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Broad environmental tolerance of native root-nodule bacteria of Biserrula pelecinus indicate
potential for soil fertility restoration
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aDepartment of Environmental Biology, Chubu University, Kasugai, Japan; bNemaLab, ICAAM-Universidade de Évora, Évora,
Portugal; cDepartment of Physical, Chemical and Natural Systems, Universidad Pablo de Olavide, Seville, Spain

(Received 1 January 2016; accepted 20 April 2016)

Background: Biserrula pelecinus is an annual legume native to the Mediterranean basin, found in pastureland, alone or in
association with other legumes (Leguminosae) and grasses (Poaceae). It has been used in revegetation programmes of
mining wastes showing phytoremediation potentials and thus becoming potentially highly attractive for plant ecology and
restoration management of natural ecosystems.
Aims: To characterise native root-nodule bacteria isolated from B. pelecinus from the Iberian Peninsula, and to select
suitable N fixers for field-application and soil rehabilitation.
Methods: Strains were isolated and molecularly identified by 16S rRNA amplification and sequencing. Strains were
phenotypically characterised in different abiotic conditions (acidity, salinity and heavy metals) and tested for their ability
to fix atmospheric N2. The most suitable N fixers were applied in greenhouse experiments with B. pelecinus under different
fertilization levels to assess their tolerance to fertilized and polluted soils, commonly encountered in restoration projects.
Results: B. pelecinus root-nodule isolates tolerated pH from 4.5 to 9.5 grew in saline conditions (2.5% of NaCl), and
tolerated 50 µM of Al3+ and Mn2+. Three isolates efficient in N2 fixation, relative to the reference Mesorhizobium strain,
were considered excellent candidates for the amelioration of nutrient poor sites.
Conclusions: These results provide valuable information for the potential use in soil restoration of B. pelecinus in a wide-
range of conditions, exploiting the natural variability of its root-nodule bacteria.

Keywords: acidity; Biserrula pelecinus; biological nitrogen fixation; fertilization; heavy metals; salinity

Introduction

Native to the Mediterranean Basin, Biserrula pelecinus L.
is a pasture legume that grows in acidic sandy soils
(Howieson et al. 1995). B. pelecinus is a prolific hard-
seed producer, which form persistent soil seed banks
(Malo and Suárez 1995). About 40% of seed survive cattle
ingestion, and hence, the summer grazing is unlikely to
harm the stand density or long-term persistence (Malo and
Suárez 1995; Loi et al. 1999). Cattle tend to avoid grazing
B. pelecinus in spring, preferentially targeting other plants,
including weeds (Nichols et al. 2007), thus making B.
pelecinus a potential species for herbicide-free weed man-
agement (Loi et al. 1999). Moreover, this legume has been
exploited for its phytoremediation potential in revegetation
programmes of mining wastes (Perrineau et al. 2011).

The symbiotic bacteria associated with B. pelecinus L.
were identified as belonging to Mesorhizobium genus in
the family Rhizobiaceae (Nandasena et al. 2001). The first
reports related to the specificity of B. pelecinus-rhizobia
defined the symbiosis as extremely specific (Nandasena
et al. 2001). Nandasena et al. (2004) found that strains
originated from B. pelecinus had a specific host range and
did not nodulate legumes, such as Amorpha fruticosa L.,
Astragalus sinicus L., Cicer arietinum L., Hedysarum
spinosissimum L., Lotus parviflorus Desf., Macroptilium
atropurpureum (DC) Urb and Trifolium lupinaster

L. Nevertheless, more recent studies have identified a
new diversity of isolates associated to B. pelecinus with
a high degree of promiscuity (Nandasena et al. 2006,
2009; Vicente et al. 2009). The novel biovar assigned for
B. pelecinus, Mesorhizobium ciceri biovar biserrulae, dif-
fers from Mesorhizobium ciceri by significant differences
in growing conditions, antibiotic resistance and carbon
source utilisation, as well as in similarity between symbio-
tic genes (Nandasena et al. 2009). Moreover, Nandasena
et al. (2009) described two novel species belonging to the
genus Mesorhizobium, Mesorhizobium australicum sp.
nov. and Mesorhizobium opportunistum sp. nov.

Biological nitrogen fixation (BNF), the process by
which rhizobia convert atmospheric nitrogen (N2) into a
plant-usable form, is influenced by biotic and abiotic con-
straints (e.g. soil acidity and salinity, or use of N fertilizers)
that affect either rhizobia, the plant host or their symbiotic
interaction (Bohlool et al. 1992). Low pH and high salinity
were found to negatively influence the colonisation and
infection of rhizobia by affecting the expression of nodula-
tion genes (Ferguson and Gresshoff 2015; Plá and Libertad
2015). Additionally, acidity and salinity were also found to
increase heavy metal availability (McLaughlin et al. 1994;
Giller et al. 1998), which is highly toxic, even at low
concentrations (Giller and Cadisch 1995, to both free-living
N2-fixing organisms and rhizobia; for a complete review,
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see Giller et al. 1998). In legume–rhizobial systems, BNF
can be also suppressed by mineral fertilization (Waterer
et al. 1994), though a wide variation in rhizobia tolerance
to ammonium or nitrate in soil (Sprent 1999) is observed.
Curiously, some actinorhizal symbioses (i.e. Frankia) have
a weak or no feedback regulation from inorganic N in the
environment, even when N availability is high (Vitousek
et al. 2013). BNF inhibition in legume–rhizobia systems
varies depending on the form of N applied (Dart and
Wildon 1970), season (Pate and Dart 1961), light intensity,
temperature and concentration (Gibson 1971) and other
environmental factors (Pankhurst 1981). In temperate pas-
tureland, the application of low rates of N fertilizer pro-
motes nodulation and, consequently, an early and rapid crop
growth (Ledgard et al. 2001; Namvar and Sharifi 2011).
Still, accumulation of excessive N in soils contribute to
diminish rhizobial diversity, unless resistant strains are iso-
lated and used in the recovery the microbiota of heavily
fertilized soils (Herridge and Danso 1995). The main aims
of this study were (1) to characterise native root-nodule
bacteria from B. pelecinus in terms of in vitro tolerance to
three main stressful conditions of ecosystems (acidity; sali-
nity and heavy metals); and (2) to evaluate the BNF of
selected rhizobia isolates under fertilization as well as their
resistance to elevated concentrations of N. From an ecolo-
gical point of view, we hypothesised that the growing
phenotype of root-nodule bacteria (i.e. fast-, moderate-
and slow-growers) associated with B. pelecinus may affect
adaptation to the abiotic environment. Our results show that
slow-growers fixed efficiently N2 in the presence of metal
contaminants and N fertilization, which translated into a
greater production of plant biomass.

Materials and methods

Bacterial isolation and characterisation

Forty-two native root-nodule bacteria with different rep-
PCR (repetitive element palindromic PCR) fingerprints
(PCR amplification of repetitive sequences within bacteria
genome) (De Bruijn 1992), which have surveyed in geo-
graphically distinct locations across northern Spain and
southern Portugal (Vicente et al. 2009), were used in this
study. Pure cultures of each root-nodule bacteria were
visually characterised according to time of growth (days),
visual assessment of production of extracellular polysac-
charide (EPS) in yeast extract-mannitol (YEM) and colony
morphology (colour/opacity, size, shape, elevation and mar-
gins). All isolates were maintained in YEM slants at 4 °C
for routine use, and −80 °C for long-term conservation with
20% glycerol. The ability of root-nodule bacteria to change
pH medium was determined by using YEM supplemented
with 25 µg of bromothymol blue (Frioni 1999). The mean
doubling time (tD) of each B. pelecinus root-nodule
isolate was estimated through growth curves in YEM
broth at 28 °C and 120 rpm, and time-point OD600 mea-
sures. The tD was determined by the inverse of the slope of
log2 OD plotted in function of time.

Tolerance to different abiotic stresses

Tolerance to pH 4.5, 5.5 and 9.5 was evaluated according to
Oliveira and Magallhães (1999). A single colony of a fresh
culture (5 days old) was streaked onto YEMwith pH adjusted
from 4.5 to 9.5 (1 M HCl for acid pH and 1 M NaOH for
alkali). The YEM pH 7 was used as control. Tolerance to
salinity was evaluated by streaking rhizobial isolates in YEM
supplemented with 0.5%, 2.5% and 5% NaCl (w/v). The
ability of root-nodule bacteria to grow in the presence of
metals was assessed by the agar dilution method (Hayat
et al. 2002). Aluminium (AlCl3) and manganese (MnCl2),
known metals in agricultural lands (Kochian et al. 2004),
were tested at concentrations ranging between 50 and
1000 µM. Metal solutions were sterilised separately from
YEM, incorporated at 45°C and poured onto the plates. Each
plate was divided into four equal sectors. Growth of root-
nodule bacteria was carried out in YEM at 28 °C and
120 rpm for 48 h. A single drop (10 µl aliquot) was inoculated
in each sector of the plate. A control plate was prepared with-
out metals added. After 7 days of incubation at 28 °C, the
diameter of the drop was measured. The ratio between the
growth area in metal treatment (At) and the growth area in
control (Ac) was calculated as an indicator of the tolerance
level of root-nodule isolates. The minimum inhibitory con-
centration (MIC) was determined as the smallest concentration
necessary to inhibit total bacteria growth. A three-system
category was also used to classify bacterial growth: (1) sensi-
tive (acidity and salinity: 0–2.00; heavy metals: At/Ac < 1); (2)
moderate tolerance (acidity and salinity: 2.06–3.00; heavy
metals: 1.00 ≥ At/Ac > 1.50 and (3) tolerant (acidity and
salinity: 3.06–4.00; heavy metals: 1.50 ≥ At/Ac > 2.00). For
all tests, three biological replicates were carried out.

Estimation of symbiotic N2-fixation

Symbiotic effectiveness of B. pelecinus root-nodule iso-
lates was tested under controlled greenhouse conditions
(average temperature of 20 ± 2 °C; 80% humidity and 14 h
daylight and 10 h dark photoperiod). Three treatments
were established: (1) N-symbiotic, B. pelecinus seedlings
independently inoculated with each root-nodule isolate
(n = 42); (2) Mesorhizobium, B. pelecinus inoculated
with commercial reference strain M. ciceri biovar biserru-
lae and (3) reference plant B. pelecinus without inocula-
tion. Three complete randomised blocks with seven
seedlings each were established for each treatment.

Seeds of B. pelecinus cv. Casbah were routinely scar-
ified and surface sterilised for 2 min in 70% (v/v) EtOH,
20 min in 10% (v/v) NaClO, followed by six rinses with
sterile distilled water. Seeds were germinated in Petri dishes
with 1.5% (w/v) agar and aseptically transplanted into pots.
Plastic pots (0.2 dm3), surface sterilised with 10% (v/v)
NaClO, were filled up with steam-sterilised mixture of 2:1
soil–river sand, overlaying an autoclaved absorbent cloth to
prevent rapid drainage and possible contaminations from
running water. Inoculation of B. pelecinus seedlings took
place after the emergence of the first pair of real leaves

2 C.S.L. Vicente and M.A. Pérez-Fernández

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
L

et
hb

ri
dg

e]
 a

t 0
4:

01
 2

3 
Ju

ne
 2

01
6 



(5 days after transplanting). Starter cultures of each root-
nodule isolate were grown until stationary phase in YEM
broth, incubated at 28 °C and 120 rpm. Each seedling
received 4 ml of the appropriate bacterial inoculant. Pots
were completely covered with sterile polyethylene beads
(Aulabor Industries, S.A. Barcelona, Spain) to prevent air-
borne rhizobia contamination. Twice a week, seedlings
were watered through a sterile watering pipe (Vincent
1970). Harvest was conducted 7 weeks after inoculation.
Each single plant was thoroughly washed with tap water to
remove substrate residues from the roots. Nodulation was
scored as Nod+ and Nod−, respectively, depending on the
presence or absence of nodules. Shoots were oven dried at
70 °C for 48 h, weighted in a precision balance and pow-
dered with a mill ball IKA Labortechnik A10 (Janke &
Kunkel GmbH & CO). Total nitrogen from shoot dry
biomass was quantified by Kjeldahl technique (Guebel
et al. 1991), carried out in the Laboratório Químico
Agrícola Rebelo da Silva (Lisbon, Portugal). A sample of
2 mg shoot dry biomass was weighted into tin capsules and
sent for isotope ratio mass spectrometry analysis (IRMS)
(Brenna et al. 1997) at the University of the Balearic
Islands, Balearic Islands, Spain.

The efficiency of each root-nodule bacteria was assessed
by 15N natural abundance methodology. For 15N natural abun-
dance, the fraction of N derived entirely from N2 fixation
(Ndfa) in the N2-fixing plants (Högberg 1997) was calculated
by %Ndfa = [(δ15Nref – δ15Nfix)/(δ

15Nref – B)] × 100, where
δ15Nref is the δ

15N from a non-fixing N2 reference plant, and B
is the δ15N fromN2-fixing plant when totally dependent on N2

as the only N source. The B-value used was −3.53‰ calcu-
lated elsewhere (Vicente 2010). The total amount of N in the
plant derived from N2 fixation (Nfix) was determined by
Nfix = Ndfa × N content.

Tolerance to mineral fertilization

Under controlled greenhouse conditions, five inoculation
treatments (inoculation with AjuPt16, SafPt6, SafPt12,
M. ciceri biovar biserrulae and N-free) were applied.
Plants inoculated with the five inoculants were addition-
ally treated with three fertilization levels (FL) (F0, no
nutrients available; F25, moderate nutrient supply; and
F75, high nutrient supply). All plants grew randomly
located in a light, temperature and humidity growth
chamber, with five plants per T × FL. FL ranged
between 5 g per 10 dm3 (F25) and 10 g per 10 dm3

(F75) of 16N:7P:15K + 2MgO (Floranid® Permanent,
Germany) slow-release fertilizer (doses selection based
on manufacture recommendation). Seed surface-sterilisa-
tion and sowing of B. pelecinus cv. Casbah was pre-
pared as above. Mesorhizobia inoculants were prepared
as described in Vincent (1970). After 8 weeks of growth
plants were harvested. Shoot and root biomass were
oven-dried at 70 °C (48 h), and weighted. Shoot dry
mass was milled with a ball mill (IKA Labortechnik
A10, Janke & Kunkel GmbH & CO) for the analyses

of total N from shoot dry-weight (SDW, mg plant−1); N
analyses were conducted at the Laboratório Químico
Agrícola Rebelo da Silva, Lisbon, Portugal. Shoot
N-content was determined by Shoot N = %N × SDW.
Dry biomass samples were analysed for isotopic com-
position (δ15N) through IRMS at the Universidad de Las
Islas Baleares, Islas Baleares, Spain.

Statistical analyses

Statistical analyses were made using the SPSS software
version 15.0 for Windows. Homogeneity of variances was
checked by Levene’s test. Data (SDW, N content and Nfix)
were subjected to analysis of variance (ANOVA) to test for
differences in biomass production, 15N and total N produc-
tion among treatments and strains. A post-hoc Tukey’s test
at 95% confidence level was used after significant ANOVA.

Results

Tolerance to abiotic conditions

Phenotypic characterisation of all isolates is summarised
in Table 1. All isolates were considered tolerant to
severe acidity (4.5 < pH < 5.5), with the exception of
isolate AjuPt9 (Table 1). Eight isolates were sensitive to
pH 9.5 (MonPt2, MonPt8, TerPt9, SafPt1, ElvPt18,
AjuPt11, AjuPt12, AjuPt21 and ArrPt20) (Table 1). M.
ciceri biovar biserrulae grew in the whole pH range.
The increase of NaCl concentrations resulted in a
decrease of bacterial growth. At 0.5% NaCl, all root-
nodule isolates grew abundantly with copious produc-
tion of EPS, whereas no growth was recorded at 5%
NaCl. Around 40% of B. pelecinus isolates were able to
tolerate NaCl concentrations up to 2.5% (w/v) (Table 1).
The ability of B. pelecinus root-nodule isolates to toler-
ate Al3+ and Mn2+ was screened at concentrations ran-
ging from 50 to 1000 μM (Table 1). The cation that
exerted the most severe effect on bacterial growth was
Mn2+, with a MIC of 50 μM. Nearly 43% of B. peleci-
nus isolates only resisted the concentration of 50 µM,
five isolates could grow until 250 μM (fast growers
MontPt16, and moderate growers TerPt6, AjuPt10,
SafPt5 and ElvPt10), and only the slow-grower AjuPt8
could tolerate 500 μM. It was not possible to determine
the tolerance of 17 isolates (i.e. ElvPt15) due to swarm-
like phenomena (irregular bacterial growth in solid med-
ium supplemented with Mn2+). Regarding Al3+, seven
isolates (slow grower MonPt2; moderate growers
TerPt9, MonPt10, AjuPt16, ArrPt11 and fast growers
MonPt13, AjuPt19) were not able to grow in the pre-
sence of this cation. The most tolerant root-nodule bac-
teria were the fast growers SafPt1, ElvPt15 and MonPt8,
growing in YEM supplemented with 500 μM Al3+. M.
ciceri biovar biserrulae presented a MICAl and MICMn

of 50 µM.

Environmental tolerance of Biserrula rhizobia 3
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Estimation of symbiotic N2 fixation

All isolates were NOD+, forming indeterminate shape
nodules in B. pelecinus seedlings (data not shown). No
nodules were present in the control treatment (reference
plant B. pelecinus without inoculation). The δ15Nref for the
reference plant was 7.160‰ (Table 2). According to 15N
natural abundance, 32% of the isolates showed poor N2

fixation (Ndfa lower than 50%). The best N2 fixers (SafPt8,
SafPt5, AjuPt21, AjuPt16, SafPt6 and SafPt12) reached

δ15N value between 0.03‰ and −0.60‰, and %Ndfa

between 67% and 73%, respectively. Highly significant
differences (P < 0.01) between these isolates were
observed in terms of SDW, N content and Nfix (Table 3).
B. pelecinus plants inoculated with Mesorhizobium strain
had an SDW average of 70 mg plant−1, with a %N of
3.36, resulting in a value of Nfix of 2.35 mg−(Table 3).
SafPt12 and SafPt6 rhizobial isolates produced high values
of SDW and Nfix, respectively, an SDW average of

Table 1. Phenotypic characterisation of root-nodule bacteria from Biserrula pelecinus and the Mesorhizobium reference strain.

Root-nodule isolate tD pH NaCl (%w/v)

MIC Metals (µM)

Al3+ Mn2+

AjuPt1 Fast growth 0.92 4.5–9.5 2.5 50 ND
AjuPt12 1.26 4.5–7.0 0.5 50 50
MonPt16 1.40 4.5–9.5 0.5 250 250
ElvPt15 1.49 5.5–9.5 2.5 500 ND
ArrPt17 1.62 4.5–9.5 2.5 50 ND
SafPt1 1.72 5.5–7.0 0.5 500 ND
MonPt8 1.73 5.5–7.0 2.5 500 ND
AviSp1 1.75 4.5–9.5 2.5 50 50
ArrPt12 1.81 4.5–9.5 2.5 50 50
ArrPt16 1.89 4.5–9.5 2.5 50 50
AjuPt25 1.92 4.5–9.5 0.5 50 50
AjuPt27 1.97 4.5–9.5 2.5 50 50
ArrPt14 2.00 4.5–9.5 2.5 50 ND
AjuPt11 2.00 4.5–7.0 0.5 50 50
ArrPt20 2.01 5.5–7.0 2.5 50 ND
SafPt7 2.21 5.5–9.5 0.5 250 ND
ArrPt10 2.41 4.5–7.0 2.5 500 ND
AjuPt30 2.44 4.5–9.5 2.5 50 50
AjuPt13 2.68 4.5–9.5 2.5 50 ND
AjuPt15 2.73 4.5–9.5 2.5 50 50
SafPt12 2.83 4.5–9.5 0.5 50 50
AjuPt19 3.04 7.0–9.5 0.5 0 50
ArrPt15 3.23 4.5–9.5 2.5 50–250 ND
MonPt13 3.57 4.5–9.5 2.5 ND 50
ElvPt17 Moderate growth 4.29 5.5–9.5 2.5 50 ND
AjuPt16 4.31 4.5–9.5 2.5 ND 50
TerPt6 4.31 4.5–9.5 2.5 250 250
ArrPt11 4.50 4.5–7.0 2.5 ND 50
MonPt10 4.56 4.5–9.5 0.5 ND ND
Mesorhizobium 5.38 4.5–9.5 2.5 50 50
AjuPt10 5.41 4.5–9.5 2.5 50 250
TerPt9 5.65 5.5–7.0 2.5 ND ND
SafPt6 5.67 4.5–9.5 0.5 50 ND
AjuPt21 6.18 5.5–7.0 2.5 50 50
ElvPt18 6.46 5.5–7.0 2.5 50 50
SafPt5 6.74 4.5–9.5 0.5 500 250
TerPt7 6.88 4.5–9.5 2.5 50 50
TerPt19 7.39 4.5–9.5 2.5 250 ND
TerPt17 7.56 5.5–7.0 0.5 50 50
ElvPt10 8.05 4.5–9.5 2.5 250 250
SafPt8 8.31 5.5–9.5 2.5 50 50
MonPt2 Slow growth 12.47 5.5–7.0 0.5 ND ND
AjuPt8 12.50 4.5–9.5 0.5 50 500

The characteristics analysed are mean doubling time (tD) to evaluate growth ability (fast growth, tD = 0.92–3.57; moderate growth, tD = 4.29–8.31; and slow
growth, tD = 12.47–12.50), and tolerance levels under abiotic conditions [salinity (NaCl), pH and heavymetals (Al3+ andMn2+)]. Tolerance levels not determined
are indicated by ND. MIC indicates minimal inhibitory concentration determined as smallest concentration necessary to inhibit total bacteria growth.
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64.50 mg plant−1 and a Nfix of 1.41 mg; and an SDW
average of 53.80 mg plant−1and a Nfix of 1.24 mg.

Tolerance to mineral fertilization

The selected root-nodule bacteria (SafPt6, AjuPt16,
SafPt12) and Mesorhizobium commercial strain were
tested for tolerance to mineral fertilization (Table 4).
Increasing N fertilization resulted in better developed
plants in all treatments, in comparison with F0. In F25

and F75, no statistical differences were observed in para-
meter LSA (leaf surface area) between the plants from
different inoculation treatments and N-free control plants.
The increase in the level of nutrients resulted in an
increase of SDW, shoot N content and number of nodules
(NN). Differences among treatments (without inoculation,
N-free; with inoculation, SafPt6, AjuPt16, SafPt12 and
Mesorhizobium) were observed in regimes F25 and F75,
for those parameters. NN increased in treatments with
SafPt12, SafPt6 and Mesorhizobium under F25 and F75
treatments, while nodules dry-weight (NDW) was main-
tained, suggesting thus the increase of small-size nodules.
B. pelecinus seedlings inoculated with AjuPt16 were
poorly nodulated under any of the nutrient regimes. No
nodules were presented in the control plants (N-free
plants) indicating absence of airborne contamination dur-
ing the experimental period.

The effects of the different levels of fertilization (F0,
F25 and F75) on BNF of the isolates tested were evaluated
using 15N natural abundance (Figure 1). Inoculated seed-
lings reduced their N2 fixation as the level of nutrients
increased from F25 to F75, thus indicating an effect on the
N2 fixing apparatus. Both %Ndfa and Nfix were highly
influenced by treatments and nutrient regimes (P ≤ 0.01)
(Figure 1). M. ciceri biovar biserrulae was the best fixing
strain at F0 and F25 (55% and 36%, respectively)
(Figure 1). SafPt12 isolate was the second best fixing
strain (%Ndfa between 47% in F0 and 26% in F25),
followed by SafPt6 (F0, 44%; F25, 18%). The increased
fertilization drastically reduced or even suppressed the %
Ndfa in all seedlings treated with any of the isolates.
However, in the intermediate FL (F25), all isolates and
M. ciceri biovar biserrulae increased in fourfold the per-
centage of N fixed compared with that obtained in F0
treatment.

Discussion

Legume-rhizobia systems contribute to the sustainable
development of healthy terrestrial ecosystems (Vitousek
et al. 2013). The long evolutionary history of these

Table 2. Estimation of biological nitrogen fixation (BNF), using
15N natural abundance.

Root-nodule
isolate

SDW (mg plant−1)
(±SD)

(δ15N/δ14N)‰
(±SD)

Ndfa

(%)

TerPt9 31.40 (10.00) 7.05 (0.19) 1
MonPt10 45.10 (10.00) 6.18 (0.18) 9
AjuPt11 45.80 (30.00) 6.23 (0.18) 9
MonPt16 42.60 (10.00) 6.08 (0.18) 10
ElvPt10 55.00 (30.00) 5.79 (0.29) 13
MonPt13 41.20 (10.00) 5.41 (0.18) 16
AviSp1 64.40 (30.00) 4.60 (0.23) 24
AjuPt8 53.60 (40.00) 4.56 (0.25) 24
ElvPt15 64.30 (30.00) 4.12 (0.20) 28
AjuPt30 33.20 (40.00) 3.35 (0.18) 36
AjuPt1 41.60 (30.00) 2.62 (0.30) 42
AjuPt15 52.70 (40.00) 2.72 (0.18) 42
ArrPt10 52.30 (70.00) 2.32 (0.18) 45
AjuPt27 28.80 (20.00) 1.92 (0.18) 49
ArrPt20 44.30 (20.00) 1.84 (0.19) 50
ElvPt18 55.30 (20.00) 1.63 (0.18) 52
ArrPt11 25.10 (20.00) 1.64 (0.18) 52
ArrPt14 26.20 (10.00) 1.57 (0.18) 52
AjuPt19 23.40 (10.00) 1.49 (0.18) 53
TerPt17 37.60 (20.00) 1.51 (0.19) 53
ElvPt17 50.30 (30.00) 1.37 (0.19) 54
ArrPt15 26.80 (10.00) 1.26 (0.19) 55
TerPt19 27.00 (10.00) 1.24 (0.19) 55
MonPt2 47.80 (0.00) 1.16 (0.23) 56
TerPt7 39.40 (20.00) 0.90 (0.25) 59
ArrPt12 41.00 (10.00) 0.73 (0.18) 60
ArrPt16 20.60 (10.00) 0.79 (0.19) 60
SafPt7 28.90 (20.00) 0.65 (0.19) 61
AjuPt10 26.40 (20.00) 0.49 (0.18) 62
AjuPt25 31.50 (20.00) 0.52 (0.18) 62
ArrPt17 21.60 (20.00) 0.44 (0.19) 63
TerPt6 28.70 (10.00) 0.36 (0.25) 64
AjuPt12 23.60 (10.00) 0.20 (0.18) 65
SafPt1 29.70 (20.00) 0.17 (0.25) 65
MonPt8 57.20 (20.00) 0.10 (0.25) 66
AjuPt13 35.90 (20.00) 0.14 (0.18) 66
AjuPt16 58.50 (20.00) −0.04 (0.25) 67
AjuPt21 50.80 (20.00) 0.03 (0.18) 67
SafPt8 30.30 (10.00) −0.22 (0.18) 69
SafPt5 29.90 (10.00) −0.48 (0.18) 71
SafPt6 53.80 (10.00) −0.41 (0.19) 71
SafPt12 64.50 (30.00) −0.60 (0.18) 73
Mesorhizobium 70.00 (40.00) −3.53 (0.19) 100
Reference plant 17.40 (0.00) 7.16 (0.19) 0

BNF: Biological nitrogen fixation; Ndfa: nitrogen derived entirely from
BNF; SDW: shoot dry-weight; SD: standard deviation. Bacterial isolates
in bold indicate best BNF fixers according to 15N natural abundance.

Table 3. Shoot dry-weight (SDW) N concentration (%) and
amount of N2 fixed (Nfix) in seedlings of Biserrula pelecinus
inoculated with root-nodule isolates AjuPt16, AjuPt21, SafPt5,
SafPt6, SafPt8, SafPt12 and Mesorhizobium reference strain.
SDW: Shoot dry-weight; Nfix: N2 fixed; SD: standard deviation.
Different letters indicate significant differences between isolates
after Tukey’s test (P < 0.05).

Treatments
SDW

(mg plant−1 ± SD)
N
(%)

Nfix
(mg N SDW−1)

SafPt8 30.10 (10.00)b 2.64 (0.00)g 0.55 (0.14)b

SafPt5 29.90 (10.00)b 2.89 (0.00)f 0.62 (0.25)b

AjuPt21 50.80 (20.00)ab 2,32 (0,00)e 0.79 (0.34)ab

AjuPt16 58.50 (20.00)a 2.66 (0.00)d 1.05 (0.32)ab

SafPt6 53.80 (10.00)ab 3.26 (0.00)c 1.24 (0.14)ab

SafPt12 64.50 (30.00)a 3.01 (0.00)b 1.41 (0.60)b

Mesorhizobium 70.00 (30.00)a 3.36 (0.00)a 2.35 (1.30)a
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symbiotic relationships reflects a highly specialised adap-
tation of bacteria to the constrictions imposed by the
environment (Young 2006). In the present study, our
main aim was to characterise native root-nodule bacteria
from B. pelecinus from the Iberian Peninsula, and the
selection of suitable N-fixers for field-application and
soil restauration. All B. pelecinus root-nodule bacteria
have presented similar phenotypic characteristics of a rhi-
zobia culture, with different generation times ranging
within the interval referred to this genus (Maâtallah et al.
2002; Chen et al. 2005; Nandasena et al. 2007). They were
able to grow at 0.5–2.5% (w/v) NaCl, decreasing severely
at 5% (w/v) NaCl. Previous results showed that B. peleci-
nus symbionts could withstand 1.5% (w/v) NaCl but not at
2.0% (w/v) NaCl (Nandasena et al. 2007), displaying
sensitivity to salinity similar to that of its plant host
(Nichols et al. 2007). Also, almost all bacteria were able
to grow at severe acidity (pH 4.5 and 5.5), as shown also
by Howieson et al. (1995). This result was expected since
the majority of these isolates came from soils with low pH
therefore showing a relatively high proportion of tolerance
to acidity in their native environments (Vicente et al.
2009). M. ciceri was also found to be moderate acidophilic
(Brígido et al. 2007). The results from extreme alkalinity
conditions (pH 9.5) showed that, at least, 75% B. peleci-
nus isolates were also capable to grow copiously as pre-
viously seen in other strains from the same plant
(Howieson et al. 1995; Nandasena et al. 2007). The major-
ity of the isolates were sensitive to Al3+ and Mn2+, with a
MIC of 50 μM for both metals. These results are

Table 4. Effect of fertilization levels in seedlings of Biserrula pelecinus inoculated with root-nodule isolates AjuPt16, SafPt6, SafPt12
and Mesorhizobium reference strain. LSA: Leaf surface area; SDW: shoot dry-weight; N content: leaf nitrogen content; NN: number of
nodules; NDW: nodules dry-weight. Different letters indicate significant differences between isolates after Tukey’s test (P < 0.05).

Regime Treatments LSA (mm2)
SDW

(mg plant−1 ± SD)
N content

(mg plant−1 ± SD) NN
NDW

(mg nodule−1 ± SD)

SafPt12 18.53 (1.87)a 48.233 (23.792)a 1.56 (0.03)a 4 (2.3)a 4 (2.8)a

SafPt6 16.24 (7.29)a 55.907 (34.122)a 1.77 (1.11)a 5 (2.9)a 5 (4.4)a

F0 AjuPt16 1.44 (0.63)b 5.407 (1.767)b 0.11 (0.04)b 3 (1.7)b 1 (1.7)b

Mesorhizobium 17.04 (6.31)a 52.840 (20.209)a 1.77 (0.68)a 5 (2.2)a 6 (3.6)a

N-free 1.51 (0.63)b 7.239 (1.629)b 0.15 (0.03)b

SafPt12 48.27 (18.91)a 158.927 (51.060)b 6.20 (2.14)a 15 (4.5)b 4 (1.8)a

SafPt6 54.00 (15.44)a 176.187 (53.225)a 6.27 (1.77)a 17 (4.8)b 5 (2.4)a

F25 AjuPt16 51.46 (21.26)a 160.327 (56.401)ab 5.66 (2.25)ab 6 (4.0)c 6 (2.6)a

Mesorhizobium 46.68 (17.00)a 173.853 (49.143)ab 5.82 (1.72)ab 23 (10.4)a 8 (2.8)a

N-free 47.09 (13.89)a 157.080 (31.183)b 4.24 (1.33)b

SafPt12 72.01 (30.95)a 203.120 (36.593)b 8.24 (1.30)ab 14 (8.0)c 3 (2.5)a

SafPt6 71.91 (23.95)a 236.587 (54.544)ab 8.82 (1.62)ab 21 (11.2)b 4 (2.8)a

F75 AjuPt16 70.59 (28.64)a 209.300 (74.763)b 7.53 (1.95)b 5 (3.0)d 5 (2.5)a

Mesorhizobium 71.64 (30.36)a 278.400 (50.436)a 9.79 (2.07)a 30 (9.7)a 5 (2.8)a

N-free 81.42 (41.36)a 258.853 (88.711)ab 8.93 (2.15)ab

Fregime 0.679 346.866** 445.527** 83.689** 3.542*
Ftreatments 166.594** 5.648** 7.683** 124.869** 2.021
Fregime ×

treatments

1.421 2.887** 2.652** 14.186** 3.561**

Figure 1. Estimation of nitrogen derived from biological N2

fixation (%Ndfa) and N2 fixed (Nfix) in three N-fertilization levels
(F0, no fertilization; F25, medium fertilization and F75, high-
fertilization level) in seedlings of Biserrula pelecinus inoculated
with root-nodule isolates AjuPt16, SafPt6, SafPt12 and
Mesorhizobium reference strain. Different letters indicate signifi-
cant differences between isolates after Tukey’s test (P < 0.05).
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consistent with others that have reported Al3+ as the most
stressful metal for rhizobial growth (Murphy et al. 1984;
Vargas and Graham 1988; Roy and Chakrabartty 2000).
The study of the effects of Mn2+ on rhizobia growth dates
back 1938, when Steinberg first reported that the absence
of Mn2+ and other microelements reduced growth of
Rhizobium trifolii, and similarly, when it was applied at a
concentration of 10 µM Mn2+ the growth of Rhizobium
meliloti, Rhizobium japonicum and Rhizobium phaseoli
was considerably increased (Wilson and Reisenauer
1970). The tolerance to Mn2+ for 17 B. pelecinus bacteria
isolates was not determined due to swarm-like phenomena
as reported by Kearns (2010). Swarming phenomena in
N2-fixing bacteria has been poorly characterised (Tambalo
et al. 2010), and hypothesised to play a role in bacteria
colonisation of natural environments (Salvetti et al. 2009),
regulated by quorum sensing mechanisms (Daniels et al.
2004). Adverse conditions may stimulate swarming moti-
lity in search of a new condition, less harmful for bacterial
establishment (Daniels et al. 2004). The swarming effect
of only these strains could indicate an avoidance beha-
viour in the presence of Mn2+. More studies are needed to
investigate this observation.

A correct evaluation of symbiotic effectiveness of
root-nodule bacteria is critical in the selection of strains
for the development of elite inoculants to be used in
sustainable agriculture (Slattery and Pearce 2002; Crews
and Peoples 2004; Álvarez et al. 2014). In this study,
15N natural abundance approach was used to determi-
nate N2 fixation. Relatively few isolates were consid-
ered to efficiently fix N, emphasising the extremely
specific relationship between B. pelecinus and its
micro-symbiont (Howieson et al. 1995; Nandasena
et al. 2004). The B-value, δ15N from N2 fixing-plant
when totally dependent on N2 as the only N source, was
determined as −3.53‰ (Vicente 2010) and the Ndfa (the
fraction of N derived entirely from N2 fixation) esti-
mated from the more efficient B. pelecinus root-nodule
bacteria ranged between 67% and 73%. The difference
between δ15N in the reference crop (δ15Nref = 7.16‰)
and B-value (δ15N = −3.53‰) was more than five δ15N
units, ensuring the other precondition for NA applica-
tion (Högberg 1997). The Mesorhizobium reference
strain and isolates SafPt12, SafPt6 and AjuPt16 pre-
sented an effectiveness index ranging between 60 and
87% (Ferreira and Marques 1992). In terms of %Ndfa,
SafPt12 reached 73% with 1.41 mg N SDW−1 of N
fixed, followed by SafPt6 with a %Ndfa of 71%
(Nfix = 1.24 mg N SDW−1) and AjuPt16 with a %Ndfa

of 67% (Nfix = 1.05 mg N SDW−1). There is no infor-
mation regarding the application δ15N natural abun-
dance to the pasture legume B. pelecinus. For other
legumes such as Medicago sativa, Trifolium pratense
and Trifolium repens, Carlsson (Carlsson and Huss-
Danell 2003; Carlsson 2005; Carlsson et al. 2006)
reported a large proportion of N gained from N2 fixa-
tion (high Ndfa) under glasshouse conditions and field
studies, usually more than 80%.

Differences in the fixing ability between fast- and slow-
growing types of rhizobia have been reported (Trinick 1968;
Pérez-Fernández et al. 2015), mostly related with competi-
tive abilities to occupy nodules. In general terms, we
observed that slow-to-moderate growers had greater toler-
ance to stressful conditions, and were among the ones fixing
greater amounts of N2. This is in accordance with observa-
tions reported on the sensitivity to low pH. Fast growers
were uniformly sensitive to the low pH and tolerant of the
high pH, whereas the reverse occurs for slow growers
(Sadowsky et al. 1983). On the other hand, it has been
found that fast-growing Sinorhizobium strains were more
resistant to Al, Mo and Fe than slow growers of
Bradyrhizobium (Flis et al. 1992; Arora et al. 2009). Our
study has shown that fast-growing rhizobia vary in their
tolerance to metals and salinity, as well as in their tolerance
to high levels of fertilization. From an ecological point of
view, we believe that slow-growing strains from B. peleci-
nus are both more tolerant to metal contaminants and exces-
sive fertilization and they are better able to efficiently fix N2,
which, in turn, translates into a greater plant biomass
production.

The effect of combined N fertilization in BNF of rhizo-
bia associated with B. pelecinus was studied under green-
house conditions. The increase in the level of fertilization
resulted in an increase of SDW, shoot N content and NN and
statistical differences were seen between treatments (without
inoculation, N-free; with inoculation, SafPt6, AjuPt16,
SafPt12 and Mesorhizobium). NN increased for SafPt12,
SafPt6 and Mesorhizobium under F25 and F75 treatments,
while NDW was maintained, thus proving that low N can
trigger B. pelecinus nodulation and biomass production
(Ledgard et al. 2001; Mrkovacki et al. 2008). The increase
on the level of fertilization led to a drastic decrease of %Ndfa

and Nfix. However, in the medium-FL (F25), all isolates and
M. ciceri biovar biserrulae presented a higher N fixed per-
centage, almost fourfold of the N fixed in F0, again indicat-
ing the triggering effect of the F25 mineral concentration.
These small amounts of starter N are required to satisfy the N
demands of plants during the period before the nodules are
developed to supply plant needs. Simultaneously, fertiliza-
tion improved the physical proprieties of the soil, promoting
higher uptake by the crop increasing dry matter and seed
yield (Basu et al. 2008) (Table 4).

B. pelecinus root-nodule bacteria SafPt12, SafPt6 and
AjuPt6 were considered suitable N2-fixers when compared
with the Mesorhizobium reference strain, encouraging
further investigation in their ability to tolerate and to pro-
mote legume growth under stressful conditions, character-
istic from the pasturelands of the Mediterranean systems.

Conclusions

Our results are instrumental in defining management prac-
tices in which B. pelecinus may be used for restoration of
soil fertility. The tolerance of native B. pelecinus root-
nodule bacteria to abiotic stresses indicates the ecological
competence of these bacteria, their ability to persist under
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adverse edaphic conditions, to migrate within the soil and
to colonise the soil from the rhizosphere of the plant host.
Such ability could be related to growth phenotype of the
bacteria, although further studies are needed.
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