LUCTANO BULLINT ()

Genetle differentiation and speciation in European and African
‘malaria vectors (**)

Anopheline mosguitoss are among the mest impoctant organisms both for
thooretical and spplied bidlogy, Since the end of the 19th century, when their
role in the trankmiselon of human malaris was surcly established, an enormous
amount of scientific woek has been produced, concerning their motphology. phys:
lelogy, genctics, ecology, perssitology, systematics, cic. This was favoured by
the fact thar these mosquitoes are excellent experimental snimalks: exsy 0 breed,
with 4 short geaeration span,  high reproductive poteatial, hundreds of valuable
characters available for morphological analysis, a kew chromosome pumber (2n=6),
oo palythene chromosomes both i the larval salivary glands and in the adult
ovarian murse cells; moreover, thelr invostigation cin urllize sophissicaied tech-
niqués sich &% indaced copulation, age grading, eec. 1t fs sigaificant that the firs
disccvery of ibling species (1. morphologically fairly  Wleatical popalations,
seproductively salated) was performed on an anophelive mosquito: the Euro-
poan malaria vecior Anopbeler maculiperris 3.

Anopheline mosquitoes represent a select matesial for reseasch in evolution.
ary biolog, including the experimental study of speciation processes (ic. of the
genctic changes whereby new species como Inio exlsrence). In the pacsent
paper, data arc presented on. genetic differentiarion and specintion of thiee Auo-
pheles specics complexes: Aw. maculipenmiy (Earopean members), An. claviger,
i A, gamcbiae, thar played or sec sull playing a crucial wle n the tasmisson
of human malaria in Eorope and Africa.
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The Anopheles maculipennis oad An. claviger compleses

As mentioned sbove, the Auopbeler mecalipenuis complex was the fint
case of sibling species recognition. According to the oldes Hterature, malatia in
Burope was transmisied by o single spocies: Anopheler macalipeunis, A study of
the distsibution sad ccology of this mesquita revealed, however, all sores of
purling Trregularities, the maln one of which was the w-called *anophelism with-
out malaria” {ic., the high freguency of A, macalipenis in areas of Enrope where
malaria was sbsent). A nusmbes of *ecological” or *biological” races were hypothe:
sised, wdiffering in hostprefetences {anthropophily, soophily), breoding site
characteristcs (fresh or beacklsh water), height of suptil swarm (ewigamy
or senogamy), eic,  Funber rescarch demonstrated that consistént différences
existad in the egg morphology of popalations differing in biological charscteristics
(Falleroni, 1926). Laboratory crosses showed warious kevels of genetic incompat.
dbility betweea populutions, eg. gametic or zygotic mortality, hybeid invisbility,
hybed sesilicy (Convadesti, 1934).  Later, fised Inversions were found st the
palythene hromasomnes: level, that could be wsed a5 relisble disgnosic charsctots
(Frizzi, 1947, 1953). On dhe busis of these sad other seadics, ar Jeast seven
sibling mpecies were assessed ln Euwope: Aw messrae, An. beklemisberi, An.
miclanoon, An. msculipennis, Av. labrascbise, Au. atraparons, and An. sacharowi (),

Rather similar is the case of the Au. clasiger complex. At first, some diffe
rences were found in 1he worphology of the egas, larvae and pupee, leading to
the description of the *varietics™ mirsirlil and petragranii (Del Vecchio, 19393, by
Lupuscu, 1941). Later, bybrid invishility was revealed by crosing experiments,
together with some eeological and behavioun] differences (Cobuzzi, 1962),
date, at least fwo sibling species have heen detected: Aw. claviger (corespanding
10 e il Fom), with  wile palesretic range, and An, petecgnaii, restricted
1o the westezn Mediterrancan subregion.

In borh compleses: Aw. macalipennis 10d An. claviger, species vecoguition
is aften impossible on n morphological basis. The availsble chacacters allow the
identification only in certain life stages und not always of all individuals. For
instance, egs chasacters such wi exochorion color paern and flosts shape are
poorly disgnostic betuten An. atropwrons od An. labranchice, and becween An
messeae and An. subalpinis, or oisleading as in the case of the supposed Moroccan

1) T semes presensly wed foc & gumbst of mebens of the An. mculipensis comples
a0 ot rereponding 10 the oifcl roles; howeres, the sceaific and practical fmevest of

wal e s sirongly. necied; 1his shoukd b santkonad by, the Tnsertioonl
o Zoological Noeves . In the presca paper, pecies e indloarod foliowing
the prevailing use i the mexdern Hrerature; ke the cane of An. swbalpinasr, # tsan described from
Albana and considersl a8 a varicsy of An. selamoon by White (1978), we huve renmtively
s 1 s o 4 pecies foumd i momhesst Jialy, related to A mersess and Av. melamoos
(Bullsi o7 i, 1990,
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“Tapie 1 - Allozyme key for the eleccrophoretic identification of Imlian species
of the Anopbeles maculipennis und An. claviger compleses, based on four loci:
malstedehydrogenase.1 (Mdé-T), malie enzyme (M), hydioxybatyrate dohydm-
genase (Hbd3), and octanol dehydrogeamse (Odb). Dats from Bianchi Bullini
et at., 1980; Clanchi vt al., 1981, and unpublished.

Gesotrpes Species

L Mdb 11103

An. dlassger
58/58 A petragunii
ocher geoniypen 2
2 Me %156 A messeat.
104/104 An, smoparms
cther gencispel 3
3, Hindh 037100, V3108, 100/100,  An. macalipenais
100/108, 108108
i 4
| 4 odn 95195 An. sacharosi
§ 108108 An. melencon
100/100 An. Iabrauchise

' endemic species An. sicault], sctaally belonging to Aw, labranchise (Dalind ef o,
1980; Die Zulucta et al., 1963), from whidh it differs in the egy morphology.

At the polythene chromosome level, ientification s not possible among Ax
maculipemnis, An. melanoon, Au. messeae ad An: subalpinus, nd berween An.
labranchise and Au. atroperoms, that are homosequential specics {same banding
patteras).

a A considerable improvement in the detection of Anopbeles ibling species has
| ‘been provided by the use of multilocus eloctrophoresis. The European members

of the An. macalipennis and An. deviger complexes can be reliably identified, in

“both sexes and at all life stages, on the basie of alternative allozymes at ane or
mare lock (Saura e al., 1979; Bianchi Ballin et al., 1950a, b; Bullini ez ol 1980;
Clanchi et of., 1980, 1981; Bullinf and Coluzsi, 1982). Nawural interspecific
Eybrids can aio be identified by this methed, making it possible to estimaie
their frequency in the field in different ecological contexts.

Allaryme keys based on such disgnostic loci were preparcd for spocies iden-
tification in the msculipenit asd cleviger compleses (Blanchi Bullini er ., 1980;
Clanchi et of, 1981), ax shown in Table 1. A fully refiable specics identification
sequies specimens to be clectrophoretically fested for ar lease two diagnostic loci;
different alloryme keys should then be used topether. This method i particu:
larly useful when the number of specimens to identify is high, 15 in parasitologieal
and ecological field work, or when control programs sgainst medical pests are
planncd over large areas (Bullini, 1984),
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The analysis of allle froquencies at 27 enaptoe loci madde it possible to-cons-
pare. narural popalations belonging 10 verious pecics of the sracalipennis  and
dasiger compleses, and 10 esimaie their genetic variability and differeatistion
Chanchi ef al., 1981, and unpablished). 1a Table 2, the sverage valses of gesctic
variability found in these two complexes are reported, expressed as expected mean
beterozygostty per losus (He), peoportiae. of polymorphic loc with the 19 erie-

Tate 2 - Pameters of genetic vasiabilty in the Anopbeler moculipennis and

An. clamiger complevcs, on the basis of 27 euzyme Josi, He = expected mean

heteroeygosity per locus; P = progortion of polymorphic loci, a1 the 1% criterion;
A = mean number of alleles per focus.

Species He P a
it 019 068 20

An. melancon om 244
o om 237

prE— a8 048 139
As. stropareas 018 06) 241
A ebravebice a1s o7 23
A sacharosi om 033 167
A claviger ain o 176
. petragnanii o6 074 218

Thmer 3 - Vilues of Nei's standard genctic ideatity (above the. dingonal) and
distance (below the diagonal) berween spocics of the Anopbeler maculipennis
complex.  Data from Cianchi ef ol., 1981,
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An. subalpinur o6 — 0% 0N 0% o3 018 om
An. messose. 033 012 — 068 on oA o on
An. stroparsns 036 034 oM. _ 0B o3 06 01
An. labranchise o 03 0B 03 —  om 013
An, sacharoni 046 0% 071 081 om on 06
An. clariger 162 B a0 18 15 1m — o
An. peteagnanis 149 I3 0N 190 18 1M 0w —
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sion (P), and mean namber of alleles per locus (4), Genetic divergence besween
these taxa, quantified using Nei's indices of stndard genetic idemity (I} and
diswance (D) i given in Table 3. From thesc valucs, 4 dendrogram was prcpared,
showing the geactic relationships berween the considered pecies of the mucadi
pennis and. claviger complexes (Fig. 1)

A posiive correlation was ohserved in the macalipemis comples comparing
imerspecific. gene and chromasome divergeace, the former being expressod by
NePs D, the latter by the number of fixed paracentric Inversions (Table 4), A
bighly significant comclation (r = 0.961, P < 0.001) was aho found between
genetic and morphological divergence (Cianchi ef af., 1981). The former was
quuntified by Nei's D, whereas the latter was estimated using the index AL obtained
by sdding, for euch speies pair, the perceatages of specimens morphologically iden-
ifisble at the different lfe stapes and ot the male genitalia feg o valoe of

= 180 can cormespond 10 a species morphologically ideniifisble from asother
at two life stages, respectively at 100% and 80% level), The data, reported in
“Table 5, would indicate that the buildingup of morphological and genetic. diver.
pence have followed o parallel trend of sccumwiation in the evolution of both
maealipensis and clasiger complexes.




ThSLE 4 - Comparisn of the genetic diverpence at the strucuural geoes level

(Nel's D, below the disgonal) and st the polyiene chromosomes level (number

of fixed parscentic imversions, above the diagonal) In Tralian specics of the

Anopbeles macalipennis comples. Diea from Cianchi et l,, 1981; White, 1978;
heeri, personal communication).
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Tanis 5 - Valves of genetic divergence (Nei's 1, below the diagonal) and of

marphological divergence (M, abore the disgonal) between the Trallan speces of
the Anopbeles macutipennis and Au. claviger comploxes. Dats from Cianchi

et dl., 1981,
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The Anopheles gambise complex

The main vectors of human malsria in Africa south of Sahama are repre:
sented by members of the Amopheles gambise complex. This includes at deast
six species: An, gambise, An. arabiensis, An, melas, An. merit, An. qnadrion
mulatur, v the socalled species D. I the An. gawbise complex, specarion
processes occurred with & minimal of even abicat mosphelagical differemiation.
The first cvidence that » number of differeat species were cocxisting under the
name Aw, gambise came, w8 for the meeniipennis comples, from ecological and
behavioun] chscrvations, indicating diffenences in breeding site chasacteristis
(fresh or brackish, water), host peefercnces (antheopophily or scophily), restiog
behaviour of sdult females {indoors or eusdaors), Morphological studies failed
slmow complecly in difercaviaing the members of the gambiee cmplex, cven
wh icated were utilised, sich a3 scanning cleceron micro-

scope cheervations, multivariate analysis of a igh mumber of characters, cre. Some
Totmeirl chpencms allow 4 pasthl acimidonoF the Biockiah weir petick
(An. metas and An. werne) from the fresh watcr ones (Aw gambize, An, ara-
biensis, An. quadriansularur 1nd species D). The lauer are spparently identical
at all Lfe scages, and show 3 remaksble iniraspecific vadasion at & number of
morphological characters,

Labaratory experiments revealeed various degress of hybeid sserility in crosees
fnvelving different combinations of the six. members of the gambice complex
(Dvidsan, 1964; Davidson and White, 1972). ~ Sterlity, livited 10 the hybrid
males, is only partial in some cross-types and B virtually absent In two out of
the thirey possible crosies.

Species tecopnition became effcctive anly when the study of polythene chro-
masames. revealed that different resrrangements, based on paraceniric javersions,
were fixed In the varions members of this complex (Coliai, 1966; Coluzzi and
Sabatini, 1967, 1968, 1969; White, 1973; Davicson and #lunt, 1973 Petrar-
@, 158%)

At the electrophoretic level, aliernative allozymes at oae ot more loci were
found bevween the various species (Mahon et ol 1976; Miles, 1978, 197%;
Bullini and Coluzi, 1982; Cisochi et al, 1983a). Allozyme keys, based on
these dlisgoosiie loct (g, Toble 6), maks it possible 1o Menify the. spocics of
the gembise complex at different life stages and in bath scxcs, and to. reogniz
natural foerspecific hybeids (Cianchi er ., 1983a)

The analysis of allosyme varistion nt 23 loci in populadions from West
Africa, belonging 1o Aw, gambise, An. erabiensis and Ax. melss, Indicarcd u

Jower Jevel of variability than that found in the mecullpennis complex
(Table 7). The values rmm duv;mv observed within the T compleces
are of the same magnitude, N ng from 0.11 to 041 in the gembise
complex, from 0.12 to 071 in n: nmnlxprmn! (from 0.12 1 0,42 excluding
An. sacharavi, the species of the muclipentis complex. most differentinted mor-
phologically).

'::
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Tant: 6 - Alloyme keys for the cloctropharetic identification of species of the
Anapivls gembise compls, bated o four locis superoride. Gsmase! (Sodl),

(Gaed), isomerase (Mgl
iod seid phosghatase (Acph). Dita from Miles, 1978, Cianchi et oL, 1983,
and unpablished.
Led [Ea— Spacies
1. Sodd, 9501 An, mornt
957100, 100/100 2
103103 Sosdien
2 G 9551 A, qualeisnatant
Jieg—— 3
3. Myl 100/100, 100730, 100/103, " An. gumbier

1055108
49T

An. avabicwis
A, melis

Tasie 7 - Genetlc variability n specics of the Anapheler gismbise complex from

West Alrica. He = expected mean heterazyponity per bocus; P = propordion
of polymorphic loci, at the 1% level; A = mesn sumber of lleles per lous.
Sics He r a
A pumbie 012 042 147
A, ansbiemis ol o5 132

As. miles 010 034 17

In the gambiee camplés, unlibe the macalipemnis, no exsrelation exisis when
comparing the divergence at the structaral geoes-Jevel with the number of fixed
Inversions found between species (Table &), This would indicate & major role
of parscentric Iversions [n the speciation of the gambise comple. Soch Tnver-
s woald fsvour the preservaion of cosdapred mulelocus complescs, selcted
in populations living in ceol marginal ones (Coluzi, 1982). This hypoth-
esis hus been recently supported by the discovery of partially or totally repro-
ductively isolaied populations within Au. gamsbise 3. from the Gambia (Bryan
et al., 1982) and from Mali (Tours et al., 1983). These populations, wery similar
ar the stmctural genes level (Clanchi #¢ al., 1983b), show highly diffeentisted
frequencics a1 some paraceatric Ioversions, and appear adapted 1o differeat habi-
ats and covironmental conditions (Colaz, 1964).
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Tanus § - Comparison of the pesetic divergence at the stracrural genes level

(Nei's B, below the diagonal) and st the polythene chromosomes lovel (mumber of

fixed paracentric inversions,.sbove the. diagonal), of species of the Auopbeles

gombise complex.  Data. from Gianchi et o, 1983, 4nd uapublished; Colueni
et al., 1979, and uapoblished.

An. gowbise  Au gablenss  Au wels An werns

r—— = 5 4 2
e 013 = “ 7
o meas 0z ot = 7
An. werss 02 036 041 —
Concluding remarks

The smdy of genesic differentiation in a number of European and African
malaria vecrors bas Jed 1o results of both theoserical und practical imposcance,
concersing: 4) !mdﬂ etk of siling spires deacfiatcn; 1Y e Taing
up of marphological and genetic divesgense in the evolution of the mosqulioes;
<) the develapment of isolating mechanisas; d) the tole of paracentric Inversions;
€) the pattems of speciation in different species complexes.

The low or abseat marphological diffesentiation in the speciation of these
Anopbeles appears to be & general phenomenon.  The peactical difficulty in recog-
nixing species morphologically fairly identical, but strongly differentiated in their
vectorial capacity, purssitological importance, e, has been sucoessully overcome
by the wse of polythene chromosome anslysis and more recently by maltilocus
electrophoresis.

The buildingaup of mmm and genetic divergence in the evolution
of the macnlipenis, claviger and gembise complexes has been a gradual phenor-
caon: an evidence that swrongly disagrces with the expectation of the punctusted
rq\ulibnl lhnxf proposcd by Goukd and EMredge (1977).

of reproductive jsolating mochanismis, crossiag exper-
R el b complexcs. post-auating bartless are only
ot and ol mot. ey <l Hoverer, bighly efceas snshrbidistion
mechanisms are acting in the field, as Indicated by the very rare ocrurvence of
interspecific hybeids. The gene pools of these spocies seem 10 be mainaind
separated malely by premating barriers, s in other masquitoes (eg. Colex,
Aedes). These barriers were presumably dirert targets of natural sebection whea
taciplent spocics came Into contact, whereas postmating barsicrs are appasently
only acridental by-products of the genetic divergence sccumulated between pop-
ulatior

.
Paracentric inversions, widespread both as intraspecific polymarphisms and
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s fixed rearmangements becween refatod species, have been often reprded a8 an
incidental sccompanimens of the cyolutionary processes (eg Cameon o oL,
1967).  Colusei’s studies on the Amopheler gambise complex clearly show thar
such inversioas favour the preservation of cosdapted multilocus compleres, se.
lected n populations living in ecologically marginal sones, snd thescfore play o
major role in the adaptive and speciative pencesses of these mosquitoss. [Coluri
e al, 1979; Columi, 1982). The differen: amount of fixed paracentric inver-
shons found between members of the macadipomis 1nd gabise compleses with
cimilag levels of genetic divergence indicates that these rearrangements had a
different impottance in the: two complexes. Thele evolutionary role has been
certainly higher in the gambise complex (average number of fixed inversions
between the considered species = 5.2 with & Nei's averape genctic disiance of
0.24), than in the maculipeinis. (sversge number of fived inversions between the
considered species = 1.2, with a Nel's aversge genetic distance of 0.38). In the
lamer complex, species differentiation occurred In wider areas (Palearctic aad
Nearctic regions), with frequent opportunities for prolanged isolation between
populations. These cxminsic batriens to gene flow made it possible for popula-
tions of the wmacalipennis complex to become adapted 1o different ecological and
elimatic conditions and 1o diverge genetically from cach other, not depending on
patsoeniric. inversions for these proceuses.  On the coatrary, the evolution of
the - gamh ex occurred in wn arey (the Afsotropical region) with fewer
opporiunities for prolonged isolation between popolations; in such conditions,
paracentric inversions have substitoted for extrinsic barriers, at lesst 10 some
cxten, n allowing the adupiation and differenciation of popalations.

A simlar evolutionary patiem seems ta have occured in the Afrotropical
mesquitoes of the Aopleles marshullii conplex, whose specics, like those of the
An, gambise complex, sbirw a bigh sumber of fixed pucacentsic jnversioas. wogether
with & very Jow incrpecific genetic distace (Lambert, 1963).

Susmary. — Disa sie prosmsted o psic varittion and ipecision of Barcpeun and
Alrican malaris. vestons bekingiog 19 the Auopbeles macaliponni, A claviger and Ax. pumbise
lexcs. T view of the kow o sbcnt soepboogieal iffeovaniation rvctved fn the specadon

The geoatc varlailiy foumd fn the virioos species b compurnl. The mnalyls of the
building op of marpbolapicl sl enctic fivrgece sevedls that boch. v praally sccum-
laeed daring the evolaticn of th thite comphiand, in coodrmt with the expectation of ibe
punctuated exuilibea theoey.

myies vmotor Wiy phil 04 meiiami cotper S st om.
plexes, demcastzated by crouing experimenss, sncedy cooumn with the elfcent helaing
ccbunin acing in the fild (very rire occumence of Inespecifc Iybeds],  Promaing
hrdn:.pmdiynuu?ﬂl‘h’!'nl,mm’dﬂaﬂ the muin cxuse of the reprodaceive

iavekions i the speciston of theve eauivo complexes,
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