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Abstract. Molecular phylogenetic relationships Key words: Cockroach —Salganea— Molecular
among 25 species of the wood-feeding cockroach bephylogeny — Biogeography — Mitochondrial COIl
longing to the genusSalganeaStal (Panesthiinae; gene — Southeast Asia

Blaberidae) in Southeast Asia were analyzed based on
the DNA sequence of the complete mitochondrial cyto-
chrome oxidase Il (COIl) gene. Most basal relationships1ntr0ducti0n
among species dbalganeaare poorly resolved by both
neighbor-joining and nonweighted parsimony analyses

f:gigdeasrtllgg é?:nggﬁ S'g;:ﬁﬁl g nzotir(:agio;ﬁfr:ngaﬂueintct)hz(Blaberidae: Panesthiinae), including about 50 species, is
P b y y distributed in the Indo-Malayan region and New Guinea

history of the genus. For more apical relationships, how-of the Australian region (Roth 1979; Mackawa et al

ever, some interesting phylogenetic relation'ships Werel999a). AllSalganeaspecies known from the field ecol-
recqgmzed. The monophyly of the two species groupsbgy live within galleries tunneled into rotten woods
morio and foveolata,the former of which is distributed (Roth, 1979; Matsumoto, 1987; Asahina, 1991;

mainly in the Sunda lands (containing the Malay IDenm'Maekawa et al. 1999a). Based on their morphological

sula, Sumatra, Java, and Borneo), whereas the latter |si1 . .
. . Characters, mosbalganeaspecies were categorized by
Sulawesi endemic, was strongly supported. Based on thlsoth (1979) into five species grougmpua, raggei, mo-

inferred phylogenetic patterns and recent palaeogeo-

: - L rio, foveolata,and nigrita, and some species were not
graphic scenario for Southeast Asia, it is suggested that Qaced in anv aroun. Of these Species arouns. two have
radiation ofSalganeaspecies occurred in Southeast Asia P y group. P groups,

. ) . restricted distributions. One is thmapuaspecies group
presumably in the early Tertiary, and several bamers((éive described species), which is restricted to New

against dispersal and gene flow, such as the formation o uinea; the other is thiaveolataspecies group (six de-

?_terz:tlitasr;r high mountains, have arisen from the mIOIdIescribed species), which is restricted to Sulawesi. Three

and five species in theaggei andmorio species groups
are distributed mainly in the Greater Sunda lands (in-
cluding the Malay Peninsula, Sumatra, Java, and Bor-
neo). The 14 species in thaigrita species group are
widely distributed throughout the Asian mainland, the
Correspondence toKiyoto Maekawa: email: cmae@mail.ecc.u- Sunda lands, various Pacific islands, and New Guinea.
tokyo.ac.jp The remaining 12 species are not placed in any group;

The wood-feeding cockroach gen®&alganeaStal
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some of them are distributed in Borneo or on the Malayproteinase K (Wako Chemicals). The mixture was incubated overnight
Peninsula and others are found in India. at 56°C. Following the addition of 1Q.g of RNase A (Boehringer

. . —— Mannheim), the mixture was incubated at 37°C for 30 min. Following
Southeast Asia is geologically one of the most Intrlgu-a series of phenol-chloroform and chloroform extractions, DNA was

ing areas on Earth (HOHOV_VaY_and Ha”_ 1998), and_theprecipitated with an equal volume of isopropanol. Pellets were rinsed
paleogeography of this region is becoming progressivelywith 70% ethanol, dried under vacuum, and dissolved in#6f TE
better understood (Hall 1998). Phylogenetic analyses ofuffer (10 mM Tris-HCI, 1 mM EDTA).

fauna enable testing of palaeogeographical hypotheses

(Avise 1994), and studies of terrestrial organisms rangpna Amplification, Purification, and Sequencing
ing over this area based on molecular characters have

recently been performed [e.g., on reptiles (Hond"’_\ et aIThe COll regions of mitochondrial DNA were amplified using PCR.
1999a, b, 2000)]. However, analyses of terrestrial insect$wo pairs of primers were used for amplification. The primer se-

in these regions using modern molecular methods arguences were as follows: A-tLEU; BTG GCA GAT TAG TGC AAT

still lacking. Recently, Maekawa et al. (1999b) analyzedGG-3 (forward); and B-tLYS, SGTT TAA GAG ACC AGT ACT

the molecular phylogeny of wood-feeding cockroaches'G-3 (reverse) (Liu and Beckenbach 1992). An internal primer, A-

bel . to the P thii the J Archipel COIl, 5-TGA AGT TAT GAA TAT TCA GA-3’ (forward) (Maekawa
elonging 1o the Fanesthiinae on the Japan Archipe aggt al. 1999b, c), was also used in combination with the aforementioned

and in Taiwan (five specjes (Sa_lga_-neeand P_aneSthia reverse primer. PCR was performed in a GeneAmp 2400 thermal cycler
and suggested that their speciation was influenced byPerkin-Elmer) under the following conditions: 35 cycles of denaturing

some geological events such as land-bridge connectiort 94°C for 1 min, annealing at 50°C for 1 min, and extension at 70°C
Thus, analyses of these cockroach groups are also Vef;/ 2 min (Liu and Beckenbach 1992). The reaction was performed in
. . . ._&404l final volume of the following solution: 3@l of distilled water,
useful fpr biogeographic discussions of Southeast Asia, ul of 10x PCR buffer [Takara: 100 W Tris—HCI (pH 8.3), 500
In this study, based on the DNA sequence of the comkcy, 15 mv MgCl,, and 0.01% (wiv) gelatin], 41 of dNTP mix (a 1
plete mitochondrial cytochrome oxidase subunit Il mM concentration of each dNTP), 02 of each primer (100 i), 0.7
(COll) gene, we analyzed the phylogenetic relationshipg/ of Taq polymerase (Takara), andi2 of template DNA. PCR prod-

of 25 species of the gem&alganeabelonging to four ucts were electrophoresed in a 1% agarose gel and purified using a
. . Prep-A-Gene DNA Purification Kit (Bio-Rad). Purified products were
Spe,mes Q“’UPS of Roth (1979) coIIeF:ted from Va”ab_leused as templates for sequencing. Sequencing reactions were per-
regions in Southeast Asia. No previous study has iNformed using a Dye-Terminator Cycle Sequencing Kit (Perkin—Elmer)
volved both a wide-ranging survey &alganeaspecies and a GeneAmp 2400 thermal cycler. Electrophoresis and data collec-
and phylogenetic analyses. Although we could not anation were performed using an automatic DNA sequencer (Perkin—

lyze species in thpapuaspecies group, using 685 bp of Elmer Model 373S) with a 6% polyacrylamide gel (Toyobo; Super
Y P pap P 9 P 9 P Reading DNA Sequence Solution), following the recommended pro-

the COII gene, this StUdy presents the first Comprehenéedure. Both strands of the amplified PCR product were sequenced.

sive phylogenetic relationships among species in these
cockroach groups. We also discuss the historical bio- _ _
geography of the genuSalganeaon the basis of the Phylogenetic Analysis

resultant phylogenetic trees and genetic data.
Sequences were aligned using the Clustal W program package (Thomp-
son et al. 1994) and confirmed with the aligned DNA and protein
. sequences of some insect orders (Liu and Beckenbach 1992; Maekawa
Materials and Methods et al. 1999c). The numbers of nucleotide substitutions were estimated
according to Kimura's (1980) two-parameter method. Distance matri-
. ces were analyzed by the neighbor-joining method (Saitou and Nei
Insect Material 1987) to construct trees using Clustal W. Gap positions were excluded
because gaps of 6 bj$(cavagnaroipositions 391-396) and 3 bf$(
The species investigated in this study are listed in Table 1. The inferredialepaeandM. deplanatapositions 394-396) were probably a single
phylogeny among worldwide Panesthiinae suggestsMiimpanesthia ~ deletion event. PAUP 3.1.1 (Swofford 1993) was used to carry out
Saussure is the basal group in the Panesthiinae (Maekawa, in prepar@onweighted parsimony analysis. Gaps were treated as missing data for
tion). Thus the COIl sequences of two individuals Mfopanesthia  the reason outlined above. For each analysis, the bootstrap confidence
deplanataHanitsch and the distantly related cockroa@briplaneta  intervals on each branching pattern were calculated from 1000 repli-
fuliginosa (Blattidae) (Accession Nos. AB036104, AB036105, and cations of resampling.
AB005461) were used as outgroufBalganeanew species§. sp.),
from Sulawesi, has fully developed tegmina and wings and apparently
belongs to thefoveolataspecies group based on its morphological Results
characters.

DNA Extraction Sequence Variation
The COIl genes examined in this study were 679—685

Total genomic DNA was extracted from leg tissue preserved in acetonebp Aligned sequences are available from the authors on
or 100% ethanol. The extraction procedure was modified from Laird et

al. (1991). Tissue was homogenized with a pair of dissecting scissors iﬁeque‘?’t' AnalySIS of .the a"g”ed Sequ_ences from the 45
a 1.5-ml microcentrifuge tube containing 500 of lysis buffer (100 taxa yielded 339 variable sites, of which 315 were phy-

mM Tris—HCI, 5 mM EDTA, 0.2% SDS, 200 m NaCl) and 50ug of  logenetically informative. Of the latter type of sites, 78
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Table 1. List of species used in this study

Abbreviation
Groups and species Location of location Accession no.
raggei species group
S. raggeiRoth Santimon, Taiwan Is., China SAN AB007530
S. raggeiRoth Mt. Da Diao Luo, Hainan Prov., China DDL AB036206
S. perssonRoth Mt. Kinabalu, Sabah, Borneo Is., Malaysia KIN AB036207
S. perssonRoth Mt. Trus Madi, Sabah, Borneo Is., Malaysia TRU AB036208
S. aperturiferaRoth Genting Highland, Malay Peninsula, Malaysia — AB036209
morio species group
S. duffelsiRoth Mt. Sibayak, Sumatra Is., Indonesia — AB036210
S. aequaliterspinos®rincis Danum Valley, Sabah, Borneo Is., Malaysia DANU AB036211
S. aequaliterspinos&rincis Mt. Trus Madi, Sabah, Borneo Is., Malaysia TRU AB036212
S. aequaliterspinos®&rincis Lambir, Sarawak, Borneo Is., Malaysia LAM AB036213
S. aequaliterspinos&rincis Tapah, Malay Peninsula, Malaysia TAP AB036214
S. aequaliterspinos®rincis Fraser’s Hill, Malay Peninsula, Malaysia FRA AB036215
S. aequaliterspinos®rincis Bukit Soeharto, Kalimantan, Borneo Is., Indonesia BUK AB036216
S. guentherRoth Tapah, Malay Peninsula, Malaysia TAP AB036217
S. guentherRoth Fraser’s Hill, Malay Peninsula, Malaysia FRA AB036218
S. guentherRoth Mt. Emas, Sabah, Borneo Is., Malaysia EMA AB036219
S. guentherRoth Sibolaugit, Sumatra Is., Indonesia SIB AB036220
S. sutteriPrincis Mt. Rinjani, Lombok Is., Indonesia RIN AB036221
foveolataspecies group
S. foveolataHanitsch Lake Mooat, Sulawesi Is., Indonesia — AB036222
S. rufipesHanitsch Baruppu, Sulawesi Is., Indonesia — AB036223
S. fruhstorferiHanitsch Malino, Sulawesi Is., Indonesia — AB036224
S.sp. Lake Mooat, Sulawesi Is., Indonesia — AB036225
nigrita species group
S. ternatensis hirsut®oth Mt. Bosavi, Papua New Guinea — AB036226
S. amboinicaBrunner Dumoga Bone, Sulawesi Is., Indonesia DUM AB036227
S. amboiniceBrunner Lake Mooat, Sulawesi Is., Indonesia MOO AB036228
S. nigrita (Stoll) Lake Danao, Leyte Is., Philippines DANA AB036229
S. nigrita (Stoll) Gingoog, Mindanao lIs., Philippines GIN AB036230
S. rugulataSaussure Surat Thani, Thailand — AB036231
S. gressittiRoth Mt. Habonsan, Taiwan Is., China — AB007528
S. taiwanensis ryukyuanussahina Mt. Yonahadake, Okinawajima Is., Japan — AB007521
S. taiwanensis taiwanensigoth Mt. Omotodake, Ishigakijima Is., Japan — AB007523
S. esakiiRoth Mt. Mochomudake, Yakushima lIs., Japan — AB007518
S. incertaBrunner Doi Chang Dao, Thailand — AB036232
ecies not placed in any group
S. inaequaliterspinoskdanitsch Mt. Emas, Sabah, Borneo Is., Malaysia EMA AB036233
S. inaequaliterspinos&lanitsch Mt. Kinabalu, Sabah, Borneo Is., Malaysia KIN AB036234
S. obtusespinosHanitsch Crocker Range, Sabah, Borneo Is., Malaysia CRO AB036235
S. obtusespinosklanitsch Mt. Emas, Sabah, Borneo Is., Malaysia EMA AB036236
S. tayloriRoth Fraser’s Hill, Malay Peninsula, Malaysia FRA AB036237
S. tayloriRoth Cameron Highland, Malay Peninsula, Malaysia CAM AB036238
S. tayloriRoth Genting Highland, Malay Peninsula, Malaysia GEN AB036239
S. rossiRoth Mt. Brinchang, Malay Peninsula, Malaysia — AB036240
S. cavagnaroRoth Ooty, India — AB036241
S. nalepaeMaekawa and Matsumoto Mt. Trus Madi, Sabah, Borneo Is., Malaysia — AB036242

(24.8%), 36 (11.4%), and 201 (63.8%) were found atsmallest bias was observed in first codon positions (CB
first, second, and third codon positions, respectively. = 0.18). These sites were rich in A (38.3%) and poor in
The nucleotide compositional bias (CB) in COIl with C (16.7%), and the proportions registered for T and G
respect to codon position observed in this analysis (Tablevere 23.8 and 21.2%, respectively. Overall, low standard
2) was a common property of insect mitochondrial DNA deviations are shown in Table 2; thus the COIl genes
(Simon et al. 1994). The highest bias was observed irexamined in this study have very similar base composi-
third codon positions (CB= 0.48); this position was rich  tions.
in T (43.5%), followed by A (42.4%) and then C
(10.9%), and was very low in G (3.2%). Second codon
positions showed an intermediate bias (€B0.23), be-
ing rich in T (39.4%) and poor in G (13.3%), with in- The tree based on the neighbor-joining method after
termediate percentages of A (27.8%) and C (19.6%). Th&000 bootstrap replicates is shown in Fig. 1. Monophyly

Phylogenetic Relationships
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Table 2. Base composition at first, second, and third codon positiorS8atjaneaspecies used in this study

First codon Second codon Third codon Total

A C G T A C G T A C G T A C G T

Mean 38.3 16.7 212 238 27.8 196 13.3 394 424 109 32 435 36.1 157 126 355
SD 1.3 0.9 12 11 0.7 0.9 0.4 0.9 1.8 2.6 11 3.3 0.7 11 0.6 12
Bias® 0.18 0.23 0.48 0.29

@Bias calculated using the fomula of Irwin et al. (1991).

of the Salganeaclade was supported by 66% of the boot- parsimonious trees, with tree lengths of 999 (consistency
strap values. Monophyly of thmorio andfoveolataspe-  index, 0.34; rescaled consistency index, 0.21; retention
cies groups was supported by high bootstrap values (8ihdex, 0.62; trees not shown). Although the five mono-
and 98%, respectively; thick lines in Fig. 1). The new phyletic groups described above were strongly supported
species morphologically recognized as a member of thé>73% of bootstrap values), relationships among other
foveolataspecies group was settled in this clade. Mono-species were not supported by 50% or more of the boot-
phyly of the other two species groups used in this studystrap values with the exception of that betw&migrita
(raggei and nigrita) was not supported. All bootstrap andS. obtusespinosg1%).

values at the deep nodes of tBalganeaclade were

<50% (Fig. 1; shaded region). Some other monophyletic

groups were also supported at the more apical nodes iDiscussion

this tree. The monophyletic clade containing species

from the Japan Archipelago and Taiwa®. (ressiti, S. ) ]

taiwanensisand S. esakj were found to be closely re- Phylogenetic Conclusions

lated to S. incerta,which is distributed in Myanmar, Th its of the phvl i | ted h
Thailand, and Assam of north India (the sample was € results of Ine phylogenetic analyses presented here

collected in Thailand), with 77% of the bootstrap values.ShOW.that themorio anq foveolataspecies groups, re-
Al four of these species belong to thegrita species spectively, form unambiguous monophyletic groups. The

group. TheS. amboinicaclade, collected from north Su- monophyly qf cher species groups used in this stu'dy
lawesi, which is widely distributed in Sulawesi, the Phil- (ragge_l andnigrita), h_owever, was not sgpported by ei-

ippines, and Moluccas, was more closely relatedsto ther distance or parsimony analyses (F|_gs. L and 2). Al-
rugulata,which is distributed in Java, Sumatra, Vietnam, though Roth (1979) divided these species groups based

and Thailand (the sample was collected in Thailand);(r)enag;(.a ?rs;ﬂ?zlfgye?e??éesggg.';f'a’roweSS.L; ggs:;;zaftor
both also belong to thaeigrita species group (87% of '9 pect PECIES groups 1

bootstrap values). Two species distributed only in theSaIganeataxonomy.

Malay Peninsulag. tayloriandS. rossi;both species are
not placed in any group) formed a monophyletic groupRrelationships Among thmorio Species Group
(100% of bootstrap values).

The parsimony analysis in which all characters wereThe inferred phylogenetic relationships am@gjganea
given equal weight resulted in 15 most-parsimoniousspp. belonging to thenorio species group using both
trees, each of which required 1848 nucleotide changesieighbor-joining and nonweighted parsimony analyses
The strict consensus tree is shown in Fig. 2. In all 15corresponded well to the geographic distributions of the
trees, Salganeaformed a monophyletic clade (73% of taxa. Overall, populations of each species distributed in
bootstrap values). Although the resolution of the deemeighboring regions formed unambiguous clades. The
node was low, as the neighbor-joining tree showed, fivecockroach members of this species group are distributed
monophyletic groups which were supported in Fig. 1mainly in the Sunda lands. The close phylogenetic rela-
were also found in this consensus tree, with more thationships among taxa distributed in these areas were also
66% of the bootstrap values. found in other animals [e.g., vertebrate, Reptilia (Honda

Maekawa et al. (1999b) and Maekawa and Matsu-et al. 1999a), and invertebrate, Lepidoptera (Kitching et
moto (2000) suggested that, for the third codon positioral. 1987; Holloway 1998)]. Ir5. aequaliterspinosahe
of the COIl gene of cockroaches, at genetic distancepopulations from North Borneo (DANU, TRU, and
greater than 10%, there might be saturation of transition& AM) are more closely related to those from the Malay
(Tls). Most genetic distances between species used iReninsula (TAP and FRA) than to that from South Bor-
this study were >10% (data not shown), thus we em-neo (BUK). The resultant trees indicate that the popula-
ployed weighted parsimony, excluding TIs at third codontion of BUK first diverged withinS. aequaliterspinosa,
positions entirely. This analysis resulted in seven mostthough no differences in general morphologies are evi-
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100 99 S. aequaliterspinosa FRA I

81 S. aequaliterspinosa BUK

100 ™ S. guentheri TAP
d 51 S. guentheri FRA
A S. guentheri SIB
S. guentheri EMA
S. sutteri

99l S. foveolata

98 S. sp.

S. rufipes
——M S. fruhstorferi

S. aperturifera

98

III

100 [~ . perssoni KIN I
Ls perssoni TRU
100 | S. amboinica DUM
87 I'S. amboinica MOO
S. rugulata SUR v
100 [ S. nigrita. DANA
L—s nigrita GIN
| S obtusespinosa CRO
100!s. obtusespinosa EMA
100 [ S. inaequaliterspinosa EMA

66

51

s inaequaliterspinosa KIN

68 S. taylori FRA
l4_l_< S. taylori GEN
100 S. taylori CAM

S. rossi

S. nalepae AV

S. cavagnaroi

I M. deplanata TRU
100 | M. deplanata RAF 0
P. fuliginosa

Fig. 1. Phylogenetic relationships &alganeaspecies based on the lata) are shown ashick lines.See Table 1 for location abbreviations.
neighbor-joining method. Theumbersabove and below the branches |, raggeispecies group; limorio species group; llifoveolataspecies
correspond to the percentage of 1000 bootstrap replicates. All nodes igroup; 1V, nigrita species group; V, species not placed in any group
the shaded region are supported by 50% or less of the bootstrap value@Roth 1979). O, outgroups.

Monophyletic relationships of two species groupsotio and foveo-

dent between the samples from BUK and those from thédrom northeast to southwest (e.g., the Iran andlléfu
other localities. These relationships suggest that, even ihountains), were a barrier to gene flow between these
this species intruded into Borneo more than once, thgopulations (sedcstimated Divergence Time and Bio-
mountain chains running down the center of Borneo,geography of Salganea Specibglow). The close rela-
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S. aequaliterspinosa BUK
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08 S. guentheri EMA
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73 70 100 ——— S. taiwanensis ryukyuanus
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100 L obtusespinosa EMA
100 [ S inaequaliterspinosa EMA

S. inaequaliterspinosa KIN
61 S. taylori FRA
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. taylori CAM

S. rossi

[ S cavagnaroi
<50 R —— S. nalepae
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[ M. deplanata TRU
100 M deplanata RAF (0]
P. fuliginosa

Fig. 2. Strict consensus of the 15 most-parsimonious trees resultingsupport (1000 replicates). See Table 1 for location abbreviations. I,
from nonweighted parsimony analysis. Tree length, 1848; consistencyaggei species group; Ilmorio species group; lllfoveolataspecies
index, 0.32; rescaled consistency index, 0.17; retention index, 0.54. Thgroup; 1V, nigrita species group; V, species not placed in any group
numbersabove and below each node indicate the level of bootstrap(Roth 1979). O, outgroups.

tionships between taxa distributed on the Malay Penin- Salganea sutterfrom Lombok is shown to be most
sula and in North Borneo were also shown in Reptiliaclosely related t&. guentherfrom the Malay Peninsula,
(Honda et al. 1999b). If more samples of these taxa fronBorneo, and SumatraSalganea sutterprobably di-
different regions (south and west) of Borneo were anaverged from a common ancestor whguenthervia the
lyzed, we could confirm the hypothesis of each popula-southern part of the Sunda lands, because the former
tion of this species remaining in neighboring areas anduccessfully colonize only three neighboring islands
staying on their own phylogenetic trajectories. around Lombok (Sumba and Sumbawa). Lombok and
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Table 3. Mean transversion divergence of the COIl gene and estimated tim&afganeaspecies selected by degrees of relationship

Estimated divergence time (mya)

Transversion frequency

Divergence (%)? a b
Interspecific
Among five monophyletic groups and other species=( 765) 7.26 24.2 55.86
S. amboinicavs S. rugulata(n = 2) 6.38 21.27 49.08
Within foveolatasepcies groupn( = 6) 3.21 10.69 24.67
S. sutterivs S. guenther{n = 4) 1.9 6.32 14.58
Intraspecific
S. aequaliterspinoséBUK) vs other taxarf = 6) 1.84 6.15 14.19
S. guenther{SIB) vs other taxar( = 3) 1.33 4.44 10.24

@ Jukes—Cantor formula modified according to Beckenbach et al. (1993).
b Columns a and b are based on estimated divergence times of 0.3 and 0.13% transversion divergence/my (Beckenbach et al. 1993), respectively.

Sumbawa were originally formed by the growth of a nea tayloriare micropterous and, perhaps except for a
volcanic arc in the Mio-Pliocené L0 mya) (Monk et al.  brief dispersal stage as late-instar nymphs or young
1997). Because the sea barrier of the Bali-Lombok Straiadults, live their entire life cycle in rotten logs at high
has continued to exist since its formation, immigration ofaltitudes (>1000 m) isolated from each other (Maekawa
the ancestor of5. sutterito Lombok could have been and Matsumoto, unpublished). Thus gene flows between
made possible by rafting across the strait. populations have probably been restricted, and conse-
quently genetic distances among individuals, even
among conspecifics, are very high. We can see the same
situation in the genetic distance of two individualshof

Phylogenetic trees inferred here show the monophyly ofleplanata,the wingless cockroach, used as outgroups.
S. amboinica#rom North Sulawesi an®. rugulatacol- ~ 1he sampling points of each taxon are very close((
lected in Thailand. This suggests that the ancest@.of Km), but genetic distances are very high (12.6 and
amboinicadiverged from that 08. rugulatain the Sunda  14-3%) (Table 2). Given the similar size, morphology,
lands, or vice versa. On the other hand, the speciation ctnd life history of members of these genera, it is likely
thefoveolataspecies group could have occurred after thethat substitution rates in the COIl gene are very similar
formation of the Makassar Strait and the Sulawesi marPetween and within these groups.

gin by the middle Oligocene (30 mya) (Hall 1998; Moss
and Wilson 1998), because these species are endemic
this island (se&stimated Divergence Time and Biogeog-
raphy of SalganeaSpecies,below). Yet another less

likely possibility is the extinction of species in this group | gifferences in DNA sequences accumulate at a roughly
in other regions. The origin of the eastern part of theconstant rate over time, levels of DNA sequence diver-
eastern and southeastern arms of Sulawesi is suggestg@nce can be used to date splitting events. Although us-
to be different from that of western regions of Sulawesi,ing such a molecular clock is controversial, it provides a
and the former accreted to western Sulawesi during thenethod for estimating approximate divergence times and
Miocene (Moss and Wilson 1998). Further studies basegomuylating preliminary biogeographic hypotheses
on the samples collected in eastern Sulawesi will clarifygyrns 1997; Foley et al. 1998). There might be satura-
the detailed scheme of the speciation of species distribyjo of the third codon position Tls of the COIl gene of

Relationships Among Species Distributed in Sulawesi

E]stimated Divergence Time and Biogeography of
Salgane&pecies

uted here from a paleogeographic point of view. cockroaches at genetic distances greater than 10%
(Maekawa et al. 1999b; Maekawa and Matsumoto 2000),
Other Monophyletic Relationships thus we used transversion (TV) distances inferred from

the COIl gene ofDrosophila species groups [0.13-

Inferred trees strongly supported the monophyletic rela0.30%/my (Beckenbach et al. 1993)] (Table 3).

tionship of S. tayloriandS. rossi,which are distributed Neither the neighbor-joining nor the nonweighted par-
only on the Malay Peninsula. Intriguingly, although the simony analyses show clear relationships among the spe-
collection points are very close to one another (40-13@&ies groups. In a report on the phylogenetic analyses
km), genetic distances among samplesSftaylori among cockroach families, Maekawa and Matsumoto
(Table 2) are relatively high: uncorrected distances, 8.5€2000) showed that saturation of COIll gene substitutions
9.6%; and Kimura’'s (1980) two-parameter distancespther than third codon Tls did not occur in each family of
9.1-10.4% (these values among tfoweolataspecies cockroaches. Thus, it is conceivable that the early radia-
group are 8.2-13.7 and 8.8-15.4%, respectivégjga- tion of Salganeaspecies involved the simultaneous or
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nearly simultaneous diversification of numerous speciestaining New Guinea) endemic fauna. Further sampling,
We suggest that this radiation disturbs the robust phyloef not only S. ternatensis hirsuthaut also five species in
genetic relationships among most species based on CCOtlhe papua species group, and analyses are needed for
gene sequences and produces a hard polytomy (Fig. 2profound discussion of the biogeography of New Guin-
Comparing COIl genes among five well-supportedean species.

monophyletic groupsnjorio and foveolata species Regarding intraspecific divergences, we focused on
groups, Japanese and Taiwan&sdganeat+ S. incerta  the morio species group . aequaliterspinosand S.
clade,S. amboinica+ S. rugulataclade, ands. taylori+  guenther) from several localities. All analyses con-
S. rossiclade) and other species = 765) gives TV  ducted here strongly suggest that aequaliterspinosa
divergences of 7.26 + 1.24% (average = SE) [Jukes-from southern Borneo (BUK) is the sister taxon to all the
Cantor formula modified according to Beckenbach et al.other populations (Figs. 1 and 2), and the genetic dis-
(1993)]. Using the mean TV frequency and a rate oftances between BUK and other populations were the
0.13-0.30%/my, the early radiation 8alganeaspecies highest of those between the populations other than
is suggested to have occurred during the first half of thdBUK. The central mountains on the Sarawak-—
Tertiary (60—25 mya) (Table 3). The paleogeographicKalimantan border extending into Sabah became wider
map (Hall 1998) suggests that, during this period, theand higher from the middle Miocene (15 mya) to the
Sunda lands containing western Sulawesi existed an@arly Pliocene (5 mya) (Mackinnon et al. 1996; Hall
that Luzon and neighboring islands in the Philippines1998). These palaesogeographic data, together with the
were located very close to the eastern edge of this landgStimated divergence time between BUK and the other
These regions could have played an important part in th@opulations (Table 3; 14-6 mya), suggest that these
rapid speciation of this genus. The TV divergence datdnountain ranges presumably formed a barrier to gene
betweenS. amboinicaand S. rugulatasuggest that the ~flow for this species. At that time (15-5 mya), mainland
ancestors of these species diverged from each other #fiSia, the Malay Peninsula, and Borneo formed a con-
the Eo-Oligocene (Table 3; 49-21 mya), a period similarinuous land, and mountglnous regions qf the western
to that determined by geological and tectonic studies foffd9€ parts of Sumatra existed as a land bridge connected
the formation of the Makassar Strait (Hall 1998; Moss© the above land at the southern part of Sumatra (Hall
and Wilson 1998). The former ancestor could colonizel998)- Consequently, the Malacca Strait (between Suma-
not only Sulawesi but also the Philippines and Moluccad'@ and the Malay Peninsula) was wider than it is today.

(Roth 1979). The ancestor of thaveolataspecies group The speciation 08. guentheris suggested to have been

now endemic to Sulawesi is suggested to have divergeﬁ]ﬂuem(ad by these extents of land and saguentheri

from other species in the early Tertiary, but their specia—COIIECtecj from northern Sumatra (SIB) is not as closely

. . .related to the populations from the Malay Peninsula
tion occurred after the formation of the Makassar Strait . .
and the complex of the Sulawesi margin (by 30 mya)(TAP and FRA) (Figs. 1 and 2), although the distance

(Hall 1998 Moss and Wilson 1998). The estimated di__between the collection localities of these two populations

vergence time within théoveolataspecies group (Table is not very long (<500 km), compared with the relation-
3: 25-10 mya) supports this idea. The ancestoiSof ships between SIB and the Bornean population (EMA)

2000 km). ltis s ested that gene flow between SIB
sutteri is suggested to have diverged from that Sif ( ). Itis sugg g W DO

and other populations probably occurred within 10 mya
guentheriduring the Mio-Pliocene (15-6 mya; Table 3). (Table 3) poptiat P y ) Wi 4

It is interesting to note that both Lombok and Sumbawa’ |, this study, we have shown the phylogenetic rela-
islands were also formed during this period (Monk et a"tionships among many species 8alganea Their spe-
1997). , . ciation and dispersal are suggested to have been influ-
The routes of dispersal followed by New Guineangnced by some geological events. It is clear that
species are more dIfIfICU.|t to discuss. Our DNA data SUgphylogenetic analyses of other taxa, including species
gest thalS. ternatensis hirsuteollected from Papua New pejonging to thepapuaspecies group and based on the
Guinea diverged from other species during the early tsequence data of not only COIl but also other slow-
middle Tertiary. However, New Guinea was far from eyolving genes, are needed to determine the precise re-

Southeast Asia and very close to Australia until thejationships among species and to discuss their historical
mldd_le O_I|goceneH;BO n_1ya) (Hall 1998). Moreover, this _biogeography in more depth.
species is also found in Sarawak (northern Borneo) in
Malaysia (Roth 1979). The most probable explanation isacknowledgments. We thank Drs. M.N. Dalimin, M. Maryati, M.
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