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ABSTRACT Reproductive barriers are commonly observed in both animals and plants, in which they
maintain species integrity and contribute to speciation. This report shows that a combination of loss-of-
function alleles at two duplicated loci, DUPLICATED GAMETOPHYTIC STERILITY 1(DGS1) on chromosome
4 and DGS2 on chromosome 7, causes pollen sterility in hybrid progeny derived from an interspecific cross
between cultivated rice, Oryza sativa, and an Asian annual wild rice, O. nivara. Male gametes carrying the
DGST1 allele from O. nivara (DGS1-nivara®) and the DGS2 allele from O. sativa (DGS2-Té5%) were sterile, but
female gametes carrying the same genotype were fertile. We isolated the causal gene, which encodes a
protein homologous to DNA-dependent RNA polymerase (RNAP) Il subunit C4 (RPC4). RPC4 facilitates the
transcription of 5S rRNAs and tRNAs. The loss-of-function alleles at DGST-nivara® and DGS2-T65° were
caused by weak or nonexpression of RPC4 and an absence of RPC4, respectively. Phylogenetic analysis
demonstrated that gene duplication of RPC4 at DGS1 and DGS2 was a recent event that occurred after
divergence of the ancestral population of Oryza from other Poaceae or during diversification of AA-genome
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species.

Hybrid incompatibility is a phenomenon of maladaptive traits such as
inviability, weakness, and sterility in hybrids between two diverged
populations or species and in their progeny. Hybrid incompatibility is a
common feature of a wide range of organisms (Coyne and Orr 2004). It
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plays a vital role in intrinsic postzygotic reproductive isolation, which
conserves species integrity and uniformity and contributes to speciation
by limiting gene flow within and between species (Lynch and Force
2000; Taylor et al. 2001).

The genetic basis of hybrid incompatibility has been analyzed in
many plants and animals (Coyne and Orr 2004; Bomblies and Weigel
2007; Rieseberg and Blackman 2010). Epistasis of nuclear-encoded
genes for hybrid incompatibility, known as Bateson-Dobzhansky—
Muller (BDM) incompatibility, is a major genetic phenomenon in
which interaction of alleles at different loci leads to maladaptive traits
in hybrids derived from crosses between two diverged populations or
species (Coyne and Orr 2004; Noor and Feder 2006). Models suggest
that genes causing hybrid incompatibility are maintained in species
with a compatible genetic background. Even though the BDM model
is simple and universal, the interaction of independently evolved
genes from two diverged populations leads to conflicts in a variety of
biological processes, including molecular interaction related to DNA
binding (Brideau et al. 2006), intercellular protein trafficking through
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plasmodesmata (Long et al. 2008), the endoplasmic reticulum stress
response (Yang et al. 2012), and autoimmune responses caused by
aberrant signal transduction systems (Bomblies and Weigel 2007;
Yamamoto et al. 2010; Chen et al. 2014).

Gene duplication is considered to be a main driver of evolution
because it supplies functional redundancy, which allows functional
changes in one or more of the duplicate gene copies while keeping
the original function of the ancestral gene, which may be essential for
survival (Ohno 1970; Lynch and Conery 2000; Moore and Purugganan
2005). Duplicated genes are suggested to meet three functional fates:
acquisition of a novel and beneficial function (neofunctionalization),
specialization of an ancestral gene’s function across duplicates (sub-
functionalization), and silencing or loss of function through degener-
ative mutations (nonfunctionalization). Although duplicate genes arise
at a very high rate, the vast majority of duplicate genes rapidly undergo
nonfunctionalization within a few million years (Lynch and Conery
2000). Since silencing or loss of function at unlinked gene duplicates are
stochastic processes for young duplicate copies (designated A;A;ALA»),
the probabilities of generating genotype A;A;a,a, in one species and
genotype a;a;A,A, in the other species are assumed to be identical.
These processes for gene duplications and subsequent losses at the
reciprocal loci in each species [hereafter designated as gene dupli-
cation and reciprocal loss (GDRL)] result in positional variation of
functional genes among diverged populations or species, and zy-
gotes (a;a;a,a,) or gametes (a;a,) carrying the double null genes
exhibit maladaptive phenotypes in hybrid progeny (Lynch and Force
2000). Hybrid incompatibility caused by the GDRL process can be
considered as a kind of BDM incompatibility. Molecular cloning
studies have revealed the zygotic type of BDM incompatibility caused
by GDRL in a histidinol-phosphate aminotransferase gene, which
results in lack of free histidine in hybrid embryos (Bikard et al.
2009); gametophytic BDM incompatibility caused by the GDRL pro-
cess affecting nuclear-encoded mitochondrial ribosomal protein in
pollen (Yamagata et al. 2010; Win et al. 2011); and GDRL leading
to failure of pollen tube germination (Mizuta et al. 2010).

Eukaryotes synthesize RNA by multi-subunit protein complexes,
the RNAPs: designated Poll for 45S preribosomal RNA, PollI for
mRNA and noncoding RNA, and PollII for tRNA and 5S rRNA
(Vannini and Cramer 2012). Poll, Polll, and PolIIl have similar
structures with shared ancestral origin from 12 subunits (Rpol-12)
of archaean RNAP (Ream et al. 2009). In addition to the canon-
ical Polll, plants have acquired two plant-specific multi-subunit
RNAP homologs, PollV and PolV, for RNA-directed DNA methyl-
ation and transcriptional silencing via neofunctionalization of gene
duplicates for Polll components (Onodera et al. 2005; Haag and
Pikaard 2011). Different angiosperm groups have experienced dif-
ferent lineage-specific gene duplication of several RNAP subunits,
implying independent functional divergences of RNAP components
(Wang and Ma. 2015). Neofunctionalization for RNAPs is likely to
have resulted in acquisition of specific biological processes in plants.
However, it has not been fully understood whether nonfunctional-
ization of gene duplicates for RNAP members drives diversification
of plant species.

Here, we report the identification and cloning of the genes for F;
pollen sterility in an interspecific hybrid between the cultivated species
Oryza sativa L. and the wild species O. nivara Sharma et Shastry. We
show that the pollen sterility in the F; hybrid is due to the epistatic
interaction of two duplicated loci on chromosomes 4 and 7. Map-based
cloning revealed that the two genes encode a putative RNAP III subunit
C4 (RPC4), which is known to be involved in the transcription of 55
rRNAs and tRNAs.
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MATERIALS AND METHODS

Plant materials

Accessions of O. nivara Sharma et Shastry IRGC105715, originating
from Cambodia, were kindly provided by the International Rice
Research Institute, Manila, the Philippines. O. sativa L. ssp. japonica
“Taichung 65” (T65) was crossed with pollen of IRGC105715 to pro-
duce F, plants with T65 cytoplasm. Near-isogenic lines were developed
by performing repeated backcrosses with T65 as the male parent (Sup-
plemental Material, Figure S1 in File S1). For the linkage mapping of
DGSI and DGS2 (see Results), two kinds of BC,F; plants were selected
from the BC,F, population: (1) plants heterozygous at RM16862
(linked to DGSI) on chromosome 4 and homozygous for the T65 allele
at M41_STS (linked to DGS2) on chromosome 7 (later designated the
DGS2-T65° allele), and (2) plants homozygous for the O. nivara allele at
RM16862 (later designated the DGSI-nivara® allele) and heterozygous
at M41_STS. These plants were grown to develop BC,F5 populations
for high-resolution mapping. For genetic analysis of the epistatic in-
teraction between DGSI and DGS2, we used two BC,F; populations
derived from BC4F, plants heterozygous for RM16862 and M41_STS.

Observation of mature pollen grains

Panicles at the preflowering stage were collected and fixed in solution
containing 4% (w/v) paraformaldehyde, 0.25% (w/v) glutaraldehyde,
0.02% (v/v) Triton X-100, and 100 mM sodium phosphate (pH 7.5) at
4° for 24 hr. The panicles were rinsed in 100 mM sodium phosphate
buffer and stored in the same buffer containing 0.1% (w/v) sodium azide
(NaN3). Pollen grains were stained in hematoxylin solution according
to Chang and Neuffer (1989) and observed under a light microscope.

Evaluation of pollen fertility

Spikelets at the flowering stage were fixed in 70% ethanol. Pollen grains
from all six anthers of a single spikelet were released onto a glass slide and
stained with 1% I,-KI solution. Approximately 200 grains were ob-
served and evaluated for fertility under an Axioplan light microscope
(Zeiss, Jena, Germany). Pollen germination was tested in vitro by re-
leasing pollen grains from dehisced anthers immediately onto germi-
nation gel containing 15% sucrose, 0.01% H;BO;, 0.03% CaCl,, and
0.6% Gelrite (pH 7.2) (Wako, Osaka, Japan) dropped on a slide glass.
The slide glasses were incubated at room temperature for 5 min, and
pollen germination was observed under a light microscope. Images
were processed in Photoshop software (Adobe, San Jose, CA).

Linkage mapping

A total of 111 simple sequence repeat (SSR) markers were used for
genome-wide genotyping of the BC,F; pollen-sterile plants to find
regions of chromosomal introgression from O. nivara that were in-
volved in pollen sterility in the T65 genetic background (Table S1 in
File S2). Three pairs of primers for SSR markers WGS76, WGS1, and
WGI were newly designed in this study in SSRIT software (Temnykh
et al. 2001). Five SSR markers (RM471 and RM1359 on chromosome
4 and RM6652, RM1353, and RM6081 on chromosome 7) were used for
linkage analysis in the BC,F; population (Table S1 in File S2). Total
genomic DNA was extracted according to the method of Dellaporta
et al. (1983) with minor modifications. Each 15 pl reaction mixture
consisted of 50 mM KCl, 10 mM Tris (pH 9.0), 1.5 mM MgCl,, 200 M
dNTPs, 0.2 M primers, 0.75 units of Taq polymerase (Takara, Otsu,
Japan), and ~10 ng genomic DNA template. PCR was performed in a
GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA).
The cycling profile was an initial denaturation at 95° for 5 min; 35 cycles
of 95° for 30 sec, 55° for 30 sec, 72° for 40 sec; and a final elongation
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step at 72° for 7 min. Amplified products were electrophoresed in 4%
agarose gel in 0.5x TBE buffer. MAPMAKER/EXP v. 3.0 software
(Lander et al. 1987) was used to construct a linkage map using Kosambi’s
mapping function.

Map-based cloning

For the high-resolution mapping of DGSI and DGS2, genotypes of
recombinants were determined by additional SSR and sequence-tagged
site (STS) markers shown in Table S2 in File S2. PCR primers for the STS
markers M45_STS, M41_STS, and M23_STS were designed from the rice
reference sequence of Nipponbare in SSRIT (Temnykh et al. 2001), and
amplified PCR products from the T65 and O. nivara genomes were
separated by electrophoresis in 4% agarose gel. For the BAC clone screen-
ing by PCR to investigate the genomic structures of T65 and O. nivara,
RM16862 and RM16867 were used for DGSI and M45_STS and
M4]1_STS were used for DGS2. The obtained BAC clones GN0025A01,
GN0028G14, and GNO0031H20 (T65) and IRGC105715_0023B24
(O. nivara) were sequenced by next-generation sequencing using
Roche/454 GS-FLX Titanium sequencing (Roche, Basel, Switzerland)
and de novo assembly in GS De novo Assembler software (Roche). Shot-
gun sequencing by the Sanger sequencing method was conducted for
the O. nivara BAC clone IRGC105715_0046104.

A complementation test was conducted as described by Yamagata
et al. (2010). In brief, EcoRI-digested genomic fragments containing
predicted RPC4 genes were cloned into the Ti-plasmid binary
vector pPZP2H-lac (Fuse et al. 2001), which was transformed into
DGS1 semisterile plants (T*/N¢|T%/T*) and DGS2 semisterile plants
(N/N*|T$/N*) via Agrobacterium-mediated transformation (The
two semisterile plant types were designated by which of the two loci
was heterozygous for fertile and sterile alleles. In each case, the other
locus was homozygous for the sterile allele.). Complementation of
pollen fertility by the transgenes was examined by the segregation
ratios of genotypes at DGSI and DGS2 using SSR markers tightly
linked to DGS1 (marker RM471) and DGS2 (marker RM6574) in the
T, generation.

Copy numbers of the transgenes inserted in the genome of the T and
T, plants were estimated by quantitative PCR in a MX3000P QPCR
system (Agilent Technologies, Santa Clara, CA) using QuantiTect SYBR
Green PCR Kits (QIAGEN, Venlo, The Netherlands). The standard
curve was based on the amplification of the CaMV 35S promoter region
using primers 5'-CGT AAG GGA TGA CGC ACA ATC C-3' and 5'-
CGA GAT TCT TCG CCC TCC GA-3'. Amplification of a single-copy
region of rice genomic chromosome 8 DNA using the primers 5'-GGA
CTG GACAGA TTG AGA GTG-3' and 5'-AAC GCC GAA CAA GCC
CTT ACA-3" was used as the internal control. The thermal cycling pro-
file was an initial denaturation at 95° for 15 min, followed by 35 cycles of
95° for 30 sec, 55° for 30 sec, and 72° for 30 sec.

Gene structure and expression analysis

Toinvestigate the structure of the transcript of the causal gene(s) of DGS1
and DGS2, 5'- and 3’-rapid amplification of cDNA ends (RACE) was
conducted using the SMARTer RACE ¢DNA synthesis kit (Clontech,
Mountain View, CA). Total RNA was extracted from anthers using the
mirVana miRNA isolation kit (Ambion, Carlsbad, CA). Amplification
products were cloned into the pGEM-T Easy vector (Promega, Madi-
son, WI) and introduced into DH5a competent cells. The plasmids
were sequenced with a BigDye Terminator v. 3.1 cycle sequencing kit
and analyzed on a 3130x] Genetics Analyzer (Applied Biosystems). The
sequencing data were aligned to the genomic sequences of T65 and
O. nivara from BAC clones in Sequencher software (Gene Codes,
Ann Arbor, MI).
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For expression analysis of DGSI and DGS2, 20 ng/pl of total RNA
was used for quantitative reverse-transcription polymerase chain re-
action (qQRT-PCR) analysis using the forward primer 5'-ATG TCT
CTC CGG GTT CAA ATT GC-3' and the reverse primer 5'-TTA
CGC TTC CAT CTT GTC GAA AGA ATC C-3'. The SuperScript
OI Platinum SYBR Green One-Step qRT-PCR Kit (Invitrogen,
Carlsbad, CA) was used for real-time reactions as described previously
(Nguyen et al. 2010). Rice Ub-CEP52-1 encoding ubiquitin-fused
60S ribosomal protein L40-1 (0Os03¢0234200), amplified by the forward
primer 5'-CTG TCA ACT GCC GCA AGA AG-3' and the reverse
primer 5'-GGC GAG TGA CGC TCT AGT TC-3', was used as an
internal control for the qRT-PCR.

Promoter-GUS assay

To analyze the spatial expression patterns of RPC4, a 2.4 kb PCR
fragment upstream of the coding sequence was amplified from T65
BAC clone GN0028G14 using the forward primer 5'-CAC CGG
TAG GGG AAG GAC ATG A-3' and the reverse primer 5'-ACA
AGA AAA GAA GCA CAA ATC CTG CG-3' and cloned into the
pENTR/D-TOPO vector (Invitrogen). Plasmids were sequenced to
confirm that no mutation had occurred during the PCR amplification.
The cloned endogenous promoter sequence was fused to a promoter-
less GUS gene derived from the pGWB3 Gateway-system destination
vector (Nakagawa et al. 2007) by using LR Clonase (Invitrogen).
The final construct was transformed into T65 using Agrobacterium-
mediated transformation. Spikelets of the T, plants at the mature stage
of pollen development were collected and stained for in situ determi-
nation of GUS activity, as described by Yamagata et al. (2010).

Data availability

Strains are available upon request. File S1 contains all of the supple-
mental figures and methods. All genotype data are presented in the
supplemental tables (File S2). Sequence data have been deposited in
the DNA Data Bank of Japan for RPC4 from the DGSI-T65*
allele (AB758279); RPC4 from the DGSI-nivara® allele (AB758280);
RPC4a (AB758281), RPC4b (AB758282), RPC4c (AB758283), RPC4d
(AB758284), and RPC4e (AB758285) from the DGS2-nivara™ allele;
and BAC sequences of GN0028G14 for DGSI-T65% (LC060740),
IRGC105715_0023B24 for DGSI-nivara® (LC060741), GN0031H20
for DGS2-T65° (LC060743), and IRGC105715_0046104 for DGS2-
nivara® (LC060742).

RESULTS

Identification of genetic factors on chromosomes

4 and 7

In developing introgression lines of O. nivara genomic segments in a
T65 genetic background, we produced a BC,F; population by several
generations of backcrossing with T65 as the male parent. In the progeny
of a single BC,F, population (“BC,4F, 42” in Figure S1 in File S1), we
observed a kind of trimodal distribution with pollen fertility ranging
from 50 to 100% (Figure 1) in the two BC,F; populations derived from
two BC,F, plants heterozygous for markers on chromosomes 4 (at
RM471 and RM1359) and 7 (at RM6652, RM1353, and RM6081) (Fig-
ure S1 in File S1). We assumed that this pollen sterility was governed by
epistatic interaction of duplicated sterile genes at two segregating loci,
known as the gametophytic type of BDM incompatibility model, in
which pollen sterility levels of 50, 75, and 100% are expected to segre-
gate in a 2:3:7 ratio (Figure S2 in File S1), because we have seen a similar
pollen fertility distribution in the hybrid pollen sterility governed by the
duplicated loci $27 and S28 in O. sativa and O. glumaepatula hybrid
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(Yamagata et al. 2010). The observed frequency distribution of pollen
fertility in the BC,F; populations was similar to the distribution pre-
dicted by the model (Figure 1 and Figure S2 in File S1). Genotyping at
RM471 on chromosome 4 and RM6081 on chromosome 7 showed
that genotypes in the BC,F; populations fit the expected ratio for the
gametophytic type of BDM incompatibility model of 1:2:1:1:3:2:0:1:1,
which assumes that pollen grains carrying the O. nivara allele at
RM471 and the T65 allele at RM6081 are sterile (Figure S2 in File
S1, Table S3 in File S2 and Table 1) [hereafter, T65 and O. nivara
alleles are indicated by T and N, respectively, and the letters to the left
and right of the vertical bar indicate genotypes at RM471 (DGSI) and
RMG6081 (DGS2), respectively; sterile alleles, i.e., the O. nivara allele at
RM471 (DGS1) and the T65 allele at RM6081 (DGS2), are indicated
with a superscript of s; and normal alleles, i.e., the T65 allele at DGSI
and the O. nivara allele at DGS2, are indicated with a superscript of
+]. In particular, no plants homozygous for O. nivara at RM471 and
homozygous for T65 at RM6081 (genotype N</N*| T/ T*; Table 1) were
observed among 90 individuals of this BC,F; population, proving
further evidence that pollen carrying N¢|T* was sterile and therefore
not transmitted to the progeny.

Identification of DGS1 and DGS2
We conducted linkage analysis to identify the postulated genetic factors
on chromosomes 4 and 7. For linkage mapping of the genetic factor on
chromosome 4, we selected the BC,F, individual that was heterozygous
on chromosome 4 and homozygous for the T65 allele on chromosome
7 (T*/N*| T¥/T*) to produce a BC,F; population segregating only for the
segment on chromosome 4. Pollen-fertile and semisterile plants segre-
gated in a ratio of 24:29 in the BC,F; population (Table $4 in File S2 and
Table 2). All homozygotes for the T65 allele at RM16862 (T*/T*|T%/T¥)
were fertile and all heterozygotes (T*/N¢| T%/T¥) were pollen semisterile.
As in previous analyses, no homozygotes for the O. nivara allele on
chromosome 4 (N/N¢|T%/T*) were observed. These data suggest that
sterility in this population was governed by a single gametophytically-
acting gene tightly linked to RM16862 on chromosome 4, which in-
duced selective abortion or sterility of pollen grains carrying the
O. nivara allele when the chromosomal segment on chromosome
7 was fixed for the T65 allele. We designated this locus on chromosome
4 as DGSI. Linkage analysis showed that DGSI cosegregated with
RM16862 and was located between RM471 and RM1359 with map dis-
tances of 2.9 and 3.9 cM, respectively (Figure 2A). The observed segre-
gation distortion of genotypes in the BC,F; population would be the
expected result of gametophytic sterility of pollen grains carrying the
DGSI-nivara® allele and the DGS2-T65° allele (pollen genotype N¢|T%)
in the semisterile BC,F, plants.

For linkage mapping of the genetic factor on chromosome 7, we took
a similar approach. We developed three BC,F; populations from three
BC,F, plants, which were homozygous for O. nivara at RM471 on
chromosome 4 and heterozygous at RM6081 on chromosome 7 (NY/N*
|T/N*) in the BC,F, 42 population (Figure S1 in File S1), to obtain a
population segregating only for the segment on chromosome 7. In the
BC,F; population, fertile and semisterile plants segregated in a 25:28
ratio (Table S5 in File S2 and Table 3). All of the fertile plants were
homozygous for the O. nivara allele at M41_STS (N*/N|N*/N*), and all
of the semisterile plants were heterozygous (N*/N°|T/N*); no homozy-
gotes for the T65 allele (N/N*| T/ T¥) were observed. As with DGS1, we
considered that the semisterility and segregation ratios were caused by
gametophytic sterility of pollen grains carrying the T65 allele of a locus
tightly linked to M41_STS (N’|T* genotype). We named this locus
DGS2. DGS2 was mapped between RM1353 (9.2 ¢cM) and RM6081
(3.9 cM) (Figure 2B).
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Figure 1 Frequency distribution of pollen fertility in the BC4F3 pop-
ulations derived from a cross between T65 (O. sativa) and IRGC105715
(O. nivara). The BC4F; parents were heterozygous for markers on chro-
mosomes 4 (at RM471 and RM1359) and 7 (at RM6652, RM 1353, and
RM6081) (Figure S1 in File S1). The pollen fertility of each parent is
indicated at the top; error bars indicate SEs (n = 3). No., number.

Characterization of sterility caused by DGS1 and DGS2
We investigated abnormalities induced by the epistatic interaction
between DGSI and DGS2 in postmeiotic development by observing
the phenotypes of T65, BC,Fs plants carrying the T*/N¢|T¥/T* genotype
(DGSI semisterile plants), and BC,Fs plants carrying the N&/N¢|T¥/N*
genotype (DGS2 semisterile plants). In each of the two semisterile plant
types, 50% pollen sterility was expected because of the sterility of pollen
grains carrying the N°|T* genotype. No abnormalities were observed in
male gametophytes during the tetrad, unicellular, bicellular, or tricel-
lular stages among T65, DGSI semisterile plants, or DGS2 semisterile
plants (data not shown). At the mature pollen stage, which occurs a few
days before anthesis, almost all pollen grains stained well with I,-KI
(Figure 3, A-C). Smaller pollen grains began to appear, but it was
technically difficult to count their frequency because the size distribu-
tion was continuous, so two categories could not be clearly distin-
guished (Figure 3, D-F). At 1 hr before flowering (preflowering
stage), most of pollen grains had begun glycosylation of starch in
T65 and the DGSI semisterile plants (Figure 3, G-H), whereas only
half of the pollen grains (91 glycosylated/191 grains in total) in the
DGS2 semisterile plants showed glycosylation (Figure 3I). At the flow-
ering stage, 44.3 * 1.6% of pollen grains from the DGSI semisterile
plants and 44.4 * 3.5% of those from the DGS2 semisterile plants
germinated in vitro, whereas 80.3 * 4.5% of the T65 pollen grains
germinated (Figure 3, J-L and Figure 4). Thus, half of the pollen grains
from the DGSI and DGS2 semisterile plants appeared to have lost their
fertilization ability. These data demonstrate that for the DGSI and
DGS2 semisterile plants, the pollen germination and glycosylation
stages, respectively, were the critical stages at which fertile and sterile
pollen grains became evident.

Map-based cloning

We conducted high-resolution mapping of DGSI using 3380 plants
from BC,Fs populations derived from DGSI semisterile plants
(Figure 2C). DGS1 was mapped to a 70 kb genomic region between
RM16862 and RM16867 in the reference sequence of Nipponbare,
with two recombinants between RM16862 and DGSI and three be-
tween RM16867 and DGSI (Table S6 in File S2). In the high-resolution

-=.G3:Genes| Genomes | Genetics
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Table 1 Epistatic interaction observed between genotypes
at RM6081 and RM471 fitted to a gametophytic BDM incompatibility
model in BC4F3 populations derived from a cross between T65 (O.
sativa) and IRGC105715 (O. nivara)

Table 2 Linkage analysis of pollen fertility in a BC4F3 population
derived from a BC4F, plant heterozygous at RM16862
(chromosome 4) and homozygous for the T65 allele at M41_STS
(chromosome 7)

Genotype

RM471 RMé081
(DGS1) (DGS2) Expected Ratio? Expected Observed x**

Number of Individuals

T/Te /T 1712 7.5 9 0.3
T/N 2/12 15 14 0.07
N/N 1712 7.5 9 0.3
/N /T 1712 7.5 10 1.7
T/N 3/12 22.5 18 0.9
N/N 2/12 15 15 7.5
N/N /T 0/12 0 0 —
T/N 1712 7.5 7 0.03
N/N 1712 7.5 8 0.03
Total 1 90 90 2.46
P 0.92

aExpected ratio based on the hypothesis that DGST and DGS2 segregate in-
dependently, and that pollen of genotype NIT is sterile. See Figure S2 in File
S1 for further explanation.
Each value in the column contains rounding error.

1, homozygous for Té5 allele; T/N, heterozygous; and N/N, homozygous for
O. nivara allele at the indicated marker locus.

mapping of DGS2 using 1901 plants of BC,Fs populations derived
from DGS2 semisterile plants, we located DGS2 within a 30.8 kb
genomic region of Nipponbare between M45_STS and M41_STS
(Figure 2D). Ten recombinants were obtained between M45_STS
and DGS2, and six between M41_STS and DGS2 (Table S7 in File S2).

To determine the genomic structure around the DGSI and DGS2
regions, we performed BAC screening for the candidate region of
each gene (Figure 2, C and D). For the DGS! region, the T65 BAC
clones GN0025A01 and GN0028G14 and the O. nivara clone
IRGC105715_0023B24 were isolated from BAC libraries by using
DNA markers RM16855, RM16862, RM16867, and RM16882. For
the BAC clones around the DGS2 region, T65 clone GN0031H20
and O. nivara clones IRGC105715_0046104 and IRGC105715_0022L03
were identified by using DNA markers RM6574, M45_STS, M41_STS,
and M23_STS. Sequencing of one of the O. nivara BAC clones at DGS2,
IRGC105715_0046104, revealed five tandem copies of a duplicated seg-
ment (14,747, 15,902, 14,462, 15,942, and 15,925 bp) in the “finishing-
phase” assembly (Figure 2E). Interestingly, these duplicated segments of
~14-15 kb showed homology to BAC clones covering the regions re-
sponsible for DGSI-T65" as one copy (13,677 bp) and DGSI-nivara® as
one copy (15,968 bp), whereas the duplicated segment was not found (or
had been deleted) in BAC clones from the sterile allele DGS2-T65° (Figure
2E, black arrowhead). We assumed a working hypothesis that the sterility
could possibly be explained by the GDRL model at the DGSI and DGS2
loci, which was caused by loss of function of a duplicated gene in the
interchromosomal duplicated segment at DGSI-nivara® and absence
of the duplicated gene at DGS2-T65°. In the segmental duplication on
chromosome 4, only one gene, Os04g0394500, was predicted in the
Rice Annotation Project Database (RAP-DB; http://rapdb.dna.affrc.
go.jp). The MSU Rice Genome Annotation Project Database Release
7 (MSU7; http://rice.plantbiology.msu.edu/) also predicted RPC4 at the
same genomic region of Os04g0394500 as LOC_Os04¢32350. We con-
ducted 5'- and 3'-RACE reactions to determine the cDNA structure
of the RPC4 homolog of DGSI-T65* (Figure 2F). The obtained coding
sequence of DGSI-T65" has a different structure from those of
LOC_0s04g32350 and Os04¢0394500 in the second, third, and seventh
exons (Figure S3 in File S1). One RNA polymerase III subunit C4 domain
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Genotypes at RM 168622

Pollen Fertility T/T T/N N/N
Fertile 24 0 0
Semisterile 0 29 0

T, homozygous for T65 allele; T/N, heterozygous; and N/N, homozygous for
O. nivara allele.

(Pfam accession number PF05132) was detected by a Pfam domain
search (Finn et al. 2014) in the C-terminal region of all three deduced
amino acid sequences (Figure 2F and Figure S3 in File S1).

Consistent with the BAC sequencing results, the DGSI-T65" region
contains one copy of the RPC4 gene, whereas the DGS2-nivara* region
has five tandem copies of RPC4 (here designated RPC4a—e; Figure 2, E
and F), whose deduced protein sequences are identical except at the 35th
and 225th amino acid residues. At the 35th amino acid residue, the fertile
allele DGS1-T65%, the sterile allele DGSI-nivara®, and three of the five
tandem copies in DGS2-nivara® possess an isoleucine (I) residue. At the
225th amino acid residue, all of the sequences except one of the five
tandem copies in DGS2-nivara* have a glycine (G) residue. Thus, the
observed amino acid substitutions among the deduced proteins were not
clearly associated with the allelic functionalities (i.e., fertile or sterile).

To confirm the functionality of the predicted RPC4 copies, we pre-
pared genomic constructs containing individual RPC4 genes from the
BAC clones of the DGSI-T65* and DGS2-nivara* alleles (Figure 2E)
and transformed them into DGSI semisterile plants (Table 4) and
DGS?2 semisterile plants (Table 5). For the transformation of RPC4
copies from DGS2-nivara*, we used the RPC4c, RPC4d (identical to
RPC4b), and RPC4e (identical to RPC4a) copies (Figure 2F). Since
sterile pollen grains were predicted to carry sterile alleles at both loci,
i.e., DGSI-nivara® and DGS2-T65%, we hypothesized that introducing a
copy of an RPC4 gene from either of the functional alleles (DGSI-T65*
or DGS2-nivara*) would rescue the fertility of pollen grains containing
it and that N/N*| T/T* plants would segregate in the T, generation.

In the T, population derived from transformation of an empty vector
into DGS1 semisterile plants, T*/T*|T%/T%, T*/N¢|T%/T*, and N/N°|T%/T
plants segregated in a 45:48:1 ratio at SSR marker RM16862. The single
plant with an N¥/N¢|T%/T* genotype was assumed to be a recombinant
between DGSI and RM16862. N/N°|T%/T* plants were recovered at
significantly higher frequencies in the T; progeny derived from trans-
formation of the RPC4 genomic segment of DGSI-T65* into DGS1
semisterile plants than in the vector control plants (Table 4). To
examine the functional redundancy of RPC4 copies at DGSI-T65*
and DGS2-nivara*, we also transformed genomic segments containing
RPC4c, RPC4d, and RPC4e of the DGS2-nivara™* allele into DGSI semi-
sterile plants (Table 4). Similarly, we obtained many N*/N¢|T*/T* plants
in all T, progeny, at a frequency significantly higher than in the vector
control. Likewise, the T; generation of DGS2 semisterile plants trans-
formed with RPC4 genes showed recovery of NS/N¢|T/T° plants,
whereas the T, generation produced by transformation with the empty
vector had no N/N*|T%/T* plants (Table 5). The observed genotypic
frequency in the T; progeny fit the expected ratio of genotypes depend-
ing on the numbers of introduced transgenes in the T, generation as
determined by quantitative PCR (Table S8 and Table S9 in File S2).
These data demonstrate that DGSI and DGS2 are duplicate loci encod-
ing a protein homologous to RPC4.
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Figure 2 Linkage mapping and map-based cloning of DGST and DGS2. (A and B) Linkage mapping of (A) DGS1 and (B) DGS2. (C and D) High-
resolution mapping of (C) DGST and (D) DGS2. The number in parentheses beneath each marker represents the number of recombinants
between that marker and the DGS gene. (E) Diagrams of the BAC clones in the DGST and DGS2 regions of T65 and O. nivara. Segmental
duplications (white boxes) were found in the DGS1-Té65%, DGS1-nivara®, and DGS2-nivara* alleles, but not in the DGS2-T65¢ allele. Black
pentagons represent the predicted RPC4 genes. Dotted lines represent the EcoRl fragments used for the transgenic complementation tests.

Homologous genomic regions are connected by translucent gray areas.

Black arrowhead indicates site where segmental duplication was not

found or deleted in DGS2-T655. (F) Structure of RPC4. White boxes represent 5'- and 3’-untranslated regions. Black boxes indicate coding
sequences within exons. Arrows indicate the positions of amino acid polymorphisms among the copies of RPC4. Horizontal bars indicate position
of the RNA polymerase IIl subunit C4 domain. BAC, bacterial artificial chromosome; Chr., chromosome.

The sterile allele of DGS2-T65° was found to be a null allele because
RPC4 was absent (Figure 2E). The other sterile allele, DGSI-nivara®, is
suggested to be a loss-of-function allele caused by a deficiency or ab-
sence of expression during male gametogenesis. Within the 3000-bp
genomic sequence upstream from the initial codon of the RPC4 genes,
the RPC4 gene of DGS1-nivara® has 2 nt substitutions—one from G to
A at —2373 bp (G—2373A) and one from C to T at —2234 bp from the
initial codon (C—2234T)—that distinguish it from all of the fertile
alleles (Table S10 in File S2). But we could not conclude that these
nucleotide substitutions were essential mutations for the sterility of
pollen grains carrying genotype N¢|T*.

Duplication of RPC4 homologs in rice

Another putative RPC4 homolog, LOC_Os01g66580, was found on
rice chromosome 1 by similarity search using BLAST (Altschul et al.
1990). The LOC_Os01g66580 sequence in the T65 genome was
identical to that in the rice reference sequence of Nipponbare. To
examine the divergence of RPC4 homologs found in the rice genome,

2570 | G. N. Nguyen et al.

a maximum-likelihood inference tree of the RPC4 domain was con-
structed using the predicted amino acid sequences of RPC4 homologs
from rice and other plants (Figure S4 in File S1). The analysis suggests
that the RPC4 homologs of Poales or Poaceae species form two mono-
phyletic clades (designated Poaceael and Poaceae2) that separated
from those of dicots. The RPC4 homologs encoded by DGSI-T65*
and DGS2-nivara® were classified into the Poaceael clade and the
LOC_0s01g66580 protein was classified into the Poaceae2 clade.
The RPC4 homologs found in the Zingiberales (banana) and Arecales
(African oil palm), which represent other commelinid species, were
similar to the ones in the Poaceael clade but not to those in the Poa-
ceae2 clade, suggesting that the gene duplication leading to the RPC4
homologs that distinguish the Poaceael and Poaceae2 groups occurred
in an ancestral population of the Poales or Poaceae, and that RPC4
members in the Poaceael clade probably retain the canonical RPC4
function in commelinids. The rice RPC4 members encoded by DGSI-
T65* and DGS2-nivara* formed one monophyletic group in the
Poaceael clade. This result suggests that interchromosomal segmental
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Table 3 Linkage analysis of pollen fertility in BC4F3; populations
derived from BC4F, plants homozygous for the O. nivara allele
at RM16862 (chromosome 4) and heterozygous at M41_STS
(chromosome 7)

Genotype at M41_STS?

Pollen Fertility T/T T/N N/N
Fertile 0 0 25
Semisterile 0 28 0

aT/T, homozygous for Té5 allele; T/N, heterozygous; and N/N, homozygous for
O. nivara allele.

duplication (ISD) between chromosomes 4 and 7 and tandem dupli-
cation of RPC4 members at DGS2-nivara* occurred after divergence
of rice from other Poaceae species.

Spatial and temporal expression of DGS1 and DGS2
Expression analysis of DGSI and DGS2 was conducted in the leaf, stem,
roots, and anthers of T65 and of DGSI and DGS2 semisterile plants. Because
the RNA transcripts derived from different DGS genes are almost identical,
the expression of those transcripts was analyzed as a whole. Expression of
RPC4 was observed in various tissues, but it was strongest in the anther of
T65 (Figure 5A). The expression of GUS driven by the RPC4 promoter
derived from the DGS1-T65" allele was strong in pollen grains, but was not
detected in the anther wall or anywhere else (Figure 5, B-E).

By using qRT-PCR, we estimated the RPC4 transcript levels in
anthers of T65, DGSI semisterile plants, and DGS2 semisterile plants
(Figure 5, F-G). In the DGSI semisterile plants, the RPC4 transcript
level was reduced by half at the mature stage compared with the T65
control (Figure 5G). T65 is homozygous for DGSI-T65*, encoding
functional RPC4, and homozygous for DGS2-T65°, from which the
RPC4 gene is completely absent (Figure 2E). T65 produces all normal
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pollen grains carrying the T*|T* genotype, whereas the DGS1 semister-
ile plants produce normal pollen grains carrying T*|T* and sterile pollen
grains carrying N°| T%. Therefore, we considered that the reduction in
RPC4 transcript level was probably caused by the 50% reduction in the
number of normal pollen grains carrying T*|T* in the DGS1 semisterile
plants (T*/N¢| T¥/T*) compared with T65 (T*/T*|T¥/T*), and that DGSI-
nivara® was expressed weakly or not at all at the mature stage (Figure
5@G). The DGS2 semisterile plants (N*/N*| T¥/N* genotype) also showed
half the amount of RPC4 transcripts compared with T65. These results
demonstrate that RPC4 of DGS2-nivara* and RPC4 of DGSI-T65*
express at similar levels because, as previously described, the sterile
alleles at each locus appear to contribute little if any RPC4 transcript
at the mature stage.

At the bicellular stage, the amount of RPC4 transcript in the DGS2
semisterile plants was approximately one-third of that in the T65 con-
trol, whereas the amounts of RPC4 transcripts in the DGSI semisterile
plants and T65 were comparable (Figure 5F). In Arabidopsis, it is
suggested that male gametophytes have two sources of PollIl subunits:
PolIII machinery synthesized by the diploid meiocyte (sporophyte) and
persisting in mature pollen, and machinery synthesized in the devel-
oping pollen (gametophyte) (Onodera et al. 2008). As one possibility,
RPC4 transcripts synthesized in meiocytes might contribute substan-
tially to the total RPC4 transcripts in pollen in the DGSI semisterile
plants at the bicellular stage, since pollen carrying the sterile genotype
N¢|T* did not show any abnormal phenotype. The Pollll machinery
synthesized in zygotic meiocytes seems to be enough for pollen matu-
ration and pollen tube germination, because pollen grains carrying the
loss-of-function allele for the PolIIl subunit complete pollen matura-
tion and pollen tube germination in Arabidopsis mutants. However, the
mutant Arabidopsis pollen did not complete pollen tube elongation
because de novo synthesis of PolIIl machinery is required for late stages
of pollen tube elongation (Onodera et al. 2008). We speculate that the

in vitro germination

Hematoxylin

@
O

Diameter of pollen (um)

Figure 3 Characterization of sterility caused by DGST and DGS2. (A-C) Mature pollen stained with I,-KI. (D-F) Frequency distribution of pollen
grain diameter at the preflowering stage. Black and white bars indicate numbers of glycosylated and nonglycosylated pollen grains, respectively.
(G-I) Pollen grains stained by hematoxylin at the preflowering stage. Black arrowheads, glycosylated grains; white arrowheads, nonglycosylated

grains. (J-L) In vitro pollen germination test. No., number.
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Figure 4 Pollen germination in vitro. Numbers in parentheses indicate
numbers of plant replicates. Error bars indicate SEs in replications
shown in parenthesis.

timing of starvation of PolIIl machinery synthesized in the meiocyte is
critical for N¥|T* pollen grains prior to their developmental failure. The
sterile pollen grains produced by DGSI semisterile plants accomplish
starch glycosylation at flowering but fail to germinate, whereas those pro-
duced by DGS2 semisterile plants fail starch glycosylation as early as the
preflowering stage (Figure 3, G-L). Although the evidence at this point is
indirect, we assume that DGS1 semisterile plants maintain the same RPC4
transcript levels as T65 up through the bicellular stage and, thus, achieve
further development of pollen grains carrying the sterile genotype N¢|T*
than do DGS2 semisterile plants. However, all N¥|T* pollen grains even-
tually fail in pollen tube germination owing to little or no de novo RPC4
transcription in pollen and starvation of RPC4 transcripts synthesized in
meiocytes of both DGSI and DGS2 semisterile plants.

DISCUSSION

Duplication and loss-of-function of RPC4 caused hybrid
pollen sterility

We revealed that a combination of loss-of-function alleles of RPC4 in
male gametophytes in hybrids caused hybrid pollen sterility in an
interspecific rice hybrid between O. sativa ssp. japonica-type cultivar
T65 and wild O. nivara. Pollen sterility was observed in pollen grains
carrying two sterile alleles, DGS1-nivara® and DGS2-T65° (pollen geno-
type N¥| T*). The DGS2-T65 allele did not possess an RPC4 copy (Figure
2). For the absence of the RPC4 copy at DGS2-T65%, two hypotheses
were suggested; (1) the RPC4 copy of the Poaceael group was originally
located at DGSI on chromosome 4 in genus Oryza and an ISD did not
occur on the ancestral lineage of T65 at DGS2 on chromosome 7; or (2)
the DGS2-T65° allele is the result of an ISD followed by a deletion. It is
possible that these hypotheses can be tested by diversity analysis in
O. sativa and O. rufipogon gene pools to investigate the presence
or absence of the ISD at DGS2. On the other hand, the RPC4 gene in

DGSI-nivara® seemed to contribute little to no RPC4 transcript in
pollen grains carrying the N¢|T* genotype (Figure 5, F and G). Two
nucleotide substitutions, G—2373A and C—2234T, found in a region
3000 bp upstream from the deduced initial codon of the RPC4 homolog
in DGSI-nivara’, are suggested to be causal variations for nonfunction-
alization of the RPC4 homolog in DGSI-nivara® (Table S10 in File S2).
Using genome editing technology, substitution of the “G” nucleotide
at position —2373 in functional RPC4 alleles with the “A” found in
DGSI-nivara® would confirm whether this substitution is required for
pollen sterility.

Male-biased sterility due to lack of an RPC4 homolog

in rice

Since RNAPs are vital and fundamental transcriptional machineries in
all eukaryotes, a deficit of functional RNAP components would lead to
life cycle failure. In this study, gametes carrying the N°|T* genotype
showed male-biased sterility: male gametophytes carrying both sterile
alleles (N*|T) failed in either pollen maturation (DGS2 semisterile
plants) or pollen tube germination (DGS! semisterile plants), but there
was no obvious abnormality on the female side. Sex-biased sterility in
RNAP subunit-deficient mutants has also been observed in Arabidopsis
thaliana. In mutant lines deficient in the second largest subunits of
RNAP I (Poll), IT (PolII), and III (PolllI) (designated NRPA2, NRPB2,
and NRPC2, respectively), the female gametes carrying defective alleles
nrpa2, nrpb2, or nrpc2 completely aborted and male gametes with the
defective alleles partially retained fertilization ability (Onodera et al.
2008). The female-biased sterility in these mutants was suggested to be
caused by different characteristics of RNAP synthesis in male and
female gametes: the female gamete is autonomous from sporophytic
tissues with regard to gene expression and its RNAP is synthesized in
the haploid female gametes de novo, whereas male gametophytes con-
tain both RNAP machinery that is synthesized in the diploid meiocyte
and partitioned into four microspores and machinery newly synthe-
sized in haploid pollen during pollen maturation.

To explain the male-biased sterility observed in this study, we suggest
two hypotheses. One is subfunctionalization of DGS1/DGS2 and
LOC_Os01g66580 with respect to male vs. female gametogenesis. If
de novo synthesis of RPC4 is indispensable in female gametogenesis
in rice, perhaps the RPC4 homolog LOC_0Os01g66580 (chromosome 1)
is active in female gametes, thus preserving female fertility. The other
hypothesis suggests that the G—2373A nucleotide substitution at DGSI-
nivara® results in loss of transcriptional control of RPC4 in male gametes
only. Analysis of a mutant deficient for LOC_Os01g66580 would provide
better understanding of sex-biased sterility in RPC4 in rice.

Evolution of transcriptional machinery via

gene duplication

Our phylogenetic analysis demonstrated that divergence of the
RPC4 homologs DGS1/DGS2 (Poaceael) and LOC_Os01g66580

Table 4 Segregation of genotypes in T, generation derived by transformation of RPC4 genes derived from normal alleles into DGS1

semisterile plants

Segregation at RM16862 in T, Generation

Transgene (Allele) T+/T+|T/Ts T+/Ns|Ts/Ts Ns/Ns| T=/T Total [P
RPC4 (DGS1-T65%) 19 39 10 68 8.0x 104
RPC4c (DGS2-nivara™) 18 47 15 80 6.7 x 1073
RPC4d (DGS2-nivara™) 22 33 18 73 1.1 x10°¢
RPC4e (DGS2-nivara™) 6 16 6 28 5.5x 1074
Vector control 45 48 1 94 —

@Probabilities were calculated by Fisher's exact test. We hypothesized that plants carrying the N%/N$|T*/T* genotype segregate with a probability of 1/94.
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Table 5 Segregation of genotypes in T, generation derived by transformation of RPC4 genes derived from normal alleles into DGS2

semisterile plants

Segregation at M41_STS in T Generation

Transgene (Allele)

Ns/Ns|Ts/Ts INs/NsIN*+Ts IN/NS|N*N* Total
RPC4 (DGS1-T65%) 8 21 12 41
RPC4c (DGS2-nivara*) 3 17 6 26
RPC4d (DGS2-nivara™) 6 15 7 28
RPC4e (DGS2-nivara™) 17 37 15 69
Vector control 0 26 22 48

(Poaceae2) occurred in an ancestral population of the Poales or
Poaceae (Figure S4A in File S1), and that the RPC4 duplication
giving rise to DGSI and DGS2 occurred in an ancestral lineage of
O. sativa and O. nivara. Although duplicated genes rapidly lose
their function in general, the RPC4 members of the Poaceae2 group
have been well conserved in all Poaceae members used in the analysis.
RPC4 members in Poaceae2 may have the diverged role in RNA
synthesis whereas the Poaceael group sequences retain the canonical
RPC4 function.

The ancestral lineage of the Poaceae family, such as the BEP clade
(rice and purple false brome) and the PACMAD clade (sorghum, maize,
foxtail millet, and switchgrass), experienced at least two instances of
whole-genome duplication (WGD; paleopolyploidization), called o and
p, following the divergence of commelinids (Paterson et al. 2004; Wang
et al. 2005; Tang et al. 2010). It has been estimated that the most recent
paleopolyploidization, p, occurred 70 MYA and that o paleopolyploid-
ization occurred after the Poaceae-Arecaceae split 120-83 MYA,
before divergence of the major Poaceae crop species (Paterson et al.
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=] stage o stage and G) Relative expression of RPC4 in anthers of Té5,
£ 151 £ i DGS1 semisterile plants, and DGS2 semisterile plants,
_5 " _5 15 at the (F) bicellular and (G) mature pollen stage. Error
2 a bars indicate SEs of three biological replicates (plants).
E'Jd_ 1.0 g 1.0 RT-PCR, reverse-transcription polymerase chain reaction.
3 5
2 2
5 0.57 & 0.7
@ ¢
0
T65 DGS1 DGS2 0 T65 DGST1 DGS2
semi- semi- semi- semi-
sterile sterile sterile sterile
plant plant plant plant
DGS1genotype THTH THIN® NSNS TIT" TINS NSINS
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2004, 2009). Arecaceae (African oil palm), Zingiberales (banana), and
Asparagales (Crocus) species do not have RPC4 members in Poaceae2
(Figure S4 in File S1). The genus Oryza diverged 8-14 MYA (Guo and
Ge 2005) and diversification of the AA-genome species occurred over
the past 2 MY (Zhu and Ge 2005). Thus, we estimate that the gene
duplication leading to DGS1/DGS2 and LOC_Os01g66580 occurred
after the Poaceae—Arecaceae split 120-83 MYA, and that duplication
of RPC4leading to DGSI and DGS2 occurred > 2-14 MYA. Tang et al.
(2010) found homeologous chromosomal regions on chromosomes
1 and 4 that originated from the o paleopolyploidization. However,
we do not have sufficient evidence to conclude that the RPC4 homologs
DGS1/DGS2 and LOC_Os01g66580 were derived from WGD. The
other possibility is that the gene duplication leading to DGS1/DGS2
(Poaceael) and LOC_Os01g66580 (Poaceae2) resulted from segmental
genomic duplication independent from the o and p paleopolyploidiza-
tion in the ancestral population of the Poaceae.

Segmental duplication and WGD are primary sources of gene re-
dundancy, consequent massive gene losses, and evolutionary novelty
(Ohno 1970; Lynch and Conery 2000; Moore and Purugganan
2005). WGD events are found to have independently and sporadi-
cally occurred in many angiosperm lineages (James and Lyons
2015). The number of RPC4 copies observed in this study was fewer
than expected based on the number of WGD events experienced
in each lineage (Figure S4B in File S1). For example, we found only
two RPC4 copies at present in the banana (Zingiberales) genome,
despite the fact that this genome experienced three successive
rounds of WGD after divergence from the Poales. Arabidopsis un-
derwent three rounds of WGD («, B, and vy) (Bowers et al. 2003), but
A. thaliana has only two RPC4 copies, NPBC14a and NPBCI14b, the
products of which were proven to have the ability to bind to the
PolIlI complex in Arabidopsis (Ream et al. 2015). The phylogenetic
analysis showed that the duplication of NRPCI4a and NPRC14b in
the Brassicaceae probably originated from a duplication event in-
dependent of that related to RPC4 of the Poaceael and Poaceae2
groups. These results suggest that duplicated genes may have been
eliminated from gene pools in intermediate evolutionary steps, and
positional variations of RPC4 homologs on chromosomes may have
occurred during diploidization after WGDs in several evolutionary
lineages, leading to reproductive isolation barriers. In plants, WGD
or polyploidization has long been considered a major force of spe-
ciation (Stebbins 1950; Soltis et al. 2014). Other RNAP components,
as well as other duplicated ubiquitous genes indispensable for the
life cycle in eukaryotes, may represent potential sources of postzy-
gotic reproductive isolation without any acquisition of functional
novelty. In crop species including rice, high-throughput and com-
prehensive investigation of sequence variants among many varieties
and related wild species has actively progressed. This massively
accumulated information reveals the numbers, positions, and
birth-and-death dating of duplicated genes, and consequently the
crop-lineage-specific landscape of genome complexity and plasticity
in the history of monocotyledons.
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