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Abstract: Secondary metabolites are among the major contributors of host-plant resistance. Cow-
pea produces secondary metabolites that are known to enhance resistance to insect pests including
flower bud thrips. However, environmental conditions tend to affect the production of secondary
metabolites, thereby affecting the response of the host plants to insect pest. The objective of this
study was to determine the effect of the genotype × environment interaction on the production
of secondary metabolites and flower bud thrips resistance in cowpea. Six cowpea genotypes were
evaluated for flower bud thrips damage and the contents of flavonoids, antioxidants, phenolics,
proteins, lignin, tannins and reducing sugars in four environments with varying temperatures and
rainfall patterns. The data collected were subjected to the analysis of variance and genotype and
genotype × environment (GGE) analysis. Flower thrips damage, and the contents of flavonoids,
antioxidants, lignin, tannins and reducing sugars varied significantly (p < 0.001) among genotypes.
Genotype Sanzi produced high levels of antioxidants, while TVU-9820 led in phenolic concentrations
respectively. Metabolite contents were significantly (p < 0.001) different among environments, with
the long rain season of field experiments led to increased production of flavonoids, proteins, lignin
and tannins. A resistant genotype, TVU-3804, produced relatively stable contents of flavonoids,
antioxidants, phenolics, proteins and reducing sugars across environments. In this study, the environ-
ment influenced the concentration of the metabolites, which in turn affected the cowpea’s resistance
to flower bud thrips.

Keywords: GGE; secondary metabolites; cowpea; environment; flower bud thrips

1. Introduction

Cowpea (Vigna unguiculata), one of the most important legume crops in Uganda, is
cultivated in over an area of 15 million ha worldwide [1]. The productivity is, however,
low, owing to several challenges that affects cowpea production that include a combina-
tion of insect pests, diseases and abiotic factors [2]. Among the insect pests of economic
importance in cowpea is flower bud thrips (Megalurothrips sjostedti), which infest the crop
during the flowering stage, causing the browning of stipules and flower bud abscission.
In severe infestation, flower thrips can cause 100% yield loss [3]. For effective control
of thrips, combining different control strategies is necessary. An important and environ-
mentally friendly strategy in controlling thrips is the use of resistant genotypes. In recent
studies, several genotypes have been identified as resistant to flower bud thrips [4–7]. The
resistance to thrips in cowpea is contributed by genes that trigger immune responses. It
was further reported that production of secondary metabolites contributes significantly to
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resistance of cowpea to flower bud thrips as defense mechanisms at various stages of insect
pest attack [8,9]. Resistance to flower bud thrips can be influenced by the environment,
as observed with genotype Sanzi, which was found to be resistant in Nigeria [10] and
Ghana [6], but moderately resistant in Uganda [4]. In addition, the variations in resistance
are an indication that the secondary metabolites produced as a defense mechanism are also
influenced by the environment. However, the extent of the environmental effect on produc-
tion of secondary metabolites associated with the resistance of cowpea to flower bud thrips
remains unknown. Environmental conditions as well as pest infestation such as thrips
affect biochemical and physiological plant defensive mechanisms [11], and these processes
may have an effect on plant–pest interaction [12]. Plant responses to attacks have been
found to be complex, hence, it is important to understand the environment–plant–insect
interaction [13].

In recent decades, there has been rapid environmental changes globally which af-
fect the plant–insect interaction [12]. For instance, reports indicate that temperature and
rainfall have an effect on flower bud thrips population densities [14]. The environmental
factors affect pest fecundity, mortality and emigration [9]. Consequently, the presence
of crop (host), pest and a favorable environment (often known as disease/pest triangle),
determines whether the crop is susceptible or resistant to the pest. Nevertheless, plants
in different environments have co-evolved with specific biotic and abiotic conditions, and
have developed some mechanisms of resistance which have enabled successful growth and
reproduction [15].

Stresses, both biotic and abiotic, induce plants to produce secondary metabolites and
volatile organic compounds, such as flavonoids, antioxidants, tannins, ethylene, terpenes,
phenolics among others, depending on different pathways [2,16]. As a result of their adap-
tive capacities, plants have incorporated signals into their developmental pathways which
enable the production of the metabolites [17]. However, variations in the production and
quantity of metabolites are not predictable, especially under the varying environments con-
ditions and pest infestations [9]. Furthermore, studies on the plasticity of the metabolites
in varying environmental conditions are limited. For a successful cowpea improvement
program, understanding the plant–insect–metabolites–environment interaction is impor-
tant. Flavonoids, tannins, antioxidants, reducing sugars, total phenolics, among others, are
some of the secondary metabolites reported to influence resistance of cowpea to flower bud
thrips [8]. Changes in the concentration of phenolics, for example, result in changes in the
lipid packing order and decrease the flexible nature of the plant membrane [18]. This limits
the nutrient availability to insects as a result of protein denaturation [19], hence, reducing
the survival rate of insects. Changes in temperature and moisture affect the plant cell water
potential due to the pressure exerted in xylem [20]. In addition, moisture and temperature
affect the plant’s antioxidative capacity [21]. Modifications that occur in the content of
tannins and other phenolics may reduce the palatability and improve the defense of plants
to pests [19].

Numerous statistical methods have been suggested to determine the stability of geno-
types. Among them are the Linn and Binn superiority index, Shukla’s stability variance,
Finlay and Wilkinson stability, additive main effects and multiplicative interactions (AMMI)
and genotype and genotype by environment interaction (GGE), among others [22–24]. The
choice of the method depends on the type of data and the expected output. AMMI and
GGE have been used to determine the genotype × environment interaction for multivariate
analysis in different traits [4,25–29]. Although both are powerful tools to study the stability
of genotypes, the GGE biplot was found to be superior to AMMI because it explains more
genotype plus genotype by environment, and has the inner property of the biplot [30]. In
cowpea, genotype × environment studies have been carried out for different traits. For
instance, significant genotype × environment interactions for yield were reported among
cowpea genotypes in Ethiopia, Nigeria and Ghana respectively [31–33]. In addition, signifi-
cant genotype × environment interaction for the secondary metabolites has been found in
cassava (Manihot esculenta) under the influence of whitefly (Bemisia tabaci) [34]. However,
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the influence of environmental factors on the production of secondary metabolites that con-
tributes to flower bud thrips resistance in cowpea remains unknown. The objective of this
study was to determine the genotype × environment interaction of secondary metabolites
on cowpea resistance to flower bud thrips. This information is important in breeding for
cowpea resistance to flower bud thrips and deployment of resistant genotypes to a wide
range of environments.

2. Materials and Methods
2.1. Plant Material, Sites and Experimental Procedure

Six genotypes, Lori Niebe, TVU-201, TVU-9820, TVU-3804, TVU-7647 and Sanzi were
selected from previous screening, based on their level of resistance to flower bud thrips.
Genotypes, TVU-3804 and TVU-7647, were resistant, Lori Niebe and Sanzi were moderately
resistant, while TVU-201 and TVU-9820 were susceptible to flower bud thrips (unpublished
data). The experiment was carried out in 2021 at Makerere University Agricultural Research
Institute Kabanyolo (MUARIK) in the field and in screen house (SH) during the long rain
season, herein referred to as MUARIK_21a and SH_21a, respectively, and during the short
rain season, herein referred to as MUARIK_21b and SH_21b, respectively. MUARIK lies
at 0◦28′ N, 32◦37′ E, 1200 m above sea level and the soils are sandy-clay-loam [35]. To
ensure a sufficient population of thrips, a susceptible genotype WC36 was planted around
the experiment area as well as between blocks, 2 weeks before the establishment of the
experiment. The six genotypes were planted in a randomized complete block design with
3 replications. Three seeds were planted per hole and the seedlings were thinned to two
plants per stand, 10 days after sprouting. The plots measured 3 × 3 m with spacing of
0.75 m and an intra-row space of 0.25 m. In the screen house, 3 seeds were planted per
pot. Four pots represented a plot. There was no fertilizer application at any point of the
crop growth. Weeding was carried out manually with a hoe. In addition, there was no
application of pesticide nor fungicide during the cropping seasons.

2.2. Data Collection

Data were collected on thrips damage scores from ten plants selected randomly within
the plot, on a scale of 1–9, at 50, 65 and 80 days after planting (DAP). Scores were defined
as: 1–3 = resistant, 4–6 = moderately resistant and 7–9 = susceptible. Rating was based on a
combination of varying intensities of thrips-induced browning of the stipules and flower
buds, non-elongation of peduncles, and flower bud abscission, as shown in Table 1.

Table 1. Scale for rating the flower bud thrips damage in cowpea.

Rating Appearance

1 No browning/drying of stipules, leaves or flower buds; no bud abscission.
3 Initiation of browning of stipules, leaves or flower buds; no bud abscission.
5 Distinct browning/drying of stipules and leaves or flower buds; some bud abscission.
7 Serious bud abscission accompanied by browning/drying of stipules and buds; non-elongation of peduncles.

9 Very severe bud abscission, heavy browning, drying of stipules and buds; distinct non-elongation of (most or
all) peduncles.

Source: [36]

The maximum and minimum temperature was measured in a thermometer, and the
rainfall amount was measured on rain gauges from meteorological stations at the study
sites. The recordings were carried out monthly, and the readings are shown in Table 2.

Sixty days after planting, the terminal leaves, racemes, floral buds and flowers of the
six genotypes were collected for secondary metabolite determination at the National Crops
Resources Research Institute (NaCRRI)’s biochemistry laboratory, Namulonge, in Uganda.
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Table 2. Average monthly temperature (◦C) and rainfall (mm) during the experiment seasons.

Environment Temp. Max (◦C) Temp. Min (◦C) Rainfall (mm)

MUARIK_21a 29.95 16.28 94.98
MUARIK_21b 27.19 15.41 38.85
SH_21a 33.92 21.34 99.56
SH_21b 31.03 20.54 99.56

Temp. Max = maximum temperature, Temp. Min = Minimum temperature.

2.2.1. Determination of Total Flavonoid Content

The sample preparation was carried out by weighing 1 g of fresh leaves and a floral
sample using a weigh balance. Using motor and pestle, the sample was crushed, and 0.6 mL
of 80% methanol was added. The mixture was vortexed and shaken in an orbital shaker for
30 min. This was followed by centrifugation at 6000 rpm at 4 ◦C for 10 min. The flavonoids
were then estimated by the aluminum chloride (AlCl3) method [37]. One milliliter of the
methanolic supernatant was transferred into an empty 50 mL falcon tube. Four milliliters
of distilled water were added to the extract, followed by 0.3 mL of 5% sodium nitrate
solution. The mixture was vortexed and incubated in the dark for 5 min, after which 3 mL
of 10% aluminum chloride was added. Incubation in the dark was repeated for 6 min. Two
milliliters of 1 M of sodium hydroxide were added and the volume was made up to 10 mL
using distilled water. The solution was vortexed and incubated in the dark for 10 min.
The absorbance was recorded at 510 nm using a UV–visible spectrophotometer. The total
flavonoid content was calculated as a quercetin acid equivalent (mg/g) from the calibration
curve Y = 0.002x + 6 × 10−5, R2 = 0.9781.

2.2.2. Determination of Total Phenolic Content

The determination of the total phenolic content was carried out following the method
described by [38]. The sample preparation was similar to that of flavonoids, as described in
Section 2.2.1. One milliliter of clear supernatant was transferred into an empty 50 mL falcon
tube. To this, 5 mL of distilled water was added followed by 0.5 mL of Folin–Ciocalteu’s
reagent. A total of 1.5 mL of 20% sodium carbonate was added to the sample, filled to 10 mL
with distilled water and vortexed. The mixture was incubated in water bath at 40 ◦C for
30 min. Absorbance readings were carried out at 750 nm using a spectrophotometer. The
total phenolic content was calculated as a gallic acid equivalent (mg/g) from the calibration
curve Y = 0.764x − 0.0152, R2 = 0.9952.

2.2.3. Determination of Proteins

A total of 0.5 g of fresh sample was weighed, and the extraction was carried out
using 5 mL of ionic stress buffer (50 mM Tris.HCL and 200 mM NaCl, PH 8.5) [39]. The
mixture was vortexed and shaken on an orbital shaker for 30 min for maximum protein
extraction. The mixture was centrifuged at 6000 rpm at 4 ◦C for 10 min. One milliliter of
the supernatant was transferred to an empty 50 mL falcon tube; 3 mL of biuret solution was
added then vortexed. The absorbance readings were carried out at 540 nm. The calibration
of percentage proteins was carried out using the standard equation Y = 5.2858x − 0.1041,
R2 = 0.9942.

2.2.4. Determination of Total Reducing Sugars

Sample preparation was performed as described in Section 2.2.1. To determine the
content of total reducing sugars, 0.5 mL of the methanolic extract supernatant was trans-
ferred to an empty 50 mL falcon tube and diluted with 1 mL distilled water [40]. This was
followed by the addition of 1 mL of concentrated sulfuric acid (H2SO4) to dehydrate the
solution. Half milliliter of 5% phenol was added for the formation of the colored complex
compound (mild gold color complex) of the reducing sugars. Quantification of reducing
sugars was carried out at 490 nm using spectrophotometer. Calibration of the reducing
sugars (%) was carried out using the standard equation Y = 5.785x − 0.0015, R2 = 0.9987.
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2.2.5. Determination of Total Tannins

Sample preparation was carried out as described in Section 2.2.1. The total tannins
were determined using the modification of Harbourne method [39]. One milliliter of the
extract was transferred into an empty 50 mL falcon tube. Half milliliter of 5% ascorbic acid
solution was added to dissolve the precipitants. The mixture was vortexed and shaken
on an orbital shaker for 30 min for efficient mixing. Half milliliter of petroleum ether
containing 1% acetic acid was added followed by 0.3 mL distilled water, vortexed and
centrifuged at 6000 rpm at 4 ◦C for 10 min. The organic supernatant was transferred into
an empty 50 mL falcon tube, 2.4 mL of the 5% HCL-butanol added, vortexed, and 0.5 mL
of Folin–Ciocalteu’s reagent added. Two and half of 20% sodium carbonate solution was
added and vortexed. The resultant mixture was incubated for 30 min at 80 ◦C and cooled
in a cold-water bath at 25 ◦C. A spectrophotometric absorbance reading was carried out
at 550 nm and total tannins was calibrated using the standard curve Y = 0.0279x + 0.0001,
R2 = 0.9844.

2.2.6. Determination of Total Antioxidants

Preparation of the sample was similar to that of flavonoids in Section 2.2.1. Determina-
tion of total antioxidants was carried out according to the method described by [41]. Half
milliliter of the supernatant was picked and transferred into an empty 50 mL falcon tube
where 2.5 mL of 0.2 M sodium sulphate buffer was added, followed by additional 2.5 mL
of potassium phosphate fericyanide. The mixture was vortexed and incubated in a water
bath at 50 ◦C for 20 min. After cooling, 2.5 mL of tricholoroacetic acid was added into the
solution and was mixed well by shaking. The mixture was centrifuged at 6000 rpm at 4 ◦C
for 10 min. From the clear supernatant, 5 mL was transferred into a clean empty 50 mL
falcon tube and 5 mL of distilled water was added. One milliliter of 0.1% ferric chloride
was added and the solution was mixed well by shaking. The absorbance readings were
carried out at 700 nm using a spectrophotometer, and calibration was performed using the
standard equation Y = 0.0022x + 3 × 10−5, R2 = 0.9642.

2.2.7. Determination of Lignin Content

Acid insoluble lignin, also known as Klason lignin, was determined by the Klason
method [42] through subjecting lignin to an acid hydrolysis process. The acidic hydrolysis
was carried out by adding 3.75 mL of sulfuric acid (72%) to 0.375 g of lignin powder in
digestion tubes (50 mL falcon tubes), and the uniform mixture was generated by stirring.
The mixture was left for 1 h at 30 ◦C in the water bath and the resultant mixture was diluted
with 36.25 mL of distilled water and incubated at 100 ◦C for 3 h in a water bath. The mixture
was cooled in a cold-water bath for 15 min and then filtered under vacuum. The resulting
solid, which was the insoluble lignin, was calculated as follows:

Acid Insoluble Lignin =

[
B−A

C

]
× 100 (1)

where A is the weight of the empty 50 mL falcon tube (g), B is the weight of the 50 mL
falcon tube plus dried lignin residue (g) and C is the initial weight of the lignin sample
(g). Acid soluble lignin (ASL) was determined spectrophotometrically (UV absorption at
280 nm). The filtrate was diluted with 1 M H2SO4 until the absorbance reached between 0.1
to 0.8 cm−1. The acid-soluble lignin was calculated as follows:

Acid Soluble Lignin(ASL) =
[

A× B×C
D× E

]
× 100 (2)

where A is the absorbance at 280 nm, B is dilution factor, C is filtrate volume (L), D is
extinction coefficient of lignin (110 g·L−1·cm−1) and E is the initial lignin weight (g). The
percentage of total lignin content was thereafter determined by the sum of the insoluble and
soluble lignin, and was expressed as the percentage of the total weight of powder analyzed.
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2.3. Statistical Analysis

A combined analysis of variance was carried out on flower bud thrips damage and
secondary metabolites across 4 environments using the Restricted Maximum Likelihood
(REML) procedure in R software. The following model was used for analysis:

yijk = µ + gi + ej + bk + geij + εijk

where yijk is the observed trait value for the ith genotype from jth environment in the kth
block; µ is the overall mean effect, gi is the ith genotype effect, ej is the jth environment effect,
bk is the effect of kth block, geij is the interaction effect of ith genotype and jth environment,
Eijk is the experimental error.

Genotype and Genotype × Environment (GGE) biplots were used to visualize the
stability of genotypes, and the ranking of genotypes was b ased on the ideal genotype,
comparing the test environments based on the secondary metabolites and thrips damage.
The GGE biplots were generated using Genstat version 18. The model for GGE is as shown:

Yhij = u + εh + gi + gεhi + β j(h) + εhij

where u is the population mean, εh is the effect of the hth environment, gi is the effect of
the ith genotype, gεhi is the interaction effect between genotype and environment, β j(h) is
the effect of the block, while εhij is the random error.

To assess the degree of association between traits, Pearson’s correlation analysis on
mean trait values within each genotype was performed using the R package.

3. Results
3.1. Performance of Cowpea Secondary Metabolites and Flower Thrips Damage
across Environments

There was significant (p < 0.001) variation for flower thrips damage, flavonoids, an-
tioxidants, lignin, tannins and reducing sugars, and non-significant difference for phenolics
and proteins among the tested genotypes (Table 3). Genotype TVU-3804 had the lowest
thrips damage of 2.19, while TVU-201 had the highest damage of 7.15 (Figure 1). Genotype
Lori Niebe, which was moderately resistant, had the highest concentrations of tannins
(18.23 mg/g) and reducing sugars (25.08%), while TVU-201 had the highest concentrations
of flavonoids (122.92 mg/g) and proteins (14.09%). On the other hand, genotypes Sanzi,
TVU-9820 and TVU-3804 had the highest concentrations of antioxidants, phenolics and
lignin of 84.97%, 9.52 mg/g and 62.90%, respectively. Genotype TVU-7647 had the lowest
concentrations of antioxidants, lignin, tannins and reducing sugars of 78.34%, 48.88%,
10.56 mg/g and 20.09%, respectively. Genotypes TVU-9820, Lori Niebe and TVU-3804
had the lowest flavonoid, phenolic and protein concentrations of 105.28 mg/g, 8.02 mg/g,
12.81%, respectively.

Table 3. Mean squares for secondary metabolites and flower thrips damage in cowpea genotypes
across environments.

SOV df FT
Damage

Flavonoids
(mg/g)

Antioxidants
(%)

Phenolics
(mg/g)

Proteins
(%) Lignin (%) Tannins

(mg/g)
Reducing
Sugars (%)

Rep 2 0.18 4.00 7.00 8.50 4.84 4.00 4.40 0.80
Geno 5 51.58 *** 474.00 *** 68.00 *** 3.70 ns 3.11 ns 295.00 *** 120.42 *** 48.64 ***
Env 3 42.45 *** 13164.00 *** 6864.00 *** 59.71 *** 30.69 *** 5013.00 *** 70.38 *** 28.35 *
Geno × Env 15 0.59 *** 58.00 *** 62.00 *** 4.57 * 8.85 *** 52.00 *** 119.51 *** 90.93 ***
Residuals 46 0.33 17.00 13.00 2.07 1.44 4.00 2.56 7.52
CV 13.00 3.72 4.49 16.22 8.93 3.59 11.23 12.49
LSD 0.47 3.40 3.01 1.18 0.98 1.71 1.31 2.25

*, *** = significant at 0.05, 0.001 probability levels respectively, ns= not significant, SOV = source of varia-
tion, df = Degrees of freedom, FT = flower thrips, Rep = Replication, Geno = Genotype, Env = Environment,
CV = Coefficient of variation, LSD = Least Significant Difference.
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A significant (p < 0.001) difference was observed on flower thrips damage, flavonoids,
antioxidants, phenolics, proteins, lignin, tannins and (p < 0.05) reducing sugars among the
environments (Table 3). MUARIK_21a recorded the highest concentrations of flavonoids,
proteins, lignin and tannins; SH_21a had the highest antioxidant and phenolic content,
while MUARIK_21b had the highest thrips damage and reducing sugar content (Figure 2).
On the other hand, SH_21b recorded the lowest concentrations of flavonoids, antioxidants,
proteins, tannins and reducing sugars. SH_21b, MUARIK_21a and MUARIK_21b had the
lowest thrips damage, phenolics and lignin, respectively. The interaction between genotype
and environment significantly (p < 0.001) influenced flower thrips damage, flavonoid,
antioxidant, protein, lignin, tannin, reducing sugar and (p < 0.05) phenolic concentrations
(Table 3). Generally, for all genotypes, flavonoid and protein concentrations were high in
the field and low in screen house experiments (Figure 3B,E). For reducing sugars, genotypes
showed interactions in the four environments (Figure 3G). For tannins, interactions were
observed in the field experiment, but no interaction in the two screen house seasons
(Figure 3H). Overall, there was no interaction between the environments for flavonoids,
phenolics, tannins, reducing sugars and proteins (Figure 2). However, an interaction was
observed in environments for flower thrips damage, antioxidants and lignin.
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Figure 3. Performance of six cowpea genotypes for thrips damage (A), flavonoids (B), antioxidants (C), phenolics (D), proteins (E), lignin (F), reducing sugars
(G) and tannins (H) evaluated in the field (MUARIK) and screen house (SH) experiments for short and long rain seasons.
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3.2. Correlation of Traits

The correlation coefficient is presented in Table 4 where few traits showed a significant
correlation. A significant correlation was observed between flower thrips damage and re-
ducing sugars, and between flower thrips damage and the minimum temperature. In addi-
tion, flower thrips damage was significantly positively correlated with tannins. Flavonoids
were significantly negatively correlated with antioxidants, significantly negatively corre-
lated with phenolics and significantly positively correlated with tannins. Antioxidants were
significantly positively correlated with phenolics, and significantly negatively correlated
with proteins and lignin. In addition, reducing sugars were significantly negatively corre-
lated with minimum temperature, while proteins were significantly positively correlated
with lignin.

3.3. Stability of Secondary Metabolites across Environments

GGE biplots for the experiment are presented in Figures 4–6. The values for first and
second principal components (PC) were estimated to generate the GGE biplots. Genotypes
that are closer to the average environment coordinate (AEC) are more stable. Accordingly,
genotypes TVU-7647 and Sanzi were stable for flower thrips damage; Lori Niebe, TVU-201
and TVU-3804 were stable for flavonoids; TVU-3804 was stable for phenolics; Sanzi and
TVU-3804 were stable for proteins; TVU-9820 and TVU-7647 were stable for lignin; Sanzi
and TVU-7647 were stable for tannins; and TVU-201, TVU-9820 and TVU-3804 were stable
for reducing sugars (Figure 4). Except Sanzi and TVU-9820, the rest of the genotypes were
stable for antioxidants.

Genotype TVU-3804 was resistant to flower bud thrips and produced high lignin; TVU-
201 was ideal for flavonoids, proteins and reducing sugars; Sanzi was ideal for antioxidants
and phenolics, while Lori Niebe was ideal for tannins (Figure 5). A comparison between
the test environments is shown in Figure 6 with the vectors connecting each environment
to the origin of the biplot. Genotypes with an acute angle between them are similar,
while those with an obtuse angle are different. For flower thrips damage, all the four
environments were similar. For all the traits under investigation, the SH_21a and SH_21b
were similar. In a similar manner, MUARIK_21a and MUARIK_21b were similar for flower
thrips damage, flavonoids, phenolics and lignin, but different for antioxidants, proteins,
tannins and sugars. The environment with the longest vector from the origin of the biplot
indicates that it had the largest variation, hence, the ideal environment for the evaluation of
a particular trait. Consequently, MUARIK_21a had the largest projection for flower thrips
damage, flavonoids, antioxidants, proteins, lignin and reducing sugars; MUARIK_21b had
the largest projection for tannins; while SH_21a had the largest projection for phenolics.
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Figure 4. GGE biplot showing the stability of flower thrips damage (A), flavonoids (B), antioxidants
(C), phenolics (D), proteins (E), lignin (F), tannins (G) and reducing sugars (H) in the cowpea
genotypes tested in four environments in Uganda.
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Table 4. Correlation coefficients for the cowpea genotypes screened for secondary metabolites and flower thrips across four environments.

FT Damage Flavonoids
(mg/g)

Antioxidants
(%)

Phenolics
(mg/g) Proteins (%) Lignin (%) Tannins

(mg/g) Sugars (%) Temp.max
(◦C)

Temp.min
(◦C)

Rainfall
(mm)

FT damage -
Flavonoids (mg/g) 0.81 -
Antioxidants (%) −0.62 −0.96 ** -
Phenolics (mg/g) −0.60 −0.93 ** 0.98 ** -
Proteins (%) 0.57 0.93 * −0.97 ** −0.90 * -
Lignin (%) 0.43 0.88 −0.97 ** −0.93 * 0.97 ** -
Tannins (mg/g) 0.96 ** 0.92 * −0.78 −0.73 0.77 0.64 -
Sugars (%) 0.96 ** 0.62 −0.39 −0.38 0.33 0.17 0.86 -
Temp.max (◦C) −0.81 −0.43 0.23 0.31 −0.06 0.01 −0.62 −0.89 -
Temp.min (◦C) −0.99 ** −0.74 0.55 0.56 −0.46 −0.34 −0.91 * −0.98 * 0.89 * -
Rainfall (mm) −0.65 −0.09 −0.18 −0.17 0.23 0.40 −0.44 −0.84 0.83 0.72 -

Rainfall (mm) −0.65 −0.09 −0.18 −0.17 0.23 0.40 −0.44 −0.84 0.83 0.72 -

*, ** = significant at 0.05, 0.01 probability levels respectively, FT = flower thrips, Temp = temperature, max = maximum, min = minimum.
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Figure 5. GGE biplot showing the ranking of genotypes based on the ideal genotype for flower bud thrips damage (A), flavonoids (B), antioxidants (C), phenolics (D),
proteins (E), lignin (F), tannins (G) and reducing sugars (H) tested in cowpea across four environments in Uganda.
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Figure 6. GGE biplot showing the relationship among the four environments in relation to flower thrips damage (A), flavonoids (B), antioxidants (C), phenolics (D),
proteins (E), lignin (F), tannins (G) and reducing sugars (H) among six cowpea genotypes.
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4. Discussion

Cowpea flower bud thrips infest the crop during the flowering stage where they feed
on the raceme, flowers and flower buds, causing abscission. Targeting these parts in the
investigation of secondary metabolites is necessary since they are the feeding spots and
assessing metabolites contents in the targeted parts would play a significant role in the
development of resistant genotypes. Previous studies used these floral structures to study
the role of secondary metabolites in the resistance of cowpea to flower thrips [8,15]

The concentrations of different secondary metabolites varied among genotypes and
environments, with significant interactions observed between genotypes and environments.
The variation observed in genotypes is a result of the genetic differences among the geno-
types, while the significant variation observed in environments is a result of changes in
temperature, humidity and rainfall during the growing seasons. Genotypes respond differ-
ently to varied environments and stress levels. In this experiment, there was non-significant
differences among genotypes for phenolics and proteins, which is consistent with previous
finding by [8], who observed a similar level of phenolics and proteins in another six cowpea
genotypes that were evaluated for their resistance to flower bud thrips. This shows the
production of proteins and phenolics by these genotypes is similar under different environ-
ments. In addition, the significant interaction is an indication that environmental conditions
affect flower bud thrips population and thus production of secondary metabolites by cow-
pea genotypes is due to varied genes controlling the trait [12]. In this study, resistant
genotypes were observed to have low flower thrips damage, thus, confirming the presence
of genes for host resistance. Furthermore, higher concentrations of some metabolites could
contribute to resistance. Generally, the resistant genotypes had higher concentrations of
antioxidants, phenolics, proteins, tannins and reducing sugars, which could be contributing
to resistance (Figure 1). It is expected that resistant genotypes have a high concentration
of flavonoids and phenolics, while susceptible genotypes have low concentrations [8,15].
However, surprisingly, susceptible genotypes, TVU-201 and TVU-9820, had the highest
flavonoid and phenolic concentrations, respectively. Nevertheless, this information should
not be discarded because flavonoids and phenolics are a structurally diverse class of phy-
tochemicals, and it should not be inferred that all flavonoids or phenolics have a similar
influence on insects [43].

The environment had a significant effect on the production of secondary metabolites.
For instance, antioxidants and phenolics were highest in the SH_21a and SH_21b, where
the temperatures were highest (Figure 2). A raised temperature activates the catalytic
enzymes which are a part of the phenolic and antioxidative capacity pathway, thereby
leading to an increased production of plant metabolites [11]. At every 10 ◦C increase
in temperature, there is twice the increase in the average rate of enzymatic reactions
involved in antioxidant capacity [34]. Contrary, the flavonoid concentration was highest at
MUARIK_21a and MUARIK_21b compared to SH_21a and SH_21b where the temperature
was highest (Table 2), which is confirmed by the negative correlation between flavonoids
and temperature. These variations explain the different responses of metabolites influenced
by different factors. Secondary metabolites are influenced by stresses on the plant, either
biotic or abiotic. As a result, diverse factors—both in the field and in the screenhouse
experiments—contributed to the variations in the concentrations of the metabolites [9]. The
non-significant correlation among most of the metabolites and flower thrips damage is
an indication that the environment affects traits differently, and therefore, various traits
need to be looked at independently. From the literature, low temperature reduces flower
thrips activity due to reduced cellular metabolism, elevated plant antioxidants causing
further limitation of insect movement, feeding and reproduction [15]. The low thrips
population indicated by low flower thrips damage in the screenhouse is a result of increased
secondary metabolites.

The significant negative correlation between antioxidants, phenolics and flower thrips
damage was an indication that an increase in these metabolites reduced the feeding, ovipo-
sition and survival of thrips, thereby reducing their population. This finding was consistent
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with previous studies [34], that reported that an increase in phenolics reduced the whitefly
population in cassava. Phenolics can inhibit digestive enzymes or provoke damages to
the gut epithelial membrane, thus, leading to an impairment of nutrient digestion and
absorption [44]. In addition, phenolics were highly associated with antioxidants, thus,
signifying the contribution of phenolics to the antioxidative activities [45]. On the other
hand, once the plant tissue is injured by pests, protein complexes accumulate in the cytosol
at the wound site to seal the sieve element lesion [9]. This explains the positive correlation
between proteins and thrips damage [20]. The negative correlation observed between
rainfall and traits, except for proteins and lignin, is a clear indication of how plants respond
to stress. The reduction in soil water causes stress to plants, which leads to an increased
production of secondary metabolites [46].

The stability of traits is very important when developing cultivars for farmers. The
prospect of picking genotypes that are stable within an extensive assortment of environ-
ments owes to genotypes promptly responding by selectively regulating the expression of
genes in response to environmental deviations [47]. Stable genotypes across environments
are preferred since they can be grown in diverse environments compared to the specific
ones which can only be grown in specific environments. The biplot graph could be used to
interpret the relationships among varieties, characters, and groups of traits [25]. The GGE
biplots have been used to elucidate the genotype by environment interactions in different
traits for various crops such as yam (Dioscorea spp.) [28] and wheat (Triticum aestivum) [27],
among others. In this study, resistant genotypes were found to be more stable across
environments as compared to susceptible genotypes. Genotype TVU-3804, which had the
lowest thrips damage, was stable for flavonoids, antioxidants, phenolics, proteins and
reducing sugars. This is an indication that the production of these metabolites is nearly
uniform across environments, hence, the least affected by variations in temperature and
rainfall. Genotype Sanzi, although it was moderately resistant to flower thrips, was found
to be highly influenced by the environment in the production of flavonoids and reducing
sugars, but stable for antioxidants, phenolics, proteins and tannins. This observation was
similar to previous observations where Sanzi was observed to have high levels of phenolics
when screened under flower thrips infestation [15]. Perhaps the stable concentrations of
antioxidants, phenolics, proteins and tannins contributed to Sanzi’s stable resistance to
flower thrips which has been observed in different countries [6,48]. From the results, the
genotypes had different productions of various secondary metabolites. The GGE biplot
enabled us to view the ranking of genotypes on various metabolites across environments
(Figure 5). Genotypes that are in the inner concentric circle represent the ideal genotype.
Consequently, genotype TVU-201 was ideal for flavonoids, proteins and sugars; TVU-3804
was ideal for flower thrips damage and lignin; while Sanzi was ideal for antioxidants and
phenolics. The ranking of genotypes is from the largest to the smallest value. Therefore, in
case of thrips damage, our interest is on genotypes with the lowest value, hence, TVU-3804,
was the best performing genotype.

We compared the test environments based on the flower thrips damage and the
concentrations of the secondary metabolites. Similarity was observed in MUARIK_21a
and MUARIK_21b for flower thrips damage, flavonoids, phenolics and lignin. This means
that while conducting an experiment on these traits, either of the environment could
be considered. Similarly, either SH_21a and SH_21b would be considered for all the
traits under investigation, in case of limited resources for conducting an experiment.
For flower thrips damage, all the environments were similar, hence, any environment is
ideal for screening. This similarity is an indication that the thrips population increased
uniformly in different environments. According to GGE biplots, the vector connecting each
environment to the origin of the biplot indicates the variation contributed to a trait in that
environment [25]. Consequently, MUARIK_21a is an ideal environment to carry out studies
on flavonoids, antioxidants, proteins, lignin and reducing sugars; MUARIK_21b is ideal for
tannins; while SH_21a is the best for phenolics related experiments. In addition, TVU-9820
was associated with SH_21a, hence, was the best genotype for phenolics studies under the
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screen house environment. A high temperature was found to be positively correlated with
phenolics, and similar observation was reported for blackcurrant (Ribes nigrum) [49].

5. Conclusions

A high genetic variability was observed among cowpea genotypes for flower thrips
damage, flavonoids, antioxidants, lignin, tannins and reducing sugars, an indication that the
selection of genotypes based on these traits would be beneficial in a cowpea improvement
program. Environmental conditions such as temperature and rainfall highly influence the
production of secondary metabolites and thrips population. Genotypes TVU-3804, TVU-
7647 and Sanzi had low thrips damage and were relatively stable for secondary metabolites
across environments.
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