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Abstract: This study investigated the effects of specific strains of two arbuscular mycorrhizae fungi
(AMF) (Rhizophagus irregularis and Claroideoglomus claroideum) and of two plant growth-promoting
bacteria (PGPB) (Rhizobium leguminosarum and Burkholderia spp.), supplied either individually or as
combination of a mixture of both arbuscular mycorrhizae fungi with each bacteria on root morphology,
growth and fresh grain yield in pea (Pisum sativum L.) plants. Inoculated and non-inoculated pea
plants were subjected to two levels of salinity (0 and 50 mM) by the addition of sodium chloride into
tap water. Prior to fresh grain harvesting the morphology of root system was analyzed and the dry
matter of roots and shoots were individually measured in randomly selected plants. Fresh pods were
individually harvested per each plant; fresh (green) grains were separately counted and weighted
per each pod at each individual plant, and the average grain weight was calculated by dividing
total grain weight of plant with the respective number of green grains. The raise of salinity in the
irrigation water strongly diminished the growth of pea plants by significantly reducing weight,
length, surface area and root volume of pea plants. The relationships of pea plants with beneficiary
fungi and bacteria were specific to each microorganism and highly depended on the environment.
We found that under saline conditions, Rhizophagus irregularis provided a better vegetative growth
and a higher yield than Claroideoglomus claroideum. Although, single application of Burkolderia spp.
provides a better vegetative growth than single application of Rhizobium leguminosarum the best
results, in terms of growth and harvested yield, were still obtained by combined application of AM
fungi with Rhizobium leguminosarum. This combination was able to sustain the average grain weight
at the level of non-saline plants and provided a significantly higher yield than the control plants.
Keywords: tripartite; Pisum sativum; Rhizophagus irregularis; Claroideoglomus claroideum; Rhizobium
leguminosarum; Burkholderia spp.

1. Introduction
With the increase in the world’s population, the demand for agriculture yield has increased
tremendously, thereby leading to large-scale production of chemical fertilizers [1]. Since one of the
most important factors in the generation of high yields from crop plants is nitrogen, farmers are
applying high amounts of the fertilizers which are very costly and make the environment hazardous.
In addition, there is evidence that more than 50% of applied nitrogen and phosphorus fertilizer is
somehow lost through different processes, which not only represents a cash loss to farmers, but also
consequently pollutes the environment [2]. Indeed, progressively reduced N use efficiency due to
increased fertilization doses has been reported since the early stages of plant growth [3].
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Because the use of fertilizers and pesticides in the agricultural fields have caused degradation
of soil quality and fertility, researchers and scientists have shifted their attention to safer and more
productive means of agricultural practices [1]. Currently, increasing global concern regarding the
production of enough food to uphold the growing human population has been reinforcing the
importance of sustainable intensification of plant production [4], and the use of microbial consortia of
plant-growth promoting bacteria (PGPB) is the current trend in agriculture [5]. It is already recognized
that microbial communities are much more diverse than previously thought [6], and there are vast
opportunities of using them.
Two types of soil bacteria have been shown to have the capacity to act as PGPB; rhizospheric
bacteria, which are typically found around the roots of plants; and endophytic bacteria, which are
found within the tissues of the plant itself (notwithstanding the fact that endophytic bacteria may also
be found free-living in the soil) [7]. Conceptually, PGPB may affect plant growth either directly or
indirectly. Direct promotion of plant growth occurs when either (i) PGPB facilitates the acquisition
of resources from the environment including nitrogen, phosphorus, and iron; or (ii) modulates
plant growth by providing or regulating various plant hormones, including auxin, cytokinin, or
ethylene [7]. Additionally, there are also reports on rhizobia conferring increased resistance against
plant pathogens [4]. Interestingly in these relationships, plants are not only affected by PGPRs, but also
have important tools to manipulate gene expression and behavior in the bacteria that they encounter,
for their own benefits [8].
In addition, the use of arbuscular mycorrhizae fungi (AMF) to alleviate soil stresses on plant
growth is also receiving increased attention [9]. The symbiosis of plants with AMF often results in
increased nutrient uptake, accumulation of osmoregulatory compounds, an increase in photosynthetic
rates, and a decrease in root respiration and water use, suggesting that salt stress alleviation by AMF
results from a combination of effects ranging from nutritional to molecular [10,11].
The symbiosis among legumes, plant growth-promoting bacteria (PGPB) and arbuscular
mycorrhizal fungi (AMF) is one of the most important ecological mutualisms [2]. The majority
of legumes form symbiotic associations with both phosphorus-acquiring AMF and nitrogen (N)-fixing
rhizobia in tri-partite relationship. The microsymbionts in both associations are benefited by
photoassimilates from the plant, and the macrosymbiont obtains fixed nitrogen in the case of bacterial
symbiosis of root nodules, and immobile nutrients especially phosphate in the case of AM symbiosis [2].
Although there are a considerable number of publications, the information available about
the effect of combined inoculation of PGPB and mixed inocula of AMF to alleviate the noxious
effect of salinity stress on legume crops is far from being completed. Furthermore, there is a high
variability in the performance of AM fungi [12] and PGPB that may be due to various environmental
factors that might affect their growth and proliferation in plants [1]. Therefore, the objective of
this study was to investigate the variation between different bacteria (Rhizobium leguminosarum and
Burkholderia sp.) inocula and different AMF (Rhizophagus irregularis and Claroideoglomus claroideum)
inocula, as well as interactions between each bacteria with the mixture of AMF (Rhizophagus irregularis
+ Claroideoglomus claroideum) regarding their influence on root morphology, growth, and yield of pea
(Pisum sativum L.) plants, in order to provide a better understanding of this tripartite association and
its impact on legume crops.
2. Materials and Methods
2.1. Plant Material and Experimental Set-Up
The experiment was conducted in a non-heated greenhouse in Tirana, Albania during the spring
of 2017. Graded seeds of a commercial pea cultivar (Progress 9), two strains of distinguished
AM fungi (Rhizophagus irregularis—originally isolated from soils of La Manche canal banks, and
Claroideoglomus claroideum—originally isolated from Mongolian soils; both provided by Symbiom,
s.r.o., Sázava, Czech Republic) and two bacterial strains (a Rhizobium leguminosarum bv. Viciae and
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a Burkholderia spp., both isolated and provided by UTAD, Portugal) were used in the experiment.
The seeds were sown in large plastic pots (0.6 m × 0.2 m × 0.2 m) filled with a mixture of vermiculite
(Agra-Vermiculite, Pull Rhenen B.V., The Netherlands) + river sand (1:3). Several experimental
variants were applied; (i) purely mixture substrate (control, Ctr); (ii) mixture substrate and 10% (v/v)
crushed, expanded clay particles coated with AM-fungal spores of Rhizophagus irregularis (Rh.ir+);
(iii) mixture substrate and 10% (v/v) crushed, expanded clay particles coated with AM-fungal spores
of Claroideoglomus claroideum (Cl.cl+); (iv) mixture substrate and 10% (v/v) peat moss inoculated
with a Rhizobium leguminosarum strain (102 colony-forming units (CFU) g-1 ) (Rh.l+); (v) mixture
substrate and 10% (v/v) peat moss inoculated with a Burkholderia sp. strain (102 CFU g-1 ) (Brh+);
(vi) mixture substrate and mixture of AM fungi (Rhizophagus irregularis + Claroideoglomus claroideum;
5% v/v) with Rh. leguminosum (5% v/v) (AMF + Rh.l) and (vii) mixture substrate and mixture of
AMF (Rhizophagus irregularis + Claroideoglomus claroideum; 5% v/v) with Burkholderia sp. (5% v/v
each) (AMF + Brh). AMF-inoculated clay particles and respective inocula of Rh. leguminosarum or
Burkholderia spp. strains were homogenously mixed with the substrate before sowing. To each pot,
20 graded seeds were sown 4 cm apart from each other at 2 cm depth, in two parallel lines. The seeds
were sown in February 14, 2017 and the experiment lasted till May 20, 2017.
Two different levels of salt-stress (0 and 50 mM) were established by the addition of different
amounts of sodium chloride (NaCl) to the irrigation water. All plants were equally distributed to both
salinity treatments, according to a full factorial design. Each treatment was represented by six pots;
each of them represented a replication. The total number of pots of all treatments was arranged in
eight parallel rows (split in half between the non-saline and saline conditions), six pots per each row.
The treatments were randomly distributed among the rows, in groups of two pots. Six other pots,
randomly distributed, were additionally used outside the experimental design, in order to have equal
space distribution among all treatments. Plants were watered during the whole experimental period
with equal amounts of either tap water (0 mM NaCl) or saline water (50 mM NaCl). The irrigation was
conducted by a gravity driven drip irrigation system (two drippers per pot, with 0.2 L hrs-1 discharge
rate). The time, frequency, and length of irrigation cycles were automatically controlled by an electronic
irrigation controller (Itec 8, Netafim Ltd, Tel Aviv, Israel).
2.2. Plant Sampling and Measurements
At DAS (day after sowing) 95, 10 plants from each treatment were randomly selected and
harvested. Roots were gently washed free of adhering substrate particles, and plants were dissected
and separated into roots and shoots. The root system was scanned with an Epson Expression/STD
4800 Scanner. Subsequently, the acquired root images were analyzed with WinRHIZO Arabidopsis
software (Regent Instruments Inc., Sainte-Foy, QC, Canada) and root morphology parameters, total root
length (RL), surface area (RSA), and root volume (RootV) were measured and recorded. In addition,
saved root images were later used to count the number of nodules to each plant. The plant organs
were subsequently dried (65 ◦ C, 48 h) and weighted separately to an accuracy of 0.001 g (TP 303;
Denver Instruments GmbH, Göttingen, Germany).
At the technical maturity stage (DAS 95), fresh pods were individually harvested per each plant;
fresh (green) grains were separately counted (GN) and weighted per pod and per individual plant.
The average grain weight (AvgGW) was calculated by dividing total grain weight (GW) of each plant
with the respective number of green grains. Pearson correlation coefficients between each of the above
root morphology parameter (RL, RSA, RootV) with dry matter of roots, shoots, and the entire plant
(DMRoot , DMShoot , DMPlant ) and GW, as well as the respective significance levels of the respective
correlation coefficients were calculated by SigmaPlot13.
2.3. Statistics
Differences in DM (DMRoot , DMShoot , DMPlant ), root morphology parameters (RL, RSA, RootV),
the number of nodules per plant and yield parameters (GN, AvgGW, GW) were tested by
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two-way ANOVA, using the personal computer (PC) program SigmaPlot 13 (Systat Software Inc.,
San Jose, CA, USA). Each significant ANOVA result (p < 0.05) was followed by a Tukey test at p < 0.05
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The raise of salinity significantly reduced the values of analyzed root morphology parameters
in Cl.cl+, Rh.l+, Brh+ variants. Although characterized by a trend of reduced values due to the raise
of salinity, Rh.ir+ and combined applications of AMF and bacteria were able to sustain RL, RSA,
and RootV at the level of non-saline plants and importantly, significantly higher than control plants.
On the contrary, like in the non-saline conditions, no difference was found between Cl.cl+ and control
plants (Table 1).
No growth promotion effects of AM fungi, or bacteria were found under non-saline conditions
regarding DMRoot . Even, significantly smaller DMRoot values were recorded in case of Rh.l+ and AMF
+ Brh variants (Table 2). Contrary to that, significant growth promotion effects were noticed regarding
DMShoot . The highest DMShoot values were obtained by the inoculation of Rhizophagus irregularis
and Burkholderia. Overall, this resulted in significantly higher DMPlant in Rh.ir+ and Br+ variants,
but no growth promotion was proved in case of single inoculation of Claroideoglomus claroideum,
or Rhizobium leguminosarum (Table 2). Overall, Rhizobium and Burkholderia shows the smallest
DMRoot :DMShoot ratio, indicating that the growth enhancement effects of bacteria in pea plants were
mostly related with the growth promotion of the above ground biomass (Table 2).
The rise of salinity to 50 mM L−1 has sharply reduced DMRoot of control plants and all other
variants. However, all AMF and bacteria-inoculated variants were able to have significantly higher
DMRoot values than control plants. Contrary to that, when comparing non-saline and saline conditions,
no changes were evidenced in the majority of variants regarding DMShoot . The only exceptions were
Rhl+ and Brh+ plants, which under saline conditions also reflected a significant reduction in DMShoot .
Therefore, the significant reduction in DMPlant under saline conditions was mostly the consequence
of drastic reduction in root dry matter (Table 2). The rise of salinity was followed by a significant
reduction of DMRoot :DMShoot ratio (Table 2). This reached its minimum values in Brh+ and Ctr plants
(respectively 0.06 and 0.07) and generally confirmed that the deleterious salinity effects were stronger
on root systems rather than on the above-ground plant biomass.
No influence of either microorganisms, or salinity was found regarding the number of pods per
plant (data not shown). No statistical differences were also found regarding average seed number per
pod and average seed weight under non-saline conditions (Table 3). Surprisingly, single applications of
Claroideoglomus claroideum (Cl.cl+) negatively influenced the fresh grain yield by significantly reducing it
(1.46 gr plant−1 ) versus the control plants (1.95 g plant−1 ). The only variant that provided a significantly
higher yield compared to control plants was the combination of an AMF mixture (Rhizophagus irregularis
+ Claroideoglomus claroideum) with Rhizobium leguminosarum (2.38 g plant−1 ) (Table 3).
The effects of beneficiary microorganisms were much more visible under saline conditions. Rh.ir+
and Brh+ plants did have significantly higher numbers of average seeds per pod (respectively; 4.5
and 4.2) than the control plant (2.8) and the rest of the variants. More interestingly, while in the
control plants and single applications of AMF or bacteria, the average seed weight was significantly
reduced due to raised salinity, the combined applications of fungi and bacteria had weights at
the level of non-saline conditions. Indeed, the most deleterious effect of raised salinity over the
control plants was found regarding the yield, which dropped down from 1.95 g plant−1 to only
0.6 g plant−1 (Table 3). The same happened with single applications of Claroideoglomus claroideum and
Rhizobium leguminosarum, which decreased to the same statistical group with control plants. Although
a significant yield reduction due to raised salinity was also noticed in case of single applications of
Rhizophagus irregularis and Burkholderia, they were still able to achieve a significantly higher yield
than the control plants. Interestingly, the highest grain yield was obtained by a combination of a
mixture of AM fungi (Rhizophagus irregularis + Claroideoglomus claroideum) with N-fixing bacteria
(Rhizobium leguminosarum) (2.01 g plant−1 ), which was significantly higher than all other variants
(Table 3). A significantly higher grain yield than the control plants was also obtained in the case of
combined applications of AM fungi with Burkholderia (Table 3).

Agriculture 2018, 8, 117

6 of 14

Table 1. Root length (RL, cm), root surface area (RSA, cm2 ) and root volume (RootV, cm3 ) of control (Ctr), Rhizophagus irregularis—inoculated (Rh.ir+),
Claroideoglomus claroideum—inoculated (Cl.cl+), Rhizobium leguminosarum—inoculated (Rh.l+), Burkholderia spp.—inoculated (Brh+), Rhizophagus irregularis +
Claroideoglomus claroideum + Rhizobium leguminosarum—inoculated (AMF + Rhl), and Rhizophagus irregularis + Claroideoglomus claroideum + Burkholderia spp.—inoculated
(AMF + Brh) pea plants under two levels of salinity (0 and 50 mM NaCl). Different letters indicate significant differences within following parameters (Tukey test,
p < 0.05; mean ± SD).
RL

Variant
Ctr
Rh.ir+
Cl.cl+
Rh.l+
Brh+
AMF + Rhl
AMF + Brh

RSA

RootV

0

50

0

50

0

50

534.16 ± 65.85c
887.42 ± 65.85b
715.63 ± 65.85b
1094.15 ± 65.85a
1200.28 ± 65.85a
843.99 ± 65.85b
929.84 ± 65.85ab

653.81 ± 65.85c
686.37 ± 65.85b
590.05 ± 65.85c
830.85 ± 65.85b
1025.02 ± 65.85a
732.89 ± 65.85b
659.00 ± 65.85b

79.44 ± 10.56d
149.13 ± 10.56b
107.60 ± 10.56c
167.75 ± 10.56a
192.40 ± 10.56a
128.30 ± 10.56b
136.65 ± 10.56b

102.16 ± 10.56d
112.05 ± 10.56c
88.21 ± 10.56d
139.21 ± 10.56b
152.95 ± 10.56b
119.90 ± 10.56c
109.42 ± 10.56c

1.073 ± 0.15c
1.847 ± 0.15b
1.315 ± 0.15c
1.943 ± 0.15b
2.347 ± 0.15a
1.591 ± 0.15b
1.601 ± 0.15b

1.273 ± 0.15c
1.464 ± 0.15b
1.051 ± 0.15c
1.869 ± 0.15ab
1.799 ± 0.15b
1.503 ± 0.15b
1.448 ± 0.15b

Significance
Variant (V)
Salinity (S)
V×S

<0.001
<0.001
0.074

<0.001
<0.001
0.07

<0.001
0.021
0.266
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Table 2. Dry matter of roots (DMRoot , g plant−1 ), dry matter of shoot (DMShoot, g plant−1 ) dry matter of plant (DMPlant, g plant−1 ) and DMRoot :DMShoot
ratio of control (Ctr), Rhizophagus irregularis—inoculated (Rh.ir+), Claroideoglomus claroideum—inoculated (Cl.cl+), Rhizobium leguminosarum—inoculated (Rh.l+),
Burkholderia spp.—inoculated (Brh+), Rhizophagus irregularis + Claroideoglomus claroideum + Rhizobium leguminosarum—inoculated (AMF+Rhl) and Rhizophagus irregularis
+ Claroideoglomus claroideum + Burkholderia spp.—inoculated (AMF + Brh) pea plants under two levels of salinity (0 and 50 mM NaCl). Different letters indicate
significant differences within following parameters (Tukey test, p < 0.05; mean ± SD).
DM-Root

Variant
Ctr
Rh.ir+
Cl.cl+
Rh.l+
Brh+
AMF + Rhl
AMF + Brh

DM-Shoot

DM-Plant

DM-Root/DM-Shoot

0

50

0

50

0

50

0

50

0.151 ± 0.13a
0.175 ± 0.13a
0.167 ± 0.13a
0.134 ± 0.13b
0.200 ± 0.13a
0.147 ± 0.13a
0.123 ± 0.13b

0.037 ± 0.13e
0.083 ± 0.13c
0.043 ± 0.13d
0.062 ± 0.13c
0.033 ± 0.13d
0.134 ± 0.13b
0.14 ± 0.13b

0.458 ± 0.04c
0.505 ± 0.04b
0.437 ± 0.04c
0.486 ± 0.04c
0.680 ± 0.04a
0.455 ± 0.04c
0.485 ± 0.04c

0.427 ± 0.04c
0.586 ± 0.04b
0.447 ± 0.04c
0.324 ± 0.04d
0.537 ± 0.04b
0.414 ± 0.04c
0.449 ± 0.04c

0.610 ± 0.05b
0.680 ± 0.05b
0.604 ± 0.05b
0.620 ± 0.05b
0.880 ± 0.05a
0.602 ± 0.05b
0.608 ± 0.05b

0.464 ± 0.05c
0.669 ± 0.05b
0.490 ± 0.05c
0.387 ± 0.05c
0.571 ± 0.05b
0.575 ± 0.05b
0.589 ± 0.05b

0.34 ± 0.04ab
0.38 ± 0.04a
0.39 ± 0.04a
0.28 ± 0.04b
0.30 ± 0.04b
0.41 ± 0.04a
0.35 ± 0.04ab

0.07 ± 0.04c
0.15 ± 0.04bc
0.23 ± 0.04b
0.19 ± 0.04b
0.06 ± 0.04c
0.25 ± 0.04b
0.30 ± 0.04b

Significance
Variant (V)
Salinity (S)
V×S

0.003
<0.001
<0.001

<0.001
0.413
<0.001

<0.001
0.012
<0.001

<0.001
<0.001
0.048
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Table 3. Grain number (GN), average weight of fresh grains (AvgGW; g), and total fresh grain weight (GW; g plant−1 ) of control (Ctr), Rhizophagus irregularis—inoculated
(Rh.ir+), Claroideoglomus claroideum—inoculated (Cl.cl+), Rhizobium leguminosarum—inoculated (Rh.l+), Burkholderia spp.—inoculated (Brh+), Rhizophagus irregularis +
Claroideoglomus claroideum + Rhizobium leguminosarum—inoculated (AMF+Rhl), and Rhizophagus irregularis + Claroideoglomus claroideum + Burkholderia spp.—inoculated
(AMF + Brh) pea plants under two levels of salinity (0 and 50 mM NaCl). Different letters indicate significant differences within following parameters (Tukey test,
p < 0.05; mean ± SD).
GN

Variant
Ctr
Rh.ir+
Cl.cl+
Rh.l+
Brh+
AMF + Rhl
AMF + Brh

GW (g Plant−1 )

AvgGW (g)

0

50

0

50

0

50

3.33 ± 0.34
3.66 ± 0.34
2.75 ± 0.34
3.08 ± 0.34
3.58 ± 0.34
4.08 ± 0.34
3.33 ± 0.34

2.83 ± 0.34b
4.50 ± 0.34a
2.75 ± 0.34b
3.50 ± 0.34b
4.25 ± 0.34a
3.33 ± 0.34b
2.58 ± 0.34b

0.585 ± 0.43a
0.524 ± 0.43a
0.545 ± 0.43a
0.558 ± 0.43a
0.494 ± 0.43a
0.651 ± 0.43a
0.603 ± 0.43a

0.274 ± 0.43bc
0.383 ± 0.43b
0.26 ± 0.43bc
0.189 ± 0.43c
0.377 ± 0.43c
0.602 ± 0.43a
0.557 ± 0.43a

1.95 ± 0.16b
1.84 ± 0.16b
1.46 ± 0.16c
1.7 ± 0.16bc
1.6 ± 0.16bc
2.38 ± 0.16a
1.92 ± 0.16b

0.60 ± 0.16d
1.73 ± 0.16bc
0.80 ± 0.16d
0.77 ± 0.16d
1.45 ± 0.16c
2.01 ± 0.16b
1.64 ± 0.16c

Significance
Variant (V)
Salinity (S)
V×S

<0.001
0.949
0.092

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
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Some mild correlations coefficients were found between root morphology parameters (RL, RSA,
RootV) with the above ground (DMShoot ) and the whole plant dry matter (DMPlant ), clearly indicating
that root morphology parameters and plant biomass tend to increase together. Surprisingly, the
correlations between root morphology parameters and the fresh grain yield were very weak and
sometime even non-significant (Table 4).
Table 4. Pearson correlation coefficients and significance levels between root morphology
parameters (RL, RSA, RootV), and dry matter (DMRoot , DMShoot , DMPlant ), and fresh grain yield
of control (Ctr), Rhizophagus irregularis—inoculated (Rh.ir+), Claroideoglomus claroideum-inoculated
(Cl.cl+), Rhizobium leguminosarum—inoculated (Rh.l+), Burkholderia spp.—inoculated (Brh+),
Rhizophagus irregularis + Claroideoglomus claroideum + Rhizobium leguminosarum—inoculated
(AMF + Rhl), and Rhizophagus irregularis + Claroideoglomus claroideum + Burkholderia spp.—inoculated
(AMF + Brh) pea plants under two levels of salinity (0 and 50 mM NaCl).

RL

Corr.Coef.
p Value

RSA

Corr.Coef.
p Value

RootV

Corr.Coef.
p Value

RSA

RootV

DMRoot

DMShoot

DMPlant

Yield

0.958
0.000

0.855
0.000

0.338
0.000

0.374
0.000

0.407
0.000

0.175
0.023

0.909
0.000

0.326
0.000

0.367
0.000

0.395
0.000

0.147
0.056

0.289
0.000

0.311
0.000

0.336
0.000

0.134
0.082

4. Discussion
Significant growth promotion effects of AM fungi, i.e., enhanced growth of seedlings in nurseries
and improved performance after planting in the field [13,14] improved stand establishment rate and
enhanced plant resistance to soil salinity immediately after transplanting [15,16], and increased root and
shoot dry matter [14], are reported in various vegetable crops. Similarly, growth-promoting capabilities
of bacteria such as; nitrogen fixation, phosphate solubilization, iron sequestration, synthesis of
phytohormones, modulation of plant ethylene levels ([17,18] are also largely documented. In addition
to these, the architecture of root system seems also to be strongly affected by the presence of beneficiary
microorganisms. Clearly, under normal (non-saline) conditions, the main root architecture parameters
(RL, RSA, RootV) of pea (Pisum sativum L.) plants were enhanced by single inoculation of AM fungi
(Rhizophagus irregularis) and bacteria (Rhizobium leguminosarum and Burkholderia sp.) or combined
inoculation of an AMF mixture (Rhizophagus irregularis + Claroideoglomus claroideum) with each of
bacteria. Indeed, the longest root length was found in Brh+ and Rh.l+ plants and both variants
recorded also the highest RSA and RootV values. This is explained with enhanced root growth and
increasing root length effects of indole-3-acetic acid (IAA) produced by plant-associated bacteria [19].
Similar to our results, enhanced growth effects due to inoculation of a certain strain of Burkholderia sp.
were previously reported in tomato, cucumber, and sweet pepper [20].
Similar to Aloni et al. (2011) [21] and Meça et al. (2016) [22] who reported severe inhibition of
root development due to increased salinity, we found that the rise of salinity in the irrigation water
from 0 to 50 mM sodium chloride was followed by a significant reduction of RL, RSA and RootV in
Rh.l+, Brh+ and Cl.cl+ plants, but not in case of Rh.ir+ plants and combined applications of mixtures
of AM fungi with bacteria. In agreement with previous findings of Ruiz-Lozano and Azcón, (2000) [23]
who reported differences in fungal behavior and efficiency due to their origin, the results of this
experiment proved that the growth-promoting effects of beneficiary microorganisms regarding root
morphology parameters were highly depended on the individual characteristics of a certain inocula.
In this experiment, Rh.ir+ plants recorded significantly higher RSA and RootV values than Cl.cl+ plants
under no-saline conditions, and the differences between them were even larger under saline conditions.
As such, these results are an indication of a higher salt sensitivity of Claroideoglomus claroideum
compared with Rhizophagus irregularis. Resembling AM fungi, the rhizobia-plant association was
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also highly specific. Because the symbiotic effectiveness of a bacterial strain is an estimation of
host growth promotion and is usually based on the enhancement of plant shoot dry weight upon
inoculation [4], considering its significantly higher RL, DMShoot , and DMPlant values, we conclude
that under saline conditions, single applications of Burkholderia spp. was more effective than using
Rhizobium leguminosarum. It is already confirmed that a valuable feature of some Burkholderia species
is their capacity for biological nitrogen fixation (BNF) [24]. This was also a distinguish feature of
Burkoholderia spp. that we used in this experiment (see Supplementary Material; nodule establishment
in the roots of a pea plant due to the inoculation of a Burkholderia spp. strain). Considering that in our
experiment the growing substrate was a mixture of vermiculate and river sand (therefore very poor
regarding N content), our results are a confirmation of previous reports [25,26] which underlines that
nitrogen-limited conditions favor the dominance of Burkholderia species over other rhizobial strains.
Obviously, the higher number of nodules in Brh+ plants vs. Rh.l+ plants under saline conditions
supports this finding. Still, since no significant difference was found regarding the number of nodules
between combined applications of fungi and bacteria (AMF + Rh.l, AMF + Brh) and control plants, it
seems that under our specific conditions (saline and very poor in nutrient elements substrate), rather
than with bacteria, pea plants tend to develop a symbiotic relationship with AM fungi.
We found no significant growth effect with using beneficiary microorganisms on DMRoot under
no-saline conditions. This result is in disagreement with previous reports [23,27] which showed that
rather than enlarging the root system, AM fungi and bacteria contribute to increasing the nutrient
uptake efficiency of the root system in colonized plants. On the contrary, there was a significant
growth promotion effect of beneficiary microorganisms on DMShoot , and consequently on entire plant
dry matter. The most visible results were obtained in Rh.ir+ and Br+ variants. Similar effects of
AMF inoculation have been reported in many crops and have been related to increased nutrient
uptake, accumulation of osmoregulatory compounds, increased photosynthetic rates [10], decrease
in root respiration [28], facilitation of water uptake by plants, and mitigation of ionic imbalance [29].
Meanwhile, the growth promotion effects of bacteria found in various plant species (tomato, pepper,
canola, bean, and lettuce) [30] were attributed to synthesis of phytohormones (such as auxins,
cytokinins, and gibberellins) which promote shoot and entire plant growth [17,31].
The rise of NaCl concentration in irrigation water has drastically reduced plant growth of either
control or inoculated plants, indicating that AM fungi and bacteria were themselves negatively
affected by salinity. The salt stress can affect AM fungi by slowing down root colonization, spore
germination, and hyphal growth [32,33]. Meanwhile, raised salinity leads to a failure in the
establishment of rhizobia, either by reducing the survival rate and proliferation of rhizobia in the soil
and rhizosphere, or by inhibiting root hair colonization [30]. The effect of raised salinity on DMShoot
was mostly non-significant. Herewith, the significant reduction in DMPlant was mostly a consequence
of drastic reduction in DMRoot which consequently led to a drastically reduced DMRoot :DMShoot ratio.
Under these circumstances, the sustained growth of AMF-inoculated plants under salinity condition
should be explained by the extensive hyphal network and the higher hyphae affinity to low nutrient
concentrations than the plant roots themselves [34]. A similar reduction in DMRoot :DMShoot ratio
was previously reported under increased nutrients availability to the plant [35]. Interestingly, despite
significant reduction due to raised salinity, combined applications of mixtures of AM fungi with
either Rhizobium leguminosarum, or Burkholderia maintained to have significantly higher DMRoot values
than control plants, or single applications of AM fungi. Similar to us, by investigating the combined
inoculation of a mixture of AM fungi (Acaulospora laevis, Glomus geosporum, Glomus mosseae, and
Scutellospora armeniaca) with Rhizobium leguminosarum bv. viciae on the growth of Vicia faba under
alkaline soil conditions was also found that the dry matter accumulation of shoot and root of dually
inoculated plants were significantly increased as compared with non-inoculated plants [2].
With the exception of combined application of AMF and Rhizobium leguminosarum, the effects
of beneficiary microorganisms on fresh grain yield of pea plants under no-saline conditions were
not very visible. Some negative effects were even noticed in the case of Claroideoglomus claroideum
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inoculation. Indeed, it is an already known fact that mycorrhizal growth responses can range from
highly beneficial to detrimental [12]. By analyzing the effects of three AMF species on two soybean
genotypes, Wang et al. (2016) [12] found that only R. irregularis increased the plant biomass and
phosphorus (P) uptake of both soybean genotypes under all P supply conditions. In contrast, G. custos
and G. aggregatum did not lead to positive growth or P uptake benefits of both soybean genotype, and
G. aggregatum even led to growth depression under medium P supply conditions.
As expected, a drastic reduction of fresh grain yield, due to both reduced numbers of seeds per
pod and reduced average grain weights was recorded in the case of raised salinity. Interestingly,
the efficiency of beneficiary microorganisms depended on the specific characteristics of a certain
microorganism. Previously, Pollastri et al. (2018) were reported significant differences between
Funneliformis mosseae and Rhizophagus irregularis in the potential impact of AM symbiosis on the
performance of a bioenergy crop (Arundo donax) under saline conditions [36] and similarly, comparing
three AMF species (F. caledonius, F. mosseae, and R. irregularis) regarding strawberry growth under
severe salt conditions (100–200 mM), was found that R. irregularis mitigated salt stress to a higher
degree than the other two AMF species [37]. Similarly, our data prove that Rhizophagus irregularis
provided better vegetative growth and a higher yield than Claroideoglomus claroideum. As a matter
of fact, differences between them were larger under saline conditions, thus indicating higher salt
sensitivity for Claroideoglomus claroideum. This fits well with previous studies [38] which reported
no presence of spores from Claroideoglomus claroideum in different sites of saline soils in Argentina.
In addition, Claroideoglomus claroideum was reported as very sensitive to high concentrations of soil
HMM (heavy metals and metalloids) [39]. Considering all of the above facts, it would be wise to avoid
the use of Claroideoglomus claroideum under such conditions.
In agreement with previously reported increased beneficial aspects of the association
of mycorrhizae fungi and Rhizobium sp., with pulse crops [40], we found that combined
application of AM fungi (Rhizophagus irregularis + Claroideoglomus claroideum) and N-fixing bacteria
(Rhizobium leguminosarum) were able to maintain average grain weight at the level of non-saline plants
and having significantly higher yield than control plants. Improved plant nutrition due to the presence
of AM fungi [14,41] and facilitation of the acquisition of nutrient resources or the alteration of plant
hormone levels by root-colonizing bacteria [30,42,43], should be the reasons for better vegetation and
highest yield in dually inoculated plants. Even though it was significantly less than AMF + Rh.l
variant, the AMF + Brh combination and single application of Rhizophagus irregularis and Burkholderia
were capable of providing significantly higher yields than the control plants. Similarly, either single
inoculations of chickpea (Cicer arietinum L.) with Rhizophagus irregularis or Mesorhizobium mediterraneum,
or dual inoculation with both (M. mediterraneum + R. irregularis) increased grain productivity under
adverse environmental conditions [44]. Although, single applications of Burkolderia provide better
vegetative growth especially for above ground plant biomass, and higher grain yield under saline
conditions, than single applications of Rhizobium leguminosarum, combined applications of AM fungi
with Rhizobium leguminosarum still seem to be more effective.
Since the specific characteristics of the root system, such as root length and surface area, which
play an active role in ions and water uptake, would enhance salt tolerance of cultivated plants [45],
it would be of great interest to take advantage of that effect from beneficiary microorganisms under
saline conditions. However, since the correlation coefficients between RL, RSA, and RootV with fresh
grain yield are weak, it seems to be true that the practical benefit to the association of pea plants
with AM fungi or plant growth-promoting bacteria under saline conditions are mostly linked with
improved plant nutrition [9,46], and more specifically with improved nutrient uptake of inoculated
plants rather than with increasing their root length and root volume [27].
Author Contributions: All authors have equally contributed to design and conduct the experiment, analyzing
data and preparing the manuscript.

Agriculture 2018, 8, 117

12 of 14

Funding: These results are part of the work conducted in the framework of EUROLEGUME Project (Enhancing of
legumes growing in Europe through sustainable cropping for protein supply for food and feed), founded by 7th
Research Framework Programme of the European Union (FP7 Research Project No. 61378).
Acknowledgments: We are grateful to Symbiom, s.r.o., Czech Republic, for supplying us with AMF strains;
Rhizophagus irregularis (BEG145) and Claroideoglomus claroideum (BEG205), and UTAD, Portugal, for supplying us
with strains of Rhizobium leguminosarum bv. Viciae and Burkholderia spp.
Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References
1.

2.

3.
4.
5.
6.
7.
8.

9.

10.

11.
12.

13.
14.
15.
16.
17.

Gouda, S.; Kerry, R.G.; Das, G.; Paramithiotis, S.; Shin, H.S.; Patra, J.K. Revitalization of plant growth
promoting rhizobacteria for sustainable development in agriculture. Microbiol. Res. 2018, 206, 131–140.
[CrossRef] [PubMed]
Abd-Alla, M.H.; El-Enany, A.W.E.; Nafady, N.A.; Khalaf, D.M.; Morsy, F.M. Synergistic interaction of
Rhizobium leguminosarum bv. viciae and arbuscular mycorrhizal fungi as a plant growth promoting
biofertilizers for faba bean (Vicia faba L.) in alkaline soil. Microbiol. Res. 2014, 169, 49–58. [CrossRef]
[PubMed]
Balliu, A.; Bani, A.; Karajani, M.; Sulçe, S. Environmental impacts of nitrogen concentration of tomato and
pepper seedling’s nutrient solution. Acta Hortic. 2007, 747, 495–502. [CrossRef]
Laranjo, M.; Alexandre, A.; Oliveira, S. Legume growth-promoting rhizobia: An overview on the
Mesorhizobium genus. Microbiol. Res. 2014, 169, 2–17. [CrossRef] [PubMed]
Morel, M.A.; Braña, V.; Castro-sowinski, S. Legume Crops, Importance and Use of Bacterial Inoculation to
Increase Production. In Crop Plant; Goyal, A., Ed.; InTech: Rijeka, Croatia, 2012.
Jackson, C.; Stone, B.; Tyler, H. Emerging Perspectives on the Natural Microbiome of Fresh Produce
Vegetables. Agriculture 2015, 5, 170–187. [CrossRef]
Santoyo, G.; Moreno-Hagelsieb, G.; del Carmen Orozco-Mosqueda, M.; Glick, B.R. Plant growth-promoting
bacterial endophytes. Microbiol. Res. 2016, 183, 92–99. [CrossRef] [PubMed]
Pii, Y.; Mimmo, T.; Tomasi, N.; Terzano, R.; Cesco, S.; Crecchio, C. Microbial interactions in the rhizosphere:
Beneficial influences of plant growth-promoting rhizobacteria on nutrient acquisition process. A review.
Biol. Fertil. Soils 2015, 51, 403–415. [CrossRef]
Kumar, A.; Dames, J.F.; Gupta, A.; Sharma, S.; Gilbert, J.A.; Ahmad, P. Current developments in arbuscular
mycorrhizal fungi research and its role in salinity stress alleviation: A biotechnological perspective.
Crit. Rev. Biotechnol. 2014, 8551, 1–14. [CrossRef] [PubMed]
Abdel Latef, A.A.H.; Chaoxing, H. Effect of arbuscular mycorrhizal fungi on growth, mineral nutrition,
antioxidant enzymes activity and fruit yield of tomato grown under salinity stress. Sci. Hortic. 2011,
127, 228–233. [CrossRef]
Porcel, R.; Aroca, R.; Ruiz-Lozano, J.M. Salinity stress alleviation using arbuscular mycorrhizal fungi.
A review. Agron. Sustain. 2012, 32, 181–200. [CrossRef]
Wang, X.; Zhao, S.; Bücking, H. Arbuscular mycorrhizal growth responses are fungal specific but do not
differ between soybean genotypes with different phosphate efficiency. Ann. Bot. 2016, 118, 11–21. [CrossRef]
[PubMed]
Raviv, M.; Zaidman, B.Z.; Kapulnik, Y. The use of compost as a peat substitute for organic vegetable
transplants production. Compost Sci. Util. 1998, 6, 46–52. [CrossRef]
Al-Karaki, G.N. Effects of Mycorrhizal Fungi Inoculation on Green Pepper Yield and Mineral Uptake under
Irrigation with Saline Water. Adv. Plants Agric. Res. 2017, 6, 00231. [CrossRef]
Vuksani, A.; Sallaku, G.; Balliu, A. The Effects of Endogenous Mycorrhiza (Glomus spp.) on Stand
Establishment Rate and Yield of Open Field Tomato Crop. Albanian J. Agric. Sci. 2015, 14, 25–30.
Balliu, A.; Sallaku, G.; Rewald, B. AMF Inoculation Enhances Growth and Improves the Nutrient Uptake
Rates of Transplanted, Salt-Stressed Tomato Seedlings. Sustainability 2015, 7, 15967–15981. [CrossRef]
Gamalero, E.; Glick, B. Mechanisms Used by Plant Growth-Promoting Bacteria. In Bacteria in Agrobiology:
Plant Nutrient Management; Maheshwari, D.K., Ed.; Springer: Berlin, Germany, 2014.

Agriculture 2018, 8, 117

18.
19.

20.
21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.
36.

37.

13 of 14

Pi˛eta, D.; Pastucha, A. Antagonistic bacteria and their post culture liquids in the protection of pea
(Pisum sativum L.) from diseases. Acta Sci. Pol. Hortorum Cultus 2008, 7, 31–42.
Weyens, N.; van der Lelie, D.; Taghavi, S.; Newman, L.; Vangronsveld, J. Exploiting plant-microbe
partnerships to improve biomass production and remediation. Trends Biotechnol. 2009, 27, 591–598. [CrossRef]
[PubMed]
Nowak, J.; Hall, S. Endophyte Enhancement of Transplant Performance in Tomato, Cucumber and Sweet
Pepper. Acta Hortic. 2004, 631, 253–263. [CrossRef]
Aloni, B.; Karni, L.; Deventurero, G.; Cohen, R.; Katzir, N.; Edelstein, M.; Aktas, H. The Use of Plant Grafting
and Plant Growth Regulators for Enhancing Abiotic Stress Tolerance in Vegetable Transplants. Acta Hortic.
2011, 898, 255–264. [CrossRef]
Meça, E.; Sallaku, G.; Balliu, A. Artificial Inoculation of AM Fungi Improves Nutrient Uptake Efficiency in
Salt Stressed Pea (Pissum Sativum L.) Plants. J. Agric. Stud. 2016, 4, 37. [CrossRef]
Ruiz-Lozano, J.M.; Azcón, R. Symbiotic efficiency and infectivity of an autochthonous arbuscular mycorrhizal
Glomus sp. from saline soils and Glomus deserticola under salinity. Mycorrhiza 2000. [CrossRef]
Paungfoo-Lonhienne, C.; Lonhienne, T.G.A.; Yeoh, Y.K.; Donose, B.C.; Webb, R.I.; Parsons, J.; Liao, W.;
Sagulenko, E.; Lakshmanan, P.; Hugenholtz, P.; et al. Crosstalk between sugarcane and a plant-growth
promoting Burkholderia species. Sci. Rep. 2016, 6, 1–14. [CrossRef] [PubMed]
Elliott, G.N.; Chou, J.H.; Chen, W.M.; Bloemberg, G.V.; Bontemps, C.; Martínez-Romero, E.; Velázquez, E.;
Young, J.P.W.; Sprent, J.I.; James, E.K. Burkholderia spp. are the most competitive symbionts of Mimosa,
particularly under N-limited conditions. Environ. Microbiol. 2009, 11, 762–778. [CrossRef] [PubMed]
Lardi, M.; de Campos, S.B.; Purtschert, G.; Eberl, L.; Pessi, G. Competition experiments for legume infection
identify Burkholderia phymatum as a highly competitive β-rhizobium. Front. Microbiol. 2017, 8, 1–12.
[CrossRef] [PubMed]
Veselaj, E.; Sallaku, G.; Balliu, A. Combined application of arbuscular mychorrhizae fungi and plant growth
promoting bacteria improves growth and nutrient uptake efficiency of pea (Pisum sativum L.) plants. Acta Sci.
Pol. Hortorum Cultus 2018, in press.
Rewald, B.; Holzer, L.; Göransson, H. Arbuscular mycorrhiza inoculum reduces root respiration and
improves biomass accumulation of salt-stressed Ulmus glabra seedlings. Urban For. Urban Green. 2015,
14, 432–437. [CrossRef]
Porcel, R.; Aroca, R.; Azcon, R.; Ruiz-Lozano, J.M. Regulation of cation transporter genes by the arbuscular
mycorrhizal symbiosis in rice plants subjected to salinity suggests improved salt tolerance due to reduced
Na+ root-to-shoot distribution. Mycorrhiza 2016. [CrossRef] [PubMed]
Egamberdieva, D.; Jabborova, D.; Wirth, S. Alleviation of Salt Stress in Legumes by Co-inoculation with
Pseudomonas and Rhizobium. In Plant Microbe Symbiosis: Fundamentals and Advances; Arora, N.K., Ed.;
Springer: New Delhi, India, 2013; pp. 291–303.
Bona, E.; Lingua, G.; Manassero, P.; Cantamessa, S.; Marsano, F.; Todeschini, V.; Copetta, A.; Agostino, G.D.;
Massa, N.; Avidano, L.; et al. AM fungi and PGP pseudomonads increase flowering, fruit production, and
vitamin content in strawberry grown at low nitrogen and phosphorus levels. Mycorrhiza 2015, 25, 181–193.
[CrossRef] [PubMed]
Jahromi, F.; Aroca, R.; Porcel, R.; Ruiz-Lozano, J.M. Influence of Salinity on the In Vitro Development of
Glomus intraradices and on the In Vivo Physiological and Molecular Responses of Mycorrhizal Lettuce
Plants. Microb. Ecol. 2008, 55, 45–53. [CrossRef] [PubMed]
Alenazi, M.M.; Egamberdieva, D.I.; Ahmad, P. Arbuscular mychorrhizal fungi mitigates NaCl induced
adverse effects on Solanum lycopesicum L. Pak. J. Bot. 2015, 47, 327–340.
Al-Karaki, G.N. Growth of mycorrhizal tomato and mineral acquisition under salt stress. Mycorrhiza 2000,
10, 51–54. [CrossRef]
Balliu, A.; Bani, A.; Sulçe, S. Nitrogen effects in the relative growth rate and its components of pepper
(Capsicum annuum) and eggplant (Solanum melongena) seedlings. Acta Hortic. 2007, 747, 257–262. [CrossRef]
Pollastri, S.; Savvides, A.; Pesando, M.; Lumini, E.; Volpe, M.G.; Ozudogru, E.A.; Faccio, A.; De Cunzo, F.;
Michelozzi, M.; Lambardi, M.; et al. Impact of two arbuscular mycorrhizal fungi on Arundo donax L. response
to salt stress. Planta 2018, 247, 573–585. [CrossRef] [PubMed]
Sinclair, G.; Charest, C.; Dalpé, Y.; Khanizadeh, S. Influence of colonization by arbuscular mycorrhizal fungi
on three strawberry cultivars under salty conditions. Agric. Food Sci. 2014, 23, 146–158. [CrossRef]

Agriculture 2018, 8, 117

38.
39.

40.
41.

42.
43.
44.

45.
46.

14 of 14

Becerra, A.; Bartoloni, N.; Cofré, N.; Soteras, F.; Cabello, M. Arbuscular mycorrhizal fungi in saline soils:
Vertical distribution at different soil depth. Braz. J. Microbiol. 2014, 45, 585–594. [CrossRef] [PubMed]
Krishnamoorthy, R.; Kim, C.G.; Subramanian, P.; Kim, K.Y.; Selvakumar, G.; Sa, T.M. Arbuscular Mycorrhizal
Fungi Community Structure, Abundance and Species Richness Changes in Soil by Different Levels of Heavy
Metal and Metalloid Concentration. PLoS ONE 2015, 10, e0128784. [CrossRef] [PubMed]
Havugimana, E.; Bhople, B.S.; Byiringiro, E.; Mugabo, J.P. Role of Dual Inoculation of Rhizobium and
Arbuscular Mycorrhizal (AM) Fungi on Pulse Crops Production. Walailak J. Sci. Technol. 2016, 13, 1–7.
Beltrano, J.; Ruscitti, M.; Arango, M.C.; Ronco, M. Effects of arbuscular mycorrhiza inoculation on plant
growth, biological and physiological parameters and mineral nutrition in pepper grown under different
salinity and p levels. J. Soil Sci. Plant Nutr. 2013, 13, 123–141. [CrossRef]
Ahemad, M.; Kibret, M. Mechanisms and applications of plant growth promoting rhizobacteria: Current
perspective. J. King Saud Univ. Sci. 2014, 26, 1–20. [CrossRef]
Glick, B.R. Bacteria with ACC deaminase can promote plant growth and help to feed the world. Microbiol. Res.
2014, 169, 30–39. [CrossRef] [PubMed]
Oliveira, R.S.; Carvalho, P.; Marques, G.; Ferreira, L.; Nunes, M.; Rocha, I.; Ma, Y.; Carvalho, M.F.; Vosátka, M.;
Freitas, H. Increased protein content of chickpea (Cicer arietinum L.) inoculated with arbuscular mycorrhizal
fungi and nitrogen-fixing bacteria under water deficit conditions. J. Sci. Food Agric. 2017. [CrossRef]
[PubMed]
Himmelbauer, M.L.; Loiskandl, W.; Kastanek, F. Estimating length, average diameter and surface area of
roots using two different Image analyses systems. Plant Soil 2004, 260, 111–120. [CrossRef]
Calvo, P.; Nelson, L.; Kloepper, J.W. Agricultural uses of plant biostimulants. Plant Soil J. 2014, 383, 3–41.
[CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

