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Abstracr A electrophoretic survey of 42 populmions of Anopheles praewdopieectipennds collected throughout s
knowen peographie distnibution was performed to clanty the laxonomie sttas of this imporant malari vector AP,
The results indicated strong differeaces i the allele frequencies of three eneyme locn (glveerol debiyvdrgenase, 6-
plIU!\{".I"IH&'IJI.'I.II[H“C lll..‘]i:r'LjI'E!l:L"L‘I]I!.\'I.!, and phosphoglocomutase) of the 33 loc wnalyvaed, Mo Haed C‘|L‘H’.'1I’LH'I'I{'II‘HHIH.' il ler
ences sepurate the populations of An. presdopunciipennis. The popolations of An. peedoprne tipeanis showed linle
genetic divergence, with Net distances ranging from 0 to 0079 A companison of An paeadopanciipesnis dom with
either one of three other ."!.l'rr.lpurir"ﬁ.'i NpeCies showed a }“Hh g._-".;;j_.; distance of 00,3335 with o L'II.!."!L‘l.:r' reluted -“I:"i:'-'i'i:ﬁn
An, franeiseante 99T with An, cructans, and 2355 with An (NMessorhyvaclus ) allimanus. Geographic popeliions
ab An. pretidopunctipenns were classified o three clusters: one cluster ineluded populations collected in North
Aamenicu (United States ond Mexico) and Gustemala, one cluster included populitions from Belize and South Americn
(Colombia, Ecuador, Peru, Chile, and Argentina), and one cluster was represented by populations from the 1sland of
Grennda (type-localuy of An psewdopinctipennis). Based on our isozyme analyses, we detined these clusters as thiee
pengraphic populutions of An. pseéndopuncripernmis. OF the two muinland populations, one extends from the southern
United States south through Mexico and Guatemali, and the other extends aorth from southern South America through
Central Asnericn 10 Belize, These two geopraphic populations converge in southern Mexico and northiem Central

America. One part of the convergence zone was identificd m the ares of eastern Guatemala and southern Belize,

Anapheles preddopitnetipennis Theobald 1901 is @ masjor
veetor of human mulada i the foothills amd moumainous
aread of Mexico, throughout Central America, and in the
Andean countries of South Amenca. It s often the only vec-
wr present inoareas ot an altitude above 600 mo It is found
from the United States (south of HFN) to the northern part
of Argentina (30°8) along the Andes, with an eastern exten-
ston into Veneruela and the Lesser Amtilles. In the most
extensive review of this specics, Altken' assered that “Be-
cause of s extensive north south dismibution. its inconsis-
lencies as a vector of malatia in the Aniericds, and because
of the conflicting repons concerning its morphology  and
habits, An. pseudopunctipennis his come to be an extremely
interesting mosquito o study ™. Broce-Chwatt® added that the
extensive geographic distrtbution and the high Tevel of van-
ability of this species have led to speculation that An. pren-
depunctipenniy may represent a complex of sibling species:
At the presemt time, the taxonomic status of An psesdo-
panctipennis s extremely imponant because of 1 wide 1n-
volyement in the transtmission of human malanal pathogens

Annpheles  pseadopunciipennis was  fiest described by
TheobakP in 1901 from Grenada Island (Lesser Antilles)
The original description was not sufficien for pocurate 1den-
tification of the species, resulting in confusion and misiden-
Hhcations of the species.! Between 1907 and 1912, four Jif-
ferent names were applicd (o the species (three are currently
i synonymy ) From 1901 1o 1950, five subspecies and one
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variant of An. prewdopuncapenniy were morphologically de-
scribed from different areas of South Amenica? Anoprheles
Jranciscanus was asynonym of An, prendopanctipenis for
28 years and then considered a subspecies of Aw, pseredo-
punctipennis for another 40 years. Only in 1972 was A
Sranciscanus elevated to the species level® In 1992 and
1993, Estrada-Franco and others® " stated that An. peeudo-
punclipesniy canstituted o complex of two species, An, psét-
dopunctipenniy A, 4 species (tom central Meéxico, and Awn.
prendopuncripennis B, a species from the Andes of Perw and
Baolivia.

Simce 991, an extensive investigation of An prendo-
punciipennis from its whole peographic range has been ui-
deraken and the results are the subject of this report. Our
study of An. prendopunctipennis waos a genelic analvsis by
isoryme electrophoresis with the following emphasis: 11 an-
alyzing genetic differentintion und variability of An. pyen-
doprnctipennis within its Known geographic range. from the
type-locality in the Caribbean (Grenada Tsland) to North,
Central, and South America: 2) comparing genetic differ-
cntlaton and variability of An. prewdopuanciipenndy popala-
tioms that correspand to the live subspecies and vne varian
deseribed m the fliterature: 3) comparing genctic differenti-
ation and vartability of An pseadopanctipenniy populations
from a range of altitudes; and 4) comparing the genetic pro-
file of the An. peeadopuncupennis populations with other
assocuted species of Anaphieles,
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Mosquite  populations. Anoplicles  paesdoprnctipennn
witk collected as wildh lirvae and pupae along s known geo-
graplie eanpge (Fipure 1 ol o altitudes from ses level up
(o 2,500 m. The countries were chosen pecording o eritcal
Tecutions, such as the pype-localivy {Grensda Islandy, and lo-
calities where the Gve different subspecies and one varian
ol A, prietdopencriperaris were described® as well ns areas
providing o spatial representation of the geographic disin
bution of the species. In Sowh Amenca, collections were
made where the vanant bififena” oceurs in Coloombaa, wherse
the: subspecies fevicavrilled™ and rivadeneirar™ = pocur o
Ecugdor, where the subspecies neghmei and poei occur in
Chile, and where the subspecies paterseni™ occurs in Ar-
penting,. The site-specitic collections were positive for ol
subspecics and varant except i Chile where the two sub-
species of An psendopunctipeniis seem o have been erud
icated Trom the pwo locations described by Mann. " However,
wee found populations of Aw peeudopuncipensis near Anice,
i the northern part of Chile. approximately 200 km from
the two subspecies” rype-localities.

AN An prepdopunctipenmy adubs esied were collectied
s wild larvae or pupae and rearcd individually o the adolt
stage. Fourth instar larval andfor pupal exoviae were pre-
served and each specimen was recorded. An adult with as-
sociated Tarval and pupal skins is referred 10 as a laxonomic
saries. Bach taxonomie semes was adentified 10 species and
wsed 1o support the 1speyme study. In most samples. an av.
crage of 40 pdults (307% of both moeles and females) were
Frevden ol —70°C for penelic studies amnd some adulis were
poinfed on pins for wxonomie vouchers and deposited a the
Smuthsonian Insttotion (Woashimgton, 1207,

From 1991 to 1993, we collected a total of 42 samples in
[ chifferent countries represcented by more than 20060 wild
specimens of An, psendopmctipennis (Table 1) Te evaluate
the taxonomic significance of observed differences among
Ane peendopisetiperris popialations, three other Anepheles

wpecies were also included in the electrophoretic datad o
closely melated species. An. framciseames. MeCracken, Adr
erucians Wiedemann, and Aw. (Nvwsorfivnefues) allimans
Wiedemann, Wild specimens of An, franciscanis were col-
lected near Keddimge, Calitormi, and both An. errctrs angd
Ar albimanas were collected in northern Belize, As for A,
pracwedopanctipennis, all three Aseprheles species were eol
lected an wild torvae ad pupae and reared individually w
the adull stage. An average of S0 adults per populition wens
stored ot —T0C untth wsed i electrophorene silies,
Electraphoresis, Bosymes were separted by hovizontal
starch gel electrophoresis, Stamming procedures were aoipied
frowmt the reports of Harms v Hopkinson, Selander amd
others, "™ angd Shaw anid Prosad:" A wooal of 45 ensyme sys-
tems were soreencd using three dilferent butfers: the lithium
' O, pHE 850, the morphobine bulTee sys.
tem'™ morph, pH 6L and the Tris-chire bulter system™

hutler syste

(s, pld 6,70 CF the 45 enayime systems tested, 25 shimeed
goand allehe resolution, ineloding 33 putative loci {Talle 21
For each lowcus, the most fregquent electiromorpl was desies
nated the 100 allele und all other wleles were mensured el
ative it Acdditional detadls of the elecorophoretic proceduore
Iave been described by Manguin and othees,” aed specilic
buffer systems aml staiming recipes are availible apon e
gueest fromm one of the authors (5M)

Electromorph genotype Itequencies were wsed as input T
the computer progrion BIOSY S0, Analvsia ol each pop-
wlation aneluded computation of allele freguencies, heteri-
evausily per locos, additional medasores of genetie variahil-
iy, and o test tor conformance with the Hocdy-Weinberg
equuliboum at single loci by chi-square analysis, Diltaren-
ki
Neis™ unbiased und Rogers™™ genetic distances wine ¢
wered by the unwelghted panr group method usig the arith-
mene avernge (UPGMA) o praduce the phenogranm,

among the popolntions was measured by F-stisties.
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A total of 42 sumples, representing more than 2,000 wild
specimens of An. preadopunctipeants, were collected in 10
different countries of the Caribbeun. North, Central, and
South America (Figure 1 and Tahle ). Aropleles pseada-
punctipenndy populations within each country showed neg-
hgible genetic differentiation and were combined w form u
seosraphicarea. A total of 12 gessraphic areas correspond-
ing o each of the 10 countries, including northern {Monter-
rev i and southern (Tapachula) Mexico, and the Pacific (o the
Atlantic sides of Guatemala were compared in our analvses,

Heterozygosity. The isoeyme comparison of 33 loci (Th-
ble 2} among the populations of Awe paewdopnctipenny
from North, Central and South America indicated that the
mean heterozygosity ranged from (L.022 w 0000, with an
average (= SEM) of 0,059 (= 00200 across -all mainfand
populations {Table 3). Mean heterogyaosity (or the popula-
vons from Grenada Island was much lower™ with o value
of .03, which is m accondance with the vsual low level of
genetic vanabiliny of solated island populations,™

Genetic heterogencity. The P-statistios (Fy L o measure
of the amount ol differentintion among subpopulations, =
showed an average value of 0375 and a mean index of fix-
ation of pndividuals relative o the ol of subpopubitions
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(Fa) vilue of Q036 when all An, prewdopunctipennin pop-
ulations were analyeed (Tuble 343 Three loct, glveersl de-
hydrogenase (God), b-phosphogluconste dehyvdrogenase
(afgdy and phosphoglucommase (Pem), among 4 total of
32 showed grean differemtiation, with values of 0,753, 0.57a.
and (K608, respectively, In the case of Ged (Figore 240, the
populations of Ar. pserdopanciipernmy Trom North Amenca
{United States and Mexico) and Guaternala have a high fre-
quency (92%) for allele God,.. (Table 5. whereas sl the
ather An. prendopunctipendiy populations shinwed a high fre-
quency (A0-T00%) for allele Ged |y, For 6Fgd (Figure 280
all Awe psesdopneripennis populations have a high freguen-
cy¥ (H4-98%) Tor allele Ppd . cxcept the ones from Gre-
mada, which have a very high frequency (1005 for allele
e With Pgim (Figure 20, Norh Amenca, Guatemala,
and Grenada have a high freguency (90-100% ) for allele
Pem g, whereas all the Ao psenrdopunctipenns populations
frony South Americn and  Belize have a high frequency
(8750 far allele Perae Mo fised differences for the three
losci A Ered, 6P ged, and Perd or any other loci have been found
For all Ase, paereefegpene tipenniy popolations (Table 51
Electromumph frequency dita for the 33 ensyme loc stud-
il with all Ar paendeopure tipeanis populations are shown
in Appendiz A Only one locus, glutathione reductase-2, wis
manomnorphic in ol differemt populations and species. No

electrophorete acthivity was shown by A ernerény Tor 150-
citrate dehydrogenase-2 and by An albimanns Tor leucing
amine peptidase-2, mannose-6-phosphate somerase (Mo,
amdd sorbitol dehydrogenase, Significant departures from Fae
dy-Weinberg expectations were observed in only 1 gnses
Hogi mdicated by = in Appendis A wmong the 390 com-
parisons (2.5%0, The resolution of esterase and Mpi wis
somnetimies poor, which might hove introduced some seoring
errors. Five populations demonsteated o deficieney ol hel-
crozygoles fiom expected proportions in either argining ki-
nase, fumarase, God, glyceraldehvde 3-phosphate dehivdio.
genase, mabie engyime, Mpd or Peoc Since rare alleles were
involved, Bittle meamimg can be attached o these sigmilicant
{probability -

Grenetic structure of subpopulations, From the Treguen-
ey it both Neds'™ anbipsed amd Bogers™ distines mitrd
oy were calculated T te diflerent popialalions and specices
(Table 6), Nes' unbiased distance wus chogen (or case i
comparing these results with those ol Estedo-Franea hixd
others” and were clustered by UPGMA to produce the phen
ogrims shown in Pigures 3 oand < Phenogeams produced
using other distoance measures, such as Mei's." Rogers
modified Rogers.”™ Cavalli-Sforen and Edwards ¢hond anc
arc,” prowduced nearly adentical branching patterns. The three
major groupiogs shown on Figure 3 were produced by each
of the methods listed above

1961 dleviations

Populations of three An paeadopinetipeanis subspecies,
fevicasrillofn and rivadencirar Trom BEcuador, aond paatersend
from Argentina, and the variam befetinee Trimn Calombia,
were electrophoretically compired with the other popula-
tierns froen Soieth Amenici, The results showed oo signilicant
differences among the populattons,

The comparison of all populations of A peeudopoiet-
pensis showed some differences in the allele frequencies,
but the Nei's index of genetic distance Indicated o high de-
gree of stimilanty, with values vanging feom {3 w 0079 { Table
f. The phenogram showed three clusters of An prendo-
punctipennis populations (Figore 3k one ¢luster from North
Amernica (United States and Mexico) and Guatemali, 0 see-
ond cluster from Belize and South America (Colombii, Ec-
wador. Chile. Peru. and Argenting, und o third cluster rep-
resented by populations from Grenada only. The phanagram
indicated  that An psesdopuneripeanis populations  Trom
Morth America and Guatemala formed o group with very
low genetic distance (less than 0.4010). The Fiy analysis using
Wright's categories’’ of the subpopulations represented by
the Norh Amenca-Guatemaly proup inditated o negligible
differentiation. with o mean value of 0049, The second
group included populations from Belize and South America
with genetic distances less than D024, The Vo, anilysis lor
populations from Scoth Americh and from Belize-South
Amenca showed moderate differentiation, with meun values
of (LiE6 and (1192, respectively, The third group, eépre-
sented by populations. from Grenada, had o genetic distance
at @ level of 00060F compared with populations from North,
Central. and Seuth America. The two magor Jdifferences be-
tween the populations of Crenaci and all the others were 1)
the different allele Frequencies for afed and 2) the lck of
heteraeypotes due to salation of the Grrenmda popualations,

Genetic structure compared with other Aeophoeley spe-
cies. The comparison of Ar. peewdapanctipennts populations
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right are the relative mebilities of alleles.

with either of the three Anapheles species, An franciscanis,
Am erpciany, and An affimanes, showed increasingly higher
genetic distances (Figure 43 When the companson involves
two species of the subgenus Anoplieles, the genetic distance
varies From 0335 wiath An franciscanis, a closely related
specics of A prevdopuncripemiis, 10 (K997 with An cru-
cians. o the case of the comparison with An allimanis.
which belongs 10 the Mvssorfvnchis subgenus, the genctic
distance 15 much higher, with o value of 2353,

These comparisons emphasize the great similanty existing
ameng the populations of Ar. peewdopanctipennis from all
geapraphic areds,

THRCRIREION

Ruesults of this study an An. paeidopunctipenay indicate
that strong allele frequency differences occumred for three of

b e —

BELIZE

- 100

GRENADA

Electrophoretic pattern of three eneyme joo in Asopheles pyeundopanclipeanis populations from Mexico, Peru, Belize, wnd

phosphogluoomutase. Yaloes on the

the 33 loct ( God, 6Fgd. and Pger), but no fixed differences
were found for any of these locl, The mean heteroaygosity,
which reflects the generic variabilily, was very low for Am
paendopuneripeniiy populations on - Grenada Tsland with o
valug of (L003 (Table 31, In contrast. the mean heteroay pos-
ity of muintand An preadopureetipennis populations varied
from D022 o 0101, with an average (£ SEM) of 1,059 (=
0.0200. The mean + SEM heterozygosity for An, pacudo-
preavictiprenindy sedmed 0 be lower than that expected (0,015
= (.009) For other Diptera groups. "

In the case of Ar pacadopioweipeanis populutions rom
Cirenada and Chile, the lack of illeles for 6Ped is part of
the gencral phenomenan of low allelic polymorphisms foumd
i these two populations (Table 33, These findings are com-
patible with the pencral observation that species or popula-
toms that are destributed over o variety of environmental
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conditions are most likely 1o be genencally heteroey gous or
polymorphic. Conversely, species or populations limited in
distribution or resinicted w special habitats are less poly-
morphic.™ The Grenado Island populations differed from
mainland populations by having allele frequency differences
for &Pgd and by lacking heterozygotes due to geographic
iselation. The Grenada Island populations showed a low al-
lelic polymorphism of 12,19% compared with the mginland
populations, with values ranging from 39.4% 10 78.8% . Av-
erage helerozygosity over the 33 loci examined wias also low
(3%}, reflecting founder effects.”! The relatively higher Nei
genetic  distance obtained for the Grenada populations
(0079 compared with mainland populations (Taeble 63 s

partly duoe o differences in allelic polymorphism, [n partic-
ular, the absence of rare alleles s an indication that o major
reduction in the gene pool ocourred o the recent evalution-
ary history of this ssland popalation, ™ This phenomenon can
resull from a dsne reduction in population size followed
by population expansion from o small number of individoals.
Such fluctuations in population size ire common oecurrences
in insect colondes. " The significant loss of allelés and geo-
graphic solation of Ar psewdopunctipenn populations of
Grenads are limiting factors for gene low between popula
tions of the island and the mainland. As o result, Au. pren-
dopuncripennis populations of Grenada may eventually form
a distinet species through allopatric speciation. ™ However,

TanLE 6
Matrix of penctic distance of Anopieles parlopirmeipenmis®
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the decreasing presence of Ao, prewdopancfipereiy on the
islupd of Grepadi, possibly due o redoced genetic variabil-
iy accompanied by oo diminished capacity of the species 1o
acdap o envirommental changes " maght resall in the species
disappenring from Grenada,

The collection sie i northern Chile also represented a
restricted ceosystem, The Torupacn regwon wherne An pren
dapienciipernds waos collected in Chale is bordered by the
cttic Ocean o the west, the Andes 1o the east, and deserts
t the nonh angd south, Anopheles paewdopuncripennis wis
collected along o nivers Howime from the Andes, the Rio
Acapu d ahe R Llwa, and was much more abundant
wlong the lutter river. Because of geogruphic barriers, An
pendopenctipeniy popualations i Chile had mone restricied
distributions and possibly moere reduced gene flow than any
other populations on the continent. In such a restricted én-
vironment, the botlencck effect is expected 1o produde pop-
ulations less polvmorphic.

Insect colomes are characterized by rapid genetic changes.
such oas loss of helerozyposity.” Loss of populstion hetero-
zygosity in colonics probably reflects what ocours in resirict-
ed and molmed environments with the gradual loss of poly.
morphic alleles. Although rare alleles contribute litde 1o a
natuenl population’s level of heterozygosity, these are the
very alleles that are likely 1o be missing from a colony. ™
The decrease or absence of rare alleles is a small bur gen-
sitive indicator of the more general phenomenon of loss in
genetic heterogencity, particularly in species with high ge-
et variabiliey

Crveral]l genetic distance within Ar. proewddopune tipennis
populations was low, with values anging from 0w 0079,
These genetic distonces are markedly lower than the value
ol 0016 sugpested by Avise™ as the lower limit for conspe-
cific populations. ¥ilues of Fgy (Table 43 show great differ-
entiglion among An, peendopunctipermis. populations. This
level of differentiotion is due o low helerozy posities of pop-
ulations fevan two specific comnmes. Grenodn and Chale: dif
ferences in the allele freguency of three loci among 33, and
the browd geographic spread of snmple sies. Regandless. the
moderate mean ol Fii with o valoe of (K036 sugpests that

Hei Distances

I Tanas, [TE:X:8

2. Maninrrey, MEXICD

1. Tnpachula, MEXICO
4. Pucile, GUATEMALA
&, malnnile, GUATEMALA

B, BELIZE
1 PERU
0. CHILE
0, ARGENTIRA
10, ECUADGH
= 11 COLOME

12 GAEMNALA,
| b 10, A, Pranclacnnu. WEA
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Frvsn 4 Unvelghted paie group methad ustog e oritheetic
average phenogram from Ner's'! unbused peonetic’ distance matris
for all Amaghieles peendapunciipenniy populations and An, feaneiye

corrgey, A crmclaess, and Agg albimcnas (eophengtic eorrelation
LR T

random mating among the populations of Au, pecadopie-
HNpennds b5 oecurring ™ CTuble 4),

As clearly indicated in the phenogrom (Figure 33, A,
paendopunciipenniy populations are clustercd into three ge-
petcally nssocied groups: 1) North Amenca and Guate-
maky, 23 Belize and South Amerea, and 3) Grenada Ishand,
A partion of the convergence vone or suture sone'™ where
geographic populations | and 2 meet is located in the 300
km drea around the southern border hetween Cuatemala ond
Belize (Figure 5 Where the convergence sone is loculed
outside of this area 15 not known., The interface aone be-
tween the two populutions may be static and define where
the North and South American populations came opether
after a long period of isolation. Altermatively, the conver-
gence yone may represent only the most recent location of
a mobile border between two merging geographic popula-
oS,

Cur findings have some similarties with the tesults of
Estrocla-Franco and others,” who found “clear distinctions
between populations from South America and Mexico at twao
lech, Creed and Pgm'. However, unlike their statement that
“the major contrnibution o genetic divergence is the result
of fixed differences in the Ged and Pegm loci between Mex-
lgo and South America,” we found no tixed differences ei-
ther at these or other loci. Comparisony of Nei's penetic
distances show that between populations of An. pacudo-
punctipennis and A, franciscanis, values are at the level af
1.335, and among An. peeadoprarctipeaniy popalaions, val-
ues are less than (008, The diferences in the genctic dis-
tances between An psepdopuncripernis and A frarciscan-
ws populations confirms the separation of the two closely
related species and reinforces our finding of genetic homo-
gensity among An. pyewdopanciipenniy populiions,

Owr stueky reprosents an advance over eacher work on pop-
ulation genetics of An, prendopunctipennis 5 We used 235
enzyme systems for which were scored 33 putative loci that
were used o compare Are paesdopranctipenniy populalions,
A Targe number of sies were sampled, providhing 42 samples
spread from the northern o southern lunits of the species’
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distribution, with an eastern extension in the Canbbean
Sumples werg obtained from one Carbbean, two North
American, two Central American, and five South American
countries. Papulations from Grenada, the type-lovality of An,
prsepdopanredipenimy specics, were compared with monland
papulations, This was an amportant pant of the study sinee
specimens from Grenada represent the true Ane psendopune-
tpeieiy, Additionally, heterogy gosity levels were measimed
fosr An. paenddopuctipennds populations as well as for three
e ey Awnopafrefion Species,

I conelusion, our study shoswed distinet differences m the
alele Freguencies of God ind Py between North and South
Aanericy, although we distinguished  overlapping  frequen-
cies, A comparison of Ap prewsdopanctipeniis popualations
with three other Amoplieles species, A franciseams. An,
crrctins (both of the subgenus Anoplielesy, and An alfs
reerray Tsuhgenus Mysyectovmefias ), provaded o perspective Ton
perpretation of Nei's genetic distances

Based on the evidence of ouwr isoeyme amalyses, the 42
simiples of Ang paeiedegranetipermnd s were clustered into thiee
peopriphic populations represented by 1) Noh Amernica
i Unitéd States and Mexico)r and Guateminla, 20 Belize and
South Amernca (Caloembip, Beuador, Pere, Chile, and Argen
i), and 3) Grenads Istand. OF the two msinland popula
Nesnrs 41 el 20, one extends from the southern United Suites
through Mexico ond Cumemala, and the other extends north
feome southern Sooth Amenco throvgh Cemral Amenca o
Belive, These two geographic populations converge in south-
e Mexico and northern Centrid Amenca, Pan of a con-
vergenee sone, sitmated o the vacinity of the southern border
between Belige and Gumemala, was defined for the two
mainband peographic populations of A peedopuietipennis
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