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Abstract Cowpea (Vigna unguiculata (L.) Walp.)
is the most important grain legume in sub-Saharan
Africa where it provides a significant source of
human nutrition and animal fodder to millions of
low-input farmers. While adapted to a wide range
of soils and generally considered climate resilient
due to its drought and heat tolerance, cowpea yields
are suboptimal throughout its main growing region
because of numerous abiotic and biotic stress factors
and low soil fertility. Among the major limitations
is low available soil phosphorus (P) and, therefore,
improving cowpea cultivars for growth under
limiting P conditions would be of great importance
and benefit to local low-input farmers. We grew
a multi-parent advanced generation inter-cross
(MAGIC) population of cowpea consisting of 305 Fg
recombinant inbred lines (RILs) generated from eight
genetically diverse founder parents and phenotyped
them for root system, shoot system, and total
biomass production under normal and low phosphate
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conditions in an ebb and flow hydroponic system.
We then performed a genome wide association
study (GWAS) to identify genes associated with
phosphorus use efficiency (PUE). Two SNPs were
identified that are significantly associated with shoot
system growth under phosphate stress: one located
on chromosome Vu09 and the other on Vul0. A third
SNP was identified on Vu03 that is associated with
enhanced root production under phosphate stress.
Characterizing the underlying genetic basis for PUE
can assist in the improvement of cowpea for better
productivity across Africa.
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Introduction

Cowpea (Vigna unguiculata (L.) Walp.) is an
important grain legume widely grown in sub-Saharan
Africa as food for human consumption and fodder
for livestock (Agbicodo et al. 2009; Singh 2014).
The grain is rich in protein (25%), carbohydrates
(60.3%), fat (1.8%), vitamins, and minerals, providing
a major source of dietary protein that nutritionally
complements low-protein cereals and tubers in the
diet (Ehlers and Hall 1997; Kudre et al. 2013; Singh
2014). In addition to playing a pivotal role in human
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nutrition and health, it provides income generation
for both smallholder farmers and commercial vendors
(Omoigui et al. 2018). Throughout the African
continent typical cowpea grain yields of smallholder
farmers are only 10-20% of known yield potential
due to a wide range of biotic and abiotic constraints
(Widders 2012; Kamara et.al. 2018), inadequate
agronomy systems, lack of improved cultivars and
lack of fertilizer inputs (Ajeigbe et al. 2010a,b).

Phosphorus is an essential macronutrient for
plant growth and development and is needed to
produce many of the key organic components of cells
including nucleic acids, proteins and phospholipids.
Although total phosphorus is abundant in most soils,
African soils have inherently poor fertility because
they have been overutilized and a consistent lack
of organic inputs results in even poorer fertility
over time (Bationo 2009). Commercial phosphorus
fertilizers are often not available locally and when
available are often too expensive for most low-input
farmers (Mohammed et al. 2020) thereby not offering
a reasonable solution to soil nutrient depletion.
Moreover, the limited amounts of phosphorus present
are not easily absorbed by plants because it exists
often in forms that are generally immobile and of low
availability for uptake (Thakur et al. 2014; Hinsinger
2001; Margenot et al. 2016; Ojeda-Rivera et al. 2022).
Consequently, phosphorus starvation is a major
constraint limiting plant growth and productivity in
most African countries.

It is well established that all developmental
stages of plant growth (e.g., seed development and
germination, root growth, leaf and stem development,
flowering) require phosphorus (Hayman 1975;
Malhotra et al. 2018). Phosphorus deficiency also
affects the effectiveness of nitrogen fixation of
legumes, one of the main advantages of growing them
in the cropping system (Abdelrahman et al. 2018;
Yang et al. 2022). Since symbiotic nitrogen fixation
(SNF) in nodules requires significant inputs of energy,
legumes are generally considered to have a high
phosphorus requirement (Sulieman and Tran 2015;
Pang et al. 2018; Zhong et al. 2023). Furthermore,
studies indicate that root nodules involved in SNF are
strong phosphorus sinks, and therefore the growth
and yield of legumes are dramatically decreased
(~30- 40%) under low phosphorus stress (Tesfaye
et al. 2007; Valdés-Lopez and Hernandez 2008;
Chen et al. 2011; Qin et al. 2012; Guo et al. 2022).
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Thus, low phosphorus availability is regarded as an
important constraint for legume production as well
as production of other crops (Swaney et al. 2019;
Chowdhury and Zhang 2021).

Over the past several decades selective breeding of
plants aimed at improving their tolerance to low soil
phosphorus conditions has been an effective means
to overcome some of these constraints. For example,
several studies have demonstrated that increasing
plant phosphorus efficiency can be achieved by
improving phosphorus acquisition efficiency (PAE)
and/or phosphorus utilization efficiency (PUE) (Wang
et al. 2010; Adem et al. 2020; Han et al. 2022).

Genotypic variation in phosphorus efficiency
has been identified in cowpea (Ankomah et al.
1995; Sanguinga et al. 2000; Kolawole et al. 2000)
and consequently there has been some success in
identifying cowpea varieties which can tolerate low
phosphorus in soils (Singh et al. 2002; Saidou et al.
2007). Although the genetic mechanism(s) underlying
plant tolerance to low soil phosphorus conditions and
the heritability of low soil phosphorus-tolerance are
still poorly understood (Singh and Tarawali 1997)
available evidence suggests that the genes controlling
tolerance to phosphorus deficiency are independently
heritable and can be recombined (Polle and Konzack
1990). Many studies of varietal differences in cowpea
with respect to phosphorus uptake and utilization,
have mainly focused on above ground traits such as
yield (Kolawole et al. 2000) and biomass production
(Sanguinga et al. 2000; Suzuki et al. 2021). In these
cases, positive effects of phosphorus application were
correlated with increased above ground biomass.
In contrast, Oladiran, et al. (2012) screened cowpea
genotypes for number of root whorls and total number
of roots under three levels of phosphorus (0, 20
and 40 mg P kg-1 soil) and found that phosphorus
application significantly enhanced shoot and root
dry weight and total biomass but that there was no
significant relationship between root architecture
and phosphorus uptake. They did however find
that cowpea cultivar IT97K-414-5 was efficient
in phosphorus uptake in low phosphorus soils and
IT92KD-267-2 was efficient in N uptake. Certainly,
a better understanding of root physiological traits
that improve phosphorus acquisition under low
phosphorus stress would allow selection of cowpea
genotypes better adapted to low phosphorus soils
(Lynch 2011).
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Studies of the genetic basis and heritability of
low phosphorous tolerance have shown that that
crop tolerance to low soil phosphorus conditions
is likely under polygenic control with individual
genes contributing additively (Wissuwa et al. 2002,
Araujo et al. 2005; Li et al. 2005; Ochoa et al. 2006;
Hammond et al. 2009; Liang et al. 2010; Parentoni
et al. 2010). In many cases, the results showed a
significant correlation between root development
and PUE. Using a hydroponic phenotypic screening
method, Rothe (2015) identified cowpea varieties
having significant phosphorus deficiency tolerance
(Big John, IT97K-1069-6, IT98K-476-8, and
TX2028-1-3-1) or partial tolerance (CB-46, and
Golden Eye Cream). Phenotyping of F,, F,, and BC,
populations showed that low phosphorus tolerance
was heritable with significant additive effects and
narrow-sense heritability. Quantitative trait locus
analysis in an Fg recombinant inbred line (RIL)
population consisting of 125 individuals, derived
from a cross of phosphorus deficiency tolerant
IT98K-476-8 and phosphorus deficiency intolerant
Aloka identified several SSR markers associated with
low phosphorus tolerance on linkage group 3.

Subsequently, Ravelombola et al. (2017) examined
a worldwide collection of 357 cowpea accessions
for the relationship between plant growth and low
phosphorus availability using 1018 single nucleotide
polymorphism (SNP) markers. Not unexpectedly,
they found substantial variability among the
accessions in their response to low soil phosphorus
and response to application of rock phosphate
fertilizer. More importantly, they were able to
identify 10 SNPs associated with low phosphorus
tolerance and several other SNPs highly associated
with response to phosphate application. Additionally,
overlapping SNPs were found between low
phosphorus tolerance condition and rock phosphate
response indicating a high correlation between the
two traits. More recently, Mohammed et al. (2020)
evaluated 50 elite genotypes from African and U.S.
germplasm collections for seedling root architecture
and root hair length and density under low and high
soil phosphorus conditions. Their results showed that
increased root hair length and density were positively
correlated with better PUE in low phosphorus soils.

The development of multi-parent advanced
generation inter-cross (MAGIC) populations has
been used to dissect the genetic architecture of

complex traits in several crops and model organisms
(Kover et al. 2009; Huang et al. 2012; Gaur et al.
2012; Bandillo et al. 2013; Dell’Aqacqua et al. 2015;
Pascual et al. 2015, Mangino et al. 2022) including
cowpea (Huynh et al. 2018). MAGIC populations
are created by inter-mating multiple elite parents for
several cycles followed by single-seed descent (SSD),
resulting in RILs that each carry a combination of
genome blocks contributed by all founders. In the
present study we have used the cowpea MAGIC
population to identify SNPs that are associated
with cowpea’s tolerance to phosphorus deficiency
and to identify candidate genes / quantitative trait
nucleotides (QTN) potentially involved in enhanced
PUE. We show that there are two significant QTN
for PUE in cowpea that could be used as the starting
point for future genetic improvement of this important
agronomic characteristic in cowpea.

Materials and methods
MAGIC population development and genotyping

The cowpea MAGIC population used in this
study was developed by Huynh et al. (2018) and
was derived by crossing eight elite cultivars and
breeding lines with high genetic diversity. Briefly,
each of the parents (i.e., ITS9KD- 288, IT84S-
2049, CB27, IT82E-18, Suvita-2, ITO0K-1263,
1T84S-2246, and IT93K-503-1) were intercrossed
in balanced pedigree patterns to develop 8-way F,;
individuals. Seven generations of single-seed descent
(SSD) were performed to develop 305 recombinant
inbred lines representing each of the eight parents
in approximately equal genetic proportions. The
population was kindly provided by Bao-Lam Hyunh
and subsequently increased in the University of
Virginia Department of Biology greenhouses by one
generation of SSD.

Plant growth and phenotyping

The eight parents and 305 RILs comprising the
cowpea MAGIC population (n=313) were grown in
an ebb and flow (flood and drain) hydroponic system
in the University of Virginia’s Department of Biology
greenhouses. To measure PUE, the plants were
grown in deep square pots (3.5"x3.5"x5") filled
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with horticultural grade Turface MVP, a high-fired
calcined clay particle. A randomized complete block
design with two replicates per treatment was used.
The control treatment consisted of 1xHoagland’s
nutrient solution intended to imitate a fertile soil
solution (31 ppm of phosphorus), and the second
treatment consisted of a modified Hoagland’s solution
with no added phosphorus representing phosphorus
limited conditions (Hoagland and Arnon 1950).
The nutrient solution was replaced two weeks after
planting. The pH (5.7) was monitored daily and
adjusted with H,SO, or NaOH as needed to ensure
uniform nutrient bioavailability was maintained
between treatments throughout the experiments.

Four weeks after planting, each plant was carefully
uprooted, and the roots were gently cleaned by lightly
agitating the roots in water. Above ground tissue
was separated from the roots and each plant sample
was transferred to a separate paper bag and dried at
70° C for 48 h. The weight of root system and shoot
system were measured and recorded respectively;
total plant weight was determined from the sum
of the two measures. Several of the lines exhibited
poor germination under both nutrient conditions and
consequently data for some lines may not have been
collected, only a single replication may exist, or data
were subsequently filtered. These were excluded from
analysis as noted below.

Data analysis

Phenotypic distributions were visualized using R
Statistical Software (v4.4.1; R Core Team 2024) and
the ‘ggplot2’ package (Wickham 2016). Data for root
and shoot system masses within each treatment were
positively skewed and were thus normalized by log
transformations prior to genome-wide association
study (GWAS) analyses. Outliers resulting from
measurement, sampling, and tissue processing errors
were identified based on deviation from the mean
by greater than two standard deviations within each
treatment. Lines for which only one replication was
obtained were excluded from subsequent analyses. In
total, two replicates were obtained for 198 lines for
shoot system, 193 lines for root system, and 186 lines
for whole plant system and the means for each line
within each treatment were calculated. Whole plant
system mass was calculated as the sum of the root
and shoot masses for each line within each treatment.
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Phosphorus use efficiencies were calculated for root
systems, shoot systems, and whole plant systems for
each line as:

_ Mass®~

ass

PUE x 100

where PUE 1is the phosphorus use efficiency,
Mass'~ is the mass of the tissue under phosphorus
limited conditions and Mass'™ is the tissue mass
under phosphorus non-limiting conditions.

Genome-wide association study

The parental and RIL lines were previously
genotyped with 51,128 SNPs using the Illumina
Cowpea Consortium Array (Huynh et al., 2018;
Munoz-Amatriain et al., 2017), among which 32,130
were polymorphic within the MAGIC population.
A GWAS was conducted in R (4.4.1) using GAPIT
(Version 3) (Wang and Zhang 2021) and the BLINK
model (Huang et al. 2019). Conservative Bonferroni
corrected logarithm of the odds (LOD) thresholds of
5.8 («=0.05) and 5.2 (a¢=0.2) are denoted. All SNPs
based on Benjamini—-Hochberg analysis identified
at a significance level of p<0.1 were considered
significantly associated with PUE and are reported.
Manhattan plots were generated using ‘gqman’
package in R (Turner 2018).

Bioinformatic analysis

Significant SNPs were queried in Phytozome
(Goodstein et al. 2012; https://phytozome-next.jgi.
doe.gov/) using Jbrowse and BLAST and functional
annotations within 25 kb of the significant SNPs are
reported.

Results and discussion
Phenotypic evaluation under phosphorus deficiency

Eight parents (i.e., IT89KD- 288, IT84S-2049,
CB27, IT82E-18, Suvita-2, ITOOK- 1263, I1T84S-
2246, and IT93K-503-1) and 305 RILs constituting
the cowpea MAGIC population were grown in
randomized complete block design with two
replicates per treatment to compare the effects of
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phosphorus limited and non-limited conditions system, shoot system, and whole plant PUE indices
on plant growth. Phenotypic analysis was made were used to quantify the relative performance of
of the plants grown in each treatment and root each RIL in phosphorus limited and non-limited
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Fig. 1 Distribution of phosphorus use efficiencies (PUE) limiting conditions X 100%. Shown are the distributions
in the cowpea MAGIC population. PUE for each line was derived from (A) root system, (B) shoot system, and (C) whole
calculated as the tissue mass under phosphorus limited plants with boxplots showing significant differences between
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conditions. For each tissue type, biomass production
was significantly lower in the phosphorous limited
conditions than phosphorus non-limited conditions
(P<0.0001) and the population distribution of PUE
was positively skewed. (Fig. 1).

Parental  lines  produced  between  21.2
—76.7% shoot system biomass under low phosphorus
conditions relative to their biomass production under
phosphorus non-limited conditions and between
14.9 — 95% root biomass. In all but IT84S-2049 and
IT93K-503-1, a larger proportion of total biomass
production was allocated for root system development
which is consistent with the expectation of enhanced
root development to facilitate nutrient scavenging
(Table 1). Similar observations were observed across
the MAGIC population which exhibited 68% PUE for
shoot system production and 98.9% for root system
development. Interestingly, the MAGIC population
on average outperformed nearly all parents apart
from IT93K-503-1 for total plant PUE, perhaps
due to favorable combinations of genes/alleles
obtained from multiple parents (Table 1). The lower
PUER o1 sysiem Telative to the PUEg; o gysem Observed
for 1T84S-2049 and IT93K-503-1 suggests these
lines do not exhibit as robust of a nutrient scavenging
response relative to the other germplasm evaluated in
this study under phosphorus limiting conditions.

Prior studies have found significant differences in
root system structure among legumes as evidenced
in differences in root fresh weight, shoot fresh
and dry weights and root: shoot ratio (Mia et al.
1996). The differences found here among MAGIC
genotypes, especially in root weights, is an important
characteristic since extensive lateral rooting systems
have been shown to be important adaptive traits that

enhance phosphorus uptake from low phosphorus
soils (Zhu and Lynch 2004) and the differences may
be contributing to better PUE. Overall, the PUE of the
root systems was substantially better than observed
for the shoot systems, suggesting the low phosphorus
conditions induced a nutrient scavenging response in
most of the lines.

Association mapping

GWAS was conducted to identify SNP markers
associated with root, stem and whole plant indices
using the Bayesian-information and linkage-
disequilibrium iteratively nested keyway (BLINK)
model. BLINK was selected due to its high statistical
power relative to other widely used GWAS methods.
In addition to its capability to incorporate principal
components and kinship as covariates to reduce
false positives due to population stratification,
BLINK iteratively incorporates associated markers
as covariates for testing markers to eliminate their
association with cryptic relationships among
individuals.

A total of two SNPs, on chromosomes Vu9 and
Vul0, were found to be associated with shoot system
PUE and one on chromosome Vu3 was found to be
associated with root system PUE (Fig. 2).

Perhaps not unexpected, SNPs associated with
whole plant PUE were the same as those detected
for shoot system PUE since the above ground tissue
comprises the largest proportion of the whole plant
system mass (Table 1). From a breeding perspective,
the low number of significant loci detected suggests
that PUE derived from the parental lines used in
this study may be relatively easy to select for using

Table 1 Phosphorus use
efficiencies of parental lines
and MAGIC population

Cowpea line/population

PUEShool System (%)

PUERool System (%) PUEWhole Plant System

(%)

CB27

ITOOK-1263
IT82E-18
1T84S-2049
1T84S-2246
IT89KD-288
IT93K-503-1
Suvita 2

MAGIC Population

37.2 61.0 40.7
412 69.3 445
43.1 60.9 46.3
21.2 14.9 20.3
324 51.4 34.5
24.0 334 25.1
76.7 72.4 75.8
58.0 95.1 62.9
68.6 98.9 69.2

@ Springer



Euphytica (2025) 221:61

Page 7of 14 61

A Shoot System

30: 2 53519

~log1o(p)

°
%
° @2.47413 g2-179%1

©2.06748

°
0218189 © 92.03623 @2.30568
L]

B Root System

4 — 243857
o

~log1o(p)

208221

2 32233
[} | s 02.27673
% 2_36340
() (34

C Whole Plant System

223075
& 92.53519

~log1o(p)

Fig. 2 Manhattan plots representing the significance of
genome-wide SNPs associated with (A) shoot system
phosphorus use efficiency, (B) root system phosphorus use
efficiency, and (C) whole plant phosphorus use efficiency. The

3 . 2_49210 .2701044
L]
{ R e

9203523

Bonferroni corrected LOD thresholds of 5.8 (x=0.05) and
5.2 (a=0.2) are denoted. The genome-wide association study
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traditional or molecular breeding. Interestingly,
neither of the two SNPs that were associated
with shoot system PUE colocalized with the SNP
associated with root system PUE, suggesting there
could be a tradeoff in terms of energy allocation
between the root development required for scavenging
nutrients and shoot system development that is
beneficial for cowpea grain and vegetable production.
However, since these screenings were done under
artificial hydroponic conditions a nutrient scavenging
response would not necessarily result in an associated
positive response in shoot biomass production. In
a typical agricultural system under which cowpea
production would occur, a scavenging response is
likely to be positively associated with shoot biomass
productivity as well.

For each SNP associated with better shoot system
PUE, a beneficial response was associated with the
minor allele (Fig. 3), although for the SNP 2_23075
on chromosome Vu9, each allele was present in
equal proportions among the eight parents. The allele
associated with the positive effect on chromosome
9 is present in IT84S-2246, CB27, IT82E-18,
and Suvita-2, while only IT82E-18 conferred the
beneficial allele on chromosome VulO. For root
system PUE, the minor allele was only present
in CB27 and had a highly negative effect on root
system biomass production under phosphorus limited
conditions (Table 2).

It is now well established that plants sense
phosphate  deficiency and initiate  signaling
controlling adaptive responses necessary for
phosphate acquisition. The genetic mechanisms
involved in this process are not fully known.
Analysis of potential gene functions associated
with the QTN located on Vu03, Vu09, and VulO
identified in the present study (Table 2) revealed
that significant SNPs are within or near genes with
functions associated with nutrient stress response
and activation of transcriptional activities. On
chromosome 9, the Vigun09g030400 gene, which
is annotated as an inactive purple acid phosphatase
(PAP) 28-related protein and just 212 bp from the
significant SNP, is particularly intriguing based on
the role of PAPs in orthophosphate mobilization
under deficient conditions. Phosphorus starvation has
been shown to induce expression of PAP isozymes
in Arabidopsis which may facilitate phosphate
scavenging from both extracellular and intracellular
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sources (Tran et al. 2010). The SNP is also embedded
in Vigun09g030500, which is predicted to encode a
ATP:cob(I)alamin adenosyltransferase-like protein,
a protein homologous to those responsible for
catalyzing the conversion of B12 to its coenzyme
form. While its possible function in relation to PUE is
less obvious, it may be similarly involved in cofactor
biosynthesis associated with stress response.

On chromosome VulO, 2_53519 is just 369 bp
from a predicted leucoanthocyanidin dioxygenase
(LDOX) protein (Vigun10g080400), a protein
family involved in flavonoid biosynthesis. Phosphate
starvation causes oxidative stress in plants which
could potentially be mitigated by upregulated
flavonoid production. Of note, the R:(LDOX2 gene
in Reaumuria trigyna has been shown to improve
tolerance to several abiotic stresses and enhance
primary root length, biomass accumulations as
well as chlorophyll content under salt, drought, and
ultraviolet-B detrimental conditions (Li et al. 2021).
The Vigun10g080400 gene, may play a similar role in
cowpea’s response to phosphorus stress.

The chromosome Vu03 SNP significantly
associated with root system PUE, 1_0345, is
embedded in Vigun03g285000 and just 2003 bp from
Vigun03g285100. Vigun03g285000 is predicted
to encode a peroxidase which may be involved in
responding to oxidative stress caused by phosphorus
deficient conditions. Peroxidases have also been
shown to alter root phenotypes, increasing lateral root
density in Arabidopsis which might be a beneficial
response for nutrient scavenging (Passaia et al.
2014). It is unclear what the role of Vigun03g285100
might be in influencing root system PUE,
however phosphorus limitation induces a range of
transcriptional responses in which this transcriptional
regulator could be involved.

Interestingly, QTL mapping in an Fg RIL
population of 120 individuals using SSR markers
by Rothe (2015) identified four significant QTL for
low phosphorus tolerance on LG 3 associated with
shoot system biomass production. Two QTL, QAB.
tam-3Chr.1 (14.47-39 cM) and QAB.tam-3Chr.2
(68.58-119.48 cM), were identified from qualitative
scores for low phosphorus tolerance, and a third
QTL, QLP.tam-3Chr (72.58-120 cM), was identified
from shoot dry biomasses in the low phosphorus
treatment. The fourth QTL, QPSItam-3Chr
(43-118.48 cM), was identified from P susceptibility
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Table 2 SNPs significantly associated with phosphorus use efficiency (PUE) based on analysis of shoot, root and whole plant

systems
Tissue SNP Chr Pos MAF Benjamini- Effect® Gene Model Function
(bp) (%)  Hochberg (%) [position (bp)]°
Adjusted
P-value
Shoot System 2_23075 9 2,543,093 0.48  2.45E-02 16.8  Vigun09g030400 PTHR32440:SF2—
[2,536,574-2,542,881] INACTIVE PURPLE
Vigun09g030500 ACID PHOSPHATASE
[2,542,881-2,545,628] 28-RELATED
Metallo-dependent
phosphatase-like
(TIPR029052)
Adenosylcobalamin
biosynthesis,
ATP:cobalamin
adenosyltransferase-like
Shoot System 2_53519 10 22,266,215 0.12  2.45E-02 26.3  Vigun10g080400 1.14.11.19—Leucocyanidin
[22,263,114-22,265,846]  oxygenase /
Leucoanthocyanidin
dioxygenase
Root System 1_0345 3 46,627,017 0.09 5.73E-02  -40.0  Vigun03g285000 PTHR31517//
[46,625,971-46,628,786]  PTHR31517:SF3—
Vigun03g285100 FAMILY NOT NAMED
[46,629,020-46,633,107]  // PEROXIDASE
35-RELATED
PF12767—Transcriptional
regulator of RNA polll,
SAGA, subunit (SAGA-
Tadl)
Whole Plant  2_23075 9 2,543,093 047 5.52E-02 15.6  Vigun09g030400 PTHR32440:SF2—
[2,536,574-2,542,881[ INACTIVE PURPLE
Vigun09g030500 ACID PHOSPHATASE
[2,542,881-2,545,628( 28-RELATED
Adenosylcobalamin
biosynthesis,
ATP:cobalamin
adenosyltransferase-like
Whole Plant 253519 10 22,266,215 0.12  5.52E-02 243 Vigun10g080400 1.14.11.19—Leucocyanidin
[22,263,114-22,265,846] oxygenase /
Leucoanthocyanidin
dioxygenase

2 allelic effect associated with the minor allele

® The closest gene models within +25 kb to each SNP are reported along with their predicted function

QAB.tam-3Chr.1 confidence intervals appear to
co-localize with the 1_0345 QTN. Colocalization of
these shoot system QTL with the root system QTN
identified in this study, suggests that these shoot
system QTL may be derived from an improved
nutrient scavenging capacity afforded by greater
root system productivity under phosphorus deficient
conditions. Based on BLAST analysis of the SSR

@ Springer

primer sequences used by Rothe (2015), 1_0345 is
flanked by the SSR markers CLM0721 and MA135.
In fact, 1_0345 falls just 143.4 kb from MA135,
suggesting this SSR could serve as a valuable marker
for improved phosphate scavenging via molecular
breeding in labs in Africa, where SNP genotyping is
less widely accessible. This study further delineates
and provides additional evidence supporting the
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importance of this genomic region in relation to
cowpea’s response to phosphorus starvation.

Conclusions

Together these results contribute knowledge to
breeding cowpea for the phosphorus- deficient soils
of sub-Saharan West Africa via identifying tolerant
varieties and elucidating a few of the potential
physiological mechanisms responsible for tolerance.
These results suggest that tolerant cowpea lines via
low phosphorus tolerance can be readily developed
since low phosphorus tolerance is a heritable additive
trait. In addition, QTL for low phosphorus tolerance
in cowpea were identified that could assist in breeding
for low phosphorus tolerance and future fine mapping
of the loci leading to a detailed characterization of the
underlying genes and mechanism of this tolerance.
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