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A B S T R A C T

Trigonella foenum-graecum (fenugreek) is a leguminous plant that produces secondary metabolites frequently
used in medicinal and food preparation. Here, the role of an arbuscular mycorrhizal (AM) fungal inoculum, alone
or in combination with methyl jasmonate (MeJA) chemical treatment, was evaluated on the production of tri-
gonelline and diosgenin in fenugreek plants grown under mild water limitation. After inoculation, fenugreek
plants were subjected to several combined treatments, i.e. well-watered (NS) and water-stressed (WS), both
treated with different MeJA concentrations (0, 50, 100, 200mL/L). At the end of the experiment, in addition to
trigonelline and diosgenin content, an array of plant growth parameters (i.e. fruit, stem and root dry weights,
fruit number) and biochemical stress markers (i.e. proline, nitric oxide, hydrogen peroxide, MDA) were ex-
amined. Results mainly showed a significant increase in production of the considered secondary metabolites,
although they are differentially influenced by the individual factors (Stress, SYM, MeJA) and their interactions.
SYM treatment was more effective on the production of trigonelline, independently from growth conditions,
while diosgenin biosynthesis was influenced by the presence of root symbioses only in combination with MeJA
treatment. A differential impact, depending on the applied treatment (inoculum, MeJA treatments, water def-
icit), on plant growth and on production of the considered bioactive molecules was revealed, providing new
information on the effect of biological and chemical priming treatments.

1. Introduction

Drought stress is one of the most important environmental factors
limiting plant growth and productivity (Boyer, 1982). It negatively
affects several aspects of plant metabolism, inducing several changes at
the morphological, physiological and biochemical levels, regulated by
changes in gene expression, in all plant organs. Medicinal and aromatic
plants are an important source of molecules with positive properties for
human health and are used in industries for different purposes. They are
widely cultivated in several parts of the world, including regions where
climate change results in an increase in incidences of stresses such as
drought, salinity and high temperature, often in combination. The de-
velopment of new smart agricultural practices is associated with an

increasing need for solutions helping to mitigate environmental pro-
blems and consequences of global change while producing high quality
and safety food products (Campbell et al., 2014). However, it is worth
noting that an improved production of secondary metabolites through
elicitation by environmental stresses has been previously reported
(Thakur et al., 2019). Understanding on how a stress condition, e.g.
water deficit, might be modulated to enhance the accumulation of
pharmaceutical and therapeutic (including nutraceutical) products has
unlocked a new area of research with a great application potential.

Root-associated microorganisms, such as arbuscular mycorrhizal
(AM) fungi, are considered important actors in this context and the
optimization of their use has an enormous potential in the frame of an
innovative and sustainable agriculture, providing benefits to plant
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growth and health by enhancing plant nutrition, conferring tolerance to
abiotic stresses and improving plant resistance to biotic threats (Berruti
et al., 2016; Balestrini et al., 2018). It is already well known that AM
fungi play an important role as 'bio-fertilizing microorganisms' as they
establish mutualistic symbioses with the roots of most crops (Berruti
et al., 2016). These symbiotic fungi colonize plant roots and help their
host plants to reach water and nutrients, while they receive carbon
products in turn, i.e. sugars and lipids (Balestrini and Lumini, 2018).
AM fungi are considered essential elements for plant nutrition as their
hyphae can extend for many meters in the ground, helping plants to
acquire mineral soil nutrients (Balestrini and Lumini, 2018). Further-
more, positive effects of AM symbiosis on water stress tolerance have
been well-documented (Balestrini et al., 2018 and references therein) as
well as on the product quality (Berruti et al., 2016). Recently, it has
been reported that the extraradical mycelium also facilitates the es-
tablishment of rhizobial symbioses on legumes, facilitating bacterial
translocation and the simultaneous associations of plants with bene-
ficial fungi and bacteria (Wipf et al., 2019; de Novais et al., 2020).

Trigonella foenum-graecum (fenugreek) is a leguminous plant be-
longing to the family of Fabaceae, widely cultivated in India, Argentina,
Egypt, and Mediterranean countries. Fenugreek has been described as a
multipurpose crop (Ahmad et al., 2016). Besides culinary applications
as a spice in food preparation because of its strong flavor and aroma,
fenugreek leaves and seeds are also consumed as ingredients in medi-
cine for several purposes (Mehrafarin et al., 2011; Ahmad et al., 2016;
Wani and Kumar, 2018). Fenugreek plants produce several bioactive
phytochemicals and among them alkaloids (e.g., trigonelline) and sa-
ponins (e.g., diosgenin) (Snehlata and Payal, 2012). The latter represent
a class of glycosylated triterpenes that can have antimicrobial, antiviral
and insecticidal activities, being a part of plant defense mechanisms
against biotic stress. The most important saponin from a pharmacolo-
gical perspective is diosgenin that is a steroidal saponin (Chaudhary
et al., 2015; Kiss et al., 2019). Candidate genes involved in its synthesis
have been identified (Ciura et al., 2017; Zhou et al., 2019) and the
positive impact of methyl jasmonate (MeJA), a hormonal compound
widely used as a chemical priming agent triggering plant defense me-
chanisms (Savvides et al., 2016), on diosgenin content in fenugreek has
been reported (Chaudhary et al., 2015). In many countries, this species
is grown in arid and semi-arid regions, where drought and soil salinity
are important threats. Previous reports have studied the response to
drought in different genotypes in vitro (Kyani and Niknam, 2015) and at
flowering and pod formation stage (Chauhan et al., 2017). The impact
of charcoal application as a method for altering the accumulation of
secondary metabolites has also been evaluated in six different geno-
types of fenugreek subjected to drought, suggesting that the genetic
differences need to be considered when this treatment is used (Bitarafan
et al., 2019).

In this work, the effects of an AM fungal inoculum to modulate the
production of important secondary metabolites, such as trigonelline
and diosgenin, under water deficit have been evaluated, alone or in
combination with MeJA treatments. Additionally, plant growth para-
meters and biochemical stress markers were examined, giving new in-
formation on the effect of a multitude of treatments, individually ap-
plied or in combinations, on fenugreek response to water deficit.
Results revealed that biological and chemical priming treatment com-
binations display a differential impact on plant growth and on pro-
duction of the considered bioactive molecules, providing useful in-
formation for fenugreek growers to improve valuable secondary
metabolite production.

2. Material and methods

2.1. Experimental planning

The experiment consisted of randomized complete block design
with 3 factors: 1) inoculation (SYM+, SYM-), 2) methyl jasmonate

treatment (0, 50, 100 and 200 ppm), and 3) water deficit condition (NS,
moderate water stress i.e. WS). Eight replicates per treatment were
used, requiring a total of 2×4 × 2×8=128 pots.

2.2. Fenugreek sowing and inoculation

Seeds of Trigonella foenum-graecum L. (Neyshaboor landrace) were
obtained from the Department of Agriculture, Neyshaboor, Iran. These
were surface sterilized with 5% (v/v) hypochlorite and then washed
with sterilized water for 5 times. Sterilized seeds were placed in Petri
dishes (5 seeds per Petri dish) on a wet paper. Petri dishes were then
covered with aluminum foils to avoid light and kept in a plant growth
chamber at 28° C for one week. After one week, seedlings were trans-
ferred to pots (one x pot) that were prepared according to the experi-
mental design described below. Namely, sterilized quartz sand was used
as culture medium and plants were watered with a Long Ashton solu-
tion (60mL; Hewitt, 1966) used to irrigate the pots (10×10×12 cm)
once a week (3.2 μm Pi; 1 mM NaNO3). Mycorrhizal plants were pre-
pared using 100 g of an AM fungal inoculum that was placed at a depth
of 3 cm in the pots. For each pot, a quantity of about 650 g of sand plus
inoculum was used, while a quantity of 750 g of sand was used in
control plants. The inoculum was an AM fungal inoculum, consisting of
spores, external mycelium and Zea mays mycorrhizal roots, provided by
the Organic Plant Health Company (Hamedan, Iran). The original iso-
late was sub-cultured and propagated by the above Iranian company
using maize as host plants. It was then further identified and traced
molecularly in this work (see paragraph 2.3).

2.3. Microbial characterization

2.3.1. AMF
A molecular AMF characterization was performed on the crude AMF

inoculum, to confirm the presence of a single AMF species. DNA ex-
tractions were carried out on 0.25 g of inoculum (in duplicate) using
DNeasy PowerSoil kit (QIAGEN, Crawley, UK) according to the manu-
facturer’s recommendations. DNA extractions were also performed on
Trigonella roots to track down AMF root infection. Root DNA extractions
were carried out on 0.1 g of fresh SYM plant material: a composite root
sample of the five replicates of NS and WS plants and MeJA-treated
ones using a DNeasy Plant Mini Kit (QIAGEN, Crawley, UK), according
to the protocol for frozen samples. The identity of AM fungus applied as
inoculum was verified using PCR sequencing approach targeting the
partial SSU-ITS region of the rDNA amplified with a nested PCR ap-
proach (Redecker, 2000). The universal eukaryote primer pair NS5/
ITS4 was initially used for the first amplification and further amplified
by Glomeraceae-specific primer GLOM1310, in conjugation with the
universal primer ITS4i (Redecker et al., 2003). PCR products were then
purified using Wizard®SV Gel and PCR Clean-Up System kit (Promega
Corporation, WI, USA) according to the manufacturer’s instructions.
Sequencing of purified PCR products was performed by LMU Munich
(Germany). A search for similar sequences was conducted with the
BLAST tool (Zhang et al., 2000) on the GenBank database and the
MaarjAM AM fungi-specific Virtual Taxa database (Öpik et al., 2010).

2.3.2. Nodule-forming bacteria detection
The occurrence of nodule-forming bacteria was revealed by PCR on

DNA from roots of Trigonella foenum-graecum with the primer pair 27 F/
1492R (Lane, 1991) for bacterial SSU rRNA. The reaction mixture
(25 μl) contained template DNA (1 μl), 10 μl of Platinum Hot Start PCR
Master Mix (2X) (ThermoFisher), 0,5 μl (10 μM) of each primer and
13 μl PCR-grade water. Bacterial PCR-amplification was performed
using a T3000 thermal cycler (Biometra, Gottingen, Germany) with the
following profile: initial denaturation for 5min at 95 °C; 35 cycles of
denaturation (30 s at 94 °C), annealing (45 s at 57 °C) and extension
(90 s at 72 °C and a further 7min at 72 °C). The PCR products were
purified and sequenced as described above.
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2.4. Methyl jasmonate treatment and water stress imposition

Methyl jasmonate (purchased from Sigma) was dissolved in absolute
ethanol and diluted in water to obtain 50, 100 and 200 ppm solution.
Absolute ethanol was used as control. Two ml of each dilution, pre-
pared as described in Chaudhary et al. (2015), was sprayed on each
plant (Ciura et al., 2018) 30 days after sowing and all the pots watered
with 60mL of water. Before starting the treatments, pots were weighed.
Control, well-watered plants were regularly watered throughout the
entire experimental period whereas plants to be stressed were not wa-
tered until the pots reached an averaging weight loss of about
250−280 g. The average pot weight in well-watered plants was about
1150 g. After that, seedlings were watered daily to maintain a relatively
stable level of water stress, evaluated as leaf water potential. Leaf water
potential (ψleaf) was measured on one transpiring leaf per plant using a
Scholander-type pressure chamber (Soil Moisture Equipment Corp.,
Santa Barbara, CA, United States) as previously described (Chitarra
et al., 2016). Water stress was applied for 20 d.

2.5. Assessment of morphometric parameters and symbiosis development

At the end of the experiments, plants were harvested, and stem
height, fruit number, and fruit, root and aerial part (stem+ leaves) dry
weight were recorded. One hundred randomly chosen 1-cm-long root
segments per plant were stained with 0.1 % cotton blue in lactic acid,
and fungal colonization was quantified according to the Trouvelot
system (Trouvelot et al., 1986) using the MYCOCALC software, while
the remaining root systems were stored at −80 °C for the biochemical
analysis. Root segments, obtained from at least three plants, were
analyzed. Due to the presence of nodules associated to AM-colonized
plants, the number of nodules was also considered, and a molecular
characterization of the inoculum was performed to obtain information
both on fungal and bacterial species (see below paragraphs). For this
reason, although nodules were not characterized from a functional
point of view, AM treatment was annotated as SYM treatment
throughout the manuscript, in order to include both symbioses present
in inoculated Trigonella roots.

2.6. Target hormone measurements

Collected leaves were freeze-dried and homogenized, then trans-
ferred in a 2mL centrifuge tube (20−40mg) and extracted with 1mL of
methanol:water (1:1 v/v) acidified with 0.1 % of formic acid in an ul-
trasonic bath for 1 h. Samples were centrifuged at 15’000 rpm and 4 °C
for 10min, and the supernatant was analysed by HPLC-DAD technique.
Original standard of Diosgenin (Dios) (purity ≥ 93 %), Trigonelline
hydrochloride (Trig) (purity ≥ 99 %), Abscisic acid (ABA; purity ≥
98.5 %) and indole acetic acid (IAA; purity ≥ 99 %), purchased from
Sigma-Aldrich, were used for the identification of the studied metabo-
lites by comparing retention times and UV spectra. The quantification
was made by external calibration method. The HPLC apparatus was an
Agilent 1220 Infinity LC system model G4290B (Agilent®, Waldbronn,
Germany), equipped with gradient pump, autosampler and column
oven set at 30 °C. A 170 Diode Array Detector (Gilson, Middleton, The
USA) set at 265 nm (for ABA, IAA and Trig) and 205 nm (for Dios) was
employed. A Nucleodur C18 analytical column (250× 4.6mm i.d.,
5 μm, Macherey Nagel) was used. The mobile phases consisting of water
acidified with formic acid 0.1 % (A) and acetonitrile (B), at a flow rate
of 0.600mL min-1 in gradient mode, 0–6 min: 30 % of B, 6–16 min:
from 30 % to 100 % B, 16–21 min: 100 % B. Twenty μL were injected
for each sample and three biological replicates were run for each ana-
lysis.

2.7. Stress marker measurements

Lipid peroxidation was determined from the measurement of

malondialdehyde (MDA) content resulting from the thiobarbituric acid
(TBA) reaction (Minotti and Aust, 1987) using an extinction coefficient
of 155 mM-1 cm-1. Hydrogen peroxide was quantified using the KI
method, as described by Velikova et al. (2000), while free proline levels
were determined using the ninhydrin reaction (Bates et al., 1973).
Proline concentration was estimated from a proline standard curve.
Nitrite-derived nitric oxide (NO) content was quantified using the
Griess reagent as described by Foresi et al. (2016). Nitrite-derived NO
content was calculated by comparison to a standard curve of NaNO2.

2.8. Bioinformatic analyses

Pairwise alignments of ITS and 16S sequences were performed using
Muscle (Edgar, 2004). The best fitting evolutionary model for further
phylogenetic analysis was selected using the algorithm implemented in
MEGA7 (Kumar et al., 2016). Hasegawa-Kishino-Yano with gamma
distribution (HKY+G) resulted in the best model for the 16S data.
Jukes-Cantor model (JC) resulted in the best model for the ITS data.
Evolutionary relationships were inferred with MEGA7 (Kumar et al.,
2016), using the Maximum Likelihood (1000 bootstrap replicates)
methods based on the calculated models. A total of 358 nucleotides
were retained for ITS analysis and a total of 1342 nucleotides were
retained for 16S analysis. Reference sequences for pairwise alignments
of ITS and 16S sequences were retrieved from NCBI and are reported in
Supplementary Table 1 and Supplementary Tab. 2 respectively. Ob-
tained sequences were submitted to NCBI (accession numbers
MT210908–MT210912 for the AM fungus and MT209826–MT209828
for the bacteria).

2.9. Statistical analysis

Analysis of variance (ANOVA) of the experimental data was per-
formed using the SPSS software. When ANOVA indicated that either
stress (stress: NS, WS), symbiosis colonization (SYM, NSYM) or jasmo-
nate treatments (MeJA0-200) or their interaction was significant, mean
separation was performed using the Tukey HSD test, adopting a prob-
ability level of P≤ 0.05.

3. Results

3.1. Biometric parameters and root colonization

After about 6 weeks from inoculation, control (NSYM) and in-
oculated (SYM) plants were subjected to several combined treatments:
well-irrigated (NS, -0,2/-0,4 as Ψleaf) and non-watered (WS, -1,7/-1,9 as
Ψleaf), both treated with different MeJA concentrations (0, 50, 100,

Table 1
Correlation coefficients (r) and R2 linear correlation of the interrelationships
among MeJA and SYM traits level in fenugreek plants under no stress (NS) and
water stress (WS) conditions.

MeJA

r R2

Root SYM DW NS −0.15 0.02
Root SYM DW WS 0.32 0.10
Nodules number NS −0.77 0.60
Nodules number WS 0.98 0.96
F% NS 0.02 0.0002
F% WS 0.76 0.58
M% NS −0.11 0.01
M% WS 0.96 0.92
a% NS −0.04 0.001
a% WS 0.75 0.56
A% NS −0.10 0.01
A% WS 0.93 0.87
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200 ppm). In our experiment, biometric parameters were not strongly
affected by the treatments (Stress, Sym, MeJA) with some exceptions.
No significant differences were registered for the aerial tissue dry
weight (data not shown), while root dry weight was affected by both
SYM and MeJA factors that generally led to lower values with respect to
NSYM and MeJA0 (Fig. 1 and Table S1). By contrast, stem height was
significant influenced by root colonization (SYM) with the highest va-
lues in this condition (Fig. 1 and Table S1). Considering fruit para-
meters, fruit dry weight was significantly affected only by the stress
factor. The latter also led to a significant variation in fruit number,
which was also influenced by the “Stress× SYM×MeJA” interaction.
Although “Stress× Sym” interaction did not significantly affect this
parameter, a higher fruit number was observed for SYMWS plants with
respect to both NSYMWS and SYMNS plants (Fig. 1 and Table S1). Root
colonization by AM fungi appeared not to be strongly influenced by the
different growth conditions (Fig. S1), although an increasing trend was
observed under WS after several MeJA treatments with respect to
AMWS0 plants. The same trend was also observed for nodules, the
number of which increased according to the MeJA concentration in WS
plants, contrary to what was observed in NS conditions (Fig. S2).
Among NSYM plants, the presence of a low number of nodule-like
structures was observed only in a few water-stressed plants (Table S2),
although a sterilized substrate was used. Although no relevant in-
formation is available on them, it has been already reported that certain

Medicago species can also develop non-nitrogen fixing structures on
their root systems, without Rhizobium (NAR=Nodulation in Absence
of Rhizobium). These structures are reported to be non-nitrogen fixing
(Truchet et al., 1989). A correlation analysis (Table 1) allowed us to
verify the positive impact of MeJA both on AM colonization and nodule
formation under water deficit condition, while a negative effect was
present on nodule formation in NS plants. Despite that root dry weight
was statistically significantly affected by SYM and MeJA factors, a
correlation between root dry weight, MeJA and stress level was not
observed (Table 1).

3.2. Detection of secondary metabolites

ABA, IAA, diosgenin and trigonelline levels were measured in in-
oculated and non-inoculated plants growing in NS and WS stress con-
ditions and subjected to the different MeJA treatments. Results showed
that SYM variable has a significant influence on trigonelline production,
both under NS and WS conditions, alone or in combination with MeJA,
suggesting a main role for the symbiotic microorganisms (Fig. 2 and
Table S3). Conversely, the other metabolite levels seemed not to be
affected by symbiotic microbe colonization. It is worth noting that, as
expected, ABA content was significantly affected by stress and hor-
monal (MeJA) variables (Fig. 2 and Table S3).

Fig. 1. Morphometric parameters in SYM- and SYM+plants unstressed (NS) and subjected to water deficit (WS). Four levels of MeJA treatment were considered:
MeJA0, MeJA50, MeJA100 and MeJA200. (A) Root dry weight (DW); (B) stem height; (C) fruit DW (gs); and (D) fruit number. Data are expressed as mean ± SD. ns,
∗, ∗∗, ∗∗∗: non-significant or significant at P≤ 0.05, P≤ 0.01, and P≤ 0.001, respectively. Different letters above the bars indicate significant differences
according to Tukey HSD test (P≤ 0.05), considering the interaction among the several factors (S × Sym × MeJA). Analysis of variance on the single variables is
reported in Supplementary Table S1.
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3.3. Biochemical stress markers

Analysis of biochemical stress markers showed that all the con-
sidered variables (Stress, SYM, MeJA) have a significant impact on
proline and nitrite-derived NO content, both alone and considering the
interactions among them (Fig. 3 and Table S4), with the sole exception
of Stress x SYM for NO content. Under WS, highest proline levels were
observed in symbiotic roots, mainly when treated with 50 and 200
MeJA. A high variability can be highlighted probably due to a differ-
ence in root colonization in the multiple replicates. Contrarily, these
samples showed the lowest lipid peroxidation levels, as indicated by
MDA (malondialdehyde) accumulation, as a marker of cellular damage.
Additionally, the imposed treatments appear not to strongly affect ROS
content, as indicated by H2O2 accumulation that is only significantly
affected by MeJA and MeJA×Stress interaction (Fig. 3 and Table S4).

3.4. Microbial characterization

Characterization of the AM fungus has been done by mean of their
partial SSU-ITS fragments with primer pair GLOM1310/ITS4i
(Redecker, 2000) for fungal identification, while 27 F/1492R (Lane,
1991) were used for bacteria identification.

Sequences retrieved from roots and nodules of Trigonella were
analysed and used to construct two phylogenetic trees shown in Figures

S3 and S4. AMF characterization confirmed the identity as Rhizoglomus
irregulare (synonym Rhizophagus irregularis, basionym Glomus irregulare)
“AMykor” as single AM isolate present in the inoculum (Fig. S3). Figure
S4 shows the 16S rRNA genes phylogenetic trees with the affiliation of
Trigonella nodule sequences to bacterial species. Sequences were af-
filiated with Rhizobiales (Ensifer) i.e. Ensifer meliloti (formerly
Sinorhizobium meliloti), confirming previous molecular findings on the
occurrence of DNA sequences affiliated with Ensifer spp. intimately
associated with the spore of Rhizophagus intraradices (Battini et al.,
2016).

4. Discussion

Fenugreek (Trigonella foenum-graecum L.) is an annual herb be-
longing to the Fabaceae family and its leaves and seeds are used as
spices and condiments, because of the strong flavor and aroma. This
species is also often used as a component of traditional medicines,
through the production of pharmaceutically active secondary metabo-
lites such as trigonelline and diosgenin. Due to the properties and
overall use of this plant, several reports regarding the chemical con-
stituents and pharmacological properties are available (Patel et al.,
2012; Sheikhlar, 2013).

Despite the negative effects of water stress, some studies also re-
ported positive effects on product quality, activating the biosynthesis of

Fig. 2. Secondary metabolites in SYM- and SYM+plants unstressed (NS) and subjected to water deficit (WS). Four levels of MeJA treatment were considered:
MeJA0, MeJA50, MeJA100 and MeJA200. (A) Diosgenin; (B) Trigonelline; (C) ABA (gs); and (D) IAA. Data are expressed as mean ± SD. ns, ∗, ∗∗, ∗∗∗: non-
significant or significant at P≤ 0.05, P≤ 0.01, and P≤ 0.001, respectively. Different letters above the bars indicate significant differences according to Tukey HSD
test (P≤ 0.05), considering the interaction among the several factors (S × Sym × MeJA). Analysis of variance on the single variables is reported in Supplementary
Table S3.
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secondary metabolites that include phytochemicals with health-pro-
moting properties (González-Chavira et al., 2018; Toscano et al., 2019).
The modulation of deficit irrigation is now considered a tool for
managing plant growth and improving product quality. Differently
from other works where artificially imposed mild water stress was re-
ported as a tool to improve crop quality (Sánchez‐Rodríguez et al.,
2012), a significant positive impact of a mild water stress on fenugreek
trigonelline and diosgenin accumulation was not revealed, confirming
previous results (Irankhan et al., 2020). Differences in the results might
be due to the influence of the examined plant species and genotype.
However, as reported by González-Chavira et al. (2018), the trade-off ;s
between productivity, defense and quality also depend on the intensity,
duration, and repetition of water deficit events, as well as on the plant
developmental stage and the interaction with other stress factors. To
date, only a few reports have until now been dedicated to the response
to abiotic stress factors (Chauhan et al., 2017; Nair et al., 2017;
Irankhah et al., 2020). Chauhan et al. (2017) evaluated drought toler-
ance in eight fenugreek genotypes, under both control and drought
conditions: imposed water stress during flowering and pod formation
stages showed a significant reduction in yield, showing a genotype-
dependent differential response.

As a legume plant, fenugreek forms root symbioses with both rhi-
zobia and AM fungi (AMF). In the present study, a relationship between
fungal inoculation and the formation of bacterial nodules, confirming
that the use of AMF-based inoculum or even just the AMF spores, as

preferential inoculum type, might also represent a privileged source of
rhizobacteria that can be complementary and/or synergistic on plant
performance (Turrini et al., 2018). In addition, a chemical priming
approach was employed through the exogenous application of MeJA at
different concentrations. This allowed to verify the potential synergy
with root-associated microbes in improving the production of specific
fenugreek secondary metabolites, i.e. trigonelline and diosgenin, as
well as the responses to water-stressed conditions in terms of growth
parameters and biochemical stress markers.

4.1. Impact of root symbioses in fenugreek growth and response to water
deficit conditions

A major aim of the present study was to evaluate the impact of an
inoculum of a single AMF species, characterized as Rhizoglomus irregu-
lare (synonym Rhizophagus irregularis, basionym Glomus irregulare) on
fenugreek growth and secondary metabolite production, in both well-
watered and water deficit conditions. Root nodules were observed in
mycorrhizal roots and the combined role for these root symbioses was
considered. The characterization of the bacteria-forming nodule, which
showed the typical pink color, confirmed the presence of a strain be-
longing to a group, i.e. Ensifer spp. (formerly Sinorhizobium spp.) al-
ready reported as associated to this plant (Gaur et al., 2018). Interest-
ingly, bacterial-forming nodule associated to fenugreek roots in our
experiment showed, among other, high sequence identity with

Fig. 3. Stress markers in SYM- and SYM+plants unstressed (NS) and subjected to water deficit (WS). Four levels of MeJA treatment were considered: MeJA0,
MeJA50, MeJA100 and MeJA200. (A) MDA; (B) H2O2; (C) proline (gs); and (D) NO. Data are expressed as mean ± SD. ns, ∗, ∗∗, ∗∗∗: non-significant or significant at
P≤ 0.05, P≤ 0.01, and P≤ 0.001, respectively. Different letters above the bars indicate significant differences according to Tukey HSD test (P≤ 0.05), con-
sidering the interaction among the several factors (S × Sym × MeJA). Analysis of variance on the single variables is reported in Supplementary Table S2.
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Sinorhizobium spp. isolate N23 (LN871744.1) sequence, previously de-
scribed by Battini et al. (2016) as associated to R. intraradices spores.
Interestingly, it was already reported that AM fungal inoculation also
resulted in the greatest probability of scoring pink nodules in the le-
gume Melilotus siculus after inoculation with both AM fungi and rhi-
zobia (Wilson et al., 2012). Moreover, it was suggested that the lower
level of nodulation observed in non-mycorrhizal treatments could be
attributed to the absence of additional soil microbes that may have been
present in the inoculum with single AM species and mixed AM species
(Wilson et al., 2012). Our results were obtained using a sterilized
substrate, suggesting that the rhizobia-forming nodules in mycorrhizal
roots are probably due to the AM fungal inoculation.

The stress response in the different treated plants and the effects of
the treatments were examined via the evaluation of ABA, proline, H2O2,
NO and MDA content (Fig. 4 for a summary of the main results). As

expected, the imposed water stress lead to the significant increase in
ABA content as well as the considered biochemical stress markers, in
agreement with data on different plant species (López-Ráez, 2016;
Antoniou et al., 2017). Such changes, including the accumulation of
osmolytes and reactive oxygen and nitrogen species, may lead to cel-
lular homeostasis and adaptation when exposed to mild drought stress,
or to programmed cell death when exposed to severe prolonged drought
stress (Vinocur and Altman, 2005). Here, results allowed to verify the
impact of the root-associated symbioses on plant tolerance to water
stress. The role of AM fungal colonization in enhancing tolerance to
abiotic stresses has been extensively reported for several crop species,
with an impact on plant growth, biochemical stress and defense mar-
kers and gene expression regulation (Alagna et al., 2020; Balestrini
et al., 2017, 2018). An improvement in drought tolerance and recovery
has also been reported in nodulated plants in comparison with non-
nodulated ones, i.e. in Medicago where the effects seemed to be in-
dependent of the rhizobial strain (Staudinger et al., 2016). In regard
with fenugreek, only a few reports have focused so far on the impact of
root symbioses on the response to abiotic stress. Attention has been
mainly focused on AM fungal colonization during salt stress conditions
and results are still patchy (Kyani and Niknam, 2015; Metwally and
Abdelhameed, 2018; Johnson and Stephan, 2017). Current results
showed that symbioses did not lead to a significant impact on plant
response in terms of plant growth and hormonal levels. Particularly,
IAA seems not to be strongly affected by the treatments, with the lowest
value in SYMWS plants. Moreover, no significant differences were re-
corded between ABA levels in SYM and NSYM plants, probably due to
the involved genotypes and the imposed stress. Such finding differed to
ones by Chitarra et al. (2016), where a significant decrease in ABA level
under WS was reported in leaves from tomato AM-colonized plants with
respect to uncolonized ones. By contrast, cellular damage indicators
were influenced by the presence of root symbioses. Interestingly, pro-
line and NO are significantly affected under control conditions as well,
suggesting that root microbes acted as a “priming stimulus” that acti-
vated the defense apparatus in inoculated fenugreek prior to stress
imposition, thus enhancing tolerance to subsequent stress imposition
(Alagna et al., 2020).

4.2. Effect of exogenous MeJA on root symbioses and secondary metabolite
production in fenugreek grown under control and mild water deficit
conditions

Interestingly, the same trend was also observed for MeJA factor,
suggesting a role as a chemical priming molecule that could have a role
in improving plant tolerance to abiotic stresses. This molecule has al-
ready been reported to increase the accumulation of secondary meta-
bolites involved in plant resistance against pathogens. Using a pro-
teomic approach, elevated levels of proteins involved in direct and
indirect responses to stress caused by various treatments were pre-
viously found in fenugreek subjected to MeJA treatment, confirming its
role as elicitor (Ciura et al., 2017). The addition of exogenous MeJA has
been reported to reduce AM root colonization (Ludwig-Muller et al.,
2002; Herrera-Medina et al., 2008). Despite that no significant differ-
ences in AM fungal colonization parameters were observed in response
to the different conditions, including MeJA treatments, in the current
work, a positive correlation between MeJA application and A% and M%
was observed under WS. This is in line with previous results in Phaseolus
vulgaris, showing no effects caused by drought treatment or MeJA ap-
plication (Sánchez-Romera et al., 2016). Interestingly, an opposite
trend in nodule formation was observed in our work in response to
MeJA treatments under WS and NS conditions. In specific, MeJA ap-
plication in NS plants correlates negatively with nodule formation,
while it correlates positively under WS ones. These findings suggest that
MeJA application under WS can improve symbiosis traits to cope with
the stressful event by triggering responses that merit further con-
sideration. About the impact on hormonal level, it is worth noting that

Fig. 4. Secondary metabolites and biochemical analyses. Graphical re-
presentation of the main biochemical and secondary metabolite changes in
inoculated and non-inoculated plants, in the presence/absence of MeJA treat-
ment (+MeJA and -MeJA, respectively), under well-watered (left part) and
water deficit (right part) growing conditions. The upwards-facing arrows in-
dicate an increase in content, while the downwards-facing arrows indicate a
decrease. Only statistically significant changes have been reported. T:
Trigonelline; D: Diosgenine; ABA: Abscisic acid; IAA: Indolacetic Acid; Pro:
Proline; NO: Nitric oxide; MDA: Malondialdehyde.
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the treatment with MeJA of the SYMWS plants led to levels comparable
with the non-stressed ones (SYMNS), suggesting a role of this com-
pound in recovering the negative impact of the stress on IAA content.
Furthermore, MeJA has been already shown to improve the production
of diosgenin, a steroidal saponin (Chaudhary et al., 2015). The effects of
MeJA on the biosynthesis of this compound were investigated in six
fenugreek varieties, showing that MeJA may be considered a promising
elicitor for diosgenin production. Current findings confirmed this trend,
although the increase was significant only in the combination with
symbioses, both under NS and WS conditions. This discrepancy could be
due to the used plant genotype as well as to a difference in the growth
conditions applied in the two works. Although we have not information
about the fenugreek genotype considered in this study, results showed
that root symbioses were particularly effective on trigonelline produc-
tion increasing its content both under NS and WS conditions, in line
with what was recently reported (Irankhah et al., 2020).

In summary, an AMF inoculum, MeJA, and water deficit differen-
tially affect secondary metabolite accumulation in fenugreek plants. It
is worth noting that, at least under the current experimental setup,
valuable metabolites as diosgenin and trigonelline accumulation was
affected when MeJA was combined with root symbioses both under
well-watered and water deficit conditions. Overall, our results provide
some new insights come out in symbioses- and MeJA-mediated water
deficit responses in fenugreek that merit further investigations.
Biological and/or chemical priming therefore represents an attractive
approach to improve secondary metabolite production in plants
without the use of biotechnological tools. Nonetheless, further in-
vestigation is needed through the employment of state-of-the-art ‘omics’
technologies to fully decipher the regulatory mechanisms controlling
these responses.
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