactions from glutamate to proline, ornithine, arginine,
PAs, and GABA constitutes major pathways for carbon and
nitrogen assimilation and partitioning (Rawsthornea et al,
1980; Naliwajski and Sktdowska, 2018). On other hand, there
is strong evidence that the stress affects the activity of the
enzymes involved in the glutamate metabolism (Forde and Lea,
2007). Therefore, in order to unravel the relationship among
rhizobial inoculation, higher PAs levels, and plant tolerance
to stress, it would be helpful to compare the regulation of
carbon flow in nitrogen metabolism pathways associated with
salt-induced alteration of PAs levels, between nodulated and
control plants.

Integrative Tools At the Spotlight:
Multiomics Approaches to Decrypt the
Interface Legumes —Polyamines-Abiotic
and Biotic Stress Interactions

Omics such as transcriptomics and metabolomics have had
essential roles in identifying how plant-microbe associations
could deviate from classical outcomes in specific conditions
(Romero et al., 2017; Rosenberg and Zilber-Rosenberg, 2018).
Based on these high-throughput sequencing technologies,
an emerging role of PAs in transcriptional regulation and
translational modulation of the stress response has been
proposed (discussed in Tiburcio et al., 2014). The use of omics

is essential to address key questions, such as the specific role
of PAs in signaling during abiotic stress (Pal et al., 2015).
Transcriptomic assessment of gene expression, perhaps the
most prevalent approach to investigate the specific effects of
plant coping with stress or development, should not only be
restricted to mRNA. This technique has been extensively used
to assess the global transcriptional response of PAs transgenic
over-expressers during abiotic stress (reviewed in Marco
et al., 2011). Nevertheless, other RNA species, such as small
RNAs have been reported to play important roles in legume
symbiosis, nitrogen fixation, and general plant development. In
addition, microRNAs could have specific effects associated with
modulation of transcription factors via translational arrest. In
this scenario, mRNA transcriptomic would fail to identify the
biological effects of miRNAs (Hussain et al., 2018).

The development of gene networks based on transcriptomics
data has scaled reductionist approaches associated with
target sequencing traditional practices. Gene networks based
predictions have successfully been applied to survey the
uptake, translocation, remobilization, and general regulation
of N metabolism in model and crop species (Fukushima and
Kusano, 2014). Predictions from transcriptomic data can be
weighed with additional complementing technologies. For
instance, in soybean, differentially regulated proteins were
identified by integrated proteomics and metabolomics during
hormone treatment presenting a supported model of altered
flavonoid and isoflavonoid metabolism upon Et and ABA
treatment (Gupta et al., 2018). Another interesting example
of complementation of transcriptomics and metabolomics
data in legumes was reported during phosphate deficiency in
different plant organs (reviewed in Abdelrahman et al., 2018).
It is interesting to point out that several of the databases used to
assess legume data are restricted to model species, and there is a
need to extend these resources to new crops, which are valuable
tools to evaluate in-depth omics data (Bagati et al., 2018). In
this context, the envisioning of legume molecular targets to be
used in biotechnological applications would be more realistic,
and the role of PAs probably more deeply understood. Finally,
we call to revisit a long-standing proposal, a renewal of the
PAs research landscape based on holistic approaches such
as system biology (Montanez et al., 2007). Holistic system
biology approaches will pave the way to the understanding of
the gene-to-metabolite networks that define legume and PAs
metabolisms interrelationships.
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