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INTRODUCTION 

 

Maize (Zea mays L.), the world’s most significant cereal 

crop, provides a pivotal roles for the supply of food for 

humans and forage for livestock, earning it the title of 

the “Queen of Cereals”. Cultivated on 197.20 million 

hectares globally, it yields 1,148.48 million tonnes. In 

India, maize covers 9.03 million hectares, producing 

27.7 million tonnes with an average productivity of 

3,070 kg per hectare FAOSTAT (2022). Discovery of 

maize mutants in the mid-1960s containing the opaque

-2 gene, which enhances levels of lysine and trypto-

Abstract 
Maize (Zea mays L.), the world’s most significant cereal crop, provides a pivotal roles for the supply of food for humans and 

forage for livestock. The present study aimed to perform a Generation mean analysis of two quality protein maize (QPM) (Zea 

mays L.) crosses [(CML149 x CML330) and (CML143 x CML193)] in order to determine the genetic effects along with the na-

ture of gene action controlling morphological and biochemical traits underlying inheritance. All four components of scaling test-

ing revealed significant differences with the parameter model, indicating the importance of the additive, dominance and epistatic 

modes of gene action for the inheritance of physiological, biochemical, grain yield and its attributing traits. Dominance variance 

showed more importance than additive variance and the presence of duplicate form of non-allelic gene interaction was preva-

lent for all the characters studied except days to 50% silking in CML149 × CML330 ([h] = 2.064, [l] = 1.536) and membrane 

stability index in CML143 × CML193 ([h] = 4.055, [l] = 17.362) which showed complementary gene action. Characters with du-
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be rewarding for consecutive populations, followed by a bi-parental mating design to improve these traits. 
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phan in the endosperm protein, opened a new era in 

breeding for improvement of quality in maize Vidadala 

et al. (2024). Quality Protein Maize (QPM) is a genet-

ically enhanced variety to overcome the nutritional limi-

tations of traditional maize. Enriched with essential ami-

no acids like lysine and tryptophan, QPM improves pro-

tein synthesis and overall health, making it a crucial 

crop for enhancing dietary quality and combating pro-

tein malnutrition. Its high biological value and adaptabil-

ity make QPM a promising solution for improving food 

security and meeting nutritional needs, especially in 

regions where maize is a staple crop Vidadala et al. 

(2024). 

The genetic improvement of any crop species depends 

upon the nature of gene action for various traits, includ-

ing yield and quality attributing traits, which helps to 

determine an appropriate breeding strategy. Under-

standing genetic variances, levels of dominance, and 

the significance of genetic effects has led to a better 

knowledge on the gene action contributing to heterosis 

(Ayyanna et al., 2023). Grain yield is the most signifi-

cant characteristic in maize and starch content in grain 

has become more attractive because of its value as 

food/feed consumption and biofuel production (Yadav 

et al., 2018). Grain yield and its components are quanti-

tative in nature; therefore, they are polygenic in inher-

itance. The phenotypic expression of these characters 

mostly depends upon the type of gene governing them, 

i.e., dominant or, additive or epistasis. However, digenic 

gene actions can be ascertained using Generation 

mean analysis and scaling test that precisely find epi-

stasis, whether complementary or duplicates. As a re-

sult, Generation mean analysis is an effective tool for 

estimating the key genetic factors involved in the devel-

opment of quantitative traits like yield and quality com-

ponents. The significance of epistasis for the inher-

itance of quantitative traits is reported by Attri et al. 

(2021). Therefore, the present study was designed to 

understand the nature of inheritance for various physio-

logical, biochemical, grain yield and its attributing traits 

in maize in the election of appropriate breeding proce-

dures for hybrid maize development.  

 

MATERIALS AND METHODS 

 

Plant genetic material 

The present investigation was conducted at the P.G. 

Research Farm, M.S. Swaminathan School of Agricul-

ture, CUTM, Paralakhemudi, Gajapati, Odisha. The soil 

of the experimental site was red sandy loam in texture, 

non-saline and neutral in pH 6.5. Nine parents were 

selected based on morphological characters in the ped-

igree. Six female lines (three heat tolerant lines CML 

149, CML 334 and CML 143 and three heat susceptible 

lines CML 138, CML 332 and CML 167) were crossed 

to three male resistant testers (CML 145, CML 193, and 

CML 330) in a line × tester mating design during sum-

mer (Mid-February to Mid-June, 2022) to produce 18 F1 

hybrids. These 18 F1 hybrids and parental lines were 

evaluated using randomized block design (RBD) for 

various agronomic traits during the kharif  season (Mid-

July to Mid-October, 2022).The crossing program was 

conducted during the kharif season of 2022 to develop 

segregating populations, including backcross (BCP1 

and BCP2) and second filial (F2) populations. The BCP1 

population was produced in each cross combination by 

crossing F1 individuals with the respective parent P1. 

Likewise the BCP2 population progeny was obtained by 

crossing F1 individuals with parent P2. F2 populations 

for each cross were developed by selfing of respective 

F1s. 

Among the 18 F1 hybrids, CML149 × CML330 and 

CML143 × CML193 were identified as superior crosses 

based on early flowering, yield-attributing traits showing 

significant per se performance and standard heterosis 

for grain yield per plant and other traits Teja et al. 

(2024).  These hybrids also differed in performance for 

important agronomic traits: early flowering, yield-

attributing characters and antioxidant status. These two 

F1 hybrids were forwarded for Generation mean analy-

sis to study the nature of gene action.  

For developing the BCP1 and BCP2 populations, both 

P1 and P2 plants were used as pollen sources, with F1 

plants serving as the female parent. Pollen collected 

from P1 plants was used to pollinate F1 plants to devel-

op the BCP1 population progeny, while pollen from P2 

plants was used to pollinate F1 plants to develop the 

BCP2 population. The bagging of male and female line 

plants was performed daily. At the full tasseling stage, 

pollen from the male parents (P1 and P2) was collected 

in tasselling bags and dusted into the female lines (F1) 

by gentle tapping in the morning hours between 08:00 

A.M. to 11:30 A.M. Soon after pollination. The crossed 

silks were covered with tasseling bags to avoid foreign 

pollen contamination. The plants were appropriately 

labeled, harvested at maturity, sun-dried for more than 

15 days, and shelled to collect hybrid seeds. 

 

Field evaluation 

The experimental materials comprising four parents, 

CML149, CML330, CML143, CML193, two F1 hybrids 

CML149 × CML330 and CML143 × CML193, and the 

corresponding F2  populations, BCP1, and BCP2 popu-

lations of the two crosses were evaluated using a com-

pact family block design (CFBD) in two replications 

during the summer season (Mid-February to Mid-June 

2023) at the P.G. Research Farm, M.S. Swaminathan 

School of Agriculture, Paralakhemudi, Gajapati, Odisha. 

This investigation evaluated six populations (P1, P2, F1, 

F2, BCP1, and BCP2) of two elite hybrids, [CML149 (P1) 

x CML330 (P2)] and [CML143 (P1) x CML193 (P2)], 

which exhibited superior performance in terms of grain 
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yield plant-1. 

The parents, F1s, F2s, and backcrosses were random-

ized separately in each replication. The P1, P2, and F1 

populations were space-planted in one row, with 10 

plants each, whereas the BCP1 and BCP2 populations 

were space-planted in two rows, with 20 plants each. 

The F2 populations were space-planted in 25 rows, with 

a total  plant population of 250. The planting geometry 

was maintained at 60 cm × 20 cm. Standard agronomic 

practices were followed during the crop period to en-

sure good phenotypic expression of characters.  

Observations were recorded on a whole plot basis for 

days to 50% tasseling and days to 50% silking by 

counting the number of days from sowing to the emer-

gence of tassels and silks in 50% of the plants. Addi-

tional observations were recorded for characters such 

as plant height (cm), ear height (cm), ear length (cm), 

ear girth(cm), number of kernels row-1, number of ker-

nels cob-1, 100-grain weight (g), grain yield plant-1 (g), 

estimation of  canopy temperature (°C) was done using 

infrared thermal, estimation of chlorophyll content (%) 

was done using SPAD502 chlorophyll meter, mem-

brane stability index (%) with fresh leaf sample, follow-

ing the method of Premachandra et al. (1990), Sairam 

(1994), estimation of protein content (%) from grains  

using  Lowry method Shen et al. (2019), estimation of 

oil content (%) was done using soxhlet apparatus ex-

traction methods, Catalase activity (U mL− 1) and perox-

idase activity (U mL− 1) were estimated using Labman 

UV-VIS spectrophotometer model (LMSP-UV1900) 

from fresh leaf samples as described previously 

(Sadasivam and Manickam 1996). Observations for 

leaf firing, tassel blast, root lodging (%) were recorded 

based on scoring. These data were recorded from 10 

plants of the parents and F1 populations, 20 plants of 

the backcross populations, and 250 plants of the F2 

populations, respectively Raj et al. (2020), Teja et al. 

(2024). The genetic effects were estimated using Gen-

eration mean analysis, following the methods earlier 

reported by Pujar et al. (2022) in pearl millet. To evalu-

ate predominant gene effects in maize, analysis was 

carried out by fitting the data into a six-parameter mod-

el to assess the additive and non-additive types of ge-

netic effects. 

 

Statistical analysis 

Generation mean analysis 

The Generation mean analysis six-parameter model 

was applied to estimate the genetic parameters and 

test the presence of a type of epistatic interaction. 

Characters with substantial variances (P≤0.05) across 

the populations were analyzed using Generation mean 

analysis. To verify generational differences, data were 

subjected to compute analysis of variance. Mean data 

were first tested to determine non-allelic interaction 

through individual scaling tests A, B, C and D proposed 

by Mather (1949).  

Scale A = 2BCP1 − P1 − F1 

Scale B = 2BCP2 − P2 − F1 

Scale C = 4F2 − 2F1 − P1 − P2 

Scale D = 2F2 − BCP1 − BCP2 

Where P1, P2, F1, F2, BCP1, and BCP2 represent 

means from distinct generations. The variances of the 

values A, B, C, and D were determined using the corre-

sponding variances of different populations, as given 

below: 

VA = 4V (BCP1) + V (P1) + V (F1) 

VB = 4V (BCP2) + V (P2) + V (F1) 

VC = 16V (F2) + 4V (F1) + V (P1) + V(P2) 

VD = 4V (F2) + V (BCP1) + V (BCP2) 

Where, VA, VB, VC, and VD are the variances of re-

spective scales A, B, C, and D; VP1, VP2, VF1, VF2, 

VBCP1, and VBCP2 are the variances of P1, P2, F1, F2, 

BCP1, and BCP2 populations, respectively. Standard 

error for A, B, C, and D scales was calculated by esti-

mating the square root of the respective variances. The 

t-test has been used to test of deviation from the hypo-

thetical value of zero. The calculated t-values were 

compared with “t” table values at 5 and 1% level of 

significance at their respective degrees of freedom. 

After conducting scaling tests, if any of the tests were 

found to be significant, the genetic effects were esti-

mated by fitting the data into a six-parameter model for 

Generation mean analysis as suggested by Hayman, 

(1958)  to estimate the genetic parameters viz., mean 

(m), additive gene effects (d), dominance gene effects 

(h), and three types of non-allelic gene interactions viz., 

additive × additive (i), additive × dominance (j), and 

dominance × dominance (l). Six parameters model was 

calculated by using following formula:  

m = Mean = F2                                                        Eq. 1 

d = Additive effect = BCP1 − BCP2                                      Eq. 2 

h = Dominance effect = F1 − 4F2 − (1/2) P1 − (1/2) P2 

+2BCP1 + 2BCP2                                        Eq. 3 

i = Additive × Additive effect = 2BCP1 + 2BCP2 − 4F2                                                             

                      Eq. 4 

j = Additive × Dominance effect = BCP1 − (1/2) P1 

−BCP2 + (1/2) P2                                          Eq. 5  

l = Dominance × Dominance effect = P1 + P2 + 2F1 

+4F2 − 4BCP1 − 4BCP2                              Eq. 6 

Where,  

Variances of genetic effects were calculated after the 

following formula: 

 Vm = V (F2)                                                            Eq. 7 

Vd = V (BCP1) + V (BCP2)                                      Eq. 8 

Vh = V (F1) + 16V (F2) + (1/4) V (P1) + (1/4) V (P2) + 4V 

(BCP1) + 4V (BCP2)                Eq. 9 

Vi = 4V (BCP1) + 4V (BCP2) + 16V (F2)                  Eq. 10 

Vl = V (P1) + V (P2) + 4V (F1) + 16V (F2)+ 16V 

(BCP1) + 16V (BCP2)                                              Eq.11 

Where, V (P1), V (P2), V (F1), V (F2), V (BCP1), and V 

H/D
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(BCP2) were the variances of P1, P2, F1, F2, BCP1, and 

BCP2 populations, respectively. The significance for the 

above genetic parameters was tested using the t-test. 

First, standard error is worked out for each component 

separately by taking the square root of the variance of 

the respective components. The significance of the 

genetic effect was tested using the t-test in a similar 

manner as in the case of the scaling test. The estima-

tion of (h) and (l) along with their sign were utilized to 

understand the nature of epistasis (Mather and Jinks, 

1971) viz; if (h) and (l) were of same sign, the gene 

action was referred to as complementary type and 

where (h) and (l) had opposite sign the same  was re-

ferred to as duplicate type. 

The degree of dominance, expressed as the square 

root of the ratio of dominance variance (H) to additive 

variance (D), was determined according to Robinson et 

al. (1949).  

Degree of domicance =   

 

RESULTS AND DISCUSSION 

 

The Generation mean analysis provides insight into the 

genetic control of morphological and biochemical traits 

in both the crosses. This method allows the partitioning 

of genetic effects into additive, dominance, and epistat-

ic components which are crucial for understanding the 

inheritance of traits. Yadav et al. (2018) and Sharma et 

al. (2023) observed significant dominance effects in 

maize. 

Generation mean analysis for characters reveals signif-

icant variations (P≤0.05) among the populations. Analy-

sis of variance depicts the variation among the popula-

tions. The mean performance of six populations (P1, P2, 

F1, F2, BCP1 and BCP2), scaling test (A, B, C and D) 

and the genetic parameters (m, d, h, i, j, l) calculated 

for two crosses viz.,(CML149 x CML330) and  

(CML143 x CML193) using six-parameter model.  

 

Means analysis 

Generation mean analysis relies on different popula-

tions (P1, P2, F1, F2, BCP1, BCP2) in a cross, using the 

mean values of these populations to assess gene ac-

tion for a specific trait. In the present study, the means 

of the six population of crosses [CML149(P1) x CML330

(P2)] and [CML143(P1) x CML193 (P2)] for 21 traits 

were evaluated. The results showed in (CML149 x 

CML330) that F1 means were higher than either of the 

parents for all traits under study except for days to 50% 

tasseling, days to 50% silking, 100 grain weight (g), leaf 

firing(%), tassel blast (score), root lodging (score), chlo-

rophyll content(%), canopy temperture (℃), membrane 

stability index (%), catalase activity (U mL− 1 )  and pe-

roxidase activity (U mL− 1 ) (Table-1 and 2). The results 

showed that in cross (CML143 x CML193) F1 means 

H/D
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were higher than both parents only for traits plant height 

(cm), cob height (cm), cob girth (cm), grain yield plant-1

(g),  Chlorophyll  content  (%),  membrane  stability  index 

(%) (Table-3 and 4).The above two crosses show differ-

ent  responses  regarding  considered  characters  in  the 

present  investigation.  Moreover,  it  is  noted  that 

(CML143  x  CML193)  shows  superior  heterotic  perfor-

mance  respect  to  grain  yield  plant-1 compared  to 

(CML149  x  CML330).  The  F1 population  performing 

superiority over other populations indicates the predom-

inance of dominance and non-additive gene action in 

maize (Shahrokhi et al., 2013; Elmyhun et al ., 2024).

Assessment of genetic components for

biochemical, grain yield and its attributing traits

The scaling test is employed to ascertain the presence 

or  absence  of  epistasis,  which  is  a  crucial  step  before 

estimating  various  genetic  parameters.  Therefore,  the 

scaling  test  serves  as  an  indicator  of  the  presence  or 

absence  of  non-allelic  interactions.  Epistasis  has  the 

potential  to  impact  the  expression  and  performance  of 

traits.  Gene  interactions  can  lead  to  non-additive  ef-

fects, where the phenotype of a trait in a hybrid or pop-

ulation is not simply to the sum of individual gene ef-

fects. Epistasis may result in traits being over-dominant

(hybrids  outperform  either  parent)  or  under-dominant 

(hybrids  perform  inferior  to  either  parent),  influencing 

overall performance. The estimates of gene effect were 

derived from the Generation mean of the crosses for all 

the  studied  characters  by  an  individual  (A,  B,  C,  D)

scaling  test  that  showed  the  presence  of  non-allelic 

interactions.  Scaling  test  showed  good  fit  for  the  non-

epistatic model and indicated failure of the simple addi-

tive-dominance  model  for  different  traits  in  both  the 

crosses. Further significant values observed from scal-

ing test predicted inadequacy of the model in the major-

ity of the traits except for cob height, number of kernels

row-1 ,  number  of  kernel  rows  cob-1,  grain  yield  plant-1,

perioxidase activity in the cross CML149 x CML330 that 

indicated  the  presence  of  epistasis  (non-allelic  interac-

tion),  which  was  also  inferred  from  the  Generation 

mean.

Under  the  present  investigation,  duplicate  type  of  epi-

stasis was reported for crosses viz., CML149 x CML330 

and CML143 x CML193 for various characters namely,

days  to  50%  tasseling,  plant  height,  ear  height,  ear

length,  ear  girth,  number  of  kernels  row-1,  number  of 

kernels  row  cob-1,  100  grain  weight,  grain  yield  plant-1,

canopy temperature, protein content, oil content, perox-

idase activity and root lodging as shown in Table 5.

The nature of epistasis in that cross CML149 x CML330 

was the complementary type for the characters: days to 

50% silking, leaf firing and tassel blast. Characters viz.,

chlorophyll content, membrane stability index and cata-

lase  activity  showed  complementary  epistasis  for  the 

cross CML143 x CML193.

https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2021.693680/full#B47
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2021.693680/full#B47
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Anthesis-silking interval  (ASI): 

In temperate maize, grain yield and ASI exhibit highest 

phenotypic plasticities Silva et al. (2022). The signifi-

cant magnitudes of h (dominance) effect as well as 

interaction effects i (additive x additive) and l (dominant 

× dominant) in both the crosses indicate that both domi-

nance and epistatic interactions (additive × additive and 

dominant × dominant) play important roles in the ex-

pression of the traits in these crosses. The prevalence 

of h (dominance) over d (additive) indicates dominant 

gene action in the inheritance of this trait. The parame-

ters (h) and (l) had opposite signs, suggesting that the 

duplicate epistasis was involved in the inheritance of 

this trait in CML149 x CML330 and CML143 x CML193, 

respectively (Table 5). These results are in accordance 

with Shankar et al. (2022) in maize across F2 popula-

tions.  

 

Plant height (cm): 

Plant height has a direct, measurable impact on crop 

lodging resistance Stubbs et al. (2023). The significant 

magnitude of d (additive) effect for the cross CML143 x 

CML193 and the non significant j (additive × dominant) 

values in the crosses CML149 x CML330 and CML143 

x CML193 indicate dispersal of alleles in the parents. 

The gene effects (h), (i), and (l) were significant in the 

crosses CML149 x CML330 and CML143 x CML193, 

indicating the influence of non-additive interactions on 

the expression of plant height. However, the magnitude 

of the dominance effect was more pronounced. In both 

crosses, the gene effects (h) and (l) were of opposite 

signs suggesting duplicate epistasis in the inheritance 

of this trait (Table 5). The findings on dominance and 

non-additive gene action for plant height concord with 

Haq et al. (2013) in maize. 

 

Cob height (cm)  

Cob height was measured from ground level to the pri-

mary cob's attachment node. Cob height indirectly influ-

ences maize grain yield (Arsyad et al. (2020). The sig-

nificant magnitudes of h (dominant) effect, as well as 

interaction effects i (additive x additive) and l (dominant 

× dominant) in both the crosses CML149 x CML330 

and CML143 x CML193, suggest dominance and epi-

static interactions. The opposite signs of gene effects 

(h) and (l) suggest that duplicate epistasis is involved in 

the inheritance of this trait in both crosses (Table 5). 

These results in maize were in accordance with Dorri et 

al. (2014), where in cob height and yield-related traits 

exhibited duplicate gene action.  

 

Cob length (cm)   

The significant magnitudes of  (h) and (i) in the cross 

CML 149 x CML 330 indicates the presence of domi-

nance and additive × additive types of epistasis while, 

significant magnitudes of  (h) as well as interaction ef-

fects (i) and (l) in cross CML143 x CML193 indicate the 

prevalence of dominant gene action as well as interac-

tion effects in the inheritance of  cob length. The oppo-

site signs of gene effects (h) and (l) suggest that dupli-

cate epistasis is observed in both the crosses (Table 

5). These results followed maize's dominance and epi-

static gene action (Shahrokhi et al.,2013). 

 

Number of kernels row-1: 

The number of kernels row-1 directly affects grain yield 

plant-1 Teja et al, (2024). The significant magnitude of  i 

(additive x additive) and l (dominance x dominance) in 

cross CML149 x CML330 indicated the predominant 

role of interacting gene effects in maize, obtained sig-

nificant results, indicating epistatic gene effects.  The 

significant magnitude of h (dominant), as well as inter-

action effects i (additive x additive) and l (dominant × 

dominant) in  cross CML143 x CML193, indicates the 

prevalence of dominance as well as epistatic type of 

gene action for inheritance of this character. Duplicate 

type of epistasis was recorded for both the crosses 

(Table 5). Similar observations were also reported by 

Attri et al. (2021), Sharma et al. (2022) and Shankar et 

al. (2022), wherein duplicate gene interaction was not-

ed for this trait in maize. 

 

Number of kernel rows cob-1: 

Several kernel rows cob-1  directly influence grain yield 

plant-1 Teja et al. (2024). Number of kernel rows cob-1 

was governed by significant magnitudes of  h 

(dominance) as well as interaction effects i (additive x 

additive) and l (dominant × dominant) in both the cross-

es, indicating dominance and epistatic interactions 

have played a significant role in the inheritance of this 

trait. A duplicate type of non-allelic interaction was ob-

served in both the crosses (Table 5). These results 

were in accordance with Rahangdale et al. (2019); Na-

garajan et al. (2022) in maize. 

 

Ear girth  (cm): 

The significant magnitudes of h (dominance) as well as 

interaction effects i (additive x additive) and l (dominant 

× dominant) in both the crosses indicate that domi-

nance and non-allelic interactions played a significant 

role in the inheritance of ear girth. However, both the 

crosses exhibited duplicate types of epistasis (Table 5). 

Elmyhun et al. (2024) previously reported dominance 

and epistatic effects for this trait in maize. 

 

Grain yield plant-1  (g) :  

Grain yield plant-1 directly affects overall crop productiv-

ity Rahimi et al. (2021). The significant magnitude of  i 

(additive x additive) and l (dominance x dominance)  in 

cross CML149 x CML330 indicates that both additive 

epistatic interactions and dominant epistatic interac-
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tions play a crucial role in the expression of the trait 

and h (dominance) as well as interaction effects i 

(additive x additive) and l (dominant × dominant) in the 

cross CML143 x CML193 indicates the prevalence of 

dominance and non-allelic gene interaction in character 

inheritance. Duplicate type of epistasis was observed in 

both crosses (Table 5). Chiangmai et al. (2013) and 

Sharma et al. (2023) previously observed that non-

additive gene effects functioned for the trait in maize. 

 

100 grain weight (g)   

The significant magnitudes of  h (dominance) as well as 

interaction effects i (additive x additive) and l (dominant 

× dominant) in both the crosses indicate that domi-

nance and epistatic interactions played a significant 

role in the inheritance of this trait. The type of epistasis 

was found to be duplicate in nature for both crosses 

(Table 5). These results were in accordance with the 

study of Moharramnejad et al. (2018) in maize and no-

ticed that non-additive gene effects operated for this 

trait. 

 

Chlorophyll content (%)  

Chlorophyll content directly correlates with photosyn-

thetic efficiency, ultimately leading to improved Grain 

yield plant-1  Li et al. (2024).The significant magnitude of 

d (additive), h (dominance) and non allelic interaction i 

(additive x additive) and l (dominant × dominant) in 

cross CML149 x CML330 revealed additive, dominance 

and non-allelic interactions contributing significantly to 

the character inheritance. However the magnitude of 

the dominance effect was more obvious.  In the cross 

CML149 x CML330 duplicate type of epistasis was ob-

served while complementary type of epistasis was not-

ed for cross CML143 x CML193  as the magnitude of h 

and l was found to be in similar direction (Table 5). 

Said, (2014) reported duplicate gene action for chloro-

phyll content in wheat whereas Yadav et al. (2018)  

observed non-additive gene effects for the trait in 

maize. 

 

Canopy temperature (℃)  

Canopy temperature is directly related to plant growth 

and productivity, often reflected in grain yield plant-

1.Higher canopy temperatures can indicate stress con-

ditions, negatively impacting maize productivity Zhai et 

al. (2024). The significant magnitude of h (dominance) 

and i (additive × additive) in cross CML149 x CML330 

suggest contribution of both dominant and non-allelic 

interaction in trait inheritance. A duplicate type of epi-

stasis is observed in both crosses (Table 5). These 

results were in accordance with Teja et al. (2024) in the 

quality protein of maize and noticed the function of non-

additive gene effects for the trait.  

 

Membrane stability index (%)  

The Membrane Stability Index (MSI) assesses cell 

membrane integrity under stress conditions. A higher 

MSI indicates greater membrane stability crucial for 

maintaining cellular functions and overall plant health 

during stress conditions Abid et al. (2018). The signifi-

cant magnitudes of d (additive) components were rec-

orded in cross CML149 x CML330, indicating signifi-

cant role of additive gene effects in the inheritance of 

the trait. The complementary type of epistasis was not-

ed in cross CML143 x CML193 as the magnitude of (h) 

and (l) were found to be of similar sign. In cross 

CML149 x CML330 the duplicate type of epistasis was 

observed (Table 5). Yadav et al. (2018) earlier ob-

served maize, where non-additive gene effects were 

noted for the trait. 

 

Catalase activity (U mL− 1 ) : 

 High-yielding QPM lines with high antioxidant status 

(catalase and peroxidase) were preferred because of 

their ability to scavenge free radicals generated during 

stress conditions (Hamidi et al., 2023). Duplicate type 

of epistatic interaction was observed for catalase activi-

ty in CML149 x CML330. The complementary type of 

epistasis was observed in the cross CML143 x CML193 

(Table 5). Teja et al. (2024) previously observed in 

maize leaf samples and noticed that non additive gene 

effects operated for this trait. 

 

Perioxidase activity (U mL− 1 ) :  

The significant magnitudes of h (dominance), as well as 

interaction effects i (additive x additive) and l (dominant 

× dominant) type of interaction, were favored in 

CML149 x CML330, indicating that dominance and non

-allelic interactions are favored in the inheritance of 

peroxidase activity. A  duplicate type of non-allelic inter-

action was observed for this trait in both crosses (Table 

5). Teja et al. (2024) previously observed in maize leaf 

samples the function of non-additive gene effects for 

this trait. 

 

Root lodging (%): 

Root lodging damages the root system, disturbs the 

normal canopy structure, reduces photosynthetic per-

formance, and reduces yield. Root lodging at the late 

growth stage results in ears touching the ground and 

promotes a sharp increase of grain rot leading to a de-

cline in grain quality Wang et al. (2022). Non-allelic 

interaction i (additive x additive) and l (dominance × 

dominance) were significant in cross CML149 x 

CML330, implying the existence of non-allelic interac-

tion for this trait, indicating the predominant role of in-

teracting gene effects. A duplicate type of epistatic in-

teraction was observed for this trait in both crosses 

(Table 5). These results agreed with Raj et al. (2020) 
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for quality protein maize, where heat tolerance did not 

show any symptoms of root lodging and noticed the 

function of non-additive gene effects for the trait. 

Duplicate epistasis interaction was observed for this 

trait in both the crosses for protein and oil content 

(Table 5).  Sharma et al. (2023)previously observed in 

maize non-additive gene effects for both traits in maize. 

A duplicate type of epistasis interaction was observed 

for leaf firing (%) and tassel blast (%) in the cross 

CML143 x CML193, indicating that the gene interaction 

involves masking one gene's effect above another gene 

at different loci. Complementary epistasis was ob-

served in the cross CML149 x CML330 for leaf firing 

and tassel blast, indicating that both interacting genes 

contribute towards the expression of the character 

(Table 5). Similar observations were also reported by 

Raj et al. (2020) for quality protein maize, where heat 

tolerance did not reflect in symptoms of leaf firing as 

well as tassel blast and noticed that non-additive gene 

effects operated for both these traits.  

 

Degree of dominance 

The degree of dominance among the two crosses 

showed considerable variation. The cross CML 149 x 

CML 330 ranged from as low as -6.07 for the trait num-

ber of kernels per row to as high as 5.57 for cob height. 

Similarly, for the cross CML 143 x CML 193, the degree 

of dominance ranged from -5.89 for the number of ker-

nels per row to 5.67 for grain yield per plant. Particular-

ly for grain yield per plant, the degree of dominance 

reached 5.67 in the cross CML 143 x CML 193, indicat-

ing significant non-additive genetic effects as earlier 

reported by Pujar  et al. (2022). 

 For most of the traits: ear length, number of kernels 

row-1, number of kernal rows cob-1, ear girth, ASI, cob 

height, cob length grain yield, 100 grain weight, protein 

content and perioxidase activity the inheritance was 

mainly controlled by dominance effects with duplicate 

gene action in both the crosses suggesting that signifi-

cant genetic gain can be noted under selection using 

existing variability along with better resilience to varied 

environmental conditions as observed previously in 

cowpea Dinesh et al. (2018).  Traits that function with 

complementary gene action in either of the crosses: 

leaf firing, chlorophyll content, membrane stability in-

dex, catalase activity and tassel blast,  the focus may 

be emphasizing to enhanced genetic gain by assessing 

the genetic worth of the selected plant for better im-

provement of population performance and selection 

intensity than under duplicate gene interaction as previ-

ously observed by Dinesh et al. (2018).  
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Conclusion 

 

The Generation mean analysis provided insights into 

the genetic control of traits, indicating the prevalence of 

dominance gene effect and epistatic interaction 

(duplicate gene action) in the inheritance of the majority 

of the traits of QPM (Zea mays). This information is 

valuable for designing effective breeding strategies and 

understanding the genetic basis of trait inheritance. 

Moreover, the greater prevalence of the dominance 

gene effect and the dominance x dominance interaction 

effect might provide insight into the exploitation of het-

erosis. Some additive x additive effects were observed 

in both the crosses, suggesting potential to gain from 

selection. Dominance and dominance x dominance 

effect were found to have a considerable role in both 

the crosses evaluated under study, indicating the pres-

ence of duplicate gene action for traits namely, ear 

length, number of kernels row-1, number of kernal rows 

cob-1, ear girth, grain yield, 100 grain weight, protein 

content and perioxidase activity. Therefore, biparental 

mating could be a promising approach to handling and 

segregating populations and breaking undesirable link-

age. 
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