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Abstract High-temperature stress is an important abiotic
stress that significantly affects the growth and yield of
agriculture crops, including cowpea, and is thus a great
concern for global food security. Harnessing variability in
crop germplasm through various breeding techniques could
be a viable option for improving tolerance to various abi-
otic stresses, including heat stress. Classical breeding
approaches have been used to determine the genetics of
heat tolerance in cowpea. However, progress has been
hampered as heat tolerance is governed by multiple genes
and is highly influenced by G x E effects. During the last
decade, the increase in cowpea genomic resources has
played a key role in elucidating the QTLs controlling heat
stress tolerance. Advances in transcriptome resources have
also uncovered plausible candidate gene(s) in response to
heat tolerance. Likewise, proteomic and metabolomic
approaches have offered novel insights into the response of
various heat shock and other related proteins and metabo-
lites involved in heat stress tolerance. Most importantly,
increasing the precision of phenotyping approaches would
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enable us to close the genotype—phenotype gap to better
understand the heat tolerance response in cowpea. Next-
generation breeding techniques, such as MAGIC, genomic
selection, speed breeding, and genome editing tools, have
the potential to accelerate the creation of heat-tolerant
cowpea genotypes.
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Introduction

Cowpea [Vigna unguiculata (L.) Walp.]—a vital protein-
rich nutritious crop—is an important grain legume that is
grown widely across Africa, Southeast Asia, and Latin
America, which provides valuable farmer income, espe-
cially in sub-Saharan Africa and other developing countries
(Ehlers and Hall 1997; Langyintuo et al. 2003; Timko and
Singh 2008; Muiioz-Amatriain et al. 2017). Cowpea is a
multifunctional legume providing food (grain), vegeta-
bles (green pods and tender levaes), fodder and is also used
as green manure and cover crop globally (Alemu et al.
2016; Gongalves et al. 2016). Globally, 5.8 million tons of
cowpea is harvested from 11 million hectares each year
(Xiong et al. 2016). Nigeria produces the most cowpea,
contributing 2.24 million tons to the global cowpea basket
(Boukar et al. 2013). In light of global climate change, heat
stress-related events are becoming a serious problem, and
may be of great concern for global food security (Bita and
Gerats 2013). Cowpea growth and yield are significantly
affected by heat stress in the major cowpea growing areas
(Jha et al. 2014, 2017). Thus, to sustain cowpea yield under
increasing high-temperature stress, cowpea germplasm
needs to be screened and to identify ‘stress adaptive’ traits
across various gene pools. Numerous classical genetic
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studies on heat stress tolerance effects on yield and yield
parameters in cowpea have been reported; however, low
heritability of these traits could not fully explain the
genetic inheritance of heat tolerance (Patel and Hall 1988;
Marfo and Hall 1992). Advances in cowpea genomics have
enabled precise mapping of various trait QTLs of breeding
importance, including heat stress tolerance across various
linkage groups (Muchero et al. 2009; Lucas et al. 2013a).
Likewise, decoding the cowpea genome sequence has
enabled the use of SNP markers to conduct genome-wide
association analysis for capturing novel genomic regions
that contribute to various abiotic stresses, including heat
stress tolerance (Mufioz-Amatriain et al. 2017; Spriggs
et al. 2018). Current advances in functional genomics could
play an important role in underpinning the relevant can-
didate genes and QTLs associated various abiotic stress
tolerance traits, including heat stress (Yao et al. 2016; Chen
et al. 2017). Similarly, proteomics and metabolomics could
unravel the role of various heat-shock proteins (HSPs) and
metabolites involved in heat stress tolerance in cowpea.
Several innovative breeding techniques—including multi-
parent advanced generation intercross (MAGIC), speed
breeding, genomic selection, and genome editing tools—
have been introduced to expedite the genetic gain in vari-
ous legumes, including cowpea (Meuwissen et al. 2001;
Huang et al. 2015; Huynh et al. 2018; Hickey et al. 2019;
Olatoye et al. 2019; Jha et al. 2020). Collectively, these
innovative breeding technologies, along with various
interdisciplinary approaches, could be used to improve the
tolerance of cowpea to heat stress and thus support the
increasing global demand for cowpea.

Anomalies associated with heat stress in cowpea
at various growth phases

Heat stress challenges key physiological, biochemical, and
other essential metabolic processes in plants, resulting in
substantial yield losses (Bita and Gerats 2013; Jha et al.
2014, 2017). Intense heat stress impairs photosynthetic
mechanism and machinery and respiration process, reduces
stomatal conductance, inhibits TCA cycle activity, and
increases reactive oxygen species (Wahid et al. 2007; Way
and Yamori 2014). The reproductive phase remains the
most vulnerable stage to high-temperature stress, which
affects flower bud formation and opening, pollen viability
and germination, pistil viability, and embryo development,
and causes excessive flower abscission and anther dehis-
cence (Warrag and Hall 1983, 1984; Mutters et al. 1989;
Hall 2004). The inhibition of such reproductive processes
due to heat stress results in low pod set and pod yield, and
early leaf senescence, leading to significant yield losses
(Bagnall and King 1987; Ahmed et al. 1992). Notably,
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reproductive processes are critically affected when night
temperatures reach > 20 °C (Ehlers and Hall 1998).
Ahmed et al. (1993) reported that high night-time tem-
peratures reduced the supply of sugars in the peduncles of
heat-sensitive cowpea lines, resulting in poor pod set.
Similarly, Mutters et al. (1989) claimed that heat-sensitive
cowpea genotypes restrict proline translocation from anther
walls to pollen under heat stress, which damaged the
reproductive organs. Ismail and Hall (1998) indicated that a
1 °C increase in night-time temperature beyond 16.5 °C
reduced grain yield in cowpea by 13.5%. Likewise, heat
stress challenges the nitrogen fixation process via nodule-
inhabiting rhizobacteria, which significantly reduces cow-
pea yield (Michiels et al. 1994). The impacts of heat stress
on various reproductive and yield traits and biological
processes are depicted in Fig. 1.

Genetic variability for heat stress tolerance
in cowpea

Among the various approaches for mitigating heat stress,
harnessing genetic variability in various gene pools
remains one of the cheapest and most viable options
(Mickelbart et al. 2015). Crop germplasm is a natural
reservoir of various adaptive traits that enable plants to
acclimate under stress conditions, including heat stress
(Mickelbart et al. 2015). Considerable genetic variability
for heat stress tolerance in cowpea has been captured for
plant phenological and yield-related traits (Patel and Hall
1990; Ehlers and Hall 1996; Ehlers et al. 2000; Hall 2004
Timko and Singh 2008). Ehlers and Hall (1996) assessed
juvenility, photoperiod and temperature response of 44
cowpea genotypes grown under moderate (31.5/
16.5 °C day/night) and high temperatures stress (38/
22.5 °C day/night) in the field (under long day condition)
and moderate temperature stress (32/18 °C day/night) and
high temperatures stress (35/26 °C day/night) in green-
house (under short and long days) at Riverside and Coa-
chella Valley in California. Based on the juvenility,
photoperiod and temperature response these genotypes
were categorized into 11 groups, which could allow cow-
pea breeders to select appropriate phenology and genotype
for developing heat tolerant cowpea cultivars (Ehlers and
Hall 1996). The cowpea genotype Mouride was registered
as a heat-tolerant genotype (Cisse et al. 1995) based on
early phenology traits related to the heat escape mecha-
nism. Warrag and Hall (1983) reported that cowpea
genotype TVu 4552 had better heat tolerance than Cali-
fornia Blackeye No. 5 at the flowering stage. Yet, Cali-
fornia Blackeye No. 27 performed well under heat stress, in
terms of yield at the reproductive stage (Ehlers et al. 2000).
Cowpea genotype Prima was identified as a promising



Plant Physiol. Rep. (October—December 2020) 25(4):645-653

647

Fig. 1 Impact of heat stress on
physiological, biochemical and

breeding related traits in cowpea
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donor parent for improving heat tolerance due to its high
pod set under heat stress (Craufurd et al. 1998). In another
study, TVu 4552 and Prima were selected as heat-tolerant
genotypes, based on their small yield reductions under heat
stress (Nielsen and Hall 1985a, b). Timko and Singh (2008)
explored the potential of cowpea genotypes IT93K-452-1,
IT98K-1111-1, IT93K-693-2, IT97K-472-12 as donors for
improving heat stress tolerance based on yield and yield-
related traits at the International Institute of Tropical
Agriculture (IITA), Ibadan, Nigeria (see Table 1). How-
ever, advances in the development of heat-tolerant cowpea
genotypes has been slower than for other grain legumes.
Therefore, global cowpea germplasm, landraces, and crop
wild relatives from gene banks should be screened on a
large scale to accelerate the development of climate-re-
silient cowpea genotypes and increase genetic gain.

Genetics of heat stress tolerance in cowpea

Classical breeding-based studies have offered a prelimi-
nary insight into the genetic inheritance of heat stress tol-
erance in cowpea. An evaluation of heat-tolerant (Prima
and TVu 4552) and heat-sensitive (Bambey 23, Magnolia,
and 7964) cowpea genotypes in Fy, F,, and backcross (BC)
populations in the Imperial Valley, California, based on
pod number per peduncle and proportion of tolerant plants,
revealed that heat tolerance was controlled by a single
dominant gene (Marfo and Hall 1992). However, Hall
(1993) reported that a single recessive gene controlled heat

tolerance during flower bud development. Based on the
phenotypic observation in Fy, F,, F;, and BC populations
derived from TVu 4552 x California Blackeye #5 and
Bambey 21 x PI 204,647 crosses, Patel and Hall (1988)
reported that the heat-induced browning of seed coat trait
was controlled by single Hbs gene dominant to normal seed
coat. However, Mendelian genetics alone does not address
the complex genetic inheritance of heat tolerance, as it is
governed by multiple genes or minor QTLs and profoundly
affected by G x E interactions.

Genomic resources for heat stress tolerance
in cowpea

In the last decade, cowpea genomic research has made
significant progress with the development of various bi-
parental cross-based linkage maps for elucidating the
chromosomal location and genetic dissection of various
traits of economic importance, including heat stress toler-
ance (Muchero et al. 2009; Lucas et al. 2013a, b; Pottorff
et al. 2012, 2014a, b; Huynh et al. 2016; Lo et al. 2018;
Santos et al. 2018; Herniter et al. 2018, 2019). Lucas et al.
(2013a) reported five genomic regions in a CB27 x
IT82E—18 RIL population that explained 11.5-18.1% of
the phenotypic variation controlling heat tolerance in
cowpea (Table 2). A comparative genome analysis indi-
cated that these genomic regions are syntenic with the
soybean genome and encode HSPs, heat-shock transcrip-
tion factors, and proline transporters that contribute to
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Table 1 List of heat stress (HS)-tolerant cowpea genotypes

Source of heat tolerance HS tolerance Traits involved in Name of country/origin References
temperature conferring HS tolerance
7964 33/20 °C day/night High number of flower  University of California, Ahmed
set Riverside, CA, USA et al.
(1992)
518 33/30 °C day/night High flower and pod University of California, Ahmed
production Riverside, CA, USA et al.
(1993)
Tvu 4552 33°/22 °C day/night  High tolerance at Nigeria Warrag and
flowering stage, less Hall
flower abscission (1983)
TN88-63 High pod set Niger Ntare
(1992)
CB27 > 20 °C night Reproductive phase University of California, Ismail and
advantage Riverside, CA, USA Hall
(1998)
B89-200 and TN88-63 Maintain high Ehlers et al.
pods/plant (2000)
B89-600 and TN88-63 27 °C/36 °C Maintain high Senegal (ISRA), Niger Ehlers and
minimum/maximum  pods/plant Hall
(1998)

Tvu 4552 and Prima

24.0 °C/34.5 °C

High seed yield/plant

Nigeria

Nielsen and

minimum/maximum Hall
(19854, b)
33 °C/22 °C day/ Low flower abscission Warrag and
night Hall
(1983)
I1T93K-452-1, IT98K-1111-1, IT93K-693-2, — High yield-trait International Institute of Timko and
IT97K-472-12, IT97K-472-25, IT97K-819- advantage Tropical Agriculture (IITA),  Singh
43, ITT97K-499-38 Ibadan, Nigeria (2008)
Epace 10 and Marataoa 20 °C/35 °C High germination and - Nunes et al.
minimum/maximum vigour (2019)
Table 2 List of QTLs contributing heat stress tolerance in cowpea
Cross Population type Size QTLs  Marker used LG PV% Reference
CB27 x IT82E-18 RIL(Fg) 141  Cht-1 SNP 2 181 Lucas et al. (2013a)
CB27 x IT82E-18 RIL(Fg) 141  Cht-2 SNP 7 171 Lucas et al. (2013a)
CB27 x IT82E-18 RIL(Fg) 141  Cht-3 SNP 6 162 Lucas et al. (2013a)
CB27 x IT82E-18 RIL(Fg) 141  Cht—4 SNP 10 16 Lucas et al. (2013a)
CB27 x IT82E-18 RIL(Fg) 141  Cht-5 SNP 3 11.5 Lucas et al. (2013a)
IT93K-503-1 x CB46 RIL(F0) Hbs-1  SNP markers 1_0032 and 1_1128 8  28.3-77.3 Pottorff et al. (2014b)
IT93K-503-1 x CB46 RIL(F0) 113 Hbs-2  SNP marker 1_1342 3 95-123  Pottorff et al. (2014b)
IT84S-2246 x TVul4676 RIL(Fg) 136 Hbs-3  SNP marker 1_0640 1 62-68 Pottorff et al. (2014b)

enhancing heat tolerance in cowpea (Lucas et al. 2013a).
Likewise, Potoroff et al. (2014b) reported three QTLs
(Hbs-1, Hbs-2, and Hbs-3) developed from two RIL pop-
ulations controlling heat stress-induced seed coat browning
in cowpea. The identified QTLs explained 9.5-77.3% of
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the phenotypic variation, and the underlying candidate
genes encoding ACC oxidase 2 and ethylene-responsive
element-binding factor 3 (ERF3) were elucidated. Thus,
SNP markers—SNP 7_0032, 1_1128 linked with Hbs-1,
SNP 1_0280, 1_1534, and SNP [_1404 linked with Hbs3
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and SNP /_ 1342 linked with Hbs-2—could be used in
marker-assisted breeding to screen for heat stress-tolerant
cowpea lines (Potoroff et al. 2014b).

Advances in high density genotyping assays has
increased cowpea genomic resources, especially high
throughput SNP markers (Carvalho et al. 2017; Pan et al.
2017; Xu et al. 2017; Lo et al. 2019), which have advanced
the development of high-density genetic maps for nar-
rowing down the QTLs of interest (Mufioz-Amatriain et al.
2017; Pan et al. 2017; Huang et al. 2018). Likewise, the
growing number of SNP markers has been useful to iden-
tify causal gene(s)/candidate gene(s) for various traits
using marker-trait association analysis based on evolu-
tionary recombination events at the whole genome level
(Burridge et al. 2017; Xu et al. 2017; Lo et al. 2019).
However, this approach has not been used to pinpoint heat-
tolerant genomic regions in cowpea.

Potential of the cowpea genome sequence
for exploring heat-tolerant genomic regions

Given the current progress of genome sequencing tech-
nologies, Mufioz-Amatriain et al. (2017) assembled
323 Mb of the cowpea genome (variety IT97K-499-35, an
African cultivar) using a shot-gun genome sequencing
approach. Spriggs et al. (2018) later assembled 568 Mb
(variety IT97K-499-35) and 609 Mb (variety IT86D-1010)
of the cowpea genome, and Lonardi et al. (2019) released a
draft genome sequence measuring 519.4 Mb (variety
IT97K-499-35). Subsequently, Xia et al. (2019) assembled
632.8 Mb (V. unguiculata ssp. sesquipedialis) of the
cowpea genome. These genome sequences will allow us to
investigate copy number variations, presence-absence
variations, and other structural variations that contribute to
heat stress tolerance across the cowpea genome.

Progress of functional genomics for heat tolerance
in cowpea

Functional genomics is a promising approach for investi-
gating candidate genes and their responses to various biotic
and abiotic stresses (Jha et al. 2015). Unprecedented
advances in RNA-seq-driven transcriptome profiling have
elucidated candidate gene(s) contributing to heat stress
tolerance in various grain legumes, including chickpea,
soybean, and common bean (Lopes-Caitar et al. 2013;
Zhang et al. 2015; Agarwal et al. 2016). However, devel-
opment of the functional genomics repertoire in cowpea for
underpinning candidate genes that contribute to heat stress
tolerance has received little attention (Chen et al. 2017,
Misra et al. 2017). The ‘Vigna unguiculata Gene

Expression Atlas (VuGEA),” was developed using RNA-
seq analysis to gain an insight into the regulation of
drought stress and seed development at the molecular level
(Yao et al. 2016). Similarly, a transcriptomic approach has
been used to establish six tissue-specific transcriptome data
sets from cowpea genotypes IT97K-499-35 and IT86D-
1010, which has enriched the functional genomic resources
in cowpea (Spriggs et al. 2019). The participatory role of
miRNAs and their possible target genes contributing to
chilling tolerance has been elucidated in cowpea (Zuo et al.
2018).

Proteomics is an important approach for investigating
various proteins and complex stress-sensing and signal
molecules involved in signal transduction pathways related
to heat stress (Kosova et al. 2011; Arbona et al. 2013).
Proteomic studies also improve our understanding of the
various roles of proteins involved in alleviating the reactive
oxygen species-induced toxicity effect under heat stress
(Kosova et al. 2011). Previously, Heuss-L.aRosa et al.
(1987) reported the contribution of two proteins (70 and
80 kDa) involved in heat tolerance in cowpea. Notably, the
functional roles of HSPs—HSP90, HSP100, HSP70,
HSP60—are worth-mentioning for preventing the mis-
folding of cellular proteins under heat stress in plant (Al-
Whaibi 2011). However, role of these HSPs contributing in
heat tolerance has not yet been investigated in cowpea.
Similarly, advances in metabolomics could offer insight
into the various metabolites generated in response to heat
stress, and thus identify the complex pathways controlling
heat stress tolerance in cowpea (Shulaev et al. 2008;
Ramalingam et al. 2015). In response to the heat stress
response, plants reprogram their metabolic processes to
adapt and survive under stress conditions. Metabolomics
could shed light on the various novel metabolites and
complex signaling networks contributing to heat stress
adaptation (Bueno and Lopes 2020). Such studies are lar-
gely lacking in cowpea. Thus, identification of the
expression pattern of various proteins and metabolites
under heat stress using proteomics and metabolomics could
assist in screening cowpea lines for heat tolerance.

Scope of phenomics approaches for resolving heat
stress tolerance in cowpea

Considering the complex genetic inheritance and strong
influence of G x E interactions, the precise measurement
of the heat stress response remains challenging in cowpea
(Furbank and Tester 2010; Houle et al. 2010). Emerging
high throughput phenotyping approaches—including
automated phenotyping systems involving RGB imaging,
multi-sensor based high throughput phenotyping (HTP)
platforms, thermal imaging, and hyperspectral reflectance-
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Fig. 2 List of various breeding,
physiological and molecular
approaches for improving heat
tolerance in cowpea

Screening,
Selection,
biparental-crossing,
back crossing,
mutation breeding

High relative water
content, high cell
membrane stability, high
proline, higher ROS
scavenging enzymes,
High F,/F,

RGB, 3D image,
Deep learning,

Physiological
approach

Cowpea genome
sequence, WGRS, SNPs,
SSRs, high density
linkage map, GWAS,
SNP array, GBS, NGS,
Cowpea Pan genome
sequence

ESTs
Microarray
SAGE
RNA-seq
Cowpea gene

Functional
genomics
approach

Cowpea

expression Atlas
genepool Proteomic
approach | ya| pi-TOF/TOF
m, Mass spectrometry
Stap,
aPp Olos, .
’OrOa /77/C
& ch LC-MS, FT-MS, GC-MS
Discovery of candidate genes/QTLs

/genomic regions/ haplotypes

MAS |MABC

GM and novel breeding schemes

Gene editing, genomic
selection, MAGIC, Speed
breeding

Improved heat tolerant cowpea
genotype

based HTP platforms, and both manned aircraft and
unmanned aerial vehicles, have offered an excellent
opportunity for precision phenotyping of various traits in
various crop plants, both spatially and temporally (Buse-
meyer et al. 2013; Andrade-Sanchez et al. 2014; Deery
et al. 2014; Crain et al. 2016; Gao et al. 2020). Spectral
reflectance-based HTP has been used to build vegetation
indices, viz., normalized difference vegetation index
(NDVI) for measuring plant green biomass (Araus 2002).
In wheat, the NDVI had a positive correlation with grain
yield under heat stress (Cossani and Reynolds 2012; Lopes
and Reynolds 2012; Juliana et al. 2019). These HTP
approaches have not been used to interrogate the heat stress
response dynamics in cowpea.

Novel breeding techniques for designing heat
resilient cowpea

Several innovative breeding schemes have been introduced
in cowpea to increase genetic gains. A MAGIC population
involving eight founder parents has been developed to
expand the cowpea genetic base and discover novel
gene(s) and QTLs contributing to various abiotic stresses in
cowpea (Huynh et al. 2018, 2019; Olatoye et al. 2019).
This breeding scheme could be used to obtain better
recombinants for developing heat-resilient cowpea
genotypes.

The increasing repertoire of SNP markers derived from
high density genotyping platforms provides an excellent
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opportunity for genomic selection in cowpea. Genomic
selection can predict the genomic-estimated breeding value
of unobserved individuals using a statistical model that
relies on the ‘training population’ with known genotypic
and phenotypic information (Meuwissen et al. 2001). Thus,
genomic selection provides an opportunity to select indi-
viduals for improving genetic gain. Among the novel
breeding techniques, genome editing is the most promising
for the rapid engineering of heat stress tolerance in various
crop species, including cowpea (Ran et al. 2013). Recently,
the CRISPR/Cas9 genome editing tool was used to disrupt
the VuSYMRK gene responsible for nitrogen fixation in
nodule and arbuscular mycorrhizal symbiosis in cowpea (Ji
et al. 2019), indicating that it has potential for manipulating
stress responses too. Thus, interdisciplinary approaches,
including breeding, physiological, genomics, and modern
emerging breeding tools, could assist in the development of
heat-tolerant cowpea genotypes for future changing climate
(Boukar et al. 2016) (see Fig. 2).

Conclusion and perspective

Cowpea production is challenged by incidence of various
biotic and abiotic stresses, which have been causing con-
siderable yield losses. The incorporation of crop wild rel-
atives and landraces could help to introgress key adaptive
traits contributing to heat tolerance. Along with conven-
tional breeding approaches, molecular breeding approaches
could accelerate the transfer of favorable alleles/genomic
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regions controlling heat stress tolerance in high-yielding,
heat-sensitive elite cowpea cultivars. Moreover, increasing
genotyping assays and the availability of cowpea genome
sequence information should allow us to identify the hap-
lotypes/genomic regions controlling heat stress tolerance
for exploitation in cowpea breeding programs.

Further, efforts to resequencing global cowpea germ-
plasm could underpin the genomic regions controlling
adaptive traits contributing to heat stress adaptation exist-
ing across the whole genome (Mufioz-Amatriain et al.
2017). Advances in functional genomics could strengthen
our understanding of the complex gene networks and the
function of candidate gene(s) governing the heat stress
response and tolerance. Emerging breeding techniques,
including genome editing tools, rapid generation
advancement/speed breeding, and genomic selection, could
expedite the development of heat-tolerant cowpea geno-
types. Heat-tolerant lines should be tested rigorously across
various field locations and multiple years. Moreover, the
physiological basis for heat tolerance in cowpea is not
known, and should be investigated based on various traits
reported in other crops like membrane stability, photo-
synthesis, chlorophyll, and transpirational cooling, to
augment the screening process of existing cowpea germ-
plasm for heat tolerance.
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