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accommodates eight generations per year
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Abstract

Background: Cowpea is a dryland crop with potential to improve food security in sub-Saharan Africa, where it

is mostly produced and consumed. Contemporary plant improvement technologies, including genome editing,
marker-assisted selection, and optimized transformation protocols, are being deployed to improve cowpea character-
istics. Integrating speed breeding with these technologies would accelerate genetic gain in cowpea breeding. There
are established speed breeding protocols for other important legumes, such as soybean, peanut, and chickpea, but
none has been previously reported for cowpea.

Results: With the aid of regulated growth conditions in two different chamber types, as well as the cultivation of new
plant generations from seeds of oven-dried immature pods, we developed and validated, for the first time, an efficient
speed breeding protocol that accommodates approximately seven to eight breeding generations per year for 3 cow-
pea genotypes. The 3 cowpea genotypes were evaluated under controlled growth conditions in light-emitting diode
and metal halide lamp chambers to determine the effect of CO, supplementation on flowering and maturation dura-
tions, optimum conditions for plant growth, cross pollination, and pod development. Elevated CO, concentration had
no influence on either flowering time or pod development. Adequate temperature, relative humidity and light inten-
sity improved plant development and the rate of successful hand pollination, and cultivating seeds of 11-day-old
immature pods oven-dried at 39 °C for 2 days resulted in at least a 62% reduction in the time between pollination and
sowing of the next plant generation. The plants cultivated from seeds of the oven-dried immature pods showed no
defect at any stage of development.

Conclusions: Using the speed breeding protocol developed in this study, cowpea breeding cycles can be increased
from the traditional one cycle per year in the field to as many as 8 generations per year in regulated growth chamber
conditions. This protocol has no special technical requirements; hence, it can be implemented in any standard growth
chamber. This would fast-track development, testing, validation, and utilization of improved cowpea cultivars.

Keywords: Cowpea, Light-emitting diode chamber, Metal halide lamp chamber, Accelerated generation advance,
CO, supplementation, Cultivation of immature seeds, Improved hand pollination

Background
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utilized as a fodder or pasture crop for livestock in sub-
Saharan Africa. Its abilities to check weeds and biologi-
cally fix nitrogen through symbiosis with compatible
nitrogen-fixing rhizobia are advantageous for crop rota-
tion and intercropping systems [1-3]. In 2019, Africa
produced 96.8% of the 8.9 million tonnes of global cow-
pea dry seeds, and Nigeria, the world’s largest producer
and consumer of cowpea, accounted for about 40% of
global production [4]. Notwithstanding its position as the
highest producer of cowpea, Nigeria still imports about
0.5 million tonne of cowpea annually to meet its domes-
tic needs [5]. To address this production/consumption
deficit in Nigeria and other African countries where mil-
lions of households consume cowpea [6], high through-
put phenotyping technologies and genomic resources are
being deployed to develop high yielding and stress resil-
ient varieties for various agro-ecologies [7—11]. Techni-
cal developments in cowpea research have resulted in
an improved transformation method [12], genome and
transcriptome sequence data [13, 14], and the discovery
of two functional variants of centromere-specific histone
3 (CENHS3) with unequal contributions to centromeric
functions [15]. The identification and characterization of
these cowpea CENH3 variants has provided new oppor-
tunities and challenges for further beneficial manipula-
tion of the cowpea genome, in particular, the potential of
centromere-mediated genome elimination to induce hap-
loidy [16-18].

Cowpea is an annual seasonal crop, whose cultivation
is restricted to the warm months of the year. As such,
only one breeding generation is feasible in a year, which
is inadequate for breeding programs that require many
breeding generations. Molecular breeding techniques,
such as marker-assisted selection and genome editing,
are used to fast-track the development and validation
of improved cultivars, but they are currently limited by
the seasonal life cycle of cowpea. Speed breeding, a tech-
nique which circumvents the limitations imposed by
natural field conditions and allows the life cycle of a crop
to be shortened, is a promising approach to increase the
number of cowpea breeding generations per year. Speed
breeding protocols have been developed for impor-
tant crops [19-22], including some legumes [23-25],
but none has previously been reported for cowpea. In
many speed breeding protocols, the key development is
a method to substantially reduce the time from sowing
to flowering of the crop. Regulation of photoperiod and
temperature, light quality modification, and CO, supple-
mentation have successfully reduced days to flowering of
some crops [19, 26, 27]. Because some cowpea genotypes,
including the three we studied, are photo-insensitive
[28, 29], we thought a speed breeding protocol involv-
ing the manipulation of photoperiod would not be useful
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in the breeding of photo-insensitive cowpea genotypes.
In addition, a recent report on the optimum conditions
for cowpea cultivation in growth chambers shows that
temperatures outside the range we adopted in our study
negatively impact different stages of cowpea develop-
ment and reproduction [30]. Although increase in tem-
perature can reduce the length of cowpea life cycle [31],
exposing cowpea to high temperatures results in flower
abortion and significant reduction in pod formation [30].
Cultivation of air-dried immature seeds greatly reduced
the reproductive duration of soybean [25]. Therefore, we
investigated the sensitivity of three cowpea genotypes to
CO, supplementation, determined appropriate cham-
ber conditions for hand pollination, and tested and con-
firmed the value of cultivating cowpea from immature
seeds oven-dried at an optimum temperature and dura-
tion in increasing the number of cowpea breeding gen-
erations per year.

This study presents, for the first time, a proven simple
and effective speed breeding protocol that can poten-
tially accommodate approximately seven to eight breed-
ing generations per year for three cultivars of cowpea
(Sasaque, IT86D-1010 and I1T97K-499-35). We used dif-
ferent growth chamber conditions at different growth
stages to achieve enhanced vegetative growth, improved
hand pollination and rapid pod development. Cultivation
of seeds from oven-dried immature pods led to an appre-
ciable increase in the number of breeding generations
achievable per year.

Results

Regulated growth conditions improve the success rate

of cowpea hand pollination

Successful hand pollination of cowpea is largely depend-
ent on the environmental conditions under which the
crop is grown. The success rates of crosses recorded
under various growth conditions in the light-emitting
diode (LED) and metal halide lamp chambers indicate
that low to moderate temperature, high relative humid-
ity, and moderate light intensity facilitate improved hand
pollination (Table 1, Additional file 1: Table S1). From a
total of 36 crosses per treatment, 9 in each replicate, suc-
cessful hand pollinations in the LED chambers ranged
from 60 to 80% per replicate in LED (—) and 65-70% per
replicate in LED (4) (Additional file 1: Table S1). There
was no significant difference in the success of the crosses
made in LED (—) and LED (+) (p>0.05), indicating that
difference in CO, concentration ([CO,]) has no effect on
cowpea pollination. Hand pollinations were significantly
more successful in the LED chambers than the metal
halide lamp chambers, especially in metal halide lamp
A and B chambers (p<0.001), where light intensity was
more than three-fold higher than the light intensity in
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Table 1 Description of growth chambers and plant cultivation conditions. Photoperiod was 10 h light in all chambers

Chamber Description LED (—) LED (+) Metal halide A (—) Metal halide B(—) Metal halide C(—)
Internal dimensions (H x L x B) cm 107 x63x53 107x63x53 198 x 258 x 166 198 x 258 x 166 198 x 258 x 166
Light source and intensity (pmolm’2 s White LED; 230 White LED; 230 Metal halide; 700 Metal halide; 700 Metal halide; 420
Temperature (°C, day/night) 29/23 29/23 29/23 29/23 25/22

Relative humidity for germination and plant growth  60/70 60/70 60/70 60/70 60/70

(%, day/night)

Relative humidity for hand pollination (%, day/night) 70/80 70/80 70/80 60/70 70/80

LED, light-emitting diode; (—), no CO, supplementation; (+), CO, supplemented. Two each of LED (—) and LED (+) chambers were used in the study

the LED chambers (Table 1, Additional file 1: Table S1).
Average success frequency of hand pollinations in metal
halide lamp C was significantly higher than the aver-
age success rates in metal halide lamp chambers A and
B (p<0.001) (Additional file 1: Table S1), which indi-
cates that hand pollination of cowpea benefits from an
adequate combination of light intensity, temperature
and relative humidity. Based on our results, we recom-
mend 230-420 pmol m~2 s™! light intensity, 70/80% (day/
night) relative humidity and 22-23/25-29 °C (night/day)
temperature as optimum conditions for successful hand
pollination of cowpea. Under the growth conditions we
adopted for hand pollination in our chambers (Table 1),
we achieved 65-70% average success in hand pollination
in the LED chambers and 50% average success in metal
halide chamber C within the first week of flowering. This
is critical, as slow crosses can extend the duration of crop
cycles, thereby reducing the number of breeding genera-
tions possible per year.

CO, supplementation has no effect on flowering

and maturity of cowpea

Neither time to flowering nor time to maturity of the
three genotypes was affected by CO, supplementation;
there was also no observable difference in the germina-
tion of seeds harvested from the field or growth cham-
bers with or without CO, supplementation. To determine
pod elongation duration, we measured pod lengths
of the same pods at 7, 11, and 14 days after pollination
(DAP). Pod lengths at 14 DAP were the same as the val-
ues measured at 11 DAP, hence we have reported here
pod lengths measured at 7 and 14 DAP (Fig. 1a). Pod
lengths and numbers of seeds per pod of the 3 genotypes
were not significantly affected by CO, supplementation
(Fig. 1a, b). Number of pods per plant increased signifi-
cantly under CO, supplementation in only IT97K-499-35
(Fig. 1c). However, the elevated [CO,] resulted in almost
equal reduction of stomatal conductance (g,,) in the 3
genotypes (Fig. 1d). Because CO, supplementation signif-
icantly increased the number of pods formed in IT97K-
499-35, but not in Sasaque and 1T86D-1010, it is likely

that genetic variation influences cowpea’s sensitivity to
CO, supplementation, reduced stomatal conductance or
both.

Cultivation of cowpea from oven-dried seeds increases

the potential number of breeding generations per year

We cultivated seeds of oven-dried immature pods to
shorten the reproductive phase of cowpea. As cow-
pea attains maximum pod and seed development by
15 days after anthesis [32], in the F; generation, we har-
vested immature pods at 14 DAP and oven-dried at
25 °C for 4 days before sowing the seeds to test viability
and measure emergence rate of seedlings in comparison
with emergence rate of seedlings from seeds allowed to
naturally dry on plants before harvesting (Table 2). Emer-
gence rates and heights of seedlings from the 14-day-old
oven-dried seeds and seeds allowed to naturally dry on
plants did not significantly differ (Table 2). To further
reduce the length of the reproductive phase of cowpea,
in F, generation, we studied the germinability of seeds
of oven-dried pods from 7 to 11 DAP. Each harvested
pod was oven-dried for 2 days at 25, 30, 35, 36, 37, 38,
39, 40, 41, 42, 43, 44 or 45 °C before seeds were sown.
At 7 days after sowing (DAS), no seedling emerged from
all the seeds of pods oven-dried at temperatures higher
than 42 °C for 2 days, seeds of 9-day-old pods oven-
dried for 2 days at temperatures lower than 38 °C, seeds
of 7- and 8-day-old pods oven-dried for 2 days at all the
temperatures studied. The emergence rate of seedlings
from seeds of 11-day-old pods oven-dried for 2 days at
39 °C was not significantly different from the emergence
rate of seedlings from the control (seeds allowed to dry
on plant before harvesting); hence, more 11-day-old pods
were dried at 39 °C for 1 day, 1 day with addition of silica
gel and 2 days with addition of silica gel (Table 2). Silica
gel was included in the drying oven as a desiccant to
quicken the drying process. In all the genotypes except
the 11-day-old 97 K x 86D F, hybrid (oven-dried at 39 °C
for 2 days without silica gel), there was no significant dif-
ference in emergence rates between the control, 14-day-
old pods oven-dried for 4 days at 25 °C, 11-day-old pods
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oven-dried for 2 days at 39 °C with or without silica
gel (Table 2). Heights of seedlings at 10 DAS were also
not significantly different between the control, seeds
of 14-day-old pods oven-dried at 25 °C for 4 days, seeds
of 11-day-old pods oven-dried at 39 °C for 2 days with
silica gel in the drying oven for all the genotypes, and
11-day-old F, hybrid seeds oven-dried for 2 days at 39 °C
without silica gel in the drying oven for all the F, hybrids.
Although heights of seedlings of the parental genotypes
cultivated from seeds allowed to naturally dry and the
seedlings from the seeds of 11-day-old pods oven-dried
at 39 °C for 2 days without silica gel significantly differed,
there was no significant difference in heights of seedlings
from the seeds of 11-day-old pods oven-dried at 39 °C
for 2 days with or without silica gel (p>0.05). Days to
flowering between the control plants and the plants cul-
tivated with the seeds of 11-day-old pods oven-dried at
39 °C for 2 days without silica gel did not significantly dif-
fer (p>0.05) (Table 3), hence the plants cultivated from

the seeds of 11-day-old pods oven-dried at 39 °C for 2
days with silica gel included in the drying oven were not
maintained after flowering. However, to obtain vigor-
ous seedlings, we recommend the inclusion of silica gel
while oven-drying 11-day-old pods at 39 °C for 2 days
before sowing. Including silica gel in the oven-drying
of the 11-day-old pods at 39 °C for 2 days significantly
reduced the seed moisture content as compared to the
moisture content of seeds of 11-day-old pods oven-dried
at the same temperature and duration without silica gel
(p<0.001) (Fig. 2). The inclusion of silica gel in the dry-
ing process brought the moisture content of the seeds
of 11-day-old pods closer to the moisture content of the
seeds allowed to dry on plant (Fig. 2), which is likely to
account for the observed improved vigor of the seedlings
(Table 2).

Emergence rates and heights of seedlings in treatments
other than 14-day-old pods oven-dried for 4 days and
11-day-old pods oven-dried at 39 °C for 2 days with or
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Table 3 Increased number of breeding generations per year facilitated by regulated growth conditions and cultivation of plants from

seeds of oven-dried immature pods

Genotype Seed source Growth Days to 50% Pod age Duration of pod Days from Potential No.
chamber type flowering£SD  (DAP) at oven drying sowing to the of cycles/
(n=3) harvest (days (°C)) next generation year
Parents (preliminary trial)
Sasaque Metal halide (=) LED (+) 32+15 29 N/A 61 6.0
Sasaque Metal halide (=) LED (—) 32+15 29 N/A 61 6.0
IT86D-1010 Metal halide (=) LED (+) 40£1.0 32 N/A 72 5.1
[T86D-1010 Metal halide (=) LED (—) 40£10 32 N/A 72 5.1
[T97K-499-35 Field LED (+) 44+£10 31 N/A 75 49
[T97K-499-35 Field LED (=) 44+£10 31 N/A 75 49
Parents (main trial)
Sasaque LED (+) LED (+) 32+15 14 4 (25) 50 73
Sasaque LED (—) LED (=) 32+15 14 4(25) 50 73
IT86D-1010 LED (+) LED (+) 404+1.0 14 4 (25) 58 6.3
IT86D-1010 LED (—) LED () 40+£1.0 14 4(25) 58 6.3
[T97K-499-35 LED (+) LED (+) 44+£10 14 4(25) 62 59
[T97K-499-35 LED (—) LED () 44+£1.0 14 4(25) 62 59
F, generation
Sasaque LED () Metal halide A 32+15 11 2(39) 45 8.1
[T86D-1010 LED (—) Metal halide A 40£1.0 Il 2(39) 53 6.8
[T97K-499-35 LED (—) Metal halide A 44410 M 2(39) 57 6.4
Sasaque x [T86D-  LED (—) Metal halide A 35+15 1 2(39) 48 76
1010
Sasaque x [T97K-  LED (—) Metal halide A 35417 11 2(39) 48 7.6
499-35
IT97K-499- LED (—) Metal halide A 42+£2.1 1M 2(39) 55 6.6
35 x [T86D-1010
F, generation
Sasaque Metal halide A Metal halide A 32+15 1 2 (39) 45 8.1
[T86D-1010 Metal halide A Metal halide A 40+1.0 M 2(39) 53 6.8
[T97K-499-35 Metal halide A Metal halide A 44410 1 2(39) 57 6.4
Sasaque x IT86D-  Metal halide A Metal halide A 35+15 1 2 (39) 48 76
1010
Sasaque x [T97K-  Metal halide A Metal halide A 35417 1 2(39) 48 76
499-35
IT97K-499- Metal halide A Metal halide A 42421 1M 2(39) 55 0.6

35 x IT86D-1010

To determine average days to flowering, each generation of the main study was considered a replicate for the parents, whereas the F, and F, plants were cultivated in

three replicates, four plants in each replicate (n=3)

DAP, days after pollination; LED, light-emitting diodes; (—), no CO, supplementation; (+), CO, supplemented; N/A, not applicable; SD, standard deviation

without silica gel were significantly lower than control
(Table 2). From our results, to attain the maximum num-
ber of breeding generations of cowpea per year, the most
appropriate time for immature pods to be harvested is
11 DAP, and to achieve a satisfactory emergence rate of
seedlings, the 11-day-old pods should be oven-dried for 2
days at 39 °C with or without silica gel. Under our growth
chamber conditions, Sasaque, IT86D-1010 and IT97K-
499-35 require average of 61, 72 and 75 days to complete
one crop cycle (drying of at least 50% of the pods on each

plant), resulting in 6, 5.1 and 4.9 potential breeding gen-
erations per year, respectively (Table 3); this is a valuable
increase from the one generation per year that is cur-
rently realized under field conditions. Integrating culti-
vation of seeds of oven-dried immature pods increased
the number of possible cycles per year (Table 3, Fig. 3).
By sowing seeds from 11-day-old pods oven-dried for
2 days at 39 °C, the duration of one breeding cycle was
45 days for Sasaque, 53 days for IT86D-1010 and 57 days
for IT97K-499-35, resulting in a gain of approximately
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IT97K-499-35
Fig. 2 Comparison of moisture contents of seeds allowed to dry on plants (white bar) with 14-day-old seeds oven-dried at 25 °C for 4 days
(brighter grey bar), seeds of 11-day-old pods oven-dried at 39 °C for 2 days with silica gel included in the drying oven (bright grey bar), and seeds
of 11-day-old pods oven-dried at 39 °C for 2 days without silica gel included in the drying oven (dark grey bar). * and ***significantly higher at

Sasaque

two additional breeding generations for each of the geno-
types (Table 3, Fig. 3). As compared to cultivating seeds
naturally allowed to dry on plant before harvesting, cul-
tivating 11-day-old seeds, reduced the time between pol-
lination and sowing of the next generation by 18 days
(62%) for Sasaque, 21 days (65%) for IT86D-1010, and
20 days (65%) for I'T97K-499-35 (Table 3). Plants germi-
nated and grown in metal halide lamp chambers A and
B grew faster and to larger size, and flowered 2 to 3 days
earlier than the plants cultivated in the LED chambers.
Consequently, to achieve the maximum number of gen-
erations per year, we recommend that plants should be
raised under similar growth conditions as the settings in
the metal halide chamber A until flower buds initiate, at
which stage the plants should be transferred to similar
growth conditions as the settings in the LED chambers
for cross pollination and development of pods (Fig. 3).
We compared the development of plants from seeds
of oven-dried immature pods with those cultivated
from seeds allowed to dry in situ on the plants. As
satisfactory emergence and growth of seedlings were
observed only in the plants cultivated with the seeds
of 14-day-old pods oven-dried at 25 °C for 4 days and

11-day-old pods oven-dried at 39 °C for 2 days, plants
from these two treatments were transplanted for fur-
ther observation. In the F; and F, generations, days to
flowering, pod length, number of seeds/pod and num-
ber of pods/plant of the plants in the control did not
differ significantly from those of the two treatments
(Table 3, Fig. 4). The difference in heights of seedlings
between the control plants and plants of the seeds
of 11-day-old pods oven-dried at 39 °C without silica
gel (Table 2) had no significant effect on days to flower-
ing (Table 3). These data confirm that cultivating seeds
of 11-day-old oven-dried immature pods, which poten-
tially results in 7 to 8 generations per year, has no sig-
nificant effect on plant development, reproduction and
pod yield components.

Validation of the hybridity of the F, plants

Polymorphic amplifications of SSR markers in the par-
ents and the corresponding F; hybrid groups confirmed
the hybridity of the F, generation before the plants
were cultivated for further observation. The parental
genotypes were differentiated from each other, and the



Edet and Ishii Plant Methods (2022) 18:106

Page 8 of 14

32 days after sowing

days

Metal halide lamp chamber

< Harvest pods 11 DAP
< Oven-dry at 39 °C for 2

| Sasaque: 45 days/generation; 8 generations/year

[ IT86D-1010: 53 days/generation; 6.8 generations/year

| IT97K-499-35: 57 days/generation; 6.4 generations/year

DAP, days after pollination; LED, light emitting diode
Fig. 3 Shortened life cycles of 3 cowpea genotypes facilitated by sowing of oven-dried 11-day-old seeds

detection of double bands, indicating heterozygosity, dif-
ferentiated the F; hybrids from the corresponding par-
ents (Fig. 5a, b). The black seed coat color of the F, seeds
of Sasaque x IT86D-1010 and Sasaque x IT97K-499-
35 crosses (Fig. 5c), also provided a typical phenotypic
marker of heterozygosity in the F; generation. Cowpea
crosses involving genotypes with white and brown seed
coat colors produce F, seeds with black seed coat color
(33, 34].

Discussion

Increasing the number of breeding generations per year
is highly advantageous in breeding programs for any
crop, particularly in species with long generation time.
For a crop with a short generation time, the environ-
mental requirements of the species may only be naturally
met during a specific period of the year, outside of which
the crop cannot be cultivated in the field. This confines
the cultivation of many economically important crops,
including cowpea, to a particular favorable season that

occurs once per year. The integration of molecular breed-
ing techniques into plant breeding programs has helped
to reduce the number of breeding generations needed
to develop an improved cultivar expressing a trait(s) of
interest; however, it is impossible to completely avoid
genotyping and phenotyping breeding populations over
generations to fix genes and confirm stable transmission
of the loci of interest. Although important advances in
cowpea research have been made [6, 9, 10, 12, 14, 35-41],
cowpea research outputs can hardly be compared to
those of other important crops, despite cowpea’s poten-
tial role in global food security [42, 43]. To fast-track
development of improved cultivars, speed breeding pro-
tocols have been developed for major crops, including
wheat [44, 45], rice [26, 27, 46], peanut [47] and soybean
[25, 27], but the current study is the first such protocol
for cowpea.

We found that neither days to flowering nor matu-
rity was changed by elevated [CO,] (Table 2). A simi-
lar result was reported for soybean, another important
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pods oven-dried at 39 °C for 2 days
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Fig. 4 Comparison of a pod length, b number of seeds per pod and ¢ number of pods per plant of plants cultivated from seeds allowed to dry
on plants and plants cultivated from seeds of 14-day-old F, pods oven-dried at 25 °C for 4 days, and plants cultivated from seeds of 11-day-old F,

legume crop, where it was concluded that flowering time
of soybean in growth chambers is regulated by light and
temperature, but not [CO,] [25]. Although CO, supple-
mentation had no effect on cowpea flowering time, the
observed varying sensitivity of the genotypes to CO, sup-
plementation or CO, supplementation-induced reduc-
tion in g, is informative. The average number of pods
per plant in IT97K-499-35 was significantly increased
in response to elevated [CO,], but there was no sig-
nificant difference in the average number of pods per
plant in Sasaque and IT86D-1010 under supplemented
CO, growth condition (Fig. 1c). Exposure of C; plants,
including cowpea, to elevated [CO,] mainly results in
increased net photosynthesis and reduced g, but over
time, the increase in photosynthesis is often offset by
downregulation of photosynthetic capacity; hence, the
photosynthetic gain from high [CO,] is not as high as
may be expected [48-50]. Therefore, we attribute the
small increases in pod length and number of seeds per
pod observed in the LED (4) chambers, although not
statistically significant, to increased net photosynthesis.

The significant increase in pods/plant in IT97K-499-35,
irrespective of the 71% decrease in stomatal conduct-
ance (Fig. 1c, d), indicates that the genotype may benefit
from reduced evapotranspiration, may be insensitive to
reduced stomatal performance, or has better water use
efficiency than do the other genotypes [48, 49, 51]. Ger-
mination, reproduction and pod yield components of
plants cultivated from seeds of 11-day-old pods oven-
dried at 39 °C for 2 days have been shown to be compa-
rable to those of plants cultivated from seeds allowed to
dry on plants before harvesting (Tables 2, 3, Fig. 4), an
indication that the time to harvest immature pods for an
accelerated generation advance in cowpea breeding is 11
DAP. Pod elongation in the 3 genotypes of cowpea ceased
by 11 DAP, which indicates that physiological develop-
ment of cowpea seed is likely to be close to its peak by 11
DAP. Although we did not measure other pod develop-
ment indices, our observation on pod elongation of cow-
pea is consistent with a previous study which recorded
maximum values for cowpea pod development param-
eters by 15 days after anthesis [32]. The inclusion of silica
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97K (Male)
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X
86D, IT86D-1010; 97K, IT97K-499-35
Fig. 5 Confirmation of the hybridity of F, hybrids. a Polymorphic SSR marker amplifications confirming the hybridity of Sasaque x IT86D-1010 F,
and Sasaque x [T97K-499-35 F, hybrids. b polymorphic SSR marker amplifications confirming the hybridity of IT97K-499-35 x IT86D-1010 F, hybrid.

c. Black seed coat color of F, seeds confirming the hybridity of Sasaque x [T86D-1010 and Sasaque x [T97K-499-35 F, plants. Seed coat colors of F,
and F, seeds are brown and black, respectively

gel, a desiccant, in the oven-drying process reduces the
moisture content of the immature seeds to a level close
to the moisture content of seeds allowed to dry on plants,
resulting in improved germination and vigorous seedling
development.

Conclusions

From the results obtained under the growth chamber
conditions reported in this study, it is possible to achieve
between 5 and 6 breeding generations per year for cow-
pea genotypes that flower between 32 and 44 DAS. With
the integration of cultivation of seeds of 11-day-old pods
oven-dried at 39 °C for 2 days, the potential breeding
generations per year can be further raised to approxi-
mately 7 for IT86D-1010 and IT97K-499-35, and 8 for
Sasaque. Using the speed breeding protocol we have
developed, an 8-generation breeding program involving
Sasaque as a background, for example, which would take
8 years to complete in the field, can be completed in one
year. As this protocol has no special technical require-
ments, it can be implemented in any standard growth
chamber. Noteworthy is that plants cultivated from
oven-dried immature pods show no defect at any stage of
development. The integration of this protocol with high-
throughput phenotyping and molecular breeding tech-
niques will accelerate development of improved cowpea
cultivars.

Materials and methods

Plant materials and growth conditions

We studied three semi-erect cowpea genotypes, Sasaque,
IT86D-1010 and IT97K-499-35, in growth chambers illu-
minated with either, white light-emitting diodes (LED) or
metal halide lamps (Table 1). Sasaque is a Japanese culti-
var with a dark brown seed coat color, whereas IT86D-
1010 and IT97K-499--35 are breeding lines developed by
International Institute of Tropical Agriculture, Nigeria.
The two Nigerian lines have a white seed coat color and
have been previously characterized [13, 29].

The main differences between the two chamber types
are their sizes, light source and light intensities. The
growth conditions set for plant germination and growth
followed the recommended optimum conditions for cow-
pea cultivation in growth chambers [30], whereas the
conditions adopted for hand pollination were determined
empirically from the rate of successful hand crosses in
this study (Table 1).

CO, supplementation and hand pollination

In a preliminary trial, we observed the effect of CO,
supplementation on the timing of flowering and matu-
ration in each of the 3 genotypes. Four plants of each
genotype were grown in 2 LED chambers, 1 of which
was supplied with 1000 ppm of CO,. Crosses were
made, in preparation for a further evaluation in the
main trial. In the parental generation of the main study,
4 plants of each genotype were maintained in 4 LED
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chambers, resulting in a total of 12 plants per chamber
and 16 plants per genotype, completely randomized
within a plant cultivation tray (56 cm x 40 cm x 10 cm)
placed in each of the chambers. To evaluate the
response of the cowpea genotypes to elevated [CO,], 2
of the 4 LED chambers were supplied with 1000 ppm
CO, during the 10 h photoperiod. Other environmental
conditions were kept constant in the 4 LED chambers
(Table 1). For each genotype, we recorded days to 50%
flowering and maturity, pod length, number of seeds
per pod, number of pods per plant and stomatal con-
ductance. To compare cross pollination success rates
under other growth conditions, another 72 plants (24
plants per genotype) were raised in metal halide lamp
chambers A and B (Table 1). Four plants per genotype
were also completely randomized in 6 trays placed in
the chambers, 3 trays per chamber. At the onset of
flowering of Sasaque, the earliest flowering of the 3
genotypes, 2 trays were transferred to metal halide
lamp chamber C (Table 1), in preparation for hand pol-
lination. In the parental generation, only time to 50%
flowering maturation of the plants in the metal halide
lamp chambers were recorded. In all chambers, seeds
were directly sown in 20 cm-high plastic pots filled
with 1000 cm?® of granular culture soil (Nippi-Engei-
Baido, Nihon Hiryo Co. Ltd., Tokyo, Japan). As none of
the genotypes is completely erect, plants were clipped
to stakes, and the tips of the growing stems were cut
when they reached the roof of the LED chambers. In
the metal halide lamp chambers, the tips of the stems
were cut when the vines grew about 5 cm above their
stakes. Cutting the tips induced the growth of branches,
which were similarly managed to minimize entangle-
ment between plants and ease hand pollination.
Crosses were made in one direction, resulting in 3
hybrid pairs: Sasaque x IT86D-1010, Sasaque x IT97K-
499-35 and IT97K-499-35 x IT86D-1010. Four plants
per parental genotype in the 5 experimental condi-
tions: LED (—), LED (+4), and metal halide lamps A, B
and C (Table 1) were designated as female parents for
cross pollinations, and 3 plants, 1 per genotype, consti-
tuted a replicate, resulting in 4 replicates per treatment.
To maintain self-pollinated pods in the experimental
plants for measurements of pod development (particu-
larly in the LED chambers), pollen donors were sown
one week ahead of the experimental plants in a different
chamber under the same environmental conditions as
those of the chamber designated as metal halide lamp
A. All hand pollinations were completed within the first
week of flower opening. Opened flowers were collected
between 9:30 am and 10:00 am and preserved at 4 °C.
At 6:00 pm that day, preserved flowers were removed
from cold storage and kept at room temperature for 1 h
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to ensure pollen drying before attempting hand pollina-
tion. Between 7:00 pm and 8:00 pm, mature flower buds
were emasculated and immediately pollinated with
the preserved pollen grains. Flower buds on the same
peduncle with the pollinated buds were nipped to elim-
inate competition for available nutrients. Crosses were
deemed successful if pods formed from the pollinated
pistils and the pods remained attached to the peduncle
3 days after pollination.

Oven-drying of immature pods and germination tests

In the F, generation, 14-day-old hybrid pods harvested
from the parental generation were oven-dried at 25 °C
for 4 days. A germination test was set up in metal hal-
ide chamber A to measure differences in emergence rates
and heights of seedlings from seeds allowed to naturally
dry on plants and seedlings from the 14-day-old oven-
dried seeds. To further reduce the length of the repro-
ductive phase of cowpea in our experiment, in the F,
generation, we evaluated emergence rates and growth of
seedlings from seeds of 7- to 11-day-old pods oven-dried
at 39 °C for 2 days at 25, 30, 35, 36, 37, 38, 39, 40, 41, 42,
43, 44 or 45 °C. More seeds of 11-day-old pods oven-
dried at 39 °C for 1 day with or without the inclusion of
silica gel in the drying oven, and 2 days with the inclusion
of silica gel in the drying oven were also studied.

In each of the generations, 10 seeds in 3 replicates
were sown, and emergence rates were evaluated 7 DAS,
whereas heights of seedlings were measured 10 DAS.
Only heights of seedlings that emerged by 7 DAS were
measured. Seeds were sown in small plastic pots filled
with 250 cm? of Nipp-Engei-Baido soil, 1 seed per pot.
Based on the performance of seedlings from the various
treatments (see “Results” section), the moisture contents
of more seeds of the parental genotypes from 11-day-
old pods oven-dried at 39 °C for 2 days with or without
the inclusion of silica gel, 14-day-old pods oven-dried at
25 °C for 4 days, and seeds allowed to naturally dry on
plants were estimated using CD-6 Seed Moisture Con-
tent Meter (Shizuoka Seiki, Japan). To estimate the mois-
ture contents of seeds under each treatment, 3 seeds were
placed in the tray of the device in each measurement, and
3 measurements were taken for each treatment for the 3
cowpea genotypes (parents).

Evaluation of time to flowering and maturation of plants
cultivated from oven-dried seeds in F, and F, generations
In each of the two generations, 4 vibrant seedlings per
genotype from the seedlings of 14-day-old seeds oven-
dried at 25 °C for 4 days (F,) and 11-day-old pods oven-
dried at 39 °C for 2 days were transplanted to large plastic
pots, randomized in trays, and cultivated in metal halide
chamber A. The pot size and volume of soil used were
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the same as the parental generation. We recorded days
to 50% flowering and maturation, pod length, number of
seeds per pod and number of pods per plant.

Confirmation of the hybridity of F, plants

Two pairs of polymorphic SSR markers (E354010801 and
G6203) developed for cowpea genetic diversity analysis
[8] were used to confirm the hybridity of the F; plants.
The markers were first confirmed to be polymorphic
between each pair of parents, before being used to gen-
otype the offspring of crosses. Genomic DNA samples
from fresh young leaves of the parents and hybrid plants
were isolated and purified using NucleoMag Plant DNA
extraction kit (NucleoMag, Germany). A NanoDrop 2000
Ultraviolet—Visible Spectrophotometer (Thermo Fisher
Scientific) was used to quantify and assess the qual-
ity of the extracted DNA samples. For each genotyping
reaction, a 20 pL reaction volume containing 40 ng of
genomic DNA, 1x KAPA Taq ReadyMix DNA Polymer-
ase (KAPABiosystems) and 0.5 pmol/uL of forward and
reverse primers was subjected to polymerase chain reac-
tion (PCR) in a Bio-Rad thermal cycler (BIORAD, Japan).
The recommended thermal cycling program for the
markers [8] was adopted to amplify the SSR loci and the
resulting PCR products were analyzed using a Microchip
Electrophoresis System for DNA/RNA analysis (Mul-
tiNA, Shimadzu, Japan).

Data recording and analysis

In the parental generation of the main study, stomatal
conductance (g,,) was measured 25 days after sowing
(DAS) using an LI-600 Porometer/Fluorometer (LI-COR
Biosciences, USA). The manufacturer’s recommended
instructions were followed for all measurements. With
the Auto Mode of the device activated, a light-adapted
measurement of g of a single leaf on each experimental
plant was taken, resulting in 16 measurements per geno-
type, 8 each in LED (—) and LED (+). Days to 50% flow-
ering was recorded as the number of days from sowing to
the time at least 50% of the plants flowered, and days to
50% maturity was measured as the number of days from
sowing to the time at least 50% of the pods on each plant
dried, since flowering in cowpea is acropetal and the
genotypes studied exhibit moderately indeterminate
growth habit. To estimate the duration of pod elonga-
tion, all flowers (except for buds designated for cross pol-
lination) were tagged on the day they opened, and 7 days
after tagging, 12 fast-growing pods per genotype from
the tagged flowers were selected for measurements, 6
each in LED (—) and LED (+). Using a string and a 50 cm
rule, the length of each of the tagged pods was measured
at7, 11, and 14 DAP. In each genotype and under the two
conditions [LED (—) and LED (+)], the numbers of seeds
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in the 12 pods selected for measurement of pod length
were used to determine the average number of seeds per
pod. Number of pods per plant was determined after the
pods were harvested from all the experimental plants. To
evaluate the effect of CO, supplementation on g, pod
development, and pod yield per plant, two-tailed t-tests
were applied to compare the mean values of g, and the
three pod yield components measured under LED (—)
and LED (+).

In the F, and F, generations, we counted the num-
ber of seedlings that emerged from soil by 7 DAS, with
which emergence rates were estimated under the vari-
ous experimental conditions. Heights of seedlings were
measured 10 DAS with the aid of a 50 cm rule under
each of the study conditions. After transplanting of the
desired seedlings, time to 50% flowering and maturity
were measured for the plants cultivated from 14-day-
old seeds oven-dried at 25 °C for 4 days (F,) and seeds
of 11-day-old pods oven-dried for 2 days (F,). In each
generation, two-tailed t-tests were applied to compare
the mean values of the measured parameters under the
control and oven-drying treatments. Microsoft Excel
was used for t-tests.
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