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Abstract Cowpea is an important crop for subsistence
farmers in arid regions of Africa, Asia, and South America.
Efforts to develop cultivars with improved productivity
under drought conditions are constrained by lack of molec-
ular markers associated with drought tolerance. Here, we
report the mapping of 12 quantitative trait loci (QTL) asso-
ciated with seedling drought tolerance and maturity in a
cowpea recombinant inbred (RIL) population. One hundred
and twenty-seven Fg RILs developed from a cross between
IT93K503-1 and CB46 were screened with 62 EcoR1 and
Msel primer combinations to generate 306 amplified
fragment length polymorphisms for use in genetic linkage
mapping. The same population was phenotyped for mainte-
nance of stem greenness (stg) and recovery dry weight
(rdw) after drought stress in six greenhouse experiments. In
field experiments conducted over 3 years, visual ratings and
dry weights were used to phenotype drought stress-induced
premature senescence in the RIL population. Kruskall-
Wallis and multiple-QTL model mapping analysis were used
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to identify QTL associated with drought response pheno-
types. Observed QTL were highly reproducible between stg
and rdw under greenhouse conditions. Field studies con-
firmed all ten drought-response QTL observed under green-
house conditions. Regions harboring drought-related QTL
were observed on linkage groups 1, 2,3, 5,6, 7,9, and 10
accounting for between 4.7 and 24.2% of the phenotypic
variance (R?). Further, two QTL for maturity (R*=14.4-
28.9% and R* = 11.7-25.2%) mapped on linkage groups 7
and 8 separately from drought-related QTL. These results
provide a platform for identification of genetic determi-
nants of seedling drought tolerance in cowpea.

Introduction

Cowpea [Vigna unguiculata. (L.) Walp.] is a crop of major
economic importance in the arid and semi-arid regions of
Africa, Asia, Latin America and to a lesser extent south-
eastern United States (Ehlers and Hall 1997). Recent esti-
mates indicate that over 12.5 million tons of cowpea grain
are produced worldwide, with Africa’s arid Sahel region
accounting for 64% of total cowpea seed production (Fery
2002). In addition to its high nutritional value and ability to
fix nitrogen in relatively poor soil, cowpea has greater
drought tolerance than most other crop plants (Ehlers and
Hall 1997; Hall 2004a). Hence, cowpea is comparatively
productive in areas of marginal soil fertility and low rainfall
(Sanginga et al. 2000).

In the Sudanian and Sahelian semi-arid regions where
cowpea is widely cultivated, the frequency and intensity of
droughts have increased over the last 30 years (Hall et al.
2003) due to climatic changes and human activities (Wittig
et al. 2007), causing a shift to more drought tolerant crops
such as cowpea (Van Duivenbooden et al. 2002). Given
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that these trends will likely continue there is increasing
need to identify and develop drought tolerant crop cultivars
for these agro-ecological zones.

Despite its inherent drought tolerance, significant differ-
ences in response to drought stress exist among cowpea
genotypes (Hall et al. 2003; Hall 2004b; Muchero et al.
2008). However, an understanding of the genetic basis of
drought tolerance in cowpea is lacking because few studies
have been carried out to isolate drought responsive genetic
elements or identify regions of the cowpea genome involved
in drought stress response. Several gene transcripts have
been isolated in response to drought-induced desiccation of
cowpea. cDNAs homologous to 12-oxo-phytodienoic acid
reductase, NADPH-dependent aldehyde reductase, alcohol
dehydrogenase, dehydrin (Iuchi et al. 1996a), lipoxygenase
(Tuchi et al. 1996b), multicystanin (Diop et al. 2004), 9-cis-
epoxycarotenoid dioxygenase (VuNCED1) (Iuchi etal.
2000), phospholipase D (El-Maarouf et al. 1999), galactoli-
pid acyl hydrolase (Matos et al. 2001), phosphatidylinositol-
specific phospholipase C (El-Maarouf et al. 2001), ascorbate
peroxidase (D’Arcy-Lameta et al. 2006) and more recently
glutathione reductase (Contour-Ansel et al. 2006) have been
described. However, their individual comparative contribu-
tions toward cowpea drought tolerance have not been investi-
gated. Of these cDNAs, VUNCEDI1 was tested in transgenic
bent grass where its stable expression led to a marked
increase in drought tolerance (Aswath etal. 2005). The
nature of these isolated transcripts and their pathways is
highly suggestive of senescence-based drought tolerance
mechanisms. Previously, we described phenotypic responses
observed among cowpea genotypes exposed to drought stress
during the early vegetative stage (Muchero etal. 2008).
Notably, maintenance of stem greenness was highly corre-
lated with survival and recovery after drought stress under
both greenhouse and field conditions.

In this study, a recombinant inbred population derived
from seedling drought tolerant line IT93K503-1 and suscep-
tible CB46 (Muchero et al. 2008) was used to identify quanti-
tative trait loci (QTL) within the cowpea genome that are
significantly associated with seedling and young plant sur-
vival during severe drought stress. In addition, an evaluation
was made of the genetic overlap between regions associated
with drought stress-induced premature senescence (from
here forward referred to as ‘drought-induced senescence’)
and maturity. Maturity is known to confound studies of
senescence-based drought tolerance in cowpea (Watanabe
et al. 1997). Therefore, we attempted to distinguish between
QTL mediating drought-induced senescence versus senes-
cence resulting from plant maturity. This paper reports on
cowpea QTL that were found to be significantly associated
with drought tolerance as measured by recovery dry weight,
stem greenness, and field drought-induced senescence. Sepa-
rate QTL associated with maturity are also described.
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Materials and methods
Plant materials

One hundred and twenty-seven Fg recombinant inbred lines
(RILs) developed by single seed descent from a cross
between seedling drought tolerant IT93K503-1 and suscep-
tible CB46 homozygous cowpea genotypes were used as
the mapping population. IT93K503-1 is a medium-matur-
ing variety developed by the International Institute of Trop-
ical Agriculture (IITA) while CB46 is an early-maturing
variety developed for irrigated production in California,
USA. An initial subset of 57 RILs was advanced to Fg and
was used in greenhouse experiments 1-4 and field experi-
ments CVARS 2005 and CVARS 2006 The remaining 70
lines were advanced to Fg separately and used together with
the initial 57 lines in greenhouse experiments 5 and 6 as
well as field experiment CVARS 2007. All seeds used for
experiments and molecular studies were grown and har-
vested under uniform greenhouse conditions.

Greenhouse experiments 1 and 2

All greenhouse experiments were carried out at the
University of California Riverside campus (33°57'54"N;
117°20'08"W). In March 2005, two side-by-side experiments
were carried out in 878-ml and 2-1 pots filled with UCMIX-B
(Matkin and Chandler 1957). Four replicates of 57 RILs and
the two parental lines were arranged in a randomized com-
plete block design under greenhouse conditions with temper-
ature set at 22°C at night and 32°C during the day. Day
lengths for the duration of the experiments were approxi-
mately 11 h 40 min. Small pots (878 ml) were planted with
two seeds and later thinned to one plant per pot 9 days after
planting. Large pots (21) were planted with four seeds and
later thinned to two plants per pot 9 days after planting. Irri-
gation was maintained until thinning when water was with-
held for 28 days in 878-ml pots and for 40 days in 2-1 pots.
Visual scores for stem greenness (0-5 scale, 0= yellow,
5 = deep green, see Muchero et al. 2008) were taken on days
10, 12, 14, 16, 18, 20, 22, 24, 26, and 28 after last watering.
Three weeks were allowed for recovery after re-introduction
of irrigation. Surviving plants were harvested for recovery
dry weight determination. Prematurely senesced tissue was
trimmed leaving only surviving green tissue before drying in
an oven at 65°C until no change in weight was observed.

Greenhouse experiments 3 and 4

Two separate experiments were conducted in March and
May 2006 with 57 RILs and the two parental lines using
878-ml pots. Each experiment had four replicates arranged
in a randomized complete block design. Greenhouse
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temperature was set between 32 and 35°C during the day
and 22 and 25°C at night. Day lengths were approximately
12 h during March and 14 h in May. Individual pots were
planted with two seeds and were thinned to one plant per
pot 8 days after germination. After thinning, pots were
watered to capacity after which water was withheld for
27 days in experiment 3 and for 34 days in experiment 4.
Scores were taken for stem greenness as described above.
Three weeks were allowed for recovery after watering was
resumed before surviving plants were harvested for recov-
ery dry weight determination as described for experiments
I and 2.

Greenhouse experiments 5 and 6

Two separate experiments were conducted using 127 RILs
(Greenhouse 5) and 125 RILs (Greenhouse 6), respectively.
In both experiments 878-ml pots filled with UCMIX-B
were used. Greenhouse experiment 5 was planted on January
24, 2008 and Greenhouse experiment 6 on March 6, 2008.
The same experimental and phenotyping protocols as
described for greenhouse experiments 1-4 were followed
for both experiments. Temperature settings were kept at
25-27°C at night and 32-35°C during the day for both
experiments. Light and darkness cycles were not artificially
controlled and day lengths were around 11 h during experi-
ment 5 and 12 h during experiment 6.

Field experiments for drought

Field experiments CVARS 2005, CVARS 2006, and
CVARS 2007 were carried out at the University of Cali-
fornia-Riverside Coachella Valley Agricultural Research
Station (CVARS) (33°37'52"N, 116°06'43"W). The experi-
ments were planted on August 7, 2005 (CVARS 2005);
August 9, 2006 (CVARS 2006); and June 19, 2007 (CVARS
2007). The experimental set-up was the same for all three

experiments except 57 RILs and the two parental lines were
used in experiments CVARS 2005 and CVARS 2006
whereas 124 RILs and the two parents were planted in experi-
ment CVARS 2007. Label rate applications of Treflan or
Treflan—Dual preplant herbicide were made to control weeds.
Four seeds were planted every 30-cm in 5-m-long plots on
rows 75 cm apart with a two-row cone planter. Each geno-
type was replicated four times in a randomized complete
block design. All experiments were brought to field capacity
using drip-irrigation immediately after planting. Plots for
experiments CVARS 2005 and CVARS 2006 received 1 h of
sprinkler-irrigation after planting to incorporate Treflan
herbicide. No additional irrigation was applied for the duration
of the experiments. Visual scores for drought-induced
senescence were taken every 14 days for the duration of the
experiment on a 0-10 scale (0—1 = 0 to <5% senescence,
2-3=5-10% damage, 3-4 = 10-15% damage, 5-6 =
15-25%, 7-8 = 25-50%, 9-10 = >50% senescence). At the
end of each experiment, five plants per plot were sampled at
random for dry weight-based determination of percent leaf
damage. Ten randomly selected leaves were taken for
drought-induced senescence determination. Senesced por-
tions of the leaves were trimmed and weighed to give dry
weight of senesced leaf tissue for each replicate. The non-
senesced portions were oven-dried until no change in weight
was observed, to give the dry weight of non-senesced leaf tis-
sue. Percent damage for each replicate was calculated using
the equation: % leaf damage = [dry weight of senesced
tissue/(dry weight of senesced tissue + dry weight of non-
senesced tissue)]100. Experimental periods, average temper-
atures, evapo-transpiration, and precipitation recorded during
the experiments are given in Table 1.

Field experiments for maturity

Experimental plots for all genotypes were set up as
described for the field-based drought experiments. 57 RILs

Table 1 Maximum and minimum air temperatures, evapo-transpiration, and total precipitation received during cowpea drought and maturity field

experiments
Experiment Months Min. air temperature Max. air temperature Evapo- Total
(°C) °C) transpiration precipitation

(mm) (mm)

Drought

CVARS 2005 August, September, October 27.0,22.2,17.8 40.9, 37.6, 31.5 249.2,221.7, 154.7 0

CVARS 2006 August, September, October 19.3,14.7,13.3 40.6, 37.4, 30.5 229.6, 186.2, 123.7 0

CVARS 2007 June, July, August 18.3,20.1,25.3 39.3,40.7,39.4 238.5,226.6,177.8 0

Maturity

Riverside 2006 May, June, July 13.2,16.9,20.2 26.2,32.1,35.7 152.9, 181.9, 196.6 9.906

Coachella 2006 August, September, October 19.3,14.7,13.3 40.6, 37.4, 30.5 229.6, 186.2, 123.7 0

Riverside 2007 May, June, July 12.2,13.8,17.5 26.3, 30.5, 33.2 164.3,181.9,192.3 0.508

Riverside 2008 June, July, August 15.4,17.2,17.7 32.4,33.2,339 192.8, 191.3, 183.6 5.588
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and two parental lines were evaluated in experiments at
Riverside in 2006, Coachella in 2006, and Riverside in
2007. Also, in the experiment at Riverside in 2008 108
RILs and the two parental lines were evaluated for matu-
rity. Location, experimental period, temperature, and
evapo-transpiration conditions during maturity field experi-
ments are described in Table 1. The experiments were
planted on May 16, 2006 (Riverside 2006); August 9, 2006
(Coachella 2006); May 22, 2007 (Riverside 2007); and
June 17, 2008 (Riverside 2008). All plots were furrow-irri-
gated once per week at Riverside and drip-irrigated twice
per week at the Coachella Valley station. Scores for matu-
rity were taken every 14 days beginning at the time when
the earliest maturing parental genotype (CB46) was fully
podded. Maturity was rated on a 0-10 scale based on leaf
senescence as described for drought-induced senescence.

AFLP analysis

Genomic DNA was isolated from young fresh trifoliates of
greenhouse-grown cowpea plants using Qiagen mini kit as
per manufacturer’s protocol. DNA was quantified using a
TD-360 Mini-fluorometer (Turner Designs, Sunnyville,
CA, USA). Working DNA solutions were obtained by dilu-
tion with ddH,O to 10 ng/ul. AFLP genotyping (Vos et al.
1995) was carried out according to the specification for
IRDye™ Fluorescent AFLP® Kit for Large Plant Genome
Analysis with minor modifications as reported by Fang
et al. (2005). Briefly, 500 ng in 9 pl genomic DNA was
incubated for 2h at 37°C and then 70°C for 15 min in
2.5 pl manufacturer-supplied 5 x reaction buffer and 1.0 pl
EcoR1/Msel enzyme mix. Adaptors were ligated by adding
12 pl adaptor mix and 0.5 pl T4 DNA ligase. The mixture
was incubated at 20°C for 2 h. A 1:5 dilution of the ligation
mixture was made using TE buffer before the next step.
Pre-amplification of the diluted ligation mixture was carried
out with the following reaction mixture: 2.5 pl diluted
DNA in 20.0 pl AFLP Pre-amp primer mix, 2.5 pl 10x
PCR reaction buffer, 0.5 pl Tag DNA polymerase (5 U/ul).
PCR reactions were carried out in a Mastercycler® gradient
thermocycler (Eppendorf AG, Hamburg, Germany) with
the following program; 30 cycles at 94°C for 30 s, 56°C for
1 min, and 72°C for 1 min. A 1:25 dilution was made using
ddH,O after the reaction. Samples were stored at —20°C
until further use. Selective amplification was done with 62
primer combinations. Each reaction duplex was carried out
in 13 pl reaction volume containing 3 ul DNA sample,
1.42 pl three-selective base Msel primer, 0.75 pl each of
two three-selective base-IRDye-labeled EcoR1 (IRDye 700
and IRDye 800) primers (LI-COR Biotechnology, Lincoln,
NE, USA), 473 pl ddH,O, 1.42 pul 10x PCR reaction
buffer, 0.7 pl MgCl, (50 mM) and 0.23 pl Tag DNA poly-
merase (5 U/ul). Cycling parameters were as follows: 1
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cycle of 2 min at 94°C, 30 s at 65°C, and 1 min at 72°C.
This was followed by 10 cycles in which a step-wise reduc-
tion by 1°C of annealing temperature was done with other
steps unchanged. This was followed by 29 cycles of 30 s at
94°C, 30 s at 56°C, and 1 min at 72°C. PCR product was
mixed with 12.5 pl blue stop solution (9,800 pul formamide,
200 pul 0.5 M EDTA and 0.01 g bromophenol blue). The
PCR product and stop solution mixture was stored at
—20°C before use.

Samples were denatured at 95°C for 3 min and immedi-
ately returned to ice before electrophoresis. 0.8 pl samples
were loaded onto 8% denaturing polyacrylamide [40 ml
Long Ranger (Cambrex Bioscience Rockland Inc., ME,
USA), 105 g urea, 20 ml 10x TBE) and separated in 0.8 x
TBE buffer using the LI-COR Automated Sequencer 4000-
L (LI-COR Biotechnology, Lincoln, NE, USA). Gel appa-
ratus was prerun at 1,500 V, 40 mA and 40 W for 45 min
before samples were loaded. Separation of denatured prod-
ucts was carried out at 1,500 V for 3 h 10 min. Gel images
were scored manually with polymorphic band presence
noted as “1” and absence as “0”. Multiple polymorphic
fragments generated by the same primer combination were
numbered according to decreasing size order and were pre-
fixed by six letter identification of the primer combination.
The EcoR1 primer three-selective base sequences preceded
the Msel three-selective base sequence in the naming
nomenclature.

Map construction

Joinmap 3.0 (Van Ooijen and Voorrips 2001) was used to
construct the genetic linkage map. The Kosambi mapping
function (Kosambi 1944) was used to convert recombina-
tion frequencies to Centimorgans. A step-wise reduction of
the LOD score from 7 to 3 with a maximum recombination
of 45% was used to assign markers to linkage groups. Only
markers showing the highest congruency were used in map
construction.

QTL analysis

MapQTL 4.0 software (Van Ooijen et al. 2002) was used for
QTL analysis. First, the non-parametric Kruskall-Wallis
package was used to identify markers associated with
drought and maturity response phenotypes. Data for each
experiment and for each trait were analyzed separately. In
order to analyze the effect of population size on QTL detec-
tion, data for drought greenhouse experiments 5, 6, and
CVARS 2007, were mapped using subpopulations of 57 and
70 first and finally for the full >124 RIL population. For
maturity, experiment Riverside 2008, subpopulations of 57
and 51 were used to map QTL separately for comparison
with QTL detected using the 108 RIL population. Markers
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showing significant association at the more stringent 0.005
significance level (suggested by the authors of the software,
Van Ooijen et al. 2002) or higher in at least one experiment
were considered putative. Putative QTL were confirmed by
the multiple-QTL model mapping (MQM) package using
the automatic cofactor selection option (Visker et al. 2003;
Curley et al. 2005). Given the large difference in linkage
group sizes, LOD thresholds were determined at the 0.05
significance level for each linkage group and each experi-
ment using the permutation test (Doerge and Rebai 1996).
One thousand permutations were performed during each
analysis. The 50th highest LOD was taken as the LOD sig-
nificance threshold for each linkage group and each experi-
ment, then the highest LOD significance threshold for each
linkage group across all experiments was used as the final
LOD threshold to identify QTL in all experiments. QTL
were considered significant when the significance thresholds
were met concurrently in at least two experiments for both
the Kruskall-Wallis and the MQM analysis. QTL were con-
sidered distinct and separate when a drop in LOD scores of 1
was observed between respective peaks of the QTL
over multiple experiments (Posthuma et al. 2005). Graphical
representation of linkage groups and QTL was carried out
using MapChart 2.2 software (Voorrips 2002).

Statistical analysis

Spearman rank correlation and frequency distribution analy-
sis of the phenotypic data were carried out using the Statistix
8 package (Analytical Software 2003). Standard errors were
calculated using LOD scores and R’ estimates based on
drought experiments reported in Supplementary materials for
each respective QTL using the Statistix software. Standard
errors for maturity QTL were calculated similarly using LOD
scores and R? estimates from all four maturity experiments.

Results
AFLP analysis and linkage mapping

Of the 62 EcoR1 and Msel primer pairs screened on the
population of 127 RILs, 8 primer combinations yielded no
polymorphic markers. The remaining 54 primer pairs
yielded 378 polymorphic markers. Of these, 20 markers
exhibited significant segregation distortion at the 0.05 sig-
nificance level as calculated by the JoinMap program, 22
markers were polymorphic in the RIL population but were
present in both parents, and a further 12 markers were
absent in both parents but were segregating in the RIL
population. The latter 34 markers were not used in linkage
mapping attempts but were analyzed in QTL analysis as
unmapped markers. Three hundred and six AFLP markers

were successfully assigned to 11 linkage groups (numbered
LGI-LG11) spanning a total genetic distance of 643 cM
(Fig. 1).

Drought-induced senescence and maturity

There was high correlation between visual stem greenness
(stg) scores and recovery dry weight (rdw) within individ-
ual greenhouse experiments (0.6375 < r < 0.9369)
(Table 2). Further, with the exception of greenhouse experi-
ment 5, stg and rdw traits were significantly correlated
across greenhouse experiments (r > 0.3985) (Table 2). In
general, field drought-induced senescence and greenhouse
stg and rdw traits were negatively correlated. Significant
correlations at the 0.05 probability level ranged from
r=-—0.2296 to —0.5415 between these traits (Table 2).
Correlations between individual drought field experiments
ranged from r=0.1716 to 0.5409 (Table 2). Maturity field
experiments were all highly correlated (r > 0.7760,
p =0.000).

Cowpea genotypes IT93K503-1 and CB46 exhibited sig-
nificant differences in tolerance to seedling-stage drought
stress (Fig. 2a—c). IT93K503-1 displayed strong ability to
maintain a viable green stem and survive greenhouse
drought stress up to 4 weeks after last watering (Muchero
etal. 2008). IT93K503-1 also exhibited minor drought-
induced senescence under field drought conditions with
only slight tip burning observed on the leaves. Compared to
IT93K503-1, CB46 exhibited reduced ability to maintain a
green stem and survive in response to greenhouse drought
stress and displayed elevated drought-induced leaf senes-
cence under field conditions.

These parental phenotypes also segregated in the RIL
population. Frequency distribution of the phenotypic data
deviated from normality and suggested multigene activity
with transgressive segregants in both susceptible and toler-
ant phenotypes (Fig. 2a—c). For maturity, CB46 displayed
maturity-related senescence under well-watered conditions
earlier than IT93K503-1. Generally, a maturity difference
of 25-30 days was observed between the two genotypes.
Phenotypic frequency distribution for this trait was skewed
toward the early maturity phenotype of CB46 (Fig. 2d).
Transgressive segregants were also observed for maturity
with some RILs showing earlier and others showing later
maturity than parental extremes.

QTL analysis

Ten QTL were identified for seedling drought-induced senes-
cence using recovery dry weight, visual stem greenness,
visual drought-induced senescence, and percent leaf damage
under greenhouse and field conditions (Table 3; Supplemen-
tary material). Both Kruskall-Wallis and MQM analysis
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Fig. 1 Location of drought-in-
duced senescence and maturity
QTL on a cowpea genetic link-
age map constructed using 306
amplified fragment length poly-
morphism (AFLP) markers
segregating in 127-Fg cowpea
recombinant inbred lines devel-
oped from a cross between
homozygous genotypes
IT93K503-1 and CB46.
Drought-induced senescence
QTL are represented with solid
bars and maturity QTL are
represented by hatched bars
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identified the same QTL intervals (Table 3; Supplementary
material). Due to the high correlation between visual stem
greenness ratings and recovery dry weight (Table 2), there
was high agreement between QTL identified using both
assays under greenhouse conditions. This was true for all
QTL, and examples of this relationship are given in Fig. 3,
for Dro-1 and Dro-5. Similarly, visual drought-induced
senescence and percent leaf damage as measured by dry
weight in field experiments revealed the same QTL intervals
(Fig. 4). Consistent results were obtained between green-
house experiments, between greenhouse and field experi-
ments, as well as between individual field experiments. All
ten QTL were identified under field conditions in at least one
experiment (Supplementary material). QTL Dro-3 on linkage
group 2 was detected with high significance in three field

@ Springer

experiments with R? estimates of 19.3, 22.8, and 8.8%
(Supplementary material). However, there was indication
that the population of 57 RILs resulted in inflated R? esti-
mates for this QTL (Fig. 5). Dro-7 QTL on linkage group 6
was also detected under all three field experiments although
at lower significance level. QTL Dro-1, Dro-2, Dro-8, and
Dro-10 were detected at least twice under field conditions.
Of these, QTL Dro-8 was the most stably expressed based on
R? estimates of 12.6% in CVARS 2006 (57 RIL) and 12.8%
in CVARS 2007 (124 RIL). The different population sizes
did not affect R estimates of this QTL, however statistical
significance increased markedly with the larger population
size. The largest proportion of phenotypic variance under
field conditions was explained by QTL Dro-4 with
R? =19.6% in experiment CVARS 2007 conducted with 124
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RIL (Supplementary material). This was followed by Dro-10
with R” = 15.2% and Dro-8 with R* = 12.8%. Dro-6 had the
lowest detectability among all drought-induced senescence
QTL. The QTL achieved statistical significance in only one
experiment but was consistently detected in three greenhouse
and one field experiments.

Quantitative trait loci for maturity were highly reproduc-
ible across the four experiments and were located on link-
age groups 7 and 8 (Fig. 1). Mat-1 and Mat-2 QTL were
consistently identified in the same interval in all experi-
ments. Mat-1 explained 16.8-27.9% of the phenotypic vari-
ance in experiments conducted with 57 RIL, however, the
phenotypic variance explained was slightly lower, 14.4%,
when 108 RIL were evaluated. Similarly, Mat-2 explained
19.2-25.2% of the phenotypic variance in experiments
using 57 RIL, but explained 11.7% of the phenotypic vari-
ance when 108 RIL were evaluated (Table 4). However, the
location of both QTL remained stable regardless of the

N W
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\\\ A
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Maturity-induced senescence

94

_.
o
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number of RIL evaluated (Table 4). The maturity QTL
Mat-1 on linkage group 7 mapped relatively close to
drought-induced senescence QTL Dro-8, although there
was no apparent overlap between the two (Fig. 4).

The LOD significance thresholds differed substantially
between larger and smaller linkage groups (Supplementary
materials). For example, the highest LOD significance
threshold based on 1,000 permutations was 2.1 for LG 3 and
the lowest was 1.4 for LG 10. However, these thresholds did
not differ significantly between different experiments for each
respective linkage group. Differences in LOD significance
thresholds between experiments were typically smaller or
equal to 0.1 for each linkage group (data not shown).

Effect of population size on QTL detectability

Results of QTL mapping using the 57 and 70 RIL sub-
populations were consistent with mapping results from the
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Table 3 Quantitative trait loci (QTL) for drought-induced senescence
revealed by Kruskall-Wallis and multiple-QTL model mapping
(MQM) analysis in a cowpea recombinant inbred population derived

from a cross between seedling drought tolerant IT93K503-1 and seed-
ling drought susceptible CB46 genotypes

QTL Number of LG Position (¢cM)® Marker interval Kruskall-Wallis MQM
experiments®
Significance level LOD LOD threshold ~ R?

Dro-1 8 1 0.0-76.6 AGCCTT9-AGCCTT13 0.01-0.0001 1.31-6.03 2.0 7.3-24.2
Dro-2 5 1 78.2-99.1 AACCAA3-ACGCTC2 0.05-0.005 1.26-2.02 2.0 5.9-7.1
Dro-3 7 2 55.2-97.7 AGGCAT8-AACCAT6 0.01-0.0005 2.22-241 2.0 8.8-9.3
Dro-4 6 3 4.3-68.5 ACGCAGI-ACGCTC15 0.005-0.0001 1.61-5.88 2.1 5.7-19.6
Dro-5 7 5 20.5-64.9 AGGCTT6-ACACATI12 0.05-0.001 2.44-3.09 2.0 9.9-10.8
Dro-6 4 6 0-22.7 ACGCAA6-ACGCTT7 0.05-0.005 1.24-2.19 2.0 4.9-5.6
Dro-7 6 6 38.6-64.0 ACTCAT6-ACACATS 0.005-0.0001 1.65-6.11 2.0 5.9-20.2
Dro-8 5 7 0.0-40.5 AAGCATI10-AAGCATI1 0.005-0.0001 2.77-3.66 1.8 12.5-13.0
Dro-9 5 9 0.0-29.9 ACGCACI11-ACTCTAS 0.01-0.0001 1.89-3.67 1.5 7.9-12.5
Dro-10 6 10 0.0-27.6 ACGCAGI0-ACCCTT6 0.05-0.0001 1.33-4.01 14 4.7-15.2

4 Number of experiments under which QTL was identified

b QTL position is based on experiments using both 57 RIL and > 124 RIL populations, with the exception of QTL Dro-5 where the QTL location
is based on the >124 RIL population since the 57 RIL population revealed QTL location at the opposite end of the linkage group 5 (see Supple-

mentary material)

Fig. 3 LOD traces for QTL a
a Dro-1 on linkage group 1 based 0.0
on recovery dry weight (dashed 6.8
line) and visual senescence :
ratings (solid line), b Dro-5 on 13.8 —
linkage group 5 based on recov- 18.5 —
ery dry weight (dashed line) and 23'5 _
visual senescence ratings (solid :
line) for 127 recombinant inbred o 31.3-
lines subjected to greenhouse % )
drought stress. Horizontal bro- E 38.4 —
ken line represents LOD signifi- g
cance threshold estimated from 2 458
1,000 permutations at the 0.05 .:_
probability level S 5447
65.1—1 [,
75.2 —1
84.5 —
93.7 —1
99.1—9<

10.7 —1

205 1
258 T

335 17

Map distance (cM)

433 1

55.7 —1

>124 RIL populations (Fig. 5). In general, the larger popu-
lations resulted in higher LOD scores for QTL identified
(Fig. 5a). However, the 70 RIL sub-population revealed
lower LOD scores for QTL Dro-3 compared to the 57 RIL
sub-population, whereas the 57 and the >124 RIL popula-
tions showed no difference for the same QTL (Fig. 5a).
Compared to the larger >124 RIL populations, the 57 RIL
sub-populations mapped the same relative QTL interval for
nine out of the ten QTL identified in separate greenhouse

@ Springer

649 —g

and field experiments (Supplementary material). The only
exception was QTL Dro-5, which mapped to opposite ends
of the same linkage group depending on the population size
(Supplementary material). In general, the smaller popula-
tion resulted in higher estimates for phenotypic variance
(R? explained by individual QTL (Fig. 5b). Differences
between R? estimates based on the 57 and 70 RIL sub-pop-
ulations compared to the >124 RIL populations were statis-
tically significant for QTL Dro-2, Dro-3, Dro-5, and Dro-6
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Fig.4 LOD traces for drought-induced senescence QTL Dro-8 on
linkage group 7 observed in greenhouse experiment 5 and field experi-
ment CVARS 2007 (solid lines) and maturity QTL Mat-1 observed
under field conditions in experiments Riverside 2006 and Coachella
2006 (dashed lines). Broken horizontal line represents LOD signifi-
cance threshold estimated from 1,000 permutations at the 0.05 proba-
bility level

(Fig. 5b). However, although the same trend was observed
for QTL Dro-1, Dro-4, and Dro-10, the differences in R?
estimates were not statistically significant (Fig. 5b). On the
other hand, QTL Dro-7, Dro-8, and Dro-9 showed little
difference in R? estimates between the 57 and >124 popula-
tions, with the >124 populations resulting in slightly but
not significantly larger R estimates. Population size did not
have significant effect on the statistical significance of LOD
scores for QTL identified for maturity (Fig. 5a). However,
there was significant inflation of the R* estimates based on
smaller populations compared to those obtained using the
108 RIL population.

Discussion

Amplified fragment length polymorphism (AFLP) is a ver-
satile technique that has been used successfully to study the
genomic structure and construct genetic maps of many
plant species using random or structured populations
(Mohler and Schwarz 2004). Because no prior knowledge
of genome sequence is required, AFLP technique facilitates
studies in crops species that lag behind novel genome
analysis techniques. Cowpea is among the “orphan” crops,
which are crops of major economic importance in develop-
ing countries that lag behind other crops in genomic studies
(Kaga et al. 2004; Nelson et al. 2004). As such, few geno-
mic resources are available to facilitate genetic studies of
important traits. The AFLP technique therefore, offers
opportunity to generate quick and accurate genomic frame-
work to facilitate such studies without major investment of

time and resources. Previous studies have shown AFLP
genotyping to be effective in cowpea. The most recent
cowpea genetic linkage map is comprised of 267 AFLP,
133 RAPD, 36 RFLP, 3 morphological and 1 biochemical
markers (Ouédraogo et al. 2002a). Other studies have uti-
lized the AFLP technology to study genetic diversity (Tosti
and Negri 2002; Gillaspie Jr et al. 2005; Fang et al. 2007)
and develop molecular markers for resistance traits
(Ouédraogo etal. 2002b; Li et al. 2007). In the current
study, 378 polymorphic AFLP markers were generated of
which 306 were successfully assigned to 11 linkage groups
(Fig. 1). Linkage groups in this study were not aligned with
previous maps and therefore their designations here have
no correspondence to those described in previously pub-
lished cowpea genetic maps. The AFLP map constructed in
this study was significantly smaller (643 cM) than the
MapMaker-generated 2,670-cM-long map reported by
Ouédraogo et al. (2002a). Other previous cowpea genetic
linkage maps of sizes 684 cM (Menancio-Hautea et al.
1993), 972 cM (Menéndez et al. 1997), and 669.8 cM
(Ubi et al. 2000), were also significantly smaller than the
Ouédraogo map. Although Gawlowska etal. (2005)
showed that MapMaker and JoinMap software gave signifi-
cantly different map sizes of the same mapping population
with JoinMap giving the smaller version, differences
between the map developed in the present study and the
Ouédraogo map cannot be sufficiently explained by soft-
ware differences. In addition, Menancio-Hautea et al.
(1993), Menéndez etal. (1997), Ubi etal. (2000), and
Ouédraogo et al. (2002a) used the MapMaker software but
reported smaller map sizes. This suggests the influence of
other factors such as differences in plant material and/or
marker scoring. It is noteworthy that Ouédraogo et al.
(2002a) identified a 580-cM-contiguous region composed
entirely of AFLP markers on linkage group 1 of their map.
This region had not been mapped in previous maps. The
authors suggested that AFLP markers may have been more
efficient in detecting polymorphisms in this genomic region
compared to previous marker technologies. However, this
finding has not been independently confirmed and given
current genomic resources available in cowpea, these dis-
crepancies cannot be adequately addressed. Future studies
will need to facilitate alignment of these individual maps in
order to resolve the disparity.

As observed in our earlier study (Muchero et al. 2008),
genotypes IT93K503-1 and CB46 differed in their tolerance
to seedling stage drought being tolerant and intolerant,
respectively. A RIL population developed from the two
genotypes segregated for these drought tolerance traits and
evidence of transgressive segregants with extreme pheno-
types for susceptibility and tolerance was found. Ten
drought-related QTL were identified using this population.
QTL mapping using the Kruskall-Wallis and MQM analy-

@ Springer



860

Theor Appl Genet (2009) 118:849-863

Fig. 5 Effect of mapping popu- a 7
lation size on a LOD scores and
b percent phenotypic variance 6 -
explained (R?) for drought-in-
duced senescence QTL Dro-1 to
Dro-10 and maturity QTL Mat-1 5
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sis yielded consistent results between experiments and
across greenhouse and field environments. The stability of
QTL expression across time and environments suggests
that the genomic regions harboring the identified QTL carry
genes that are of major importance in determining cowpea
response to drought. Further, the fact that nine of the ten
drought QTL and both maturity QTL were reliably detected
with sufficient statistical significance using subsets of 51,
57, and 70 RILs suggests that the drought response and
maturity mechanisms have high heritability. However,
despite the statistical significance, the smaller population
sizes resulted in a general inflation of R? estimates and
lower LOD scores for both traits. This observation is in
agreement with previous studies that have highlighted the
increased risk for type II errors and inflation of percent phe-
notypic variance explained in small mapping populations
(Vales et al. 2005). With the exception Dro-2 and Dro-6,
the statistical significance of QTL described in this study
was consistent across experiments. This provides evidence
for the presence of genetic elements important for cowpea
response to drought stress in these regions of the cowpea

@ Springer

Dro-1 Dro-2 Dro-3

Dro-4 Dro-5 Dro-6 Dro-7 Dro-8 Dro-9 Dro-10 Mat-1 Mat-2
genome. However, the variability in R estimates between
different population sizes and also within experiments con-
ducted with the same population size necessitate further
studies in different genetic backgrounds to ascertain the
magnitude of individual QTL contribution toward cowpea
drought tolerance. In the absence of comparable studies in
cowpea, the decision to calculate LOD significance threshold
for individual linkage groups instead of adopting a genome-
wide threshold may have been justified given the difference
in thresholds obtained for larger compared to the smaller
linkage groups. The highest achieved LOD threshold of 2.1
was considerably higher than the lowest 1.4 threshold
obtained for linkage group 10. Therefore, adopting a
genome-wide threshold may have resulted in the exclusion
of QTL identified on smaller linkage groups 9 and 10
thereby increasing the risk of type II errors.

Phenotypes observed and assayed in response to both
greenhouse and field drought stress support the senescence-
based paradigm for drought response proposed previously
(Muchero et al. 2008). As concluded in that study which
characterized a diverse group of 14 cowpea genotypes,
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Table 4 Quantitative trait loci (QTL) associated with maturity
revealed by Kruskall-Wallis and multiple-QTL model mapping (MQM)
analysis in a cowpea recombinant inbred (RIL) population from a cross

between medium-maturing IT93K503-1 and early-maturing CB46
cowpea genotypes

Experiment® QTL Linkage Position (cM)  Marker interval Kruskall-Wallis MQM
group 2
Significance LOD LOD R
level threshold
Riverside 2006 (57) Mat-1 17 40.5-56.3 AGGCATI1-ACGCAG9 0.0001 4.05 2.0 27.9
Coachella 2006 (57) Mat-1 7 40.5-56.3 AGGCATI1-ACGCAG9 0.0005 3.94 2.0 28.9
Riverside 2007 (57) Mat-1 17 40.5-56.3 AGGCATI1-ACGCAG9 0.005 2.10 2.0 16.8
Riverside 2008 (108)  Mat-1 7 35.6-56.3 AAGCATI1-ACGCAG9 0.0001 3.88 2.0 14.4
Riverside 2006 (57) Mat-2 8 0.0-12.7 ACACAA2-ACGCAGS 0.0005 3.18 1.7 24.1
Coachella 2006 (57) Mat-2 8 0.0-12.7 ACACAA2-ACGCAGS 0.0005 3.55 1.7 25.2
Riverside 2007 (57) Mat-2 8 0.0-12.7 ACACAA2-ACGCAGS 0.005 2.42 1.7 19.2
Riverside 2008 (108)  Mat-2 8 4.3-17.7 AAC-CAA19-AGCCAC7  0.005 2.90 1.7 11.7

The number in parentheses reflects the number of RIL evaluated for maturity in the respective experiment

# All experiments were carried out under field conditions at the UCR Riverside Experiment Station and UCR Coachella Valley Agricultural

Research Station

maintenance of stem greenness was highly correlated with
drought tolerance. In the present study, visual scores of stem
greenness identified the same QTL regions as recovery dry
weight under greenhouse conditions. Visual scores of
drought-induced senescence under field conditions were
negatively correlated with greenhouse-based stem greenness
and recovery dry weight and revealed the same suite of QTL
as these greenhouse assays. This suggests that stem green-
ness and recovery dry weight are reliable greenhouse param-
eters that can be used to infer drought response under field
conditions. In addition, visual scores of field drought-
induced senescence revealed the same QTL as dry weight-
based leaf damage assay used for evaluating drought-induced
senescence under field conditions. These results provide
confirmation that visual scores for drought-induced
senescence are a reliable indicator of seedling drought
tolerance that can be utilized in both greenhouse and field
screening in cowpea. Similar results have been reported in
sorghum (Sorghum bicolor L. Moench) with post-flowering
drought tolerance mediated by the ‘“stay-green” trait
(Subudhi etal. 2000). Stay-green is a drought tolerance
mechanism exhibited in some sorghum genotypes subjected
to post-flowering drought stress. The trait allows tolerant
genotypes to maintain green leaf area during the grain-filling
stage, thereby allowing more productivity (Crasta et al.
1999). Numerous studies have mapped QTL involved in the
stay-green trait on the sorghum genetic map (Crasta et al.
1999; Borrell et al. 2000; Subudhi et al. 2000; Tao et al.
2000; Sanchez et al. 2002). In most of these studies, visual
scoring of premature leaf senescence was a reliable predic-
tor of green leaf area at maturity (GLAM) in sorghum sub-
jected to post-flowering drought stress (Crasta et al. 1999;
Borrell et al. 2000; Subudhi et al. 2000; Tao et al. 2000).
Using a sorghum recombinant inbred line population, Crasta

etal. (1999) showed that genomic regions mediating the
stay-green phenotype were distinct from regions mediating
maturity, with the exception of one region where QTL for
the two traits co-located. We have presented similar results
for cowpea in this study, where we found drought-induced
senescence QTL to be independent from maturity QTL.

Given current knowledge, it is not clear to what extent
the sorghum stay-green trait, which is a post-flowering phe-
nomenon, and the cowpea delayed drought-induced senes-
cence trait, which we observed at the seedling stage, are
related. The two may be the same phenomenon manifested
in different plant growth stages. Regardless, the distinctness
between maturity-related and drought-induced senescence
has important implications for breeding strategies in
cowpea. Early maturity is an important phenological trait in
avoiding late-season drought stress because cultivars are
able to complete their life cycle before the onset of severe
drought conditions (Grantz and Hall 1982; Ehlers and Hall
1997). Our results suggested that it should be possible to
pyramid early maturity with delayed drought-induced
senescence to manage both early and late season drought
stress in cowpea. Several of the recombinant inbred lines
expressed the combined traits of early maturity with
delayed drought-induced senescence.

Our study provides the first evidence of QTL mediating
seedling drought response in cowpea and provides a plat-
form for the identification of genetic factors determining
this tolerance. A starting point may be pursuing the senes-
cence-based model of seedling drought response in cowpea.
Candidate pathways may be suggested from model plant
systems where knowledge of stress-induced senescence is
more advanced. Such candidate pathways may include the
jasmonic acid and lipid signalling pathways that have been
implicated in molecular responses of cowpea to drought
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stress. Previous studies using drought susceptible and
drought tolerant cowpea genotypes demonstrated the differ-
ential expression of cDNA transcripts related to jasmonic
acid biosynthesis and lipid hydrolysis under drought stress
conditions. For example, phospholipase D (El-Maarouf
etal. 1999) and galactolipid acyl hydrolase (Matos et al.
2001), which are both membrane lipid-degrading enzymes,
were up-regulated in drought susceptible more than in
drought tolerant cowpea genotypes. Further, the isolation of
transcripts homologous to lipoxygenase (Iuchi et al. 1996a)
and 12-oxophytodienoic acid reductase (Tuchi et al. 1996b)
from cowpea leaves subjected to dehydration stress
suggests a potential role for the jasmonic acid pathway in
cowpea response to drought. This pathway reportedly
mediates premature leaf senescence in Arabidopsis under
abiotic stress (He et al. 2002). In addition, the ethylene
pathway has been reported in numerous plant species to be
involved in stress-induced leaf senescence (John et al. 1995;
Young etal. 2004; Buchanan-Wollaston et al. 2005).
Mapping genes associated with these pathways and investi-
gating their co-localization with identified QTL may suggest
candidate genes for further molecular studies.

Visual phenotyping for stem greenness under green-
house conditions and for drought-induced senescence under
field conditions should provide a rapid, reliable and cost
effective alternative in screening and selecting for vegeta-
tive drought tolerance in applied cowpea breeding pro-
grams. Results of our study confirmed the applicability of
this phenotyping process for identifying genomic regions
associated with seedling drought tolerance. This suggests
that selections based on these phenotypes should facilitate
the successful introgression of genetic trait determinants of
seedling drought tolerance into elite cowpea cultivars.
Therefore, this study provides the basis for rapid screening
of cowpea genotypes, as well as the development of molec-
ular markers or identification of genes associated with seed-
ling drought tolerance for use in marker-assisted selection,
and breeding for drought tolerance in cowpea.
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