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Quantitative Phenetics and Taxonomy of Some
Phlebotomine Taxa
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Elucidating the evolution of Phlebotominae is important not only to revise their taxonomy, but also
to help understand the origin of the getuesshmaniaand its relationship with humans. Our study is a
phenetic portrayal of this history based on the genetic relationships among some New Word and Old
Word taxa. We used both multilocus enzyme electrophoresis and morphometry on 24 male specimens
the Old Word genuBhlebotomugwith three of its subgener&hlebotomus, Spelaeophlebotonaums
Australophlebotomysand on 67 male specimens of the three New World géfiardeya Brumptomyia
andLutzomyig (with three subgenera afutzomyia Lutzomyia, OligodontomyiandPsychodopygys
Phenetic trees derived from both techniques were similar, but disclosed relationships that disagree
with the present classification of sand flies. The need for a true evolutionary approach is stressed.
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The oldest known species of Phlebotominaesification (Lewis et al. 1977) has been generally
Phlebotomites longifiliendP. brevifilis two fos- accepted, though it was considered as premature
sil records described from Lebanon, lived abouby some experts of the NW sand fly fauna, and
120 millions years ago (MYA) (Lewis 1982). Thedifferent conceptions have been applied (Forattini
evolution of Phlebotominae since that time wad973, Ready et al. 1980).
probably driven by major tectonic events and re- Recent attempts to bring evolutionary insight
lated climatic changes that affected Pangaeato this classification were those of two indepen-
Phlebotominae are bloodsucking insects of tendent doctoral theses (Rispail 1990, Galati 1992).
perate and tropical regions showing significant difThey used Hennigian methodology (Hennig 1972)
ferences in ecological adaptations, endemisnbased on 100 (Galati 1992) and 28 (Rispail 1990)
relictuality and species richness. They include imadult morphological attributes. According to these
portant vectors df eishmaniaspp.,Bartonellasp. studies, the NW genud/arileya (Rispail 1990,
and Phleboviruses. Galati 1992) and the O\Bpelaeophlebotomasmd

The systematics of this subfamily, especiallyAustralophlebotomugRispail 1990) (bottPhle-
at the supraspecific level, has always been cobhetomussubgenera) appeared to have older, more
troversial (Lewis & Dice 1982, Lane 1986). In theancient origins than suggested by the present taxo-
last two decades, a conservative approach baseamic classification (Rispail & Leger 1998a). Both
on practical criteria (Lewis et al. 1977) led to thestudies disagreed, however, on the evolutionary
present subdivision of the Phlebotominae into sistatus of the NW genlBrumptomyiahat is close
genera: three Old World (OW) gene€hinius(1l  either toLutzomyia(Rispail 1990) or t&hleboto-
species),Phlebotomus(10 subgenera) and mus(Galati 1992), as well as that of the OW genus
Sergentomyié/ subgenera), and three New WorldSergentomyidnot included in our material), clus-
(NW) generaBrumptomyig22 species)Varileya tered withSpelaeophlebotomy&ispail 1990) or
(6 species) andutzomyia(26 subgenera) (Lane with LutzomyigGalati 1992, 1995).

1993, Young & Duncan 1994). This “stable” clas-  In the absence of available or relevant outgroup
for Phlebotominae, we used a phenetic approach
based on dissimilarity indexes, called here quanti-
tative phenetics. By this appellation, we mean a
non-phylogenetic approach intended to generate
hypotheses about evolutionary history, and based
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(Chavez et al. 1999). We applied it here to the malescently created.utzomyiasubgenu®ligodon-
of some species of sand flies belonging to widelyomyia(Galati 1995).
different genera. Quantitative characters are needed Twelve enzyme systems (ALDH, AP, HK, GPD,
because they are more suited to estimate gene®®l, IDH, ME, MDH, PEP, PGM, XDH and XO) were
differences than morphological attributes. To infun on cellulose acetate according to Richardson
crease their likeliness of producing relevant inforet al. (1986) and Dujardin et al. (1996). For genetic
mation about evolutionary history, they must beelatedness analysis, a phenetic approach was pre-
submitted to appropriate analyses. An UPGMA treferred to a cladistic one because our material did
was derived from genetic distances for isoenzymmeot include an outgroup for Phlebotominae (see
electrophoresis (Nei 1987, Solé-Cava et al. 1994). Afowever comments of Fig. 1). As an immediate
canonical variate analysis (multivariate discriminanmeasure of genetic divergence, we computed the
analysis) was applied to metric data (Pimentel 199daccard’s distances (Jackson et al. 1989) which do
Sorensen & Foottit 1992). Both statistical technot depend on gene frequencies or on locus count-
nigues have proved informative to outline evoluing (Table 1ll, below diagonal). From these dis-
tionary trends in other organisms (Simon 1992ances, an UPGMA tree was constructed.
Dujardin et al. 1999). Using a camera lucida, we measured eight char-
MATERIALS AND METHODS acters using feature_s of the head (AIII, third anten-
] nal segment; EP, epipharynx; P5, fifth palpomere);
Isoenzyme electrophoresis and morphometrihe wing (WL, wing length, WW, wing width) and
were applied to the same adult males of the followthe genitalia (GF, genital filaments; GP, genital
ing nine species (Table Warileyafourgassiensis pump; LL, lateral lobe). Size-free variables could
Le Pont & Desjeux 198%y. rotundipennifairchild  not be derived from our (log-transformed) data be-
& Hertig 1951, Phlebotomus (Spelaeophle-cause of lack of highly significant correlation be-
botomu$ gigas Parrot & Schwetz 1937P.  tween the first pooled within-group principal com-
(Australophlebotomus) notteghembeger &  ponent and some variables (Dos Reis et al. 1990).
Pesson 199%. papatasBScopoli 1786l utzomyia  Thus, discriminant analysis included size and shape
(Lutzomyia) longipalpi¢Lutz & Neiva, 1912)L.  variation. The derived Mahalanobis distances
(Psychodopygysgeniculata(Mangabeira 1941), (Mahalanobis 1936) (Table Ill, above diagonal) were
Brumptomyia pinto{Lima 1932) andLutzomyia also submitted to the same UPGMA tree-making

(Oligodontomyia) toroensie Pont, Torres- method as for distances derived from electro-
Espejo & Dujardin 1996 (Table I). The classificaphoretic data (Fig. 1, right side).

tion adopted here is from Young and Duncan (1994), The correlation between Jaccard and

who considePsychodopyguas a.utzomyiasub-  Mahalanobis distances was explored by the Man-
genus, but we groupdd toroensiswith two re-  te] test (10,000 runs), and illustrated by the expo-
lated speciesL( isopsiandL. oligodonta) in the nential relationship between both distances.

TABLE |
Origins of male insects and dates of capture

GenusPhlebotomugOW, n = 24)

P. (P.) papatas{n = 10) Laboratory rearing, Montpellier (France), 1996
P. (S.) gigagn = 4) Meya-N’'Zouari caves (République du Congo), 1996
P. (A.) notteghema@ = 10) Touaourou caves (Nouvelle Calédonie), 1997
GenusWarileya(NW, n = 20)

W. fourgassiensié = 10) Fourgassié caves (Guyane Francaise), 1985
W. rotundipennign = 10) Suapi (Bolivia), 1995

GenusLutzomyia(NW, n = 40)

L. (L.) longipalpis(n = 10) Santa Barbara, North Yungas (Bolivia), 1996

L. (O.) toroensign = 10) Toro Toro cave, Potosi (Bolivia), 1995

L. (P.) geniculatan = 20) Forest, Carrasco, North Yungas (Bolivia), 1997
GenusBrumptomyiaNW, n = 7)

B. pintoi(n = 7) Forest, Carrasco, North Yungas (Bolivia), 1997

Fresh material, used for isoenzyme electrophoresis and morphometry, was collected by light traps by one of us
(FLP) in the Republic of Congo, New Caledonia and Bolivia between 1995 andP1p8patasoriginated from the
insectary of the Faculté de Médecine, Université de Montpellier (Prof. JP DAd&urgassiensigrere mounted
specimens examined by morphometry only. OW: Old World; NW: New World.
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Jaccard Mahalanobis RESULTS

speL Isoenzyme analysisEach enzyme produced
bands for each specimen. A total of 95 different

w2 I electrophoretic band positions was recorded. In the
total sample covering both OW and NW species,

st | 37 alleles were found unique to one species, i.e.
some species had one or more alleles not shared

BRUM with other species. Notably, the NW genus

Lutzomyiashowed no unique allele. The maximum
number of shared alleles between two species was
found between a NWL( longipalpig and an OW

PsYC

e (P. papatagi species, while the minimum number
T 7 of shared alleles was found between either OW
(Spelaeophlebotomusith Australophlebotomys
o1 e 1000 or NW representatives (s&®arileyawith either

Psychodopyguar Oligodontomyid(Table I, top).
Fig. 1: topology of phenetic trees derived from either isoenSupdividing the total sample into OW on one hand,

zymes (left side) or metric data (right side). Shaded zon i
refer to Old World taxa. WARIWarileyg 1: Warileya “&nd NW on the other hand, unique alleles were

fourgassiensis(not examined by isoenzymes); . found more abundant in the former region (74%
rotundipennis AUST: AustralophlebotomysSPEL: Spelaco-  Versus 56%), although it was represented by one
phlebotomus BRUM: Brumptomyia PSYC: Psychodopy- genus only Rhlebotomus Conversely, the pro-
?ﬂfzo?nLy'g: Aﬂ:gggﬁr;thoemtzﬁo\/'\/tr'ill_e%azgfgg??hlgxlfe%Tszt:rik portion of alleles each region shared among its own
- i 0
ing differences in size, they were clustered together in th xawas lower in the O\N. (16/61, 26 /0). than among
metric tree, indicating poor size-effect in the disclosed relathe four NW taxa belonglng to three different gen-
tionships. UsingWarileya as a tentative outgroup, Hennigian era (34/77, 44%). Both regions shared a total of 43
methodology on isoenzymes produced a similar tree (resulgleles (45%, i.e. 43/95) (Table |1, bottom).

not shown). Presentation and scaling of the trees were ob- ; ; _ _
tained by TREE VIEW 1.5.2 (Copyrighi Roderick DM Metric analysis Although data were log-trans

Page, 1998 — r.page@bio.gla.ac.uk) on tree files generatgarmed before multivariate analysis, only three

by the PHYLIP 3.4 package. (37%) characters (EP, WW, LL) had a distribution
TABLE Il
Allelic composition of the total sample subdivided by taxa (top) or regions (bottom)
Taxa AUST SPEL PHLE LUTZ PSYC OLIG BRUM WARI
Total alleles 16 21 29 28 28 23 29 24
Unique alleles 2 5 4 0 6 4 8 8
Shared alleles AUST SPEL PHLE LUTZ PSYC OLIG BRUM WARI
AUST /
SPEL 2 /
PHLE 6 4 /
LUTZ 7 4 17 /
PSYC 7 3 8 15 /
OLIG 6 4 10 14 10 /
BRUM 3 6 11 14 8 8 /
WARI 5 8 6 4 2 2 6 /
Regions Old World New World
Total alleles 61 77
Unique alleles 45 43
Shared alleles between species Old World New World
Old World 16 (26%) 43 (45%)
New World 43 (45%) 34 (44%)

“Unique alleles” are alleles found in one species only (“unshared” alleles), either considering the total sample (top) or
each region separately (bottom). Region refers to either Old World, with three taxa, or New World, with five taxa (see
Materials and Methods). “Shared alleles” are alleles found in common between two species in the total sample (top), in
each region separately (bottom) or between two regions (bottom). The three first taxa are Old World species AUST:
AustralophlebotomysSPEL:SpelaeophlebotomuBHLE: PhlebotomusNew World species are LUTZutzomyia
PSYC:Psychodopygu®©LIG: OligodontomyiaBRUM: BrumptomyiaWARI: Warileya(W. rotundipennis
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TABLE 11l
Jaccard (below diagonal) and Mahalanobis (above diagonal) distances

AUST SPEL PHLE LUTZ PSYC OLIG BRUM WARI

AUST 2330 669 809 1214 944 1397 293

SPEL 0.94 949 944 1280 867 486 1693
PHLE 0.85 0.88 58 350 148 237 764

LUTZ 0.81 0.89 0.57 388 61 237 787

PSYC 0.81 0.94 0.85 0.66 391 477 998

OLIG 0.82 0.86 0.73 0.62 0.78 231 777

BRUM 0.93 0.87 0.78 0.69 0.85 0.83 1182
WARI 0.86 0.80 0.88 0.92 0.96 0.96 0.80

Below diagonal are the Jaccard’s distances (Dj) derived from electrophoretic data. Above diagonal are the Mahalanobis
distances (Dm) computed from discriminant analysis on (log-transformed) measurements of head, wing and genitalia
characters. The three first taxa are Old World species Ald83tralophlebotomysSPEL: Spelaeophlebotomus

PHLE: PhlebotomusNew World species are LUTZutzomyia PSYC:Psychodopygy<OLIG: Oligodontomyia

BRUM: BrumptomyiaWARI: Warileya(W. rotundipennis

that conformed with normality, and only two werel977), these groups should have important geo-
compatible with homoscedasticity (equal variancel®gical times of divergence between them. For such
among groups) (detailed results not shown). Nodistant taxa, electrophoresis of isoenzymes is usu-
mality and homoscedasticity are the current asdly notrecommended (Thorpe & Solé-Cava 1994),
sumptions of discriminant analysis (also called cawhile discriminant analysis on continuous charac-
nonical variate analysis), however departure frorters, which was used here as an exploratory “phy-
these assumptions are known to have little influogenetic” tool (Sorensen & Footit 1992, Sorensen
ence on analysis (Pimentel 1992). Discriminant992), remains controversial (Crespi 1992).
analysis was highly significant (P < 0.000 after Neither proteic nor metric trees respected ge-
Wilk's test) (Wilks 1932). ography (Fig. 1); they were, however, very similar
Correspondance between analyssth trees between them, and this congruence was hardly
produced the same topology except for the closeompatible with chance alone. Cladistic trees based
clustering ofWarileya and Australophlebotomus on adult morphology showed similar patterns as
after morphometric analysis, or the closer clustepurs regarding the external positionsvdrileya
ing of Warileya and Spelaeophlebotomuastter  (Rispail 1990, Galati 1992) a&pelaeophlebotomus
isoenzyme analysis. These three genera were tfiispail 1990, Rispail & Leger 1998a), but disagreed
most external ones in both trees (see Fig. 1). Grougegarding the respective positionBofimptomyia
ing them into one OTU (organizational taxonomic
unit), morphometrics and isoenzyme data produced
the same topology. For at least six OTUs to pro-3000 Dm
duce by chance an identical topology after differ-
ent techniques, the estimated probability was 0.001 o
(1/945, see Nei 1987 p. 290). 200
A further measure of agreement between bot’
approaches was the significant correlation (Man
tel test, P = 0.0028 after 10,000 runs) disclosed b
tween Mahalanobis and Jaccard’ s distances, whicrn)
was illustrated here by an exponential relationship

(Fig. 2).

ot

DISCUSSION

In our material composed of male specimens,
three taxonomic groups are located on different
continents, (i) the ,,OWPhIebOtom,usand Fig. 2: plotting of Mahalanobis (Dm, vertical axis, metric
Spelaeophlebotomugii) the Australasian OW  data) against Jaccard (Dj, horizontal axis, isoenzyme data)
Australophlebotomuand (iii) the remaining NW distances, showing the positive and significant correlation
taxa. As vicariant products after fragmentation an@etween them (P = 0.0028 after Mantel test, 10,000 runs).

: : - The curved line represents the exponential relationship
reSUItmg drift of Gondwanan plates (LEWIS et aIbetween distances (coefficient of determination was 0.62).

0
0.5 0.6 0.7 0.8 0.9 1.0
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and Psychodopyguyshoth of which are closer to Parsons 1996). Lewis and Dyce (1982) suggested a
Lutzomyiathan toPhlebotomusNote, however, Southern origin foAustralophlebotomysand re-
that betweerLutzomyia(NW) andPhlebotomus gretted the absence of available data about the Chil-
(OW), Rispail (1990) did not produce distances sigean fauna. For this reason we included in our mate-
nificantly higher than zero. rial the Lutzomyiasubgenugligodontomyiare-
Three salient features were shared by electratricted to the south-western parts of South America,
phoretic and metric data, (i) a high degree of diveiincluding Chile (Galati 1995). However, our data pro-
gence of eitheiSpelaeophlebotomu@®W) or vided no clear evidence of close similarity between
Warileya(NW) with other taxa, (ii) a slightly lower OligodontomyiaandAustralophlebotomudaccard
degree of divergence ddustralophlebotomus 0.82/Mahalanobis 944, see Table IlI).
(Australasian region) with South America, relative The close proximity ofPhlebotomusand
to Africa, and (iii) the pairing dPhlebotomu$OW) Lutzomyiaaccords with their lack of relevant mor-
with Lutzomyia(NW), closer together than to anyphological differences (see Abonnenc & Leger
other genera or subgenera with which they werE976). According to Ashford (1991), these two gen-
expected to show more affinities. era were defined on the unique criterion of geogra-
The pairing of the OW subgen8gpelaeophle- phy. Partial ribosomal sequences comparisons
botomuswith the NW genudVarileyaafter isoen- showed that some speciesRiflebotomusould
zyme analysis in a separate, external group (Fig. jdeed cluster with somkutzomyiaspecies
could be supported by the presence in these tWDepaquit et al. 1998). Coincidentally or not, they
taxa of somelesiomorphicstructures recognized are the sole genera containlmgjshmaniavectors.
in fossil Phlebotomitespecies (120 MYA), such Our measurements of proteic and metric divergence
as rounded wings, a complete inter-ocular sutureshowed that they were closer together than they
legs ratios, as well as the unusual feature of rodse to their corresponding subgeneBpdlaeo-
near the sperm pump (Lewis 1982). The similaritiephlebotomusAustralophlebotomysand Oligo-
of these taxa with fossil records of 120 MYA (Lewisdontomyia Psychodopyguysrespectively). It is
1982), and their external positions on either pheworth noting that this unexpected proximity was
netic (this paper) or cladistic trees (Rispail 1990predicted by the hypothesis of a Neotropical ori-
Galati 1992), lend support to the idea that they exjin of the genukeishmania[Noyes 1998).
isted in Gondwana before continental fragmenta- How far our phenetic approach contains rel-
tion, and that their populations would have beeavant phylogenetic information is however a mat-
subjected to division as the continental plates beer of chance. Provided that the rate of gene substi-
gan to separate. According to this hypothesis, thaytion does not vary greatly among evolutionary
could be assembled within the same separate, siseages, the UPGMA tree-making method based
ter taxon. on electrophoretic data usually contains reliable
The subgenu®ustralophlebotomsi is re- phylogenetic information (Nei 1987 p. 311, Sole-
stricted to the Australasian region. It was classi€ava et al. 1994). On the other hand, since discrimi-
fied by Lewis and Dyce (1982) as a subgenus afant analysis of metric data focuses upon
Phlebotomusbut our study indicated relatively “unshared” variation (Pimentel 1992), which may
more affinities ofAustralophlebotommwith South be considered apomorphic variation (Sorensen &
American than with Afrotropical species (Fig. 1).Foottit 1992), it also could portray phylogenetic
There were fewer electrophoretic differences withelationships (Sorensen 1992). In this application,
the NW genud utzomyia(Jaccard 0.81, Table Ill discriminant analysis is poorly affected by non-
below diagonal) and related subgenera (0.81-0.82prmality and heteroscedasticity, unless the sample
than with Phlebotomug0.85) orSpelaeophle- sizes are strongly unequal (Pimentel 1992). Our data
botomug0.94). Remarkably, there was a very lowegarding OW taxa were in agreement with the cla-
metric distance with the genu®arileya distic approach proposed by Rispail and Leger
(Mahalanobis 293, Table Il above diagonal), whicl{1998a). However, the pairing Bhlebotomusind
parallels the observation of primitive characters, asutzomyiashould be regarded with caution, since
those described fowarileya in someAustra- a phenetic approach could be seriously invalidated
lophlebotoma species (Lewis 1982, Lewis & Dyceby homoplasy, convergence, or by strongly un-
1982). The relatively lower divergence betweerequal evolutionary rates. This prevented us from
Australophlebotomusnd South American taxa proposing a new classification to replace the cur-
could be attributed to either convergence or content one. We believe that to help answer these ques-
mon ancestry. For other insects, morphological simiions, true cladistical methods should be used
larities between Australasian and South AmericafRispail & Leger 1998a,b), based on relevant and
taxa were related to possible exchanges durimacticable outgroups. In this regard, our data, as
Eocene and Oligocene (55-25 MYA) (Moore 1978well as previous ones (Rispail 1990, Galati 1992),
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suggest thatVarileyaand/orSpelaeophlebotomus ies of geographic differentiatioBrazil J Genefl3:
could be interesting candidates. 509-520.

There is no doubt that DNA sequencing shoul@ujardin JP, Chavez T, Moreno JM, Machane M,
provide more accurate estimations of genetic di- Noireau F, Schofield CJ 1999. Rhodniini: the value
vergences among main groups of sand flies, how- of traditional morphometrics as a phylogenetic ap-

- . . proach.J Med Entomoin press.
ever such data are presently lacking. Besides, ISO80);iardin JP, Le Pont F, Cruz M. Leon R, Tarrieu F

zyme electrophoresis techniques suffer from prac- “ G, gerian R, Echeverria R, Tibayrenc M 1996. Cryp-
tical constraints such as accessibility to frozen ¢ speciation inLutzomyia(Nyssomyi trapidoi
material, which makes it difficult to assemble speci-  (Fairchild & Hertig) (Diptera: Psychodidae) detected
mens from different continents. Also, it is impor- by Multilocus Enzyme Electrophoresfmer J Trop
tant to gather more information on various repre- Med Hyg54: 42-45.

sentatives of the main sand fly taxa, including th&orattini OP 1973Entomologia MédicaPsychodidae.
large genuSergentomyiavhich we did not study. ~ Phlebotominae. Leismanioses. Bartoneloda 4,
Thus, morphologic and morphometric studies on_ Edgar Bliicher Ltda., Sao Paulo. .
adults should be further explored, and could b alasu_ 'tEAB éggzhsés_aemagcapc\ios, Ptﬂﬁibo_tongpae
also improved by the use of larval characters égﬁlgr%ssgg_ odidae) das Americashesis, Sdo
(Vattier-Bernard 1971, Parsons 1996). Other candi; 451 EAB 1995. Phylogenetic systematics of
date characters, such as the spermatozoa (Dallai et ppjepotominae (Diptera: Psychodidae) with empha-
al. 1984) and the chromosomal structures (White & sis on American group8ol Dir Malariol Saneam
Killick-Kendrick 1976), should be considered, along Amb35; 133-142.

with molecular data, to provide a more completéiennig W 1972. Insektenfossilien aus der unteren Kreide.

analysis (Rangel et al. 1996). IV. Psychodidae (Phlebotomina&}uitt Beitr Naturk
241 1-69.
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