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Analysis of a pair of genes, DOPPELGANGER 1(DPLJ)
and DOPPELGANGER 2 (DPLZ2) responsible for

reproductive isolation between two rice subspecies
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Identification of genes responsible for barriers to gene flow between two species provides insight
into molecular mechanisms of reproductive isolation and relationships between evolution of barrier genes
and species diversification. To investigate the molecular mechanism of reproductive isolation and the
status of evolutionary differentiation, Asian cultivated rice, Oryza sativa L., is an ideal species due to its
population structure and genetic diversity. O. sa‘tiva‘ has diverged subspecies, indica and japonica.
Inter-subspecific cross between them exhibits various hybrid incompatibilities, but the mechanisms are
still largely unknown. Cross between indica cultivar (cv.) Kasalath and japonica cv. Nipponbare showed:
almost no abnormal F; hybrid, although 33 reproductive barriers were mapped along whole chromosomes
in their F, population. In these barriers, a prominent interactive barrier locus was detected on rice
chromosomes 1 and 6. Based on the analysis of reciprocal backcrosses progenies, this interaction occurs
only in the male gametophyte, pollen.

To identify the causal genes at each locus, map-based cloning of a pair of reproductive barrier
genes has been done. Using more than 10,000 individual plants, responsible genes were mapped within
regions of 59 kb on Nipponbare chromosome 1 and 11 kb on Nipponbare chromosome 6. A pair of genes,
one from each region shared a high degree of homology with each other, and both genes have different
sequences between Nipponbare and Kasalath. These homologous genes were regarded as primary
candidates, and these were designed as DOPPELGANGERI (DPLIL) and DOPPELGANGER2 (DPL2),
réspectively. Hybrid pollen carrying both alleles on Kasalath chromosome 1 (DPLI-K) and Nipponbare
chromosome 6 (DPL2-N) together became non-functional, and did not germinate.

DPL genes encode plant specific protein with unknown funcﬁons, which are highly conserved
among angiosperms. Sequence analysis of the Nipponbare and Kasalath genomes and their transcripts
suggested that alleles on Nipponbare chromosome 1 (DPLI-N) and Kasalath chromosome 6 (DPL2-K)
had the same coding sequence structure. In contrast, alleles on Kasalath chromosome 1 (DPLI-K) and
Nipponbare chromosome 6 (DPL2-N) had structural differences from the above two alleles. DPLJ -K had
an insertion of a predicted transposable element (TE) in the coding sequence and the transcript could not
be detected in any tissues. The transcript of DPL2-N was a read through product of the second intron
generating a premature stop codon. Higher expression of DPLs in pollen was also observed in in situ
hybridization experiments. Anti-DPL antibodies recognized proteins of DPL1-N and DPL2-K in extracts
from Nipponbare and Kasalath mature anthers, respectively. However, DPL2-N protein was not detected
in extracts from Nipponbare. The lack of DPLI-K transcript and the absence of DPL2-N protein
suggested that both DPLI-K and DPL2-N were loss of function alleles. Phenotype observation also
indicated that DPLI-K and DPL2-N were loss of function alleles, due to the hybrid pollen carrying both
of them became non-functional, and did not germinate.

The relatively high expression of both DPLI-N and DPL2-K were observed in pollen at the late
stage of pollen der:Iopment. Both DPLI-N and DPL2-K were thought to have normal functions, because

they were normally transmitted to progenies. Complementation tests of DPLs using near isogenic lines
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also indicated that DPLs are responsible genes for this reproductive isolation, and ei{her DPLI-N or
DPL2-K are necessary for pollen transmission. These results clearly showed that a ﬁmcti;);lal DPLI-N or
DPL2-K allele is essential for pollen transmission, whereas DPLI-K and DPL2-N are loss-of-function
alleles that act as a pair of reproductive barrier genes by their combination in hybrid pollen.

In this study, the molecular mechanism of male gametophytic reproductive isolation by the
combination of disrupted DPLs in rice was identified. After gene duplication of DPL, an ancestral
population seems to have diverged forming the Kasalath ancestral population, which subsequently lost the
function of DPLI by TE insertion, and the Nipponbare ancestral population, which lost the function of
DPL2 by means of a splicing defect. When they met again by crossing, hybrid pollen having the loss of
function alleles together became non-functional and failed to transmit themselves to the next generation.
This is a typical case of the Dobzhansky-Muller model for barrier formation by genetic incompatibility
between species. .

To discuss when this reproductive isolation mechanism was established, the duplications and
disruptions of DPLs were also investigated along with flowering species differentiation. DPL was highly
conserved among 43 angiosperms. Database search indicated that not only rice, but also other four
angiosperms, Sorghum bicolor, Zea mays, Glycine max and Medicago truncatula have two DPL orthologs.
Using syntenic information of the}n, it was suggested that the duplication of DPL occurred at least three
ties, twice in Poaceae and once in Leguminosae. The syntenic conservation around the region of the
DPL2 on rice chromosome 6 among grass species suggested that DPL2 is the most ancient in Poaceae.

In the genus of Oryza, all examined 42 accessions or varieties belongiﬁg to eight closely related
species had both DPLI and DPL2. To investigate relationships between the disruption of DPLs and Oryza
differentiation, it was investigated when the disruptions of DPLs occurred in these species including both
O. sativa and its ancestral species, O. rufipogon. Based on the nucleotide variations in the coding region
of DPLs, O. sativa and O. rufipogon accessions or varieties could be classified into following four
groups; group I, tropical and temperate japonica and O. rufipogon; group 1l, indica and O. rufipogon;
group III, indica and O. rufipogon and group IV, O. rufipogon. The insertion of TE in DPLI was only
observed both indica and O. rufipogon belonging to group III, whereas the read through product of DPL2
was only observed in japonica cultivars belonging to group I. DPLI-K was only observed in the partial
indica varieties, suggesting the loss-of-function of DPLI in indica and that of DPL2 in japonica occurred
after japonica-indica differentiation. Reproductive isolation by the combination of disrupted DPLI and
DPL2 was not‘initially act as barriers between indica and japonica, due to the occurrence of these
disruptions after the japonica-indica differentiation. Probably this isolation reinforced the population
integrity of japonica and indica in group III, when the populations came into contact with each other. Our
results also suggested that indica rice is polyphyletically domesticated from the different ancestors of O.
ruﬁpogorj,, whereas japonica rice is monophyletic population. Other gene disruptions of DPLs also
occurred at least three times independently in rice.

These findings showed the molecular mechanisms of reproductive isolation by the combination of

disrupted DPLs, and a comprehensive story of the evolution of DPLs in plant. It remains unknown
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whether duplications and disruptions of DPL genes resulted from adaptive selection or random drift in
plant speciation. Further studies of DPL function and analyses of reproductive isolation events in Oryza
will provide fundamental understanding of molecular functions in plant reproduction and the mechanisms

of species diversification.
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KBS AITEHREA RO BABZTE (japonica cultivar Nipponbare) & ¥ FEIG
(indica cultivar Kasalath) ¢ DHBEFOBRFEMNEN EREEEFORE, BXLIUE
DEIEFTE2IT o 7. EHEREL WHIEEBNLRRABEIIL, ZOoHFEFRICOVWTIHEL
ECHEMBREATHRY., ZOLDEREREERFEOLODOEMLMAELRESEALTY
BONBRTHD. £z, ERZHALMCTHAIE TEELERIVBASZFITHTE, #H
EREEFEHEEACERBEORRIC OB FARELHS. SDEKRIKAXDES,
HEBEEAEOELBRIZOVWTOEMBOEDOND LHFIND.

japonica & indica® 2 BB IXEL PHEBERABEALF2HEROSBEDOEAR L LTHREE
NTWa., ZD5h, KEXARE 1 LERETKasalathO R EEEDPE 6 REE LT
Nipponbare D R EEADOHEHENAECET T2 hafkMoMEERALEITLE. £, &
EEMBITICI > T ONEOELORENBEEBE, ERICHDIZEE2HLMT L.
IHIZESEMNLIO, O0O0EENAZ Y —=vZI2ioT, AMIZ2 VFTOMEERT
HBETFORELERAST. TORR, 1EFLRAKEOIKbEN, 6FREAKEDIIKbOFEEK
WENEFNEEEBRZRYAAE. KEIARESELEABICEEINIBHOERTFO T,
bRATuSLEZONAIBERAKOEVERFATERANL, B1LREKEDOEBELEFE
Doppelgangerl (Dpll), %G Yo b (K DA F % Doppelganger2 (Dpl2) Lf% Liz. Z
NEREHRET L LTHFL, UFOX 5 K RENTRZ 5 BEEETIEORIEE LS
7 AT EEORRTHLZ L E2REIEDE.

cDNAFEZF 7> & Nipponbare® Dplli&{z+, Kasalath?® DplZ#{m-FIZMAREOHWZ
NI BRa—RLTWAZ 2R L. —7F, Nipponbare® Dpl2BEFITARAT T4 ¥
VIRBEORRERR VDL, EFREZUVUNITEBEELEINR Y. F£72, Kasalath® Dpli
EEFIE NS UARY L EFRENS518bpDEAREFI%Z b - TV T, mRNADRE MR
D HNRVESERELR T Y — L Thotz. Ll o> T, KasalathDH 1 Fefafk L
Nipponbare D 6 Yefa it b o BB F IO D 2 DpERTFRHFEE LRV, EE,
BESHBEORBBROIERICB VW T DpBREFORBFORREFVBER SN, 2
L. Kasalath® DplIi&{fz-F, Nipponbare® Dpl2&fzF % b - ¥R EEREFRHK (NIL
R OEMOBEERFIBRESIRY. BERXEHORFRIIH 7. MR LD L
ROUEFREERTFREOEBEM ECORFRIFH/ESETET LTI, KKAUREE
/DD, FTUR U— v AVWEAEET R N %1F > TW5 . Nipponbare® Dpll
EimF, Kasalath® DplZ&GFOWNWTFD b T v AP — 2 Hi#iEE LB D Kasalathd
DplI#&f{s¥, Nipponbare® DplZBmFOMEETDOIMERET LI LB TE L. ZThb
DRERIL, Dpll, Dplz W Fhhdir &b 1 a v —D#EN2 DpRRETFRIEHOER
REFITIIHSLETHY, Nipponbare® Dpl2i&fsn¥, Kasalath Tl DpllEEFHAHEEER
B RRERLTEY, COMEOMAEEbotEPNEF KRS, THTE T, Fait
RODBEOELZE L EFERIND.

HEAEGE2E L DpEGRFORGTFERE L TOROBEERICOVWTEHHLEET
DeOMOEBIEEAXBOL2DH A, FEEBEEETLEL., T —FX—2I0b
Sorghum bicolor(& v 21%), Zea mays( t VEw a ), Glycine max(¥ A X), Medicago
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truncatula (7<=3¥ ) BWninbA R ERE, 20 DplEEFE2 b2 s, —FT

A4 R X YV ER 7 Brachypodium distchyon (Y~H€¥) X1 av— L DphEfa+F% b
STWRWZEERHLE., T DpEBETFEEOERFEBZFEL, B. distchyon,
S. bicolor, Z. maysk T = 4 WNHDOM o = Dpl2B& ¥ NHEEE T, B. distchyonk 4y
%, A RBTEELEZENTBRINE. S HIDPLY 2 /) BEFIOHEREME & BRO R
FENDR Y 2E, S bicolork Z. mays® R, Glycinek Medicago® Rk T E
NTEBEFEENRBEELEZONTE. . FAELETARTOAMREBREEELZ D > TV,
ARXBORNTHEEFERERZDRS L L 5E, Dpll&EFT4E, Dpl2BEFTLE, &
ETWhE. ZD5b, japonica;ﬂ:ﬁ“@é U7 Dpl2 =T+ DOBEREZRWT, DpllERETF
DHEBERBIITAATHFEBICBVWTREI-TWE., HECREZZBERTEELZTOROE
EFREIHEREB FOMNBLE{LELE Z L, japonicaltindica® 2 HBEHI THE I &

574 ) AR EE R EDLAEELEHBDTNS,

—RiZ, EENBEEEIIEEOESFOREEANRE L FHAIATWER, EBRIZEE
THOEHOBBETERABICABLEI LIZEh TRV, ZEAEDEE, FHE TOH
RNALHEEERAHEFEZRENEE, 1BEFILEBIZRENLTWS. ZOKRTYH, K&EX
ADIFRBRIEITERN T, AFIC2 DOBEKEMT T2 6T, BEETFREE TORMEE
RELEMTD2ZLRBILTINDS. —R, HHOHGBICAHAZDIEENREX, AR EMR
BETFOBRYVBHPEORBDZLERZRLEDDT, SHROAKDOHBTORAL 2D LD T
H5. ' ‘

KBS ADFEMBMIILI japonica & indica 7/ A OMERBE S LS EEZITHAEER

DEEEMELEBNELOTHS. —HBOMERBIEFEES & LRI BRI R
RELTHD. BMHIXLBEFBTELNATNT, ABERREOER, HRIGE LT ITH
BTl +H5R7VvEY, ala=r—varEARDIIL bR LLE. BEZE
BB HTKEIARFMNEEZDITEI DLW EHET L.
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