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raised a necessity and a challenge to develop heterotic rice 
hybrid adapted to different regions and seasons in the trop-
ics. Yield, yield heterosis and combining ability were signifi-
cantly increased in inter-group than in intra-group hybrids. 
Four heterotic groups and three promising hybridization 
patterns, which could be used in tropical hybrid rice breed-
ing, were identified based on marker-based grouping, yield 
and yield heterosis analyses in the two studies. The study 
reveals that molecular markers analysis can serve as a basis 
for assigning germplasm into heterotic groups and to provide 
guidelines for parental selection in hybrid rice breeding.

Introduction

Recognition and determination of heterotic groups and 
patterns are fundamentally important for breeding hybrid 
crops as indicated in many studies for maize (Melchinger 
and Gumber 1998; Menkir et  al. 2003, 2004; Reif et  al. 
2003; Akinwalea et  al. 2014; Suwarno et  al. 2014), rye 
(Fischer et al. 2010a), sunflower (Reif et al. 2013), sorghum 
(Menz et al. 2004), triticale (Fischer et al. 2010b) and rice 
(Sun et al. 2000; Wang and Lu 2006; Xie et al. 2014).

Parents of heterotic hybrids are usually derived from dif-
ferent heterotic groups with high genetic divergence. Group-
ing of germplasm in divergent pools is advantageous to maxi-
mize the expected heterosis (Reif et al. 2005). The success of 
the hybrid rice that resulted from the utilization of heterosis 
is based on the genetic divergence of germplasm, basically 
on geographic divergence for three-line hybrid rice and sub-
specific genetic divergence for two-line hybrid rice. Het-
erotic groups of a crop have been assessed by information, 
such as phenotypic differences, germplasm origins, pedigree 
and combining ability; however, those traditional evalua-
tion methods are time-consuming and usually impractical to 
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breeders due to numerous hybrid combinations and tremen-
dous field work. Furthermore, extensive germplasm exchange 
among breeding programs without detailed information on 
the pedigrees and genetic background, as well as effects of 
environment and genotype × environment interaction, makes 
parental assessment more complicated. Molecular markers 
have provided an efficient way and effective tool for genetic 
diversity evaluation at the DNA level (Semagn et  al. 2012; 
Frascaroli et  al. 2013; Li et  al. 2014). Heterotic groups for 
hybrid crops could possibly be determined by marker-based 
groups as studied in maize (Choukan et al. 2006; Xie et al. 
2008; Lu et al. 2009; Romay et al. 2013), as well as in other 
crops (Tams et al. 2004; Du et al. 2011). In a study conducted 
by He et al. (2012), genetic diversity of hybrid rice parents 
developed at the International Rice Research Institute (IRRI) 
was evaluated with simple sequence repeats (SSR) and sin-
gle-nucleotide polymorphism (SNP) markers where it was 
demonstrated that heterotic hybrids could be formed based on 
marker-based parent groups to increase efficiency of hybrid 
rice breeding (Xie et al. 2014). To further investigate heterotic 
groups of tropical hybrid rice with more germplasm, a subset 
of samples from a previous study (Wang et al. 2013), involv-
ing 736 SNP-grouped rice samples collected from major 
indica-growing tropical regions, was selected to examine 
the heterotic response of parents with the objectives of (1) 
evaluating the magnitude of yield heterosis among divergent 

tropical indica germplasm grouped with SNP markers, (2) 
identifying possible heterotic groups from marker-based gen-
otypes, and (3) validating heterotic patterns concluded from a 
previous study.

Materials and methods

Plant materials

Seventeen parents (Table  1) were selected from a diverse 
panel of 736 improved, semi-dwarf indica rice varieties and 
elite breeding lines genotyped with 384 SNPs in a previous 
study (Wang et al. 2013). The parents’ selection was based 
on (1) representing the original population structure with 
six subgroups, (2) possessing a maximum allelic variation 
and (3) commonly cultivated in tropical regions with nor-
mal maturity and fertility. The 17 parents were crossed with 
a diallel mating design without reciprocals to develop 136 
F1 hybrids at IRRI in Los Baños, Philippines in wet season 
(WS) of 2012 and dry season (DS) of 2013.

Field experiments

A total of 155 entries, including 136 hybrids, 17 parents and 
two checks (inbred, IRRI123 and hybrid, IR75217H), were 

Table 1   Parents and their yield 
means (g plant−1) and GCA 
across environments

Different letters mean 
significant difference at 0.05 
level by Duncan’s grouping test

AfricaRice Africa Rice Center, 
CIAT International Center for 
Tropical Agriculture

Code Name Group Yield mean over  
environments

GCA Origin

Parent

 P12 TOX3416-170-2-1-1 B4 28.4 a 0.30 AfricaRice

 P1 IR65623-94-3-1-3-3R B1 27.3 ab 0.82 IRRI

 P4 IRRI105 B2 26.8 ab 0.43 IRRI

 P16 IR77801B B6 26.4 abc −0.17 IRRI

 P6 IR80285-34-3-3-2 B2 26.2 abc 0.61 IRRI

 P15 CT22147-6P-9SR-2P-3SR-1P B5 25.7 abc −0.30 CIAT

 P7 IR64 B3 25.1 abcd 0.63 IRRI

 P9 IRRI135 B3 24.5 bcde −0.23 IRRI

 P10 IR79228-67-1-1-3 B4 23.9 bcde 0.42 IRRI

 P2 IR02A127 B1 23.7 bcdef 1.58 IRRI

 P8 IRRI110 B3 23.6 bcdef 0.26 IRRI

 P3 SILUGONGGO B1 23.0 cdef −0.50 Indonesia

 P5 IR79203-105-1-1-3 B2 22.0 def 0.87 IRRI

 P14 CT22139-4P-2SR-4P-3SR-1P B5 21.2 efg −0.44 CIAT

 P18 IR80157B B6 21.0 efg −1.76 IRRI

 P11 CT18920-1-10-4-1SR-3P B4 20.1 fg −0.78 CIAT

 P17 IR78365B B6 18.1 g −1.75 IRRI

Mean 23.9

Check

IRRI123 25.0

IR75217H 27.6
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evaluated in field trials under five environments (year, season 
and location): (1) 2013DS and 2013WS, Los Baños, Philip-
pines, 14°10′N/121°13′E; (2) 2013DS and 2013WS, Muñoz, 
Philippines, 15°42′N/120°54′E; and (3) 2013WS, San Mateo, 
Isabela, Philippines, 16°52′N/121°35′E. All entries were 
grown in a randomized complete block design with two repli-
cations. Forty 21-day-old seedlings were transplanted in four 
rows with ten plants per row with spacing of 20 cm × 20 cm. 
The field management was carried out following local recom-
mendations for each cropping season. At ripening stage, five 
plants in central rows of each plot were randomly harvested 
and measured for plant height and yield components. The 
rest of the 11 plants in central rows of each plot excluding the 
plants at row ends were also harvested and assessed for grain 
yield, wherein the grain yield per plant was calculated based 
on the total grain weight of the harvested 16 plants.

Statistical analyses

Genetic diversity between each pair of the 17 parents was 
measured as Cavalli-Sforza and Edwards (1967) genetic 
distance (GD) using PowerMarker version 3.25 (Liu and 
Muse 2005). Clusters based on GDs were generated using 
DARwin 5 (Perrier and Jacquemoud-Collet 2006). Analy-
ses of variances were conducted among parents and among 
hybrid combinations for each and across all environments 
with the PROC GLM procedure (SAS Institute Inc 2012) 
following the model:

where Y is a observed value of parent or hybrid yield from 
each test unit, μ is a population mean, E is a environmental 
(Env) effect, R is a replication effect within each environ-
ment, G is a genotype (parent or hybrid) effect, GEI is a 
interaction effect between each genotype and environment, 
and e is a residual effect. The environment and genotype 
were treated as fixed factors and the replication within 
environment was considered to be a random factor. The 
significance of environmental variance was tested against 
replication within environment entity. General combining 
ability (GCA) effects of the parents and specific combining 
ability (SCA) of the hybrids were estimated for each and 
across environments following Griffing’s (1956) method 2 
model 1 using the R program (R Development Core Team 
2011). Yield heterosis for each hybrid was calculated as (1) 
mid-parent heterosis (MPH) = 100 ×  (F1 − MP)/MP, (2) 
better parent heterosis (BPH) = 100 × (F1 − BP)/BP, and 
(3) standard heterosis over inbred check (SDHI) or over 
hybrid check (SDHH) = 100 ×  (F1 − CK)/CK, where F1 
is the hybrid yield, MP is the yield mean of both parents, 
BP is the yield of the better-yielding parent, and CK is the 
yield of the check variety, either the inbred (IRRI123) or 
the hybrid check (IR75217H). Correlations between GD 

Y = µ + E + R + G + GEI + e,

estimates and means of hybrid yield, yield heterosis and 
combining ability were calculated using PROC CORR of 
SAS (SAS Institute Inc 2012).

Results

Parental genetic diversity

The GD values for the 17 parents ranged from 0.0760 
(IR64 vs IRRI110) to 0.3983 (IRRI135 vs CT22147-
6P-9SR-2P-3SR-1P) with an average of 0.2699 which 
was slightly lower than that of the original panel of 736 
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Fig. 1   Distribution of genetic distances of the original 736 lines and 
the 17 parents sampled for the study based on 384 SNP markers

Fig. 2   Cluster of the 17 samples based on genetic distance with 384 
SNP markers. Letter and number combination refers to parent as 
marker-based group-parent code
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lines (Fig. 1). The genetic structure of the samples was 
consisted of six subclusters, each with three representa-
tive varieties except B5 (Fig.  2). The samples covered 
88.9  % of the allelic variation from the 736-line panel 
and were considered to be fairly representative of the 
population panel because of the high allelic coverage 
and similar cluster structure. Among the six subclusters, 
B3 had the least allelic variation with an average GD 
of 0.0926 and B1 had the highest GD value (0.2085) 
followed by B5 (0.2068) (Table  2). The average GD 
(0.2855) of inter-group parents was significantly 

(P  <  0.001) higher than the average GD (0.1643) of 
intra-group parents.

Analyses of variance

Difference in parental yields was significant across envi-
ronments with an average yield of 23.9 g plant−1, ranging 
from 18.1 (IR78365B) to 28.4  g  plant−1 (TOX3416-170-
2-1-1) (Table  1). There was no specific yielding pattern 
among parents, i.e., parents classified in each group yielded 
randomly, indicating non-specific relationship between GD 

Table 2   Genetic distance 
among groups and performance 
of hybrid yield and yield 
heterosis

Different letters mean 
significant difference at 5 % 
level

Hybrid group Genetic distance Hybrid yield SCA MPH BPH SDHI SDHH

B1 × B2 0.2704 30.5 a 0.97 28.2 14.7 22.5 11.3

B2 × B5 0.3730 29.8 ab 1.39 26.0 10.6 20.1 8.8

B1 × B5 0.3535 29.8 ab 1.37 25.9 12.2 20.3 9.0

B1 × B3 0.2399 29.7 ab 0.62 24.8 12.3 19.3 8.1

B2 × B3 0.2284 29.5 ab 0.41 23.0 8.7 18.4 7.4

B1 × B4 0.3097 29.4 ab 0.63 27.2 11.9 19.2 7.8

B2 × B2 0.1978 29.4 ab −0.06 24.7 10.5 18.2 7.2

B2 × B4 0.2770 29.4 ab 0.58 26.1 11.5 18.7 7.6

B1 × B1 0.2085 29.1 abc −0.32 19.8 6.1 15.8 5.0

B3 × B6 0.2700 29.1 abc 1.94 30.3 13.8 17.0 6.1

B3 × B4 0.2812 29.1 abc 0.67 24.5 9.4 17.6 6.4

B3 × B3 0.0926 28.9 abc 0.28 19.3 8.4 16.4 5.2

B5 × B6 0.3389 28.6 abc 1.89 28.7 10.4 14.7 3.8

B4 × B4 0.1472 28.4 abcd 0.24 22.4 5.3 14.0 3.4

B4 × B5 0.3363 28.4 abcd 0.55 21.1 6.0 14.5 3.8

B1 × B6 0.2960 28.0 bcd 0.30 24.8 8.7 11.7 1.4

B2 × B6 0.2800 27.7 bcd 0.14 23.3 8.3 10.8 0.6

B4 × B6 0.2706 27.2 cd 0.26 23.6 7.1 9.4 −0.8

B3 × B5 0.4002 26.5 d −1.51 12.3 1.8 7.1 −3.1

B5 × B5 0.2068 24.5 e −1.06 4.0 −7.2 −3.2 −12.1

B6 × B6 0.1868 23.8 e −1.95 9.9 −5.2 −6.3 −15.0

Summarized by inter- or intra-group

 Inter-group 0.2855 28.9 a 0.68 24.9 10.0 16.2 5.3

 Intra-group 0.1643 27.7 b −0.49 18.3 4.3 10.7 0.3

Summarized by environment

 2013DS Muñoz 35.6 a 16.6 5.4 13.4 7.5

 2013DS Los Baños 29.7 b 14.3 4.8 5.2 −3.2

 2013WS San Mateo 29.3 b 34.0 13.2 29.2 14.2

 2013WS Los Baños 26.1 c 20.4 10.5 20.3 7.3

 2013WS Muñoz 22.9 d 35.2 12.9 9.2 −2.1

Summarized by parental group involved in hybrids

 B1 29.0 a 26.6 11.7 17.9 6.8

 B2 29.1 a 25.5 10.5 17.5 6.6

 B3 28.8 ab 25.0 10.2 16.6 5.5

 B4 28.4 b 25.1 8.9 15.1 4.2

 B5 27.6 c 26.6 9.8 11.1 0.7

 B6 27.3 c 29.1 9.6 12.9 1.8
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and parental yields. The effects of environment, genotype 
and GEI all contributed significantly (P  <  0.001) to the 
variation of parental yielding which accounted for 38.9, 
14.8 and 29.7 % of the total sums of squares, respectively 
(Table 3).

Hybrid yields differed significantly (P  <  0.001) for 
environment, genotype and GEI with an average yield 
of 28.7 g plant−1 that ranged from 20.7 to 34.6 g plant−1 
(Table 3; Fig. 3). The effects of environment, genotype and 
GEI contributed 44.9, 11.6 and 26.8 % of the total sums of 
squares to the hybrid yield variation, respectively. The pro-
portions of GEI in the total variation of parent and hybrid 
yields were relatively large as expected due to the highly 
different testing environments involved in different sea-
sons and geographical locations. On average, inter-group 
hybrids yielded significantly (P < 0.05) higher than intra-
group hybrids (Table  2). The lowest (22.9  g  plant−1) and 
the highest (35.6 g plant−1) yields of hybrids across envi-
ronments were observed at the same location (Muñoz), but 
in different cropping seasons (2013WS and 2013DS). The 
hybridization patterns with the highest yield, SDHI and 
SDHH were B1 × B2, B2 × B5 and B1 × B5 (Table 2).

Combining ability, heterosis and correlation of genetic 
distance with yield heterosis

IR02A127 (P2 in B1) had the largest GCA effect (1.58) on 
hybrid yield followed by IR79203-105-1-1-3 (P5 in B2) 
(Table 1). Parents of IR78365B (P17) and IR80157B (P18) 
had the lowest GCA effects on hybrid yield, both being 
maintainer lines of hybrid parents classified in B6. The 
average SCA effect (0.68) of inter-groups hybrids was sig-
nificantly (P < 0.001) higher than the average SCA (−0.49) 
of intra-group hybrids (Table 2). The hybridization patterns 
of B3 × B6, B5 × B6, B2 × B5 and B1 × B5 had high 
SCA values (>1.00). Hybrids of B3  ×  B6 and B5  ×  B6 
also had the highest MPH values but ranked intermedi-
ate for other heterosis measurements and all other hybrids 
involved with B6 parents performed poorly, indicating a 
poor yielding level of B6 parents.

All source effects of variations were significant 
(P  <  0.0001) for all heterosis measurements with GEI as 
the major contributor that accounted for 38.8, 41.0, 36.7 
and 33.4  % of MPH, BPH, SDHI and SDHH variance, 
respectively (Table 3). The average MPH was 24.1 % with 
a range of −5.9 to 58.1 % and the average BPH was 9.4 % 
with a range of −15.3 to 36.8 %. The hybrids showed aver-
ages of 15.5 and 4.7  % yield advantages over inbred and 
hybrid checks, respectively. Forty-three hybrids (31.6  %) 
showed more than 20  % of SDHI and 5  % of SDHH. 
Among the parents involved in those 43 heterotic hybrids, 
the main contributors were from the groups of B1 (20.9 %), 
B2 (25.6 %) and B3 (18.6 %), and the rest of other three Ta
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groups have less proportions of parents contributing to the 
heterotic hybrids with a sum of 34.9 %. The highest yield-
ing hybrids (B1 × B2) with the highest yield heterosis over 
checks produced an average yield of 30.5  g  plant−1 with 
28.2, 14.7, 22.5 and 11.3  % of MPH, BPH, SDHI and 
SDHH, respectively (Table  2). The lowest yielding and 
yield heterosis of hybrids were from the crossing patterns 
of B3 × B5, B5 × B5 and B6 × B6.

All measurements of yield and yield heterosis of inter-
group hybrids were significantly (P  <  0.001) higher than 
those measured in intra-group hybrids. Among the testing 
environments, the highest heterosis measurements were 
observed in 2013WS at San Mateo in Isabela, suggesting 
that the Isabela area is a better environment than Los Baños 
and Muñoz for hybrid rice cultivation during wet season 
(Table 2).

Except for a few small and significant correlations 
detected in some individual locations and/or heterosis 
parameters measured, the overall correlations between GD 
and hybrid, and yield heterosis were insignificant (Table 4).

Discussion

Population structure

The parents selected for the study were from those 
improved indica germplasm currently used in the trop-
ics. Although most of them are from IRRI and the CIAT, 
they are being widely used in various breeding programs 
and regions for different purposes either as hybridiza-
tion parents and elite breeding lines, or as cultivated for 
rice production. These varieties and breeding lines can 
be considered to represent the yield levels and genetic 
divergence of current tropical indica germplasm. The 
samples selected for the present study were fairly repre-
sentatives of the original divergent population as shown 
with the similar population structure, distribution of 

genetic distances and the maximum coverage of allelic 
variation.

Yield and yield heterosis

It is noted that almost a third of hybrid combinations 
yielded more than 20 % of SDHI and 5 % of SDHH, show-
ing the great potential and opportunity in using the current 
tropical indica germplasm to significantly increase hybrid 
rice heterosis. GEI was a major source of variance for par-
ent and hybrid yields, and yield heterosis as shown in the 
present and previous studies (Xie et  al. 2014), indicating 
the importance of developing hybrids specifically adapted 
to different environments (locations and seasons) for a 
maximum utilization of heterosis. Generally, the yields of 
parents and hybrid were higher in dry season than in wet 
season in the tropics; however, it does not necessarily mean 
that hybrids cultivated in dry season have a better yield 
advantage, measured genetically (MPH and BPH) or agro-
nomically (SDHI and SDHH), over hybrids grown in wet 
season. For instance, hybrid rice grown during the wet sea-
son in Los Baños had a lower yield than in the dry season, 
but it was able to give a better yield advantage over their 
parents and the standard variety checks. On the contrary, 
the hybrids grown at Muñoz were observed to have a sig-
nificantly better performance in terms of yielding, SDHI 
and SDHH during the dry season than the wet season, but 
with lower MPH and BPH (Table  2). These observations 
suggest that the environment (location and season) should 
be given an important consideration in cropping decision 
when selecting a hybrid or inbred variety for production. 
Given a significant effect of G × E, and as the major source 
of the variance for parent and hybrid yields, and also with 
frequent occurrence of extreme weather in the tropics, 
selection of parents and hybrids with a wide adaptability 
should be the major factor being considered for minimiz-
ing the effect of G × E in developing hybrids for a great 
area. However, for a national or regional breeding program 
which has a specific objective of developing products for 
a particular environment, a large effect of G × E could be 
applied to develop region- or season-specific hybrids to 
maximize the heterosis.

The hybrid yields in the present study correlated sig-
nificantly with mid-parent yield (r =  0.5629, P  < 0.001), 
and better parent yield (r  =  0.6544, P  <  0.001), imply-
ing the importance of selecting high yielding, high GCA 
and genetically distant parents to produce high-yielding 
hybrids.

Heterotic groups based on markers

It is important to understand the extent of genetic varia-
bility and classify the germplasm into heterotic groups in 
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hybrid crop breeding (Reif et al. 2005). The genetic diver-
sity estimates based on molecular markers are helpful in 
assigning germplasm into heterotic groups and in assess-
ing pedigree relationship among germplasm (Melchinger 
and Gumber 1998), but with very limited value in pre-
dicting hybrid yield performance as evidenced in hybrid 
maize (Marsan et  al. 1998; Balestre et  al. 2008; Legesse 
et al. 2008) and hybrid rice (Zhang et al. 1995; Zhao et al. 
1999; Xu et al. 2002; Singh et al. 2011). With insufficient 
knowledge of association of functional molecular markers 
and yield, the information derived from molecular mark-
ers currently is limited to the use of assigning parents into 
germplasm group or heterotic groups, and to provide a 
general guideline of avoiding heterotic groups from mix-
ture during parent breeding. Further detailed information 

on functional markers related to yield heterosis may pro-
vide specific direction or guideline for combining parents 
specifically to increase breeding efficiency. Experience 
of hybrid rice breeding generally showed that the chance 
of developing heterotic hybrids is much higher when par-
ents are from inter-groups than from intra-group, wherein 
the groups could mean geographic regions, ecotypes and 
sub-species. However, it does not necessarily mean that 
all hybrids from parents of inter-group always give a 
high yield or heterosis, but only parents from some spe-
cific groups, such as those parents in the groups of B1, 
B2 and B5 in the present study. The preferred hybridiza-
tion patterns derived from the present study are B1 × B2, 
B2 × B5 and B1 × B5, because of their high averages of 
SDHI (>20 %) and hybrid yields.

Table 4   Correlation coefficient (r) between SNP marker-based genetic distance and hybrid yield and yield heterosis

*, ** Significant at the P < 0.05 and <0.01 probability levels, respectively

Trait All hybrids (n = 136) Inter-hybrids (n = 120) Intra-hybrids (n = 16) Marker-based groups (n = 30)

2013WS San Mateo

 Yield 0.0875 0.0227 −0.1890 0.2417

 SCA 0.0683 −0.0126 −0.2525 0.2591

 MPH −0.0402 −0.1429 −0.2094 0.1834

 BPH 0.0189 −0.0821 −0.2174 0.3177

2013DS Los Baños

 Yield −0.1357 −0.2458** 0.0013 −0.0692

 SCA 0.0141 −0.0635 −0.0311 0.1185

 MPH 0.0510 0.0015 −0.0609 0.2470

 BPH −0.0223 −0.0680 −0.1677 0.0265

2013WS Los Baños

 Yield −0.0139 −0.2164* −0.1767 0.1472

 SCA 0.1292 −0.0747 −0.0613 0.4452*

 MPH 0.0756 −0.0681 −0.1945 0.2263

 BPH 0.0585 −0.0724 −0.3667 0.2779

2013DS Muñoz

 Yield −0.1494 −0.1786 0.2271 −0.1827

 SCA −0.1073 −0.0882 0.0010 −0.2730

 MPH 0.0328 0.0614 0.0928 0.0740

 BPH −0.0659 −0.0765 0.0731 −0.0581

2013WS Muñoz

 Yield 0.1509 0.0494 0.1604 0.3360

 SCA 0.2015* 0.0931 0.2780 0.4009

 MPH 0.0475 −0.0775 0.3840 0.0936

 BPH 0.0472 −0.0637 0.3295 0.0873

Five environments combined

 Yield −0.0068 −0.1752 −0.0063 0.1619

 SCA 0.1064 −0.0396 −0.0289 0.3172

 MPH 0.0467 −0.0933 0.1717 0.2768

 BPH 0.0265 −0.1191 0.0497 0.2571
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Heterotic groups in tropical indica hybrid rice

It is estimated that more than 90 % of the hybrid rice parents 
used in Asian countries outside China have included IRRI 
hybrid rice germplasm. We defined the heterotic groups of 
IRRI-bred hybrid rice parents in a previous study (Xie et al. 
2014) to provide a reference for parent selection consider-
ing the wide dissemination of IRRI germplasm in the region. 
The magnitude of yield heterosis of rice hybrids in the trop-
ics has been low, compared to that of hybrid rice in China 
and Americas. Limited genetic divergence among hybrid 
rice parents could be one of the reasons for the constraints 
of hybrid rice yield and heterosis in the tropics (Xie et  al. 
2012). To broaden hybrid rice parent gene pools, introduc-
tion of germplasm from other sources and integrating them 
into heterotic groups are essential steps to further enhance 
heterotic performance of hybrids in the tropics. In our previ-
ous study, hybridization patterns of G3 × G5 and G3 × G6 
were our preferred choices for developing tropical hybrid 
rice using IRRI-bred hybrid rice parents because of their 
high SDHI (>15 %). In the present study, more germplasms, 
including those from some Asian countries, CIAT and Africa, 
were evaluated for hybrid performance, and three preferred 
hybridization patterns (B1 × B2, B2 × B5 and B1 × B5) 
were included for tropical hybrid rice. A comparison of 
germplasm clusters and hybridization groups from both stud-
ies showed that the G3 group is closely associated with the 
B1 group (Fig. 4). Most of the lines in the groups of G3 and 
B1 are restorer lines of “WA” (wild abortive) sterile cyto-
plasm (Wang et al. 2013), and the highly heterotic response 
of G3 lines in the previous study is validated with the heter-
otic performance of the B1 lines, results of which are shown 
in the present study. In the B2 group, most (97.4 %) of the 
lines are IRRI inbreds and showed restoring ability to “WA” 
sterile cytoplasm. The B2 group is highly related to the G2 
group which is also a group of restorer lines. Groups of G2, 
G3, B1, B2 and B3 can be considered as groups of male par-
ents for tropical three-line hybrid rice, but the lines in G3, 
B1 and B2 are better on hybrid performance than the lines in 
G2 and B3; therefore, selection for male parents should be 
focused on the lines in the groups of G3, B1, and B2.

It is noted that Zhengsha 97B, an elite and dominant 
female parent for the Chinese hybrid rice during 1970–
2000s, is included in the B5 group (Wang et al. 2013). The 
heterotic performance of B2 ×  B5 hybrids in the present 
study agrees with the heterotic pattern of Chinese three-
line indica hybrid rice (early season indica in the middle 
and lower regions of the Yangtze River Valley combined 
with restorer lines from IRRI). Some of the new IRRI-bred 
female parents (IR93558B–IR93563B) are included in the 
B5 group and primary results from testcrosses in IRRI 
hybrid rice breeding showed the promising heterotic perfor-
mance of using these new female parents, which indirectly 

proved the heterotic patterns of B1  ×  B5 and B2  ×  B5. 
The lines in the B6 group are all IRRI-bred female parents 
developed prior to 2005 and they are closely related to the 
lines in the G5 and G6 groups. The hybrids from G3 × G5 
and G3  ×  G6 showed good heterotic performance (Xie 
et  al. 2014), but the hybrid performance of B1  ×  B6, 
which is the similar hybridization patterns of G3  ×  G5 
and G3 × G6, is ranked relatively low in the present study. 
It could be due to the low GCA and yield of the B6 lines 
selected in the present study. It is also interesting to note 
that most of the CIAT lines are included in the groups of 
B4 and B5 and these two groups are closely linked. Yields 
of the hybrids derived from these two groups are ranked as 
either high (B1 × B5) or relatively high (B1 × B4), con-
firming the hybridization patterns of B1 × B5, and alterna-
tively of B1 × B4. Considering the existence of maintainers 
and effective restorers, and the high frequency of effective 
restorer lines being from South, Southeast Asia and South 
China, the B4 and B5 groups should be merged as a female 
parent group to combine with restorer lines from the groups 
of G3, B1 and B2 and to match the present heterotic pattern 
of “WA” hybrid rice in China.

Based on the results from the two studies, it can be con-
cluded that four heterotic groups are existing among the 
current tropical rice germplasm, i.e., for the male parent, 
it can be classified as the heterotic group (HG) HG1 (B1 

Fig. 4   Cluster of the 35 tropical indica parents from two heterotic 
studies based on genetic distance calculated from 384 SNP markers. 
Letters G and B indicate groups from the previous (Xie et al. 2014) 
and present studies, respectively, and numbers refer to the marker-
based groups in the two studies
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and G3) and HG2 (B2), and for the female parent, they 
are HG3 (G5, G6 and B6), and HG4 (B5 and B4). The 
hybridization patterns of HG1 ×  HG3, HG1 ×  HG4 and 
HG2 × HG4 should be given a high priority in developing 
tropical hybrid rice.
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