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Abstract

Tomato yield depends on two components viz., fruit weight and number of fruit per flower branch. These traits are quantitative and
therefore influenced by multiple genes. The objective of this study was to estimate the main gene effects (additive, dominant and digenic
epistasis) and to determine the mode of inheritance for yield components and yield in three tomato cross combinations by generation mean
analysis. The trial included genotypes differing in morphology and yield: line DAT, cultivar SP-109 and local population KGZ. The analyzed
genotypes belong to tomato germplasm collection of the Institute for VVegetable Crops, Smederevska Palanka, Serbia. Six families per hybrid,
including parents, have been tested. Besides, the additive and dominance gene effects, non-allelic gene interactions have been detected for yield
components and yield. Duplicate type of epistasis was confirmed for fruit weight and yield in all cases characterized by significant dominance
and dominance/dominance effects, which diminishes the effect of dominant genes and makes breeding for yield increase more difficult.
Therefore, number of fruits per flower branch increase would be the most efficient strategy for increasing tomato yielding ability.

Introduction

Yield is the most important agronomical trait; therefore, it is
included in almost all tomato selection programs. The adequate
choice of parental lines possessing the potential to produce high-
yielding hybrids is essential (Koutsika-Sotiriou et al., 2008).
However, yield is a complex trait, influenced by genetic and
environmental effects, such as numerous abiotic (Scott & Jones,
1990; Foolad & Lin, 2001) and biotic factors, applied agrotechic
procedures (Kaskavalci, 2007) and growing location (Yoltas et
al., 2003).

An effective selection criterion is precondition for
achieving the inherent yielding ability of a species. Besides
yield itself, yield components or other yield contributing
agronomic characters may be utilized for breeding for yield
increase. In tomato, yield per plant depends on fruit weight
and number of fruits per flower branch; however, they are both
determined by numerous genetic and environmental factors
(Singh & Singh, 1985; Dhaliwal & Nnandpuri, 1988; Singh et
al., 1989; Zdravkovi¢ et al, 1998). Therefore, an
understanding of the mode of inheritance of the yield and its
components is crucial for the adequate choice of selection
strategy for developing high-yielding cultivars and hybrids.

Generation mean analysis (Mather & Jinks, 1982) is a
useful technique that provides the estimation of main genetic
effects (additive, dominance and their digenic interactions)
involved in the expression of quantitative traits such as yield
components and yield. Besides for yield (Bhatt et al., 2001), the
method was successfully applied for research on mode of
inheritance pattern of numerous tomato traits; such as time to
seed germination (Scott & Jones, 1990), salt (Foolad, 1996) and
cold tolerance (Foolad & Lin, 2001), vitamin C and total soluble
solids (Bhatt et al., 2001) and acylsugar content (Resende et al.,
2002). The inheritance of tomato resistance to Phytophthora
parasitica root rot (Kozik et al., 1991) and Phytophthora
infestans late blight (Abreu et al., 2008) have been also studied
by generation mean analysis. The model has been used for
similar research on yield inheritance pattern in other
agronomical species, cotton for example (Hussain et al., 2009).

The study was undertaken to estimate the main genetic
effects including digenic non-allelic interactions controlling
yield components and vyield in three tomato cross
combinations. The second aim was to determine the yield
component that affects yield to a greater extent in order to
define efficient selection strategy for increasing vyielding
ability in tomato.

Materials and Methods

Three tomato genotypes of local origin, differing in yield
and morphology (line DAT-indeterminate type, cultivar SP-
109-determinate type and local population KGZ-indeterminate
type), were chosen from tomato germplasm collection of the
Institute for Vegetable Crops, Smederevska Palanka, Serbia.
The genotypes have been intercrossed during the tomato
growing season of 2005 in order to produce F1 hybrids. In the
next year F, generation has been obtained and the backcrosses
(BC: and BC,) have been performed. Comparative field trial
including six basic populations of each hybrid (parents, F1, F2
and backcross populations) has been conducted in 2007, in
complete random block design with three replications.
Standard agronomical procedures have been applied. The main
plot size was 10 m?, with 45 c¢m within-row spacing and 1 m
between-row spacing.

Tomato yield and yield components (number of fruits per
flower branch and fruit weight) have been examined. The yield
analyses had been limited to the first three flower branches due
to segregation of determinate tomato type that may occur in F
generation. 30 fruits for parents, F1, BC1 and BC, generations
and 40 fruits for segregating F1 generation have been included
in the analyses.

Mean values, standard errors of mean, as well as
coefficients of variation have been calculated. The data
concerning Fi generation and parental mean have been
included in the calculation of heterosis value (%).

The mode of inheritance of the tomato yield components
and vyield was estimated for each cross combination by
generation mean analysis (P1, P2, F1, F2, BC1, and BC3), using
additive/dominance model, three parameter model (Mather &
Jinks 1982). The effects of genes were calculated as:

(m) = 0.5P; + 0.5P, + 4F, — 2BC; — 2BC;

(d) = 0.5P; — 0.5P,

SE?(¢) = 0.255E2% + 0.255E%;

(h) =6BC; + 6BC, — 8F, — F1 — 1.5P; — 1.5P;

SEZ(h) = 36SEZBc1 + 365E23c2 + 64SE2|:2 + SE2|:1 + 2.25SE2p1 +
2.255E2p2;

with (m) representing mean, (d) additive and (h) dominance
effect.
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The estimated (m), (d) and (h) values were tested by t-test
at the 0.05 and 0.01 levels of probability. The gene effects
were calculated and tested by inversion of matrix system, on
the basis of the expected model. The adequacy of the model
was tested according to individual scaling and joint chi square
tests. Individual scaling tests were based on mean generation
values, for six generations (P1, P2, F1, F2, BCy, and BCy):

A= ZBC1—P1—F1

SEZ(A) = 4SE%c; + SE% + SE?m
BZZBCQ—PQ—Fl

SEZ(B) = 4SEZBc2 + SEzpz + SE2F1
C=4F,-2F1 —-P1-P>

SEz(c) = 1GSE2F2 + 4SE2F1 + SEzpl + SEzpz

The joint chi square test was based on comparison of
experimental mean generation values and the expected
generation values that indicate epistatic effects. If at least one
value from the C, A, B set and the calculated chi square turn
out statistically significant, three parameter model is declared
inadequate and the effects of epistasis were calculated using
six parameter model:

(i) = 2BC; + 2BC; — 4F;

SEz(i) = 4SE2|301 + 4SEZBCZ + 165E2F2

(j) = 2BC; — P, — 2BC, + P,

SEZ(J') = 4SEZBC1 + SEZP]_ + 4SEZBc2 + SE2p1

(I) = Py + P, + 2F; + 4F, — 4BC; — 4BC,

SE2(|) = SE%; + SE%; + 4SE%; + 16SE?%, + 16SEZ%c1 +
165EZBCZ;

where (i) represents additive/additive, (j) additive/dominance
and (I) dominance/ dominance effects.

Broad sense heritability was calculated by Mather & Jinks
(1982):

VF2 — (VP1+ VP2 + VF1) /3
VE2

with V representing corresponding variances.

he=

Results

The mean values of yield per plant, fruit weight and
number of fruits per flower branch for six basic generations of
three biparental tomato crosses, together with the corresponding
coefficients of variation, are listed in Table 1. Among the
parents, the highest yield on the first three flower branches was
noted for line KGZ (1528.6 g) and the lowest for the line SP-
109 (730.5 g). Significant yield increase in comparison to
parental genotypes was registered for all generations obtained
after crossing. The highest yield increase was observed for F;
generation, with the best performance of cross combination
DAT x SP-109 (2090.5 g). Among the F, genotypes, the highest
yield was measured for KGZ x SP-109 (1534.0 g) and the
lowest for DAT x KGZ (1204.2 g). Comparing genotypes of
backcross generations, the highest yield was noted for DAT x
SP-109 BC; (1800.8 g) and the lowest for DAT x KGZ BC;
(1010.0 g). Coefficient of yield variation ranged from 3.8
(KGZ) to 7.0% (DAT) for parents. As expected, F1 was the most
uniform generation, with an average coefficient of vyield
variation of 3.7, whereas the greatest variability was registered
for F, generation (14%). For backcross generations, coefficient
of yield variability ranged from 0.9 (DAT x SP-109 BC,) to
19.2 (KGZ x SP-109 BC,). (Table 1).

Heterosis values for yield varied in wide range, from 39.7
(DAT x KGZ) to 93.6% (DAT x SP-109); whereas values
concerning broad sense heritability were fairly high for all
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three studied cross combinations and ranged from 87.5 for
DAT x KGZ to 93.3% for DAT x SP-109 (Table 2).

According to individual scaling and joint chi square tests,
three parameter additive/dominance model was adequate for
fruit yield of DAT x SP-109 cross combination only,
confirming significant additive and dominance gene effects.
The estimated values of additive genes were higher than the
values of dominant genes, indicating additive as decisive type
of gene action. In the remaining two cases, additive/dominance
model failed; therefore, six parameter model was used for
estimation of gene effects. For DAT x KGZ and KGZ x SP-
109 cross combinations, individual scaling and joint chi square
tests confirmed the effect of digenic non-allelic interactions.
For DAT x KGZ cross combination, the effects of both
dominant and additive genes were significant. The estimated
dominance effect was higher than additive. Additive/ additive,
additive/ dominance and dominance/ dominance gene effects
were noted. The applied model confirmed duplicate epistasis;
the estimated value of dominance/ dominance interaction was
characterized by opposite sign comparing to the value of the
dominance effect. Significant additive and dominance effects,
additive/additive and dominance/ dominance gene interactions,
as well as duplicate type of epistasis were confirmed for KGZ
x SP-109 cross combination (Table 2).

Among parents, the heaviest fruits (145.7 g) with the
lowest coefficient of variation (9.5%) were measured for KGZ.
Line SP-109 was characterized by the lightest fruits (55.5 g)
with coefficient of variation of 12.4% (Table 1). The estimated
heterosis values for fruit weight of cross combinations DAT x
KGZ and DAT x SP-109 were low (8.9 and 13.8%,
respectively), whereas KGZ x SP-109 exhibited negative
heterotic effect. Broad sense heritability varied between 71.7
for DAT x KGZ to 90.9% for DAT x SP-109 (Table 3).

As well as for yield, the adequacy of three parameter
model was confirmed for fruit weight of DAT x SP-109 only.
Fruit weight of the combination is determined by both additive
and dominance gene effects, with higher values for dominant
genes. For the remaining two cross combinations six
parameter model was applied. In the case of DAT x KGZ,
additive gene effects and additive/dominance interaction were
significant. The estimated additive/dominance effects were
negative and higher than the additive effects, implying
additive/dominance gene interaction as predominant type of
gene action. Six parameter model confirmed the significance
of main and additive genetic effects, as well as
additive/dominance  and  dominance/dominance  gene
interactions for KGZ x SP-109 cross combination (Table 3).

Among parents, number of fruits per flower branch ranged
from 3.7 (KGZ) to 6.7 (SP-109), with coefficients of variations
in the range from 8.5 for SP-109 to 14.8% for DAT (Table 1).
Differences between parental lines DAT and KGZ concerning
number of fruits per flower branch were insignificant; therefore,
the estimation of mode of inheritance of the trait failed for cross
combination DAT x KGZ (Table 4).

The estimated heterosis values for number of fruits per
flower branch varied from 21.1 to 26.9% for DAT x SP-109
and KGZ x SP-109, respectively. Broad sense heritability
ranged from 64.1 (KGZ x SP-109) to 89.7% (DAT x SP-109).
Additive gene effects were significant for both DAT x SP-109
and KGZ x SP-109 cross combinations. Additive/dominance
was the only type of non-allelic gene interaction (Table 5).

Summary of main genetic effects and mode of inheritance
for yield, fruit weight and number of fruits per flower branch
for three studied tomato cross combinations is given in Table
5. Higher number of epistatic effects of genes was noted for
fruit weight comparing to number of fruits per flower branch.
The highest number of non-allelic gene interactions was
determined for yield.
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Table 1. Mean values and coefficients of variation for yield per plant, fruit weight and number of
fruits per flower branch in six generations of three tomato crosses.

Parents Yield per plant (g) Fruit weight (g) Number of fruits per f. b.
Mean+SE | CV Mean+SE | CV Mean+SE | CV
DAT 907.4 £ 36.8 7.0 95.3+5.2 9.7 42+04 14.8
KGz 1528.6 + 15.8 3.8 145.7+ 8.0 9.5 3.7+£0.2 9.6
SP-109 730.5+35.9 4.1 55.5+4.0 124 6.7+0.3 8.5
Generations Mean + SE CVv Mean + SE CVv Mean + SE CVv
DAT x KGZ
F1 1585.3 £ 39.6 4.3 131.2+2.7 3.6 56+0.2 7.6
F2 1204.2 +123.3 17.7 103.8+10.7 17.9 48+05 18.6
BC: 1188.7 + 33.3 4.8 104.6 £ 6.0 10.0 56+0.1 3.9
BC; 1010.0 £ 62.7 10.7 1274+120 16.3 4.7%0.2 8.7
DAT x SP-109
F1 2090.5+45.6 3.8 85.3+1.1 2.2 6.6+0.2 5.4
F2 1494.0 £ 112.2 13.0 70.0+55 13.6 5709 28.9
BC: 1800.8 £10.9 1.0 715+3.0 7.2 56+0.2 6.7
BC; 1783.6 + 10.0 0.9 69.6 + 6.8 17.0 55£0.3 111
KGZ x SP-109
F1 1654.0 + 29.7 3.1 89.8+25 4.9 6.6+0.2 6.1
F2 1534.0 £99.9 11.3 88.9+11.2 21.8 56+05 15.2
BC: 1303.7 £ 14.4 19.2 75.4+4.4 10.1 56+0.1 4.3
BC: 1078.3 + 34.2 55 71.8+3.2 7.8 57+0.3 9.4
LSD 0.05 77.1 19.2 1.1
0.01 109.8 27.3 15
SE = Standard error of mean
CV = Coefficient of variation (%)
F1, F2 and BC1, BC: = first and second filial and backcross generation, respectively
Table 2. Generation mean analysis for yield of six generations in three tomato crosses.

Crosses DAT x KGZ DAT x SP-109 KGZ x SP-109
Gene effects estimated from three parameter model

t t t to.0s to.o1
(m) 1291.8"™  57.03 798.0™ 48.27 1125.4™ 61.02 2.23 3.17
(d) -62.2™ 4.92 70.2" 4.32 399.8™ 21.64 2.78 4.60
(h) 970.2™ 21.44 23.6™ 17.21  495.68™ 14.70 2.18 3.05
H (%) 39.7 93.6 40.9
h? 87.5 93.3 92.3
Individual scaling and joint chi square test

t t t to.0s to.01
C -641.1™ 1.39 8.3 0.02 568.9" 1.40 2.18 3.06
A 603.7™ 9.74 -115.3™ 1.46 -575.7"™ 1.97 2.26 3.25
B -51.9™ 0.84 -295.7" 1.26 -228.4" 2.99 2.26 3.25
chi square 150.1" 6.6" 14.9™
Epistasis effects estimated from six parameter model

t t to.05 to.01
(m) 2587.0m™ 0.06 2501.6™ 5.05 2.23 3.17
(d) -313.3" 12.12 399.1™ 21.39 2.78 4.60
(h) 3807.0™ 4.21 -3023.0 2.55 2.18 3.05
(M 1191.5 2.66 -1371.9" 2.77 2.45 3.71
() 658.7" 11.11 -347.3™ 1.18 2.31 3.35
(D -1744.0™ 3.77 2176.3" 3.06 2.18 3.06

H = Heterosis value
h? = Broad sense heritability

t, to.os, to.o1 = t-distribution table values, estimated t values at the 0.05 and 0.01 levels of probability, respectively
ns, ", ™ = Insignificant, significant at the 0.05 and 0.01 levels of probability, respectively

Discussion

Yield per plant is one of the most important tomato traits,
especially in genotypes intended for processing. Yield, as well
as yield components, is determined by numerous genes, with
specific interactions that make breeding for yield increase
more difficult. Both additive and dominance gene effects on
yield have been confirmed in this study, with prevalence of
dominance gene action, which is in accordance to the results
reported by Chandrasekhar & Rao (1989). On the contrary,

according to Christakis & Fasoulas (2001) and Salem et al.,
(2009) additive genetic variation predominates. The prevailing
type of non-allelic gene interactions was dominance/
dominance, similar to the results of Singh & Singh (1985),
who reported additive/dominance and dominance/dominance
gene interactions as more important than additive/additive for
yield inheritance in tomato. However, duplicate epistasis has
been confirmed in our study in both cross combinations with
significant dominance and dominance/dominance gene effects,
implying the stability of this type of epistasis in tomato yield



1578 JASMINA ZDRAVKOVIC ET AL.,

inheritance. The phenomenon of duplicate epistasis is performed by Dhaliwal & Nandpuri (1988). Furthermore, the
unfavorable from the breeder’s point of view because of its results of the trials including 21 (Khalf-Allah & Kassem,
decreasing effect on the analyzed trait (Zdravkovi¢ et al., 1985) and 2 cross combinations (Khattra et al., 1990)
2000). Duplicate epistasis in yield inheritance has been found confirmed significant additive, dominance and epistatic effects
in the study involving three tomato hybrid combinations and in tomato yield inheritance.

Table 3. Generation mean analysis for fruit weight of six generations in three tomato crosses.

Crosses DAT x KGZ DAT x SP-109 KGZ x SP-109
Gene effects estimated from three parameter model

t t t to.05 to.o1
(m) 109.9™ 26.67 61.0™ 44.14 82.8™ 23.89 2.23 3.17
(d) 14.17 3.39 8.7 6.32 26.7m 1.89 2.78 4.60
(h) 18.9™ 3.64 18.4™ 7.33 3.5m 0.74 2.18 3.05
H (%) 8.9 13.8 -10.7
H? 71.7 90.9 77.4
Individual scaling and joint chi square test

t t t to.05 to.o1
C -56.1" -1.73 4.4 -0.15 -20.5"™ -1.58 2.18 3.06
A 18.0™ 4.28 -9.1m -1.53 -79.6™ 7.57 2.26 3.25
B -20.1™ 451 7.1m 0.79 11.5™ 1.71 2.26 3.25
chi square 25.2" 3.1m 49.4™
Epistasis effects estimated from six parameter model

t t t to.05 to.01
(m) 717" 1.41 161.0™ 3.48 2.23 3.17
(d) 25.2™ 5.31 45.1™ 10.18 2.78 4.60
(h) 68.8" 0.58 -218.0m 0.26 2.18 3.05
Q) 48.8" 0.96 -60.4" 131 2.45 3.71
() -96.0™ 3.36 -83.0™ 591 2.31 3.35
() -9.3" 0.13 146.8" 2.89 2.18 3.05

H = Heterosis value

h? = Broad sense heritability

t, to.os, to.o1 = t-distribution table values, estimated t values at the 0.05 and 0.01 levels of probability, respectively
ns, ", ™ = Insignificant, significant at the 0.05 and 0.01 levels of probability, respectively

Table 4. Generation mean analysis for number of fruits per flower branch of six generations in
three tomato crosses.

Crosses DAT x KGZ DAT x SP-109 KGZ x SP-109
Gene effects estimated from three parameter model

t t t fo.0s fo.01
(m) 5.3" 25.44 5.1 28.42 2.23 3.17
(d) -0.9™ 2.64 -1.1m 2.76 2.78 4.60
(h) 1.2m 1.67 1.7 2.00 2.18 3.05
H (%) 21.1 26.9
H? 89.7 64.1
Individual scaling and joint chi square test

t t t fo.0s fo.01
C -1.3™ -0.95 -1.2m 0.41 2.18 3.06
A 0.4 0.44 0.9 2.14 2.26 3.25
B 2.3 -2.85 -1.9" 2.57 2.26 3.25
chi square 9.0" 13.8™
Epistasis effects estimated from six parameter model

t t t to.05 fo.01
(m) 6.0m 1.54 5.0 2.39 2.23 3.17
(d) -1.25™ 5.12 -1.5™ 7.70 2.78 4.60
(h) -1.9m 0.24 0.8™ 0.17 2.18 3.05
Q) -0.6" 0.15 1.2m 0.09 2.45 3.71
() 2.7" 2.80 2.8 3.57 2.31 3.35
() 2.5™ 0.59 0.8™ 0.31 2.18 3.05

H = Heterosis value

h? = Broad sense heritability

t, to.os, to.o1 = t-distribution table values, estimated t values at the 0.05 and 0.01 levels of probability, respectively
ns, ", ™ = Insignificant, significant at the 0.05 and 0.01 levels of probability, respectively
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Table 5. Summary of main genetic effects and mode of inheritance for yield, fruit weight and number
of fruits per flower branch in three tomato crosses.

Yield Fruit weight Number of fruits per f. b.

Crosses 3p. m. 6 p. m. 3p. m. 6 p. m. 3p. m. 6 p. m.
mld/h[m[d][h]iljlI[m[d][h][m[d][h]i]jlI[m]d][h]m][d]h]i]j]lI
DATXKGZ * * * * * * *
DATxSP-109 * ook x *ox % * *
KGZXSP-lOQ * * * * * * * * * * * *
3 p. m. = Three parameter model
6 p. m. = Six parameter model
* = Significant at the 0.05 level of probability
Additive gene effects played decisive role in fruit weight References

inheritance for all three studied tomato cross combinations,
however, both additive and dominance gene effects were noted
in the case of DAT x SP-109, with dominance effects being
more significant. Mean generation analysis performed by
Conti et al., (1984) confirmed the significance of additive and
dominance gene effects in tomato fruit weight inheritance,
with the prevalence of estimated additive effects. Significant
action of dominant genes in tomato fruit weight inheritance
has been reported by Singh et al., (1989).

Non-allelic gene interactions that have been found for
tomato fruit weight inheritance in our study are in accordance
to the results of Singh & Singh (1985) and Singh et al., (1989).
Similarly, the extended digenic model performed on three
tomato crosses (Dhaliwal & Nandpuri 1988) confirmed
epistasis in two cases, whereas three parameter
additive/dominance model was adequate for only one cross
combination (Cold Set x Punjab). In our study, the most
important effects were additive/dominance and
dominance/dominance. In the research of Singh & Singh
(1985), the significant additive/additive epistatic effects have
been confirmed in only one out of two tomato growing
seasons, implying strong environmental impact on the
expression of the trait. Therefore, there is a probability for
additive/additive epistatic effect occurrence in our material if
analyzed in different environmental conditions. Duplicate
epistatis noted for KGZ x SP-109 cross combination
diminished the effect of dominant genes and therefore
decreases the expression of the analyzed trait, which is
unfavorable for breeding for fruit weight increase. Vice versa,
there is a probability that crossing different parental lines
would lead to complementary epistasis that would increase
fruit weight (Causse et al., 2007).

Additive gene effects and additive/ dominance epistasis
that have been confirmed for number of fruits per flower
branch of DAT x SP-109 and KGZ x SP-109 cross
combinations are in accordance to the results of Singh &
Singh (1985), Dhalliwal & Nandpuri (1988) and Zdravkovi¢ et
al., (1998). According to Hidayatuulah et al., (2008), number
of fruits per flower branch is the most important yield
component in tomato.

Conclusions

The selection of high-yielding tomato genotypes is
complicated by often occurrence of duplicate epistasis. Higher
number of epistatic gene effects estimated for tomato fruit
weight comparing to number of fruits per flower branch,
duplicate type of epistasis confirmed for fruit weight, as well
as additive gene effects and stable additive/dominance
epistatic effects noted for number of fruits per flower branch,
imply number of fruits per flower branch increase as the most
efficient strategy for increasing tomato yielding ability.
However, fruit weight has to meet the standards proposed by
growers and market.
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