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Abtract, A population penetic analysic was conducted among 20 Aeder aegypi collections from 19 cities along (he
south Pacific coast in the Mexican states of Guerrero, Oaxaca, and Chispas and in Coatepeque, Guatemply. Genelle
vitrintion was scored al 131 random amphiied polymorphic DNA loci. The amount of genetic differentiation amang
collections was =3 Gmes as great os delected among collections inan eatlier study in northeastern Mexico, Regression
analysis of hinear or road distances on linearized Fop ndicated that collections are genetically isolated by distance,
Cluster nnalysis fniled 1o group collections in geographic proximity, and there was as much genetic variation among
collections 60 km apart as there wis amony sll collections (~900-km range). The large genetic differentiation in southeri
Mexico reflects reduced gene flow among mosquitoes arising in o greater diversity of habitats and altitudes thin exists
among northenstern collections. 1t is likely that dispersal via human commerce in the northeast confounds patterms ol

natural pene flow,

INTRODUCTION

Aedes gegypri is the primary urban vecior of dengue and
vellow fever viruses.' Dengue is u major health problem
around the world, and thousand of cases of dengue fever and
dengue hemorehagic fever are reported nnnually ™ We have
been determining genetic relationships among Ae aegypii
populations an different regions of Mexico to assess the
amouni of gene flow among breeding sites and therefore po-
lentially the degree of trafficking of dengue virus among
siles ™™ In related studies, we have assessed variation in vee-
ar competence for dengue virus amony these sites and have
detecied large amounts of variation in midgut and dissemi-
nated infection rates ”

Papulation genetic studies of Ae. acgypi conducted over
the last 30 years have defined genetic relationships among
collections worldwide'"™"" and more recently have focused
on local patterns of dispersal.'">'* We have shown® using ran-
dom amplified polymorphic DNA (RAPD) markers that col-
lections of Ae. aegypi from northeastern Mexico are geneti-
cally isolated by distance and genetically homogeneous within
arange of 90-250 km. This supgested that gene flow among
populations decreases with increasing geographic distances
but Lhat within ~150 km, mosgquitoes exchange genes continu-
vusly, More recently, we analyzed variation in mitochondnal
5D haplotypes in collections from throughout northeastern
Mexico, Yueatan, and western Pacific coastal regions of
Mexico® Northeastern collections were genetically differen-
tisted from and had lower genetic diversity than Yucatdn and
western Pacific coastal collections. Yucatén and Pacific col-
lections were genetically homopeneous: Collections in all 3
regions were genetically isolated by distance: Free gene flow
oegurred among all collections within ~130 km of one another
i the northeast and within =180 km in the Yucatin, Fgy
villues were never larpe among Pacific collections, suggesting
extensive pene [low slong the western Pacific coast

Gonelic varmlion among Ae oegvpn collections from
southern Pacific Mexico locations have vet to be examined. In
the present study, we analyee local patterns of gene flow in
A aegymi over o Lotal distance of 914 km and among 5 cities
wilhin o distance of 62 km of one another (Figure 1). Genetic

varation was examined in 60 mosquitoes per collection, and
variation was determined at 131 RAPD loct [n addition, we
mcorpordted minimal distances by roads umong pairs of eol
lection sites into our regression analysis to test for penetic
isolation by distance. Our hypothesis was that if mosguitoes
disperse via flight, there should be o positive correlation be-
twesn geographic and genetie distances, In ather words, mos-
quitoes within Might range of one another should mate more
often than those that are further apart. Alternatively, if mos-
quitoes are transported, even occasionally, through human
commerce, then distant populations could be genetically simi-
lar and proximal populations could be genetically distinet o
cither case, this would disrupt expectations of an isolation
by-distance mode| based on natural migration,

MATERIALS AND METHODS

Mosquito collections and extraction of DNA. The locations
and sample sizes of Ae. aegypti larvae collected from natural
oviposition sites in ¢ach city are listed in Table 1, and the
geographic locations of all sampling sites are shown in Figure
1. Collections were obtained from 20} cities distributed i the
Mexican states of Oaxaca, Chiapas, and Guerrero and ane
from Coztepeque, Guatemala. We collected samples ar 3 dif-
ferent sites in cach city. One was located in the center ui each
city, and 4 were located ar sites due north, south, east, and
west of center. Al each site, we collected larvae from al least
7 different locations. From 200 to 800 larvae were obtained
from each site. These were reared to adults in the laboratory,
adults were then stored at -70°C, DNA was isolated from
individual mosquitoes by salt extraction’ and suspended in
500 L of TE buffer (10 mM Trs-HCL 1 mM EIDTA phl 8.0),
The DNA was divided into 5-100-uL aliquots and stored al
=T0C

Rundom amplified polymorphic DNA-polymersse chuin
reaction. Random amplified polymorphic DNA-polymerase
chain reaction (RAPD-PCR) was completed in 50-pl. reac-
nons using 1wl of template DNA. Amplification canditions
and oligonucleatide primers were as deseribed previously !
Amplification was carried out in a Perkin-Elmer DNA Ther-
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Locntionk, dates of collections, and global positioning system coordinates of Aedes aegypn cotlections (n = 60 mosguitees per collection) slang
the south Pacific const of Mexico

Latituce Longlude Tidisdunis
Sinte o coumry Citles [Rate north i Adcioude (mo* eollected ()
Guptemaln Coatepeque D208 14400 91.52° St k]
Clinpas Ciudad Hidalgo (CH) 1907796 14.41* 92.09° L 545
Hunistln (HX) 220796 15.08° 92.28" 50 (57
Tapachula (TP) 2307 14.54* ¥2.16% 1] 485
Cacahoutan (TA) 24107196 14,50 9210 i) At
Pijijinpan (P1) 251076 15417 a1 A0 LRH
Puerio Madero (PM) 2HOT96 14,437 .25 | 25
2 de Noviembre (VN) 310796 J4.42° 92,15 i Ty
Tonald {TO) (L0E9 16.05* %3.45° [h] G
Barra Zacapuleo (HZ) DS 1511° g2.53" 2 M3
CHanaen Tapanatepec {TP} (TR 1622 4,020 40 Ly
Loanntapee (Z20C) O] 0BG 16.28" 9421 () ()
Daxaeca (OA) 10099 17.04° 96.43° 1530 I
Fochutla (PO) 140594 15.48* 06.28* 150 I
Puerit Escondido (PE) 1 5085 15.51* 970" 40 el
Pinotepa Macional (FN) 1508096 16.20° ELAV 2K 247
Lierrero Tuchitan (JT) 150N 1637 98 38" 155 167
Acapuleo (AP) 15400 16.52° 94, 54" i I K2
Chilpancingo (CG) TOAFE 17.33* 99 307 130K 26%
Tgnala (1A} 160006 18.21° 99.52* T i

mal Cycler 480 (Perkin-Elmer Applied Biosysiems, Foster (5%, 0.2% cross-linking) gels containing 7% glyceral. Shark-

City, CA). Each reaction set was checked for contamination tooth combs (4 mm) were used to load 56 pL of sample.
using & negative control (all reagents included exeept tem- Electrophoresis proceeded at room temperature for 16 howrs
plate DNAY. When any PCR product was detected in the {overnight) at constant veltage (350 V), and the gels were
negative control, the whole reaction set was discarded and silver stained to visualize DNA fragments.™
repetted. PCR products were size-fractionated via electro- Statistical snalysis. Fragments for RAPD-FCR were ana-
phoresis on large (38 by 50 cm), thin (0.4 mm) polyacrylamide Iyzed as genetic markers under the following 4 assumplions':
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Figore 1. Map of the northwest Pacific Ocean coast of Mexico showing the locations of Aedes aegypri collections.
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{1} RAPD markers segregate in & Mendelian fashion; (2)
genotype Irequencies at RAPD loci are in Hardy-Weinberg
proportions; (3} recessive "band absent” alleles are identical in
stide (His) among and within individuals: and (4) dominant
‘hand present’ alleles are {5 among and within individuals.
The statistical methods und equations we used have been
deseribed previously and were programmed into the statisti-
cal compuler program BRAPDPLOT (available from
stozano@eolostate.edu),

Variation in RAPD allele requencies from cities was ana-
Iyzed by RAPDFST and RAPDDIST. RAPDFST was used
to compule pairwise Fy estimates, o standardized measure of
virintion in allele frequencies among all populations. Effec-
tive migration rates (Ne) were estimated from Fgy. Pairwiso
Fsr values were used to construct a dendrogram among all
collections uking unweighted pair-group method with arith-
metie avernging analysis (UPGMA)' in the NEIGHBOR
procedure in PHYLIP 35" RAPDDIST tested the consis-
teney with which the RAPD data set supported each clus-
ter using o bootstrap analysis with 1,000 replications,
RAPDBIGS was used to transform o RAPDPLOT data set
o & data type 3 BIOSYS-2'" dota set for hicrarchical analy-
sis of varinnce'™ with WRIGHT78."” To assess local patterns
of gone Mow, varmuon was assessed among collections within
i Gib-km rodius {Cacahoatan, Ciudad Hidalgo, Tapachula,
Puerto Madero, and 20 de Noviembre; Figure 1) and among
the remaining collections.

Geopraphic distances were obtained by the Geographic In-
formation Systems in AreView software (Environmental Sys-
tems Research Institute, Inc., Redlands, CA), Road distances
were calculated using the ArcView distance operator and
road coverage of Mexico obtained from the Middle America
Allas of Animal Disease Information (USDAJAPHIS/IVS)
CEAH, version 2.0). Pairwise Fyy values were linearly trans-
formed (Fo/1 = Fyp)'” and regressed on pairwise linear geo-
graphic distances and on the shortest road distances among
collection sites 1o determine whether distance via natural dis-
persal or human commerce account for different amounts of
variation in the regression model. These regressions were re-
peated by a natural logarithm transformation of geographic
distances,®® This transformation was made because popula-
tions are not distributed along & linear transect and the re-
ciprocal of the transformed slope provides an estimate of the
average effective population size (N.).*" Transformations, re-
gression analysis, and the Mantel test™ were performed by
MANTEL (available from slozano@colostate.edu),

RESULTS

Analysis of RAPD allele frequencies. The frequencies of
the dominant RAPD allele were estimated at each of the 131

loci (frequency data matrix available (rom slozgano@eolostate
edu). Genetic variation among collections was partitioned
among the 5 collections within a &0-km radius and among the
remaning collections (Table 2). The hierarchical analysis'®
indicated that there was as much varation among callections
within 60 km (Fyyr = 0.095) as there was among all collection
sites in the study (Fgpr = 0.091). An analysis of (% and Lynch
and Milligan's Fg*' yielded similar results. In contrast,
among collections within and surrounding the city of Monter-
rey in northeastern Mexico, Fyp = 0.027 and Fgp = D040
ameng all northeastern locations. M among local populi-
tions ranged 2.4-3.8 migrants per generation (Table 23 but
was =9 among collections at the same geographic scale in
Monterrey

Cluster analysis of pairwise Fyp was performed among
south Pacific and among northeastern collections (Figure 2)
The amount of bootstrap support was low, suggesting abun-
dant gene flow among south Pacific collections. The branch
lengths among collections from the northeast were generally
shorter than branch lengths among south Pacific collections,
This aguin suggests decreased gene flow among Ae, aegyptl
populations in the south Pacific regions of Mexica,

Pairwise Fyp/(l - Fyp) among collections were regressed
agains! geographic linear distances among sites (Figure 3A)
and among the natural logarithm of linear distances (Figure
3B) to determine whether gene flow smong collections is
correlated with geographic distance (Le., to test for genetic
isolation by distance). Both regression analyses indicated o
positive correlation between genetic and geographic distances
(Table 3). Both regression analyses were repeated using
road distances, and estimated regression parameters chunged
only slightly, This outcome is not surprising, given tha high
correlation between minimal linear and road distances
(r = 0.99).

N, remained approximately the same (74 versus 81 mos-
quitoes per kilometer) between the northeastern and soulh-
ern Pacific collections, Among northeastern populations, vi-
sual inspection of the natural log-transformed plot indicated a
finite geographic distance at which Fgp/{1 = Feo) values in-
creased.® This cutoff is nowhere apparent in Figure 3B. This
abservation is again consistent with our finding large genetic
variation among even local collections (Table 2). Regression
analyses of road distances were répeated among sites in
northeastern Mexico, and the amount of variance accounted
for by a linear model (R?) was half that found among south-
ern Pacific populations. Furthermore, Mantel probabilities
were barely significant among portheastern collections but
highly significant among southern Pacific callections. The pat-
tern of increased gene flow among northeastern populations,
roughly equivalent N, among the 2 regions, and the absence
of a strong pattern of isolation by distance among northeast-

TABLE 2
Puriition of varistion in the frequency of random amplified polymorphic DNA markers among Aedes aegvpt along the south Pacific coast
if Mexico

Sauree i v intion Varienoe cofmponcn] % Wasiaton Fyr'* Ty (LA}

Among collecton within <60 km 2,031 100% 00595 e (30195
Nm = 3.8 i 24

Among remainder of collections 0.106 0% 0004 0.020 1114
Amang all collections 1.925 100% (.091 RIS 0138
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Finure 2, Dendrogrom arising from o uniweighted pair-group
method with arithmetic averaging (UPGMA) cluster analysis of pair-
wise Fop distances between collections. The 5 populations thal were
lpcated within —60 km of one another are labeled with an asterisk.
The lower graph comes {rom our previous study® but is presented on
a cammon scale here to (llesirate the differences in genetic distances.
Boolstrap support % indicated above any branches supported in >
0% of the 1000 pseudureplications

ern populations are all consistent with a hypothesis of dis-
persal via human commerce in northeastern Mexico,

DISCUSSION

This is our third study of the population genetics of Aedes
argypii in Mexico. The first study” encompassed the northeast
of Mexico and used RAPD and mitochondrial markers. The
second study included collections from the northeast, the
Yugatdn, and the western Pacific coast of Mexico and used
mitochondrial markers” The breeding structure of Ae age-
gyptl varies a greal deal according to the region analyzed.
Along the western Pacific coast, genetic distances tended 1o
he very small, suggesting extensive gene flow among collec-
Lions {rom os far south as Tapachula to as far north as Tucson.
Clenetic distances were greater among the collections in
northeastern Mexico, The comparative analysis we present
here suggests that dispersal in the northeast and along the
Pacific coast probably occurs through human commerce. In
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contrast, in the Yucatdn® and aloog the southern Pacilic coast,
genetic dislances tended to be larger and genetic isolation by
distance was pronounced. The dispersal of de aegypti in
southern Mexico may therefore oceur primarily through
flight.

In a related study ® we compared midgut infection (MI) and
disseminated infection (DI) ratés among populations from
the northeast, the Yucatdn, and the western Pacific coast of
Mexico. In general, the largest differences in MIand DI rates
were detected among poputations from the Yucatin. For ex-
ample, mosquitoes collected from Ciudad del Carmen had
58% MI and 43% DI, whereas mosquitoes from Chetumal
had 87% M1 and 82% DL The largest genetic distances were
detected among Yucatdn populations, The genetic distances
among southern Pacific collections were also very large, Twu
collections were assessed for M and DI at nearby sites in
Tapachula {Figure 1). One collection demonstrated 78% MI
and 72% DI, and the other 55% M and 50% DI The results
of the present study therefore predict large differences in Ml
and DI rates among southern Pacific collections. That study is
under way at this time.

A general correlation between genetic distances and viria-
tion in vector competence phenotypes sUggests generil
model for the population genetics of vector campetence in
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