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nutritional content of cowpea
(Vigna unguiculata (L.) Walp.)
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Research efforts to develop alternatives to chemical-based fertilizers for
sustainable crop production has led to renewed interest in beneficial soil
microbes such as rhizobia and plant growth promoting biostimulants such as
the seaweed (Ecklonia maxima). This study assessed the interactive effect of the
co-application of seaweed extract with two Bradyrhizobium strains (Inoculant 1
and Inoculant 2) on the growth, symbiotic performance and nutritional
composition of three cowpea (Vigna unguiculata (L.) Walp.) genotypes (IT97K-
390-2, Songotra and TVU13998) grown under glasshouse conditions. The
response of cowpea to the treatments was genotype dependent, such that the
combined application of inoculant 2 plus seaweed extract increased nodule dry
matter in genotype Songotra, and together with sole inoculant 2 increased the
parameter in genotype IT97K-390-2, just as the inoculation plus seaweed extract
treatments increased the parameter in genotype TVU13998 when compared to
their respective counterparts receiving other treatments. Sole inoculation or
inoculation plus seaweed extract treatments increased shoot dry matter in all
varieties (2.0 to 7.2 g.plant™) relative to the control plants receiving sole nitrate
(0.5 to 1.2 g.plant™), sole seaweed extract (0.3 g.plant™), nitrate plus seaweed
extract (1.2 to 1.6 g.plant™) or the absolute control (0.2 g.plant™). Due to N,
fixation in the inoculated plants, their leaf 8"°N (-2.66%. to -1.20%.) were
markedly lower (p<0.001) than values recorded by the control plants (+3.30%.
to +510%.) which had no nodules; consequently, leaf N accumulation was
greater in the inoculation-based treatments (41.2 to 258.2 mg.plant™) relative
to the uninoculated controls (1.7 to 24.7 mg.plant™). In most instances, the sole
inoculation and inoculation plus seaweed extract treatments increased leaf
photosynthetic rates (except for genotype TVU13998 treated with inoculant
1 + seaweed extract), water use efficiency (§"°C) (except in genotype TVU13998)
and the concentrations of macro and micronutrients in leaves (except for K in
Songotra treated with inoculant 1 or inoculant 1 + seaweed extract as well as Mn
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in TVU13998 treated with inoculant 1 among others) of the cowpeas relative to
the controls. We highlight the potential benefits of the synergistic interactions
between rhizobia and seaweed extract for enhancing plant growth and nutrient
accumulation in cowpea leaves.
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Introduction

Cowpea (Vigna unguiculata (L.) Walp.) is an indigenous
African legume which is widely produced and consumed
worldwide. It is extensively grown in Africa, with production
dominated in Sub Saharan Africa by Nigeria and Niger,
contributing about 80% of global production (Boukar et al,
2019). Cowpea production in Africa is mostly by smallholder
farmers, who intercrop it with other grains such as maize, millet,
and sorghum (Namatsheve et al, 2020). In the year 2021, the
world’s cowpea production was estimated at 8.99 M tonnes from a
total land area of 10.8 M hectares, with Africa alone contributing
97% of the quantity produced (FAO, 2023). In South Africa, cowpea
is considered an underutilized and under researched crop, resulting
in its low adoption and production compared to the rest of the
continent. In 2021 for example, South Africa’s cowpea production
accounted for just 0.05% of Africa’s production figure in that year
(FAO, 2023). Due to the low research focus on cowpea in South
Africa, there are inadequate genotypes and production guidelines to
promote its widespread cultivation, despite its potential in
improving food and nutritional security especially among low-
income households. In most areas of cowpea cultivation, both the
grain and leaves as well as the green pods are consumed for their
nutritional, health and economic benefits (Belane and Dakora,
2011; Alemu et al, 2016), providing affordable and alternative
source of protein and minerals to households that consume them
relative to other sources of protein such as meat (Das et al., 2012).
Thus, improved research on its production in areas where it is lesser
known has the potential to promote food and nutritional security.

Economically, many farmers who cultivate the crop are also able
to earn an income from its production due to the high demand for
human consumption, and for use as animal feed (Singh et al., 2002).
Environment-wise, cowpea production can promote soil fertility
through symbiotic associations with effective compatible bacteria
collectively called rhizobia, making it an ideal crop in rotation and
intercropping with cereals (Ndakidemi, 2006). This ability of
cowpea and other legumes to fix N, means that their production
does not necessarily require the use of chemical N fertilizers,
reducing their harmful effects to the environment and reducing
cost for many farmers. Even though some studies have quantified
the N, fixation of cowpea in South African soils (Ayisi et al., 2000;
Makoi et al., 2009; Pule-Meulenberg et al., 2010; Belane et al., 2011;
Masete et al., 2022), these studies largely assessed exotic commercial
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inoculants. There is still inadequate information regarding the N,
fixation potential of both commercial and native rhizobia strains.

In recent times, the adoption of bio-stimulants such as seaweed
extracts to enhance plant growth offers an environmentally
sustainable way of increasing food production as it can improve
mineral absorption, reducing excessive fertilizer use (Rathore et al.,
2009). The plant growth promoting function of seaweed extracts
could be due to the presence of macro and micronutrients and plant
growth promoting hormones such as auxins, cytokinins,
polysaccharides and amino acids (Craigie, 2011). However, there
is lack of knowledge regarding the interaction effect between bio-
stimulants such as seaweed extract (Ecklonia maxima) and rhizobia
in enhancing cowpea productivity.

In this study, the effect of seaweed extract and cowpea rhizobia
inoculation (a commercial inoculant and a test native strain isolated
from South Africa) was assessed to determine their effect on cowpea
growth, N, fixation and nutritional composition. We hypothesized
that the application of seaweed extract alongside rhizobial
inoculation will improve plant growth, photosynthetic
parameters, and nutrient accumulation in different cowpea
varieties. The findings of the study is expected to contribute
useful knowledge to promote cowpea production in South Africa.

Materials and methods
Experimental set up

The experiment was carried out under glasshouse conditions at
the Skills Center of the Department of Crop Sciences, Tshwane
University of Technology, using a completely randomized design
with four replications. The plants were grown in 2 litre capacity
plastic pots with three perforated holes at the bottom and lined with
non-absorbent cotton wool to reduce water leakage. The cowpea
seeds were sterilized by rinsing in 95% ethanol for 10 seconds and
submerged in 0.1% sodium hypochlorite (commercial bleach) for
three minutes. The seeds were then rinsed in six changes of
sterilized distilled water before sowing. Autoclaved sterile sand
(Green’s Sand, Pretoria) was used as a rooting medium for the
plants. The rhizobia strain used included Bradyrhizobium sp. strain
CB756, which is an exotic commercial inoculant (i.e inoculant 1)
and a native Bradyrhizobium sp. strain TUTVUSA28 closely related
to Bradyrhizobium daqingense which was earlier isolated from root
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nodules of cowpea in South Africa (i.e inoculant 2) (Mohammed
et al., 2018). Originally, Bradyrhizobium dagingense was isolated
from root nodules of soybean in China even though it was later
found to also be an effective symbiont of cowpea (Wang et al,
2013). The cowpea variety Songotra was previously obtained from
the CSIR-Savanna Agricultural Research Institute (SARI) in Ghana
while the genotypes IT97K-390-2 and TVU13998 were obtained
from the International Institute of Tropical Agriculture (IITA) in
Mozambique. The seaweed extract was applied as a commercial
product called Kelpak, a liquid seaweed extract from the giant kelp
Ecklonia maxima which contains phytohormones such as auxins
and cytokinins as well as amino acids.

The experiment involved three cowpea varieties (namely,
IT97K-390-2, Songotra and TVU13998) and eight (8) treatment
levels which included sole inoculantl only, sole inoculant 2 only,
seaweed extract + inoculant 1, seaweed extract + inoculant 2, sole
seaweed extract, N only (applied as 5 mM KNOj; for positive
control), N + seaweed extract, and control (no inoculant, N or
seaweed extract). The inoculant treatments were prepared by
growing each Bradyrhizobium sp. in yeast mannitol broth to the
exponential growth stage which corresponded to 10° - 107 cells/ml.

Three seeds of each variety were planted directly in the pots and
thinned to one seedling per pot after germination. Three days after
emergence and thinning out, 2 ml each of inoculant 1 and inoculant
2 was applied to the respective inoculated treatments. Seaweed
extract was supplied to the plants weekly (0.5-1% solution) as a soil
drench with nutrient. The seedlings were supplied with Dilworth’s
N-free nutrient solution (Broughton and Dilworth, 1971) and
watered when necessary. The glasshouse was naturally lit with
daily temperatures between 25 and 30°C during the
experimental period.

Assessing nodulation and plant growth

At the R2 growth stage (when N, fixation is expected to reach a
peak), corresponding to 50 days after planting, the plants were
harvested and processed into nodules, roots and shoots. Nodule
number per plant was recorded as well as the nodule pigmentation
to assess effectiveness of the strains. The shoots and roots were
oven-dried (60°C) for 72h and weighed. The shoots were ground,
(0.85 mm) for analysis of N concentration using the Kjeldahl
digestion at the institute of plant production, Elsenberg, South
Africa. Since the plants were supplied with N-free nutrient solution
during the growth period and sterile soil was used, shoot N
accumulation (the product of %N and plant biomass) was used as
a measure of N-fixed.

N/N and *C/*2C isotopic analysis

To assess N, fixation and carbon accumulation/water use
efficiency, cowpea leaves were subjected to '*N/'*N and "’C/"*C
isotopic analysis, respectively at the University of Cape Town using
a Carlo Erba NA1500 elemental analyzer coupled to a Finnigan
MAT 252 mass spectrometer (Finnigan MAT GmbH, Bremen,

Frontiers in Agronomy

10.3389/fagro.2023.1138263

Germany) via Conflo II open-split device. For this, 2.00 mg of
ground plant sample was weighed into aluminium capsules, loaded
onto the Carlo-Erba system, combusted in evacuated quartz tubes
in the presence of cupric oxide and metallic copper, and the
resultant gases cleaned on-line before being introduced into the
mass spectrometer. An internal standard, consisting of material
from a Nasturtium spp. was included in every five runs to correct
for machine errors during isotopic fractionation. The isotopic
composition (§'°N) was measured according to the following
relationship (Junk and Svec, 1958; Mariotti et al., 1981).

[*N/"N] qampte = [*N/"N] oim
[*N/UN] i

S®N(/,,) = x 1000
Where 15N/14Nsample is the 8"°N value of cowpea leaf, and
BN/MN,em is the 8N relative to atmospheric nitrogen.
The "*C natural abundance (8'°C) was calculated using the

relation below (Farquhar et al., 1989):

Bo )
12
( / c sample

513C: o
( c/lzc)standard

-1| x 1000

Where, *C/ lzcsample is the isotopic ratio of the sample and
BC/MCyandard is the isotopic ratio of PDB, a universally accepted
standard from Belemnite Pee Dee limestone formation
(Craig, 1957).

Both the %N and %C of shoot samples were obtained directly
from the mass spectrometry analysis and the N and C content
computed as the product of either %N or %C x shoot dry matter
respectively. The results of only N and C content are reported.

Gas-exchange measurements

Gas-exchange measurements were carried out on three fully
expanded trifoliate leaves per each replicate pot. A reading was
taken per trifoliate leaf totalling three readings per pot and nine
readings per treatment. The means of the three readings obtained
per each pot were used for analysis. The gas exchange parameters
measured included Photosynthetic rates (A), stomatal conductance
(gs), and transpiration rates (E) using a portable infra-red gas
analyser (LI 6400 XT, version 6.2). The prevailing conditions in
the chamber included: photosynthetic photon flux density of 1000
umolm™s™!, CO, concentration of 400 umolmol ' and flow rate of
500 umols™". The measurements were carried out in the mornings
between 8 and 10 am. An instantaneous measure of water-use
efficiency (WUEI{) was computed as the ratio of A to gs (Singh and
Reddy, 2011), and the data presented for photosynthesis, stomata
conductance and transpiration rates.

Analysis of macro and micronutrients in
cowpea leaves

Macro (P, K, Ca, Mg and Na) and micronutrient (Fe, Zn and
Mn) concentrations in the cowpea leaves were determined using

frontiersin.org


https://doi.org/10.3389/fagro.2023.1138263
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Gyogluu Wardjomto et al.

ICP-mass spectrometry at the Soil, Water and Plant Diagnostics
laboratory, Elsenburg, Western Cape Provincial Department of
Agriculture. One gram of ground plant sample was ashed
overnight in a porcelain crucible at 500°C, followed by dissolving
the ash in 5 ml 6 M HCI, placing it in an oven at 50°C for 30 minutes
after which 35 ml de-ionized water was added. The mixture was
then filtered through Whatman No. 1 filter paper, and the mineral
element concentrations determined from three replicate samples
using inductively coupled plasma mass spectrometry (IRIS/AP HR
DUO Thermo Electron Corporation, Franklin, Massachusetts,
USA). The quality of the data collected was assessed using
standard solutions with certificates of analysis. In place of analyte
isotopes to monitor each element, a known sample was used as a
standard after every 10 samples.

Statistical analysis

All quantitative data collected were subjected to a factorial
ANOVA analysis using STATISTICA 8.0 program (StatSoft,
2007). The datasets had skewness and kurtosis values ranging
from -0.97 to +2.43 and -1.34 to +8.12, respectively, an indication
of normal distribution. Kline (2015) indicated that skewness values
between -3 to +3 and kurtosis values between -10 to +10 indicate
normal distribution. A two-way ANOVA was used considering
genotype and treatment as the factors. Where there were significant
treatment differences, the Duncan’s Multiple Range Test was used
to separate the means at p < 0.05.
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Results
Nodulation and plant growth parameters

There were significant effects of genotype x treatment
interaction (p < 0.001) on nodulation and plant growth
parameters (Supplementary Table S1). As shown in Figure 1,
nodulation was generally higher in plants of genotypes IT97K-
390-2 and Songotra, and least in plants of genotype TVU13998.
Plants of the genotype IT97K-390-2 treated with inoculant 2 only
(131 nodules) and the combination of inoculant 2 and seaweed
extract (142 nodules) induced higher nodule numbers when
compared to their counterparts receiving only inoculant 1 or
inoculant 1 plus seaweed extract. In genotype Songotra, plants
treated with inoculant 1 and seaweed extract (133 nodules), as
well as those treated with inoculant 2 and seaweed extract (130
nodules) induced higher nodulation than their counterparts
receiving sole inoculant treatments. Irrespective of treatment,
genotype TVU13998 generally recorded lower nodule numbers
(p < 0.001), which ranged between 45 and 82 nodules per plant
when compared to values recorded by the other genotypes receiving
the same treatments (Figure 1A). The application of inoculant 2
together with seaweed extract significantly increased nodule dry
matter (p < 0.001) in genotypes IT97K-390-2 (0.5 g.plant™) and
Songotra (0.5 g.plant™) when compared to their counterparts
receiving inoculant 1 alone or seaweed extract. However, the sole
application or inoculant 2 to genotype IT97K-390-2 resulted in
similar nodule dry matter (p < 0.001) as plants receiving inoculant 2
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Interactive effect of genotype x treatment on nodule number (A), nodule dry matter (B), root dry matter (C) and shoot dry matter (D) of three
cowpea genotypes, planted under glasshouse conditions. Inoculant 1(Inoc 1) = B. yuanmingense strain CB756 (commercial inoculant), Inoculant 2
(Inoc 2) = Bradyrhizobium sp. strain TUTVUSA (closely related to B. dagingense), control = no inoculant and no kelpak, N= 5mM KNOs3, control= no
inoculation and no kelpak. Vertical lines on bars represent S.E. Bars followed by dissimilar letters are significant at ***p < 0.001.
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plus seaweed extract (Figure 1B). In genotype TUV13998 however,
the application of either inoculant 1 or inoculant 2 together with
seaweed extract resulted in similarly greater nodule dry matter (p <
0.001) when compared to their counterparts receiving other
treatments (p < 0.001) (Figure 1B).

Root biomass accumulation was highest (p < 0.001) in plants of
genotype Songotra that were treated with inoculant 1 plus seaweed
extract (2.6 gplant™) or inoculant 2 plus seaweed extract (2.1
g.plant™) (Figure 1C). The interaction effect of genotype x
treatment was also significant or shoot dry matter
(Supplementary Table S1). In all the genotypes, either sole
inoculation or inoculation plus seaweed extract application
significantly increased shoot biomass (2.0 — 7.2 gplant™) (p <
0.001) when compared to their counterparts treated with 5 mM
KNO;, sole seaweed extract or nitrate plus seaweed extract (0.2 - 1.6
g.plant™"). However, shoot biomass was increased in the plants of
genotype Songotra that were treated with inoculant 1 plus seaweed
extract (6.1 g.plant'l) and inoculant 2 with seaweed extract (7.2
g.plant™) when compared to their counterparts receiving sole
inoculation (Figure 1D). Similarly, dual application of either
inoculants plus seaweed extracts increased shoot biomass in
genotype TVU13998 when compared to their sole inoculated
counterparts (Figure 1D).

8°N and 83C as measures of N, fixation
and carbon nutrition/water use efficiency

The symbiotic performance (measured as 8'°N and N content)
and carbon nutrition (measured as 8'°C and C content) of the three
cowpea genotypes tested, revealed significant differences (p < 0.001)
(Supplementary Table SI). In all the cowpea genotypes, sole
inoculation or inoculation with either inoculant plus seaweed

10.3389/fagro.2023.1138263

extract resulted in much lower 8"°N values (p < 0.001) when
compared to all the uninoculated treatments (Figure 2A). For
example, the sole application of inoculant 2 led to the lowest
8'°N values for plants of genotype IT97K-390-2 (-2.66 %o) and
Songotra (-2.35 %o), while inoculant 2 plus seaweed extract
application reduced 8"°N values for TVU13998 (-2.51 %o). The
control plants generally recorded very high §'°N values, with N
treated plants recording the highest value of +4.64 %o for IT97K-
390-2 while sole N and N plus seaweed extract resulted in the
highest values (p < 0.001) of +5.09 and +5.10 %o, respectively for
Songotra. Sole N and seaweed extract treatments increased 8'°N
values (+4.67 and +4.90 %o) for genotype TVU13998 (Figure 2A).
Leaf N content was markedly increased (p < 0.001) in the
cowpea genotypes that received sole inoculation or inoculation plus
seaweed extract (Figure 2B). Generally, treatment combinations
that gave lower 8'°N values also resulted in greater leaf N content.
For example, the plants of Songotra treated with inoculant 1 plus
seaweed extract (25.82 g.plant'l) or inoculant 2 plus seaweed extract
(24.37 gplant™) as well as plants of genotype TVU13998 treated
with inoculant 1 plus seaweed extract, recorded the highest (p <
0.001) leaf N content (Figure 2B). The control treatment generally
induced very low N content in the cowpea leaves (Figure 2B).
Leaf §"°C values (used as surrogate for long term water use
efficiency) were generally higher for all the inoculated and
inoculation plus seaweed extract treatments for all genotypes
relative to their control counterparts; although there were
instances where the observed differences were not significant
(Figure 2C). For example, the plants of genotype IT97K-390-2
treated with inoculant 1 (-24.70%o) or inoculant 1 plus seaweed
extract (-24.62%o) recorded the highest 813C values (p < 0.001)
when compared to other genotype/treatment combinations,
followed by plants treated with inoculant 2 (-25.16%o) and
inoculant 2 plus seaweed extract plants (-25.1 %o), and then the
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plants of Songotra treated with inoculant 2 plus seaweed extract
(-25.54 %o) as well as plants of TVU13998 treated with inoculant 2
and 1 plus seaweed extract (-25.82%0 and -26.28%o),
respectively (Figure 2C).

There was a significant effect of genotype x treatment
interaction on leaf C accumulation (measured as leaf C content)
(Supplementary Table S1). As shown in Figure 2D, the trends of leaf
C content mirrored the trend observed for leaf N content such that,
the sole inoculation or inoculation plus seaweed treatments
increased leaf C content in all genotypes, with values ranging
from 0.82 g/plant to 3.10 g/plant when compared to values for
the uninoculated control treatments (0.06 g/plant to 0.64 g/plant),
although with one exception in genotype TVU13998. The highest C
content was recorded by applying either inoculant 2 plus seaweed
extract in genotype Songotra followed by the application of
inoculant 1 plus seaweed extract to the same genotype
(Figure 2D). This was followed by plants of genotype TVU13998
that were treated with inoculant 1 plus seaweed extract. The lowest
C contents (p < 0.001) were recorded in the control treatments of
the test genotypes, with values ranging between 50 and
100 mgkg™ (Figure 2D).

Gas-exchange parameters

The genotype x treatment interaction effect was significant (p <
0.01) for stomata conductance, transpiration, photosynthesis, and
instantaneous water use efficiency (Supplementary Table 52). In all
the genotypes, there was a general tendency for sole inoculation or
inoculation plus seaweed extract treatments increased stomatal
conductance relative to the control treatments (Figure 3A). For
example, sole inoculant 1 treatment increased stomatal
conductance (p < 0.01) in genotype IT97K-390-2 90 when
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compared to all other treatments (Figure 3A). In genotype
Songotra, sole inoculation with either inoculants alone or together
with seaweed extract led to significantly higher (p < 0.01) stomatal
conductance when compared to the control treatments that had no
inoculants. Thus, the uninoculated treatments generally recorded
lower stomata conductance across the genotypes (Figure 3A).

Transpiration and photosynthesis rates among the genotypes
generally mirrored the trend in stomata conductance, with the sole
and inoculation plus seaweed extract treatments generally recording
higher transpiration rates when compared to the uninoculated
control treatments, although with few exceptions (Figures 3B, C).
Sole inoculant 1 treatments of IT97K-390-2 plants generally
resulted in increased transpiration and photosynthesis, followed
by both sole and inoculated treatments of Songotra plants
(Figures 3B, C).

With WUE], the lowest values (p < 0.001) were recorded in the
absolute control plants that did not receive inoculant, nitrate, or
seaweed extract (Figure 3). Inoculant 1 plus seaweed extract
treatment application resulted in higher WUEi in TVU13998
plants, followed by sole inoculant 2, and then N plus seaweed
extract. A similar trend was observed in the plants of IT97K-390-2,
while sole inoculant 2, inoculant 2 plus seaweed extract and then
sole N and N plus seaweed extract treatments promoted higher
WUEiI for genotype Songotra plants (Figure 3D).

Macronutrient concentration in
cowpea leaves

The genotype x treatment interaction significantly influenced
(p < 0.001) the concentration of phosphorus in the cowpea leaves
(Supplementary Table S3). As shown in Figure 4A, the level of P in
leaves was increased by sole inoculation and inoculation plus

Minoculant1l  Minocl+kelpak 1 Inoculant 2 Inoc 2+kelpak

BN M Control

I N+Kelpak

W Kelpak

Photosynthesis
(umol (CO,)m?s?)

140.0

1200 d .

100.0 i gffg hfgh
80.0 o
60.0
0.0 J
200

0.0 -
IT97K-390-2

bcy

WUEI

Songotra TVU13998

Cowpea genotype

Interactive effect of genotype x treatment on stomata conductance (A), transpiration (B), leaf photosynthesis rates (C) and WUEi (D) of three cowpea
genotypes, planted under glasshouse conditions. Inoculant 1(Inoc 1) = B. yuanmingense strain CB756 (commercial inoculant), Inoculant 2 (Inoc 2) =
Bradyrhizobium sp. strain TUTVUSA (closely related to B. dagingense), control = no inoculant and no kelpak, N= 5mM KNO3 control= no inoculation
and no kelpak. Vertical lines on bars represent S.E. Bars followed by dissimilar letters are significant at **p < 0.01 or ***p < 0.001.

Frontiers in Agronomy

06

frontiersin.org


https://doi.org/10.3389/fagro.2023.1138263
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Gyogluu Wardjomto et al.

A
Minoculantl  MInocl+kelpak ©Inoculant 2 Inoc 2+kelpak
150 BN % N+Kelpak MW Kelpak M Control
. , - )
T
_100 b b
g bcll T bed® bed

Phosphorus concentration

Potassium concentration
(%)
=

(9]

bed bed
de T

fg f8 1 fg
ﬁfg

TVU13998

Calcium concentration
(%)
il
o
IS

IT97K-390-2 Songotra

Cowpea genotype

FIGURE 4

10.3389/fagro.2023.1138263

Inoculant 2 Inoc 2+kelpak

M Kelpak

M Inoculant 1 M Inocl+kelpak

EN 1 N+Kelpak Il Control

I
=]
S

»

b T

(%)
e
&

de
ef f

ghgh h gh

8

M Magnesium concentration

Sodium concentration
(mg/kg)

Protein concentration
(%)

TVU13998

IT97K-390-2 Songotra

Cowpea genotype

Interactive effect of genotype x treatment on the concentrations of Phosphorus (A), Potassium (B), Calcium (C), Magnesium (D), Sodium (E), and
protein (F) in the leaves of three cowpea genotypes, planted under glasshouse conditions. Inoculant 1(Inoc 1) = B. yuanmingense strain CB756
(commercial inoculant), Inoculant 2 (Inoc 2) = Bradyrhizobium sp. strain TUTVUSA (closely related to B. dagingense), control = no inoculant and no
kelpak, N= 5mM KNO3 control= no inoculation and no kelpak. vertical lines on bars represent S.E. Bars followed by dissimilar letters are significant

at ***p < 0.001.

seaweed extract treatments, when compared to the control
treatments (Figure 4D). However, inoculation plus seaweed
extract promoted much higher phosphorus accumulation across
the three genotypes. For example, Inoculant 1 plus seaweed extract
application promoted the highest P concentration in the plants of
genotypes IT97K-390-2 (1.07%) and TVU13998 (1.19%), while
inoculant 2 plus seaweed extract promoted the highest P
accumulation for genotype Songotra (1.18%). This was followed
by sole inoculant 1 and inoculant 2 plus seaweed extract for
genotypes TVU13998E and IT97K-390-2, respectively, when
compared to the remaining treatments (Figure 4A).

The application of Inoculant 2 plus seaweed extract (2.37%) and
the sole inoculant 2 (2.22%) treatments led to the highest K
concentration in leaves (p < 0.01) of IT97K-390-2, while sole N
(2.30%) and N plus seaweed extract treatments (1.93%) promoted K
accumulation in TVU13998 (Figure 4B). This was followed by the
application of inoculant 1 plus seaweed extract (1.94%) on genotype
IT97K-390-2, and the application of sole inoculant 2 (1.63%) on
genotype TVU13998 (Figure 4B).

Ca concentration in the cowpea leaves varied among the
genotypes. Generally, sole inoculation as well as the inoculation
plus seaweed extract treatments significantly increased (p < 0.001)
the concentration of Ca in the leaves of all genotypes when compared
to the controls (Figure 4C). Similarly, the sole inoculation as well as
the inoculation plus seaweed extract treatments significantly
increased (p < 0.001) the concentration of Magnesium (Mg) in all
the genotypes when compared to the control treatments (Figure 4D).
Inoculating the cowpea genotypes with sole inoculant 2 or inoculant 2
plus seaweed extract generally improved magnesium concentration in
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the cowpea leaves of Songotra (0.44 and 0.65% respectively), followed
by IT97K-390-2 plants (0.39 and 0.54% respectively). However,
inoculant 1 with seaweed extract application resulted in higher Mg
accumulation of 0.5% in the plants of genotype TVU13998 when
compared to the rest of the treatments (Figure 4D). The
concentration of Mg was similar (p>0.05) among all the control
treatments irrespective of genotype (Figure 4D).

Sodium concentration varied significantly (p < 0.001) among the
three genotypes (Supplementary Table S3). The application of inoculant
1 plus seaweed extract (440 mg/kg) and inoculant 2 plus seaweed extract
(377 mg/kg) markedly improved Na concentrations in the plants of
TVU13998 when compared to the application of the other treatments
on the same genotype (Figure 4E). This was followed by the application
of inoculant 2 plus seaweed extract (350.3 mg/kg) and sole inoculant 2
(302.67 mg/kg) treatments to genotype Songotra plants and then the
application of sole inoculant 1 (285.3 mg/kg) and inoculant 1 plus
seaweed extract (291.6mg/kg) to genotype IT97K-390-2 (Figure 4E).

Protein concentration was significantly higher (p < 0.01) in the
plants receiving sole inoculation or inoculation plus seaweed extract
treatments when compared to the control treatments (Figure 4F).
The plants of genotype TVU13998 treated with sole inoculant 1
(31.14%) and those treated with inoculant 1 plus seaweed extract
(32.30%) recorded the highest (p<0.05) protein concentration
(Figure 4F). This was followed by inoculant 1 plus seaweed
extract for genotype Songotra (26.5%) and inoculant 2 plus
seaweed extract (26.42%) for IT97K-390-2. Sole inoculant 1
(25.6%) and inoculant 1 plus seaweed extract (23.1%) similarly
improved protein accumulation in genotypes Songotra and IT97K-
390-2, respectively (Figure 4F).
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Micronutrient concentration in cowpea

The interaction effect of genotype x treatment was significant for
iron (Fe), Zinc (Zn) and Manganese (Mn) content of the three cowpea
genotypes (Supplementary Table S4). The application of sole inoculant
1 or inoculant 2 treatments on genotype TVU13998 resulted in the
highest Fe accumulation of 393.9 and 394.8 mg/kg Fe, respectively in
the cowpea leaves (Figure 5A). This was followed by inoculant 1 plus
seaweed extract treatment (288 mg/kg) of the same genotype, and sole
inoculant 1 treatment for IT97K-390-2, recording 278.1 mg./kg Fe
compared to the other treatments (Figure 5A).

With Zn, the concentration was highest (p < 0.001) in plants of
IT97K-390-2 treated with sole inoculant 1 and those treated with
inoculant 2 plus seaweed extract, followed by the plants of genotype
Songotra the received inoculant 1 plus seaweed extract and then the
plants of genotype IT97K-390-2 treated with sole inoculant 2
(Figure 5B). Generally, the control plants recorded lower levels of
Zn when compared to their counterparts treated with sole
inoculants or inoculant plus seaweed extract (Figure 5B).

The highest Mn concentration was recorded in plants of
genotype Songotra that were treated with sole inoculant 2 (2182.3
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Iron (A). Zinc (B) and Manganese (C) in the leaves of three cowpea
genotypes, planted under glasshouse conditions. Inoculant 1(Inoc 1)
= B. yuanmingense strain CB756 (commercial inoculant), Inoculant
2 (Inoc 2) = Bradyrhizobium sp. strain TUTVUSA (closely related to B.
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***p < 0.001.
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mg/kg) and those treated with inoculant 2 plus seaweed extract
(2221.8 mg/kg) (Figure 5C). These were followed by plants of
TVUI13998 treated with inoculant 2 plus seaweed extract (1796.4
mg/kg) and plants of IT97K-390-2 treated with inoculant 1 plus
seaweed extract (1562.1 mg/kg). Among the control plots, the sole
N and N plus seaweed extract treatments only increased (p < 0.001)
Mn concentration in genotype TVU13998 (Figure 5C).

Discussion

The results obtained in this study reveal the stimulating effect of
seaweed extract application and rhizobia inoculation on the growth,
symbiotic nitrogen fixation, photosynthetic rates and nutritional
attributes of three cowpea varieties. Generally, the combined
application of seaweed extract and rhizobia triggered a varietal
response, with variety Songotra and TVU13998 plants responding
positively with increased nodulation, root as well as shoot biomass
production. In fact, variety Songotra plants exhibited a marked
response to the combined application of rhizobia inoculants and
seaweed extract, resulting in three-fold root biomass accumulation
when seaweed extract was applied with inoculant 1, and two-fold when
applied with inoculant 2 when compared to their counterparts receiving
sole inoculation (Figure 1). The positive response of these genotypes to
the application of seaweed extract plus rhizobia inoculation as observed
in this study can be attributed to the presence of the plant hormones
auxin and cytokinin in the seaweed extract, as well as the N,-fixing
efficiency of the rhizobia. Moreover, plant hormones such as auxin play
a vital role in the nodulation process through signaling during lateral
roots organogenesis (Mathesius, 2008). In earlier studies, auxin was
found to positively regulate lateral root development (Bielach et al,
2012) and play a vital role in nodulation through cell cycle control
(Kondorosi et al., 2005) while cytokinins play an important role in leaf
development via plant signalling to produce more and larger leaves
through cell division (Nadzieja et al., 2018). The high auxin (2.2 mg/l)
to cytokinin (0.0062 mg/l) ratio in the seaweed extract used in this study
stimulates vigorous root development, enhancing the plants own
hormone production, leading to an overall good growth as observed
in this study. In contrast, the combined application of seaweed extract
and rhizobia to variety IT97K-390-2 did not markedly influence
nodulation, root and shoot growth, suggesting possible inherent
differences in the ability of cowpea genotypes to effectively utilize the
growth promoting compounds in the seaweed extract. For example, the
combined application of inoculant 1 and seaweed extract induced 110
nodules on variety IT97K-390-2 versus 117 recorded in their sole
inoculated counterparts; moreover, both treatments induced similar
root (0.9 g.plant’l), nodule (0.2 g.plant’1) as well as shoot biomass (4.7
gplant™). However, whether the test genotypes could respond
differently to application method or variable concentrations of
seaweed extract were not assessed in this study. In this study, the
recommended method of drenching the soil was used and not the foliar
spray recommendation. Perhaps, a foliar application on IT97K-390-2
plants could readily facilitate the absorption of cytokinin and other
growth promoting compounds as observed by Ferreira and Lourens
(2002) in canola and Arthur et al. (2003) in bell peppers. On the other
hand, Crouch and Van Staden (1992) reported that, seaweed
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concentrate applied as drench significantly improved tomato seedling
growth, while foliar spray had no effect on the tomato plants. The effect
of seaweed extract in promoting plant growth have been reported
previously to increase the yield of common bean (Kocira et al, 2018),
enhance leaf number, root weight, bulb size and bulb weight of onion
(Gupta et al, 2021), improve the growth and yield of bell peppers
(Arthur et al., 2003), promote tomato seedling growth (Arthur et al,
2013) and rooting in rose cuttings (Traversari et al., 2022).

In this study, the rhizobial strains exhibited high N, fixing abilities,
and was evidenced by the low 8'°N values of the test cowpeas receiving
sole inoculation or inoculation treatments when compared to the high
8N values recorded by the uninoculated control plants. The observed
high symbiotic performance in the inoculated plants was likely enhanced
by the low to non-existent N in the sand (Niner and Hirsch, 1998) used
as the growth medium. The plants treated with inoculants plus seaweed
extract exhibited symbiotic superiority and induced greater leaf N
accumulation when compared to their counterparts receiving sole
inoculation. Even though the interactive mechanism between the
seaweed extract and rhizobia is still not clearly understood, it is
evident that the combined growth stimulating effects of the active
ingredients in seaweed (natural auxins (2.2 mg/l), cytokinins (0.0062
mg/l), macro and micro nutrients), coupled with the contribution of
symbiotic N as well as other growth promoting abilities of the rhizobia
(Rolland et al., 2002; Stirk et al., 2004) as well as the contribution of
symbiotic N and other growth promoting abilities of the rhizobia such as
P solubilization, enzyme synthesis and exopolysaccharide production
(Tan et al,, 2014) synergistically improved the growth of the plants. In
South Africa, symbiotic N contribution by cowpea under field
conditions is reported to range between 24 - 182 kgN.ha™ (Makoi
et al, 2009; Belane et al, 2011). The increase in symbiotic N likely
increased Rubisco and chlorophyll production (Makoi et al, 2010),
which resulted in efficient water use (measured as 8'°C), high
photosynthesis, increased shoot and root production and increased C
accumulation, compared to the low fixing controls.

Macro and micromineral accumulation were greatly influenced
by variety and inoculant type. In some instances, seaweed extract
application with inoculation did not improve the mineral
accumulation (example Ca for variety IT97K-390-2 and Songotra),
and performed like the sole inoculated plants, while in other
instances, its application improved mineral uptake (example P for
all varieties and Na for TVU13998) than the sole inoculated plants.
Enhanced root growth resulting from the auxins present in seaweed,
coupled with the mineral solubilizing ability of rhizobia could have
led to the efficient uptake and transport of nutrients such as P and Ca
for improved growth (Rathore et al, 2009). Generally, applying
seaweed extract plus rhizobia inoculation did not significantly
influence protein concentration in the cowpea leaves when
compared to sole inoculation, except in variety IT97K-390-2. In
this study, the beneficial effects of sole rhizobia inoculation or co-
inoculation with seaweed extract on mineral uptake by the three
cowpea genotypes has been demonstrated, with food and nutritional
security implications. The concentrations of macro and
micronutrients observed in this study are either lower (Fe), similar
(Mg and Zn) or higher (P, Mn and Ca) than those reported by Belane
and Dakora (2011), while the protein content observed following sole
inoculant 1 (31.14%) or co-inoculant 1 with seaweed extract (32.30%)
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are in line with previous reports (Belane and Dakora, 2011). Whereas
the present study targeted the effect of inoculants and/or seaweed
extract on the nutritional quality of edible cowpea leaves, it will be
worthwhile to explore the corresponding effects of those treatments
on the nutrient densities in the grains in future works. In this study, a
synergistic effect between seaweed extract and rhizobia inoculation in
improving cowpea growth was realized and was genotype dependent.
The native strain proved highly efficient in growth and N, fixation
comparable to the commercial inoculant and can be further tested in
the field to assess its suitability for inoculant development.

Conclusion

In conclusion, this study has shown the beneficial effects of sole
inoculation as well as the beneficial interaction between rhizobia
and seaweed extract in improving cowpea growth, symbiotic
performance, and nutrient uptake. Based on the findings of this
study, it has been demonstrated that cowpea production can be
improved following either sole inoculation with compatible bacteria
or supplemented with seaweed extract to improve production.
However, because of the genotypic effect that was realized, more
studies are recommended with a wide range of varieties. Also,
different concentrations of seaweed extract with rhizobia inoculant
should be tested to offer a much broader understanding of the
interaction between the rhizobia and seaweed extract.
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