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LUTZOMYIA LONGIPALPIS IS A SPECIES COMPLEX: GENETIC
DIVERGENCE AND INTERSPECIFIC HYBRID STERILITY
AMONG THREE POPULATIONS
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PHILLIP (i LAWYER. anp ALON WARBURG
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Yiarviand.

Troprcal Discase Rescarcit Procvame S oot on U eterorary Medicme. U onensiagad S acionadd,
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Abstract.

The sand 0y Luizonnua ioncipalpes s the vector of Lesiniiiid donovant

chagasiin Latin America. An analysis of genetic variability at 27 enzvme coding loct among
three laporatory populations ot L. loneipalpes revealed substantial geneuc pohy morphism.
Levels of genetic distance between all pairwise comparnisons of colonies were very high.
and consisient with those previousls reported among separate species in the genus £
Zonyid. Between 7% and 22% of the loct studied were diagnostc tor any two of the colony
populations. Experimiental hvbridization between colonies resubted v the production of
sexually sterile male progeny. Our results provide strong evidence that L. ronepaipis exists
in nature as a complex ot at least three distinet species. The possible effects ot colonization
on the genetic makeup ol laboratory populations is considered 1n extending our results 1o

natural populations.

Visceral leishmaniasis is a potenually tatal dis-
ease affecting large populations in many parts of
the world. In Latin America alone. some 1.6 mil-
lion people are considered at risk. and almost
200.000 cases occur annually.! The causative
agent is Leishmania donovani chagasi. which is
transmitted by the Phlebotomine sand fly Lut-
zomyia longipalpis. Dense populations of L.
longipalpis are frequently associated with human
habitation in many of the drier regions of Latin
America. The species has been found in all known
foci of visceral leishmaniasis and is a proven
vector in some of them.*-* More recently, L. d.
chagasi has also been isolated from persons with
a nonulcerative form of cutaneous leishmaniasis
in Central America.” ~ Lutzomyvia longipalpis was
the predominant anthropophilic sand fly in these
fori as well.

The geographic distribution of Lu. longipalpis
extends from Mexico to southern Brazil and con-
sequently covers a variety of habitats. This large
range ts subdivided by mountain ranges and zones
of unsuitable climate that apparentlv pose for-
midable barriers to migration. Phlebotimine sand
flies are generally poor fliers with movement re-
stricted to short, flight-assisted hopping. Flight
ranges for several neotropical species in the genus
Lutzomyia have been estimated not to exceed

93-22762
WRADunmE -

100 meters ina 24-hr period.” Wind-assisted dis-
persal has been shown not to be significant.” Geo-
graphic isolation among populations of a species
with low vagility can promote genetic divergence
resulting from genetic drift and/or selection for
adaptation to regional habitats. Eventually post-
zygotic or prezvgotic reproductive isolating
mechanisms (RIM) mayv evolve. If reproductive
isolation occurs. such populations become in-
dependent gene pools. each representing a spe-
cies that follows a distinct evolutionary trajec-
torv. Ward and others have suggested that Lu.
longipalpis may be a species complex.”' Their
conclusions were based on a series of attempted
matings between populations that differed in the
number of pale spots on the abdomens of males
(one pair of spots versus two pairs). Thev did
not find sperm in female spermathecae and sug-
gested the existence of pre-RIM. In the few cases
in which hybrids were produced. both sexes were
sexualily fertile. Although their results are inter-
esting, the failure of mating in caged populations
cannot be taken as proof of pre-RIM 1n nature.
A study of the genetic structure of a single pop-
ulation of Lu. longipalpis from Bolivia. consist-
ing of a mixture of individuals that varied in
body size. revealed no evidence of significant
genetic divergence among different body size
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Malic acid dehvdrogenase-2 AT MDH-2 CAT
Malic enzyme-1 ISR NME-] AT
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Mannose-o-phosphate
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Peptidase-~1 RIS PEP-§ CA-N
Peptidase-2 I PEP-2 CA-3
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dehvdrogenase 11134 6-PGD CA-TY
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Phosphoglucomutiase 278 PGM TBE
Sorbitol dehvdrogenase 1LY T4 SODH CA-§

*E.C. = Enzvme Comnmission.

+ CA-8. gel bulfer = 0.074 M Tris, 1009 M ocitric acid, pHE N 4% tundiiuteds. electrade butler = 137 A Trs s 31 M otne send. pH a1 adilated
13 for the cathode and 14 for the anader Cgel butfer 002 N Ciree acid, pH6 9 cundihuteds. civvirode butliee - 20 A Crarie aaid, pH =
tundifuted) (pH toe butler C s adjusted with N 3-ammnopropytomorphobinet € A-T getbutfer - 0009 T a3 S toancaoad. pH 7 o fundiiuted
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clectrode bulter = 0 223 M Tns. 0.093 M aitnic aad. pH S 2 rdiduted 310 2 TRE = 61 M Trs, 008 M bone aad. 002 M EDTA pH ¥ A iundiiute s
reel and electrode butfer are wdentical)

groups.'! The purpose of the work we report here partment (4°11'N, 74°18'W) in 1989, The Costa
was to estimate the level of genetic divergence  Rica colony was started with flies collected by us
among laboratory populations of Lu. longipaipis  near Liberia. Guanacaste province (10°37'N,
that originated from three widely separated lo-  83°26'W) in 1991, The locations of collection
calities and to determince if post-RIM exist that  sites are shown in Figure 1. Ali colonies were
may be involved in the maintenance of diversity  maintained as described by Modi and Tesh.
in nature. The Colombia and Costa Rica colonies were
started with the progeny of more than 100 field
MATERIALS AND METHODS collected temale flics.

Sand fly colonies I1sozvme analysis

The Brazil strain of Lu. longipalpis originated The whole bodies of individual adult flies were
in Lapinha caves near Belo Horizonte. Minas  homogenized in 7 pl of distitled water. Homog-
Gerais (approximate ccordinates 20°0°'S. 44°0'E).  enates were applied to horizontal 12.5% (w/v)
The Colombia colony was derived from flies col-  starch gels for electrophoresis using stanJard
lected by R B. Tesh near Melgar, Tolima de-  procedures.'* ' Five different bufler svstems were
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Liberia
Costa Rica {
Melgar g%
Colombia ,
q {J Belo Honzgnte
\ S Brazil ;
\E x N
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¥-4 Qv/

Figure 1. Localities of the populations that pro-
vided sand flies for colonies.

used to maximize electrophoretic separation of
enzymes. These are given. along with references.
in Table 1. Enzyme-specific histochemical stain-
ing procedures were used to visualize bands on
gels.'s '* Discrete zones of staining activity on
gels were assumed to be controlied by singie loci
coding for specific enzyme products. The prod-
ucts of 27 putative enzyme loci provided ade-
quate r=solution to study variability. Loci coding
for the same enzyme were designated numeri-
callv in sequence from most cathodal to most
anodal. Alleles were scored on the basis of the
distance bands migrated through the gel with ref-
erence to the most common allele. which was
given the r/ valve of 1.00.

Hvbridization experiments

Virgin fcmales (6 hr or less post pupal cmer-
gence) of one colony were placed in a cage with
males from another colony. Two davs later, fhes
were fed blood and four davs thercafter were
transferred to an oviposition container. All in-

TABLE 2

Genetre variabiliny at 27 enzvme locr in three laborarory
colonies of Lutzamyia longipalpis

Propor.

e ot

Mcean - SEM Mcean - SEM I

no. ot afieies heteross gostiy o -
Colom ner locus per jocus maorphic®
Brazi! 1.22 = 0.08 0.057 = 0.028 0.222
Colombta 1.33 =0.11 0071 = 0.627 0.296
Costa Rica 1.44 = 0.13 0.058 = 0.026 0.370
Overali 2,00 =021 0.057 » 0.018  0.593

* No cnenon
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TabLe }
Frequencres ar gene loct ditfereniiaring coiomes of Lutz-
omyia longipaipis

Locus (r1)* Branl Colembia Costa Rics
ALD
N 10 10 th
100 1.000 0.000 100G
81 0.000 1.000 O.00u
GOT-1
N o 68 76
100 ¢.007 1.000 (3,993
131 (0.993 0.000 000G
28 0.000 0.000 0.7
ME-1
N 34 34 30
100 0.000 1.000 1.000
92 1.000 0.000 0.000
MPI
N 19 20 19
100 0.000 0.575 (.447
45 0.000 0.000 0316
&0 0.000 0.425 0.026
120 0.026 0.000 0.211
145 0.974 0.000 0.000
PEP-!
N i1 15 i3
100 0.000 1.000 0.679
109 1.000 0.000 0.321
PEP-2
N 14 16 io
100 0.250 0.969 0.969
133 0 750 0.031 0.031
PGM
N 21 24 20
100 0.952 0.083 .00
125 (1,038 (4917 (.00
P42 {).000 0000 (&7 %
16" 0.000 0,000 N A
SODH
N 22 15 N§!
LOO 1.000 U.167 1.004:
67 1.000 0.000 (.000
125 (3.000 0.833 000

* o rato of the distance a band magraies through the
e astance that the most common band mugrated - LD
dobine GOT-1T 7 glutamate onaloacetate transaminase. D NE- L muat
enzvme-T AP mannese-bophosphate omerase PEP Pepingase
I PEP-2 = peptidase-2 POM - phosphagiucomutase SO sorbaed
detndrogenase

Yo an mme

tercolony crosses and reciprocals were achieved.
Crosses between individuals from the same col-
ony were likewise conducted as controls. Eggs
were counted. the larval hatch was estimated.
and the mean number of F, adults per female
was calculated. Sterility in hybrid males was de-
termined by microscopic examination of testes.
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The tesics and distal portion of the vasa defer-
entia were dissected and transferred to a small
drop of saline on a microscope slide and a cover
siip was added. The gross appearance of the testes
was noted. Gentle pressure was applied to allow
examination of the contents of testes. The prep-
aration was examined under differenual inter-
ference contrast illumination. Sperm viability was
determined based on total numbers and unifor-
mity of morphology as compared with parenial

LANZARO AND OTHERS

RESULTS

1sozvme survey

Eleven of the 27 loct (40.7%) studied were
monomorphic throughout the sample. Three of
the 16 polvmorphic loct were diallelic, and man-
nose-6-phosphate 1somerase was the most poly-
morphic locus. being coded for by a 1otal of five
alleles. The observed mean = SEM heterory-

males.

gosity per individual (H) throughout the sample

CO BZ CR

CO BZ CR

A B

G LT
P oF 34 567891011121

'2'314 56 789 101112131415

‘ ' “w wgph o

CcO CR BZ

coO CR

s
i

G

| ety

D

FIGURE 2. Gels illustrating the phenotypes of certain diagnostic loci for specics in the Lwzonnvia longipalpes
complex. A, malic enzvme (ME). Lancs [-3 and 7-9 are MF'" homovygotes and lanes -6 are ME™ homory gotes.
B, mannose phosphate isomerase (MPI). Lancs 1-3 are MPI™ homozvgotes. lanes 6-8 are MPH** homozyvgotes.
fanes 9 and 10 are MPU'"'/MPI'** heterozygotes. lane 11 15 an MPI'" homorvgote. lanc 12 1s an MPI* ho-
mozygote, lane 13 1san MPI* homozygote. tane {4 isan MPI' homozygote. and lanc 13 isan MPI* homosvgote.
C, glutamate oxatoacetate transaminase-1 (GOT-1). Lanes 1-10 are GOT1'* homozygotes and lanes 11-15 are
GOT-1'*" homozvgotes. D, peptidase-1 (PEP-1). Lanes 1~4 are PEP-1!'" homozygotes. lanes 5-9 are PEP-1'"
homozygotes. lanes 10-12 are PEP-1'"" homozygotes, and lane 13 1s a PEP-1"""PEP-1"" helcrozygote (the
products of the peptidase-2 focus can be seen as faint bands towards the top of the gel). CO = Colombia; BZ =
Brazil: CR = Costa Rica.
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TABLE 4
Nei unbiased genetic distances fabove diagonal) and
genetic similarities (below diagonal;. ame: o three
1 .utzomyia longipalpis laboratory colonies

Lolony Brasi! Colombia Costa Ricu
Brazil - 0.333 - 0.253
Colombia 0.717 - 0.121
Costa Rica 0.775 0.886 -

was 0.057 = 0.018 (Table 2). Each of the 14
polymorphic loci carried alleles that v e unique
to a single colony. Seven loci possessed unigue
alleles which were fixed. or nearly s¢ 11 nne col-
ony (Tabic 3 and Figure 2). Consequently. the
levels of genetic divergence a  “ng the three _ol-
onies, as measured by genetic distance (D)%, were
very high (Table 4). The diagnostic values of loci
were calculated using the method of Avala and
Powell;*" a locus was considered diagnostic if it
could be used to correctly assign a flv to the
population from which it came with a probability
greater than 99%. Using this criterion, there were
six loci that were diagnostic for the Brazil and
Colombia colonies, five loci diagnostic for the
Brazil and Costa Rica colonies. and two loci di-
agnostic for the Colombia and (osta Rica col-
onies (Table 5). Using multilocus genotypes. cor-
rect identifications can be achieved with a
probability exceeding 99.99% for anv combi-
nation.

Hybridization experimenis

Table 6 summarizes the results of hybridiza-
tion experiments. Among the control crosses. cach
female laid an average of 2i.65 eggs (not counted
for the Co'>mbia colony). The mean number of
eges laid among temales outcrossed to maies of
different strains was 29.76. Survival of F, gen-
erations to thie aduli stage was lowest in the Brazil
colony (22.6%) and was $4.0% in the Costa Rica
colony. The 'nean percent survival 1o the aduit

I.
'l

stage among the progeny of five intercolony
crosses was 37.7%, which was substantiallv high-
~r than that observed in the control crosses. In
outcrossing colony strains, one might expect in-
creased vigor in the F, resulting from heterosis.
The reproductive svstems of progeny males from
control crosses appearcd normal and contamed
nur “.wuas matire spermatozoa (Figure 3A). The
gross appearance of testes and vasa deferentia in
inte-colony hybrids did notappear diffcrent from
i use of the progeny of control maungs. How-
ever, their testes contained only few normal sperm
a . uumerous abnormal ones (Figure 3B). Only
in the cross betwe~n Colombia females and Costa
Rica males were somne hybrids observed that had
testes containing normal spermatode i. A sample
of F, males from this cross were electrophor~sed
and the gels were stained for enzvme systems
th~* were Giagnostic for the Colombia and Costa
Rica colonies. The results confirmed that a per-
.age of these males were 1n fact demved from
Colombia females that were not virgin when used
in the cross. Tnose meales that had normal sperm
were probably the resuit of 1this contaminauon

DISCUSSION

We 1nitially analyzed ou, data by pooling ali
individual genotypes and treating them as a sin-
gle population. The level of genetic polymor-
phism in the overa!! sampie studied was high.
Fintv-nine percent of the 27 loci studied carmed
two or more alleles. however. the mean hetero-
7vgosity was relatively fow (5.7%. Table 2). The
reason for th1  1sparity was taat alleles were not
distnibuted randomly among the three colom
populations. The degree of genetic structuning
among colony populations was profound: even
o1e of the 16 polymorphic loct carried at least
one allele that occurred 1o only a single colony.
When the data were partitoned to determine
genetic vanability tor e~ch individual colony. the
mcan heterozygosity averaged for the thice coi-

TABLE 3
Diagnosiic values of seven loci for distinguishing colonies of Lutzomvia longipalpis®

Companson ALD GOT-! ME 1 AP PEP-} PGM SODH
Brazil versus Colombia 1.000 0.999 1.000 0.999 1.000 0.945% 1.000
Brazil versus Costa Rica 1 0.999 1.000 34.999 t 1.000 1.000
Colombia versus Costa Rica 1.00C t t + t 1.000 05861
* ALD = aldolase; GOT-1 = giutamate oxaloacetate transaminase- 1: ME-t = mahe enzvme-i. MPI = ma .nose-¢ phosphate somerase, PEP-1 -

peptidase- i PGM = prasphuglucomutase. SODH = sorbito) dehydrogenase

+ Not duagnostic.
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TABLE 6
Results of laboratory hybridization bet veen pairs of three laboratory coiontes of Lutzomyvia longpalpis®

Totat no. No. of femalvs Mean no. of Mean no of F Fosperm

Female x male hloodfed oviposited eges female adults tes ale viabiho t
Control

BZ x BZ 48 - 33 265 6.0

CO x CO NC NC NC NC -

CR x CR 20 17 16.8 74 -
Experimental

BZ x CO 24 16 431 274

CO x BZ 23 16 39.8 24.0

BZ x CR 26 20 33.7 24.0

CR x BZ 48 41 15.8 6.5

CO x CR NC 20 NC 10.5 -

CR x CO 58 5C 14 4 7.8

* BZ = Brazil: CO = Colomiia: NC = not cour’ed. CR = Costa Rica
t + = viable: - = inviabic,

onies was 6.2%. essentiallv the same as for the
overall sample, However, the proportion of poly-
morphic loci decreased from 0.593 in the overall
sample to0 0.296 on average in the three cclonies.

Since the level of genetic divergence between
colonies can be best summarized by calculating
pairwise values for genetic distance. we used the
procedure of Nei'® (Table 4). Estimates of genetic
divergence were quite high. The levels of genetic
distance we observed were in fact equivalent to
those reported among closely related species in
the genus Luwrzomyia (these included compari-
sons between "u. tovwnsendi, Lu. spincrassa. Lu.
voungi. Lu. longiflocosa. Lu. quasitownserndi, and
Lu. sauroida).”' In the same study Kreutzer and
others reported that the genetic distance aver-
aged for comparisons between L. fongiflocosa.
Lu. quasitownsendi. and Lu. sauroida was 1D =
0.010. leading them 1o suggest thai these 1asa
may be conspecific. The values we observed were
an order of magnitude higher than this. suggesi-
ing that the level of genetic divergence between
pairs of our three colonies more closely rescmbic
the relationships between species in this genus.
rather than local populations within a singie spc-
cies.

The comparisons we describe here are among
laboratory populations. and it is well known that
laboratory colonies are affecied by forces that
may have a significant impact on their genetic
makeup. How much of the genetic divergence we
observed may be an artifact of the colonization
process? The most common change in colony
genetic makeup is decreased heterogeneity.”” This

may ~=sult from genetic drift and/or selection. If

we consider two colonies of the same species.

loss of heteroge neity wall sigmificantly impact ge-
netic distance on:v if an allele at a polymorphic
locus approaches iixation n one colonv and an
alternate allele approaches fixation 1n the other.
In our study. this wovld have had 1o have hap-
pened at eighi different loci (Table 3). This 1s
highly uniikely. considering that two of the col-
onies were newlv established using eggs pooled
from more than 100 wild-caught females. The
only information available on genetic heteroge-
neity 1n natural populations of Lu. iongipalpis
comes from a single population in Botivia. where
observed heterozygosity was measured at 0.037:°
this value was lower than that for any of our
colony populations (Table 2). Thus. if this value
1s ivpical, heterozygosity was not likely 1o have
decreased significantiy during colonizatuon.
Anotier phenomenon that mav aflect the ge-
nctic makcup ot colony populations is the evis-
tence of balanced polvmorphisms. which result
in excessively high heterozygosity at those loc:
affected.’” Excess ve heterozyvgosity at a few loo
may obscure otherwise lower than normal values
when averaged over all joci. Balanced polyvmor-
phisms are the result ot inkage to recessive lethal
genes. in which case only helerozvgotes survinve.
An analvsis of goodness of fit to Hardy-Wein-
berg genotypic frequencies was performed for the
three colontes. No significant excess of hetero-
zygotes was observed. We believe that the high
level of divergence between colonies cannot be
adequately explained by independent coloniza-
tion. We therefore conclude that this divergence
reflects the situation in nature. and that our re-
sults provide potential genetic markers that
should be useful for identification in the field.
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FIGURE 3.
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A. appearance of normal. mature sperm ol Lurzonnvia fongipalpis. B the typical appearance ot

the abnormal sperm produced by intercolony F. hyvbrid males. in this case the product of a cross between &

Brazil female and a Colombia male. (Magnification ~

even in situations where the three species occur

in svmpatry. It follows that some mechanism
must exist that permits high levels of gencuc
divergence to persist among natural populations.
Given the extent of the observed genetic diver-
gence. 1t is hikely that this mechanism severely
limits the amount of gene flow among different
popuiations. In addition to geographic isolation.

2.000.)

post-RIM would produce such an eftect and are
amenable to analvsis in laboratory situations.
In hybridization experiments. which included
all pairwise matings and reciprocal crosses. we
observed sterility in male progeny from all in-
tercolony crosses (Figure 3B). In each of the con-
trol (ntracolony) crosses. males were sexually
fertile (Figure 3A). The status of hvbrid females
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was not assessed. In only one case did some hy-
brid males appear to be fertile. but this was prob-
ably due to experimenial error, resulting from
failure to separate the sexes from the stock colony
before tney began mating among themselves. This
was evidenced by the presence of homozygotes
for maternal allozymes in some F, progeny. It is
not likely that this mating incompatibility arc .z
in colony because the Colombia colony was es-
tablished less than two vears prior to the tume
these expeniments were conducted and the Costa
Rica colony was in the second to sixth genera-
tion. Hybnd sterility i1s a common sequela of
interspecific hvbridization and is generally con-
sidered as an indicator of species status for the
two parental forms producing sterile progeny.”}
Our results indicate that Li. longipalpis is net 2
single species. but exists 1n nature as a complex
of at least three sibling species.

Genetic divergence among vector species can
include genes that affect vectorial capacity. The
best known examples come from closelv related
anopheline mosquitoes that vary dramaticallv in
their imporiance as vectors of malaria. While the
overwhelming majority of L. d. chagasi infec-
tions in Latin America result in life-threatening
visceral leishmaniasis. our newly characterized
Lu. longipalpis species trom Costa Rica transmit
genetically identical L. d. chagasi that cause cu-
taneous lesions and do not viscerahize." ~ Prelim-
inary results indicate that the saliva ot this spe-
cies does not contain a vasodilatory peptdc
(Warburg A and others. unpublished data). that
was previousiy identified in the sahiva of the Bra-
zilian species. * Because sahivary gland [vsates
from Lu. longipaipis (Brazil) have been shown
to enhance the development of cutaneous leish-
maniasis intections,”” polvmorphismsin salivan
composition may be an important factor deter-
mining the eprdemiology and perhaps nathology
of the leishmamases.
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