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A B S T R A C T

Climate change, an effective driver of unprecedented seasonal droughts, is greatly affecting rice production in 
Africa by threatening food security and safety. Rice, one of the major staple crops on the continent, can save the 
situation through the development of drought-tolerant cultivars, presenting a major challenge for future rice 
improvement programs as drought is regarded as a critical limitation in rain-fed ecosystems. This study sought to 
understand the genetic basis and inheritance behind the expression of tolerance of rice breeding lines to drought- 
stress through generation mean analysis. To achieve these objectives, two drought-sensitive genotypes (Jasmine 
85 and CRI-Agrarice) were crossed with a drought-tolerant genotype (APO) to develop six populations (F1, F2, 
BC1, BC2, P1 and P2) under screenhouse drought-stress and non-stress evaluation. Data were collected on grain 
yield and yield-related traits among which the generation mean analysis was conducted. At least one trans
gressive phenotype was produced in the F2 population for each trait whether there is a significant difference or 
not among the parental lines under drought-stress. Under non-stress conditions, there was a significance for all 
six types of gene action for days to flowering in both crosses. Among both crosses and water-regimes, additive x 
additive gene interaction was significant for most of the traits even though the scaling tests were not significant 
indicating the effectiveness of selection in early generations. Therefore, either forward breeding or backcross 
breeding can be adopted as breeding strategies for rapid improvement for these lines to drought tolerance.

1. Introduction

At the global level, agricultural drought frequency and area are 
predicted to increase by 50 to 200 % in a relative sense during this 21st 
century (Zhao and Dai, 2017) causing rice yield loss by 25.4 % (Zhang 
et al., 2018), because of the unpredictable occurrence of drought due to 
the ongoing climate changes (Serraj et al., 2009). As projected by global 
climate models, recurrent drought events under future climate change 
may result in increased losses when droughts overlap with sensitive 
stages of crop growth (Kumar et al., 2014). Most of the severe droughts 
in the last ten years have been in Africa, the continent which already has 
the lowest level of crop production and drought adaptive capacity. 

Drought has adversely affected agriculture and livelihoods (Bates et al., 
2008; Serraj et al., 2009) in different parts of the continent, with rice 
production declining in many parts of West Africa due to increasing 
water deficit. There is the need to develop improved crops tolerant to 
drought to ensure food adequacy for the increasing population in Africa, 
especially in West Africa. Rice, which is one of important staple foods in 
West Africa, is an ideal crop to address the problem.

The responses of rice to drought-stress depend on the genotype, 
severity of the environmental stress, and the interaction between both 
factors. The combination of these three factors may either result in 
biomass reduction under moderate effects, or complete crop failure 
under severe circumstances. Because drought severity varies among rice 
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genotypes, this factor is exploited during breeding for improving vari
eties under drought-stress. The responses of rice vary according to the 
growth stage of the plant, namely seedling, vegetative and reproductive 
stages. The reproductive stage is the most sensitive to drought and can 
result in 100 % grain yield loss due to low rate of spikelet fertility/ 
number of filled grains (Shahryari et al., 2008; Centritto et al., 2009). 
There are broadly four resistance mechanisms under drought-stress: 
drought escape, (Kooyers, 2015; Shavrukov et al., 2017), drought 
avoidance (Fang and Xiong, 2015; Shavrukov et al., 2017), drought 
tolerance (Mitra, 2001), and the last mechanism being recovery from 
drought-stress, which functions by maximizing available water rather 
than the maximization of water use efficiency (Lafitte et al., 2003). It 
functions if the wilting point of the soil is not reached.

The gathering of necessary information about the genetic effects on 
agronomic and morphological traits is important in formulating effec
tive breeding strategies for the development of drought-tolerant rice 
varieties (Boubacar Gaoh et al., 2020). Insights into the nature and 
different types of gene action is also crucial for achieving the genetic 
improvement in rice for drought tolerance. Notwithstanding, despite 
several years of studies on the types of gene action controlling rice agro- 
morphological traits, no consensus has yet been reached on the type of 
gene action that controls these characteristics because the results of the 
reported studies depend largely on the trial environments and the source 
of genetic materials used in those trials. A genetic study has been con
ducted to determine the inheritance and gene action that control 
drought tolerance in five segregating generations using interspecific 
crosses involving two parents and their F1, F2 and F3 populations 
through generation mean analysis (Lamo, 2010). The results revealed 
that additive effects were more predominant than non-additive effects 
for pollen viability and seed set in the crosses (Lamo, 2010). The results 
also showed that additive effects for filled grains were predominant 
under both drought-stress and non-stress conditions than the non- 
additive effects (Lamo, 2010). On the other hand, high heritability es
timates were recorded for leaf rolling under drought-stress, implying 
that additive effects were more important (Lamo, 2010). A study on 
genetic effects of morphological and physiological traits under drought- 
stress tolerance revealed that both additive and non-additive genetic 
effects were predominant in controlling these traits (Efisue et al., 2009).

Thus, to throw more light on the inherence of rice yield and yield- 
related traits, this study aimed to contribute to the understanding of 
the genetic basis and inheritance behind the expression of tolerance of 
the rice breeding lines to drought-stress. Additionally, it sought to 
identify whether extreme phenotypes (transgressive phenotypes) can be 
produced when both parents involved in a cross have similar phenotypes 
for a given trait under non-stress and drought-stress conditions.

2. Material and methods

2.1. Plant materials

The plant materials used in this study consisted of F1 and F2 hybrid 
plants obtained from two crosses, their respective three parents involved 
in the crosses and the Backcrosses 1 and 2 (BC1 and BC2). The selected 
parental lines contrast with respect to tolerance to drought-stress. The 
first parent – APO, is drought-tolerant, while the other two parents, CRI- 
Agrarice and Jasmine 85, are drought-sensitive varieties. These geno
types also contrasted in terms of performance for some agronomic traits 
such as flowering date, tiller number, hundred-grain weight and pres
ence of aroma.

2.2. Development of F2, and backcross generations

Two F1 hybrid generations were developed using selected parents 
with contrasting drought tolerance characteristics. The crossing was 
done from January 2021 to March 2022 to develop segregating pop
ulations namely F2 and backcross generations. The F2 populations for 

each cross were developed through the selfing of F1 individuals. To 
develop the backcross populations (BC1 and BC2) for each cross com
bination, F1 individuals were crossed with their respective parent P1 
(female parent) and parent P2 (male parent). To develop the BC1 and BC2 
populations, only true F1 plants with the base of the rice plants coloured 
in pink were used as the two female parents do not have pink basal while 
the male parent has.

2.3. Crossing scheme

During the development of BC1 and BC2 populations, both parents 
(P1 and P2) plants were used as donors (pollen sources), and F1 plants as 
receivers (female plants/recurrent parents), (Fig. 1). The crossed pani
cles were harvested at maturity, sun-dried for 2 weeks, and threshed to 
collect crossed seeds. The seeds at only the mid-centre of the crossed 
panicles were collected to ensure high quality of crossed seeds and to 
reduce the probability of collecting selfed seeds (Pujar et al., 2022).

2.4. Evaluation of the six populations under drought-stress

The six populations (P1, P2, F1, BC1, BC2, and F2) for each cross were 
evaluated in a completely randomized block design (RCBD), with three 
replications at CSIR-CRI, Fumesua, Ghana, in a screenhouse between 
June and December 2022. The rainout shelter was used to keep the 
plants off rainfall. A block of RCBD consisted of three rows with 10 P1 
and 10 P2 plants per row, and one F1 plant per row; two rows with 20 
BC1 and 20 BC2 plants per row; and six rows with 20 F2 plants per row, 
thereby using all the F1 and backcross progenies. Direct sowing was 
done for the F2 and Parents, while F1 and backcross progenies were pre- 
germinated before transplanting. The direct sowing was done on 11/06/ 
2022, while transplanting of the F1, BC1 and BC2 progenies was done on 
16/06/2022. The plants were grown using 1.5-l pots filled with topsoil, 
with one plant per pot. All recommended agronomic practices were 
followed for good crop growth. Observations made were recorded on all 
three replications and respective plants. The drought-stress condition 
was imposed on 09/08/2022 at vegetative stage by withholding the 
water from the experimental pots for 5 days during which close to 80 % 
of the rice plants showed severe leaf rolling. The stressed plants were 
scored just before the pots were flooded with water. Twenty-four (24) 
hours after, the water was drained out of the pots and the drought-stress 
condition resumed for another 5 days. The stress circle continued by 
following this process throughout the vegetative and reproductive 
stages of the rice plant growth. At each stress cycle at vegetative stage, 
the leaf rolling score and leaf drying score were recorded. Well-watered 
plants were used as controls.

2.5. Morphological and physiological traits performance

Data were collected on 30 P1 plants, 30 P2 plants, 3 F1 plants, 120 F2 
plants, 40 BC1 plants and 40 BC2 plants on all 3 repetitions for each cross 
combination. Grain yield in grams, plant height (PH) in cm, number of 
effective tillers (TN), panicle length (PL) in cm, spikelet fertility score 
(SPFS), leaf rolling score, leaf drying score and recovery from drought 
were recorded on each plant per replicate at physiological maturity of 
the rice crop and days to flowering (DTF).

2.6. Transgressive segregation analysis

For the F2 populations, descriptive statistics such as the coefficient of 
variation (C.V., %), range, maximum and minimum values, variance and 
standard error for each variable were determined as a measure of the 
variability.

The transgressive segregants in the F2 populations (extreme values of 
progenies compared to their parental lines) were identified by counting 
the number of plants whose values were below that of the inferior parent 
or above that of the superior parent by a difference of 5 % (Cazzola et al., 
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2020). For traits like plant height and days to flowering, the segregants 
with values lower than those of the parents were recorded as trans
gressive. The limit was 70 cm for plant height and 75 days for the 
flowering date for all the crossing populations. The transgression index 
(TI) was calculated to assess the presence of transgressive segregants in 
the crossing generations according to Koide et al. (2019). 

Transgression Index (TI) =
R
D 

Where, R is the range of variation between F2 progenies for any trait; 
D is the difference between the average values of the parents for the 
same trait. For the sake of conformity, we took the absolute value of D =

ǀP1 − P2ǀ.

2.7. Generation mean analysis

Analysis of variance was performed following a completely ran
domized block design. 

- Test for epistasis

The four scaling tests (A, B, C, and D) according to Mather (1949)
were used for the testing of epistasis, and were as computed below: 

A = 2BP1 − P1 − F1 

B = 2BP2 − P2 − F1 

C = 4F2 − 2F1 − P1 − P2 

D = 2F2 − BC1 − BC2 

Where, P1, P2, F1, F2, BC1, and BC2 are means of different pop
ulations.

Variances for the quantities A, B, C, and D were estimated from the 
variances of different populations as below: 

VA = 4V
(
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)
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(
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)
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(
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(
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(
P1
)
+V

(
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(
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Where,
VA, VB, VC, and VD are variances of the A, B, C, and D scales, 

respectively. V(P1
)
, V(P2), V(F1

)
, V(F2

)
, V(BC1

)
and V(BC2

)
are the 

variances of P1, P2, F1, F2, BC1, and BC2 generations, respectively.
Standard errors for the scales A, B, C, and D were estimated by taking 

the square root of the four variances. The t-test was used to test for the 
presence of epistasis at the significance level of 0.05 and 0.01, with their 
corresponding degrees of freedom. For a given test, the degrees of 
freedom were calculated as the sum of the degrees of freedom of various 
generations involved in that scaling test, whereas the degrees of freedom 
for any population were calculated as the total number of observations 
minus the number of replications (Pujar et al., 2022). The t values were 
calculated as follows: 

t value of scale A =
A̅̅̅
̅̅̅̅

VA
√

t value of scale B =
B̅̅̅
̅̅̅̅

VB
√

t value of scale C =
C̅̅̅
̅̅̅̅

VC
√

t value of scale D =
D̅̅̅
̅̅̅̅

VD
√

- Six parameters model

If any of the scaling tests were significant, then the genetic effects 
were estimated by fitting the data into six-parameter models of the 
generation mean analysis according to Hayman (1958, 1960). The ge
netic parameters estimated are mean effect (m), additive gene effects 
(d), dominance gene effects (h), and three types of non-allelic gene in
teractions namely additive × additive (i), additive × dominance (j), and 
dominance × dominance (l). These genetic parameters were calculated 
according to the following parameters: 

Fig. 1. Crossing scheme between drought-tolerant APO (P2) and drought-sensitive genotypes CRI-Agrarice (P1–1) and Jasmine 85 (P1–2). APO is the male donor and 
CRI-Agrarice and Jasmine 85 are the female receivers in the development of the F1 population. To develop the backcross populations 1 and 2 (BC1 and BC2), the F1 
population was used as female, while P1 and P2 were donors. The F1 generation was selfed to develop F2 seeds.
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Mean effect (m) = F2 

Additive effects (d) = BC1 − BC2 

Dominance effects (h) = F1 − 4F2 − 0.5P1 − 0.5P2 +2BC1 +2BC2 

Additive×Additive gene interaction (i) = 2BC1 − 2BC2 − 4F2 

Additive×Dominance gene interaction (j) = BC1 − BC2 − 0.5P1 +0.5P2 

Dominance×Dominance gene interaction (l)

= P1 +P2 +2F1 +4F2 − 4BC1 − 4BC2 

Where, P1, P2, F1, F2, BC1, and BC2 are means of different pop
ulations.

The variances of the above gene interactions were estimated ac
cording to the expressions below: 
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Where,
V(P1

)
, V(P2), V(F1

)
, V(F2

)
, V(BC1

)
and V(BC2

)
are the variances of 

P1, P2, F1, F2, BC1, and BC2 populations, respectively.
The significance of the gene effects m, d, h, i, j, and l were tested 

using the t-test. Standard errors were calculated by taking the square 
root of the variance of each component. The significance of the gene 
effects was determined using the t-test as in the case of the scaling test 
above. Statistical analyses were done using the R scripts according to 
Nadarajan et al. (2016). 

- Heterosis

Heterosis over mid-parent (HMP) was estimated as the increase or 
reduction in percentage observed in the F1 population over that of the 
mid-parent according to Fonseca and Patterson (1968). The mid-parent 
residual heterosis (MRH) was also estimated in the F2 progeny following 
the formula of Rao (1980). 

HMP (%) =

(( F1 − MP
)

MP

)

×100 

MRH (%) =

(( F2 − MP
)

MP

)

×100 

- Heritability and genetic advance

Broad-sense heritability (h2
bs), narrow-sense heritability (h2

ns), and 
genetic advance (GA) were estimated according to Warner (1952). The 
genetic advance as a percentage of the mean (GAM) was calculated 
according to Johnson et al. (1955). The calculations were done using the 
following formulas: 

h2
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⎛
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⎜
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3
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V(P1
)
, V(P2), V(F1
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, V(F2
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, V(BC1

)
and V(BC2

)
are the variances of 

P1, P2, F1, F2, BC1, and BC2 populations, respectively. K is the selection 
differential, and K is 2.06 at a 5 % selection intensity.

Broad-sense heritability (h2
bs) and narrow-sense heritability (h2

ns) es
timates were classified as: Low (0–30 %), moderate (30–60 %) and High 
(above 60 %), while the genetic advance as percent of mean (GAM) was 
classified as: Low (less than 10 %), moderate (10–20 %), high (more 
than 20 %) according to Johnson et al. (1955). 

- Degree of dominance

The degree of dominance (DD), which is calculated as the square root 
of the ratio of dominance variance (Vh) to additive variance (Vd), was 
estimated following Robinson et al. (1949). The calculation was done 
using the following formula: 

Degree of dominance (DD) =
̅̅̅̅̅̅
Vh
Vd

√

2.8. Statistical analysis

Analysis of variance (ANOVA) for each trait was done by using the 
GLM procedure of the Statistical Analysis System (SAS) version 9.4. A 
trait with a skewness from − 2 to +2, and kurtosis from − 7 to +7 is 
normally distributed. Descriptive statistics and paired samples t-test 
between traits performance under drought and non-stress conditions 
were performed with the SPSS software package, version 25. Graphics 
were made using Microsoft Excel. R software codes were used to run the 
generation mean analyses (Additional file 1_S1). Pearson correlation 
(SAS software) was used to understand variations and relationships 
among various traits and treatments.

3. Results

The phenotype performance of the various populations screened 
under drought and drought is presented in on Fig. 2.

3.1. Mean comparison of rice parents used to develop the six generations 
under non-stress and drought-stress conditions

Under non-stress conditions, there was no significant difference be
tween the two parental varieties, namely CRI-Agrarice (Agra) and Apo, 
for tiller number, panicle number, panicle length (cm), DTF and grain 
yield per plant (g) based on t-test0.05, whereas plant height (cm) showed 
a significant difference in the mean performance of Agra and Apo 
(Table 1). There was also no significant difference between the two 
parental varieties, namely Jasmine 85 (J.85) and Apo, for tiller number, 
panicle length (cm) and grain yield per plant (g) based on t-test0.05, 
whereas panicle number, plant height (cm) and DTF, showed a signifi
cant difference in the mean performance of J.85 and Apo under non- 
stress conditions (Table 1).

Under drought-stress, there was no significant difference between 
the two parental varieties, namely Agra and Apo, for tiller number, 
panicle number, panicle length (cm), SPFS, LRS, LDS and grain yield per 
plant (g) based on t-test0.05, but significant differences were observed in 
these two parents for DRR, plant height (cm) and DTF (Table 1). There 
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was no significant difference between the two parental varieties, namely 
J.85 and Apo, for tiller number, panicle number, plant height (cm), 
panicle length (cm), LDS and grain yield per plant (g) based on t-test0.05, 
whereas significant differences were observed in the mean performance 
of Agra and Apo under drought-stress for SPFS, LRS, DRR, and DTF 
(Table 1).

3.2. Mean performance of the parents and their progenies under drought- 
stress

Under non-stress conditions, ANOVA across the six populations 
(recipient parent (P1), donor parent (P2) and their respective progenies 
(F1, F2, BC1 and BC2) revealed significant differences for tiller number, 
panicle number, plant height and DTF at 1 % in Agra/Apo cross, whereas 
in J.85/Apo cross in addition to these traits, grain yield per plant showed 
significance at 5 %. Only panicle length did not show significant dif
ferences among the six populations of both crosses under non-stress 

Fig. 2. Phenotypic performances of some of the progenies F1, F2, BC1, BC2, and the parents (P1 and P2) developed from the crosses between Agra/Apo and J.85/Apo 
under drought-stress and non-stress conditions under the screenhouse screening in 2022 at Fumesua-Kumasi, CSIR-Crops Research Institute. Overview of the stressed 
plants one hour after rewatering (A); Cross Agra/APO (F2) one hour after rewatering (B); Cross Agra/Apo/Agra (BC2) one hour after rewatering (C); Cross J.85/APO 
(F2) five days of continuous drought-stress (D); Cross J.85/APO (F2) one hour after rewatering (E); Parent Agra (P1–1) under non-stress condition (F). These pictures 
were taken during active vegetative tillering stage of the rice growing cycle and were showing the differences in the leaves rolling before and after rewatering, as well 
as the recovering ability of the lines.

Table 1 
Differences in the mean performance of parents involved in Agra/Apo and J.85/Apo crosses evaluated under non-stress and drought-stress conditions at both 
vegetative and reproductive stages at CSIR-Crops Research Institute, Fumesua, Ghana in 2022.

Experimental Conditions Drought-stress conditions Non-stress conditions

Cross AGRA/APO J.85/APO AGRA/APO J.85/APO

Parents CRI-Agrarice APO p-value Jasmine 85 APO p-value CRI-Agrarice APO p-value Jasmine 85 APO p-value
TN 4.17 4.70 0.19 4.43 4.70 0.52 8.21 8.93 0.25 7.73 8.93 0.08
PN 2.69 3.17 0.31 2.93 3.17 0.62 6.93 8.07 0.07 6.40 8.07 0.01*
PH 75.48 85.67 0.00** 86.10 85.67 0.88 92.21 100.64 0.00** 95.13 100.64 0.01**
PL 18.21 20.10 0.14 20.30 20.10 0.88 22.31 23.18 0.75 23.60 23.18 0.43
DTF 94.77 90.43 0.00** 93.93 90.43 0.00** 92.60 91.46 0.07 93.13 91.46 0.01**
GYP 9.00 8.44 0.70 9.32 8.44 0.44 14.29 15.71 0.30 14.66 15.71 0.48
LRS 4.73 4.86 0.89 0.83 4.86 0.00** – – – – – –
LDS 2.90 2.97 0.77 3.47 2.97 0.09 – – – – – –
DRR 4.00 4.93 0.01* 3.37 4.93 0.00** – – – – – –
SFPS 7.07 6.00 0.06 2.87 6.00 0.00** – – – – – –

** Significant at 1 % based on two-tails t-test.
* Significant at 5 % based on two-tails t-test; LRS-Leaf rolling score; LDS-Leaf drying score; DRR-Recovery from drought; SPFS-Spikelet fertility score; TN-Tiller 

number; PN-Panicle number; PH-Plant height; PL-Panicle length; DTF-Days to flowering; GYP- Grain yield per plant.
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conditions (Additional file 1_S2). Under drought-stress, ANOVA showed 
significant differences in all the traits (LRS, LDS, DRR, SPFS, tiller 
number, plant height, DTF and grain yield per plant) except panicle 
number and panicle length in Agra/Apo cross, whereas in J.85/Apo 
cross, ANOVA showed significant differences in all the traits (LRS, LDS, 
DRR, SPFS, tiller number, plant height and DTF), except panicle number, 
panicle length and grain yield per plant (Additional file 1_S3).

Overall, the mean performance of the six populations has decreased 
significantly under drought-stress compared to the non-stress conditions 
for both crosses Agra/Apo and J.85/Apo for all the studied traits. The 
paired t-test conducted in Agra/Apo cross revealed significant differ
ences in the mean performance among the lines of the six populations 
between non-stress and drought-stress conditions for tiller number (p- 
value = 0.004), panicle number (p-value = 0.012), plant height (p-value 
= 0.001), panicle length (p-value = 0.043) and grain yield (p-value =
0.035), whereas days to flowering showed no significance (p-value =
0.954). In J.85/Apo cross, the paired t-test revealed significant differ
ences in tiller number (p-value = 0.013), plant height (p-value = 0.035), 
whereas no significant differences were shown for panicle number (p- 
value = 0.098), panicle length (p-value = 0.297), days to flowering (p- 
value = 0.798) and grain yield (p-value = 0.159) (Tables 2 and 3). The 
highest reduction in tiller number (57.14 %) was observed on the F1 
populations of the Agra/Apo cross (F1-Agra/Apo), and 53.13 % in the 
BC1 of the J.85/Apo cross (BC1-J.85/Apo/J.85), while the lowest 
reduction of 30.76 % for Agra/Apo cross was observed in the BC2 (BC2- 
Agra/Apo/Apo) cross and 27.27 % in the F1 of the J.85/Apo (F1-J.85/ 
Apo) cross. The highest reduction in panicle number of 61.19 % was 
observed on the P1 of the cross Agra/Apo (P1-Agra), and 60.77 % in the 
P2 of the cross J.85/Apo (P2-Apo), while the lowest reduction of 11.43 
% for Agra/Apo cross was observed in the BC1 cross (BC1-Agra/Apo/ 
Agra) and 0.00 % in the F1 from the J.85/Apo cross (F1-J.85/Apo). The 
backcross 1, BC1-J.85/Apo/J.85 recorded a 52.00 % increase for panicle 
number. The highest reduction in plant height of 25.97 % was observed 
in the F2 of the Agra/Apo cross (F2-Agra/Apo), and 26.42 % in the BC2 
of the J.85/Apo cross (BC2-J.85/Apo/Apo), while the lowest reduction 
of 10.45 % for the Agra/Apo cross was observed in the F1 cross (F1-Agra) 
and 2.71 % in the BC1 of the cross J.85/Apo (BC1-J.85/Apo/J.85). The 
highest reduction in panicle length of 24.71 % was observed on the BC2 
of the Agra/Apo cross (BC2-Agra/Apo/Apo), and 20.36 % in the BC2 of 
the J.85/Apo cross (BC2-J.85/Apo/Apo), while the lowest reduction of 
11.32 % for Agra/Apo cross was observed in the P2 (P2-Apo) and 2.82 % 
in the F1 of the cross J.85/Apo (F1-J.85/Apo). The F1 progenies, F1- 
Agra/Apo recorded an increase of 14.67 % for panicle length, whereas 
the backcross 1, BC1-J.85/Apo/J.85 recorded an increase of 17.54 %. 
The reductions of 1.13 % and 4.64 % were observed on the donor parent 
Apo and BC1 of the Agra/Apo cross (BC1-Agra/Apo/Agra), respectively 
for days to flowering (DTF), while the increase of 2.29 %, 1.77 %, 2.09 % 
and 0.69 % were observed in P1 and for Agra/Apo cross; F1-Agra/Apo, 
F2-Agra/Apo and BC2-Agra/Apo/Apo, respectively. A reduction of 6.94 
% was observed on the BC1 of the cross Agra/Apo (BC1-Agra/Apo/Agra) 

for DTF, while the increase of 0.85 %, 3.47 %, 0.54 % and 0.57 % for 
Agra/Apo cross were observed in the Agra, F1-Agra/Apo, F2-Agra/Apo 
and BC2-Agra/Apo/Apo, respectively. The highest reduction of 46.29 % 
in grain yield in gram per plant was observed in Apo and its crosses with 
P1 parents (Agra/Apo) and J.85/Apo (P2-Apo), while the lowest 
reduction of 10.74 % for Agra/Apo cross was observed in the F2 (F2- 
Agra/Apo) and 29.07 % in the F2 of the cross J.85/Apo (F2-J.85/Apo). 
The BC1 progenies, BC1-Agra/Apo/Agra recorded an increase of 5.74 %, 
whereas the backcross 1, BC1-J.85/Apo/J.85 recorded an increase of 
42.71 % for grain yield in grams per plant.

3.3. Transgressive segregation analysis

All the agro-morphological traits studied in the F2 populations 
generated from the Agra/Apo and J.85/Apo crosses showed normal 
distributions based on the skewness and kurtosis data, which respec
tively ranged from − 2 to +2 and − 7 to +7 under both non-stress and 
drought-stress conditions. Descriptive statistics showing the variations 
among the F2 lines derived from the Agra/Apo and J.85/Apo crosses for 
all the traits under non-stress and drought-stress conditions are pre
sented in Additional file 1_S4 and S5, respectively. Under non-stress 
conditions, the F2 plants from the Agra/Apo cross ranged from 2 to 14 
for tiller number, 1 to 12 for panicle number, 69 to 145 cm for plant 
height, 0 to 51 cm for panicle length, 87 to 96 days for DTF and 1 to 30 g 
for grain yield per plant. The transgressive index (TI) of the Agra/Apo 
population was high for tiller number (11.28), panicle number (9.86), 
plant height (67.91), panicle length (50.64) and grain yield per plant 
(20.30), while moderate for DTF (7.86), indicating that tiller number, 
panicle number, plant height, panicle length and grain yield per plant of 
many lines of the Agra/Apo F2 progenies exceeded those of the range 
between their parents showing the presence of transgressive pheno
types. Days to flowering (DTF) recorded zero extreme phenotypes, while 
the lowest plant height was equivalent to that of an extremely short line 
(Fig. 3). Under non-stress conditions, the F2 lines from the J.85/Apo 
cross ranged from 2 to 14 for tiller number, 1 to 14 for panicle number, 
73 to 134 cm for plant height, 11 to 40 cm for panicle length, 87 to 94 
days for DTF and 5 to 30 g for grain yield per plant. The transgressive 
index (TI) of the J.85/Apo population was high for tiller number 
(10.04), plant height (11.81), panicle length (31.07) and grain yield per 
plant (23.60), while moderate for panicle number (7.78) and DTF 
(4.19), indicating that tiller number, panicle number, plant height, 
panicle length and grain yield per plant of several lines of the J.85/Apo 
F2 population exceeded those of the range between their parents, 
showing then the presence of transgressive phenotypes. Days to flow
ering (DTF) recorded zero transgressive phenotypes, while the lowest 
plant height was equivalent to that of an extremely short line (Fig. 4). 
Descriptive statistics showing the variation among the F2 lines derived 
from the Agra/Apo and J.85/Apo crosses for all the traits under drought- 
stress is presented in Additional file 1_S4 and S5, respectively. Under 
drought-stress, the F2 plants from the Agra/Apo cross ranged from 0 to 9 

Table 2 
Mean performance of the lines of six populations of Agra/Apo cross-evaluated under non-stress and drought-stress at both vegetative and reproductive stages at CSIR- 
Crops Research Institute, Fumesua, Ghana in 2022.

Generation ID TN PN PH PL DTF GYP

NS DS NS DS NS DS NS DS NS DS NS DS

P1-Agra 8.21 4.17 6.93 2.69 92.21 75.48 22.31 18.21 92.60 94.77 14.29 9.00
P2-Apo 8.93 4.70 8.07 3.17 100.30 85.67 22.67 20.10 91.46 90.43 15.71 8.44
F1-Agra/Apo 7.00 3.00 6.00 2.67 89.33 80.00 21.33 25.00 92.67 94.33 10.00 6.67
F2-Agra/Apo 7.73 4.28 6.35 2.86 110.08 81.49 23.01 19.22 91.68 93.64 12.20 10.89
BC1-Agra/Apo/Agra 5.16 3.21 2.84 2.52 99.61 77.86 24.22 18.86 102.16 97.42 8.73 9.26
BC2-Agra/Apo/Apo 4.90 3.39 4.10 2.39 103.15 77.21 23.10 17.39 93.90 94.56 10.63 8.40
t-test 0.004 0.012 0.001 0.043 0.954 0.035

LRS-Leaf rolling score; LDS-Leaf drying score; DRR-Recovery from drought; SPFS-Spikelet fertility score; TN-Tiller number; PN-Panicle number; PH-Plant height; PL- 
Panicle length; DTF-Days to flowering; GYP- Grain yield per plant; NS-Non-stress; DS-Drought-stress. The two-tails t-test was conducted for each trait across the six 
population to check if there is significance in mean performance for each trait between non-stress and drought-stress.
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for LRS, 0 to 7 for LDS, 1 to 7 for DRR, 1 to 9 for SPFS, 2 to 8 for tiller 
number, 0 to 7 for panicle number, 54 to 110 cm for plant height, 4 to 34 
cm for panicle length, 86 to 101 days for DTF and 1 to 25 g for grain 
yield per plant.

The transgressive index (TI) of the Agra/Apo progenies was high for 
LRS (69.91), LDS (105.00), tiller number (11.37), panicle number 
(14.67), panicle length (15.85) and grain yield per plant (42.86), while 
moderate for DRR (6.43), SFPS (7.50), plant height (5.50) and DTF 
(3.46), indicating that LRS, LDS, DRR, SPFS, tiller number, panicle 
number, plant height, panicle length and grain yield per plant of many 
lines of the Agra/Apo F2 progenies exceeded those of the range between 
their parents, showing the presence of transgressive phenotypes. Days to 
flowering (DTF) recorded zero favorable extreme phenotypes, and 5 
unfavorable, while the lowest plant height was equivalent to that of an 
extremely short line (Figs. 5 and 6). Under drought-stress, the F2 lines 
from the J.85/Apo cross ranged from 0 to 9 for LRS, 0 to 9 for LDS, 0 to 7 
for DRR, 1 to 9 for SPFS, 2 to 7 for tiller number, 0 to 7 for panicle 
number, 54 to 104 cm for plant height, 8 to 33 cm for panicle length, 84 
to 97 days for DTF and 1 to 50 g for grain yield per plant. The trans
gressive index (TI) of the Agra/Apo progenies was high for LDS (18.00), 
tiller number (18.75), panicle number (30.00), plant height (124.62), 
panicle length (125.00) and grain yield per plant (55.59), while low to 
moderate for LRS (2.23), DRR (4.47), SFPS (2.55) and DTF (3.71), 
indicating that LRS, LDS, DRR, SPFS, tiller number, panicle number, 
plant height, panicle length and grain yield per plant for several lines of 
the J.85/Apo F2 progenies exceeded those of the range between their 
parents by exhibiting the presence of transgressive phenotypes. Days to 
flowering (DTF) recorded one favorable extreme phenotype which was 
equivalent to that of an extreme early-flowering line in F2 population of 
J.85/Apo, while five transgressive late-flowering phenotypes were 
observed in F2 progenies of Agra/Apo (Figs. 7 and 8). Under non-stress 
conditions, despite the absence of significant differences in the two 
parental varieties, namely Agra and Apo, for tiller number, panicle 
number, panicle length and grain yield per plant, and in respect of J.85 
and Apo, for tiller number, panicle length and grain yield per plant, it 
was observed that transgressive phenotypes were however generated for 
these traits. On the other hand, no transgressive segregants were 
observed for DTF both in the F2 progenies for Agra/Apo and J.85/Apo 
crosses, despite the significant differences observed between J.85 and 
Apo, but no differences between Agra and Apo under non-stress condi
tions. Under drought-stress, at least one transgressive phenotype was 
produced for each trait whether there were significant differences 
among the parental lines involved in the development of the F2 pop
ulations or not.

3.4. Generation means analysis

3.4.1. Test for epistasis
Under non-stress conditions, the scaling tests A and D out of the four 

(A, B, C, and D) for DTF trait were significant for both crosses – Agra/ 

Apo (Scale A: t-cal = 7.52 > t-tab0.05 = 2.01; Scale D: t-cal = ǀ-3.13ǀ > t- 
tab0.05 = 1.96) and J.85/Apo (Scale A: t-cal = 5.06 > t-tab0.05 = 2.01; 
Scale D: t-cal = ǀ-3.69ǀ > t-tab0.05 = 1.96), indicating the presence of 
epistasis or gene interactions, in particular additive × additive type of 
gene effects as per the significance of scale D for the days to flowering 
trait. The remaining traits, namely tiller number, panicle number, plant 
height, panicle length and grain yield per plant showed no significance 
for all four scaling tests (A, B, C and D) for both crosses Agra/Apo and 
J.85/Apo, indicating that variations observed for these traits can be 
explained by simple additive and dominant model (Tables 4 and 5). 
Under drought-stress, all four scaling tests were non-significant for all 
the traits (LRS, LDS, DRR, SFPS, tiller number, panicle number, plant 
height, panicle length, DTF and grain yield per plant) in both Apo/Agra 
and J.85/Apo crosses, indicating that the appropriate model to explain 
the variations observed for these traits are the simple additive and 
dominant model (Tables 4 and 5).

3.4.2. Genetic effects
The partitioning of the generation means into six different genetic 

components, namely direct genetic effects, mean effect (m), additive (d) 
and dominant (h), and the interaction effects – additive × additive (i), 
additive × dominant (j), and dominant × dominant (l), showed that the 
mean effect was significant at 1 % for the studied traits (LRS, LDS, DRR, 
SFPS, tiller number, panicle number, plant height, panicle length, DTF 
and grain yield per plant) in both Apo/Agra and J.85/Apo crosses under 
both non-stress and drought-stress conditions, except for the mean effect 
of LRS and grain yield per plant in J.85/Apo cross under drought-stress. 
In Agra/Apo cross under non-stress conditions, despite the absence of 
significance for all the four scaling tests indicating the absence of epis
tasis, among gene interaction effects, additive × additive effects showed 
significance at 1 % for tiller number, panicle number, plant height, 
panicle length and grain yield per plant. In DTF where the scaling tests A 
and D were significant for Agra/Apo cross, all the six genetic effects were 
significant at 1 %. However, the magnitude of the dominance effect was 
68.27 % greater than that of the additive effect, while the magnitude of 
the additive × additive was 86.26 % greater than that of the dominant ×
dominant gene interaction.

In J.85/Apo cross under non-stress conditions, despite the absence of 
significance of all four scaling tests, indicating the absence of epistasis, 
among gene interaction effects, additive × additive effects showed sig
nificance at 1 % for tiller number, plant height and panicle length. In the 
view of panicle number where all the scaling tests were non-significant 
too for J.85/Apo cross, the dominance effect and additive × additive 
gene interaction effect were significant. However, the magnitude of the 
additive × additive effect was 36.95 % greater than that of the dominant 
genetic effect. In DTF where the scaling tests A and D were significant for 
J.85/Apo cross, all the six genetic effects were significant at 1 %. 
However, the magnitude of the dominant genetic effect was 57.38 % 
greater than that for the additive effect, while the magnitude of the 
additive × additive was 88.11 % greater than that for the dominant ×

Table 3 
Mean performance of the lines of six populations of J.85/Apo cross-evaluated under non-stress and drought-stress at both vegetative and reproductive stages at CSIR- 
Crops Research Institute, Fumesua, Ghana in 2022.

Generation ID TN PN PH PL DTF GYP

NS DS NS DS NS DS NS DS NS DS NS DS

P1-J.85 7.73 4.43 6.40 2.93 95.13 86.10 23.60 20.30 93.13 93.93 14.66 9.32
P2-Apo 8.93 4.70 8.07 3.17 100.30 85.67 22.67 20.10 91.46 90.43 15.71 8.44
F1-J.85/Apo 3.67 2.67 2.33 2.33 88.33 82.33 23.67 23.00 92.67 96.00 10.00 6.67
F2-J.85/Apo 7.89 4.04 7.03 2.87 106.73 82.22 23.94 20.56 91.39 91.88 15.44 10.95
BC1-J.85/Apo/J.85 5.33 2.50 1.00 2.08 73.83 71.83 14.50 17.58 102.00 94.92 6.25 10.91
BC2-J.85/Apo/Apo 6.04 3.84 4.46 2.00 101.04 74.34 22.19 17.67 92.15 92.68 8.65
t-test 0.013 0.098 0.035 0.297 0.798 0.159

LRS-Leaf rolling score; LDS-Leaf drying score; DRR-Recovery from drought; SPFS-Spikelet fertility score; TN-Tiller number; PN-Panicle number; PH-Plant height; PL- 
Panicle length; DTF-Days to flowering; GYP- Grain yield per plant; NS-Non-stress; DS-Drought-stress. The two-tails t-test was conducted for each trait across the six 
population to check if there is significance in mean performance for each trait between non-stress and drought-stress.
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Fig. 3. Histogram showing the transgressive analysis in the F2 population of Agra/Apo cross evaluated under non-stress conditions in 2022 for tiller number (A), 
panicle number (B), plant height (C), panicle length (D), days to flowering (E) and grain yield per plant (F) at CSIR-Crops Research Institute, Fumesua-Kumasi, 
Ghana. Histograms were conducted using 120 F2 individual plants.
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Fig. 4. Histogram for transgressive analysis in the F2 population of J.85/Apo cross-evaluated under non-stress conditions in 2022 for tiller number (A), panicle 
number (B), plant height (C), panicle length (D), days to flowering (E) and grain yield per plant (F) at CSIR-Crops Research Institute, Fumesua-Kumasi, Ghana. 
Histograms were conducted using 120 F2 individual plants.
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dominant gene interaction. In Agra/Apo cross under drought-stress, 
despite the absence of significance of all four scaling tests, indicating 
the absence of epistasis, the additive × additive gene interaction showed 
significance at 5 % for all the studied traits (LDS, DRR, SFPS, tiller 
number, panicle number, plant height, panicle length, DTF and grain 
yield), except for LRS (Table 6). In J.85/Apo cross under drought-stress, 
even though all four scaling tests showed non-significance which in
dicates that epistasis is absent, the additive × additive gene interaction 
was found to be significant for all the studied traits (DRR, SFPS, tiller 
number, panicle number, plant height, panicle length and DTF), except 
for LRS, LDS and grain yield per plant. Nonetheless, the magnitude of the 
additive × additive gene interaction was preponderant for these traits, 
namely LRD, LDS and grain yield per plant as compared to the other 
genetic effects (Table 7). From the analysis of the direct genetic effects 
and inter-allelic interaction effects above, it was revealed that the ad
ditive × additive type of gene interaction was predominant in the two 
crosses Agra/Apo and J.85/Apo across both non-stress and drought- 
stress conditions of this study.

3.4.3. Heterosis and degree of dominance
Under non-stress conditions, in Agra/Apo cross, negative heterosis 

over mid-parent (HMP) was recorded for all the traits except for DTF 
which recorded a positive HMP with a relatively low magnitude 
compared to the other traits. The highest magnitude of HMP was 
recorded in grain yield per plant (− 33.33), and the lowest in DTF (0.69). 
Negative mid-parent residual heterosis (MRH) was recorded for all the 
traits except for plant height (14.37) and panicle length (2.31) which 
recorded a positive MRH with a high magnitude for plant height and low 
for panicle length compared to most of the other traits. The highest 
magnitude of MRH was recorded in grain yield per plant (− 18.65), and 
the lowest was in DTF (− 0.38). The highest degree of dominance among 
the traits was observed in DTF (4.84), while the lowest value of 3.88 was 
in plant height (Table 8). In J.85/Apo cross under non-stress conditions, 
negative heterosis over mid-parent (HMP) was recorded for all the traits 
except for the panicle length and DTF which recorded a positive HMP 
with a relatively low magnitude compared to the other traits. The 
highest magnitude of HMP was recorded in panicle number (− 67.75), 

Fig. 5. Histogram for transgressive analysis in the F2 population of Agra/Apo cross-evaluated under drought-stress in 2022 for leaf rolling score (A), leaf drying score 
(B), recovery from drought (C) and spikelet fertility score (E) at CSIR-Crops Research Institute, Fumesua-Kumasi, Ghana. Histograms were conducted using 120 F2 
individual plants.
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Fig. 6. Histogram for transgressive analysis in the F2 population of Agra/Apo cross-evaluated under drought-stress conditions in 2022 for tiller number (A), panicle 
number (B), plant height (C), panicle length (D), days to flowering (E) and grain yield per plant (F) at CSIR-Crops Research Institute, Fumesua-Kumasi, Ghana. 
Histograms were conducted using 120 F2 individual plants.
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whereas the lowest was in DTF (0.40). Negative mid-parent residual 
heterosis (MRH) was recorded for tiller number, panicle number and 
DTF, while positive MRH was recorded for plant height, panicle length 
and grain yield. The highest magnitude of MRH was recorded in plant 
height (9.22), and the lowest was in DTF (− 0.98). The highest degree of 
dominance among the traits was observed in tiller number (4.68) while 
the lowest value of 2.93 was in plant length (Table 9). Under drought- 
stress, in Agra/Apo cross, negative heterosis over mid-parent (HMP) 
was recorded for all the traits, except for panicle length (30.52) and DTF 
(1.87). The highest magnitude of HMP was recorded in SPFS (− 84.69), 
and the lowest in plant height (− 0.71). Negative mid-parent residual 
heterosis (MRH) was recorded for DRR, SPFS, tiller number and panicle 
number, while positive MRH was observed for LRS, LDS, plant height, 
panicle length, DTF and grain yield per plant. The highest magnitude of 
MRH was recorded in LRS (42.22), and the lowest was in panicle length 
(0.37). The highest degree of dominance among the traits was observed 
in tiller number (5.29), while the lowest value of 3.15 was in LRS 

(Table 8). In J.85/Apo cross under drought-stress, negative heterosis 
over mid-parent (HMP) was recorded for all the traits except for panicle 
length (13.86) and DTF (4.14). The highest magnitude of HMP was 
recorded in LRS (− 100), and the lowest in plant height (− 4.13). Nega
tive mid-parent residual heterosis (MRH) was recorded for DRR, SPFS, 
tiller number, panicle number, plant height and DTF, while positive 
MRH was observed for LRS, LDS, panicle length and grain yield per 
plant. The highest magnitude of MRH was recorded on LRS (90.21), 
whereas the lowest was in DTF (− 0.33). The highest degree of domi
nance among the traits was observed on panicle number (5.17), while 
the lowest value of 3.00 was on panicle length (Table 9).

3.4.4. Heritability and genetic advance
Under non-stress conditions, in Agra/Apo cross, a high broad-sense 

heritability was observed for plant height (73.58 %) and panicle 
length (65.03 %), while the other traits recorded low broad-sense her
itability. Moreover, high narrow-sense heritability was observed among 

Fig. 7. Histogram for transgressive analysis in the F2 population of J.85/Apo cross evaluated under drought-stress in 2022 for leaf rolling score (A), leaf drying score 
(B), recovery from drought (C) and spikelet fertility score (D) at CSIR-Crops Research Institute, Fumesua-Kumasi, Ghana. Histograms were conducted using 120 F2 
individual plants.
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Fig. 8. Histogram for transgressive analysis in the F2 population of J.85/Apo cross-evaluated under drought-stress conditions in 2022 for tiller number (A), panicle 
number (B), plant height (C), panicle length (D), days to flowering (E) and grain yield per plant (F) at CSIR-Crops Research Institute, Fumesua-Kumasi, Ghana. 
Histograms were conducted using 120 F2 individual plants.
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the traits with a magnitude ranging from 62.51 % for tiller number to 
94.04 % for panicle number, whereas plant height recorded a moderate 
narrow-sense heritability of 50.35 %. High genetic advance over a mean 
(GAM) in % was noted for tiller number (30.56 %), panicle number 
(30.75 %) and panicle length (50.44 %), whereas the magnitude ranged 
from 2.49 % for DTF to 50.44 % for panicle length (Table 8). In J.85/Apo 
cross under non-stress conditions, a moderate broad-sense heritability 
was observed for plant height (41.45 %) and panicle number (30.71 %), 
while the other traits recorded low broad-sense heritability. High ge
netic advance over a mean (GAM) in % was noted for tiller number 
(56.84 %), panicle number (64.57 %) and panicle length (33.38 %), 
whereas the magnitude ranged from 0.64 % for plant height to 64.57 % 
for panicle number (Table 9).

Under drought-stress, in Agra/Apo cross, a moderate broad-sense 
heritability was observed for SPFS (49.30 %) and DTF (33.95 %), 
while the other traits recorded low broad-sense heritability. Moreover, 
high narrow-sense heritability was observed for panicle number (90.27 
%), plant height (63.91 %) and panicle length (59.91 %), whereas LDS 
recorded a low narrow-sense heritability of 1.57 % (Table 8). High GAM 
(%) was noted for LRS (40.32 %), SPFS (89.56 %), tiller number (25.67 
%), panicle number (69.46 %), panicle length (46.90 %) and grain yield 
per plant (59.55 %), whereas low to moderate magnitudes were 
observed for DTF (4.43 %) and 14.27 % for DRR (Table 8). Under 
drought-stress, in J.85/Apo cross, a high broad-sense heritability was 
observed for LRS (67.50 %) and grain yield per plant (62.62 %), while 
the other traits recorded low to moderate broad-sense heritability with 
the lowest broad-sense heritability of 5.50 % on panicle length. More
over, high narrow-sense heritability was observed for tiller number 
(94.74 %), DTF (69.87 %) and grain yield per plant (87.35 %), whereas 
the other traits recorded a moderate narrow-sense heritability, with the 
lowest value of 18.16 % for SFPS. High GAM (%) was noted for all the 
traits except for plant height which recorded a moderate value of 16.31 
% and a DTF low value of 3.24 % (Table 9).

3.4.5. Correlations among grain yield and yield-related traits across 
segregating populations

Pearson’s correlation analysis was done to assess the relatedness of 
grain yield with yield-related traits across the three segregating pop
ulations in each cross – F2, BC1 and BC2, and water regime. Pearson’s 
correlation analysis revealed significant positive correlations for grain 
yield per plant with most of the other traits studied in this evaluation 
among all crosses under non-stress and drought-stress. Under non-stress 
conditions in Agra/Apo cross, grain yield per plant recorded a signifi
cant positive association with tiller number, panicle number, plant 
height, and non-significant positive correlation with panicle length, but 
non-significant negative relation with DTF. Under non-stress conditions 
in J.85/Apo cross, grain yield per plant recorded a significant positive 
association with panicle number and plant height, while non-significant 
positive correlation with tiller number and panicle length, but signifi
cant negative relation with DTF (Additional file 1_S6). Under drought- 
stress in Agra/Apo cross, grain yield per plant recorded a significant 
positive association with tiller number, panicle number, while non- 
significant positive correlation with panicle length and plant height, 
but a non-significant negative relation with DTF and SPFS. The rela
tionship of grain yield per plant with the other traits were non- 
significant but positive (Additional file 1_S7). Under drought-stress in 
J.85/Apo cross, grain yield per plant recorded a significant positive 
association with panicle number, while non-significant positive corre
lation with panicle length, plant height and LRS, but non-significant 
negative relation with DTF, tiller number and SPFS. The relationship 
of grain yield per plant with the other traits were non-significant but 
negative values (Additional file 1_S7).

4. Discussions

This study appraised the genetic basis and inheritance behind the Ta
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expression of tolerance of the rice breeding lines to drought-stress and 
demonstrated that transgressive phenotypes can be produced when both 
parents in a cross have similar phenotypes, and determined the right 
breeding strategies to adopt in developing drought-tolerant vareities 
using this current breeding populations.

Most of the traits in this study combined moderate to high herita
bility and genetic advance as percentage of the mean, indicative of 
possible effective selection in early generation for these traits (Asante 
et al., 2019). Grain yield per plant has combined high broad-sense and 
narrow-sense heritability with high genetic advance as percentage of 
mean in J.85/Apo cross under drought-stress, indicating that direct se
lection for grain yield in this population will be rewarding. Such high 
heritability (>60 %) for grain yield and its related traits were also re
ported by several authors (Vikram et al., 2011; Swamy et al., 2017; Solis 
et al., 2018; Venkateshwarlu et al., 2022;). The relatively identical 
narrow-sense heritability estimates for panicle number, plant height and 
panicle length and their positive association with grain yield under 
drought-stress and non-stress conditions imply that selection for these 
traits as indirect contributors for grain yield under drought-stress in rice 
lines might be rewarding with the same precision as that under non- 
stress conditions (Kumar et al., 2008), provided that the appraisals are 
well conducted. Overall, the mean performance of the six populations 
decreased significantly under drought-stress compared to the non-stress 
conditions for both Agra/Apo and J.85/Apo crosses for all the studied 
traits, indicating the effectiveness of the imposed stress conditions. Se
vere decrease in grain yield of rice under drought-stress has been re
ported by Maisura et al. (2014) and Torres and Henry (2018), while 
Singh et al. (2010) observed a reduction in many phenological traits 
including grain yield under drought-stress in six generations of six 
crosses of rice under non-stress and drought-stress conditions.

Unlike heterosis, transgressive segregation is the formation of 
transgressive phenotypes (extreme phenotypes) in a segregating popu
lation (F2, BC, RILs) towards a negative or positive direction outside the 
range of the two parental lines, and the heritability of these extreme 
phenotypes are stable (Nirubana et al., 2021). It provides an opportunity 
for the development of new hybrid species, that are more fit when 
compared to their ancestors. It is helpful to create varieties that are more 
adaptable and resilient in stress environments than their counterpart 
parents, therefore useful in robust hybrids production (Nirubana et al., 
2021). In the view to check whether extreme phenotypes can be pro
duced when both parents in a cross have similar phenotypes, it is 
observed in this current study that under non-stress conditions, despite 

the absence of significant differences in the two parental varieties, 
namely Agra and Apo for tiller number, panicle number, panicle length, 
DTF and grain yield per plant, whereas J.85 and Apo for tiller number, 
panicle length and grain yield per plant, transgressive phenotypes were, 
however, formed for these traits. Under drought-stress, at least one 
transgressive phenotype was produced for each trait whether there is a 
significant difference or not among the parental lines involved in the 
development of the F2 populations. While the progenies from parents 
with the proximal phenotypes are expected to exhibit a very narrow 
phenotypic variation (Kim and Rieseberg, 1999; Mansur et al., 1993), 
the presence of transgressive phenotypes in the F2 progenies in this 
current study despite the similarity of the two parents for most traits, can 
be explained by various reasons among which a high mutation rate in 
hybrids, low developmental stability, epistasis, overdominance, the 
expression of unexpressed rare recessive heterozygous alleles in the 
parents genome, variation in chromosome number or complementary 
action of dispersed additive alleles between the parental lines. Based on 
a genome-wide SNP analysis, Koide et al. (2019) deciphered that the 
transgressive phenotypes for DTF were formed through the exchange of 
complementary alleles of a few minor QTL in a cross of two identical 
parental phenotypes. No transgressive phenotypes were observed for 
DTF in both F2 progenies for Agra/Apo with a transgressive index (TI) of 
7.86 and no significance between Agra and Apo, whereas J.85/Apo with 
a TI of 4.19 and a significant difference observed between J.85 and Apo 
under non-stress conditions. On the other hand, under drought-stress, 
lower TI of 3.46 and 3.71 for Agra/Apo and J.85/Apo, respectively, 
resulted in the production of transgressive phenotypes. Such a relatively 
low transgressive segregation was not noted in the F2 progenies of six 
crosses between the genotype A58 and the other varieties where the TIs 
ranged from 0.91 to 2.12 (Ota et al., 2014), while a strong transgressive 
segregation of 25.7 was observed in the A58/Kitaake cross, indicating 
that DTF of several progenies of F2 population surpassed the range be
tween their parents (Koide et al., 2019). Across both water regimes, the 
tiller number recorded an identical phenotype performance between the 
recipient’s parents (Agra and J.85) with the donor parent (Apo), but 
both Agra/Apo and J.85/Apo crosses resulted in strong transgressive 
segregation with TI ranging from 10.04 under non-stress to 18.75 under 
drought-stress. Such a high transgressive segregation was not seen in 
any of the evaluations of 378 and 425 progenies of the F2 population 
(Fukuta et al., 2003), while it was observed in the study of Reddyyamini 
et al. (2019). These high frequencies of desirable transgressive segre
gants associated with polygenic inheritance for grain yield and its 

Table 5 
Scaling tests for grain yield and yield-related traits for J.85/Apo cross under non-stress and drought-stress conditions evaluated under both vegetative and reproductive 
stages in 2022 at CSIR-Crops Research Institute, Fumesua, Ghana.

Variable LRS LDS DRR SFPS TN PN PH PL DTF GYP

DS DS DS DS NS DS NS DS NS DS NS DS NS DS DS

A Scale A 3.83 1.37 1.30 1.13 − 0.73 − 2.10 − 6.73 − 1.10 − 35.80 − 24.77 − 18.27 − 8.13 18.20 − 0.10 5.83
Var 60.18 15.29 11.12 23.47 14.28 5.09 17.02 5.49 1436.98 595.52 183.03 95.57 12.92 11.55 94.63
S.D. 7.76 3.91 3.33 4.84 3.78 2.26 4.13 2.34 37.91 24.40 13.53 9.78 3.59 3.40 9.73
t-cal 0.49 0.35 0.39 0.23 − 0.19 − 0.93 − 1.63 − 0.47 − 0.94 − 1.01 − 1.35 − 0.83 5.06** − 0.03 0.60

B Scale B 8.94 2.45 − 1.71 7.68 − 0.52 0.31 − 1.48 − 1.50 13.45 − 19.32 − 1.95 − 7.75 0.18 − 1.07 2.19
Var 66.41 13.30 9.53 25.43 19.41 4.95 21.39 6.83 423.24 786.63 114.19 218.73 20.49 13.66 124.58
S.D. 8.15 3.65 3.09 5.04 4.41 2.23 4.63 2.61 20.57 28.05 10.69 14.79 4.53 3.70 11.16
t-cal 1.10 0.67 − 0.55 1.52 − 0.12 0.14 − 0.32 − 0.57 0.65 − 0.69 − 0.18 − 0.52 0.04 − 0.29 0.20

C Scale C 15.97 4.57 − 0.63 11.39 7.57 1.68 9.00 0.72 54.82 − 7.55 2.16 − 4.18 − 4.36 − 8.83 12.72
Var 278.33 60.31 45.37 95.74 100.43 22.92 100.56 35.17 2436.96 2436.85 325.59 365.92 49.48 61.95 666.60
S.D. 16.68 7.77 6.74 9.78 10.02 4.79 10.03 5.93 49.37 49.36 18.04 19.13 7.03 7.87 25.82
t-cal 0.96 0.59 − 0.09 1.16 0.76 0.35 0.90 0.12 1.11 − 0.15 0.12 − 0.22 − 0.62 − 1.12 0.49

D Scale D 1.60 0.38 − 0.11 1.29 4.41 1.73 8.61 1.66 38.59 18.27 11.19 5.85 − 11.37 − 3.83 2.35
Var 93.24 17.98 13.43 31.24 26.57 5.33 28.69 8.19 856.39 746.56 134.47 140.97 9.48 17.39 192.11
S.D. 9.66 4.24 3.67 5.59 5.15 2.31 5.36 2.86 29.26 27.32 11.60 11.87 3.08 4.17 13.86
t-cal 0.17 0.09 − 0.03 0.23 0.86 0.75 1.61 0.58 1.32 0.67 0.96 0.49 − 3.69** − 0.92 0.17

Scaling tests (A, B, C and D); Var-Variance, S.D-Standard deviation; t-cal- calculated t-value; LRS-Leaf rolling score; LDS-Leaf drying score; DRR-Recovery from 
drought; SPFS-Spikelet fertility score; TN-Tiller number; PN-Panicle number; PH-Plant height; PL-Panicle length; DTF-Days to flowering; GYP- Grain yield per plant in 
gram; NS-non-stress; DS-Drought-stress.
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Table 6 
Generation mean analysis for grain yield and yield-related traits for Agra/Apo cross under non-stress and drought-stress evaluated under both vegetative and reproductive stages in 2022 at CSIR-Crops Research Institute, 
Fumesua, Ghana.

Variable LRS LDS DRR SFPS TN PN PH PL DTF GYP

DS DS DS DS NS DS NS DS NS DS NS DS NS DS NS DS

m m 6.82 3.29 3.44 5.65 7.73 4.28 6.35 2.86 110.1 81.49 23 19.22 91.68 93.64 12.2 10.89
var 11.54 2.12 1.64 6.03 5.75 1.69 6.4 1.52 174.7 119.4 34.4 21.11 3.37 8.05 29.91 23.64
S.D. 3.4 1.46 1.28 2.45 2.4 1.3 2.53 1.23 13.22 10.93 5.86 4.59 1.84 2.84 5.47 4.86
t-cal. 2.01** 2.26** 2.69** 2.30** 3.22** 3.29** 2.51** 2.32** 8.33** 7.46** 3.93** 4.18** 49.93** 33.01** 2.23** 2.24**

d   d − 0.98 − 0.95 0.32 − 2.54 0.26 − 0.19 − 1.26 0.12 − 3.54 0.65 1.12 1.47 8.26 2.86 − 1.89 0.86
var 33.47 4.21 3.83 14.7 7.9 1.22 6.78 1.67 261.5 162.5 45 29.57 2.98 22.25 34.84 19.69
S.D. 5.79 2.05 1.96 3.83 2.81 1.1 2.6 1.29 16.17 12.75 6.71 5.44 1.73 4.72 5.9 4.44
t-cal. − 0.17 − 0.46 0.16 − 0.66 0.09 − 0.17 − 0.48 0.1 − 0.22 0.05 0.17 0.27 4.78** 0.61 − 0.32 0.19

h   h − 17.51 − 2.24 − 2.44 − 7.61 − 12.4 − 5.35 − 13.02 − 1.88 − 41.73 − 16.39 1.46 1.46 26.03 11.12 − 15.1 − 10.3
var 331.72 54.17 43.79 158 129.3 34.17 136.2 33.02 3928 2665 740 469.1 69.95 223.5 656.2 478.6
S.D. 18.21 7.36 6.62 12.6 11.37 5.85 11.67 5.75 62.68 51.63 27.2 21.66 8.36 14.95 25.62 21.88
t-cal. − 0.96 − 0.3 − 0.37 − 0.61 − 1.09 − 0.92 − 1.12 − 0.33 − 0.67 − 0.32 0.05 0.07 3.11** 0.74 − 0.59 − 0.47

i   i − 29.25 − 15.04 − 13.1 − 27.7 − 30.4 − 17.48 − 27.92 − 11.19 − 447.4 − 324.7 − 89.8 − 73.96 − 350.2 − 369 − 52.6 − 41.8
var 318.47 50.77 41.54 155 123.6 31.98 129.5 31.08 3842 2561 730 456 65.88 217.7 618 457.1
S.D. 17.85 7.13 6.45 12.5 11.12 5.65 11.38 5.57 61.98 50.61 27 21.35 8.12 14.76 24.86 21.38
t-cal. − 1.64 − 2.11** − 2.03** − 2.22** − 2.73** − 3.09** − 2.45** − 2.01** − 7.22** − 6.42** − 3.32** − 3.46** − 43.15** − 25.00** − 2.12** − 1.96*

j   j − 0.91 − 0.91 0.79 − 3.08 0.62 0.08 − 0.69 0.36 0.51 5.74 1.3 2.42 7.69 0.69 − 1.18 0.58
var 39.73 4.6 4.75 17 10.66 2.41 9.45 3.28 278.8 241.9 53.7 41.65 5.71 25.65 48 32.92
S.D. 6.3 2.15 2.18 4.12 3.27 1.55 3.07 1.81 16.7 15.55 7.33 6.45 2.39 5.06 6.93 5.74
t-cal. − 0.14 − 0.43 0.36 − 0.75 0.19 0.05 − 0.22 0.2 0.03 0.37 0.18 0.37 3.22** 0.14 − 0.17 0.1

l   l 15.73 − 0.67 − 2.19 − 3.37 21.8 5.59 24.63 2.99 0.46 26.82 − 9.61 20.18 − 48.11 − 19.5 21.37 3.68
var 773.15 114.85 96.52 341 241.4 55.37 237.5 58.93 7326 4929 1310 863.2 117.94 507.7 1189 779.6
S.D. 27.81 10.72 9.82 18.5 15.54 7.44 15.41 7.68 85.59 70.21 36.2 29.38 10.86 22.53 34.48 27.92
t-cal. 0.57 − 0.06 − 0.22 − 0.18 1.4 0.75 1.6 0.39 0.01 0.38 − 0.27 0.69 − 4.43** − 0.86 0.62 0.13

** Significant at 0.01; NS-Non-stress; DS-Drought-stress; Var-Variance; S.D-Standard deviation; t-cal- calculated t-value; LRS-Leaf rolling score; LDS-Leaf drying score; DRR-Recovery from drought; SPFS-Spikelet fertility 
score; TN-Tiller number; PN-Panicle number; PH-Plant height; PL-Panicle length; DTF-Days to flowering; GYP- Grain yield per plant; d-additive gene effect; d-dominant gene effect; i- additive × additive gene interaction; j- 
additive × dominant gene interaction; l-dominant × dominant gene interaction.
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Table 7 
Generation mean analysis for grain yield and yield-related traits for J.85/Apo cross under non-stress and drought-stress evaluated under both vegetative and reproductive stages in 2022 at CSIR-Crops Research Institute, 
Fumesua, Ghana.

Variable LRS LDS DRR SFPS TN PN PH PL DTF GYP

DS DS DS DS NS DS NS DS NS DS NS DS NS DS DS

m m 5.42 3.75 4.08 5.56 7.89 4.04 7.03 2.87 106.7 82.22 23.94 20.56 91.39 91.88 10.95
var 16.4 3.11 2.4 5.37 5.39 1.05 5.51 1.72 117.9 123.1 17.61 19.11 1.42 3.28 37.47
S.D. 4.05 1.76 1.55 2.32 2.32 1.03 2.35 1.31 10.86 11.1 4.2 4.37 1.19 1.81 6.12
t-cal. 1.34 2.13** 2.64** 2.40** 3.40** 3.93** 3.00** 2.19** 9.83** 7.41** 5.70** 4.70** 76.78** 50.73** 1.79

d d − 4.57 − 0.29 0.72 − 4.8 − 0.71 − 1.34 − 3.46 0.08 − 27.21 − 2.51 − 7.69 − 0.09 9.85 2.23 2.26
var 27.65 5.52 3.85 9.76 5.03 1.11 6.66 1.3 384.7 254.2 64.02 64.53 3.82 4.27 42.21
S.D. 5.26 2.35 1.96 3.12 2.24 1.05 2.58 1.14 19.61 15.94 8 8.03 1.95 2.07 6.5
t-cal. − 0.87 − 0.12 0.37 − 1.6 − 0.31 − 1.27 − 1.34 0.07 − 1.39 − 0.16 − 0.96 − 0.01 5.04** 1.08 0.35

h h − 6.04 − 1.97 0.41 − 6 − 13.48 − 5.37 − 22.11 − 4.04 − 86.55 − 40.08 − 21.8 − 8.91 23.11 11.48 − 6.91
var 376.9 74.5 55.5 127 109.84 22.82 117.9 34.66 3563 3103 548.8 578.91 44.63 71.93 785.19
S.D. 19.42 8.63 7.45 11.3 10.48 4.78 10.86 5.89 59.69 55.71 23.43 24.06 6.68 8.48 28.02
t-cal. − 0.31 − 0.23 0.06 − 0.5 − 1.29 − 1.12 − 2.04** − 0.69 − 1.45 − 0.72 − 0.93 − 0.37 3.46** 1.35 − 0.25

i i − 30.8 − 15.6 − 14.9 − 32 − 32.97 − 18.83 − 35.06 − 11.32 − 481.3 − 333.9 − 111 − 82.4 − 345.87 − 363.1 − 39.29
var 373 71.9 53.7 125 106.28 21.31 114.8 32.77 3426 2986 537.9 563.87 37.93 69.56 768.44
S.D. 19.31 8.48 7.33 11.2 10.31 4.62 10.71 5.72 58.53 54.65 23.19 23.75 6.16 8.34 27.72
t-cal. − 1.6 − 1.84 − 2.03** − 2.86** − 3.20** − 4.08** − 3.27** − 1.98** − 8.22** − 6.11** − 4.79** − 3.47** − 56.16** − 43.53** − 1.42

j j − 2.55 − 0.54 1.5 − 3.3 − 0.11 − 1.21 − 2.63 0.2 − 24.62 − 2.72 − 8.16 − 0.19 9.01 0.48 1.82
var 31.65 6.15 4.72 12.2 8.25 2.4 9.44 2.97 407.9 320.1 73.64 77.57 6.19 5.97 50.64
S.D. 5.63 2.48 2.17 3.5 2.87 1.55 3.07 1.72 20.2 17.89 8.58 8.81 2.49 2.44 7.12
t-cal. − 0.45 − 0.22 0.69 − 0.9 − 0.04 − 0.78 − 0.85 0.12 − 1.22 − 0.15 − 0.95 − 0.02 3.62** 0.2 0.26

l l − 9.58 − 3.06 0.18 − 6.2 10.07 5.25 25.43 5.92 99.52 80.62 42.59 27.6 − 41.12 − 6.5 − 3.32
var 720.7 149 107 252 180.83 40.67 207.1 55.89 8592 6504 1350 1398.4 110.53 130.26 1342
S.D. 26.85 12.2 10.3 15.9 13.45 6.38 14.39 7.48 92.69 80.64 36.74 37.4 10.51 11.41 36.63
t-cal. − 0.36 − 0.25 0.02 − 0.4 0.75 0.82 1.77 0.79 1.07 1 1.16 0.74 − 3.91** − 0.57 − 0.09

** Significant at 0.01; NS-Non-stress; DS-Drought-stress; Var-Variance; S.D-Standard deviation; t-cal- calculated t-value; LRS-Leaf rolling score; LDS-Leaf drying score; DRR-Recovery from drought; SPFS-Spikelet fertility 
score; TN-Tiller number; PN-Panicle number; PH-Plant height; PL-Panicle length; DTF-Days to flowering; GYP- Grain yield per plant; d-additive gene effect; d-dominant gene effect; i- additive × additive gene interaction; j- 
additive × dominant gene interaction; l-dominant × dominant gene interaction.
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related traits indicate the presence of a large scope for transferring 
favorable alleles into a single line through adequate selection in later 
generations (Reddyyamini et al., 2019).

Epistasis is defined as any form of non-allelic interaction (Boubacar 
Gaoh et al., 2020), making the expression of gene interaction more 
complex. This complexity can be overcome when intensity of the epis
tasis is relatively low, but when epistasis is the primary source of genetic 
variation, no measure of additive or dominance variation is possible 
(Hayman, 1960). The non-significance of the four scaling tests for most 
of the grain yield and yield-related traits in both Agra/Apo and J.85/ 
Apo crosses under both non-stress and drought-stress conditions in
dicates that epistatic interaction effects is not the primary source of 
genetic variation in the inheritance genes governing grain yield and 
yield-related traits in these rice lines; therefore, additive or dominance 
effects are more likely to express themselves.

In this current study, among the direct gene effect, the magnitude of 
the dominance effect was preponderant compared to the additive in 
both crosses under non-stress and drought-stress conditions, providing 
the evidence that the dominance gene effect is predominant in the in
heritance of these traits. Dominance gene effect was in the negative 
direction for most of the traits, except days to flowering which showed 
consistent positive direction across all crosses and water regimes. The 
predominance of dominant effect is further emphasized by the high 
values of the degree of dominance calculated for all the traits in this 
study under both crosses and water regimes. Such level of dominance 
was also observed by Yogameenakshi et al. (2019) and Gobu et al. 
(2021) for agronomic traits, including grain yield, hundred grains 
weight, panicle number, filled grains per panicle, harvest index, flag leaf 
width and spikelet fertility.

In this current study, among the interaction effects, additive x ad
ditive gene interaction was significant for most of the traits, even though 
the scaling tests were not significant. Other authors reported similar 
significance for additive x additive gene interaction in panicle length 
and number of filled grains per panicle (Yogameenakshi et al., 2019). 
Moreover, the magnitude of additive x additive gene interaction was 
higher than the dominance x dominance gene interaction which was 
also higher than additive x dominance type of gene interaction for most 
of the studied traits in both crosses and in both non-stress and drought- 
stress conditions, independent of the – or + signs. The predominance of 
significant additive × additive gene action for most traits in this study 
across both water regimes indicates that selection could be effective in 
early generations since additive gene effect and additive × additive gene 
interaction effects constitute the fixable genetic variance (Pujar et al., 
2022).

Apart from the significance of all the six types of gene actions (mean 
effect, additive effect, dominance effect, additive × additive effect, ad
ditive × dominance effect and dominance × dominance effect) for days 
to flowering under non-stress conditions in both crosses and the domi
nance gene effects and dominance x dominance gene effect were having 
opposite sign for days to flowering which indicate the presence of 
duplicate epistasis, clearly explaining the complex nature of this trait, 
thereby making early generation selection a difficult task since super 
lines development could only be achieved through population 
improvement using pedigree selection in the later generation. Similar 
duplicate epistasis is reported by Gobu et al. (2021) and Pujar et al. 
(2022), while Yogameenakshi et al. (2019) reported additive x domi
nance and dominance x dominance gene interaction effects in days to 
flowering.

Under both non-stress and drought-stress conditions, all the F1 
hybrid lines obtained in the present study did not exceed the mean of the 
better parent for all the traits except for panicle length and days to 
flowering which showed consistency across the crosses and water re
gimes. This indicates that there was no heterosis over the better parent. 
Moreover, the predominance of additive × additive type of gene inter
action for these traits’ inheritance would render it difficult to obtain 
better parent heterosis. Most of the heterosis over mid-parent (HMP) and 

residual heterosis over mid-parent (HRM) were in a negative direction 
implying that most of the HMP obtained in the F1 generation are 
retained in F2 generation.

In general, the correlation between grain yield per plant and its 
related traits were positive and significant except for DTF and SPFS 
which recorded consistent negative correlation across both crosses in 
these segregating populations in the present study, signifying that these 
traits are co-segregating. Thus, these results tend to indicate that indi
rect selection of grain yield in rice could be effective in improving grain 
yield under drought using secondary traits such as tiller number, panicle 
number, plant height, panicle length and SPFS.

5. Conclusion

One major challenge in rice production is to increase production 
under increasing drought as a result of climate change, but the use of 
drought-tolerant cultivars can be one of the solutions as they can secure 
high yields under drought. This study sought to understand the genetic 
basis and inheritance behind the expression of tolerance of the rice 
breeding lines to drought-stress. Under the screenhouse evaluation, 
overall mean performance of the six populations (P1, P2 F1, F2, BC1 and 
BC2) has decreased significantly under drought-stress compared to non- 
stress conditions for Agra/Apo cross as well as J.85/Apo cross for all the 
studied traits, indicating the effectiveness of stress imposition. To check 
whether extreme phenotypes can be produced when both parents in a 
cross have similar phenotypes, it is observed that under drought-stress, 
at least one transgressive phenotype was produced for each trait 
whether there is a significant difference or not among the parental lines 
involved in the development of the F2 populations. In this current study, 
among the interaction effects, additive x additive gene interaction was 
significant for most of the traits even though the scaling tests were not 
significant. The predominance of significant additive × additive gene 
action for most traits in this study across both water regimes indicates 
that selection could be effective in early generations. With the pre
dominance of the additive × additive type of gene interaction among 
these segregating populations, selection for grain yield using secondary 
traits can be done in early generations using either forward breeding or 
backcross breeding.
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