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Abstract

An understanding of the mode of inheritance is fundamental to plant breeding. The
choice of an appropriate selection method considers the number of genes involved
and their modes of action. In plant breeding, markers can overcome the false
resistance that may arise from greenhouse screening. The goal of this study was to
facilitate the better use of cowpea genotypes resistant to aphids. Specifically, we
sought to determine the number of genes involved in the ability of cowpeas to
survive aphid infestation and identify single sequence repeat (SSR) markers linked to
aphid resistance genes. Two pairs of parents (Tiligre x KVX295-124-2-99 and
Tiligre x IT97K556-6) were used to generate two F, populations. Each of these
populations was screened with aphids to determine the mode of inheritance of
resistance to aphids in cowpeas. SSR markers were used to screen parent, F4, and F»
individuals to locate polymorphic markers and markers linked to the genes involved
in resistance to aphids. The results showed that the ability to survive under aphid
infestation in KVX295-2-124-99 and IT97K556-6 is controlled by two nonallelic
genes. The markers MA61 and MA70 were found linked to aphid resistance in

cowpea.
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caused by them (Jackai & Daoust, 1986; Murdock, 2002). Aphis

craccivora Koch has been described as one of the most important

Cowpea (Vigna unguiculata [L.] Walp.) is a legume with significant
economic importance worldwide as human food and animal feeding.
Its cultivation is quite economical given its low input requirement and
rapid maturity (Badhe et al., 2016). However, plant biotic and abiotic
stresses pose serious threats to cowpea production. Insects are

considered largely responsible as 90%-100% yield reduction may be

pests of cowpeas causing significant yield losses from the seedling to
adult stages (Annan et al., 1996). It is also a major vector of plant
viruses. Several insecticides are effective against insects such as
leafhoppers (Empoasca sp.), aphids, and whiteflies (Bemisia tabaci)
(Oyewale & Bamaiyi, 2013). However, occasionally, farmers must

spray their farms as many as eight to ten times during the growing
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season (Omongo et al., 1998). This results in environmental pollution,
toxicity to mammals, and hazards to users and consumers (Alabi
et al., 2003). Pest resurgence, resistance to insecticides, and lethal
effects to nontargets have also been observed. Therefore, the use of
resistant varieties appears to be a good alternative, because it is more
viable and economical for resource-poor farmers and compatible with
other methods of pest control (Ofuya, 1997). Several sources of
resistance to aphids have been identified (Boukar et al., 2018; Kusi
et al., 2010; Omoigui et al., 2017; Ouédraogo et al., 2018; Souleymane
et al., 2013). For better use of these genetic resources, the mode of
inheritance must be determined. In cowpeas, investigations have been
conducted to determine the mechanisms of resistance to aphids, and
genetic studies have revealed that a single dominant gene controls
resistance in cowpeas (Ombakho et al., 1987; Singh & Ntare, 1985).
However, Pathak (1991) observed that although resistance to certain
pests can be controlled by a single major gene, the expression of the
major gene can be influenced by changes that could improve or delay
its expression. Githiri et al. (1996) suggested that two genes may be
involved in the expression of aphid resistance. Recently, Huynh
et al. (2015) used molecular markers to identify two quantitative trait
loci (QTLs) associated with genetic response of cowpea varieties to
aphid infestation. For efficient breeding, the mode of inheritance of
the trait of interest must be determined. The choice of an appropriate
selection method considers the number of genes involved and their
modes of action (Sharma & Vaishampayan, 2009). It is also important
to develop diagnostic markers for marker-assisted selection (MAS) to
ensure resistance diversity (Xu et al., 2014). The use of DNA markers
linked to resistant genes is also a means to overcoming false
resistance that may arise from greenhouse screening (Hittalmani
et al., 2000). MAS can be a very efficient tool in breeding, especially
for traits that are labor intensive to the phenotype (Gepts et al., 2005;
Ordon et al., 2009). The goal of this study was to increase the use of
cowpea genotypes resistant to aphids and the use of molecular

markers in the breeding process. The specific objectives were to:

e Determine the number of genes involved in the ability of cowpeas
to survive aphid infestation.

e Identify SSR markers linked to gene(s) involved in aphid resistance.

2 | MATERIALS AND METHODS

21 | Plant and aphid genetic materials

In this study, lines KVX295-2-124-99 and IT97K556-6, both resistant
to aphids, were crossed with Tiligre (KVx775-33-2G) (a commercial
but aphid susceptible line) to generate two F, populations. The F;
individuals from the cross Tiligre x KVX295-124-2-99 and those from
Tiligre x IT97K556-6 were self-pollinated to produce 179 and 197 F,
individuals, respectively. These F, populations were screened using
the Kamboinse aphid biotype. Parental lines, F; and F,, were also used

to identify markers associated with aphid resistance. Aphids used for

screening were collected in September 2018 at Kamboinse and reared
on a susceptible variety (KVX 396-4-5-2D).

2.2 | Green house screening process

The screening was conducted using see-through plastic pots. There
was one plant per pot. Seven-day-old cowpea seedlings were infested.
Ten aphids were collected with a camel hair brush and deposited on
individual plants. Water was supplied to the plant directly at the foot
to prevent aphid stalling. Plants remained under aphid infestation
throughout the test. For this purpose, each pot was covered with
aphid-proof tissue held by small wooden beams. Elastic ribbons were
used to close the set hermetically. To avoid water stagnation, the

bottoms of the pots were provided with apertures.

2.3 | Molecular analysis

DNA extraction was conducted using FTA (Flanders Technology
Associates) technology. FTA cards are media for storage and transport
of DNA, wildly used for plant as well as animal DNA extraction (Kusi
et al., 2018; Perozo et al., 2006; Stangegaard et al., 2011). To purify
the DNA, a 1 cm? piece of the card containing macerated leaves was
isolated using punch tool and placed in a tube (Eppendorf). The piece
was washed with specific buffers according to the following
procedure: (i) two successive washes of 5 min each with 200 pl of
alcohol (70°C) per piece; (ii) two successive rinsing of 5 min each with
200 pl of Tris EDTA (TE) per piece; (iii) drying at room temperature for
2 h. Polymerase chain reaction (PCR) was performed in an
Eppendorf Master Cycler Gradient thermocycler. It consisted of DNA
denaturation at 94°C during 3 min, hybridization at 56°C for 30 s and
extension at 72°C for 30 s. This cycle was repeated 35 times followed
by a final extension at 72°C for 10 min. The PCR products were
electrophoresed on 3% agarose gel (3 g of agarose flour for 100 ml of
Tris-Borate-EDTA [TBE] 0.5% concentrate) containing 5 pl of
ethidium bromide (BEt). The migration lasted 1 h under 75V at
400 mA. The gels were photographed with a camera (Canon Power
Shot A620, 7.1 Mega Pixels). Markers with DNA bands, showing
evidence of polymorphism between the resistant and susceptible
parents, were regarded as candidate markers linked to the resistance
gene(s) and were further investigated. This investigation consisted of
screening candidate markers on 12 of the most susceptible and 14 of
the most resistant F, individuals. Phenotypic and genotypic data
from this screening were subjected to a chi-squared (y?) test for
association. Then, all F; individuals from each of the two populations
were screened with the validated marker. The genotypic data
generated from this screening were combined with the phenotypic
data and analyzed to confirm the mode of inheritance using a
chi-squared test for goodness-of-fit. The sequences of the validated
markers were BLAST aligned to identify the chromosomes on which

the genes of interest were located.
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2.4 | Data collection and analysis

Observations were made every 3 days. In this study, susceptible
plants were defined as those that died on the first day after screening
up to 1 month after screening. The resistant plants were those that
survived. Chi-squared tests for goodness-of-fit were used to evaluate
deviations in the observed data from the expected segregation ratios.
These expected ratios were as follows: 3:1 (one dominant gene or
two linked genes), 15:1 (two duplicated genes), 9:7 (two complemen-
tary genes), and 63:1 (three independent genes). Chi-squared tests for
association were used to determine whether there was an association
between the genotypic and phenotypic data. R version 3.5.1 was used
to conduct the tests and the BLAST function of Phytosome v13
(https://phytozome-next.jgi.doe.gov/) was used to determine the

location of genes.

3 | RESULTS
For Population 1 (Tiligre x KVX295-2-124-99) and population
2 (Tiligre x IT97K556-6), all P values were less than 0.05 (Table 1).
However, these results could be grouped into two categories. The
first category concerns tests where the P value was lower than 0.001,
and the second category concerned tests where the P value was
higher than 0.001. Thus, for Population 1, in the case of one dominant
gene or two linked genes without crossing over (3:1), the difference
between the observed and expected values was highly significant
(;(2:20.03; P value =7.6 x 107%). In the same population, for
two duplicated genes (15:1), the difference between the observed
and expected values was not significant at the 0.01 threshold
(¢* = 5.69; P value = 0.017). In the same population, the observed
and expected values were significantly different for cases where there
were two complementary genes and three genes (% = 80.59 and
94.65, respectively; P values = 2.2 x 101 for both).

For Population 2 (Tiligre x IT97K556-6), in the case of one
dominant or two linked genes, the observed and expected data were

significantly different (xz = 20.10; P value = 7.34 x 1079). In the case
of two duplicated genes, the ;{2 value was 8.13, and the P value was
0.004. In this case, the P value was higher than 0.001. In the cases
involving two complementary genes and three genes, the difference
between the observed and expected values was significant
(? = 84.98 and 118.16, respectively; P value = 2.2 x 10~ for both).

3.1 | Polymorphism test and markers validation

3.1.1 | Polymorphism test

Of 157 SSR markers used to screen the parents for resistance to
aphids, five polymorphic markers were located: MA70, MA61,
MA112, MA118, and VMé68. Among these polymorphic markers, two
were selected as candidate markers for validation: MA61 for
Population 1 and MA70 for Population 2 (Table 2 and Supporting
Information). For marker MA61, the band for the resistant parent
(MA61R) had 150 bp, and the band of the susceptible parent (MA61S)
had 280 bp (Figure 1). For marker MA70, the band of the resistant
parent (MA70R) had 180 bp, and the band of the susceptible parent
(MA70S) had 280 bp (Figure 2).

3.1.2 | Marker validation

For each F, population (Tiligre x KVX295-2-124-99 and
Tiligre x IT97K556-6), 14 resistant individuals and 12 susceptible

TABLE 2 Sequences of markers MA61 and MA70

Marker name Sequences F-R (5'-3')

TABLE 1 Test for genetic ratios
Parents Assump. Ratio N.P.
Tiligre x KVX295-2-124-99 1 dominant gene or 31 180
2 linked genes
Tiligre x KVX295-2-124-99 2 duplicat. genes 15:1 180
Tiligre x KVX295-2-124-99 2 Compl. genes 9:7 180
Tiligre x KVX295-2-124-99 3 genes 63:1 180
Tiligre x IT97K556-6 1 dominant gene 31 197
Tiligre x IT97K556-6 2 duplicat. genes 15:1 197
Tiligre x IT97K556-6 2 Compl. genes 9:7 197
Tiligre x IT97K556-6 3 genes 63:1 197

MA61 GATGTTATACACAGCAGCAAC

GGGAATCGAAAACAGACGCTA
MA70 GACTAGTGCAAGTTCCCAACC

GAAGCAGAACCCAAAGAATCT

o.V. EV.

R S R S df  dfi x? value P value

161 19 135 45 1 179 20.03*** 7.6 x 107

161 19 169 11 1 179  5.69* 0.017

161 19 101 79 1 179 80.59*** <22 x 107

161 19 177 3 1 179  94.64*** <22 x 1071

175 22 148 49 1 196  20.10*** 7.3 x107°

175 22 185 12 1 196  8.13** 0.004

175 22 111 8 1 196  84.98** 22 %1071

175 22 194 3 1 196  118.16** 22 x10°'¢

Abbreviations: Assump., assumptions; Compl., complementary; df, degree of freedom of ration categories; dfi, degree of freedom of individuals; duplicat.,

duplicate; E.V., expected value; N.P., total number of plants; O.V., observed value; R, resistant; S, susceptible.
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TABLE 3 Distribution of most susceptible and most resistant F,
plants screened with MA61 per genotype
Unmatched GR GS Total
PR 3 7 4 14
PS 4 0 8 12
Total 7 7 12 26

Abbreviations: GR, genotypically resistant; GS, genotypically susceptible;
PR, phenotypically resistant; PS, phenotypically susceptible.

individuals were screened with the two polymorphic markers. MA61
was used to screen Population 1 (Tiligre x KVX295-2-124-99), and
MA70 was used to screen Population 2 (Tiligre x IT97K556-6).
Genotypic and phenotypic data obtained from row data
(Supplementary Information) are presented in Tables 3 and 4. These
contingency tables were used to compute association tests. The
results of these tests revealed a relationship between genotype and
phenotype for marker MA61 (;(2 = 5.56; P value = 0.018) (Table 5).
The test of association for marker MA70 also showed a relationship
between phenotype and genotype (y?>=5.75; P value = 0.016)
(Table 5).

Markers MA61 and MA70 were also screened with F; and F,
individuals. The band of the resistant parent and that of
the susceptible parent were both detected in F4 individuals in both
populations (Figures 1 and 2). The sequences of the two markers
indicated that marker MA61 was located on chromosome number
3 (Vu03) with an E-value of 1.36e~2, and the percentage of identity
ranged from 96% to 100%. Marker MA70 was located on chromo-
some number 7 (VuO7) with the percentage of identity ranging from
89% to 100% with E-value of 1.11e 2 (Table 6).

FIGURE 1 Agarose gel profile of parental
lines, F; and 15F,. L = DNA lader; C = Control;
Kvx = Kvx295-2-124-99; Til = Tiligre

SERRIESE R _4Sw R
- w— -

FIGURE 2 Agarose gel profile of parental
lines, F4 and 15F, screened with marker MA70.
L = DNA lader; C = Control; IT = IT97K556-6;
Til = Tiligre

W - -

TABLE 4 Distribution of most susceptible and most resistant F,
plants screened with MA70 per genotype

GR GS Total
PR 10 4 14
PS 2 10 12
Total 12 14 26

Abbreviations: GR, genotypically resistant; GS, genotypically susceptible;
PR, phenotypically resistant; PS, phenotypically susceptible.

TABLE 5 Association between markers and phenotypic
characters

Markers X2 df dfi P value
MA61 5.56 1 25 0.0184*
MA70 5.75 1 25 0.0165*
3.1.3 | Mode of inheritance based on phenotyping

and genotyping

The results of the chi-squared test for goodness-of-fit of combined
phenotyping and genotyping data are shown in Table 7. Based on the
results in Table 1, the test was limited to two duplicated genes; the
rest of the assumptions (one dominant gene, two linked genes, two
complementary genes, and three genes) were unlikely.

With a test ratio equal to 15:1 for both, Population
1 (Tiligre x KVX295-2-124-99) and Population 2 (Tiligre x
IT97K556-6), the difference between the observed and expected
data were not significant (2 = 3.78; P value = 0.052 for Population
1 and 2 = 0.58; P value = 0.44 for Population 2) (Table 7).
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TABLE 6 Marker locations on chromosomes
Marker name Location Species E-value % identity
MA61 Vu03 V. unguiculata V1.1 1.36e-2 96
Vu03 V. unguiculata V1.1 1.36e-2 100
MA70 Vu07 V. unguiculata V1.1 1.11e-3 89
Vu07 V. unguiculata V1.1 1.36e-2 100
Abbreviation: V. unguiculata, Vigna unguiculata.
TABLE 7 Determination of number of genes based on F, individuals' genotypes and phenotypes
Couple of parents Assumptions Test ratio N. P. O.V. E.V. df dfi 22 value P value
Tiligre x KVX295-2-124-99 2 dup. genes 15:1 173 156 17 162 11 1 172 3.78" 0.052
Tiligre x 1T97K556-6 2 dup. genes 15:1 182 170 14 172 12 1 181 0.58™ 0.44

Abbreviations: df, degree of freedom of ration categories; dfi, degree of freedom of individuals; dup., duplicated; E.V., expected value; N.P., total number of

plants; O.V., observed value.

4 | DISCUSSION

4.1 | Phenotyping and mode of inheritance

To determine the genetic ratio that best fit the observed data, a
threshold of 0.001 was used. This threshold is often used for
statistical tests in plant breeding (Benjamin et al, 2018;
Betensky, 2019; Mwadzingeni et al., 2017). Phenotypic data showed
that two duplicate genes were involved in the ability of cowpea to
survive aphid infestation. Population 1 (Tiligre x KVX295-2-124-99)
had a P value of 0.017 (;(2 = 5.69). Population 2 (Tiligre x IT97K556-6)
had a P value equal to 0.004, indicated that the duplicate genes were
involved in the ability of the two lines (IT97K556-6 and
KVX295-2-124-99) to survive aphid infestation. The remaining ratios
tested were less likely to fit the observed data. In the case of one
dominant gene or two linked genes without crossing over, the
P values for populations 1 and 2 were 7.6 x 107¢ and 7.3 x 107¢,
respectively. This result indicated that the two genes were not
allelic, because at the F, generation, ratios for one dominant gene
or two dominant and allelic genes without crossing over are simi-
lar (3:1). In the case of two complementary genes and three genes,
the P values were even lower. They were 2.2 x 107¢ for both
Populations 1 and 2. These results indicated that two duplicate genes
were involved in the ability of KVX295-2-124-99 and IT97K556-6 to
survive aphid infestation. QTLs controlling different aspects
(antibiosis, antixenosis, and tolerance) of aphid resistance in cowpeas
and other species have been identified (Guo et al., 2012; Kamphuis
et al., 2013). Huynh et al. (2015), using SNP markers, discovered two
QTLs involved in aphid resistance of IT97K556-6: a major QTL,
QAc-vu7, and a minor QTL, QAc-vul.l. However, monogenic aphid
resistance in cowpeas has also been reported (Kusi et al., 2018;
Omoigui et al., 2017). Boukar et al. (2018) reported that the single
dominant gene conferring aphid resistance in cowpeas and
incorporated in several improved breeding lines and varieties has

become ineffective.

4.2 | Markers validation
Marker validation of MA61 and MA70 consisted of testing for the
existence of a relationship between each marker and the trait (survival
under aphid infestation) from generation to generation. For marker
MAG61, the band of the resistant parent (MA61R) with 150 bp and the
band of the susceptible parent (MA61S) with 280 bp were both found
in F4. This indicates that the character was transmitted from parents
to the first generation. The transmission of the character to the sec-
ond generation was also tested. This test showed that there was a
relationship between the phenotype and genotype (P = 0.018). Thus,
resistant F, individuals exhibited the band of the resistant parent and
the susceptible F, individuals had the band of the susceptible parent.
Therefore, the character was transmitted from the parents to the first
generation (F4) and from the first generation to the second generation
(F5). Marker MA70 exhibited the same trend. The band of the resis-
tant parent (MA70R) had 180 bp, and the band of the susceptible par-
ent (MA70S) had 280 bp. Both MA70R and MA70S were found in Fy
individuals. The association between phenotype and genotype was
significant (P = 0.016). This indicated that the character was transmit-
ted to the second generation (F,) and that the marker illustrated this.
The results established that both markers MA61 and MA70 were able
to pass the gene involved in the expression of the character from one
generation to the next, respectively, in line KVX295-2-124-99 and
IT97K556-6. Markers MA61 and MA70 were linked genes responsible
for the ability of cowpea to survive aphid infestation. SSR marker
validation using segregating populations is widely used (Carletti
et al., 2016; Kongjaimun et al., 2012; Okogbenin et al., 2008; Omoigui
et al,, 2017). Marker MA61 is located on chromosome 3 and marker
MA70 on chromosome 7. Despite the shortness of the sequences of
the two markers, the E-values were very low, and the percentages of
identity were high. This indicated that the two genes involved in aphid
resistance in cowpeas were located on chromosomes 3 and 7.

These markers can be used in MAS to incorporate one or more

genes into susceptible lines. Given that these markers are codominant,

85U8017 SUOWILWIOD A1) 3|cedldde ays Aq peuenob are ssjolie YO ‘SN JO Sa|ni Joy Ariq18UIIUO /8|1 UO (SUOTIPUOD-pUe-SLLRY/LI0O A3 1M AR 1B |UO//:SANY) SUOTIPUOD pue Swie | 8L 88S *[£202/70/82] Uo AriqiTauliuo /(1M ‘YNVHO - SS300V 9N Aq 22T'€681/200T 0T/10p/L0o A8 | ARelq 1 jeuljuo//Sdny Woly papeo|umod ‘Z ‘220z ‘T8T96E9Z



OUEDRAOGO ET AL.

e Ly ey E—

they can also be used to detect F; false positives in crosses that
involve line KVX295-2-124-99 and line IT97K556-6. Furthermore,
they can be used to follow up on the source of resistance they signal.
Markers linked to aphid resistance have also been reported in other
studies. For instance, Kusi et al. (2018) and Omoigui et al. (2017)
working with cowpeas found two markers (CP171/172 and KADé61)

linked to genes involved in aphid resistance.

4.3 | Mode of inheritance based on phenotyping
and genotyping

The screening of the F, individuals of Population 1 with aphids and
marker MA61 confirmed the result of phenotyping. For a genotypic
ratio of 15:1, the P value was not significant, confirming that two
duplicate genes were involved in the expression of this character.
Similarly, the combined data of genotyping and phenotyping of
Population 2 showed that two duplicate genes were involved in
the expression of the character. This result is in agreement with
the work of Huynh et al. (2015). Omoigui et al. (2017) also found two
dominant genes involved in aphid resistance in cowpeas.
However, one of these genes is found in variety TVNu 2876 and
the other in variety Sarc1-57-2, suggesting monogenic resistance.
Aphid resistance has three components: tolerance, antibiosis, and
antixenosis (Emden, 2002; Koch et al., 2016; Peterson et al., 2017).
One or more genes may be involved in the expression of each compo-
nent. Depending on the screening method, the expression of one or
several resistance components may be captured. Both antibiosis and
antixenosis involve a plant response and a pest response, but in the
case of tolerance, only a plant response is involved (Smith, 2005). In
host plant resistance to insects, antixenosis and antibiosis may be
involved simultaneously, but in different proportions (Annan
et al., 1997; Obopile & Ositile, 2010). The survival rate under aphid
infestation is an important indicator for assessing aphid resistance.
Plant survival under aphid infestation is part of tolerance. Given the
number of genes involved in the expression of this trait, it is con-
trolled by QTLs. Antibiosis and antixenosis are also important for host
plant resistance. For instance, plants produce a number of metabolites
in response to insects, pathogens, and other stress factors (Sharma &
Vaishampayan, 2009; Simmonds, 2003). They act as antifeedants and
affect insects by reducing their growth and development (Morimoto
et al., 2000; War et al., 2013). Each of the components of host plant

resistance to aphids (insects) has a genetic basis.

5 | CONCLUSION

The ability of cowpeas (KVX295-2-124-99 and IT97K556-6) to
survive aphid infestation is controlled by two QTLs. Results based on
phenotypic and genotypic data established that two duplicated genes
are involved in the expression of this characteristic. These two genes
were not allelic. Two SSR markers (MA61 and MA70) were found
linked to genes involved in resistance to aphids in cowpeas. These

markers can be used in MAS for breeding purposes. Because these
markers are codominant, they can also be used to detect F, false posi-
tives in crosses involving Tiligre, IT97K556-6, and KVX295-2-124-99.
The two genes involved in resistance to aphids in cowpeas are located

on chromosomes 3 and 7.
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