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Smallholder livestock production in the Eastern Cape Province of South Africa
has been hampered by a lack of high-quality feed. As such, improving ruminant
nutrition using optimized production of herbaceous forage legumes has been
suggested. However, the production of forage legumes for livestock feed is
poor in communal areas in the province due to the necessity to use high levels
of chemical fertilizers to provide high-quality feed that meets animal nutrient
demands. The current study aimed at investigating the effects of arbuscular
mycorrhizal fungi (AMF) and Rhizobium inoculation on the chemical composition
of three herbaceous forage legumes, namely, Vigna unguiculata (cowpea), Lablab
purpureus (lablab), and Mucuna pruriens (mucuna). The field trials were established
over two growing seasons (2017/2018 and 2018/2019) at the University of
Fort Hare Research Farm (South Africa) and were carried out as a 3 x 2 x 2
factorial experiment arranged in a randomized complete block design (RCBD)
with 12 treatments that were replicated 4 times. The 12 treatments included
three legume species (cowpea, lablab, and mucuna), two AMF (with and without
AMF inoculation), and two Rhizobia inoculations (with or without). The results
showed that the dual inoculation of AMF and Rhizobia bacteria significantly (p <
0.05) increased the contents of crude protein, neutral detergent fiber and acid
detergent fiber, hemicellulose, ash, magnesium (Mg), phosphorus (P), calcium
(Ca), zinc (Zn), and iron (Fe) of three herbaceous forage legumes. Furthermore,
solo inoculation with AMF or Rhizobia bacteria resulted in substantially higher
potassium (K), Ca, and Mg cation ions, and Ca/P, Zn, manganese (Mn), and Fe
concentrations in forage legumes than in other treatments. In conclusion, the
dualinoculation produced optimal nutrient accumulation in both growing seasons
when compared to single inoculation and uninoculated forages. Therefore, this
could assist in alleviating livestock malnutrition in smallholder farming.
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arbuscular mycorrhizal fungi, chemical constituents, dual inoculation, forage nutrient
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1. Introduction

Agriculture contributes significantly to the quality of life
among rural communities in South Africa since livestock and crop
production are their main sources of income (Mabapa et al., 2017).
Farmers raise livestock and rely mostly on natural grazing land due
to their lack of ability to purchase feed supplements or cultivate
fodder crops under intensive management methods where water
and fertilizer inputs are prohibitively expensive (Mabapa et al,
2017). Nevertheless, climate change poses an imminent threat to
the availability of food and feed, with some smallholder farmers in
South Africa losing livestock due to a lack of fodder (Rankoana,
2016).

Smallholder livestock production in the Eastern Cape Province
of South Africa has been significantly hampered by a lack of high-
quality feed (Dziba et al., 2003). During the prolonged dry season,
rangeland grasses have low crude protein (CP) (<7%) and a high
crude fiber content, which increases greenhouse gas emissions
(Lamidi et al, 2005). Livestock experience malnutrition on an
ongoing basis, and this leads to low productivity, susceptibility to
diseases (to some extent, mortality), and subsequently economic
losses for farmers (Amole et al.,, 2013). As a standard, good quality
fodder and feed contain high digestibility, high non-structural
carbohydrates, high CP, moderate tannins, high palatability, high
sulfur amino acids, suitable minerals, and a low anti-nutritional
factor (Kriamer-Schmid et al., 2016; Wilkins, 2018; Chand et al,,
2022).

Several studies have been conducted to improve ruminant
nutrition using optimized production of herbaceous forage
legumes. Herbaceous forage legumes such as Lablab purpureus
(lablab), Vigna unguiculata L. Walp. (cowpea), and Mucuna
pruriens (mucuna) are underutilized, and these legumes have
a high fodder yield as well as a high CP content (18-38%)
(Lamidi et al, 2005). However, production of these forage
legumes for livestock feed is poor in communal areas in the
Eastern Cape Province (Dziba et al, 2003). This is because
the production of these forages necessitates the application of
a high level of chemical fertilizers to provide high-quality feed
that meets animal nutrient demands (Halder et al., 2015; Duan
et al, 2016). Farmers have often and widely used chemical
fertilizers to enhance crop productivity due to low intrinsic fertility
(Bhattacharyya et al, 2020). However, the excessive usage of
these chemical fertilizers, on the other hand, has been linked to
groundwater pollution, high soil acidity, and degradation of the
land (Umesha et al., 2018; Bisht and Chauhan, 2020; Mokabel
et al, 2022; Nacoon et al, 2023). The adverse effects of long-
term usage of synthetic fertilizers, such as weed infestation,
opportunistic diseases, and declining yield as well as quality, have
been reported on the production of many crops. Furthermore,
their exorbitant costs (Sharma and Singhvi, 2017) warrant the
urgent use of low-cost, environmentally friendly, and safe natural
phytonutrient alternatives.

Farmers in the smallholder system are currently under pressure
to enhance crop productivity and quality with fewer agricultural
inputs while at the same time reducing greenhouse gas emissions
and safeguarding the environment (Benaffari et al., 2022). Indeed,
innovative alternatives are urgently needed to increase crop
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productivity and minimize overdependency on chemical fertilizers
(Meddich et al, 2018). Among these alternatives, the use of
biostimulants such as arbuscular mycorrhizal fungi (AMF) and
Rhizobia has been recognized as a potential approach in farming
practices for improving soil fertility, crop production, and crop
tolerance to harsh environmental circumstances (Anli et al., 2020;
Bartucca et al., 2022). AMF have an obligate symbiotic relationship
with most plant species (Ingraffia et al., 2020; Andersone-Ozola
et al, 2021). Rhizobia, on the other hand, are root-nodulating
bacteria that fix nitrogen (N) and interact mostly with legumes
(Amole et al,, 2013; Schwab et al., in press). This symbiosis begins
when legume roots and compatible Rhizobia exchange signals in
the soil, resulting in rhizobia being enclosed by plant cells to create
a root nodule (Sachs et al., 2018). In exchange for photosynthate,
microorganisms within the nodule fix atmospheric nitrogen for the
plant (White et al., 2007).

The dual inoculation with both AMF and Rhizobia bacteria
results in a tripartite mutualistic symbiosis and stimulates
nodulation as well as plant development (Chalk et al, 20065
Halder et al., 2015). This tripartite symbiosis of legumes, AMEF,
and Rhizobia bacteria has been reported to benefit legumes with
phosphorus (P) and N uptake (Kawaguchi and Minamisawa,
2010; Haruna and Usman, 2013; Piischel et al., 2017). The
dual inoculation of AMF and Rhizobium has the potential to
significantly reduce the number of synthetic fertilizers required
while also enhancing crop growth by improving soil aeration
and root accessibility to water and soil nutrients (Berruti et al,
2016; Konvalinkovd et al., 2017; Anli et al., 2020). For example,
several studies demonstrated that the dual inoculation of AMF
and Rhizobia improved the growth and productivity of legumes
such as Phaseolus vulgaris (Mortimer et al., 2012), Vicia faba (Abd-
Alla et al., 2014), Medicago sativa (alfalfa) (Ben-Laouane et al,
2019), and dry beans (Moila et al.,, 2020). Dual inoculation also
enhanced the nodule number and mycorrhizal infection under
normal and stressed conditions (Ben-Laouane et al., 2019). In the
semi-arid region of Morocco where the issue of land degradation
reduced crop production, Ben-Laouane et al. (2021) demonstrated
that combining AMF and Rhizobium inoculation had the highest
positive effect on dry matter production, the number of leaves
and nodules of alfalfa, and the rate of AMF infection. In contrast,
positive effects of the AMF and/or Rhizobium inoculation on
growth and productivity were also reported on non-legume plants
such as tomatoes (Ait Rahou et al.,, 2020; Soussani et al., 2023),
Arizona cypress (Aalipour et al., 2020), rice (Mbodj et al., 2018),
and wheat (Varinderpal-Singh et al., 2019).

In addition to these advantages, dual inoculation has been
shown to increase the chemical composition of chickpea and
cowpea leaves, including CP, calcium (Ca), P, and magnesium (Mg)
(Farzaneh et al,, 2009; Yaseen et al., 2011). These combinations
also improved stomatal conductance, photosystem II efficiency,
photosynthetic pigments (chlorophyll and carotenoids), protein
and sugar contents, and nutrient uptake [e.g., P, N, potassium (K),
and Ca] by alfalfa. On the other hand, some studies showed that
single inoculation of Rhizobium species enhanced the growth and
yield parameters of legumes such as mung bean (Zahir et al., 2010;
Qureshi et al., 2023), common bean (Korir et al., 2017), white
clover (Trifolium repens) (Dumsane et al., 2020), and chickpea
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(Hemissi et al., 2011; Benjelloun et al., 2021) when compared to the
uninoculated control.

The open-field experiments carried out in the current study
were the same as those published in Mpongwana et al. (2023). In
brief, it was shown that the dual inoculation of AMF and Rhizobia
bacteria improved plant growth parameters, biomass, and yield
components of three herbaceous forage legumes (lablab, cowpea,
and mucuna). It was observed that dual inoculation of AMF and
Rhizobia in both seasons significantly improved the nodulation
characteristics (nodulation numbers, nodulation rate, and active
nodule number) of three forage legumes used in both seasons.
Similar results of the effect of AMF and Rhizobia inoculation were
observed on the nodule numbers of various legumes such as cowpea
(Yaseen et al, 2011) and groundnut (Ramakrishnan and Lenin,
2010). The variation in nodule number per plant can be caused
by several factors, including species genotypes and their ability
to establish symbiosis between legume species and Rhizobium
(Rajendran et al., 2008).

However, little is known about the effect of AMF and Rhizobia
on the chemical composition of these forage legumes. This is
because forage nutritional quality features have been overlooked
and are not regarded as an economic determinant factor in
the same way that forage biomass is (Battenfield et al, 2016;
Chand et al,, 2022). Therefore, the current study investigated the
effects of inoculating AMF and Rhizobia bacteria on the chemical
and nutritional composition of three herbaceous forage legumes
(lablab, cowpea, and mucuna). It is hypothesized that the chemical
composition of these three forage legumes could vary due to dual
inoculation with AMF and Rhizobium.

2. Materials and methods
2.1. Study site

The research was carried out at the University of Fort Hare
Research Farm (Eastern Cape Province, South Africa) during the
growing summer seasons of 2017/18 and 2018/2019. The farm
is located at latitude 32°46’ S and longitude 26°50' E at an
elevation of approximately 535m above sea level (m.a.s.l). It
has an average annual rainfall of about 575 mm, most of which
falls during the summer (November-March). The highest and
minimum temperatures are 24.6 and 11.1°C, respectively, with
an average temperature of 17.8°C (Mpongwana et al., 2023). The
land was fallow for 4 years before planting in 2017 after having
previously been used for forage maize production. According to
the International Union of Soil Sciences (IUSS) Working Group
World Reference Base (2022), the soil at the farm is alluvial in origin
and is classified as Eutric Cambisols (ochric). Further details on
the soil physicochemical properties of the experimental site before
the commencement of a field trial are presented in a study by
Mpongwana et al. (2023).

2.2. Research design and treatments
The study was carried out as a 3 x 2 x 2 factorial experiment

arranged in a randomized complete block design (RCBD) with
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12 treatments that were replicated four times. The field area was
59 x 22 m, and measurements were gathered from 48 plots, each
measuring 4 x 4m. The plots and blocks were separated by
1 and 2m, respectively. The treatments comprised three forage
legumes [cowpea (black-eyed pea cultivar), lablab (Rongai), and
mucuna (Utilis)]; two AMF (with and without inoculation); and
two Rhizobium (with or without inoculation).

Before planting, forage legume seeds were treated with
Mycoroot™ products comprising a combination of arbuscular
mycorrhizal isolates such as Rhizophagus clarus, Gigaspora
gigantean, Fumneliformis mosseae, Claroideoglomus etunicatum,
and Paraglomus occulum. It was applied on the planting holes
when sowing forage legume seeds. The product comprised 10
spores per gram and was subjected to regular quality tests at the
South African Rhodes University production facility (Dames and
Ridsdale, 2012). The rates for inoculating seeds with Mycoroot™
products were calculated using the optimal recommended rate
of 45kg P ha~! (Moila et al, 2020). A night before sowing, the
seeds were also treated with a stain powder mixture of Rhizobium
inoculum (Bradyrhizobium japonicum strain), which was obtained
from Soygro (Pty) Ltd. (Potchefstroom, South Africa).

The plots were fertilized with a single superphosphate rate of
40kg P ha™! with 10.5% phosphate (0:46:0%; N: P,05:K,0). The
forage legumes were planted at a depth of 4-6 cm with an inter- and
intra-row spacing of 0.9 x 0.3 m and a seeding rate of 50 kg.ha™!,
making a plant density of 37 037 plants ha~!. The experimental
field was cleared in preparation for the second planting season, and
the residues were removed following harvesting. This was followed
by plowing the land, which was then left fallow for a while to allow
weeds to develop. The fields were plowed with a ripper and disked
2 weeks before the initiation of the second trial (see Mpongwana
etal., 2023).

2.3. Forage chemical composition analysis

The harvested forage (at 120 days) was measured from each
plot, and fresh weights were oven-dried at 60°C for 48h to
obtain dry mass. The samples were then ground using a Wiley
mill to pass through a 1-mm sieve screen for chemical analysis
and kept in plastic bags at room temperature before laboratory
analysis (Matizha et al, 2001). The dry matter content (DMC)
was determined by oven drying at 105°C for 24h [Association
of Official Analytical Chemists (AOAC), 2005]. The samples were
analyzed for CP (N% x 6.25) and ash content [Association of
Official Analytical Chemists (AOAC), 2005]. Ether extract (EE)
was determined by extraction with anhydrous ether using a
Soxhlet apparatus [Association of Official Analytical Chemists
(AOAC), 2005]. Neutral detergent fiber (NDF) and acid detergent
fiber (ADF) were determined using fiber bags and fiber analyzer
equipment (Fiber Analyzer, Ankom Technology, Macedon, NY,
USA) following an adaptation procedure described by Van Soest
et al. (1991). The NDIN was determined by measuring the N in
NDF residues, as described by Van Soest et al. (1991). The acid
detergent insoluble N (ADIN) was also measured in accordance
with Van Soest et al. (1991). The non-structural carbohydrates
(NSCs) were calculated using the following equation: [100 - (%NDF
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+ %CP + %Fat + Ash)] [Association of Official Analytical
Chemists (AOAC), 2005].

Hemicellulose was calculated using the following equation:
hemicellulose = NDF - ADF; while cellulose was determined
through this equation: cellulose = ADL - ADF. Nevertheless, the
samples for macro- and microelements were digested by nitric
and chloric acid mixtures (ratio = 4.1 v/v). The concentrations of
minerals such as Ca, K, P, Mg, zinc (Zn), sodium (Na), copper (Cu),
iron (Fe), and manganese (Mn) in the samples were determined
by an atomic absorption spectrophotometer procedure using the
methods described by Van Soest et al. (1991).

2.4. Statistical analysis

Data were analyzed using analysis of variance (ANOVA) by the
general linear model procedure of SAS (SAS., 2012) version 9.4.
Means were separated using the least significant difference (LSD)
at a 5% probability level. The following statistical model was used:
Yiju = i + By + Li + Mj + Re + (LM)yj + (LR)i + (MR)ji
+ (LMR)jj + eijkl, where: Yjq = is the dependent variable (e.g.,
chemical nutrient composition); . = overall mean; By, = hth block
effect (h=1,2,3,4);L; = ith effect of legume species (i = 1, 2, 3);
M; = jth effect of AMF (j = 1, 2); P = effect of Rhizobium inoculum
(k=1,2); LM; = ijth interaction between legume species and AMF;
LRy = ik™ interaction between legume species and Rhizobium
inoculum; MRy, = jkth interaction between AMF and Rhizobium
inoculum; LMRy = ijkth interaction effect of legume species, AME,
and Rhizobium inoculum; eijkl = residual error.

3. Results

3.1. Effect of treatment factors on dry
matter, ash, crude protein, NDIN ADIN, and
EE contents of three herbaceous legumes

The results showed that there was no significant effect (P >
0.05) of treatment interaction factors on the DMC of forage in both
seasons (Table 1). However, single inoculations of legume species
and AMF had a significant effect on the DMC at P < 0.001 and P
< 0.05 levels, respectively, in the first season. Only legume species
showed a significant effect (P < 0.001) in the second season on the
measured parameter. The treatment factors showed a significant
two-way interaction effect on forage ash content in both seasons
(Table 1). In both seasons, ash content was significantly affected (P
< 0.001) by sole legume species, AMF, and Rhizobia bacteria and
interactions between legume species and AMEF, and legume species
and Rhizobia bacteria. The highest ash content was observed on
lablab control (LC) in the first season, followed by the interaction
of lablab with AME and the lowest ash content was observed
under the treatment of cowpea + AMF + Rhizobia bacteria (CAR).
However, there was no significant three-way interaction (P > 0.05)
on legume, AME, or Rhizobia bacteria. The CP exhibited a three-
way interaction (P < 0.01) as affected by legume species, AME,
and Rhizobia bacteria and their interactions in both seasons. The
cowpea and its combination treatments produced the highest CP
in both seasons when compared to other legume types (Table 1).
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There was a two-way interaction in the first season for
treatment factors such as legume species, Rhizobia bacteria, AMF,
and the interaction of legume and Rhizobia bacteria, as well as
legume species and AMF for the ADIN content (Table 2). Mucuna
control (MC) and its interaction with AMF and Rhizobia bacteria
produced higher ADIN content than other treatments in both
seasons; however, significant differences between treatments were
only observed in the first season. The NDIN content was influenced
by legume species and the interaction of legume and Rhizobia
bacteria in a two-way interaction (P < 0.001) in the first season,
with mucuna forage having the highest values as compared to other
treatments. However, there was no significant effect (P > 0.05) of
treatment factors on NDIN content in the second season.

The results presented in Table | further show that the EE
content was noticeably influenced (P < 0.05) by sole legume
species, AMF, and Rhizobia bacteria. The differences in legume
species had a remarkable influence over AMF or Rhizobia bacteria
and interaction in the first season for the EE. All interactions did
not significantly differ in both seasons, except for legume species
and AMF interactions in the first season. The lablab treatments
and their interactions with AMF and Rhizobia bacteria produced
significantly higher EE than other treatments in the first season.
Although there was no significant difference (P > 0.05) observed
among treatments for EE in the second season, there was a slightly
higher EE found on LC and its interaction treatments.

3.2. Effect of treatments on NSC, NDF, ADF,
and hemicellulose contents of three
legumes

Non-structural carbohydrates (NSCs), NDF, and hemicellulose
content were significantly (P < 0.05) affected by the legume species,
Rhizobia bacteria, and AMF and their three-way interaction in
both seasons. The highest values of NSC, NDF, and hemicellulose
were observed on all treatments of lablab in both seasons, whereas
the lowest values were recorded on all treatments comprising
mucuna forage. On the other hand, ADF content was significantly
affected by legume species, AMFE, and Rhizobia bacteria, and two-
way interactions between legume species and Rhizobia bacteria;
legume species and AMF; as well as Rhizobia bacteria and AMF in
both seasons. The highest ADF content was recorded on LC and its
combination treatments in both seasons (Table 2).

3.3. Correlation matrix of chemical
composition in two seasons for three
herbaceous legumes

In the first season, DMC was negatively correlated (P < 0.001)
with CP, EE, and NSC, while positively correlated (P < 0.001)
with NDIN, NDE ADE and hemicellulose (Table 3). The ash
content was positively correlated (P < 0.001) with EE, NDIN, and
NSC, while negatively correlated to hemicellulose content. The
EE content was negatively (P < 0.001) correlated with NDIN,
NDE, ADE and hemicellulose, and positively correlated with
ADIN and NSC in both seasons. In the second season, significant
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TABLE 1 The effects of AMF and Rhizobium on dry matter, ash, crude protein, NDIN, ADIN, and ether extract of three herbaceous forage legumes (% DM).

Treatment Dry matter content Crude protein Ether extract
2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019
cC 92.15 89.39 10.308 7.474 21.374 25.64° 1.46 1.24 1.35° 1.08 2.12° 2.58
CR 91.81 89.14 10.86" 7.72h 21.97¢ 26.36" 1.54¢ 1.31 1.29° 1.03 2.37° 2.89
CA 91.92 89.17 10.23¢ 8.17% 2227° 26.72° 1.37¢ 1.16 1.38° 1.10 2.63" 3.20
CAR 91.51 88.77 9.95" 7.87" 23.24° 27.88 1.47° 1.25 1.44° 1.15 2.70° 3.29
LC 92.57 89.79 12.85° 8.96° 17.29! 20.75¢ 3.39¢ 2.88 1.72° 1.38 3.53% 4.04
LR 92.56 89.78 11.42¢ 9.64* 17.49 18.73F 3.48° 2.96 1.59° 127 3.47% 423
LA 92.43 89.66 12.16° 9.13° 18.26 19.21f 3.42¢ 2.90 1.66° 1.33 3.37° 4.11
LAR 92.45 89.68 11.94¢ 8.56° 18.86¢ 20.72¢ 3.50° 2.97 1.60° 1.28 3310 431
MC 93.15 90.36 11.15¢ 8.724 16.01 21.914 4.76* 4.05 2.29* 1.83 1.55¢ 1.90
MR 93.22 90.42 10.89° 8.36 15.61% 21.45¢ 4.434 3.77 2.36° 1.89 1.75° 2.13
MA 92.97 90.18 11.62¢ 8.158 17.27 20.98¢ 4.62° 3.92 223 1.79 1.44¢ 1.76
MAR 93.36 90.56 11.12¢ 8.34" 17.878 22.63¢ 4.52¢ 3.84 2.64* 2.04 1.40° 1.72
SEM 0.118 0.114 0.051 0.038 0.075 0.089 0.062 0.053 0.078 0.063 0.075 0.091
F-test probabilities
Legume (L) sk sk sk sk sk sk sk sk sk sk sk -
Rhizobia (R) Ns Ns sk sk . Ns Ns sk - «
AME * Ns Ns Ns - «
LiR Ns Ns - sk sk ik ik Ns x Ns Ns Ns
L+ AMF Ns Ns sk sk sk ok Ns Ns - Ns sk Ns
R+ AMF Ns Ns e * e e Ns Ns Ns Ns Ns Ns
L+ AMF + R Ns Ns Ns Ns . o Ns Ns Ns Ns Ns Ns

abcMeans with different superscripts in the same column differ significantly. *, **, and *** indicate significance level at P < 0.05, P < 0.01, and P < 0.001, respectively; Ns, non-significant; SEM, Standard Error Mean; NDIN, Nutrient Detergent Insoluble Nitrogen;
ADIN, Acid Detergent Insoluble Nitrogen; AME, Arbuscular Mycorrhiza Fungi; CC, Cowpea Control; CR, Cowpea + Rhizobia; CA, Cowpea + AMF; CAR, Cowpea + AMF + Rhizobia; LC, Lablab Control; LR, Lablab + Rhizobia; LA, Lablab + AMF; LAR, Lablab

+ AMF + Rhizobia; MC, Mucuna Control; MR, Mucuna + Rhizobia; MA, Mucuna + AMF; MAR, Mucuna + AMF + Rhizobia.
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TABLE 2 The effects of legume variety, AMF, and Rhizobium on acid detergent insoluble nitrogen, nutrient detergent insoluble nitrogen, non-structural
carbohydrates, nutrient detergent fiber, acid detergent fiber contents, and hemicellulose of three herbaceous legumes (% DM).

Treatments NSC NDF

ADF Hemicellulose

2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019

cc 16.47¢ 14.83¢ 46.82° 38.43¢ 35.740 28.60" 9.07¢ 10.39¢
CR 17.29¢ 15.56° 46.52¢ 39.55¢ 38.94° 29.16" 10.07° 9.844
CA 17.64¢ 15.88¢ 45.02¢ 38.27° 37.62 30.108 9.47¢ 9.714
CAR 19.53¢ 17.58° 45214 40.81¢ 36.458 31.15¢ 9.21% 9.66¢
LC 19.17¢ 17.25¢ 54.82° 46.59° 41.49¢ 35.64° 11.30 12.95°
LR 20.47° 18.43° 54.82° 44.87° 44,55 33.70° 12.69* 12.89°
LA 19.45° 17.504 52.79" 46.59° 43.41° 33.19¢ 11.52° 11.68°
LAR 21.40° 19.26* 48.01¢ 39.81¢ 42.13¢ 34.74° 10.27° 11.63°
MC 11.098 9.994 41.82¢ 36.52f 33.35! 27.61 8.23 7.948
MR 12.798 11.518 42.97¢ 35.558 34,015 27.21% 7.318 8.70"
MA 11.88" 10.70 42.24¢ 35.918 35.62! 28.501 7.348 8.038
MAR 13.85¢ 12.47F 40.08f 34.07" 34.52) 26.68' 6.73" 7.39"
SEM 0.112 0.101 0.449 0.245 0.031 0.024 0.125 0.094
F-test probabilities

Legume (L) sk - sk . sk .
Rhizobium (R) ik ik sk X ik sk sk ik
AME sk - Ns Ns - sk sk -
L4R - - sk - - . sk -
L+ AMF sk sk Ns sk sk sk
R 4+ AMF Ns
L+ AME 4 R X B sk - Ns Ns - i

3b¢Means with different superscripts in the same column differ significantly. *, **, and *** indicate significance level at P < 0.05, P < 0.01, and P < 0.001, respectively; Ns, non-significant; SEM,
Standard Error Mean; AME Arbuscular Mycorrhiza Fungi; NSC, Non-Structural Carbohydrates; NDF, Nutrient Detergent Fiber; ADF, Acid Detergent Fiber; CC, Cowpea Control; CR, Cowpea
+ Rhizobia; CA, Cowpea + AMF; CAR, Cowpea + AMF + Rhizobia; LC, Lablab Control; LR, Lablab 4 Rhizobia; LA, Lablab + AMF; LAR, Lablab + AMF + Rhizobia; MC, Mucuna Control;

MR, Mucuna + Rhizobia; MA, Mucuna + AMF; MAR, Mucuna + AMF + Rhizobia.

positive correlations (P < 0.01) were observed between DMC and
NDE, ADE hemicellulose, and NDIN contents, whereas DMC was
negatively correlated to CP, EE, and NSC contents. Ash and CP
contents had a positive correlation (P < 0.01) with EE, NDIN, and
NSC, while ash and CP were negatively correlated with ADF and
hemicellulose. There was a positive correlation between ADF and
hemicellulose as well as NDIN and a negative correlation between
NSC and ADF. A similar trend was also observed for NDF (Table 3).

3.4. Effect of treatment factors on
macronutrient contents of three
herbaceous legumes

There were significant differences (P < 0.01) in individual
treatment factors such as legume species, AMF, Rhizobia bacteria,
and the two-way interaction of legume species and AMF on Ca
and P contents in both seasons (Table 4). Sole inoculation with
AMEF significantly (P < 0.001) increased the Ca content of forage
legumes, whereas sole inoculations of AMF and Rhizobia bacteria
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improved the P content of legumes. The treatments of lablab +
AMEF (LA) and lablab + AMF + Rhizobium (LAR) produced higher
contents of Ca and P than other treatments in both seasons, while
low contents of both mineral nutrients were observed on MC and
mucuna + Rhizobia (MR) treatments. In both seasons, however,
there were no significant three-way interactions (P > 0.05) between
legumes, AME, and Rhizobia and either Ca or P content. In general,
the second season had a higher Ca or P content compared with the
first season.

Magnesium content was significantly (P < 0.001) affected in a
two-way interaction by legume species, AME, and Rhizobia bacteria
in the first season. Dual inoculation with AMF and Rhizobia as well
as sole inoculation with AMF were mostly effective in increasing the
Mg content in forages in both seasons. The optimal Mg content was
recorded on LAR and LA treatments in both seasons. On the other
hand, different treatment factors and their interactions showed
no significant (P > 0.05) difference in affecting the P content in
both seasons (Table 4). However, in the first season, legume species,
AME and Rhizobia as sole treatments significantly affected the P
content. In the second season, only the treatment factors of legume
species and AMF significantly affected the P content. Although the
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TABLE 3 The mean correlation coefficients analysis among chemical composition constituents in the 2017/2018 and 2018/2019 seasons.

DMC Ash CP EE ADF NDF Hem ADIN NDIN NSC
2017/2018
DMC —0.08 —0.76"** —0.42" 0314+ 0.22* 0.28" 0.03 0.66** —0.51*
Ash 0.01 0.45%* —0.01 -0.12 —0.32 0.02 0.21% 0.47%%
cp 022" —0.16* —0.11 —0.18* —0.03 —0.84" 0.43%%
EE —0.79" —0.67"* —0.76"* 0.21% —0.31 0.88**
ADF 0.79*+ 077" —0.13 0.49%+ —0.78"**
NDF 075"+ —0.16 0314+ —0.63"**
Hem —0.23* 0324+ —0.79***
ADIN —0.02 0.11
NDI —0.50"
NSC
2018/2019
DMC —0.07 —0.93* ~0.50** 0.42% 0.36* 0.31% 0.04 0.61% —0.44**
Ash 0.01 0.54" —0.12* -0.16 —0.34%* 0.03 0.18* 0.37"
cp 0.31* —0.13* —0.17 —0.14* —0.04 0.75%** 0.51%%
EE —0.66" —0.53" —0.65" 0.35% —0.277% 0.93"
ADF 0.86*** 085" —0.09 0.56* —0.64**
NDF 085"+ —0.08 0.45* —0.52*
Hem —0.37% 0.45%+ —0.66"*
ADIN —0.04 035
NDI —0.34"
NSC

*P < 0.05,"*P < 0.01, ™*P < 0.001 correlation levels of probability respectively; DMC, Dry Matter Content; CP, Crude Protein; EE, Ether Extract; ADFE, Acid Detergent Fiber; NDFE, Nutrient
Detergent Fiber; Hem, Hemicellulose; ADIN, Acid Detergent Insoluble Nitrogen; NDIN, Nutrient Detergent Insoluble Nitrogen; NSC, Non-Structural Carbohydrates.

treatments did not significantly affect P content, slightly higher
values of P were observed on lablab forage.

3.5. Effect of treatment factors on KCaMg*
ions and Ca/P ratio of three herbaceous
legumes

The results in Table 4 reveal that K, Ca, and Mg cation
(KCaMg™) ions were significantly influenced by legume species
(P < 0.05) and the interactions (P < 0.001) with legume species,
AME and legume species, as well as AMF and Rhizobia bacteria in
the first season. Sole inoculation showed no significant influence
on cation ion content, while dual inoculation with AMF and
Rhizobia bacteria significantly improved cation ion content. Cation
ion content was higher under mucuna + AMF + Rhizobia (MAR)
and lablab + Rhizobia (LR) treatments, which were similar (P
> 0.05) to cowpea + AMF (CA), CAR, and LC. In the second
season, a significant three-way interaction effect on KCaMg* ions
was also observed between legumes and AMF (P < 0.05); AMF
and Rhizobia (P < 0.01); and legume species, AMFE, and Rhizobia
bacteria (P < 0.001).
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The results show that in the first season, Ca/P ratio content was
significantly influenced by legume species and Rhizobia bacteria
(P < 0.001) and the interactions of legume species and Rhizobia
bacteria (P < 0.01); legume species and AMF (P < 0.05); and
legume species, AME and Rhizobia bacteria (P < 0.05). In the
second season, legume species, AMF, and Rhizobia bacteria and
their interactions showed a significant (P < 0.01) effect on Ca/P
ratio content. Compared to other legume treatments, the highest
Ca/P ratio was recorded on MC and its interaction treatments in
both seasons (Table 4).

3.6. Effect of treatment factors on the
composition of micronutrients of three
herbaceous legumes

Table 5 shows that there was no significant (P > 0.05) difference
observed for the treatment factors and their interactions with
the Na content of the forages in both seasons. Although there
were no significant differences between treatments, the highest
values of Na were recorded on MC and its interactive treatments.
A significant two-way interaction effect (P < 0.05) of legume
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TABLE 4 The effects of legume variety, AMF, and Rhizobium macronutrient of three herbaceous legumes (% DM).

Treatment Calcium Phosphorus Magnesium Potassium KCaMg™ Ca/P
2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019

cC 10.94¢ 13.16 2.874 3.65° 3120 3.928 19.76 29.65 0.52¢ 0.96" 3.90° 4.88¢
CR 11.05¢ 13.28¢ 3.094 3.90° 3.69 4.62 20.12 30.19 0.55" 1.01% 3.644 4.558
CA 12.94¢ 15.64° 3.48¢ 4304 4.75¢ 5.97¢ 22.55 33.82 0.57% 1.05% 3.734 4.95¢
CAR 13.17° 15.90 3.69¢ 4.71° 5,04 6.35¢ 24.20 36.31 0.57% 1.06* 3.784 4.438
LC 12.92¢ 15.59° 3.51¢ 4314 4.29¢ 5.36¢ 22.83 34.25 0.57° 1.06* 3.69¢ 4.628
LR 13.02° 15.69° 3.76° 4.59¢ 4.33¢ 5.40° 23.22 34.83 0.59* 1.04* 3.46° 4.92¢
LA 15.56° 18.88° 4.91° 6.03" 5.33 6.76 27.09 40.63 0.56" 1.04% 3.16 3.96'
LAR 15.77% 19.122 5.22° 6.40° 5.49° 6.96* 28.06 42.09 0.55" 1.06* 3.02¢ 419"
MC 8.35° 10.06¢ 1.81f 2.29" 3,140 3.998 14.53 21.80 0.58 1.08* 4.89° 5.214
MR 8.51° 10.25¢ 1.99¢ 2.508 3.338 4.24¢ 15.10 22.66 0.51° 0.95" 4.38¢ 5.48°
MA 11.024 13.29¢ 2.13¢ 2.808 4.12° 5.30¢ 17.89 26.84 0.52¢ 0.96" 5.92° 7.40°
MAR 11.204 13.51° 2.714 3.36" 4.41¢ 5.66¢ 18.27 27.41 0.59° 1.07% 4.17¢ 6.11°
SEM 0.050 0.075 0.089 0.169 0.091 0.148 0.446 0.668 0.012 0.023 0.222 0.278

F-test probabilities

Legume (L) sk - -— ook ook ok sk sk * Ns ook ok
Rhizobia (R) ok Ns ook ook ook sk ok Ns Ns Ns ook o
AME ok - ook ook ok ook ook ok Ns Ns Ns o
L+R Ns Ns Ns Ns * Ns Ns Ns Ns Ns o Ns
L+ AMF sk o -— ook ok * Ns Ns - * * o
R + AMF Ns Ns Ns Ns Ns Ns Ns Ns Ns ** Ns Ns
L+ AMF+R Ns Ns Ns Ns Ns Ns Ns Ns o o * o

abcMeans with different superscripts in the same column differ significantly. *, **, and *** indicate significance level at P < 0.05, P < 0.01, and P < 0.001, respectively; Ns, non-significant; SEM, Standard Error Mean; AMF, Arbuscular Mycorrhiza Fungi; KCaMg+,
Potassium, calcium and magnesium Cation ions; Ca/P, Calcium Phosphorus ratio; CC, Cowpea Control; CR, Cowpea + Rhizobia; CA, Cowpea + AMF; CAR, Cowpea + AMF + Rhizobia; CC, Lablab Control; LR, Lablab + Rhizobia; LA, Lablab + AMF; LAR, Lablab
+ AMF + Rhizobia; MC, Mucuna Control; MR, Mucuna + Rhizobia; MA, Mucuna + AMF; MAR, Mucuna + AMF + Rhizobia.
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species and their interactions with AMF and Rhizobia bacteria was
observed on Zn content in both seasons. The MC as well as its
interaction treatments produced higher Zn content than all other
treatments in both seasons, while the lowest values were observed
on cowpea treatments.

The Cu content was greatly influenced (P < 0.001) by
legume species in both seasons. However, the Cu content was not
influenced (P > 0.05) by single inoculations or interactions in both
seasons, except for the interaction of AMF and Rhizobia bacteria in
the first season (Table 5). In both seasons, there was a significant (P
< 0.05) three-way interaction observed for treatment factors such
as legume species and Rhizobia bacteria as well as legume species,
AME, and Rhizobia bacteria on Mn content. Furthermore, there
were significant two-way interactions (P < 0.01) between legume
species and AMF in the first season, while significant interactions
between AMF and Rhizobia bacteria (P < 0.01) were observed in
the second season (Table 5). Sole inoculation with Rhizobia bacteria
and dual inoculation with AMF and Rhizobia bacteria enhanced the
Mn content in forages. The highest values of Mn were recorded in
LC and its interactions with AMF and Rhizobia bacteria in both
seasons as compared to other legume treatments.

On the other hand, the results in Table 5 further indicate
that the Fe content was considerably influenced by sole legume
species and AMF in both seasons. However, there was a three-
way interaction (P < 0.05) between legume species, AMF, and
Rhizobia bacteria only in the first season. In both seasons, MC
and its treatment interactions had a higher Fe content than all
other legume treatments. In addition, the mucuna + AMF (MA)
treatment significantly (P < 0.05) had the greatest Fe content,
although this was not statistically different from other mucuna
treatments. However, the lowest values of Fe were recorded on
cowpea-related treatments.

3.7. Correlation matrix of macro- and
micronutrient composition in two growing
seasons

A correlation matrix analysis was made to test the relationship
between macro- and micronutrient composition in both seasons
(Table 6). In the first season, Ca and P were positively correlated
(P < 0.001) with Mg (R? = 0.65, 0.58), K (R* = 0.75, 0.68), and Mn
(R* = 0.18, 0.18), and negatively correlated (P < 0.001) with Na
(R?* =0.08,0.11), Ca/P (R? = 0.25, 0.43), Zn (R*> = 0.13, 0.15), and
Fe (R? = 0.09, 0.13), respectively. A significant positive correlation
(P < 0.001) was observed between Mg and K (R? = 0.70), and
Mn (R? = 0.07), and negatively correlated with Ca/P (R* = 0.16,
P < 0.001) and Zn (R?> = 0.05, P < 0.05). The negative correlation
was also detected between K and Na (R? = 0.05, P < 0.01), Ca/P
(R? = 0.25, P < 0.001), and Zn (R*> = 0.17, P < 0.001), as well
as Fe (R = 0.0.9, P < 0.001), and positively correlated with Mn
(R* = 0.15, P < 0.001). However, there was a positive correlation
between Na and Ca/P, Zn, Cu, Mn, and Fe, while KCaMg"’ was only
positively correlated (P < 0.05) with Mn. In addition, Zn, Cu, Mn,
and Fe were significantly correlated with each other, while Mn was
only negatively correlated with Ca/P.

Frontiers in Sustainable Food Systems

10.3389/fsufs.2023.1256717

In the second season, Ca, P, Mg, and K were positively
correlated with each other. Meanwhile, Ca, P, Mg, and K were
negatively correlated with Na, Ca/P, Zn, and Fe. Although they
were negatively correlated with various nutrient elements, these
components were positively correlated with Mn. On the other
hand, Na was positively correlated with Ca/P (R? = 0.15, P <
0.001), Zn (R*> = 0.61, P < 0.001), Cu (R* = 0.21, P < 0.001),
Mn (R*> = 0.08, P < 0.001), and Fe (R*> = 0.77, P < 0.001).
The KCaMg™ was only positively correlated (P < 0.05) with Mn
(R* = 0.09). Finally, Zn, Cu, Mn, and Fe were positively correlated
with each other.

4. Discussion

4.1. Effect of treatment factors on dry
matter, ash, CP, NDIN, ADIN, and EE
contents of forage legumes

Forage legumes have a successful synergic association with
both AMF and Rhizobia bacteria, which eventually improves their
chemical composition. However, the presence of these microbial
symbionts in roots is not always beneficial for plant growth. The
current study showed that inoculation with AMF or Rhizobia as
the sole treatment and their interaction with forage legume species
had no significant influence on DMC in both growing seasons.
Similarly, the results are in line with the observation by Xavier and
Germida (2003), who reported that different forages had similar
DMC regardless of the treatment applied. The lack of difference in
the DMC of forage legumes as affected by dual inoculation could
be due to the harvesting stage at 120 days as forages were about to
become lignified. According to Crowder and Chheda (1982), the
increasing lignification and proportion of the leaves at maturity are
the main causes of a decline in forage dry matter content. As forages
mature, the accumulation of dry matter content decreases despite
rising forage dry matter yields (Tjelele, 2006).

Ash contents are components of minerals in forages that reduce
feed intake, palatability, digestibility, and nutrient composition in
forages when they are in abundance (Halder et al, 2015). The
present study demonstrated that sole inoculation with AMF and
Rhizobia bacteria as well as their interaction significantly affected
the concentration of ash in herbaceous forage legumes over two
seasons. Even though dual inoculation had a great impact on the
ash content of legumes, the three-way interaction of forage legume
species with AMF and Rhizobia showed no significant differences
in both seasons. According to Yaseen et al. (2011), dual inoculation
reduces the ash content and increases the N and CP contents
in forages. The current results could be due to differences in
genotype, climatic conditions, stage of maturity, and harvesting
(Samanhudi et al., 2014). For instance, the increase in ash content
in the first season might be attributed to low rainfall and high
temperatures. Moreover, under high temperatures and low rainfall
in the first season, the ash content of forages was significantly
high and low under LC and CAR, respectively. In the second
season, the ash content was low with cowpea control (CC) and
high with LR treatment. The present results demonstrated that
dual inoculation could improve the ash content of forage legumes
as compared to uninoculated control. This indicates that lablab
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TABLE 5 The effects of legume variety, AMF, and Rhizobium on micronutrients of three herbaceous legumes (% DM).

Treatments Sodium Zinc Copper Manganese Iron
2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019 2017/2018 2018/2019

cC 1.21 0.91 44.16¢ 28.71¢ 26.83¢ 19.05 42.33f 31.33¢ 126.10° 81.80
CR 1.26 0.95 42.00¢ 27.304 25.428 18.05 44.42¢ 32.87° 133.50¢ 86.80
CA 1.32 0.99 43.424 28.274 26.33 18.93 42.25¢ 31.394 136.80° 86.00
CAR 1.24 0.93 42,504 27.574 26.75¢ 18.76 4175 30.774 132.10° 88.50
LC 1.73 1.30 54.00° 35.10° 29.25% 20.77 67.50° 49.95% 170.60¢ 110.90
LR 1.73 1.28 53.83¢ 34.23¢ 26.75¢ 19.53 67.17° 51.55% 176.20° 110.40
LA 1.81 1.36 53.58¢ 34.83¢ 27.50¢ 19.53 67.58" 50.01° 180.10° 116.90
LAR 1.83 1.40 52.58° 34.94° 28.08° 19.41 69.25" 49.40* 166.80¢ 112.50
MC 2.49 1.94 64.58" 45.61% 28.58" 20.06 52.004 39.28" 239.10% 157.80
MR 2.46 1.85 68.58° 44.58° 28.67° 20.35 51.924 38.42° 228.60° 148.60
MA 2.75 2.07 68.33* 44.42° 28.08° 19.94 52.08¢ 38.54° 243.20° 158.10
MAR 2.61 1.89 70.17% 41.98" 28.25¢ 20.29 53.08¢ 38.48" 242.80° 155.30
SEM 0.069 0.052 0.746 0.485 0.575 0.413 0.556 0.399 4.08 2.684

F-test probabilities

Legume (L) ook ook sk -— ok ok - ook sk ok
Rhizobia (R) Ns Ns Ns Ns Ns Ns * ok Ns Ns
AMF * Ns Ns Ns Ns Ns Ns Ns * *

L+R Ns Ns o * Ns Ns Ns Ns Ns Ns
L+ AMF Ns Ns o * Ns Ns ** Ns Ns Ns
R + AMF Ns Ns Ns Ns o Ns Ns o Ns Ns
L+ AMF+R Ns Ns Ns Ns Ns Ns o o * Ns

abeMeans with different superscripts in the same column differ significantly. *, **, and *** indicate significance level at P < 0.05, P < 0.01, and P < 0.001, respectively; Ns, non-significant; SEM, Standard Error Mean; AMF, Arbuscular Mycorrhiza Fungi; CC, Cowpea
Control; CR, Cowpea + Rhizobia; CA, Cowpea + AMF; CAR, Cowpea + AMF + Rhizobia; CC, Lablab Control; LR, Lablab + Rhizobia; LA, Lablab + AMF; LAR, Lablab + AMF + Rhizobia; MC, Mucuna Control; MR, Mucuna + Rhizobia; MA, Mucuna + AMF;
MAR, Mucuna + AMF + Rhizobia.
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TABLE 6 The mean correlation analysis among nutrient composition constituents in the 2017/2018 and 2018/2019 growing seasons.

KCaMg™t Ca/P
2017/2018
Ca 0,93+ 0.85 | 093 —0.25% 0.09 —0.51% —0.40% —0.07 0.46" —0.32%
P 076" | 0.88" —0.31% 0.08 —0.73% —0.44% ~0.06 0.46" —0.36+
Mg 0.89%* 0.05 0.01 —0.42°% —0.19* —0.03 0.20%* 0.02
K —0.24% 0.06 —0.51% —0.45" ~0.10 0.35" —0.32%
Na —0.05 0.35% 0.86" 0.44 0.22%* 0,92+
KCaMg* ~0.02 —0.04 0.08 0.16* 0.08
Ca/P 0.39" 0.05 —0.22% 0.35%
Zn 0.38" 0.28" 0.89%
Cu 0.24% 0.43%*
Mn 023"
Fe
2018/2019
Ca 0,98+ 0.88" | 096 —0.20% 0.07 —0.45% —0.36+ —0.05 0.53" —0.30%
P 079" | 0927 —0.28" 0.05 —0.68" —0.41% ~0.04 0.57%% —0.33%
Mg 0,935 —025* 0.01 —037* —0.14% —0.03 0.34%* —0.42*
K —0.22° 0.03 —0.47* —0.42% —0.08 0.43" —0.29%
Na —0.03 0.41% 0.89* 0.48" 0.28" 0.95%
KCaMg* —0.01 ~0.02 0.12 0.19% 0.06
Ca/P 0.45% 0.09 —0.27* 0.417
Zn 0.23% 0.32° 0,947
Cu 0.28%* 0.49%+*
Mn 0.26"
Fe

*P < 0.05, %P < 0.01, ***P < 0.001 correlation levels of probability, respectively; Ca, Calcium; P, Phosphorus; Mg, Magnesium; K, Potassium; Na, Sodium; KCaMg*, Cations; Ca/P, Calcium

Phosphorus ratio; Zn, Zinc; Cu, Copper; Mn, Manganese; Fe, Iron.

forage has fewer nutrients compared to other forages (cowpea
and mucuna). Nworgu and Ajayi (2005) reported that high ash
content reduces forage quality, as some minerals such as Ca, Mg,
K, and P are reduced at high ash content. Yoseph and Worku
(2014) further reported that high ash content might be attributed to
contamination from dirt or soil during harvesting time. However,
feeds with high ash content are considered poor-quality feed since
this mineral is only required in small quantities (Nworgu and Ajayi,
2005; Yoseph and Worku, 2014).

The current study showed that the dual and sole inoculations
with AMF and Rhizobia bacteria significantly improved the CP
content of forage legumes in both seasons. The CAR treatment
significantly had the highest CP content. This could be justified
by the fact that AMFs can improve inorganic and organic soil N
mobilization (Halder et al., 2015). In addition, the increase in the
CP content of forage legumes could be attributed to the increase in
nutrient uptake of N to extra-radical mycorrhizae hyphae beyond
the root hair and nutrient depletion zones (Ayasan et al., 2020).
The present results are in line with findings by Ashrafi et al.
(2014) and Ben-Laouane et al. (2021), which indicated that the dual
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inoculation of AMF and Rhizobia bacteria had a positive effect on
the CP content of alfalfa forage legume. In particular, the range of
CP content of forage legumes was within the range reported by
Singh et al. (2004), Yaseen et al. (2011), and Halder et al. (2015),
and was comparable to the feed requirements of ruminants (NRC,
2004). As such, it is sufficient to be used as a supplement for poor-
quality pastures during the dry seasons to increase productivity in
ruminant livestock.

NDIN and ADIN are components of N that are bound to the
NDF and ADF fractions of the cell wall, respectively. The treatment
combinations of legumes, AME and Rhizobia bacteria showed
no significant differences in the content of NDIN and ADIN in
both growing seasons. Since there was no significant interaction
between soil microbes and the root system for the components;
this simply showed that the two organisms were highly effective
and had a strong synergistic effect on each other to produce
more digestible protein and less non-digestible protein (Haruna
and Usman, 2013). Furthermore, it is evident that biofertilization
with AMF and Rhizobia bacteria is effective in reducing the non-
bounded structural cell wall protein in forages. In support of this,
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the current study showed that biofertilization increased root nodule
development and soluble N digestible while suppressing the NDIN
and ADIN contents. This can be attributed to the increase in NDIN
and ADIN contents because of the increase in NDF and ADF
contents, respectively (Konvalinkovd et al., 2017).

The results indicated that sole inoculation with AMF or
Rhizobia bacteria had an impact on the EE content in both seasons.
However, the dual inoculation showed insignificant effects on EE
content, except for the interaction of legumes and AMF in the
first season. The lablab forage contained more EE content than
cowpea and mucuna in both seasons. The increase in EE content
was likely due to the increase in mycorrhizal infection resulting
from mycorrhizal and/or Rhizobium inoculation, especially sole
inoculation. The results are in line with the findings by
Konvalinkova et al. (2017), which reported that sole inoculation of
AMF increased EE content. This may be because certain forages
thrive under suitable growing conditions without the support of
soil microbes; however, several authors have shown that dual
inoculation enhances growth and plant components more in saline
or toxic acidic soils (Yaseen et al., 2011).

4.2. Effect of treatments on NSC, NDF, ADF,
and hemicellulose contents of three
legumes

The results showed that there were significant interactions
among treatment combinations on NSC content, with lablab forage
containing more NSC than cowpea and mucuna forages in both
seasons. The most noticeable effect of the dual inoculation was
observed with the LAR treatment. The increase in NSC content in
the forage could be due to the interaction of legume species, stage
of harvesting, and climatic and environmental conditions (Okeleye
and Okelama, 2000; Artursson et al., 2006; Mpongwana et al., 2023).
In addition, its significant increase might be due to time and the
method of cutting the forages. For example, cutting forages in the
morning can result in low NSC compared to forages harvested
during the day (Haruna and Usman, 2013).

It was evident that higher NDE ADE and hemicellulose
contents were significantly affected by legume species, AME, and
Rhizobia bacteria and their interactions. Lablab forage produced
a higher amount of NDE, ADE and hemicellulose than other
forages. The higher crude fiber components over two seasons
could be related to genetic differences among forage species, and
climatic and environmental factors. The present study showed
that regardless of the effect of single or dual inoculation with
AMF and Rhizobia bacteria, forages with low CP produced high
crude fibers. This could be explained by the fact that CP is
negatively related to NDF and ADE, meaning if CP increases,
NDF and ADF will decrease. Artursson et al. (2006) mentioned
that the decrease in the content of NDF was caused by an
increase in lignin in plants. The other factor might be the strong
interaction of dual inoculation with host plants in prolonging
the vegetation components, which resulted in delaying the aging
of the forages and making them more lignified at the stage
of harvest (Yoseph and Worku, 2014). Moreover, other authors
suggested that the low crude fiber components on dual-inoculated
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forages could be because forages with dual or single inoculation
could increase stomatal conductance, photosynthetic activity, and
transpiration, which eventually contribute to green leaf production
(Konvalinkova et al., 2017).

4.3. The effects of treatment factors on
macro- and micronutrients of three forage
legumes

The current study indicated that sole inoculation with AMF
or Rhizobia bacteria as well as reciprocal interactions between
legume species and AMF significantly enhanced forage Ca and P
contents over two growing seasons. The highest Ca and P contents
were associated with LA and LAR treatments in both seasons.
The current results of dual inoculation positively affecting Ca and
P contents were contradicted by the findings of others (Yaseen
et al, 2011). This is because dual inoculation does not always
improve the nutrient composition of forages as compared with sole
inoculation. In the present study, this has been advocated by the
dual inoculation of plants with AMF and Rhizobia, which promoted
root development. AMF and Rhizobium inoculation are known
to increase soil chemical and nutritional quality through various
mechanisms such as symbiotic nitrogen fixation, siderophores
and exopolysaccharide synthesis, and phosphate and potassium
solubilization (Naseem et al., 2018; Primo et al., 2020). Therefore,
this results in plant hosts enhancing nutrient uptake of P, Ca,
and other mineral nutrients (Kawaguchi and Minamisawa, 2010;
Mpongwana et al, 2023). The symbiosis relationship of forage
legumes with AMF provides a greater absorptive surface through
the hyphal network, thus improving the uptake of relatively
immobile ions from soil (Aziz and Khan, 2001; Farzaneh et al.,
2009).

Sole inoculation with either AMF or Rhizobia bacteria and
their interaction with legume species significantly increased Mg,
KCaMg+ ions, Ca/P, Zn, Mn, and Fe contents when compared with
control treatments. However, sole and dual inoculation showed no
significant differences in the K, Na, and Cu contents of forages
in both seasons. Correspondingly, Ashrafi et al. (2014) reported
that dual inoculation with AMF and Rhizobia bacteria had a
positive effect on forage Mg, K, Mn, Na, Cu, Zn, and Fe contents
in alfalfa plants. Moreover, Aziz and Khan (2001) reported that
biofertilization with AMF and Rhizobia bacteria enhanced these
mineral contents of Ceriops tagal. The improved uptake of nutrients
such as Mg, Zn, and Fe in the current study could be attributed
to AMF creating extra-radical mycelium, which can be dispersed
in the rhizosphere and increase intake by the absorbing surface of
roots (Farzaneh et al., 2009).

The present study demonstrated that a single application of
AMEF and Rhizobia bacteria or dual inoculation had no effect on
K, Na, Cu, and Fe contents for both growing seasons. In contrast,
Baslam et al. (2013) demonstrated an increase in these mineral
contents on various crops due to inoculation with AMF. According
to Clark and Zeto (2000), AMF application encourages biological
N fixation through P and other immobile nutrients acquired in
legumes to increase the accessibility of Cu and Zn contents. The
different results reported in the current study could be due to the
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lack of response of the original AMF and Rhizobia bacteria strains
to interact with non-native applications of AMF and Rhizobia
bacteria to form an association with the host plant. As a result, the
response to single or dual inoculation on the nutrient composition
of forage legumes can be greatly enhanced by ensuring that soil
conditions and environmental conditions are suitable for plant
hosts to make associations with inoculants.

4.4. Correlation matrix of chemical
composition in two seasons for three
herbaceous legumes

The correlation analysis for two growing seasons showed that
chemical nutrients were correlated with each other. The DMC
was negatively correlated with CP, EE, and NSC contents while
positively correlated with NDIN, NDF, ADF, and hemicellulose
contents. Similarly, Yaseen et al. (2011) and Konvalinkova et al.
(2017) reported a significant positive correlation between DMC
and NDF as well as ADF and lignin in mug beans and chickpeas,
respectively. A positive correlation was also observed between Ca
and nutrient constituents such as P, Mg, K, and Mn, while Ca was
negatively correlated with Na, Ca/P, Zn, and Fe. This simply showed
that there was a positional interaction between AMF and Rhizobia
bacteria with the plant host to increase macronutrients and other
chemical constituents. The dual inoculation plays a vital role in
achieving a positive correlation among chemical constituents for
improved quality of legume foliage (Tufenkci et al.,, 2006; Karaman
etal., 2013).

5. Conclusion

The present study demonstrated that the use of AMF and
Rhizobia bacteria has a positive effect on the chemical and
nutritional composition of herbaceous legumes, namely cowpea,
lablab, and mucuna. It demonstrated that the NDE ADE
hemicellulose, CP, ash, Mg, P, Ca, Zn, and Fe of three herbaceous
forage legumes were greatly improved by the dual inoculation with
AMF and Rhizobia bacteria. Furthermore, solo inoculation with
AMEF or Rhizobia bacteria and their interaction with legume species
resulted in substantially higher KCaMg™' ions, Ca/P, Zn, Mn,
and Fe concentrations than control treatments. When compared
to single inoculation and uninoculated forages, dual inoculation
produced optimal nutrient accumulation in both growing seasons.
Given that dual inoculation of AMF and Rhizobia improved
growth parameters and biomass production in our previous study
(Mpongwana et al, 2023), dual inoculation could be suitable
in efforts to lower the dependency on chemical fertilizers while
maintaining the integrity of the chemical composition of these
three herbaceous forage legumes in semi-arid regions. Overall, the
results showed that the improved nutritional quality of forages due
to the application of AMF and Rhizobia bacteria could be sufficient
to be used as a supplement for poor-quality pastures during
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the dry seasons to reduce malnutrition and improve livestock
nutrition. However, it is important to point out that the efficiency
of AMF utilization and Rhizobia in enhancing nutrient uptake
and biological nitrogen fixation, as well as the increasing foliar
nutritional composition of legumes, is influenced by AMF species,
plant genotype, availability of soil nutrients to plants, environment,
and stress factors.
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