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Abstract

This study evaluated the relationship between photosynthetic carbon accumulation and symbiotic nitrogen nutrition in
young fully expanded leaves of 30 nodulated cowpea genotypes grown in the field at Manga, Ghana, in 2005 and 2006.
Estimates of fixed-N in photosynthetic leaves revealed greater symbiotic N in genotypes with higher photosynthetic rates
and increased leaf transpiration rate/efficiency. There was also greater C accumulation in genotypes with higher symbiotic
N and/or total N. Additionally, genotypes with high contents of C per unit of leaf total N exhibited greater C per unit of
leaf N-fixed. The C/N and C/Rubisco-N ratios were generally similar in their magnitude when compared to the C/N-fixed
ratio due possibly to the fact that Rubisco accounts for a high proportion of photosynthetic leaf N, irrespective of whether
the enzyme was formed from soil N or symbiotic N. Cowpea genotypes that relied heavily on soil N for their N nutrition
exhibited much higher C/N-fixed ratios, while conversely those that depended more on symbiosis for meeting their N
demands showed markedly lower C/N-fixed values. For example, genotypes Omondaw, Bensogla, IT93K-2045-29, and
Sanzie, which respectively derived 83.9, 83.1, 82.9, and 76.3% N from fixation, recorded lower C/N-fixed ratios of 10.7,
12.2,12.1, and 13.0 mg mg ™' in that order in 2005. In contrast, genotypes Botswana White, IT94D-437-1, TVu1509, and
Apagbaala, which obtained 14.8, 15.0, 26.4, and 26.0% of their N nutrition from fixation, showed high C/N-fixed values
of 84.0, 69.0, 35.2, and 40.6 mg.mg!, respectively, in 2005. This clearly indicates that genotypes that obtained less N
from symbiosis and more N from soil revealed very high C/N-fixed values, an argument that was reinforced by the negative
correlations obtained between the three C/N ratios (i.e. C/N, C/Rubisco-N, and C/N-fixed) and leaf N concentration,
percentage nitrogen derived from fixation, total N content, amount of N-fixed, and Rubisco N. These data suggest a direct
link between photosynthetic C accumulation and symbiotic N assimilation in leaves of nodulated cowpea, and where
genotypes derived a large proportion of their N from fixation, photosynthetic C yield substantially increased.
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Introduction

Fixation of carbon from atmospheric CO, accounts for
over 90% of the biomass in terrestrial plants (Zelitch 1982,
Khan et al. 2008), and is therefore the second most
important biological process after photosynthesis (Drake
et al. 1997, Moore et al. 1999). Because N is required for
the synthesis of ribulose-1,5-bisphosphate carboxylase-
oxygenase (Rubisco) and chlorophyll, N, fixation and
photosynthesis are metabolically interlinked in nodulated
legumes at the level of the plant N and C economy.
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Many factors can influence photosynthetic rates in
plants; these range from water needed for photolysis
during photosynthesis (Drake et al. 1997) to mineral
nutrition and source/sink strength (Heineke et al. 1999,
Isopp et al. 2000, Ainsworth et al. 2004). Because of the N
requirement for synthesis of Rubisco and chlorophyll
(Chl), nodulated legumes have an advantage over non-
legumes in their ability to meet their photosynthetic N
requirements from symbiotic N, fixation (Evans 1989,
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Abbreviations: Chl — chlorophyll; E — transpiration rate; gs — stomatal conductance; %Ndfa — percentage of nitrogen derived from
fixation of atmospheric N2; Pn — net photosynthetic rate; PNUE — photosynthetic nitrogen use efficiency; DAP — days after planting;
815N — nitrogen isotopic composition.
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Hikosaka and Terashima 1995). Although photosynthetic
activity and leaf N are sometimes positively correlated
(Robertson et al. 2002), the photosynthetic machinery can
potentially be deactivated if the leaf N concentration is
above critical maxima (Méachler ef al. 1988, Hikosaka and
Terashima 1995, Cheng and Fuchigami 2000).

Since leaf stomata control leaf transpiration rates,
metabolite flux, long-distance signaling (Lawson 2009),
and the influx of CO, and water, differences in leaf
stomatal density can also affect photosynthetic rates in
land plants. Selection of crop species with high carbon
yield in stress environments (Morison et al. 2007) would
require a deeper understanding of stomatal functioning in
relation to photosynthetic CO, exchange and leaf water
relations (Wang et al. 2007, Lawson 2009). Where water is
a limiting resource in cropping systems, especially under a
climate change scenario (Rosenzweig and Parry 1994,
Tubiello et al. 1999), plant species with high water-use
efficiency are more likely to be preferred by growers over
those with low water-use efficiency (Xu and Hsiao 2004).

Cowpea (Vigna unguiculata L. Walp.) is the major
food legume cultivated by farmers in Africa. The young
leaves, green pods, and grains are eaten as protein-rich
food. Cowpea is adapted to growth in different

Materials and methods

Site description: Field experiments were conducted at the
Savanna Agricultural Research Institute station at Manga,
which is situated in the Sudano-Sahelian savanna
(11°11'N, 0°61'E, 135 m a.s.1.), and has a unimodal rainfall
(annual mean of 800 mm) that starts in May/June and ends
in September/October. According to Driessen et al.
(1990), the soils at Manga are classified as Gleyic Alfisols
with pH 6.0 (CaCl,), and contain 4.7 mg(P) kg!, 20.3
mg(K) kg, 0.38% C, 0.07% N, 0.62% organic matter
content, and a C/N ratio of 11.64.

Field design and planting: The experiments were
conducted using a randomized complete block design with
four replicate plots per cowpea genotype. Each plot
measured 3 m x 5 m (15 m?). Cowpea was planted in mid-
July with inter-row and intra-row spacing of 60 cm and 20
cm, respectively. Weeds were manually controlled with
hand hoes. The 30 cowpea genotypes used in this study
exhibited different biological traits, including days to 50%
flowering, number of days to physiological maturity,
levels of N, fixation, pest resistance, and grain yield
(Belane and Dakora 2009).

Gas-exchange measurements: At 46 and 72 days after
planting (DAP) in 2005 and 2006, respectively,
photosynthetic rates (Pn), stomatal conductance (gs), and
transpiration rates (E) were measured in each of 9 young
fully expanded leaves per plot using a portable infrared gas
analyzer (CIRAS-2, PP System, Hitchin, UK). Measure-
ments were made from 8 to 11 h and from 14 to 16 h. for

environments and soil ecologies, including the drier areas
of Sub-Saharan Africa. Although some cowpea genotypes
are reported to be drought-tolerant (Elowad and Hall
1987), there is still a need to select genotypes for good
biological traits, such as robust growth, grain yield,
improved water relations, and N-fixed, all of which
interface at the plant C and N economy. Cowpea genotypes
can differ both in gas-exchange parameters (Aniya and
Herzog 2004) and in photosynthetic carbon accumulation
(Makoi et al. 2010).

So far, however, no link has been established between
plant growth, carbon accumulation, symbiotic N yield, and
photosynthesis in leaves of field-grown nodulated cowpea.
The aim of this study was to assess the relationship
between photosynthesis and symbiotic N, fixation in 30
cowpea genotypes through (/) measurement of
photosynthetic rates, biomass, and carbon accumulation in
young fully expanded cowpea leaves, (2) estimates of
symbiotic N and Rubisco N in photosynthetic leaves, and
(3) determination of the photosynthetic N-use efficiency in
young fully expanded leaves of cowpea genotypes
evaluated in the field in the Sudano-Sahelian savanna of
Ghana over a two-year period in 2005 and 2006.

each replicate plot per day. Leaves were allowed 4 to 5 min
to acclimate to the light environment in the chamber.
Without trouble shooting, each measurement took
approximately 2 min, which was the minimum time
allowed for the reading to stabilize before they were
recorded. The conditions prevailing in the leaf chamber
during photosynthetic measurements included light
intensity of 1,200 pmol(photon) m2 s~ (high enough to
saturate leaf photosynthesis), CO, concentration of
400 ppm, flow rate of 400 umol s7!, leaf temperature of
25°C, and relative humidity of 44%. Water-use efficiency
in cowpea was calculated as photosynthate produced per
unit of water molecule transpired (Hamid ef al. 1990).

Plant sampling, processing, and 'SN/““N isotope
analysis: The nine young fully expanded cowpea leaves
used for gas-exchange studies were removed from field
plants, oven-dried (60°C), weighed, ground to fine powder
(0.85 mm sieve), and analyzed for "N/'N ratios using
mass spectrometry. About 2.0 mg of ground leaf sample
was weighed into a tin capsule (Elemental Microanalysis
Ltd., Okehampton, UK) and run on a Thermo Finnigan
Delta Plus XP stable light isotope mass spectrometer
(Fisons Instrument SpA, Strada Rivolta, Italy) coupled via
a Conflo II device to Thermo NAI1500 flash elemental
analyzer. In addition to running air an external standard
from (IAEA, International Atomic Energy Agency) in
Vienna, an internal standard consisting of material from a
Nasturtium spp. was included in every five runs to correct
for machine errors during isotopic fractionation.
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The isotopic composition (3'°N) was measured as
according to Junk and Svec (1958) and Mariotti et al.
(1981):

5ISN _ (15N/14N)sample _(ISN/MN)atm
(15N/14N)atm

x1,000

Determining N and C accumulation in cowpea leaves:
The N [%] and C [%] of leaf dry matter were obtained
directly from mass spectrometer, and used to estimate the
N and C content of leaf tissue. Leaf N content [mg per leaf]
was calculated as the product of N [%] and leaf dry mass,
and leaf C [mg per leaf], the product of C [%] and leaf dry

mass.

Percentage N derived from fixation (%Ndfa): The
proportion of N derived from N fixation was calculated as
(Shearer and Kohl 1986, Unkovich et al. 2008):

%Ndfa = [(SISNref - Slleeg)/ (615Nref -B Value)] x 100

where 3!°Nyer is the !N natural abundance of reference
plant, "Ny, is the >N natural abundance of legume, and
the B value is the '°N natural abundance of cowpea plants
depending solely on N fixation for their N nutrition. The
B value used for cowpea leaves in this study was
—1.78 %o (Makoi et al. 2009). The plants from which the B
value was obtained were grown under controlled glass-
house conditions with total reliance on Ny fixation for their
N nutrition. In 2005, maize (Zea mays), grain sorghum
(Sorghum bicolor), late millet (Pennisetum spp), and a
broad leaf weed (Hyptis specifigera) were sampled as
reference plants and analyzed for their N natural
abundance. The combined mean 8'°N of shoots of these
reference plants used for estimating cowpea leaf %Ndfa in
2005 was +7.12 %o. In 2006, leaves of Z. mays, S. bicolor,

Results

Photosynthetic rates, stomatal conductance and water-
use efficiency of cowpea leaves: Gas-exchange studies
showed significant differences among the 30 cowpea
genotypes evaluated under field conditions at Manga in
2005. Some genotypes, such as 1T84S-2246,
Mchanganyiko, Brown Eye, and IT90K-59, revealed high
Px, gs, and E compared with Apagbaala and TVul509,
which showed very low values of the gas-exchange
characteristics (Table 1). In 2006, a similar pattern was
obtained when 15 genotypes were re-evaluated at a
different site at Manga. CHI14, IT93K-2045-29,
Apagbaala, and Soronko produced the highest Py, gs, and
water-use efficiency (WUE) (Table 2). In contrast, Vuli-1
exhibited the lowest Py, gs, and WUE (Table 2). In both
years, the photosynthetic parameters of the other
genotypes were intermediate between the two extremes
(Tables 1, 2).
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Andropogon  gayanus, Rottboellia cochichininensis,
H. specifigera, and Pennisetum spp were collected as
reference plants from the experimental site, and similarly
analyzed for their N natural abundance. The combined
mean §'°N value of these reference plants used to estimate
%Ndfa in cowpea leaves in 2006 was +5.5 %eo.

Amount of N fixed in cowpea leaves: The amount of
N-fixed was calculated as (Maskey et al. 2001):

N-fixed = %Ndfa x leaf N content

Photosynthetic nitrogen-use efficiency (PNUE) is a
measure of C accumulated per unit N, and is directly
related to Rubisco amount and functioning in leaves.
Values of PNUE were obtained by dividing leaf C by leaf
total N and leaf C by leaf N-fixed.

Leaf Rubisco N content: Field and Mooney (1986)
reported an average value of 75% as the Rubisco N in
photosynthetic leaves of wild plant species. Recently,
Dordas and Sioulas (2008) also independently found 75%
as the amount of Rubisco N in safflower leaves. As a
result, leaf Rubisco N in this study was calculated as:

Leaf Rubisco N = a x leaf N content,

where o is the average percent N (75%) invested in
Rubisco synthesis by photosynthetic leaves (Field and
Mooney 1986, Dordas and Sioulas 2008).

Statistical analysis: The normality of the data was tested
before analysis of variance (ANOVA) using STATISTICA
program version 7.1 (Statsoft Inc. 2005). One-way ANOVA
was performed to compare gas-exchange parameters, leaf
N content and C accumulation, as well as PNUE in cowpea
genotypes. Duncan's multiple range test was used to
compare treatment means at p<0.05.

Leaf dry mass, N [%], C [%], 6"°N, and %Ndfa: The
dry mass (DM) of the leaves used for photosynthetic
measurements differed accordingly to genotypes. Leaves
of IT97K-499-39 yielded the greatest biomass in 2005
followed by IT03K-2045-29, Ngonji, Botswana White,
and Fahari, while ITH98-20, Bensogla, Pan 311,
Omondaw, and 1T94D-437-1 produced the least leaf
biomass (Table 3). Although both leaf N and C concen-
trations were similar for the 30 genotypes, the 8'°N values
were significantly different, ranging from —0.2 %o for
IT93K-2045-29 to +6.4 %o for Botswana White (Table 3).
As a result, IT93K-2045-29 and Omondaw (—0.3 %o)
derived the highest N from fixation (83% and 84%,
respectively), while Botswana White, [T94D-437-1 (+5.6
%0), and TVul509 (+4.8 %o) obtained the least N from
fixation (15%, 15%, and 25%, respectively; Table 3).
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Table 1. Photosynthetic rates (Pn), transpiration rates (£), stomatal conductance (gs), and plant transpiration efficiency (WUE) measured
in 46-d-old cowpea genotypes grown in the field at Manga, Ghana, in 2005. Means with different letters in a column are significant at
p<0.01"" or p<0.001***

Genotype Pn[umol(CO2) m2s7!] gs[mmol m?s!] E [mmol(H20) m2s™'] WUE [umol(CO2) mmol(H20)']
Apagbaala 16.1° 0.6° 7.9f 2.0
Bensogla 27.0%de 4.0be 15.0%de 1.8
Botswana White ~ 18.7% 3.7 15.7¢d 1.12
Brown Eye 38.4abe 3.7 20.3® 1.9
CH14 21.0% 3.3be 16.8b¢ 1.32
Fahari 26.5¢d 1 .4¢cde 13.0% 2.0*
Glenda 24.9% 1.3de 11.7¢ 2.12
Iron Gray 33.7¢de 2.6¢de 16.4¢ 2.02
IT82D-889 23.0% 4 43be 11.7¢ 2.7%
1T84S-2246 51.7% 6.12 19.32be 1.82
IT90K-59 36.8 3.0 20.92 2.3
IT90K-76 32.4¢d 2.5¢de 14.1¢de 1.92
IT93K-2045-29  22.3d¢ 1.4¢cde 11.9¢ 1.92
1T93K-452-1 39.4abe 3.2b¢ 16.8b° 2.3
1T94D-437-1 31.8¢d 2.9be 15.1¢de 2.12
IT97K-499-39 2520 2.0cde 13.6%de 1.82
ITH98-20 2424 2.5¢de 13.1¢% 1.32
ITH98-46 23.3de 3.2be 16.9b° 1.42
Line 2020 26.0cde 1.4¢cde 11.7¢ 2.02
Mamlaka 19.94% 2.5¢de 18.120¢ 2.42
Mchanganyiko ~ 48.2% 3.7% 20.42b 1.6
Negonji 33.0% 3.6% 5. ]ede 1.50
Omondaw 22.0% 2.0cde 14.20de 1.6*
Pan 311 28.20de 2.3¢de 17.82be 1.72
Sanzie 28.0°de 2.7¢de 16.3¢d 1.82
TVull424 25.84¢ 3.2be 14 .4¢cde 1.22
TVul509 17.0¢ 1.7¢de 14.3¢de 1.72
TVx3236 30.6% 4.9 18.32be 1.7%
Vita 7 26.7¢d 4 52be 16.9b¢ 1.6*
Vuli-1 25.8% 3.9be 17.2b° 1.5%
F-statistics 2.9" 5.2" 2.7 1.10
C.V. [%] 15 13 25 76

Table 2. Photosynthetic rates (Pn), transpiration rates (£), stomatal conductance (gs), and plant transpiration efficiency (WUE) measured
in 72-d-old cowpea genotypes grown in the field at Manga in Ghana in 2006. Means with different letters in a column are significant at
p<0.05" or p<0.01"".

Genotype Px[pmol(CO2) m2s7!]  gs [mmol m2s™'] E [mmol(H20) m2s!']  WUE [umol(CO2) mmol(H20)]
Apagbaala 17.8® 1.702b¢ 3.5 0.30
Botswana White 13.8¢ 1.73abe 3.28 0.28%°
Brown Eye 14.0% 1.85%® 3.0° 0.26b¢
CHI14 19.6* 1.64b¢ 3.52 0.332
Glenda 15.9bed 1.832 3.32 0.30%
1T82D-889 14.5¢ 1.802 3.32 0.26%
1T84S-2246 15.6b<d 1.732be 3.12 0.26%
IT90K-59 14.9¢d 1.78abe 3.4° 0.28zabe
IT93K-2045-29 17.8% 1.79abe 3.5° 0.322
IT97K-499-39  18.4% 1.564 3.3 0.30%
ITH98-46 15.8bed 1.59¢d 3.42 0.30%
Sanzie 15.6bed 1.812 3.42 0.30%
Soronko 16.52bcd 1.932 3.0 0.29
TVU11424 17.02be 1.832 3.4° 0.28zbe
Vuli-1 16.3bed 1.48¢ 3.12 0.23¢
F-statistics 2.2% 2.0™ 1.2 1.7
C.V. [%] 29 26 35 )
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Table 3. Dry matter yield, N and C concentrations, and percentage N derived from fixation (Ndfa) in cowpea leaves sampled at 46 days
after planting at Manga, Ghana, in 2005. Values with different letters in a column are significantly different at p<0.05. Means with
different letters in a column are significant at p<0.01"" or p<0.001*""

Genotype Leaf dry mass [mg leaf'] N [%] C[%] 8N [%0] Ndfa [%]
Apagbaala 23.5¢ 4.0 39.60 4.7 26.0i
Bensogla 14.8f 4.48 4332 0.8" 83.12
Botswana White 37.0° 412 4512 6.4° 14.8%
Brown Eye 27.2¢de 4.42 42,12 1.4°f% 63.9¢%d
CH14 29.6¢ 4.52 4412 2.6 50.59f
Fahari 36.8° 5.6 4428 2.9« 46.1¢f
Glenda 27.20de 4.8% 4392 1.7% 60.5¢de
Iron gray 24,74 4.12 40.7*@  3.3b 41.6fh
1T82D-889 27.2¢de 4.7* 43.6°  2.]cd 62.5¢de
1T84S-2246 24749 4.6* 39.52  1.4¢°fe 63.8cde
IT90K-59 36.5° 4,92 44,82 1.5%f 64.9¢d
IT90K-76 2474 5.02 44,00 4.28bc 31.14
1T93K-2045-29 38.5b 442 4342 0.2 82.9¢
IT93K-452-1 34.3b 5.42 4258  48bc 31.2hi
1T94D-437-1 16.0f 4.2 43.3*  5.6% 15.0%
1T97K-499-39 56.0* 4.3 40.6* 2.3 53.0def
ITH98-20 13.6f 4.8% 4432 2.4cd 48.8df
ITH98-46 25.9ede 4.6* 44,42 2 7cd 48.9df
Line 2020 26.4cde 5.12 4592 3.4be 43 5¢f
Mamlaka 24.6% 4,92 45.5* 2.8« 45.0¢°f
Mchanganyiko 25.]¢de 4.92 44,00 1.5%f 62.8%
Negonji 38.3b 500 4070 209 56.6%
Omondaw 16.0f 4.7* 4270 0.3 83.92
Pan 311 14.8¢ 4.1 44,9 4.6%b° 39.2¢hi
Sanzie 27.20de 4.42 4352 0.4 76.32
TVull424 35.3b 4.12 38.22  1.69%f 69.4b°
TVul509 24.7% 4.42 38.22 4.8 24.6K
TVx3236 17.3f 5.2# 39.28 2.4 53.5df
Vita 7 25.9¢de 5.0° 43.6*  1.7% 60.3¢d
Vuli-1 28.4¢d 4.42 4228 1.7% 60.2¢de
F-statistics 31** 1.3m 0.95" 84.1" 25.8""
C.V [%] 10 16 9 38 12

Table 4. Dry matter yield, N and C concentrations, and symbiotic N in cowpea leaves sampled at 72 days after planting at Manga,
Ghana, in 2006. Values with different letters in a column are significantly different at p<0.01**

Genotype Leaf dry mass [mg per leaf] N [%] C[%] &N [%o] Ndfa[%]
Apagbaala 53.8d°f 4,18 443+ 1.6° 55.4d
Botswana White  59.6 3.82 46.00  0.64 65.7%
Brown Eye 39.6! 3.6 432 1.3bc 63.8%
CHI14 90.22 4.42 44520 1.4° 55.9de
Glenda 51.6°¢ 4.02 432 231 47.4f
1T82D-889 62.6° 3.8 4342 1.5° 56.04¢
1T84S-2246 41.6M 4.52 44.4*  1.6° 53.2¢f
IT90K-59 54 gdef 3.5 4392 1.6° 56.59¢
1T93K-2045-29 70.0° 4.42 46.2¢  0.2° 75.6%
IT97K-499-39 50.4fe 4.0? 4292 (.9« 66.3%
ITH98-46 48.1feh 4.0? 4452 1.5° 59.8de
Sanzie 58.0bed 4.2 42.6* 1.8° 53.8%
Soronko 26.73 3.8 43.00  1.5° 54.9d
TVull424 47.2¢h 4.12 43.00  1.5° 63.2¢d
Vuli-1 36.71 4.12 4420 (.54 66.7°
F-statistics 39.2" 1.70 0.94" 54" 12"
C.V [%] 8 16 18 46 6
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The data for 2006 showed a similar pattern for leaf
growth, N and C concentrations, as well as for 3'°N and
%Ndfa (Table 4). The dry matter yield of cowpea leaves
used for photosynthetic measurements was greater in
CH14, followed by IT93K-2045-29 and IT82D-889, and
the lowest in Soronko and Vuli-1 (Table 4). The N
concentrations in leaves were again similar for 15 cowpea
genotypes in 2006. However, 6'°N and %Ndfa differed
markedly among genotypes. For example, Glenda and
Sanzie exhibited the highest 3'°N values (2.3 %o and 1.8
%o, respectively) and therefore the lowest N derived from
fixation (47% and 53%, respectively), 1T93K-2045-29,
Vuli-1, Botswana White, and IT97K-499-39 recorded the
lowest 8°N values (+0.2, +0.5, +0.6, and + 0.9 %,
respectively) and hence the highest N obtained from
fixation (76, 67, 66, and 66%, respectively).

Amounts of total N and fixed-N in cowpea leaves: There
were marked variations in leaf total N and leaf N-fixed
among the 30 cowpea genotypes tested at Manga in 2005.

Leaf total N was the highest in 1T84S-2246, followed by
Fahari, Ngonji, IT90K-59, and IT93K-452-1, and the
lowest in Pan 311 and ITH98-20, followed by Bensogla,
1T94D-437-1, and Omondaw (Table 5). The remaining
genotypes had intermediate leaf N concentrations. The
amount of N-fixed in photosynthetic leaves was greater in
IT93K-2045-29, followed by IT84S-2246, IT90K-59,
Ngonji, Fahari, and TVul1424 (Table 5). In contrast,
symbiotic N in photosynthetic leaves was the lowest in
1T94D-437-1, Apagbaala, Botswana White, ITH98-20,
Pan 311, and TVul509 (Table 5). In this study, leaf total
N was the highest in CH14, followed by IT93K-2045-29,
IT82D-889, Sanzie, Botswana White, and Apagbaala,
while Soronko showed the lowest leaf total N, followed by
Brown Eye and IT90K-59 (Table 6). The amount of
N-fixed in cowpea leaves used for gas-exchange studies
was also much greater in CH14 and 1T93K-2045-29, fol-
lowed by Botswana White, while Soronko again showed
the lowest amount of N-fixed, followed by IT90K-59 and
Brown Eye.

Table 5. Leaf total N, leaf N-fixed, Rubisco N, leaf C, and photosynthetic N-use efficiency (PNUE) in leaves of field-grown cowpea
genotypes sampled at 46 days after planting at Manga, Ghana, in 2005. Means with different letters in a column are significant at

p=<0.01"".

Leaf [mg per leaf] Leaf PNUE [mg mg™']
Cowpea genotypes Total N N-fixed RubiscoN C C/total N C/N-fixed C-fixed/ Rubisco N
Apagbaala 0.9¢f 0.2 0.7%f 9.3¢f 10.1° 40.6° 12.6%
Bensogla 0.7¢f 0.5% 0.5f 6.4f 10.62 12.2¢hi 12.4b¢
Botswana White 1.5bed 0.2 1.2¢4 16.8% 11.0° 84.0° 14.0%
Brown Eye 1.2¢d 0.8% 0.9% 11.4% 8.6% 15.7% 18.42
CH14 1.3¢d 0.7¢f 1.1¢0d 13.1¢4 9.5° 19.6°f 12.3%
Fahari 2.1% 1.0 1.7% 16.3%¢ 7.92 16.3¢ 9.7
Glenda 1.3« 0.8% 1.0¢de 12.0%d 9.1 15.0% 11.4¢d
Iron Grey 1.0% 0.4feh 0.8¢f 10.19f 9.6 24.1¢% 12.4b¢
1T82D-889 1.3« 0.8% 1.0cde 11.84¢ 9.2¢ 15.0% 11.6%
1T84S-2246 2.4° 1.3 1.9 22.7% 9.5° 17.5¢f 12.0bed
IT90K-59 1.8abe 1.2 1.4bed 16.4% 9.3¢ 14.3%eh 11.6%
IT90K-76 1.2¢d 0.4feh 1.0%de 10.9¢de 8.9¢ 28.6% 11.1¢d
1T93K-2045-29 1.7be 1.42 1.4bed 16.7% 9.42 12,180 12.5%
IT93K-452-1 1.8abe 0.6°f 1.5%¢ 14.6bd 8.12 26.14 10.2¢d
1T94D-437-1 0.7¢f 0.11 0.5¢ 6.9¢ 10.72 69.0% 13.920¢
IT97K-499-39 1.1cde 0.7¢f 0.9¢% 9.9¢f 8.12 9.0! 11.9¢
ITH98-20 0.6 0.3& 0.5f 6.0 9.0 10.0M 11.7¢
ITH98-46 1.2¢d 0.6°f 1.0cde 11.4d¢ 9.0 19.8¢f 12.1b¢
Line 2020 1.3¢d 0.6°' 1.1¢0de 12.cde 9.0 20.8%f 11.3«
Mamlaka 1.2¢4 0.5% 1.0cde 11.2de 9.4 21.0%f 12.8b
Mchanganyiko 1.2¢4 0.8% 1.0cde 11.0d 9.0 14.3%h 11.2¢d
Ngonji 1.9abe 1.1be 1.5% 15.5bed 8.2¢ 14.5fh 11.2¢d
Omondaw 0.8¢f 0.6¢f 0.6°f 6.9¢ 9.0° 10.7h 11.3¢d
Pan 311 0.6 0.3¢h 0.5¢ 6.6 10.72 22.0%f 13.280¢
Sanzie 1.2¢d 0.9 1.0cde 11.84¢ 9.6 13.0¢ 12.4b¢
TVull424 1.5b¢d 1.0 1.2¢4 13.5¢ 11.12 13.8¢ 11.8<
TVul509 1.10de 0.3& 0.9¢% 9.4¢f 8.6 35.2¢ 10.7¢d
TVx3236 0.9¢f 0.5% 0.7%f 6.9 7.5° 13.8¢h 9.1°
Vita 7 1.3 0.8% 1.0%de 11.3% 8.9¢ 14.1fh 11.4¢d
Vuli-1 1.2¢d 0.8% 1.0%de 11.9% 9.0? 16.1°f2 12.0bed
F-statistics 13.4™ 19.2" 13.4™ 43.3" 7.2m8 25" 2.1
C.V. [%] 15 18 16 15 9 24 12
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Table 6. Leaf total N, leaf N-fixed Rubisco N, leaf C, and photosynthetic N-use efficiency (PNUE) in leaves of field-grown cowpea
genotypes sampled at 72 days after planting at Manga, Ghana, in 2006. Means with different letters in a column are significant at

p<0.01"* or p<0.001***,

Cowpea genotypes Leaf N and C [mg per leaf]

Leaf PNUE [mg mg™']

total N N-fixed Rubisco-N C C/total N C/N-fixed C/Rubisco N
Apagbaala 2.2°¢ 1.2bed 1.8¢ 23.9%4 10.8° 18.6¢ 13.5¢d
Botswana White 2.3¢ 1.5° 1.8¢ 27.5% 12.32 16.29f 13.4d
Brown Eye 1.4¢f 0.99f 1.1¢f 17.6%f 1232 16.89f 15.4bc
CH14 4.0° 220 3.28 44.1* 13.12 16.49f 13.5¢d
Glenda 2.1 1.0cde 1.7 26.4b¢ 14.72 32.22 18.4a
IT82D-889 2.4¢ 1.3 1.9¢ 23.2¢de 11,92 20.0b¢ 15.7b
1T84S-2246 1.9¢de 1.0cde 1.5¢de 15.1¢f 13.12 18.1¢d 13.9bcd
IT90K-59 1.4 0.8¢f 1.1ef 24404 12.6° 21.1° 15.5bc
IT93K-2045-29 3.1° 2.38 2.5b 31.2b 10.8° 13.4¢ 12.7d
IT97K-499-39 2.0¢0de 1.3be 1.6¢de 22.3cde 1128 16.9%f 14.0bcd
ITH98-46 1.9¢de 1.1bed 1.5¢de 20.5%  11.5° 18.1¢d 13.6¢cd
Sanzie 2.4¢ 1.3b¢ 1.9¢ 21.1% 1232 18.9¢d 13.5¢cd
Soronko 1.0f 0.6 0.8f 11.5f 11.5° 19.4b<d 14.4bcd
TVull424 1.9¢de 1.2bed 1.5¢de 21.7¢¢  11.32 17.99f 14.1bcd
Vuli-1 1.5df 1.0cde 1.20f 15.8°f 10.52 15.8f 13.1d
F-statistics 12.4™ 14.0"™" 12.4™ 7.5 1.4ns 35.0™" 42"
C.V. [%] 17 17 17 21 13 7 8

C content and photosynthetic N-use efficiency in
cowpea leaves: The amount of photosynthetic leaf C
differed significantly between and among the 30 cowpea
genotypes. For example, IT84S-2246 recorded the highest
C content in photosynthetic leaves, followed by Botswana
White, IT93K-2045-29, IT90K-59, Fahari, Ngonji, and
IT93K-452-1, with amounts ranging from 14.6 to 22.7
mg(C) per leaf (Table 5). The genotype with the lowest C
in photosynthetic leaves was ITH98-20, followed by
Bensogla, Pan 311, 1T94D-437-1, Omondaw, and TVx
3236, with C contents ranging from 6.0 to 6.9 mg per leaf
(Table 5).

Photosynthetic N-use efficiency (measured as leaf C
per leaf total N, and/or C per N-fixed) also varied markedly
with genotype (Table 5). Although the C per leaf N was
the same for all genotypes, C per leaf N-fixed differed
significantly among the 30 cowpea genotypes. Botswana
White, which was among the genotypes with high C and
low N-fixed, showed the highest C per N-fixed in
photosynthetic leaves, followed by 1T94D-437-1,
Apagbaala, and TVul509 (Table 5). 1T97K-499-39

Discussion

In this study, the data from gas-exchange studies of
cowpea leaves showed significant differences in photo-
synthetic activity of 30 cowpea genotypes planted in the
field in the Sudano-Sahelian savanna of Ghana. The results
showed increased Pn in cowpea genotypes, such as
1T84S-2246, Mchanganyiko, 1T93K-452-1, Brown Eye,
IT90K-59, and Ngonji, and very low levels in Apagbaala
and TVul509 in 2005 (Table 1). Some genotypes
performed poorly in the first year but better in the second
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exhibited the lowest value, followed by ITH98-20,
Omondaw, IT93K-2045-29, Bensogla, Sanzie, TVul1424,
and TVx 3236 (Table 5).

The amount of photosynthetic C in leaves and C per
unit N-fixed also differed in the cowpea genotypes retested
in 2006. Photosynthetic C accumulation was much higher
in CH14, followed by IT93K-2045-29, Botswana White,
and Glenda (Table 6). On the other hand, Soronko showed
the lowest amount of C, followed by IT84S-2246, Vuli-1,
and Brown Eye, with values ranging from 11.5 to 17.6 mg
per leaf (Table 6). Although the C per unit of leaf N was
similar for the 15 cowpea genotypes, photosynthetic C
formed per unit of N-fixed differed significantly among
the genotypes in 2006 (Table 6). Genotype Glenda
recorded the highest photosynthetic C accumulated per
unit of symbiotic N in leaves, followed by IT90K-59 and
1T82D-889. In contrast, IT93K-2045-29 showed the lowest
amount of C per unit of N-fixed, followed by Vuli-1,
Botswana White, CH14, Brown Eye, and IT97K-499-39,
with values ranging from 13.4 to 16.9 mg(C) per unit of
N-fixed (Table 6).

year, and vice versa. For example, IT84S-2246 showed the
highest rate of photosynthesis in 2005 but dropped to tenth
in 2006, while Apagbaala, which ranked fourteenth out of
30 genotypes in 2005 (Table 1), was third out of 15
genotypes in 2006 (Table 2). These inconsistencies in
genotypic performance of cowpea are difficult to explain,
but would be most likely due to microsite variation in soil
nutrient supply and the symbiotic efficacy of rhizobia
nodulating cowpea genotypes. We have shown elsewhere



percentage

gs

Leal "N Leaftotal N LeafN-fixed RubiscoN C/total leafN C/Rubisco N Grain yield Pn

%Ndfa

%N

—p<0.05,"" = p<0.01, ™ — p< 0.001. Px — photosynthetic rate, gs — stomatal conductance, £ — transpiration rate, WUE — plant transpiration efficiency, %Ndfa
Leaf DM

N derived from fixation.

*

Table 7. Correlation of symbiotic parameters, C-fixed and leaf Rubisco N in young leaves of field-grown cowpea genotypes sampled at 46 days after planting (DAP) at Manga, in 2005

in Ghana.
Leaf DM
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from studies of nodule occupancy that Apagbaala was the

* second best fixer of six genotypes, when nodulated by only
A < one strain IGS type I, and the least fixer of nine genotypes,
e ® when it nodulated promiscuously by four IGS types II, V,
oS VIII, XVIII (Pule-Meulenberg et al. 2010). These
TN subtleties in host plant performance at the level of nodule
cad occupancy could account for the differences in photo-
\ synthetic rates between genotypes in time and space.
As to be expected, the genotypes with high Py exhibited
much greater g and water loss via leaf transpiration, while
oo e those with reduced photosynthetic activity showed very
PR low gs and leaf E (Table 1). There were, however, no
‘ - significant differences in WUE in 2005. The results for 2006
also revealed increased Py, gs, and leaf £ in CH14, IT93K-
P 2045-29, Apagbaala, and Soronko, in contrast to Vuli-1,
E R = which showed low Px, g5, and WUE (Table 2). It, however,
Sggs remains to be determined whether these variations in gas-
exchange were due to differences in leaf stomatal density.
Whatever the case, similar gas-exchange data were
- obtained by Anyia and Herzog (2004) for cowpea.

Swsz g Leaf dry matter yield, but not N or C concentrations,
—Sssoe also differed among the cowpea genotypes (Table 3).
Furthermore, the leaf 8'°N values of Omondaw, IT93K-
L ) 2045-29, Sanzie, and Bensogla were very low, resulting in
gegmxaonq significantly higher percentage N derived from fixation
SeSSSSI I (83.9%, 82.9%, 76.3%, and 83.1%, respectively), and
greater amounts of N-fixed. In contrast, the leaf 3'°N
values of Botswana White, 1T94D-437-1, TVul509,
. L. ) Apagbaala, Pan 311, IT90K-76, and 1T93K-452-1 were
Yoo 3 sz ;(r-:‘ markedly high and resulted in lower percentage N derived
SSSSSSSSS from fixation, and significantly decreased amounts of
N-fixed (Table 5). Interestingly, the genotypes that
showed greater leaf N-fixed (e.g. 1T84S-2246, Ngonji,
i b s Fahari, Sanzie, and Mchanganyiko) also exhibited higher
= 5 g, & 8 2EEEY symbiotic N yield at whole-plant level, while those with
I e St S lower leaf N-fixed closely mirrored the small amounts of
. N-fixed by whole cowpea plants (Belane and Dakora
Loxmxi % ;\9 e % =« 2009). Furthermore, the percentage N derived from
sSccccsSesag fixation in 2005 and 2006 were generally low (15% —
83.9% in 2005, and 47.4% - 75.6% in 2006). A
. . comparison of total leaf N with leaf N-fixed in 2005
zg %é :% % o ig t&é f: st oo (Table 3) identified ten genotypes (ie. Apagbaala,
cl,' SSsas S o‘ = == = Botswana White, Faha.rl, Iron Grey, IT90K-76, IT93K-
452-1,1T94D-437-1, Line 2020, Mamlaka, and TVu1509)
i whose leaf N-fixed was less than half of the total leaf N;
o *;._3 0% o ﬁ@ 2 % noxg this could suggest suppression of N ﬁxat.ic.m by
SSSSSS5353333 endogenous soil N (Streeter anq Wong '1988, Ayisi et al.
2000). Under the same soil conditions, however,
i genotypes Bensogla, 1T93K-2045-29, Omondaw, and
o 0 b0t Bo im o e e o 00 Sanzie showed much higher percentage N derived from
c2csfIzazasdzzs fixation and significantly greater amounts of N-fixed. This
! ‘ ‘ S could suggest tolerance of these genotypes to soil mineral

= N (Ayisi et al. 2000, Dakora et al. 1992, Dakora 1998).
z E . i uza Zo & In some instances, we found a link between leaf
L Z Tg Ay g ‘*S = 2Z photosynthetic rates, leaf N-fixed, and whole-plant
. %ZB P % E % £ ;% 8 = symbiotic N contribution. Genotypes 1T84S-2246, IT93K-
SER828828000< gz 452-1, Mchanganyiko, and Ngonji, for example, showed
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relatively higher leaf Px (Table 1), greater leaf N-fixed
(Table 5), and higher symbiotic N yield at whole-plant
level in 2005 (Belane and Dakora 2009). In contrast,
genotypes Apagbaala and TVul509 exhibited very low
leaf Py (Table 1), produced lower leaf N-fixed (Table 5),
and yielded only small amounts of symbiotic N in 2005
(Belane and Dakora 2009). These data could be interpreted
to mean that higher photosynthate supply increased N,
fixation, and vice versa. However, a close scrutiny of the
data showed that genotypes with high values of total leaf
N and leaf N-fixed generally accumulated more C in their
leaves than those with low N. This could suggest that N,
fixation stimulated photosynthetic rates in the cowpea
genotypes; such that the more the symbiotic N supplied to
leaves, the higher was the photosynthetic stimulation. This
view was supported by data on PNUE in some cowpea
genotypes. The leaves of Botswana White, IT94D-437-1,
Apagbaala, and TVul509, for example, showed signifi-
cantly high C per unit of N-fixed, indicating sink
stimulation of photosynthesis (Kaschuk et al. 2009). In
other words, the symbiotic N supplied to leaves from root
nodules was a major determinant of the rate of
photosynthesis.

Because photosynthetic CO, fixation accounts for a
large part of plant biomass (Zelitch 1982, Khan et al
2008), leaf C correlated with leaf dry mass (Table 7), just
as leaf dry matter also positively correlated with
photosynthesis. Leaf total N and leaf N-fixed also showed
positive correlation with leaf dry matter because of the N
needed for Rubisco biosynthesis. Furthermore, photo-
synthesis correlated with stomatal conductance and
transpiration, in the same way that transpiration correlated
with water-use efficiency (Table 7). Taken together, these
correlation analyses show that the gas-exchange
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