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Wen-Bin Yeh, Chung-Tu Yang and Cho-Fat Hui (1998) Phylogenetic relationships of Tropiduchidae-group
(Homoptera: Fulgoridea) of planthoppers inferred through nucleotide sequences. Zoological Studies 37(1): 45-
55. Phylogenetic reconstruction of the relationships within the Tropiduchidae-group of families of planthoppers
is conducted based on DNA sequences of 2 mitochondrial genes. The sequence comparisons of 400 bases
of the 3’ end of the 16S rDNA genes from 9 taxa of 6 families and 120 codons of the 5" end of the cytochrome
b genes from 10 taxa of 6 families reveal general congruence. The phylogenetic trees based on these 2 genes
show that Flatidae and Tropiduchidae are always grouped together; Meenoplidae and Delphacidae each is a
basal lineage among these taxa, and Issidae is a nonhomogeneous group. The ratio of transitions over
transversions of the cytochrome b gene in fulgoroids has reached a steady-state when compared with insects
of other orders. Both genes can be candidate genes in studying the relationships of Fulgoroidea since the
sequence variations of both genes between species of intragenus, close affinity families, and distant affinity
families are about 10%, 20%, and 30%, respectively.
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Although numerous studies of morphological
characters indicate that the insect order Homoptera
(planthoppers, leafhoppers, treehoppers, cicadas,
spittlebugs, aphids, psyllids, scales, whiteflies, etc.)
is not a monophyletic group (Goodchild 1966,
Schuh 1979, Zrzavy 1992, Campbell et al. 1994
1995), yet there is no question that the Fulgoroidea
(planthoppers) is a monophyletic group. Asche
(1987) has proposed 5 synapomorphies that in-
clude shapes of mesocoxa and metacoxa, position
of ocelli, position of antennae, sensory plaque or-
gan of the pedicel, and the special fulgoromorphan
face to support Fulgoroidea being a well-defined
group. Nymphal characters presented by Chen
and Yang (1995) also indicate that Fulgoroidea is a
monophyletic group, and they further divide the
members of Fulgoroidea into 5 family-groups: (I)
the Tettigometridae; (I1) the Ricaniidae-group which
comprises the families Eurybrachidae, Gengidae,
Hypochthonellidae, Lophopidae, and Ricaniidae;

(1) the Tropiduchidae-group which comprises the
families Flatidae, Issidae, Nogodinidae, and
Tropiduchidae; (V) the Fulgoridae-group which
comprises the families Dictyopharidae and
Fulgoridae; and (V) the Cixiidae-group which com-
prises the families Achilidae, Achilixiidae, Cixiidae,
Delphacidae, Derbidae, Kinnaridae, and Meeno-
plidae.

The phylogenetic relationships of fulgoroid
families have been studied previously using adult
and nymphal characters; however, results are not
congruent (Muir 1923 1930, Asche 1987, Emel-
janov 1990, Yang and Fang 1993, Chen and Yang
1995). Based on adult morphological characters,
fulgoroids have been divided into 2 groups, but the
members within each group show great divergence
(Muir 1923 1930, Asche 1987). Muir (1923)
grouped Cixiidae-Delphacidae-Tropiduchidae-
Derbidae-Achilixiidae-Tettigometridae together,
with the rest in an individual group; while Asche
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(1987) grouped Cixiidae-Delphacidae together,
with the rest in an individual group. In contrast,
Emeljanov (1990) composed a phylogenetic recon-
struction of fulgoroids is in successive dichotomies.
Alternatively, based on nymphal characters, Yang
and Fang (1993) divided fulgoroids into 2 groups,
Delphacidae-Meenoplidae-Cixiidae-Achilidae-
Derbidae, with the rest in an individual group, while
Chen and Yang (1995) divided them into 5 family
groups. Obviously, there is no general congruence
concerning fulgoroid phylogeny within the pub-
lished literature. Thus, it is necessary to use char-
acters other than morphological characters to infer
the relationships of fulgoroids.

Mitochondrial genes generally have been used
in recent molecular systematic studies of mammals
(Honeycutt et al. 1995, Rosel et al. 1995, Wettstein
et al. 1995, Arnason and Gullberg 1996), aves
(Helm-Bychowski and Cracraft 1993), reptiles
(Bowen et al. 1993, Graybeal 1993, Hay et al.
1995, Reeder 1995), and insects (Xiong and
Kocher 1991 1993, Martin and Pashley 1992, Fang
et al. 1993). Nucleotide sequences of conserved
genes can be used to infer ancient phylogenetic
affiliations. The mitochondrial 16S rDNA gene has
been found to reveal phylogenetic information at
the family level in insects and mites (Black IV and
Piesman 1994, Dowton and Austin 1994, Yeh et al.
1996 1997, Dietrich et al. 1997). The cytochrome
b gene (COB) is one of the conserved genes in
mitochodrial DNA. The nucleotide sequence of the
COB gene generally has not been used in the stud-
ies of insect systematics, but it should be a candi-
date gene for studying phylogenetic relationships of
higher categories since phylogeny reconstructions
using this gene have been informative in verte-
brates (lrwin et al. 1991, Bowen et al. 1993,
Graybeal 1993, Honeycutt et al. 1995, Arnason and
Gullberg 1996).

In this paper, nucleotide sequences of a part of
the 16S rDNA gene and a part of the COB gene of
the Tropiduchidae-group were obtained to study
nucleotide information and phylogenetic relation-
ships of members of the Tropiduchidae-group.
One motivation for this study is to clarify fulgoroid
phylogeny since the results of previous studies
have disagreed. Although phylogenetic relation-
ships derived from partial 16S rDNA and COB se-
quences are not always identical, they still could be
candidate genes for studying the relationships of
fulgoroids as the sequence variations of both
genes between species of intragenus, close affinity
families, and distant affinity families are about 10%,
20%, and 30%, respectively. A 2nd obijective for

this study is to evaluate the phylogenetic position of
the Issidae family. CT Yang and LB O'Brien (pers.
comm.) are planning a nomenclature act to raise
the subfamily, Caliscelinae, of Issidae to a new
status, Caliscelidae, based on the special charac-
ters of tegmina, apical teeth of metatarsus, and the
pad of sacs on the sole of metatarsus. Alterna-
tively, SW Wilson (pers. comm.) has suggested
that Issidae might not be a monophyletic group
from the ecological behavior of its members, and
furthermore, Caliscelinae should be a separate
family out of Issidae. The problematic composition
of Issidae will be discussed in this paper.

MATERIALS AND METHODS
Samples and DNA extractions

There are 10 species included in this study.
Seven species are from the Tropiduchidae-group,
and three species are from the Cixiidae-group for
outgroup comparison. In the Tropiduchidae-group,
4 species are examined from different subfamilies
of Issidae that include Epyhemisphaerius tappanus
(Hemisphaerinae), Tonga botelensis (Tonginae),
Eusarima astuta (Issinae), and Mushya fasciata
(Caliscelinae); 3 other species are from different
families that include Phylliana serva (Flatidae),
Mindura subfusciata kotoshoenis (Nogodinidae),
and Kallitaxila sinica (Tropiduchidae). The 3 se-
lected species for outgroup comparisons are Nisia
serrata and Nisia lansunensis (Meenoplidae), and
Purohita taiwanensis (Delphacidae). Live insects
were collected, preserved in 95% alcohol, and
stored at -70 °C. Crude DNA was extracted from
whole insect bodies (about 0.1 g) as described by
Yang et al. (1994).

PCR amplification and direct sequencing

A part of the 5’ end sequence of the COB gene
and a part of the 3’ end sequence of the 16S rDNA
gene were amplified by the polymerase chain reac-
tion (PCR). The 2 primers that amplified the COB
gene were designed based on the conserved
nucleotide sequences of Drosophila yakuba (Clary
and Wolstenholme 1985), Drosophila melanogaster
(Garesse 1988), Anopheles gambiae (Beard et al.
1993), Anopheles quadrimaculatus (Mitchell et al.
1993), Apis mellifera (Crozier and Crozier 1993),
and Tetraponera rufoniger (Jermiin and Crozier
1994). The upstream primer (5’-GATAAACCT
AAAGCTCCCTCACA-3’) and the downstream
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primer (5-GCGCCTCAAAATGATATTTGTCCCC-
3') are located in the ND4L (nucleotides 9623-
9645) and the COB (nucleotides 10945-10921)
genes respectively, of the mitochondrial genome of
D. yakuba (Clary and Wolstenholme 1985). The
resulting fragment was about 1.3 kb in length. The
2 primers that amplified the 16S rDNA gene were
designed based on the conserved nucleotide se-
quences of Lymantria dispar (Davis et al. 1994),
Locusta migratoria, D. yakuba, D. melanogaster,
Aedes albopictus, Anopheles gambiae, and Apis
mellifera. The locations of the upstream primer (5’
GCCTGTTTATCAAAAACAT-3') and the down-
stream primer (5-CCGGTCTGAACTCAGATCA-3)
correspond to nucleotides 13416-13396 and
12866-12884, respectively, of the 16S rDNA gene
of D. yakuba (Clary and Wolstenholme 1985).

Extracted crude DNA was subjected to 39
cycles of amplification in a 100-ul volume reaction
that contained 10 mM Tris-Cl (pH 9.0), 50 mM KClI,
1.5 mM MgCl,, 0.01% gelatin, 0.1% Triton-X100, 2
units of SuperTaq polymerase (HT Biotechnology
LTD), 0.2 mM of each dNTP, and 20 pmoles of
each primer. These amplifications were carried out
with the following temperature profile: denaturation
for 50 s at 95 °C, annealing for 70 s at 50 °C, and
extension for 2 min at 72 °C. The purification of
double-stranded DNA products followed protocols
that have been previously described (Jean et al.
1995), and DNA products were sequenced directly
using the PCR sequencing kit (Perkin Elmer) for 29
cycles with the following temperature profile: 50 s
each for denaturation at 95 °C, annealing at 50 °C,
and extension at 72 °C.

DNA analysis

Mitochondrial sequences were aligned using
the Pileup program of the GCG software package
(Genetic Computer Group, version 7.0) (Devereux
et al. 1991), then checked by eye. The COB se-
quences were checked again after the derived
amino acid sequences were obtained. Aligned DNA
sequences were analyzed using the MEGA pro-
gram (Kumar et al. 1993) for calculating (1) the
proportions of nucleotide compositions of each
species; (2) the total substitution, transition, and
transversion proportions between all paired se-
quences; and (3) the ratio of transitions over
transversions. The proportions of transition,
transversion, and total substitution of the codon
positions 1, 2, and 3 of the COB sequences were
also calculated. Statistical analysis system (SAS)
was used to test the nucleotide base composition

bias and the plots between total substitutions and
Ts/Tv ratio, transition, and transversion for the
COB gene (SAS Institute Inc. 1996). Phylogenetic
analysis was performed by the Neighbor-Joining
method (Saitou and Nei 1987) where the pairwise
distance estimates were based on models by
Jukes and Cantor (1969), Kimura (1980), Tamura
(1992), and Tamura-Nei (1993) as implemented by
the MEGA program.

RESULTS

DNA sequence compositions

coB

The primers used in the PCR reaction ampli-
fied a DNA fragment of approximately 1.3 kb.
Within the fragment, the upstream 900 bp segment
includes a part of the ND6, Pro-tRNA, and a part of
the ND4L genes, and the other downstream 400bp
is the 5" end segment of the COB gene (Fig. 1).
The mean compositions of guanine, adenine, thym-
ine, and cytosine of the COB gene are 11.1%,
37.9%, 36.3%, and 14.7%, respectively. The
nucleotide divergences between taxa increase with
taxonomic distance (Table 1). The average nucle-
otide divergences are 10% within the genus Nisia
of the Meenoplidae, 21% within the Tropiduchidae-
group, and 32% between the Cixiidae-group and
the Tropiduchidae-group. The results show that
due consideration has to be given if the COB gene
is to be used in studies of fulgoroid relationships
since the nucleotide differences have nearly
reached a saturation level. Thus, selecting a
codon position with suitable nucleotide differences,
transversion, or transition of protein coding gene
shall be a necessary criterion in analysis of phylo-
genetic relationships of the fulgoroids. The ratios
of transitions over transversions of all paired se-
quences of the COB gene (Table 2) decrease with
increasing taxonomic distance, in which the aver-
age ratio between Meenoplidae and the other
fulgoroids is 1:2.12; between Delphacidae and the
other fulgoroids (excluding Meenoplidae) is 1:1.91;
among lIssidae, Nogodinidae, and Flatidae is
1:1.50; and 1:1.39 if Tropiduchidae is included, as
the value for Tropiduchidae is highly biased; and
among subfamilies of Issidae is 1:1.47.

16S rDNA

When gaps were added for alignment, a total
of 400 sites were used in analysis, of which 207
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M K F K P N R K N T F I N N F L I D L P
Iss1(T) ATG AAA TTT AAA CCA AAC CGA AAA AAT ACA TTT ATT AAC AAC TTT TTG ATT GAT TTA CCT 60

Iss2(I) ... --=- .AC ... A ..T ... .TC ..CCCCT.A ..TG.A ... AT . ..cc.c ..c
Iss3(C) ... === ... ..A L . .T. TT. ALA ... ... ... ..CA.T.
Iss4(H) ... --- LA ... ... TIA ..T ... ... ... ..T ... C.T . cee ... ..A
Nog .. ==-- ..C ... ..T ..A ..T ... .T. ..TCCA ... ... ..T ... AT . .ccCc.. ..C
Fla ve. === ... ... ...TTA ..T ... .TA ... CCA ... ..T ... ..CA.T ... (o] A
Tro .. === ... ... T.. ..A ... ... CIA .ACCCA ..A ... G.AA.. A G.. ..
Meel ... ..TAA. ..T TTT ..T AA. .CC .TA .A. T.A T ..AAA. A.T .AAA.. C.T
Mee2 ... --— AAC ..C TTT .TA AAT --- .TA .A. ... T.A T ..AAA. A.A .AAA.. C.T o]
Del ... ...A.G ... ATGG.AMA. ... ... .T. ACT.A ... ..A ... ..A . A.C ..G A
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Iss1(T) TCA CCA TCA AAT ATT TCA ACC TGA TGA AAC TTT GGA TCA ATT TTA GGA ATA TGT TTA ATA 120
Iss2(I) ..C ..C ..T ..C ... . ..T . ..T ... ..T ... TAA.. ..TT.. ...
Iss3(C) ... ..T ... ... ... ..T ..A . G C .C ... T
Iss4(H) ..C ... ... ... ..C ..A L o] . [} . AL T
Nog R o o Y Y T C.A . T .
Fla D P P T c ... ..TC.. ... ...
Tro F R o S o B S Y R T . ... C.. ... TCC ..C ... ...
Meel crc..¢c ..T ... ... AATTTA ... ... ..TAG ... ..CT.A ... ... .C. ... ... T.T
Mee2 crt ... ..C ... ... AATTTA ... ... ..TAA ... ..TT.AC.. ..TTC. ... ... T.T
Del AT .. TAG. ... ... ..C TA. AT. T .. TG.T ... C.. ..G
I Q I I s G I F L A M H Y s P s T T M A
Iss1(T) ATT CAA ATT ATT TCA GGA ATT TTC TTA GCA ATA CAC TAC TCA CCT AGA ACA ACA ATA GCA 180
Iss2(I) ..C . .C ..AA.. P ..TA.T ... ... .TT T.. T..
Iss3(C) ..A . ..AA A/ Y T T AT .TT T CA
Iss4(H) ..A . C G.G . ... ..TATT. ve+ 42+ ... ..G .AC .T. GA. .C. ...
Nog B I . T.G ..T ... A. ..T .. T A.T ... .AT .TT .AC TAC ...
Fla e+ cee e ... A.. ... ..CAA ... T. e T ..C .AC .TT .A. .AC
Tro ..C .. .C ... . TCA ..T ... T.C..G . . G.C .AC .TT CA. .G. ...
Meel vee ... T.A ... AL ..T C.TA.. T.T ..T ..TAAT T.. TCT ... .GC T.. ..T
Mee2 vee .. T.A ..CA.. ... ..T ... ATT.T ..T .. T AAT T.. TCT ... .AT T..
Del ie. .G T.. ... ..C ... T ... T.T T T GT. .A. CAT
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Iss1(T) TTT AAA AGA ATT ATT CAT ATT ATT CGA GAC GTT AAT TAT GGA TGA TTG GTT CGT AAT ACT 240
Iss2(I) ..C ... ... vt vit eve wu. Goo LT ..T ..A . .. AAAAC ..A ..C ..A
Iss3(C) ..C ... ... ... cil .. ... .CA L ..T LA . ALAAA ..A . LT
Iss4(H) ..C ... ... ... ... ..C ... .cA . AT ..A..C..C... ... AACC.G ..A ..C .TC
Nog .. 6T ... .. ... ... ... .CA L AT ..A..C ... ... ... C.AA ..A ..C .TC
Fla ... GT ... ... ... ..C ... .CA . .T ..A . T . ACT A.G ..A . .TC
Tro P o S PEPY o | W ..T ..A ..C C ... ... AAA LA L. LT,
Meel .. G..TC. ... ... ... ... TCA ... AT ..A... A.. ..T ... ATA ..A TTA .T.
Mee2 .G..TCC ... ... ... ... TCA ... AT ..A...A.. ... ... ATA.. ..ATTA .T.
Del G G.A C .GA . A.T ..A . T .C A A.A ..ATTA ..

H A N G A s M F F I M I Y L H T G R G L
Iss1l(T) CAC GCA AAT GGT GCA TCA ATA TTC TTT ATT ATA ATT TAT TTA CAT ACA GGT CGA GGA CTA 300

Iss2(I) ..T ... LT ... GGT.. ... ... .. ... WTC L. L .o T
Iss3(C) ..T ..T ... ... ..T P F S S S
Iss4(H) ... ... ..C ..A . C.T . G..GT.A ... C.. ... G.. G ... ..GA.T
Nog T L. WAL T T ..T . ..C..CcC.T ... G.. ..A ... .CT A..
Fla ..C ..A . J S € P o S N . T..
Tro T ... .C ... . .T ...GA ... ... ..C ... ..C ..TAA ... - AL
Meel T A. ..A L . T.A .. TG.. .T. C.T ... GT. A.A ... . T,
Mee2 T ..T ..A ... ..T... ..T ..CT.A..T G.A .T. C.C .TC A . T..
Del T ..T ..A LT ... T.. ..T ... ..A ... ..A .T. A.T ..G ..G T A..
Y Y G s Y K L K K T w I s G S I I L L T
Issl(T) TAT TAT GGG TCA TAT AAA TTA AAA AAA ACA TGA ATT TCA GGT TCA ATT ATT TTA TTA ACA 360
Iss2(I) c ... . G oo e oo T Ll L. ... LLAA.. ..A ... C.. A.. .G
Iss3(C) ... ... ..A ... ..C ... ... ... ... «v. ... TGA ... ..AA T.A .G. G.. ... .T.
Iss4(H) ... ... ... ... ... «..Ci. it v wu. ... CA ... ..A ... .A ..AA.T A.G TT.
Nog O | ¢ S ..AA.. AL TT
Fla T LA L C. ARG L. A
Tro TC cC..A ... . .. A.. GCA ... A.. A.. ...
Meel T T. ..A ..C ... ... .. i the vie iie v v ... BAT ... o.. o ... oLT.
Mee2 T A LLT L. L. ii. . tid iie si4 it wue .. AATT.. ... ... C.. .=-
Del ..T . .T. .T. AA. ... ... GIT ... T.. ... ... A..T.. ... A.. C.T .TC

Fig. 1. Alignment of the fulgoroid cytochrome b sequences with derived amino acid sequence of the 1st taxon presented in single letter
forms. Taxa are abbreviated as the first 3 letters of family names while numbers represent the different subfamilies of Issidae, and
the different species of Meenoplidae which are listed as follows: Iss1 = Tonginae, Tonga botelensis; Iss2 = Issinae, Eusarima astuta;
Iss3 = Caliscelinae, Mushya fasciata; Iss4 = Hemisphaerinae, Epyhemisphaerius tappanus; Nog = Nogodinidae, Mindura subfusciata
kotoshoenis; Fla = Flatidae, Phylliana serva; Tro = Tropiduchidae, Kallitaxila sincia; Mee1 and Mee2 = Meenoplidae, Nisia serrata and
N. lansunensis, respectively; Del = Delphacidae, Purohita taiwanensis. A deletion is denoted by a hyphen (-), and a dot (.) is identical
to the 1st nucleotide sequence.
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Table 1. Proportion of nucleotide divergence (above diagonal) and the ratio of transition over transversion

(below diagonal) of the COB gene

Iss1(T) Iss2(1) I1ss3(C) Iss4(H) Nog Fla Tro Mee1 Mee2 Del

Iss1 (T) 0.207 0.168 0.210 0.182 0.182 0.215 0.311 0.332 0.275
Iss2 (1) 0.762 0.204 0.277 0.212 0.207 0.238 0.324 0.301 0.322
Iss3 (C) 0.538 0.698 0.218 0.190 0.184 0.215 0.324 0.326 0.271
Iss4 (H) 0.705 0.707 0.660 0.229 0.218 0.226 0.355 0.377 0.330
Nog 0.773 0.727 0.581 0.519 0.182 0.240 0.305 0.304 0.294
Fla 0.711 0.609 0.610 0.773 0.711 0.198 0.322 0.329 0.294
Tro 0.974 0.889 0.750 0.884 0.911 0.821 0.347 0.338 0.333
Mee1 0.436 0.547 0.381 0.460 0.416 0.494 0.550 0.108 0.352
Mee2 0.463 0.514 0.386 0.446 0.390 0.487 0.545 1.000 0.323
Del 0.523 0.494 0.426 0.532 0.479 0.522 0.700 0.366 0.295

Table 2. Average ratio of transition over transve-
rsion for the different level comparisons

Level Ts: Tv
Order-Order® 1:2.26
Order-Suborder® 1:2.23
Mee-fulgoroids 1:212
Del-fulgoroids (excluding Mee) 1:1.91
Interfamilies® 1:1.50
Intersubfamilies of Issidae 1:1.47
Intragenus (Nisia, Anopheles, and Drosophila) 1 : 0.81

#The average ratio of the 3 insect orders Diptera, Hymenoptera,
and Homoptera.

®The ratio involves the values of suborder to suborder of
Diptera.

¢The ratio comes from Tropiduchidae-group, excluding Mee,
Del, and Tro.

sites were constant. The partial sequence data of
the 16S rDNA gene for all 9 species are presented
in Fig. 2. The nucleotide compositions of guanine,
adenine, thymine, and cytosine are 15.2%, 32.0%,
45.5%, and 7.3%, respectively and the composition
is similar to that of other insects (Fang et al. 1993,
Xiong and Kocher 1993) and mites (Black IV and
Piesman 1994). The average substitution propor-
tion (Table 3) between cicadellids and fulgoroids is
0.30, which is more significant than the compari-
sons within fulgoroids (0.20). The observed nucle-
otide divergences increase with increasing taxo-
nomic distances, in which the average nucleotide
differences between Delphacidae and the other
fulgoroids is 0.25; and between Meenoplidae and
the other fulgoroids (excluding Delphacidae) is
0.21. The average difference among the subfamily

Table 3. Proportion of nucleotide divergence (above diagonal) and the ratio of transition over transversion

of the 16S rDNA gene (below diagonal)

Iss1(T) Iss2(1) Iss3(C) Iss4(H) Nog Fla Tro Mee2 Del Cic
Iss1(T) 0.183 0.180 0.160 0.147 0.167 0.179 0.221 0.245 0.313
Iss2(1) 0.224 0.173 0.148 0.191 0.175 0.219 0.248 0.275
Iss3(C) 0.321 0.278 0.209 0.176 0.196 0.221 0.238 0.255 0.283
Iss4(H) 0.378 0.288 0.373 0.145 0.180 0.178 0.225 0.248 0.309
Nog 0.213 0.357 0.360 0.267 0.158 0.189 0.217 0.257 0.292
Fla 0.300 0.321 0.267 0.429 0.356 0.164 0.224 0.266 0.321
Tro 0.169 0.155 0.133 0.211 0.197 0.370 0.212 0.239 0.309
Mee2 0.217 0.277 0.233 0.284 0.169 0.349 0.212 0.243 0.318
Del 0.329 0.306 0.329 0.418 0.324 0.295 0.197 0.282 0.322
Cic 0.229 0.284 0.230 0.272 0.220 0.271 0.182 0.311 0.319




50

Issl(T) GCTAAGGTAG CATAATAATT AGTCTTTTAA TTGAGGTCTG GAATGAATGG
ISS2(I) tiiviieeee tevennnnns sanannns ce e N
Iss3(C) ..... Ceeee teeieeaaee seeeeeeeas Al S
ISSA(H) vuivtinnnee tnnncnnnne conennanns Ceeeeeen -
Nog @ L AL it ittt teeesteees araeeean te sescacenan
Fla N

Tro

Mee2

Del

Cic . .AGAAG. .A

Issl(T) TTTTTTTTGA ATTTTATATT TTTGTTAAAA AGCTTAAGTT

Iss2(I) .....oven. «e..GT.T.. ..A....... TT..A..A.G

Iss3(C) LGLALLLL .. T.. .AAT...... ..ALL...AL.

Iss4 (H) ce eeeneae T.A ...CATTA.G

Nog ALl .. TAT. .G....... TT.CA..A..

Fla = ..... Gever tennnn G.. .G....... TT.CA..A.. TTT..A..G
Tro A...A...-. ....A..T.. A......... C..AAT.A.. .TTTGA....
Mee2 A....-.... A..A..T.. AAA....... TT...T.A.. .TT...G.G.
Del ..AC.-.... ....A..T. Ao...... ....A..A.. TTT..AT.G.
Cic ARAA..-AA-. ...... AT.. .GG....... T...C..T.. CTTTTT..G.
Issl(T) ---TTTTTTT TTAATTTTTT TTGTTG--TT TATTGGTTAT TTAAATTT-A
Iss2(I) ..T..A.... A.-T...... eeeeeeees. JT..AT...A .AT..-A..T
Iss3(C) ....A.A... A..TA.A... ......TT.A ....TA.A.A AATT..A.T.
Iss4(H) AAA.AA...- ...T...... G....TGT.. .T..T..... .--.T..G..
Nog AAT..A...A ...T...... ves...TA.. ... TT.... .--T..A..T
Fla CLLALL.. LWTG. i hs c it i i .TAA.A.... ...TT.A.G.
Tro TAT....... .TT..C JA..GT.. .TA.TTAA.. ...T.A.A.
Mee2 AAT....A.A ..T.G..... ~---.TA. .T..TAAA.. ..------ .
Del TTT.A.C..- -A.T..C..G G.TAATAAAA .G..AAAAT. .....AAA..
Cic ..C.AAA .A. AATT.AG..G G.T..TTT.. ...ATAAAT. .ATT.AA.TT
Issl(T) TAA-ACTTTA ATTTTTTTTT TACTTTTTTT ATGAATT-T- -TTGATCCTT
Iss2(I) ACA....... O Y - S P
Iss3(C) ACA...G...

Iss4 (H) ACA.A.A...

Nog ACA...A...

Fla ACA.......

Tro ACA.......

Mee2 ACA..AA..G

Del ACA.AAA.AA ...-TA.A.. .......T.A
Cic .CA..A.... ..--G.AG.T T....... A.
Issl(T) GGGATAACAG CGTTATAAAT CTGGAAAGTT CTAATTGATA GATTTGTTTG
Iss2(I) ..... . e +.A...T.AT....T.... A...o.n. AT.A......
Iss3(C) ...CA... ..A.......
Iss4 (H) . S
Nog N se. o.ALLLL
Fla = .......... AA....T. .....G...i 0. C.... ..C.......
Tro ees «.T....... A..A.T
Mee2 ... JAT...T... A......0...
Del ... .AT.. ... A.. «...A
Cic ... .AC..CT... CTAAAT....

Fig. 2. Alignment of the fulgoroid 16S rDNA sequences. Designations used here
Cic = Cicadellidae, Macrosteles fascifrons, is from Fang et al. (1993).
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ATTCACGAGG AATATACTTT ATTAATTTAA
T.AG..... A ....A..... ... T.A..T.
T.GG.T..AA ..A.A..... ..... ...TT
T.GA..... A ...T...... ...GT...T
T.GG..... A ... T.T.... ...TT...T.

....... . T L
fheeeceses seanaaeaas ..A....A.A
S e eiceens sesasanees ..AL.TT...
.................. A. ....------
240
TTTTTTTTGT TGGGGAGATA GATAAAATTT
....... . . T..C. AT........
mhesean ceees T..C. A...... A..
WAL ¢ reeee T..C. .T........
cecsesean saass Teeer cevennn AC
ALLWALL L. T...TA...... A..
--AA.... cee..T..Co TT.. ...l
TV TT...... AA.
==Ai.iiiie aee.. T..C. TTA...T...
A... AL ... T..C. .T....T...
320
AATTTTGGAT TATAAGAATA AGATACCTTA
CT..G.T... ..A....TA. ...... ceen
ee..T... ATC....TC. ........ C.
...... T... ceessesean
eee...T.T. .
TT..AGT... .TA....TA. ..........
.CA...A... ..A.AT.. ..........
.TA.-AT... A......TA. ..T.......
400
CGACCTCGAT GTTGGATTAA TTTGTTACTG
.................... AC.T.ATT..
.................... C..AAATT..
.................... AG.T......
ceteceas sececsanen ...AAAG..A
N AA.T.ATT..
ceeteceses ceeaassans AA.T..TT..
..... A... A..... AA.T...GGA
[N Al A.ARAA . ---
....... eee «...A..... GA.AAA.AAA

are the same as in Fig. 1. The sequence of
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members of Issidae is 0.18, which is indistinguish-
able from the average difference among lIssidae,
Flatidae, Nogodinidae, and Tropiduchidae (~ 0.18).
The same extent of nucleotide differences are
shown between Issidae and the other Tropi-
duchidae-group members in the 16S rDNA gene as
that in the COB gene. These results, obtained
from both genes, suggest that the divergent time of
the subfamily members of Issidae might be similar
to that of the other family members (excluding
Meenoplidae and Delphacidae) of the
Tropiduchidae-group. If such an inference was cor-
rect, then the phylogenetic relationships of the
Issidae might not be easily resolved using molecu-
lar data (Yeh et al. 1997). The ratio of transitions
over transversions does not exist in a normalized
way in this gene. The ratio values between
Flatidae and the others are the largest, and the
ratio values between Tropiduchidae and the others
are smaller than in the comparisons of the other
taxa.

Phylogenetic analysis

For the COB gene sequences only substitu-
tions of the 1st and 2nd codon positions were in-
cluded in the calculations of the nucleotide dis-
tances, since the transitions of the 3rd codon posi-
tion might have evolved to saturation (Irwin et al.
1991, Bowen et al. 1993). The phylogenetic trees
reconstructed using the proportion distances and
the pairwise distance models of Jukes-Cantor,
Kimura 2-parameter, Tamura, and Tamura-Nei are
all identical (Fig. 3A). Obviously, these molecular
trees suggest that Meenoplidae is the most basal
lineage with the next one being Delphacidae, and
these are consistent with the information from pro-
portion distances of the gene. Flatidae is grouped
with Tropiduchidae, then clusters to Iss4(H). The 4
subfamilies of Issidae are not grouped together,
which might be similar to the inferences of Yang
and O'Brien, and Wilson which suggest that Issidae
is not a monophyletic group. In the analysis of the
16S rDNA sequences, only transversions are in-
cluded, because transition substitutions in other
insects, such as black flies (Xiong and Kocher
1991 1993) and leafhoppers (Cicadellidae) (Fang
et al. 1993) have evolved rapidly to saturation. The
phylogenetic tree (Fig. 3B), reconstructed with the
16S rDNA nucleotide sequences, is identical re-
gardless of distance models used, and reveals
general congruence with that of the COB gene.
Delphacidae is the most basal lineage, while the
next one is Meenoplidae. Flatidae is grouped with

Tropiduchidae, then grouped to 2 Issidae subfami-
lies, Iss1(T)-Iss4(H). The 4 subfamilies of Issidae
are not grouped together. The 2 phylogenetic tree
reconstructions always group Flatidae with
Tropiduchidae, with Meenoplidae and Delphacidae
each being a distinct basal lineage. The relation-
ships of Issidae and Nogodinidae are ambiguous,
and the 4 subfamilies of Issidae are not always
grouped together.

Iss2 (1)

Iss3 (C)
Iss1 (T)

Iss4 (H)

Fla
Tro

Nog

Del

Mee1

—— Mee2

B — — lIss1 ()

Iss4 (H)

Fla
Tro
Iss3 (C)
Iss2 (I)

Nog

Mee2

Del

Cic

0.01

Fig. 3 (A). Phylogenetic trees inferred from the partial COB
sequence data by the Neighbor-Joining method of the following
pairwise distance models including proportion distance, Jukes
and Cantor, Kimura 2-parameter, Tamura, and Tamura-Nei.
Designations used here are the same as in Fig. 1. (B). Phylo-
genetic tree inferred from the partial 16S rDNA gene sequences
by Neighbor-Joining method of the following pairwise distance
models including proportion distance, Kimura 2-parameter,
Tamura-Nei, Gamma (Kimura 2-parameter). Designations used
here are the same as in Fig. 1
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DISCUSSION

It is well known that nucleotide sequence com-
positions of insect mtDNA are rich in adenine and
thymine. When COB gene nucleotide sequence
compositions of the 3 insect orders Diptera, Hy-
menoptera, and Homoptera are compared (Table
4), all of them are AT rich in this gene. However,
among these 3 insect orders there are some signifi-
cant differences in nucleotide compositions. In the
total nucleotide sequence compositions, guanine
and cytosine are lower in Hymenoptera than in the
other 2 insect orders, Diptera and Homoptera. The
thymine proportion is similar to adenine in
Homoptera, but is 10% higher than adenine in
Diptera and Hymenoptera. There are many varia-
tions among these taxa; Diptera and Hymenoptera
show great divergence from each other, although
both are holometabolous insects. Thus, we might
be able to obtain a base composition cline among
members within the same order. Highly biased
base compositions at different codon positions are
seen in these 3 insect orders. Bias at the 2nd
codon position is against adenine, and thymine is
distributed equally in each codon position. Bias at
the 3rd codon position against guanine and cy-
tosine could be observed in these 3 insect orders,
and the same observation has been made in the
cytochrome oxidase | gene of beetles (Howland
and Hewitt 1995). It is very interesting that the
guanine proportion is very low in this codon posi-
tion, and even reaches 0 in Hymenoptera. Al-
though, it is well known that most mutations at
codon position 3 are synonymous substitutions, yet
our results show that substitutions at this codon
position might not be random.

Table 2 indicates that the ratios of transitions
over transversions of the COB nucleotide se-
quences increase linearly with taxonomic distance

below the level of suborder; therefore substitutions
in the COB nucleotide sequences are adequate to
provide phylogenetic information within fulgoroids.
The average ratio between Meenoplidae and the
other fulgoroids is 1:2.12, which is almost identical
to the values among the 3 orders (1:2.26). Thus,
the transition over transversion ratio of the COB
gene in fulgoroids has reached a steady-state
level, whereas the increase in pairwise nucleotide
differences between distant affinity families is due
to transversion substitutions. Furthermore, scatter
plots between total substitutions and transversions
are linear, whereas transversions increase with to-
tal substitutions (data not shown), therefore,
transversions can be used as a suitable criterion in
analyzing the distant affinity family relationships of
fulgoroids.

Molecular data analyses of both the COB and
16S rDNA genes agree with Emeljanov’s conclu-
sions that Delphacidae and Meenoplidae are more
basal in Fulgoroidea (Emeljanov 1990) but are not
consistent with other previous results (Muir 1923,
Asche 1987). But, in the 16S rDNA gene analysis,
Delphacidae is the most basal, while in the COB
gene analysis it is Meenoplidae. These results
may be due to different properties of the genes. In
addition, the relationship of Meenoplidae and
Delphacidae is distant, which is in disagreement
with the morphological data of nymphs in which
Meenoplidae clusters with Delphacidae and is situ-
ated on the advanced evolutionary lineage (Chen
and Yang 1995). Different morphological charac-
ters appear to reveal different relative phylogenetic
positions of Meenoplidae and Delphacidae. These
contrasting phylogenetic positions may be due to
the phenomenon of convergent evolution. The
molecular results from either distance matrix
(Tables 1, 3), or the phylogenetic analyses (Fig. 3)
of both genes, strongly support Meenoplidae and

Table 4. Total base composition and at 1st, 2nd, and 3rd codon positions for 3 insect orders Diptera,

Hymenoptera, and Homoptera

Total First

Second Third

G A T C G A T

C G A T C G A T C

Diptera® 144 306 408 142 231 271 355
Hymenoptera® 86 36.7 453 94 117 424 358
Homoptera® 111 379 363 147 144 413 307

143 192 231 379 198 1.0
101 142 242 475 142 00 433 525 42
139 161 248 397 194 32 475 385 109

416 488 86

@ Data from D. yakuba, D. melanogaster, A. gambiae, and A. quadrimaculatus.

® Data from A. mellifera.
¢ Data from fulgoroids in this paper.
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Delphacidae being located on the basal lineages
among fulgoroids. This concurs with results ob-
tained from nuclear 18S rDNA nucleotide se-
quences (Campbell et al. 1995). Flatidae and
Tropiduchidae are grouped together when both
genes are used, and that is consistent with the
morphological data (Yang and Fang 1993).
Nogodinidae is closer to Issidae than to Flatidae,
but their phylogenetic position is unclear; thus it
may be necessary to analyze the remaining fami-
lies of Fulgoroidea in order to clarify the relative
position of Nogodinidae. The 4 Issidae subfamilies
are not grouped together using either gene. Using
the COB gene, Hemisphaerinae is grouped with
Flatidae-Tropiduchidae, and the other Issidae sub-
families are grouped together. But when the 16S
rDNA gene is used, Hemisphaerinae-Tonginae are
grouped with Flatidae-Tropiduchidae and Issinae,
and Nogodinidae is grouped with Caliscelinae. It is
reasonable to conclude that members of Issidae
are not clustered together if Issidae is not a mono-
phyletic family. Furthermore, what evolutionary
process did Issidae go through if it is homoge-
neous? The proposal that the speciation process
can take place in a short period of time has in-
creasingly turned out to be a rule rather than an
exception (Helm-Bychowski and Cracraft 1993).
Thus the phylogenetic position of Issidae could be
easily misjudged if members of Issidae evolved
according to this proposal. In addition, it is gener-
ally accepted that hot spot mutation of a gene
would increase over time with the mutation propor-
tion eventually reaching saturation. Thus, in a
higher category, even if the ancestral lineage of
each clade is still extant, it might still be difficult to
deduce the correct phylogenetic relationships by
DNA sequence due to a saturation effect (Yeh et
al. 1997).

Using the nuclear 18S rDNA nucleotide se-
quence to evalvate the relationships of holometab-
olous insects, the sequence divergences within the
orders of Lepidoptera, Coleoptera, and Diptera
have been found to be 5%-8%, 8%, and 11%-14%,
respectively (Carmean et al. 1992). The nucleotide
proportion distance of the 18S rDNA gene between
hymenopterous families is 1.8% (Pashley et al.
1993). The same gene sequences have been
used to infer that homopterous insects are
paraphyletic, in which 5 families of fulgoroids are
involved (Cixiidae, Delphacidae, Dictyopharidae,
Flatidae, and Issidae), and the proportion distances
of the conserved gene among these 5 families are
1.5%-6.3% (Campbell et al. 1995). These results
show that nucleotide information of the nuclear 18S

rDNA gene might not be suitable for analysis of
phylogenetic relationships of close affinity families
since its nucleotide variations are relatively low.
The nucleotide sequence divergences of the partial
16S rDNA and COB genes between species within
a genus, close families, and distant families are
about 10%, 20%, and 30%, respectively. MtDNA
sequence divergences begin to plateau at 30%
variation; presumably the genome becomes satu-
rated with substitutions at the variable sites (Moritz
et al. 1987). The proportions of nucleotide dis-
tances of the 16S rDNA gene (Table 3) show that
the proportion distances between leafhoppers
(Cicadellidae) and planthoppers (Fulgoroidea) is
about 30%, which means that the nucleotide se-
guence divergences of the 16S rDNA gene at the
superfamily level may have reached saturation.
The proportion distances (Table 1) and transitions
over transversions ratio (Table 2) of the COB
nucleotide sequence comparisons show that the
nucleotide differences have nearly reached a satu-
ration level. Usually, in protein coding genes the
mutation rate of transition substitution is faster than
that of transversion substitution, and different
codon positions have different adaptive evolution-
ary properties. Selecting codon positions with suit-
able nucleotide divergences should be a necessary
criterion to analyze phylogeny. Nucleotide informa-
tion of both 16S rDNA and COB genes reveals that
the 2 genes can be candidate genes for studying
the relationships of Fulgoroidea.

The basic phylogenetic proximities of Fulgo-
roidea lineages have been debated since 1923. A
variety of phylogenetic trees based on different
adult morphological characters have been ob-
tained. Fulgoroid phylogeny based on nymphal
characters appears different from that based on
adult characters (Yang and Fang 1993, Chen and
Yang 1995). Molecular data from fulgoroids ac-
cording to nuclear 18S rDNA sequences (Campbell
et al. 1995) suggest that this gene is too conserved
to be usful in judging affinities of distal families
within the same lineages. In our studies, based on
the nucleotide sequences of the partial 16S rDNA
and COB genes, some resolution of these difficul-
ties has been obtained. We conclude that (1)
Meenoplidae and Delphacidae each is a basal lin-
eage in fulgoroids; (2) Flatidae are closer to
Tropiduchidae than to the other fulgoroids; (3)
Issidae is a nonhomogeneous group except that
the members of Issidae have special adaptive evo-
lutionary processes; and (4) both genes can be
candidate genes for studying the relationships of
fulgoroids.
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