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Abstract: Eight field pea parental lines and their twenty-eight F1s resulting from diallel design
(excluding reciprocal) were analyzed for their combining ability and heterosis for yield and associated
traits. ANOVA revealed significant variation among parents and among hybrids for days to 50% flow-
ering, plant height, total number of pods, effective pods, seeds per pod, 100-seed weight, biological
yield and seed yield; pod length also revealed significant differences among hybrids, suggesting
the occurrence of considerable variability for studied traits. Crosses P-1541-16 × P-92-97-11 and
P-1541-16 × P-1297-97 displayed significant heterosis over better-parent and control varieties for seed
yield and associated traits. Combining ability analysis showedthat SCAvariance was considerably
higher than corresponding GCAvariance for all traits. Genotype Aman and P-1297-97 were identified
as good general combiners for seed yield, while cross P-1541-16 × P-1297-97, Aman × EC-564817,
P-1541-16 × P-92-97-11 and P-1297-97 × P-92-97-11 were identified as specific cross-combiners for
most of the studied traits. Consequently, these crosses might be exploited in future breeding programs
to find desired segregants. PCA explained 81.68% and 83.34% variability in parents and crosses,
respectively, for yield component. Furthermore, trait association between GCA effects and SCA
effects demonstrates that biological yield, total number of pods, and effective pods exhibit additive
gene action, but 100-seed weight exhibits non-additive gene action.

Keywords: field pea; GCA; SCA; heterosis; gene action

1. Introduction

Field pea (Pisum sativum var. arvense) is an annual, cool-season, true diploid
(2n = 14 chromosomes) grain legume crop, belonging to the Fabaceae family. Globally,
it is grown under a variety of climatic conditions, ranging from semi-arid to temperate [1].
Field pea is one of the world’s oldest domesticated crops cultivated before the 10th and 9th
millennia BC [2]. Field pea is valued mainly for the nutrient content of its seeds. From a
nutritional point of view, field pea is a rich source of protein, with a 21–25% content and
a higher concentration of amino acids like lysine and tryptophan [3,4] and a low content
of cysteine and methionine [5]. In addition, peas also contain 20–25% starch, 4–10% sugar,
0.6–1.5% fat and 2–4% minerals [6]. In addition to its nutritional value, field pea has
the ability to improve soil fertility by forming a symbiotic relationship between the root
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nodules of plants and nitrogen-fixing bacteria. Therefore, field pea cultivation increases
the nitrogen uptake of various succeeding crops by 23–59% [7]. Achieving a high yield
is a primary objective in field pea breeding efforts. Field pea is cultivated on an area of
0.64 million hectares with an annual production of 0.88 million tonnes, and productivity
was 1375 kg/ha in 2020–2021 in India [8].

Due to the low production of field pea and the increase in population growth, the per
capita availability of field pea is low [9]. In order to meet the demands of the population
and by considering the importance of the crop, a quantitative increase in the productivity of
peas is needed to increase per capita availability and to meet the challenges of the growing
population. Therefore, a variety of field pea with a high yield and good seed quality is
needed. Among the methods available for boosting the productivity of self-pollinated
crops like field pea, recombinant breeding stands out as the most successful approach.
In the present study, diallel analysis was used to evaluate the breeding material. Using
diallel analysis as suggested by Griffing [10], plant breeders may make decisions about the
selection of parental genotypes to use for hybridization and the development of desired
transgressive segregants. Previously, the diallel mating design has been employed to
investigate the yield and agronomic characteristics of field pea [11–14].

Field pea is a self-pollinating crop, and the possibilities of using hybrid vigor depend
on the type of gene action. Information about gene action assists in the selection of parents
to be used in hybridization programs and in the selection of appropriate breeding strategies.
Gene action is usually measured by the components of genetic variances or variances of
combining ability and effects [15,16]. Sprague and Tatum [17] proposed combining ability
in 1942, which is a powerful tool for discriminating between good and poor combiners and
for choosing suitable parents for breeding programs. At the same time, it also provides
information about types of gene effects involved in the inheritance of different traits. The
resulting overall genetic variance is divided into variances due to general combining ability
and specific combining ability. This assists breeders in determining the relative amount
of additive and non-additive genetic variance in the inheritance of different traits and
to determine appropriate breeding methods to effectively utilize the available genetic
variation. The presence of non-additive genetic variance is the most important rationale for
initiating a hybrid breeding program [18]. In field pea, recombination breeding has been
widely used to develop reservoirs of variability for use in the breeding program. Because
of the self-pollinating nature of field pea, GCA effects are more vital because they are due
to additive effect and additive × additive interaction, whereas SCA effects are only useful
if they are due to additive × additive gene effects, i.e., crosses with high specific combining
ability effects with good per se performance and involving at least one good general
combining parent; such crosses can produce the desired transgressive segregants. Heterosis
may be defined as the superiority of a hybrid compared with the parent with respect
to one or more traits [19]. The study of heterosis helps the plant breeder in eliminating
the less productive crosses in early generations. The pursuit of hybrid selection within
plant breeding strategies necessitates a defined degree of heterosis and specific combining
ability [20]. Thus, to implement a field pea breeding program, it is necessary to have a
proper understanding of genetic parameters like heterosis and combining ability. Previous
researchers, such as Rebika [21], demonstrated the expression of heterosis in field pea
concerning seed yield, as evidenced by the superiority of hybrids compared to both the
better-parent plants and the standard control variety. In another study, Joshi et al. [22]
investigated heterosis and combining ability for yield and yield-related traits in field pea
through diallel analysis, excluding reciprocal, and they observed exploitable heterosis over
better-parent and standard control varieties. They observed a reflection of heterosis for seed
yield per plant through the number of seeds per pod, and number of pods per plant for
harvest index. With the considerations mentioned above, the current study was conducted
to assess the combining ability effects, gene action, and heterosis through crosses involving
eight field pea genotypes using a diallel mating design (excluding reciprocals). The insights
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gained from this investigation will prove invaluable in the development of high-seed-yield
field pea varieties.

2. Materials and Methods
2.1. Experimental Site

The present study was carried out at the research farm of Banda University of Agri-
culture and Technology, Banda, India, during the winter season of 2021–2022 (November
2021 to March 2022). Banda is located at 25.56◦ N and 80.3◦ E. The altitude is 113 m above
mean sea level. The climatic conditions of the Banda region can be described as semi-arid
with hot summers and cold winters. The average rainfall is between 800–910 mm. The
average temperature at the experimental site during the experiment was 21.2 ◦C. The
highest relative humidity of about 85% is in August; the lowest is about 25% in April.

2.2. Plant Materials and Experimental Design

The plant material comprised eight genotypes (including breeding lines and cultivars)
of field pea and the standard varieties IPFD 10–12 and Ambika as controls (Table 1). The
genotypes were selected on the basis of their adaptability, diversity and morphological traits
such as earliness and high yield potential. The 28 F1s were obtained by crossing 8 genotypes
in diallel fashion (excluding reciprocals) during the winter season of 2020–2021. Hand
emasculation and pollination were used to produce seeds of twenty-eight crosses (Table 2).
The thirty-eight genotypes (eight parental genotypes + twenty-eight F1s + two control
varieties) were planted in a randomized block design with two replications during the
winter season of 2021–2022. Each experimental plot had a single row of 4m in length. Row-
to-row distance was 30 cm and plant-to-plant distance was 15 cm. Recommended crop
production and protection practices were followed to raise a good and healthy crop [23].

Table 1. Parental genotypes of field pea were utilized in the experiment.

S.N. Genotype Source

1. P-1541-16 IIPR, India

2. P-1297-97 IIPR, India

3. HFP-1314 IIPR, India

4. Aman IIPR, India

5. EC-564817 IIPR, India

6. Vikas IIPR, India

7. P-92-97-11 IIPR, India

8. P-1426 IIPR, India

Table 2. Cross combinations of field pea obtained from diallel (excluding reciprocal).

S.N. Cross Combination

1. P-1541-16 × P-1297-97

2. P-1541-16 × HFP-1314

3. P-1541-16 × Aman

4. P-1541-16 × EC-564817

5. P-1541-16 × Vikas

6. P-1541-16 × P-92-97-11

7. P-1541-16 × P-1426

8. P-1297-97 × HFP-1314
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Table 2. Cont.

S.N. Cross Combination

9. P-1297-97 × Aman

10. P-1297-97 × EC-564817

11. P-1297-97 × Vikas

12. P-1297-97 × P-92-97-11

13. P-1297-97 × P-1426

14. HFP-1314 × Aman

15. HFP-1314 × EC-564817

16. HFP-1314 × Vikas

17. HFP-1314 × P-92-97-11

18. HFP-1314 × P-1426

19. Aman × EC-564817

20. Aman × Vikas

21. Aman × P-92-97-11

22. Aman × P-1426

23. EC-564817 × Vikas

24. EC-564817 × P-92-97-11

25. EC-564817 × P-1426

26. Vikas × P-92-97-11

27. Vikas × P-1426

28. P-92-97-11 × P-1426

2.3. Data Collections

The data were noted on five randomly selected plants in each genotype on ten quantita-
tive traits of field pea, with the exceptions of days to 50% flowering and days to maturity,
which were noted on a row basis. For various statistical analyses, averages of data from the
selected plant of each plot were used with respect to different traits. Observations were noted
for the following traits: days to 50% flowering (DF), days to maturity (DM), plant height in
centimeters (PH), total number of pods per plant (TNP), number of effective pods per plant
(NEP), number of seeds per pod (NSP), pod length in centimeters (PL), 100-seed weight in
grams (SW), biological yield per plant expressed in grams (BY) and seed yield per plant in
grams (SY) at different growth stages as reported by Pratap et al. [24] and Sharma et al. [25].

2.4. Statistical Analysis

The replication-wise average of each genotype for different traits was used for analysis.
The program R studio (version 2023.03.1-446) package DialllelAnalysisR was used for
analysis [26].

2.4.1. Analysis of Variance for Experimental Design

The observations recorded on each trait were subjected to analysis of variance as per
the standard method of Panse and Sukhatme [27]. Analysis of variance was performed to
check the significant variation among parents and their offspring for different traits.

2.4.2. Estimation of Heterosis

Heterobeltiosis and economic heterosis are expressed as percentage deviation over the
better-parent and control varieties, respectively, in the desirable direction. Heterobeltiosis
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and economic heterosis were estimated using the methods of Fonseca and Patterson [28]
and Meredith and Bridge [29], respectively.

Heterobeltiosis =

(
F1 − BP

)
BP

Economic heterosis =

(
F1 − CV

)
CV

where
F1 = mean value of F1
BP = mean value of better parent.
CV= mean value of control variety.
The significance of heterobeltiosis and economic heterosis was tested using Student’s

t-test. To calculate heterobeltiosis and economic heterosis, the parents with higher mean
values for all traits were considered desirable, except for DF, DM and PH, where lower
mean values were considered desirable.

2.4.3. Combining Ability Analysis

The analysis of combining ability was performed using Griffing’s method II, model
I [10], to determine general and specific combining ability effects. The following model was
employed to assess the general and specific combining ability effects of the ijth observations:

Yijk = µ + Gi + Gj + Sij + Rk + Σeijk

where Yijk stands for phenotypic expression of the ijth genotype in kth replication, µ stands
for the population mean, and Gi and Gj stand for the GCA effects of the ith line and jth
tester, respectively. Sij stands for the SCA effects of a cross between the ith line and jth tester,
Rk stands for the effect of kth replication and Σeijk stands for uncontrolled variation/error
associated with ij cross in the kth replication. The significance of estimates of combining
ability effects (GCA and SCA) was tested using t-test.

2.4.4. Correlation and Principal Component Analysis

The correlation coefficient, principal component analysis (PCA) and biplot analysis
were carried out using the statistical program R studio (version 2023.03.1-446) by using
mean values of different traits.

3. Results and Discussion
3.1. Analysis of Variance for Experimental Design

The analysis of variance for diallel mating design (Table 3) revealed that the mean
square due to genotypes was found to be significant at p ≤ 0.05 for all studied traits,
indicating the existence of plenty of genetic variations across genotypes and justifying the
inclusion of genotypes for study. A wide range of variability was also stated in different
field pea genotypes by Tampha et al. [30], Pratap et al. [31] and Bardisi and Zyada [14]
in field pea. Further, partitioning of mean square by genotype into parents and hybrids
showed that the differences among parents were significant for all investigated traits except
DM and PL, whereas significant differences were also observed among the hybrids for
all traits except DM. Significant differences among parents and among hybrids for the
concerned traits suggested the presence of significant genetic variability in experimental
material. However, mean square of parents versus hybrids (P vs. F1) revealed significant
differences only for PH, SW, BY and SY, indicating the presence of substantial genetic
variability between parents and their hybrids that could promote genetic enhancement by
exploiting this genetic pool of field pea. It also reflects the existence of a sufficient level
of heterosis for the investigated traits. Pratap et al. [31] and Bardisi and Zyada [14] also
observed similar findings for one or more traits.
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Table 3. Mean sum of square for different agro-morphological traits in field pea.

S.N. Traits

Source

Rep Genotype Parent F1 P vs. F1 Error

df = 1 df = 35 df = 7 df = 27 df = 1 df = 35

1 DF 0.4 ns 112.2 * 48.6 * 23.4 * 11.2 ns 10.9

2 DM 6.1 ns 28.3 * 2.5 ns 7.1 ns 37.3 ns 25.2

3 PH 329.8 * 1623.4 * 583.4 * 356.5 * 494.2 * 87.4

4 TNP 153.1 * 370.0 * 114.0 * 133.4 * 100.1 26.5

5 NEP 181.3 * 358.7 * 113.1 * 131.9 * 79.2 ns 23.1

6 PL 0.2 * 0.7 * 0.2 ns 0.6 * 0.1 ns 0.1

7 NSP 0.1 ns 0.9 * 0.2 * 0.2 * 0.1 ns 0.1

8 SW 15.2 * 11.0 * 2.3 * 2.3 * 16.4 * 0.8

9 BY 117.1 * 655.4 * 157.6 * 144.2 * 738.0 * 60.3

10 SY 10.8 ns 185.6 * 80.9 * 94.0 * 195.2 * 23.5

* Significant at p ≤ 0.05, ns—non-significant at p ≤ 0.05, df —degree of freedom.

3.2. Per se Performance of Parents and Their Crosses

The per se performance of parents and their crosses for all studied traits are summa-
rized in Table 4 and Supplementary Figure S1. In Figure S1, the average performance of
all the 8 parental genotypes for different traits is indicated as ‘P’, while ‘H’ represents the
average performance of all 28 cross combinations. All the genotypes demonstrated better
mean performance across all the assessed traits. Among parents, the minimum number of
DF was observed for genotypes P-92-97-11(56.00 days) and P-1297-97 (56.00 days), while
the genotype Aman took the maximum duration of 85.00 days. For the crosses, the earliest
days to 50% flowering were observed for P-92-97-11 × P-1426 (55.50 days), while the cross
Aman × Vikas (79.50 days) took a longer period to flower. In the case of DM, the genotype
P-1426 (113.00 days) exhibited early maturity, whereas genotype P-1541-16 (120.50 days)
took the longest time to mature. The cross P-1297-97 × P-92-97-11(100.50 days) had the least
DM, while the cross HFP 1314 × Vikas (119.00 days) showed the maximum days to mature.
The minimum PH was recorded for the parent P-1426 (62.75 cm) and the maximum for
HFP 1314 (159.95 cm), whereas, among the crosses, Vikas × P-1426 (68.10 cm) had dwarf
stature while the cross HFP 1314 × P-92-97-11 (168.30 cm) exhibited long stature. For the
TNP and NEP, the highest value was observed for the parent P-92-97-11 (70.75 and 68.55)
and the cross P-1541-16 × Aman (91.74 and 89.94), whereas the parent P-1426 (27.96 and
25.38) and the cross EC-564817 × P-92-97-11 (23.65 and 21.59) had the maximum value,
respectively. The smallest PL was observed for the genotype P-1426 (4.32 cm), while the
genotype Aman had long pods of 5.94 cm length, whereas for the crosses, long pods were
observed for EC-564817 × Vikas (6.29 cm) while the cross EC-564817 × P-92-97-11 (2.37 cm)
had the smallest PL. In the case of NSP, the highest value was observed for the parent P-1426
(6.12) but lowest for the parent Vikas (4.25). The cross EC-564817 × Vikas (6.75) had the
highest and the cross P-1541-16 × Vikas (3.89) had the lowest NSP. The parent P-92-97-11
(11.75 g) and the cross EC 564817 × P-92-97-11 (13.25 g) showed the lowest SW, whilethe
parent HFP 1314 (18.50 g) and the cross P-1297-97 × HFP 1314 (21.90 g) scored the highest
seed weight. The lowest BY was recorded for the parent P-1426 (56.75 g) and the highest
was recorded for P-1297-97 (105.95 g), whereas among the crosses, EC 564817 × P-92-97-11
(58.72 g) had the lowest BY while the cross P-1541-16 × P-92-97-11 (125.00 g) exhibited the
highest biological yield. The highest SY was found for the parent HFP 1314 (46.25 g) and
the cross P-1541-16 × P-1297-97 (59.60 g), whereas the lowest values of SY were exhibited
by the parent P-1541-16 (15.23 g) and the cross EC 564817 × P-92-97-11 (15.14 g). The
critical analysis of the per se performance of parents and crosses suggests the existence of
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a wide spectrum of genetic variations in evaluated material. As evident from the results,
considerable variation was observed among genotypes for all traits under analysis. It was
determined that promising parents for early flowering were P-92-97-11 and P-1297-97;
similarly, P-1426 showed promise for early maturity, short stature and more seeds per
pod; P-92-97-11 showed promise for highest TNP and NEP and high BY; Aman showed
promise for long pod length; and HFP 1314 showed promise for increased SY and SW.
Genotypes showing very high performance for the different traits may serve as acceptable
donors to improve the traits for which they show high mean performance. The present
findings indicate that the hybrid combinations displayed superior performance in seed
yield traits when compared to the parental genotypes, providing evidence of heterosis
(Supplementary Figure S1). Per se performance of crosses for the various traits under
investigation revealed that the cross P-92-97-11 × P-1426 was promising for early flowering;
P-1297-97 × P-92-97-11 was promising for early maturity; Vikas × P-1426 was promising
for dwarf plant stature; P-1541-16 × Aman was promising for the highest TNP and NEP;
EC-564817 × Vikas was promising for long pods and more seeds per pod of field pea;
P-1297-97 × HFP 1314 was promising for highest seed weight; P-1541-16 × P-92-97-11 was
promising for more BY; and P-1541-16 × P-1297-97 was promising for the highest SY. The
cross P-1541-16 × P-1297-97 could be utilized for new hybrids to achieve elevated seed
yield along with favorable agronomic traits. These findings provide validation for the feasi-
bility of trait enhancement through hybridization involving specific parents. Furthermore,
they propose that plant breeders should strategically plan forthcoming breeding work to
achieve high yields in field pea cultivation. Similar observations and recommendations
have been supported by Ceyhan et al. [32], Kumar et al. [33] and Kumar et al. [34] for field
pea. Certain findings might support the possibility of determining these traits through the
hybridization of particular parents. Furthermore, these results suggest that plant breeders
should gather future breeding efforts for high yields in field pea.

Table 4. Average value and range of variation for different traits of field pea genotypes.

S.N. Traits
Parents (n = 8) Cross (n = 28)

Mean Range Mean Range

1 DF 65.9 56.0–85.0 67.8 55.5–79.5

2 DM 117.9 113.0–120.5 114.4 109.0–119.0

3 PH 116.3 62.7–159.9 128.9 68.1–168.3

4 TNP 54.6 27.9–70.7 56.6 23.6–91.7

5 NEP 51.1 25.4–68.5 53.0 21.6–89.8

6 PL 5.1 4.3–5.9 4.9 2.4–6.3

7 NSP 5.1 4.2–6.1 5.0 3.9–6.7

8 SW 15.7 11.7–18.5 17.9 13.2–21.9

9 BY 82.4 56.7–105.9 97.8 58.7–125.0

10 SY 35.3 15.2–46.2 44.4 15.1–59.6

3.3. Heterosis

The per se performance of parents involved in crosses may not be a reliable indicator
of genetic potential, whereas the heterotic response of the crosses is more reliable. The
extent of heterosis provides information on the level of genetic diversity in the parents of a
cross and helps in the selection of parents to obtain superior F1s, so as to exploit hybrid
vigor. Exploiting heterosis in crops is one of the greatest breakthroughs in plant breeding.
Heterobeltiosis and economic heterosis, expressed as the percentage superiority of the cross
over the better parent and control variety for the trait being tested, determine whether
an experimental cross is worth exploiting or not. In general, the extent of heterosis for
different traits varied in degree and direction from cross to cross. In the current study,
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considerable positive heterosis compared with better parent and control variety estimates
would be more interesting for SY, BY, TNP, NEP, PL, NSP and SW, whereas considerable
negative heterosis relative to the better parent and control varieties would be useful for DF,
DM and PH.

The results of the extent of heterobeltiosis and economic heterosis obtained for
each trait are presented in Supplementary Tables S1 and S2. A perusal of Supplementary
Tables S1 and S2 reveals that the scales of heterobeltiosis and economic heterosis for DF
were−29.41% (Aman × EC 564817) to 19.08% (P-1541-16 × P-92-97-11), and −23.45% (P-92-
97-11 × P-1426) to 9.66% (Aman × Vikas). In the case of DM, significant negative heterosis
over better-parent and standard variety varied from −14.47% (P-1297-97 × P-92-97-11)
to 0.85% (P-1297-97 × P-1426), and −17.96% (P-1297-97 × P-92-97-11) to −2.86% (HFP
1314 × Vikas), respectively. The cross P-1541-16 × Aman exhibited the highest significant
heterobeltiosis and economic heterosis for TNP (51.75% and 88.76%) and NEP (70.35% and
93.20%), while the cross P-1297-97 × EC 564817 had the lowest significant heterobeltiosis
and economic heterosis for TNP (−54.85% and −38.27%), and NEP (−55.82% and −39.39%).
Heterobeltiosis and economic heterosis ranged from −48.13% to 35.74% and −17.96% to
−2.86% for PH, respectively. Significant negative economic heterosis could not be seen
for PH. The cross EC 564817 × Vikas exhibited the highest heterobeltiosis and economic
heterosis for PL (24.55% and −8.58%), while the cross P-1541-16 × Vikas possessed the
lowest value (−32.86% and −41.35%). Significant positive economic heterosis was not
observed for PL. In the case of NSP, heterobeltiosis and economic heterosis ranged from
−30.56% to 42.11% and −22.30% to −35.00%, respectively. For SW, the scale of heterobel-
tiosis and economic heterosis varied from −12.97% (HFP 1314 × EC 564817) to 31.00%
(Aman × EC 564817), and −19.70% (EC 564817 × P-92-97-11) to 32.73% (P-1297-97 × HFP
1314). The scales of heterobeltiosis and economic heterosis for BY were−40.77% (P-1297-97
× EC 564817) to 45.60% (P-1541-16 × P-92-97-11), and −10.77% (EC 564817 × P-92-97-11)
to 89.97% (P-1541-16 × P-92-97-11). For SY, heterobeltiosis ranged from −43.94 (P-1297-97
× EC 564817) to 49.59% (P-1541-16 × P-92-97-11), while economic heterosis ranged from
35.07% (P-1297-97 × EC 564817) to 169.68% (P-1541-16 × P-1297-97). Seed yield is a trait of
economic importance in pea, for which 11 crosses over better-parent and 27 crosses over
standard control variety showed significant and positive heterosis. Among the twenty-eight
cross combinations, some showed a significant and desirable direction of heterobeltiosis
along with economic heterosis for various traits such as DF (9 and 11); DM (5 and 6);
PH (6 and 0); TNP (7 and 16); NEP (7 and 15), PL (3 and 0); NSP (2 and 7); SW (12 and
12); and BY (11 and 22), respectively, expected to have a predominance of additive gene
effects. The crosses P-1541-16 × P-9297-11 for SY; P-1541-16 × Aman for TNP and NEP;
EC-564817 × Vikas for PL and NSP; Aman × EC-564817 for SW; P-1541-16 × P-92- 97-11
for BY; Aman × EC 564817 for DF; P-1297-97 × P-92-97-11 for DM; and Vikas × P-1426
for dwarf stature plants showed significant heterosis over the better parents in a desirable
direction. Significant heterosis over standard controls in adesirable direction was observed
in P-1541-16 × P-1297-97 for SY; P-92-97-11 × P-1426 for DF; P-1297-97 × P-92-97-11 for DM;
P-1541-16 × Aman for TNP and NEP; EC-564817 × Vikas for NSP; P-1297-97 × HFP-1314
for SW; and P-1541-16 × P-92-97-11 for BY.

The present investigation demonstrated that negative heterosis was found across all
traits in both the better-parent and standard control varieties, with the exception of SY for
economic heterosis. The heterosis approach is useful when developing and identifying the
most heterotic and useful cross combinations to enable commercial cultivation of crosses.
Subsequently, the cross P-1541-16 × P-1297-97 showed a high positive heterotic effect for
SY along with TNP, NEP, SW and BY, and a high negative heterotic effect for PH and DF.
Another cross, P-1297-97 × P-92-97-11, in addition to seed yield, also showed a positive
heterotic effect for TNP, NEP, SW and BY, and a high negative heterotic effect for DF and
DM. The cross P-1541-16 × P-92-97-11 showed a positive heterotic effect for TNP, NEP,
SW and BY. These crosses may be exploited for the above traits to grow high-yielding
field pea cultivars. A similar consonance of results was obtained from the studies of
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Hasan et al. [35], Brar et al. [36] and Galal et al. [37] in pea. Overall, in the current study,
the crosses P-1541-16 × P-1297-97 exhibited a high manifestation of economic heterosis for
seed yield and its related attributes, followed by P-1297-97 × P-92-97-11 and P-1541-16 ×
P-92-97-11. These combinations hold the potential for integration into crop improvement
programs to generate transgressive segregants in subsequent generations. In a similar vein,
Tampha et al. [30] identified the cross KPMR 939 × Makhvatmubi as demonstrating the
highest heterosis over the standard control variety. Correspondingly, Rebika’s study [21]
highlighted DDR 23 × HUDP 15 as the most favorable cross for achieving enhanced seed
yield and related traits.

3.4. Combining Ability Analysis

Assessing both general and specific combining abilities plays a crucial role in deter-
mining the breeding potential of genotypes. The current study employed combining ability
analysis to offer insights for selecting the best parents based on their GCA effects and
per se performance, as well as identifying superior crosses through SCA effects and per
se performance. This information can greatly inform hybrid breeding programs. Given
the autogamous nature of field peas, while pure line breeding remains essential, hybrids
exhibiting high per se performance and notable SCA effects are more likely to display
transgressive segregation and contribute to the advancement of superior pure lines. In this
particular investigation, diallel analysis, excluding reciprocals, was executed to assess eight
genotypes across multiple traits.

3.4.1. Analysis of Variance for Combining Ability

Analysis of variance for combining ability (Table 5) showed that the mean square
due to GCA was significant for all traits except DM, indicating the existence of additive
gene actions for all traits except DM, whereas the mean square due to SCA was significant
for all traits, reflecting the presence of non-additive gene actions for all studied traits.
This indicates that predominant non-additive gene action is involved in the inheritance
of these traits. Thus, the significant assessment of GCA and SCA variances indicated
the involvement of both additive and non-additive gene actions in governing the traits
within the studied field pea genotypes. Both general and specific combining abilities
were important, but the former played a greater part in trait expression. However, the
proportion of variance due to GCA and SCA (σ2GCA/σ2SCA) remained notably below
unity across all traits, indicating that non-additive gene action was more significant to
the inheritance of these traits compared to additive types. These results align with the
conclusions drawn from the SCA analysis. The predominance of non-additive effects in the
expression of various traits in pea was also reported by Joshi et al. [22], Suman et al. [12],
Hama-amin [38] and Towfiq et al. [39]. A comprehensive evaluation of findings across
these investigations revealed that both yield and its associated traits are governed by a
combination of additive and non-additive genes. Leveraging the potential of both types of
gene actions, a breeding strategy incorporating controlled intermating within segregated
generations could prove beneficial. This approach would facilitate the introduction of
diverse genes into the population, potentially leading to the overcoming of yield limitations
in this crop.

Table 5. Combining ability mean square for different traits of field pea.

S. N-. Traits

Source
σ2GCA
σ2SCA

GCA SCA Error

[7] [28] [35]

1 DF 133.1 * 36.8 * 5.4 0.41

2 DM 7.3 ns 15.9 * 12.6 0.16
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Table 5. Cont.

S. N-. Traits

Source
σ2GCA
σ2SCA

GCA SCA Error

[7] [28] [35]

3 PH 1720.8 * 584.4 * 43.7 0.31

4 TNP 301.3 * 155.9 * 13.2 0.20

5 NEP 282.4 * 153.6 * 12.0 0.19

6 PL 0.7 * 0.3 * 0.1 0.27

7 NSP 0.7 * 0.4 * 0.1 0.17

8 SW 9.2 * 4.6 * 0.4 0.21

9 BY 290.4 * 337.1 * 30.2 0.09

10 SY 74.0 * 97.5 * 11.8 0.07
* Significant at p ≤ 0.05, ns—Non-significant at p ≤ 0.05.

3.4.2. Combining Ability Effects

The estimates of GCA effects of the parents for various traits are shown in Table 6. The
GCA reveals the additive type of gene action. In the present investigation, the significant
and positive magnitude of GCA for SY, BY, TNP, NEP, PL, NSP and SW was desirable,
whereas deeply significant and negative values for DF, DM and PH were appropriate. The
GCA effect or different traits varied significantly among different parents. A perusal of
Table 6 revealed noteworthy favorable (positive/negative) GCA effects across all parental
lines for a minimum of one of the analyzed traits. The presence of these significant GCA
effects suggests the potential for ongoing advancements in yield and its associated traits
through targeted breeding efforts within the field pea. These outcomes are consistent with
the conclusions drawn by Yadav et al. [13], Kumar et al. [40], Manjunath et al. [41] and
Kumar et al. [42].The parents Aman and P-1297-97 displayed significant positive GCA
effects for SY, indicating that these genotypes could be used as good general combiners
for higher seed yield in the breeding program. In addition, GCA effects showed that
genotypes P-1426, P-92-97-11, HFP-1314 and P-12-97-97 were good general combiners for
early flowering; P-1426, P-1297-97 and Vikas were good general combiners for dwarf plant
stature; Aman, P-1541-16 and P-92-97-11 were good general combiners for TNP and NEP;
and P-1426 and Aman were good general combiners for long PL and NSP. In addition, the
genotype EC-564817 was also observed as a good general combiner for NSP. Genotypes P-
1297-97, P-1426, HFP-1314 and P-1541-16 were good general combiners for more SW. Three
genotypes, Aman, P-15451-16 and P-1297-97, were good general combiners for BY. None of
the genotypes were good general combiners for DM. Aman, the best genotype in the study,
was a good general combiner for TNP, NEP, PL, NSP, BY and SY. These findings of good
combining parents for the traits concerned suggest the predominance of additive effect
and additive × additive gene action [10,26]. These findings presented an improvement
over earlier studies, wherein no individual parental line was identified as a strong general
combiner for some yield-related traits, as indicated by Yadav et al. [13], Kumar et al. [40]
and Manjunath et al. [41]. A good combining parent leads to a higher frequency of heterotic
crosses than a poor combining parent [43]. Genotypes such as Aman and P-1297-97 with
high GCA effects in desirable directions for yield and associated traits suggest that such
genotypes may combine well with other genotypes to produce superior progeny.
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Table 6. Estimates of GCA effects of parents for different traits of field pea.

S.N. Parents DF DM PH TNP NEP PL NSP SW BY SY

1. P-1541-16 1.84 * −0.01 ns −1.05 ns 5.86 ** 5.65 ** −0.29 ** −0.47 ** 0.50 * 6.88 ** 1.91 ns

2. P-1297-97 −4.71 ** −0.66 ns −14.95 ** 0.71 ns 0.43 ns 0.05 ns −0.00 ns 1.25 ** 4.72 * 2.86 *

3. HFP-1314 −3.21 ** −0.36 ns 20.53 ** −3.35 * −4.14 ** −0.06 ns 0.00 ns 0.67 ** −2.01 ns −0.82 ns

4. Aman 4.44 ** 0.59 ns 5.17 * 8.15 ** 7.60 ** 0.21 * 0.17 * −1.12 ** 6.91 ** 4.27 **

5. EC-564817 3.49 ** 1.19 ns 1.94 ns −5.02 ** −4.89 ** 0.09 ns 0.23 ** −0.18 ns −4.35 * −1.29 ns

6. Vikas 3.39 ** 0.99 ns −8.23 ** −1.71 ns −1.12 ns −0.39 ** −0.23 ** −0.62 ** −6.71 ** −3.58 **

7. P-92-97-11 −3.01 ** −1.26 ns 13.36 ** 3.15 * 3.69 ** −0.02 ns −0.03 ns −1.34 ** −1.47 ns −0.98 ns

8. P-1426 −2.21 * −0.46 ns −16.78 ** −7.78 ** −7.21 ** 0.40 ** 0.34 ** 0.83 ** −3.97 * −2.37 ns

* Significant at p ≤ 0.05, ** significant at p ≤ 0.01, ns—non-significant at p ≤ 0.05.

The estimates of SCA effects of the crosses for various traits are shown in Table 7.
Sprague and Tatum [17] reported that the SCA effect is due to a non-additive genetic
component, which shows the role of non-additive gene action in the expression of traits.
The SCA effect is reflected as the dependable index for identifying promising hybrids. A
perusal of estimates of SCA effects revealed that among the twenty-eight crosses, thirteen
combinations, EC-564817 × Vikas, EC-564817 × P-1426, P-1541-16 × P-92-97-11, Aman
× Vikas, P-1297-97 × Vikas, P-1297-97 × P-92-97-11, P-92-97-11 × P-1426, Vikas × P-92-
97-11, P-1541-16 × EC-564817, HFP-1314 × P-1426, P-1541-16 × P-1297-97, HFP-1314 ×
Aman and Aman × EC-564817, showed the highest significant SCA effects for SY. The
highest negative SCA effect for DF was exhibited by Aman × EC-564817, followed by
P-1541-16 × Aman, P-92-97-11 × P-1426 and HFP-1314 × EC-564817. Only two crosses,
P-1297-97 × P-92-97-11 and P-1541-16 × HFP-1314, showed negative and significant SCA
effects for DM. For PL, negatively significant SCA effects were displayed by the crosses
P-1297-97 × EC-564817, Vikas × P-1426, P-1541-16 × P-92-97-11 and HFP-1314 × Aman.
The crosses EC-564817 × P-1426, followed by P-1541-16 × Aman, Aman × Vikas and
P-1541-16 × P-1297-97, showed the maximum specific combining ability for TNP. The
crosses P-1541-16 × Aman, followed by EC-564817 × P-1426, Aman × Vikas and Aman
× P-1426, showed the highest specific combining ability for NEP. The maximum SCA
effect for PL was recorded for the crosses EC-564817 × Vikas, followed by P-1297-97 ×
EC-564817, P-1297-97 × Vikas and Aman × EC-564817. The highest positive SCA effect
for NSP was demonstrated by the crosses EC-564817 × Vikas followed by P-1297-97 ×
EC-564817, Vikas × P-1426 and Aman × EC-564817. The crosses P-92-97-11 × P-1426,
followed by Aman × EC-564817, P-1541-16 × EC-464817 and P-1297-97 × P-92-97-11,
showed the highest specific combining ability for SW. The maximum SCA for BY was
recorded for the crosses P-1541-96 × P-92-97-11, followed by EC-564817 × Vikas, P-92-97-11
× P-1426 and Aman × Vikas. The SCA effect estimates showed that none of the crosses
were consistently promising for all traits. These crosses could be used in breeding programs
to improve the studied traits. It was noteworthy that virtually all of the best crosses for
each trait also had a desirable mean performance for each trait. On the basis of mean
performance, high significant positive economic heterosis and high positive SCA effect, the
best crosses for seed yield were P-1541-16 × P-1297-97, P-1297-97 × P-92-97-11, P-1541-16 ×
P-92-97-11, HFP 1314 × Aman, and Aman × EC 564817. Among these crosses, only Aman
× EC -564817 showed the desirable level of SCA effects for the seven major traits such
as DF, PH, NEP, NSP, SW, BY and SY. In addition, crosses such as P-1541-16 × P-1297-97,
P-1297-97 × P-92-97-11, P-1541-16 × P-92-97-11 and HFP 1314 × Aman also displayed
desirable SCA effects for four different yield attributing traits. Thus, these crosses could
be exploited to obtain desirable recombinants from the distinct population and utilized
for improving heterosis and achieving high-yielding genotypes. Similar findings for the
identification crosses based on SCA effects for yield and its components in pea were also
reported by Enrique et al. [44], Kosev et al. [45], Sharma et al. [46], Manjunath et al. [41],
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Katoch et al. [47] and Yadav et al. [13]. Our results illustrated that some specific cross
combinations exhibiting highly positive SCA for various traits were characterized by both
parents possessing good GCA. These results underscore the significance of cumulative
effects arising from additive × additive interactions involving positive alleles, as observed
in studies by Sharma et al. [48] and Khan et al. [16]. Conversely, some hybrid combinations
displaying high positive SCA for a specific trait typically involved at least one parent
with poor GCA effects. This occurrence might be linked to one parent functioning as a
good combiner with favorable additive effects, while the other parent, with less favorable
GCA, contributed to epistatic effects, consistent with insights from Sharma et al. [48] and
Khan et al. [16]. Notably, the presence of parents with strong general combining ability
did not always translate into hybrid combinations displaying notably high positive SCA.
For instance, crosses such as HFP 1314 × P-1426, EC 564817 × Vikas, EC 564817 × P-1426,
Vikas × P-92-97-11 and P-92-97-11 × P-1426 demonstrated significant SCA for seed yield
and its attributing traits, despite their parents displaying negative GCA for those same
traits (as indicated in Tables 6 and 7). This phenomenon may be due to intricate interactions
between the positive and negative alleles present in the parents. Comparable findings have
been documented in prior research, as seen in Khandagale et al. [49] and Sharma et al. [48].

Table 7. Estimates of SCA effects of 28 crosses for different traits of field pea.

S.N. Crosses DF DM PH TNP NEP PL NSP SW BY SY

1. P-1541-16 × P-1297-97 0.03 ns 3.49 ns 25.90 ** 12.68 ** 11.51 ** −0.26 ns −0.29 * 1.15 * 2.64 ns 7.40 *

2. P-1541-16 × HFP-1314 5.03 * −5.81 * −19.83 ** 12.15 ** 10.75 ** −0.53 ** −0.4 ** −1.77 ** −1.99 ns 1.55 ns

3. P-1541-16 × Aman −7.62 ** −3.76 ns 13.49 * 17.27 ** 19.71 ** −0.70 ** −0.48 ** −0.22 ns 3.64 ns 1.67 ns

4. P-1541-16 × EC-564817 4.83 * −0.86 ns 16.77 ** 0.26 ns −0.6 ns −0.02 ns −0.26 ns 2.88 ** 19.10 ** 8.35 **

5. P-1541-16 × Vikas −1.07 ns −5.16 ns 6.54 ns 1.59 ns −0.25 ns −0.73 ** −0.42 ** −0.23 ns −10.09 * −6.82 *

6. P-1541-16 × P-92-97-11 11.83 ** 3.09 ns −31.26 ** 1.81 ns −0.42 ns −0.1 ns 0.20 ns 2.40 ** 25.22 ** 10.05 **

7. P-1541-16 × P-1426 −1.97 ns −1.71 ns 31.09 ** 8.06 ** 7.16 * 0.06 ns −0.63 ** −0.33 ns 5.98 ns 2.21 ns

8. P-1297-97 × HFP-1314 −2.42 ns −5.16 ns 36.07 ** −9.27 ** −10.44 ** −0.15 ns −0.18 ns 2.53 ** −8.27 ns −4.50 ns

9. P-1297-97 × Aman −1.57 ns 1.39 ns 48.24 ** 0.54 ns −0.93 ns 0.07 ns −0.08 ns −0.77 ns −3.34 ns −1.58 ns

10. P-1297-97 × EC-564817 3.88 * 0.79 ns −36.43 ** −26.14 ns −24.23 ** 0.61 ** 0.91 ** −0.01 ns −32.00 ** −19.14 **

11. P-1297-97 × Vikas −1.52 ns 1.99 ns −17.26 ** 9.19 ** 10.8 ** 0.48 * 0.31 * −1.68 ** 16.22 ** 9.26 **

12. P-1297-97 × P-92-97-11 −3.12 ns −12.76 ** 12.19 * 2.29 ns 1.01 ns −0.03 ns −0.07 ns 2.45 ** 15.86 ** 9.25 **

13. P-1297-97 × P-1426 8.58 ** 3.94 ns −22.61 ** 1.56 ns 0.15 ns 0.14 ns −0.20 ns 1.22 * 4.58 ns −0.41 ns

14. HFP-1314 × Aman −1.57 ns 0.06 ns −29.04 ** 0.31 ns 0.93 ns 0.27 ns −0.08 ns 1.03 * 11.83 * 5.93 *

15. HFP-1314 × EC-564817 −5.62 ** −0.51 ns −7.71 ns 0.12 ns −1.66 ns −0.48 * −0.41 ** −1.84 ** −14.51 ** −10.45 **

16. HFP-1314 × Vikas 1.98 ns 3.19 ns 3.56 ns −11.7 ** −10.57 ** −0.57 ** −0.71 ** 1.60 ** −14.80 ** −10.47 **

17. HFP-1314 × P-92-97-11 0.88 ns 2.44 ns 8.26 ns −8.55 ** −6.63 * 0.12 ns 0.37 * −0.17 ns −9.14 * −3.87 ns

18. HFP-1314 × P-1426 −0.42 ns −2.36 ns 23.21 ** 8.24 ** 7.65 ** 0.21 ns 0.22 ns −0.80 ns 12.17 ** 7.87 *

19. Aman × EC-564817 −15.27 ** −2.96 ns −12.45 * −9.93 ns −9.26 ** 0.46 * 0.45 ** 3.51 ** 12.56 ** 5.67 *

20. Aman × Vikas 4.33 * −1.76 ns −4.28 ns 14.65 ** 14.9 ** −0.24 ns −0.63 ** 1.30 * 19.13 ** 10.04 **

21. Aman × P-92-97-11 2.23 ns −0.51 ns −1.37 ns −0.70 ns 1.58 ns −0.03 ns 0.02 ns −1.68 ** −5.22 ns −1.96 ns

22. Aman × P-1426 1.93 ns 2.19 ns 14.47 ** 10.47 ** 11.75 ** −0.00 ns 0.09 ns −1.75 ** 6.75 ns 4.40 ns

23. EC-564817 × Vikas 4.28 * −0.36 ns 4.00 ns −4.08 ns −6.72 * 1.14 ** 1.74 ** 1.25 * 24.42 ** 13.20 **

24. EC-564817 × P-92-97-11 10.18 ** −0.11 ns 6.16 ns −7.56 * −7.03 * 0.35 ns −0.00 ns −2.67 ** −29.84 ** −11.71 **

25. EC-564817 × P-1426 3.38 ns 1.09 ns 18.00 ** 17.78 ** 18.30 ** −0.90 ** −1.01 ** 1.05 * 18.42 ** 12.24 **

26. Vikas × P-92-97-11 −4.72 * −0.91 ns −2.77 ns 8.9 ** 8.5 ** 0.12 ns −0.15 ns 1.02 * 15.01 ** 8.69 **

27. Vikas × P-1426 1.98 ns 0.29 ns −33.03 ** −10.47 ** −8.95 ** 0.34 ns 0.47 ** 0.14 ns −8.21 ns −6.27 ns

28. P-92-97-11 × P-1426 −6.62 ** −0.96 ns 28.53 ** −4.18 ns −5.60 * −0.01 ns 0.21 ns 4.67 ** 19.67 ** 9.19 **

* Significant at p ≤ 0.05, ** significant at p ≤ 0.01, ns—non-significant at p ≤ 0.05.

3.5. Correlation Analysis among Combining Abilities of Studied Traits

The evidence on the correlation of the GCA effect and SCA effect for different traits
in field pea helps in understanding the genetic relationships between yield traits. The
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influence of additive and non-additive gene actions in traits is linked to the correlation
existing between the general combining abilities (GCAs) or specific combining abilities
(SCAs) of those particular traits. Estimates of GCA or SCA correlation between all possible
pairs of traits are depicted in Figures 1 and 2, respectively. For GCA, SY exhibited a
significant positive correlation with BY (r = 0.96 ***), TNP (r = 0.75 *) and NEP (r = 0.71 *),
but in the case of SCA, BY (r = 0.97 ***), TNP (r = 0.64 ***), NEP (r = 0.60 ***) and SW
(r = 0.41 *) had a significant positive correlation with SY. The correlation analysis indicated
that the relationship between the GCAs of the two traits could either align or diverge from
the correlation observed between the SCAs, as depicted in Figures 1 and 2. These findings
suggest that there is an additive gene action for BY, TNP and NEP, whereas a non-additive
gene action predominates for SW. The correlation matrix shows the relationship among
various traits. These findings are in agreement with Pratap et al. [24], Singh et al. [50],
Kumawat et al. [51] and Prasad et al. [52]. Based on these findings, we can understand
the key contributions of GCA and SCA in elucidating the genetic association within yield
traits. Consequently, it is strongly advised that crop breeders take into account both GCA
and SCA, along with their correlations, when selecting parental lines with the goal of
developing heterotic hybrid genotypes.
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3.6. Principal Component Analysis

Selection that is dependent on the grouping of attributes may result in more effective
criteria for improving the yield potential of field pea. A perusal of Table 8 shows that
for parents, the first three principal components (PCs) with eigenvalue > 1 account for
81.68% variability existing in the parental genotypes for yield component traits, whereas
83.34% of the total variance is explained by the first four PCs in the principal component
analysis of cross combinations with eigenvalue > 1 (Table 8). The PCA of parents and
crosses revealed considerable variability among the traits. The first PC elucidates 45.31%
and the second PC describes 21.01% of the overall variation for parents, whereas the first
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PC and second PC explain 39.14% and 17.84% of the variance for crosses, respectively.
These findings demonstrated that traits that contribute significantly to the first two PCs
are the principal discriminating traits. To determine the association between studied traits
and appropriate high yield, the biplots of the examined traits of field pea for parents
and crosses are shown in Figures 3 and 4, respectively. As there was a very small angle
between the corresponding vectors of the above traits, the biplot for both parents and
crosses reveals a significant association of SY with TNP, NEP and BY. This suggests that
positive selection of TNP, NEP and BY may indirectly help in the selection of suitable
high-yielding genotype(s). These consequences are in agreement with Pratap et al. [24],
Parihar et al. [53], Mohapatra et al. [54], Hanci and Cebaci [55] and Umar et al. [56].
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Table 8. Eigen value and variability percentage of parents and crosses of field pea for different traits.

Principal
Components

Parents Crosses

Eigen
Value

Variability
(%)

Cumulative
Variability

(%)

Eigen
Value

Variability
(%)

Cumulative
Variability

(%)

PC1 2.13 45.31 45.31 1.98 39.14 39.14

PC2 1.45 21.01 66.32 1.34 17.84 56.99

PC3 1.24 15.36 81.68 1.26 15.93 72.91

PC4 0.94 8.83 90.52 1.02 10.43 83.34

PC5 0.75 5.63 96.14 0.81 6.62 89.96
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4. Conclusions

The results of the current investigation revealed that almost all studied traits were
determined by both additive and non-additive gene action. The utilization of combining
ability analysis has effectively pinpointed promising parents and crosses that can serve
as foundational elements for developing a well-defined strategy aimed at enhancing field
pea cultivation. The genotypes Aman and P-1297-97 might be used as good combiners for
higher seed yield inbreeding programs. These genotypes may combine well with other
genotypes to produce superior progeny. In addition to seed yield, Aman, the best genotype
in the study, was also a good general combiner for TNP, NEP, PL, NSP and BY, while the
parent P-1297-97 also had good GCA for DF, PH, SW and BY. The best specific combining
crosses for seed yield were P-1541-16 × P-1297-97, P-1297-97 × P-92-97-11, P-1541-16 ×
P-92-97-11, HFP 1314 × Aman and Aman × EC 564817, as these crosses had high significant
SCA and high significant positive economic heterosis for SY. These crosses alsostood out
as specific cross combinations for most traits. Moreover, the correlation between GCA
effects or SCA effects for different traits suggested the additive gene action for BY, TNP
and NEP, whereas a non-additive gene action predominated for SW. The crosses P-1541-16
× P-92-97-11 and P-1541-16 × P-1297-97 displayed significant heterosis toward the better-
parent and control variety in the desired direction for seed yield and associated traits. As
evident from the results, the PCA of parents and crosses revealed considerable variability
among the traits. The inheritance patterns of yield and its attributing traits primarily
exhibited non-additive gene effects, implying that harnessing heterosis breeding would
be the more favorable approach for achieving rapid advancements in field pea cultivation.
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Consequently, the crossesP-1541-16 × P-1297-97, P-1297-97 × P-92-97-11, P-1541-16 ×
P-92-97-11, HFP 1314 × Aman and Aman × EC 564817 might be used in further breeding
programs to obtain desirable segregants in later generations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae9090997/s1, Figure S1: Box plots for comparison
of average performance of all the 8 parents (P) and 28 crosses (H) to different traits (A to J) under
study. The upper and lower line outside box represents the maximum and minimum adjacent
values, respectively. The dark black line within the box represents median value. The upper and
lower hinge represent 75% and 25% percentile, respectively. Outliers are represented by circle ‘o’.;
Table S1: Estimates of heterobeltiosis and economic heterosis for days to 50% flowering, maturity, plant
height, total number of pods per plant, effective pods per plant and pod length of field pea crosses;
Table S2: Estimates of heterobeltiosis and economic heterosis for number of seeds per pod, 100-seed
weight, biological yield per plant and seed yield per plant of field pea crosses; Table S3: Parents and
crosses possess good CGA and SCA effects for different traits in field pea.
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