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Abstract Loss of function of duplicated genes plays an
important role in the evolution of postzygotic reproductive
isolation. The widespread occurrence of gene duplication
followed by rapid loss of function of some of the duplicate
gene copies suggests the independent evolution of loss-of-
function alleles of duplicate genes in divergent lineages of
speciation. Here, we found a novel loss-of-function allele
of $S27 in the Asian annual wild species Oryza nivara, des-
ignated S27-niv’, that leads to F; pollen sterility in a cross
between O. sativa and O. nivara. Genetic linkage analysis
and complementation analysis demonstrated that S27-niv’
lies at the same locus as the previously identified S27 locus
and $27-niv’ is a loss-of-function allele of S27. $27-niv’ is
composed of two tandem mitochondrial ribosomal protein
L27 genes (mtRPL27a and mtRPL27b), both of which are
inactive. The coding and promoter regions of S27-niv’
showed a number of nucleotide differences from the functional
S§27-T65* allele. The structure of S27-niv* is different from
that of a previously identified null S27 allele, S27-glum’,
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in the South American wild rice species O. glumaepatula,
in which mtRPL27a and mtRPL27b are absent. These
results show that the mechanisms for loss-of-function of
8§27-niv’ and S27-glum® are different. Our results provide
experimental evidence that different types of loss-of-function
alleles are distributed in geographically and phylogenetically
isolated species and represent a potential mechanism for
postzygotic isolation in divergent species.

Introduction

Gene duplication provides opportunities to increase gene
diversity during evolution. Because the original function
supplied from one gene copy allows the other copy to
escape elimination through selection, duplicate genes allow
the accumulation of mutations that introduce a new func-
tion (neo-functionalization), divide the original function
(sub-functionalization), or cause loss of function (non-func-
tionalization) (Lynch and Force 2000). Recent studies have
demonstrated that duplicate genes contribute to reproduc-
tive isolation, which generally prevents gene flow between
species, and they play an important role in plant speciation
(Rieseberg and Willis 2007). For example, the neo-func-
tionalized duplicate gene Odysseus-site Homeobox (OdsH)
causes postzygotic reproductive isolation in Drosophila
(Sun et al. 2004). Similarly, non-functionalization has con-
tributed to a passive type of postzygotic reproductive isola-
tion through reciprocal loss of duplicate genes between two
divergent species; when this occurs, selection against
hybrids may occur in either a sporophytic (zygotic) or
gametophytic (gametic) manner (Bikard etal. 2009;
Yamagata et al. 2010). Genome-wide analysis has shown a
very high rate of gene duplication and a rapid loss of most
duplicate genes within a few million years (Lynch and
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Conery 2000). It has been suggested that loss-of-function
mutations at the same locus in different species have
evolved independently and contribute to reproductive isola-
tion (Lynch and Force 2000). However, this has not yet
been demonstrated.

The two cultivated species of rice (Oryza sativa and
O. glaberrima) and six wild species are classified into the
AA-genome species in the genus Oryza (Khush 1997).
Exchange of genes among the AA-genome species can be
accomplished by conventional interspecific hybridization
and recombination. However, F; pollen sterility is fre-
quently observed in these hybrids and prevents the transfer
of useful genetic resources from wild species to cultivated
rice. The genetic mechanism of hybrid sterility has been
extensively studied in rice, and several F, pollen sterility
loci have been reported (Doi et al. 2008; Koide et al. 2008).
The genetic mechanisms of F, hybrid sterility have been
explained using two genetic models: the one-locus allelic
interaction model and the two-locus epistatic interaction
model (Oka 1988). Recognition of the genetic models has
been based on segregation patterns of sterility as “Mende-
lian” loci. Gametophytic F; embryo sac sterility fitting the
one-locus allelic interaction model was recently character-
ized by gene cloning of S5 encoding aspartic protease
(Chen et al. 2008). S5 is caused by aberrant interaction of
protein products of the S5-i and S5-j alleles derived from a
single genomic locus in rice. Similarly, Sa has been recog-
nized as a single Mendelian locus for the one-locus allelic
interaction causing gametophytic F; pollen sterility in rice.
However, Sa was resulted from interaction of three alleles
derived from two adjacent genomic loci in rice (Long et al.
2008), which is controlled by different genetic architecture
from S5 although Sa and S5 have been recognized as the
one-locus allelic interaction model. Hybrid sterility caused
by interaction between disharmonious alleles from two or
more loci, like the case of Sq, fit to the Bateson—-Dobzhansky—
Muller (BDM) incompatibility model, which is widely
accepted in various plant and animal species (Coyne and
Orr 2004). Recently, a case of gametophytic BDM incom-
patibility caused by the epistatic interaction between the
two complementary loci has been demonstrated (Yamagata
et al. 2010): reciprocal loss of duplicate genes on chromo-
somes 4 (528 locus) and 8 (527 locus) caused hybrid steril-
ity in the F; between allopatric species, Oryza sativa
[japonica cultivar Taichung 65 (T65)] and O. glumaepatula
(accession number IRGC105668). $S27 and S28 are dupli-
cate loci encoding mitochondrial ribosomal protein L27
(mtRPL27), which is required for normal pollen develop-
ment. The O. glumaepatula allele at S27 (S27-glum®) and
the T65 allele at S28 (S28-T65°) no longer function as
mtRPL27 genes, and pollen grains carrying both of these
alleles are sterile (as indicated by a superscript “s”).
Meanwhile, the T65 allele at S§27 (S27-T65%) and the
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O. glumaepatula allele at S28 (528-glum™) encode normal
mtRPL27 protein, and pollen grains carrying at least one of
these fertile alleles are fertile (as indicated by a superscript
“+”). Duplication of mtRPL27 at S27 and S28 was caused
by segmental duplication of an approximately 30-kb geno-
mic sequence (containing mtRPL27) from chromosome 4 to
chromosome 8. The loss of function of §27-glum® is due to
the absence of the 30-kb segment. The duplicated segment
on chromosome 8 was found in all investigated acces-
sions of O. sativa, Asian wild annual species O. nivara,
and perennial species O. rufipogon (Yamagata et al.
2010). However, it is unknown whether loss-of-function
alleles exist in accessions of the Asian AA-genome species
carrying duplication of mtRPL27 genes on chromosomes
4 and 8.

Here, we identified a new allele of §27, $27-niv’, on
chromosome 8, in hybrids between O. nivara and T65. The
pollen grains carrying the O. nivara allele of S27 (S27-niv’)
were sterile. Complementation analysis demonstrated that
the S27-niv’ allele is a loss-of-function allele of S27. In
addition, we determined the genomic sequence of the
mtRPL27 gene region in S27-niv’ and acquired experimen-
tal evidence for an independent origin of this loss-of-func-
tion allele at S27 locus.

Materials and methods
Plant materials

Introgression lines (ILs) containing chromosome segments
of the Asian annual wild rice O. nivara (the donor parent)
in an O. sativa genetic background were generated. A culti-
var of Asian cultivated rice (O. sativa L. ssp. japonica ‘Tai-
chung 65’; designated T65) was used as the female parent
in crosses with O. nivara (accession number IRGC105444;
Sri Lanka) to produce F, plants with T65 cytoplasm. These
F, plants were successively backcrossed with T65 as the
male parent. During the development of ILs using marker-
assisted selection (MAS), segregation of pollen sterility
was observed in BC,F, populations that carried an O. niv-
ara segment of chromosome 8. ILs heterozygous for that
segment of chromosome 8 were screened in the BC,F; gen-
eration to identify the pollen sterility gene, and their prog-
eny in the BC,F; generation was used for high-resolution
linkage analysis.

DNA extraction and genotyping using SSR markers

Genomic DNA for linkage analysis using simple sequence
repeat (SSR) markers was extracted from freeze-dried leaf
samples according to Dellaporta et al. (1983), with minor
modifications. PCR reactions were performed in 15 pl of
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reaction mixture containing 50 mM KCI, 10 mM Tris—HCl
(pH 9.0), 1.5 mM MgCl,, 200 uM each dNTP, 0.2 uM each
primer, 0.75 units Taqg polymerase (Takara, Otsu, Japan),
and approximately 25 ng template DNA in a GeneAmp
PCR system 9700 (Applied Biosystems, Foster City, CA,
USA). The PCR program used was 95°C for 5 min, fol-
lowed by 35 cycles of 95°C for 30s, 55°C for 30 s and
72°C for 30 s. PCR products were run in 4% agarose gels
(Agarose HT; Amresco Inc., Solon, OH, USA) in 0.5x
TBE buffer.

Evaluation of pollen fertility

Panicles at flowering stage were fixed and stored in 70%
(v/v) ethanol. For each sample, pollen grains from six anthers
in a single spikelet collected a few days before anthesis
were stained with 1% iodine—potassium iodide (I,—KI)
solution on a glass slide. More than 200 pollen grains per
slide were evaluated for pollen fertility under an Axioplan
light microscope (Zeiss, Jena, Germany). Pollen grains that
were morphologically the same as grains of T65 were
scored as normal; empty, unstained, incompletely stained,
or small grains were scored as sterile.

Observation of postmeiotic pollen development

Panicles in the meiotic to mature stages were continuously
collected to observe pollen development from the unicellu-
lar to mature stages. Panicles were fixed in fixative solution
containing 4% (w/v) paraformaldehyde, 0.25% (w/v) glu-
taraldehyde, 0.02% (v/v) Triton X-100, and 100 mM
sodium phosphate (pH 7.5) at 4°C for 24 h. After rinsing in
100 mM sodium phosphate buffer, the fixed panicles were
stored in 100 mM sodium phosphate buffer containing
0.1% (w/v) sodium azide (NaN;). The hematoxylin staining
procedure of Chang and Neuffer (1989) was used with
minor modifications.

Evaluation of germination ability and viability of pollen

To evaluate pollen germination on artificial medium, pollen
just after flowering in natural conditions was shed onto a
glass microscope slide containing a drop of germination
medium [15% (w/v) sucrose, 0.01% (w/v) H;BO;, 0.03%
(w/v) CaCl, and 0.6% (w/v) gellan gum]. After 6—8 min
incubation at room temperature, the pollen grains were
observed and photographed under a light microscope.

To evaluate the viability of pollen grains by the fluoro-
chromatic reaction (FCR) test, panicles at the heading stage
were collected and fresh pollen at a few days before anthe-
sis was stained with 0.05 mM fluorescein diacetate (FDA)
solution. The stained samples were observed immediately
under a fluorescence microscope with a 450-490-nm

exciter filter and a 525-nm emission filter according to
Heslop-Harrison and Heslop-Harrison (1970).

Linkage analysis

To perform linkage analysis of the pollen sterility gene
from IRGC105444, we analyzed the BC,F; population
derived from a BC,F, plant that was heterozygous for
IRGC105444 segment on chromosome 8 and homozygous
for IRGC105444 segments on chromosomes 6 and 7
(Fig. 1a). Three SSR markers on chromosome 8, RM1309
and RM8264 (McCouch et al. 2002) and M1_S27 (Table 1),
were used in the linkage analysis. Recombination values
between markers were estimated using the maximum-like-
lihood equation (Allard 1956) and transformed into genetic
map distances (cM) using Kosambi’s mapping function
(Kosambi 1944). To further define the map position of S27-
niv’, the SSR markers S27 ssrl, S27 ssr8 and MI1_S27
(Table 1), and RMS8264 were used in high-resolution map-
ping of the BC,F; population.

Complementation analysis

To confirm that the sterility of pollen grains carrying
S§27-niv* allele is caused by a defect in mtRPL27, a geno-
mic DNA fragment containing a functional copy of
mtRPL27a isolated from the fertile allele S27-T65" (Smal
fragment in Fig. 3b) was introduced into semi-sterile
plants (S27-T65%/S27-niv’, S28-T65°/S28-T65*) by Agro-
bacterium-mediated transformation (Hiei etal. 1994).
The Smal fragment was cloned into the Ti-plasmid binary
vector pPZP2H-lac (Fuse et al. 2001). The T, plants were
grown to maturity in a temperature- and humidity-controlled
greenhouse for transgenic plants. Spikelets were collected
a few days before flowering, fixed, and stored in 70%
(v/v) ethanol, and pollen fertility was evaluated as described
above.

Molecular cloning of the genomic DNA sequence
of S27-niv*’

The presence or absence of a 30-kb duplicated segment at
827 locus was determined using PCR markers S27D and
S27ND, respectively (Yamagata et al. 2010; Table 1). To
determine the genomic sequence of the S27-niv’ allele,
genomic DNA fragments of IRGC105444 around the
mtRPL27 gene region on chromosome 8 were amplified
with KOD-Plus DNA polymerase and cloned into the pTA2
vector (Toyobo, Osaka, Japan). Four overlapping O. nivara
genomic clones (NGC1-4) were obtained by amplification
using primer pairs M2_S27 for NGCI1, covering the
mtRPL27a promoter region; M3_S27 for NGC2, covering
the coding region of mtRPL27a and the promoter region of
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Fig. 1 Identification

of §27-niv’, a pollen sterility
gene on chromosome 8.

a Graphical genotype of the
BC,F, plant used to generate the
mapping population (BC,F;).

b Frequency distribution of
pollen fertility classified by the
genotypes of SSR marker
RM1309 in the BC,F; popula-
tion. Black bars and white bars
represent T65 homozygotes and
heterozygotes, respectively.
IRGC105444 homozygous
plants did not segregate in this
population because of sterility of
pollen grains carrying the
S27-niv* allele. ¢, d Pollen grains
of fertile (¢) and semi-sterile
(d) plants stained with I,—KI.
Scale bars = 50 pm. e Linkage
map showing the location of
S27-niv’. Left 1atest high-density
RFLP framework map from the
Rice Genome Research Program
(RGP); available at http://rgp.
dna.affrc.go.jp/publicdata/
geneticmap2000/index.html.
Right location of S27-niv* with
respect to SSR markers used in
this study

Table 1 PCR primers used in this study
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Marker Purpose Forward primer sequence (5'-3") Reverse primer sequence (5'-3")

M1_S27 SSR marker GACAAGTTTGCTGTTGTCAACG TCAGATCAAGTTGAATTCAAGCA

S27 _ssrl SSR marker ATGCGAAGGCAATGAAAAAG TGAAGCACAACGCTAACAGAG

8§27 _ssr8 SSR marker CTCGATGGTAGATTGGGGTA CATCTGTTCGCTGCTCTGTT

S27D STS marker TTGAATTCCGAGAGTCTGGC GGTCGTCGGAGTGGTAGACGAAG
S27ND STS marker GGTCGTCGGAGTGGTAGACGAAG TGTTCACCAAATGACTCCAAATCG
M2_S27 Cloning of NGC1 ACGGCAGGTGTTTAAGGTCTTTGGATG CTCACGCAATTCATGGATTGCTGAAGA
M3_S27 Cloning of NGC2 AGCCTTTCAATCCAGAAACCTCAGGGG TCCATTCCCGTAAACCCTAAAATGGCC
M4_S27 Cloning of NGC3 CAAACGATGGGGGCCTTAGTTTGTTCA CCTCTCCTGAAAACTGATGAAAAAGCC
M5_S27 Cloning of NGC4 GCTGGAATTAGGCTGACCAAATCCTTG CCAGGGTAGATTCCAAAATGTGAAGAG
M6_S27 SNP marker CCCAAGTGGCCAAATACCTAATTCCTC CTTGTATTTTGCAGCCGTCGGGCTAA
M7_S27 InDel marker CCGAATCCGGGCCGTCCATT ATCTCTCCCGCGCCCAGA ACGA
M8_S27 SNP marker AGTGATTCGACCCCTGCAGCTGAACTA AATTCAACCCAGAAGCCTCTTAATCGCA

SSR simple sequence repeat, STS sequence-tagged-site, SNP single nucleotide polymorphism, /nDel polymorphism of PCR bands due to insertion/

deletion of each allele

mtRPL27b; M4_S27 for NGC3, covering the promoter
region of mtRPL27b; and M5_S27 for NGC4, covering the
coding region of mtRPL27b (Table 1; Fig. 4a). Sequences
of the inserted DNA fragments were determined by cycle
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sequencing using BigDye Terminator v3.1 (Applied Bio-
systems, Foster City, CA, USA).

To confirm whether the obtained NGC clones were
correctly amplified from S27 rather than from S28, three
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S§27-niv* allele-specific dominant markers, M6_S27, M7_S27,
and M8_S27, which amplify DNA fragments from the
genomic regions corresponding to NGCI, NGC2 and
NGC3, and NGC4 at S27-niv’, respectively, were devel-
oped (Table 1). The M6_S27 and MS8_S27 markers were
designed to amplify only the DNA fragments from S27-niv*
allele, but not to amplify from S27-T65* and S28-T65° alleles
(Table S1). The M7_S27 marker was designed to amplify
DNA fragments from all three alleles with different sizes of
DNA fragments (Table S1). In co-segregation analysis of the
four clones at the S27 locus, BC,F; plants derived from a
BC,F, plant heterozygous at S27 (S27-T65%/S27-niv*) and
T65 homozygous at S28 (S28-T65°/S28-T65°) were scored
for three $27-niv* allele-specific dominant markers.

The sequences reported in this paper were deposited in
the DNA Data Bank of Japan [accession numbers
AB496673 (mtRPL27a S27-T65%), AB496674 (mtRPL27b
S§27-T65%) and ABS576647 (miRPL27a S27-niv’ and
mtRPL27b S27-niv*)].

Results
Identification of a pollen sterility gene on chromosome 8

The rice lines T65 (O. sativa) and IRGC105444 (O. nivara)
each showed more than 90% pollen fertility, but their F,
hybrids showed approximately 25% pollen fertility. The
genome-wide genetic analysis of the F, pollen sterility in
hybrid progeny between O. sativa and O. nivara revealed
that $36 on chromosome 12 and gPS1 on chromosome 1
contributed to pollen sterility in this hybrid (Win et al.
2009). In the process of generating a series of ILs of O. niv-
ara chromosome segments in a T65 genetic background,
pollen sterility was observed in some individuals from the
BC,F, population that carried an O. nivara segment of
chromosome 8 in the heterozygous state. By linkage analy-
sis in a BC,F; population developed from a BC,F, plant
(Fig. 1a) carrying O. nivara segments of chromosomes 6, 7,
and 8, we determined that the gene controlling pollen steril-
ity lies on chromosome 8. The BC,F; population (n = 89)
exhibited a clear bimodal distribution of pollen fertility,
with 39 semi-sterile and 50 fertile plants (Fig. 1b). Pollen
fertility of the fertile plants was greater than 90% (Fig. 1b,
c), whereas that of semi-sterile plants ranged from 40.5 to
56.8%, with an average of 49.2% (Fig. 1b, d). The sterile
pollen grains produced by semi-sterile plants were
unstained by the I,—KI staining solution. All of the fertile
plants were T65 homozygotes, whereas all semi-sterile
plants were heterozygotes, based on the genotype at the
SSR marker RM1309 (Fig. 1b) in this population. This
result suggests that the pollen sterility gene was tightly
linked to RM1309 on chromosome 8 and caused heterozy-

gous plants to exhibit semi-sterility. No plants homozygous
for the IRGC105444 segment were observed in the map-
ping population; this segregation distortion was considered
to result from sterility of pollen grains carrying the allele
from the IRGC105444 parent. The observed segregation
ratio of the fertile and semi-sterile plants fits the theoretical
1:1 ratio (> = 1.36, P = 0.24) expected for gametophytic
pollen sterility under the control of a single nuclear gene.

Linkage analysis showed that the pollen sterility gene
co-segregated with the marker RM1309 and was located
between M1_S27 and RM8264, at distances of 1.7 and
2.3 cM, respectively (Fig. le). In this same chromosomal
region, an $27 locus conferring gametophytic F, pollen ste-
rility had previously been found in hybrids between T65
and O. glumaepatula (Yamagata et al. 2010). In the prog-
eny of that cross, pollen grains carrying both the S27-glum’®
and S28-T65° alleles were sterile, so plants heterozygous at
S27 (8§27-T65%/527-glum’) and homozygous for the $28
non-functional allele from T65 (528-T65°/S28-T65°)
showed pollen semi-sterility. Here, semi-sterile plants were
heterozygous at RM 1309 and homozygous for chromosome
4 from T65, which carries S28-765° (Fig. 1a). This result
was similar to that of the T65 x O. glumaepatula cross; so
we speculated that the allele identified here lies at the same
locus as the previously identified $27 locus, and designated
it S$27-niv’. Since the pollen grains carrying the
IRGC105444 allele showed sterility, the IRGC105444
allele was named as the sterile allele ($27-niv’), and the T65
allele was named as the fertile allele (S27-T65).

To examine the morphological and developmental fea-
tures of the sterile pollen, pollen development in postmei-
otic stages was investigated in S27-niv* semi-sterile plants
using the I,—KI and hematoxylin staining methods. No phe-
notypic abnormality was observed during the unicellular
stages. At the bicellular stage, we detected generative and
vegetative cells in all pollen grains (Fig. 2a, b), but half of
the pollen grains failed to initiate starch accumulation
(Fig. 2c). At the mature stage, almost half of the pollen
grains looked normal, carrying one vegetative cell and two
sperm cells (Fig. 2d), but the remainder were mainly at the
bicellular stage and had not accumulated starch (Fig. 2e, f).
These results reveal that the development of sterile pollen
grains caused by S27-niv’ was arrested at the bicellular
stage before initiation of starch accumulation, similar to the
sterile pollen grains caused by S27-glum® (Yamagata et al.
2010). In vitro pollen germination tests revealed no germi-
nation of any of the morphologically abnormal pollen
grains in §27-T65%/S27-niv* heterozygous plants (Fig. 2g),
whereas about 90% of pollen from T65 parent germinated
(Fig. 2h). In addition, pollen viability testing by FCR in
pollen grains at a few days before anthesis showed a posi-
tive green fluorescence signal in both fertile and sterile
pollen grains due to the endogenous esterase activity of
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Fig. 2 Characterization of ster-
ile pollen grains caused by
§27-niv’. a—f Light-microscopic
observation of postmeiotic pol-
len development in bicellular
(a—c) and mature (d—f) stages in
terms of nuclei by hematoxylin
staining (a, b, d, e) and starch
accumulation by I,—KI staining
(c,f). a,b,d, e Individual normal
(a, d) and sterile (b, e) pollen
grains. Black arrowheads, white
arrowheads, and black arrows
indicate nuclei of vegetative
cells, sperm cells, and generative
cells, respectively. g, h Evalua-
tion of pollen germination abil-
ity on artificial medium for
S27-niv*® heterozygous semi-
sterile plant (g) and T65 parent
(h). Black arrowheads and white
arrowheads indicate fertile and
sterile pollen grains, respec-
tively. i Fluorescence micro-
scopic observation of the
viability of pollen in fluorescein
diacetate (FDA) staining solu-
tion. White arrowhead and white
arrow indicate fertile and sterile
pollen grains, respectively. Scale
bars =10 pm

individual pollen grains (Fig. 2i), and fainter signals which
correspond to vacuoles in the center of sterile pollen grains
(Fig. 2i). These results indicate that sterile pollen grains
caused by S27-niv’ retained their viability but lost their ger-
mination ability because of developmental arrest at the
bicellular stage and lack of starch accumulation.

High-resolution linkage analysis of S27-niv’

To narrow down the genomic region containing the
S$27-niv® locus, we performed high-resolution linkage
analysis using 1,145 plants of the BC,F; populations
derived from the BC,F, plants that were heterozygous
(S27-T65%/527-niv") at $27 and T65 homozygous (S28-T65*/
S$28-T65°) at $28. The high-resolution mapping narrowed
the S27-niv® candidate region to 122.2 kb on the Nippon-
bare reference genome between markers S27_ssrl and
S$27_ssr8, with one and two plants, respectively, carrying
recombination between phenotype and genotype of each
marker (Fig. 3a). This candidate region included the gene
duplication at the S27 locus (mtRPL27a and mtRPL27D).
Therefore, we concluded that S27-niv*® lies at the same
locus as the previously identified S27 locus on chromo-
some 8.
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Complementation analysis

In the cross of T65 x O. glumaepatula, sterility of pollen
grains is caused by the sterile alleles S27-glum® and
S§28-T65°, both of which are loss-of-function alleles of
mtRPL27 (Yamagata et al. 2010). Since sterile pollen grains
here carried S27-niv’ and S28-T65°, we speculated that the
sterile allele S27-niv® is also a loss-of-function allele.
Therefore, we expected that introduction of a functional
mtRPL27 gene would rescue the fertility of pollen grains
carrying S27-niv* and §28-T65°. To test this expectation, we
performed complementation analysis by transforming a
genomic DNA fragment containing a wild-type mtRPL27a
gene (a Smal fragment derived from the fertile allele S27-
T65*; Fig. 3b) into semi-sterile plants carrying S27-T65*/
S§27-niv* and S28-T65°/S28-T65°. If the introduced mfRPL27a
gene were able to rescue the fertility of pollen grains carry-
ing S27-niv’ and S28-T65°, we would expect most T, plants
carrying one copy of the transgene to show 75% pollen fer-
tility, because 75% of the pollen grains would contain the
S§27-T65* allele or the transgene, or both. Linkage of the
transgene and S27 could result in altered fertility percent-
ages in some T, plants. Pollen fertility of the T, transgenic
plants transformed with the Smal fragment ranged from 53
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Fig. 3 High-resolution linkage and complementation analyses of
S§27-niv’. a High-resolution linkage analysis of S27-niv’. The RFLP
framework map was obtained from the latest high-density rice genetic
map from RGP (http://rgp.dna.affrc.go.jp/publicdata/geneticmap2000/
index.html). Pollen fertility and graphical genotypes of the three infor-
mative plants for the high-resolution mapping with recombination and
those of the typical plants without recombination are shown. Numbers
of recombinants between the genes and markers are indicated in paren-
theses. White boxes and black boxes indicate T65 and IRGC105444

to 86%, with most plants in the 70-80% category (Table 2;
Fig. 3c). On the other hand, transgenic plants transformed
with the empty vector never showed more than 56% pollen
fertility (Table 2; Fig. 3d). This result demonstrates that the
mtRPL27a gene in the Smal fragment rescued the sterility
of §27-niv* §28-T65° pollen grains, confirming that the ste-
rility of pollen grains carrying S27-niv’ allele is caused by a
defect in mtRPL27.

Molecular cloning of the genomic DNA sequence
of §27-niv*

The S27 locus in T65 is composed of two tandem copies of
the mtRPL27 gene (mtRPL27a and mtRPL27b), both of
which encode functional mtRPL27 protein. S27-glum® is a
loss-of-function allele caused by the absence of a 30-kb

chromosomal segments, respectively. Recombination regions are illus-
trated by gray boxes. Black arrowhead indicates the location of the
mtRPL27a and mtRPL27b genes found in the rice reference sequence
of Nipponbare. b—-d Complementation analysis. S27-niv* plants were
transformed with a Smal restriction fragment containing mtRPL27a
derived from the functional allele S27-T65*. b Location of the Smal
restriction fragment used in the complementation analysis. ¢, d Pollen
grains of T plants transformed with the Smal fragment (¢) or empty
vector (d) stained with I,—KI solution. Scale bar = 50 pm

duplicated segment at S27 locus including both mtRPL27
gene copies (Yamagata et al. 2010). In O. nivara accession
IRGC105444, we detected the existence of a 30-kb dupli-
cated segment at S27 locus using two PCR markers, S27D
and S27ND, which detect the presence and absence, respec-
tively, of the duplicated segment (Fig. S1). This result indi-
cates that the structures of S27-glum® and S27-niv’ are
different, so the cause of loss-of-function of S27-niv’ is
likely to be different from that in S27-glum®.

Therefore, to determine the genomic sequence of the
S$27-niv* allele, we obtained the four overlapping O. nivara
genomic clones: NGC1, NGC2, NGC3 and NGC4, which
amplified from total genomic DNA of IRGC105444 using
primers specific for mtRPL27a and mtRPL27b at S27 locus
(Fig. 4a). To confirm whether the obtained NGC clones
were correctly amplified from S27, rather than from S28,

Table 2 Distribution of pollen fertility (%) in heterozygous S27-T65*/527-niv’ T, plants transformed with a functional copy of mRPL27a

Restriction Transgene  Allele No. of plants Total
fragment

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100
Smal mtRPL27a  S27-T65% 0 0 0 0 3 1 10 4 0 18
Empty vector - - 0 0 0 0 3 0 0 0 0 8

@ Springer
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Fig. 4 Molecular cloning of the genomic DNA sequence of S27-niv°.
a The genomic DNA structure of T65 and IRGC105444 around the
$27 locus on chromosome 8. Introns, non-coding exons, and coding
exons are indicated by thick horizontal lines, white boxes, and black
boxes, respectively. Bent arrows indicate ATG start codons, and TAA
indicates stop codons. White arrowheads above and below the line
indicate the insertion and deletion of nucleotides, respectively, and ver-
tical lines show nucleotide differences between IRGC105444 and T65
in the genomic region around mtRPL27. Thick black lines show the

we performed the co-segregation analysis of three S27-niv’
allele-specific dominant markers, M6_S27, M7_S27, and
M8_S27, with RM1309, which is tightly linked to the S27
locus (Fig. 1e). In the BC,F; population, T65 homozygotes
and heterozygotes at RM1309 segregated in a 19:28 ratio
(#*=1.72, P = 0.19) (Table 3). None of the plants scored as
homozygous for the T65 allele of RM1309 were positive
for M6_S27 and M8_S27 markers, and all of the plants
scored as heterozygous were also positive for M6_S27 and
M8_S27 markers (Table 3). For M7_S27 marker, the ampli-
fication of the 217 bp DNA fragments from S27-niv* allele
was positive for the heterozygous plants at RMI309
whereas the amplification of the 217 bp DNA fragments

Table 3 Segregation of genotypes in the BC,F; population, classified
by PCR markers

Marker Segregation for RM 1309 marker

TT® N NN

+° - + - + -
Mo6_S27 0 19 28 0 0 0
M7_827 0 19 28 0 0 0
M8_S27 0 19 28 0 0 0

# TT, TN, and NN represent T65 homozygous DNA, heterozygous
T65/IRGC105444 DNA, and IRGC105444 homozygous DNA at
RM1309, respectively

> 4 and- symbols indicate the presence and absence of S27-niv* allele-
specific DNA bands amplified with M6_S27, M7_S27, and M8_S27
markers

@ Springer

positions of the four overlapping clones (NGC1, NGC2, NGC3, and
NGC4) containing portions of the S27-niv* allele. Black arrowheads
represent the locations and directions of the primers used for linkage
mapping of NGC clones to S27 in a BC,F; segregating population.
b Multiple alignments of the predicted amino acid sequences of
mtPRL27 proteins from the S27-T65* and S27-niv* alleles. Black back-
ground indicates amino acids conserved among the sequences. Red
asterisk shows the position of a predicted amino acid difference
between the mRPL27 genes in S27-T65* and those in S27-niv*

was not observed for the T65 homozygous plants at
RM 1309 (Tables 3, S1). This result demonstrates that the
three S27-niv* allele-specific dominant markers co-segre-
gated with RMI1309, indicating the NGC clones were
amplified from the S27 locus.

Sequence analysis of the NGC clones revealed that
copies of both mtRPL27a and mtRPL27b exist in
IRGC105444, although a number of nucleotide mutations
were found in the coding and promoter regions of
mtRPL27a and mtRPL27b of S27-niv’ relative to those of
S§27-T65* (Fig. 4a). When compared with the predicted
mtRPL27a amino acid sequence from S27-T65*, the pre-
dicted mtRPL27a amino acid sequence from S27-niv’
showed one amino acid substitution (methionine and iso-
leucine) in the C-terminal region (Fig. 4b). The mtRPL27b
protein sequence predicted from S27-niv’ had this same
substitution. The mtRPL27a and mtRPL27b at S27 origi-
nated from the mtRPL27a at S28 (Ueda et al. 2006) and
both the mtRPL27a proteins deduced from S28-765° and
S28-glum™ have a methionine residue at the 142nd position
(Yamagata et al. 2010). Therefore, the ancestral residue of
the 142nd position of the mtRPL27a and mtRPL27b pro-
teins could be methionine. This substitution is not located
in the ribosomal protein L27 domain, so it is unknown
whether these amino acid substitutions are associated with
the defect of the mfRPL27a and mtRPL27b genes in
S$27-niv’. Although we cannot confirm the causal mutation
with this sequence information alone, these mutations found
in S27-niv’ might be the cause of loss-of-function of the
S$27-niv’ allele.
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Fig. S Model for evolution of
loss-of-function alleles of S27
and 528 during the process of
AA-genome divergence. Black
boxes and white boxes indicate
functional genes and pseudo- 1
genes, respectively. Black ar-
rows represent the duplication of
mtRPL27 genes inferred from
the reference sequence of Nip-
ponbare. Dotted arrows indicate
the speculated origin of loss-of-
function alleles S27-glum’,

- ™
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IRGC105668 IRGC105444 T65
(O. glumaepatula) (O. nivara) (O. sativa ssp. japonica)

Discussion

We recently reported that epistatic interaction between S27
on chromosome 8 and S28 on chromosome 4 caused hybrid
pollen sterility in a cross between T65 and O. glumaepa-
tula, and that the S27-glum’ allele is a loss-of-function
allele caused by complete absence of the mtRPL27a and
mtRPL27b genes (Yamagata et al. 2010). Here, we identi-
fied a novel loss-of-function allele of S27, S27-niV’, in
hybrids between T65 and O. nivara accession IRGC105444.
Molecular cloning of the genomic DNA sequence of S27-
niv’ indicated that two tandem copies of mrRPL27
(mtRPL27a and mtRPL27Db) are located at S27-niv’. In addi-
tion, a number of nucleotide mutations were found in the
coding and promoter regions of mtRPL27a and mtRPL27b
of §27-niv® compared with those of S27-T65*. These results
demonstrate that S27-niv’ and S27-glum® are different
loss-of-function alleles at the locus encoding the mtRPL27
protein.

From these results, we propose a model for the evolution
of the loss-of-function allele at S27 in the divergence of
AA-genome species (Fig. 5). The analysis of the Nippon-
bare reference sequences revealed the location of three cop-
ies of mtRPL27: mtRPL27a and mtRPL27b at S27
(chromosome 8) and mtRPL27a at S28 (chromosome 4)
(Ueda et al. 2006). mtRPL27a at S28 is the most ancestral
locus. An interchromosomal duplication generated a new
copy, mtRPL27a, at S27 on chromosome 8, and a subse-
quent intrachromosomal duplication of mtRPL27a at S27
generated one more copy, mtRPL27b, also at S27 (Ueda
et al. 2006). Moreover, because all investigated accessions
of the Asian AA-genome rice species (O. sativa, O. nivara,
and O. rufipogon) have the duplicated segment at S27, we
propose that the gene duplication of mfRPL27a between
8§27 and S28 occurred in the ancestral progenitor of the
Asian wild species (Yamagata et al. 2010). Since the geno-

mic sequences of both mtRPL27a and mtRPL27b were
observed in S$27-niv’, we propose that loss-of-function
events occurred in both mtRPL27a and mtRPL27b after the
intrachromosomal duplication of mtRPL27 to evolve the
sterile allele of S27-niv’ (Fig. 5). On the other hand, we
considered two possibilities for the origin of the S27-glum’
allele. One is that the allele was directly transmitted from
the ancestral genome before the interchromosomal duplica-
tion. The other is that it lost both mtRPL27 copies after the
interchromosomal and intrachromosomal duplication
events by deletion of the duplicated region. The S27-glum’
allele was not found in the Asian wild and cultivated rice
accessions, although it was found in the African wild spe-
cies O. barthii and O. longistaminata (Yamagata et al.
2010). This situation shows that different loss-of-function
alleles are distributed in geographically and phylogeneti-
cally isolated species and serve as a potential factor of post-
zygotic isolation in each species. The segmental genomic
duplication of mtRPL27 that occurred in the ancestor of the
AA-genome species provided a source of loss-of-function
alleles and may have played an important role in the evolu-
tion of postzygotic reproductive isolation in the multiple
divergent lineages of AA-genome species. Future surveys
of other AA-genome accessions should reveal additional
types of loss-of-function alleles.

The evolutionary model of hybrid incompatibility by
gene duplication and reciprocal losses of duplicated gene
function has been proposed as a passive source of postzyg-
otic reproductive isolation between diverged species
(Lynch and Force 2000). This model was recently sup-
ported by studies of intraspecific hybrids within A. thaliana
(Bikard etal. 2009) and interspecific hybrids in rice
(Yamagata et al. 2010). It is well known that modern plant
genomes reflect the frequent occurrence of earlier genomic
segmental duplications and polyploidization events; for
example, up to 90% of loci are duplicated in A. thaliana
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and 62% in rice (Paterson et al. 2004; Moore and Purugga-
nan 2005). The duplication of genes followed by loss of
function of some of these duplicates may provide a mecha-
nism for gene evolution, enabling postzygotic reproductive
isolation in divergent species. Our study provides experimental
evidence that the independent evolution of loss-of-function
alleles of duplicate genes contributes to postzygotic repro-
ductive isolation.
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