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Abstract

Food insecurity is a serious threat due to the increasing human population particularly in developing countries and may be
minimized by the use of microbial inoculants. Also, the problems of excessive use of chemical fertilizers including the fact
that most of the fertilizers are relatively non-affordable and that they also contaminate underground and surface water, which
can increase the risk of blue baby syndrome in infants and stomach cancer in adults. There is therefore the need to harness
a more cost-effective, eco-friendly and beneficial biological agents to improve crops productivity especially under drought
conditions. Thus, in this study, the ability of rhizobia species and arbuscular mycorrhizal fungi (AMF) to enhance soybean
tolerance to drought stress under water regimens of 100, 70 and 40% field capacity (FC) was investigated. It was observed
that co-inoculation of soybean with Rhizobium spp. (R14+R3) as well as with Rhizobium spp. and mycorrhizal consortium
(R14+R3MY) had significant impacts (P < 0.05) on soybean leaf relative water content and electrolyte leakage, respectively.
The levels of proline increased mainly in microbially amended soybean exposed to drought stress. Plants inoculated with
R14+R3MY showed the highest number of spore and % mycorrhization in all the water regimes. At 40% FC, R1+R3MY
treatment was found to promote soybean growth compared to the non-inoculated plants. Similarly, at 40% FC, R1+R3MY
inoculum had the greatest impacts on soybean pod number, seed number, seed fresh weight, highest seed number per pod
and seed dry weight while at 70% water stress, significant impacts of RIMY inoculation were observed on pod number,
pod fresh weight and seed dry weight. These results revealed that co-inoculation of rhizobia and mycorrhizal fungi can be
harnessed biotechnologically to proffer solution to food insecurity.

Introduction are among the common growth parameters that are influ-

enced by drought stress [9]. Another problem of drought

Drought stress is one of the most damaging abiotic factors
affecting global food security. Drought stress might range
from moderate and short to very severe and protracted dura-
tion, limiting crop yield [1]. This abiotic stress is estimated
to cause severe growth problems in plants for over 50% of
the arable lands by the end of the next three decades [2—4].
For instance, drought interfere with plant normal func-
tions by affecting its water potential and turgor leading to
changes in physiological and morphological parameters
[5, 6]. Growth parameters under drought stress have been
investigated in many crops such as barley, maize, wheat,
rice and soybean [7, 8]. Water content and fresh weight
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stress is that it influences the availability and movement of
nutrients, since soil nutrients are transported to the roots by
water. Drought therefore reduces nutrient diffusion as well
as mass flow of soluble nutrients such as Si, Ca, Mg, sulfate
and nitrate [10, 11] and these problems can be surmounted
through the use of rhizobia and mycorrhizal fungal species.

Furthermore, several studies involving the use of valuable
soil microorganisms (e.g. rhizobia) to reduce drought stress
have been investigated [12]. Other studies have demonstrated
that inoculation with AMF enhanced water absorption in
numerous plants that were subjected to drought stress [13,
14]. Specifically, under harsh conditions, AMF mycelia can
penetrate larger volume of soil than host plant roots, there-
fore increasing water absorption and transport to the root
and other plant parts which eventually improves the osmotic
regulation, cellular and physiological effects in plants [15].

Co-inoculation of soybean plants with AM fungal and
Rhizobium species enhanced nodule biomass in a semi-arid
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environment [16]. Similarly, co-inoculation of Glomus spp.
with Rhizobium leguminosarum significantly enhanced plant
biomass and other plant parameters of Pisum sativum [17]
while in another study, dual inoculation of Rhizobium spp.
and mycorrhizal consortium reduced drought stress and
enhanced shoot relative water content, fat content and yield
of soybean plants [16]. In addition, studies have also shown
the effectiveness of co-inoculation of specific rhizobia and
mycorrhizal fungi in a controlled environment [18, 19] but
more work with different rhizobia and mycorrhizal combi-
nations is needed in this aspect. However, single inocula-
tion of Rhizobium spp. improved soybean seed germination
under drought stress imposed by 4% poly-ethylene glycol
under a controlled environment [8]. Inoculation of pea with
Variovorax paradoxus 5C-2 under drought stress resulted in
higher seed yield, seed N accumulation, seed number and
nodulation restoration [20]. Bacteria with 1-aminocyclopro-
pane-1-carboxylate deaminase (ACC) deaminase producing
potential reduced the effects of drought on growth, yield and
ripening of pea under controlled and field conditions [21]
while inoculation of Pisum sativum with Pseudomonas fluo-
rescens biotype G (ACC-5) under arid condition increased
root length and water uptake from soil. Increased nodulation
by N-fixing bacterial symbionts eliminated drought-induced
reduction in nodulation and seed N content. Co-inoculation
of a leguminous plant Cicer arietinum with Mesorhizobium
ciceris, Pseudomonas sp. and Bacillus sp. significantly
enhanced seed germination, shoot and root length of the
plant over the non-inoculated control [22].

Thus, the aim of this study is to determine the effects of
single and co-inoculation of rhizobia and AMF on soybean
growth and productivity exposed to drought stress under a
controlled environment with the prospect of harnessing the
effective microbial inoculants for field application.

Materials and Methods
Experimental and Soil Collection Sites

Soil samples for pot experiment were collected from North-
West University farm while the greenhouse experiment was
also conducted in North-West University, South Africa.

Experimental Set-Up and Soybean Growth
Conditions

Soil used for the greenhouse experiment was homogenized
and sieved using a 5.6 mm diameter round sieve. Sieved soil
samples were packed in autoclavable plastics and sterilized
at 121 °C for 30 min in an autoclave (SA-300VL Autoclave,
Taiwan.
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The experimental trial was set-up using 3 factorial com-
pletely randomized design (CRD) and the three factors
included rhizobia, arbuscular mycorrhizal fungi (AMF)
consortium and drought or water stress. “The experiment
was conducted in a greenhouse under natural light’.

Three drought regimes were used in this study namely:
100, 70 and 40% field capacity (FC). The water stress levels
(70 and 40% FC) were determined by the method described
by Zarik et al. [23] with little modifications. Six (6) small
plastic pots were weighed (W1), the plastic pots + 100 g of
soil were weighed (W2) and weight of 100 g of soil only
(W3) was obtained by subtracting W2 from W1. The first
plastic pot with soil was watered with 40 ml of water until
‘soil saturation’, the second, third, fourth, fifth and sixth pots
were watered with 30, 20, 15 and 10 and 5 ml of water,
respectively. Watered pots were sealed with plastic and kept
on the lab shelf. The sixth pot watered with 5 ml of water
was not waterlogged after observing for 3 days and was
weighed again to obtain its saturated weight and water hold-
ing capacity of the soil was subsequently calculated from
this pot using the formula:

Saurated weight — dry weight

Water holding capacity = X 100%

dry weight

Then, the water holding capacity (which represents the
amount of water needed to saturate the soil) of the 8 kg of
soil (used for the greenhouse experiment) was obtained from
the water holding capacity obtained for the 6th pot above by
direct proportionality.

The two rhizobia Rhizobium sp. strain R1 with the acces-
sion no. MG309875 (https://www.ncbi.nlm.nih.gov/search/
all/?term=.%20MG309875%20) and Rhizobium cellulosi-
lyticum strain R3 with the accession no. MG309874 (https
://lwww.ncbi.nlm.nih.gov/search/all/?term=MG309874)
used in this study were isolated in our previous work from
Bambara groundnut rhizosphere and identified by molecu-
lar methods. In the previous work, these bacteria were also
found to possess some plant growth promoting traits and
were tolerant to in vitro osmotic stress induced by stress-
stimulant [polyethylene glycol (PEG)] while the AMF
consortium [consisted of Paraglomus occulum (molecular
determination), Gigaspora gigantea, Funneliformis mosseae
(previously Glomus mosseae), Claroideoglomus etunicatum
(previously Glomus etunicatum) and Rhizophagus clarus
(previously Glomus clarum)] was obtained from Department
of Biochemistry and Microbiology, Rhodes University, Gra-
hamstown, South Africa.

Rhizobium sp. strain R1 and R. cellulosilyticum strain
R3 were grown and harvested according to the method
of Prakamhang et al. [24] with little modifications. Fresh
cultures of the bacteria were grown in flasks containing
1000 ml nutrient broth in a shaker incubator (FMH200
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Instruments) at 180 rpm for 6 days. Fully grown culture
was centrifuged at 1000xg for 10 min and washed twice
in a sterile 0.85% saline solution. The initial optical den-
sity (OD) of the bacteria was adjusted to 1.3 OD and the
bacterial titer was adjusted to 30 x 10° and 31 x 10° CFU
(colony forming unit) ml~" for Rhizobium sp. strain R1 and
R. cellulosilyticum strain R3, respectively.

The greenhouse experiment was conducted in plastic
pots (30 cm diameter, height 29 cm) containing 8 kg of
dried and sterile soil. The experiment which had a total
number of 192 replicates comprised 24 treatments and
each treatment had 8 replicates. Soybean seeds (PAN 1532
R cultivar) were washed in sterile distilled water, surface
sterilized in 75% ethanol and then 1% sodium hypochlorite
and rinsed severally to totally remove the chemicals. For
single rhizobial inoculation, approximately 240 surface
sterilized soybean seeds were inoculated with 200 ml of
Rhizobium sp. strain Rland R. cellulosilyticum strain R3
suspension each, co-inoculation was done by amending
approximately 240 surface sterilized soybean seeds with
100 ml of Rhizobium sp. strain R1 and R. cellulosilyticum
strain R3 suspension each and 200 ml of sterile 0.85%
saline water was added to approximately 480 surface
sterilized soybean seeds for AMF consortium and con-
trol treatments. Flasks containing seeds were agitated (to
thoroughly mix the seeds with the inocula) in a shaker
incubator at 180 rpm at 28+2°C for 24 hr. Thereafter, the
liquid suspension was decanted and air-dried on a sterile
aluminum foil paper in a sterilized laminar flow cabinet
(Filta Matix Laminar Flow Carbinet) prior to sowing. All
the greenhouse pots containing 8 kg of sterile soil were
watered with 360 ml of water (100% FC) before sowing.
Five seeds were sowed per pot. Treatments involving AM
fungi were inoculated by placing a tea spoonful (approxi-
mately 5 g) of AMF consortium in the soil before adding
the seeds. Soybean bean plants were thinned to two plants
per pot two weeks after emergence. One of the plants was
marked and termed as ‘plant for sample collection (PSC)’
used for assessment of physiological, biochemical and %
mycorrhization parameters while the second plant was
allowed to grow to maturity which was used to assessed
the below-ground-above-ground and/or morphological
parameters. All the water treatments (100, 70 and 40% FC)
were fully watered to the field capacity after every 72 h for
approximately three weeks after germination and there-
after, drought or water stress was initiated in the 70 and
40% FC treatments and were watered after every 48 h with
252 and 144 ml of water respectively but we continued
watering the 100 % FC treatments (the watering control)
with 360 ml of water. Three weeks after initiating drought
stress, pots were watered after every 72 h until termination
of the experiment so as to increase drought stress.

Physicochemical Analysis of Soil

The physicochemical analysis of the soil for the greenhouse
experiment was determined following previously reported
methods [16].

Parameters Measured
Relative Water Content

The leaf relative water content was determined according to
the methods described by Aroca et al. [25] with little modi-
fications and the ‘youngest fully developed leaves of each
plant’ were used. Fresh leaf samples were weighed (Fresh
weight-FW) and placed in test tubes saturated with water
and kept at 4 °C for 48 h. Thereafter, the leaf samples were
weighed again to obtain the turgid weight (TW) and oven-
dried at 60 °C for 24 h and dry weights (DW) were obtained.
The leaf relative water content was calculated as follows:

(FW — DW)

T %100
(TW — DW)

Leaf relative water content (%) =

where FW—fresh weight, DW—dry weight and TW—tur-
gid weight.

Electrolyte Leakage

The youngest leaves of approximately the same size from the
youngest branch ‘toward the distal end” were collected from
the sampling plants and thoroughly rinsed with de-ionized
water to remove electrolytes attached to the leaf surfaces.
Leaf samples were placed in 45 ml falcon tubes containing
10 ml deionized of H,O and incubated on a shaker incubator
at 28 + 2°C for 24 h. Subsequently, electrical conductivity of
the liquid suspension (Lt) was obtained using conductivity
meter (PL-700AL, Taiwan) and samples were autoclaved at
120 °C for 1200 s, cooled to 25 °C and electrical conductiv-
ity of the liquid (LO) was obtained. The electrolyte leakage
was calculated as follows [26]:

Electrolyte leakage (%) = % X 100%
where Lt—electrical conductivity of the liquid suspension

prior to autoclaving and L,—electrical conductivity of the
liquid suspension after autoclaving.

Determination of Leaf Proline Content
Proline concentration was determined according the methods

of Ortiz et al. [26] with little modifications. Briefly, 1.25 g
of ninhydrin was dissolved in 20 ml of 6 M phosphoric acid
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and 30 ml of glacial acetic acid by heating on a hot-plate
with agitation. The solution was allowed to cool and kept
at 4 °C and the solution became stable after 24 h. Approxi-
mately 500 mg of fresh soybean leaf sample was ground in
10 ml of 3% aqueous sulfo-salicyclic acid and centrifuged
at 10000xg for 10 min. Two ml (2 ml) of the supernatant
was reacted with 2 ml of glacial acetic acid and 2 ml of acid-
ninhydrin solution in 45 ml falcon tubes at 100 °C in a water
bath for 60 min and the reaction was stopped in an ice box.
Four ml (4 ml) of toluene was added to extract the mixture
and agitated vigorously for 15-20 s in a shaker incubator at
250 rpm. The mixture was kept in the dark for 30 min and
the ‘chromophore containing toluene was aspirated from the
aqueous phase and the absorbance was read at 520 nm using
toluene for a blank’. The concentration of proline was esti-
mated from a standard curve ‘established with a reference
proline solution’. Briefly, 1 mg/ml stock solution of proline
was prepared by weighing 10 mg of proline (DL-Proline,
China) in 10 ml of sterile water. 0, 50, 100, 150, 200, 250,
300 pl of the stock solution was pipetted into seven tubes
containing 300, 250, 200, 150, 100, 50 and O pl of sterile
water, respectively. The mixtures were then reacted with 2
ml of glacial acetic acid and 2 ml of acid-ninhydrin solution
in 45 ml falcon tubes at 100 °C in a water bath for 60 min
and the reaction was stopped in an ice box. The mixture was
vigorously agitated using a vortex (Vortex Genie, U.S.A)
after adding 4 ml of toluene. The mixture was kept in the
dark for 30 min and the absorbance of the proline-containing
upper layer ‘was read at 520 nm using toluene for a blank’
and proline standard curve was plotted from the absorbance
values.

Chlorophyll Content

Chlorophyll content was taken from the youngest fully
developed leaf at the distal end of PSC using a chlorophyll
content meter (CCM-200 plus).

AMF Spore Estimation

AM fungal spores were estimated by wet sieving and decant-
ing methods as described by Pacioni [27] with little modi-
fications. Fifty g (50 g) of soil close to soybean root region
was collected and mixed in 500 ml of sterile distilled water.
The mixture was passed through a series of sieves of differ-
ent sizes stacked together in an increasing order from the
base to the top: 53, 63, 106 and 212 pm. The trapped fungal
spores on the 53 um were rinsed into a 1.5 ml vials and cen-
trifuged at 1800 rpm for 5 min. The supernatant (1 ml) was
mixed with 60% sucrose (0.5 ml) in a 1.5 ml vial and cen-
trifuged at 1800 rpm for 5 min. The supernatant-containing
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AMF spores was decanted in a cleaned Petri-dish and exam-
ined under a stereomicroscope at X3 and X4 magnification.

Percentage Mycorrhizal Colonization

Soybean roots were cut into pieces of 1 cm long and cleared
in 10% KOH at 121 °C for 15 min in an autoclave (SA-
300VL, Taiwan). Roots were covered with 2% HCI for 30
min after rinsing severally with distilled water. Root samples
were subsequently covered with trypan blue solution (trypan
blue solution consisted of 0.82 g trypan blue powder, 640 ml
distilled water, 520 ml lactic acid and 480 ml glycerol) and
autoclaved at 121 °C for 15 min. Root samples were then
de-stained in 50% glycerol and examined under a stereo-
microscope [16].

Below-Ground-Above-Ground Parameters

After harvesting soybean plants grown to maturity, data such
as shoot height, shoot width, branch number, leaf number,
taproot length, lateral root number, plant fresh weight, shoot
dry weight and root dry weight were obtained according to
the method described by Masciarelli et al. [28].

Above-Ground Yield Parameters

In this study, the following yield parameters were consid-
ered such as pod number, pod fresh weight, seed number,
seed fresh weight, highest seed number per pod and seed
dry weight. Seed fresh weight was determined by weighing
seeds on a weighing machine. Seeds were oven-dried at 65
°C for 48 h and weighed on a weighing machine to obtain
the dry weights.

Statistical Analyses

In this experiment, the effects of rhizobia and water stress
(drought) factors on soybean plant growth in the greenhouse
were statistically analyzed. Test for homogeneity of data
were done and data were normalized prior to using general
linear model analysis of variance (ANOVA) to evaluate the
impacts of rhizobia inoculants on soybean growth at three
different water regimens or levels of 100, 70 and 40% using
the following treatments which were replicated 8 times:
Controly gy ke R11009 ko> R3100% re: MY, RIMY 404, ke
R3MY 404 res R1+R3 004 re» RIFR3MY (09 - Control
70% For R1 700, res R3 709, 50 MY 709, ros RIMY 799, g, RAMY
70% Fe» R1I4R3 700, 5o, RI+R3MY ¢, ge-Control 444 per R1
40% Fcr R3 409 ke MY 499, res RIMY g9, ke RIMY 499, s
RI4R3 449 gc» RI+FR3MY 440 ke
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Differences between mean (post hoc test) was determined
by Duncan’s multiple-range test (DMRT) [29] and differ-
ences were significant at p < 0.05. DMRT was used in this
study because is relatively more useful than other Post Hoc
multiple comparison tests (such as least significant differ-
ence-LSD) when comparing larger pairs of means, particu-
larly when the mean values are in a table.

Results
Soil Physicochemical Parameters

The soil that was used in this study contain sandy soil (70%)
and silt (8%). The percentage of total nitrogen was low
compared to 1.260 and 3.190% observed for organic carbon
and organic matter, respectively (Table 1). Also, potassium
(K) was 406 mg/kg while the soil pH which was 7.390 was
within the pH range that supports bacterial growth.

Leaf Relative Water Content

Generally, the non-inoculated soybean plants were slightly
affected (p > 0.05) with drought stresses (40% FC) com-
pared to soybean plants inoculated with rhizobia and mycor-
rhizal fungi. In R1 + R3 treatment, soybean plants exposed
to 40% FC maintained high relative water content in their
leaves compared to the non-inoculated (control) plants (Fig

.
Leaf Electrolyte Leakage

As regards electrolyte leakage, with the exception of soy-
bean plants amended with R1+R3MY, soybean plants inocu-
lated with R. cellulosilyticum strain R3 (R3) showed a better
result at 70% FC than other inoculated soybean plants. But at
this level of water stress, significant increase (p < 0.05) was

Table 1 Physicochemical

‘ . Parameter Result

parameters of homogenized soil

samplhes used for the greenhouse pH (H,0) 7.390

experiment Fe (mg/kg) 1.950
Mn (mg/kg) 45.400
Organic carbon (%) 1.260
Organic matter (%) 3.190
Phosphorus N/D
Potassium (mg/kg) 406.000
Magnesium (mg/kg)  639.00
Total nitrogen (%) 0.095
Sand (%) 70.000
Silt (%) 8.000
Clay (%) 22.000
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Fig. 1 Relative water content and electrolytes of leaves of inoculated
and non-inoculated soybean plants exposed to a 4-week period of
drought stress. Control—non-inoculated treatment, R1—Rhizobium
sp. strain R1, R3—R. cellulosilyticum strain R3, MY—mycorrhizal
consortium, RIMY—Rhizobium sp. strain R1 and mycorrhizal fungal
consortium, RAMY—R. cellulosilyticum strain R3 and mycorrhizal
consortium, R1+R3—Rhizobium sp. strain R1 and R. cellulosilyticum
strain R3, R1+R3MY—Rhizobium sp. strain R1, R. cellulosilyticum
strain R3 and mycorrhizal consortium. Number of replicates (n) = 8.
Data represent mean + SE

observed in non-inoculated treatment; the electrolyte leak-
age however decreased in 100% FC (Fig. 1). In all the water
stress levels, the control treatments were the most negatively
impacted particularly at 40% FC which showed electrolyte
leakage of 94.9%.

Proline Content of Soybean Leaves

Accumulation of proline in soybean leaves was highest in
plants exposed to 40% water stress. Soybean plants dually
inoculated with R3MY was found to accumulate the highest
concentration of proline which was different (p > 0.05) from
the non-inoculated (control) plants that produced the low-
est amount of proline under 40% FC (Fig. 2). Also, all the
microbially treated soybean plants produced more proline
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Fig.2 Proline accumulation in leaves of inoculated and non-inoc-
ulated soybean plants exposed to a 6-week period of drought stress.
Control—non-inoculated treatment, R1—Rhizobium sp. strain R1,
R3—R. cellulosilyticum strain R3, MY—mycorrhizal consortium,
RIMY—Rhizobium sp. strain R1 and mycorrhizal fungal consortium,
R3MY—R. cellulosilyticum strain R3 and mycorrhizal consortium,
R14+R3—Rhizobium sp. strain R1 and R. cellulosilyticum strain R3,
R14+R3MY—Rhizobium sp. strain R1, R. cellulosilyticum strain R3
and mycorrhizal consortium. Number of replicates (n) = 8. Data rep-
resent mean + SE

than the non-inoculated treatment under 40% FC. However,
the non-inoculated soybean plants grown in 100% FC accu-
mulated more proline (p > 0.05) than the non-inoculated
soybean plants subjected to 70% FC.

Chlorophyll Content of Soybean Leaves

In soybean plants subjected to 40% water stress, R1, MY, RIMY
and R1+R3MY inoculants were observed to increase the chlo-
rophyll content of soybean leaves more than the control plants
(exposed to 40, 70 and 100% FC) and their counterparts sub-
jected to 70 and 100% water stress (Fig. 3). The non-inoculated
(control) soybean plants grown in 70% FC showed the lowest
chlorophyll content (11.375 CCI-chlorophyll content index)
among all the plant treatments subjected to 70% water stress. At
this water stress level, the greatest impact on chlorophyll content
was detected in soybean plants dually amended with RIMY and
R1 +R3MY
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Fig.3 Chlorophyll content of leaves of inoculated and non-inocu-
lated soybean plants exposed to a 3-week period of drought stress.
Control—non-inoculated treatment, R1—Rhizobium sp. strain R1,
R3—R. cellulosilyticum strain R3, MY—mycorrhizal consortium,
RIMY—Rhizobium sp. strain R1 and mycorrhizal fungal consortium,
R3MY—R. cellulosilyticum strain R3 and mycorrhizal consortium,
R1+R3—Rhizobium sp. strain R1 and R. cellulosilyticum strain R3,
R14+R3MY—Rhizobium sp. strain R1, R. cellulosilyticum strain R3
and mycorrhizal consortium. Number of replicates (n) = 8. Data rep-
resent mean + SE

Spore Number and Percentage Colonization
of Mycorrhizal Fungi

The treatment with the microbial combination R1+R3MY
showed the highest number of spore in all the water lev-
els (100, 70, 40% FC) while the lowest spore number was
recorded for treatment solely inoculated with mycorrhizal
consortium (MY). Control, R1, R3 and R1 + R3 treat-
ments did not show presence of fungal spore (Fig. 4) since
these treatments were not amended with mycorrhizal fungi
(Fig. 4a).

Similar results were also observed for percentage (%)
mycorrhization and the highest colonization levels were
revealed in soybean plants co-inoculated with R1 + R3MY
in all the water regimes. Mycorrhizal colonization (Fig. 4b)
was observed to be more in the treatments co-inoculated
with rhizobia and mycorrhizal fungi and coincidentally,
colonization level in soybean plants inoculated with RIMY
was approximately 58% in treatments subjected to 70 and
40% FC.

Microbial Effects on Below-Ground
and Above-Ground Parameters of Soybean Plants

Microbial (rhizobia and mycorrhizal) inoculation enhanced
the growth of soybean plants virtually in all the water
regimes compared to the non-inoculated (control) treatments
(Table 2). We noticed that under different water regimes,
inoculated soybean plants maintained higher below-ground-
above-ground biomass (such as shoot height, shoot width,
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Fig.4 Spore number and percentage colonization level of mycor-
rhizal of inoculated and non-inoculated soybean plants exposed to a
10-week period of drought stress. Control—non-inoculated treatment,
R1—Rhizobium sp. strain R1, R3—R. cellulosilyticum strain R3,
MY—mycorrhizal consortium, RIMY—Rhizobium sp. strain R1 and
mycorrhizal fungal consortium, RAMY—R. cellulosilyticum strain R3
and mycorrhizal consortium, R14+R3—Rhizobium sp. strain R1 and

branch number, leaf number, taproot length, taproot width,
lateral root number, plant fresh weight, shoot dry weight
and root dry weight) compared to the non-inoculated plants
(Table 2).

Microbial Effects on Soybean Yield

Irrespective of the water treatment, rhizobial and mycor-
rhizal inoculation increased soybean yield components such
as pod number, pod fresh weight, seed number, seed fresh
weight, highest seed number per pod and seed dry weight.
For 40% FC, R1 + R3MY inoculum had the greatest impact
on pod number, seed number, seed fresh weight, highest seed
number per pod and seed dry weight (Table 3). But RIMY
and R1 + R3 were observed to have the greatest effects on

a. 70.2:49.0 mm b. 70.5:55.5 mm

R. cellulosilyticum strain R3, RI+R3MY—Rhizobium sp. strain R1,
R. cellulosilyticum strain R3 and mycorrhizal consortium. a Repre-
sents AMF spores (70.2:49.0 mm), b represents root colonized with
AMF (70.5:55.5 mm). Black, green and orange arrows point towards
fungal spores, arbuscule and hyphal, respectively. Number of repli-
cates (n) = 8. Data represent mean + SE

pod fresh weight with a mean weight of 0.16 g each at this
level of water stress. However, the non-inoculated plants
and plants that were singly inoculated with R1 and R3 did
not produce seeds even though they had pods. Significant
effects (p < 0.05) of R1 + R3MY inoculation were not only
observed on seed number, seed fresh weight and seed dry
weight but also on pod number and highest number per pod
compared to other microbial and non-microbial or control
treatments subjected to the 40% FC.

On the other hand, we observed that the effects of
R1+R3MY treatment decreased at 70% FC, but the
decrease was only significant for highest seed number per
pod and seed dry weight (Table 3). At this level of water
stress, significant impacts (p < 0.05) of RIMY inocula-
tion were observed on pod number, pod fresh weight, seed

@ Springer



0. N. Igiehon, O. O. Babalola

1622

(60°0 < d) Apueoyru3is JUSISHIP JOU Ik SI9)
-)9] UOWIWOD 9ARY JeY) sonjeA (8§ = u) 159} a3uer-ojdnnuw s, ueoun( o) SUIpI0ody ‘S F ueow Juasaidal vje(q "WeIs—3 “IoJouW[[IU—UWW ‘WNII0SU0d [BZIYLIOIAW pue ¢y Urens wmnoisjisoin)jao
¥ ‘1Y urens “ds wmqoznpyy—XINEI+1Y ‘€Y urens wmonydjisopn)jao ¥ pue 1y urens “ds wmqo2iyyy—¢y+13y ‘WNnIosuod [BZIYII0dAW pue ¢y Urens wmoyljisom)jad y— XN ‘WNnIosuod
[eSuny [ezIy1100AW pue [y urens ‘ds wmniqozriyy— XN ‘WNNIOSUOd [BZIYIIOIAIN—AA ‘€Y Urens wnondjisopmyjao -y—¢¥ ‘1Y urens ds wniqo2iyy—y Juauwieas; paje[ndoul—uou—ionuo))

2700 F T0 pq81°0F €1 poqelSOF I'Y apoqP6'1 F §°GT apoC 1’0 F 80 2qeC 91 F 6°8C1 sqelL'? F 0°€E 2850 F 1°8 l€0F8E gl €1 F 89T 00T ANCI+TY
500 FT0 pOE0OF 60  5ppqeC90F 8T poqe69Y F 8°6C apoCl’0F 60  qE60E F 8671 apoqbLV F 1°TC apaqe06°0 F 8°9 000 F LE 59561 F816T 001 €d+1Y
2S00 F 1°0 pC0F €1 2ol 1 F €Y poqe9 v F 6°0€ LTOF 6T poglTLI F 16 poqSL'6 F S$'8C poqeEl' T F¥°L apoqel VO FO'E 5p2q99°ST F S9€T 001 ANEYT
2900 F €0 2qelLOF 0T apoqe6’0 F '€ poqe? IV F T'IE apoqeST0F €1 9L'61 F 6991 qS€1 F0'6€ @991 F8'8 5ol €0F 8T ¢l 0T F6°09C 001 ANTY
900 F €0 EL0F ST @bl'T F ¥ £SEFCLE @STOF 8T b9 ST F 6651 206’8 F 8°LY ¢€6°0 F S6 1opqSE0F 6°C 01T F €16C 001 AN
2qe 1’0 F €0 poq8LOF €T 5poqeS6'T FO'E poqeSE'S F €67 opoqb€ 0 F T g9l 0E F 096 opogEL 6 F 6'1C apoqClLl’ T F €9 w6C0F €T poqe6€ 1T F I'LYT 00T €4
@900 F €0 @l80F €T 8STF 6P 2quS6Y F 0°EE poqI€0 F VT qe86'0CF SLOT 601 F S'LE @SLTF 16 5omEC0F 8T pg€E0T F V' 0VT 00T T
2qe€0°0 FT0 pSTOF 80 1STOF 80 RLSOF 0T pETOF 80  pogSLIT F6L68 apoSTSF 681 30p2qS80 F 19 wslCOF 1T yspopoq[LEE F V1T 00T [onuo)
5qC00 FT0 910F L0 €0 F 61 poqeS6°C F ¥°0€ poqel LIOF 9T b I'€CF €€pl apol0EFSLL y3ppal7’'0 FO°S wgepdl 0 F €T ql6'L] F865T OLANEI+TY
2,00 FT0 pP10F L0 apoSS0F 6'1 apoqe9 '€ F VLT apoqelTOF €T b6’ LT F 0TI apoP6TF 61 1paq9S T F €9 wg6C0F I'C  jopaql1'01 F9°6CC 0L €4+1d
200 FT0 pP1'0F 80 LTOF I 1880+ 991 2L00F S0 qOSTIF 0891 apoSETF 191 y3pepa07’ 0 F 'S y3pepaSTOF 9T 550pqSETI F 6TTC 0L AN
2q9C0FT0 p9CTOFI°1 860FTY apoqe €€ T F T°LT poqel TOF VT poqeSTTT FIEIT  5polS€FS61 oqel90F 1°8 IO FLE  ysepoqll €1 F9°60C 0L AWNTY
qe10°0 F 1°0 p60°0 F9°0 pVTOF LT sqeEl '€ F ¥ EE 2qe8T0F 9T GICTTF I'6€EI apo6 T FTLL el 0 F 'S Wil 10 F €T pagPT01 F €0VC 0L AN
ql00F 1°0 pEI'0F90 NAAI R @V TF €PE opoqeC 'O FTT  quSOEL F9FET a0 € F 9P uepaSL O F 'S wip9C 0 F VT y5p0p0q80°TT F 6°60C 0L €4
2qec0'0 FT°0 pLOOF L0 opoq?COF 0T JopaSS'E F 'TT opoqe8TO0F €T 5qe08'9C F ¥°L6 apol1TF 191 sqeCL’0F 1°8 @8l'0F9¢ poaST'8 F 9°LET 0L Td
5100 F 1°0 pC1'0F S0 LI0F T apoqe€ '€ F9°9C poqES8lOF VT poqel €TCTF 67811 pC€ T F97CI y3epE 0 F ¥'Y w900 F 6T ygjep¥T0O1 F 090 0L [0nuo)
200 FT0 p600 F S0 8T0F €T JopoqeCt’ T F 1°€T poqe? O F ¥ T paqeOLTT F 6°S01 SLTFLY y3ppa€90 F 1°S 2qeL00 F 1°€ ¢8E 1T F 0651 0y AN +TY
2qec00 F 1°0 pP00 F S0 SIOFHT ap2q8S°C F 8°ST apqlTOFTT poqelS'EL F97T01 LITFT6 4HLlE0F '€ w000 F 0T ygl6Tl F€T8I oF €4+1d
200 F 170 pSO0F S0 LTOF VI 1opP6°€ F 6°61 opolTOF 60 poqel V61 FEL6 8T F 801 y3pl8°0F 6°¢C wEl'0F 6T ygCLTI FOLLT OvAINEYT
2qe€0°0 FT°0 pS0'0F 90 JTOF ST poqe69°€ F 9°6C poqe?C0 F €1 palT8 F 916 J8TF 68 8L OFO0¢ w6l 0FTT  ygy6S VI F LYLI o AINTY
5qec0°0 F 1°0 pLO0F 90 SI0FET opoqedE Y F I'LT poqel O F VT 5qeC6'STF T°ETT LV TF98 @0+ 0¢ wECOF 6T 450596 F 6581 o7 AN
5qec0°0 F 1°0 pS0'0F90 ST0FET JITTF6°€EL poqel €0 F ST 56T 0CF 0'ITI L80F VL y3popa97’ 0 F O°S poqe61' 0 F0°¢ w9 FOVLI 0or €4
>00F 1°0 pS0°0 F¥°0 CC0F T S0TFEYL apq8CO0F I’ poll'vl F €9 ATTF SV 4€90F 9T aqelTOFI'E y3p69°91 F 6661 oy 1d
2qC00F 1°0 pc00F €0 2CT0FE01 LS EF6TI apoqe €0 F €1 p99°61 F 661 I0F9Y 3€€0+F 87T OI0F 8T @8y PIFHILI 0 [onuo)
(3) ySrom Joquinu () () ()
(8) ySrom K1pjooy  ySrom K1p jooys yso1j Jue[q 001 [e19)e ] yIpm 1001 dej, ySuap 1001 deg, oquinu Jeo]  Joqunu youelg (W) yIpIm j00ys 1yS1ay Jooys JuSWIBAI],

ssans Jy3nolp jo porrad Joam-9| e 03 pasodxa syuejd ueaqAos Jo siajowered punoiS-oA0qe-punoI3-mo[aq Uo UOHE[NOOUI [BZIYLIOIAW pue BIGOZIYI JO S109)Jq ¢ d|qel

pringer

Qs



Rhizobium and Mycorrhizal Fungal Species Improved Soybean Yield Under Drought Stress. .. 1623

Table 3 Effects of rhizobia and mycorrhizal inoculation on the yield components of soybean plants exposed to a 16-week period of drought

stress
Treatment Pod number Pod fresh weight (g)  Seed number Seed fresh weight (g)  Highest seed Seed dry weight (g)
number per pod
Control 40 0.50 + 0.334 0.01 + 0.00¢ 0.00 +0.00¢  0.00 + 0.00° 0.00 + 0.00 0.00 + 0.00"
R1 40 0.25 +0.25° 0.03 + 0.03¢ 0.00 +0.00¢  0.00 + 0.00° 0.00 + 0.00° 0.00 + 0.00°
R3 40 0.13 + 0.44° 0.01 +0.13¢ 0.00 +0.00¢  0.00 + 0.00° 0.00 + 0.00 0.00 + 0.00°
MY 40 0.88 + 0.38*4  0.13 + 0.20%¢ 0.510 £ 0.59¢  0.04 + 0.09° 0.75 + 0.3gbedef 0.03 +0.03°
RIMY 40 0.50 + 0.87% 0.16 + 0.61 0.63 +1.36%  0.05+031° 0.50 + 0.319¢f 0.01 +0.12°
R3MY 40 0.38 + 0.35% 0.05 + 0.33¢ 025+0.74¢  0.01 +0.07° 0.25 +0.41° 0.02 + 0.02°
R1+R3 40 0.25 + 0.25° 0.16 +0.11¢ 0.75+0.49¢  0.07 + 0.05¢ 0.50 + 0.334f 0.03 +0.02°
R14+R3MY 40 0.57 + 0.43%% (.10 + 0.08% 1.14 +0.73%4  0.10 + 0.07* 1.14 + 0.73%<d 0.093 + 0.08%
Control 70 1.12 +0.35%4 0,12 + 0.04%¢ 0.50 +0.19¢  0.05 +0.19° 0.50 + 0.199f 0.01 + 0.00°
R170 1.25 +0.37%4  0.27 + 0.09% 0.88 +0.39¢  0.06 + 0.03° 0.75 + 0.31bedef 0.04 +0.02°
R3 70 0.88 & 0.44%d (.25 4+ 0.13% 1.13 +0.58%  0.11 +0.07* 0.75 + 0.37bcdef 0.03 +0.02°
MY 70 1.00 + 0.38%4 0,53 +0.21% 1.50 +0.59°4  0.19 + 0.09* 1.00 + 0.38abedef 0.06 + 0.03°
RIMY70 2.50 + 0.87%% 1,17 + 0.61%° 2.88 + 1.35%4 0,50 +0.31% 1.25 + 0.3]3bcde 0.19 +0.12%
R3MY 70 1.13 + 0.35%d (.95 + (.33 1.13£0.74%  0.07 £ 0.07° 0.63 + 0.42¢%f 0.03 +0.02°
R1+R3 70 2.13 +0.58% (.65 + 0.24%4 3.00 +0.96¢  0.28 +0.11% 1.25 + 0.373bcde 0.14 + 0.05%®
R1+R3MY 70 1.88 + 0.393de (56 + (.25 2254077 0.26+0.15% 1.25 + 0.3]3bcde 0.08 + 0.05°
Control 100 0.17 £0.11°% 017 +0.11<¢ 0.50 +0.27¢  0.03 +0.02° 0.50 + 0.284f 0.01 +0.01°
R1 100 438 + 1.99* 1.82 + 0.89° 6.25+296*  0.78 + 0.41* 1.75 + 0.492¢ 0.23 +0.12%
R3 100 275 + 1.19%¢de 079 4 (.372bcd 2,63 +1.05*4 029 +0.13%° 1.13 + (.39abedef 0.08 + 0.04°
MY 100 338+ 1.71%  0.99 4 (.53 2.51 & 1.54%%¢ 027 £ 0.19%¢ 2.88 + (.39abedef 0.37 +0.07%
RIMY 100 3.13 £0.58%¢ 076 + 0.21°¢ 2254090 0.22 4+ 0.09* 0.88 & 0.292bcdef 0.06 + 0.03°
R3MY100 3.50 + 1.28% 1.17 + 0.46™ 5.00 £2.33%  0.61 +£0.32%® 2.00 + 0.38" 0.35+0.28*
R1+R3 100 2.88 + 0.95%¢4 (.80 4 0.242b 2.88 +0.74%¢ .31 £ 0.09%° 1.75 £ 0.31%¢ 0.09 + 0.03%
R1+R3MY100 4.13 + 1.16% 1.38 + 0.46% 4.63 + 1317 0.62 +0.28® 1.88 + 0.48% 0.23 +0.12%

Control—non-inoculated treatment, R1—Rhizobium sp. strain R1, R3—R. cellulosilyticum strain R3, MY—Mycorrhizal consortium, RIMY—
Rhizobium sp. strain R1 and mycorrhizal fungal consortium, RIMY—R. cellulosilyticum strain R3 and mycorrhizal consortium, R1+R3—
Rhizobium sp. strain R1 and R. cellulosilyticum strain R3, R14+R3MY—Rhizobium sp. strain R1, R. cellulosilyticum strain R3 and mycorrhizal
consortium, 40—40% field water capacity, 70—70% field water capacity, 100—100% field water capacity, g—gram. Data represent mean + SE.
According to Duncan’s multiple-range test (n = 8), values that have common letters are not different significantly (p > 0.05)

number and seed dry weight (Table 3). Unlike in 40% FC,
the control, R1 and R3 treatments produced seeds at 70%
FC. Overall, 70% water stress negatively affected the con-
trol soybean plants compared to the microbially amended
plants (Table 3). In particular, the mean pod fresh weight,
seed number, seed fresh weight, highest seed number per
pod and seed dry weight observed in the control treatment
corresponds to 0.12 g, 0.5, 0.05 g, 0.05 and 0.01 g but
only the highest seed number per pod was significantly
less than all inoculated treatments while others were not
significantly less (p > 0.05) than some of the inoculated
treatments (Table 3).

A similar pattern was noticed in inoculated and non-
inoculated plants grown in 100% water level. R1 treatment
produced more seed with the greatest pod and seed fresh
weight. Generally, under this water regime, the non-inoc-
ulated plants were less productive compared to the other

treatments as depicted by the yield components measured
(Table 3).

Discussion

In this study, physiological, biochemical and morphological
parameters connected to drought tolerance in soybean plants
amended with rhizobia and mycorrhizal consortium under
water stress conditions were investigated.

Our results indicated that the singly and dually inoculated
soybean plants showed different levels of percentage rela-
tive water content (% RWC) under 40, 70 and 100% FC.
However, water stress reduced the RWC in non-inoculated
soybean plants exposed to both water stressed treatments
and plants inoculated with R1 + R3MY grown in 40% FC
(Fig. 1). Overall, the current study unveiled that microbial
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inoculations enhanced RWC in soybean plant leaves under
water stress.

RWC is used to evaluate water level balance in plants
and it is a dependable strategy by which the level of osmotic
stress is determined [23]. Indeed, RWC helps to determine
the level of water in plants which is pointer to the metabolic
state in plant tissues. Under water stress, RWC is usually
considered an excellent indicator of drought stress tolerance
in different plants [16]. Thus, in this study, MY treatment
was able to increase RWC from 29.8 (in 70% FC) to 34.8%
(in 40% FC). This confirms the reports that mycorrhizal
fungi increased leaf RWC [30, 31]. In addition, some single
and dual inoculations similarly led to increase in RWC and
this increase was pronounced in plants treated with R1 + R3.
The mechanisms associated with this increase in RWC by
microbial isolates is linked to as reported by Zarik et al. [23]
“stomatal regulation through hormonal signals [31]; higher
stomatal conductance and transpiration fluxes [32]; indirect
effect of improved phosphate and other nutrient uptake [33];
greater osmotic adjustment [34] and/or higher root hydraulic
conductivity [13]” than non-inoculated (control) plants.

Plant responses to water stress have also been evaluated
based on physiological values derived from electrolyte leak-
age [26] which in the present study were lowest particularly
in soybean plants dually inoculated with rhizobial spp. and
mycorrhizal consortium (R1 + R3MY) and highest in the
non-inoculated plants (Fig. 1). The low level of electro-
lyte leakage is a pointer to “cell membranes stability” and
drought stress tolerance [35]. Cell membrane is very crucial
in monitoring the efficacy of plant root-microbial interac-
tions [36]. Most of the microbial inocula used in this study
reduced plant membrane damaged in drought stressed soy-
bean plants since they showed relatively low % electrolyte
leakage compared to the non-inoculated plants. This result
is in agreement with the results obtained by Ortiz et al. [26]
who reported low electrolyte leakage values in Trifolium
repens amended with selected (PGPR) and AMF in arid
soil environment.

The amino acid proline is an essential ‘osmo-protect-
ant osmolyte’ produced by plants to improve osmosis and
prevent water loss [23, 37]. The proline concentration in
leaves was lower in non-inoculated soybean plants than in
rhizobial and mycorrhizal inoculated soybean plants under
severe drought (Fig. 2). Under this drought condition, sig-
nificant accumulation of proline was observed in the leaves
of soybean plants treated with the dual inoculum R3MY
(Fig. 2). This finding corresponds to the result of Ortiz
et al. [26] who reported significant proline accumulation
in some plant treatments dually inoculated with microbial
species leading to a reduction in the osmotic potential of
the plant cells and consequently enhanced uptake of water
to ‘maintain osmotic balance’ [38]. Also, the concentra-
tion of proline accumulated by soybean plants treated with
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MY under severe drought condition was approximately 4
pmol/g dry weight which was comparatively higher than
that of the non-mycorrhized treatments (control, R1, R3,
R1 + R3). This result disagrees with the conclusions of
Zarik et al. [23]; Manoharan et al. [39] and Wu and Xia
[34] who observed less proline content in the leaves of
mycorrhized Cupressus atlantica, vagiegata and orange
plants respectively than in non-mycorrhized plants grown
under moderate and severe drought stresses. Furthermore,
under moderate drought stress condition, soybean plants
treated with R1 + R3MY were shown to accumulate the
highest level of proline while the lowest level was found
in R1 treatment. Contrary results were found in the well-
watered plant treatments where the highest and lowest pro-
line concentrations were produced by plants inoculated
with R3 and R3MY, respectively.

Surprisingly, lower chlorophyll content was observed in
virtually all soybean plants grown in 100% FC and increased
with increasing drought stress (Fig. 3). Overall, R3AMY treat-
ment and non-inoculated plants grown in 100% FC showed
the highest (15.2 CCI) and lowest (10.9 CCI) chlorophyll
content, respectively. Chlorophyll is an important compo-
nent that plays a vital role in the process of photosynthesis
in plants [40]. Considering the different water levels, chlo-
rophyll content negatively correlated with below-ground-
above-ground productivity, implying that as the drought
stress increased, chlorophyll content increased and plant
productivity decreased.

Furthermore, we found that the number of mycorrhizal
spore (Fig. 4) and % mycorrhization in this study were domi-
nant in soybean treated with R1 + R3MY under 40, 70 and
100% FC. Also, soybean root colonization or % mycorrhi-
zation (Fig. 4) was positively correlated with RWC (Fig. 1)
and seed number of soybean plants inoculated with MY,
R3MY and R1 + R3MY (Table 3) indicating enhancement
of plant water status and productivity. Perhaps, mycorrhizal
fungi may have contributed to drought avoidance capacity of
these treatments, thus resulting in water stress alleviation in
soybean plants. The increase in seed number and other mor-
phological components in soybean plants inoculated with
MY, RIMY, R3MY, R1 + R3MY may partly be ascribed
to mycorrhizal colonization (Fig. 4b) and RWC (especially
for MY, RIMY and R3MY treatments at 40% FC), signify-
ing that plant water content was efficiently enhanced by this
plant-microbial interactions resulting in enhanced produc-
tivity. This finding agrees with the results of Aliasgharzad
et al. [19] who reported that an increase in % mycorrhization
led to an increase in RWC in soybean plants inoculated with
both Bradyrhizobium japonicum and Glomus etunicatum.

It was reported in our previous work [41] that below-
ground interactions between plants and rhizobacteria/ AMF
can trigger responses that may affect above-ground plant
components. But in the present study, it became evident
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that below-ground interactions among rhizobia, mycorrhizal
fungi and soybean plants under stressed condition improved
the productivity of most of the above-ground components
such as shoot height, shoot width, branch number, leaf num-
ber, shoot dry weight, pod number, pod fresh weight, seed
number, seed fresh weight, highest seed number per pod and
seed dry weight (Tables 2 and 3).

At 40% FC, significant promotion of soybean plant
growth under severe drought stress by R1 + R3MY inocula-
tion depicted by increased in shoot width and branch number
(Table 2) could be as a result of the synergistic interaction
between the microbial species and mutualistic interaction
between the inoculum and soybean plant roots [41]. This
treatment in addition to the dual inoculum RIMY greatly
affected root dry weight, although the effect was only sig-
nificantly different (p < 0.05) from plants inoculated with
R1. Similarly, under severe drought stress, taproot length
was greatly affected by R3 inoculum and this result some-
what supported the outcome of our previous work (data not
shown) in which R3 significantly affected soybean seed-
ling root fresh and dry weight and number of lateral root
in a growth chamber experiment where PEG was used as
a drought factor. But in this study, under severe drought
stressed condition, R3 treatments produced lateral roots with
a mean value of 13.9 which was less than that produced
by other microbial treatments but higher than that of non-
inoculated plants (Table 2).

On the contrary, R3 treatments produced the highest
(34.3) number of lateral roots under moderate drought stress
(70% FC) which further supports our previous PEG experi-
ment results (Table 2). Like in severe drought condition, R1
+ R3MY inoculum also enhanced soybean growth under
moderate drought stress since it had the greatest effect on
soybean shoot height under this condition (Table 2). Below-
ground taproot length received the greatest impacts from
both R1 + R3MY and MY inocula compared to other treat-
ments. Under this condition, we observed that below-ground
synergistic interaction between Rhizobium sp. strain R1 and
mycorrhizal consortium (RIMY) outstandingly impacted
soybean shoot width, branch number, leaf number and shoot
number.

For the well-watered treatments, it was found that MY
glaringly enhanced soybean plant shoot height with a mean
value of 291.3 mm (Table 2) and the non-inoculated plants
showed the poorest shoot development as they presented
the lowest (214 and 2.1 mm) shoot height and shoot width,
respectively. Thus, based on the shoot height and shoot
width evaluation, the non-inoculated or control plants pro-
duced soybean plants with the lowest shoot biomass in all
the water regimes (Table 2).

One of the indicators of sustainable agriculture and/or
food security is increase in agricultural produce [18, 42].
Our present study has shown that combination of rhizobia

and mycorrhizal fungal consortium resulted in increased
yield (soybean seed number) under severe and moderate
stressed conditions in a controlled environment (Table 3).
Particularly, R1 + R3MY treatments significantly (p <
0.05) produced more seeds in 40% FC than other treat-
ments (Table 3). The non-inoculated (control) plants and
plants amended with R1 and R3 did not produced seeds
under this condition probably because the absence of
PGPR (in the control plants) and single inoculation (in R1
and R3 treated plants) could not ameliorate the detrimen-
tal effects of drought stress to the extent of empowering
the plants to produced seeds even though these treatments
produced pods. It was reported in our previous studies
[43, 44] that abiotic stresses such as drought, heat and
salinity are part of the factors that militate against crop
growth, development and yield. The impacts of these abi-
otic stresses may be abated by below-ground plant-micro-
bial interactions [41]. Tripartite mutualistic interactions
with AMF fungi and Rhizobium species [41] is therefore
important for increased productivity in soybean [18] and
the impacts of co-inoculation with mycorrhizal fungi and
rhizobia on soybean plants need further research.

Also, co-inoculation with mycorrhizal consortium and
rhizobia (R1IMY) significantly enhanced soybean yield as
indicated by pod number, pod fresh weight, seed number
and seed fresh weight in the 70% FC but not in the 100%
FC (Table 3). These outcomes further showed that there
was a synergistic impact between mycorrhizal consortium
and rhizobia on soybean yield in this investigation and that
this impact ‘might’ be dependent on water status. How-
ever, previous study by Wang et al. [45] indicated that
such synergistic impact can be link to nutrient status. It is
generally believed that mycorrhizal fungi principally ben-
efit plants grown in soil environments where phosphorus
is likely to hinder plant productivity by increasing the vol-
ume of soil penetrated by mycorrhizal hyphae compared to
that of root hairs of non-mycorrhizal plants [43, 45] and in
the current study, there was no addition of inorganic phos-
phorus and nitrogen to the soil and the natural soil total
nitrogen was slightly low (00.095%-Table 1) compared to
that (0.22%) reported by Ortiz et al. [26]. This low nutrient
level of soil could be another reason (In addition to water
status) for the synergistic impacts of dual inoculation with
mycorrhizal consortium and rhizobia in this study. The
universal consensus is that mycorrhizal fungi enhance
phosphorus nutrient uptake in legumes which eventu-
ally improves plant development and nitrogen fixation
[15, 16] and according to Xavier and Germida [46], dual
inoculation with rhizobia species and compatible AMF
can intensely improve pea growth and nutrient uptake. On
the basis of this, we observed that the rhizobia and myc-
orrhizal consortium used in the present study enhanced
soybean plants tolerance to drought and improved their
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productivity. Therefore, the fungal consortium is compat-
ible with our rhizobia species and soybean cultivar, which
may have prospect for agronomic application.
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