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The utility of a nuclear protein-coding gene for reconstructing phylogenetic relationships within the family Culicidae 
was explored. Relationships among 13 species representing three subfamilies and nine genera of Culicidae were 
analyzed using a 762-bp fragment of coding sequence from the eye color gene, white. Outgroups for the study were 
two species from the sister group Chaoboridae. Sequences were determined from cloned PCR products amplified 
from genomic DNA, and aligned following conceptual intron splicing and amino acid translation. Third codon 
positions were characterized by high levels of divergence and biased nucleotide composition, the intensity and 
direction of which varied among taxa. Equal weighting of all characters resulted in parsimony and neighbor-joining 
trees at odds with the generally accepted phylogenetic hypothesis based on morphology and rDNA sequences. The 
application of differential weighting schemes recovered the traditional hypothesis, in which the subfamily Ano- 
phelinae formed the basal clade. The subfamily Toxorhynchitinae occupied an intermediate position, and was a 
sister group to the subfamily Culicinae. Within Culicinae, the genera Subethes and Tripteroides formed an ancestral 
clade, while the Culex-Deinocerites and Aedes-Huemgogus clades occupied increasingly derived positions in the 
molecular phylogeny. An intron present in the Culicinae-Toxorhynchitinae lineage and one outgroup taxon was 
absent in the basal Anophelinae lineage and the second outgroup taxon, suggesting that intron insertions or deletions 
may not always be reliable systematic characters. 

Introduction 

The family Culicidae contains about 3,500 species 
of mosquitoes, which have been classified into three 
subfamilies: Anophelinae, Toxorhynchitinae, and Culi- 
cinae (Knight and Stone 1977). Over 80% of these spe- 
cies are Culicines, making this the most diversified sub- 
family. Culicidae is considered to be monophyletic and 
a sister group of the family Chaoboridae (Wood and 
Borkent 1989). The fossil record indicates that the main 
mosquito lineages were well differentiated by the late 
Eocene, about 38 MYA (Bates 1949; Poinar 1992). The 
oldest mosquito fossil was found in Canadian amber 
from the late Cretacious (Poinar 1992), but since all the 
main Dipteran lineages were present in the Upper Tri- 
assic 210-220 MYA (Krzeminski 1992 as cited in Oos- 
terbroek and Courtney 1995), the mosquito stem lineage 
probably existed by the Jurassic (Edwards 1932; Belkin 
1962). 

The Culicidae as a group have received relatively 
little attention from phylogenetic systematists, in spite 
of their spectacular diversity and worldwide distribution. 
A partial explanation must lie in the economic or med- 
ical importance of a handful of species and the conse- 
quent focus on identification and incrimination of these 
vectors of malaria, filariasis, and arboviruses. A further 
historical explanation is provided by the extreme rarity 
of fossils, which made it difficult to deduce the evolu- 
tionary sequence of morphological characters. Never- 
theless, the Culicidae present an interesting set of evo- 
lutionary questions that might fruitfully be explored in 
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light of accurately reconstructed phylogenetic relation- 
ships. For example, what features might have been re- 
sponsible for the increased diversification seen in the 
Culicine clade? Referring to the superfamily containing 
both mosquitoes and chaoborids, Rohdendorf (1974, p. 
51) described it as relatively monolithic and monoto- 
nous. In mosquitoes, chromosome complement (2n = 6) 
is also invariant, with a single known exception in the 
Anopheline genus Chagasia (Chagasia bathana, 2n = 
8) (White 1980; Rao and Rai 1987a). However, mos- 
quitoes have diversified into species capable of breeding 
in almost any conceivable body of fresh, polluted, or 
brackish water, from bromeliads, tree holes, and crab 
holes to man-made containers and warm mineral water 
springs (e.g., Bates 1949). Radiation at both microevo- 
lutionary (sibling speciation) and macroevolutionary 
levels has been accompanied by chromosomal repattern- 
ing (e.g., Green 1982; Coluzzi, Petrarca, and DiDeco 
1985; Matthews and Munstermann 1994) and changes 
in genome size and organization (e.g., McLain, Rai, and 
Fraser 1987; Rao and Rai 1987b, 1990; Black and Rai 
1988; Kumar and Rai 1990). 

The vast majority of molecular phylogenies at all 
taxonomic levels have relied on either mitochondrial 
DNA (mtDNA) or nuclear ribosomal DNA (rDNA) 
(Hillis and Dixon 1991; Simon et al. 1994). Both share 
the advantages of technical ease, availability of con- 
served PCR primers useful in a wide range of taxa, and 
a large database from preceding studies. However, 
mtDNA may be less useful at higher taxonomic levels 
because of bias in base composition and multiple sub- 
stitutions at silent sites. Regions of rDNA can be diffi- 
cult to align, and nucleotide sites subject to saturation 
are more difficult to predict. Nuclear protein-coding 
genes offer an attractive alternative, combining the ad- 
vantages of relative ease of alignment and unambiguous 
identification of rapidly evolving sites with the flexibil- 
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FIG. l.-Evolutionary taxonomic tree of the Culicidae, pruned 
from that of Ross (1951). At that time, Chaoborus was placed within 
Culicidae, and the designation “Megarhinus” (no longer in use) con- 
tained Toxorhynchites. 

ity of choosing genes that evolve at appropriate rates for 
a given systematic question (Brower and DeSalle 1994; 
Soto-Adames, Robertson, and Berlocher 1994). Some 
recent examples have been the glucose-6-phosphate de- 
hydrogenase gene in insects (Soto-Adames, Robertson, 
and Berlocher 1994), the alcohol dehydrogenase gene in 
Drosophila and related genera (Russo, Takezaki, and 
Nei 1995), and the phosphoenolpyruvate carboxykinase 
gene (Friedlander et al. 1996) and elongation factor- lo 
gene (Cho et al. 1995) in Lepidoptera. Several labora- 
tories have been working with the single-copy nuclear 
gene white, a homolog of the Drosophila melanogaster 
eye color gene (Besansky et al. 1995; Zwiebel et al. 
1995). Although a primary motivation has been the de- 
velopment of phenotypic markers for germline transfor- 
mation, we have been exploring its utility in Dipteran 
systematics. 

Decades before the wide acceptance of molecular 
systematics, Bates (1949) wrote, “The phylogeny of 
mosquitoes, like that of other animal groups, offers a 
fascinating field for speculation, but speculation it must 
remain because of the completely fragmentary character 
of fossil material in the group.” Just 2 years later, Ross 
(1951) published his speculation, an evolutionary taxo- 
nomic classification of Culicidae based on morphologi- 
cal characters (fig. l), unfortunately without providing 
character state information. Although it seems likely that 
the relationships were interpreted based on a subjective 
assessment of similarities, the placement of Anophelinae 
at the base of his tree reflected, and continues to reflect, 
the prevailing opinion of most mosquito taxonomists 
(Harrison and Scanlon 1975, p. 24), and agrees with 
preliminary results based on 18s and 28s rDNA se- 
quences (Miller, Crabtree, and Savage 1996a; Pawlow- 
ski et al. 1996). However, the rDNA-based studies were 
not focused on the Culicidae per se, and included only 
four taxa from this family. No comprehensive, testable 
phylogenetic hypothesis of mosquito phylogeny has 
been published to date. In the present study, we recon- 
struct the evolutionary history of Culicidae as told by 
the white gene, using- sequences from 13 species, rep- 
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Classification and Sources of Species Examined 

Family Culicidae 
Subfamily Anophelinae 

Genus Anopheles 
Subgenus Anopheles 

Anopheles freeborni (Fl strain, Centers for Disease Control 
[CDCI) 

Subgenus Cellia 
Anopheles gambiae (SUA strain, CDC) 

Subgenus Nyssorhynchus 
Anopheles albimanus (TIQUI strain, CDC) 

Genus Bironella 
Subgenus Bironella 

Bironella grucilis (collected in New Guinea by R. Cooper) 
Subfamily Culicinae 

Genus Aedes 
Subgenus Protomacleaya 

Aedes triseriatus (collected in Ga. by C. Porter) 
Subgenus Stegomyia 

Aedes aegypti (BE strain, CDC) 
Aedes albopictus (collected in Ga. by E Collins) 

Genus Haemagogus 
Huemagogus equinus (Univ. Notre Dame) 

Genus Culex 
Subgenus Culex 

Culex quinquefusciatus (SAIMR strain, CDC) 
Genus Deinocerites 

Deinocerites cancer (Univ. Notre Dame) 
Genus Sabethes 

Sabethes cyaneus (Univ. Notre Dame) 
Genus Tripteroides 

Tripteroides bambusa (Univ. Notre Dame) 
Subfamily Toxorhynchitinae 

Genus Toxorhynchites 
Subgenus Lynchiella 

Toxorhynchites rutilus (Fla. Medical Entomol. Lab) 
Family Chaoboridae 

Subfamily Chaoborinae 
Genus Chaoborus 

Chaoborus astictopus (collected in Calif. by G. Fritz) 
Subfamily Eucorethrinae 

Genus Eocorethra 
Eucorethru underwoodi (collected in Calif. by G. Fritz) 

resenting three subfamilies and nine genera, and 2 spe- 
cies from the sister group Chaoboridae. The white gene 
is potentially informative for this purpose, but the in- 
formation is not distributed uniformly across all char- 
acters, nor is base composition uniform across all taxa. 
Congruence between the white gene tree and either mor- 
phology-based or rDNA-based classifications depends 
upon the weighting scheme adopted. 

Materials and Methods 
Molecular Methods 

Mosquitoes were field collected or obtained from 
colonies (table 1). Genomic DNA was extracted from 
individual specimens (Collins et al. 1987). Degenerate 
oligonucleotide primers for PCR were designed based 
on an amino acid alignment of D. melunogaster and 
Anopheles gambiae white genes (Besansky et al. 1995). 
These were WZ2E, 5’-AA{ T,C}TA{ T,C}AA{T,C,}- 
CCIGCIGA{T,C}TT{T,C}TA-3’, and WZllX, 5’- 
TTIA{ G,A} { G,A}AA{G,A}AAICCICC{ G,A}AA-3’, 
where brackets enclose degenerate positions and I = 
inosine. These primers correspond to positions 12483- 
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12505 and 13314-13333, respectively, in the published 
An. gambiae white sequence (Besansky et al. 1995; 
GenBank accession number U29485). Each 50-pl PCR 
reaction contained 1.5 mM MgCl,; 50 mM KCl; 10 mM 
Tris-HCl, pH 8.3; 0.001% gelatin, 200 p,M each dNTP 
(Perkin Elmer), 2.5 U Taq polymerase (Perkin Elmer, 
Boehringer Mannheim, or GibcoBRL), 100 pmol each 
primer, and 1 ~1 template DNA (one 100th of the DNA 
extracted from a single mosquito, except Bironella grac- 
ilis, one 2,000th). After 60 s at 93OC, 35 cycles of 20 s 
at 93”C, 60 s at 45”C, and 2 min at 72°C were per- 
formed. PCR products had restriction sites incorporated 
into both primers. Initially, PCR products were cloned 
into pBluescript II SK+ (Stratagene) following digestion 
with appropriate enzymes (EcoRI and Xba I). Subse- 
quently, we found it more efficient to clone directly into 
pCRI1 using the TA Cloning Kit (Invitrogen). Southern 
analysis from a subset of taxa (An. gambiae, An. albi- 
manus, Aedes aegypti) suggested that white was present 
in a single copy; we presume this is the case for the 
other taxa. 

Sequences were determined manually from double- 
stranded plasmid template using the Sequenase Version 
2 Kit (Amersham Life Science) with 35SdATP, or on an 
ABI 377 automated sequencer using the Dye-deoxy ter- 
minator kit (Perkin-Elmer/ABI). Universal and reverse 
primers as well as sequence-specific internal primers 
were used. Comparison of cloned sequences obtained 
from different individuals, or multiple clones from the 
same individuals, showed mismatches only in introns or, 
rarely, in third codon positions. The misincorporation 
rate of Taq polymerase during PCR was not quantified 
for these conditions, but based on rates of 0.22%-0.25% 
estimated for similar conditions (Saiki et al. 1988; Eick- 
bush and Eickbush 1995), this low amount of error 
should not have significantly affected the results. Se- 
quences have been deposited in GenBank (accession 
numbers U73826U73839). 

Sequence and Phylogenetic Analysis 

Sequences were analyzed with the GCG Sequence 
Analysis Package (Genetics Computer Group 1994) as 
follows. Conceptual translations were handled with the 
MAP program to confirm their identity as white gene 
sequences. Guided by canonical intron splicing signals 
and comparisons to translations of available white gene 
cDNAs (D. melanogaster, Pepling and Mount 1990; An. 
gambiae, Besansky et al. 1995; Ceratitis capitata, Zwie- 
be1 et al. 1995), introns were identified and “spliced 
out” using the program SEQED. (This was necessary 
because the introns could not be aligned reliably; their 
presence or absence at a particular location, however, is 
considered below). After eliminating the primer se- 
quences, the remaining coding sequences were translat- 
ed into amino acids (TRANSLATE) and aligned (PILE- 
UP), with the default settings of gap weight = 3, gap 
length weight = 0.1. Visual inspection of the alignment 
revealed no obvious problems. Manual adjustment was 
therefore avoided to remove the possibility of subjective 
bias. However, the stability of this alignment under gap 
weights ranging from 0.66 to 100 was explored (Gatesy, 

FIG. 2.--Schematic representation of the intron-exon organization 
of the An. gambiae white gene, indicating the approximate location of 
the region under study. Black rectangles represent exons, identified by 
Roman numerals; horizontal lines represent introns. The gene is drawn 
roughly to scale, except for the very long first pair of introns, shown 
with double cross-hatches. Asterisk indicates the position of an addi- 
tional intron not present in anophelines. 

DeSalle, and Wheeler 1993), and will be presented in 
the Results section. The amino acid alignment was used 
to guide the nucleotide alignment (fig. 3), upon which 
all subsequent phylogenetic analyses were based. 

Basic sequence statistics and distance estimations 
were calculated, and the neighbor-joining method of 
phylogenetic analysis implemented, using MEGA (Ku- 
mar, Tamura, and Nei 1993). Codon usage bias was cal- 
culated using CODONS (Lloyd and Sharp 1992). Cla- 
distic analysis was carried out with PAUP 3.1.1 (Swof- 
ford 1993), using the branch-and-bound algorithm un- 
less otherwise noted. For both types of phylogenetic 
analyses, two chaoborid midges, Chaoborus astictopus 
and Eucorethra underwoodi, were used as outgroups. 
Alignment gaps were eliminated from all sequences in 
distance computations; in PAUP gaps were treated as 
missing data and were also coded as two-state characters 
at the end of the data set. Successive-approximations 
character weighting, when applied, was performed with 
the reweight characters option of PAUP Bootstrapping 
(Felsenstein 1985) based on 500 replications, each with 
10 random additions of taxa and tree bisection-recon- 
nection branch swapping, was performed on all analyses 
with the heuristic search option of PAUP 3.1.1. 

Results 
Sequence Variation 

The structure of the white gene in An. gambiae (Be- 
sansky et al. 1995) is given in figure 2. The region se- 
lected for this study represents approximately one-third 
of the coding portion of the gene, and spans most of 
exon IV and part of exon V. Intron 4 was inserted be- 
tween codons 107 and 108 (as defined in fig. 3) in all 
mosquitoes and both chaoborid midges examined. An 
additional intron interrupted codon 228 in all mosqui- 
toes except anophelines, and in one of the midges, C. 
astictopus. This intron was not present in the white 
genes of D. melanogaster (Pepling and Mount 1990) or 
C. capitata (L. Zwiebel, personal communication). Be- 
cause both introns were short in mosquitoes, ranging 
from 56 to 181 bp and from 53 to 469 bp, respectively, 
they did not pose a problem for PCR amplification. 
Thus, we were able to use genomic DNA as template 
rather than cDNA, an advantage given the relative in- 
stability of RNA and the difficulty in obtaining live or 
properly preserved specimens of certain taxa. 

Alignment of the inferred amino acid sequences 
was not problematic, except for an uncertain area span- 
ning amino acids 40-63 in which evolutionary con- 
straints on sequence and structure may be relaxed. The 



TAL 
ASI 

VQMLAIA PRNAK E VNE C R EDTMVI K K IV C D SA F AG VT 
An. aZbimanus GTG CAA AT0 CTG GCC ATC GCA CCC AAC AAG GAG ACC GAG TGC COG GAG ACG ATC AAA AAG ATC TGC GAC TCG TTC GCG GTC 
An. gambiae ..... G ..... C .. G ........ . DC. ...... G.G ........ . .. . .T. ..... . ................. . .. . ..... 
An. freeborni ..... G ........ G ..... . .GA GCT ................. . ........... . ........ . ..... . ..... . .. . 
Bi. gracilis ........... T .. G .. . .. . .. . .. . ........ . ..... . .. . .. . .. . ..... . .. . ........................ 
Sa. cyaneus .. A ........ A .. G .. . ..... . ..... . .. . TTG .. . .. . .. . .. . .. . .. . ..... . ..... . .. . .. . ..... . .. . 
Tp. baznbusa .. A .................... A ......... CT. ........ . .. . .. . ..... . ..... . ..... . .. . .. . .. . ...... 
Ae. triseriatus .. C ...... T ....... A ..... G ......... G ............. C .. A .. . .. . .. . .. . ........ . ... .GC .. . 
Rg. equinus .. C ........ A ..... A .. G .. . ......... G.T .. . ........ . .. . ..... . .. . .. . ........ . ..... . .. . 
Ae. aegypti ..... G ........ A ........ G ........ . G.T ........ . .. . ........ . .. . .. . ........ . .. . .. . ........ 
Ae. albopictus ..... G ........... T ..... G ...... ,.A G .... . ..... . .. . ........ . .. . .. . ........ . ,.T .. . ........ 
Cx. quinquefasciatus .............. . ..... . .. . ......... T ............. . ........ . ..................... AC. 
De. cancer .. C .. G ........ . ..... . .. . ..... . ... .T. ........ . .. . .. . ..... . ..... . ........ . .. . .. . AC. 
TX. rutilus .. A ........ A .. G ..... . .. . ..... . ... GT. ........ . .. . .. . ..... . .. . ........... . ............ 
C. astictopus .. A ............................. . .A. ..... . .. . .. . OTC ..... . ........ . ..... . .. . .. . ... 
E. underwoodi ......... T .... G ..... T .. A ..... . .. . GTG ..... . .. . .. . ..... . ..... . G.T ...... G.C .. . .. . .. . 

TVI STN QVA VYT NSG GAS AGK GKT IMT EDA TEG RDN TLV TDE DEG PQS YQH DFL FHL 
EDLMNAVTAC TS G K T E N GJCEV Y LF TS RG S KS AK SA NG T G DR YS Y L 

An. albimanus GAA ACG GCG TCG CAA GTT AAT GGC GCC GGT GGT ATT GAG TTG ACG CGC ACC AAG CAC ACC ACC GAT CCC TAC --- TTC CTG 
An. gambiae . . . . . . . . C . . . OTC --- --- .C. .G. AA0 ..C ..G ..C ___ -mm ___ ___ a__ ___ ___ ___ __G __G ... ... A-G ... 
An. freeborni . . G C..T... . . GCC TAC TCG A.T AAG ACG ..A .CC ..C --- --- --- --- --- --- --- --- ..G ..G . . . . . . ..T ..A 
Bi. gracilis ..G GTA . . . A.. ACG ACC GGA ACG .G. . . . AAA ..G .C. --- --- --- --- --- . . . CTG GAT ..C ..G ..T GAT C.G . . . 
Sa. cyaneus ..G .TA ..A A.C GCT --- --- --- --- --- --- --- --- --- --- --- GAA ..A 0.. GTT GAT ..G --- --- TTC ..T T.A 
Tp. bambusa ..G CT. ..C AGC ACC --- --- ___ ___ ___ ___ ___ _-_ ___ ___ ___ GGG ... A__ .GT OAT ..G .AA C.G TTG . . . . . . 
Ae. triseriatus . . . GT. ..A AAC TCC --- --- --- --- --- --- --- --- --- --- --- GGA . . . A.. GT. GAA ..A --- C.. TAT . . . . . . 
HS- equinus ..G OTT ,.C AAC ACC --- --- --- --- --- --- --- --- --- --- --- GGA . . . A.. GT. GAA ..G --- C.. TAT . . . ..A 
Ae. aegypti ..G GT. ..C AAT TCC --- --- --- --- --- --- --- --- --- --- --- GGA . . . A.. GT. GAA ..G --- C.G TAC .A. . . . 
Ae. albopictus ..G GT. ..C AAC TCC --- ___ ___ __- ___ -__ ___ m-w ___ ___ ___ GGG ... A__ GT. GAG ..G --- C.G TAC .A. . . . 
CJK. quinquefasciatus ..G GT. ..C G.C ACG --- --- --- --- --- --- --- --- --- --- --- 00. . . . A.. GT. GAG ..G --- C.. TAC . . . . . . 
De. cancer ..G GT. ..C AAC ACG --- --- --- --- --- --- --- --- --- --- --- GG. . . . A.. GTA GAA ..G --- C.A TAC .A. T.. 
TX. rutilus . . . .T. . . . AAT GTT .GC ..G . . . .AA AAC .AG 0.C T.C ..C T.C G.T T.. TCT GCG . . . .A. .GA AGT --- . . . --- --- 
C. astictopus . . C . . . .TT .GC --- --- ___ --- ___ __- -mm ___ ___ ___ ___ ___ ___ ..A A.G OTT GG. ..G .AA G.T AGC . . . ..A 
E. underwoodi . . . .AT A.. AAC --- ___ ___ ___ ___ ___ ___ ___ ___ ___ ___ ___ ___ .GC A.A G.G GAG ACG GGA CDT TAT . . . T.. 

TA G YF R AS SNTW W TA Q F YI CY IV L h'Y R S W L STV L K DE P ML 
An. albimanus ACC GGC TAC CGG GCG AGC TGG TGG ACC CAA TTC TAC TGC ATC CTC TGG CGC TCG TGG CTG AGC GTG TTG AAG GAT CCG AT0 
An. gambiae ........... . T.C ........... . .. . .................................... C ...................... 
An. freeborni ........ T ... T.A .............. . ..... . ........ . ........ . ............ C .... . .. . ,.A ........ 
Bi. gracilis ..... G ..... . T.A .. . ........ . .. . .. . ........... . ..... . ........ . ..... . C.C .. . ,.C .. . ........ 
Sa. cyaneus .. T T ..T .. .. . T.C .A. ........ . ......... .A. G.T .. . ..... . .. . ... T .. .CG .. . ........... . ... 
Tp. bambusa .. T ........ . T ............. . .. . ...... .A. 0.0 .. . ..... . .. . ... T .. .CG ... C .......... . ........... 
Ae. triseriatus .. G .. A ..... . T .. .C. ........... . ...... .A. G.T .. . ..... . ........ . .CG ... C.C ................. 
Hg. equinus G .... A .. . .. . T .. .C. ........ . .. . ...... .A. 0.0 .. . ..... . ........ . .CG ... C.C ................. 
Ae. aegypti .. G ......... T.C .CA .............. . .. . .A. G.0 T.A ..... . ........ . .CG ... C.C ........ . .............. 
Ae. albopictus G .... T ...... T .. TC. ........... . .. . ... .AT 0.0 T.G ..... . ........ . .CG ... C.C ............ 
Cx. quinquefasciatus ........ . ... T.C TCG ........... . ...... .A. 0.0 .. . ............ T .. .C. ... C.C ................. 
De. cancer ..... G ..... . T .. .CA ........... . ...... .A. G.A .. . ..... . ........ . .CG ... C.C ..... . .................... 
TX. rutilus .. T ........ C .. T ........... . .. . ...... .A. G.A .. . ..... . ...... T .. .CT .................. 
C. astictopus G .... . .TT .. . .. . .CT ........ . .. . ..... . ..... . .. . .AT .. . .. . ... T.A ..... . C ....... . .. . ... 
E. underwoodi ..... T ..... C .. . .CA ...... 0.0 ..... . ATT .. . .. . T.A .AT .. . ........ . .. . ........... . .. . C.C 

FIG. 3.-Nucleotide alignment of white coding sequences from the sampled taxa. These sequences have been assigned GenBank accession numbers U73826473839. 
match the representative An. albimanus sequence; dashes represent gaps introduced to improve the alignment; arrows represent intron positions. Above the 
letter code are the predicted amino acids occurring at each codon position. 
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AXI. albimanus AC0 GCGkATG GTG GCC TCG CTC ATC GGG TCC ATC TAC TTC GGC CAA GTG CTC GAC CAG GAC GGC GTG ATG AAT ATC AAT GGT TCC CTG TTT CTG TTC CTC ACC AAC 420 

An. gambiae .. A ........... . A.C .. . ..... . .. . .............. . .......................... . ..... . ..... . ........ . ............ 
An. freeborni ............... A .... G T .. .. . .TG ........ . .. . .. . ................. . .. . ..... . ..... . .. . .. . .. . .. . .. . ............ 
Bi. gracilis ........... T ... A.A .. . ..... . .. . .. . ... .A. ..... . CA. .............. . ........ . ..... . ..... . .. . ..... . ..... . ...... 
Sa. cyaneus .. T .. A ..... . ... ATT T.A ..... . .. . .. . ..... . .. . .. . AA. T.A .. . ..... . .. . .. . ..... . ........ . .. . .. . ..... . .. . .. . ..... . 
Tp. bambusa .. T .. C ..... . ... A.C T.G .. . .. . (3.0 ........... . .. . AAA .. . ........ . ..... . ..... . ..... . ........ . ..... . .. . .. . ..... . 

Ae. triseriatus .............. . ATC .. . .. . .. . .. . ........ . ...... AG. .. . ........ . .. . .. . ..... . .. . .. . .. . 0.0 A .......... . .. . .. . .. . 

&7. equinus ............... A.C .. . .. . .. . A.G ........... . ... AA. .. . ........ . .. . .. . ..... . .. . .. . .. . G.A ........... . .. . .. . ... 
Ae. aegypti ........... C ... A.T .. . .. . .. . ........... . .. . .. . AA. .. . .. . ........ . .. . ..... . ..... . .. . G.G .. . .. . T.A .. . ,.T .. . ... 
Ae. albopictus .............. . A.C .. . .. . ..... . ........... . .. . CGA .. . .. . ........ . .. . ..... . .. . .. . .. . G.G ..... . ..... . ..... . .. . 
CX. quinquefasciatus ............... A.C .. . ..... . G-G ........ . ..... . CA. ....................... . ..... . .. . G.G ..... . .. . ..... . ...... 
De. cancer .. C ........ C ... A.A .. . ..... . A.A .. . .. . ........ . CGA .. . ..... . ..... . ........ . ........ . .. . T ............. . ...... 
TX. r&flus ......... .. . .GG A.C .. . ....................... . AA. .. . ........... . ........ . ..... . .. . G.A ........ . ........ . ... 
C. astictopus .. . ATT ..... . T.T .. . .. . ..... . .TG ... .T. .A. .. . ... AA. ........ . .. . ................. . .. . GG. A.T .. . ........ . .. . ... 
E. underwoodi ... ATT ..... . T.A .. . T.G .. . .. . .T. ... .TT ........ . AA. .. . ..... . ........ . .............. . G ........ T .... . T.A ...... 

MTFQNVFAVINVFS AS ED LV P VIF L R E KRSR S R L YF R V D TA Y F 175 
An. albimanus ATG ACC TTC CA0 AAC GTG TTC GCC GTG ATC AAC GTG TTT TCG GCC GAG CTG CCC GTG TTT TTG CDT GAG AAG CGT TCC CGC CTG TAC CGC GTG GAC ACC TAC TTT 525 
An. gambiae ..... G ................. G .. C .. . ........ . .............. . ...... C .... . ........ . ..... . ........ . .. . .. . .. . ...... 
An. freeborni .................... T ..... C .. A ........... . ........... . ..... . C .... . ........ . .. . ..... . ..... . .. . .. . .. . ..... . 
Bi. gracflis ..... A .............. T ..... C .............. T ........ A .. G ...... C .... . .. . .. . .. . .. . ..... . ..... . .. . .. . .. . ...... 
Sa. cyaneus ..... A ..... A .. T .. . .. . .. . .. . ..... . .. . .. . .. . .. . ..... . .. . ...... C.A ........ . ..... . .. . ... .T. A.A ..... . .. . ...... 
Tp. bambusa ..... T ........ T ..... T ..... T ..... T .. A .. . .. . .. . ........ . ........... . ........ . .. . .. . ... .T. .. . ........ . ..... . 
Ae. triseriatus ..... A .............. T .. A ..... . ..... . ..... . .. . .. . .. . .. . ...... C.A .. . ........... . .. . .. . .T. .. . .. . .. . ..... . ... 

w- equinus ..... A ........ T ..... T .. A .. . .. . ..... . ..... . .. . .. . .. . .. . ..... . C-A .. . ..... . ..... . .. . .. . .T. .. . .. . .. . .. . ..... . 
Ae. aegypti ..... G ........ T ..... T .. A .. . ........ . ..... . .. . ..... . .. . .. . ... C.A .. . ........ . .. . A.G .. . .T. ..... . .. . .. . ..... . 
Ae. albopictus ..... G ........ T ..... T ..... C .............. C ........ A .. G ...... C.A .. . ........... . A-G .. . .T. ..... . .. . .. . .. . .. . 
Cx. quinquefasciatus .................... . ................. . .. . .. . .. . G .... . .............. . ..... . ..... . ... .T. .. . .. . ..... . ..... . 
De. cancer ........... A .. T ..... . .......................... . ..... . .. . ........ . .. . .. . .. . ... A.A T .. .T. .. . ..... . .. . ...... 
TX. ruti1us .............. T ..... T .. G .. . ........ . .. . ..... . ... G.A .. . A.A ... C ........ .GA .. . ..... . T .. .T. .. . .. . .. . .. . .. . ... 
C. astictopus ..... A ..... A ..... T .. T .. . ..... . ..... . ..... . ..... . ..... . A.A .. . ..... . ... TC. A.A .. . A.G .. . .. . .. . ...... G.T .. . .. . 
E. underwoodi ..... A ........ T ........ G .. C ..... . ..... . ... T.G .. . ..... . A.A ... C .... . ... TCT .. . .. . .. . ........... . .. . G.T .. . .. . 

An. albimanus 
An. gambiae 
An. freebomi 
Bi. gracilis 
Sa. cyaneus 
Tp. bambusa 
Ae. triseriatus 
Hg. equinus 
Ae. aegypti 
Ae. albopictus 
Cx. quinquefasciatus 
De. cancer 
TX. rutilus 
C. astictopus 
E. underwoodi 

L G K T IMLA E LVM P LW F IL AL 
CTC GGC AAA ACG ATC GCC GAG CTG CCA CTG TTC ATC GCT 
................. G ........ G ........ T C .. 
..... A .. G ............ T .... . .. . .. . ..... . 
..... A ..... A ..... A ... T.A ..... . ......... 
.. A .. A ........ . ...... G.T .. . .. . .. . .. . ... 
.. A .. G ..... . .. . ...... G.C ..... . ..... . ... 
.. G .. T ..... . ........ . G .... . .. . .. . C.T .. . 
.. G .. T ........ . ..... . G .... . .. . ... C.T .. . 
.. G .. A .. . .. . .. . .. . ... G .... . .. . .. . T.G .. . 
T.G .. . .. . .. . .. . ..... . G ........... T.G .. . 
.. G .. G ..... . ........ . A ....... . ..... . .. . 
..... G ..... T ......... A ............. T A .. 
.. G .. G ..... . .. . .. . .............. . .. . TTG 
T.G .. . ..... . C.G ............ TO. ... C.0 CTG 
T.G .. . .. . ... T.A .. . ... T.A ........ . T.G .. . 

VG P FFVV 
OTT CCA TTC GTG TTC 
. . G . . G . . . . . . . . . 
. . C . . . . . . . . . . . . 
. . G . . G . . . . . . ..T 
. . G . . . . . T . . . . . . 
. . . . . G T...... . . 
. . G . . G ..T . . . ..T 

C . . . . G ..T . . . ..T 
. . . . . . . . T . . . . . . 
. . . . . G T...... . . 
. . . . . G . . . . . . . . . 
. . A . . C . .T . . . . . . 
.G. ..G .GG . . . . . . 
. . G . . . . . T T... . . 

STE 
ATS VAT VAI 

T S ILTAY P M I G L KRQRL GADYRLMKYBYPYF 210 
ACC TCG ATC ACG TAC CC0 ATG ATC GGA CTG AA0 GCG GGC GTT TCG CAC TAC 630 
....................... T .. G ... CO. A.C ... .CC A.C ...... 
.............. T .. A ........ . T .......... . .. . A.C ...... 
.. T .. C ..... . ........... . .............. . .CA A ........ 
.. T .. C .. . .. . .. . .. . ..... . .. . .. . CGA .. . .. . ACG GA. ...... 
.. A ..... T ..... T ........ T .. G ...... T.C .. . .CA GA. ..... . 
.. T ..... A .. C ........... . .. . .. . .. . AGC ... .CG GT. .. . .. . 
.. T ..... A .. . ; .... . ..... . .. . T .... . AGC .. . AC0 G ........ 
........... C .. T .. . ..... . ..... . .. . AGT .. . .CG A.A T.T ... 
........ A .. C ........... . ..... . ... AGC .. . .CG ATA .. . ... 
........... C .. T ........ . ..... . ... T.A .. . TAC GTC ..... . 
.. T .. T ................. . .. . ..... . CGT .CG CO. A .... . ... 
........ . G.T ..... . ..... . .. . ... .GA .. . .. . C.G AT. .CT .T. 
.. G ..... . G.T ........... . .. . ... C .. TT. .A. .CC AA. ... .TT 
.. G .. . C .. G .... . .. . ..... . ... T .... . T.A .. . .C. .AT .. . .. . 

FIG. 3 (Continued) 



FML 

SCG 
LF TV1 TA LTVA IV v TVs L VIA N V SAT S F G Y LFISCASSS IVS Y A L S VI G 245 

An. albimanus CTC ACC ACG CT0 TTC ATC GTG ACG CTC OTC GCC AAC GTG TCT ACC TCG TTC G&C TAC CTC ATC TCC TGC GCC AGC TCC TCC ATC TCG AT0 GCG CTC TCC GTG GGG 735 
An. gambiae .. G ................. C ........... G ........ C ................. G .. T ................. . .............. . ..... . ... 
An. freeborni .. G .. G ..... . .. . ..... . ..... . .............. . ..... . ......... T.A ..... . ............................. . .. . .. . ... 
Bi. gracilis T ....... A .. A ........ . .. . .. . .. . .. . ........ . .......... .T .. . ........... . .. . .. . .. . .............. . ..... . ..... . 
Sa. cyaneus T ..... G.T ........ . .. . .. . T.A .. . .. . ..... . G.G .. . .. . .. . . .T .. . T.T .. . .. . .. . .. . .. . .. . .. . G.T .. . ..... . ..... . A.T .. . 
Tp. bambusa T.T GTT G.T .. . .. . G.T ...... T.G .. . ..... . .. . 0.0 .. . .. . .... .T .. . T .... . ........ . .. . .. . ..... . .. . ..... . .. . ... A.T .. . 
Ae. triseriatus .. G .. . G.T .. . A.G .. . ... OTT .. . .. . .. . .. . ... (3.0 .. . .. . ........ . .. . .............. . .. . .. . G.A .. . ..... . .. . ..... . .. . 
Ifg. equinus .. G .. . G .... . A.G 0.0 .. . OTT T.A ..... . .. . ... G.A .. . .. . .. . ..... . .. . .............. . .. . .. . ..... . ..... . .. . ..... . .. . 
Ae. aegypti .. G .. . G.A ... C.0 .. . .. . OTT T.G ..... . ...... 0.0 .. . .. . ........ . .. . .. . ........ . .. . .. . ..... . ........ . .. . .. . .. . ... 
Ae. albopictus .. G .. . G.A .. . .. . .. . ... OTT T.G ..... . ...... 0.0 .. . ....... .T ..... . .. . .............. . .............. . .. . .. . ..... . 
12. quinquefasciatus T.G .TT G.T .. . .C. G .......... . .. . ........ . 0.0 .. . .. . .. . ..... . .................... . ..... . ........ . ..... . .. . .. . 
De. cancer T.G .TA G.T .. . .GT G.A ........ . .. . ......... 0.0 .. . ..... . . .G .............. . .. . ..... . .. . .. . ................. . .. . 
TX. rutilus T.G .. . G.C ACT .. . .. . .. . ... T.G .. . .. . ..... . 0.0 .. . .. . .... .T .. . T ................ . .. . .. . ..... . ..... . .. . .. . ...... 
C. astictopus T .. .TT 0.C G .. GGA G.A ... T.C .. . A.T .. . .. . .. . 0.C .. . .. . .. . ........ . .. . ..... . ........ . .. . G .... . ..... . .. . ... A.C .. . 
B. underwoodi T.T .TA 0.C G.T GCT G.T .. . T.T T.A ..... . .. . ... G.A .. . .. . .... .T ... T.A ..... . .. . ..... . .. . .. . G.G ......... T.A .. . A.T .. . 

PH P v VII P F L I 254 
An. albimanus CC0 CCC GTC OTT ATA CCG TTC CTC ATT 762 
An. gambiae . . . . . G . . . . . C . . C . . . . . . ..G ..C 
An. freeborni . . . . . G . . . . . C . . C ..A . . . ..G . . . 
Bi. gracilis . . A . . G ..T ..C . . . . . . . . . ..G ..A 
Sa. cyaneus . . A G . . ..G A.A ..T ..A ..T ..G ..A 
Tp. bsmbusa . . A G . . ..A A.A ..T . . . . . . T.G ..C 
Ae. triseriatue A . . . . G ..G A.. ..T . . . . . . ..G . . . 
HS- equinus . . A . . G ..G A.. ..T ..A . . . ..G ..A 
Ae. aegypti . . . . . T . . . A.C . . . . . . . . . ..G . . . 
Ae. albopfctus . . . . . G . . . A.C ..T . . . . . . ..G ..C 
CJK. quinquefasciatus . . . ..G ..A A.C ..C ..C . . . ..G ..C 
De. cancer ..A . . G . . . A.C ..T . . . . . . ..G . . . 
TX. ruti1us .AT ..G ..G A.A ..C ..A ..T ..G ..C 
C. astictopus . . C . . A ..G ..C ..T ..A . . . ..A . . . 
E. underwoodi . . A . . T ..A ..C ..C ..A . . . ..T . . . 

FIG. 3 (Continued) 
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Table 2 
Proportion of Uncorrected Nucleotide Differences at All Positions (above diagonal) and Nonsynonymous Positions 
(below diagonal) of the white Gene 

Taxa 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1. An. albimanus. . . . . . - . . . . . 0.14 0.16 0.19 0.29 0.25 0.25 0.26 0.25 0.24 0.19 0.22 0.24 0.29 0.31 
2. An. gambiae . . . . . . . - . . . . . 0.04 0.15 0.18 0.28 0.24 0.24 0.24 0.24 0.22 0.18 0.22 0.24 0.30 0.31 
3. An. freeborni. . . . . . . - . . . . . 0.03 0.02 0.20 0.29 0.26 0.26 0.25 0.24 0.25 0.20 0.25 0.27 0.32 0.32 
4. Bi. gracilis . . . . . . . . 0.04 0.04 0.04 - . . . . . 0.25 0.25 0.25 0.23 0.25 0.24 0.20 0.22 0.27 0.32 0.32 
5. Sa. . . . . . . cyaneus.. - . . . . . 0.09 0.08 0.09 0.08 0.21 0.25 0.24 0.24 0.27 0.28 0.27 0.26 0.33 0.32 
6. Tp. bambusa . . . . . . . - . . . . . 0.10 0.09 0.09 0.08 0.04 0.23 0.22 0.23 0.23 0.21 0.23 0.25 0.30 0.31 
7. Ae. triseriatus . . . . . . 0.08 0.08 0.09 0.07 0.07 0.07 - . . . . . 0.10 0.18 0.16 0.22 0.23 0.26 0.30 0.32 
8. Hg. equinus. . . . . . . . . . . . . 0.08 0.08 0.09 0.06 0.06 0.06 0.02 - 0.18 0.18 0.23 0.24 0.27 0.31 0.31 
9. Ae. aegypti . . . . . . . . . . . . . 0.09 0.08 0.09 0.07 0.06 0.06 0.02 0.02 - 0.13 0.22 0.24 0.26 0.32 0.28 

10. Ae. albopictus. . . . . . . . . . . 0.09 0.08 0.09 0.07 0.07 0.07 0.02 0.03 0.01 - 0.20 0.22 0.25 0.32 0.30 
11. Cx. quinquefasciatus . . . . . 0.09 0.08 0.09 0.07 0.08 0.07 0.06 0.05 0.06 0.06 - 0.19 0.24 0.30 0.32 
12. De. cancer . . . . . . . . . . . . . ‘0.09 0.08 0.09 0.08 0.08 0.07 0.06 0.05 0.06 0.06 0.05 - 0.25 0.31 0.31 
13. TX. rutilus . . . . . . . . . . . . . . 0.11 0.10 0.11 0.11 0.09 0.10 0.10 0.10 0.10 0.10 0.10 0.11 - 0.32 0.31 
14. C. astictopus. . . . . . . . . . . . 0.14 0.15 0.15 0.14 0.16 0.15 0.15 0.15 0.15 0.16 0.16 0.16 0.16 - 0.29 
15. E. underwoodii. . . . . . . . . . 0.14 0.15 0.15 0.15 0.15 0.15 0.14 0.13 0.14 0.15 0.15 0.16 0.17 0.09 - 

NOTE.-Alignment gaps were excluded. 

amino acid alignment was used to guide the nucleotide 
alignment, upon which further analysis was based (fig. 
3). Excluding alignment gaps, overall sequence diver- 
gence ranged from lo%-29% (mean, 23%) within mos- 
quitoes (table 2). The chaoborid midges differed from 
each other at 29% of positions compared, almost as 
much as they differed from species within Culicidae 
(-31%). 

The degeneracy of the genetic code should allow 
third codon positions, and some first codon positions, to 
evolve at a faster rate. Indeed, table 2 shows that non- 
synonymous changes represent only about one third of 
overall substitutions. The relative uncorrected frequen- 
cies of substitutions at first (ntl), second (nt2), and third 
(nt3) codon positions were found to be l&2%, 10.3%, 
and 71.5%, respectively. The data set was partitioned by 
codon position, and the average pairwise divergence at 
each position within and among selected clades was cal- 
culated. From the results presented in tables 2 and 3, 
two important points deserve emphasis. First, overall di- 
vergence among the mosquito subgenera is relatively 
high, not much less than that between mosquitoes and 
chaoborids. This is consistent with an ancient radiation. 
Second, the nt3 positions, with average pairwise diver- 
gences above 0.50, are very likely to be saturated. 

Saturation of third codon positions may obscure the 
historical phylogenetic signal with random noise. To ex- 
plore this possibility, the skewness test statistic, gl, was 
calculated based on tree length distributions for 10,000 
random samples of trees using the random-trees option 

Table 3 
Average Pairwise Nucleotide Divergence by Codon 
Position 

Taxa ntl nt2 nt3 

Anophelinae 0.07 1 0.055 0.439 
Aedini 0.052 0.017 0.392 
Anophelinae-Culicinae 0.124 0.069 0.549 
Anophelinae-Toxorhynchitinae 0.153 0.131 0.544 
Culicinae-Toxorhynchitinae 0.148 0.114 0.551 
Culicidae-Chaoboridae 0.217 0.117 0.620 

of PAUP, for all positions, ntl +nt2, and nt3 positions. 
The premise of the test is that the shape of the length 
distribution of all possible trees, or a sufficiently large 
random subset of them, is a sensitive indicator of phy- 
logenetic signal (Hillis and Huelsenbeck 1992). Left- 
skewed distributions (gl < 0) are expected for signal- 
containing data sets versus symmetrical (gl = 0) or 
right-skewed (gl > 0) distributions for random ones. 
The skewness statistics indicated significant structure (P 
< 0.01) for the complete data set, the ntl +nt2, and the 
nt3 partitions (gl = -0.63, g, = -0.72, and g, = 
-0.62, respectively), providing no justification for the a 
priori exclusion of the nt3 data. 

Saturation at nt3 can also overwhelm the historical 
signal by one based on convergence if the pattern of 
nucleotide substitution is biased. One factor that could 
contribute to nonrandom change is constraint on base 
composition, reflecting either mutational bias or selec- 
tion among synonymous codons. Equality of base com- 
position was therefore examined by codon position 
within and between each species (table 4). For within- 
species comparisons, this was done indirectly by cal- 
culating an estimator of codon bias, the effective number 
of codons (EN,), developed by Wright (1990). The EN, 
statistic can vary from 20 to 61, reflecting use of only 
one codon per amino acid at one extreme through use 
of all possible codons at the other extreme. The value 
of EN, was correlated with G+C-richness at nt3 and 
introns, but not with base composition at ntl or nt2. 
Among the most strongly biased in terms of codon us- 
age and G+C composition at nt3 were the Anopheles 
and Culex species. Between-species comparisons of the 
equality of base composition showed that composition 
did not differ significantly at ntl or nt2 (x2, P >> 0.05 
in each case), but differed quite significantly at nt3 (x2, 
P << 0.01). Contributing most strongly to departure from 
equality were, again, the Anopheks and CL&X species. 
Inequality of base composition can mislead methods of 
distance estimation (Gillespie 1986) and tree-building 
(Lockhart et al. 1994 and references therein). That it is 
the nt3 position that was biased in composition, yet this 
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Table 4 
Percentage Nucleotide Composition and Codon Bias 

NT1 NT2 NT3 INTRON(S) 

ATCGATCGATCGATC G EN,” 

An. albimanus ........ 28.1 22.1 21.3 28.5 20.9 38.3 26.1 14.6 6.3 10.7 45.5 37.5 17.1 23.6 33.3 26.0 39.4 
An. gambiae ......... 26.3 20.2 23.5 30.0 19.8 39.5 25.5 15.2 2.1 5.3 46.5 46.1 12.8 30.8 35.6 20.5 30.6 
An. freebornii ........ 26.9 22.9 20.8 29.4 19.6 38.4 26.5 15.5 9.0 11.4 41.2 38.4 21.8 37.0 20.2 21.0 42.5 
Bi. gracilis. .......... 27.7 20.1 23.7 28.5 21.7 37.8 25.7 14.9 18.1 15.7 32.9 33.3 37.2 31.1 18.9 12.8 46.6 
Sa. cyaneus .......... 28.2 24.5 17.4 29.9 21.6 40.2 24.9 13.3 27.0 32.4 16.6 24.1 35.9 40.1 10.6 13.4 58.2 
Tp. bambusa ......... 27.2 23.5 20.2 29.2 21.8 39.1 24.7 14.4 14.4 25.5 27.2 32.9 25.0 34.8 17.9 22.3 53.7 
Ae. triseriatus ........ 26.9 19.8 22.3 31.0 21.5 40.5 23.6 14.5 20.2 23.1 24.0 32.6 33.8 32.3 13.6 20.3 52.7 
Hg. equinus .......... 28.1 19.4 21.9 30.6 21.9 39.7 24.8 13.6 24.4 18.2 27.7 29.8 30.7 32.1 19.0 18.2 53.1 
Ae. aegypti. .......... 27.7 21.9 20.2 30.2 22.3 38.8 25.2 13.6 18.6 19.4 26.9 35.1 27.2 35.2 16.8 20.8 52.5 
Ae. albopictus ........ 26.4 22.7 21.1 29.8 21.9 38.8 25.2 14.0 14.0 14.0 31 .o 40.9 30.8 28.0 15.0 26.2 46.5 
Cx. quinquefasciatus. .. 26.0 21.9 21.5 30.6 21.9 38.8 26.0 13.2 5.4 7.4 45.0 42.1 21.9 30.7 29.6 17.8 35.3 
De. cancer. .......... 28.5 21.5 21.1 28.9 21.9 39.3 24.8 14.0 13.2 17.4 32.2 37.2 31.2 41.9 14.5 12.4 49.3 
TX. rutilus ........... 28.5 23.3 17.3 30.9 20.1 38.2 24.9 16.9 14.1 19.3 30.9 35.7 28.3 44.1 10.2 17.3 49.1 
C. astictopus ......... 27.0 23.7 19.5 29.9 22.0 41.5 21.6 14.9 22.4 19.5 31.1 27.0 35.8 33.9 15.2 15.2 52.9 
E. underwoodi. ....... 24.9 27.8 16.6 30.7 21.2 39.8 24.5 14.5 24.9 24.1 23.2 27.8 25.5 40.0 25.5 9.1 50.2 

Average ............. 27.2 22.3 20.6 29.9 21.3 39.2 24.9 14.5 15.6 17.5 32.2 34.7 29.3 33.5 18.3 18.8 

a Effective number of codons, Wright (1990). 

same position that contributed two thirds of the char- 
acters informative for parsimony, raises the possibility 
that conclusions drawn from these data may be mis- 
leading. 

Phylogenetic Analysis 

Of 762 aligned positions, 425 were variable and 
341 were informative for parsimony. In the parsimony 
analysis, alignment gaps occurring between positions 
117 and 189 were treated as missing data but coded as 
binary characters at the end of the data set. Heuristic 
searching with 1,000 replicates of random addition se- 
quence, furthest addition option, tree-bisection-recon- 
nection branch-swapping, and all characters weighted 
equally produced a single most parsimonious tree 
(length = 1,534 steps, consistency index excluding un- 
informative characters [cix] = 0.470, retention index [ri] 
= 0.405; fig. 4). There was strong support for the mono- 
phyletic origin of mosquitoes, of Anophelinae, and of 
Aedini (Aedes-Hemagogus) clades, and moderate sup- 
port for a Sabethini (Subethes-Tripteroides) clade, in 
agreement with prior morphological classifications. 
However, deeper relationships within Culicidae were not 
robust, and, contrary to expectation, Anophelinae oc- 
cupied the most derived position of the tree, with Culex 
as sister group. Traditionally, Anophelinae has been con- 
sidered basal within Culicidae on the basis of morpho- 
logic, cytogenetic, and other available molecular data 
(Ross 195 1; Harrison and Scanlon 1975; Besansky, Fin- 
nerty, and Collins 1992; Miller, Crabtree, and Savage 
1996~; Pawlowski et al. 1996; but see Belkin 1962). 
Interestingly, neighbor-joining (NJ) analysis (Saitou and 
Nei 1987) gave similar results, using pairwise distances 
for all codon positions, corrected by the Tajima-Nei 
model (Tajima and Nei 1984; fig. 4). 

Although alignment gaps were omitted prior to the 
NJ analysis, these factored into the parsimony analysis 
and could have misled it if the alignment in this region 
was unreliable. To assess the stability of the alignment, 
the amino acid sequences were realigned 14 times, using 

gap costs of 0.67, l-10, 20, 50, and 100 following Ga- 
tesy, DeSalle, and Wheeler (1993). The alignment used 
above, resulting from a gap cost of 3, was identical to 
that produced with a gap cost of 4. However, gap costs 
between 5 and 20 produced a single alignment that dif- 
fered slightly from the first, and each gap cost higher 

An. albimanus 

Ae. triseriatus 

98 

63 

100 

14 Sa. cyaneus 

99 
90 

I 

F 
Tp. bembusa - 

C 

1 B 

1 C. asffctopus 

FIG. 4.-white phylogeny of Culicidae, using both chaoborid 
midges as outgroups and weighting all positions equally. Branch 
lengths are proportional to the number of steps. Numbers above and 
below branches are bootstrap values (>50) for parsimony and neigh- 
bor-joining analyses, respectively. Brackets enclose subfamilies: A, An- 
ophelinae. B, Toxorhynchitinae. C, Culicinae. Tribes: D, Culicini. E, 
Aedini. F, Sabethini according to the classification of Knight and Stone 
(1977). 
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E. underwoodi 

C. astictopus 

FIG. 5.-Strict consensus tree of five most-parsimonious trees ob- 
tained when nt3 positions were given zero weight and ntl +nt2 posi- 
tions were weighted uniformly. Subfamily enclosed by brackets: A, 
Anophelinae. Tribes enclosed by brackets: D, Culicini. E, Aedini. 

than 20 or lower than 3 produced additional alignments. 
Ultimately, there were no alignment-invariant positions 
found in the gap-filled region between positions 117 and 
189 of figure 3, although outside of this region the align- 
ment was constant. Accordingly, heuristic searching was 
repeated after exclusion of these alignment-ambiguous 
positions. This time, two most-parsimonious trees were 
found (length = 1,356 steps, cix = 0.458, ri = 0.402), 
one of which was identical to that in figure 4. The sec- 
ond differed only in the clustering relationships among 
the three Anopheles species. Although the initial align- 
ment (i.e., gap weight = 3) may not have been optimal, 
it had little apparent effect on tree topology and there- 
fore was retained during further analyses. 

Fart-is (1969) introduced an a posteriori approach 
of successive approximations weighting to identify and 
differentially weight unreliable characters. As imple- 
mented in this study (using PAUP), after the initial 
search for the most parsimonious tree(s), characters 
were given a baseline weight of 1,000 and then rew- 
eighted according to the highest observed value of the 
resealed consistency index across all trees. This process 
was repeated until the character weights and tree topol- 
ogies stabilized. Although not normally implemented on 
a single parsimony tree, successive weighting was ap- 
plied in this case to assess the stability of the hypothesis 
in figure 4, under the assumption that many highly vari- 
able nt3 positions would be downweighted or given zero 
weight. However, this procedure failed to change the 
tree topology. Indeed, the tree in figure 4 was also stable 
to another type of character weighting, in which the pre- 
dicted amino acid sequences were combined with their 
respective nucleotide sequences before heuristic search- 
ing (Agosti, Jacobs, and DeSalle 1997). 

If similarity of base composition were influencing 
the clustering relationships among taxa, Anopheles and 

100 

100 

An. freeborni 

I Bi. gracilis 

Ae. triseriatus 
66 r- 1 

TX. r&i/us 1 B 
(+) 

C. astictopus (+) 

_ E. underwoodi (-) 

FIG. 6.-Most parsimonious tree when third codon positions were 
given zero weight and other characters were differentially weighted 
according to the method of successive approximations. Branch lengths 
are proportional to the number of steps. Numbers above and below 
branches are bootstrap values (>50) for parsimony and neighbor-join- 
ing (based on nonsynonymous substitutions) analyses, respectively. 
Subfamilies enclosed by brackets: A, Anophelinae. B, Toxorhynchiti- 
nae. C, Culicinae. Tribes enclosed by brackets: D, Culicinae. E, Aedini. 
F, Sabethini. The presence “( +)” or absence “(-)” of an intron poly- 
morphic within both chaoborids and culicids is indicated. 

Culex in particular, the elimination of nt3 positions 
should avoid the problem, since compositional bias was 
only detected at nt3. The exclusion of nt3 positions re- 
duced to 115 the number of characters informative for 
parsimony. A branch-and-bound search resulted in five 
most-parsimonious trees (length = 394 steps, cix = 
0.545, ri = 0.553). The strict consensus of these trees 
is shown in figure 5. Culicidae was monophyletic and 
the Anophelinae, Aedini, and Culicini (Culex-Deinocer- 
ites) clades were recovered, but interrelationships among 
these clades were unresolved. 

To explore the effect of differentially weighting 
characters based on their performance across the five 
equally parsimonious trees, successive-approximations 
weighting was implemented as described above. After 
the first iteration, a single tree was recovered whose to- 
pology was congruent with one of the original five trees. 
By the second iteration, the tree topology was unchan- 
ged and the character weights had stabilized (as deter- 
mined by a further iteration). An additional 34 charac- 
ters had been assigned zero weight; these were posi- 
tioned either within six-fold degenerate codons or within 
highly variable regions of the protein (i.e., codons 26- 
70 and 204-218). In the resulting tree (cix = 0.778, ri 
= 0.855) the relationships among almost all taxa were 
fully resolved (fig. 6). Like the analysis based on all 
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positions, this weighted analysis recovered the Ano- 
phelinae, Sabethini, and Aedini clades, and the topolog- 
ical relationships among their component taxa were con- 
gruent. However, in the total evidence tree, Toxorhyn- 
chitinae was basal, with Anophelinae in the most de- 
rived position and clustering with Culicini. By contrast, 
the tree in figure 6 shows the Anophelinae occupying 
the basal position, with Toxorhynchitinae intermediate 
and Culicini clustering with Aedini. This basic topology 
is congruent with the 18s +5.8S rDNA parsimony tree 
of Miller, Crabtree, and Savage (1996~). Within the sub- 
family Anophelinae, Bironella was basal and the Anoph- 
eles subgenus Nyssorhynchus (represented by An. albi- 
manus) was sister to the clade formed by the other two 
subgenera, Anopheles (An. freeborni) + Cellia (An. 
gambiae). Within the subfamily Culicinae, Sabethini 
was basal, Culicini intermediate, and Aedini in a derived 
position. The NJ method produced nearly concordant 
results, when only nonsynonymous pairwise distances 
corrected by the Jukes-Cantor model (Jukes and Cantor 
1969) were analyzed. The only difference between the 
parsimony and NJ trees was the arrangement of taxa 
within Aedini. Whereas the parsimony tree implied (al- 
beit with very low bootstrap support) that the genus Ae- 
des is paraphyletic (Ae. triseriatus clusters with Hg. 
equinus instead of the other Aedes species), the NJ tree 
preserved the monophyly of Aedes. 

The inferred amino acid sequences were also sub- 
jected to parsimony analysis. Under the assumption of 
uniform weights, branch-and-bound searching recovered 
104 equally parsimonious trees of 288 steps each. After 
two iterations of successive-approximations weighting 
as described above, character weights stabilized and 
three trees were recovered (not shown). Their topologies 
differed only in the relationships among three Culicinae 
clades: the Sabethini, Aedini, and Culicini. Other than 
this, they were identical to one another and to the tree 
shown in figure 6. The poorer resolution afforded by the 
amino acid analysis is likely due to the reduction of 
informative characters. Even after elimination of third 
codon positions and successive reweighting, the nucle- 
otide data set retained 81 informative characters, versus 
67 for the amino acid data set. 

Are the nt3 versus nt 1 +nt2 partitions really in con- 
flict? To answer this question, parsimony analysis was 
performed using only nt3 positions. Heuristic searching, 
as described above, found a single tree (length = 1,143, 
cix = 0.455, ri = 0.375) in which the Anophelinae clade 
was not only in a derived position, but now included 
Culex (not shown). Deinocerites, traditionally placed 
with Culex in the Culicini, was now positioned near the 
base of the tree, along with Toxorhynchites. The Aedini 
and Sabethini clades, however, were recovered as be- 
fore. Disturbingly, bootstrapping did not support the 
monophyly of mosquitoes, an issue that has been be- 
yond debate. If the ntl +nt2 data were forced into this 
nt3 topology, the most parsimonious arrangement of 
characters required a tree length of 421, an increase of 
27 steps (-7%). On the other hand, forcing the nt3 data 
into the ntl +nt2 topology required 1,171 steps, an in- 
crease of 28 steps (-2%). A statsistical approach, the 

Wilcoxon signed-rank test, was applied to determine 
whether the data partitions were significantly in conflict 
or actually estimating the same topology with error 
(Templeton 1983; Larson 1994). This test, applied sep- 
arately to each data set, evaluates characters that change 
a different number of times on alternative topologies and 
asks whether these changes are significantly more par- 
simonious for one of the topologies. For the ntl +nt2 
data set, the ntl +nt2 tree was significantly more parsi- 
monious than the nt3 tree (n = 29, Ts = 55, two-tailed 
P < 0.01). However, for the nt3 data set, the nt3 tree 
was not significantly more parsimonious than the 
ntl+nt2 tree (n = 79, Ts = 1,191, ta,xl = -1.9, two- 
tailed P > 0.05). If the validity of this statistical ap- 
proach is accepted, these results suggest that the nt3 
topology was a suboptimal estimation of the ntl +nt2 
topology and no significant conflict exists. 

Discussion 

The protein product of the white gene belongs to a 
superfamily of Traffic ATPase (ABC) membrane trans- 
porters (Higgins 1992). Representatives from this su- 
perfamily are present in both prokaryotes and eukary- 
otes, where they perform a variety of import or export 
functions. Based on what is known from D. melanogas- 
ter, white helps transport eye pigment precursors, gua- 
nine and tryptophan, into pigment cells (Ewart et al. 
1994). Characteristic of this superfamily are two do- 
mains, an ATP-binding domain that is highly conserved 
evolutionarily, and a transmembrane domain, which 
bears no sequence similarity between different types of 
transporters (Higgins 1992). The cat-boxy terminal re- 
gion of white selected for this study encompasses five 
of six putative cx-helices that make up the hydrophobic 
transmembrane domain (fig. 1 of Zwiebel et al. 1995). 
Within Culicidae, pair-wise sequence divergence in this 
region is below 30% at the nucleotide level, low enough 
to permit amplification from a broad range of specimens 
but high enough to contain phylogenetic information. 
Intron length is short enough to permit PCR amplifica- 
tion of the target fragment directly from genomic DNA, 
a practical advantage given the lability of mRNA. 

The best estimate of mosquito phylogeny based on 
the white gene indicates that Anophelinae forms the ba- 
sal clade, Toxorhynchitinae occupies an intermediate po- 
sition, and Culicinae occupies a derived one. Within 
Culicinae, the tribe Sabethini forms an ancestral clade, 
while the Culicini and Aedini tribes occupy increasingly 
derived positions in the molecular phylogeny. However, 
these conclusions are premised on the exclusion of nt3 
data and the a posterior-i weighting of ntl +nt2, weight- 
ing schemes that we feel are justified for this group. 
Although the true phylogenetic history of a group of 
wild organisms can never be known, it is known that 
different genes and different regions within a gene can 
evolve at different rates, and recent analyses have shown 
that this may mislead attempts to estimate phylogenetic 
history (e.g., Yang 1996 and references therein). It is 
also known that heterogeneities in base composition can 
confound tree-building methods (e.g., Lockhart et al. 
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1994). Unfortunately, there is little consensus about ap- 
propriate methods to identify heterogeneities in a data 
set or to how to handle them in a phylogenetic analysis 
(Huelsenbeck, Bull, and Cunningham 1996). At the cen- 
ter of vigorous debate is the issue of whether or not to 
use all available characters (and taxa) in phylogenetic 
reconstruction. If a cladogram is interpreted as the best 
estimation of phylogenetic history and not just a hier- 
archical organization of characters, the stance taken in 
this debate can lead to very different conclusions re- 
garding the evolutionary process, and the white gene in 
Culicidae is a case in point. In the analysis of white gene 
sequences, use of all codon positions resulted in a tree 
at odds with traditional morphological classifications 
and rDNA-based molecular phylogenies in the place- 
ment of the subfamily Anophelinae. This tree suggested 
that the characters uniting anophelines are among the 
most derived in mosquito evolutionary history. Parti- 
tioning the data by codon position indicated that, al- 
though each partition contained significant hierarchical 
structure, the nt3 data were distinguished by high levels 
of homoplasy and significant heterogeneity in base com- 
position, unlike ntl +nt2. The topology of the single par- 
simony tree recovered from nt3 positions alone was sim- 
ilar to that from all positions, but was found to be a 
suboptimal estimation of the weighted ntl +nt2 tree, in 
which anophelines occupied the basal position. 

The topology of the weighted ntl +nt2 tree was 
congruent with preliminary rDNA phylogenies and 
agreed with traditional morphological classification. 
However, rDNA phylogenies containing mosquitoes 
have not considered them comprehensively, nor is it cor- 
rect to assume absolute consensus among mosquito tax- 
onomists. For example, Belkin (1962) rejected the view 
of anophelines as a primitive group. Although his ideas 
have not met general acceptance, he argued from an 
evolutionary taxonomic perspective that the larval pec- 
ten plates which were usually regarded as the forerunner 
of the respiratory siphon (a structure absent in anophe- 
lines) could just as well be considered its remnants; that 
the larval comb which was regarded as a derived struc- 
ture was actually present in first instar anopheline lar- 
vae; and that several other characters of each life stage 
were indicative of specialization. Previous molecular 
systematic studies incorporating mosquitoes have fo- 
cused either on phylogenetic relationships in the broader 
Culicomorpha (Miller, Crabtree, and Savage 1996~; 
Pawlowski et al. 1996) or the narrower Aedini tribe 
(Wesson, Porter, and Collins 1992) and C&x genus 
(Miller, Crabtree, and Savage 1996b). Thus, evaluation 
of the white gene as a phylogenetic marker for mosqui- 
toes is hindered by the lack of a comprehensive, testable 
mosquito phylogeny based on either morphological or 
alternative molecular characters. 

Much has been made of the dangers involved in 
inferring species phylogenies from single-gene phylog- 
enies, a practice that few would advocate even in the 
absence of unequal rates of evolution or base compo- 
sition. The major objection to doing so involves the sto- 
chastic nature of genetic change. This includes the like- 
lihood of incomplete lineage sorting, which decreases 

with increasing time (in generations) and smaller effec- 
tive population sizes. The population size of mosquito 
species is largely unknown. However, the major lineages 
were well differentiated by the late Eocene (-38 MYA). 
Thus, sufficient time is likely to have elapsed to over- 
come this problem, at least for the deeper clades, with 
two important caveats: (1) that selection at white has not 
operated in such a way as to preserve polymorphisms 
and (2) that mosquito radiation did not occur in sudden 
bursts of speciation, which would restrict the number of 
phylogenetically informative characters no matter how 
much time elapsed. Insufficient data exist to address ei- 
ther objection, so that the white gene phylogeny pre- 
sented here should be interpreted cautiously, as a guide- 
line and hopefully a stimulus for future work with this 
and other molecules, as well as morphology. Future 
studies could improve on this one by including repre- 
sentatives from other lines of culicids and by increasing 
the sampling density to include at least two species from 
within a given genus. Increased resolution and confi- 
dence in the phylogenetic hypothesis would also be ex- 
pected by increasing the number of loci analyzed, rather 
than by increasing the length of the white gene analyzed. 

Although much emphasis has been placed on the 
(visually) discordant placement of the subfamily Ano- 
phelinae in trees from different data partitions, it should 
be stressed that most shallower relationships recovered 
by the complete and partitioned (weighted ntl +nt2) 
white gene data are not only congruent but also in ac- 
cord with morphological and other molecular evidence. 
These clades are the subfamily Anophelinae and genus 
Anopheles within Anophelinae, the tribe Aedini and sub- 
genus Stegomyia within Aedini (Ae. aegypti + Ae. al- 
bopictus), and the tribe Sabethini. In addition to the ab- 
sence of a well-developed siphon in larvae, the subfam- 
ily Anophelinae has been united by the shape of the 
pupal respiratory trumpets. The genera Anopheles and 
Bironellu have been distinguished by the length of the 
maxillary palps, which in adult female Anopheles are 
approximately as long as the proboscis (Komp 1942) but 
are shorter in BironeZZu. The tribe Sabethini is marked 
by the characteristic development of the ventral brush 
and siphon in larvae, and by the position or absence of 
specific hairs in larvae and pupae (Belkin 1962). The 
morphological classification of Aedini has been called 
into question (Bell&r 1962; Wesson, Porter, and Collins 
1992). Indeed, the white gene data agree with the rDNA 
ITS2 data of Wesson, Porter, and Collins (1992) in the 
separation of Ae. aegypti + Ae. albopictus (Stegomyia) 
from taxa of New World origin, Ae. triseriatus and Hue- 
magogus. In fact, Wesson, Porter and Collins (1992) 
questioned the elevation of the Haemagogus lineage 
alone to generic status, and proposed instead the split- 
ting of Aedes into two genera, one of which would pre- 
sumably contain Huemagogus as well as Ae. triseriatus 
and allies. While premature, this proposal receives some 
support from the present study. 

A number of recent reports have hinted at the phy- 
logenetic utility of intron presence or absence (e.g., 
Simon et al. 1994). The rationale behind this approach 
is the reasonable assumption that intron insertion or de- 



letion is a very rare event compared to the rate of nu- 
cleotide substitution. Data from the white gene indicate 
that both chaoborids and mosquitoes are polymorphic 
for the presence of an intron that, because it interrupts 
the same codon in the same place, is presumably the 
“same” intron. This intron is present in one of the chao- 
borid species, C. astictopus, but is absent from E. un- 
derwoodi. It is absent in the Anophelinae, but present 
in all other subfamilies (see fig. 6). This same intron 
was absent in the white genes of the higher flies, D. 
melanogaster (Pepling and Mount 1990) and C. capitata 
(L. Zwiebel, personal communication). If chaoborids 
and mosquitoes have a monophyletic origin, and the An- 
ophelinae are accepted as basal, these data imply at least 
two independent gains (one in the lineage leading to C. 
astictopus, one in the lineage leading to Toxorhynchi- 
tinae and Culicinae) or three independent losses (one in 
the lineage leading to E. underwoodi, one in the lineage 
leading to Anophelinae, and one in the lineage leading 
to Drosophila and Ceratitis). Interestingly, this intron 
has not been found in any other higher fly examined to 
date, but is present in certain other lower flies (unpub- 
lished data). This implies an even greater number of 
independent losses, gains, or both, and suggests that in 
spite of the fact that these insertion or deletion events 
are rare relative to base substitution, we may not un- 
derstand the rules governing them well enough to rely 
on intron presence-absence for phylogeny reconstruc- 
tion at deep levels of divergence. 
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