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Abstract

To explore the variations in symbiotic N, fixation and water use efficiency in
cowpea, this study evaluated 25 USDA cowpea genotypes subjected to
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drought under field conditions at two locations (Kpachi and Woribogu) in
the Northern region of Ghana. The "N and "C natural abundance techniques
were respectively used to assess N, fixation and water use efficiency. The test
genotypes elicited high symbiotic dependence in association with indigenous
rhizobia, deriving between 55% and 98% of their N requirements from sym-
biosis. Consequently, the amounts of N-fixed by the genotypes showed re-
markable variations, with values ranging from 37 kg-N-fixed-ha™ to 337
kg-N-fixed-ha™'. Most genotypes elicited contrasting symbiotic performance
between locations, a finding that highlights the effect of complex host/soil
microbiome compatibility on the efficiency of the cowpea-rhizobia symbiosis.
The test genotypes showed marked variations in water use efficiency, with
most of the genotypes recording higher ¢6"°C values when planted at Kpachi.
Despite the high symbiotic dependence, the grain yield of the test cowpeas
was low due to the imposed drought, and ranged from 56 kg/ha to 556 kg/ha
at Kpachi, and 143 kg/ha to 748 kg/ha at Woribogu. The fact that some geno-
types could grow and produce grain yields of 627 - 748 kg/ha under drought
imposition is an important trait that could be tapped for further improvement
of cowpea. These findings highlight the importance of the cowpea-rhizobia
symbiosis and enhanced water relations in the crop’s wider adaptation to ad-
verse edaphoclimatic conditions.
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1. Introduction

In most parts of the world, crop yvields on smallholder farms are often limited by
low soil fertility resulting from continuous cropping with minimal or no fertiliz-
er application [1]. However, besides their importance as human foods, grain le-
gumes such as cowpea can improve overall soil nutrient status due to their abili-
ty to fix atmospheric N, in association with rhizobia in the soil [2] [3]. Like most
legumes, the N,-fixing trait of cowpea confers adaptation to low nutrient soils,
with some genotypes deriving up to 96% of their nitrogen (N) requirements
from symbiosis, which often leads to significant N contribution to cropping sys-
tems and grain yield increases [1] [4] [5]. However, due to variations in legume
symbiotic performance resulting from genotypic differences and N,-fixing effi-
ciency of the rhizobial symbionts, there is often the need to screen for improved
N, fixation among legume germplasm [6] [7]. Of the many techniques used to
estimate legume symbiotic performance, the '’N natural abundance has so far
been useful in quantifying N, fixation in field-grown legumes [8] [9]. This tech-
nique requires the estimation of the isotopic fractionation associated with N,
fixation in the legume (so called B value), and the selection of reference plants to
estimate the soil N uptake by the legume [10] [11].

Besides low soil fertility, the impact of drought on agricultural productivity
also manifests in grain yield losses [12] [13]. The occurrence of intermittent
drought resulting from projected climate change is therefore expected to have
negative implications on food and nutritional security owing to potential yield
losses in staple crops [14]. In Africa, cowpea is widely cultivated for its edible
grains and leaves, both of which are rich in proteins (22%), carbohydrates, caro-
tenoids and micro-nutrients [15]. Consequently, Nigeria and Niger, both in
sub-Sahara Africa are the major cowpea producing countries in the world [16].
The wider adaptation of cowpea to growth in marginal soils and drought makes
it a preferred crop in most rural households where it serves as food security crop
and an income source [17]. However, despite the reported drought tolerance in
cowpea, up to 65% yield losses have been reported in the crop under drought
conditions [18] [19].

Drought is a complex phenomenon [20] that is prevalent in most parts of the
tropics, and is often severe in Sub-Sahara Africa where the soils are also nu-
trient-poor [21]. Screening and/or improvement of crops for enhanced water
relations can therefore help in the selection of superior genotypes for climate
change situations. Nevertheless, although the USDA cowpea germplasm com-

prises 1000s of genotypes, little information has on their water use efficiency, an

DOI: 10.4236/ajps.2019.104047

641 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2019.104047

D. Yahaya et al.

aspect much needed for their potential utilization under water limiting condi-
tions. Selection for drought tolerance in crops is often carried out using various
approaches which include leaf gas exchange measurements, plant biomass and
yield response to drought, and carbon isotope discrimination (8°C) [22]. Owing
to differences in mass between *CO, and "*CO,, C3 plants discriminate against
the heavier isotope in favour of the lighter *CO, during photosynthesis [23].
Under water limiting conditions, plants exhibit reduced discrimination (higher
0"C values) leading increased water use efficiency. Conversely, plants tend to
exhibit greater discrimination against *CO, leading to lower §”C values under
adequate water supply [23]. As a result, carbon isotope discrimination expressed
as 0"C, is a useful surrogate in screening for water use efficiency in C3 plants
such as Bambara groundnut and soybean [3] [8].

Despite the importance of cowpea in supplying human food and rejuvenating
nutrient-poor soils via symbiosis, much remains to be known about the N,-fixing
potential and water use efficiency of available germplasm. The aim of this study
was therefore to screen 25 USDA cowpea collections subjected to drought under
field conditions for enhanced symbiotic performance and water use efficiency at
two locations in the Northern region of Ghana, using the N and "C natural
abundance techniques. The study also explored variations in grain yield among

the test genotypes within and between the test locations.

2. Materials and Methods
2.1. Experimental Sites

The study was conducted at two locations [Kpachi (latitude 9.4268 and longi-
tude —0.9747) and Waribogu (latitude 9.4168 and longitude —1.0341)] in the
northern region of Ghana. The Northern region receives an annual rainfall
ranging from 800 mm to 1200 mm each year which occurs between April and
October [24]. The rainfall distribution during this study is illustrated in Figure
1. Both experimental fields were fallow in the year prior to this study. However,
the fields at Waribogu and Kpachi have a history of groundnut (Arachis hypo-
gea) and soybean (Glycine max) cultivation, respectively, but without fertilizer

application.

2.2. Soil Chemical Properties

Before planting, soil samples were randomly collected from 10 different points
in each experimental field (0 - 30 cm depth). The soils from each experimental
field were bulked together, and subsamples analyzed for chemical properties
such as pH (H,0), organic carbon [25], total nitrogen (Kjeldahl method), P us-
ing Bray-2 [26], K, Na, Ca, Mg, S, and cation exchange capacity (CEC) using

ammonium acetate method (Table S1).

2.3. Experimental Design and Planting

The experimental treatments comprised 25 USDA cowpea genotypes. The expe-

riment was laid in a randomized complete block design with three (3) replications
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Figure 1. Average weekley rainfall distribution as well as temperatures and relative humidity in the study District (Kumbungu)
during the experiment in 2017. Planting at Kpachi and Woribogu were done on 25™ and 26™ August 2017, respectively, coinciding

with low rainfall.

per genotype at two locations (Waribogu and Kpachi) in the Kumbungu District
of the Northern region, Ghana. Two seeds were sown at a spacing of 20 cm be-
tween plants and 60 cm between rows on plots measuring 2 m x 1.2 m. Planting

was done on 25" and 26™ August, 2017 at Woribogu and Kpachi, respectively.

2.4. Plant Sampling and Processing

At 90% flowering of all cowpea genotypes (49 days after planting), five (5) plants
were sampled per plot, oven-dried (65°C for 48 hours) in pre-labelled paper bags
and weighed using a sensitive balance (A&D Engineering LLC, USA) to deter-
mine shoot dry matter (shoot DM). The oven-dried shoot samples were finely
ground to pass through 0.85 mm sieve and stored in prelabelled zip-lock plastic
bags prior to °N and "’C isotopes analysis to assess N, fixation and water use ef-
ficiency, respectively. Maize plants (reference plants) that were concurrently
planted along with cowpea in each experimental field were sampled and similar-

ly oven-dried and ground for isotopic analysis to estimate soil N uptake by the
legume plants [11].

2.5. 15N /14N Isotopic Analysis

The ""N/"N isotopic ratios of the ground shoots of both cowpea and maize (ref-
erence plants) were measured using mass spectrometer. For this, aliquots of 1 -
1.22 mg of each ground sample was separately weighed into tin capsules that
have been pre-cleaned in toluene. Isotopic analysis was done on a Flash EA 1112
Series coupled to a Delta V Plus stable light isotope ratio mass spectrometer via a
ConFlo IV system (all equipment supplied by Thermo Fischer, Bremen, Germa-
ny), at the University of Pretoria Stable Isotope Laboratory, Mammal Research.
Two laboratory running standards (Merck Gel: 6°C = -20.26%o, 0N =
7.89%0, %C = 41.28, %N = 15.29) and (DL-Valine: 6”C = —10.57%o, 6°N =
—6.15%0, %C = 55.50, %N = 11.86) and a blank sample were run after every ele-
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ven (11) unknown samples. The running standards were calibrated against in-

ternational standards: National Institute of Standards & amp; Technology

(NIST): NIST 1557b (Bovine liver), NIST 2976 (Mussel tissue) and NIST 1547

(peach leaves). All results for nitrogen isotope values were referenced to air [8].
The 6N (%o) of shoot samples was calculated as [8]:

|:15 N/14 N:Lample _|:15 N/14 N]
[15 N/14 N:I

is the isotopic ratio of N and N in the sample and

5"°N(%o) = T %1000

atm

where “N/"“N
15N/14N
in shoot samples were concurrently obtained from the mass spectrometer, and
the C/N ratio was calculated as the ratio of %C and %N.

sample

is the isotopic ratio of N and "N in the atmosphere. The %N and %C

atm

2.6. Percent of Legume Nitrogen (N) Derived from N; Fixation
(%Ndfa)

The %Ndfa by cowpea was estimated according to Shearer and Kohl [27]:

515 N of — 515 N

%Ndfa = 5 % «100

515 _

ref

where 8N, is the *N natural abundance of the reference plant, 8°N,,, is the "N
natural abundance of the test cowpea and the B value is the 8N of a cowpea
plant completely dependent of symbiosis for its N requirement. The B value used
in this study was —1.759%o [5]. The mean &N of all reference plants (maize) at
Kpachi (+7.28 + 0.15, n = 10) and Woribogu (+7.53 + 0.15, n = 10), were respec-

tively used as 0"°N,,; to calculate the %Ndfa by cowpeas in those locations.

2.7.Shoot N Content, N-Fixed and Soil N Uptake

The N content in shoots was estimated as the product of shoot DM and %N [28].
The amount of N-fixed was then calculated as Maskey et al. [29]:

N-fixed = (%Ndfa/100) x shoot N content.

Soil N uptake was calculated using the relation:

Soil N uptake = Total N content — amount of N-fixed.

2.8. 13C/12C Isotopic Analysis

To measure *C/’C, finely ground shoot samples of cowpea were similarly sub-
jected to mass spectrometric analysis as described for "N/"N analysis. All results
for carbon isotope values were referenced to Vienna Pee-Dee Belemnite. The

6"C (%o) values were calculated according to [23]:

13C lZC
(el )”“’p'e ~1|x1000

standard

s¥C=

where C/"Cq,pp is the isotopic ratio of the sample and *C/"C,pgara is the iso-

topic ratio of PDB, a universally accepted standard from Belemnite Pee Dee li-
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mestone formation of South Carolina [30].

2.9. Days to Flowering and Maturity

Plots were monitored from planting to observe the number of days taken for at
least one flower to open (i.e. number of days to flowering). Physiological matur-
ity was calculated as the number of days from sowing to physiological maturity

of at least 90 percent of the plants in a plot.

2.10. Grain Yield

At physiological maturity, ten (10) plants were harvested from each plot and
pods recovered. The pods were further sun-dried and threshed to obtain the
seeds. The dried seeds were adjusted to 12% moisture content using a moisture
meter (Dickey John corporation, USA) and weighed. Grain yield was determined

per plot and expressed per hectare using plant density.

2.11. Statistical Analysis

The data gathered were tested for normality and then subjected to analysis of va-
riance using the software Statistica version 10 [31]. A two-way ANOVA was
used to compare the means of genotype x location interaction. Where the treat-
ments showed significant differences, they were separated using Duncan’s mul-
tiple range test at p < 0.05. Pearson correlation was used to explore the relation-

ships between measured parameters.

3. Results

3.1. Soil Physicochemical Properties and Rainfall Distribution

The soils at Kpachi and Woribogu were sandy loam in texture, and slightly acid-
ic with pH of 5.4 and 5.6, respectively (Table S1). The soils at Kpachi and Wo-
ribogu, respectively contained 0.54% and 0.56% organic carbon, 0.05% and
0.06% N, 5.8 and 6.5 mg/kg P, 78.0 and 93.6 mg/kg P, 2.3 and 4.6 mg/kg Na, 570
and 460 mg/kg, 64.8 and 60.0 mg/kg Mg (Table S1). Although soils at Woribogu
were slightly higher in most nutrients, they recorded lower CEC (4.1 Cmol(+)/kg)
when compared to soils at the Kpachi site (5.0 Cmol(+)/kg) (Table S1). The
rainfall distribution, temperature (T) and relative humidity (RH) of the study

District (Kumbungu) during the experiment in 2017 is shown in Figure 1.

3.2. Maturity Periods of the Test Cowpea

The cowpea genotypes evaluated were early maturing, with the mean number of
days to flowering in the two locations ranging from 40 days after planting in ge-
notype PI194207 to 48 days after planting in PI209971 (Figure 2). As to be ex-
pected, the number of days from sowing to maturity closely mirrored the pat-
terns in flowering period (Figure 2). As a result, the maturity periods of the ge-
notypes ranged from 65 days in genotype P1194207 to 75 days in P1209971 (Figure
2). In general, the cowpea genotypes flowered and matured earlier at Kpachi (42
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Figure 2. Average number of days to flowering and maturity of 25 cowpea genotypes planted at Kpachi and Waribogu in 2017.

Error bars indicate standard errors.

and 67 days after planting, respectively) when compared to their counterparts at
Woribogu which took 46 and 71 days to flower and mature, respectively (Table
1).

3.3. Shoot §15N, %Ndfa and Soil N Uptake

Subjecting the data from both locations to a two-way ANOVA revealed signifi-
cant (p < 0.05) effects of genotype, location as well as their interactions on shoot
0N, %Ndfa and soil N uptake of the test cowpea genotypes (Table 1). The §°N
values ranged from —1.34%o to +2.25%o at Kpachi, and from —1.34%o to +2.47%o
at Waribogu (Figure 3(a)). Although genotype P1209971 recorded the least 6N
at Kpachi (—1.34%o) followed by PI214354, PI293466, PI86465, PI86386,
PI1194213, PI1194206, also with much lower (negative) 6N values (—0.71%o to
—0.46%o0) when compared to other genotypes at the site, those genotypes rec-
orded much higher(positive) 6N values at Woribogu (Figure 3(a)). Similarly,
despite the reduced "N values of genotypes P1293470, P1147561 and P1115681
at Woribogu relative to other genotypes planted at the site, their counterparts at
Kpachi recorded markedly higher (p < 0.05) shoot 8°N values (Figure 3(a)). Of
the 25 cowpea genotypes tested, eight (8) recorded similar (p > 0.05) &N in
both test locations while the remaining genotypes exhibited contrasting &N
values between the two locations (Figure 3(a)).

Lower shoot 8N values were always associated with higher %Ndfa and vice
versa (Figure 3(a) and Figure 3(b)). Consequently, all the cowpea genotypes
which recorded negative &N values also recorded markedly higher (p <
0.05) %Ndfa when compared to their counterparts with higher or positive 8N
values (Figure 3(a) and Figure 3(b)). With similar §°N between the two loca-
tions therefore, genotypes PI1152194, PI166146, P1186460, P1194207, P1194209,
PI1205141 and PI292894 recorded similar (p > 0.05) %Ndfa values between the
two sites (Figure 3(a) and Figure 3(b)). Within both locations however, the
cowpea genotypes showed high symbiotic dependence, with %Ndfa values rang-
ing from 54.5% to 95.5% for genotypes PI115681 and PI209971, respectively, at
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Table 1. A two-way ANOVA F-statistics and the main effect of location on shoot DM, symbiotic parameters and soil N uptake of
25 cowpea genotypes planted at Woribogu and Kpachi in the Kumbungu District of the Northern Region, Ghana. For locations,
values (mean * se) with dissimilar letters in a column are significantly different at ***p < 0.001.

DF DM N Ndfa Soll N Shoot DM N-fixed Shoot N concentration
uptake
DAP %o % kg/ha g/plant kg/ha % g/plant

Location

Waribogu 46 £ 0.4a 71+04a 0.85+0.1a 71.1+12b 388+3.0a 234+1.0b 91.4+3.8b 3.4 +£0.06a 0.78 £0.03b
Kpachi 42 +£0.2b 67+02b 0.61+0.1b 745+14a 37.9+3.0a 27.5+1.8a 118.0+8.4a 3.5+0.05a 0.94 + 0.06a

F-statistics

Genotype (G)  2623.6%** 2119.0*** 170.6%** 169.2**+* 45.10%* 58.8%** 23.8%** 9.0%** 24,10
Location (L)  84159.3***  21595.3*** 138.9%%* 232.5%%* 0.6 69.5%** 79.8¥** 0.48"8 4240
GxL 3550.2%** 2966.5*** 310.1%** 308.3%** 33.8%%* 44204 32.6%** 2.304% 2424

There was a significant correlation (r = 0.52, r* = 0.27, p < 0.001) between %N and %C in shoots.
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Figure 3. The interactive effects of genotype x location on (a) "N, (b) %Ndfa and (c) soil N uptake of 25 cowpea genotypes
planted at Kpacchi and Woribogu in 2017. Bars with dissimilar letters are significantly different (p < 0.001). Error bars indicate
standard errors.

Kpachi, and from 55.6% to 97.7% for genotypes P1194207 and P1293470, respec-
tively, at Woribogu (Figure 3(b)). Genotypes PI1194207 and PI194209 recorded
low %Ndfa values in both locations due to their high 6N values (Figure 3(a)
and Figure 3(b)).

In general, the genotypes which elicited lower 6N and higher %Ndfa values

DOI: 10.4236/ajps.2019.104047 647 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2019.104047

D. Yahaya et al.

were expectedly found to exhibit lower soil mineral N uptake between the two
locations, albeit a few exceptions (Figures 3(a)-(c)). Consequently, genotype
PI293470 exhibited much lower soil N uptake at Woribogu due to its reduced
6"N and greater %Ndfa at the site. Similarly, genotypes P1209971, P1214354 and
several others recorded much lower soil N uptake at Kpachi due to their
high %Ndfa at that location (Figure 3(b) and Figure 3(c)). Comparison be-
tween locations revealed an overall lower 8°N at Kpachi, which resulted in
higher %Ndfa and N-fixed by genotypes at the site when compared to those
planted at Woribogu (Table 1).

3.4. Shoot DM, N-Fixed and N Accumulation of Cowpea Genotypes

There was a significant effect (p < 0.05) of genotype x location interaction on
shoot DM of the cowpeas evaluated (Table 1), with values ranging from 10.1
g/plant to 73.1 g/plant at Kpachi and 10.6 g/plant to 46.0 g/plant at Woribogu
(Figure 4(a)). At Kpachi, genotype P1205141 recorded the highest shoot DM
followed by PI209971 and PI214354, also with higher shoot DM than the re-
maining genotypes at the site. Of the 25 genotypes evaluated, ten (10) produced
higher (p < 0.05) shoot DM at Kpachi than their respective counterparts at Wo-
ribogu as opposed to seven genotypes which exhibited greater shoot DM at Wo-
ribogu when compared to their respective counterparts at Kpachi (Figure 4(a)).
The amounts of N-fixed and shoot N content of the cowpea genotypes closely
mirrored the patterns in their shoot DM between the two locations (Figure
4(b)). Consequently, genotypes PI205141, P1209971, P1214354 and several oth-
ers coupled greater shoot DM at Kpachi with higher (p < 0.05) N-fixed and
shoot N content when compared to their counterparts at Woribogu (Figures
4(a)-(c)). With similar shoot DM therefore, genotypes such as PI115681,
PI121433, PI162924, P1184952, P1186465 and others exhibited similar N-fixed
and N content between the two locations (Figures 4(a)-(c)). In this study, the
amounts of N-fixed ranged from 36.7 kg/ha in genotype P1147561 to 336.6 kg/ha
in P1205141 at Kpachi, and from 43.8 kg/ha in genotype PI86465 to 176.9 kg/ha
in P1293470 at Woribogu (Figure 4(b)). Here, a location-wise comparison re-
vealed greater overall shoot DM, N-fixed and shoot N accumulation in the
plants at Kpachi relative to those grown at Woribogu (Table 1).

3.5. Shoot N and C Concentrations (%N and %C), and C/N Ratio

A two-way ANOVA also revealed significant effects of genotype, location and
their interaction on the %N, %C and C/N ratio of cowpea genotypes (Table 1
and 2). However, except for genotypes PI1186386 and P1214354 which exhibited
differences in N concentration (%N) between the two locations, the remaining
genotypes had similar %N regardless of the test locations (Figure 5(a)). The %N
in shoots ranged from 2.0% in genotype PI209971 to 4.1% in P1186465 at Kpa-
chi, and from 2.5% in genotype PI209971to 3.8% in PI292908 at Woribogu
(Figure 5(a)). Similarly, except for genotypes P1209971 and P1214354 which had

higher shoot C concentration (%C) at Kpachi when compared to their respective
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counterparts at Woribogu, the remaining genotypes had similar %C between the
two locations (Figure 5(b)). The %C in shoots ranged from 35.4 in genotype
PI292894 to 43.2% in PI1293470 at Kpachi, and from 24.5% in P1209971 to 40.6%
in PI121433 at Woribogu (Figure 5(b)). Moreover, correlation and regression
analysis revealed significant relationship (r = 0.52, r* = 0.27, p < 0.001) be-
tween %N and %C in shoots of the test cowpea genotypes evaluated in both lo-
cations. Of the 25 genotypes evaluated, only PI121433 recorded lower C/N ratio
at Kpachi relative to its counterpart at Woribogu, as opposed to lower C/N ratio
recorded by genotypes P1162924, P1186386, P1194211 and P1209971 at Woribo-
gu when compared to their respective counterparts at Kpachi (Figure 5(c)). Ex-
cept for the five genotypes which exhibited differences in C/N ratio between lo-
cations, the remaining genotypes recorded similar values regardless of planting
location (Figure 5(c)). In general, the C/N ratio of the test cowpeas were low in
both locations, with values ranging from 11.3 g/g to 18.6 g/g at Kpachi and 10.8
g/g to 16.3 g/g at Woribogu (Figure 5(c)). Although the average %N was similar
between locations (Table 1), the plants at Kpachi recorded higher shoot C con-
centration leading to much lower C/N ratio relative to plants grown at Woribo-
gu (Table 2).

3.6. Shoot §13C of Cowpea Genotypes

As with %N and %C, some genotypes exhibited contrasting shoot 6"C values
between the test locations while others recorded similar values regardless of the
location (Figure 6(a)). For example, genotypes such as PI1293470, P1292908,
P1292894, P1214354, P1194213, P1194207 exhibited much higher 6”C values at
Kpachi when compared to their respective counterparts at Woribogu, with val-
ues ranging from —27.9%o in genotype PI1194209 to —26.2%o in P1292908 at the
former location (Figure 6(a)). Conversely, the cowpea genotypes PI147561,
PI152194, P1162924, P1186465, P1255811 and P1293525 recorded much higher
6"C at Woribogu when compared to their respective genotypes planted at Kpa-
chi, with values ranging from —27.8%o in genotypes P1293525 and P1162924 to
—26.2%o in P1186465 (Figure 6(a)). However, the remaining cowpea genotypes
elicited similar 8°C values between the two locations (Figure 6(a)). The highest
0"C value was recorded in genotype PI1186465 (—26.2%o) at Woribogu, followed
by genotypes P1292894 (-26.3%o0) and P1292908 (—26.2%o) with similarly high
6"C at Kpachi (Figure 6(a)).

3.7. Grain Yield of Cowpea Genotypes

As with all measured parameters, there were significant effects of genotype, loca-
tion as well as their interaction on grain yield of the cowpeas evaluated (Table
2). Grain yield ranged from as low as 56.2 kg/ha in genotype P1166146 to 555.7
kg/ha in PI293525 at Kpachi, and from 142.7 kg/ha in P116294 to 747.8 kg/ha in
PI293466 at Woribogu (Figure 6(b)). Of all the genotypes evaluated, seven (7)
produced much higher grain yield at Kpachi when compared to their respective

counterparts at Woribogu (Figure 6(b)). Conversely, nine (9) of the genotypes
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Figure 6. The interactive effects of genotype x location on (a) 6°C and (b) grain yield of 25 cowpea genotypes planted at Kpacchi
and Woribogu in 2017. Bars with dissimilar letters are significantly different (p < 0.001). Error bars indicate standard errors.

Table 2. A two-way ANOVA F statistics and the main effect of location on shoot C con-
centration, 8°C, C/N ratio, number of days to flowering and maturity, and grain yield of
25 cowpea genotypes planted at Woribogu and Kpachi in the Kumbungu District of the
Northern Region, Ghana. For locations, values (mean + se) with dissimilar letters in a

column are significantly different at ***p < 0.001.

Shoot C concentration C/N ratio 6°C Grain yield
% g/plant - %o kg/ha
Location
Waribogu 37.6 + 0.5b 8.7 £ 0.4b 13.0+0.2b  —28.05+0.08b 420 + 24.3a
Kpachi 39.9 £ 0.2a 109 £0.7a 13.7+£0.2a -27.99 £ 0.09a 371 £ 14.6b
F-statistics
Genotype (G) 3,700 33.8%** 14.7%* 18.8%** 18.4%%*
Location (L) 29.8%** 86.8%** 26.3%* 1.8%% 17.9%*
GxL 3.6 33.9%¢* 5.9%0%* 19.0%* 13.5%%*

There was a significant correlation (r = 0.52, r = 0.27, p < 0.001) between %N and %C in shoots.

evaluated recorded much higher grain at Woribogu when compared to their re-
spective counterparts planted at Kpachi (Figure 6(b)). The highest grain yield
was recorded in genotype P1293466 (748 kg/ha) planted at Woribogu followed
by genotypes P1194211, P1194209, P1194213 and PI293525, with similarly high
grain yield (627 kg/ha to 714 kg/ha) at Woribogu (Figure 6(b)). As a result, the
overall grain yield of the genotypes evaluated were markedly higher (p < 0.05) at
Woribogu (420 kg/ha) relative to Kpachi (371 kg/ha) (Table 2).

4. Discussion

4.1. Symbiotic Performance of Field-Grown Cowpea Genotypes

Cowpea is an important grain legume in most parts of the world and serves as
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source of protein in the diets of millions in Africa [32]. Aside the nutritional
attributes of cowpea, the crop contributes to sustainable farming systems due to
its nitrogen contribution to soils when in symbiotic relationship with the soil
bacteria collectively termed rhizobia [1]. Owing to its drought tolerance and
N,-fixing trait, cowpea grows well and produces yield on marginal soils that
characterize most parts of Africa [5] [17]. Nevertheless, low soil fertility and
drought among other factors continue to limit cowpea yields. This study ex-
plored symbiotic performance and water relations among USDA cowpea geno-
types to assess their suitability for growth in low nutrient soils and drought con-
ditions.

In this study, the difference between the J'°N value of reference plants and
those of the test cowpeas was sufficiently large (>+2%o) [11], and therefore al-
lowed for precise estimation of the percent of legume N derived from N, fixa-
tion. As found in studies of other grain legumes [3] [6] [10], the cowpea geno-
types in this study exhibited high variability in N, fixation in association with
native soil rhizobia as evidenced by the marked differences in their shoot &N
values. The 8N values of plant tissues closely reflect the N sources being assi-
milated, making the "N natural abundance technique a powerful tool in esti-
mating a legume’s dependence on symbiotic N, fixation [11]. Despite the ten-
dency for cowpea genotypes to elicit both positive and negative 8N values in
the test locations, majority of the cowpeas had much lower 6°N values when
planted at Kpachi, probably due to the slightly lower N concentration in soils at
the site relative to Woribogu (Table S1). These findings are consistent with pre-
vious studies which found that high soil N inhibits N, fixation in symbiotic le-
gumes [33], and that marginal differences in soil N between locations altered the
O"N of symbiotic Kersting’s groundnut [10]. The variations in shoot 8N values
within genotypes and between locations were expectedly accompanied by dif-
ferences in the percent of N derived from symbiotic N, fixation (%Ndfa) by the
test cowpeas in this study. As to be expected, the %Ndfa by the cowpeas closely
mirrored patterns of their 8°N signatures, with low 8°N values denoting greater
symbiotic dependence, and vice versa (Figure 3), a finding consistent with
known reports that legumes relying on symbiosis tend to have lower §°N values
when compared to those highly dependent on mineral N for their nutrition [11].
Despite the observed variations in symbiotic dependence by cowpeas in the
present study, they generally elicited high symbiotic performance, and derived
between 54.5% to 95.5% of their N requirements from symbiosis at Kpachi, and
from 55.6% to 97.7% at Woribogu (Figure 3). These findings are similar to an
earlier report by Belane and Dakora [5], who found that some field-grown cow-
peas can derive up to 96% of their N requirements from symbiosis. Because of
the high %Ndfa values in this study, the amounts of N-fixed by the cowpeas
were expectedly greater than their soil N uptake. Nevertheless, the fact that low
N-fixed values were generally accompanied by relatively higher soil N uptake

suggests that the two played complementary roles in supporting the growth of
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the test cowpeas. Consequently, increased shoot DM in the test cowpeas were
mostly accompanied by high N-fixed and shoot N accumulation (Figure 4). The
fact that the amounts of N-fixed could reach 176.9 kg/ha in genotype P1293470
at Woribogu and 336.6 kg/ha in PI205141 at Kpachi, with most other genotypes
recording over 100 kg-N-fixed-ha™ within the study locations (Figure 4(b))
suggest that, these USDA genotypes can potentially contribute high amounts of

symbiotic N into cropping systems to benefit subsequent non-legumes.

4.2. C assimilation and Water Use Efficiency Cowpea Genotypes

In this study, except for genotypes PI209971 and PI214354 which exhibited
dramatically low %C at Woribogu (24.5% and 27.4%), the concentrations (%) of
N and C in shoots of the remaining genotypes were comparable to values pre-
viously reported for field-grown cowpeas [34]. The observed high %C in shoots
of the test cowpeas possibly from increased rates of photosynthesis is a desirable
trait that could be tapped for environmental carbon sequestration. Moreover, the
fact that N and C nutrition are functionally linked via photosynthetic C assimi-
lation in symbiotic legumes [34] [35] was demonstrated by a significant correla-
tion (r = 0.52, r* = 0.27, p < 0.001) between %N and %C in this study. Further-
more, the test cowpeas in this study elicited low C/N ratio, with values ranging
from 10.8% to 16.8%, agreeing with earlier studies which showed that, N, fixa-
tion by bacteroids in root nodules confers low C/N ratio (typically < 24) in le-
gumes when compared to non-legume plants which often exhibit higher C/N ra-
tio (>24) [3] [36].

With erratic rainfall resulting from climate change and its uncertainties, crop
genotypes exhibiting desirable traits related to improved water relations can help
to reduce the impact of drought on crop growth and yield [17]. Because stomatal
closure during drought conditions results in reduced discrimination against
CO, during photosynthesis in C3 plants (leading to higher §"°C values), higher
6"”C in plant tissues denote greater water use efficiency, while increased dis-
crimination under conditions of adequate soil moisture leads to lower &"°C or
water use efficiency [23]. The cowpea genotypes evaluated in this study elicited
marked variations in shoot "°C values, indicating variations in their water use
efficiency (Figure 6(a)). When planted at Kpachi, genotypes P1292908, P1292894
exhibited the highest shoot 8°C values (—26.2%0 and —26.3%o, respectively) fol-
lowed by PI214354 (—26.8%o), indicating higher water use efficiency relative to
the other genotype at the site (Figure 6(a)). However, the fact that these geno-
types elicited much lower &§"°C values relative to genotype P1186465 at Woribogu
(6°C = —26.2%o) suggests that the test cowpeas responded differently to envi-
ronmental variables between the two locations. The observed &"°C values of the
test cowpeas in this study are within the range (—25%o to —35%o) reported for C3
plants, although some genotypes recorded higher 6"C values than the average
(6°C = —28%o) reported for most C3 species [37]. An earlier study by Mohale et
al. [3] as well as Mapope and Dakora [8], respectively reported 8'°C values as
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high as —26.2%o0 and —25.1%o in field-grown Bambara groundnut and soybean in
South Africa. The relatively high water use efficiency (high "°C values) elicited
by most genotypes in this study could be attributed to late planting which coin-
cided with periods of low rainfall (Figure 2), thus causing partial stomatal clo-
sure and reduced "C discrimination. The observed variations in water use effi-
ciency among the test USDA genotypes offers opportunity for selection and fur-
ther improvement for enhanced water relations in cowpea. The fact that overall
shoot 6°°C of the test cowpeas was higher at Kpachi (—27.99%o) than Woribogu
(—28.05%0) could be attributed to relatively lower soil moisture observed at the
former location during crop establishment which also shortened the days to flo-
wering and maturity of plants at the site (Figure 1).

In this study, planting was carried out in late August such that rainfall was low
during the vegetative phase, and almost absent during podding (Figure 1). Con-
sequently, the genotypes produced low yields (less than 1000 kg/ha) when com-
pared to values of up to 3500 kg/ha reported for cowpea in other field studies
[38]. In this study, grain yield ranged from 56 kg/ha in genotype PI1166146 at
Kpachi to 748 kg/ha in genotype P1293466 at Woribogu (Figure 6(b)). Thus, the
genotypes exhibited marked variations in grain yield production between the
two locations, although most of them recorded much higher values when grown
at Woribogu. As a result, the overall grain yield of the test cowpeas was generally
higher at Woribogu (420 kg/ha) when compared to the average grain yield of the
plants at Kpachi (371 kg/ha), a finding that could also be due to the slightly
higher concentrations of most of the measured nutrient elements (Table S1) as
well as moisture in the soils at Woribogu relative to Kpachi.

5. Conclusion

In conclusion, the present study explored the symbiotic N nutrition, C assimila-
tion and water use efficiency among USDA cowpea genotypes subjected to
drought under field conditions. The findings revealed marked variations in N,
fixation, with genotypes deriving between 55.4% to 97.7% of their N require-
ments from symbiosis, corresponding to N-fixed values between 36.7 kg/ha to
336.6 kg/ha. The test cowpeas were also found to show remarkable variations in
water use efficiency, with most genotypes exhibiting contrasting §°°C values be-
tween locations. These findings further highlight the presence of genotypic vari-
ations in symbiotic performance and water relations among cowpeas, with most
genotypes in this study eliciting contrasting responses to the differences in eda-
phoclimatic conditions between locations. The observed high symbiotic depen-
dence recorded in this study despite drought conditions further explains the
wider adaptation of cowpea to various climatic conditions. Moreover, the fact
that some genotypes could grow and produce grain yields of 627 - 748 kg/ha
under imposed drought is an important trait that could be tapped for further
improvement of cowpea. The results of this study offer a useful contribution to
the available literature on the symbiotic performance and water relations in no-

dulated legumes.
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Supplementary

Table S1. Physico-chemical properties of soils sampled from Kpachi and Woribogu prior
to planting in 2017.

Sand Clay Silt pH O.C N P K Na Ca Mg CEC

Location % - % mg/kg Cmol(+)/kg
Kpachi 80.28 1.81 1791 540 0.56 0.05 58 78.0 23 570 64.8 5.0
Woribogu 782 3.67 18.13 5.62 0.61 0.06 6.5 936 4.6 460 60.0 4.1
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