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Abstract

Plant biofertilization involves introducing compounds containing living mi-
croorganisms into the coating medium to sustainably enhance plant produc-

tion and soil health. This is a complex process that undergoes multiple stages
Soybean (Glycine max L.). American Jour-
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of development before yielding a final product. The final biofertilizer is used
by legumes-protein-rich crops in symbiosis with rhizobia to enable biological

nitrogen fixation increasing natural soil fertility. This study aims to determine
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the optimal formulation of a rhizobial biofertilizer to improve the perfor-
mance of soybean (Glycine max L. cv. Docko). To this end, soybean seeds ob-
tained from IRAD were coated with different formulations derived from lo-
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cally sourced materials. Palm kernel oil was used as an adhesive in one group,
while corn powder served as an adhesive in another. The coated seeds were
then sown in the field. The results indicate that the combination of pigeon pea
powder + sugarcane molasses, with palm kernel oil as an adhesive, produced
the best nodulation (nitrogen fixation). This formulation also led to significant
improvements in growth (+350%) and total nitrogen content (+1100%) com-
pared to the bacterial broth inoculum control (B0) (P < 0.01). These findings
represent a significant advancement in improving nitrogen-fixing bacterial in-
oculants and enhancing soil fertility for the sustainable cultivation of soybeans
in this tropical soil.
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1. Introduction

Climate change now imposes on farmers a resilient and less expensive produc-
tion technique to meet consumer needs like organic fertilization which guaran-
tees human health and that of agricultural soils. Confused with a wide range of
products such as green or animal manure, intercrops, or even chemical fertilizers
enriched with organic matter [1], biofertilizer is a support containing soil micro-
organisms such as rhizobium that are applied to plants to promote their growth
[2]; They provide an added benefit in both nutrient uptake and plant perfor-
mance when inoculated into the rhizosphere [3]. The micro-organisms they con-
tain directly affect plant development by producing the growth hormones, or re-
ducing the influence of pathogens [1]. Biofertilizers are of great economic im-
portance and are less expensive than synthetic fertilizers [4] and their application
is perceived as an innovative and environmentally friendly technology to improve
soil fertility and development [5]. When these biofertilizers are based on rhizo-
bium, they accentuate the biological fixation of nitrogen by several species of cul-
tivated legumes such as soybeans [6]. These symbioses play an important socio-
ecological role in environmental protection and improve agricultural yields [7].
The annual production of rhizobial inoculants is estimated at about 2000 tons
worldwide [8]. Rhizobial strains are available in the market as bioinoculants [9]
and meet about 79% of the global demand for biofertilizers. Biofertilizers consti-
tute about 5% of the total fertilizers available in the market [10] with an estimated
value of $2.3 billion. This economic value is estimated to reach $3.9 billion by
2025, with an annual growth rate of 11.6% during the forecast period [3]. How-
ever, biological analyses show that some biofertilizers have alarming results in
terms of their quality [11]. This is how approximately 63% of commercialized
biofertilizers are contaminated by one or more bacterial strains [12] and on av-
erage 90% of legume inocula are recognized as having no effect on the produc-
tivity of the legume for which they are used [13] in general and soybeans in par-
ticular.

The soybean is an herbaceous plant of the legume [14] whose pod contains 2 to
4 seeds high in proteins, carbohydrates, and fats [15]. Its nodular root system is
organized around a taproot that branches into rootlets improving the nitrogen
composition of the soil before growing other plants such as wheat or corn. Warm
climate plants have a pH between 5.5 and 6.5 and optimal temperatures are be-
tween 20 and 30°C. Its global production is approximately 340 million of the
tonnes since 2017 and the first place is occupied by the United States of America
with a production of 123,664,230 tonnes [16]. In Cameroon, soybean cultivation
already weighed around 550 million FCFA in 2015 [17] with producing basins in
the far North, West, and North-West. However, it is subject to biotic and abiotic
constraints. Thus, this work aims to seek a better formulation of biofertilizer based
on nitrogen-fixing rhizobia for improving the performance of soybean (Glycine
maxL.) in the field.
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2. Materials and Methods

This study was conducted in semi-controlled conditions in the experimental gar-
den of the University of Yaoundé I (3°59'10"N and 11°49'59"E), from March to
July 2023, with an average temperature of 29°C. Microbiological and biochemical
tests were carried out at the Soil Microbiology Laboratory of the Biotechnology
Centre (CTB).

2.1. Plant Material

The plant material used in this study consists of seeds of Glycine maxL. cv. Docko,
sensitive to NaCl [18], from the IRAD of Wakwa in the Adamawa region. The
choice of products (organic and inorganic) is based on their low cost and accessi-
bility, as well as their ability to provide nitrogen and carbon for rhizobial growth
[19]. Thus, the materials used for the formulation of biofertilizers are composed
of by-products of the agro-food industry (digestate), shell powder, and yeast man-
nitol broth (YMB) media; the different associations of these formulations made it
possible to classify them into three groups (T'able 1). The coating material for soy-
beans is palm kernel oil and maize powder. The BOSD rhizobial consortium, pro-
vided by the Soil Microbiology Laboratory of the Biotechnology Centre of Ya-
oundé I, consists of 4 strains isolated in the soybean rhizosphere, namely Bosdl,
Bosd2, Bosd4 and Bosd6 [20].

2.2. Methods

2.2.1. Determination of the Physicochemical Parameters of the
Formulation Materials

The physicochemical parameters are determined on the one hand on the solid

supports used: biochar, charcoal, coating substrate, white powder, soil sample

from the Garoua field (production site of the Docko variety), Cajun weight and

cow dung, and on the other hand on liquid supports: digestate and sugarcane mo-

lasses at the Laboratory of the Soil Analysis and Environmental Chemistry Re-

search Unit (URASCE) of the University of Dschang using the methods of [21].

2.2.2. Biofertilizer Formulations

The biofertilizer formulations based on the combinations of these different media
mentioned above are listed in Table 1. The Yeast Mannitol Broth (YMB) medium
noted B0 is prepared according to the standard method of [22]. As for the formu-
lations noted B1 and B2, the solid materials are ground, passed through an 80 um
diameter sieve, and mixed in the proportions indicated in Table 1 for a final mass
of 100 g autoclaved at 121°C for 30 min; each of these two formulations is added
to 40 ml of consortium inoculum [23] were the standard YMB medium (yeast
mannitol brother) was prepared from the protocol developed by [22]; Subse-
quently, four colonies of each isolate (bosdl, bosd2, bosd4 and bosdé6) are added
to this medium. Formulation B3 is made by the modified method of [24]; thus,
approximately 2 ml of sugarcane molasses is added to 98 ml of pigeon pea extract.
Formula B4 is obtained by diluting 80 ml of digested with 20 ml of distilled water.
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Formulations B5 and B6 are B3 and B4 respectively with the addition of 1 g of
white powder in each of them. The pH of the formulations, namely B3, B4, B5,
and B6, are adjusted to 6.8; they are also autoclaved at 121°C for 30 minutes and
finally, four colonies are inoculated. All these formulations are divided into three
groups (Table 1) and stored at room temperature during the evaluation of the
growth and viability of the rhizobia.

Table 1. Composition of biofertilizer formulas based on local products.

Types of formulations Codes Materials used
BO YMB
Liquid media B3 Cajan extract (98 ml) + sugar cane molasses (2 ml)

B4 Digestate.

YMB + biochar (5%) + coating substrate (10%)
B1 + white powder (5%) + Garoua soil (20%)
+ cow dung (60%).

Solid media
YMB + charcoal (5%) + coating substrate (10%)
B2 + white powder (5%) + Garoua soil (20%)
+ cow dung (60%).
B5 Cajan extract (98 ml) + sugar cane molasses (2 ml)
Semi-solid media + 1% white powder.

B6 Digestate +1% white powder.

2.2.3. Evaluation of the Growth and Viability of the Rhizobial Consortium
in the Different Formulations

The consortium’s growth is evaluated four days after inoculation for 56 days, fol-
lowed by its monthly viability using the counting method after decimal dilution
described by [25]. The individualized colonies are evaluated by manual counting
after 24 h of incubation, and the bacterial load (CN) is obtained by calculating the
number of rhizobia per ml of solution and expressed in log CFU/ml.

CN (log CFU/ml) = Number of colonies counted x Dilution factor

The volume of inoculum deposited

The viability of the consortium in the different formulations is evaluated after
the growth of the bacteria every 7 days (7th, 14th, 21st, 28th, 35th, 42nd, 49th, and
56th day) over 2 months [26].

2.2.4. Evaluation of the Development of the Rhizobial Consortium by
Alternative Growth Media

The consortium development assessment presented in Table 2 is carried out ac-
cording to the modified method of [24] described by [27].

Yeast extract is prepared using sterile distilled water and the solution obtained
is brought to the boil. As for the soybean, Cajun pea and bean extracts, approxi-
mately 100 g of power of each material are mixed with 1000 ml of water and mixed.
The mixture is then boiled for two hours, cooled and autoclaved at 121°C for 30

minutes.

DOI: 10.4236/ajps.2025.162020

248 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2025.162020

A. N. Ndokon Bikang et al.

From the previous Petri dishes, four colonies of each strain are taken and inoc-
ulated into the different growth media (Table 2).

Optical densities are read using a UV-visible spectrophotometer (Jenway 6305)
at 600 nm every 24 hours for 4 days, at the end of which the media are centrifuged
[26]. The pellet obtained after centrifugation is seeded in Petri dishes containing
Yeast Extract Mannitol Agar (YEMA) medium to determine the fresh biomass

(mg/ml) of the consortium used.

2.2.5. Soybean Seed Coating

Each previously prepared nitrogen-fixing rhizobia biofertilizer formulation is
used for coating apparently healthy and morphologically similar soybeans with
palm kernel oil as an adhesive for one block and corn powder for the other by the
effluent method. This method consists of mixing 0.05 g (solid) or 0.05 ml (liquid)
of each biofertilizer formulation with 0.15 ml of palm kernel oil or 0.15 g of
maize powder, then adding 5 g of soya beans. The mixture is transferred to a
container, stirred carefully and spread on a clean surface in the shade between
26 £ 2°C, 55% and 64% humidity. These coated seeds are finally sown in the
field 24 hours later.

Table 2. Composition of nitrogen-fixing rhizobia growth media based on local products. A: Mannitol; B: Sucrose; C: Sug-
arcane molasses; D: Milk powder; E: Soybean extract; F: Pig pea extract; G: Bean extract; H: Yeast extract; I: NaCl (50
mg-ml™); J: MgSoas (10 g-17"); K: CaClz (40 g1'); L: FeCls (4 g:1'') mg-ml™'; *: Stock solutions.

For 11 Medium
elements 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
A 10 10 10 10 - - - - - - - - - - - -
B - - - - 10 10 10 10 - - - - - - - -
C - - - - - - - - 10 10 10 10 - - - -
D - - - - - - - - - - - - 10 10 10 10
E 100 - - - 100 - - - 100 - - - 100 - - -
F - 100 - - - 100 - - - 100 - - - 100 - -
G - - 100 - - - 100 - - - 100 - - - 100 -
H - - - 40 - - - 40 - - - 40 - - - 40
I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
J* 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
K* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
L* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2.2.6. Sowing Soybeans

The seeds coated with these different formulations were sown in triplets on 7 kg
of substrate consisting of a mixture of black earth and sand with a diameter of
0.77' mm in the ratios (3 v/v) contained in 5 L culture pots. The pots were arranged
in two completely randomized factorial blocks corresponding to the two coating

adhesives (palm kernel oil and corn powder), and each block consists of 10 treat-
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ments corresponding to the different formulations with six repetitions each. The
treatments carried out were: T0 (negative control), T1 (treatment with bacterial in-
oculum), T1 + h (bacterial inoculum + oil), T1 + pb (bacterial inoculum + white
powder), T2 + h (B1 + oil), T3 + h (B2 + oil), T4 + h (B3 + oil), T5 + h (B4 + oil),
T6 + h (B5 + oil) and T7 + h (B6 + oil). The same treatments were repeated with
corn powder (m), Ze. 20 treatments in total. The plants were irrigated every day with

tap water and once a week with this water enriched with 3 g/l of NaCl until harvest.

2.2.7. Evaluation of the Effect of Formulations Based on Nitrogen-Fixing
Rhizobia and the Soybean Seed Coating Substrate on Growth

Growth parameters are measured during flowering [22]. Thus, the number of
leaves is determined by counting, the height of the stems by direct measurement
using a tape measure, the average leaf area [28] method, S=2/3*L*1*n* 0.80 *
0.662 (cm?) where n is the number of leaves, L is the length of the leaf, and l is the
sum of the maximum widths of its leaflets. The nodules are collected and counted
after harvest, and the masses of the different organs were determined using a pre-
cision balance (KERN 572) to 0.001 g.

2.2.8. Evaluation of the Effect of Formulations Based on Nitrogen-Fixing
Rhizobia and Soybean Seed Coating Substrate on Physiological
Parameters

Chlorophyll is measured in non-senescent adult leaves harvested 4 weeks after
sowing by the modified [29] descried by [30]. The total nitrogen in these leaves is
measured according to the method described by [31].

The obtained effect of each result was the difference in quotient between treated

and control blocks by control block multiplied by 100.

2.2.9. Statistical Analysis

The data for each parameter has been collected and treated into SPSS version 23.0
software for analysis of variances (ANOVA) using Duncan’s test at the 1% thresh-
old. Microsoft Excel 2016 software was used to present the results in the form of

histograms and curves with means + standard deviation.

3. Results and Discussion

3.1. Physicochemical Characteristics of Formulation Materials
Based on Nitrogen-Fixing Rhizobia

The data recorded during the characterization of the biofertilizer formulation ma-
terials are recorded in Table 3. The analysis of this table shows that: some mate-
rials used are acidic because of their pH between 4.82 and 6.7 while others are
basic with a pH between 7.8 and 9.68. The carbon and total nitrogen contents are
higher in sugarcane molasses compared to the coating substrate. The phosphorus
content is more abundant in Ox dung (Table 3). The major components of the
biofertilizer are material supports of organic, inorganic, or synthetic nature which
have appropriate physicochemical properties to maintain microbial strains in

good physiological storage conditions and the field [32]; Bacterial growth consid-
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ers several factors including an appropriate pH buffer, high water holding capac-
ity, and chemical and physical uniformity [33]. Thus, the pH of different materials
used for biofertilizer formulation ranges from 6 (Garoua soil) to 9.68 (digestat),
this growth pH is generally close to neutral, is known to support a large population

of rhizobia and maintain their viability [34].

Table 3. Physicochemical properties of materials for the formulation of biofertilizers. Biochar (5%) + coating substrate (10%) +
white powder (5%) + Garoua soil (20%) + cow dung (60%); B2: YMB + charcoal (5%) + coating substrate (10%) + white powder
(5%) + Garoua soil (20%) + cow dung (60%); B3: Pigeon pea extract (98 ml) + sugarcane molasses (2 ml); B4: Digestate; B5: Pigeon

pea extract (98 ml) + sugarcane molasses (2 ml) + 1% white powder; B6: Digestate +1% white powder; N: total nitrogen; OM: organic

matter; C: carbon; P: phosphorus; Nd: undetermined.

Solid supports Liquid supports
Biochar
P t White . .
arameters  from peanut Cajunpea Coating  Garoua . Sugarcane
Charcoal Ox dung powder . Digestate
shells and powder  substrate soil molasses
. (shell)
litter leaves
pH-water 8.2 7.8 8.4 8.3 6.3 6.7 6.0 9.68 4.82
Organic materials
OM (%) 94.60 76.30 64.90 3.70 95.50 2.76 3.31 Nd Nd
C (%) 47.30 38.15 32.47 1.85 47.75 1.60 1.92 17.05 49.60
N (%) 1.67 0.84 2.11 0.13 3.11 0.12 0.14 74.67 1520.40
Exchangeable cations
Calcium 1290 890 1770 1050 610 7.60 2 Nd Nd
Magnesium 72 403 184 62 378 10 1.20 Nd Nd
Potassium 1526 6628 3091 56 5268 2.26 0.71 Nd Nd
Sodium 96 574 245 80 392 0.21 0.05 Nd Nd
Phosphorus
available 29.06 9.26 323.66 1.20 116.7 2.13 3.89 Nd Nd
(mg-Kg™)

3.2. Effects of Formulations Based on Nitrogen-Fixing Rhizobia on
the Growth of the BOSD Rhizobial Consortium

The growth of the consortium in the different formulations is shown in Figure 1.
It emerges from its analysis that the loads in the different formulas increase expo-
nentially and there is no significant difference between treatments B1, B4 (8.73
and 8.74 log CFU/ml) and the control treatment B0 (8.72 log CFU/ml). Formula
B3 (8.89 log CFU/ml) has the highest load compared to the other formulas. The
Bradyrhizobium strain would grow better in alternative media compared to the
standard YMB medium [35]. This observation is made by an increase of + 30 to +
36% in these media over 4 days of observation. The formula enriched with Cajun
pea extract supplemented with sugarcane molasses has the highest loading (8.89
log CFU/ml) compared to the standard YMB medium (8.71 log CFU/ml). Media
enriched with sugarcane molasses would significantly increase the growth and vi-

ability of rhizobial strains [36].
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Bacterial load (log CFU-ml ™)

Biofertilizer formulations

Figure 1. Bacterial load of the consortium in the different formulations after 4 days of incubation.
Different letters indicate a difference at the 1% threshold. BO: YMB; B1: YMB+.

3.3. Effects of Formulations Based on Nitrogen-Fixing Rhizobia on
the Viability of the BOSD Rhizobial Consortium
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Figure 2. Bacterial viability in formulations as a function of storage time. BO: YMB; BI:
YMB + biochar (5%) + coating substrate (10%) + white powder (5%) + Garoua soil (20%)
+ cow dung (60%); B2: YMB + charcoal (5%) + coating substrate (10%) + white powder
(5%) + Garoua soil (20%) + cow dung (60%); B3: Pigeon pea extract (98 ml) + sugarcane
molasses (2 ml); B4: Digestate; B5: Pigeon pea extract (98 ml) + sugarcane molasses (2 ml)
+ 1 % white powder; B6: Digestate +1% white powder.

The viability of the rhizobial consortium in the different formulations is shown in
Figure 2. Its analysis shows that: the curves have a generally decreasing shape; this
is reflected by a progressive decrease in the viability of the consortium in the dif-

ferent biofertilizer formulations depending on the shelf life. All formulas (B1 to
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B6) have loads that vary between 6.5 and 6.74 log CFU/ml compared to the control
B0 (6.49 log CFU/ml) after 56 days of counting. Formula B5 (6.74 log CFU/ml)
has the highest bacterial load compared to the others and formula B3 (6.5 log
CFU/ml) is the lowest. Determining the lifespan of a microbial strain in a formu-
lation is an important step in the development of biofertilizers [37] and prolonged
survival of inocula during storage is a desirable effect capable of increasing the
application of biofertilizer formulations in industry [38]. In addition, variations
in the charges in these formulations differ depending on the nature of the latter.
They would probably be due to differences in the physicochemical properties of
the transport materials used [39].

3.4. Effects of Formulations Based on Nitrogen-Fixing Rhizobia on
Alternative Growth Media of the Rhizobia BOSD Consortium

—&— Bean extrat B —¥— Yeast extrat
—&— Soybean extract —aA— Pigeon pea...
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Figure 3. Growth of BNL strains in different alternative culture media. A: sucrose; B: mannitol; C:

milk powder and D: sugarcane molasses.

The growth of the BOSD rhizobial consortium in alternative media is shown in
Figure 3. Its analysis shows that: the supply of nitrogen sources or extracts en-
riched with nitrogen sources allows an increase in the bacterial load in all the con-
sortium media during the evaluation period except soybean extract, the loads of
which remain constant. Alternative media thus appear to be beneficial due to their
local availability and affordable cost [27]. The growth of the consortium in the
developed media is reflected by its development with a preference for the medium
enriched with soybean extract as a nitrogen source and powdered milk as a carbon

source compared to the yeast extract/mannitol medium, which is the standard
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YMB medium. Indeed, the VUIDI strain would use all the alternative sources of
carbon available (sucrose, glycerol, and cow’s milk) to develop [27]. Fast-growing
and intermediate-growing species of rhizobia have been reported to be able to

grow in media containing sucrose as a carbon source [40].

3.5. Effect of Biofertilizer Formulations and Coating Method on
Soybean Growth Parameters in the Field

Table 4. Effects of biofertilizers and the coating method on the growth parameters of soy-
bean plants. TO (Negative control), T1 (treatment with bacterial inoculum), T1 + h (bacte-
rial inoculum + oil), T1 + pb (bacterial inoculum + white powder), T2 + h (B1 + oil), T3 +
h (B2 + oil), T4 + h (B3 + oil), T5 + h (B4 + oil), T6 + h (B5 + oil) and T7 + h (B6 + oil).

Growth parameters

Treatments
Plant sizes (cm) Number of leaves/Plant Leaf area (cm?)

TO 25.67 +0.44 h 14 +£0.57 cd 9.48 £ 042e

T1 3341 +0.71 de 13.83 £ 0.40 cd 13.78 £0.33 b
Tl+h 33.33 £ 0.54 de 15.83 £ 0.70 abc 11.77 £ 0.64 bede
Tl + m 32.67 £ 0.65 de 15.83 £ 0.70 abc 13.49 £ 0.66 bc
T1 + Pb 28.75 £ 0.30 fgh 14.67 £ 0.33 bed 9.82 +0.61 de
T2 +h 30.08 +0.93 ef 14.83 £ 0.54 cdefg 9.40 + 0.74 hi
T2+ m 34.58 + 0.78 bc 15.33 £ 0.49 bedefg 13.29+ 0.63 bede
T3 +h 28.67 +0.66 f 14.67 £ 0.49 defg 10.45 £ 0.74 fgh
T3 +m 35.91 £0.35 ab 16.83 + 0.16 abcd 14.44 +0.36 b
T4 +h 37.25+0.87 a 18.17+ 098 a 14.99 £ 091 a
T4+ m 33.5+0.84 bed 16.33 £ 0.49 abcdef 13.26 £ 0.56 bede
T5+h 33.33 +1.09 cde 17.17 £ 0.60 abc 12.53 + 0.33 bedef
T5+ m 3291 +0.49 cd 15.83 + 0.54 gbcdefg 14.75 + 0.42 ab
T6 + h 31+ 0.51 def 16.67 + 0.49 abcde 11.63 + 0.55 cdefgh
T6 + m 2525+047 g 1233+0.49¢g 7.81 £0.261
T7 +h 31.25 + 0.44 def 17.33 £ 0.42 ab 11.30 + 0.25 defgh
T7 + m 28.75+0.30 f 14.33 + 0.66 efgh 10.96 + 0.46 efgh

Values in the same column followed by the same letter are not significantly different at the
1% level.

The responses of soybean plants in the different formulations and coating meth-
ods are presented in Table 4. Analysis of the table shows that all morphological
parameters of soybean plant growth significantly increased (P < 0.01) in the treat-
ment (T4 + h) with the highest and lowest values in the treatment (T6 + m) com-
pared to the control T0. The contribution of rhizobial strains in the soybean rhi-
zosphere would promote hydromineral and nitrogen nutrition. This supply of wa-

ter and nutrients would instantly stimulate the phenomenon of photosynthesis,
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thus inducing good growth and development of these crops, namely the size,
number of leaves, and their leaf surface [40]. This is also the case for Cowpea

(Vigna unguiculataL.) after fertilization with consortium biofertilizer (CBF) [41].

3.6. Effect of Formulations and Coating Method on Nodulation of
Soybean Plants

Table 5. Effect of biofertilizers and coating method on nodulation of soybean plants. TO
(negative control), T1 (treatment with bacterial inoculum), T1 + h (bacterial inoculum +
oil), T1 + pb (bacterial inoculum + white powder), T2 + h (B1 + oil), T3 + h (B2 + oil), T4
+h (B3 + o0il), T5 + h (B4 + oil), T6 + h (B5 + 0il) and T7 + h (B6 + oil).

Treatments Number of nodules/plant Effet/T1 (%) Nodules weight (mg.plant™!)

TO 0j - 0n

T1 3.67 +0.21 ghi - 62.17 +0.40 j
T1+h 4.5 +0.22 dfgh +54 70.33 £0.21 i
T1+m 5.5 +0.22 def +50 7317 £0.3 h
T1+Pb 3+0.36i -18 28.83+0.3 m
T2+h 5.67 +0.3 de +23 84.33 +0.21 f
T2 +m 10 + 0.51 ab +163 164.58 + 0.45 ab
T3+h 4.83 0.3 efg +32 81.5+042¢g
T3 +m 10.67 +0.33 a +191 181.33 + 0.66 a
T4 +h 8+0.36¢ +178 179 + 0.25 ab
T4 +m 4 +0.25 fghi +89 99.5+0.61 ¢
T5+h 5.33 +0.33 def +45 149.58 + 0.63 bc
T5+m 6.5+0.42d +77 59.58 +0.73 k
T6 +h 3.17 +0.3 hi ~14 57.5+0.421
T6 + m 5.17 + 0.47 def +41 80.33 +0.66 g
T7 +h 6 +0.36 de +63 11433 +0.35d
T7 +m 8.67 + 0.66 bc +145 164.5 + 0.5 ab

Values in the same column followed by the same letter are not significantly different at the
1% level.

The different values of the assessment of the effect of formulations on the number,
and weight of nodules as well as the effect on soybean plants are presented in Ta-
ble 5. The analysis of this table shows that the contribution of formulated biofer-
tilizers leads to a significant increase in the number and weight of nodules regard-
less of the coating method (Table 5). As for the effect of nodulation on soybean
plants, treatments (T2 + m), (T3 + m) and (T4 + h) have more significant effects
namely: +163%, +191%, and +178% respectively) then the other formulations and
compared to (T1). Legumes in general and beans in particular produce a large
number of nodules at the root or stem level when the appropriate symbiotic part-

ners are provided [42] [43]. This symbiotic association is used in several legume
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species, thus increasing their productivity [19] [20]. The growth parameters of

soybean plants all show a significant increase in formulations with palm kernel oil

as a coating adhesive. However, the nodulation effects are greater on the one hand

with charcoal (+191%) and on the other hand with pigeon pea powder sugarcane

molasses (+178%); this result would reflect the beneficial effect of biofertilizers on

plant nodulation [27].

3.7. Effect of Formulations and Coating Method on Soybean Plant

Biomass

Table 6. Effects of biofertilizers and coating method on soybean plant biomass. TO (negative control), T1 (treatment with bacterial
inoculum), T1 + h (bacterial inoculum + oil), T1 + pb (bacterial inoculum + white powder), T2 + h (B1 + oil), T3 + h (B2 + oil), T4
+h (B3 + oil), T5 + h (B4 + oil), T6 + h (B5 + o0il) and T7 + h (B6 + oil).

Treatment

TO

T1

Tl +h

Tl +m

T1+Pb

T2+h

T2 +m

T3+h

T3 +m

T4 +h

T4+ m

T5+h

T5+m

T6 +h

T6 +m

Parameters
BAF Effet BRF Effet BAS BRS BTF Effet/TO Effet/T1 BTS
(g/plant) (%) (g/plant) (%) (g/plant) (g/plant) (g/plant) (%) (%) (g/plant)
0.47 0.37 0.28 0.24 0.83 0.54
+0.03f +0.02f +0.03cde +0.02cde +0.05h + 0.04 def
1.01 +115 1.12 +200 0.37 0.3 2.14 +150 0.67
+0.11 bed +0.11 de +0.02bcd +0.02abcd =+ 0.16 cde +0.02 bed
0.94 +100 0.29 15.7 0.32 0.1 1.27 +187 +37 0.39
+ 0.006 cdef +0.03f ’ +0.21 cde +0.004 f +0.08 fgh +0.03f
0.9 4933 0.42 162 0.31 0.15 1.21 +176 +26 0.57
+0.01 cdef ’ +0.02 f “ £0.0lcde +0.009ef +0.05fgh +0.04 cde
0.53 +13 0.44 +19 0.31 0.25 0.97 +14 136 0.56
+0.04 ef +0.03 f +0.02cde *0.0lbcd £0.08gh +0.04 de
1.1 +143 1.31 +254 0.28 0.23 2.45 +190 +40 0.52
+ 0.07 bed +0.02 cd +0.02cde +0.02cde +0.27cd + 0.02 def
1.39 +196 0.97 +162 0.46 0.29 2.36 +200 +50 0.76
+0.13 be + 0.06 de +0.05ab +0.02abcd +0.25cd +0.04 ab
1.25 +166 2.24 +500 0.33 0.28 3.49 +310 +160 0.61
+0.11 be +0.17a +0.03 bcde +0.01abcd +0.35ab + 0.02 bed
1.44 1.29 0.52 0.34 2.73 0.87
+206 +249 +220 +70
+0.14 ab +0.12cd +0.03a +0.03 ab +0.09 ¢ +0.06 a
1.85 2.01 0.52 0.38 3.87 0.9
+294 +443 +350 +200
+0.12a +0.08 ab +0.02 a +0.02 a +0.11a +0.02 a
0.69 0.84 0.2 0.21 1.55 0.42
+47 +127 +80 =70
+ 0.06 def +0.07 e +0.0le +0.03 de + 0.05 efg +0.04 ef
1.21 +157 1.67 +351 0.35 0.28 2.88 +240 +90 0.64
+0.07 bc +0.13 bc +0.02bcd +0.01abcd +0.16 bc + 0.04 bed
1.03 +121 0.84 +127 0.35 0.24 1.83 +120 30 0.6
+0.12 bed +0.07 e +0.02bcd +0.01 bcde +0.04 def + 0.04 bed
1.17 +149 1.68 +354 0.38 0.28 2.85 +240 +90 0.66
+ 0.09 bed +0.15 bc +0.04bc +0.01abcd +0.22Dbc + 0.05 bed
0.9 +91 0.89 +140 0.23 0.31 1.79 +110 40 0.54
+ 0.08 cdef +0.08 de +0.01de +0.02abcd +0.05def + 0.04 def
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Continued
T7 +h 0.97 +106 0.91 +146 0.34 0.24 1.88 +120 30 0.59
+ 0.25 bede +0.13 de +0.07bcd +0.04 bcde + 0.1 def + 0.006 bcde
1.25 1.07 0.39 0.33 2.46 0.74
T7 + m +166 +189 +172 +22
+0.12 bc +0.11 de +0.01abc +0.02abc +0.34cd + 0.04 abc

Values in the same column followed by the same letter are not significantly different at the 1% level.

The effect of formulations and coating methods on the total biomass of soybean
plants harvested in an open environment is presented in Table 6. Its analysis
shows that: plants of different formulations have a similar biomass effect (+200%)
to that of the positive control medium (T1) and +350% compared to that of plants
of the negative control medium (T0). The biomass effect is more significant with
the Cajun pea powder + sugarcane molasses associated with palm kernel oil
(+350%). [27] also showed the beneficial effect of biofertilizers on the biomass and
nodulation of peanut plants (Arachis hypogaeaL.). The rhizobia-legume symbio-
sis at the root level is materialized by the formation of nodules, the seat of the
biological fixation of nitrogen essential for the growth of the plant. Nodulation
and biomass production depend on the compatibility between the plant genotype,
as in the case of faba bean where the rhizobium strain and its interaction with the
biophysical conditions of the soil had led to an increase of between 69 and 114%

[42]; similar responses were observed in cowpea with rhizobia strains [20].

3.8. Effects of Biofertilizers and Coating Method on Total
Chlorophyll Content of Soybean Plants

The total chlorophyll contents determined 4 weeks after sowing are presented in
Figure 4. The analysis of this shows that: the T4 + h treatment has a high total
chlorophyll content (125) with an effect of (+11%) compared to the control (T0),
while the T4 + m treatment represents the lowest content (113) compared to TO.
However, in each treatment, the leaves of soybean plants whose seeds had been
coated with palm kernel oil have the highest total chlorophyll content compared
to those of plants whose seeds had been coated with corn powder, highlighting the
importance of stickiness on the sowing quality of soybeans. The palm kernel oil
used causes sufficient humidification of the seeds, reducing physiological acci-

dents and improving the germination quality and good growth of the plant.

3.9. Effects of Biofertilizers and Coating Method on Total Nitrogen
and Protein Contents of Soybean Plants

The total nitrogen (N) contents determined after harvest in soybean leaves are
reported in Table 7. It emerges from his analysis that the contribution of biofer-
tilizers leads to a significant increase (P < 0.01) in the nitrogen content with an
effect of +861% for the treatment (T4 + h) compared to the positive control (T1)
and +1102% compared to the negative control (T0). The total nitrogen abundance

is observed at this level of the treatment added to palm kernel oil. The biological
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fixation of nitrogen by bean, soybean, and cowpea plants has a positive effect on
the nitrogen content compared to the control according to the work of [44]. These
beneficial microorganisms are capable of fertilizing the soil enriched with all mi-
cro and macronutrient elements via nitrogen fixation, solubilization or minerali-
zation of phosphorus and potassium, plant growth regulation factors, and degra-
dation of organic matter in the soil [45]. The same is true for the protein content
which presents a significant (P < 0.01) high value in the treatment (T4 + h),
namely 195.31 which presents effects of +1165% and +935% respectively com-
pared to T1 and TO.
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Values in the same column followed by the same letter are not significantly dif-
ferent at the 1% level.

Figure 4. Effects of biofertilizers on total chlorophyll content of soybean leaves.
TO (negative control), T1 (treatment with bacterial inoculum), T1 + h (bacterial
inoculum + oil), T1 + pb (bacterial inoculum + white powder), T2 + h (B1 + oil),
T3 + h (B2 + oil), T4 + h (B3 + oil), T5 + h (B4 + oil), T6 + h (B5 + oil) and T7
+ h (B6 + oil).

Table 7. Effects of biofertilizers and the coating method on the nitrogen and total protein contents of soybean plants for the

effluent method. TO (negative control), T1 (treatment with bacterial inoculum), T1 + h (bacterial inoculum + oil), T1 + pb
(bacterial inoculum + white powder), T2 + h (B1 + oil), T3 + h (B2 + oil), T4 + h (B3 + oil), T5 + h (B4 + oil), T6 + h (B5 +

oil) and T7 + h (B6 + oil).

Parameters
Treatment Total nitrogen (mg/g) Effets/T0 (%) Effets/T1 (%) c:z:::lftizi/;) Effets/TO0 (%) Effets/T1 (%)
TO 260+0j - - 16.28 £0j - -
T1 8.68£0.87h +241 - 54.25+542h +230 -
Tl+h 13.02+0f +400 +159 8138+0f +400 +170
Tl+ m 1042+0g +301 +60 6510+0g +300 +70
T1+Pb 521%0i +100 —-141 32.55+01 +100 -130
T2+h 14.76 £ 0.87 e +500 +259 92.23+52e +467 +237
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Continued
T2 + m 13.02+0f +400 +159 81.38+0f +400 +170
T3+h 28.85+0.2b +1010 +769 180.31 £ 1.25b +1008 +778
T3+ m 2.60x0j 0 -241 16.28 +0j 0 =230
T4+h 3125+0a +1102 +861 19531 +0a +1165 +935
T4+ m 347 +0.87 +33.4 -208 21.70 + 542 +35 -195
T5+h 26.24+0.2 ¢ +909 +668 164.02 £ 1.26 ¢ +907 +677
T5+ m 7.61+0.2h +193 —48 47.57+1.25h +192 -38
T6 +h 18.23+0d +601 +360 113.93+0d +600 +270
T6 +m 7.81+0h +200 -41 48.83+0h +200 =30
T7 +h 13.02+0f +400 +159 81.38+0f +400 +170
T7 + m 521x0i +100 -141 3255+0i +100 -130

Values in the same column followed by the same letter are not significantly different at the 1% level.

4. Conclusion

Biofertilizers are combinations of microorganisms and other components that
boost plant growth and nutrition, thus achieving satisfactory results after their
application. They allow good conservation of microbial strains, particularly the
rhizobial consortium used in their formulation. The evaluation of the formula-
tions obtained as well as the soybean seed coating technique on its growth showed
that pigeon pea powder + sugarcane molasses has better nodulation and growth
in this species with an increase of +350%. Similarly, the total nitrogen content
increases significantly by +1100% compared to the bacterial inoculum (B0) thus,
these formulations allow an exponential improvement in the growth parameters
of soybean plants in the field. The local substrates used showed an important po-
tential as local culture media and carriers for the production of soybean nodulat-
ing bacterial inoculants. These results constitute considerable progress in the im-
provement not only of inoculants based on nitrogen-fixing bacteria but also in the
fertility and sustainable production of grain legumes. The treatments applied con-
tain nutrients and mineral elements essential for the growth of these plants. How-
ever, it would be necessary to co-produce the method with farmers to ensure the

transfer of skills in order to sustainably improve their farming practices.
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