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Abstract. Sand flies in the psychodid subfamily Phlebotominae carry important human
pathogens in the trypanosomatid protozoan genus Leishmania (Cupolillo). Despite the
fact that hundreds of sequences for this group are now publicly available, they constitute
different sets of taxa and genetic markers. Integrating these data to construct a molecular
phylogeny of the family is a significant bioinformatics challenge. We used sequences
of eight markers obtained from freshly collected sand flies from Ethiopia and combined
them with over 1300 publicly available sequences, performing a combined analysis after
generating single terminal sequences from ancestral reconstructions for some individual
markers. The resulting phylogeny had 113 terminals and recovered Phlebotominae and
certain species groups as monopheletic. Although the 20 outgroups in Psychodinae were
recovered as a well-resolved clade with bootstrap support for many internal clades,
Phlebotominae was recovered as several lineages with unclear relationships among
them. However, phlebotomines clustered by geographic region, the most notable being
all the New World species except Brumptomyia (Galati), which were recovered as
monophyletic. Our phylogeny suggests a Sub-Saharan African or South Asian origin
for the subfamily, which subsequently expanded to the north and west, and eventually to
the New World. Supported species groups are often composed of widespread species
with overlapping ranges. This result highlights the need for a large increase in the
amount and diversity of molecular sequence data, and a broad selection of terminals, to
test taxonomic hypotheses and examine speciation processes in this important group of
flies.
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Introduction

Haematophagous insects of the family Psychodidae are mostly
found in the aptly named subfamily Phlebotominae. This sub-
family contains several hundred species, and many of them
transmit protozoan pathogens in the genus Leishmania (Cupo-
lillo) to humans and other mammals. Victims of the resulting
infectious disease, leishmaniasis, can suffer disfigurement or
death. Leishmaniasis is estimated to be responsible for more
than 20000 deaths/year worldwide (Alvar etal., 2012). The
deadliest form of the disease, visceral leishmaniasis, occurs
mainly in the Asian subcontinent, East Africa and Brazil (Alvar
etal., 2012). Cutaneous leishmaniasis occurs in Afghanistan,
Algeria, Bolivia, Brazil, Colombia, Ethiopia, Iran, Peru, Saudi
Arabia and Syria (WHO, 2014).

The subfamily Phlebotiminae has had a simple internal classi-
fication for much of its history, with only six genera — Warileya
(Galati), Brumptomyia (Galati) and Lutzomyia (Galati) in the
New World (North, Central and South America), and Ser-
gentomyia (Galati), Phlebotomus (Galati) and Chinius (Galati)
in the Old World (Europe, Africa, and Asia) (Lewis, 1982;
Lane, 1993). However, recent advances in phlebotomine tax-
onomy (Galati, 1995, 2010, 2014) have resulted in many more
genera, especially among the New World species, and their
recombination into new subtribes. The subtribe Sergentomyi-
ina now includes those species formerly in Sergentomyia but
also some former members of Lutzomyia, thus giving it a global
range.

A phylogenetic hypothesis of the relationships of phle-
botomine flies is important for several reasons: (i) to test the
current taxonomy and understand which morphological char-
acters are convergent, derived, or ancestral; (ii) to reconstruct
the geographic origin and routes of dispersal for its different
lineages; (iii) to track the evolution of host—vector—pathogen
relationships that underlie disease transmission; (iv) to identify
possible cases of ongoing or historical genetic hybridization; and
(v) to estimate the timing of major historical events in the group.
However, despite the importance of understanding Phlebotom-
inae and the diseases they carry, the subfamily has not been
the subject of comprehensive phylogenetic analyses, especially
using molecular data.

Phlebotominae systematics has drawn the attention of such
luminaries as Graham Fairchild (Fairchild, 1955) and Willi
Hennig (Hennig, 1972), and in recent years they have been
the subject of some molecular studies (Depaquit efal., 1998,
2000a,2000b, 2004; Esseghir & Ready, 2000; Aransay et al.,
2000b; Beati et al., 2004; reviewed by Depaquit, 2014). Mor-
phological data continue to be used and are the basis of the most
inclusive phylogenies, and such analyses still tend to use termi-
nal sets that are restricted to the Old or New World (Galati, 1995,
2010, 2014; Rispail & Léger, 1998a,1998b; Ilango, 2004; Pinto
etal., 2010). Thus relationships within the family as a whole
remain in question.

Phlebotomine DNA sequence data are increasingly com-
mon, although they are usually restricted to particular species
or species groups (Di Muccio etal., 2000; Soto etal., 2001;
Depagquit et al., 2002, 2008; Aransay et al., 2003; Mazzoni et al.,

2008; Franco et al., 2010; Scarpassa & Alencar, 2013) or regions
(Di Muccio etal., 2000; Aransay et al., 2003; Lins et al., 2008;
Franco et al., 2010; Gutiérrez et al., 2014) and are often focused
on population genetics (Soto et al., 2001; Depaquit et al., 2008)
or the identification of informative markers (Peixoto et al., 2001;
Lins et al.,2008). Most importantly, it is rare for individual spec-
imens to be sequenced for multiple markers. A notable excep-
tion is an analysis using ten loci by Mazzoni etal. (2008);
although narrow in taxonomic sampling, comparing only two
very closely related species, it nevertheless reaffirmed the use-
fulness of incorporating multiple loci for inferring relation-
ships. Thus the universe of available molecular data for the
subfamily consists of isolated data sets that resist combina-
tion and thus a comprehensive analysis of its internal relation-
ships. A thorough survey of all molecular data studies of phle-
botomines has recently been done by Depaquit (2014), and
confirms the initial observations that motivated our study here:
although becoming voluminous, phlebotomine sequence data
have come mostly from studies of populations and small species
groups, and among them, mostly those of medical importance.
In short, the sequence data have not been collected with the
aim of resolving long-standing questions in morphology-based
taxonomy.

Furthermore, due to disease impact, the majority of molec-
ular studies are aimed at rapid, high-throughput polymerase
chain reaction identification techniques, and microsatellite
(MLMT) or enzyme analysis (e.g. enzyme-linked immunosor-
bent assay, multilocus enzyme electrophoresis, or restriction
fragment length polymorphism) for clinical implications, epi-
demiology, exploring vector—host relationships, and pathogen
control of the Leishmania protozoa (Aransay etal., 1999,
2000a; Jorquera et al., 2005; Martin-Sanchez et al., 2006; Kato
etal., 2007; Rassi etal., 2008; Gebre-Michael eral., 2010;
Hamarsheh, 2011; Alam eral., 2012; Berdjane-Brouk ezal.,
2012). Many of these studies continue to use morphology as
the basis for sand fly identification. Morphological identifica-
tions require extensive labour and expertise and can be prone
to mis-identifications, which can confound epidemiological
studies. DNA sequencing also requires labour and expertise,
but it can also provide large numbers of characters for analysis.
As different flies carry various parasites leading to different
diseases, studies involving well-identified phlebotomine species
are crucial for advances in the clinical constraint of the dis-
ease. A comprehensive Phlebotominae phylogeny is needed
to validate morphology-based species delineations and allow
exploration of inter- and intraspecific vector relationships.
Finally, a Phlebotominae phylogeny will provide a knowledge
base for deciphering sand fly biology, ecology, and the spread
of diseases.

In exploring Phlebotominae phylogenetics, Ethiopia is
of special interest to us for the relative abundance of
host—vector—pathogen interactions seen in north-western
Ethiopia, and because its location is central to the ranges of
several Old World groups. It highlights the need we have for tax-
onomic clarity and information about diversification dynamics
on this group. Phlebotomus (Lar.) orientalis is responsi-
ble for the transmission of Leishmania donovani parasites
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causing visceral leishmaniasis in eastern Sudan (Elnaiem
etal., 1998). This species is the predominant sand fly and
the most likely visceral leishmaniasis vector in north-west
Ethiopia (Gebre-Michael eral., 2010). Phlebotomus (Lar.)
longipes and Phlebotomus (Lar:) pedifer have been commonly
identified as proven vectors of Leishmania aethiopica, the
principal cause of cutaneous leishmaniasis in Ethiopia, found
throughout different parts of the country and widespread in
the highlands (Bsrat et al., 2015). Phlebotomus (Phl.) papatasi
is a known vector of Leishmania major, causing cutaneous
leishmaniasis in northern Africa, including parts of Sudan
(Ibrahim, 1990; El Sayed eral., 1991), but to date has not
been found as a vector of any Leishmania parasite in Ethiopia.
So far the only Ethiopian collections of P. (Phl.) papatasi
have been in the north-west, where L. major has not yet
been observed (Gebre-Michael et al., 2010). Recently, though,
L. major infections were identified in humans by real-time PCR
in a cohort study in Tahtay Adiabo, northern Ethiopia (Abbasi
etal., 2013), although P. (Phl.) h. papatasi has rarely been
found in this region. Phlebotomus (Phl.) bergeroti is another
species found in north-west Ethiopia; its medical importance
in the country is unknown. On the other hand, Phlebotomus
(Phl.) duboscqi is a known vector of L. major in southern
Ethiopia (Gebre-Michael etal., 1993). Additionally, L. major
and Leishmania tropica have rarely been implicated in cuta-
neous leishmaniasis in areas of Ethiopia where Phlebotomus
(Par:) sergenti and Phlebotomus (Pab.) saevus have been found
infected with the parasite (Hailu & Formmel, 1993; Hailu et al.,
2006). The medical importance of Phlebotomus lesleyae is
still unknown, and its taxonomic position remains unresolved.
Lewis & Kirk (1946) and Ashford (1974) described and named
the group in the Phlebotomus subgenus Phlebotomus (Phl.)
lesleyae, although others include it under the subgenus Parvi-
dens (Theodor & Mesghali, 1964) or in the genus Sergentomyia
(Davidson, 1982). In this report we try to resolve some of these
taxonomic ambiguities pertaining to P. lesleyae, as well as
provide a phylogenetic backbone for investigating vector—host
relationships.

Using fresh specimens collected in Ethiopia, we attempt to tie
together the various and discordant publicly available data by
sequencing several specimens for several markers that overlap
with the public data. In addition to this method, we develop a
novel way to summarize the public data in such a way as to create
single terminals with several markers for individual species.
Using this combined data set, we ask whether there is molecular
evidence for the genera and subgenera of Phlebotominae, and
whether any particular biogeographic history can be inferred.
We do not test the monophyly of the subfamily, as it requires
sequence data from a much larger selection of psychodids than
are currently available. We aim to produce a road map for issues
in phlebotomine systematics, identifying those relationships
most in need of re-examination and possible revision, and
forwarding a testable hypothesis when more comprehensive
molecular data for this group are available. In addition, we
test the ability of using ancestral sequence reconstructions as a
useful method for summarizing molecular data for species when
numerous individuals are sequenced.
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Materials and methods
Specimen acquisition

Phlebotomine sand flies were collected in Kafta Humera dis-
trict, the main focus of visceral leishmaniasis in north-west
Ethiopia. The study area is located at altitude ranges of
500—600 m above sea level (c. 14°04.23'N, 36°33.62'E). Col-
lections of sand flies were made using standard CDC miniature
light traps (John W. Hock Co., Gainesville, FL, U.S.A.) dur-
ing 2011 and 2012. Sand flies were caught in both farm fields
and villages. The trapped sand flies were anaesthetized with
chloroform and sorted under a dissecting microscope by prelim-
inary morphological identification into Phlebotomus and Ser-
gentomyia. The head and abdominal tips of each sand fly were
removed and mounted on slides on a drop of Hoyer mountant
for species identification; the remaining body parts were pre-
served in absolute alcohol for phylogenetic analysis. Sand flies
were identified to species level based upon cibarial and pha-
ryngeal armature, as well as spermatheca of females and exter-
nal genitalia of males using morphological keys (Quate, 1964;
Lewis, 1982). Specimens of P. (Lar.) orientalis, P. (Phl.) berg-
eroti, P. (Phl.) duboscqi, P. (Phl.) papatasi, P. (Phl.) lesleyae,
and Sergentomyia spp. were used for phylogenetic analyses.

DNA extraction, amplification, and sequencing

Total DNA was extracted from sand fly abdomens using
DNEasy® tissue kit (Qiagen, Valencia, CA, U.S.A.). Using
primers and protocols known to work on sand flies and other
insects (Table S1), we then amplified three mitochondrial and
six nuclear loci. Due to the nature and disparity of publicly
available sequence data, and limited published molecular marker
data for this group, we decided to include in our dataset mark-
ers not commonly used for Phlebotominae, but used in anal-
yses of other insects, for instance, long-wavelength rhodopsin
(Ward & Downie, 2005). Some markers were those developed
for use in Phlebotominae, homologous to common markers used
for studies of Drosophila (Lins etal., 2008; Mazzoni etal.,
2008). Temperature profiles followed those accompanying pub-
lished primers (Table S1). For the nuclear gene zetacop, we
only obtained two sequences, so it was not used in phyloge-
netic analysis. All sequences more than 200bp are deposited
in GenBank under accession numbers KR020546—-KR020683.
Shorter sequences and all data used are available in the Support-
ing Information.

We downloaded from GenBank 1363 phlebotomine and out-
group sequences for each of the markers we sequenced (if avail-
able). For population studies, in which hundreds of individuals
from the same location were sequenced for the same marker,
we took a random sample of the sequences. We did not use
the sequences of the marker 18S rDNA obtained by Aransay
etal. (2000b), as they represented only 14 species and, being
clones, had sequence variation within individuals (as part of the
nuclear ribosomal array, 18S is represented in the genome by a
large array of concerted but not identical paralogues) (Hillis &
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Dixon, 1991); we did not sequence 18S from our specimens.
The original identifications of specimens on GenBank were
updated using the taxonomy of Galati (2003), as updated by
Galati (2014), and we use that taxonomy throughout. In figures
and supplemental material, we use the generic and subgeneric
abbreviations proposed by Marcondes (2007). The recently syn-
onymized species Phlebotomus (Par:) riouxi and Phlebotomus
(Par.) chabaudi (Tabbabi et al., 2014) were treated as different
species here as a test of that synonymization.

All the sequences, our own and those from GenBank, were
subjected to multiple sequence alignment in MAFFT (Katoh
etal., 2002) using the command ‘adjustdirectionaccurately’,
which allows sequences to be considered in reverse complement,
as some GenBank entries were as such. For all sequences
except ITS2, the gap-opening cost was set at 1.0, and the
gap-extension cost set at 0.05. For ITS2, these costs were 3.0
and 0, respectively, due to its large length variation. Besides
ITS2, only cacophony and paralytic had insertion-deletion
(indel) events, but all markers were aligned to check for likely
contaminant sequences and the location of missing data due to
laboratory artifacts, recorded as ‘?” in sequences. All terminals
and sequences obtained are detailed in Tables S3 and S4.

Ancestral sequence reconstructions

The primary challenge in performing a phylogenetic recon-
struction of Phlebotominae was the creation of terminals with
multiple markers representing a wide variety of taxa. For the
specimens we sequenced, more than one marker was sequenced
per specimen, thus allowing them to connect all the terminals
in the analysis, despite the large amount of missing data. How-
ever, we had no representatives of certain genera and wanted to
include them by using the disparate sets of publicly available
sequence data. Phlebotomine molecular studies have tradition-
ally focused on single markers, and when the same species have
been sequenced in different studies, different specimens were
used for each marker.

One option was to randomly choose a representative sequence
for each marker and species. This ran the risk of generating
chimeric terminals that could contain highly derived or rare
versions of particular markers, thus misinforming the analy-
sis. Another option was to make consensus sequences of those
from the same species, but this would assume the correct iden-
tification and monophyly of those specimens. A third option,
which we chose, was to use a reconstruction of the ancestral
sequence from the base of the clade containing most specimens
from that species in single-marker phylogenies. Limitations of
this method are that the sequences used are ancestral recon-
structions and not direct observations, and reconstructions are
dependent on the algorithms used by the phylogenetic program
and phylogenetic context of any particular tree search (termi-
nal selection, outgroups, cost schemes). However, we consid-
ered this option better informed than selecting or collapsing
sequences from supposed conspecifics outside of any phyloge-
netic analysis.

Species_A-1 -
. Representative segs.
Species_A-2 | Species A= node 1
Species_A-3 Species B = as-is
) - Species C = node 6
Species_B-1 Species D = node 8
4 Sp(Xesz-4

Species_C-1

Species_C-2
Species_D-1
Species_D-2

Fig. 1. Hypothetical relationship among nine specimens identified to
four species, illustrating the rules by which ancestral sequences were
used to represent species in the final analysis.

This was done in the phylogenetic program poy v. 5.0.0
beta (Varén et al., 2009), using the commands ‘graphdiagnosis’
and ‘diagnosis.” POY is a program that performs progressive
sequence alignment and tree-search simultaneously under cost
schemes chosen by the user (Wheeler, 1996). poy’s efficacy
versus other mainstream parsimony methods has been tested
(Kjer etal., 2007; Ogden & Rosenberg, 2007; Lehtonen, 2007
Liu etal., 2009) and reviewed (Blair & Murphy, 2010). It was
shown that direct optimization methods implemented through
POY can be very accurate in building alignments and phyloge-
netic hypotheses, as compared with traditional methods. The
‘graphdiagnosis’ command returns a plot of the best tree with
all nodes numbered. For each node, the ‘diagnosis’ command
returns three ancestral reconstructed sequences: (i) Preliminary,
which results from simply the down-pass (determining the most
parsimonious reconstruction working from the terminals down
to the root); (ii) Final, which results from both the down-pass
and a subsequent up-pass; and (iii) Single, which is the selec-
tion of a single possible sequence for that node, essentially one
of the many possible Final sequences suggested by ambigui-
ties at various positions. For example, for one node in the tree
made using paralytic, a segment of the sequence was recon-
structed in Preliminary form as KASBAAAMVKCCC, Final as
TAAAAA--STCC, and Single as TAAAAA--CTCC. Ambiguity
codes with numeric symbols indicate the possibility of a gap as
well as various combinations of nucleotides at that position. The
Single reconstructions were the ones used in the phylogenetic
analyses here.

We did tree searches for each marker using ten different
transformation cost schemes, from all transformations being
equal to gaps, to 1 in which gaps cost 16X that of transitions.
We reconstructed sequences at each node of each resulting
phylogeny, and we chose the Single reconstructions for the
cost scheme that returned Final reconstructions with the fewest
ambiguities (Fig. 1). This was found to be when gaps cost
4, transversions cost 4, and transitions cost 1 (‘141’; see
Giribet, 2003 — the first number in cost scheme monikers is
the ratio of gap costs to transversion costs). We then did final
tree searches and ancestral sequence reconstructions under this
cost scheme for each marker. All tree searches conducted for
acquiring ancestral sequences were done with unaligned data,
allowing poy to find the optimal sequence alignment and tree
simultaneously. After the tree searches were done to obtain
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Single ancestral sequences for terminals from GenBank, our
Ethiopian samples were added to generate the final data set.

When the ancestral reconstructions were obtained, they were
used to replace multiple sequences from different specimens
for each marker. In some cases, species were not recovered
as monophyletic, so it was assumed that small numbers of
individuals found outside the largest clade for that species
were misidentifications (Fig. 2). Although all specimens from
GenBank were used, unidentified specimens that did not place
within a large clade of identified ones were excluded from the
final alignment. In cases where one species was recovered as
rendering another paraphyletic, the ancestral sequence for the
latter was simply the sequence at the ancestor of both species.
Species that had only one representative for a single marker were
taken as-is to represent the species for that marker.

Phylogenetic analysis

Initial analyses were rooted with several terminals from
the families Scatopsidae, Tipulidae and Culicidae found in
GenBank to have some of the markers that overlap with our data,
but these rendered Psychodidae polyphyletic. We considered
this outcome to be the result of a lack of conserved genes needed
to resolve familial relationships, a query beyond the scope of
this study. Thus, for outgroups we used 20 nonphlebotomine
psychodids, all in the subfamily Psychodinae, each of which had
cytochrome c oxidase I (COI) sequence, and some of which also
had Cytochrome B (CytB) sequence. We rooted tree searches
by one outgroup terminal and did not constrain the monophyly
of either subfamily. Our final combined phylogeny included all
those terminals that had either COI or NADH dehydrogenase
subunit 4 (ND4) (101 and 44 terminals, respectively, in the
final alignment), as these were the markers most available for
the largest number and widest diversity of our specimens. The
mitochondrial marker CytB appeared to be available for a large
number of terminals as well (68), but actually most of the
New World specimens (including all of the Brumptomyia, 13
terminals in total) had only the final ~250 base pairs sequenced
and did not overlap by more than a few bases with the fragment
we sequenced from our Ethiopian specimens. We treated CytB
in our final analyses as two different partitions.

Tree searches were conducted under maximum likelihood
(ML) with a general time-reversible model plus substitution
rate heterogeneity (GTR + gamma) in the program RAXML (Sta-
matakis et al., 2008) on the CIPRES (Miller et al., 2010) com-
puting cluster for the terminal set consisting of all markers
with either COI or ND4. raxmL defaults to this well-known
model on the computing cluster and has only one other available
(‘GTR-CAT’), which appears to have a main advantage, which
is to lower computing costs. With the same settings, we also con-
ducted tree searches in RAXML for each marker independently.

The same combined terminal set (having either COI or ND4)
was also used to conduct tree searches under parsimony in
POY using the data as either unaligned or aligned, and the cost
transformation scheme as either ‘141’ (the scheme under which
ancestral sequences were obtained) or ‘111’ (all transformations
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equal). Searching was done on 25 processors of the local
computing cluster using timed searches of 12 h for the unaligned
data and 1 h for aligned data. Resulting trees were compared to
the tree recovered under ML using the program CLADESCAN 1.0
(Sanders, 2009).

All sequence alignments, which include raw data from
our specimens and ancestral reconstructions from groups on
conspecifics from GenBank, are available in the Supporting
Information.

Results

The terminal set of those species and specimens that had either
COI or ND4 consisted of 113 members, and the most likely phy-
logeny recovered under ML (the ‘final combined phylogeny’)
had a 1nL of —35323.538996. All the phlebotomine terminals
in the final combined phylogeny were in the tribe Phlebotomini,
although a member of Hertigiini (Chinius sp.) was included
in the single-gene phylogeny for CytB. In the final combined
phylogeny, the only taxonomic groups with more than one ter-
minal which were recovered as monophyletic were as follows:
Psychodinae and Phlebotiminae; the subtribe Brumptomyiina
and the genus Brumptomyia; the genera Psychodopygus, Evan-
dromyia and Pressatia (two terminals each); and the Phleboto-
mus subgenera Euphlebotomus, Phlebotomus, Synphlebotomus
and Transphlebotomus. The clade [Phlebotomus (Anaphleboto-
mus) rodhaini + Phlebotomus (Euphlebotomus)] was recovered
with high bootstrap support as monophyletic and with mod-
erate support as sister to the remaining phlebotomines. The
Malagasy species Phlebotomus berentiensis, which was recently
recombined in the subgenus Anaphlebotomus (Depaquit et al.,
2004), was not recovered with P. (Ana.) rodhaini, but these two
terminals also did not have overlapping markers in the final
alignment. The species P. (Par) riouxi and P. (Par.) chabaudi
were recovered as sister species with 100% likelihood boot-
strap support and under parsimony using all parameters, sup-
porting their synonomization (Tabbabi etal., 2014); although
the branch lengths between them were quite long, this could
have been caused by the effects of missing data on branch length
calculations.

A clade containing specimens of what was originally
described by Lewis & Kirk (1946) as P. lesleyae, but which
has been considered more recently by some as belonging to
Sergentomyia (Duckhouse & Lewis, 1980; Davidson, 1982),
was recovered outside of Sergentomyia and sister to a clade
consisting of the Phlebotomus subgenera Paraphlebotomus,
Synphlebotomus and Phlebotomus. This is the first molecular
analysis of this enigmatic taxon, which has morphological
characteristics similar to both Phlebotomus and Sergento-
myia (Lewis & Kirk, 1946; Ashford, 1974; Davidson, 1982).
Although our final combined phylogeny suggests the species
belongs to Phlebotomus, we note that analyses of separate
genes of these specimens reveals conflict at a molecular level
as well: ITS2, ND4, and COI phylogenies place our P. lesleyae
specimens well away from GenBank specimens identified as
Sergentomyia, but our CytB analysis indicates a very close
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relationship between them and certain Old World Sergentomyia
species (and as well Phlebotomus (Lar.) perfiliewi).

Specimens of P. (Lar.) orientalis collected in north-west
Ethiopia were recovered in a well-supported clade with exem-
plars from GenBank and indicate strong genetic support for
their morphological identification. The molecular identification
of this species is useful for its medical importance and impli-
cations in visceral leishmaniasis disease epidemiology. It was
not found to be sister to Phlebotomus (Lar.) betisi, and COI
sequences for P. (Lar.) orientalis placed it as highly derived and
away from other Phlebotomus species, in a supported clade with
members of Lutzomyiina, Sergentomyiina and Psychodopygina.

Our specimens of P. (Phl.) bergeroti, P. (Phl.) papatasi, and
P. (Phl.) duboscqi, did not group clearly with the sequences of
these species downloaded from GenBank. The GenBank speci-
mens formed a clade with Phlebotomus (Phl.) salehi, but inter-
mingled with them were our identified and unidentified speci-
mens. In addition, one of our male specimens, ‘UNK.M.1-3,
placed among Phlebotomus specimens when using ND4 (Figure
S2) but among Sergentomyia specimens with COI (Figure S1).

Sequences from New World specimens that had previously
been identified as Lutzomyia (i.e. all New World specimens
except the Brumptomyiina) were recovered as monophyletic.
These species are today split into several genera and sub-
tribes, which we recovered in close association. With three
exceptions, Micropygomyia (Sauromyia) trinidadensis, Pinto-
myia (Pifanomyia) and Nyssomyia trapidoi, the subtribes of this
clade were arranged as follows: (Psychodopygina (Psychodopy-
gina (New World Sergentomyiina + Lutzomyiina))).

Relationships deeper than the levels of small species groups
and above the level of the subfamily and its earliest diverging
lineage had nearly no resampling support. That is, despite the
recovery of certain genera as monophyletic in the optimal tree,
such relationships had little redundant signal in our data set. In
contrast, relationships among the psychodinine outgroups were
well resolved and usually well supported and stable.

Many of the relationships that were recovered under ML were
also recovered under parsimony, using different alignment and
transformation cost schemes. In the program poy, we analysed
under parsimony the same terminal set and alignment (both as
aligned and unaligned) used under likelihood. However, the only
major taxonomic groups recovered as monophyletic under par-
simony were Phlebotominae and Brumptomyiina, as well as the
Phlebotomus subgenera Euphlebotomus and Transphlebotomus.
One shortest tree was recovered using parsimony with each of
the cost and alignment schema. Under the 141 cost scheme, the
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tree recovered using unaligned data was 19 193 steps, and that
recovered using aligned data was 21 240 steps. Using equal costs
(111), the tree recovered using unaligned data was 7256 steps,
and that recovered using aligned data was 7786 steps.

Discussion
Biogeographic signal

The most striking aspect of our final combined phylogeny
is that species cluster in greater agreement with biogeographic
region than with higher-level taxonomy. The clearest example
of this is with the subtribe Sergentomyiia, the New World
members of which (Micropygomyia) were never recovered in
close association with Old World Sergentomyiina in our final
combined phylogeny or the separate gene trees, and in fact
formed a clade with the New World subtribes Psychodopygina
and Lutzomyiina. This clade and the Brumptomyiina seem to
be independent colonizations of the New World. In general,
our phylogeny implies a Tropical Old World origin for the
phlebotomines and the subsequent diversification north and into
Asia, and later into the New World.

Despite some species with large ranges, phlebotomine flies do
appear to have dispersal constraints that cause several closely
related species to have limited, overlapping distributions (Table
S2). It is striking that some species with extremely large ranges
can be both closely related and overlap, such as Lutzomyia (Lut.)
longipalpis, Dampfomyia (Coromyia) vespertilionis, Pressatia
dysponeta, and Pressatia camposi in Mesoamerica and large
portions of South America. These forms are either species
that have arisen sympatrically through ecological isolation,
morphological variants within single species, or once-separate
species experiencing extensive hybridization (a phenomenon
not unknown in phlebotomines Mazzoni et al., 2008). In fact,
the latter mechanism could be responsible for the considerable
geographic signal we recovered in our tree, for if unrelated
lineages in a region hybridize, they could appear to be more
closely related over time in combined analyses of different
molecular markers.

Phylogenetics and systematics, history and implications

Our phylogeny is only a preliminary assessment of where the
needs are in phlebotominae systematics, and its large amount
of missing data had important effects on the resampling support

Fig. 2. Most likely phylogeny of the terminal set consisting of all those with either cytochrome ¢ oxidase I (COI) or ND4, with type localities to the
right of each terminal. Terminals are coloured by subtribe, which are indicated to the left of the tree. The markers available for each terminal are shown
in the multicoloured bar to the right of each terminal, the key for which is in the upper right. A plus sign (+) in any marker box indicates the use of an
ancestral reconstruction from many specimens for that particular marker. Branch thickness indicates bootstrap support (thick branches receiving higher
support). Grids below support values indicate recovery of the same clades under parsimony and various data treatments, as summarized in the lower left.
Coloured blocks denote recovery under those conditions, and grids are not shown for clades of closely related specimens separated by short branches
(e.g. among Ethiopian specimens of P. (Lar.) orientalis) Data treatments under parsimony varied between being unaligned (where tree-searching and
the multiple sequence alignment are done simultaneously) and aligned (the same alignment as was used under maximum likelihood), and between a
transformation cost matrix that penalized gaps and transversions four steps (141) and one in which gaps, transversions and transitions all costs the

same (111).
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and probably even the topology and branch lengths (Lemmon
etal., 2009; Roure et al., 2013). However, the amount of missing
data was not a good predictor of ambiguous or controversial
placement in our phylogeny, and our single-gene mitochondrial
phylogenies showed little or no support for mid-level relation-
ships, indicating a special inadequacy of mitochondrial mark-
ers in Phlebotominae. Among our Psychodinae outgroups, COI
and CytB alone seem to be sufficient for resolution, stability
and support. [However, we note that Espindola et al. (2012) did
not recover expected tribal relationships in Psychodinae using
only mitochondrial markers from 88 specimens, so the utility of
the mitochondrial DNA markers could be highly dependent on
taxon sampling.] Curler & Moulton (2012) had high bootstrap
support within Phlebotominae in a phylogeny of psychodid sub-
families using the nuclear markers 18S and Peregrin, and we
suggest these data set be expanded across phlebotominae gen-
era; in addition, this may resolve the problem of using outgroups
from other families, which we found to be impractical with our
data set.

The enormity of Phlebotominae, which has over 800 described
species (Young & Duncan, 1994; Marcondes, 2007; Bisby ez al.,
2010, Curler & Moulton, 2012; Galati 2014), makes elucidating
its phylogeny a considerable undertaking. It has been suggested
that the recent increase in genera in Phlebotominae is imprac-
tical to medical parasitologists, and that epidemiological issues
should inform their taxonomy (Ready, 2011). This would make
sand flies exceptional in the task of understanding the history
of life and capturing it in the Linnaean taxonomic system, and
we would expect such a large group to have numerous cases
of morphological convergence, host—parasite shifts, range
expansions and contractions, and other deviations from a neat
historical story; thus the importance of molecular data for
providing a large number of characters that can be selected, so
as to minimize the influences of convergence and hybridization.

Previously, systematic classification has been largely based on
morphology of the New World (Young & Duncan, 1994; Galati,
1995) and Old World species (Rispail & Léger, 1998a,1998b),
and molecular analyses of Phlebotominae as a whole are gen-
erally lacking. Although several comparative molecular analy-
ses exist, many are restricted to specific subgenera (Di Muccio
etal., 2000; Esseghir & Ready, 2000; Pinto et al., 2010; Cohn-
staedt ez al., 2011). Nonetheless, our phylogeny here does allow
for limited comparisons against previous hypotheses, some of
which receive additional support here.

Our combined phylogeny is consistent with certain sub-
generic relationships supported by female spermathecal and
male genitalic characters (Ilango, 2004): (Anaphlebotomus +
Euphlebotomus), (Transphlebotomus + Larroussius) and (Phle-
botomus + Paraphlebotomus + Synphlebotomus). The latter
relationship is further supported by the fact that they also are
transmitters of L. major and L. tropica, found across the drier
areas of North Africa, Arabia, and Central Asia, as well as
L. donovani in East Africa (Ilango, 2004).

One of the earliest molecular phylogenies of the phle-
botomines, (Depaquit etal., 1998), a parsimony analysis of
455bp of the nuclear ribosomal marker 28S (the D2 domain)
from nine species in three genera, inferred monophyly of the

genus Lutzomyia. Sergentomyia, which did not cluster with
Phlebotomus, was recovered as sister to Lutzomyia. Phleboto-
mus was recovered as paraphyletic, with closely related clades
of the subgenera Phlebotomus and Paraphlebotomus basal to
Larroussius. This result was reaffirmed (Depaquit et al., 2000a)
with a similar sequence analysis — 28S rDNA from the subgenus
Paraphlebotomus — and in this latter analysis the nuclear ribo-
somal region ITS2 was tested as a potential useful marker in
conjunction with the 28S rDNA.

Depaquit eral. (1998, 2000a) recovered the subgenera Phle-
botomus and Paraphlebotomus as sister taxa, and we found
them, with Synphlebotomus to form a clade; and they recovered
most Phlebotomus subgenera as para- or polyphyletic, as we
have here. They inferred Lutzomyia and Sergentomyia as sister
genera, which was not found here, but they also found that Lutz-
zomyia received little bootstrap support, as here. Both our results
and their results showed Lutzomyia (shown on our tree by its cur-
rent taxonomy, split into three subtribes and several genera) as
monophyletic, and apomorphic relative to the other genera. They
had low bootstrap support for Sergentomyia and Phlebotomus
(Larroussius), and we also had low support for the Old World
Sergentomyia and did not recover P. (Lar.) orientalis as sister to
P. (Lar.) betisi. Phlebotomus berentiensis, which had been orig-
inally described in Sergentomyia (Léger & Rodhain, 1978), was
later placed within the subgenus Anaphlebotomus by Depaquit
etal. (2004), but this was not supported by our analysis.

Di Muccio etal. (2000) have investigated the interspecies
relationships within the Phlebotomus subgenus Larrous-
sius. Conducting tree-searches under parsimony and using
neighbor-joining tree-building techniques to analyse sequences
of ITS2 rRNA, they recovered monophyly of the subgenus. This
is also supported by morphological characters and geographical
distributions. Esseghir & Ready (2000) recovered very similar
trees of Larroussius, inferred from the mitochondrial marker
CytB and the nuclear marker EF1-alpha. This contrasts with our
analysis, which did not recover a sister relationship between the
two Larroussius species included.

For the close to 400 species formerly in the genus Lutzomyia,
molecular analyses have generally been restricted to certain sub-
groups. Cohnstaedt et al. (2011) performed a phylogenetic anal-
ysis on the Lutzomyia verrucarum [now Pintomyia (Pifanomyia)
verrucarum] species group using COI, and they recovered a
phylogeny that matched the morphological taxonomy of Galati
(1995) and Young & Duncan (1994). Their analysis also sug-
gested that COI alone, while adequate and informative in their
analysis at the species level among recently evolved lineages, is
not a useful marker for phylogenetic reconstructions at the inter-
specific level in sand flies, and they suggest using one or more
nuclear gene fragments as well. Using the mitochondrial ribo-
somal marker 12S and the nuclear ribosomal marker 28S, Beati
etal. (2004), conducted a phylogenetic analysis of seven Lut-
zomyia subgenera. This was the first phylogeny of New World
Phlebotominae that included more than one subgroup or sub-
genus. They also found good support for the morphological clas-
sifications of both Galati (1995) and Young & Duncan (1994).
While sampling for Beati ez al. (2004) analysis was limited, they
recovered three clades that match the subgenera Helcocyrtomyia
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and Lutzomyia and the combined species groups migonei and
verrucarum. Surprisingly, since that time, there have been no
other analyses of Lutzomyia that include multiple subgenera,
species groups, and markers until now.

Conclusions

The phylogeny presented here not only recovers intriguing rela-
tionships and biogeographic patterns, but it also highlights spe-
cific needs for future molecular work on Phlebotiminae. Our
difficulty rooting the subfamily using outgroups from other fam-
ilies indicates a lack of overlapping conserved genes which can
inform the resolution of deeper nodes, as well as a lack of over-
lapping sequence data from psychodids outside of Phlebotimi-
nae. The lack of bootstrap support among phlebotomine lineages
and the observation of conflict in the relationships recovered
using different markers separately both indicate the need for a
significant increase in the amount of data from each terminal.
Our results here as well as previous studies suggest this need for
more data is especially acute in Phlebotiminae, as many mor-
phological interpretations are still debated, and our psychodinae
outgroups resolved much more easily in our analysis. Gath-
ering more data could take the path of a single study using
next-generation sequencing across a wide range of taxa, and this
would be ideal. However, outside of this scale of study, which
would require considerable resources, we suggest sequencing
of the nuclear ribosomal array (18S, ITS and 28S) from exem-
plar specimens during population and regional studies, both for
future use and also to investigate hybridization. Markers such
as paralytic and cacophony appear to be informative but too
rarely sequenced to be of general use. With mitochondrial mark-
ers, caution should be taken to sequence the complete fragment
obtainable for CytB (not one end or the other), and more than
COl is needed to resolve relationships within this subfamily.
Our specimens collected in Ethiopia demonstrate the difficul-
ties sand flies present, even at the species level, in understanding
taxonomy and speciation dynamics. For example, the lack of
resolution between P. (Phl.) bergeroti, P. (Phl.) papatasi and
P. (Phl.) duboscqi is incongruent with generally accepted tax-
onomy, as these species in particular have been shown to be
morphologically and molecularly distinct in a previous study
(Khalid et al., 2010) and even to show genetic differentiation at
the population level (Khalid et al., 2012). This may be a result
of preliminary morphological mis-identification, as these three
species occur sympatrically, and females are not easily distin-
guished morphologically. However, our samples were identified
by the third and fourth antennae ascoid and pharyngeal armature
for females (considered the most informative characters, Khalid
etal., 2010), and males were easily identified by observing the
terminal genitalia. Another possibility is that this was a result of
the inability of the markers we chose to resolve the relationships
of these very closely related species, and indeed in the phylo-
genies made from individual markers (Figures S1-S4), these
species are not always monophyletic. In addition, missing data
and using ancestral reconstructions to represent whole species,
both of which apply among these terminals, may have masked

Molecular phylogeny of sand flies 741

the small number of molecular synapomorphies defining these
species. Another explanation may be hybridization among these
species, which has the ability to confound combined mitochon-
drial and nuclear molecular analyses (Skdla & Zrzavy, 1994;
Mazzoni et al., 2008).

Another example of a species that placed strangely in our
phylogeny was the medically important species P. (Lar) ori-
entalis. It and other species from East Africa and the Mediter-
ranean formed a clade that was recovered among the New
World species. This was not an artifact of our use of ances-
tral reconstructed sequences for data from GenBank, but rather
the behaviour of the COI fragment for this species. In single
gene phylogenies of COL, P. (Lar.) orientalis placed among New
World species, whether using ancestral reconstructed sequences
(Figure S1) or just the raw data for all specimens (not shown).

The classification, morphological characters and internal rela-
tionships of Phlebotominae are long debated, and there is a clear
need for a large analysis that overcomes several of the limitations
posed by previous small analyses. Phylogenies of particular gen-
era or species groups assume the monophyly of those groups,
and phylogenies based on single markers are unable to resolve
deep and shallow nodes simultaneously. Here we attempt to pro-
vide an initial groundwork for comprehensive phylogenies of
Phlebotominae by combining all known molecular data in a sin-
gle phylogenetic analysis. With a large amount of missing data,
resampling support was not expected to be high, and indeed
bootstrap values for most nodes were low, but nonetheless, cer-
tain key groups identified by morphology, such as Brumpto-
myia, the Old World Sergentomyiina, and certain subgenera,
were recovered in our phylogeny, suggesting they are true phle-
botomine lineages. Other groups were not recovered, but their
constituent lineages instead grouped by geographic region, most
notably the New World Sergentomyiina, implying morphologi-
cal convergence or regional hybridization.

Supporting Information

Additional Supporting Information may be found in the online
version of this article under the DOI reference:
10.1111/syen.12135

Figure S1. Phylogeny recovered under maximum likelihood
using the marker COI. Thicker branches received bootstrap
support greater than 50%. Terminals are coloured according
to subtribe.

Figure S2. Phylogeny recovered under maximum likelihood
using the marker ND4. Thicker branches received bootstrap
support greater than 50%. Terminals are coloured according
to subtribe.

Figure S3. Phylogeny recovered under maximum likelihood
using the marker CytB. Thicker branches received bootstrap
support greater than 50%. Terminals are coloured according
to subtribe, and asterisks denote those that did not meet
the criterion for inclusion in the final tree (COI or ND4
available).
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Figure S4. Phylogeny recovered under maximum likelihood
using the marker ITS2. Thicker branches received bootstrap
support greater than 50%. Terminals are coloured according
to subtribe, and asterisks denote those that did not meet
the criterion for inclusion in the final tree (COI or ND4
available).

Table S1. Markers (abbreviated), fragment lengths and
primers used in this study.

Table S2. Species groups recovered with bootstrap support
in the optimal phylogeny using all terminals with COI or
ND4. Author and distribution data from the BioSystematic
Database of World Diptera (Evenhuis et al., 2010).

Table S3. GenBank accession numbers for all specimens and
markers used in this study.

Table S4. Taxonomy of all terminals, with DNA sequence
data available for each. “Original” sequence data were gen-
erated during this study and used in phylogenetic analyses
as-is. “Ancestral” sequence data were generated from phylo-
genetic analyses of single markers.
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