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Ontroduction

0 O Four species of rice grasshoppers, Oxya yezoensis, O. japonica japonica, O. chinensis formosana and O, hyla
intricata, occur primarily in paddy fields and grasslands in Japan. They are well known as pests of rice.
Although these species are similar in many morphological traits, they can be separated by the characters
of the male genitalia and female subgenital platel 4, 50

00O ZHu and Anpol 180 studied parthenogenesis in the first three species and demonstrated that O. yezoensis
had the lowest ability of parthenogenesis followed by O. chinensis formosana, whereas O. japonica japonica had
the highest ability.  Reciprocal interspecific crosses between O. yezoensis and O. chinensis formosana produced
fertile hybrids as did intraspecific crossesl] ANDO and ZHu, unpublished datall These observations suggest
that O. yezoensis and O. chinensis formosana are closely related to each other. Although some ecological features
of Japanese Oxya species are known, their phylogenetic relationships have not been well understoodd 190]
In this study, we investigated the phylogenetic relationships of four Japanese Oxya species by comparing a part
of the mitochondrial cytochrome oxidase IL COIUgene. In addition, we applied the second internal transcribed
spacerl] ITS20of the rDNA gene for analysing the closely related Oxya species of O. yezoensis and O. chinensis

formosana,

Materials and Methods

Insects

0 O We analysed four Oxya species including one subspecies : O. yezoensis, O, japonica japonica and O. j. vitticollis,
O. chinensis formosana, and O. hyla intricata. O, yezoensis is distributed predominantly in northeastern Honshu,
and found in limited areas in Hokkaido, southeastern Honshu, and Kyushul 4, 5, 100  O. japonica japonica is
primarily distributed in Taiwan, the southern part of the Korea peninsula, the southern part of China, India, Southeast
Asia, Hawaii and Japan. In Japan, it occurs in Honshu, Shikoku, Kyushu and the southwestern island chain.
O. chinensis formosana occurs in Taiwan, China and the southwestern island chain of Japan. O. hyla intricata
occurs in the middle and south part of China and tropical Asiall the east of Myanmarl In Japan, it is distributed
in the southwestern island chain, and the northern limit of its distribution is Okinawa IslandU 7, 4, 500  O.
Jjaponica is divided into two subspecies : O. japonica japonica and O. japonica vitticollis. ~ The latter occurs in
Melanesia, the east part of Republic of Indonesia, and the east part of Australiad 7L ~As mentioned above,
O. japonica japonica is distributed not only in Japan but also in many other countries. We thus analysed these
two subspecies derived from foreign countries to compare with Japanese O. japonica japonica population. The
collecting sites of the insects used are shown in Figs. 1 and 2. Three individuals were sequenced from each
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Fig. 1.0 Collection sites for four Oxya species in Japan. Fig. 2.0 Collection sites for two O. japonica
o : O, yezoensis, Y : O. japonica japonica, O : O, subspecies in Malaysia and Papua New
chinensis formosana, O : O. hyla intricata, Three Guinea. Y : O. japonica japonica, U : O,
specimens were sequenced from each collection J. vitticollis, One specimen was sequenced
site. from each collection site.

site, but only one individual in Kuchingl Borneo island : Malaysiall and Bulolol Papua New Guineall A total
of 38 specimens that had been preserved in ethanol at room temperature were sequenced.

DNA extraction, amplification and sequencing

0 O DNA was extracted from a hind leg of an adult or a nymph, or a whole first instar nymph. DNA extraction,
amplification, and sequencing were performed according to the method of OzAakl and OHBAYASHIL 111  We
collected and analyzed a region of sequence data from COI in all individuals, and from ITS2 in O. yezoensis
and O. chinensis formosana. Fragments of COl and 1TS2 were amplified by the polymerase chain reaction] 14L]
We amplified the COI fragment with sense strand primerd COIS ; 5 GGATCACCTGATATAGCATTCCC 3’0
and antisense strand primerd COIA ; 5’CCCGGTAAAATTAAAATATAAACTTC 3' 060 Likewise, the ITS2
fragment was amplified with primers ITS2-5.8SU 5 TGTGAACTGCAGGACA CATG 3 Uand ITS2-2850 5
ATGCTTAAA-TTTAGGGGGTAGTC 3 [1J 1201

Analysis of sequence

0 [0 Sequences were aligned by CLUSTAL WO 170and analysed by maximum parsimonyl! MPL] neighbor joining
U NJO and maximum likelihoodd MLL ~ MP analysis was performed with a PAUP computer software package
OPAUP version 3.1.100 160  Equal weighting and a weighting scheme of 1-3 for transitionsd TIO and
transversionst TV were used in this analysis.  The shortest tree was found with the heuristic algorithm.
NJ analysis was conducted with KIMURA’s two-parameter model to correct for multiple substitutionst 8L]  NJ
tree was constructed with NJ procedure in Phylogeny Inference Packagel PHYLIP version 3.573c ; 310 ML
analysis was performed with DNAML in PHYLIP. Bootstrap support was assessed for MP and NJ analyses
based on 1,000 replication, but only 100 replications for ML analysis because of computational limitations.
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Fig. 3. Nucleotide sequences of a 372-bp region of the COI gene.
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Dotes indicate the bases identical

with those of the first sequencel) Oy-stll Asterisk indicates bases identical to all the species ;
cross indicates parsimony informative sites. Oy : O. yezoensis, Ocf : O. chinensis formosana, Ojj

O. japonica japonica, Ojv : O. japonica vitticollis, Ohi
was observed in all populations except Oyama.

Results

COIl sequences and variation

0 O We collected 372bp of sequence data from COI in all individuals.

sequences.

variable in the 372-bp region, of which 44 were parsimony-informative.
in Table 1.

There were no insertions or deletions in this region.

: O, hyla intricata,

The sequence of Oy-st

Figure 3 shows the aligned nucleotide
Considering all the species, 73 sites were
The sequence divergences are shown

Intraspecific variation ranged from 0.00 to 4.75% and interspecific variation from 0.00 to 14.53%.
OO In O. yezoensis, the same sequence was obtained from all but the Tanabe population, and there were no
substitutions in the four northern populations including the Kikonai, Hirosaki, Tashirotai and Sado populations.
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Table 1.0 Kimural 19800s two-parameter distance for COI gene

species?U strains 2. 3. 4, 5. 6. 7. 8. 9. 10. 11. 12. 13.
1M0y-St 108 081 191 13 218 081 135 081 13.13 11.81 1321 1355
2[0y0 Oyama 1, 30 081 163 108 246 1.08 136 081 1348 1247 1355 13091
300y0 Hikone 20 1.08 054 191 054 054 000 1281 1150 12.88 13.23
4[0y0 Tanabe 10 054 181 108 163 108 11.83 11.16 11.90 1224
500y0 Tanabe 20 136 054 108 054 1249 1181 1256 1291
60y Tanabe 30 136 246 191 10.89 10.23 1095 11.92
7L0y0 Hita 1, 30 1.08 0.54 1217 1150 12.24 12.59
8¢/l Nishiharall 0.54 13.13 11.81 13.21 13.23
9[0¢fT Ishigakill 12.81 11.50 12.88 13.23
1000jj00 Joto 475 590 14.53
11[0ji00 Borneod 473 14.26
12L0/v0 New Guineal 11.97

13[RO Kunigamil

a Qy : O, yezoensis, Ocf : O. chinensis formosana, Ojj : O. japonica japonica, Ojv :
The sequence of Oy-st was observed in all populations except Oyama.

O. japonica vitticollis, Ohi :

O. hyla intricata.

Table 2.0 Frequency of nucleotide substitutiont % among 13 sequences

. Transition Transversion o
codon position Substitution rate
T/C AlG AT A/C T/G G/G
1st position 85.28 4.94 0.00 4.84 4.94 0.00 17.81
2nd position 43.94 19.45 36.38 0.00 0.23 0.00 411
3rd position 30.98 12.89 45.04 5.42 4.14 1.53 78.08
Overall 39.64 11.95 37.89 5.23 4.08 1.21 100.00
Table 3.0 Average base compositiond %0 of the COI fragment
. A C G T
codon position - - - -
Mean Min. O Max. Mean Min. O Max. Mean Min. O Max. Mean Min. O Max.
1st position 2419 23.39 025.00 18.32 16.94 0 19.35 32.49 33.87 032.26 25.00 23.39 026.61
2nd position 1256 12.10 0 12.90 35.60 35.48 [36.29 13.82 1371 01452 38.02 37.10 O038.71
3rd position 51.50 50.00 052.42 8.29 5.65 0010.48 3.23 1.61 0484 36.98 33.06 039.52
Overall 29.42 2876 130.11 20.74 19.35 02177 16.51 15.86 017.74 33.33 31.99 [134.68

Modes of substitution

0 O Most substitutions in the region of COI were found at the third codond Fig. 300 Considering all the species,

the position variance at the third codon was 78.08%.

On the other hand, the corresponding values for the

first and second positions were 17.81 and 4.11%, respectivelyll Table 200 ~ As in mtDNA of many other insects

02,9, 130 a high AOT content was observed in COI fragments of the Oxya species.

obvious in the third position of codons in which 88.48% of nucleotides were A or T.
positions showed a relatively low AO T content of 49.19 and 50.58%, respectivelyl] Table 300 The frequency
of different types of nucleotide substitutions in the first codon position was quite different : a strong T-C transition
bias was observed, even though nucleotides in this position did not show highly biased contentsU] Table 20
Among the nucleotide substitutions detected at this position, 76.92% were silent substitutions.

This tendency was

The first and second
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Fig. 4.0 Nucleotide sequences of ITS2 and flanking 5.8S and 28S regions in
O, yezoensis and O. chinensis formosana, The sequences were identical

in the two species.
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Fig. 5.0 Phylogenetic relationships estimated with neighbor joining 0 NJU
analysis method. Bootstrap values are shown above the branches
0 1000 replicatest

ITS2 sequences

0 O We collected 192bp of sequence data from ITS2 in seven groups of O. yezoensis and two groups of O.
chinensis formosana ; the population of O. yezoensis in Tashirotai was excluded because the data were not clear.
All individuals had the same sequence ; there were no insertions, deletions or substitutions Fig. 4L

Phylogenetic analysis

0 0O The molecular phylogenetic trees were constructed by the MP, NJ and ML methods. The phylogenetic
relationships were estimated without considering the geographic variation of O. yezoensis ; the sequences of O.
yezoensis had seven patterns but only differed in up to nine nucleotides. The results showed that O. yezoensis
and O. chinensis formosana were monophyleticl Fig. 51 Their relationships were supported by bootstrap analyses
O the bootstrap value was 100 in all the methodsll The O. japonica groups belonged to the same linage, and
O. hyla intricata was the most distantly related to the others. The phylogenetic trees estimated with three methods
were basically the same.
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Discussion

U O In the 372-bp region of COI sequence, there were 0.00—2.46% of sequence divergence between O. yezoensis
and O. chinensis formosana, whereas O. yezoensis had up to 2.46% of intraspecific sequence divergence ; interspecific
divergence of the two species was as match as intraspecific variation of O. yezoensis. Although some morphological
differences are noticed, these species can not be separated by COIl sequence data. We presume that these
two species have diverged from a common ancestor so recently that the nucleotide substitutions did not reflect
the morphological differences. The molecular data from COI sequences suggest that O. yezoensis and O. chinensis
Jormosana are genetically close to each other.  These two species are isolated geographicallyl) 400 but not
reproductivelyl] ANDO and ZHu, unpublished datall  The phylogenetic trees estimated in this article agreed
with the results of interspecific crossesld ANDO and ZHu, unpublished datall

00 By the sequence of ITS2, separation of O. yezoensis from O. chinensis formosana, or local populations of
O. yezoensis is not possible. The length of ITS2 sequence in these Oxya species is about 200bp.  This is
nearly half the length of that in Drosophilall 1501 It has been suggested that ITS2 sequences in some dipterans
and hymenopterans have changed relatively rapidly and may be useful for phylogenetic studiesd 1001  ITS2
sequence for closely related Oxya species is well conserved, and is not useful to separate these species or their
local populations in Japan. Although this region may prove useful in comparisons at the genus or subfamily
level, but its usefulness in Oxya remains to be questioned.

00O The O. japonica groups belong to the same linage. There were 17-21bp of nucleotide substitutionst] 4.73
—b5.90%0 among these groups. Considering that the sequence distances among the O. japonica groups did
not range so widelyl Table 10 these groups may have dispersed at a certain period. = More detail studies
are necessary to solve the problem of the dispersal and differentiation of O. japonica,

0 O The male genitalia of O. hyla intricata is short, stubby and weakly sclerotisedd 7, 500 whereas that of the
other species is long and strongly sclerotised ; especially in O. yezoensis, it is thick and robust. This character
in O. hylaintricata is unique among genus Oxya.  The molecular phylogenetic trees agree with a hypothesis
based on this morphological observation : the evolutionary direction in the genitalia is to sclerotise harder and
to increase in size.  Following this hypothesis, it appears that O. hyla intricata is the most ancestral species
and O. yezoensis is the most recently derived species.

0 O There remain some questions about the distribution of O. japonica and the relationships among closely related
taxa and local populations.  More suitable molecular markers than those used in the present study will be
necessary to answer to these questions.  Further studies along this line will help clarify the phylogenetic
relationships within the genus Oxya and may facilitate the ecological studies of Oxya species and local populations
in Japan.

Summary

0 O Four rice grasshopper species belonging to the genus Oxya are common in Japan : O. yezoensis, O, chinensis
formosana, O, japonica japonica, and O. hyla intricata,  In this study, nucleotide sequences of a 372-bp region
of the cytochrome oxidase subunit 10 COIUgene in mtDNA were used for constructing the molecular phylogenetic
trees of four Japanese Oxya species and foreign O. japonica species. The second internal transcribed spacer
O 1TSs20in nuclear rDNA was also sequenced to separate two closely related species O. yezoensis and O. chinensis
formosana,  The results indicated that these two species were closely related to each other, and O. japonica
and O. hyla intricata were distantly related to them. ITS2 sequences in O. yezoensis and O. chinensis formosana
were identical. These two species are related so closely that it was not possible to separate them using the
sequences of COl and ITS2. The molecular phylogenetic trees constructed were consistent with information
on the morphology and reproductive compativility in those species.
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