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Abstract
Sesamia inferens (Walker) causes 25.7–78.9% losses in maize production
in South and South-East Asia. The genetic basis of host plant resistance
is the prerequisite for resistance breeding. Twenty-four populations
derived from S. inferens resistant 9 susceptible inbreds were used to
study the genetic regulation of resistance to S. inferens in maize, to
determine the importance of genetic effects through generation mean
analysis (GMA) and to understand correlation between resistance and
yield. Resistant and susceptible inbreds differed significantly in leaf and
stem injury ratings (LSIR), a measure of host plant resistance. Mean
LSIR range among resistant and susceptible parents was 2.15–2.55 and
7.83–8.22, respectively. The broad-sense heritability ranged from 0.40 to
0.71, and the mean number of effective factors ranged from 1.9 to 2.6.
The resistance against S. inferens was largely governed by addi-
tive 9 additive (i), followed by dominance (d) and additive (a) gene
effects. Significant negative correlation (�0.27 to �0.96) was observed
between LSIR and yield. The findings suggest reciprocal recurrent selec-
tion for development of new inbreds with resistance followed by their
involvement in hybrid development to exploit additive and non-additive
gene effects/variance.
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Maize (Zea mays L.) is cultivated in 8.78 million hectares in
India with an average productivity of ~2.5 t/ha, which is very
low as compared to average world productivity of ~5.0 t/ha
(FAOSTAT 2014). One of the major reasons for low productiv-
ity is losses due to various biotic and abiotic stresses, especially
the insect pests. The major insect pests of maize in India are
spotted sorghum stem borer (Chilo partellus Swinhoe), pink
stem borer (Sesamia inferens Walker) and shoot fly (Atherigona
spp.) during rainy (June to September), winter (October to
March) and spring (February to May) seasons, respectively. It
was estimated that among these major insect pests, pink stem
borer causes losses between 25.7% and 78.9% (Chatterji et al.
1969). The losses can be much higher if its attack takes place at
the early stages of the plant growth. Although pink stem borer
can be controlled chemically, it is neither ecologically sustain-
able nor economical. Hence, host plant resistance, as a cost-

effective, sustainable and environment-friendly way to control
insect pests, is extensively practised in many crops.
The sources of resistance against pink stem borer (S. inferens)

have been reported in India (Sekhar et al. 2009b, Sekhar et al.
2010, Sekhar et al. 2012). However, information on the genetics
of the trait is scanty (Santosh et al. 2012). The genetics of resis-
tance against Mediterranean corn borer (MCB) has suggested
quantitative inheritance of the trait (Ordas et al. 2010, Butr�on
et al. 2009). Mather (1949) has developed generation mean
analysis (GMA) method and advocated the utility of scaling test
to understand the genetics and gene action underlying quantita-
tive traits. GMA being relatively simple and reliable tool, where
the first-order statistics are employed, has been utilized to under-
stand the genetics of resistance against Sesamia nonagrioides in
maize (Cartea et al. 2001, Butr�on et al. 2009). However, such
studies are limited to MCB and are not relevant for S. inferens,
which is of much relevance in India. A recent study reported that
negative additive and dominance effects, and positive addi-
tive 9 dominance (j) and dominance 9 dominance (l) epistatic
interaction effects govern the pink stem borer resistance in maize
(Santosh et al. 2012). However, the study was based on one sea-
son data and limited to only one cross. For better understanding,
such study needs to be extended to more number of crosses and
studied over years. On this background, this study was under-
taken with three objectives: (i) to understand the gene action
involved in host plant resistance against S. inferens in maize, (ii)
to make quantitative estimation of the different gene actions
involved so as to know their relative importance, and (iii) to
explore the correlation between the pink stem borer resistance
and grain yield.

Materials and Methods
Two pink stem borer-resistant (DMRE1 and DMRE2) and two suscepti-
ble (CML451 and CML287) inbred lines with diverse genetic back-
ground were used in the present investigation. These were selected based
on their stable and consistent reaction against S. inferens infestation
under artificial infestation for 3 years (Sekhar et al. 2010, Rakshit et al.
2011, Sekhar et al. 2012). Detailed information on pedigree, source
germplasm, grain colour and texture and reaction to pink stem borer
infestation are given in Table 1.

The resistant (R) and susceptible (S) inbred lines were crossed to gen-
erate four R 9 S F1 crosses (DMRE1 9 CML451, DMRE1 9

CML287, DMRE2 9 CML451 and DMRE2 9 CML287). The crosses

Abbreviations: GMA, Generation mean analysis; LSIR, Leaf and stem
injury ratings; MCB, Mediterranean corn borer; EF, Effective factor;
CML, CIMMYT Maize Line; DMR, Directorate of Maize Research.
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were developed in the winter season of 2009–2010. During rainy season
of 2010, few F1 plants of each cross were selfed to generate F2 genera-
tion and the remaining plants were backcrossed separately to respective
resistant and susceptible parents to develop backcross generations, BC1P1
and BC1P2, respectively. Twenty-four populations derived from four
crosses with each cross consisting of six generations (resistant parent, P1;
susceptible parent, P2; F1, F2, BC1P1 and BC1P2) were used in GMA to
understand the genetics of host plant resistance to pink stem borer infes-
tation in maize. The resistant and susceptible parents (P1 and P2), F1s,
F2s, BC1P1s and BC1P2s derived from all four crosses were grown in
randomized complete block design with two sets (replications) during
winter seasons of 2010–2011 (planted on 23 November 2010) and 2011–
2012 (planted on 28 November 2011) at the Winter Nursery Centre, Hy-
derabad (17.3125° N, 78.4000° E, 650 mts amsl), India, on medium deep
black soil under assured irrigation. The parental generations, that is P1,
P2, were grown in four rows of 4 m length with ~60–70 plants per set.
F1s and segregating generations, namely F2s, BC1P1s and BC1P2s, were
grown in 8 rows of 4 m length. The seeds were hand sown, and standard
crop production practices were followed with similar row length and
plant geometry (75 cm 9 20 cm distance between rows and plants
within row, respectively) for both non-segregating and segregating gener-
ations. Each plant was artificially infested according to Sekhar et al.
(2009a). Approximately 15–30 plants per set in P1 and P2 and 50–100
plants per set in F1, F2, BC1P1 and BC1P2 were chosen randomly to
record observations on leaf and stem injury ratings (LSIR) and grain
yield on individual plant basis.

For artificial infestation, mass rearing of S. inferens was carried out
by collecting pupae of S. inferens from stubbles and stalks of field-
grown maize. The moths were allowed to emerge and equal numbers of
male and female adults were kept in cages to lay eggs on 7- to 12-day-
old maize seedlings grown in pots. These eggs served as nucleus culture
for mass rearing, and it was coordinated with field planting to synchro-
nize egg production in laboratory and maize seedling growth stage in the
field. The neonate larvae of S. inferens were collected from the labora-
tory for artificial infestation. Twelve to fifteen larvae per plant were
released on 10- to 12-day-old seedlings, most critical stage, through lar-
val dispenser (Sekhar et al. 2009a).

Observations were recorded on LSIR at 30 days after infestation
according to Reddy et al. (2003). The rating scale of 1–9 was followed,
and detail scores were as follows: 1 – healthy plant; 2 – plant with paral-
lel, oval or oblong holes, slightly bigger than pin sized (2–3 mm) on 1–2
leaves; 3 – plant with more elongated holes (4–5 mm or matchstick head
sized) or shot holes on 1–2 leaves; 4 – plant with injury (oval holes, shot
holes and slits of 1–4 cm) in about one-third of total number of leaves
and midrib damage on 1–2 leaves; 5 – plant with about 50% leaf dam-
age, oblong holes, shot holes, slits and streaks of 5–10 cm and midrib
damage on leaves; 6 – plants with a variety of leaf injuries to about two-
thirds of the total number of leaves (ragged appearance) or one or
two holes or slits at the base of the stem (>10 cm streaks are observed);
7 – plants with every leaf with injury and almost all the leaves damaged
(ragged or crimpled appearance), with tassel stalk boring or circular dark

ring at the base of the stem; 8 – plants with stunted growth in which all
the leaves are damaged; and 9 – plants with dead heart.

The statistical analysis of data was carried out with SAS, version 9.3
(SAS Institute, 2011). The mean LSIR along with standard error of
means for all six generations (P1, P2, F1, F2, BC1P1 and BC1P2) across
crosses were calculated using PROC MIXED of SAS, and the different
generations in each cross were compared for significant differences with
Tukey–Kramer adjustment of least squares mean. The generations were
considered fixed factors, and years, replications and year 9 generations
were considered random factors. DIST macro of SASQuant (Gusmini
and Wehner 2007) was used for Bartlett’s test of homogeneity of vari-
ances (hov test) in overall F2 data, by family (crosses) over set (replica)
and by set over family. Data over 2 years showing homogeneity of vari-
ance, as confirmed by Bartlett’s test, were used together to calculate vari-
ances by generation and family or cross. ESTIM macro of SASQuant
was used to estimate different parameters such as components of genetic
variances, heritability (broad-sense) and gene effects (additive, domi-
nance, additive 9 additive, additive 9 dominance and domi-
nance 9 dominance). It also estimates phenotypic, genotypic and
environmental variances (Warner 1952), number of effective factors
(Mather and Jinks 1982) and further partitions additive, dominance and
epistatic effects based on the Hayman’s mean separation procedure
(Gamble 1962, Hayman 1958) using formulae given in Gusmini and
Wehner (2007). The macro also computes the standard errors for the esti-
mates as square root of their variances. Under this analysis, significance
of the estimates is tested using Fisher’s t-test. The estimation of number
of effective factors (EFs) contributing to the variances in LSIR is funda-
mental for the study of genetics of a trait. In this study, EFs were esti-
mated using Wright’s (EF1), Lande’s method I (EF2), Lande’s method
III (EF3) as well as average of these methods to compare and interpret
the results (Wright 1968, Lande 1981, Gusmini and Wehner 2007). Cor-
relation between LSIR and yield was carried out using CORR procedure
of SAS (SAS Institute, version 9.3).

Results
The mean LSIR of parents and different generations derived
from R 9 S crosses are presented in Table 2. Although mean
LSIRs were statistically different in majority of comparison
of generations over all four crosses, in DMRE1 9 CML451
cross, the mean LSIR of P1 (DMRE1) and BC1P1
[(DMRE1 9 CML451) 9 DMRE1] were not significantly dif-
ferent. Further, the mean LSIR of F1 (7.71 � 0.15) and its sus-
ceptible parent (7.83 � 0.23) in a cross DMRE2 9 CML287
did not differ statistically. In DMRE1 9 CML287 cross, the
mean LSIR of F1 (7.00 � 0.13), F2 (6.61 � 0.12) and BC1P2
(6.63 � 0.12) were statistically similar. In DMRE2 9 CML451
as well, the mean LSIR of both BC1P1 (4.66 � 0.09) and BC1P2
(4.55 � 0.09) were statistically comparable. The pattern of

Table 1: Name, pedigree, source germplasm and reaction to S. inferens of maize inbred lines used in this study

Name of
inbred lines Pedigree

Source
Germplasm Source germplasm description

Grain
colour

Reaction to
pink stem borer

DMRE1 PT963128-B-B-B-B-B-B (WNZPBTL8) PT963128 Inbred lines introduced from CIMMYT,
Mexico, under insect-resistant progeny
trial (IRPT) targeted to highland tropical,
subtropical and lowland tropical

Yellow
flint

Resistant

DMRE2 WNZPBTL9 (CM 500) Antigua Gr. I Adapted to lowland tropical, grouped in
heterotic group ‘B’ at CIMMYT, Mexico

Orange
semi-flint

Resistant

CML287 (P24F26*27F1)-4-1-B-1-1-B-B-1 Population 24 Adapted to tropical lowland condition,
grouped under ‘A1’ subgroup of heterotic
group ‘A’ at CIMMYT, Mexico

Yellow
flint

Susceptible

CML451 (NPH28-1*G25)*NPH28]-1-2-1-1-3-1-B*6 Pool 25 Adapted to tropical lowland condition,
grouped under ‘B2’ subgroup of heterotic
group ‘B’ at CIMMYT, Mexico

Yellow
semi-flint

Susceptible
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heterosis noted for LSIR differed significantly among the
crosses. Of four crosses studied, two crosses [DMRE1 9

CML451, DMRE1 9 CML287] registered partial dominant and
one cross (DMRE2 9 CML287) registered complete dominant
positive heterosis (towards the susceptible parent), whereas the
DMRE2 9 CML451 cross recorded partial dominant negative
heterosis (towards resistant parent). Further the mean LSIR of
F2s were either matching in DMRE1 9 CML287 or signifi-
cantly but slightly lower in DMRE1 9 CML451 and
DMRE2 9 CML287 crosses than their respective F1s, thus
indicating lower inbreeding depression towards resistance.
Whereas in DMRE2 9 CML451 cross, the mean LSIR F2 was
significantly higher than the F1 thus indicating strong inbreeding
depression towards susceptibility.
The LSIR data of F2 population of each of the four crosses

were analysed for Bartletts’ homogeneity of variance (hov) test at
two levels, first over sets (~replication) within year and second
over years. The results of hov test revealed no significant differ-
ences across sets and years (data not shown). Thus, the generation
mean analyses of the crosses were carried out by pooling the data
over sets and years in all the crosses. The variance components
for all the six generations and the estimated variances, namely
environmental, genotypic, additive and dominance, are presented
in Table 3. The additive variance was lower than dominance vari-
ance in all the crosses except DMRE2 9 CML287. In three
crosses, that is DMRE1 9 CML451, DMRE1 9 CML287 and
DMRE2 9 CML451, high environmental variance was recorded
against genetic variance, while in DMRE2 9 CML287, the
genetic variance was higher than the environmental variance. In

crosses involving as common susceptible parent, CML451, nega-
tive additive variances (�0.68 and �1.22, respectively) were
observed. On the contrary in crosses involving the other suscepti-
ble parent, CML287, positive additive variance was recorded.
Additionally, in DMRE2 9 CML287, a negative dominance var-
iance was also registered.
The broad-sense heritability ranged from 0.40 (DMRE1 9

CML287) to 0.71 (DMRE2 9 CML287) (Table 3). Three dif-
ferent methods were used to estimate the effective number of
factors (EFs). The estimated EFs ranged between 0.9
(DMRE2 9 CML451) and 4.7 (DMRE2 9 CML287), and the
mean ranged between 1.9 (DMRE2 9 CML451) and 2.6
(DMRE2 9 CML287) (Table 3). The number of EFs estimated
using different methods within each of the crosses did not differ
drastically. The number of EFs estimated using Wright (1968)
and Lande’s method I (1981) was matching in all crosses, while
the number estimated by Lande’s method III (1981) was the
lowest across three crosses, viz., DMRE1 9 CML451,
DMRE1 9 CML287 and DMRE2 9 CML451. In DMRE2 9

CML287, the number of EF was highest (4.7).
Preliminary analysis of non-weighted joint-scaling tests of four

crosses detected significant non-allelic interactions (data not
shown). Gene effects estimated across different crosses are pre-
sented in Table 4. Two crosses with common resistant parent,
DMRE1, showed significant negative (i.e. towards resistant
response) additive (a), dominance (d) as well as additive 9 addi-
tive (i) gene effects. Significantly, negative additive 9 additive
(i) and dominance (d) effect was recorded in DMRE2 9

CML451, and additive effect (a) in the same direction was

Table 2: Mean1 leaf and stem injury rating of different generations of pink stem borer resistance 9 susceptible crosses of maize upon pink stem borer
infestation

Cross

Generations

P1 P2 F1 F2 BC1P1 BC1P2

DMRE1 9 CML451 2.55 � 0.25a2 8.22 � 0.25e 7.00 � 0.13d 6.21 � 0.12c 2.98 � 0.12a 4.29 � 0.12b

DMRE1 9 CML287 2.55 � 0.25a 7.83 � 0.25d 7.00 � 0.13c 6.61 � 0.12c 4.45 � 0.12b 6.63 � 0.12c

DMRE2 9 CML451 2.15 � 0.26a 8.22 � 0.26e 3.95 � 0.11b 5.94 � 0.09d 4.66 � 0.09c 4.55 � 0.09c

DMRE2 9 CML287 2.15 � 0.23a 7.83 � 0.23e 7.71 � 0.15e 6.01 � 0.14c 4.84 � 0.14b 7.21 � 0.14d

P1= first parent of the cross [resistant to pink stem borer infestation (R)]; P2= second parent of the cross [susceptible to pink stem borer infestation
(S)]; F1=P19P2; F2=F19F1; BC1P1=F19P1; BC1P2=F19P2.
1Data were pooled over sets and years.
2Means in same row with the same letter are not significantly different according to pairwise Tukey’s studentized range test of multiple comparison at
P ≤ 0.001.

Table 3: Estimates of variances, components of variances, heritability (broad sense), estimated effective factors (EFs) for leaf and stem injury rating
for pink stem borer infestation in maize

Family

Variance in different generations1 Components of variances2

H7

Estimated effective factors

P1 P2 F1 F2 BC1P1 BC1P2 E3 G4 A5 D6 EF1 EF2 EF3 EFm

DMRE1 9 CML451 1.13 0.95 2.83 3.43 3.13 4.42 1.94 1.50 �0.68 2.18 0.44 3.1 2.7 1.1 2.3
DMRE1 9 CML287 1.13 1.26 3.50 3.89 4.33 3.11 2.35 1.54 0.34 1.19 0.40 2.6 2.3 1.3 2.1
DMRE2 9 CML451 0.47 0.95 4.02 4.32 4.93 4.94 2.37 1.96 �1.22 3.17 0.45 2.5 2.4 0.9 1.9
DMRE2 9 CML287 0.47 1.26 1.72 4.52 2.03 1.42 1.29 3.23 5.60 �2.37 0.71 1.8 1.3 4.7 2.6

1Details of the generation are given in Table 2; 2negative variance as recorded in the study is treated as zero.
3Environmental variance or error: r2E=1/4 [r2P1 + r2P2 + (2r2F1)].
4Genotypic variance in F2: r2G (F2)=r2F2� r2E.
5Additive variance in F2: r2A (F2)=(2r2F2)–[r2BCP1+r2BCP2].
6Dominance variance in F2: r2D (F2)=r2G (F2) � r2A (F2) or r2D (F2)=r2BCP1+r2BCP2�r2F2�r2E.
7Broad-sense heritability: H=(r2F2� r2E) / r2F2.
EF1: Wright; EF2: Lande’s method I; EF3: Lande’s method III; EFm: average estimates (see methodology for details).
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observed in DMRE2 9 CML287. Additive 9 dominance (j)
interactions were significantly positive (i.e. towards susceptible
response) in both crosses with common susceptible parent,
CML451. Further, it was found that dominance 9 dominance (l)
interaction was significantly positive in three crosses
(DMRE1 9 CML451, DMRE1 9 CML287 and DMRE2 9

CML451). In DMRE2 9 CML287, none of the epistatic gene
actions (i, j and l) were significant. In general, magnitude of l
effects was higher and positive over i effects. In all crosses, the
sum of a and i gene actions and the sum of d and j gene effects
were negative (towards resistance) (DMRE1 9 CML451,
DMRE1 9 CML287, DMRE2 9 CML451 and DMRE2 9

CML287). In DMRE2 9 CML451, the sum of d and l gene
effects was also negative.
The phenotypic correlation between LSIR and yield was

strongly negative (P ≤ 0.05) within each generation and over all
generations across all four crosses (Table 5). Significant negative
correlation between LSIR and yield was observed in both resis-
tant and susceptible inbred lines. It ranged from �0.27
(P = 0.039) in DMRE2, a resistant inbred line, to �0.96
(P = 0.0001) in F1 and F2 generations derived from crosses
DMRE1 9 CML451 and DMRE1 9 CML287. In general, the
correlation was higher in susceptible inbred lines (�0.89) as
compared to resistant inbred lines (�0.27 to �0.49).

Discussion
Understanding of genetics of host plant resistance and estimation
of the number of genes conferring resistance to an insect pest are
the prerequisites in resistance breeding against the target pest
(Friesen and Palmer 2002). The quantitative nature of resistance
against S. nonagrioides infestation is reported using generation
mean analysis (Cartea et al. 2001, Butr�on et al. 2009). Such study
against S. inferens infestation has been reported by Santosh et al.
(2012). However, the study is limited to only one cross being
evaluated in one season. The present study was aimed to enlarge
our understanding about the genetics of pink stem borer resistance
across diverse genetic backgrounds. The study was conducted
using two resistant and two susceptible inbred lines. The parents
used in the study recorded significant differences for LSIR on

pink stem borer infestation (2.15–2.55 for resistance and 7.83–
8.22 for susceptible) indicating clear differences among them
towards pink stem borer response (Table 2).
The mean LSIR of four F1s evaluated over two seasons

(winter 2010–2011 and winter 2011–2012) were compared with
their respective parents to assess the dominance or recessive-
ness of the trait (Table 2). Partial or complete dominance of
susceptibility was recorded where either the susceptible parent
CML287 or the resistance parent DMRE1 was the common
parent. Partial dominance of resistance over susceptibility was
recorded in DMRE2 9 CML451 cross. Joyce and Davis
(1995) also reported dominance of resistance over susceptibility
against European corn borer in sweet corn. Similar results were
also reported for leaf and stem resistance to gummy stem
blight in cucumber as well (Amand and Wehner 2001). The
dominance of resistance in DMRE2 over susceptibility in
CML451 can be because DMRE2 was derived from heterotic
group B, and CML451 is derived from related heterotic group
B2 (Table 1). The same response was not observed when
DMRE2 was crossed with CML287. This indicated the gene(s)
combination, and their interaction determines resistance or sus-
ceptible reaction. In addition, CML287 may be carrying stron-
ger or higher number of factors for susceptibility than CML451
leading to susceptibility response on crossing to either of the
resistant parents.
The variance of LSIR among inbreds was moderate irrespec-

tive of their resistance response (Table 3). However, the vari-
ances in all four F1s were more than double of the parents
giving subtle indication that genes determining resistance and/or
susceptibility might be distributed among parents, and their inter-
action might have lead to increased variance when they came in
combination in the hybrids. In all the crosses, the variances from
F1s to F2s increased significantly, suggesting a complex geno-
type 9 environment interaction influencing the resistance
response. In fact, the differences of variances of BC1P1s
and BC1P2s across all crosses were not substantial. Environmen-
tal variances were higher than the genetic variance in all
crosses except in DMRE2 9 CML287. Hence, this cross can be
considered convenient to understand the genetics of pink stem
borer resistance in detail at molecular level.

Table 4: Estimates of gene actions for leaf and stem injury rating, in response to S. inferens infestation in different crosses of maize

Family Mean [m] Additive [a] Dominance [d] aa (i) ad (j) dd (l)

DMRE1 9 CML451 6.21 � 0.09** �1.31 � 0.19** �8.66 � 0.99** �10.30 � 0.76** 1.52 � 0.33** 20.58 � 1.60**
DMRE1 9 CML287 6.87 � 0.10** �2.18 � 0.19** �3.83 � 1.03** �5.32 � 0.78** 0.46 � 0.33NS 6.89 � 1.66**
DMRE2 9 CML451 5.94 � 0.1** 0.11 � 0.22NS �6.58 � 1.08** �5.35 � 0.86** 3.14 � 0.33** 5.21 � 1.75**
DMRE2 9 CML287 6.01 � 0.11** �2.37 � 0.13** 2.79 � 0.88** 0.03 � 0.69NS 0.47 � 0.25NS 1.35 � 1.33NS

Indicate significance at **1%, respectively.
NS, non-significant.

Table 5: Pearson’s correlation coefficient between leaf and stem injury rating and grain yield in maize upon infestation by pink stem borer

Cross

Generations1

Over all generationsP1 P2 F1 F2 BC1P1 BC1P2

DMRE1 9 CML451 �0.49** �0.89** �0.96** �0.96** �0.92** �0.67** �0.90**
DMRE1 9 CML287 �0.49** �0.89** �0.96** �0.96** �0.96** �0.86** �0.91**
DMRE2 9 CML451 �0.27* �0.89** �0.46** �0.92** �0.95** �0.73** �0.81**
DMRE2 9 CML287 �0.27* �0.89** �0.94** �0.93** �0.87** �0.90** �0.90**

Indicate significance at *5% and **1%, respectively.
1Details of the generation are given in Table 2.
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The basic assumption behind GMA is the unidirectional distri-
bution of genes between two parents. However, overlapping nat-
ure of LSIR means of the BC1P1 and BC1P2 detected existence
of epistatic interactions which contradicts this assumption (San-
tosh et al. 2012, Audilakshmi et al. 2010). Under this situation,
while partitioning genetic variances into additive and dominance
in segregating generations, always there will be a bias, which
may lead to negative estimates for additive and dominance
genetic variances, as observed in current study (Table 3). Similar
negative estimates for additive and dominance variances were
reported earlier also (Gusmini and Wehner 2007, Cartea et al.
2001). According Robinson et al. (1955), variances, by defini-
tion, are never negative but small positive quantities. However,
as in the present study, the estimates of additive or dominance
variance have come out negative although have been reported in
Table 3, but for practical purpose, they will be treated as zero.
As epistatic interactions were significant, they tend to under- or
overestimate the additive and dominance variance estimation
leading to erroneous estimation of the narrow-sense heritability.
Therefore, narrow-sense heritability was not calculated. The
broad-sense heritability in the current study was moderate to
high. Santosh et al. (2012) and Checa et al. (2006) also observed
moderate to high broad-sense heritability while studying pink
stem borer resistance in maize and climbing ability in beans,
respectively.
The F2 distribution of LSIR scores were nearly normal with

large and continuous variation without any distinct classes in all
the four crosses (data not shown). This further indicated quanti-
tative nature of the trait (Gusmini and Wehner 2007). The num-
ber of factors governing the traits was estimated using three
different methods, as proposed by Wright (1968) and Lande
(1981). Admitting the facts that first, several assumptions in
these methods may not be met in and could lead to inaccurate
estimation in number of genes, and second, the presence of sig-
nificant non-additive interactions over- or under-estimates the
number of effective factors, the number was estimated to obtain
a rough estimate on number of genes involved in determining
pink stem borer resistance. Interestingly, the mean number of
effective number of factors (genes) determining the resistance
were low (Table 3).
The present study clearly indicated that resistance against pink

stem borer does not fit simple additive–dominance models,
which was also reported for resistance against S. nonagrioides
(Cartea et al. 2001, Butr�on et al. 2009) and S. inferens (Santosh
et al. 2012). Empirical estimates of gene effects indicated the
resistance against S. inferens is largely governed by addi-
tive 9 additive (i) followed by dominance (d) and additive (a)
gene effects. In DMRE2 9 CML287, resistance was largely
influenced by additive gene effects as only these gene effects for
resistance were highly significant. Thus, the number of estimated
effective factors for this cross (1.3–4.7) may be close to the
actual number. In general, the estimates of components of
genetic variance broadly reflected that a, d and i together deter-
mine resistance against pink stem borer. Based on the results, a
and i types of gene effects can be exploited through develop-
ment of superior inbred lines through pedigree selection and
reciprocal recurrent selection. Further, d and i types of gene
actions can be exploited through single cross hybrid develop-
ment (Hughes and Hooker 1971). As epistatic interactions
are significant, high selection pressure in early generation may
not bring desirable progress. Thus, low selection pressure is to
be exerted in early generations of population improvement pro-
gramme for the trait. DMRE2 9 CML287 showed complete

dominance for susceptibility, and no significant epistatic interac-
tion was recorded in this cross. Further, environmental variance
component was lower than the genetic variance in this cross.
Hence, this cross can readily be used for mapping of gene(s) for
resistance.
The correlation between LSIR and yield across generations

and crosses was >0.9, which was strongly negative and highly
significant. It is possible that the correlation between LSIR
against S. inferens infestation and yield in maize can be effec-
tively used to assess the yield penalty. In fact, a general appear-
ance of an ear and its indication to an ear resistance against
S. nonagrioides was observed because of high correlation among
ear damage traits (Cartea et al. 2001).

Conclusion
The study has clearly demonstrated quantitative nature of
inheritance of resistance against S. inferens in maize. Both fix-
able [additive (a) and additive 9 additive (i)] and non-fixable
[dominance (d)] gene actions significantly influence the resis-
tance. The combination of pedigree breeding coupled with
reciprocal recurrent selection by intermating among inbred
lines can be effective towards development of resistant sources.
Low selection intensity in earlier generation may aid in com-
bining desirable alleles for pink stem borer resistance. Highly
significant negative dominance gene action in three of four
crosses leading to resistance response, suggested that this effect
can be exploited through hybrid breeding. DMRE2 9

CML287 cross with no significant epistatic effect and higher
genetic variance can be treated as convenient cross to study
further the genetics of pink stem borer resistance at molecular
level.
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