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Abstract Rhizobia may possess other plant growth-promoting
mechanisms besides nitrogen fixation. These mechanisms and
the tolerance to different environmental factors, such as metals,
may contribute to the use of rhizobia inocula to establish a
successful legume-rhizobia symbiosis. Our goal was to charac-
terize a collection of native Portuguese chickpea
Mesorhizobium isolates in terms of plant growth-promoting
(PGP) traits and tolerance to different metals as well as to
investigate whether these characteristics are related to the bio-
geography of the isolates. The occurrence of six PGP mecha-
nisms and tolerance to five metals were evaluated in 61 chick-
pea Mesorhizobium isolates previously obtained from distinct
provinces in Portugal and assigned to different species clusters.
Chickpea microsymbionts show high diversity in terms of PGP
traits as well as in their ability to tolerate different metals. All
isolates synthesized indoleacetic acid, 50 isolates produced
siderophores, 19 isolates solubilized phosphate, 12 isolates
displayed acid phosphatase activity, and 22 exhibited cytokinin

activity. Most isolates tolerated Zn or Pb but not Ni, Co, or Cu.
Several associations between specific PGP mechanisms and
the province of origin and species clusters of the isolates were
found. Our data suggests that the isolate’s tolerance to metals
and ability to solubilize inorganic phosphate and to produce
IAA may be responsible for the persistence and distribution
of the native Portuguese chickpea Mesorhizobium species.
Furthermore, this study revealed several chickpea
microsymbionts with potential as PGP rhizobacteria as well
as for utilization in phytoremediation strategies.
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Introduction

Rhizobacteria can alleviate biotic and abiotic stresses on plant
growth [1]. Rhizobia are beneficial soil bacteria that form root
nodules and fix atmospheric nitrogen when in association with
legumes. The use of rhizobia as plant inoculants is an important
component of sustainable agriculture since these organisms can
simultaneously improve the growth and yield of legume crops
and reduce the need for chemical nitrogen fertilizers [2].

Rhizobia typically exhibit other plant growth-promoting
mechanism(s) besides nitrogen fixation and help sustain soil
health and productivity [3]. In this regard, some rhizobia can
solubilize inorganic phosphorous [4], which in acid or alkaline
soils is extremely important, once phosphorous becomes un-
available for plant uptake under these soil pH ranges [5].
Phosphate-solubilizing microorganisms can produce some or-
ganic acids and enzymes that transform insoluble phosphates
into substances that can be easily assimilated by plants [5, 6].
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In addition, some rhizobia can release siderophores that che-
late soluble iron [7]. This protects the plant against some path-
ogenic microorganisms [8].

Besides supplying nutrients to plants, rhizobia can regulate
the phytohormone levels, namely auxins, cytokinins, and eth-
ylene, which are all implicated in both plant and nodule de-
velopment. Some rhizobia are able to produce auxins [9] and/
or cytokinins [10], and may possess one of the two naturally
occurring mechanisms that can modulate plant ethylene
levels, i.e., the enzyme 1-aminocyclopropane-1-carboxylate
(ACC) deaminase [11, 12] or synthesis of the molecule
rhizobitoxine [13]. These mechanisms have beneficial effects
on the symbiotic rhizobium-legume process as well as on
plant growth itself. For instance, production of indoleacetic
acid (IAA) by rhizobia may play a fundamental role in nodu-
lation and competitive ability as well as contribute to the in-
crease of plant stress tolerance [14–18]. Similarly, rhizobia
may also synthesize cytokinins. The cytokinin produced by
Bradyrhizobium sp. strain ORS285 accelerates nodule forma-
tion and alters nodule number and size [19]. Furthermore,
engineered Sinorhizobium strains synthesizingmore cytokinin
could improve the tolerance of alfalfa to severe drought stress,
without affecting alfalfa nodulation or nitrogen fixation [20].
As well, the expression of ACC deaminase by some rhizobia
can increase the extent of nodulation of legume roots [21, 22].
In addition, ACC deaminase-overexpressing Mesorhizobium
strains improve chickpea growth under both control and
stressful conditions [23–25].

Since biodiversity contributes to ecosystems stability and
productivity, it is important to understand which environmen-
tal factors influence rhizobia diversity. Metals may affect
growth, total population size, genetic diversity, nodulation,
and efficacy of rhizobia in soil [26]. Moreover, metals can
disrupt symbiotic rhizobia-legume associations [27]. For ex-
ample, the presence of high concentrations of metals in soils
has substantial deleterious effects on both survival and
nitrogen-fixing efficiency of symbiotic rhizobia [28, 29]. It
is therefore important to understand the biogeography of
rhizobia in terms of stress tolerance in order to select rhizobia
inocula adapted to the climate and soil conditions, including
soils with metal contamination [30].

Different species belonging to the genus Mesorhizobium
[31, 32], which was described for the first time by Jarvis
et al. [33], in the Phyllobacteriaceae family, nodulate chick-
pea. Previousworks on chickpeaMesorhizobium isolates have
revealed genetic and phenotypic diversity, including a high
diversity in symbiotic effectiveness [31, 32] and tolerance to
heat [34], salinity [32], and acidity [35, 36].

The potential of rhizobia to tolerate different environmental
factors and to facilitate legume growth by several mechanisms
other than nitrogen fixation, particularly in damaged soils, may
contribute to their persistence in the soils as well as to help
legumes grow in those soils. Since chickpea is one of the most

important legume crops worldwide, the characterization of na-
tive chickpea microsymbionts in terms of plant growth-
promoting traits and metal tolerance is imperative. The present
study examines plant growth-promoting traits and tolerance to
several metals, namely zinc, cobalt, copper, nickel, and lead, in
Mesorhizobium spp. isolated from chickpea and investigates
whether the plant growth-promoting traits and metal tolerance
are related to the species cluster, soil pH, geographical origin,
and symbiotic performance of the isolates. Our data suggest
that chickpeaMesorhizobium spp. distribution may result from
a selective process based on adaptive mechanisms, that allows
them to compete and persist in different types of soils.

Material and Methods

Bacterial Strains

A total of 61 isolates from a collection of native Portuguese
chickpea Mesorhizobium spp. previously characterized in
terms of plasmid number, symbiotic effectiveness, and toler-
ance to acidity and salinity [31, 32, 36] were used in this study
(Table 1; Fig. 1). Based on the 16S ribosomal RNA (rRNA)
gene sequence previously obtained [31, 32], these isolates
were assigned to three main species clusters, namely
Mesorh i zob ium cicer i /Mesorh i zob ium lo t i (A) ,
Mesorhizobium huakuii/Mesorhizobium amorphae (B), and
Mesorhizobium tianshanense/Mesorhizobium mediterraeum/
Mesorhizobium temperatum (C) (Supplementary Fig. 1). In
addition, six Mesorhizobium type strains, namely
M. amorphae ACCC 19665T, M. ciceri UPM-Ca7T,
M. mediterraneum UPM-Ca36T, M. huakuii CCBAU2609T,
M. tianshanense A-1BST, andM. loti LMG6125T, were used.
All strains were routinely grown in Tryptone yeast (TY) broth
at 28–30 °C on an orbital shaker at 150 rpm.

Siderophore Production

To estimate siderophore production, we used chrome azurol S
(CAS) and hexadecyltrimethylammonium bromide (HDTMA)
as indicators [37]. A 10-μl aliquot of an overnight bacterial
culture grown in TY liquid medium was spotted onto a CAS
agar plate [38] in triplicate and incubated at 30 °C for 1 week.
Positive siderophore production was indicated by a color change
of the CAS reagent from blue to orange. The formula ((colony +
colored zone diameter) / colony diameter) described by Gupta
and colleagues [39] was used to distinguish the isolate’s ability
to produce siderophores. Index >1was considered as positive for
siderophore production. According to the siderophore produc-
tion index, four different levels of siderophore production [no
production (=1), low (>1 and <2),medium (≥2 and <3), and high
(≥3) production] were considered.
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Table 1 List of chickpea
mesorhizobia isolates used in this
study

Province Origin site Isolate Symbiotic
effectiveness (SE)a

Species cluster
(based on 16S rRNA
gene sequence)a

Trás-os-Montes e Alto Douro Bragança BR-8 45 A

BR-9 43 A

BR-15 21 A

BR-28 48 A

Lamego LM-9 55 B

LM-13 11 B

LM-18 61 A

Douro Litoral Porto PII-1 58 A

PII-2 71 A

PII-3 47 A

Beira Litoral Aveiro A-3 36 B

Aveiro II AII-5 26 B

AII-7 32 B

Coimbra C-1 47 B

C-7 14 B

C-13 49 B

C-14 32 B

C-27b 62 B

Beira Alta Guarda G-10 48 A

G-55 88 A

Viseu V-5b 65 B

V-15b 23 B

V-18 67 B

V-25b 69 B

Beira Baixa Castelo Branco CB-10 56 A

CB-19 30 A

CB-30 45 A

CB-38 61 A

Telhado T-3 32 B

T-4 86 B

T-8 31 B

Estremadura Alenquer AL-13 15 B

Caldas da Rainha CR-3 77 C

CR-18 41 C

Leiria L-19 48 B

Salir SL-1 21 C

SL-5 30 C

SL-7 39 C

SL-9 5 C

Setúbal ST-2 4 C

ST-8 7 C

ST-20 43 C

ST-33 44 C

Sintra S-15 79 A

S-24 100 A

S-26 68 A

Ribatejo Santarém STR-10 28 B

STR-14 64 C
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Indoleacetic Acid Production

To assess the IAA production byMesorhizobium spp., a color-
imetric method described by Glickmann and Dessaux [40] and
modified by Patten and Glick [41] was used. The bacterial
inocula were from bacterial cultures grown at 30 °C in minimal
liquid medium [42] for 48 h. Aliquots of 250 μl of the bacterial
inoculum were used to inoculate 4 ml minimal liquid medium
supplemented with tryptophan (0 or 250 μg ml−1) and incubat-
ed at 30 °C until the stationary phase was reached (48–72 h).
The bacterial cells were removed by centrifugation at 8500×g
for 5 min, and 1 ml of the supernatant was mixed with 4 ml
Salkowski’s reagent [43]. Following incubation at room tem-
perature for 20–30 min, the absorbance was measured at
535 nm. To calculate the concentration of IAA in each sample,
a standard curve ranging from 0.01 to 100 μgml−1 of pure IAA
was used for comparison. According to the amount of IAA
produced, four distinct levels of IAA production, low produc-
tion (<15 μg ml−1), medium production (between 15 and
30 μg ml−1), high production (between 30 and 45 μg ml−1),
and very high production (>45 μg ml−1), were considered.

ACC Deaminase Activity

The evaluation of ACC deaminase activity in the chickpea
Mesorhizobium cells was performed as described in Brígido
et al. [25]. Rhizobium leguminosarum bv. viciae 128C53K
was used as a positive control [21] and Mesorhizobium ciceri
LMS-1 as a negative control [23].

Organic and Inorganic Phosphate Solubilization

The ability of chickpea Mesorhizobium spp. to solubilize inor-
ganic phosphate solubilization was evaluated according to De
Freitas et al. [44]. Briefly, the bacterial inoculum was obtained
following overnight growth in TY liquid medium at 30 °C. Ten
microliters of bacterial culture was spotted onto solid medium
and then incubated for 7–10 days at 30 °C. Phosphate solubi-
lization activity was assayed in triplicate for each isolate. The
plates were observed for clear phosphorous-zone formation
around the colonies. Inorganic phosphate solubilization activity
was estimated by measuring the zone of clearance around each
colony and comparison of this zone with the colony diameter.
The inorganic phosphate solubilization index = ((colony +
clearance zone diameter) / colony diameter) as described by
Gupta et al. [39] and was used as the indicator of phosphorous
solubilization activity. The cut-off value of phosphate solubili-
zation index is 1, indicating that the bacterial isolate is unable to
solubilize phosphorous. According to the phosphate solubiliza-
tion index, three different levels of inorganic phosphate solubi-
lization were considered: no solubilization (=1), low (>1 and
<2), and high (≥2) solubilization.

To investigate if chickpeaMesorhizobium isolates are able
to mineralize organic phosphate, the acid phosphatase activity
for each Mesorhizobium isolate was determined according to
Oliveira et al. [45] with some modifications. Enzyme activity
was measured by monitoring the rate of hydrolysis of p-nitro-
phenyl phosphate (pNPP) into p-nitrophenol. Each
Mesorhizobium isolate and strain grew in 5 ml TY liquid
medium at 30 °C for 48 h. One milliliter of the bacterial

Table 1 (continued)
Province Origin site Isolate Symbiotic

effectiveness (SE)a
Species cluster
(based on 16S rRNA
gene sequence)a

Alto Alentejo Elvas 78 63 B

EMNP EE-7 84 A

Évora 90 49 B

93 27 C

94 33 B

Portalegre PT-35 56 B

Baixo Alentejo Beja 29 71 C

64b 70 B

Algarve Portimão PM-14 33 C

Portimão I PMI-1 80 A

PMI-6 81 B

Madeira Serra d’água SA-12 56 B

SA-17 16 B

Cluster A—M. ciceri/M. loti; cluster B—M. huakuii/M. amorphae; cluster C—M. tianshanense/
M. mediterraneum/M. temperatum
a Data from [31, 32]
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culture was added to 1 ml of acetate buffer (acetic acid/sodium
acetate, pH 4.8) and left to equilibrate for 10min at 30 °C. The
absorbance of the cell suspension was measured at 600 nm.
An aliquot of 400 μl of cell suspension was transferred to a
1.5-ml Eppendorf tube and 100 μl of 1 mg/ml 4-
nitrophenylphosphate was incorporated. The mixture was in-
cubated at 30 °C for 1 h. To stop the reaction, 500 μl of 1 M
KOH was added to the mixture. The cells were then pelleted,
and the amount of p-nitrophenol produced was quantified by
measuring the absorbance at 420 nm. A mixture without bac-
terial culture was used as a negative control whereas
Azospirillum brasilense Sp245 was used as a positive control.
The units of specific activity were determined according to the
following formula [46]: U/OD600 = 1000(OD420) / (time in
minutes * OD600).

Cytokinin Production

To screen for cytokinin production by Mesorhizobium spp., a
cucumber cotyledon bioassay was used according to Hussain

and Hasnain [47] with some modifications. Briefly, the cu-
cumber seeds were surface sterilized with 0.1% HgCl2 for
3 min and washed six times with sterile distilled water. The
seeds were germinated in sterile Petri plates containing double
layers of filter papers soaked in sterile distilled water and
placed in the dark at room temperature for 5 days. After ger-
mination, the cotyledons were excised and transferred to sep-
arate sterile Petri plates with double layers of filter papers
soaked in sterile distilled water.

Mesorhizobium isolates were streaked on half of a Petri
plate containing modified minimal medium [24]. The plates
were incubated for 5 days at 30 °C. Ten etiolated cucumber
cotyledons per plate were placed close (±2–3 mm) to the bac-
terial culture and incubated in the dark for 24 h. After incuba-
t ion, the plates were kept in the light (intensity
30 μmol m−2 s−2) for 4 h at 25 °C. Plates without bacterial
culture were used as a negative control, and the chlorophyll
content from cotyledons grown with 1 ml of standard cytoki-
nins solution (1.0 μM N-6-benzyladenine) was considered as
a positive control. Chlorophyll was extracted from cotyledons

Fig. 1 Map of Portugal showing
the distribution of a total of 61
chickpea mesorhizobia isolates
for each province according to
their ability to produce
siderophores. In each pie chart,
the number of isolates and the
percentage of isolates able (dark
gray) and unable (light gray) to
produce siderophores are
indicated
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grown in each plate with cold acetone and quantified by mea-
surement of the absorbance at 665 nm. The chlorophyll con-
centration compared to the negative control (D/D0) was deter-
mined. Enhanced chlorophyll formation (>1) was considered
as evidence of positive cytokinin activity.

Heavy Metal Tolerance

Mesorhizobium spp. tolerance to Ni, Co, Cu, Zn, and Pb was
evaluated based on their growth in 96-well microplates filled
with 200 μl per well of Yeast extract mannitol (YEM) broth
supplemented with NiCl2, CoCl2, ZnCl2, or CuCl2 at final
concentrations 0.25, 0.5, 1, 3, 5, and 10 mM and
Pb(CH3COO)2 at final concentrations of 0.05, 0.1, 0.5, 1, 2,
and 5 mM. For each isolate, an initial inoculum with an
OD565 nm = 0.05 was inoculated into the 96-well microplate.
The microplates were incubated with shaking at 28 °C for
4 days. After incubation, the absorbances of the microplates
were read at 565 nm using a microplate reader (Multiskan
spectrum, Thermo Scientific). Strains were considered toler-
ant when they showed at least 50% of their growth under
control conditions (YEM liquid medium without addition of
heavy metals).

Statistical Analysis

Statistical analyses were performed using SPSS 21.0 software
(SPSS Inc., Chicago, USA). To evaluate the goodness of fit of
data to the normal distribution, the one-sample Kolmogorov-
Smirnov test for continuous sample distributions was per-
formed. In order to explore the relationship between continu-
ous dependent variables and categorical independent vari-
ables, the Kruskal-Wallis one-way nonparametric analysis of
variance was conducted. To identify categories that differ sig-
nificantly from others, three different post hoc tests (Tamhane,
Dunnett T3, and Games-Howell) were used. To detect struc-
ture in the relationships between categorical variables, the
correspondence analysis (CA) was conducted as an explorato-
ry data analysis technique. To investigate whether metal tol-
erance and specific plant growth-promoting abilities were re-
lated to the pH of the origin soil of the isolates, these pH
values were divided into three classes (soils with pH values
below 6.5 were considered acid soils, whereas neutral soils
include soils with pH values ranging from 6.5 to 7.4 and
alkaline soils represented soils with pH values above 7.4;
data in Supplementary Table 2).

Relationships between categorical variables were deter-
mined using the chi-square test of association. Results are
presented as the test statistic (χ2), degrees of freedom (d.f.),
and probability of equal or greater deviation (P).
Nonparametric correlations between continuous variables
were determined using Spearman’s rank order correlation
coefficient.

Results

Chickpea Rhizobia with Potential Plant
Growth-Promoting Features

From all 67 isolates and type strains tested, 50 isolates pro-
duced siderophores (Figs. 1 and 2; Supplementary Table 1).
The prevalence of this trait was related to the province of
origin and the phylogeny of the isolates. An association be-
tween an isolate’s ability to produce siderophores and its prov-
ince of origin was found (χ2 = 19.938; d.f. = 10; P < 0.05). For
instance, all isolates collected from Trás-os-Montes e Alto
Douro, Beira Litoral, Algarve, and Madeira produced
siderophores, whereas few isolates from Beira Baixa, Alto
Alentejo, Baixo Alentejo, and none fromRibatejo showed this
plant growth-promoting trait (Fig. 1). Likewise, an association
between the levels of siderophore production and species clus-
ters was found (χ2 = 14.255; d.f. = 6; P < 0.05). Isolates be-
longing to the M. huakuii/M. amorphae cluster produced no
or low amount of siderophores, whereas the majority of the
isolates belonging to the M. ciceri/M. loti cluster produced
medium or high amount of siderophores. Similar to what
was observed with the chickpea Mesorhizobium isolates,
among the six Mesorhizobium type strains, only two strains
were unable to produce siderophores, namely M. amorphae
ACCC 19665T andM. huakuii CCBAU 2609T. In contrast, no
association/relationship between the levels of siderophore
production and the soil pH classes was found.

Despite the fact that only 19 of 67 isolates and strains
showed the ability to solubilize inorganic phosphorous
(Fig. 2), a significant relationship between an isolate’s ability
to solubilize inorganic phosphorous and species clusters was
found (χ2 = 22.305; d.f. = 2; P < 0.001). The majority of the
isolates able to solubilize inorganic phosphorous belong to the
cluster M. ciceri/M. loti, whereas no isolate belonging to the
cluster M. huakuii/M. amorphae was able to solubilize inor-
ganic phosphorous. Also the Mesorhizobium type strains,
M. amorphae ACCC 19665T and M. huakuii CCBAU
2609T, were incapable of solubilizing inorganic phosphorous.
A CA reinforced the previous observation, revealing that iso-
lates belonging to the clusters M. huakuii/M. amorphae were
unable to solubilize inorganic phosphorous while the isolates
assigned to the clustersM. ciceri/M. loti andM. tianshanense/
M. mediterraneum/M. temperatum were high and low inor-
ganic phosphorous solubilizers, respectively (Fig. 3).
Interestingly, all isolates unable to produce siderophores also
failed to solubilize inorganic phosphorous. An association be-
tween the levels of inorganic phosphorous solubilization and
siderophore production was found (χ2 = 33.867; d.f. = 6;
P < 0.001). The majority of the isolates with no or poor
siderophore production do not solubilize inorganic phospho-
rous, while most of the isolates with medium or high
siderophore production were able to solubilize phosphorous,
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suggesting a possible interaction between these traits. In addi-
tion, all isolates able to solubilize inorganic phosphorous were
from neutral or alkaline soils and none were from acidic soils,
suggesting that soil pH may act as a selective pressure. The
amount of solubilized phosphate correlated with phosphate,
nitrogen, or potassium content of the soils of the isolates’
origin (r = 0.425, P ≤ 0.001; r = 0.380, P < 0.005; r = 0.404,
P ≤ 0.001, respectively). On the other hand, no association
between an isolate’s ability to solubilize inorganic phosphate
and its symbiotic effectiveness was found.

Similar to what was observed with inorganic phosphate
solubilization, the ability to solubilize organic phosphate
by acid phosphatases was rare in chickpea Mesorhizobium
isolates. Only 11 chickpea Mesorhizobium isolates and the
type strain M. huakuii CCBAU 2609T displayed acid
phosphatase-specific activity (Fig. 2), ranging from 0.011
to 0.569 (Table 2, Supplementary Table 1). Only three of
these isolates possess both acid phosphatase activity and
ability to solubilize inorganic phosphate. Among the iso-
lates displaying acid phosphatase activity, seven belong to

Table 2 Production of IAA (μg ml−1) with minimal liquid medium supplemented with 250 μg ml−1 of L-tryptophan and specific activity of acid
phosphatases

Province Isolates/
strains

IAA production
(μg ml−1)

Specific activity
of acid phosphatases
(U/OD600)

Province Isolates/
strains

IAA
production
(μg ml−1)

Specific activity
of acid phosphatases
(U/OD600)

Trás-os-Montes e Alto Douro BR-8 72.9 0 Estremadura L-19 42.470 0

BR-9 71.4 0.402 SL-1 10.500 0.250

BR-15 55.2 0 SL-5 78.745 0

BR-28 40.7 0 SL-7 31.200 0.146

LM-9 3.0 0 SL-9 21.473 0

LM-13 4.1 0 ST-2 35.420 0.293

LM-18 9.3 0 ST-8 32.564 0.360

Douro Litoral PII-1 4.6 0 ST-20 15.700 0.569

PII-2 6.8 0 ST-33 19.290 0.209

PII-3 3.2 0 S-15 26.927 0

Beira Litoral A-3 29.2 0 S-24 35.927 0

AII-5 32.1 0 S-26 37.564 0

AII-7 43.5 0 Ribatejo STR-10 21.473 0

C-1 58.8 0 STR-14 25.927 0.218

C-7 14.3 0 Alto Alentejo 78 32.564 0

C-13 25.4 0 EE-7 57.470 0

C-14 34.7 0 90 5.410 0

C-27b 40.9 0 93 6.120 0

Beira Alta G-10 32.8 0 94 8.291 0

G-55 58.4 0.153 Alto Alentejo PT-35 8.473 0

V-5b 19.1 0.158 Baixo Alentejo 29 6.291 0

V-15b 55.5 0 64b 39.018 0

V-18 40.6 0 Algarve PM-14 2.473 0

V-25b 25.3 0 PMI-1 56.291 0

Beira Baixa CB-10 24.9 0 PMI-6 2.655 0

CB-19 32.6 0 Madeira SA-12 18.920 0

CB-30 43.2 0 SA-17 15.470 0

CB-38 32.2 0 M. ciceri UPM-Ca7T 47.382 0

T-3 10.9 0 M. huakuii CCBAU2609T 17.655 0.011

T-4 39.9 0 M. loti LMG6125T 45.200 0

T-8 45.0 0 M. mediterraneum UPM-Ca36T 1.291 0

Estremadura AL-13 38.2 0.489 M. tianshanense A-1BST 3.890 0

CR-3 7.8 0 M. amorphae ACCC 19665T 1.245 0

CR-18 4.2 0 Azospirillum brasilense Sp245 0.167
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the M. tianshanense/M. mediterraneum/M. temperatum
species cluster and two belong to M. ciceri/M. loti and
M. huakuii/M. amorphae species clusters. The average of
acid phosphatase-specific activity from isolates belonging
to the M. ciceri/M. loti and M. huakuii/M. amorphae spe-
cies clusters is significantly different from the average of
acid phosphatase-specific activity from isolates assigned to
M. tianshanense/M. mediterraneum/M. temperatum spe-
cies cluster.

The ability to synthesize cytokinins was not associated
with a particular species group, province of origin, or the
symbiotic effectiveness of the isolates. Of the 50 isolates
tested for cytokinin production, 22 increased chlorophyll

concentration in the cucumber cotyledon bioassay, indicat-
ing their ability to synthesize cytokinins (Table 3, Fig. 2).
The two most efficient cytokinin producers, isolates BR-
15-Bragança and C-7-Coimbra, came from two different
provinces and belong to the M. ciceri/M. loti and
M. huakuii/M. amorphae species clusters, respectively.
These two isolates increased chlorophyll concentrations
by 20% in the cucumber bioassay but showed relatively
low symbiotic effectiveness (Table 1).

All isolates synthesized IAA (Table 2) when grown in the
presence of tryptophan, but the production rates varied be-
tween the province of origin and with the species groups.
Significant differences between provinces of origin regarding
their ability to synthesize IAA (χ2 = 46.171; d.f. = 30;
P < 0.05) were found. For instance, the three provinces with
the highest IAA production averages (Beira Alta,
Estremadura, Beira Litoral) were found to be significantly
different from the province with the lowest growth average
(Douro Litoral). M. ciceri/M. loti isolates showed the highest
IAA production average, while the M. tianshanense/
M. mediterraneum/M. temperatum isolates showed the lowest
IAA production average. Similarly, the IAA production aver-
age between species clusters was also significantly different
(χ2 = 12.621; d.f. = 6; P < 0.05). Isolates from the
M. tianshanense/M. mediterraneum/M. temperatum cluster
showed a low level of IAA production, whereas the majority
of isolates belonging to M. huakuii/M. amorphae or to the
M. ciceri/M. loti species cluster presented a high level and
very high level of IAA production, respectively.

Almost half of the isolates (32/67) displayed high or
very high IAA production, with 12 of them being able to
synthesize more than 45 μg ml−1 of IAA in the presence of
Trp. Curiously, positive correlations between the IAA pro-
duction and the isolates’ abilities to solubilize inorganic
phosphate (r = 0.327, P < 0.01) or to tolerate pH 5 (data
from [36]) (r = 0.403, P ≤ 0.001) were found. For instance,
moderately acidophilic isolates showed the highest IAA
production, a situation significantly different from that
displayed by the acid-sensitive isolates. However, no sig-
nificant relationship between the IAA production or its
levels and the symbiotic effectiveness or pH class of the
origin soil was found. None of the 61 isolates deaminated
ACC under free-living conditions.

Evaluation of Mesorhizobium spp. Tolerance to Heavy
Metals

Despite the fact that Mesorhizobium spp. growth was largely
inhibited by the presence of heavy metals, the isolate’s ability
to tolerate different metals was related to the province of ori-
gin. Only tolerance to zinc was associated with a particular
species group (χ2 = 34.913; d.f. = 6; P < 0.001) or with the pH
of the origin soil (χ2 = 27.598; d.f. = 10; P < 0.005). In this

Fig. 3 CA biplot of the relationship between the isolate’s species clusters
and their ability to solubilize inorganic phosphate

Fig. 2 Percentage of isolates displaying different plant growth-
promoting traits: inorganic phosphate solubilization, acid phosphatase,
and siderophore and cytokinin production. Percentage of isolates
possessing and lacking each plant growth-promoting trait is indicated
by black and gray bars, respectively
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case, isolates from acid or neutral soils were able to grow in
the presence of zinc, whereas isolates from alkaline soils were
unable to grow in the presence of this metal. Similarly, the CA
revealed an association between the isolate’s ability to tolerate
zinc and the species clusters of the isolates (Fig. 4). For in-
stance, almost all isolates from the M. tianshanense/
M. mediterraneum/M. temperatum species cluster did not tol-
erate zinc, whereas the majority of the isolates belonging to
theM. huakuii/M. amorphae and theM. ciceri/M. loti species
clusters showed tolerance to this metal.

Associations between the isolate’s ability to tolerate differ-
ent metals and the province of origin of the isolates
(χ2 = 74.576; d.f. = 50; P < 0.05 for zinc; χ2 = 42.999;
d.f. = 20; P < 0.001 for nickel; χ2 = 58.586; d.f. = 30;
P < 0.001 for copper) were found. In fact, several CA associ-
ations between some provinces of origin and isolate’s growth
in the presence of zinc, nickel, or copper were found (Fig. 5
for the case of Zn). For instance, isolates from Ribatejo, Baixo
Alentejo, and Estremadura provinces were unable to grow in
the presence of zinc, whereas all isolates from Madeira, Beira
Baixa, Beira Alta, Beira Litoral, and Douro Litoral grew well
in the presence of zinc. Moreover, all isolates from Baixo
Alentejo could grow in the presence of nickel but were unable
to grow in the presence of copper or zinc; all isolates from
Beira Alta grew in the presence of zinc and lead but not in the
presence of nickel or copper; and no isolate from Algarve was

able to grow in the presence of nickel, copper, or cobalt but
was in the presence of lead (Table 4). Negative correlations
between the isolate’s tolerance to Zn and the pH value of the
origin soil of the isolates were found (r = −0.449, P < 0.001).
In contrast, positive correlations between the isolate’s toler-
ance to Zn and the acid tolerance (r = 0.502, P < 0.001) and
IAA production (r = 0.387, P < 0.001) were recognized. In
addition, an association between the isolate’s ability to solu-
bilize inorganic phosphate and isolate’s tolerance to Zn was
found (χ2 = 27.272; d.f. = 8; P < 0.001).

Some isolates were able to grow in the presence of high
concentrations of specific metals. For instance, the highest
maximum concentration tolerated by some chickpea
Mesorhizobium isolates was 5 mM for zinc, 3 mM for cobalt,
0.5 mM for nickel, and 1 mM for both copper and lead
(Fig. 6). Despite the fact that the highest concentration toler-
ated was with zinc, the metal more broadly tolerated by chick-
pea Mesorhizobium isolates was lead (Table 4). Moreover,
chickpea microsymbionts exhibited different levels of toler-
ance to the different heavy metals tested. For example, more
than 73.1% of the isolates show growth inhibition in the pres-
ence of nickel, cobalt, or copper, whereas only 35.8% of the
isolates were unable to grow in the presence of zinc. On the
other hand, the majority (68.7%) of the isolates could grow in
the presence of ≥0.5 mM lead (Fig. 6). Overall, these results
indicate that chickpea microsymbionts possess different levels
of tolerance for different types of metals.

Mesorhizobium isolates showed high diversity in terms of
the number of metals tolerated and this ability was associated
with both the province of origin (χ2 = 58.559; d.f. = 40;
P < 0.05) and the species cluster (χ2 = 27.272; d.f. = 8;

Table 3 Results from
the cucumber cotyledon
bioassay for screening
mesorhizobial strains
and isolates. Positive
relative chlorophyll
concentrations (D/D0)
are shown

Isolates/strains D/D0

BR-8 1.014

BR-15 1.236

LM-18 1.032

PII-2 1.035

PII-3 1.042

AII-5 1.047

C-7 1.233

CB-10 1.062

CB-30 1.036

CB-38 1.015

T-4 1.036

T-8 1.032

AL-13 1.158

SL-9 1.119

S-15 1.184

S-24 1.024

PT-35 1.043

64b 1.017

PMI-1 1.153

M. mediterraneum UPM-Ca36T 1.194

M. tianshanense A-1BST 1.012

M. amorphae ACCC 19665T 1.027

Fig. 4 CA biplot of the relationship between isolate’s tolerance to Zn and
their species clusters
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P < 0.001) of the isolates . All isolates were tolerant to at least
one metal, with the majority of the isolates able to tolerate two
or more different metals. In fact, four isolates showed toler-
ance to all of the metals tested, namely PII-3—Porto, CB-
30—Castelo Branco, 78—Elvas, and 93—Évora isolates.
Furthermore, almost all isolates assigned to the M. huakuii/
M. amorphae and M. ciceri/M. loti clusters showed tolerance
to two or more metals, while isolates belonging to

M. tianshanense/M. mediterraneum/M. temperatum cluster
exhibited tolerance to only one metal. Likewise, all isolates
from Beira Litoral, Beira Alta, Beira Baixa, and Douro Litoral
tolerated two or more different metals, whereas the majority of
isolates from Algarve, Estremadura, and Trás-os-Montes e
Alto Douro were tolerant to one or two different metals. No
association between an isolate’s tolerance to different metals
and the symbiotic effectiveness of the isolates or specific plant
growth-promoting trait was found.

Discussion

The present study indicates that the majority of the chickpea
Mesorhizobium isolates possess two or more plant growth-
promoting mechanisms, with indoleacetic acid and
siderophore production the most common traits. In addition,
mostMesorhizobium spp. tolerate Zn and Pb but are sensitive
to Ni, Co, and Cu. Several associations reveal that the preva-
lence of specific PGP traits and metal tolerance are related to
the province of origin and/or the species of the isolates.

The high prevalence of siderophore production in the col-
lection of mesorhizobia species reported here may reflect the
sampling site. Some rhizobial species produce siderophores,
such as Rhizobium tropici, R. leguminosarum bv. viciae,
R. leguminosarum bv. trifolii, and Sinorhizobium meliloti

Fig. 5 CA biplot of the
relationship between province of
origin and tolerance to Zn of the
isolates

Table 4 Percentage of isolates tolerant to at least the lowest
concentration of each metal used

Provinces Zn Pb Ni Co Cu

Trás-os-Montes e Alto Douro 71.4 85.7 14.3 14.3 14.3

Douro Litoral 100.0 100.0 66.7 33.3 33.3

Beira Litoral 100.0 100.0 0.0 25.0 12.5

Beira Alta 100.0 100.0 0.0 16.7 0.0

Beira Baixa 100.0 100.0 14.3 14.3 14.3

Estremadura 26.7 100.0 13.3 20.0 13.3

Ribatejo 0.0 100.0 50.0 100.0 100.0

Alto Alentejo 83.3 66.7 50.0 50.0 50.0

Baixo Alentejo 0.0 100.0 100.0 0.0 50.0

Algarve 33.3 100.0 0.0 0.0 0.0

Madeira 100.0 50.0 100.0 50.0 50.0

Total 67.2 95.1 23.0 26.2 23.0
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[48, 49], but this trait is rare in rhizobia [50]. The association
found between an isolate’s ability to produce siderophores and
its province of the origin suggests that the origin soil may have
acted to help select for this ability. These results are in agree-
ment with Vargas et al. [50] who observed that plant growth-
promoting trait frequency, including siderophore production,
in clover rhizobia, was related to the sampling site. One pos-
sible explanation for the common presence of this plant
growth-promoting trait in chickpea Mesorhizobium isolates
may be due to the iron deficiency in soils in some provinces
of origin, thereby conferring plants associated with these
strains a competitive advantage in those soils. In addition,
the association found between the levels of siderophore pro-
duction and the species clusters suggests that this plant
growth-promoting trait may be more species specific than
strain specific.

Although the ability of inorganic phosphate solubilization
among chickpea Mesorhizobium isolates is a feature not as
common as siderophore production, its presence is associated
not only to soil pH but also to the species clusters. The ability
to solubilize inorganic phosphate has been found in several
species of rhizobia, such as R. leguminosarum, Ensifer
meliloti, and Bradyrhizobium sp. [4, 51], including two spe-
cies that nodulate chickpea, M. ciceri and M. mediterraneum
[52]. In the present study, 28.4% of the isolates tested exhibit
this ability, a frequency higher than that reported by others
using M. ciceri and R. leguminosarum isolates [53, 54]. In
contrast, among the plant growth-promoting traits assessed
for 252 clover rhizobia isolates, phosphate solubilization
was the most common plant growth-promoting characteristic,
being present in 42% of the isolates [50]. These differences
between surveys may be due to the soil characteristics of the
sampling sites, mainly the soil pH as the phosphorous avail-
ability is affected by the soil pH, becoming less available in
alkaline soils or when it forms complexes with iron and alu-
minum oxides in acidic soils [55]. Therefore, it is expected to
find a higher proportion of phosphate solubilizer isolates in
neutral and alkaline soils. Indeed, in our survey, all isolates

able to solubilize inorganic phosphate are from neutral or al-
kaline soils. According to Neila and coworkers [56], the phos-
phate solubilization activity used by rhizobia may constitute
an adaptive mechanism against the phosphorous deficiency in
soils as in the case of alkaline soils. In our previous work [36],
it is observed that isolates fromM. ciceri/M. loti species clus-
ter are associated with neutral soils, whereas isolates from
M. mediterraneum/M. temperatum and M. tianshanense spe-
cies clusters are associated with alkaline soils. Curiously, most
of the isolates belonging to the M. ciceri/M. loti cluster have
the ability to solubilize inorganic phosphate, whereas the iso-
lates from the other two clusters do not have this ability, sug-
gesting that the ability to solubilize inorganic phosphate may
be species related. Moreover, the association between the
levels of inorganic phosphorous solubilization and
siderophore production found in this study corroborates the
previous findings by several studies reporting that phosphate-
solubilizing microorganisms exhibit multifunctional proper-
ties, including release of siderophores (e.g., [57–61]).
Although it is uncertain whether these two mechanisms are
interconnected, the potential role of siderophores in increasing
the availability of inorganic phosphate seems plausible [62].

In this study, only a few Mesorhizobium isolates possess
the ability to solubilize organic phosphate through acid phos-
phatases, most being from alkaline soils. The absence of this
feature in most isolates, especially those from acid soils, was
unexpected. Typically, acid phosphatases dominate in acid
soils, while alkaline phosphatases are more abundant in neu-
tral and alkaline soils [63]. This result may be due to the fact
that very few isolates possess the ability to solubilize both
organic and inorganic phosphate, which differs from other
reports [64].

In this study, all chickpea microsymbionts revealed the
ability to synthesize IAA, differing greatly in the amount pro-
duced. A number of soil bacteria from plant rhizosphere pro-
duce cytokinins and IAA [65, 66]. Also rhizobial strains can
produce both IAA [50, 67] and cytokinins [14, 68] in variable
amounts. These results are in agreement with other reports

Fig. 6 Percentage of chickpea
mesorhizobia isolates and
mesorhizobia strains tolerant to
each concentration of Zn, Co, Cu,
Ni, and Pb
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where more than 80% of the clover rhizobia isolates and
Mesorhizobium isolates are able to synthesize IAA [50, 53],
but contrast with what was observed for lentil rhizobia [54].
On the other hand, only 22 of the 50 isolates tested produce
cytokinins. Moreover, the amount of relative chlorophyll con-
centration observed is lower compared to other reports [47],
whose rhizobacteria strains show relative chlorophyll concen-
trations above 1.22.

Although both IAA and cytokinins play a role in the sym-
biotic rhizobium-legume interaction, no relationship or asso-
ciation between the production of either IAA or cytokinins
and the symbiotic effectiveness of the isolates was found in
this study. For example, lack of auxin synthesis can negatively
affect nitrogen fixation, whereas (up to a point) auxin over-
production can increase nodulation efficiency [69, 70].
Alternatively, cytokinins produced by rhizobia may provide
a mechanism to counteract the negative effects caused by the
different types of stresses [20]. In addition, some researchers
have noted a direct relationship between cytokinin concentra-
tions and nodulation [71, 72] and between IAA production by
rhizobia and nodulation and competitive ability [14–16].

Remarkably, an association between the level of IAA pro-
duced and an isolate’s tolerance to acidity was found (Fig. 7).
These results suggest that the pathways for IAA production
may be part of a bacterial stress response. In fact, it was pre-
viously observed that the expression of the key gene in IAA
production, ipdC gene, is enhanced by carbon limitation and
acidic pH in A. brasilense Sp245 [73, 74]. In Pseudomonas
putida GR12-2 and Pseudomonas agglomerans, the ipdC
gene expression is regulated by RpoS [75, 76], which is

known to regulate transcription of genes in response to stress
conditions and starvation. This result may also explain the
associations found between the amount of IAA produced
and the species cluster or the province of origin of the isolates.
Actually, our previous results [36] show that an isolate’s tol-
erance to acidity is related with species clusters as well as with
the pH of the origin soil. Similar to inorganic phosphate sol-
ubilization and the level of siderophore production, IAA pro-
duction seems to be a species-specific plant growth-promoting
feature allowing these organisms to survive and persist in
specific types of soils, mainly acidic and neutral soils. On
the other hand, our results also indicate a positive correlation
between the amount of IAA produced and the amount of in-
organic phosphate solubilized (r = 0.327, P < 0.05). This re-
sult agrees with what was reported previously by Bianco and
Defez [18], where an IAA-overproducing E. meliloti strain
shows a greater ability to solubilize phosphate.

The lack of detectable ACC deaminase activity under free-
living conditions agrees with our previous results using 18
chickpea Mesorhizobium isolates [12]. Furthermore, the
Mesorhizobium sp. strain MAFF303099 only expresses
ACC deaminase inside the nodules, under the transcriptional
regulation of the NifA2 protein [77], similarly in M. ciceri
UPM-Ca7T, the acdS gene is transcribed under symbiotic con-
ditions [12]. As far as we know, no report reveals this ability in
any Mesorhizobium spp. under free-living conditions.

The relatively high tolerance of Mesorhizobium spp., iso-
lated from chickpea, to metals may reflect the rhizobial pop-
ulation’s tolerance to specific metals present in their origin
soils, suggesting that an isolate’s tolerance to different metals
may be determined by the isolate’s geographical origin. In this
study, chickpea microsymbionts show a higher tolerance to
zinc, cobalt, and nickel and a lower tolerance to copper and
lead compared to other studies conducted with Ensifer
medicae, R. leguminosarum biovar trifolii isolates, and
R. leguminosarum biovar viciae [78, 79]. Associations be-
tween an isolate’s ability to tolerate specific metals and their
origin were detected. This is consistent with previous studies
[78, 79] where it is shown that the metal tolerances of rhizo-
bial populations are related to the origin soils. Here, the num-
ber of metals tolerated was associated with the phylogeny of
the isolates. Moreover, the isolate’s tolerance to Zn is associ-
ated with the inorganic phosphate solubilization ability and is
correlated with the pH value of the origin soil of the isolates,
acid tolerance, and IAA production. Herein, acid-sensitive
isolates do not tolerate zinc, while acid-tolerant isolates dis-
play tolerance to different concentrations of zinc, which may
be explained by the fact that zinc becomes more available in
soils with low pH and less available in more basic soils. These
results are not unexpected since the soil pH controls the bio-
availability of metals in soils [80], and phosphate solubiliza-
tion and siderophore and acid production are mechanisms,
adopted by bacteria toward metals in soil, involved in

Fig. 7 CA biplot of the relationship between isolate’s tolerance to acid
pH and their IAA production
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mobilizing metals [81]. Furthermore, all chickpea
Mesorhizobium isolates showed tolerance to at least one of
the metals tested, which agrees with previous reports conduct-
ed with rhizobial species isolated from nodules of pea, clover,
alfalfa, and chickpea [78, 79, 82, 83]. Altogether, these results
may be also an explanation for the species cluster distribution
found previously by Brígido and Oliveira [36].

Interestingly, a positive correlation (r = 0.277, P < 0.05) is
found between the number of plasmids carried by the various
isolates and the number of metals tolerated. This result sug-
gests that the genes encoding metal resistance may be present
on plasmids. Similar results were previously reported by
Lakzian et al. [84].

Overall, our data reinforces the hypothesis that the associ-
ation found between the soil pH and the species group may be
due to the fact that these species were selected by adaptive
mechanisms, such as phosphate solubilization, siderophore
production, IAA production, and tolerance to acidity and to
different metals, that allow them to compete and persist in
different type of soils. For instance, most of the isolates be-
longing to theM. huakuii/M. amorphae species cluster obtain-
ed from Beira Alta, Beira Litoral, Trás-os-Montes e Alto
Douro, Beira Baixa, Estremadura, and Madeira provinces
shared the ability to produce medium or high amounts of
IAA and tolerance to acidity, zinc, and lead. This also explains
the association found between the species clusters and the
province of origin of the isolates (χ2 = 49.628; d.f. = 20;
P < 0.001) and the relationship between the number of PGP
traits and the phylogeny of the isolates (χ2 = 25.205; d.f. = 8;
P < 0.001).

In this study, no relationship between the presence of sev-
eral plant growth-promoting mechanisms and the symbiotic
effectiveness of the isolates was found. However, the impact
of these plant growth-promoting features may become impor-
tant when the symbiotic rhizobium-legume association occurs
under stressful conditions.

Several studies showed the co-existence of plant growth-
promoting traits with heavy metal resistance. For example,
Wani and Khan [85] isolated a rhizobium strain RL9
possessing not only high tolerance to several heavy metals
but also plant growth-promoting traits, such as production of
IAA and siderophores. Further, Joseph and coworkers [86]
found that the rhizobacteria associated with chickpea toler-
ance to multiple heavy metals also exhibited at least two plant
growth-promoting activities. Although no association be-
tween the number of metals tolerated and the number of po-
tential plant growth-promoting mechanisms is found, most of
the isolates possessing two or more plant growth-promoting
activities tolerate two or more distinct metals. It is possible
that an effective symbiotic Mesorhizobium-chickpea associa-
tion inmetal-contaminated soils depends not only on the metal
tolerance exhibited by the rhizobial partner but also on its
ability to counteract the negative effects of metals in the

plants. Indeed, previous reports suggest that several plant
growth-promoting mechanisms from soil bacteria can help
the plant to alleviate metal toxicity; these traits include
siderophore production [87], ACC deaminase [88, 89], and
IAA production [90].

This s tudy shows tha t many nat ive chickpea
Mesorhizobium isolates display multifaceted plant growth-
promoting abilities, as well as tolerance to several different
metals. These properties may increase their potential in pro-
moting legume growth by several mechanisms other than ni-
trogen fixation, making them a suitable choice for multiple
agricultural applications. Furthermore, this work shows that
several plant growth-promoting traits in chickpea
Mesorhizobium spp. are related or determined by their origin
site or species group. Thus, the data obtained provide impor-
tant background information for further ecological and phylo-
genetic studies. Additionally, this study provides extensive
information on plant growth-promoting traits and metal toler-
ance of chickpea rhizobia that can be useful in the selection of
the most adapted rhizobial inoculants to different challenging
field conditions.
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