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Abstract Reproductive barriers are important for the
maintenance of species identity. We discovered a reproduc-
tive barrier via hybrid breakdown among the progeny of a
cross between the japonica rice cultivar Koshihikari and
the indica rice cultivar Habataki. Genetic analysis indicated
that the hybrid breakdown is regulated by the interaction of
two recessive genes: hbd2 in Habataki and hbd3 in Koshi-
hikari. Linkage mapping showed that hbd2 is located near
the 100 cM region of chromosome 2 in Habataki, whereas
hbd3 is located near the 60 cM region of chromosome 11 in
Koshihikari. Construction of nearly isogenic lines for hbd?2
and Hbd3 (NIL-hbd2 and NIL-Hbd3), as well as a pyramid-
ing line (NIL-hbd2 + Hbd3), confirmed that the hybrid
breakdown is induced by the interaction of these two reces-
sive genes. Our results indicate that these genes are novel
for the induction of hybrid breakdown in rice.

Introduction

A species can be defined as a group of actually or poten-
tially interbreeding natural populations that are reproduc-
tively isolated from other such groups (Mayr 1942).
Reproductive barriers are important to distinguish species
and to maintain the identity of established species.
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Reproductive barriers are classified into three general cate-
gories (Stebbins 1950; Smith 1989). The first is geographi-
cal isolation resulting in unique genotypes that are found in
different environments. The second category includes pre-
zygotic reproductive barriers, which prevent the formation
of hybrids. Such barriers involve the development of differ-
ent flowering times or incompatible pollen-tube growth
between different species. The last category is postzygotic
reproductive barriers, which act after hybrid formation and
are classified into several subtypes. Hybrid weakness (invi-
ability) and hybrid sterility are observed in F; hybrids.
When these traits are observed at the F, generation or later,
it is termed hybrid breakdown.

To date, several postzygotic reproductive barriers have
been reported in rice, including hybrid weakness (Oka
1957; Amemiya and Akamine 1963; Sato and Morishima
1987), hybrid sterility (Oka 1958, 1974; Jennings 1966),
and hybrid breakdown (Oka 1957, 1978; Oka and Doida
1962; Yokoo 1984; Okuno 1986; Sato and Morishima
1988; Wu et al. 1995; Li et al. 1997; Fukuoka et al. 2005).
For crop plants such as rice, reproductive barriers can com-
plicate breeding. Breeders wishing to introduce agricultur-
ally important or desirable genes from one species into
another to produce new varieties often encounter reproduc-
tive barriers that inhibit the process.

Clarifying the mechanisms behind reproductive barriers
such as hybrid breakdown is important not only to under-
stand biological speciation but also to remove the barriers
as necessary for crop breeding. To elucidate the general
mechanisms underlying reproductive barriers, it is neces-
sary to identify examples of these phenomena and clone the
genes involved. We discovered an example of hybrid
breakdown among the progeny of a cross between Koshi-
hikari (Oryza sativa ssp. japonica) and Habataki (O. sativa
ssp. indica). Here, we show that the interaction of two
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genes, hybrid breakdown 2 (hbd2) and 3 (hbd3), regulates
hybrid breakdown in rice.

Materials and methods
Plant materials

We used the rice varieties Koshihikari (Oryza sativa ssp.
Jjaponica) and Habataki (O. sativa ssp. indica) and the prog-
eny from a cross between the two cultivars. To create
nearly isogenic lines (NILs), F, plants (Koshihikari/Haba-
taki) were backcrossed with Koshihikari four times. NILs
were selected from the BC,F, generation (i.e., Koshihikari/
Habataki/Koshihikari/Koshihikari/Koshihikari/Koshihik-
ari) by marker-assisted selection (MAS; Yano and Sasaki
1997; Yano 2001).

DNA extraction and linkage analysis

Genomic DNA was extracted from selected individuals in
each BC|F, population or from the NILs using the TPS
method for linkage analysis and NIL construction. For the
TPS method, approximately 2 cm lengths were harvested
from the rice leaf tips and ground using a Multi-Beads
Shocker (Yasui Kikai, Osaka, Japan) in TPS buffer
[100 mM Tris—-HC1 (pH8.0), 1M KCl, and 10 mM
EDTA]. After centrifuging, the supernatant was recovered
and an equal volume of isopropyl alcohol was added. Iso-
propyl alcohol-insoluble material was recovered by centri-
fugation, and the pellet was washed with 75% ethanol.
Thereafter, the pellet was dried and dissolved in TE
[10 mM Tris—HCI (pH 8.0) and 1 mM EDTA]. The purified
DNA samples were then genotyped using molecular mark-
ers. PCR-based markers, including simple-sequence repeat
(SSR) markers (McCouch et al. 2002; Ware et al. 2002;
http://www.gramene.org/), cleaved amplified polymorphic
sequence (CAPS) markers (Konieczny and Ausubel 1993),
and single nucleotide polymorphisms (SNP), which we
identified by comparing the genomic DNA sequences of
each parent, were used for linkage analysis and NIL pro-
duction. Genotyping was carried out using PCR based on a
description by Chen et al. (1997) or with the AcycloPrime-
FP SNP Detection System (PerkinElmer, Wellesley, MA,
USA) according to the manufacturer’s protocol. Markers
used for molecular mapping of hbd2 and hbd3 are illus-
trated in Fig. 3, and those used to determine the genetic
background of NILs are presented in Fig. 4a.

Phenotypic evaluation

To evaluate the occurrence of hybrid breakdown, we
counted the number of tillers. Weak plants had strikingly
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fewer tillers than normal plants. To investigate these traits,
rice seeds were germinated in Petri dishes in water at 30°C
for 72 h and then grown in a nursery for 1 month before
transplantation into a research field. Each trait was investi-
gated after heading.

Results

Hybrid breakdown regulated by two recessive genes,
hbd2 and hbd3

Introgression lines (ILs) are plant strains that possess rela-
tively large segments of the donor parent’s chromosomes
with overlapping in the recurrent parental background. ILs
are used to identify agriculturally important genes for
breeding (Ashikari and Matsuoka 2006), whereas recombi-
nant inbred lines (RILs), which are produced by inbreeding
the progeny of a parental cross, are used for quantitative
trait loci (QTL) analysis (Yano and Sasaki 1997; Yano
2001). To construct ILs and RILs, Koshihikari (Oryza
sativa ssp. japonica) and Habataki (O. sativa ssp. indica)
plants were crossed. In the F, generation, we observed the
segregation of weak plants with few tillers (Fig. I).
Because both parental plants and F, plants were normal, we
concluded that the weak plants were products of hybrid
breakdown.

Because weak plants showed few tillers phenotype, we
counted the number of tillers on 192 F, individuals (Fig. 2).
Distribution data of tiller numbers in the F, generation
showed two peaks. The small peak represented the plants
with few tillers (2—-6), and the large peak included plants
that possessed more tillers (6-20). To determine whether
the weak plants were genetically regulated, we calculated
the segregation ratio of the normal versus weak plants in
the F, population. We investigated three cases. In case 1,
we divided the two peaks at the point of 4 tillers. In this
case, only plants with 1-4 tillers (i.e., those obviously
included in small peak) were defined as weak plants and
plants that showed 5 or 6 tillers (i.e., those for which it was
difficult to determine which peak they belonged to) were
included in the normal plant peak. When divided at the
4-tillers point, the segregation of normal to weak plants was
178 to 14 (Table 1). This corresponds to a ratio of 15:1
(x* =0.20) for two recessive genes, rather than 3:1 =
99.75) for a single recessive gene. In case 2, we divided the
two peaks at the point of 6 tillers (i.e., 1-6 tillers as weak
and 7-20 tillers as normal). In this case, plants that showed
5 or 6 tillers were regarded as weak. When divided at the
6-tillers point, the segregation of normal to weak plants
was 177 to 15 (Table 1). This corresponds to a ratio of 15:1
(x> = 0.56), rather than 3:1 (x* = 93.89). Finally, in case 3,
plants having 7 or 8 tillers (i.e., those obviously included in
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Fig. 1 Morphology of parents
and weak plants. Weak plants
were observed in the F, popula-
tion of a cross between Koshi-
hikari and Habataki. The weak
plants were relatively small,
with few tillers. Bar = 50 cm
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Fig. 2 Distribution of number of tillers in the F, population of a cross
between Koshihikari and Habataki

Table 1 Segregation for hybrid breakdown in F, progeny

Tiller No. of plants 72 (3:1) Xz (15:1)
number

Normal Weak Total
Case 1 178 14 192 99.75% % 0.20N
Case 2 177 15 192 93.89%*%* 0.56N8
Case 3 165 27 192 37.36%** 18.69%#%*

Case 1: normal is determined 5-20 tillers and weak is 1-4 tillers
Case 2: normal is determined 7-20 tillers and weak is 1-6 tillers
Case 3: normal is determined 9-20 tillers and weak is 1-8 tillers
NS not significant; *** P <0.01

the normal peak) were regarded as weak plants. When
divided at the 8-tillers point, the segregation of normal to
weak plants was 165 to 27, which did not correspond to a
ratio of 15:1 (x* = 18.69) and 3:1 (x* = 37.36). These results
suggest the possibility that the weak phenotype was regu-
lated by the interaction of two recessive genes when we
divided the phenotypes at 4 or 6 tillers. Because the paren-
tal lines and their F, progeny were normal, we hypothe-
sized that Koshihikari and Habataki each possess one
recessive gene associated with hybrid breakdown, and that
F, plants with both recessive genes would exhibit the weak
phenotype.

Koshihikari

Habataki

Weak Plants

To confirm the hypothesis that the inheritance of two
recessive genes leads to hybrid breakdown, further genetic
analyses were performed. First, three weak plants from the
F, generation were crossed with each parental variety.
Given that we hypothesized that weak plants possess two
recessive genes and that one is from Koshihikari and the
other from Habataki, crossing with each parent causes the
segregation of only one recessive gene. Therefore, the seg-
regation ratio of normal and weak plants among the BC|F,
progenies were expected to fit 3:1 ratio. First, weak plants
were crossed with Koshihikari to obtain BC|F, progenies.
The segregation of normal and weak plants among the
BC,F, progenies were 74:22, 75:21, and 67:29, all corre-
sponding to a 3:1 ratio (Table 2). Each phenotype of BC,F,
was confirmed by inspecting the BC,F; progenies. This
result indicated that one recessive gene regulating hybrid
breakdown occurred in the Habataki genome. This reces-
sive gene from Habataki was named hybrid breakdown 2
(hbd2). The name hbdl (hybrid breakdown 1) was used for
a previously detected gene involved in hybrid breakdown
between Koshihikari and Nonabokura (Yano, personal
communication). Similarly, three weak F, plants were
crossed with Habataki, and segregating progenies (i.e., nor-
mal and weak BC,F, plants) were obtained at a ratio of
70:26, 73:23, and 71:25, all corresponding to a 3:1 ratio
(Table 2). Each phenotype was confirmed by observing the

Table 2 Segregation for hybrid breakdown in BC,F, progenies

No. of plants 7 (3:1)

Normal Weak Total
Weak plant 1 x Koshihikari 74 22 96 0.13N
Weak plant 2 x Koshihikari 75 21 96 0.46™
Weak plant 3 x Koshihikari 67 29 96 1.13N
Weak plant 1 x Habtaki 70 26 96 0.13N8
Weak plant 2 x Habtaki 73 23 96 0.01N
Weak plant 3 x Habtaki 71 25 96 0.01N

NS not significant
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BC,F; progenies. This indicated that the Koshihikari
genome also possessed one recessive gene involved in
hybrid breakdown. This recessive gene from Koshihikari
was named hybrid breakdown 3 (hbd3). In this way, we
confirmed that the weak plants resulted from an interaction
between two recessive genes: hbd2 from the Habataki
parental plant and hbd3 from the Koshihikari parental plant.

Molecular mapping of hbd2 and hbd3

To elucidate the molecular mechanism underlying hybrid
breakdown, one must clone the genes involved and conduct
a functional analysis. As an initial step toward this goal, we
sought to pinpoint the chromosomal positions of the genes
involved using molecular mapping. The 288 BC,F, plants
generated from the cross between weak plants and Koshi-
hikari (Table 2) were used to map hbd2. Using molecular
markers to test the entire rice genome, hbd2 was mapped
between S21164 and RM526 around the 100 cM region of
the long arm of chromosome 2 in Habataki (Fig. 3a). The
molecular marker RM6617 co-segregated with hbd2. Simi-
larly, 288 BC,F, plants from the cross between weak plants
and Habataki (Table 2) were used to construct a linkage
map of hbd3. The gene hbd3 was mapped between S790A
and RM1355 around the 60 cM region of the long arm of
chromosome 11 in Koshihiakri (Fig. 3b). The molecular
marker RM6272 co-segregated with hbd3.

Construction of NILs confirmed the genetic interaction
between hbd2 and hbd3

Our segregation and linkage mapping data showed that
Habataki possesses the recessive version of hbd2 on chro-
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Fig. 3 Linkage maps of hbd2 and hbd3. a The hbd?2 is located on the
long arm of chromosome 2. b The hbd3 is located on the long arm of
chromosome 11. CEN indicates a centromere
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mosome 2, whereas Koshihikari contains the dominant ver-
sion, Hbd2. Likewise, Habataki contains the dominant
version of Hbd3 on chromosome 11, whereas Koshihikari
possesses the recessive version (hbd3; Fig. 4b-1, b-2, see
the graphical genotypes for Koshihikari and Habataki).
According to our present data, hybrid breakdown results
from the combined inheritance of hbd2 on the long arm of
chromosome 2 from Habataki and #bd3 on the long arm of
chromosome 11 from Koshihikari. To confirm whether this
combination of recessive genes is enough to induce hybrid
breakdown, we constructed nearly isogenic lines (NILs).
The use of NILs, which carry small chromosomal segments
that contain a target gene from the donor in a unique geno-
mic background, and pyramiding lines facilitates the analy-
sis of interactions between different genes, as well as their
effects. Our NILs were produced by repeatedly crossing a
donor parent (Habataki) with a recurrent parent (Koshihik-
ari) in combination with marker assisted selection (MAS).
Markers used to construction of NILs are indicated in
Fig. 4a. By comparing the traits between an NIL carrying a
target gene and its recurrent parent, one can evaluate the
gene and its interactions.

An NIL carrying a chromosomal segment from the hbd?2
region of Habataki chromosome 2 in the Koshihikari back-
ground was selected for analysis (NIL-Abd2; Fig. 4b-3).
NIL-hbd2, which possesses the two recessive genes (i.e.,
the Habataki hbd2 allele on chromosome 2 and the Koshi-
hikari hbd3 allele on chromosome 11), exhibited a weak
phenotype. This result confirms that the recessive genes
hbd2 from Habataki is sufficient to trigger hybrid break-
down in the Koshihikari genomic background.

Additionally, an NIL carrying a chromosomal segment
from the Hbd3 region of Habataki chromosome 11 alone in
the Koshihikari background was also constructed (NIL-
Hbd3; Fig. 4b-4). NIL-Hbd3, which possesses the Koshi-
hikari Hbd2 allele and the Habataki Hbd3 allele, did not
exhibit a weak phenotype. Moreover, pyramiding NILs
from a cross between NIL-ibd2 and NIL-Hbd3 (NIL-
hbd2 + Hbd3) (Fig. 4b-5), which possesses the Habataki
hbd2 and Hbd3 alleles, grew normally. This indicated that
Hbd3 from Habataki is enough to mask the deleterious
effect of hbd2 in Koshihikari background. These data sup-
port the idea that the inheritance of both #bd2 from Haba-
taki and hbd3 from Koshihikari is necessary and sufficient
for the induction of hybrid breakdown.

Phenotypic evaluation of hybrid breakdown

Because NILs have unique genomic backgrounds except for
their target regions, comparisons between NILs and their
recurrent parents indicate the effects of a gene of interest. A
small reduction in plant height was observed for NIL-hbd?2
(106.3 cm) compared to Koshihikari (117.5 cm; Fig. 5a),
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Fig. 4 Construction of NILs and confirmation of genetic interaction
between hbd2 and hbd3. a The chromosome map of markers used to
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whereas a large reduction in the number of tillers was also
observed (4.3 tillers for NIL-hbd2 versus 11.6 tillers for
Koshihikari; Fig. 5b). In contrast, no significant differences
in plant height or tiller number were observed among NIL-
Hbd3, NIL-hbd2 + Hbd3, and Koshihikari. These results
confirmed that the plants carrying a single recessive gene
(either hbd2 from Habataki or hbd3 from Koshihikari) did
not exhibit a weak phenotype, whereas the plants carrying
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both recessive genes (i.e., hbd2 and hbd3) had lower num-
bers of tillers and exhibited weak phenotypes.

Discussion

In the process of constructing ILs and RILs from a cross
between Koshihikari (Oryza sativa ssp. japonica) and
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Habataki (O. sativa ssp. indica) plants, we discovered an
example of hybrid breakdown that prevented the plants
from growing normally (i.e., not like the parental varieties;
Fig. 1). Using genetic analysis, we identified two recessive
genes, hbd2 in Habataki and hbd3 in Koshihikari, which
control hybrid breakdown. Linkage analysis indicated that
hbd?2 is located around the 100 cM region of the long arm
of chromosome 2 in Habataki (Fig. 3a), whereas hbd3 is
located around the 60 cM region of the long arm of chro-
mosome 11 in Koshihikari (Fig. 3b). Plants possessing a
combination of these two recessive genes (hbd2/hbd2 and
hbd3/hbd3) exhibit abnormal tiller growth (Figs.4, 5);
however, plants with other genetic combinations (Hbd2/
Hbd2 and hbd3/hbd3, hbd2/hbd2 and Hbd3/Hbd3, Hbd2/
Hbd2 and Hbd3Hbd3) exhibit normal tiller growth. Genetic
analyses and NIL comparisons indicated that co-inheritance
of these two recessive alleles is sufficient to cause hybrid
breakdown.

Among the F, progeny from the cross between Koshihik-
ari and Habataki, two types of weak plants were observed:
severe and mild (Fig. 1). The phenotype of NIL-kbd2 plants
(Fig. 4b-3) is relatively mild when compared to the weak
plants observed in the F, population (Fig. 1). The hybrid
breakdown can be explained by the interaction of two genes;
however, two recessive genes are likely not sufficient to
determine the degree of weakness. Therefore, other factors
that affect the severity of hybrid breakdown may be involved.

Among the reports of hybrid breakdown in rice involv-
ing a weak phenotype, three identified the chromosomal
locations of the genes that caused the hybrid breakdown.
Fukuoka et al. (1998) reported that two genes, hiwd] located
around the 3 cM region of chromosome 10, and hAwd2
located around the 50 cM region of chromosome 7, were
involved in hybrid breakdown at the F, and subsequent
generations from a cross between the Sasanishiki cultivar
(O. sativa ssp. japonica) and a Thai upland rice cultivar,
Col. No. 15. In addition, Kubo and Yoshimura (2002)
reported that two genes, hwel located around the 50 cM
region of chromosome 12, and Awe2 located around the
40 cM region of chromosome 1, controlled hybrid break-
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down at the F, generation or later following a cross
between the cultivars Asominori (O. sativa ssp. japonica)
and IR24 (O. sativa ssp. indica). Finally, Fukuoka et al.
(2005) reported that two genes, hwgl located around the
80 cM region of chromosome 6, and Awg2 located around
the 90 cM region of chromosome 11, were involved in
hybrid breakdown at the F, generation or later of progeny
resulting from a cross between the Sasanishiki cultivar (O.
sativa ssp. japonica) and an accession from Assam, India,
ARC10303. Because the chromosomal positions that we
found do not match these previously reported genes, hbd2
and hbd3 are likely novel genes involved in hybrid break-
down in rice.

The establishment of ILs and NILs enables an evaluation
of the effect of QTLs, as well as fine mapping and cloning
of QTL genes (Yano 2001; Ashikari et al. 2005; Ashikari
and Matsuoka 2006). Hybrid breakdown prevents these
types of analysis because plant weakness can mask other
phenotypes. The genetic analysis indicated that the hbd2
allele from the Habataki chromosome induces hybrid
breakdown in a Koshihikari background. Indeed, an NIL
with a Habataki chromosomal segment containing the hbd2
gene (NIL-Abd2) in Koshihikari exhibited a weak pheno-
type (Fig. 4b-3). This phenotype inhibits a precise evalua-
tion of other QTLs linked to hbd2 due to the effect of hybrid
breakdown. To overcome this problem, we also constructed
an NIL containing a Habataki chromosomal segment from
the Hbd3 region (NIL-Hbd3; Fig. 4b-4). We then crossed
NIL-Hbd3 with NIL-hbd2 to construct NIL-hbd2 + Hbd3,
and this line did not exhibit a weak phenotype despite the
fact that it contains the hbd2 gene (Fig. 4b-5). Since NIL-
hbd2 + Hbd3 can mask the deleterious effects of hbd2,
NIL-hbd2 + Hbd3 can be used for the evaluation of other
QTLs linked to hbd2. Moreover, crossing NIL-
hbd2 + Hbd3 and NIL-Hbd3 also permits fine mapping of
the QTLs linked with hbd2. This demonstrates that the del-
eterious effects of hybrid breakdown in the NILs can be
overcome by a simple pyramiding strategy.

Clarifying the causes of hybrid breakdown contributes to
our understanding about the mechanism of speciation. The
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process of speciation requires that organisms establish and
maintain reproductive barriers against other species (Mayr
1942). Although postzygotic reproductive barriers restrict
gene flow if organisms occur sympatrically, they play an
important role in speciation and genetic differentiation. The
theory of postzygotic reproductive barrier development was
proposed independently by Dobzhansky (1937) and Muller
(1940), and is now called the Dobzhansky—Muller model.
In this model, the development of postzygotic reproductive
barriers results from an interaction between two or more
genes. Supporting this theory, previous studies have shown
that reproductive barriers in rice, including hybrid weak-
ness (Oka 1957; Amemiya and Akamine 1963; Sato and
Morishima 1987), hybrid sterility (Oka 1958, 1974; Jen-
nings 1966), and hybrid breakdown (Oka 1957, 1978; Oka
and Doida 1962; Yokoo 1984; Okuno 1986; Sato and Mor-
ishima 1988; Wu et al. 1995; Li et al. 1997; Fukuoka et al.
2005), are controlled by two or more genes. The hybrid
breakdown observed between Koshihikari and Habataki fits
the Dobzhansky—Muller model because it also involves the
interaction of two genes, the hbd2 gene from Habataki and
the hbd3 gene from Koshihikari.

The next step in elucidating the molecular mechanism of
speciation involves cloning the genes that contribute to the
reproductive barriers. Currently, few reports describe the
cloning of genes related to reproductive barriers, apart from
one in Xiphophorus fish (Wittbrodt et al. 1989) and four in
Drosophila (Ting et al. 1998; Barbash et al. 2003; Pres-
graves et al. 2003; Brideau et al. 2006). Although several
genes related to reproductive barriers in plants, including
rice, have been identified, none have been cloned. Once the
genes causing reproductive barriers have been cloned, their
interactions must be analyzed. Two theories have been pro-
posed to explain how reproductive barriers result from
genetic interactions. One is a biochemical model in which
deleterious effects from interacting proteins cause repro-
ductive barriers. The other is a genetic model in which the
loss of alternative copies of duplicated genes leads to repro-
ductive barriers. Thus far, only one set of genes causing
reproductive barriers has been cloned (Brideau et al. 2006);
although the precise biological function and mechanism of
interaction between these genes causing the reproductive
barrier are still unclear, they are not duplicated genes. In
yeast, however, it has been proposed that an alternative loss
of duplicated genes from a common ancestral chromosomal
segment leads to reproductive barriers (Scannell et al.
2006). Because this inheritance model can accommodate
recessive genes, we considered whether the hybrid break-
down presented here might be explained by this model.
Guyot and Keller (2004) and Yu et al. (2005) have reported
examples of rice ancestral chromosomal duplication; how-
ever, according to these reports, no chromosomal duplica-
tions occur between the regions containing hbd2 and hbd3.

Although a possibility yet exists that duplication of a very
small chromosomal segment between the hbd2 and hbd3
regions may have occurred, another mechanism may be a
more likely cause of hybrid breakdown. Even though
numerous studies have been performed in various organ-
isms, the mechanistic or molecular basis of the interaction
involved in the creation of reproductive barriers is still
unknown. Therefore, cloning of the hbd2 and hbd3 genes is
currently under way, and an analysis of their interaction at
the molecular level will be performed.
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