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Isoenzymatic Variability among Five Anopheles Species Belonging
to the Nyssorhynchus and Anopheles Subgenera of the Amazon
Region, Brazil

Joselita Maria Mendes dos Santos ™, Juracy de Freitas Maia, Wanderli Pedro Tadei,
Gloria Alicia Diaz Rodriguez
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An isoenzymatic comparative analysis of the variability and genetics differentiation @&nopbelesspecies
was done in populations 8in. (Nys.) intermediusndAn. (Ano.) mattogrossensaf theAnophelessubgenus, and
of An. darlingi, An. albitarsisand An. triannulatusof the Nyssorhynchusubgenus, with the aim of detecting
differences between both subgenera and of estimating the degree of genespétifoedivergence. Samples from
Macapa, State of Amapa and Janauari Lake, near Manaus, State of Amazonas, were analyzed for eight isoenzymatic
loci. Analysis revealed differences in the average number of alleles per locus (1.6-2.3) and heterozygosity (0.060-
0.284). However, the proportion of polymorphic loci was the samferfaiNys.) darlingi, An. (Nys.) triannulatasd
An. (Ano.) mattogrossens{50%), but differed foAn. (Nys.) albitarsi$62.5%) andAn. (Ano.) intermediu$25%).
Only the IDH1 (P > 0.5) locus in all species studied was in Hardy-Weinberg equilibrium. The fixation index demon-
strated elevated genetic structuring among species, based on valugs=d3.644 and genetic distance (0.344-
0.989). Genetic difference was higher betwaen (Nys.) triannulatusand An. (Ano.) intermedius (0.989) and
smaller betweeAn. (Nys.) albitarsisensu lat@ndAn. (Nys.) darlingi(0.344). The data show interspecific genetic
divergence which differs from the phylogenetic hypothesis based on morphological characters.
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The main vectors of human malaria in the Amazon arghis, despite the fact that some of the species iArtlbph-
Anophelesnosquitoes of th&lyssorhynchusubgenus elessubgenus occur sympatrically with malaria vectors
Among them An. darlingiis the main vector in Brazil, of theNyssorhynchusubgenus, and at times biting man,
specially in the Amazon, also contributing to malaria eralthough they have not been found to be infected with
demicity throughout its distribution (WHO 1984, 1988)Plasmodiun(Tadei et al. 1993)An. (Ano.) intermedius
An. albitarsis sensu latalso transmits malaria in someandAn. (Ano.) mattogrossensisf the Laticorn Section,
regions of the country (Deane 1986, Tadei et al. 1993, Tadee examples (Harbach 1994).

& Dutary-Thatcher 2000). This species has recently been The species studied present a wide geographical dis-
found positive by ELISA foPlasmodium falciparum, P. tribution.An.darlingi has been recorded from Mexico to
vivaxandP. malariag in the Brazilian states of AmapéNorth Argentina, from east of the Andes to the Atlantic
and Roraima, and probably plays an important role i@oast of South America. In Brazil, it occurs in all states
malaria transmission in these areas (P6voa et al. 20@%cept for Santa Catarina and Rio Grande do Sul (Forattini
Silva-Vasconcelos et al. 200An. triannulatussensu 1962).An.albitarsisis the species of largest geographical
lato has been found infected ByvivaxandP. falciparum distribution in Brazil, also extending to all countries of
inimmunosorbent (ELISA) and immunoradiometric assaySouth America east of the Andes, from North of Guate-
(IRMA) being considered a potential vector (Arruda et amala to the North of Argentina (Rosa-Freitas 1988).
1986, Tadei etal. 1988, 1991, Branquinho et al. 1993, Tadgannulatus has been recorded throughout South
& Dutary-Thatcher 2000An. darlingi andAn.albitarsis  America and in some regions of Central America (Lane
belong to the Argyritarsis Section whereAs. 1953, Forattini 1962, Faran & Linthicum 198Ah. inter-
triannulatusbelongs to the Albimanus Section, both irmediugs distributed in all South America up to Mexico in
the Nyssorhynchusubgenus. Thénophelesubgenus Central America (Forattini 1962, Morales-Ayala 197%).
has relatively few studies on the biology and genetics ofattogrossensibas been registered in all Amazonian
the species comprised in this subgenus, in South Americauntries (Forattini 1962, Garcia & Ronderos 1962, Ferreira
1964). In some regions of their wide distribution, all five
species occur sympatricalbin. intermediusand An.
mattogrossensipresent exophilic habits, whereAs.
darlingi, An. albitarsisand An. triannulatuspresent
dEndophlllc and exophilic habits, according to the geo-

Research supported by the Program for the Protection of
zilian Rainforest/MCT, Subprogram C&T/PPD G-7, an

CTPETRO. graphic region (Deane et al. 1988, Tadei et al. 1993).
*Corresponding author. Fax: +55-92-643.3061. E-maijl: An additional complication for the correct taxonomy
jsantos@inpa.gov.br and geographic distribution is the fact that adult females
Received 7 May 2002 of manyAnophelesspecies are difficult to distinguish

Accepted 12 December 2002 morphologically and most of them are treated as species



248  Variation among Anopheles Species * Joselita Maria Mendes dos Santos et al.

complexes. That is the case for the complalbitarsis  (LAP2, LAP5 - E.C.3.4.11), Isocitrate dehydrogenase (IDH1
(Kreutzer et al. 1976, Steiner et al. 1982, Rosa-Freitas etdE.C.1.1.1.42), Phosphoglucomutase (PGM1 - E.C.2.7.5.1),
1990, Narang et al. 1993). Recent studies with enzymBsosphoglucose isomerase (PGI1 - E.C.5.3.1.9), Xanthi-
electrophoresis and RAPD-PCR (random amplified polyae dehydrogenase (XDH1 - E.C.1.2.1.37) and 6-
morphic DNA-polymerase chain reaction), demonstratdéhosphogluconate dehydrogenase (6-PGDH - EC 1.1.1.44).
the existence of four species in thlitarsis complex Larvae were homogenized individually in 15 pl 0.8%
(Rosa-Freitas et al. 1990, Naragi@l. 1993Wilkerson et mercaptoethanol. Filter paper Whatman no.3 (0.5 cm x 0.6
al. 1995a). Although members of thibitarsiscomplex cm) was used to absorb the homogenate supernatant for
have been incriminated as important vectors in the transarizontal electrophoresis. Isozymes were separeted in
mission of malaria, their actual role as vectors in a givemwo types of electrophoretic support: starch (Sigma) gel,
area might be difficult to determine as they are morph@t a concentration of 12% and, starch-agarose gel at con-
logically indistinguishable (Wilkerson et al. 1995b). Mor-centrations of 2% and 1%, respectively. The three buffer
phological, behavioral and epidemiological differencesystems used were CA-7: gel buffer-0.009 M Tris, 0.003 M
have been observed An. triannulatusrendering more citric acid, pH 7.10; electrode buffer-0.135 M Tris, 0.040 M
complicated the taxonomic status of this species, whiditric acid, pH 6.90 (Steiner & Joslyn 1979), modificated
in some cases is considered a highly polymorphic speeulik: gel buffer- 0.017 M Tris, 0.0023 M citric acid, pH
cies, but in others two varieties (Consoli & Lourenc¢o-deB.00; electrode buffer- 0.3 M boric acid, pH 8.00 (Contel
Oliveira 1994, Silva do Nascimento 1995). 1980) and TEMM: electrode buffer-0.1 M Tris, 0.1 M ma-

Although in the past the taxonomic statusfof. leic anhydride, 0.01 M EDTA, 0.01 M Mg£bH 7.40, and
darlingi was controversial (WHO 1984, 1988) due to sma# 1:15 dilution was used in the gel (Harris & Hopkinson
morphological variation (e.g. in the scales of hind 3-2976) and staining systems were those described in Contel
tarsomeres in specimens of the Belize populations, Harbg&B880).
etal. 1993), little interpopulational variation has been found Statistical analyses Five larvae from each progeny
based on morphological, isoenzymatic and DNA analyvere used for each single enzymatic system and about
ses pointing for the existence of a single specieg®0 individuals, representative of 20 progeny were ana-
(Linthicum 1988, Freitas-Sibajev et al. 1995, Manguin dyzed to infer the Mendelian inheritance standards of
al. 1999, Santos et 41999). electromorphs for each isoenzyme locus. Isoenzymatic

Genetic structure studies iAnophelespecies have variation among species was analyzed using the Biosys-
been intensified, mostly in tidyssorhynchusubgenus, 1 software (Swofford & Selander 1981). Genetic distance
due to its epidemiological importance in malaria transmisvas calculated according to Nei (1978). Cluster grouping
sion. Nonetheless, little is known on the genetics of otheras done employing the UPGMA method (unweighted
species in théAnophelessubgenus in South America, pair-group method, arithmetic average) using Biosys-1.
such adAn. intermediugnd An. mattogrossensis RESULTS

The present study was conducted to determine the
interpopulational genetics divergence and variability Of the eight loci analyzed, only PGI1 was monomor-
among three species of thgyssorhynchusubgenus Phic in the five species. The XDH1 locwss polymor-
An. darlingi, An. triannulatugndAn. albitarsis which ~ phic for An. mattogrossensiand An. triannulatus The
includes the most important species in the transmissi®f GDH locusvas polymorphic foAn. albitarsisandAn.
of malaria in the New World. It also includes two specie®attogrossensisthe LAP5 and PGML1 loci were poly-
in the Anophe|e$ubgenusAn_ intermedius and An. morphic for all specieﬂ'.he EST5 locus revealed four alle-

mattogrossensjswhich have not been incriminated ages in the three species of tNgssorhynchusubgenus,
vectors. two alleles forAn. mattogrossensend one allele fohn.

intermediusboth in theAnophelesubgenusLAP2 was
MATERIALS AND METHODS monomorphic only foAn. darlingiand IDH1only for An.
Specimens and collection siteSpecimens ofAn.  mattogrossensidable I). Only IDH1 displayeftequen-
darlingi and An. triannulatuswere from Mazagao cies agreement to the distribution predicted by random
(00°05'15.1"S, 51°17721.4"W) An. albitarsisandAn. in-  mating for all the species studied. All other loci showed
termediusfrom Rodovia Pacoval (00°02'19.8”N, deviation of the genetic equilibrium by Hardy-Weinberg
51°03'40.7"W), km 4, all near Macap@, State of Amapaests.
Specimens oAn. mattogrossensiwere from Janauari The average number of alleles per loci varied between
Lake (03°08'00.5"S, 60°00'34.7"W), near Manaus. Adultsl.6 + 0.30 forAn. intermediugo 2.3 + 0.4 forAn.
of the subgenublyssorhynchusvere collected in areas triannulatus. Out of the five species analyzedn.
of peri-domiciliary (human and cattle baits) andriannulatus An. albitarsisand An. mattogrossensis
intradomiciliary (human bait), and those of the subgenishowed larger polymorphism (P = 0.7Bh. albitarsis
Anopheleavere collected only in peri-domiciliary areasrevealed high heterozygozity values (Ho =0.196 + 0.075;
(cattle bait) between 18:00 and 22:00 h. Individual femalése = 0.284 + 0.084). ESTBAP2 and LAPS5 loci (with Ho =
were allowed to lay their eggs separately. Eggs were reaf@805, 0.451, 0.455, respectively) contributing to this re-
to larvae following the methodology described by Santasult (Tables I, I1).
etal. (1981). Genetic distance (D) values (0.344-0.989) were consis-
Electrophoretic analysesEight loci were analyzed: tent with interspecific genetic divergencén. (Nys.)
Esterase (EST5 - E.C.3.1.1.1.), Leucine aminopeptidas@nnulatusand An. (Ano.) intermediushowed higher
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TABLE |

Frequencies of alleles at eight loci in fikaophelespecies belonging to tiNyssorhynchuandAnophelesubgenera,
Amazon Region, Brazil

Anopheles
Subgenuslyssorhynchus Subgenu#nopheles
Locus Allele An. triannulatus An. darlingi An. albitarsis An.intermedius An. mattogrossensis
EST5
(N) 104 143 105 101 93
A 0.135 0.150 0.143 1.000 0.871
B 0.572 0.605 0.367 0.000 0.129
C 0.260 0.231 0.490 0.000 0.000
D 0.034 0.014 0.000 0.000 0.000
X2 H-W 6.912 38.21% 20.955? - 0.226
H 0.586 0.558 0.605 0.000 0.225
LAP2
(N) 95 112 86 87 133
A 0.842 1.000 0.657 0.983 0.970
B 0.158 0.000 0.343 0.017 0.030
)(2 H-W 27.2282 - 18.5702 56.9982 0.111
H 0.266 0.000 0.451 0.034 0.058
LAP5
(N) 84 114 87 77 114
A 0.940 0.627 0.351 0.870 0.952
B 0.060 0.373 0.649 0.130 0.048
)(2 H-W 0.301 26.02¢ 1.477 0.061 0.265
H 0.112 0.468 0.455 0.226 0.092
IDH1
(N) 98 154 112 123 100
A 0.000 0.000 0.000 0.016 0.000
B 0.005 0.006 0.018 0.955 0.000
C 0.964 0.932 0.982 0.028 1.000
D 0.031 0.062 0.000 0.000 0.000
)(2 H-W 0.115 0.783 0.028 0.244 -
H 0.069 0.128 0.035 0.086 0.000
PGM1
(N) 115 178 120 106 103
A 0.000 0.011 0.117 0.000 0.000
B 0.104 0.885 0.804 0.071 0.000
C 0.865 0.104 0.079 0.929 0.000
D 0.030 0.000 0.000 0.000 0.728
E 0.000 0.000 0.000 0.000 0.272
)(2 H-W 23.9822 97.1212 7.488 0.571 5.074
H 0.240 0.206 0.333 0.131 0.396
PGI1
(N) 112 112 112 110 110
A 0.000 0.000 1.000 1.000 1.000
B 0.000 1.000 0.000 0.000 0.000
C 1.000 0.000 0.000 0.000 0.000
X2 H-W - - - - -
H 0.000 0.000 0.000 0.000 0.000
XDH1
(N) 120 120 120 37 37
A 0.000 0.000 0.000 1.000 0.284
B 0.000 0.000 0.000 0.000 0.716
C 0.975 1.000 1.000 0.000 0.000
D 0.025 0.000 0.000 0.000 0.000
X2 H-W 0.065 - - - 17.40%
H 0.049 0.000 0.000 0.000 0.407
6-PGD
(N) 56 56 112 117 101
A 1.000 0.000 0.741 0.000 0.119
B 0.000 1.000 0.259 1.000 0.881
X2 H-W - - 113.6322 - 0.365
H 0.000 0.000 0.384 0.000 0.209

N: number of 4th instar larvae analyzadP < 0.001h: P < 0.05; H: heterozygosity; -: monomorphic locus
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D (0.989) andAn. (Nys.) albitarsigndAn. (Nys.) darlingi  (Argyritarsis Section) had the highest identity value (I =
displayed lower D (0.344), thus separating the subgendr&09) indicating low genetic differentiation and a close
(Table 1lI). The presence of diagnostic alleles in PGI1 (Bhylogenetic relationship, separated fraém. tri-
and C alleles), XDH1 (C and D alleles only in the annulatugAlbimanus Section). Group Il consisted of the
Nyssorhynchusubgenus, anéd and B alleles in the two species of thAnophelesubgenus (Figure).
Anophelessubgenus) and PGML1 loci (A allele in the
Nyssorhynchussubgenus and to allele b A. o DITSCUSSION _ o
mattogrossensisf Anophelessubgenus) also contrib- ~ Genetic, biochemical and morphological studies in
uted to these results (Table I). anopheline populations have contributed to the elucida-
Species were separated in two groups, Correspondﬁi@'l and identification of species complexes, which are of
to both subgenera according to genetic distance valdgortance to a better knowledge of the malaria transmis-
among species. Group | clustered the three species in §ien and control. Cryptic species are very common in
NyssorhynchusubgenusAn. darlingiandAn. albitarsis  AnophelesTheNyssorhynchusubgenus, which includes

TABLE Il

Genetic variability at eight loci in fivAnophelespecies belonging to tiNyssorhynchuandAnophelesubgenera,
Amazon Region, Brazil

Mean sample Mean no. of % polymorphic Mean Heterozygosity
Population size/locus alleles/locus loci@ Observed Expected
An.(Nys) triannulatus 98.0+7.3 23+04 75 0.146 £ 0.073 0.166 £ 0.070
An.(Nys) darlingi 123.6 + 18 20204 50 0.171 £ 0.093 0.171 £ 0.080
An. (Nys.) albitarsis 106.8 £ 4.7 20+0.3 75 0.196 * 0.075 0.284 + 0.084
An.(Ano) intermedius 94.8+9.8 1.6+0.3 50 0.060 £ 0.031 0.060 £ 0.030
An.(Ano) mattogrossensis 98.9+9.8 1.8+0.2 75 0.149 + 0.056 0.175 + 0.058

a: a locus was considered polymorphic if more than one allele was deteetegected heterozygosity of Hardy-Weinberg; estimate
Nei's unbiased (Nei 1978)

TABLE Il

Genetic identity (above diagonal) and distance coefficients (below diagonal) amorgépbelepopulations Klyssorhynchus
andAnophelesubgenera) from Amazon Region, Brazil

Specie 1 2 3 4 5

1 An.(Nys) triannulatus Fhkkk 0.592 0.671 0.372 0.454

2 An.(Nys) darlingi 0.524 Fkkkok 0.709 0.413 0.545

3 An.(Nys) albitarsis 0.399 0.344 ke 0.399 0.566

4 An.(Ana) intermedius 0.989 0.884 0.919 Fkkak 0.689

5 An.(Ano) mattogrossensis 0.789 0.607 0.568 0.373 ko
0.40 0.50 0.60 0.70 0.80 0.90 1.00

An. triannulatus :| Albimanus Section

Nyssorhynchus
An. darlingi ) )
Argytarsis Section
An. albitarsis
An. intermedius Anopheles

| Laticorn Section
An. mattogrossensi

Oi40 I0.50 I0.60 | 0.70 | 0.80 | 0.90 | 1.00

Unweighted pair-group method, arithmetic avarege dendrogram foAfiephelesspecies based on their genetic identity values (cophenetic
correlation = 0.868).
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species of great epidemiological importance in Brazil, hatP92, 1999, Santos 1992, Fritz et al. 1995) and @fribph-
studies on genetic differentiation focused mostly on thelessubgenus (Lanzaro et al. 1990, Narang & Seawright
level of the genetic variability of the populations and fol994). Out of the five speciedn. (Ano.) intermediusnd
cryptic species recognition (Rosa-Fregal. 1990, 1998, An. (Nys.) darlingidisplayed the lowest variability and
Santos et al. 1992, 1999, Narang et al. 1993, Wilkersonddgree of polymorphism for all the eight loci analyzed (P =
al. 1995a, b, Manguin et al. 1999, Scarpassa et al. 199950). However, regarding heterozygosity, the lowest value
Even so, genetic studies with other sugbenera are sfdund was forAn. (Ano.) intermediug0.060 + 0.31),
incipient, which might be related to their lack of imporwherea#An. (Nys.) triannulatuandAn. (Nys.) albitarsis
tance in the malaria transmission. showed the highest polymorphism (P = 0.75) and more
Geographical differentiation i\n. darlingipopula- alleles perlocus (2.3 £ 0.4 and 2.0 £ 0.3).
tions has been observed in chromosomes (Kreutzer et al. Genetic distances were the lowest betwier{Nys)
1972, Tadei et al. 1982), morphology (Harbach et al. 1992)pitarsisandAn.(Nys) darlingi (0.344), and the highest
behavior (Charlwood & Hayes 1978, Charlwood & WilkedbetweerAn. (Nys.) triannulatuandAn. (Ano.) interme-
1979, Roberts et al. 1987, Rosa-Freitas et al. 1992) atids(0.989). These data are consistent with the interspe-
hydrocarbon profile (Rosa-Freitas et al. 1992). Isozymesific limits for genetic variation, according to the values
RAPD and sequencing of the gene ITS2 showed ho#sund for An. rangeli, An. trinkaend An. nuneztovari
ever, no significant differences in Brazilian and other Sout{0.319-0.449) (Fritz et al.1995) and forAn. pseudo-
America populations (Freitas-Sibajev et al. 1995, Manguipunctipennis An. franciscanus, An. cruciarend An.
et al.1999, Santos et al. 1999). For isoenzymes, most diag@bimanug0.335-2.355) (Manguin et dl995).
nostic loci that distinguisAn. darlingifrom other mem- The results from polymorphism presented in this pa-
bers of theNyssorhynchusubgenus are monomorphicper showed interspecific genetic divergence separating
throughout their distribution area. This was also observélde species in two groups, in accordance with their sub-
by us for LAP2and PGllloci. PGliwas also monomor- genera. Considering the genetic distance, the closest ge-
phic forAn.albitarsis, An. triannulatus, An. intermediusnetic relationship belonged tan. darlingi and An.
andAn. mattogrossensfer different alleles. The EST5 albitarsis while the highest genetic divergence was be-
LAP5, PGM1, IDH1, XDH1 and 6-PGD loci showed varia- tweenAn. darlingi and An. triannulatus Genetic dis-
tion for two or more species. tance values grouped the first two species in the same
Our data showed that most loci analyzed were polgluster and separatéah. triannulatufrom all other spe-
morphic for each of the five species, with a relative efies. These data are in part discordant with the phyloge-
evated specific variability (0.50 < P < 0.75) when competic relation based on morphologic characters for the
pared with other studies. Fritz et al. (1995) found a lowubgenusNyssorhynchusconducted by Sallum et al.
percentage of polymorphic loci (20.8 < P < 58.3) amon@000), who groupedn. albitarsis(Argyritarsis Section)
populations ofAn. nuneztovari, An. trinkaand An. andAn. triannulatus(Albimanus Section) in the same
rangelifrom Brazil, Ecuador, Bolivia and Venezuela. Thesglade, separated froAn. darlingi(Argyritarsis Section).
results might have been influenced by the small sample ACKNOWLEDGEMENTS
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