" BioOne COMPLETE

Mosquito Vitellogenin Genes: Comparative Sequence
Analysis, Gene Duplication, and the Role of Rare
Synonymous Codon Usage in Regulating Expression
Authors: Isoe, Jun, and Hagedorn, Henry H.

Source: Journal of Insect Science, 7(1) : 1-49

Published By: Entomological Society of America
URL: https://doi.org/10.1673/031.007.0101

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 26 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Journal of Insect Science | www.insectscience.org ISSN: 1536-2442

Mosquito vitellogenin genes: Comparative sequence
analysis, gene duplication, and the role of rare
synonymous codon usage in regulating expression

Jun Isoe' and Henry H. Hagedorn

Department of Entomology and Center for Insect Science, University of Arizona, Tucson, AZ. 85721
USA

!Present address, Department of Biochemistry and Molecular Biophysics, University of Arizona.
Tucson, AZ 85721 USA

Abstract

Comparative sequence analysis of mosquito vitellogenin (Vg) genes was carried out to gain a better
understanding of their evolution. The genomic clones of vitellogenin genes were isolated and sequenced
from all three subfamilies of the family Culicidae including Culicinae (Aedes aegypti, Ochlerotatus
atropalpus, Ae. polynesiensis, Ae. albopictus, Ochlerotatus triseriatus and Culex quinquefasciatus),
Toxorhynchitinae (Toxorhynchites amboinensis), and Anophelinae (Anopheles albimanus). Genomic
clones of vitellogenin genes Vg-B and Vg-C were isolated from Ae. aegypti and sequenced. A
comparison of Vg-B and Vg-C, with the previously characterized vitellogenin gene, Vg-A1, suggests that
Vg-A1 and Vg-B probably arose by a recent gene duplication, and Vg-C apparently diverged from the
two other members of the gene family in an earlier gene duplication event. Two vitellogenin genes
orthologous to Vg-C were cloned from a Cx. quinquefasciatus DNA library, one of which is truncated at
the N-terminal end. Single vitellogenin genes, orthologous to Vg-C, were cloned from the An. albimanus
and Tx. amboinensis libraries. Incomplete sequences orthologous to Vg-B and Vg-C were isolated from
the Oc. atropalpus library. Only partial sequences were isolated from Ae. polynesiensis, Ae. albopictus
and Oc. triseriatus. Inferred phylogenetic relationships based on analysis of these sequences suggest
that Vg-C was the ancestral gene and that a recent gene duplication gave rise to Vg-A1 and Vg-B after
the separation of the genus Aedes.

The deduced amino acid composition of mosquito vitellogenin proteins exhibits higher tyrosine and
phenylalanine composition than other mosquito proteins except for the hexamerin storage proteins.
Analysis of vitellogenin coding sequences showed that a majority of amino acid substitutions were due
to conserved and moderately conserved changes suggesting that the vitellogenins are under moderately
selective constrains to maintain tertiary structure. The vitellogenin genes of the three anautogenous
mosquitoes, that require a blood meal to develop eggs, had very high synonymous codon usage biases
similar to highly expressed genes of other organisms. On the other hand, the vitellogenin genes of
autogenous mosquitoes, that develop at least one batch of eggs without a blood meal, exhibited low
synonymous codon usage bias. An unusual pattern of synonymous codon usage was observed in the first
15 amino acid residues encoding the signal peptide in the vitellogenin genes, where a high number of
rarely used synonymous codons are present. It is hypothesized that rare synonymous codons have
selectively accumulated in the signal peptide region to down-regulate the rate of translation initiation in
the absence of a blood meal. Real-time PCR gene expression experiments showed that all three Ae.
aegypti vitellogenin genes were highly expressed after a blood meal, and expressed in non-blood-fed
females, males, larvae and pupae at trace levels. Sequences were deposited in GenBank (accession
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numbers: Ae. aegypti Vg-B, AY380797, Vg-C, AY373377; Oc. atropalpus Vg-B, AY691321, Vg-C,
AY691322; Ae. polynesiensis Vg-A1, AY691318, Vg-B, AY691319, Vg-C, AY691320; Ae. albopictus
Vg-A1, AY691316, Vg-C, AY691317; Oc. triseriatus Vg-C, AY691323; Cx. quinquefasciatus Vg-Ci,
AY691324, Vg-C2, AY691325; Tx. amboinensis Vg-C, AY691326; An. albimanus Vg-C, AY691327).
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Introduction

Vitellogenins are precursors of the yolk proteins,
which are phosphoglycolipoproteins utilized in
oviparous animals to provide nutrition for the
developing embryo. Vitellogenins of many
animals have multiple vitellogenin genes
including the frog, Xenopus laevis (Germond et
al. 1984), the chicken, Gallus gallus, the
nematode, Caenorhabditis elegans (Spieth et al.
1991), and several insects including Drosophila
melanogaster (Wahli 1988), and Aedes aegypti
(Hamblin et al. 1987). The gene duplication
events that gave rise to these gene families are not
well understood. Duplicated genes could evolve
into pseudogenes or into new genes with novel
functions as a consequence of relaxation of
functional constraints (Shimeld 1999; Krakauer
and Nowak 1999). Pseudogenes encoding
non-functional vitellogenin have been isolated
from G. gallus (Silva et al. 1989), C. elegans
(Spieth et al. 1985), and the shrimp, Metapenaeus
ensis (Tsang et al. 2003). The entire open-reading
frames of vitellogenin gene sequences in insects
have been documented in Dictyoptera (Blatella
germanica, Martin et al. 1998; Leucophaea
maderae, Tufail and Takeda 2002; Periplaneta
americana, Tufail et al. 2000), Hemiptera
(Plautia stali,Lee et al. 2000; Riptortus clavatus,
Hirai 1998), Lepidoptera (Bombyx mori, Yano et
al. 1994; Lymantria dispar, Adamczyk et al.
1996), Coleoptera (Anthonomus grandis, Trewitt
et al. 1992), Hymenoptera (Apis mellifera,
Piulachs et al. 2003; Athalia rosae, Kageyama et
al. 1994; Pimpla nipponica Nose et al. 1997), and
Diptera, Ae. aegypti Chen et al. 1994; Romans et
al. 1995; Anopheles gambiae Holt et al. 2002).

Comparative sequence analyses of vitellogenin
genes from taxonomically diverse organisms have
suggested that vertebrate and invertebrate
vitellogenins share a common ancestry for several
reasons. First, the positions of some of the
cysteines in the primary structure of vitellogenins
are highly conserved, especially at the C-terminal
region (Trewitt et al. 1992; Hagedorn et al. 1998;
Sappington and Raikhel 1998). The conserved
positions of cysteines are likely involved in the
formation of a complex tertiary structure of
vitellogenins. The tertiary structure of Lamprey
vitellogenin has been determined by X-ray
crystallography (Raag et al. 1988; Thompson and
Banaszak 2002). Second, the position of some
introns in vertebrate and invertebrate vitellogenin
nucleotide sequences are well conserved (Nardelli
et al. 1987; Trewitt et al. 1992; Hagedorn et al.
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1998). Third, although sequence analysis has
revealed extensive sequence divergence between
vitellogenins of all organisms, the existence of
some limited conserved regions suggest that they
are related (Wahli 1988; Byrne 1989, Hagedorn et
al. 1998; Sappington and Raikhel 1998). However,
many amino acid substitutions were found to be
conserved changes in the physical and chemical
properties of the amino acids, implying that the
overall tertiary structure of vertebrate and
invertebrate vitellogenin genes are highly
constrained and conserved (Trewitt et al. 1992;
Hagedorn et al. 1998). Fourth, polyserine regions
are present in many vertebrate and invertebrate
organisms (Romans et al. 1995; Hagedorn et al.
1998; Sappington and Raikhel 1998). Taken
together, this evidence suggests that vertebrate
and invertebrate vitellogenins share a common
ancestry.

The regulation of expression of highly expressed
proteins sometimes involves the use of specific
synonymous codons. When numerous gene
sequences in E. coli and Saccharomyces
cerevisiae were analyzed, a pronounced bias in
patterns of synonymous codon usage was
observed, especially in highly expressed genes
where many amino acid residues are selectively
coded by a single preferential synonymous codon
(Kurland 1991; Ikemura 1985). The corresponding
isoaccepting tRNAs of preferentially used
synonymous codons in highly expressed genes
were also found to be very abundant compared to
rarely used synonymous codons. The abundance
of each isoaccepting tRNA differs significantly in
E. coli (Gouy and Gautier 1982; Ikemura 1985),
and D. melanogaster (Moriyama and Powell
1997; Powell and Moriyama 1997). The
abundance of tRNA isoaccepting species can be
different in different tissues in eukaryotes and can
be regulated differentially in response to
developmental and physiological processes in
bacteria (Emilsson and Kurland 1990), in plants
(Sreenagesh and Jayabaskaran 1996), in
arthropods (Chevallier and Garel 1979; Candelas
et al 1990), and in humans (Kanduc et al. 1997).
Thus, as a general rule in both prokaryotes and
eukaryotes, highly expressed proteins tend to be
selected for preferential usage of optimal
synonymous codons for translational efficiency
and/or accuracy.

In this study, the entire coding region of the
vitellogenin genes from three anautogenous
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mosquitoes, Ae. aegypti, Culex quinquefasciatus
and Anopheles albimanus, and two autogenous
mosquitoes, Ochlerotatus atropalpus and
Toxyrhynchites amboinensis, and several partial
vitellogenin coding sequences from three other
anautogenous mosquitoes (Aedes polynesiensis,
Aedes albopictus, and Ochlerotatus triseriatus)
were cloned and sequenced to gain a better
understanding of 1) vitellogenin gene duplication
events within the mosquito lineage, 2) amino acid
composition, and 3) the degree of
nonsynonymous and synonymous amino acid
substitutions.

Table 1. Classification and reproductive strategies of
mosquitoes

Species [Reproduction] Vg [ L™ | References
[Family Culicidae
Subfamily Culicinae
[Tribe Aedeomyiini
Genus Aedes
Subgenus Stegomyia
Aedes aegypti Anautogenous [Vg-A1]|2148|Romans et al. (1995)
Vg-B | 2142 This study
Vg-C 2087, This study
Aedes polynesiensis Anautogenous |Vg-A1| 79 This study
Vg-B| 785 This study
Vg-C| 735 This study
Aedes albopictus Anautogenous [Vg-A1f 130 This study
Vg-C| 157 This study
Subgenus Ochlerotatus
Ochlerotatus atropalpus | Autogenous | Vg-B[2108] This study
[ ve-C[1825] This study
Subgenus Protomacleaya
Ochlerotatus triseriatus | Anautogenous [ Ve-C| 60 | This study
[Tribe Culicini
Genus Culex
Subgenus Culex
Cules quinquefasciatus | Anautogenous [Vg-C1] 2111 This study
Ve-C2]2043] This study
Subfamily Toxorhynchitinae
(Genus Toxorhynchites
Subgenus Toxorhynchites
Toxorhynchites amboinensis| _Autogenous [ Ve-C[2032] This study
Subfamily Anophelinae
IGenus Anopheles
Subgenus Nyssorhynchus
‘Anopheles albimanus | Anautogenous | Vg-C [2029] This study

* e . . .
L indicates the number of amino acids sequenced

Materials and Methods

Mosquitoes used in this study were selected based
on taxonomic relationships representing all three
mosquito subfamilies with different reproductive
strategies (i.e. autogenous and anautogenous
reproduction). The taxonomic classification and
reproductive strategies of the mosquitoes studied
are shown in Table 1. Reinhart et al. (2004) have
described a revision of the tribe Aedini and
renamed some members of the genus Aedes; Ae.
aegypti to Stegomyia aegypti, and Ae. albopictus
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http://wrbu.si.edu/forums/viewtopic.php?t=9).
We have retained the earlier classification.

Genomic DNA library construction

Genomic DNA was isolated from one
anautogenous mosquito species, Cx.
quinquefasciatus, kindly provided by J. Chaney at
the University of California, Riverside and two
autogenous mosquito species, Oc. atropalpus and
Tx. amboinensis that were kindly provided by D.
Wheeler at the University of Arizona, Tucson,
Arizona and F. Mahmood at Rutgers University,
New Brunswick, New Jersey, respectively. Fresh
or alcohol preserved mosquitoes were used to
isolate genomic DNA (Sambrook et al. 1989). The
high molecular weight genomic DNA was
subjected to partial digestion with Sau3Al. The
partially digested genomic DNA was separated
either on a spharose gradient or low melting point
agarose gels, from which bands between 6.0 and
10.0 kb were excised and purified using GELase
(Epicentre Technologies,
http://www.epicentre.com/main.asp). The
purified genomic DNA was ligated using a BamHI
predigested A ZapExpress vector and packaged
using Gigapack III Gold Packaging Extract from
Stratagene (http://www.stratagene.com/). All
three unamplified libraries had ~5 X 106 plaque
forming units. Genomic DNA libraries from Ae.
aegypti constructed in Lambda Dash® II vector,
from An. albimanus constructed in Lambda
EMBL 3 vector, and from Ae. polynesiensis, Ae.
albopictus, and Oc. triseriatus constructed in a A
ZapExpress vector were provided by A. A. James
(University of California, Irvine), M. Kidwell
(University of Arizona, Tucson, Arizona), and R.
Nussenzveig (University of Arizona, Tucson,
Arizona), respectively.

Screening genomic DNA libraries

The Ae. aegypti genomic DNA library was probed
using DNA probes containing conserved
vitellogenin coding sequences (Hagedorn et al.
1998): Vg-A1 nucleotides 2425-4338, GenBank
accession # 141842 (Romans et al. 1995), labeled
with digoxigenin-11-dUTP using the random
priming method (Roche Molecular Biochemicals,
www.roche.com). Approximately
50,000—300,000 plaques were screened. Ae.
aegypti Vg-B and Vg-C DNA probes were chosen
to contain the conserved region of vitellogenin
genes described above that were then used to

to St. albopictus. This change has been probe the Oc. qtropalpus, Cx. qu.inquefaciatus,
controversial (Savage 2005) (see also Tx. amboinensis, and An. albimanus DNA
libraries. Approximately 50,000—300,000
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plaques were screened. Approximately
50,000—200,000 plaques were screened for the
Ae. polynesiensis, Ae. albopictus, and Oc.
triseriatus libraries. Genomic DNA libraries were
constructed in a Lambda Dash® II vector
(Stratagene, www.stratagene.com) kindly
provided by A. A. James (University of California,
Irvine). The plaques were transferred to nylon
membranes (Micron Separations Inc.,
www.stratagene.com). The membranes were
denatured, neutralized and DNA cross-linked
using a Strata-linker (Strategene). Hybridization
was performed overnight at 550C using a Gene
Roller (Savant Instruments Inc,
www.combichemlab.com). Positive plaques were
detected colormetrically using anti-digoxygenin
conjugated with alkaline phosphatase, with
nitroblue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate as
substrates. All positive plaques were further
screened to purify each positive plaque. Phage
DNAs for each putative vitellogenin gene cloned
were extracted and purified using methods
described by Sambrook et al. (1989). Phages were
precipitated with PEG 8000 and NaCl overnight
instead of for one hour. Phage DNAs were
subsequently digested with restriction enzymes
and electrophoresed in 1.0% agarose gels in TAE
buffer. DNA fragments encoding vitellogenin
genes were subcloned into the pBluescript SK+
plasmid vector (Strategene), and plasmid DNAs
were isolated by plasmid DNA Miniprep
(Promega, www.promega.com/). Transformation
was carried out using DH5a competent cells (Life
Technologies Inc., www.lifetech.com). All
sequencing was performed at the University of
Arizona Sequencing Facility using an automatic
sequencer (Model 373, Applied Biosystems,
appliedbiosystems.com). Sequences were
determined from both strands. Sequences were
deposited in GenBank (accession numbers: Ae.
aegypti Vg-B, AY380797, Vg-C, AY373377; Oc.
atropalpus Vg-B, AY691321, Vg-C, AY691322; Ae.
polynesiensis Vg-A1, AY691318, Vg-B, AY691319,
Vg-C, AY691320; Ae. albopictus Vg-Ai,
AY691316, Vg-C, AY691317; Oc. triseriatus Vg-C,
AY691323; Cx. quinquefasciatus ~ Vg-Ci,
AY691324, Vg-C2, AY691325; Tx. amboinensis
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include the abdominal epidermis, heart, nerve
cord and associated tissues) were dissected from
female mosquitoes 24 hours after a blood meal
and were frozen in liquid nitrogen. Total RNA was
isolated using the guanidine thiocyanate method
and an RNaid Kit (BIO 101, www.gbiogene.com)
and stored at —-800C until use. The potential
genomic DNA contamination in total RNA
preparations was degraded with DNasel prior to
reverse transcription, followed by enzyme
denaturation at 650C. 1 pg of the total RNA was
subjected to reverse transcription using a
universal primer for the three Ae. aegypti
vitellogenin genes at 420C (Table 2) using
Superscript reverse transcriptase (Life
Technologies, www.invitrogen.com). The RNA
template was subsequently removed by RNase H
(Life Technologies). Polymerase chain reaction
(PCR) was performed using gene-specific primers
that were designed to flank each potential intron
(Table 2). The PCR products were separated on
agarose gels and the expected bands were purified
using a Sephaglas BandPrep Kit (Pharmacia,
www.Pharmacia.com). The PCR products were
inserted into TA cloning vectors (Invitrogen,
www.invitrogen.com/) following the
manufacture's instructions, and positive clones
were sequenced.

Table 2. Oligonucleotide primer sequences used for
analysis of Ae. aegypti vitellogenin genes.

Primer | | |
First intron

Sequence

RT universal primer 1 5' CCAAGCCTTCAGGAT 3'
5' CAACGAGAGGAGGAGAACA 3'

5' GTTCGGCATCCATGAGCTG 3'

[Vg-A1|Forward|
Reverse

Vg-B |[Forward| 5 CAACGGTGAAGACATACTG 3’
Reverse 5' GGTAACCGTACTCGAATC 3'
Vg-C [Forward| 5' CCAGGGAATCATGTTAGTG 3'

Reverse 5' GCCACTTCAAACTGCGATT 3'
Second intron
5' GCCTTCTGTTGGTAG 3'
5' CGGTCTTCAATGACTACTC 3'
5' AATGGAACACCACCGTTGT 3'

RT universal primer 2

[Vg-A1|Forward|
Reverse

Vg-B |[Forward| 5' TCTTCCTTCGCTACCAGC 3'
Reverse 5' GGAGTGTCAGCGTTATTG 3'
Vg-C |Forward 5' CAACAGTTCGCCTATCCG 3'

Reverse 5' TCCATCGAAGGTAGCAACA 3'
3'RACE
5' CGGAATTCTCTAGACTCGAG(dT)183'
5' CGGAATTCTCTAGACTCGAG 3'
5' TTCGGAATTCAGCTCTCTG 3'

RT universal primer 3

Reverse
[Veg-A1|Forward|

Vg-B|Forward] 5 CGGAATCGAAGTCTAAGAG 3’
Vg-C |Forward 5' CATCATCCTCTGAATCTCG 3'
Real-time PCR

_ . . _ IVg-A1|Forward| 5' CCACAGTATCCTTCATGCTCTTT 3'
Vg C’ AY691326’ An' alblmanus Vg C’ Reverse| 5' GTTCGTACTCTTCAAATCCATTCT 3'
AY691327). Vg-B |Forward| 5 TCGTAAACCACAGTATCCTTCCT 3'

Reverse| 5' CTCGAAGTCAGAGTTGTAGAAGT 3'

Vg-C |Forward| 5 CGCGGACAGTACCACCCATC 3'
Determination of intron and 3' Reverse| 5' GTCAGCGTTCTGGAAGTGTGA 3'
untranslated region sequences
Positions of introns for each vitellogenin gene
were determined by comparison of genomic and
c¢DNA sequences. Fat body preparations (which
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Rapid amplification of cDNA ends (3' RACE) was
carried out to determine the 3' untranslated
region for each vitellogenin gene. Total RNA was
isolated from female fat body 24 hours after a
blood meal as described above. The first strand
c¢DNA was synthesized from the total RNAs using
an Oligo-(dT) containing an adapter primer
(Table 2). PCR was performed on cDNA using
gene-specific primers and an adapter primer. The
PCR products were analyzed and cloned as above.

Gene expression pattern in Ae. aegypti by
real-time PCR

Real-time RT-PCR was performed to quantify
differences in vitellogenin gene expression in Ae.
aegypti after a blood meal. Fat body preparations,
midgut, and ovary tissues were dissected from
unfed and fed mosquitoes at specific times after a
blood meal. Isolated tissues were stored in
RNAlater (Ambion, www.ambion.com) at —80°C
until use. Total RNA was extracted TRIzol reagent
(Invitrogen) according to the manufacture’s
instructions. Total RNA was also isolated from
whole larvae, male and female pupae, and male
adult. Prior to synthesizing ¢cDNA from each
sample, 1 ug total RNA was first treated with
RNase-free DNasel to ensure complete
degradation of potential genomic DNA
contamination, followed by the addition of 25 mM
EDTA and heat denaturation of the enzyme.
Reverse transcription was carried out using
oligo-(dT)20 primer and reverse transcriptase
(NEB, www.neb.com) in a 20 pl reaction volume
at 37°C for 1 hour followed by termination of the
reaction at 70°C for 20 min. The final volume of
c¢DNA was increased to 200 pl. To minimize
potential variation in reverse transcriptase
efficiency, all cDNA syntheses were carried out
simultaneously. To design optimized gene-specific
sense and antisense oligonucleotide primers
without primer-dimer formation and self-priming
formation, we used OLIGO software (version 6,
Molecular Biology Insights, www.oligo.net/) for
each vitellogenin gene (Table 2). Nucleotide
pairwise comparison was performed using the
GAP program in the GCG (Genetic Computer
Group, www.accelrys.com/products/geg/) to
ensure that the primers anneal exclusively to the
DNA  of  specific  vitellogenin genes.
Oligonucleotide primers were custom made by
OPERON (http://www.operon.com/)

The real-time RT-PCR was carried out in the ABI
PRISM 7700 Sequence Detection System (Applied
Biosystems) according to the manufactures
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instructions in a 96-well microtiter plate with a 10
ul reaction volume containing 5 pl SYBR Green
PCR Master Mix (Applied Biosystems), 3 ul of
each primer set (0.5 uM final concentration), and
2 ul of cDNA templates. Each sample was run in
triplicate. Negative controls without template
were performed in each run. PCR conditions:
preincubation was performed for 10 min at 95°C
to denature the target DNA and activate
AmpliTag Gold DNA Polymerase; DNA was
amplified for 40 cycles of 15 sec at 95°C and 1 min
at 60°C. Data were analyzed by ABI software,
Version 1 (www.appliedbiosystems.com/).

Sequence analysis

Multiple alignment of protein sequences from
translation of nucleotide sequences was
performed using PILEUP of GCG Wisconsin
Software Package (version 10.0-UNIX) and
subsequently improved by eye using MacClade
(test version 4.0a11, Maddison and Maddison
1999). Pairwise comparisons was performed to
estimate sequence divergence of Ae. aegypti
vitellogenins using the PAUP* 4.0b2 package
(Phylogenetic ~ Analysis Using  Parsimony,
Swofford 2000). The extent of amino acid

substitutions were categorized based on
physicochemical properties of amino acids
(Grantham 1974).

Additional gene sequences analyzed in this study
were obtained from the GenBank database.
Putative ribosomal protein genes were retrieved
from the Anopheles gambiae genome by BLAST
searches. The effective number of codons, ENC,
was used to measure overall synonymous codon
usage bias (Wright 1990). Values of ENC can
range between 20, in an extremely biased gene,
where only one codon is used for each amino acid,
and 61, where all synonymous codons are used
with the same probability. ENC, GC content, and
GC3 (G+C content at the 3rd position of the
synonymous codon) were calculated for each gene
using CodonW (Peden 1997). A x* test of
homogeneity of base frequency across taxa was
performed using the PAUP* 4.0b2 package
(Swofford 2000) to determine the level of bias at
each codon position.

Results

Cloning of vitellogenin genes

The screening of the Ae. aegypti genomic DNA
library was conducted at low stringency to clone
different members of the vitellogenin (Vg) gene
family using an Ae. aegypti Vg-A1 DNA probe
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Transcription

Initiation

Cleavage site
Vg-Al (RYRR)
Vg-B (RFRR)
Vg-C (RNRR)

Signal peptide

4 s'utR
~68 bp

TATA box I

1 452 bp
3 445 bp
Vg-C 404 bp

R

Putative zinc finger
protein (Vg-C)

ATG
start codon
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AATAAA
poly-a addition sequence

3 UTR
~103 bp

Stop codon

Figure 1. Generalized genomic organization of Aedes aegypti vitellogenin genes. The number in parenthesis

indicates the number of amino acid residues.

corresponding to nucleotides 2425-4338

(accession # L41842, Romans et al. 1995) that
contains the most conserved domains within the
insect vitellogenin genes (Hagedorn et al. 1998).
Four genes were previously isolated from an Ae.
aegypti genomic DNA library and restriction
mapped (Gemmill et al. 1986; Hamblin et al.
1987). Based on the comparisons of the restriction
sites present in the four vitellogenin genes, Vg-At1,
A2, B, and C, isolated in this study, and the

previously mapped clones, the same four
vitellogenin genes had been cloned.
Genomic libraries of Ae. albopictus, Ae.

polynesiensis, Oc. atropalpus, Oc. triseriatus, Cx.
quinquefasciatus, Tx. amboinensis and An.
albimanus were subsequently screened at low
stringency using Ae. aegypti Vg-B and Vg-C DNA
probes, which were chosen to contain the
conserved region of vitellogenin  genes.
Vitellogenin genes cloned from each species were
also used to rescreen the library to clone possible
additional members of the vitellogenin gene
families. The vitellogenin genes sequenced from
these mosquito species were classified as
orthologous to one of the members of vitellogenin
gene family in Ae. aegypti as judged by sequence
identity, molecular signatures such as insertion
and deletion events, and phylogenetic analysis of
vitellogenin gene sequences.

Structure and sequence of the Ae. aegypti
vitellogenin genes

DNA sequences in part of the coding and
upstream regulatory regions of Vg-A1 and Vg-A2
of Ae. aegypti had high identity including the
coding region (98.5% nucleotide identity with
synonymous substitutions) and the upstream

region (97.5%), suggesting that these two genes

are allelic variants or derived from a recent gene
duplication. Further analysis of Vg-A2 was not
pursued.

Figure 1 shows the generalized structural
organization of the mosquito vitellogenin genes.
The intron and exon structures of Vg-B and Vg-C
of Ae. aegypti were predicted based on their
consensus 5' and 3' splice sites and by comparison
to Vg-A1 cDNA (Chen et al. 1994). Total RNA
isolated from fat body preparations of blood fed
females was subjected to RT-PCR using
gene-specific primers for Vg-B and Vg-C. The
sequences derived from each PCR product
established precise intron splicing sites for Vg-B
and Vg-C, exactly as had been found previously
for Vg-A1 (Romans et al. 1995). The 3
untranslated region of Vg-B and Vg-C was
determined by 3' RACE. As described for Vg-A1,
Vg-B and Vg-C had short 3' untraslated regions
(110 and 84 bp, respectively), having no sequence
similarity to one another or to Vg-Ai. The
transcription initiation site and 5' untranslated
regions for Vg-B and Vg-C were predicted based
on the sequence comparison with Vg-A1 (Figure
2).

Table 3. Uncorrected sequence identity (%) of three
members of the vitellogenin gene family of Aedes aegypti

1 2 3
1. Vg-A1 - 89.4 64.5
2. Vg-B 86.1 - 64.9
3. Vg-C 68.8 68.6 -

Amino acid and nucleotide sequence identity are shown above and below the
diagonal, respectively.
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Vg-B  FEldAsaKTh PqVykqPaGH PEnENDDFfY mPqtlNGSmD VNLLYHRMvD AKVGFVTEFD HORYIAGYQK KLhgyLPFtV
Vg-C FEteAkvKTy PrVhgkPtGH PEnENDDFiY wPk11NGSiD VNLLYHRMsD AKVGFVTPFD HQRYIAGYQK KLgvnLPFsV
1281 1360
Vg-Al eLgLdfvkDE YEfEfkflEP KdDhL1FHmS SWPYTGYKDI TdMRPIAenP NakIVHDdAnQ sTKtmEHTFG QDMTGvaLRF
Vg-B dLgLdlvnDE YEfEfkfgEP KeDhLmFHmS SWPYTGYKDI TdMRPIAenP NakIVHDedQ tTKslEHTFG QDMTGvalLRF
Vg-C dLsLnfetDE YEiElsplEP KkDgQLfFHLS SWPYTGYKDI TeMRPIAdsP NvrIVHDAdQ tTKsfEHTFG QDMTGEgLRF
1361 1440
Vg-Al HAKYDfD1iN Fqgfwsligk nDfvSAvnYP FAyQPYEYHQ FN1fYDsQRT haksfKFfAy gKfG..apsF eetgpKHPan
Vg-B HAKYDEfDmmN Fgkvfgmlkk hDlvSAvtYP FAYQPYEYHQ FNlyYDaQRT haksfKFfAy gKfG..apsF eetgpKHPan
Vg-C HAKYDGDEEN Feqgfydfykqg hDILySAffYP FAtQPYEYHQ FNvyYDaQRT diekiKFsAh yKeGdfdgdF gdsdvKHPkg
1441 1520
Vg-Al RHsYSGnYyE sNYAQPfVyS pgSqrRyeQF frNARsSGIRN SfVryyDFGEf eFyapqyKsE ftFTTAfADS PVDktSRgLy
Vg-B RHsYSGnYyE sNYAQPfVyS agShcRyeQF frNAAsSGIRN SfVryyDFGf eFyapgyKsE ftFTTAfADS PVDktSRgLy
vg-C RHgYSGyYnE aNYAQPiVES aaShrRgdQF ikNARaGIRN SdVgviDFGv tFegkkgKaE yvFTTAyADS PVDekSRELf
1521 1600
Vg-Al yFyaSPmfpS qsYFkdiPfs GKQFQfCath TsEFPrVPyL kFsdfdkyyg DAsqyfdflY GEsCQGGAhI avKGKgkQTg
Vg-B  yFyaSPmfpS gsYFkdiPfs GKQFQfCatA TsEFPrVPyL kFsdfdkyyg DAsqyfdflY GESCQGGAhI avKGKgkQTg
Vg-C fFsgSPyyqS n.YFfgmPyqg GEQFOmCfsA TnEFEnVPkL nFlnalngne DAdlkwelsY GEkCQGGAgQV siKGK1lhQTd
1601 1680
Vg-Al kcReyLrfsd VakaCKeQMa nGyYQfeECQ gAidQAyYyD fYdyaieyKd wvgsvakNltn KFynyFQyaf YPYfESNEFY
Vg-B kyReyLgfSd VakaCKeQMa nGyYOmeECQ rAidQAyYyD fYdysfeyKd vgavakNisa KFydyFQyaf YPYLESNEFY
Vg-C  myRhhLrtSr VgstCKdQOMd rGEYQLKECQ nAtrQAsYED gqYffkfdfKn fdsasqNlty KFEnfFQgfa YPYYESNyFY
1681 1760
Vg-Al hGEKsNyikae FEfAPYgDyy NASFFGPsyA FgVQNYPvIN dYstYFpyff kytffprygp yymhrlpshk prnrpyyeLS
Vg-B rGKhNgikae FEfAPYgDyy NASFFGPsyA FqVkNYPieN dYsvYFpyff kytffprygp yflhrlpahk prnrpyyelS
Vg-C_ kGKEdNgagfn FELAPYaDcf NASFFGPefA FkVeNYPiyN yYyrYFatv. .......vvv covevceves «a..nsdlS
1761 1840
Vg-Al nyeqFRifdr kpQY.PSCSf SndnfyTFDn KkYfYdMGeC WHaVmyTVEP DYdfYAqQSH FyNsDfEYky KNGFeEyEQfE
Vg-B nfeqFRafsr kpQY.PSCSf SkdyfyTFDd KkYfYdMGeC WHaV1yTVKP DYdfYARgQSH FyNsDfEYky KNGFeEyEQf
Vg-C ffdrFAtyay rgQYhPSCSi SskyvaTFDg KtYdYtMGAC WHvV1hTVEP DYeyYAyQSH FgNaDsEYrf KNGFyEdEQi
1841 1920
Vg-Al aalaRrGsdN glYFEf1fG. ....Dnylev fPNnggvPfV kyNGrPydI. sKsniahfey keGypsfPfF yafAyPnkdL
Vg-B aalaRrGsdN glYFKf1fG. ....DnylIei fPNnadtPfV kfNGrPydI. sKyniahfey keGypsfPfF yafAyPnkdL
Vg-C svLgRsGpsN emYFKvilGqg ykgnDynIdi iPNgadlPkV yiNGkPgglh dKyavelytn dnGgeq.FPlF rcyAlPgnel
1921 2000
Vg-Al EvsffggkLK fatDGYRARF FsDySfYNNF vGLCGTNnGE YfdeFVTaDQ CYMRKPEfFA ASYAiTGQNC TGPAKAFNYA
Vg-B EvsffggkLK fatDGYRARF FsDySfYNNF vGLCGTNAGE YfsdFVTpDQ CYMRKPEfFA ASYAITGONC TGPAKAFNYA
Vg-C EinirndgLK ivhDGYRARF FaDgSyYNNF aGLCGTNnGE YyddFVTpDQ CYMREPEyFA ASYAiIiTGQONC TGPAKAFNYA
2001 2080
Vg-Al YQQKAKQECV KREVyyGdil YngeyYhpRY RYYNHNVEES sSSS...SSS SSDS...... SSSSSSSEfs s1grSgssSs
Vg-B YOQKAKQECV KREVYfGdvI YngeyYhpRY RYYNHNVEES sSSS5...5S5 SSDSssss.. SSSSSSSEs. .kskS...S5S
Vg-C_ YOQKAKeECV KREVEyGnvI YerdfYrgRY RYYNHNVEES dSSSsssS5SS5 SSDSsssssd SSS5SSSEsr srshS8gs.SS
2081 2160
Vg-Al SSSSEEgKEf HPHkQeHSmK eCpVgHQHQF FeQGdriCFs 1RPLPvChSk CaATeKisKY FDVHCfekds tgAkkYKSel
Vg-B S5SSEEgKEy HPHKQsHS1K dCpVgHQHQF FaQGdkvCFt 1RPLPaChSk CvATdKvsKY FDVHCfekss pgRekYKSel
Vg-C SSSSEEnKEy HPHgQgHSvK eCeVkHQHQF FeQGsgiCFs vRPLPaCpSh CaATdKtpKY FDVHCrsasd paAqlYKSql
2161 2190
Vg-Al grGYtPDEfKS faphKTyKFN yPKsCVykay
Vg-B arGYnPDEKS yashKTEKFN yPKsCVykay
Vg-C gkGYsPDmKS rsvsKTvKFN iPKtCVhsqg.

Figure 2. A multiple deduced amino acid sequence alignment of three members of vitellogenin family in Aedes
aegypti. The conserved amino acid residues are capital letters. The conserved cysteine residues are marked with
bold letters. An intron splice site is marked by I. Polyserine regions are underlined by dots (...). The symbol (*)
indicates a region where no nonsynonymous substitutions occur between Vg-A1 and Vg-B. The first set of arrows
indicate the end of the signal peptide and the beginning of the small subunit. The second set of arrows indicate the
position of the cleavage site where the ‘small’ subunit ends and the ‘large’ subunit begins. ##+# indicate the cleavage
sequence (RXRR) between the large and small subunits.

The deduced amino acid sequence alignment of
Vg-A1, Vg-B and Vg-C of Ae. aegypti, is shown in
Figure 2, and the uncorrected pairwise sequence
divergence of amino acid and nucleotide
sequences is presented in Table 3. Sequence

comparison of the coding regions of Vg-A1 and
Vg-B showed high identity (86.1% and 89.4%) for
the nucleotides and deduced amino acids,
respectively. Romans et al. (1995) showed that the
genomic sequence of Vg-A1 and the cDNA
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sequence of Chen et al. (1994) showed no
significant differences except that the Vg-A1
sequence has an extra imperfect repeat of amino
acid sequences near the N-terminal region of the
large subunit. Vg-B has two imperfect repeats of
this sequence. Sequence comparisons between
Vg-C and other members of the vitellogenin gene
family showed that Vg-C is more different from
Vg-A1 and B, and that nucleotide identity was
higher than amino acid identity, suggesting the
presence of more amino acid substitutions (Table

3).

The vitellogenin genes of eight other
mosquito species

The vitellogenin genes of eight other mosquitoes
were also examined. Table 1 provides information
about the relationships between these
mosquitoes. Appendix 1 shows the deduced amino
acid sequence alignment of these genes. Two
incomplete sequences coding for vitellogenin
genes orthologous to Ae. aegypti Vg-B and Vg-C
were cloned from the autogenous Oc. atropalpus
mosquito. Screening the Cx. quinquefasciatus
library resulted in the cloning of two different
members of the vitellogenin gene family that
appear to be orthologous to Vg-C of Ae. aegypti
and were designated as Vg-C1i and Vg-C2. The
Vg-C1 clone contains a complete coding sequence
of the gene, whereas the Vg-C2 clone has all of the
molecular signatures of a vitellogenin gene but no
frame shifts and stop codons are present.
However, this gene is truncated in such a way that
39 amino acid residues at the N-terminal are
missing from the coding region. Partial sequences
coding for the N-terminal region of vitellogenin
genes from three anautogenous mosquitoes, Ae.
polynesiensis (orthologous to Ae. aegypti Vg-A1,
Vg-B, and Vg-C), Ae. albopictus (orthologous to
Ae. aegypti Vg-A1 and Vg-C) and Oc. triseriatus
(orthologous to Ae aegypti Vg-C) were also
sequenced (Appendix 1).

Intensive screening of An. albimanus and Tx.
amboinensis libraries resulted in the isolation of a
single vitellogenin gene for each of these species.
Subsequent screening of both libraries with
homologous probes did not yield additional
members of vitellogenin genes of either species.
The vitellogenin genes sequenced from An.
albimanus and Tx. amboinensis appear to be
orthologous to Ae. aegypti Vg-C (Appendix 1). For
example, no duplicated imperfect repeats were
found between Vg-C of Ae. aegypti and the
vitellogenin genes from An. albimanus and Tx.
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amboinensis. Also the alignments show that there
are several stretches of amino acid deletions and
insertions in identical positions in Vg-C of Ae.
aegypti and the vitellogenin genes in An.
albimanus and Tx. amboinensis that are not
present in Vg-A1 and Vg-B of Ae. aegypti,
suggesting that the Ae. aegypti Vg-C and the
vitellogenin gene cloned from these two species
probably shared a recent common ancestor, and
that Vg-A1 and Vg-B of Ae. aegypti are distantly
related to them. Comparison of the incomplete
pairwise sequence divergence of Vg-C genes
orthologous to Vg-C of Ae. aegypti shows that
they have relatively high homology with Vg-C of
Ae. aegypti (Table 4).

Table 4. Uncorrected sequence identity (%) of six mosquito
vitellogenin Vg-C genes.

1 2 3 4 5 6
lt_Ae. aegypti C - 85.1 | 68.7 | 55.9 | 65.4 | 64.7
l2 Oc. atropalpus C 79.8 - 69.8 | 54.9 | 66.5 | 65.6
13 Cx. quinquefasciatus C1 71.2 | 70.2 - 57.8 | 65.2 | 64.0
1 Cx. quinquefasciatus C2 61.7 | 60.0 | 63.6 - 54.9 | 57.3
Tx. amboinensis C 67.8 | 68.3 | 67.9 | 60.3 - 61.6

6 An. albimanus C 69.1 | 67.5 | 70.5 | 64.6 | 66.2 -

Amino acid and nucleotide sequence identity are shown above and below the
diagonal, respectively.

Amino acid composition of vitellogenin
proteins

There are no dramatic differences in the amino
acid composition between the mosquito
vitellogenins (Table 5). Three polyserine regions
are present (Appendix 1). Most are rich in
tyrosine (Y) and phenylalanine (F), however,
Vg-C1 and Vg-C2 of Cx. quinquefasciatus have a
lower number of these two amino acids compared
to the other mosquitoes (Table 5). The reduction
is more prominent in the truncated gene, Vg-C2,
than in Vg-Ci. A reduction in the number of
serine residues in An. albimanus Vg-C by about
30% is also apparent. The deduced amino acid
composition of vitellogenin proteins from other
insects is also shown in Table 5. Interestingly,
none of the vitellogenin proteins of other insects
have a high content of tyrosine and
phenylalanine.

Ae. aegypti vitellogenin proteins show a biased
amino acid composition compared to 144 other
Ae. aegypti proteins available from the GenBank
database (Table 6). In general, the aromatic
amino acids tyrosine and phenylalanine that are
rich in most mosquito vitellogenin proteins
contribute a relatively low proportion of amino
acids in all other proteins examined, with the
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Table 5. Amino acid composition of insect vitellogenin proteins, not including mitochondrial proteins. Blue = # of

amino acids. Red = percent of total # of amino acids.

Amino acid single letter code
GENES [ATC]IDIEJFJGIH]JI[K[JLIM[NJPJQIR]S][T]V]W] Y [Total
IMosquitoes
IAedes aegypti (Vg-A1) 155 | 20 | 116 [ 123 174|102 61 | 69 |148]114] 39| 116 |104]| 102 | 79 | 213 | 80 [104| 12 | 217 | 2148
7.210.9]5.4]5.7]|81]4.7]2.8]13.2]6.9]|5.3]1.8]5.4|4.8] 47]13.7] 9.9 |3.7]4.8]0.6]10.1
|Aedes aegypti (Vg-B) 15720116 126 | 171]| 95 | 59| 56 |155] 111 ] 43| 111 | 101|109 | 77 | 220 | 83 |109| 10 | 213 | 2142
7.310.915.4]5.9]8.0]4.4]2.8]2.6|7.2]|5.2]|2.0|52]|4.7] 5.1 |3.6|10.3]3.9]5.1]0.5] 9.9
|Aedes aegypti (Vg-C) 131| 24 | 118120151 93 | 52| 68 |140]|103]| 32 |122]| 97 | 127 | 86 | 230 | 86 | 111 | 12 | 184 | 2087
6.3]11]|57|57]72|4.5|25]3.3]6.7]14.9]1.5|5.8|4.6] 6.1 |4.1]11.0]4.1|5.3]0.6] 8.8
(Ochlerotatus atropalpus (Vg-B) 148{ 18 [127[126 | 177] 92 | 61 | 58 [138]103] 33 [109]| 96 | 114 | 73 | 218 | 82 |107| 12 | 216 | 2108
7.0]0.9]6.0[6.0]8.4]4.4]2.912.8]6.5]4.9]1.6]5.2]4.6]| 5.4 |3.5]10.3]3.9]5.1]0.6]10.2
Ochlerotatus atropalpus (Vg-C) 118 ] 15 |105[120{152] 78 [ 45] 58 | 116 | 92 | 33 | 114 | 88 | 100 | 67 | 172 | 76 | 94 | 14 [ 168 | 1825
6.5]0.8]5.816.6|8.3]4.3]2.5|3.2]6.4]5.0/1.8]6.2]|4.8] 5.5]3.7] 9.4 |]4.2]5.2]0.8] 9.2
Culex quinquefasciatus (Vg-C1) 135] 26 | 121|149 (102 95 | 55| 83 |146|134]| 40|126] 93 | 128 | 89 | 214 | 90 |137] 19 | 129 | 2111
6.411.2]57|71]4.8]4.5|2.6]/3.9]6.9]6.3]1.9|6.0]4.4] 6.1 |4.2]10.1]4.3]6.5]0.9] 6.1
Culex quinquefasciatus (Vg-C2) 161| 24 |108|145]| 59 | 77 | 58| 95 |140]|147]|38 118 94 | 115 | 88 | 235 | 95 |139| 28 | 78 | 2042
7.911.2]53]71]2.9]3.8]2.8]4.7]6.9]|7.2|1.9]|5.8|4.6] 5.6 |4.3]11.5]4.7]6.8]1.4] 3.8
Toxyrhynchites amboinensis (Vg-C) 156 19 | 101]125]139| 90 | 66 | 67 | 118 [107]|38|133] 95 | 125 | 84 | 207 | 82 [121] 15 | 144 | 2032
7.7]10.9]15.0]16.2]16.8]4.4]13.2{3.3]5.8]5.3]1.9]6.5[4.7| 6.2 ]4.1|10.2]4.0]6.0]0.7] 7.1
IAnopheles albimanus (Vg-C) 122| 24 |130]137[148] 93 | 65| 72 [124]|119| 33 [104| 92 | 116 | 82 | 154 | 98 |123] 16 | 177 | 2029
6.0]1.2]6.4]6.8]7.3]4.6|3.2]35]|6.1|59]1.6|5.1|4.5]5.74.0] 7.6 |4.8]6.1]0.8] 8.7
lAnopheles gambiae 126] 23 [128]134[154| 92 | 59| 63 129|116 |43 | 114 | 92 [ 124 | 80 | 174 | 94 |121] 17 | 168 | 2051
6.1]11]6.2]|6.5]|75]4.5]2.9]3.1]16.3]5.7]2.1|5.6|4.5]6.0]3.9] 85 |4.6|5.9]0.8] 8.2
Other insects
IApis mellifera 76 | 21 [109]126] 66 | 79 | 39 |103|138]158] 66 [108] 83 | 60 | 82 | 150 |110]129]| 18 | 49 | 1770
4.3|1.2]16.2|71]3.7]4.5(2.2|58]78]8.9]|3.7]6.1]14.7| 3.4 46|85 ]|62|73]10] 28
|Athalia roase 178123 89 | 117 | 61 |108] 36| 81 105|122 34 |119| 89 [ 140 | 78 | 215 | 83 |102] 19 | 73 | 1872
9.5]1.214.8]6.3]3.3|5.8|1.9]4.3|5.6]6.5[1.8|/6.4|4.8] 7.5 |4.2|11.5]4.4]|5.4]1.0] 3.9
|Antheraea pernyi 134| 13 | 87111863 | 75 | 62| 93 |135[123] 36| 98 | 82 [ 126 | 69 | 164 | 91 |110| 15| 84 | 1778
7.510.714.916.6|3.5]4.2]|3.5|5.2]7.6]6.9|2.0|55]|4.6] 7.1 |3.9] 9.2 |5.1]6.2]0.8] 4.7
|Antheraea yamamai 129 15| 87 111858 | 74 | 59| 93 |130|127]| 38 |102| 84 | 125 | 71 | 164 | 94 |112] 15| 83 | 1778
7.310.814.916.6|3.314.2]13.3152]|7.3]71]|2.1]57]4.7] 7.0 |4.0] 9.2 |5.3]6.3]0.8] 4.7
IApis mellifera 76 | 21 [109]126] 66 | 79 | 39 |103|138]158] 66 [108] 83 | 60 | 82| 150 |110]129]| 18 | 49 | 1770
4.3|1.2]16.2|71]3.7]4.5|2.2|58]78]8.9]|3.7]6.1]14.7| 3.4 |4.6] 85 ]|6.2[7.3]1.0] 2.8
IBlattella germanica 92|19 | 94 |104]| 85| 55 | 69| 93 |126]155| 53 |124| 85| 86 | 78 | 187 [ 112|141 [ 19| 85 [ 1862
4.9]1.0]50]|5.6]4.6|3.0|3.7]5.0|6.8|8.3]2.8]6.7]4.6] 4.6 |4.2|10.0|6.0]7.6]|1.0] 4.6
IBombyx mori 121 14 |100]105| 78 | 80 | 60| 94 | 115]116| 39| 75 | 81 | 123 | 83 | 175 |108|105] 16 | 94 | 1782
6.810.8]5.6|5.9]4.4|4.5|3.4]5.3]6.5]6.5]|2.2]4.2]4.5] 6.9 4.7]| 9.8]|6.1]5.9]0.9] 5.3
Graptopsaltria nigrofuscata 140| 21| 95 [100]| 83 | 91 | 43| 97 |125]|144| 42 |152] 99 | 95 | 89 | 224 |105|142]| 15 | 85 | 1987
7.0]11]4.8|5.0]|4.2]4.6|2.2]4.9]|6.3]|7.2]|2.1|7.6]|5.0]| 4.8 |4.5|11.3]|5.3]7.1]0.8] 4.3
ILeucophaea maderae 98116 [122| 77 [ 74 | 63 | 59| 97 |106]165] 40 [ 137 86 | 125 |125] 187 [106]133[ 16 | 81 | 1913
5.1]0.8]16.414.013.9/3.3]13.1|51]55]8.6]2.1]7.2|4.5|6.5]6.5]9.8]5.5]7.0]0.8] 4.2
\Lymantria dispar 123| 15 | 75 | 101{ 80| 85 | 56 |100| 117 |149] 22 [102] 74 | 123 | 61 [ 130 | 119|113 ] 23| 79 | 1747
7.010.9]4.3|5.8]4.6|4.9|3.2]5.7]6.7|85]1.3|58|4.2] 70 |3.5| 7.4 |6.8|6.5]|1.3] 4.5
\Periplaneta americana (Vg-1) 150] 15 [ 113|116 | 54 | 68 | 45| 122 86 |176| 54 | 137|105] 74 |128] 187 |101]101] 19| 45 | 1896
7.910.8]6.0] 6.1]2.8]3.6|2.4]6.4]4.5]9.3|2.8]7.2]|55]3.9]6.8]9.9]5.3]|5.3]1.0] 2.4
|Periplaneta americana (Vg-2) 13|20 ]101|142] 90| 63 | 62| 73 |138]125]|38]| 99 | 90 | 69 |122] 183 | 86 [158| 11 | 93 | 1876
6.0]/11]|54|7.6]4.8|3.4|3.3]3.9|74]|6.7]|2.05.3]4.8] 3.7]6.5| 9.8 4.6|8.4]0.6] 5.0
IPimpla nipponica 136 20 |128]126] 76 | 87 | 46| 83 |147[133]48] 91 | 89| 67 | 89 | 152 104|111 ]| 16 | 58 | 1807
7.5]11)71]170]4.2[14.8]2.5|4.6[8.1|7.4]2.7]5.0]4.9]3.7]49] 84 [58]6.1]0.9] 3.2
\Plautia stali (Vg-1) 125|113 | 79 [ 121|112 121| 59| 74 | 116|114 |28 |119| 92 | 116 | 68 | 205 ] 81 | 116 14 | 134 | 1907
6.6]0.714.1]16.3]5.9]6.3|3.1]3.9]6.1]6.0]1.5|6.2]4.8] 6.1 |3.6|/10.7]4.2]6.1]0.7] 7.0
\Plautia stali (Vg-2) 140| 15 | 69 | 116 | 88 |105| 57| 74 |105]|110[29|114]| 84 | 135]| 68 | 192 | 92 |119] 14 [ 130 | 1856
7.510.813.716.3|4.7]5.7]3.114.0|57159]1.6]6.1|4.5] 7.3 |3.7]10.3]5.0]6.4]0.8] 7.0
\Plautia stali (Vg-3) 125] 15 | 66 |100| 52 |123] 43| 82 103|138 36 | 118 | 92 | 153 | 78 | 199 |123]146] 12 | 99 | 1903
6.6|0.8]3.5|5.3]2.7]6.,5|2.314.3]|5.4]7.3]1.9]6.2]4.8]8.0]4.1|10.5|6.5]|7.7]0.6] 5.2
IRiptortus clavatus 143] 14 | 61 |118] 57 | 97 146 83 | 99 [126] 34 [128] 78 | 191 | 84 | 218 | 80 [113]| 15| 91 | 1876
7.610.713.3]16.3]3.0]5.2]|2.5|4.4|5.3]6.7]1.8]6.8]4.2]10.2]4.5]11.6|4.3]6.0]0.8] 4.9
\Samia cynthia ricini 132 13 | 83 |124]| 57 | 79 | 53| 89 |143[116]40] 93 | 83 | 126 | 68 ] 162 | 97 | 116 ] 15 | 90 | 1779
7.410.714.717.0|3.2]4.4]3.0]5.0]|8.0]6.5|2.2|5.2|4.7] 7.1 |3.8] 9.1 | 5.5]6.5]0.8] 5.1
exception of the hexamerin proteins, which are categorized amino acid changes as conserved

also rich in methionine (Figure 3). The
hexamerins of the mosquitoes, Oc. atropalpus
(AAL29455), An. gambiae (Us1225), and larval
Ae. aegypti (Gordadze et al. 1999) are also high in
tyrosine and phenylalanine.

Conservative and non-conservative amino
acid substitutions in Ae. aegypti Vg

Grantham (1974) scored differences between
amino acid substitutions based on the physical
and chemical properties of amino acids. He
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(score < 50), moderately conserved (50 < score <
100), moderately radical (100 < score < 150), and
radical substitution (score > 150). Using this
scoring scheme, the entire coding regions of
vitellogenin genes were divided into 30 amino
acid blocks each based on the alignment of the
three Ae. aegypti vitellogenin proteins (Figure 2)
and compared to assess the degree of amino acid
substitutions.
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Table 6. Amino acid composition of Aedes aegypti proteins, not including mitochondrial proteins. Blue = # of
amino acids. Red = percent of total # of amino acids.

Amino acid single letter code

GENES Acce:swnACDEFGHIKLMNPQRSTVWYTotal

JActin U20287 |28| 6 [23]|25|10]|28]10|28]20|27|15] 11|18 |10|20|29|23]|25]|4|16] 376
7.4[1.6]6.116.6]|2.7]7.4]2.7|7.4]5.3] 7.2 |4.0{2.9]4.8 | 2.7|5.3]| 7.7| 6.1] 6.6 |1.1]4.3

|Allatotropin U65314 16| 4|8 |uu|l7|luu|l3|9o]l7]|]16]|6]10| 8|5 ]|11|19)9|11]3]|1]175
9.1]2.3]14.6]16.3]4.016.3]1.7]|5.1]4.0|9.1]3.4] 5.7] 4.6 |2.9]6.3]10.9] 5.1]6.3|1.7]0.6

JAmino Acid Transporter AF543193 | 41| 9 |26]23]|41]|50]| 11 |58]|30]|68|14|23]|22|17]| 17|54 |32] 53 [23]28] 640
6.4|1.4]4.113.6|6.4]7.8|1.7|9.1]4.7]10.6]2.2] 3.6 3.4 | 2.7]| 2.7|8.4|5.0| 8.3 |3.6]4.4

JAminopeptidase N AY064079 83| 5 | 57148 136|52|25]43]36]99|19|62]34]40]|45]69]70]65]|20|47] 955
8.7]0.5]16.0]5.0]3.8]5.4]2.6|4.5|3.8|10.4)2.0[6.5] 3.6 | 4.2| 4.7]|7.2| 7.3 ] 6.8 |2.1]4.9

JAmylase I AF000569 |54 13|34 [27]43]53]13]45)|26]46[14|68[47[38[34]|65|35[56]7 19| 737
7.3[1.814.613.7]5.8]7.2]11.8]6.1]3.5]6.2]1.9/9.2]6.4]5.2]4.6]8.8|4.7] 7.6 |0.9]|2.6

|JAmylase II AF000568 | 33| 11 [26|20]|25]|53 ] 17]|29]|10|30]13]|38|23]|18|28]30] 16|34 |15 17| 486
6.8)2.3|5.3)4.1]5.1[10.9]3.5]|6.0]2.1]6.2|2.7]7.8| 4.7]3.7|5.8]6.2]3.3]7.0]3.1|3.5

|Angiopoietin-Like Protein AF466609 |13 | 3 |19 |18 17|23 6 |11 |17 |26|8|12| 8 |12|15]| 29|17 ]| 17| 9| 16| 296
4.4]1.0[6.4)6.1]5.7]7.8]|2.0]13.715.718.8|2.7]4.1| 2.7 4.1| 5.1]9.8]5.7] 5.7 |3.0| 5.4

|Apyrase 141391 44| 8 14629183612 |46|56 42| 7|25] 27|16 24|29 |28]44]|5|21] 563
7.8[1.4]8.2]5.2]3.2]6.4]2.1|8.2]9.9]| 7.5 |1.2/4.4] 4.8 |2.8]4.3]5.2|5.0]| 7.8 |0.9] 3.7

JAquaporin AF218314 | 51| 3 |24 |25]17]43]| 6 |20|35[39]|10| 21|16 | 8 |14 |24]|15[36]2] 6 | 415
12.3]10.7/5.8]6.0[4.1]10.4] 1.4 |4.8]8.4]9.4|2.4] 5.1]3.9]1.9]3.4|5.8]3.6]|8.7]0.5] 1.4

|Asparagine Synthetase U84118 40|12 35|43 ]|25|41]14|33| 3149|1418 |26|17]|33|32|26]|36]| 7 |30] 562
7.1]2.116.2|7.714.47.3]12.5]|5.9|5.5]|8.7|2.5{3.2] 4.6 |3.0|5.9|5.7]4.6]6.4]1.2|5.3

Carbonic Anhydrase AF395662 | 25| 2 |15 13|11 ]|21|14]|16]10]|29| 6|14 |19 | 11|12 |23]|22|21]|4|10] 298
8.4]0.7]|5.0]4.4]3.7]7.0]4.7|5-4|3-4] 9.7 2.0l 4.7| 6.4 |3.7|4.0] 7.7| 7.4 | 7.0]1.3]3.4

Carboxypeptidase A AF165923 |28 6 | 2231163511 |21]|23|37|4|27]|17]|13]|18|33]|23]|26]|8|28] 427
6.6[1.4]5.2]7.3]3.7|8.2]2.6|4.9]5.4]8.7]0.9/6.3]4.0]|3.0}4.2]|7.7|5.4] 6.1 |1.9]6.6

Cathepsin B-Like Thiol Protease L41940 |30]|14 ]| 17|13 ]|12|38| 9 |18]16]|19| 7|17 ] 15| 17|16 |23 ] 11 |20 |12|18] 342

8.8]14.1]5.0]13.8{3.5[11.1]2.6|5.3]4.7| 5.6 |2.0]5.0] 4.4 |5.0] 4.7|6.7]3.2] 5.8 ]3.5|5.3
Cellular Retinaldehyde-Binding Protein AY064091 | 14| 4 |19 21|19 12| 9 |15]25]|38|7|12|17]| 9 |16|13]|10| 17| 3 |10] 290
4.8]1.4(6.6|7.216.6]4.1]3.1]5.2]8.6]13.1]2.4] 4.1]|5.9]3.1|5.5|4.5]|3.4]| 5.9 |1.0|3.4
Cellular Retinaldehyde-Binding Protein AF320893 | 13| 4 |19 ]| 21|19 12| 9 |15]25|38|7|13|17]| 9 |16|12|11|17]|3]10] 290
4.5|1.4]6.6|7.216.6]4.1|3.1|5.2]8.6|13.1]2.4|4.5|5.9|3.1]|5.5| 4.1|3.8]|5.9]1.0|3.4

Chitin Synthase AF223577 [104] 13 | 6786 49|90 | 27|58 79 |108]|36] 45| 62 | 46| 65| 65|54 |101] 4 | 36| 1195
8.7]1.1]5.6]7.2]4.1]7.5]|2.3]4.9]6.6]9.0]3.0[3.8]5.2]3.8]5.4]5.4|4.5]8.5]0.3]3.0
Chitinase 1 AF026491 | 45|14 | 46|37 [26]45]| 9 [22] 31|25 |13]20]|40|21]|26]|29|44]|39]|13]|29] 574
7.812.418.0/6.414.5|7.811.613.8]5.4]4.4[2.3]3.5[7.0]3.7/4.5[5.1]7.7]6.8]2.3]5.1
Chitinase 2 AF026492 |109] 40 |121] 90 |58 |119| 36 | 62|112]| 99 |28| 69 | 87 | 44 | 88 | 94 |137|100]|53| 89| 1635
6.712.417.415.5]3.5|7.3]2.2|3.8]6.9] 6.1]|1.7]4.2]|5.3|2.7|5.4]|5.7|8.4]| 6.1 |3.2]5.4
Chymotrypsin AF487334 | 18| 6 |16 11| 8 |28|10|17]14 |22 1|14 9 | 3 |12]|20]|15]|19|5]| 9 | 257
7.012.316.2|4.3]3.1}10.9/3.9]6.6|5.4]8.6|0.4|5.4|3.5|1.2]|4.7|7.8|5.8| 7.4 |1.9]|3.5
Chymotrypsin-Like Protease Precursor Us6423 |[27] 6 |18 |17 12|21 7 |9 |13 ]|20|2| 8 |12 |12| 8 |21]|12|32]|5]| 6 | 268

10.12.2]16.7]6.3]4.5|7.8|2.6]3.4] 4.9| 7.5 [0.7]3.0] 4.5 4.5]| 3.0 7.8 4.5 [11.9[1.9] 2.2

Cyclic-AMP Response Element Binding AY083158 | 21| 4 12|16 | 2 [ 27| o 15| 15 123 | 6 |18 | 1a [ 28| 15 | 35 | 22 | 17 [0 ] 5 | 205

[Protein
7.1|1.4]4.7|5.4]0.3]9.2]3.1|5.1| 5.1]|7.8 2.0 6.1| 4.7 |9.5| 5.1 |11.9] 4.1 5.8 Jo.0] 1.7
2-Cys Thioredoxin Peroxidase AF323181 |12 | 3 |12 |13 ]|14|15| 3| 9]|14|16|3]| 7| 13| 8| 8 |11]|]10]|18]|2]| 5| 196
6.1)1.5]6.116.6|7.117.7|1.5]4.6] 7.1|8.2]1.5|3.6]6.6 | 4.1| 4.1]|5.6] 5.1|9.2|1.0]|2.6
Cytochrome P450 AY064093 | 39| 5 |32|35]42]|23]|10]|27]41|53]16]19|24]|14|28]33]|31|37|4]|23] 536
7.310.9]16.0]16.5]7.814.3]1.9]5.0]7.6]9.9]3.0|3.5]|4.5]|2.6|5.2]6.2]5.8|6.9|0.7]4.3
D7 Protein M33157 [23]10]|22]|24 |16 11| 5 |9 |41]|25|6|15]|16|16|10 |18 |14 |22]|3|15] 321
7.213.116.9]7.5]5.0]3.4]1.6|2.8}12.8| 7.8 |1.9{4.7] 5.0|5.0| 3.1]|5.6|4.4] 6.9 |0.9] 4.7
[Defensin Isoform A1 AF156088 |12| 8 | 5| 5|5 71 1]14]14]8|1]l514)2]6]|7]|5|6]0o]3] 98
12.2)8.2|5.1]5.1|5.1]7.1|1.0]4.1]4.1|8.2|1.0] 5.1| 4.1|2.0]6.1|7.1] 5.1] 6.1 ]0.0] 3.1
[Defensin Isoform B1 AF156000 |13| 8 | 4|6 |56 1|4]3|8|1]5|l4|3]|]6|6]|]5]|7]0]3] 98
13.3]8.2|4.1|6.1|5.1]6.1|1.0|4.1]3.1]|8.2|1.0]5.1|4.1|3.1]6.1|6.1|5.1| 7.1 ]0.0] 3.1
[Defensin Isoform C1 AF156092 |13| 8 | 5|6 |56 |1 |3|3|wo|l1]5]2]1]8|7]4]|8]|o]3] 99
13.18.1|5.1|6.1]5.1|6.1]1.0]3.0|3.0]10.1|1.0| 5.1 |2.0|1.0|8.1| 7.1 |4.0] 8.1 |0.0]3.0
[Dopa Carboxylase U27581 35| 6 |14 |28 |14]|23| 8 [19]16 |30 |10]14 |22 ]| 9 12|19 |16 |21 |9 [12] 337
10.4] 1.8 4.2[8.3|4.2]/6.8]|2.4|5.6]/4.7|8.9]3.0]4.2] 6.5|2.7]3.6|5.6|4.7]6.2]2.7]3.6
[Dopachrome Conversion Enzyme AY064099 | 20| 5 [33]|21|27]|30]| 9 |[26]19|34|8|25|34]|19|28]|29|24]4210][20] 463
4.3)1.1]7.114.5(5.8{6.5]1.9|5.6]4.1|7.3|1.7]5.4]7.3]4.1]6.0]6.3]5.2] 9.1 ]|2.2]4.3
[E74A AF435023 [28| 3 |10] 6 |13]33]| 4 |23] 7 |18]9]| 6 | 8 | 6 | 8 |14]|17]|25]|5] 6 | 249
11.2| 1.2 [4.0]2.4]5.2[13.3] 1.6 |9.2| 2.8 7.2 [3.6]{ 2.4 | 3.2 | 2.4| 3.2 | 5.6 | 6.8 [10.0]2.0] 2.4
[E74B AF435022 [ 45| 7 |44 3711169 |55|20]| 28] 61]16|20]|80]49] 61 |113|40|33]|4 |34]| 827
5.410.8]|5.3]4.5]1.318.3]6.7|2.4]3.4]7.4|1.9]2.4|9.7|5.9]| 7.4 |13.7] 4.8 | 4.0]0.5| 4.1
[Early Trypsin X64362 31]32|22|20| 8|17 |17|10]13|20|1]19]|52|29| 1 |59]77]|25]9]|24]486
6.4]6.614.5]4.1]1.6]3.5]|3.5|2.1]2.7] 4.1 ]0.2[{3.9]10.7]6.0]0.2]12.1}15.8] 5.1 |1.9]4.9
[Ecdysteroid Receptor Uo2021 [37]18 283814 |45|20|35]30]|62|27|54]|33]42|32|76]|31]|30]|4]|19] 675
5.5[2.714.1]5.6]2.1]16.7]13.0]5.2]4.4]9.2]4.0[8.0] 4.9 6.2] 4.7 ]11.3] 4.6 | 4.4 |0.6] 2.8
[Elongation Factor 2 AY064104 | 61|17 |66]|53]33]|58]|16|49]|65|62|32]31]42]|26]43]|38]|38|80]7]|27]|844
7.2]12.0|7.816.313.9]16.9]1.9|5.8]7.717.313.8|3.7|5.0|3.1]| 5.1 |4.5|4.5|9.5]0.8]3.2
[Enhancer of Rudimentary U66869 413|6|8|2]3|2]|]6]6|9o|2]6|5]|5]|]5]|6]|]10]6]|1]8]103
3.9/2.9]5.8|7.8]1.9]2.9|1.9|5.8|5.8]8.7]1.9|5.8|4.9]4.9]4.9|5.8|9.7|5.8 |1.0|7.8
[Eye Pigment Transporter U88851 51|17 12713414242 8 |39]36]75|20]28]33[24]|33|59]|41]49]9]|25] 692
7.4(2.513.9]14.9]6.1]6.1]1.2]5.6|5.210.8|2.9{4.0] 4.8 |3.5|4.8]|8.5|5.9] 7.1 |1.3|3.6
[Ferritin Subunit L37082 23| 2 |12 |20f12| 11| 8 12|19 f17]|5]| 6| 4 |11] 6|8 |11f12]1] 9 |209
11.0/1.015.719.6]5.7{5.3]3.8]|5.7/9.18.1]2.4/2.9] 1.9 [5.3]2.9]3.8]5.3]|5.7]0.5[4.3
[Fxa-Directed Anticoagulant Precursor AF050133 | 24| 6 |22 16 |31| 17| 8 |24| 28|39 |17]19|20|21|22]|36|21]|24]|5]|15] 415
5.8|1.4(5.3(3.9]7.5|4.1]1.9]5.8{6.7]9.4]4.1]4.6|4.8|5.1|5.3]8.7] 5.1]5.8]1.2|3.6
(GABA Receptor Subunit U28803 |24 7 |22|22]|25]|54]|20]|38]20]|44]|16]16]|35]|20|27]43]|31]|42|6]21] 533
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Amino acid single letter code

GENES Acce:SlonACDEFGHIKLMNPQRSTVWYTotal
4.5|1.3]4.1|4.1|4.7]10.1|3.8|7.1]3.8]8.3]3.0]3.0|6.6|3.8]| 5.1|8.1|5.8| 7.9 |1.1|3.9

(GATA Transcription Factor AJ400338 7313|3641 | 11| 51|67 |27]24]46 14|67 |47 ]49]32[146]44]45] 6 |29] 868
8.4|1.5(4.114.7]1.3]5.9]7.7]3.1{2.8]5.3]1.6] 7.7| 5.4 | 5.6| 3.7 [16.8] 5.1 | 5.20.7]3.3

gllliicl?sa?‘l;?ef;suectose6Phosphate AF399922 | 42|16 | 36|48 |22]|46|22|50]|36 |62 |20|23|23|26|38|41|44|55]|1]|24] 675
6.2|2.4]|5.3]7.113.3]16.8{3.3|7.4]5.3]9.2]3.0]3.4]|3.4|3.9]5.6|6.1|6.5]| 8.1]0.1|3.6

Glutamine Synthetase AF004351 | 35| 8 |29 21]10[33] 7 |18| 25|30 |8 |18 | 25|14 |24]|23]19]|24]9 |20] 400
8.8|2.0(7.3|5.3]2.518.3]1.8]4.5/6.3]7.5|2.0]4.5]|6.3]3.5|6.0|5.8]4.8]6.0]2.3|5.0

Glutathione S-Transferase AF384858 |20| 2 |14 |16 ]| 7|13 4|9 |10]|28|6| 9|14 9| 7 |13|11]16]|3]| 7| 218
9.210.9]/6.4]|7.3]3.2]16.0]1.8|4.1]4.6 |12.8]2.8] 4.1|6.4| 4.1]|3.2|6.0|5.0| 7.3 |1.4]|3.2

[Head Peptide I AF155738 |15 2 16| 7 [ 8 |26 3 |5 |11 [19]|3]| 6| 8 |4 |18|22]| 3| 7 ]|1]13] 197
7.611.0]8.1|3.6[4.1|13.2| 1.5 [2.5]5.6]9.6]1.5]3.0] 4.1 |2.0] 9.1 |11.2| 1.5 | 3.6 |]0.5|6.6

[Heavy Clathrin Chain S:1076 149| 32 | 89 |130] 69 | 70 | 40 |106] 99 |183]45]| 91 | 60 | 84| 82 | 88 | 69 [108] 17| 71 | 1682
8.9]1.9)53]7.7]4.1/4.2]2.416.3]/5.9[10.9]2.7]5.4]3.65.0/4.9]5.2/4.1]6.4]1.0[4.2

[Hexamerin 1 Gamma U86079 13| 4 |55]|30]163|33] 9 [39]56]|56|58|32|23|11]|23|31|39]|36]|14]|67] 692
1.9]0.6]7.914.3]9.1/4.8]1.3]5.6/8.1]8.1[8.4{4.6|3.3]1.6|3.3|4.5|5.6]5.2]2.0[9.7

[Hexamerin 2 Alpha U86080 |36] 2 |47]|45]47]|40|30]26]47]48|20|30]|35]|22]|24|25]|34]|71]11]72] 712
5.1/0.316.6]16.316.6]5.6|4.2]3.7]6.6]6.7]2.8|4.2]4.9]3.1|3.4]|3.5]|4.8 10.0[1.5]10.1}

[HNF4 Isoform A AF059026 [36|17 | 46|30 18|23 |16 |34]|26]55|16/39]|25]|28|35]|57]|25]|23]2]14] 565
6.4]13.018.1]|5.3]3.2]4.1]2.8(6.0]4.6]9.7]2.8]6.9] 4.4|5.0]|6.2|10.1}4.4| 4.1 |0.4| 2.5

Insulin Receptor U72939 |68143]89]|87]46]|88|28]85]83]116|36|77|81]|47]|77]186]86|96|15]|56]1390
4.913.1]6.4[6.3]3.3]6.3]2.0]6.1]6.0|8.3]2.6]5.5|5.8]3.4|5.5|6.2]6.2]6.9|1.1]4.0

Puvenile Hormone Epoxide Hydrolase AF517544 |26| 2 | 28|28 |27]33| 8 |26] 27|51 [10]18|23|19]|26|20]|22]|33]|7]|27] 461
5.6|0.4]6.1]6.1|5.9|7.2|1.7|5.6]5.9]11.1]2.2]3.9]|5.0|4.1]|5.6|4.3|4.8| 7.2 ]|1.5]|5.9

[Kynurenine Aminotransferase AF395204 |38 8 |20]|30]|21|31|11]|25]|31]|40]|16|24|25]|19]|18|31]|28(33]|9]|19] 477
8.0|1.7[4.2]6.3]4.4]6.5]|2.3]5.2]6.5]|8.4]3.4]5.0] 5.2|4.0|3.8]6.5]|5.9]| 6.9 |1.9]4.0

[Kynurenine Monooxygenase AF325508 | 35| 9 |30 21]|22]|33|16|25[32]|50]|16|23|17 [13]|25]|25]|25[26]6 |27 476
7.411.9]6.314.4]4.6]6.9|3.4|5.3] 6.7]10.5|3.4/4.8]| 3.6 |2.7]|5.3|5.3|5.3| 5.5 |1.3]| 5.7

[Late Trypsin Precursor M77814 20| 6 |13 |12 ]13|26]| 4 | 3|14 |25]|2]12]|12|12| 7 |17|21]|30]|3| 5| 257
7.812.3]5.1|4.7|5.1]10.1]1.6 |1.2]5.4]9.70.8] 4.7| 4.7 | 4.7] 2.7]6.6| 8.2 |11.7]1.2| 1.9

[Lipase-Like Protein AF303984 |23|14]|13| 8 | 7|30 11|19| 8 |21|8|17]|22| 5 |17 ]|12|12]|14]|4|13]| 278
8.3]5.014.7]2.9|2.5[10.8{4.016.8]2.9| 7.6 |2.9] 6.1] 7.9 | 1.8] 6.1|4.3|4.3|5.0|1.4]4.7

Lipophorin Receptor AF355595 |53 |72 ]|103]| 74 | 31|75 |37 54| 71|64 ]24]| 57|64 |30]|54]89[96])57]16]35]1156
4.616.218.9]6.4]2.716.5]|3.2]4.7] 6.1]|5.5]|2.1]4.9]| 5.5]|2.6|4.7]|7.7]18.3] 4.9 |[1.4]3.0

[Long Form D7Bclu1 Salivary Protein AF420272 |22 |10 |21 |22]20]16| 7 |16[45]|22|10|10 |14 12|17 | 21|12 16| 5|14 332
6.6]|3.0/6.3]6.6[6.0]4.8]2.1{4.8]13.6]6.6]3.0]3.0| 4.2|3.6] 5.1]6.3|3.6|4.8]1.5|4.2

[Lysosomal Aspartic Protease M95187 27| 7 |22]15|24|40]| 4 [26]22|29| 9|19 |18 |11| 8 |32]22]|32]|3|17] 387
7.011.8]5.713.9]6.2}10.3] 1.0|6.7] 5.7| 7.5 |2.3] 4.9] 4.7 |2.8] 2.1|8.3| 5.7| 8.3 |0.8]4.4

[Lysozyme AJ290428 10| 8 |10 5|4 ]| 8| 1]|5]|21|l19]|2]14)2]|4|7])9]|3]|7I|5]4]148
6.8|5.4[6.8[3.4]2.7]5.410.7]|3.4]14.2}12.8]1.4] 9.5]| 1.4 | 2.7| 4.7]| 6.1 | 2.0]| 4.7 |3.4] 2.7

[Maltase-Like I M30442 |29| 2 |48 31]|25|37]|10|30|37|47]|11]|35]|28]|21]|31]|38]29]|43]|17|30]| 579
5.00.3|8.3|5.4]4.3]6.4]1.7]5.2/6.4]8.1]1.9]6.0]4.8|3.6|5.4]6.6|5.0]|7.4|2.9|5.2

IMicrovilli Membrane Protein AY050565 19| 0 |17 |14 |25 12| 4 | 3]16]|28|1|8 | 5|7 |47 ]9 ]20]|2]6]=207
9.2]10.0]8.2]|6.8[12.1) 5.8 1.9 |1.4] 7.7 |13.5/0.5| 3.9| 2.4 |3.4] 1.9 | 3.4|4.3| 9.7 ]1.0] 2.9

IMRGG U84248 52|25[36]|29]|17]|57|21]|33]28]|43]11]19[34]|22]|34]|91]49[42]|8]12] 663
7.813.8]15.414.4]2.6]8.6]3.2]5.0]4.2]6.5]1.7/2.9| 5.1 |3.3] 5.1 |13.7] 7.4 [ 6.3 |1.2] 1.8

[Mucin-Like Protein AF125084 |12 | 11| 7| 8 |10|13| 8 | 3| 6 |9 |2|8|21|6|1]19]19|14|4]| 2] 183
6.616.013.8|4.415.5|7.114.4]1.6]|3.3]4.9|1.1]4.4|11.5|3.3] 0.5 [10.4}10.4] 7.7 |2.2] 1.1

[Multivitamin Transporter AY063742 |55| 7 | 23] 1113948 | 3 | 41|24 |74 |23] 15|24 | 22| 21| 47|34 |38 |12]31] 592
9.3]1.2]3.9/1.9]6.6|8.1]0.5|6.9] 4.1 |12.5|3.9]2.5| 4.1|3.7|3.5|7.9|5.7| 6.4 |2.0| 5.2

INa+/H+ Antiporter AF187723 | 81| 8 [ 61|67 [59]|86]32]75]56 [100]|32]58 | 55 | 33|64 |110| 66 | 96 [12] 28] 1179
6.9|0.7|5.2]|5.7|5.0]7.3|2.716.4] 4.7]8.5]|2.7]4.9] 4.7|2.8] 5.4|9.3| 5.6 | 8.1 |1.0]2.4

INeuropeptide F Preproprotein AF474405 | 8 | 1 | 8| 55| 3|2]2]2]10]1]1|4]6]|]8|10]8|3]|1]2] 90
8.9]1.1]8.9]5.6(5.6[/3.3]2.2|2.2[2.2|11.1|1.1] 1.1|4.4|6.7]8.9]11.1|8.9]| 3.3 |1.1|2.2

INuclear Hormone Receptor AF165528 | 50|16 | 21| 25|22|26|18 1826|467 |20]|46|30]|30|57|31|33]1]|22] 545
9.212.9|3.9/4.6|4.0]4.8{3.313.3]14.8]8.4]1.3]3.718.4]5.5] 5.5 [10.5| 5.7 6.1 |0.2]4.0

INuclear Hormone Receptor AF303224 | 32| 17|18 |20|21|38| 13|20 17|48 |13|20|33|31|28|55|23|28]|4|14] 493
6.5|3.4|3.7|4.114.3] 7.7|2.6|4.1]3.4]9.7]|2.6] 4.1] 6.7]6.3] 5.7 |11.2| 4.7| 5.7 |0.8] 2.8

[INuclear Receptor 3 AF230281 | 26| 11 |29 3219|2211 |28 25|41 |21| 17|15 [28]|26]|41|26[29| 2|19 | 468
5.612.416.2|6.8[4.1]14.7]2.4|6.0]5.3]8.8|4.5/3.6|3.2]6.0]|5.6|8.8|5.6|6.2]0.4| 4.1

INuclear Receptor FTZ-F1 Protein AF274870 | 61|18 [40]33]23]|74|33]45]33]73]17]36|39]56] 25 [100]69|43]4]|18] 840
7.312.114.8]3.9]2.7]8.8]3.9|5.4]3.9]8.7|2.014.3] 4.6 | 6.7] 3.0 |11.9| 8.2 5.1 |0.5| 2.1

(Odorant-Binding Protein-Related Protein AY062131 10| 7 |10| 8|66 |2]|6]16|18|5]|5| 3|47 |10]5]|7]0o]5]140
7.1]5.0]7.1|5.7]14.314.3] 1.4 |4.3|11.4|12.9]3.6] 3.6 | 2.1 |2.9|5.0| 7.1 ] 3.6]5.0]0.0]3.6

(Ovarian Ecdysteroidogenic Hormone I Ugb112 8|l12|3|5]|3|20|l4|5|7|17|6]5|10l7|3]|14]4]9]1]6]149
5.4|8.1[2.0]3.4|2.0[13.4] 2.7]|3.4]| 4.7 |11.4|4.0]3.4] 6.7 | 4.7] 2.0|9.4] 2.7] 6.0]0.7]4.0

[Peritrophin AY050566 [65] 11 |32]29 16|64 |35]16]24 |85 11|40]|53|76|29|91]42]|37]|5|17] 778
8.4)1.4[4.1[3.7]2.1]8.2]4.5]|2.1| 3.1 [10.9]|1.4] 5.1 | 6.8 |9.8] 3.7|11.7]| 5.4 | 4.8 |0.6] 2.2

[Peroxidase AF098717 [53|15]45]34]33[39|25]|30[24[54]15|41]40|29]40[45[49])37]10]25] 683
7.812.216.6/5.0/4.8|5.713.714.4]3.5|7.9[2.2]6.0/5.9]4.2]5.9]6.6]|7.2]|5.4]1.5]3.7

[Phenylalanine Hydroxylase AY099427 | 32| 8 |24 ]|37]29]|26|14|22]|20]|40]| 6| 21|27 ]|21]|25|30]|18|21]|3]|23] 447
7.211.8]5.4]8.3]6.5|5.8]3.1]14.9]4.5|8.9]1.3]4.7]6.0|4.7]5.6|6.7|4.0|4.7]0.7| 5.1

[Phosphoglycerate Kinase AY064545 | 25|19 | 27| 2314 |36 |12 |26]| 25|43 |15|21|25]|31]|33|38]|13|20]| 2| 11] 459
5.414.1]5.9]5.0[3.1]17.8|2.6|5.7]5.4]9.4]3.3]4.6]| 5.4]6.8]7.2|8.3|2.8| 4.4 |0.4]2.4

[Preproallatostatin U66841 |30] 0 |29 |47 ]|11|33| 8 |11f52]10]|5]|43]17|21]|32])19]|31|10]3]| 7 | 419
7.210.0]6.9]11.2[2.6] 7.9 | 1.9 [2.6]12.4] 2.4 |1.2}10.3| 4.1 | 5.0]| 7.6 | 4.5| 7.4 | 2.4 |0.7| 1.7

[Preproleukokinin U66832 17| 5 |12)13]11]|11|4]|8]|16]|18|4]|24|16]| 9 |11|17]|5|14]7] 6 |228
7.5|2.215.3]5.714.8]4.8]1.8]3.5]7.0] 7.9 |1.8]10.5] 7.0 |3.9|4.8]| 7.5 2.2]| 6.1 |3.1]2.6

SPfl(t))l:;t;leTransponProtemSec61Alpha AY064125 36| 8 | 13|19 (29|47 | 6 [53| 18 |56 |16] 13|19 [18 |18 |30|20|34| 5|18 ]| 476
7.6]11.7]2.7[4.0]16.1]19.9| 1.3 |11.1{3.8]11.8|3.4| 2.7| 4.0 [3.8] 3.8 6.3 4.2| 7.1 |1.1|3.8

Journal of Insect Science: Volume 7 | Article 1 13

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 26 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Journal of Insect Science | www.insectscience.org ISSN: 1536-2442

Amino acid single letter code

GENES Acce:smnACDEFGHI K|L[M[N[P|Q|R|S|T|V|W|Y [rotal

[Prophenol Oxidase Propo3 AF310673 | 46| 5 | 5413343 37| 15|40 25]|57]16{34]|42|30]|56]41|38]43]|6|26] 687
6.710.717.914.816.3]5.4]2.2]|5.8]3.6|8.3]2.3]4.9] 6.1 |4.4|8.2]6.0]5.5]| 6.3 0.9]3.8

[Prophenol Oxidase Propo4 AF327409 | 31| 7 |42|34]42]43|19|35|17]|49]19]| 51|44 [40]|60]|44|34|43]7|25]| 686
4.5[1.0]6.1]5.0]6.1]16.3]2.8]5.1|2.5]7.1|2.8[7.4]6.4]5.8|8.7]6.4|5.0]6.3]1.0]3.6

[Prophenoloxidase Propo1 AF292114 [39| 6 |45]|33]39] 4115|3614 |56 |17|47|46|35|61]|36]43|44]6]|25]684
5.710.9]6.614.8|5.7]6.0|2.2|5.3]2.0]|8.2]|2.5]6.9] 6.7]|5.1]8.9|5.3|6.3]6.4]0.9]3.7

[Putative 16.9 Kda Secreted Protein AF466612 | 9 | 8 |uu|wo|un| 6|1 |6]18|12|8|9o| 3| 7| 1|87 |8]|1]4]148
6.1|5.4]7.4]16.8]7.4]4.1]0.7]4.1]12.2| 8.1|5.4] 6.1]|2.0|4.7]0.7]|5.4] 4.7]| 5.4 |0.7]2.7

[Putative 18.2 Kda Secreted Protein AF466613 12| 6 10|11 o | 7|2 |16]14| 11|50l 7 a]l6]|7]|7]|5]|2]7]158
7.613.8/6.3]7.0|5.7/4.4] 1.3 10.18.9]7.0(3.2]6.3| 4.4 |2.5|3.8|4.4]4.4]|3.2|1.3|4.4

[Putative 18.6 Kda Secreted Protein AF466604 |21 o0 | 8 |17 4|11 ]| 2 |11|10]16]|3]|8]| 4|99 ]|12|4]|11]2]|6]168
12.5|0.0[4.8]10.1{2.4]6.5|1.2]6.5]6.0| 9.5 [1.8]4.8| 2.4 |5.4]|5.4| 7.1]|2.4] 6.5]1.2]|3.6

[Putative 30 Kda Allergen-Like Protein AF466608 | 16 | 4 |26[23] 4 |14] 1 |o]25|/10]|5] 9| 8|8 | 7 |20]11]11|0] 4] 215
7.4]1.9 [12.1}10.7]1.9] 6.5|0.5[4.2]11.6] 4.7 |2.3]4.2| 3.7 [3.7] 3.3] 9.3 5.1 | 5.1 |o.0[ 1.9

[Putative 30.5 Kda Secreted Protein AF466607 | 21| 7 |12 3|6 |10| 0 |15] 11|34 |11]21| 9 |29]| 3 |23]|23|19|3]|15] 275
7.6|2.5|4.4] 1.1 |2.2]3.6|0.0|5.5|4.0|12.4|4.0] 7.6 3.3 J10.5| 1.1 |8.4|8.4|6.9]1.1]|5.5

[Putative 34 Kda Secreted Protein AF466595 | 21| 4 |22]|26]|11]| 11| 3 |18]|26|30|14|17| 7 |20]| 14|18 | 22| 21| 3| 8 | 316
6.6|1.3]7.018.2|3.5|3.5/0.9|5.7]8.2]9.5|4.4|5.4| 2.2|6.3|4.4]| 5.7|7.0| 6.6 |0.9] 2.5

[Putative 56.5 Kda Secreted Protein AF466593 | 50| 6 |26[20]19| 27| 2 | 31|12 |56 |11]|43| 14 [28]33]|44]36[49]0|23] 530
9.4[1.1]14.913.8]3.6]5.1]0.4]5.8]2.3]10.6]2.1{8.1]2.6|5.3|6.2]8.3|6.8] 9.2 |0.0]4.3

[Putative 7.8 Kda Secreted Protein AF466588 | 8 | 6 | 3|6 |6|9|o|l5]10]4]|2l4]1]3|3|5]|5]6]|2|7] 095
8.416.3]3.216.3]6.3]9.5]0.0]5.3[10.5] 4.2 |2.1]4.2| 1.1 |3.2]|3.2|5.3]5.3]6.3]|2.1|7.4

[Putative 8.3 Kda Secreted Protein AF466592 |9 | 1 |3 |2 ]1]|5|7]|5]l1]5]|2l7l5]|6|3]|19|l6|7]|2]0] 96
9.4|1.0|3.1|2.1]1.0|5.2|7.3|5.2]1.0]5.2|2.1)7.3]| 5.2|6.3] 3.1 [19.8] 6.3 | 7.3 |2.1]0.0

[Putative Adenosine Deaminase AF466610 |40| 1 | 31|33|34|27|17|33]40|54|9]|23]|24|24]|20]|39]|17]|34]9]21]530
7.5]0.2]5.8[6.216.4]| 5.1[3.2]6.2] 7.5 [10.2|1.7]4.3| 4.5 |4.5]| 3.8 7.4 [ 3.2] 6.4 |1.7]4.0

[Putative C-Type Lectin AF466606 15| 7 |9 ]10o| 7|8 |4a|5]6 12|47 ]|4]|7]|8|11]4]|13]|8]|5]154
9.7|4.5]5.816.5]4.5|5.2]12.6]3.2]3.9]7.8|2.6{4.5]|2.6 |4.5|5.2] 7.1|2.6]8.4]5.2|3.2

[Putative Calreticulin AF466603 |25 5 | 52|51 |18|21f10]16]45]|20|5|16]|22]10]| 6 |14 |18 ]30]10]|13]| 407
6.1|1.2 12.8]12.5|4.4f 5.2 |2.5]|3.9{11.1{4.9|1.2| 3.9 5.4 | 2.5 1.5 |3.4]|4.4| 7.4 |2.5|3.2

[Putative Carboxylesterase AF466590 | 44| 8 |34|28|30| 61| 7 |43]|40]|55]10]33]|36|24|28]|49|35]|51]6]|14] 636

6.9|1.3]5.3|4.4]4.7]19.6]1.1]6.8]6.3]18.6]1.6|5.2| 5.7|3.8|4.4|7.7|5.5|8.0]0.9]2.2

Putative|Chymotrypsin:TikelSerine AF466611 | 21| 8 1512|1326 7 |16| 5 |29 5| 11|12 |11 |28]|15|23]|19|8| 4 | 288

[Protease
7.3]2.8]|5.2|4.2|4.5|9.0|2.4|5.6] 1.7 |10.1]1.7| 3.8 | 4.2|3.8] 9.7| 5.2|8.0| 6.6 |2.8] 1.4
[Putative Lysozyme AF466591 [13] 9 | 6 | 4 | 8|10 3 |7]15]9|3|13] 0|3 |2]13]10] 7 |3]|6]144
9.0]16.3]4.2]2.8{5.6/6.9]2.1|4.9]10.4]6.3|2.1]9.0]0.0|2.1]1.4|9.0]6.9]4.9]2.1|]4.2
[Putative mRNA Binding Protein AY064109 | 73| 27| 77| 51]126]99|40]45|35]69|14]| 51|54 |46 61 |118] 58 | 69 |20| 27 [1060

6.9|2.5|7.3]4.8]2.5]9.3|3.8{4.2]3.3]6.5]1.3]4.8] 5.1 |4.3]|5.8|11.1| 5.5| 6.5]1.9]2.5

[Putative Prophenoloxidase Activating sraeenn ||z w || o || sol| ]| ao | w |20l el 2l sl 2 || | e || ol 2|2 | 5 | 02]| 2

[Protein
4.8]4.116.5[4.813.9]9.7]2.7]7.0]13.6]8.0]0.7]3.6|7.0]3.1|5.3]|8.5]|5.1]6.8]1.2|3.4
[Putative Protein G12 AY038042 |19 ] 1 | 17|13 |25]12| 4 | 3|17 |28|1]9 | 5|74 ]| 7]8]|20]2]5]207
9.2]0.5[/8.2]6.3 |12.1{5.8]1.9]1.4]|8.2[13.5/0.5]4.3| 2.4 |3.4| 1.9 [3.4]3.9] 9.7 [1.0]2.4
[Putative Secreted Protein AF466586 |13 |12 |14 (12 |10] 13| 9 |11[26]16]|9 | 13| 6 [ 8 |11 |27]14[10]6 |15] 255
5.114.7|5.5[4.7]3.9] 5.1|3.5]|4.3[10.2/ 6.3 3.5 5.1 2.4 | 3.1] 4.3 ]10.6| 5.5 | 3.9 |2.4] 5.9
[Putative Secreted Protein AF466601 |24]14| 7| 6 11|20 5 [18]10|15|6]|22]| 9 [15]14|17]|20]14]|2]|10] 259
9.3]5.4]2.7]2.3]4.2]7.7]11.916.9]3.9]5.8]|2.38.5| 3.5|5.8]|5.4]6.6| 7.7| 5.4 |0.8| 3.9
[Putative Secreted Protein AF466589 | 26|13 | 9 |12 |13 17|10]12] 17| 11 |J10]15| 11 |12]|16 |16 |10|10]| 3 |12] 255
10.2)5.113.5[4.7(5.116.713.94.7|16.714.313.9/5.914.3]4.716.316.3]3.9[3.9[1.2]|4.7
[Putative Secreted Protein AF466605 | 21|13 8 | 9 |13|15]|13|16| 25|17 |13]|18 | 7 | 7 |11 |19|15] 8 | 4| 9 | 261
8.0|5.0(3.1[3.4]5.0]5.7]5.0]6.1]9.6|6.5]|5.0]6.9]| 2.7 |2.7|4.2]|7.3]|5.7]| 3.1 |1.5|3.4
[Putative Secreted Protein AF466596 |18 | 5 |14 24|15 25| 5 |15 13|18 |11]15| 6 [15] 15|16 |20 16 |10]|16 | 292
6.2]1.714.818.2]5.1]8.6]1.7]5.1]4.5]6.2|3.8[ 5.1| 2.1 | 5.1| 5.1]|5.5/6.8] 5.5]3.4|5.5
[Putative Secreted Protein AF466594 |20 7 |16 ] 13 ]20]|39| 5 |17]20]24]|6|30|21]16]|23]|27]15|22|16]14| 371
5.4(1.9]4.3]3.5]5.4]10.5| 1.3 |4.6| 5.4 6.5]1.6{8.1] 5.7 |4.3|6.2]7.3|4.0] 5.9 |4.3|3.8
[Putative Secreted Protein AF466597 | 38| 8 |42| 41 |17|22| 11 |31|53|60]|22|39]| 15 |25]|21]|37]32]|38]5]|23]580
6.6|1.4|7.2]7.1|2.9|3.8]/1.9|5.3]9.1]10.3|3.8]6.7| 2.6 4.3]3.6|6.4|5.5|6.6 |0.9]4.0
[Putative Secreted Protein AF466598 |32|10]|37|46|20|23]|13|32]|57|59]16]38] 14 |18 |18 |38|32]|40] 3 |20]| 566
5.7]1.8]6.5]8.1{3.5[4.1]|2.3]5.7]|10.1f10.4]2.8] 6.7]| 2.5 | 3.2]| 3.2| 6.7] 5.7| 7.1 |0.5|3.5
[Putative Secreted Protein AF466602 | 9 9| 3| 2]2|8|o|4|5|6]|1]1]o|3|5]9|l5]6]o|l7]| 85
10.6]10.6] 3.5 [ 2.4 |2.4]9.4]0.0{4.7]{5.9| 7.1 |1.2] 1.2 0.0|3.5] 5.9 |10.6| 5.9] 7.1 |0.0| 8.2
[Putative Serine Protease AF466600 | 21| 8 |15| 8 | 6 |25]| 8 |23| 8 |21|6[13]14| 8 |19]|27[18]32|6|10] 296
7.1]2.7]5.1]2.7]2.0/8.4]2.7]|7.8]2.7]| 7.1 [2.0{4.4| 4.7 | 2.7]6.4| 9.1] 6.1 |10.8]2.0] 3.4
[Pyruvate Carboxylase 136530 24| 8 |13|10|8|25| 4 |14 7 |17|la|lun]|11]lo|12]24|15]|27]4]| 7| 254
9.413.1]5.113.9[3.1]19.8|1.65.5|2.8]6.7]1.6]4.3]4.3|3.5|4.7]9.4|5.9 |10.6]1.6]2.8
Relish AF498105 [61]19 |51 ]86{36]37[39]47]53]105|30]66[42]47]143[91]45[62]6[29] 995
6.111.9]5.1]18.6]/3.6]13.713.9/4.7] 5.3 [10.6|3.0] 6.6 | 4.2 | 4.7 4.3] 9.1 ] 4.5 6.2 |0.6] 2.9
[Ribonucleotide Reductase 1 AF411296 | 65|18 |48 |55 |28]48 22|58 61]66|35|53|29|27|37]|55]47|41]11]40] 844
7.7]2.1|5.716.513.3]5.7[2.6]16.9]7.2]7.8]4.1]16.3| 3.4 |3.2]4.4]6.5]|5.6|4.9]1.3]4.7
[Ribonucleotide Reductase 2 AF411297 | 28| 4 [23]40|29[16| 5 |27]|33|36|12]20] 11 | 15|16 |27]| 13| 24| 7|11 | 397
7.1]1.0]5.8|10.1]7.3]/4.0]1.3]6.8|8.3] 9.1 [3.0[5.0| 2.8 |3.8|4.0]6.8]3.3]6.0]1.8]2.8
[Ribosomal Protein L17A AY064121 |16 | 2 | 5| 4| 5]|19| 1 |9|12| 8|48 7|1]|13]6]|3]|14][1]2]140
11.4/1.43.6]2.9]3.6]13.6]0.716.4]8.6| 5.7 |2.9] 5.7]| 5.0 | 0.7] 9.3 | 4.3 | 2.1 J10.0]0.7] 1.4
[Ribosomal Protein L31 AF324863 | 7 | 1 | 6 |10| 3| 3| 2]|6|14|8|2]9]|5|1|16]5|1a]1a]1]|3]124
5.6/0.8|4.8|8.1|2.4]2.4|1.6 [4.8]11.3] 6.5]1.6] 7.3]| 4.0 |0.8]12.9]4.0|8.9| 8.9 |0.8] 2.4
[Ribosomal Protein S11 AY133344 | 8 | 3| 6| 5|9 |11|6|10]20]11|3|8]|4]|5]|16|5]7]12]0] 3] 152
5.3]2.013.913.3]5.9]7.2]13.9]6.6]13.2] 7.2 |2.0[5.3] 2.6 | 3.3|10.5]| 3.3 | 4.6] 7.9 [0.0]2.0
[Ribosomal Protein S6 AF154067 |38] 2 | 17|28 6 |19| 6 |11|68|21|6]| 7|14 ]| 9 |36]14|16|22]1]| 5 | 346
11.000.614.9]8.1]1.7]5.5|1.7]3.2]19.7] 6.1 |]1.7]2.0] 4.0 | 2.6 |10.4] 4.0 4.6 | 6.4 |0.3] 1.4
[Ribosomal Protein S24 AY064700 | 8 | 2 | 5| 4| 9|10l 3|4]22|9|6]|3|4]|]3]|]14]3]11]8]0o]2]130
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Amino acid single letter code

GENES Acce:S“’“ Alc|p|E

FIGIH|I|K|[L|M|N|(P|Q|R|S|T|V|W|Y [Total

6.2|1.5|3.8]3.1

6.9]7.712.3]3.1]16.9] 6.9 |4.6|2.3]| 3.1 |2.3}10.82.3|8.5|6.2]0.0] 1.5

30 Kda Salivary Gland Allergen AF001927 |19 | 5 | 29|42

5203 |8]25]12|4|6]|7]|5]|6]|22]8|14]0]4]253

7.5|2.0]11.5[16.6]

2.0)11.5|1.2]3.2/9.9]4.7]1.6]2.4| 2.8 |2.0|2.4]8.7|3.2] 5.5 |0.0] 1.6

Salivary Purine Nucleosidase AY038045 | 26| 5 | 23] 22

12|23| 5 |23]15|33|14|27|16]| 7 |18| 9 |13 [32]|5]10] 338

7.7|1.5]6.8]6.5

3.6/6.8|1.5]6.8/4.419.8]4.1]8.0] 4.7]2.1|5.3]2.7]3.8]9.5|1.5]|3.0

Salivary Vasodilatory Protein Precursor AF108099 | 6 | 0 |10 | 6

4)l5]o]3]7[6l4]l2]4[3[2]7]5[7]o]l4]385

7.1]0.0]11.8| 7.1

4.7]5.9]0.0(3.5|8.2] 7.1 |4.7]2.4| 4.7|3.5]|2.4|8.2| 5.9 8.2]0.0]4.7

Serine Protease Inhibitor AF466599 | 29| 4 | 27|29

24| 17| 3 |22]|33|42|14] 21| 10|18 |14 |37|20|38]|3|13]| 418

6.9/1.0]|6.5|6.9

5.7]4.1]0.7]5.3] 7.9 [10.0[3.3] 5.0] 2.4 | 4.3 3.3]8.9]4.8| 9.1 [0.7] 3.1

Short Form D7Cclu23 Salivary Protein AF420273 | 5| 8 | 8 |11

15725 19]12|7]5]3[2]8]10]6]|8]2]6]149

3.4|54]5.4]7.4

10.1) 4.7 1.3 |3.4]12.8] 8.1 ]|4.7]3.4]2.0] 1.3 | 5.4 6.7]4.0] 5.4 |1.3]4.0

Short-Chain Dehydrogenease/Reductase AY064123 |26 4 | 11| 11

9 |22| 6 |18]17]|23|5]12| 9 |8 |10[16]|20|24]|0] 3 | 254

10.2/1.6|4.3]4.3

3.5187(24]7.116.7]/9.1]12.014.7]3.5[3.1]/3.9]16.3]7.9/9.4]0.0] 1.2

Sialokinin I Preproprotein AF108101 [ 6 |o |9 | 7

2|5]0f3[5|814]la4)3|3|1[7]7]7]0]4]85

7.1]0.0}10.6 8.2

2.4|5.9]0.013.5|5.9]9.4|4.7/4.7]3.5|3.5] 1.2|8.2|8.2| 8.2 ]0.0]4.7

Sterol Carrier Protein 2 Variant 1 AF539987 |11l o | 8| 9

5/|5|o|8|12]l9|7l4|3|6|4|4|4|10]1]1] 111

9.9]0.0[7.2|8.1

4.514.5]0.0]7.2[10.8] 8.116.3]3.6| 2.7]5.4|3.6]3.6]3.6]9.0|0.9]0.9

Sterol Carrier Protein 2 Variant 2 AF539988 [12| 0 | 7 | 11

s|sf1|7z]ulolz[al3]a]a3]|s5]afiofs]1]uo

10.9]0.0 ().4 10.0]

4.514.5]0.9]6.4[10.0]8.216.4]3.6] 2.7]3.6|2.7]4.5]3.6] 9.1 [0.9]0.9

[Takeout AF458100 | 18| 2 14| 8 |14 |20 4 |17]|22|25|10]18 |10 ]| 11| 4 | 9 |14 |20]| 2] 6 | 248
7.310.8]5.6|3.2|5.6]8.1]1.6[6.9]8.9|10.1)4.0 7.3 | 4.0|4.4] 1.6 | 3.6 | 5.6 | 8.1 |]0.8] 2.4
[Thioredoxin AF394233 |10l 3|9 | 8|74l 1]|7]14]8]|3]l2|3]|3]|]o|l5]|2|11]1]5]106

9.412.8|8.5|7.5

6.6/3.8]0.9]6.6]13.2] 7.5 |2.8] 1.9 | 2.8 | 2.8 0.0 4.7 1.9 |10.4]0.9] 4.7

[Toll-Related Protein AY124195 [36|20|59 | 71

50|29 | 25|61 51|156|14| 81|42 |47|40|84]|52]|55]| 8 |26]1007

3.6|2.0|5.9]| 7.1

5.0/2.9]|2.5]|6.1] 5.1 |15.5]1.4]8.0|4.2|4.7|4.0]8.3]5.2] 5.5 |0.8]2.6

[Toll1 AY124196 | 40| 21|57 |70 [50]|59|38]68| 52 [155|18]|86| 51 | 49|46| 77| 71|68 [14]34 1124
3.6/1.9[5.1[6.2]4.4]5.2]3.4]6.0]4.613.8]1.6] 7.7 4.5|4.4] 4.1]6.9]6.3]6.01.2]|3.0
[Toll1B AY124197 | 52|23 ]|62|60]|53|43]|33|83]|40|147|20]| 73|45 |52 61]91[40]58][16]|24]|1076

4.8]2.1|5.8]|5.6

4.9{4.013.117.713.7113.7[1.9[6.8[4.214.8]5.718.5]3.7]5.4|1.5[2.2

[Transfferin Precursor AF019117 |59 |20 47|37

26)141| 8 |25149[53|14]31[28[29[37]31]20[52]3 23] 633

9.313.2]7.4]5.8

4.1]16.5(1.3]3.9]7.718.4]2.2|4.9] 4.4 |4.6|5.8|4.9]3.2]8.2|0.5|3.6

[Tryptophan Oxygenase AF325458 |20 3 |20] 31

20| 2112|2219 | 47|16|14 |15 |21|26|31|16]|21]|5]|13] 393

5.1/0.8]5.1]7.9

5.1]5.3]3.1]5.6]4.8|12.0|4.1] 3.6 3.8 |5.3]6.6|7.9]| 4.1]|5.3|1.3]3.3

[Ubiquitin-52-Amino-Acid Fusion Protein AF418984 | 5 | 5|6 | 7

2|73 |1n]17|14|2]6]|6]|7]10l4]9]4]0]3]128

3.913.914.715.5

1.6|5.5]2.3]8.6[13.3]10.9{1.6{4.7| 4.7 |5.5| 7.8 | 3.1 ] 7.0] 3.1 |0.0]2.3

Ultraspiracle S:13554 |12 2 | 5 |10

516 ]1[3[9]5]14]5]913]17[14]14]9]2]3]128

9.4[1.6]3.9]17.8

3.9]4.7]0.8]2.3]7.0]3.9]3.1[3.9] 7.0 2.3]13.3]10.9[ 3.1 [ 7.0 [1.6]2.3

IV-Atpase 110 Kda Integral Membrane

Subunit AF173554 | 43|10 |29 57

55|48 |18 ]65]44 8633|3831 [30[ 3153|4049 |15[29 [ 804

5.3]1.2]3.6]7.1

6.8]6.0|2.2]8.1| 5.5 |10.7]4.1] 4.7 3.9]3.7|3.9]6.6|5.0] 6.1 |1.9|3.6

IVacuolar ATPase A Subunit AF008922 |39| 6 |[35] 45

22150 | 7 |37]33[55]20]19|31[20[36]47]|32[47]6 |28] 615

6.3|1.0|5.7|7.3

3.6/8.1]1.1]6.0]5.418.913.3]3.1]5.0]3.3|5.9]7.6]5.2]|7.6 [1.0]4.6

IVacuolar ATPase B Subunit AF092934 | 38| 5 | 27| 36

22|34 |10 |40 21|41]14]|22|27|21]29]|30[26[36]2]15] 496

7.7{1.0]5.4]7.3

4.416.9]2.0]8.114.218.3]2.8]4.4| 5.4 |4.2|5.8]6.0]5.2] 7.3 [0.4]3.0

IVacuolar ATPase C Subunit AF008924 |24 0 | 2 | 4

7123 1]19]6|17]l7]lo|l7]|2]3]|7]|6|14]0]|8]157

15.3]0.0] 1.3| 2.5

4.5[14.6]0.612.1] 3.8 |10.8]4.5] 0.0 4.5 | 1.3 | 1.9 | 4.5] 3.8] 8.9 |0.0| 5.1

[Vitelline Membrane 15a1 U91680 |20| 3| 3| 3

416|13|3]3|6]|2]2]21]1|1]3]1]8|o]|5]108

18.5|2.8]2.8]2.8

3.7|5.6 [12.0[2.8]2.8]5.6|1.9] 1.9 |19.4] 0.9] 0.9|2.8|0.9] 7.4 |0.0]4.6

[Vitelline Membrane 15a2 U91681 17! 3|1]o]1]|3|w0]|3]4]|]6|1]2|28l0o0]o]1]|]2]|10]0]|5] 97
17.5|3.1]1.0]0.0]1.0] 3.1 [10.3[ 3.1 4.1| 6.2 ]1.0] 2.1 [28.9]0.0]0.0] 1.0 | 2.1 |10.3]0.0] 5.2

[Vitelline Membrane 15a3 U91682 21| 3|2 |3]|3|6|16]2[3]5]|2]3[32]/1]1]4]1][8]0o]6]122
17.2|2.5[1.6|2.5]2.5]4.9]13.1]1.6] 2.5 4.1 ]1.6] 2.5|26.2]0.8]0.8] 3.3]0.8] 6.6 [0.0]4.9

Vitellogenic Carboxypeptidase 146594 |26 4 |27]|30[30[38]17|22]29]|42|15|28]|24|17|19]|33]|16]|24]6 [24] 471

5.5]0.8]5.7]6.4

6.4]8.113.6/4.7]16.218.9|3.2|5.9| 5.1 |3.6|4.0|7.0[3.4]| 5.1 |1.3] 5.1

Vitellogenic Cathepsin-B Like Protease AF127592 [ 31]16 |16 | 21

1643|1112 1726|620 21|17 25|29 11|17 |12]19] 386

8.0l4.1|4.1|5.4

4.1]11.1]2.8]3.1]4.4|6.7]1.6]|5.2]| 5.4 |4.4] 6.5 7.5 2.8 4.4 |3.1]4.9

Vitellogenin Convertase 146373 |101]| 25|88 92

87169 |23]95]93 |153[64] 70| 70 | 65| 75 |108] 82 [113[33]| 58 | 1564

6.5|1.6|5.6|5.9

5.6|4.4|1.5]6.1]15.9]19.8|4.114.5|4.5|4.2|4.8|6.9|5.2| 7.2 |2.1|3.7

Vitellogenin Receptor L77800 86 |131]163]|106

62 |139] 64 |107|107[134]|40] 91 | 77 | 57 | 80 |128] 99 [106]19] 51 [ 1847

4.717.1]18.8]5.7

3.417.513.5]5.815.8]7.3]2.2]4.9]4.2]3.1]4.3]6.9]5.4] 5.7 [1.0]2.8

Vitellogenin Vg-A1 141842 |155] 20 |116]123

174]102| 61 | 69 |148] 11439116104 |102| 79 |213]| 80 [104]| 12 |217| 2148

72109154157

8.1]4.7]2.8]3.2]16.9|5.3]1.8|5.4]4.8|4.7]13.719.9] 3.7 4.8 |0.6]10.1

Vitellogenin Vg-B AY380797 |157] 20 [116]126

171] 95 | 59 | 56 |155] 111 [43] 111|101 |109] 77 |220] 83 |109]10|213]| 2142

7.310.915.415.9

8.0/4.4]2.8]2.6]7.2]5.2|2.0|5.2|4.7]5.1|3.6 [10.3]3.9] 5.1 |0.5[9.9

Vitellogenin Vg-C AY373377 |131| 24 |118]120

151| 93 | 52 | 68 |140|103|32]|122]| 97 |127] 86 |230| 86 | 111 |12 |184]|2087

6.3|1.1]|5.7]|5.7

7.2|4.5|2.5(3.316.714.9]1.5|5.8| 4.6 | 6.1]| 4.1 |11.0| 4.1]| 5.3 |0.6/8.8

A substitutional comparison of Vg-A1 and Vg-B of
Ae. aegypti showed that among 227 amino acid
changes, the majority (84.1%) resulted in
conserved/moderately conserved substitutions
(Table 7). Moderately radical and radical amino
acid substitutions (15.9%) were distributed
throughout the sequences. Nonsynonymous
amino acid substitutions were absent from a 136

amino acid sequence of Vg-A1 and Vg-B (residues
1466~1599 in Figure 2) suggesting the action of
selective  constraints in this region. A
substitutional comparison of Vg-A1 and Vg-B to
Vg-C also showed that most amino acid changes
were due to conserved and moderately conserved
changes in amino acid properties (Table 7).
However, the number of amino acid substitutions
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Figure 3. Distribution of the compositional percentage of phenylalanine and tyrosine aromatic amino acid
residues of Aedes aegypti proteins. The location of the vitellogenins and hexamerin proteins of Ae. aegypti are

shown (Gordadze et al. 1999).

increased dramatically from 226 amino acid
changes in Vg-A1 and Vg-B (Figure 4a) to an
average of 725 changes in Vg-C, indicating that
Vg-C is significantly different from Vg-A1 and
Vg-B (Figure 4b, c). Vg-C showed radical and
moderately radical amino acid substitutions
distributed throughout the protein, except in the
least conserved region (1041~1101) where a large
number of these amino acid changes were
present, suggesting that this region is less
constrained (Figure 4b, c).

The extent of nonsynonymous substitutions was
also examined between the Vg-C orthologs of
different mosquito species. As shown in Table 7,
most nonsynonymous substitutions resulted from
conserved and moderately conserved
substitutions (average of 43.6 and 41.3%,
respectively). Only an average of 2.7% of changes
were due to radical amino acid substitutions,
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suggesting that dramatic changes in amino acid
properties in most positions could be detrimental
to the function of the vitellogenin proteins. An
analysis of intragenic positions of
nonsynonymous substitutions shows that most
radical and moderately radical changes appear to
be randomly distributed.

Synonymous codon usage

Synonymous codon usage bias was examined in
vitellogenin genes from insects and other
organisms (Table 8) by determining the effective
number of codons (ENC). Vitellogenin genes of
mosquitoes have a codon bias that ranged from
ENC 32.3 (An. albimanus) to 50.7 (Tx.
amboinensis). Other insect vitellogenin and yolk
protein genes also have a wide range of codon
usage bias, varying from D. melanogaster yolk
protein 1 (ENC: 32.6) to S. cynthia ricini (ENC:
56.4), with varying GC content at the third codon
position. Vitellogenin genes from animals other
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Figure 4 (Part 1). Degree of nonsynonymous substitutions in pairwise comparison of the Aedes aegypti
vitellogenin genes; (a) Vg-A1 and Vg-B, (b) Vg-A1 and Vg-B, and (c) Vg-B and Vg-C. The meaning of the bars is

indicated above the figure.

than insects also show varying degrees of codon
usage bias. The intragenic position of synonymous
codon usage throughout the entire coding region
of the vitellogenin genes was examined. A bias for
codon usage was observed in the region encoding
the signal peptide of Ae. aegypti (Figure 5), and
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all of the other mosquito vitellogenin genes. In
this region, which includes 11-15 codons,
excluding the first methionine, a high number of
rarely used synonymous codons were present.
None of the other, non-mosquito, vitellogenin
genes shown in Table 8 had a cluster of rare
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vitellogenin genes; (a) Vg-A1 and Vg-B, (b) Vg-A1 and Vg-B, and (c) Vg-B and Vg-C. The meaning of the bars is

indicated above the figure.

synonymous codons in the signal peptide region,
except for the N-terminal region of C. elegans
vit-5, which has a few rare synonymous codons
(Speith et al. 1985).

By way of comparison, the complete sequences of
150 Ae. aegypti genes were analyzed for

synonymous codon usage bias (Table 9). The
vitellogenin genes showed a pattern of codon
usage that is among the most highly biased of all
known complete Ae. aegypti genes based on ENC.
A positive correlation (r* = 0.5235) was found
between GC content and the degree of
synonymous codon usage bias measured by ENC

Table 7. Degree of nonsynonymous substitutions between mosquito vitellogenin genes.

[ | Nonsynonymous substitutions
Mosquito Vg genes compared (Conserve lfg::;::::iy M:;l(e;;‘:;le ly Radical [ Total ssl{l:l:t:?::zﬁz L
Comparisons between Ae. aegypti genes
Ae. aegypti Vg-A1 V.S. Ae. aegypti Vg-B  |115 (50.9%) 75 (33.2%) 27 (11.9%) 9(4.0%)| 226 527 2128
Ae. aegypti Vg-A1 V.S. Ae. aegypti Vg-C  |268 (36.8%) 300 (41.2%) 131 (18.0%) 30 (4.1%)| 729 551 2058|
Ae. aegypti Vg-B V.S. Ae. aegypti Vg-C  |265 (36.7%) 308 (42.7%) 120 (16.6%) 29 (4.0%)| 722 573 2062]
Comparisons between mosquito Vg-C genes
Ae. aegypti v.S. Ae. atropalpus 137 (50.7%) 102 (37.8%) 19 (7.0%) 12 (4.4%)| 270 639 1816
Ae. aegypti v.s. |Cx. quinquefasciatus 1|279 (42.9%)| 282 (43.4%) 71 (10.9%) 18 (2.8%)| 650 591 2076
Ae. aegypti v.s. |Cx. quinquefasciatus 2|346 (39.1%) 377 (42.6%) 138 (15.6%) |25 (2.8%)| 886 514 20009
Ae. aegypti V.S. Tx. amboinensis  |312 (44.7%) 284 (40.7%) 87 (12.5%) 15 (2.1%)| 698 631 2018
Ae. aegypti V.S. An. albimanus 309 (43.3%)) 293 (41.9%) 89 (12.5%) 23 (3.2%)| 714 546 2021
Ae. atropalpus v.s. |Cx. quinquefasciatus 1|1262 (47.6%) 222 (40.4%) 50 (9.1%) 16 (2.9%)| 550 597 1818
Ae. atropalpus v.s. |Cx. quinquefasciatus 2|307 (38.9%) 342 (43.3%) 118 (15.0%) 22 (2.8%)| 789 510 1749
Ae. atropalpus V.S. Tx. amboinensis  [269 (45.4%)| 243 (41.0%) 66 (11.1%) 15 (2.5%)| 593 581 1771
Ae. atropalpus V.S. An. albimanus 275 (44.8%) 251 (40.9%) 72 (11.7%) 16 (2.6%)| 614 576 1783
Cx. quinquefasciatus 1| v.s. |Cx. quinquefasciatus 2319 (37.3%) 385 (45.0%) 132 (15.4%) 19 (2.2%)| 855 469 2024
Cx. quinquefasciatus 1| v.s. Tx. amboinensis  [329 (46.7%) 278 (39.4%) 84 (11.9%) 14 (2.0%)| 705 627 2029
Cx. quinquefasciatus 1| v.s. An. albimanus 326 (44.7%) 295 (40.4%) 90 (12.3%) 19 (2.6%)| 730 457 2027
Cx. quinquefasciatus 2| v.s. Tx. amboinensis  [359 (40.7%)| 371 (42.1%) 133 (15.1%) 19 (2.2%)| 882 572 1958
Cx. quinquefasciatus 2| v.s. An. albimanus 348 (41.7%) 340 (40.8%) 125 (15.0%) 21(2.5%)| 834 459 1952
Tx. amboinensis V.S. An. albimanus 350 (45.8%), 306 (40.0%) 89 (11.6%) 20 (2.6%)| 765 603 1995

Nonsynonymous amino acid substitutions were divided into 4 categories based on Grantham (1974); conserved (score<50), moderately conserved
(50<scores<100), moderately radical (100<score<150), and radical (score>150).

L indicates the number of amino acid compared.
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Frequency

Figure 5. Observed frequency of the first 50 codons in the Aedes aegypti vitellogenin genes, excluding the first
initiator methionine. Green bars show the codons of the signal peptide, the first 11—14 amino acids, excluding the
first methionine. Short bars indicate rare codons.

Figure 6. Correlation of synonymous codon usage in 150 Aedes aegypti genes. ENC = effective number of codons,
GC3= GC content in the third position. Shown in red are the vitellogenin genes. r* = 0.5235.
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Table 8. Effective number of synonymous codons of vitellogenin genes of insects and other organisms. Ordered by

ENC value.

Organisms Order Family # Accession ENC | GC3s [ GC% [ ¥ AA
IAnopheles albimanus Vg-C Diptera Culicidae AY691327 32.3 83.5 56.8 | 2029
Caenorhabditis elegans vit-5 Nematoda Rhabditidae X03044 32.5 57.2 49.5 | 1651
IDrosophila melanogaster YP1 Diptera Drosophilidae V00248 32.6 79.7 59.4 439
IDrosophila melanogaster YP3 Diptera Drosophilidae M15898 33.2 80.4 60.3 420
IDrosophila melanogaster YP2 Diptera Drosophilidae AY061042 33.4 78.8 59.6 442
|Athalia roase Hymenoptera Tenthredinidae AB007850 36.2 75.4 57.7 | 1872
lAnopheles gambiae Diptera Culicidae AF281078 36.2 79.2 55.2 | 2051
Culex quinquefasciatus Vg-C1 Diptera Culicidae AY691324 36.5 71.0 53.6 | 2111
[Aedes aegypti Vg-A1 Diptera Culicidae 14182 39.7 61.8 48.7 | 2148
[Aedes aegypti Vg-B Diptera Culicidae AY380797 39.8 62.8 49.1 | 2142
IPimpla nipponica Hymenoptera Ichneumonidae AF026789 40.0 | 80.0 57.6 | 1807
Culex quinquefasciatus Vg-C2 Diptera Culicidae AY691325 40.7 66.5 53.6 | 2099
\Ichthyomyzon unicuspus Vertebrata Petromyzontidae M88749 40.7 79.5 59.5 | 1823
lAedes aegypti Vg-C Diptera Culicidae AY373377 40.8 62.7 49.3 | 2087
(Ochlerotatus atropalpus Vg-B Diptera Culicidae AY691321 45.4 53.9 45.8 | 2108
(Ochlerotatus atropalpus Vg-C Diptera Culicidae AY691322 46.1 52.6 45.4 | 1825
lAnthonomus grandis Coleoptera Curculionidae M72980 46.7 30.1 38.5 | 1790
[Fundulus heteroclitus VGT1 Vertebrata Fundulidae U07055 48.4 | 53.0 48.6 | 1704
IApis mellifera Hymenoptera Apidae AJ517411 49.0 69.3 51.0 | 1770
Graptopsaltria nigrofuscata Hemiptera Cicadidae AB026848 49.1 30.3 39.4 | 1987
IRiprotus clavatus Hemiptera Alydidae Ug7277 49.5 39.4 43.7 | 1876
Toxorhynchites amboinensis Vg-C Diptera Culicidae AY691326 50.7 57.6 48.7 | 2032
Gallus gallus Vertebrata Phasianidae D89547 50.9 40.3 44.8 | 1912
\Plautia stali Vg-2 Hemiptera Pentatomidae AB033499 50.9 38.7 42.7 | 1856
ILeucophaea maderae Dictyoptera Blaberidae AB052640 51.3 | 40.4 | 42.6 | 1013
[Fundulus heteroclitus VIG2 Vertebrata Fundulidae U70826 51.5 56.2 50.4 | 1687
IBlattella germanica Dictyoptera Blattellidae AJ005115 515 38.0 40.5 | 1862
\Plautia stali Vg-1 Hemiptera Pentatomidae AB033498 52.1 43.5 43.9 | 1907
\Plautia stali Vg-3 Hemiptera Pentatomidae AB033500 53.9 44.5 45.7 | 1903
ILymantria dispar Lepidoptera Lymantriidae U60186 54.2 34.7 40.9 | 1747
\Periplaneta americana Vg-1 Dictyoptera Blattidae AB034804 54.7 41.6 45.0 | 1896
|Antheraea yamamai Lepidoptera Saturniidae AB055843 55.0 40.2 43.1 | 1778
\Periplaneta americana Vg-2 Dictyoptera Blattidae AB047401 55.2 45.9 44.7 | 1876
IAntheraea pernyi Lepidoptera Saturniidae AB049631 55.8 40.6 43.4 | 1778
IBombyx mori Lepidoptera Bombycidae D13160 56.0 43.5 44.4 | 1782
ISamia cynthia ricini Lepidoptera Saturniidae AB055844 56.4 40.9 43.6 | 1779

ENC = effective number of codons

GC3s = GC content at third synonymous position
GC% = % of overall GC content

#AA = total number of amino acids

(Figure 6). Thus, the synonymous codon usage
bias of vitellogenins probably reflects the biased
GC3. Highly expressed proteins in general have
higher selective constraints on synonymous codon
choices for translational efficiency and/or
accuracy. For example, most of the highly
expressed ribosomal genes of An. gambiae also
show a high synonymous codon usage bias with a
biased GC3 (r* = 0.4606) (Table 10 and Figure 7).

The pattern of synonymous codon usage is also of
interest. Since the overall synonymous codon
usage provides less informative data, Table 9
includes gene products with various expression
levels. Preferred and rare codons were
determined from the top 15% of all genes based
on ENC and vitellogenin genes, assuming that
these gene products are highly expressed. Amino
acids such as asparagine, lysine, glutamine,
phenylalanine, and tyrosine are preferentially
encoded by one codon and not by other
synonymous codons. Genes that use synonynous
codons more equally (have high ENC) are
probably under weak translational selective

Journal of Insect Science: Volume 7 | Article 1

constraints, as those gene products may not be
highly expressed. Synonymous codon usage in An.
gambiae ribosomal genes (ENC < 40.8) was also
examined (Table 11). An analysis of interspecific
synonymous codon choice in vitellogenins and
ribosomal proteins revealed that when bias is
present most of the preferential codons were
conserved, except for glutamic acid; An. gambiae
ribosomal genes preferentially use GAG over
GAA, and Ae. aegypti vitellogenin genes
preferentially use GAA over GAG. Extremely
rarely used synonymous codons such as TTA
(leucine), CTA (leucine), ATA (isoleucine), GGG
(glycine) are also evolutionary conserved,
suggesting that the usage of these codons may be
disadvantageous to the translational rate of highly
expressed proteins.

The patterns of synonymous codon usage in the
autogenous and anautogenous mosquito
vitellogenin genes were also examined (Table 12).
All anautogenous mosquito vitellogenin genes
(An. albimanus, Ae. aegypti and Cx.
quinquefaciatus, shown in red in Table 12)

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 26 Apr 2024

Terms of Use: https://complete.bioone.org/terms-of-use

20



Journal of Insect Science | www.insectscience.org ISSN: 1536-2442

Table 9. Synonymous codon usage bias of 150 Aedes aegypti genes, not including mitochondrial genes. Orange =
top 15%. Blue = lower 15%.

Genes Accession # ENC GC3 (%) GC (%) # AA
[Ribosomal protein S24 AY064700 30.3 79.0 57.4 130
Sterol carrier protein 2 variant 2 AF539988 30.9 77.5 55.8 110
Sterol carrier protein 2 variant 1 AF539987 31.9 85.4 57.7 111
Ribosomal protein S11 AY133344 33.6 78.5 56.4 152
[Putative calreticulin AF466603 33.8 72.2 54.4 407
[Thioredoxin AF394233 34.0 84.3 54.7 106
[Elongation factor 2 AY064104 34.1 67.6 54.5 844
[Enhancer of rudimentary U66869 34.3 85.0 57.3 103
[Peroxidase AF098717 34.5 73.6 58.3 683
[Ribosomal protein S6 AF154067 35.2 75.2 58.5 346
|Actin U20287 35.4 60.5 53.3 376
IVacuolar ATPase B subunit AF092934 36.0 68.8 54.8 496
[Vacuolar ATPase C subunit AF008924 36.7 60.0 55.4 157
[Ribosomal protein L31 AF324863 37.0 76.9 57.5 124
Vitelline membrane 15a3 U91682 37.8 55.8 62.6 122
IVacuolar ATPase A subunit AF008922 37.9 66.4 54.9 615
2-Cys thioredoxin peroxidase AF323181 38.6 74.3 57.3 196
[Hexamerin 2 alpha U86080 39.3 72.5 52.5 712
[Takeout AF458100 39.4 77.5 54.6 248
[Ferritin subunit 137082 39.7 75.9 55.2 209
Vitellogenin Vg-A1 141842 39.7 61.8 48.7 2148
Vitellogenin Vg-B AY380797 39.8 62.8 49.1 2142
Vitellogenin Vg-C AY373377 40.8 62.7 49.3 2087
Vitelline membrane 15a1 U91680 40.9 64.2 63.3 108
[Ubiquitin-52-amino-acid fusion protein AF418984 41.0 70.6 52.6 128
[Ecdysteroid receptor U02021 41.6 73.9 56.3 675
Insulin receptor U72939 42.8 74.6 56.2 1390
[Hexamerin 1 gamma U86079 43.0 71.1 46.5 692
[Dopachrome conversion enzyme AY064099 43.5 74.2 56.9 463
Cathepsin B-like thiol protease 141940 43.7 62.5 55.5 342
[Defensin isoform C1 AF156092 44.2 54.1 54.5 99
[Transfferin precursor AF019117 44.5 67.4 55.2 633
Ovarian ecdysteroidogenic hormone I Ugb112 44.6 73.2 59.1 149
[Putative secreted protein AF466586 45.5 34.6 38.7 255
[Toll1 AY124196 45.6 71.0 53.1 1124
IChymotrypsin-like protease precursor U56423 45.8 61.7 55.5 268
[Putative 8.3 Kda secreted protein AF466592 46.3 53.3 53.1 96
[Microvilli membrane protein AY050565 46.3 60.3 49.4 207
[Nuclear receptor 3 AF230281 46.3 70.3 54.1 468
[Probable transport protein Sec61 alpha subunit AY064125 46.9 56.7 49.9 476
Cellular retinaldehyde-binding protein AY064091 47.0 70.7 53.2 290
Vitellogenic cathepsin-B like protease AF127592 47.0 61.4 56.0 386
Glutamine synthetase AF004351 47.1 52.0 51.8 400
[Preproleukokinin U66832 47.2 59.0 50.3 228
Glutathione S-transferase AF384858 47.4 63.2 54.6 218
Cellular retinaldehyde-binding protein AF329893 47.8 70.7 53.0 290
[Phenylalanine hydroxylase AY099427 47.9 65.5 53.6 447
[Lysosomal aspartic protease Mo5187 47.9 48.0 46.4 387
Vitellogenin receptor L77800 48.0 67.7 54.3 1847
Vitellogenic carboxypeptidase 146594 48.2 61.1 50.2 471
[Dopa carboxylase U27581 48.3 55.0 52.6 337
[Ribosomal protein L17A AY064121 48.5 58.5 56.2 140
[Lipophorin receptor AF355595 48.5 69.4 55.5 1156
[Nuclear hormone receptor AF165528 48.6 65.7 57.2 545
[Putative protein G12 AY038042 48.8 61.8 49.8 207
[Putative C-type lectin AF466606 48.9 66.9 55.2 154
[Late trypsin precursor M77814 49.0 59.9 54.5 257
Carbonic anhydrase AF395662 49.1 63.5 55.7 298
IMRGG U84248 49.1 65.8 57.9 663
[Defensin isoform A1 AF156088 49.2 64.9 57.5 98
Glucosamine-fructose-6-phosphate aminotransferase AF399922 49.7 50.2 48.0 675
JAmylase 11 AF000568 49.9 43.0 47.8 486
Vitelline membrane 15a2 U91681 49.9 61.5 64.6 97
[Putative secreted protein AF466601 50.0 53.4 48.5 259
INuclear hormone receptor AF303224 50.2 64.5 56.3 493
INuclear receptor FTZ-F1 protein AF274870 50.2 67.5 56.6 840
[Defensin isoform B1 AF156090 50.4 59.8 56.5 98
INeuropeptide F preproprotein AF474405 50.6 46.6 51.5 90
Relish AF498105 50.7 65.0 51.8 995
IV-Atpase 110 Kda integral membrane subunit AF173554 50.8 57.5 47.5 804
[Putative 34 Kda secreted protein AF466595 50.9 66.6 50.5 316
Salivary purine nucleosidase AY038045 51.2 52.0 47.5 338
Ribonucleotide reductase 1 AF411296 51.3 60.3 49.1 844
Ultraspiracle AF305214 51.5 62.7 54.3 459
[Head peptide I AF155738 51.6 40.2 50.0 128
[Preproallatostatin U66841 51.7 62.7 56.7 197
[Putative mRNA binding protein AY064109 51.8 30.7 41.6 419
Vitellogenin convertase 146373 51.9 63.1 56.7 1060
Chitin synthase AF223577 52.1 62.7 50.5 1564
[Pyruvate carboxylase 136530 52.1 50.3 50.2 1195
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Genes Accession # ENC GC3 (%) GC (%) # AA
[Early trypsin X64362 52.2 58.1 55.0 254
[Peritrophin AY050566 52.3 43.1 49.5 486
E74A AF435023 52.3 63.8 58.0 778
JAquaporin AF218314 52.4 58.7 54.8 249
[Phosphoglycerate kinase AY064545 52.4 51.9 50.9 415
Chitinase 1 AF026491 52.5 52.9 51.9 574
[Heavy clathrin chain S:1076 52.6 51.9 47.2 1682
[Prophenoloxidase propo1 AF292114 52.7 45.8 48.2 684
[Apyrase 141301 53.2 40.7 42.8 563
[Ribonucleotide reductase 2 AF411297 53.3 55.8 46.8 397
[Prophenol oxidase propo3 AF310673 53.7 42.4 45.9 687
Cyclic-AMP response element binding protein AY083158 53.9 64.0 56.0 295
JAngiopoietin-like protein AF466609 54.0 56.6 49.4 296
INa+/H+ antiporter AF187723 54.0 58.6 51.3 1179
[E74B AF435022 54.1 60.0 58.2 827
Cytochrome P450 AY064093 54.4 58.7 48.8 536
[Putative secreted protein AF466589 54.6 59.9 51.8 255
[Kynurenine aminotransferase AF395204 54.8 61.5 51.7 477
[Maltase-like I M30442 54.9 50.1 46.7 579
[Kynurenine monooxygenase AF325508 55.0 60.6 50.6 476
[Putative 16.9 Kda secreted protein AF466612 55.1 43.2 39.6 148
[Putative lysozyme AF466591 55.1 39.9 40.0 144
Chitinase 2 AF026492 55.4 38.4 45.5 1635
[Tryptophan oxygenase AF325458 55.5 52.7 48.3 393
(GATA transcription factor AJ400338 55.5 53.2 51.5 868
[Putative 18.6 Kda secreted protein AF466604 55.8 46.6 48.8 168
[Putative serine protease AF466600 55.8 40.5 46.7 296
Lipase-like protein AF303984 56.0 49.2 51.6 278
|Asparagine synthetase U84118 56.0 55.8 50.3 562
[HNF4 isoform A AF059026 56.0 34.2 41.3 565
[Prophenol oxidase propo4 AF327409 56.1 47.1 47.9 686
[Toll-related protein AY124195 56.3 60.2 47.1 1007
[Putative secreted protein AF466605 56.4 36.5 40.1 261
[Eye pigment transporter U88851 56.4 54.9 49.7 692
[Putative secreted protein AF466596 56.4 55.0 49.2 2092
[Putative carboxylesterase AF466590 56.5 36.1 43.8 636
[Long form D7Bclu1 salivary protein AF420272 56.5 41.6 42.0 332
[Mucin-like protein AF125984 56.5 50.8 53.0 183
[Putative 56.5 Kda secreted protein AF466593 56.6 53.0 48.4 530
[Toll1B AY124197 56.7 52.4 47.0 1076
[Putative secreted protein AF466594 56.8 40.1 46.2 371
Serine protease inhibitor AF466599 57.1 46.4 43.2 418
Carboxypeptidase A AF165923 57.1 46.3 45.9 427
(GABA receptor subunit U28803 57.1 47.4 48.4 533
JAminopeptidase N AY064079 57.4 53.9 49.7 955
Short-chain dehydrogenease/reductase AY064123 57.5 48.2 48.4 254
[Fxa-directed anticoagulant precursor AF050133 57.5 44.3 42.7 415
[Putative secreted protein AF466597 57.7 39.1 40.3 580
Juvenile hormone epoxide hydrolase AF517544 57.8 55.0 48.7 461
[Putative secreted protein AF466598 58.3 50.5 43.3 566
Chymotrypsin AF487334 58.3 41.4 46.8 257
|Amylase I AF000569 58.5 42.2 45.3 i3
[Putative 30.5 Kda secreted protein AF466607 58.6 54.4 46.2 275
[Putative 18.2 Kda secreted protein AF466613 58.6 38.4 38.6 158
[Multivitamin transporter AY063742 58.6 54.0 49.6 592
|Allatotropin U65314 58.6 55.4 51.8 175
[Putative adenosine deaminase AF466610 58.6 47.5 44.6 530
[Putative 7.8 Kda secreted protein AF466588 58.7 69.2 51.2 95
[Putative chymotrypsin-like serine protease AF466611 58.7 48.7 51.9 288
[Putative prophenoloxidase activating protein AF466614 58.8 42.2 47.9 413
(Odorant-binding protein-related protein AY062131 58.9 66.7 49.3 140
Short form D7Cclu23 salivary protein AF420273 58.9 49.3 41.2 149
Salivary vasodilatory protein precursor AF108099 59.6 40.7 43.5 85
JAmino acid transporter AF543193 59.9 42.1 43.6 640
llysozyme AJ290428 59.9 56.7 46.2 148
[Putative secreted protein AF466602 60.9 50.0 49.4 85
[Putative 30 Kda allergen-like protein AF466608 61.0 50.0 47.4 215
30 Kda salivary gland allergen AF001927 61.0 39.8 46.9 253
[D7 Protein M33157 61.0 51.6 45.2 321
Sialokinin I preproprotein AF108101 61.0 42.0 44.3 85

revealed a high synonymous codon usage bias,
preferentially using one or two synonymous
codons over others. For example, amino acids
such as asparagine, lysine, glutamine,
phenylalanine, and tyrosine are almost exclusively
encoded by one synonymous codon and not by
other synonymous codons. An analysis of
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interspecific codon choice in anautogenous
mosquito vitellogenin genes revealed that when
bias is present most of the preferential codons
were conserved in all three species. The exception
is glutamic acid where An. albimanus Vg-C
preferentially uses GAG over GAA, and all three
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Table 10. Synonymous codon usage bias for Anopheles gambiae ribosomal protein genes

Ribosomal Proteins Accession # ENC GC3 (%) GC (%) AA length
L7A agCP5980 29.7 88.5 61.1 271
S4 agCP3558 31.1 85.2 60.7 262
Sa agCP9554 31.3 82.7 63.4 285
L13 agCP12116 31.9 83.9 61.4 217
S2 agCP13883 32.1 74.2 61.7 274
S19 agCP10609 32.2 81.9 63.3 158
S6 agCP1429 32.2 85.9 65.0 372
Ly agCP4788 32.5 85.8 60.0 276
Li18a agCP9264 32.7 86.0 58.9 177
L1 agCP1226 32.8 85.1 59.8 276
P2 agCP1641 32.8 70.6 62.2 112
L3 agCP7843 33.1 75.9 58.3 417
L36 agCP1535 334 817 59.3 113
S23 agCP12166 33.4 81.4 61.5 143
L29 agCP5781 33.5 797 55.7 76
S24 agCP14988 33.5 87.1 60.0 130
S29 agCP12540 335 717 54.2 56
L8 agCP5982 33.7 79.2 63.3 261
S15a agCP13543 33.8 87.2 59.5 130
S25 agCP14068 33.9 78.6 57.1 119
Lio agCP4253 33.9 83.5 61.8 219
S13 agCP6643 34.2 80.0 58.1 151
L34 agCP10269 34.3 78.0 61.2 134
L9 agCP14553 34.3 85.9 58.1 190
Po agCP7923 34.9 81.0 59.8 314
L37a agCP8681 35.0 65.9 57.7 89
S3a agCP7766 35.1 78.8 57.2 269
L11 agCP6972 35.1 81.6 59.3 190
L32 agCP12827 35.2 81.1 59.5 134
S3 agCP12518 35.2 78.9 61.7 260
L3o agCP13921 35.3 77.0 57.2 116
S14a agCP1637 35.3 77.0 63.8 152
S26 agCP888o 36.3 77.0 58.8 115
S12 agCP7049 36.6 79.9 60.1 137
L46 agCP9893 37.5 72.3 54.2 51
L4q €biP415 37.6 72.3 53.5 104
S20 agCP11873 37.9 67.2 55.9 121
S5 agCP11155 38.4 71.2 58.4 233
Lig agCP14063 38.7 69.7 55.2 204
S18 agCP10687 38.8 67.3 55.0 152
S7 agCP8386 40.2 78.0 58.9 227
L28 agCP5722 40.4 79.1 62.6 157
P1 agCP11536 40.5 55.5 56.6 113
Li2 agCP8207 40.8 65.2 56.4 165
L31 agCP9995 41.0 80.2 58.3 124
S9 agCP14911 41.0 69.3 56.9 195
S14b agCP7464 41.6 66.2 60.3 152
S21 agCP13055 42.2 75.0 55.4 83
S22 agCP3614 43.7 77.3 57.2 375
L40 agCP11398 44.7 73.8 54.2 128
S15 agCP5590 45.6 74.5 54.4 278
S10 agCP5806 46.8 74.0 58.7 159
S17 agCP4384 49.1 60.6 49.4 131
L23 agCP8340 51.1 54.1 54.8 140

Ordered by increasing ENC value

Green shading = the highly biased Anopheles gambiae ribosomal proteins shown in Table 8.

vitellogenin genes in Ae. aegypti use GAA over
GAG.

In contrast, vitellogenin genes from autogenous
mosquitoes(Oc. atropalpus and Tx. amboinesis,
shown in blue in Table 12) showed a relatively low
synonymous codon usage bias. Tx. amboinensis
Vg-C, and Vg-B and Vg-C of Oc. atropalpus,
showed the lowest bias among all mosquito
vitellogenin genes examined. The average ENC for
the two autogenous species was 47.4, and for the
three anautogenous species was 38.6. A positive
correlation was found between GC content and
the degree of synonymous codon usage bias
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measured by ENC (Figure 9). Thus, the highest
synonymous codon usage bias of An. albimanus
Vg-C probably reflects the biased GC3s (83.5%).
Complete sequences of 54 Ae. aegypti genes
coding for other proteins were analyzed for
synonymous codon usage bias. The vitellogenin
genes show a pattern of codon usage that is
among the most highly biased of all known
complete Ae. aegypti genes based on ENC (Figure

9).

The nucleotide composition of the mosquito
vitellogenin genes were also examined. A x> test of
homogeneity of base frequency across taxa was
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Figure 7. The correlation of synonymous codon usage bias and GC3 of Anopheles gambiae ribosomal genes. r* =

0.4606.

performed using the PAUP* program to
determine the level of bias at each codon position.
This analysis showed that the base frequency for
the first and third codon positions varied
significantly across taxa (p < 0.01), probably due

100 -
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to different codon usage preferences among
mosquito species.

Vitellogenin gene expression in Ae.
aegypti

Previous studies by Northern analysis and RNA
dot blot analyses using a probe that most likely
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Figure 8. The correlation of synonymous codon usage bias and GC3 of anautogenous and autogenous mosquito

vitellogenin genes.
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Table 11. Synonymous codon usage of Aedes aegypti genes and Anopheles gambiae ribosomal protein genes, not

including mitochondrial genes.

Aedes aegypti [ | Anopheles gambiae

Overall Bottom 15% TOP 15% Vitellogenins Ribosomal protein genes

Codons N (%) RSCU | N | (%) |RSCU| N | (%) |RSCU| N | (%) | RSCU N (%) RSCU
TTT phe F 870 25.4 0.51 152 | 44.2 0.88 | 82 | 10.6 0.21 60 12.1 0.24 12 5.0 0.10
TTC phe F 2551 74.6 1.49 192 | 55.8 1.12 |695]| 89.4 1.79 436 | 87.9 1.76 228 95.0 1.90
TTAleu L 370 6.0 0.36 80 | 11.8 0.71 2 0.3 0.02 1 0.3 0.02 1 0.2 0.01
TTG leu L 1360 22.1 1.33 173 | 25.6 1.53 |159| 19.9 1.19 89 27.1 1.63 41 7.0 0.42
CTT leu L 678 11.0 0.66 103 | 15.2 0.91 48 | 6.0 0.36 28 8.5 0.51 19 3.3 0.20
CTCleu L 849 13.8 0.83 78 11.5 0.69 92 | 11.5 0.69 39 11.9 0.71 104 17.9 1.07
CTAleu L 522 8.5 0.51 78 | 11.5 0.69 | 25| 31 0.19 9 2.7 0.16 6 1.0 0.06
CTG leu L 2376 38.6 2.32 165 | 24.4 1.46 1473 59.2 3.55 162 | 49.4 2.96 411 70.6 4.24
ATT ile I 1279 33.6 1.01 166 | 39.1 1.17 |138] 25.7 0.77 63 32.6 0.98 99 20.8 0.62
ATCile I 2041 53.7 1.61 151 | 35.5 1.07 |397] 73.9 2.22 130 | 67.4 2.02 375 78.8 2.36
ATAle I 481 12.7 0.38 108 | 25.4 0.76 2 0.4 0.01 0 0.0 0.00 2 0.4 0.01
ATGmetM | 1827 100.0 1.00 179 | 100.0 | 1.00 |298]100.0| 1.00 114 |100.0| 1.00 188 100.0 1.00
GTT val V 1233 26.0 1.04 126 | 25.8 1.03 |216| 26.6 1.06 132 | 40.7 1.63 71 11.9 0.48
GTC val V 1390 29.3 1.17 76 | 15.6 0.62 [358] 44.1 1.76 119 | 36.7 1.47 196 32.9 1.32
GTAvalV 681 14.4 0.57 99 | 20.3 0.81 51 6.3 0.25 19 5.9 0.23 24 4.0 0.16
GTGval VvV 1435 30.3 1.21 187 | 38.3 1.53 |187] 23.0 0.92 54 16.7 0.67 304 51.1 2.04
TCT ser S 640 11.4 0.69 64 11.9 0.72 | 153 | 15.7 0.94 124 | 18.7 1.12 17 4.4 0.26
TCC ser S 1179 21.1 1.26 81 15.1 0.91 |306| 31.3 1.88 172 | 25.9 1.56 100 25.8 1.55
TCA ser S 647 11.6 0.69 105 | 19.6 1.18 62 6.3 0.38 56 8.4 0.51 5 1.3 0.08
TCG ser S 1290 23.0 1.38 105 | 19.6 118 |217]| 22.2 1.33 122 | 18.4 1.10 187 48.2 2.89
CCT pro P 547 15.3 0.61 57 | 19.7 0.79 69 | 11.1 0.44 35 11.6 0.46 20 5.4 0.21
CCC pro P 714 20.0 0.80 52 | 17.9 0.72 |160] 25.6 1.03 56 18.5 0.74 55 14.7 0.59
CCA pro P 1173 32.9 1.32 105 | 36.2 1.45 |292] 46.8 1.87 175 | 57.9 2.32 35 9.4 0.38
CCG pro P 1131 317 1.27 76 | 26.2 1.05 [103] 16.5 0.66 36 11.9 0.48 263 70.5 2.82
ACT thr T 801 20.7 0.83 88 | 23.7 0.95 |146] 25.3 1.01 98 | 39.4 1.57 23 6.0 0.24
ACCthr T 1489 38.5 1.54 99 | 26.7 1.07 |359]| 62.3 2.49 133 | 53.4 2.14 215 56.4 2.26
ACA thr T 635 16.4 0.66 92 | 24.8 0.99 | 28| 4.9 0.19 10 4.0 0.16 10 2.6 0.10
ACGthr T 947 24.5 0.98 92 | 24.8 0.99 43 7.5 0.30 8 3.2 0.13 133 34.9 1.40
GCT ala A 1487 29.2 1.17 148 | 29.2 117 |347] 37.8 1.51 229 | 51.7 2.07 125 17.3 0.69
GCCala A 1889 37.1 1.49 123 | 24.3 0.97 |475] 517 2.07 184 | 415 1.66 394 54.5 2.18
GCAalaA 881 17.3 0.69 133 | 26.3 1.05 | 42| 4.6 0.18 20 4.5 0.18 45 6.2 0.25
GCG ala A 828 16.3 0.65 102 | 20.2 0.81 55 | 6.0 0.24 10 2.3 0.09 159 22.0 0.88
TAT tyr Y 904 29.2 0.58 116 | 41.6 0.83 |130]| 14.9 0.30 96 15.6 0.31 23 10.8 0.22
TAC tyr Y 2197 70.8 1.42 163 | 58.4 1.17 |742] 85.1 1.70 518 | 84.4 1.69 189 89.2 1.78
TAA OCH Z 70 46.7 1.40 10 | 43.5 1.30 17 | 73.9 2.22 1 33.3 1.00 41 93.2 2.80
TAG AMB Z 38 25.3 0.76 3 13.0 0.39 5 21.7 0.65 2 66.7 2.00 2 4.5 0.14
CAT his H 734 38.7 0.77 62 | 50.4 1.01 81 | 24.3 0.49 52 30.2 0.60 45 20.9 0.42
CAC his H 1163 61.3 1.23 61 | 49.6 0.99 |252] 75.7 1.51 120 | 69.8 1.40 170 79.1 1.58
CAAglnQ | 1206 39.5 0.79 140 | 50.2 1.00 |156] 28.6 | 0.57 | 128 | 37.9 0.76 22 8.0 0.16
CAGglnQ | 1845 60.5 1.21 139 | 49.8 1.00 |389] 714 1.43 210 | 62.1 1.24 253 92.0 1.84
AAT asn N 1411 37.6 0.75 193 | 52.2 1.04 91 15.3 0.31 63 18.1 0.36 35 11.9 0.24
AACasn N |2342 62.4 1.25 177 | 47.8 0.96 |505] 84.7 1.69 286 | 81.9 1.64 258 88.1 1.76
AAA lys K 1604 37.1 0.74 267 | 53.7 1.07 |135]| 14.5 0.29 83 18.7 0.37 81 8.6 0.17
AAG lys K 2725 62.9 1.26 230 | 46.3 0.93 |794] 85.5 1.71 360 | 81.3 1.63 862 91.4 1.83
GAT aspD | 2355 54.8 1.10 283 | 64.5 1.29 |379]| 50.5 1.01 200 | 57.1 1.14 145 45.2 0.90
GACaspD | 1946 45.2 0.90 156 | 35.5 0.71 |372| 49.5 0.99 150 | 42.9 0.86 176 54.8 1.10
GAAgluE |2425 57.1 1.14 250 | 60.8 1.22 1473 59.9 1.20 252 | 68.3 1.37 104 24.4 0.49
GAGgluE | 1823 42.9 0.86 161 | 39.2 0.78 |[316] 40.1 0.80 117 | 317 0.63 323 75.6 1.51
TGT cys C 572 37.5 0.75 75 | 484 | 097 [34] 236 | 047 14 | 219 | 0.44 21 16.5 0.33
TGC cys C 952 62.5 1.25 80 | 51.6 1.03 |110]| 76.4 1.53 50 78.1 1.56 106 83.5 1.67
TGA OPAZ 42 28.0 0.84 10 | 43.5 1.30 1 4.3 0.13 0 0.0 0.00 1 2.3 0.07
TGG trp W 905 100.0 1.00 104 | 100.0 | 1.00 95 | 100.0 | 1.00 34 |100.0| 1.00 67 100.0 1.00
CGT arg R 882 25.0 1.50 41 13.9 0.83 |275| 49.5 2.97 116 | 47.9 2.88 247 34.2 2.05
CGCarg R 769 21.8 1.31 44 | 14.9 0.89 |209]| 37.6 2.26 105 | 43.4 2.60 348 48.1 2.89
CGA arg R 637 18.1 1.08 60 | 20.3 122 | 22 [ 4.0 0.24 8 3.3 0.20 48 6.6 0.40
CGG arg R 573 16.3 0.98 49 | 16.6 1.00 19 3.4 0.21 1 0.4 0.02 52 7.2 0.43
AGT ser S 802 14.3 0.86 100 | 18.7 1.12 45 | 4.6 0.28 35 5.3 0.32 11 2.8 0.17
AGC ser S 1039 18.6 1.11 81 15.1 0.91 |194| 19.9 1.19 154 | 23.2 1.39 68 17.5 1.05
AGA arg R 393 11.1 0.67 54 | 18.3 1.10 22 | 4.0 0.24 11 4.5 0.27 11 1.5 0.09
AGG arg R 272 7.7 0.46 47 | 15.9 0.96 9 1.6 0.10 1 0.4 0.02 17 2.4 0.14
GGT gly G 1318 27.8 1.11 119 | 24.8 0.99 |254]| 36.5 1.46 77 26.6 1.06 232 40.5 1.62
GGCgly G 1229 25.9 1.04 121 | 25.2 1.01 161 | 23.2 0.93 63 21.7 0.87 233 40.7 1.63
GGAglyG | 1765 37.3 1.49 188 | 39.2 157 |263] 37.8 1.51 146 | 50.3 2.01 95 16.6 0.66
GGG gly G 426 9.0 0.36 52 | 10.8 0.43 17 2.4 0.10 4 1.4 0.06 13 2.3 0.09

“RSCU= relative synonymous codon usage
cross-hybridized with all members of the expression, real-time PCR was used. These

vitellogenin genes demonstrated that vitellogenin
gene(s) were expressed only in fat body
preparations of blood-fed female mosquitoes
(Racciopi et al. 1986; Gemmill et al. 1986). To
determine if all three genes were expressed, and
to confirm the sex-and-stage specificity of their
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experiments demonstrated that mRNAs from
Vg-A1, Vg-B and Vg-C showed peak expression by
36 hours, and negligible by 72 hours after a blood
meal (Fig. 11). Expression in whole body extracts
of non-blood fed females, males, larvae and pupae
of all three genes occurred but at 4 to 6 orders of
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Table 12. Synonymous codon usage in autogenous and anautogenous mosquito vitellogenin genes. Red =
anautogenous. Blue = autogenous.

Ae. aegypti Oc. atropalpus | Cx. quinquefasciatus Tx. amboinensis An. albimanus
Amino Acid | Codon [ Vg-A1|Vg-B|Vg-C| Vg-Ba [ Vg-Ca Vg-C1 Vg-C2b Vg-C Vg-C
Phe TTT 18 19 23 43 39 19 17 23 11
TTC 156 152 | 128 134 113 83 42 116 137
Leu TTA ) 0 1 3 2 ] 0 3 0
TTG 30 32 27 39 28 12 27 25 6
Leu CTT 9 10 9 17 14 13 13 12 9
CTC 12 14 13 10 10 15 17 17 19
CTA 4 4 1 2 9 2 1 7 3
CTG 59 51 52 32 29 92 89 43 82
Ile ATT 27 18 18 30 26 21 40 28 10
ATC 42 38 50 25 31 62 55 28 62
ATA ] 0 0 3 1 ] 0 11 0
Met ATG 39 43 32 33 33 40 38 38 33
Val GTIT 45 43 | 44 45 39 36 43 50 20
GTC 36 45 38 31 26 55 60 25 61
GTA 5 4 10 10 14 1 3 12 1
GTG 18 17 19 21 15 45 33 34 41
Ser TCT 39 39 | 46 41 36 44 38 19 19
TCC 59 49 64 30 27 42 61 45 26
TCA 18 18 20 26 21 8 15 27 1
TCG 34 47 | 41 44 36 55 51 36 57
AGT 10 11 14 19 17 4 5 31 3]
AGC 53 56 | 45 58 35 61 65 49 51
Pro CCT 15 13 7 20 22 16 12 10 7
CCC 16 15 25 15 16 21 21 22 34
CCA 63 63 | 49 44 33 11 24 34 1
CCG 10 10 16 17 17 45 37 29 50
Thr ACT 27 36 35 34 31 26 29 19 13
ACC 48 42 43 36 30 62 55 44 74
ACA 3 2 5 9 11 1 9 1
ACG 2 3 3 3 4 2 10 10 10
Ala GCT 86 77 66 74 64 54 67 62 32
GCC 60 68 56 55 42 77 79 56 81
GCA 4 8 8 14 10 0 7 19 1
GCG 5 4 1 5 2 4 8 19 8
Tyr TAT 32 32 32 66 39 16 7 46 11
TAC 185 181 | 152 150 129 113 71 98 166
His CAT 20 17 15 31 24 14 17 28 9
CAC 41 42 37 30 21 41 41 38 56
Gln CAA 42 42 | 44 55 45 40 36 47 4
CAG 60 67 83 59 55 88 79 78 112
Asn AAT 22 23 18 32 48 8 15 59 1
AAC 94 88 | 104 77 66 118 103 74 103
Lys AAA 31 24 28 42 42 12 13 41 2
AAG 117 131 | 112 96 74 134 127 77 122
Asp GAT 65 67 | 68 72 59 57 59 55 48
GAC 51 49 | 50 55 46 64 49 46 82
Glu GAA 86 83 83 92 88 70 74 71 25
GAG 37 43 37 34 32 79 71 54 112
Cys TGT 5 5 4 7 5 4 5 8 3
TGC 15 15 20 11 10 22 19 11 21
Trp TGG 12 10 12 12 14 19 28 15 16
Arg CGT 41 39 36 41 39 34 43 19 28
CGC 31 34 40 23 20 48 30 34 52
CGA 2 2 4 4 3 2 6 8 o)
CGG 0 0 1 2 2 0 3 7 1
Arg AGA 4 2 5 3 3 6 11 0
AGG 1 0 0 0 0 1 0 5 1
Gly GGT 23 30 24 25 15 24 31 35 24
GGC 22 18 23 16 17 14 10 16 25
GGA 55 46 | 45 48 44 56 36 35 43
GGG 2 1 1 3 2 1 0 4 1
Total 2148 | 2142 | 2087| 2108 1825 2111 2042 2032 2029

Ae. atropalpus of Vg-B and Vg-C were not determined

The n-terminal end of the Cx. quinquefasciatusVgC2 gene was truncated (39 amino acid residues)

magnitude lower levels; expression of Vg-A1 at 36
hours was 4 orders, Vg-B was 5 orders, and Vg-C
was 6 orders of magnitude higher than in fat body

of non-blood fed females.
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Sequence analysis of vitellogenin genes in
Ae. aegypti

To gain a better understanding of the evolution of
vitellogenin genes in mosquitoes, genomic DNA
libraries were constructed from several distantly
related mosquitoes with different reproductive
strategies, and vitellogenin genes were cloned and
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Figure 9. Distribution of Aedes aegypti genes based on synonymous codon usage bias. ENC = effective number of

codons. Vg-A1, 39.7, Vg-B 39.8. Vg-C 40.8.

sequenced from them to conduct a comparative
sequence analysis of mosquito vitellogenin genes.

Four vitellogenin genes of Ae. aegypti had been
previously cloned (Hamblin et al. 1987), and one
of them, Vg-A1, was sequenced and extensively
studied (Gemmill et al. 1986; Racioppi et al. 1986,
Chen et al. 1994; Romans et al. 1995). However,
the clones of the other genes were lost. To gain a

EVg-Al

14000000

better understanding of the evolution of these
genes, genomic DNA libraries were screened.
Four vitellogenin genes, Vg-A1, Vg-A2, Vg-B and
Vg-C, were again cloned. Vg-A2, Vg-B and Vg-C
were sequenced and a comparative sequence
analysis was conducted. Sequence analyses of
Vg-A1 and Vg-A2 showed that they are possibly
allelic to each other, Vg-A1 and Vg-B are closely
related, and possibly arose by a recent gene
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Figure 10. Expression of Aedes aegypti vitellogenin genes. mRNA levels were measured by real-time PCR.
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duplication event, and Vg-C is distantly related to
Vg-A1 and Vg-B lineage, and possibly arose by an
earlier gene duplication event.

Vg-B and Vg-C were relatively conserved in length
with minor insertions and deletions of amino
acids, especially within the polyserine regions,
relative to Vg-A1. Molecular signatures previously
characterized in Vg-A1 were all present and
conserved. These include two short introns, two
polyserine regions, highly conserved -cysteine
amino acid residues, and a cleavage site between
the two vitellogenin subunits. The vitellogenins
are postranslationally cleaved in the fat body into
two small and large subunits (Romans et al. 1995)
(Figure 1) by a vitellogenin convertase (Chen and
Raikhel 1996). The predicted cleavage sequence
(RXRR, Hagedorn et al 1998; Sappington and
Raikhel 1998) was present in all three
vitellogenins. The position of cysteine residues are
also well conserved. There are 19 evolutionarily
conserved cysteines out of the 20 residues in
Vg-A1 and Vg-B, and out of 24 in Vg-C. In general,
disulfide bonds between cysteine amino acid
residues stabilize protein structure. When
vitellogenin protein sequences from other insect
taxa were compared to the Ae. aegypti sequences
for the position of cysteine residues, 6 positions
near the C-terminal were found to be highly
conserved, suggesting that the cysteines at these
positions may play a role in maintaining the
structure of the vitellogenin proteins of insects.

Sequence analysis of vitellogenin genes in
other mosquitoes

Two distinct members of the vitellogenin gene
family, Vg-C1 and Vg-C2, were cloned from Cx.
quinquefasciatus. A complete coding sequence
was obtained for Vg-C1, but the Vg-C2 sequence is
truncated at the N-terminal end such that 39
amino acid residues are deleted. The nucleotide
position at the truncation differs from the
conserved first intron site of other mosquito
genes, and the nucleotide sequence at the
truncation also differs from the TAG or CAG that
are always present in the 3' intron sequence of all
mosquito vitellogenins, suggesting that it is
unlikely that the truncation is due to the
acquisition of a new intron site. Other organisms
such as G. gallus (Silva et al. 1989) and C. elegans
(Spieth et al. 1985) have pseudogenes encoding
non-functional vitellogenins due to stop codons
and frame shifts in the coding sequences.
However, in Cx. quinquefasciatus Vg-C2, the rest
of the coding sequence has no stop codon or
frame shift, suggesting that the gene could be still
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active. The appearance of the truncation could be
due to the insertion of transposable elements that
are relatively abundant in the genome of
mosquitoes (Tu 1999). Sequencing the upstream
region of the truncation of Vg-C2, and expression
studies either by a reverse transcription coupled
with polymerase chain reaction, or 5' rapid
amplification of cDNA ends using gene specific
primers, would reveal whether Cx.
quinquefasciatus Vg-C2 is expressed. If it is
indeed expressed, it would be interesting to
compare the pattern of expression with Vg-C1 that
does not have a truncation.

Screening of An. albimanus and Tx. amboinensis
genomic libraries resulted in positive clones that
were all Vg-C orthologs based on the presence of
molecular signatures. Rescreening with Vg-C
probes derived from both species at a low
stringency did not identify other members of the
vitellogenin gene family. It is not certain whether
the Vg-A1/B members became pseudogene(s), or
the rate of mutation in this lineage is significantly
different from others such that screening of the
distantly related Cx. quinquefasciatus, Tx,
amboinensis, and An. albimanus libraries failed.
This is unlike other organisms such as X. laevis
(Germond et al. 1984), C. elegans (Spieth et al.
1991), D. melanogaster (Wahli 1988), and Ae.
aegypti (Hamblin et al. 1987), in which several
members of the vitellogenin gene family exist.

However the Hymenoptera have a single
vitellogenin gene (Kageyama 1994; Nose 1997;
Piulachs et al. 2003; Donnell 2004).

All vitellogenin genes with complete coding
sequences cloned in this study were relatively
conserved in length with minor insertions and
deletions of amino acids, especially within the
polyserine regions, relative to their orthologs in
Ae. aegypti. Molecular signatures previously
characterized in Ae. aegypti were all present and
conserved in the vitellogenin genes of these
mosquitoes.

Amino acid composition

The vitellogenin proteins provide amino acid
building blocks for embryonic development and
therefore the precise amino acid sequence could
be of minor importance. However, the
comparative sequence analysis of vitellogenin
genes suggests that a majority of amino acid
substitutions are due to conserved and
moderately conserved changes in amino acid
physical-chemical properties. As described above,
the position of cysteine residues in all vitellogenin
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genes is highly conserved, consistent with other
comparative studies including distantly diverged
organisms (Wahli 1988; Byrne 1989, Trewitt et al.
1992; Hagedorn et al. 1998), suggesting that the
overall tertiary structure of the vitellogenin
proteins is important. If the amino acid sequence
were of minor importance, there would likely be
low discrimination between the extent of amino
acid substitutions and their physical and chemical
properties. Taken together, the analysis of Ae.
aegypti vitellogenin proteins suggest that they are
under moderate selective constraints to maintain
tertiary structure in parts of the molecule,
particularly by conserved cysteine residues. This
conclusion is strongly supported by the anaysis of
the tertiary structure of Lamprey vitellogenin by
X-ray crystallography (Raag et al. 1988; Sharrock
et al. 1992; Thompson and Banaszak 2002),
which revealed a dimer that formed a pocket that
could contain lipid. This region of the protein is
highly conserved in the vitellogenins (Hagedorn
et al. 1998).

Amino acid compositional analysis of the Ae.
aegypti vitellogenin proteins revealed specific
amino acid usage. All mosquito vitellogenin
proteins, except for two vitellogenins cloned from
Cx. quinquefasciatus, have a higher content of the
aromatic amino acid residues tyrosine

and phenylalanine than vitellogenins of other
organisms. It is also interesting that the amino
acid composition of all complete sequences
available for non-vitellogenin proteins of Ae.
aegypti shows that none of them exhibits the high
content of aromatic residues seen in vitellogenins,
except for the hexamerin storage proteins. The
biological roles of storage proteins have been
investigated, especially in several holometabolous
insects. Two important physiological processes,
metamorphosis and female reproduction, have
been shown to be linked with the utilization of
hexamerin storage proteins (Haunerland 1996).
In holometabolous insects, storage proteins
accumulate before the metamorphic molt of the
last larval instar and are known to play an
important role in adult cuticle formation by
providing tyrosine residues as precursors for
tanning.

A female-specific hexamerin storage protein has
been identified from autogenous Oc. atropalpus
mosquitoes, and this protein is believed to
provide amino acid residues for vitellogenin
protein synthesis by the fat body in the absence of
protein from a blood meal (Wheeler and Buck
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1996). Assuming that autogenous mosquitoes and
other autogenous nematoceran insects, such as
chaoborid midges, share common ancestors as is
suggested by molecular data (Miller et al. 1997),
these ancestors must have relied on storage
proteins accumulated from the larval stages for
vitellogenin synthesis. Once mosquitoes secured
the anautogenous mode of reproduction, the
proteinaceous blood meal was utilized for
vitellogenin synthesis, and hexamerin storage
proteins were no longer utilized. The
evolutionarily and structurally unrelated storage
proteins and vitellogenins may have a common
biological role in providing precursors for
embryonic cuticle formation in autogenous and
anautogenous mosquitoes as shown in their high
content of tyrosine and phenylalanine, although
the vitellogenin genes of other insects are not high
in these aromatic amino acids. However, why Cx.
quinquefasciatus vitellogenins break the pattern
of high aromatic amino acids in mosquitoes
remains an unresolved question.

Synonymous codon usage

The mosquito vitellogenin genes were shown to
have high synonymous codon wusage bias,
preferentially using one or two "optimal"
synonymous codons over others. This codon bias

phenomenon is common to highly expressed
genes in other organisms. As has been suggested
in unicellular organisms such as E. coli and S.
cerevisiae, species-specific optimal codons have
been used selectively for efficient translation
elongation in highly expressed genes since the
abundance of each isoaccepting tRNA reflects the
corresponding optimal codon in a species-specific
manner (Tkemura 1981; Gouy and Gauthier 1982;
Benzene and Hall 1982). Thus, the results
obtained in this study are in a good agreement
with results from other highly expressed genes in
suggesting that the highly expressed vitellogenin
genes also exhibit high synonymous codon usage
bias (Kurland 1991; Ikemura 1985). The GC
content at the third codon position has been
regarded as one of the major factors influencing
synonymous codon usage bias in D. melanogaster
(Shields at al. 1988; Powell and Moriyama 1997).

The single vitellogenin gene (Vg-C) cloned from
An. albimanus shows the highest codon bias
among all mosquito vitellogenin genes with an
ENC of 32.2. Among four other complete gene
sequences available from An. albimanus, one of
those, heat shock protein 82 gene (hsp82,
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accession number: L47285), also exhibits a
similar degree of synonymous codon usage bias
(ENC: 32.8) with very similar patterns of optimal
codon usage. The GC content at the third codon
position has been regarded as one of the major
factors influencing synonymous codon usage bias
in D. melanogaster (Shields at al. 1988; Powell
and Moriyama 1997). This also appears to be the
case with the mosquito vitellogenin genes. An
extreme codon usage bias was found in the
codons for asparagine, lysine, glutamine,
phenylalanine, and tyrosine amino acid residues
in Vg-C where over 90% of these amino acids
were coded by a single optimal synonymous
codon with G or C in the third position. Thus, the
bias in highly expressed An. albimanus Vg-C and
heat shock protein 82 probably resulted from the
biased GC content at the third codon position,
which is 83.5% and 81.3%, respectively. Although
more complete sequences from highly expressed
genes in An. albimanus are required to deduce
optimal codons in this species because the
abundance of each tRNA has not been
investigated from mosquitoes, other Anopheline
species such as An. gambiae also show very high
GC content at the third codon position (Besansky
1993; Caccone et al. 1999). Vitellogenin genes of
other anautogenous mosquitoes, Ae. aegypti and
Cx. quinquefasciatus, also show high codon usage
bias and high GC content at the third codon
position.

However, vitellogenin genes of two autogenous
mosquito species, Oc. atropalpus and Tx.
amboinensis, show lower codon usage bias and
GC content at the third codon position compared
to those of anautogenous mosquitoes. The reason
for the low synonymous codon usage bias of
vitellogenin genes in autogenous mosquitoes
could be that the amount of vitellogenin
synthesized in these autogenous mosquitoes
might be significantly smaller than anautogenous
egg production, as shown in lower fecundity of
facultatively autogenous mosquitoes (Magnarelli
1978; Jones 1993). Therefore, there may be no
selective advantage to accumulate optimal codons
for faster translation of vitellogenin mRNA. In the
case of Tx. amboinensis, which live up to 80 days
with continuous oviposition (Linley 1987;
Tikasingh and Martinez 1991), the translational
rate of vitellogenin could be much slower. Thus,
the vitellogenin genes in these autogenous
mosquitoes may be translated at a lower rate and
therefore show lower synonymous codon usage
bias.
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When the intragenic position of rarely used
synonymous codons in mosquito vitellogenin
genes was examined, it was found that these
codons are not randomly distributed. The
conserved position of an extremely rarely used
GGG synonymous codon coding for a glycine
residue was found in the 12 position within the
signal peptide region in all mosquito species
examined, except in Vg-C of the autogenous
mosquito Tx. amboinensis vitellogenin gene,
where it was replaced by a preferential codon,
GGA, coding for the same glycine residue. While
there are about 100 glycine residues coded by the
three other synonymous codons present
throughout the protein, only one or two GGG
codons were used, showing that the isoaccepting
tRNA for GGG is very rare in mosquito
vitellogenins. Subsequent analysis of intragenic
positions of synonymous codons of each mosquito
vitellogenin gene revealed that other rarely used
synonymous codons such as AAA, ATA, TTA, and
CTA have accumulated in the signal peptides of
vitellogenin genes, suggesting that selective
constraints act on this region to accumulate a
cluster of rare synonymous codons in mosquito
vitellogenin genes. Although it is not certain
whether the presence of a cluster of rarely used
synonymous codons in the signal peptide of
mosquito vitellogenin genes is the result of
selective functional constraints, or of site-specific
differences in mutational rates, a potential
selective mechanism that could explain the
accumulation of rarely used synonymous codons
at the N-terminal region of mosquito vitellogenin
genes is presented below.

Vitellogenin gene expression in Ae.
aegypti

The fact that all three members of the vitellogenin
gene family in Ae. aegypti are expressed in
non-blood-fed females, males, larvae and pupae
at trace levels, 4 to 6 orders of magnitude lower
than in blood fed females, suggests that
vitellogenin genes may be constitutively expressed
in all stages prior to blood feeding. If there are not
enough amino acids available to support the
completion of oocyte maturation, it is
energetically  disadvantageous for female
mosquitoes to utilize limited resources to
synthesize an amount of vitellogenin proteins that
would be insufficient for egg development. Thus,
it is possible that a cluster of rare synonymous
codons have selectively accumulated at the 5' end
of vitellogenin genes in anautogenous mosquitoes
to regulate the rate of translation initiation that
would down-regulate the level of vitellogenin
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protein synthesis in the absence of a blood meal.
Once a blood meal is acquired and digested, there
are enough amino acid residues available to be
charged by tRNAs in lower abundance. In
vertebrates, an estrogen-induced increase in
specific tRNA for protein synthesis has been
observed. For example, the level of specific serine
isoaccepting tRNAs are differentially regulated in
the liver of the chicken by estrogen during the
synthesis of phosvitin, which contains a high
number of polyserine residues (Maenpaa and
Bernfield 1975). Thus, by extension, it is possible
that ecdysone stimulates an increase in tRNA
levels, particularly those required to increase
translation of rare codons, in addition to its role
in inducing transcription. Given the presence of
polyserine regions in mosquitoes a similar up
regulation of serine tRNA may also occur in
response to ecdysone.

Editor's Note
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editor for this paper.
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Appendix 1
Alignment of the deduced amino acid sequences of mosquito vitellogenin genes. Conserved cysteine residues are
highlighted. (...) indicate gaps inserted in the sequence. (~~~~) indicate missing sequences. Only partial sequences

were obtained for Ae. albopictus, Oc. triseriatus, and Ae.polynesiensis.
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