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Abstract: Sterility mosaic disease (SMD) is a serious biotic restraint in pigeonpea-growing regions
of the Indian subcontinent. Disease control using chemicals like acaricides is not economical or
sustainable, pointing towards host plant resistance as the ideal strategy for its management. In
this study, from preliminary screening of 75 pigeonpea germplasm accessions and breeding lines,
21 pigeonpea genotypes showing moderate resistance to SMD were selected and again assessed at
two multi-environment locations during Kharif 2021/2022 and 2022/2023. Analysis of variance parti-
tioned the variation between the main effects of genotype and genotype × environment (GGE). The
results revealed a significant variation (p < 0.05) in the SMD incidence between the tested genotypes,
environment, and their interactions. Genotype variance contributed the greatest effect (63.56%) to the
total variation and it represents the maximum disease variation. Furthermore, a significant positive
correlation was found for the levels of SMD incidence between the test environments. We observed
that SMD incidence had a high negative correlation with the maximum temperature (r = −0.933),
and positively correlated with the rainfall (r = 0.502). Analysis of principal components 1 and 2 of the
GGE explained 95.33% of the total variation and identified 10 genotypes (G1, G3, G4, G8, G10, G12,
G13, G15, G20, and G21) showing moderate resistance stability across the environments. As new
sources of resistance to SMD, these genotypes should be incorporated in pigeonpea breeding trials
for further release. This research broadens the area of phenotyping and identifies stable resistance
sources that can be used in future SMD resistance breeding projects.

Keywords: pigeonpea; SMD; multi-environment testing; GGE biplot; principal component analysis

1. Introduction

Pigeonpea (Cajanus cajan (L.) Millsp.) is a grain legume crop with diploid chromo-
somes (2 n = 2 x = 22) that grows in Asia, Africa, and America in semi-arid tropical and
sub-tropical climates [1]. It is cultivated in an area of 7.02 million hectares worldwide,
contributing 6.80 million tonnes of food grain production worldwide [2]. India is the chief
producer and consumer of pigeonpea, accounting for 75–80% of global output. Pigeonpea
contributes to food and nutritional security by providing dietary protein (20–25%). Pigeon-
pea also improves soil health, provides cattle feed and fuel wood, and aids in soil erosion
control [3,4]. Despite the huge areas under pigeonpea production in India, average yield
productivity is relatively less owing to major biotic challenges including Fusarium wilt,
Phytophthora blight, and sterility mosaic disease (SMD). These challenges persist due to
the lack of resistant cultivars, the presence of diverse pathogens, the crop’s inherent sus-
ceptibility to diseases, the influence of environmental conditions, and the limited adoption
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of effective disease management practices. Of the various stresses that reduce pigeonpea
production, SMD is the one of the major devastating foliar diseases of pigeonpea farming
found in several agroclimatic zones of India [5–7], resulting in a yearly loss of >USD 300
million [8].

The occurrence of SMD was initially documented from Pusa in the Bihar state of
India [9]. After seven decades, Kumar et al. [10] solved the etiology of the SMD for the first
time and retained the nomenclature of the causative agent as Pigeonpea sterility mosaic virus
(PPSMV), a tenui-like, extremely flexible, branched filament virus-like particle (VLPs) with
a diameter of about 3–10 nm. Recently, deep sequencing of a PPSMV isolate recovered from
the pigeonpea cultivar ICP 8863 revealed the presence of another virus, Pigeonpea sterility
mosaic virus-II (PPSMV-II) (PPSMV will be stated as PPSMV-I hereafter), providing proof
for its organization in the Emaravirus genus [11]. Aceria cajani, a single vector eriophyid
mite, persistently transmits this putative negative-orientated RNA virus [12,13]. Initial
field diagnostics indicate that PPSMV-I caused circular chlorotic lesions and linear patterns,
while PPSMV-II caused mosaic leaf pattern, stunted growth, and sterility signs. Plants
with mixed viral infection demonstrated a more severe form of SMD, which happens more
commonly in nature [11,14]. These variations in symptom expressions could potentially be
attributed to genetic variability within the viruses [11]. SMD is also known as the “Green
Plague.” The symptoms of affected fields include profuse and pale green plant visual-
ization, stunting, exorbitant vegetative growth, an increase in the number of secondary
branches, mosaic patterns on leaves, and ultimately an incomplete or complete termination
of flowering parts [15,16].

Although chemical management of SMD is successful, it is not economically feasible
and ecologically sound. Although several insecticides and acaricides have been identified
to control the vector mite of SMD, they were considered not safe for the environment. There-
fore, disease optimization by the growing of resistant cultivars is the most reliable option.
To date, through breeding programs, sources of tolerant/resistant lines to the SMD have
been pinpointed and developed in the ICRISAT, GenBank at Patancheru, India [6,16–18].
However, in recent years, due to the genomic plasticity of the virus and the presence of
distinct PPSMV strains in various environmental regions of India, breakdown of resis-
tance was observed in a few pigeonpea cultivars which are impacted by location-specific
conditions, making it challenging to develop broad based, durable resistant pigeonpea
varieties [16,19–21]. PPSMV strains from various geo-distinct backgrounds revealed a
considerable variability at virulence levels [22]. As a result, multi-locational and multi-
season genotyping evaluation is required to assess genotype resistance consistency across
pigeonpea growing regions.

To accomplish this, multivariate approaches such as correlation analysis with emphasis
on the link between the disease incidence (DI) and various weather factors [23], can be
widely employed. The graphical GGE biplot analysis, a more recent method, is widely
used today to determine the stability of genotypes (G), environment (E), and subsequent
genotype × environment (G × E) interactions from multiple-environmental trials [24].
GGE biplot analysis is a powerful method that depends on the principal component
analysis (PCA) for exploring the data completely. More recently, GGE has been utilized
to characterize and identify the stability of germplasm accessions, breeding lines, and
varieties against SMD in pigeonpea [6]. Hence, in the current investigation, a preliminary
study was conducted followed by multi-environment trials for assessing durable resistance
in pigeonpea genotypes with the goals of identifying stable resistant pigeonpea genotypes
for SMD, as well as to validate resistant stability through multi-season and multi-locational
field trials.

2. Materials and Methods
2.1. Preliminary SMD Field Screening

A preliminary screening was conducted at ICRSAT, Patancheru during 2020/2021. A
total of 75 pigeonpea genotypes comprising ICRISAT germplasm accessions and breeding
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lines of mid–early to long duration were assessed for their reaction to SMD under epiphy-
totic conditions. On the basis of this, a group of 21 pigeonpea genotypes (mid–early to
medium duration lines) with moderate to high levels of SMD resistance were advanced for
multi-environment testing.

2.2. Genotype Assessment at Multi-Environment Locations

Multi-environment locations were conducted at ICRISAT (17◦30′35′ ′ N 78◦16′31′ ′ E)
and Bidar (17◦53′54′ ′ N 77◦31′36′ ′ E) for two successive crop seasons during 2021/2022 and
2022/2023. Twenty-one genotypes selected from the preliminary screening were assessed
by considering two replications in randomized complete block design (RCBD). In each repli-
cation, genotypes were sown in two rows over a 4 m long distance by maintaining 15 cm
spacing between the plants and 75 cm spacing between the rows. Resistant and susceptible
check lines ICPL 87119 and ICP 8863 were sown after every 5 test rows. The seedlings at the
2–3 leaf stage were artificially inoculated with PPSMV using the leaf-stapling method [25].
Here, SMD-infected leaves collected from previously infected pigeonpea hedge rows were
folded around the middle of a first leaf of the 15 day old test seedling so that the abaxial
surface of the leaflet was in connection with the adaxial and abaxial surfaces of the first leaf
of the test seedling, then stapled in position. Before inoculation, infected leaves randomly
were examined under a light microscope for the existence of mites.

2.3. Data Observation and Statistical Analysis

Disease symptoms were observed and percent SMD incidence was calculated in both
the replications from vegetative to maturity such as 30, 60, and 90 days after inoculation
(DAI) using the below formula:

%SMD incidence =
Number of infected plants

Total number of plants
× 100 (1)

Mean DI is calculated for all the environments and based on the levels of SMD
incidence, genotypes evaluated were characterized into four groups namely, resistant
(R = ≤ 10.0% incidence), moderately resistant (MR = 10.1–20.0% incidence), susceptible
(S = 20.1–40.0% incidence), and highly susceptible (HS = >40.0% incidence) [6].

Analysis of variance (ANOVA) was used to describe the partitioning of variation
as a function of genotypes, environments, and genotype–environment interactions. The
locations tested and the year of the experiment together established the environment factor.
The stability of the genotypes and environments was examined by means of the GGE biplot
analysis, as outlined by [26]. The biplots were created by plotting the principal components
PC1 and PC2 of the environment-centric data, resulting in the singular value decomposition
(SVD), then enumerating each member of the matrix. At the 5% (p < 0.05) level, G, E, and
G × E interactions were considered significant. To estimating genotype stability across four
environments, the following GGE model was used:

Yij = µ + ej

N

∑
n=1

λnγinδjn + εij (2)

In the above GGE model, Yij = mean incidence of the ith genotype in the jth environ-
ment; µ = grand mean for all environments; ej = environment deviations from the grand
mean; λn = eigen value of the PCA axis; γin and δjn are the genotype and environment PCs
scores for axis n; N = number of PCs retained in the model; εij = residual effect ~N (0, σ2).

The results of the two PCs delineated each genotype and environment. Angles formed
between environment vectors were used to determine the association between locations [27].
The distance of the vector represented the genotypic diversity in the relevant environment. To
determine the genotypic stability, we plotted the average environment coordinate upon con-
sideration of the means of PC1 and PC2. The overall conduct of the genotypes was determined
using a performance line that passed through the origin of the biplot [28]. The data on the
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genotypic response against SMD incidence over the tested locations were analyzed without
scaling (“Scaling = 0”) so as to create tester-centered (“Centering = 2”) GGE biplots [29].
The ANOVA and GGE were constructed using the “METAN” package in the R statistical
software version R-4.0.3 [30]. Furthermore, to determine the association across the environ-
ments, Spearman’s rank correlation was established by comparing the DI of genotypes over
the environments. Several weather factors, viz., temperature °C (maximum and minimum),
relative humidity %, rainfall (mm), and wind speed (Kmhr−1) were recorded simultaneously
from the meteorological observatory Agricultural Research Station (ARS), Bidar and ICRISAT,
Patancheru in order to study the impact of weather on DI.

3. Results
3.1. Disease Symptoms and Impact

The symptoms of SMD infection can vary depending on the pigeonpea cultivar,
environmental conditions, and the virus strain. Early symptoms include yellowing and
mottling of leaves, often developing into distinct mosaic patterns. As the disease progresses,
the leaves may become distorted, reducing the plants photosynthetic capacity. Infected
plants also exhibit reduced flower production, leading to fewer pods and seeds. In severe
cases, complete sterility can occur, drastically affecting crop yield and quality (Figure 1).
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Figure 1. Symptoms and field evaluation of SMD of pigeonpea. (a) Leaf stapling method for
mite transmission and virus inoculation, (b) mosaic symptoms on leaves, (c,d) chlorotic ring spots,
(e) hedge row, and (f,g) resistant and susceptible check lines.

3.2. Preliminary SMD Field Screening

A preliminary SMD evaluation of the 75 pigeonpea genotypes comprising ICRISAT
germplasm accessions and breeding lines of mid–early to long duration at ICRISAT
Patancheru, India during 2020/2021 revealed a broad genotypic response of resistant
to highly susceptible against the SMD disease reaction. Among these, 22 genotypes, in-
cluding 21 resistant-to-moderate reaction genotypes and a national highly susceptible
check line (ICP 8863, G22), were selected and we assessed the stability of resistance across
multi-environment locations over 2 years (2021/2022 and 2022/2023).
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3.3. Multi-Environmental Testing of SMD

All the 22 genotypes displayed SMD symptoms to varying degrees when inoculated
between 2 years and 2 locations. The mean SMD incidence for the highly susceptible check
line, ICP 8863, varied from 70.46% to 91.38% across the examined locations. In contrast,
the resistant check line, ICPL 87119, displayed average SMD incidences of 10.82% and
26.76%. The mean SMD incidence (38.34%) over 2 years was recorded at Bidar-2021, and
the lowest of 23.29% at ICRISAT-2022 (Table 1). Such variability was also evident from
the frequency distribution of four levels of genotypic response in both locations over the
2 years (Figure 2). A subsequent ANOVA revealed that the effects of G, E, and G × E
interactions were significant at p < 0.05. The G effect contributed the most (63.56%) towards
the total variation, followed by the E effect (7.38%) and the G × E interaction effect (19.48%)
(Table 2).

Table 1. Mean percent SMD incidence values of 22 pigeonpea genotypes across two locations during
2021/2022 and 2022/2023.

S. No. Genotype Code Duration
Environment Mean

(Genotype)
Reaction

TypeBidar_2021 Bidar_2022 ICRISAT_2021ICRISAT_2022

1 NAM 2082 G1 Mid Early 13.00 15.52 19.06 10.92 14.63 MR

2 NAM 2085 G2 Mid Early 59.09 47.74 23.21 16.90 36.74 S

3 NAM 2088 G3 Mid Early 17.39 17.59 12.18 15.38 15.64 MR

4 NAM 2089 G4 Mid Early 19.23 30.07 6.76 3.67 14.93 MR

5 NAM 2092 G5 Mid Early 67.86 68.87 28.82 24.00 47.39 HS

6 NAM 2150 G6 Mid Early 62.50 53.57 35.08 57.14 52.07 HS

7 NAM 2151 G7 Mid Early 57.14 52.38 20.11 11.26 35.22 MS

8 GRG 811 G8 Mid Early 16.67 9.17 34.06 19.05 19.73 MR

9 TS-3R-58-53-1 G9 Mid Early 7.14 27.08 39.89 13.42 21.88 S

10 TS-3R-58-53-2 G10 Mid Early 15.00 17.71 15.89 13.55 15.54 MR

11 GRG 622 G11 Medium 22.22 15.88 33.30 16.82 22.05 S

12 GRG 152 G12 Medium 17.86 21.34 20.97 12.96 18.28 MR

13 KRG 33 G13 Medium 18.52 16.67 23.21 9.02 16.85 MR

14 GL 1 G14 Medium 60.00 54.58 32.46 28.08 43.78 HS

15 NAM 2162 G15 Medium 20.00 29.76 5.03 5.71 15.13 MR

16 NAM 2545 G16 Medium 66.67 49.72 39.88 42.31 49.64 HS

17 NAM 2435 G17 Medium 64.71 56.35 19.66 8.89 37.40 S

18 GRG-617-2 G18 Medium 65.00 58.60 46.78 50.62 55.25 HS

19 GRG-617-3 G19 Medium 67.86 56.42 46.85 37.78 52.23 HS

20 BSMR 736 G20 Medium 17.24 8.13 10.97 12.60 12.23 MR

21 ICPL 87119 (RC G21 Medium 17.86 13.24 26.76 10.82 17.17 MR

22 ICP 8863 (SC) G22 Medium 70.59 87.54 70.46 91.38 79.99 HS

Mean
(Environment) 38.34 36.72 27.79 23.29 - -

RC = Resistant Check; SC = Susceptible Check; MR = Moderately Resistant; S = Susceptible; HS = Highly
Susceptible.

The performance of genotypes also varied in their independent responses across the
environments/locations (Figure 3). Genotypes G1, G3, G4, G8, G10, G12, G13, G15, G20,
and G21 showed a moderate resistant response with mean incidences of 14.63, 15.64, 14.93,
19.73, 15.54, 18.28, 16.85, 15.13, 12.23, and 17.17%, respectively, although the incidence
of SMD on the genotypes differed depending on the location (Table 1). However, one
genotype, G9 at Bidar-2021, two genotypes G8 and G20 at Bidar-2022, two genotypes G4
and G15 at ICRISAT-2021, and four genotypes G4, G13, G15, and G17 at ICRISAT-2022
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were found to be resistant. Hence, the effect of variable environments was manifest in the
genotypic reaction to SMD incidence. Moreover, the genotypes G4, G13, G15, and G17
which displayed resistance at ICRISAT-2022 showed susceptible reactions at Bidar-2022
(Table 1 and Figure 3).

Agronomy 2023, 13, x FOR PEER REVIEW  5  of  15 
 

 

3.2. Preliminary SMD Field Screening 

A preliminary SMD evaluation of the 75 pigeonpea genotypes comprising ICRISAT 

germplasm  accessions  and  breeding  lines  of mid–early  to  long  duration  at  ICRISAT 

Patancheru, India during 2020/2021 revealed a broad genotypic response of resistant to 

highly susceptible against the SMD disease reaction. Among these, 22 genotypes, includ-

ing 21 resistant-to-moderate reaction genotypes and a national highly susceptible check 

line (ICP 8863, G22), were selected and we assessed the stability of resistance across multi-

environment locations over 2 years (2021/2022 and 2022/2023). 

3.3. Multi‐Environmental Testing of SMD 

All the 22 genotypes displayed SMD symptoms to varying degrees when inoculated 

between 2 years and 2 locations. The mean SMD incidence for the highly susceptible check 

line, ICP 8863, varied from 70.46% to 91.38% across the examined locations. In contrast, 

the  resistant check  line,  ICPL 87119, displayed average SMD  incidences of 10.82% and 

26.76%. The mean SMD incidence (38.34%) over 2 years was recorded at Bidar-2021, and 

the lowest of 23.29% at ICRISAT-2022 (Table 1). Such variability was also evident from the 

frequency distribution of four  levels of genotypic response  in both  locations over  the 2 

years (Figure 2). A subsequent ANOVA revealed that the effects of G, E, and G × E inter-

actions were significant at p ˂ 0.05. The G effect contributed the most (63.56%) towards the 

total variation, followed by the E effect (7.38%) and the G × E interaction effect (19.48%) 

(Table 2).   

 

Figure 2. Frequency distribution of 21 pigeonpea genotypes based on the SMD incidence of 21 gen-

otypes across four environments. 

Table 1. Mean percent SMD incidence values of 22 pigeonpea genotypes across two locations during 

2021/2022 and 2022/2023. 

S. No.  Genotype  Code Duration 

Environment 
Mean (Geno-

type) 

Reaction 

Type 
Bi-

dar_2021 

Bi-

dar_2022 

ICRI-

SAT_2021 

ICRI-

SAT_2022 

1  NAM 2082  G1  Mid Early  13.00  15.52  19.06  10.92  14.63  MR 

2  NAM 2085  G2  Mid Early  59.09  47.74  23.21  16.90  36.74  S 

3  NAM 2088  G3  Mid Early  17.39  17.59  12.18  15.38  15.64  MR 

4  NAM 2089  G4  Mid Early  19.23  30.07  6.76  3.67  14.93  MR 

Figure 2. Frequency distribution of 21 pigeonpea genotypes based on the SMD incidence of
21 genotypes across four environments.

Table 2. ANOVA for percent SMD incidence assessed at two locations under epiphytotic environ-
ments during 2021/22 and 2022/23.

Source of Variation Degree of Freedom Sum of
Squares

Mean Sum of
Squares F Value Pr (> F) Variation (%) a

Environment 3 2866.70 955.57 21.30 2.37E-10 7.32

Genotype 21 24,871.24 1184.34 26.40 1.93E-28 63.56

G × E 63 7624.28 121.02 2.70 1.22E-05 19.48

Error 84 3768.87 44.87 - - -

Total 171 39,131.09 - - -

CV (%) 20.27937
a Relative percentage contribution of each source of variation to the total variance.

To explain the relationship between SMD spectrum and location, Spearman’s rank
correlation analysis (p < 0.05) was performed. Based on Spearman’s rank correlation
analysis (p < 0.05), a significant positive correlation was observed for the level of SMD
incidence between the test environments of Bidar-2021, Bidar-2022, ICRISAT-2021, and
ICRISAT-2022 (Table 3). The correlation coefficient between the key weather variables
of the test environments and DI is represented in Table 4. Disease incidence showed a
high negative association with the maximum temperature ◦C (r = −0.933) and minimum
temperature °C (r = −0.524), and a positive relationship with rainfall mm (r = 0.502) and no
correlation with the relative humidity % (r = 0.034).
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Figure 3. Heatmap visualization of percent incidence of SMD across four environments. The tested
environments were displayed by x-axes while the tested genotypes were displayed by the y-axes.
The plot legend DI depicts the incidence rating in color.

Table 3. Spearman’s rank correlation analysis between each of the four environments for
SMD incidence.

Environments Bidar_2021 Bidar_2022 ICRISAT_2021 ICRISAT_2022

Bidar_2021 1.0000000

Bidar_2022 0.8548024 1.0000000

ICRISAT_2021 0.4915255 0.4455110 1.0000000

ICRISAT_2022 0.5395481 0.4940711 0.7809147 1.0000000
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Table 4. Correlation coefficient matrix between the weather factors and SMD incidence of pigeonpea
genotypes evaluated at four environments.

DI Max. Tm Min. Tm RH (%) Rainfall Wind Velocity

DI 1

Max. Tm −0.93305 1

Min. Tm −0.52454 0.35285 1

RH (%) 0.03401 −0.39119 0.34456 1

Rainfall 0.50298 −0.21619 −0.14835 −0.69701 1

Wind Velocity −0.22946 0.38731 −0.70704 −0.47014 −0.20129 1

3.4. Stability Analysis of Genotypes and Environments

In accordance with the GGE biplot analysis, PC1 (SMD incidence) and PC2 (resistance
stability) explained about 95.33% of the overall variation, which accounts for 80.89% and
14.44%, respectively. Figures 4–6 explained the graphical GGE biplot analysis, where the
genotypes were plotted on all sides of the axes as per the stability and resistance. Higher
susceptible reactions across all the environments were observed in genotypes which were
scattered on the y-axis right side, whereas those on the left side portrayed resistance across
the environments, except for some genotypes. The GGE of the 22 genotypes revealed that
10 genotypes with low DI, viz., G1, G3, G4, G8, G10, G12, G13, G15, G20, and G21, had
stable moderate levels of resistance. As we expected, the highly susceptible check G22
(ICP 8863) constantly expressed a susceptible response, as observed from its position lying
outmost to the right of the biplot.
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3.4.1. Evaluation of Factor G

The average environment coordination (ACE) view of the genotype-focused mean vs.
stability biplot (Figure 4) was utilized to determine the overall reaction of the 22 genotypes
and their consistency across evaluated environments. The single arrowhead line, sometimes
known as the AEC abscissa, delineated the average environment by crossing through the
biplot origins. In this axis, the arrow pointed in the direction of rising mean performance.
The genotypes that scattered in the position of the AEC abscissa from the sources showed a
higher DI and, as a result, poor genotype performance, whereas those that happened in the
opposite direction indicated a high resistant response. As indicated by their placements at
the two extremes of the average environment AEC abscissa, genotypes G22 and G20 had
the highest and lowest DI, respectively. Overall, 12 genotypes with reduced mean DI were
observed to occur in the AEC abscissa opposite the biplot origin.

By plotting the genotypes onto the AEC abscissa, the total stability of the genotypes in
the multi-environments was also assessed (Figure 4). Furthermore, the genotypes projected
from the AEC abscissa have a worse reaction stability across environments, and vice versa.
Genotype G17 had the longest projection and so was the least steady or inconsistent in
performance of the 22 genotypes tested. G6 and G18, which had the most vulnerable
reactions, had the least projection onto the axis, indicating very high stability across all
evaluated settings. G4, G15, G16, and G19 were identified as the optimum genotypes
in this study due to their higher mean resistance response and lower projection onto the
axis, which indicated their total steadiness in performance across locations and years. This
was followed by G12, a favorable genotype due to its low DI rating, decreased projection
onto the axis, and closeness to the optimum genotypes. Despite its 19.73% mean DI, G8
projected the furthest on the axis among the moderately resistant genotypes, indicating
lesser stability across settings.

3.4.2. Evaluation of Factor E

The GGE model-based discriminativeness vs. representativeness biplot (Figure 5) was
used to evaluate the performance of the investigated environments. As stated earlier, the
single arrowhead line in the biplot previously specified the average environment, AEC
abscissa. Bidar revealed the longest vectors in both years (2021 and 2022), making it the
most discriminating location for SMD assessment. The same might be said for ICRISAT in
2022. Therefore, both the Bidar and ICRISAT vectors established similar analyses to the
AEC in 2021 and 2022, indicating similar representativeness in the test locations.

Furthermore, the repeatability of the experiments at a specific area over time was
assessed by showing their relationship in the biplot. Environments that produced acute
angles were favorably correlated, while those that made right angles exhibited no relation-
ship, and those that formed obtuse angles were negatively correlated. The magnitude of
the angles influenced the association’s strength. Based on this, a favorable association was
discovered between Bidar and ICRISAT. Furthermore, both test sites revealed a very strong
positive association between the two seasons evaluated (Table 3). In terms of identifying
stable genotypes, locations with strong discriminative power, lower representativeness,
and higher repeatability were preferred over others. With the aforementioned facts in
mind, both the Bidar and ICRISAT locations were revealed to be suitable for finding
stable genotypes.

3.5. Identification of Mega-Environments

The which-won-where view of the GGE biplot was utilized to identify environment-
specific genotypes from multi-environment testing (Figure 6). In the biplot, a polygon
was formed by keeping either the best or poor performing genotypes as the vertices. The
winning genotypes were sectorized by drawing a perpendicular line (equality lines) from
the biplot origin to the polygon sides. The genotypes that accumulated at the origin were
regarded to be less receptive, but those at the vertices were considered to be the most
responsive to that environment or place.
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In the current biplot analysis, genotypes on the polygon right side (toward the convex
hull) displayed a more highly resistant response than genotypes on the left side. Further-
more, because these genotypes did not share a sector with any location, their performance
was nearly identical across all environments. As a result, genotypes that shared sectors
with specific sites were better suited to those settings than others. The equality lines parti-
tioned the two locations into a single mega-environment during both years (2021 and 2022),
showing a lesser degree of heterogeneity among the environments.

4. Discussion

For the management of any viral disease, host plant resistance is the most feasible
and cost-effective strategy. Although many scientists developed resistant cultivars against
SMD in the past, the majority of their experiments were restricted to evaluation in one
environment or location with one strain [31]. The high stability of resistance or lower SMD
incidence prevailing under varied agro-climatic conditions is vital for the adaptation of
sustainable production of a crop. Therefore, the present investigation focuses on the impact
of the genotype and the environmental causes on the pigeonpea–sterility mosaic virus
interaction. The assessment of pigeonpea breeding lines and germplasm accessions against
resistance to SMD is complex due to the fact that the inciting agent PPSMV is transmitted
by a vector, an eriophyid mite [10,13,32,33].

In the present investigation, the preliminary field screening of 75 germplasm and breed-
ing lines under natural epiphytotic situations at ICRISAT, Patancheru during 2020/2021
reduced the plant material to 21 genotypes by eliminating highly susceptible lines against
SMD. Sharma et al. [6,29] highlighted the significance of conducting preliminary screen-
ing trials followed by genotype selection prior to multi-location evaluation, allowing for
optimal resource establishment. The susceptible check is utilized in multi-environment
testing as a control against the tested genotypes and also plays a vital role in the buildup of
disease pressure for any given location or season. Therefore, 22 genotypes along with the
highly susceptible check line ICP 8863 (G22) were further evaluated at Bidar and ICRISAT
during 2021/2022–2022/2023 to mimic their resistance performance. Our study resulted in
the identification of 10 genotypes G1, G3, G4, G8, G10, G12, G13, G15, G20, and G21 with a
moderately resistant reaction (10.1–20%) to SMD. The national check line ICP 8863 (G22)
constantly yielded a highly susceptible reaction towards SMD in all of the environments
evaluated, representing a high disease pressure regardless of the environment. How-
ever, the SMD incidence of pigeonpea genotypes was found to be significantly (p < 0.05)
influenced by the environment.

Subsequently, significant variations in the G, E, G × E interactions were revealed by
multi-environment evaluation carried out over 2 years, indicating a complete diversity
in the tested locations. Differential responses of the pigeonpea genotypes to SMD in the
multi-environment trials can be attributed as due to virulence diversity in the PPSMV
strains [6,18,22,34,35]. The majority of the genotypes evaluated in this study produced a
variable reaction under diverse environments, a few genotypes showed completely distinct
responses, whereas some genotypes displayed both resistant and susceptible reactions
in different locations. Sharma et al. [6] tested 28 genotypes across eight locations and
reported that all the genotypes were susceptible to SMD in Bangalore, Dholi, and Rahuri
locations, many were resistant in Akola, Badnapur, Patancheru, and Vamban, and mod-
erately resistant at Coimbatore. Similarly, among the 20 test entries, two genotypes ICPL
16078 and ICPL 16079 showed resistant response at the Bangalore and Coimbatore loca-
tions, and moderate and susceptible reactions at the Patancheru locations, respectively [18].
Parihar et al. [24] reported similar observations in mungbean genotypes affected by the
yellow mosaic disease (YMD) and proposed that such variances could be attributed to
diversity in the genotype, the pathogenic organism, or both. This is further reinforced by
the fact that multi-environment evaluation of genotypes is likely to result in changes in
their relative positioning of G × E interactions [36].
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For better understanding of the epidemiology of PPSMV in these environments during
the tested seasons, various climatic factors were examined in relation to the SMD incidence.
We observed that SMD incidence had a high negative correlation with the maximum
temperature, and positively correlated with the rainfall. Thus, the association of disease
incidence with external environmental factors clearly indicated that, during the multi-
environment testing, maximum temperature and rainfall were the key factors in SMD
disease dynamics. Higher temperature and rainfall might have a negative impact on the
mite population, which in turn affected the disease incidence. Similarly, mite populations
are significantly affected by various climatic variables such as relative humidity, rainfall,
and temperature [37]. Higher temperature and low relative humidity play a significant role
in lesser mite populations [38]. Furthermore, variations in DI are mainly due to genotypic
variance, which contributes 63.56% to the total variance. Higher G × E interaction variance
emphasized the necessity for evaluating the genotypes in different environments. Further,
all the 21 genotypes evaluated in this study differ considerably in SMD reaction and
had shown a resistant-to-highly susceptible response at all the four environments, viz.,
Bidar-2021, Bidar-2022, ICRISAT-2021, and ICRISAT-2022.

Furthermore, the G × E interaction has a significant impact on the selection of geno-
types suitable for particular environments [39]. The GGE biplot analysis is an appropri-
ate technique for evaluating genotype stability, environments, and the creation of mega-
environments [27] and understanding the G× E interaction. By avoiding G× E interaction,
cultivars that are extensively adopted to the full spectrum of environments may be chosen,
or the G × E interaction could be used to select cultivars that are uniquely adapted to
a subset of target environments. In the present study, the genotype-focused mean vs.
stability biplot (Figure 4) assisted in categorizing the genotypes with an overall moder-
ate resistance reaction and stable performance across the tested environments. The GGE
biplot analysis showed 10 breeding lines (G1, G3, G4, G8, G10, G12, G13, G15, G20, and
G21) to have stable to moderate resistance (<20% incidence) against SMD across the four
environments. Furthermore, according to biplot analysis and its application as explained
by [40], these genotypes exhibited very low PC1 scores (low DI) and low absolute PC2
scores (higher stability).

During the multi-environment evaluation, optimization in resource allocation is con-
firmed by the ideal locations over less ideal [41]. Our environment-focused discriminative-
ness vs. representativeness biplot (Figure 5) aided in describing the best fit of the evaluated
environments. Multi-environment screening of the 21 pigeonpea genotypes revealed mo-
mentous differences in average DI between the genotypes in four environments. At Bidar
and ICRISAT, the average DI was very high, where most of the lines, including the national
check line (G22), were had a susceptible reaction during 2 years. Therefore, Bidar and
ICRISAT were shown to be more stable for identifying stable pigeonpea genotypes for
SMD. Here, the suitable environment was described by its higher discriminative power,
lower representativeness, and good repeatability during the multi-environment evaluation.
The higher incidences at Bidar during 2021 and 2022 might point towards the pressure of
a more virulent strain in Bidar compared to Patancheru [6,18,33,42]. The discrepancies in
SMD incidence between the two locations could be attributed to variances in the virulence
profile of the PPSMV strains, the genetic makeup of the genotypes tested, or the presence
of both.

The which-won-where biplot perspective of the GGE analysis is quite beneficial for
identifying various mega-environments designed by the evaluated locations. The ability
of the evaluated locations to be categorized into various mega-environments suggested
the possibility of a cross-over G × E interaction [29]. Moreover, they also aid in the
drive toward exploiting specific genetic adaptations within specific locations [43]. In the
present study, we have observed only one mega-environment formation between the years.
This occurred due to non-repeatable associations between the evaluated locations and
the consequent variations in genotype and environment cause the variability in SMD
incidences [6]. Furthermore, within the mega-environments, all the locations showed a



Agronomy 2023, 13, 2859 13 of 15

higher level of positive relationship and equivalent response by the genotypes within them.
Similarly, the moderately resistant genotypes were not detected in any of the sectors that
comprised the same mega-environment, implying that the disease responses for these
genotypes were consistent throughout all the locations and years studied.

5. Conclusions

The current investigation revealed the significance of conducting multi-locational
trials, their succeeding G × E interactions, and stability analysis for the assessment of
genotypic performance against SMD. By using the GGE biplot analysis, we found only
a single mega-environment having discrete levels of SMD incidence. In the GGE biplot,
this environment had an almost near-right angle, signifying high/low levels of specific
genotypic reaction. Further, among the tested environments, significant positive associa-
tion was observed for the SMD incidence levels. We might further differentiate the test
locations by their appropriateness for future screening trials by categorizing 10 moderately
resistant genotypes with consistent performance across the assessed conditions. Both Bidar
and ICRISAT unveil a strong discriminative power, lower representativeness, and higher
repeatability and are identified as suitable for the natural screening of pigeonpea genotypes
against SMD and the development of resistant cultivars in future breeding programs. These
efforts established that genotypic resistance is the basis for managing SMD in pigeonpea.
Incorporating these promising genotypes into pigeonpea breeding programs holds the
potential to facilitate the development of new cultivars that are specifically adapted to
changing climatic conditions, ensuring both resilience and genetic diversity.
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