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Genomic DNA fragments encoding a salivary gland-specific a-amylase gene, Amylase 1 (Amy
I, and an additional amylase, Amylase II (AmyII) of the yellow fever mosquito, Aedes aegypti,
were isolated and characterized. Two independently isolated DNA fragments, G34-F and G34-
14A, encode polymorphic alleles of Amy I. A 3.2 kilobase (kb) EcoR I fragment of G34-F, F2,
has been sequenced in its entirety and contains 832 base pairs (bp) of the 5'-end, non-coding
and putative promoter regions that are adjacent to 2.4 kb of the Amy I coding region. One
intron, 59 bp in length, is found towards the 3'-end of the clone. A third genomic clone, 3A,
corresponding to Amy II, was sequenced and shown not to contain the primary DNA sequence
that encodes the 260 amino acid region that uniquely characterizes the amino terminal end
of the Amy I product. Amy I was assigned by restriction fragment length polymorphism
(RFLP) mapping to chromosome 2 (23.0 cM) and Amy II to chromosome 1 (44.0 cM). Amy I

and Amy II are highly polymorphic and there

may be multiple linked copies at each locus.

Comparisons between Amy I and Amy II are presented for the putative promoter and concep-
tual translation products. The identification of two distinct amylase genes and their separate
linkage assighments provides evidence for a multigene family of «-amylases in Ae. aegypti. ©

1997 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

Genes encoding a-amylases (E.C. 3.2.1.1) have a wide
phylogenetic distribution and are found in plants, bac-
teria, fungi and animals. Many examples of multiple
amylase genes have been reported in the Arthropoda. The
isopods (Crustacea), Sphaeroma and Asellus, have two
and six genes, respectively, and five of the latter are poly-
morphic (Oxford, 1986; Laulier, 1988). In the Insecta,
two linked amylase genes were detected in the housefly,
Musca domestica (Ogita, 1968), the silkworm, Bombyx
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mori (Kikkawa, 1953), and in several species of the flour
beetle, Tribolium (Pope et al., 1986).

In the genus Drosophila, the genomic arrangement and
number of amylase genes varies among species and
strains of the fruitfly. Drosophila melanogaster has two
amylase genes, AmyP and AmyD, that are located
approximately four kilobases apart on the same chromo-
some, and are transcribed divergently (Levy et al., 1985).
Both AmyP and AmyD are expressed in the midgut during
the larval and adult stages of the insect. Amino acid poly-
morphisms in members of the duplicated amylase loci
account for isozyme variants with different electrophor-
etic mobilities in different strains of this insect. In the
tropical fruitfly, Drosophila ananassae, four potentially
active amylase genes are situated at two loci found on
different chromosome arms, with each locus consisting
of two tightly linked, duplicated, amylase structural
genes (Da Lage e al., 1992). These diverse patterns of
genomic organization appear to indicate that the amylase
gene family is highly adaptive in species within which it
is present (Hickey, 1977).

In studies of salivary gland-specific gene function in
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the yellow fever mosquito, Aedes aegypti, a unique -
amylase, Amylase I (Amy I), with an extensive amino
terminal region was found (Grossman and James, 1993).
The primary sequence of Amy [ is markedly different
from other characterized insect amylases. In an effort to
determine the relationship of Amy I with other members
of the family, a genomic analysis of amylase encoding
genes was performed. Amy I genomic DNA fragments
were identified, as well as fragments corresponding to a
second gene, Amylase Il (Amy II). Restriction fragment
length polymorphism (RFLP) mapping of these genes
showed them to be unlinked. The coding regions and
putative promoter sequences for both classes of mosquito
amylase are presented and compared with other a-amyl-
ase genes.

MATERIALS AND METHODS

Mosquito maintenance

Ae. aegypti mosquitoes (Rockefeller strain) were
reared using an 18:6 h light/dark circadian cycle, in a
27°C incubator at 80% relative hamidity. All animals
used in these experiments were between 3 and 10 days
of age after adult emergence.

Genomic Southern analyses

Genomic DNA for Southern analyses (Southern, 1975)
was prepared by the method of Bender et al. (1983).
Whole mosquitoes were homogenized in lysis buffer,
insoluble material was pelleted in a table-top micro-cen-
trifuge and the DNA in the supernatant was collected
by ethanol precipitation. Radioactive nucleic acid probes
were generated using the Random priming kit from
Boehringer-Mannheim (Indianapolis, IN) and incorpor-
ated [a-*’P] dCTP. Probes for Amy I hybridizing DNA
fragments were derived from the Amy I cDNA clone,
ASGG34-1, (Grossman and James, 1993). To avoid con-
fusion in the following discussion, this cDNA will be
referred to as the “Amy I cDNA”.

Because of the salivary gland-specific expression of
Amy I, it was presumed that Ae. aegypti would express
an additional amylase gene similar to midgut amylase
genes observed in other insects. An amylase cDNA from
the mosquito, Aedes atropalpus, has been identified and
oligonucleotide primers generated to its sequence were
used to amplify a 551 base-pair (bp) fragment (size
exclusive of the primers) from Ae. aegypti genomic DNA
(gift of D. Hickey, University of Ottawa). The corre-
sponding gene has been designated “amylase II". Probes
for Amy II were generated by gene amplification of the
551 bp segment of DNA from Ae. aegypti genomic DNA
and will be referred to as “Amy II 551 bp”.

Aliquots containing 10 ug of total Ae. aegypti DNA
derived from 70 or more adults were digested in separate
reactions with different restriction endonucleases in the
appropriate buffers and in the presence of 2 mM spermid-
ine, final concentration. Digested DNA samples were
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electrophoresed in 0.8% agarose gels, visualized with
ethidium bromide staining and photographed. Gels were
depurinated for 15 min in 0.25 M HCI, denatured for I h
in 1.5M NaCl and 0.5M NaOH and neutralized with
two changes of 1.5 M NaCl and 0.5 M Tris (pH 7.5) for
20 min each. Nucleic acid was transferred overnight to
Zetaprobe (Bio-Rad, Hercules, CA) nylon membrane in
10 x SSC (1.5 M NaCl, 0.15 M sodium citrate, pH 7.0),
UV cross-linked at 120,000 mJ for 30s and prehy-
bridized for 4 h at 65°C. Hybridization of probes to filters
was at 65°C in an aqueous hybridization solution, con-
sisting of § X Denhardt’s (0.1% w/v Ficoll, 0.1% w/v
polyvinylpyrrolidine, 0.1% w/v bovine serum albumin),
5 x SSC, 100 mg/ml salmon sperm DNA and 0.5%
sodium dodecyl sulfate (SDS). Southern analysis of
phage DNAs was carried out as above, except for the
following adjustments: after electrophoresis of digested
phage DNA samples through 1% agarose gels, the DNA
was depurinated by soaking the gels in 0.25M HCI,
denatured for 15 min and neutralized twice for 10 min
with two changes of neutralization solution. Hybridiz-
ation of phage DNA filters was carried out under strin-
gent conditions at 65°C in a rotating hybridization oven.
Filters were washed first for 30 min at room temperature
in 2 x SSC with 0.1% SDS, then at 65°C in 0.1 x SSC,
0.1% SDS. Filters were monitored with a Geiger counter
and exposed to Biomax or Fuji X-ray film at — 70°C for
appropriate lengths of time.

Library screening

A A Charon 4A (Blattner et al., 1977) library con-
structed with Ae. aegypti (Rockefeller strain) genomic
DNA (gift of H. Hagedorn, University of Arizona) was
screened independently with random-primed Amy I
c¢DNA and Amy II 551 bp probes. Screening was conduc-
ted under stringent conditions at 65°C in aqueous
hybridization solutions including 6 x SSC, 5 X
Denhardt’s solution and 0.5% SDS. Washes at 65°C with
0.1 x SSC and 0.1% SDS ensured that only homologous
sequences were obtained (Maniatis ef al., 1982).

RFLP analysis

Linkage and mapping data were derived from 85 F,
intercross progeny from a pairwise mating between an
Ae. aegypti Liverpool strain female and a RED strain
male. The RED strain carries homozygous mutant mor-
phological marker genes for each of the three Ae. aegypti
chromosomes: red-eye (re) on 1; spot abdomen (s) on
2; and black-tarsus (blr) on 3. DNA was prepared from
individual animals, digested with EcoR I, and evaluated
by Southern analysis for linkage and segregation of the
Amy I cDNA and the Amy 17 551 bp markers. Map pos-
itions were assigned using procedures described in Sever-
son et al. (1993, 1995). Chi-square goodness-of-fit values
for the observed segregation ratios were calculated for
each locus. Two-point recombination values and multi-
point ordering of loci were determined using the MAP-
MAKER computer package (Lander et al., 1987). A
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LOD threshold score of 3.0 was used to detect linkage
between loci, and a LOD threshold score of 2.0 to deter-
mine linear orders. Amy I and Amy Il were integrated
into a composite RFLP linkage map using the JoinMap
computer program (Stam, 1993). Recombination fre-
quencies were converted into map distances (cM) using
the Kosambi function.

Sequencing of nucleic acids

All primary sequencing was done on DNA fragments
subcloned into the plasmids pTZI9R or pBSSKII and
using the chain-termination method of Sanger et al.
(1977). Both the Sequenase kit (U.S. Biochemicals,
Cleveland, OH), and dsDNA Cycle Sequencing kit
(BRL, Gaithersburg, MO), utilizing a thermal cycler to
facilitate sequencing reactions, were used. Commercially
synthesized oligonucleotide primers and the generation
of restriction enzyme-site deletion clones were both used
to complete sequencing of both strands of DNA in all
clones.

DNA and protein sequence analysis

Alignment of amylase DNA and protein sequences
from other organisms was accomplished through the
Altschul (Altschul and Erickson, 1986; Altschul et al.,
1990) and Doolittle (Feng and Doolittle, 1987) programs
available through GCG (University of Wisconsin,
U.S.A.). The conceptual translation products of the fol-
lowing DNA and ¢cDNA sequences with accession num-
bers in GenBank (Bilofsky and Burks, 1988) were used
for comparisons: Anopheles gambiae a-amylase, L04753
(Hickey and Des Groseillers, unpublished); a-amylase
from Anopheles merus, U01210 (Foster et al.,
unpublished); e-amylase from Culex tarsalis, U01211,
(Hickey, unpublished); D. melanogaster proximal a-
amylase, 1.22716 (Inomata ez al., 1995); and a-amylase
from Ae. atropalpus, U012091 (Hickey, unpublished).

RESULTS

Genomic analysis by Southern blotting

As a first attempt to determine the copy number of «-
amylase encoding genes in the mosquito genome, South-
ern analysis was performed with Ae. aegypti genomic
DNA hybridized with the Amy I cDNA and the Amy II
551 bp probes (Fig. 1). Foilowing digestion of genomic
DNA with Bam HI, Amy I cDNA hybridization yielded
four fragments, one at 5.4 kilobase-pairs (kb) in length,
two larger than 10 kb, and a small fragment of less than
500 bases. Genomic DNA digested with EcoR I shows
four major fragments at 3.8, 4.1, 4.5 and 5.4 kb in length
and a faintly hybridizing fragment greater than 10 kb.
The Hind III digestion shows three major fragments at
3.5, 4.8 kb, and a large fragment greater than 10kb in
length. In addition, three lightly hybridizing fragments
are evident at 4.3, ~8.0 and greater than 10 kb.

A Southern blot of DNA digested with Bam HI and
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FIGURE 1. Genomic Southern analysis of Amylase I and Amylase 1.
Ten micrograms of Ae. aegypti DNA were digested with the enzymes
shown, electrophoresed and Southern blotted (Southern, 1975). The
filter labelled “Amy I'" was probed with the Amy [ ¢cDNA, and “Amy
Il was probed with the Amy IT 551 bp gene amplification fragment.
Select DNA fragments are labelled with a size marker on their left.
Fragment sizes are based on extrapolations from the migration lengths
of the 1.0 kb marker series (lanes not shown). Abbreviations: Bam,
BamH 1, Eco, EcoR 1, Hin, Hind 111

probed with Amy I 551 bp shows a single major
hybridizing fragment of ~6 kb in length and three fainter
hybridizing bands greater than 10 kb (Fig. 1). Genomic
DNA digested with EcoR 1 shows two major restriction
enzyme fragments, one at 1 kb and one less than 500
bases in length, and lesser hybridizing fragments at 4.4,
4.7 and 5.4 kb. The Hind 111 digestion showed two major
fragments at ~8.0 and 10.0 kb in length and an additional
lightly hybridizing fragment at 3.4 kb.

Meiotic mapping with RFLP markers of Amy 1 and
Amy II

The different hybridization patterns seen when using
Amy I and Amy Il probes suggested that there were at
least two amylase-encoding genes in Ae. aegypti. We
used genetic analysis to distinguish the two genes further.
Segregation ratios for Amy I and Amy Il were determined
(Table 1) and map positions assigned relative to all RFLP
marker data (Fig. 2). The composite RFLP map data can
be accessed directly from the Ae. aegypti genome datab-
ase (Mosquito Genomics, 1997). These data place Amy
I on chromosome 2 at 23.0 cM, and Amy IT at 44.0 cM
on chromosome 1. All loci on chromosome 1 fit their
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TABLE 1. Segregation of markers and recombination fractions
between adjacent markers

Marker Segregation X Recombination
ratio fraction (0%)
1 LF198 26:40:19 1.45
LF178 19:49:17 2.08 19.9
re 65:20 0.10 11.1
Amy 1t 19:46:20 0.50 2.4
AaCHT2 20:41:24 0.48 3.0
2 LF98 18:55:12 8.20*
Amyl 18:56:11 9. 73%* 1.8
TyADI 18:54:12 7.72% 1.8
s 71:14 3.90* 16.6

Marker loci are arranged in chromosomal order.

All loci were scored for 1:2:1 segregation, except re and s, which were
scored as 3:1.

*P < 0.05, **P < 0.01.

1 2

19.8 T LF198 20.0 7 LF98

23.0F Amy |
24.7 1+ TyAD1

324{LF178

36.0-+s

41.54re
44.04Amy ll

49.21-AaCHT2

FIGURE 2. Linkage and map assignments of Amy I and Amy Il genes

on Ae. aegypti chromosomes | and 2. RFLP mapping (Severson ef al.,

1993) produced the linkage map. All markers are described in the Ae.
aegypti genome database (Mosquito Genomics, 1997).

expected segregation ratios. Loci on chromosome 2 exhi-
bited significant deviations from the expected segregation
ratios and this was a result of all loci showing reduced
recovery in the RED strain genotype. Segregation distor-
tions have been observed in other crosses involving the
RED strain, however the observed bias did not influence
determinations of linkage associations and linear orders
(Severson et al., 1993, 1995). The markers on chromo-
some 2 made it difficult to determine the linear order
with certainty (e.g. the multipoint LOD threshold was
<2.0). However, we are confident of the order presented
in Table 1 and Fig. 2 because data from another cross-
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confirms the linear placements on chromosome 2 for
LF98 and TyAD! (Severson, unpublished data).

Isolation and characterization of Amy | and Amy 1l gen-
omic clones

Having demonstrated separate loci for Amy I and Amy
II, we wanted to know if we could further define the
structure of each gene. The detection of multiple
hybridizing fragments of Amy [ in the genomic Southern
analysis was interpreted to indicate the presence of mul-
tiple genes or alleles. The pattern for Amy Il hybridiz-
ation was much less complex and suggested a single
gene. To determine whether these restriction enzyme
fragments represent multiple, linked amylase genes, simi-
lar to the case for the D. melanogaster amylase genes,
or polymorphic alleles, a genomic library was screened
to isolate and identify amylase genes.

In an initial screen, nine genomic clones hybridizing
to the Amy I cDNA were isolated. These clones were
shown to have identical restriction enzyme patterns when
digested with EcoR 1. One of these clones was designated
G34-F (F), and a 3.2 kb restriction fragment, F2, was
determined to contain the DNA sequences hybridizing to
the Amy I cDNA probe (Fig. 3(A) Amy Clones and Amy
I ¢cDNA). (Genomic fragments are labelled by the name
of the clone and a number that is assigned progressively
to individual fragments (large to small) that result from
restriction enzyme digests. F2 is thus the second largest
EcoR 1 fragment of clone F). Additional screening of the
genomic library with Amy I ¢cDNA identified a second
class of genomic DNA fragments based on the restriction
enzyme digestion patterns. A genomic clone representing
this class was designated G34-14A (14A), and a 3.8 kb
fragment, 14A2, contains the DNA sequences hybridiz-
ing to the Amy I cDNA probe (Fig. 3(A) Amy Clones
and Amy I cDNA).

The two classes of clones represented by F and 14A
exhibit distinct restriction enzyme patterns, but share sig-
nificant similarity based on their equally strong hybridiz-
ation signals with the Amy I ¢cDNA probe. In addition,
14A genomic DNA was used to probe digested F DNA,
and all but a 2.2 kb fragment, F4, hybridized with the
14A probe (Fig. 3(A) Phage 14A). Conversely, the iso-
lated F phage EcoR I fragments, with the exception of
F4, all hybridized with fragments of the 14A phage (Fig.
3(C)). F4 is located directly adjacent to the left arm of
A Charon 4A, and the 14A genomic clone probably does
not include as large a portion of the 5’-end non-coding
region of the Amy I gene as does the F clone, and there-
fore does not hybridize with the F4 fragment. The 3.8 kb
fragment, 14A2, probably corresponds to the band of
similar size observed in the genomic analysis (Fig. 1),
however, we did not observe a 3.2 kb fragment that
would correspond to F2.

Primary sequence data from within the coding region
and at the 5’-end non-coding regions, show nearly ident-
ical sequences for F and 14A (Fig. 4). We interpret these
data to indicate that the two clones represent genes



EVIDENCE FOR THE AMYLASE GENE FAMILY IN A. AEGYPTI

Amy Clones Amy | cDNA Phage 14A Amy Il 551bp
x - T Y Y Y
s @@ ma

$ .¥ g8 S8 ¥ 53 88 ¥ <3 9% ¥ <3 98

.
- -
- ‘
-
-
-
>
B C
F1 F2 F3 F4 F5
M LIs L33
10.1 -
5.0-
4.0- Fi-
E2-
30- F3. = *
F4 -
2.0- *
16- 5. ®

FIGURE 3. Analysis of the hybridization patterns of six genomic a-amylase clones, F, 14A, 3A, 10A-1, 14B-1 and 16B,
isolated from an Ae. aegypti genomic DNA library. Isolated clones were digested with EcoR I, electrophoresed and Southern
blotted (Southern, 1975). Horizontal labels describe panels (Amy Clones) or indicate which DNA fragments were used as
probes (all others). Vertical labels indicate the phage clone that was digested or the marker lanes (Mark). (A) Ethidium
bromide-stained patterns of DNA fragments from the amylase genes (Amy Clones). Note that the marker lane ran anomalously
fast in this gel and in lane F, the fragment of apparent size 2.9 kb corresponds to F2. Amy [ ¢DNA, genomic DNA clones
probed with Amy I cDNA. Phage 14A, genomic DNA clones probed with total 14A genomic DNA to determine how many
fragments cross-hybridized, indicating their homology at the nucleotide level. All fragments in the F digest, except for F-4,
hybridized with 14A DNA. Contaminating phage DNA in the probe hybridizes with the phage arms in all lanes. Amy Il 551bp,
genomic DNA clones probed with the Amy 11 551 bp fragment. (B) Gel electrophoresis of selected Amy I and Amy Il clones.
The clones F, 14A, and 3A were digested with EcoR [, resolved in an agarose gel and stained with ethidium bromide. The
markers and clone fragments run at their respective molecular weights. (C) Hybridization analysis of clones F, 14A, and 3A
using F phage fragments as probes. High molecular weight signals in Fl and F3 represent contamination of the probe with
phage DNA. Low molecular weight signals in the “F” lane of the F/ probe indicate some contamination of the probe.

located at the same locus in the genome, and are there-
fore alleles. However, the detection of other hybridizing
fragments in the genomic Southern analysis may indicate
the presence of multiple copies of Amy I in the genome.

The Amy I 551 bp probe was used in library screening
to identify 29 mosquito genomic DNA fragments. Four

of these clones, 3A, 10A-1, 14B-1 and 16B, have unique
enzyme digestion patterns among themselves, and when
compared to the F and 14A isolates (Fig. 3(A) Amy
Clones). None of these genomic clones contain DNA
fragments that hybridize with the Amy I cDNA probe
under stringent conditions (Fig. 3(A) Amy I cDNA). How-






