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Abstract

Rice (Oryza sativa L.) breeding seeking to combine high productivity and cold tolerance for the temperate Latin
America region is an important challenge. We estimated some useful parameters which can be used to investigate
the genetic control of agronomic characters in crosses combining cold tolerance and productivity. A partial diallel de-
sign was used in crosses between six tropical indica rice cold susceptible genotypes (group 1) and seven japonica or
indica/japonica cold tolerant rice genotypes (group 2). Parents and crosses were evaluated for agronomic characters
under field conditions in two different experiments in 2005. The results showed significant mid-parent heterosis for all
characters (plant height, tiller number, days to 50% flowering, panicle length, grains per panicle, sterility, and
one-hundred grain weight). The predominant direction of dominance effects was negative for days to 50% flowering,
and positive for all the other characters. General combining ability (GCA) and specific combining ability (SCA) were
significant for all characters, although the GCA effects of the two groups were more important than the SCA effects.
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Introduction

New rice (Oryza sativa L.) varieties for temperate
Southern America (southern Brazil, Argentina, Uruguay
and Chile) with high yield potential and cold tolerance are
an important breeding challenge. This region has a consid-
erable area under actual and potential rice cultivation. In or-
der to increase rice yield two complementary strategies
have been followed, the introduction of high yielding tropi-
cal germplasm into a temperate background and early
planting dates (late September and October) to capture high
solar radiation in critical growth stages and to avoid low
temperature stress after flowering.

The combination of cold tolerance and high yielding
ability is possible in indica by japonica crosses (Peter
Jennings, personal communication). The Japonica subspe-
cies represents the majority of cultivars grown in the tem-
perate regions and is cold tolerant in seedling, vegetative
and reproductive stages (Mackill and Lei, 1997). Japonicas
generally have poor plant type, disease susceptibility and
are low yielding. In contrast, tropical elite indica varieties
have good plant type, lodging and disease resistance and
better yielding ability but are cold susceptible and have a
long growth duration in temperate regions.
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Indica by japonica crosses present problems. Many
studies show that rice yield related characters (tiller num-
ber, grain number and grain weight) and agronomic charac-
ters (plant height and days to flowering) are inherited quan-
titatively, related genetically to one another and influenced
by growing environments (Kobayashi et al., 2003). Fur-
thermore, hybrid sterility caused by several genetic mecha-
nism, limits the use of indica/japonica crosses (Ikeshashi
and Araki, 1986). Other constraints could be the presence
of blocks of genes for adaptation to specific environmental
conditions segregating as one super gene that limited free
recombination.

Diallel mating designs are an important tool in plant
breeding programs to obtain information on the inheritance
of quantitative traits. A partial diallel consisting of crosses
between two parents groups is useful when there are dis-
tinct groups of populations and the breeder is not interested
in evaluating the crosses between parents of the same group
(Miranda Filho and Geraldi, 1984). Essentially this mating
system corresponds to Design II proposed by Comstock
and Robinson (1952), with fixed parents. In order to dimin-
ish the number of crosses to be used, Miranda Filho and
Geraldi (1984) and Geraldi and Miranda Filho (1988) pre-
sented the models, estimation formulae and tests for effects
and for obtaining the sum of squares in the analysis of vari-
ance of the partial diallel by adapting the Gardner and
Eberhart (1966) and Griffing (1956) methods.
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Despite the advances of “molecular breeding”, classi-
cal quantitative genetics remains useful in practical rice im-
provement. Thus, estimation of genetic parameters such as
heterosis and combing ability gives inferences about the
predominant action of the genes, indicates the appropriate
selection strategy to be applied in the breeding program and
allows the identification of the best parents. However, in
Latin America little is known about the expression or inher-
itance of agronomic characters in crosses designed to com-
bine yield potential and low temperature tolerance in rice.
This study used partial diallel analysis to determine the
combining ability of tropical indica cold susceptible and ja-
ponica or indica/japonica cold tolerant rice lines and to
study the genetic basis of important agronomic and grain
yield related traits.

Material and Methods

The material used in this study involved six tropical
cold susceptible indica parents (L3000, Oryzica 1, Irga 417,
BR-Irga 410, FL0O3188 and Epagri 108) and seven japonica
or indica-japonica parents (Quilla 145601, Quilla 173201,
CT6748-8-CA-17P, L201, FL04423-CA-2P, FL04402-
CA-4P and FL04452-CA-14P). The susceptible parents,
designated group 1, were commercial varieties from Uru-
guay, Rio Grande do Sul and Santa Catarina in Southern
Brazil, and Colombia. The tolerant parents, designated
group 2, were composed of genotypes from Chile, Califor-
nia, and lines produced by temperate breeding programs
from the International Center for Tropical Agriculture
(CIAT) and the Latin American Fund for Irrigated Rice
(FLAR). The seed of this material was kindly donated by
Luis Berrio from the FLAR Germplasm Bank. This mate-
rial was crossed according to a partial diallel mating
scheme (Miranda Filho and Geraldi, 1984) in 2004 and
2005 at CIAT, Colombia, by using a modified method of
rice crossing (Sarkarung, 1991).

Parent lines and F; hybrids were evaluated in the
planting dates of December 2004 and July 2005, for agro-
nomic characters under field conditions in CIAT, Palmira,
Colombia, 3°30° N, 75°22° W, 965 m above sea level, in a
typical Pellustert soil. The temperature varied from 19.8 °C
t0 30.4 °C (mean: 25.1 °C) in the first experiment and from
19.3 °C to 30.6 °C (mean: 25.0 °C) in the second experi-
ment. Each experiment was conducted using a randomized
complete block design with four replications. Entries were
grown in single row plots (5 m x 0.3 m) and 17 plants were
transplanted in each row. Flood irrigation, fertilizer (200 N,
60 P,0s, 60 K,0, and 30 Zn, kg ha'l) and chemical weed
control were used. The measured agronomic characters
were: days to 50% flowering (DF), tiller number (TN),
plant height (PH), panicle length (PL), number of total
grains per panicle (GN), percent sterility (PE) and one thou-
sand grain weight (GW). Grain yield was not recorded due
to the high sterility in the indica/japonica crosses.
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Individual and joint analyses of variance were per-
formed by the GLM procedure of the SAS program (SAS
Institute, 1999) according to the randomized complete
block design, considering experiments and genotypes as
fixed effects. Genotypes sums of squares were partitioned
as parents, crosses and parent versus (vs.) crosses. Addi-
tionally, parents were partitioned as susceptible, tolerant
and susceptible vs tolerant. Similarly, the interaction sum
of squares were partitioned as experiment by parents, ex-
periment by hybrids and experiment by parents versus hy-
brids, experiment by parents group 1, experiment by
parents group 2 and experiment by group 1 versus group 2.
Genetic analysis to estimate general combining ability
(GCA), specific combining ability (SCA) and their interac-
tion effect with location, was performed using the Griffing
(1956) method 4, model 1, adapted for a partial diallel by
the methods of Geraldi and Miranda Filho (1988) and
Oliveira et al. (1987), according to the following model:

Yy =Wtp,+b,, +g,+g,+s,+8p,+8p; +sp, +e,

In this model Yy, is the observed value relative of the
i/" hybrid at the & block of the /" experiment; 1 is the pop-
ulation mean; p; is the planting date or experiment effect
(I=1,2); by,is the block or replication effect within experi-
ments (k= 1, 2, ..., 4); g; is the GCA effect for the i parent
ofgroup 1 (i=1,2, ..., 6); g;is the GCA effect for the j” par-
entof group 2 (j =1, 2, ..., 7); s is the SCA effect for ii™ Fy
hybrid (i = 1, 2, ..., 42); gp; is the interaction between
group 1 GCA effects and experiments, gp;; is the interaction
between group 2 GCA effects and experiments; sp;; is the
interaction between SCA effects and experiments; and e;
is the experimental error.

Because experiments and genotypes were considered
as fixed effects, and blocks within experiments and error as
random effects, the source blocks within experiments was
used to test the experiment effect, and the pooled error was
used to test all other effects in the joint analysis of variance.
In the diallel analysis, group 1 general combining ability
(g), group 2 general combining ability (g;), specific com-
bining ability (s;) and the interactions of these effects with
the experiments (gp;, gp;, and sp;;) were tested with the
pooled error considering only hybrids evaluation. Average
mid-parent heterosis was tested for significance using
F-test in the contrast parents vs. crosses in the analysis of
variance. Data were analyzed by a SAS program using the
GLM procedure and the “CONTRAST” and “ESTIMATE”
statements (Zhang and Kang, 1997, Wu and Matheson,
2000), in order to test hypothesis, estimate effects and stan-
dard errors. In the design matrix was used the following re-
strictions: Zg,. =0 Zg,. =0 ZSI./. =0, for each j and

: j :

z s; =0, for each i (Geraldi and Miranda Filho, 1988). The
j

quadratic components associated with the GCA of the two
groups and the SCA effects were estimated by the method
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of moments based on mean square expectation according to
the formulas:

MSGCAgl _MSE

(f)GCAgl = JKL )
A MSGCAgZ _MSE
(pGCAgZ = [KL ;
. MS ¢, —MS |,
(pSCA = KL

where 7 is the number of parents of group 1, J is the number
of parents of group 2, K is the number of replications, L is
the number of experiments, MSgcer and MSgcag are the
mean squares of GCA effects of groups 1 and 2 respec-
tively, MSsc, is the mean square of SCA effects, and MS} is
the error mean square. The relative importance of general
and specific combining ability in determining progeny per-
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formance was assessed by the ratio
Geagt T@ocug TP scu

(Baker, 1978).

Results

A joint analysis of variance was performed to deter-
mine the importance of the experiments, genotypes and
their interactions (Table 1). Significant experiment effects
were detected for tiller number, plant height, panicle
length, grain number and sterility probably due to light and
temperature variations between the planting dates. Geno-
type effects and experiment by genotype interaction were
highly significant for all characters.

The two groups of parents were very different be-
tween and within them. The Group 1 and Group 2 contrast
was highly significant for DF, TN, PH, PL and GN, indicat-
ing genotypic differences between the groups. In general,

Table 1 - Mean squares from the joint analyses of variance of the diallel for days to 50% flowering (DF), tiller number (TN), plant height (PH), panicle
length (PL), grain number (GN), sterility percent (PE) and 1,000 grains weight (GW).

Sources df DF (days) TN (tiller/pl) PH (cm) PL (cm) GN (grains) PE (%) GW (g)
Experiments 1 264.28"  547038%*%  7,565.20%* 144.00*  107,378.13%*  2,380.80** 0.06™
Block /Experiment 6 48.69%* 113.08%* 153.98% 11.94%+ 6,865.06%%  241.47%* 3.73%*
Genotypes 54 781.38%* 162.94%* 581.92%* 27.18%* 6,283.77*%  4,072.74%* 34.39%*
Parents 12 1,515.01%* 220.58%* 360.52%* 36.32%* 9,116.37*%  435.25%* 18.17%*
Group 1 5 676.09%* 123.32%* 370.44%% 21.14%% 2,018.00%*  183.57** 19.25%%*
Group 2 6 714.18%* 218.08** 374.01%* 22.93%*%  15473.15%*  717.10%* 19.92%%
Group 1 vs. Group 2 1 10,514.59%* 721.90%* 229,98 192.52%% 6,467.51%* 2.58™ 0.14™
Parents vs. Hybrids 1 5573.79%%  1,804.06%%  3,698.48%* 20231%%  22,792.66%*% 63,821.87*%  797.27%*
Hybrids 41 449.77%* 106.04%* 570.71%* 18.03%* 5,052.06%*%  3,680.07** 20.54%%*
GCA (Group 1) 5 960.23%* 516.81%%  1,217.34%* 50.95%%  12,647.90%*  6,365.37** 35.55%%
GCA (Group 2) 6 2,162.92%* 153.25%%  2,700.70%* T1.33%%  18,041.20%* 14,455.75%* 93.66%*
SCA (G1 x G2) 30 22.06%* 28.14%* 36.94%* 1.89%* 1,188.24%%  1,077.38%* 3.41%%
Experiments x Genotypes 54 21.23%* 42 85%* 37.21%* 2.11%* 1,355.14%%  103.51%* 2.74%%
Experiment x Parents 12 5.60™ 41.24%% 62.10%* 4.20%* 1,722.51%* 95.80%* 5.97%*
Exp x Group 1 5 29.10™ 29.90™ 9.76%* 8.23%* 1,526.41%% 16.48™ 3.46%%
Exp x Group 2 6 32.61™ 26.69™ 5.34%% 1.35™ 1,778.79%%  124.44%% 6.37%*
Expx G 1lvs. G2 1 5.50™ 185.00%* 16.66%* 1.20%% 2,36527%%  320.59%* 16.16%*
Exp x Parents x Hybrids 1 34,84 93.81% 21.33™ 5.10%* 237.43™ 112.93™ 0.04™
Experiment x Hybrid 41 25.47%% 42.08%* 30.31%* 1.42%* 1,274.87%%  105.54%* 1.86%*
Exp x GCA (G1) 5 4.49™ 74.55%% 33.50%* 1.33™ 1,588.90%* 31.85™ 0.91™
Exp x GCA (G2) 6 29.61%* 80.33%+ 98.91%* 1.97% 4,379.76%%  245.02%* 4.81%%
Exp x SCA (G1xG2) 30 28.14%* 29.02%* 16.05%* 1.32%% 601.56%* 89.92%* 1.43%%
Error aV 246 3.94 16.02 7.92 0.70 256.78 34.69 0.67
Error b 324 3.59 15.47 7.64 0.72 254.49 32.68 0.69
Coefficient of variation (%) 2.17 13.66 2.70 343 9.22 11.53 3.04

' Error term for partial diallel analysis, considering only hybrids evaluation; % General error term.
*k k1 Significant at 1%, 5% and non-significant, respectively, by the F- test.
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Group 2 parents were earlier, with lower tiller number and
plant height, short panicles, and fewer grains by panicle.
They were similar to Group 1 parents in sterility and 1,000
grain weight (Table 2). In group 1, L3000 and Irga 417
were earlier, shorter, and higher tillering; BR-Irga 410 had
long panicles with more grains and FL03188 was more
sterile with heavier grains. In group 2, typically japonica
parents Quilla 145601, Quilla 173201, CT6748 and L201
were earlier and lower tillering; Quilla 145601 was the tall-
est parent; L201 had long panicles with more grains; the an-
ther culture derivates FLAR lines (FLO4423, FLO4402

Torres and Geraldi

and FLO4452) were more sterile and FL0O4423 line had
heavier grain weight (Table 2).

The contrast of parent vs. hybrid was highly signifi-
cant for all characters, indicating the presence of mid-
parent heterosis. In general the hybrids were earlier, with
higher tiller number, taller, and had longer panicles, more
grains per panicle, more sterility, and heavier grains than
parents (Table 2). These results show the presence of ge-
netic divergence between groups in the loci with domi-
nance and directional dominance for all characters. The
comparison between parent and hybrid means of all combi-

Table 2 - Mean values of days to 50% flowering (DF), tiller number (TN), plant height (PH), panicle length (PL), grain number (GN), sterility percent
(PE), and 1,000 grain weight (GW) for 6 cold susceptible, 7 cold tolerant rice genotypes and 42 hybrids grown in two experiments.

Entry DF (days) TN (tiller/pl) PH (cm) PL (cm) GN (grains) PE (%) GW (g)
1: L3000 93.0 315 89.0 24.5 155.5 315 23.8
2: Oryzica 1 107.8 25.5 101.6 224 162.0 27.9 24.6
3:Irga 417 93.8 335 91.0 252 185.9 22.1 232
4: Br-Irga 410 109.3 28.7 104.6 26.5 191.5 26.6 24.6
5: FLO3188 108.8 23.5 103.5 26.4 157.3 34.8 27.6
6: Epagri 108 115.6 253 102.1 23.6 158.9 23.6 25.5
Group | mean (7) 104.7 28.0 98.6 24.8 168.5 27.7 24.8
1’: Quilla 145601 77.1 20.2 108.2 23.1 127.0 16.8 26.1
2’: Quilla 173201 76.8 19.0 94.1 19.8 128.4 19.6 22.8
3’: CT6748 72.6 19.1 92.0 19.9 92.5 233 26.2
4: 1201 87.5 19.4 99.2 243 225.5 24.9 242
5°: FLO4423 95.9 214 86.0 222 168.6 429 26.9
6’: FLO4402 96.4 32.6 95.4 21.8 185.1 355 26.1
7°: FLO4452 85.4 27.3 94.5 232 141.7 335 23.6
Group 2 mean (j) 84.5 22.7 95.6 22.0 152.7 28.1 25.1
Parents mean (i + /) 93.8 25.2 97.0 23.3 160.0 27.9 25.0
1x1’ 72.8 36.8 101.9 24.5 140.0 81.9 28.7
1x2’ 74.1 30.9 104.9 23.8 155.2 66.0 27.6
1x3° 72.8 319 98.6 235 110.7 60.1 29.8
1x4 82.4 35.7 99.5 26.1 167.4 79.3 27.9
1x5° 89.9 32.1 88.1 23.5 161.2 74.2 28.1
1x6 90.9 349 88.9 24.1 175.1 42.9 26.0
1x7 83.0 31.6 88.8 235 151.3 66.4 25.7
2x 1’ 77.1 324 109.3 25.5 180.3 88.0 29.2
2x2’ 78.8 29.4 108.6 23.7 172.8 73.9 27.0
2x3’ 76.9 324 105.7 239 141.9 74.5 28.7
2x 4 87.6 25.8 104.1 25.7 194.7 50.2 28.0
2x5’ 93.6 29.9 95.4 23.0 1733 50.0 29.7
2x6° 93.4 315 96.0 232 191.6 34.9 27.6
2x7 88.0 322 94.0 234 1533 41.6 26.1
3Ix1’ 85.0 32.8 119.1 27.4 211.5 67.8 28.8
3x2’ 85.1 28.6 113.9 24.6 210.0 514 25.8
3x3 82.8 333 112.8 254 150. 62.8 29.5
3x4 89.8 28.2 113.5 28.0 203.1 27.1 28.4
3x5 97.0 30.7 97.1 244 170.3 27.5 27.5
3x6’ 98.3 332 96.5 24.1 187.6 29.9 25.8
3x7 92.1 32.0 101.3 25.1 185.5 222 249
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Entry DF (days) TN (tiller/pl)  PH (cm) PL (cm)  GN (grains) PE (%) GW (g)
4x 17 74.8 354 113.1 26.7 184.9 93.2 29.8
4x2’ 74.4 31.2 110.2 24.7 201.5 82.0 26.3
4x3 72.1 35.1 105.2 24.6 117.2 84.1 29.3
4x 4 84.8 25.7 112.1 28.2 2147 343 28.1
4x 5 89.4 28.5 93.7 25.1 179.0 82.0 28.4
4x6° 87.0 36.5 91.5 24.3 180.8 41.1 27.0
4x7T 81.9 30.6 96.1 24.4 159.5 36.2 25.8
S5x I’ 78.9 25.0 113.9 27.4 168.0 74.7 31.7
5x2 81.4 259 111.2 252 175.4 52.2 28.9
5x3 79.5 26.3 108.4 259 148.0 53.6 29.7
Sx4 85.9 222 111.2 28.9 196.3 49.6 30.7
5x5° 93.3 26.2 97.5 26.1 177.7 31.7 29.8
5x6 93.8 28.4 99.2 26.1 189.5 28.3 29.1
5x7 92.1 24.6 104.1 26.3 184.8 24.8 26.3
6x1° 84.5 26.4 116.7 27.0 201.3 86.9 29.8
6x2’ 82.9 26.5 117.2 24.7 220.3 77.5 283
6x3’ 85.9 28.5 108.6 25.6 166.5 78.1 29.4
6x4’ 87.4 253 1115 27.8 2223 72.2 29.1
6x5’ 96.8 26.6 98.7 25.1 189.0 43.1 30.6
6x6’ 99.5 28.8 101.5 23.6 188.2 29.2 27.4
6x7 91.9 26.9 101.5 24.9 179.0 353 26.6
Hybrids mean (7 x ) 85.5 29.9 103.8 252 176.9 56.3 28.2
LSD (0.05)" 1.86 3.87 2.72 0.84 15.69 5.62 0.82

' Least square difference at 5% level by the - test.

nations showed the predominant direction of dominance in
the groups of parents that were negative for days to flower-
ing and positive for all other characters.

There was interaction between experiment and par-
ents for all characters with the exception of days to flower-
ing. This interaction was significant for group 1 parents for
PH, PL, GN, and GW; and for group 2 parents for the PH,
GN, PE and GW characters, suggesting that environmental
conditions affected some characters in different ways in the
two groups of parents. The contrast group 1 vs. group 2, in-
teracted with experiments for all characters with exception
of days to flowering. This interaction was complex (rank
change) only for PE and GW.

The interaction of the experiment with the contrast
parents vs. hybrids was non significant for PH, GN, PE and
GW. The interactions with DF, TN, and PL were significant
but non-complex, indicating that the general superiority of
the hybrids over parents was consistent in the two experi-
ments.

When cold susceptible and cold tolerant rice geno-
types were crossed, considerable genetic variability was
produced. Highly significant differences among hybrids
were found for all characters (Table 1), indicating the exis-
tence of considerable genotypic variability among them.
The diallel analysis indicated significance at the 1% level

for the GCA group 1, GCA group 2 and SCA effects for all
characters over experiments. These results indicate the
existence of differences in the breeding values between
parents of two groups and the presence of additive and
non-additive gene effects for all characters in the study.

Estimates of the quadratic components associated
with GCA and SCA effects are given in Table 3. An esti-
mate of the relative importance of the additive and non-
additive effects of genes is obtained from the ratio of the
components for general combining ability of the two
groups and the specific combining ability according to the

Pocae +(PGCAg2
Picag +(pGCAg2 +0 5cy

tained show that for all characters, this proportion was
higher than 0.75, indicating that additive effects are more
important than non-additive effects for the characters stud-
ied.

ratio (Baker, 1978). The values ob-

Experiment by hybrid interaction was highly signifi-
cant for all characters, indicating that the crosses behaved
differently according to the experimental conditions. Simi-
larly, interactions between experiments and GCA of group
2 and SCA were highly significant for all characters, al-
though interaction with the GCA of group 1 was significant
only for TN, PH, and GN, indicating that some estimates
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Table 3 - Quadratic components estimates for general (¢, and @) and specific (@sc4) combining ability for days to 50% flowering (DF), tiller
number (TN), plant height (PH), panicle length (PL), grains number (GN), sterility percent (PE) and 1,000 grain weight (GW).

Quadratic component  DF (days) TN (tiller/pl) PH (cm) PL (cm) GN (grains) PE (%) GW (g)
Oocua 17.08 8.94 21.60 0.90 221.3 113.0 0.62
Pocag 44.98 2.86 56.10 1.47 370.5 300.4 1.94
Oscu 227 1.52 3.63 0.15 116.4 130.3 0.34
Picag T Pocag>
0.96 0.89 0.96 0.94 0.84 0.76 0.88

Dicag T Pocagr T Pscu

could change according to the planting date. However,
when the sums of squares of these interaction components
were compared with the total sums of squares the propor-
tion was lower than 6%, indicating that it was of little im-
portance compared with the main effects.

The GCA effect, which determines the average per-
formance of a parent in crosses, and is an estimate of its
breeding value was determined for each parent (Table 4).
For days to flowering several parents adapted to sub-tro-
pical conditions had negative significant effects (reduced
days to 50% flowering in their hybrids) such as L3000 and
BR-Irga 410 of group 1, and Quilla 145601, Quilla 173201
and CT6748 of group 2, so these parents could be useful do-
nors for an early flowering trait. For tiller number, signifi-
cant positive effects were observed for L3000, Irga 417 and
BR-Irga 410 group 1 parents as well as for FL04402 and
Quilla 145601 group 2 parents. Two group 1 parents
(L3000 and BR-Irga 410) with positive effects for tiller
number had significant effects for plant height (dwarfness),
while in group 2 anther culture FLAR temperate program
derived lines FLL04423, FLO4402 and FL04452 showed
negative effects for plant height. Lines FL03188, Irga 417,
Epagri-108 and BR-Irga 410 were the best group 1 parents

for the long panicle trait. Similarly, in the second group,
L201 from California and Quilla 145601 had highly signifi-
cant and positive effects for the long panicle trait. For num-
ber of grains per panicle, Epagri 108 (group 1) showed the
highest positive effect and L201 (group 2) had one similar
effect. Lines with certain introgression from the other back-
ground group were more compatible in inter-group cross-
ing. Examples are Irga 417 and FL03188 of group 1, and
L201, FL04423, FL04402, and FL04452 of group 2.
Finally, for 1,000 grain weight the best parents were
FLO03188 from group 1 and Quilla 145601 from group 2.
The usefulness of a particular cross in exploiting
heterosis is judged by specific combining ability effects.
These values are show in Table 5. In the model followed,
these effects indicate the interaction between specific al-
leles of parents involved in this cross. Combinations in the
desired directions are useful in a pure line program, because
of transgressive segregation in advanced generations. Ex-
amples include: 6x4’ (Epagri 108 x L201) for DF, 1x4’
(L3000 x L201) for TN, 4x6” (Br-Irga 410 x FLO4402) for
PH, 1x6’ (L3000 x FL04402) for PL, 3x1° (Irga 417 x
Quilla 145601) for GN, 4x4’° (Br-Irga 410 x L201) for PE,
and 3x3’ (Irga 417 x CT6748) and 6x5° (Epagri 108 x

Table 4 - Estimates of general combining ability for days to 50% flowering (DF), tiller number (TN), plant height (PH), panicle length (PL), grains num-
ber (GN), sterility percent (PE), and 1,000 grain weight (GW) over two experiments, for group 1 (1,2, ..., 6) and group 2 (1°, 2, ..., 7).

Parents DF (days) TN (tiller/pl) ~ PH (cm) PL (cm)  GN (grains) PE (%) GW (g)
1: L3000 -4.63%* 3.49%%* -8.03%* -1.07%* -25.38%* 11.00%* -0.48%*
2: Oryzica 1 -0.40™ 0.60™ -1.98%* -1.15%* -4.38% 2.75%%* -0.12"™

3:Irga 417 4.55%* 1.34%% 3.88%* 0.35%* 11.43%* -15.00%* -0.91%*
4: Br-Irga 410 -4.84%* 1.92%* -0.73%* 0.22% -0.14™ 8.45%* -0.34%*
5:FLO3188 0.94%* -4.42%* 2.66** 1.34%* 0.16™ -11.27%* 1.28%*
6: Epagri 108 4.37%* -2.93%%* 4.20%* 0.31%* 18.31%* 4.07%* 0.58%*
1’: Quilla 145601 -6.62%* 1.53%%* 8.49%* 1.19%* 4.08™ 25.82%* 1.49%*
2°: Quilla 173201 -6.01%* -1.19* 7.24%* -0.75%%* 12.28%* 10.91%* -0.84%*
3’: CT6748 S7.14%% 1.33* 2.66%* -0.39%* -37.78%* 12.63%* 1.25%*
4: 1201 0.84%* -2.74%%* 4.80%* 2.23%% 22.80%* -4.12%%* 0.56%*
5’: FLO4423 7.86%* -0.92™ -8.75%%* -0.69%* -1.86™ -4.86%* 0.83%*
6’: FLO4402 8.34%* 2.28%* -8.24%% -0.99%* 8.52%* -21.89%* -1.01%*
7°: FLO4452 2.72%* -0.28™ -6.19%* -0.60%* -8.04%* -18.49%* -2.28%*

*k x5 Significant at 1% and 5% level of probability and non-significant, respectively by the #-test.
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FL04423) for GW. However, no cross combined all values
in a desirable direction, indicating the necessity of previous
breeding of parents to combine all desirable SCA effects in

a single hybrid. Besides, the trait sterility percent (PE) de-
serves special attention, since most of the hybrids presented
a high degree of sterility, as indicated by the hybrid means

Table 5 - Estimates of specific combining ability effects for days to 50% flowering (DF), tiller number (TN), plant height (PH), panicle length (PL),

grains number (GN), sterility percent (PE) and 1,000 grain weight (GW) over two experiments.

Cross DF (days) TN (tiller/pl) PH (cm) PL (cm) GN (grains) PE (%) GW (g)
1x1° -1.46* 1.90™ -2.38%* -0.82%* -15.62%* -11.20%* -0.52%*
1x2° -0.68™ -1.39™ 1.80* 0.45™ -8.59™ -12.16%* 0.73%**
1x3 -0.93™ -2.84% 0.08™ -0.27" 301 -19.79%* 0.91%**
1x4 0.71™ 5.07** -1.09™ -0.32™ -6.99™ 16.17** -0.31™
1x5 1.19% -0.36™ 1.07™ 0.05™ 11.54* 11.81%* -0.41™
1x6° 1.71%* -0.81™ 1.31™ 0.97** 14.98%** -2.49™ -0.64*
1x7 -0.54™ -1.56™ -0.78™ -0.07™ 7.80™ 17.65%* 0.25™
2x 1’ -1.31% 0.31™ -1.10™ 0.21™ 3.66™ 3.16™ -0.38™
2x2’ -0.29" 0.10™ -0.55™ 0.42" -11.96* 3.98%* -0.20™
2x3 -1.04" 0.57" 1.18™ 0.27" 7.13™ 2.88* -0.58%*
2x 4 1.73%%* -1.95™ -2.60%* -0.63* -0.70™ -4.72%* -0.57*
2x5 0.71™ 0.32" 2.34%* -0.40™ 2.56™ -4.19% 0.79%**
2x6’ -0.02™ -1.32™ 2.39%* 0.15™ 10.50* -2.23™ 0.61*
2x7 0.23™ 1.96™ -1.66% -0.03™ -11.19%* 1.12™ 0.33™
3x 1’ 1.62%* -0.01™ 2.91%** 0.63* 19.07** 0.67"™ 0.10™
3x2’ 1.14%* -1.49% -1.11" -0.21" 9.33™ -0.72" -0.57*
3x3 -0.11" 0.74™ 2.20%* 0.24"™ 0.07" 8.95* 0.98%*
3x4 -1.09" -0.29" 1.o1™ 0.20™ -8.08™ -10.00%** 0.60*
3x5 -0.86™ 0.35™ -1.89%* -0.51™ -16.21%* -8.91%* -0.61*
3x6° -0.09" -0.34" -2.95%* -0.47" -9.31™ 10.56%* -0.45™
3x7 -0.59" 1.05™ -0.19™ 0.13™ 5.13™ -0.55™ -0.03™
4x1° 0.76"™ 1.99™ 1.49™ 0.08™ 4.06™ 2.71" 0.46™
4x2 -0.22" 0.51™ -0.20™ 0.03™ 12.39%** 6.39%* -0.64%*
4x3 -1.35% 1.94™ -0.62" -0.42" -21.82%* 6.76** 0.24™
4x4 3.30%** -3.39%* 4.22%* 0.53* 15.10%* -26.25%* -0.23™
4x5 0.90™ -2.41% -0.71™ 0.38™ 4.04™ 22.15%%* -0.27™
4x6’ -1.95%* 2.36* -3.37%* -0.19™ -4.53™ -1.76™ 0.17"
4x7 -1.45% -1.00™ -0.82™ -041™ -9.24™ -9.99%* 027"
S5x 17 -0.90™ -2.07™ -1.09™ -0.36™ -13.18%* 3.87* 0.75%*
5x2° 0.99™ 1.57" -2.59%* -0.61* -13.96%* -3.71% 0.28"
5x3 0.24™ -0.55™ -0.73"™ -0.29™ 8.67™ -3.98% -1.00%*
S5x4 -1.36* -0.53™ -0.15™ 0.15™ -3.61™ 8.78%* 0.69**
5x5° -1.01™ 1.57™ -0.22™ 0.21™ 2.41™ -8.47%* -0.48™
5x6 -0.99™ 0.60™ 0.97™ 0.52* 3.92™ 5.16%* 0.66**
5x7 3.01%* -0.59™ 3.80%* 0.38™ 15.75%* -1.65™ -0.90%*
6x1’ 1.29% 2211 0.16™ 0.24™ 2.01™ 0.79™ -041™
6x2 -0.93™ 0.71" 2.64%* -0.07™ 12.80%** 6.22%* 0.40™
6x3’ 3.19%* 0.14™ -2.12% 0.47" 9.06™ 5.18%* -0.55%
6x4’ -3.29%* 1.08™ -1.39" 0.07" 4.28™ 16.02%* -0.17"
6x5’ -0.93" 0.53™ -0.59" 027" -4.34" -12.39%%* 0.98%*
6x6° 1.34* -0.49" 1.65* -0.98%* -15.56%* -9.24%* -0.34"
6x7 -0.66" 0.15™ -0.35™ 0.00™ -8.25™ -6.58%* 0.10™

1: L3000; 2: Oryzica 1; 3: Irga417; 4: Br-Irga410; 5: FL03188; 6: Epagri 108. 1°: Quilla 145601; 2’: Quilla 173201; 3”: CT6748;4’: L201; 5°: FL04423;

6’: FL04402; 7°: FL04452. **, * ™: Significant at 1% and 5% level of probability and non-significant, respectively by the z- test.
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and also by the components of means. These facts indicate
the importance of choosing parents with wide compatibility
in order to make the heterosis in rice useful.

Discussion

This study encountered considerable sterility in cros-
ses between cold susceptible and cold tolerant rice geno-
types. The hybrid mean for sterility was 56.3% with varia-
tion from 24.8% to 93.0%. These results coincide with the
sterility typical in indica by japonica crosses (Oka and
Morishima, 1997). Interestingly, some parents with intro-
gression from either indica or japonica, such as Irga 417,
FL03188, FL04423, FL04402 and FL04452 were generally
less sterile in their inter-group crosses, showing more com-
patibility. Virmani et al. (2003) pointed out that indica and
japonica crosses result in hybrid sterility despite their high
heterosis for various agronomic characters but there are
some crosses with normal spikelet fertility, in this case one
or both parents posses genes for wide compatibility. These
findings suggest that there is Latin-American rice germ-
plasm having the wide compatibility character, useful for
wide hybridizations and hybrid rice production.

Significant mid-parent heterosis was found for all
characters in crosses between cold susceptible and cold tol-
erant rice lines. These results agree with the literature
showing the superiority of rice hybrids in indica/japonica
crosses. Virmani (1989) reported estimates of mid-parent
heterosis for several agronomic characters based on an ex-
tensive review. Recently, Yuan (2003) mentioned that rice
heterosis follow a general trend and was highest in in-
dica/japonica crosses. Because heterosis indicates domi-
nance, supplying superior rice hybrids to farmers is a
valuable strategy to exploit the non-additive portion of the
genetic variance. As allelic dispersion also contributes to
heterosis, study of it in relation to rice heterosis and in-
breeding depression could provide new ways for rice im-
provement.

In our present study, genetic analysis by the Griffing
IV method adapted for a partial diallel revealed the pres-
ence of additive and non-additive effects of the genes in the
inheritance of agronomic characters in rice. Calculation of
the relative importance of the additive and non-additive ef-
fects showed that the relative proportion of the sum of qua-
dratic components associated with the additive effects was
higher than 0.75 for all characters. This suggests that in the
crosses studied additive effects were more important than
non-additive effects in the inheritance of days to 50% flow-
ering, tiller number, plant height, panicle length, grains per
panicle, sterility percent and grain weight. Similar findings
were reported by Yonezawa (1997) who recognized the ex-
istence of some dominance effects while concluding that
the major component of genotypic variance in rice is addi-
tive. Gravois and McNew (1993) using USA germplasm
and a factorial design showed that for yield, plant height,
panicle number, panicle length and number of primary

Torres and Geraldi

branches in the panicle the GCA effects were more impor-
tant than the SCA effects as they explained 70%, 89%, 60%
and 85% of the genotypic variance. Singh and Kumar
(2004) in a line x tester analysis found the prevalence of ad-
ditive variance for days to flowering, plant height, effective
tillers, and grain yield, although line by tester contrast was
also significant, indicating the importance of additive and
non-additive effects. Verma and Srivastava (2004) also
founded that CGA and SCA effects were highly significant
for days to 50% flowering, plant height, number of produc-
tive tiller, panicle length, number of spikelets per panicle
and 100 grain weight, indicating the relevance of both addi-
tive and non-additive effects in the inheritance of these
traits as well as the greater importance of non-additive gene
action.

The variation observed in the breeding values of the
two groups of parents show that in Latin American irrigated
rice germplasm there exist considerable additive genetic
variation to be exploited in breeding to produce inbred lines
for sub-tropical conditions. Because of the importance of
additive effects, the dispersion of positive alleles for all
characters within and between groups, and the difficulty in
using immediately exotic germplasm, breeding methods
such as recurrent selection that emphasize GCA and is an
efficient method of systematically recombining many
genes could be used in rice breeding programs in order to
combine high yield potential and cold tolerance for use in
temperate Southern America regions.

These experiments were conducted in a median alti-
tude tropical location and the performance of parents and
hybrids could change in other environments. In fact, the oc-
currence of genotype by environment interactions indicates
that the performance of the genotypes could differ accord-
ing to the environmental conditions. However, the temper-
atures observed in this study are not very different from the
summer temperatures in the southern cone. Furthermore,
many important varieties such as Irga 409, BR-Irga 410 and
El Paso 144 have been obtained by local selection from
segregant populations developed at CIAT. Thus, besides
increasing information on the inheritance of traits related to
cold tolerance in rice, these results will be useful for rice
breeding programs in the southern cone.
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