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Abstract

Trypanosomes are a diverse group of protozoan igesasd vertebrates transmitted by a variety
of hematophagous invertebrate vectors. Anuran tiypames and their vectors have received
relatively little attention even though these paesshave been reported from frog and toad
species worldwide. Blood samples collected frong&ia frogs Engystomops pustulogua
Neotropical anuran species heavily preyed uponabvesdropping frog-biting midges
(Corethrellaspp.), were examined for trypanosomes. Our resNesaled sexual differences in
trypanosome prevalence with female frogs beingyanéected (<1%). This finding suggests
this protozoan parasite may be transmitted by bitigg midges that find their host using the
mating calls produced by male frogs. Following poeg anuran trypanosome studies, we
examined 18S ribosomal RNA gene to characterizesatablish the phylogenetic relationship of
the trypanosome species found in tingara frogseev species of giant trypanosome,
Trypanosoma tungarae. sp., is described in this study. Overall thephometric data revealed
that the trypomastigotes &f tungaraen. sp. are similar to other giant trypanosomes$ s153 .
rotatoriumandT. ranarum Despite its slender and long cell shape, howeh&8,rRNA gene
sequences revealed tiattungaraen. sp. is sister to the rounded-bodied giant ingsameT.
chattoni.Therefore, morphological convergence explains simorphology among members
of two non-closely related groups of trypanosonmésating frogs. The results from this study
underscore the value of coupling morphological ideation with molecular characterization of

anuran trypanosomes.



42  Keywords: Engystomops pustulosuBorethrellg frog-biting midges, PanamBhysalaemus

43  species delimitation, Trypanosome phylogeny
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1. Introduction

Trypanosomes are protozoan parasites that areitdaiguacross invertebrate and vertebrate
species. Indeed, trypanosomes infect species aallosstebrate classes. Anuran trypanosomes,
however, have received considerably less attetitian those in other vertebrates even though
they infect frog and toad species worldwide (Bagsind Harmsen, 1973; Desser and Yekutiel,
1986; Werner, 1993; Desser, 2001Kis, 2002; Lemos et al. 2008). Since many anurpesds

at least their early developmental stages in ageawironments and return to breed as adults,
leeches have long been considered the main vewittmgpanosomes in this group (Reilly and
Woo, 1982). As adults, however, many species afsfiare preyed upon by a variety of
opportunistic and specialized hematophagous inseatsnay act as possible vectors of blood
parasites. Phlebotomine sandfli®hlebotomus squamirostjifor instance, transmit
Trypanosoma bocagé&iranca 1911 to European toaBsfo bufo(Feng and Chung, 1940).
Similarly, trypanosomes may be mosquito-borne pasfor anurans. Mosquitoes, such as
Culex territansthat feed mainly on anuran hosts have been implicat the transmission at
ranarumLankester 1871 (Desser et al., 1973) but the& asltrypanosome vectors is still
controversial (Ferguson and Smith, 2012). Otherquibg species such @sedes aegypand

Culex pipiensan transmit trypanosomee. fotatoriumMayer 1843 complex) to some frogs
even though they do not usually feed on anuransi{lRand Urdaneta-Morales 1977). Closely
related to mosquitoes, frog-biting midges (Cordtitae) are small hematophagous flies
specialized at feeding on anurans (Borkent, 20D8se midges are thus potentially important
vectors of blood parasites of this vertebrate cl&déact, in the Southeastern United States, one
species of frog-biting midgeCprethrella wirth) transmits trypanosomes to green treefrogs,

Hyla cinerea(Johnson et al., 1993). The family Corethrellidaatains 107 species of frog-
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biting midges, in which females are specializedsing the mating call of frogs to localize them
and obtain a blood meal (Borkent, 2014). The fragaing call is the main cue used by the
midges for long-distance host detection (Bernal @ga&ilva, 2015). Further studies that examine
the role of other species of frog-biting midgesrahsmitting trypanosomes are necessary to
understand the evolutionary ecology of these iotayas. In this study we investigate
trypanosome infection in a Neotropical anuran sggedhe tingara frodegystomops
pustulosu} which is heavily preyed upon by frog-biting mésy

Tangara frogs are small anurans that occur fronth&on Mexico to northern South
America (Colombia, Venezuela, and Belize) and Tiani and Tobago. Males aggregate during
the rainy season at temporary puddles from where phoduce mating calls (Ryan, 1985).
While calling to attract a mate, tingara frog mals® attract frog-biting midge€orethrella
spp). These eavesdroppers prey upon tungaraifr@geat numbers (Figure 1a). A speaker
broadcasting calls equivalent to those produced imptivate tingara frog male, attracts up to
511 midges in 30min (average=142 midges/30min; &erhal., 2006). Tungara frogs represent
an ideal opportunity to investigate trypanosomedctibn potentially transmitted by frog-biting

midges.

The goals of this study were twofold: firstly, tetdrmine the presence of trypanosomes
in tngara frogs along with the characterizinghefse parasites, and secondly, to examine
whether the prevalence differs between femalesvaalds. Since as in most anuran species,
tingara frog females do not produce mating call@(iR1985), eavesdropping frog-biting
midges most likely only feed on male frogs. We thypected differences in trypanosome
prevalence between male and female tingara fréigetiag the feeding habits of the frog-biting

midges. As predicted, we found trypanosome infeotaté tingara frogs and thus implemented



90 morphological and molecular methods to charactenmeinfer the phylogenetic relationship of
91 thisTrypanosomapecies to other trypanosomes that parasitize géreebrates that inhabit

92 aquatic and marine environments. The charactesizaind phylogenetic relationships of this
93 newTrypanosomapecies provide new information on anuran trypames, a group with

94  poorly known taxonomic relationships (Martin et 2002). In addition, we provide insights

95 about the prevalence of this trypanosome specids type host.

96 2. Materials and methods

97  2.1. Study site and sample collection

98  Tungara frogs were captured at their breeding atedasg the rainy season around the

99  Smithsonian Tropical Research Facilities in Gam@8& 9’ N, 79 © 42.9' W), Panama.
100 Individuals were brought to the laboratory whermytiwvere measured and blood samples were
101 collected by toe-clipping as well as via the orsiaus following Lynch et al. (2006). After
102  collecting blood samples, the frogs were placeddiividual containers with sufficient amounts
103  of water and released within 24hrs at the exaction where they were captured. This
104  procedure was approved by the Smithsonian Tropleakarch Institute IACUC (#2009-0616-
105 2012-11). To examine the presence of trypanosomgmgara frogs and test our prediction of
106  sexual differences in infection, we collected 2Bimg males and 15 females approaching the
107  puddle or in amplexus. We performed 2-5 blood smper individual to include both thin and
108  thick smears for each frog, for a total of 112 lbl@mnears (2.8 blood smears/individual). Given
109  that some trypanosomes in anurans are known tor@otarnal peripheral parasitemia, bleeding
110  of all tngara frogs was performed between 200@AiHwhen trypanosome parasitemia is
111 higher in other anuran species (Johnson et al3)19%ngara frogs are not preyed upon by other

112 biting insects and liver-baited traps at the sri@atiporary pools in which they breed revealed
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that leeches are absent (N= 5 nights, two trapgtd)nin addition, usually when leeches feed on
amphibian hosts they leave distinct hematomas @n $kin. Careful inspection of tingara frogs
did not revealed signs of skin lesions such asettiost result from leeches (McCallum et al.,
2011; Rhoden and Bolek, 2012).

To characterize the trypanosome species using maleechniques, additional blood
samples were collected from individuals that haehbeonfirmed to be infected with the
trypanosome species described here using micros@tyge samples were stored in lysis buffer
and preserved at 4°C for molecular analysis (Iehil., 1990; Longmire et al., 1997). Some
frogs were kept in captivity for longer periodscinduct behavioral experiments as part of an

additional study.

2.2. Morphological characterization

After performing the blood smears, the slides varelried, fixed with absolute methanol and
later stained using Giemsa stain following Mohr§1p Blood smears were thoroughly
screened, covering the entire smear at 400X magtidin (1-3 hrs per slide) using a Nikon
Eclipse E 200 (Nikon, Chiyoda, Tokyo, Japamgroscope. Once trypomastigotes were found,
they were photographed at 400X and 1000X magnifinatsing a Nikon high-definition color
camera head DS-Fi2 and the images were transfenteca computer screen via a Nikon
Camera Control unit DS—L2. We measured trypomatigmrphology (total body length and
maximum width, N = 39) with Nikon's NIS-Elementg&search application. Given the dark and
uniform coloration of the stained trypomastigotier morphological characters could not be
measured in a reliable way for any of the specimadditional blood samples from ten
individuals were collected and blood smears preparel stained using Hemacolor® Giemsa

stain kit (Merck KGaA, Darmstadt, Hesse, Germanyan attempt to obtain images revealing
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kinetoplastic morphology. Both stain techniquesyéweer, had limited success revealing the
kinetoplast and nucleus in the stained trypomatigtherefore, we could only make
morphological measures of the internal structura subset of the specimens (N = 14).
Measurements are given as the mean + standardideviamicrometers.

All blood smears were labeled and arranged in suehy to prevent biased screening of
the slides. Statistical analysis was performecherproportion of individuals infected across
each sex, using a two-tailed Z-test for populaporportion implemented through STATA 10

(StataCorp, College Station, TX, USA) (StataCo()D).

2.3. Phylogenetic relationships

We extracted DNA directly from blood samples uditgeasy kits (Qiagen, Valencia, CA,
USA) following the manufacturer’'s recommendatiofsllowing Martin et al. (2002), we
examined 18S ribosomal RNA gene (18S rRNA). We #raglby PCR two overlapping
fragment of 18S rRNA with newly designed primexafran alignment of frog trypanosomes.
The first fragment—955 bp—was amplified with prim&SU1_F
(TCTGGTTGATTCTGCCAGTAG) and SSU1_R (AAAACCAACAAAAGCGAAA); the
second fragment—980 bp—was amplified with primes&)3 F
(CCAAAGCAGTCATCCGACTT) and SSU2_R (AGGAGCATCACAGAQGCT). These
primers were designed from a large alignment gdanpsome species (Hamilton et al., 2007);
these primer sequences are highly conserved amgmanbsomes, likely are able to amplify
multiple species of anuran trypanosomes. Both P@Rliications were conducted with a
touchdown PCR profile (Murphy and O’Brien, 2007Jtek cleaning the PCR product with
ExoSAP-IT (Affymetrix, Santa Clara, CA, USA), wermpleted sequencing reactions in both

directions with the ABI BigDye chemistry (Appliedddystems, Inc., Foster City, CA, USA),
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and sequenced the fragments on an ABI 3730x| DNAlyser automatic sequencer (Applied
Biosystems, Inc., Foster City, CA, USA). We asseardldontigs with the obtained sequence
chromatograms in Geneious 6.1.6 (Biomatters, Autkl&lew Zealand), resulting in sequences
of 1688 bp for male #165504 (GenBank accession eunkiM406915) and 1689 bp for male
#165507 (GenBank accession number: KM406916).

We built an 18S rRNA gene matrix with the newly geted data and previously
published sequences of members of the aquatic ofaligypanosomausingT. avium
Danilewsky 1885T. lewisiKent 1880 and'. theileriLaveran 1902 as outgroups (Martin et al.,
2002; Ferreira et al., 2007; Ferreira et al., 20@8yes et al., 2014). We aligned the sequences
using the MUSCLE (Edgar, 2004) plugin within Gensi®.1.6, and edited manually obvious
misplacements and removed suspicious ends of segsiéire., ends with abundant substitutions
while the remaining of the alignment is conservédhe aligned matrix comprised 67 terminals
and a length of 2,364 bp. We ran Bayesian and maxitikelihood analyses with a single
partition with the model GTR+in MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2@08)
RAxXML 8.0.12 (Stamatakis, 2014) respectively. Far Bayesian analysis we did two
independent runs with 1 cold and 3 heated chaiits,sampling the chains every 100
generations. The analysis was allowed to run uedithing estationarity—stopval set at 0.01,
and later confirmed by the potential scale reductaztor values close to 1—which occurred at
1,185,000 generations, and 10% of generated treesdiscarded as burn in. Nodal support was
estimated with posterior probabilities. For the hfaxm Likelihood we estimated the nodal

support with 1,000 bootstrap pseudo replicates.

As an additional confirmation of the species statiuhis new trypanosome we ran a

coalescent-based species delimitation analysiguimsson tree processes (PTP) model (Zhang
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et al., 2013). New probabilistic approaches forcgmedelimitation provide alternatives to using
arbitrary genetic thresholds and arbitrary monogtiylgroupings. In particular, the PTP analysis
is a fast species delimitation approach that attegpidentify putative species using a single
input phylogenetic tree—usually built with a singeus by modeling speciation rates directly
from the number of substitutions. We run the analysthe bPTP web server with our

maximum likelihood tree, using 500,000 Markov chisionte Carlo generations, a thinning of

100 and a burn-in of 0.25.

3. Results

3.1. Species description

The trypanosomes observed in the blood smearsehamgue set of morphological characters
that differentiate them from previously describpeé@es. Morphology, however, often does not
allow researchers to distinguish trypanosomes speuid is problematic for determining species
relationships. We obtained DNA sequences that teddhis lineage constitute a new species of
trypanosome that we describe below.

Taxonomic summary. Phylum Euglenozoa, Cavalier-Smith, 1981; classekoplastea,
Honigberg, 1963; order Trypanosomatida, (Kent, }&88llande, 1952; family

Trypanosomatidae, Doflein, 195Irypanosoma tungarae. sp. Bernal and Pinto (201x)

Type material: type blood smears of three infected frogs aresigd in the Smithsonian
National Museum of Natural History (USNM NumbersOBType Host Vertebrate host is the
tungara frogEngystomops pustulos(dmphibia: Leuperidae); putative vectors &erethrella
spp. midges (Diptera: Corethrellidagype Locality: Panama, Colon Province, Gamboa (30
m.a.s.l., 9° 79" N, 79 © 42.9' W) (Figure 2pcation on hosts In the vertebrate hosts peripheral

blood . The location in their putative vector frbging midges is unknown (possibilities include
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the digestive tract, the hemocele and the saligkayds) Distribution : Currently known only
from the type locality, Gamboa, Panam&gnosis Monomorphic trypanosome with an
elongated body (52.13 + 12.94 um) and thin som&l(5.3.62 um). Free flagellar length (FF),
13.20 £ 5.11 um; midnucleus to anterior end (MA),74 £+ 13.77um; midnucleus to posterior
end (MP), 29.67 + 10.59 um; midnucleus to kinetspla0.31 + 7.41 pum; posterior end to
kinetoplast, 9.71 + 3.50 um; relative size of flaga (FF/MA), 0.34 + 0.14 um; length of
nucleus, 3.63 £ 1.67 um; nuclear index (MP/MA),70£90.60 pum. In general, this species
resembles other anuran trypanosomes from Centilabanth America (Desser, 2001; Ferreira et
al., 2007; McKenzie and Starks 2008). This spesiésnger and thinner that rotatorium- like
species found in other leptodactilyd anuran ho&aaoth America (Lemos et al. 2008). In
particular, this species corresponds to the moggybf anuran trypanosomes with elongated
trypomastigotes with pointed ends observed in Bids, Leiuperidae and Leptodactylidae from
Brazil (Group I, Ferreira et al., 2007). The morjagy of this species, however, is most similar
in general tar'rypanosomap. (e) andrypanosomap. (f) described frorhithobates vaillanti
syn.Rana vaillantiby Desser (2001). Although the measurements ddpleeies described here
match closely some characteristicsTogpanosomap. (e€) such as the relative length of the free
flagellum, other features, including total bodydémand the distance from the posterior end to
the kinetoplast, are closer to the morphologyyjpanosomap. (f). Some other features,
however, are distinct from boffrypanosomap. (e) and (f) (e.g. distance from the centahef
nucleus to the anterior end).TA montrealisike species was found to be transmitted by North
American frog-biting midgesd. wirthi) in Florida (Johnson et al. 1993). Although thelyo
length and width ofrypanosoma montreali&antham et al. 1942) fall within the dimensios o

the species described here, that previously destspecies has a much shorter free flagellum



228  thanT. tungaraen. sp (3-5.5 pm vs 13.20 + 5.11 yum). The validityr. montrealis however,

229  has been questioned (Werner et al. 1988). Morele@taorphological comparisons with

230 previously described species of anuran trypanosdroesthe same geographical area are

231 unfeasible given that detailed morphological meaxsignts are not often reported and recent,
232 updated species descriptions frequently focus ersplecies genotypes (e.g Ferreira et al. 2007).
233 Intraspecific morphological variation of amphibi@yppanosomes, however, is so high that

234  precludes its use for species identification. B@meple, amphibian trypanosomes can

235  significantly change their morphotype when infegtthfferent hosts (Hysek 1976).

236 This species does not resemble in morpholbgghatton;j the closest related species

237  known to date (see undehylogenetic relationshipselow), that has a characteristic round to
238 oval body (Lemos et al 2008). Trypomastigotes dhlepecies, however, have large size and
239  this new species thus becomes a new member ofdhetgypanosomes that includes species
240 such adl. megaT. ranarumandT. rotatorium(Martin et al., 2002). Despite the widespread
241  distribution of T. chattoniincluding Asia (China, Werner, 1993; Kyushu andiRyu Islands,

242  Miyata, 1978; Thailand, Sailasuta et al., 2011)itNé&merica (United Sates, Diamond, 1965;
243  Canada, Jones and Woo, 1986) and South Americai(Bramos et al., 2008), this species is
244  monomorphic with little geographic variation. BdthchattoniandT. tungaraen. sp. have

245  heavily stained cytoplasms that often obscure tldens and kinetoplast. When visible, the

246  kinetoplast lays towards the anterior end at abdourth of the total length of the cell. Glass
247  slides of Giemsa-stained smears from tungara flogdosamples and DNA samples are kept at
248  the Smithsonian National Museum of Natural Histéégshington, DC. To comply with the

249  regulations of the International Code of Zoologiaimenclature (ICZN), details of this species

250 have been submitted to ZooBank with the Life Saeldentifier (LSID) zoobank.org:pub:TBD.
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Etymology: Tungara(English pronunciation: toon-gah-rra) is the commame of the frog
Engystomops pustulosube vertebrate host of this new species of trgpame. Tangara is a
feminine Spanish onomatopoeic word resembling @fdtie singing repertoire of the

Engystomops pustulososles. We tredtingaraeas a feminine noun in the genitive case.

3.2. Host prevalenceConsistent with our prediction, we found sexuékedences in
trypanosomes infection in tingara frogs (Z-tes 28, p=0.022).While 40% of male tungara
frogs sampled were infected with this blood paeasihly 6.6% of the females were infected
(males: 10/25; females: 1/15). We were, howevgreeting that no females would be infected
since female tangara frogs do not vocalize. Framgpimidges are attracted to the mating calls
produced by males (Bernal et al. 2006; Borkent3200cKeever and Hartberg, 1980), so our
results beg the question, if frog- biting midges tre vectors, how did a female become infected
with this new species of trypanosomes? Carefuldaspns of our records confirmed this result
and field observations revealed a potential patiasfsmission for female frogs to be infected.
When tangara frog are in amplexus, frog-biting neslgttempting to feed on the calling male
have an opportunity to move directly from theirgamal victim, the male, to the female and

obtain a blood meal (Figure 1b,c).

3.3. Phylogenetic relationshipsThe maximum likelihood and the Bayesian inference
phylogenies of the 18S rRNA gene are highly conaotdand show strong support for the
placement of the new specid@sypanosoma tungaraén the clade with aquatic trypanosomes;
however, several internal branches are poorly stpgdor both methodg.rypanosoma
tungaraen. sp. is sister td. chattonj and both form a highly supported clade sisterther

trypanosomes of South American frogs (Fig. 4).
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Both, the maximum likelihood and Bayesian solutiohthe putative species delimitation
analysis in PTP indicate th@t tungaraen. sp. is a different species from other trypanuse for
which molecular data is available. Also, the PTBIgses indicate that it might be some over
splitting of species in fish trypanosomes, and sduerecognized species of frog trypanosomes
(Fig. 4). The two sequencesbftungaraen. sp. diverge in eight nucleotides, and it ieljkthat
additional genetic variation can be found withie gtudy area. Despite that the 18S rRNA gene
is a slowly evolving marker, the variation that feend is not surprising given the complex
patterns of intra and inter specific trypanosomweidiity found in this geographic region (Pinto

et al. 2012; Cottontail et al. 2014).

4. Discussion

Our results revealed that while male tungara fergsfrequently infected with trypanosomes,
females rarely carry these parasites. Since fendalemt vocalize, they do not attract frog-biting
midges (Bernal et al., 2006) and are thus raretpimact with this putative vector. Similarly,
sexual differences in prevalence of trypanosomegeaen treefrogdilyla cinerea were reported
in the Southeastern United States where frog-bitirdges Corethrella wirth) were implicated
as vectors of this parasite (Johnson et al., 199@nsmission of . tungaraen. sp. by vectors
other than frog-biting midges seems unlikely. Lescltommon vectors of trypanosomes of the
aquatic clade (Hamilton et al., 2007), are absemh the breeding puddles of tingara frogs in
the study population. Although we collected leecitesur study site in larger ponds where other
anurans breed, no leeches were found using the sapein the puddles where tingara frogs
breed. During the time we have spent observingatamffogs in the field and collecting insects
biting them (>100 hrs), no other blood-sucking aiser lesions potentially inflicted by leeches

have been detected. The high numbers of frog-bitimpes that bite tingara frogs (Bernal et al.,



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

2006), combined with their ability to transmit tipiarasite to other frogs (Johnson et al., 1993),
strongly suggest frog-biting midges may be the mvaictors ofT. tungaraen. sp. The
advertisement call of tingara frogs attracts atleaven species of frog-biting midges (Bernal et
al., 2006) and it is unclear if all, or only soroéthose species may act as vector§.dfingarae

n. sp. Further studies that confirm the presende tfngaraen. sp. in the midgut or salivary
glands of frog-biting midges and examine speci@isr@inces in transmission of trypanosomes
among frog-biting midges are necessary to confirat the midges are indeed the vector$.of
tungaraen. sp. These studies would also provide valualdiglts by clarify the degree of

species specificity of trypanosomes and the midges.

In addition to frog-biting midges, there are otbgterans that are potential vectors of
blood parasites that in general should be congideheen investigating the transmission patterns
of amphibian trypanosomes. There are, for instasdeast two species of mosquitos that use
the mating calls of frogs to find their victim afeed exclusively on anurangr@notaenia lowii,
Borkent and Belton, 200&ulex territans Bartlett-Healy et al., 2008). Other frog-bitingsects
such ag-orcipomyiaspecies specialize on amphibians (Thompson 1969Yauld also act as
vectors of anuran trypanosomes. Although at oudyssite tingara frogs are only preyed upon
by frog-biting midges, frogs and toads are oftdtehiby a wide range of insects. Considering all
potential vectors of anuran trypanosomes is esdeatunderstand the dynamics of these

protozoan parasites.

This description of a new speciesTof/panosomdiere highlights an interesting pattern
of convergence in morphology among members of tareclosely related groups of
trypanosomes infecting frogs. The morphometric davaaled that the trypomastigotesiof

tungaraen. sp. have overall similarity to other giant eapesomes such 3s rotatoriumandT.
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ranarum Despite its slender and long cell shape, howé@udyngaraen. sp. is sister td®.
chattoni—a highly derived trypanosome with a large roundedlyb lacks a free flagellum, and
lack of undulating membrane (Martin et al., 2002os et al. 2008). This convergence in
morphology, however, could be explained by fundcildy; the sizes of the host’s erythrocytes
are correlated with the morphology of trypanososweggesting adaptations of the trypanosomes
to the host environment (Wheeler et al., 2013).Ivdé& our discussion to comparisons between
T. tungaraen. sp. and species of trypanosomes from the pbyletic tree used here because (i)
we are confident they represent separate lineages(ii) it is difficult to rely on morphology to
discern between blood trypanosomes (Lima et al22B&rmino et al. in press). Sequences,
however, are not available for all anuran trypanos® described to date. Therefore, it is possible
thatT. tungaraen. sp. may be equivalent to a previously describedamed trypanosome for
which no molecular data is yet available. Furthed®s of trypanosome diversity in anurans that
include a combination of morphological and molecwark would provide an opportunity to
identify further cases of morphological convergeand overall patterns of evolution within
members of the aquatic clade.

Despite significant efforts to revise the phylogeneelations and taxonomic status of
anuran trypanosomes (Diamond, 1965; Ayala, 19701 1Desser and Yekutiel, 1986; Desser,
2001; Martin et al., 2002; Ferreira et al., 20000& Lemos et al., 2008), there is still an urgent
need for an extensive revision of this group obpdes. The phylogeny of anuran trypanosomes
needs in particular the advancement of the devetopwf tools to include additional genes.
Traditionally only the 18S rRNA and gGAPDH genesdaeen used for trypanosome
phylogenetics (e.g. Hamilton et al., 2007), andtnedshe work conducted on the aquatic clade

has relied only on data from one gene (this stivhytin et al., 2002; Ferreira et al., 2007,



342  Ferreira et al., 2008; Hayes et al., 2014). Perbiapslifficulties associated with amplifying

343  markers different to the 18S rRNA directly from DMN4tracted from blood and tissues have

344 hampered the efforts to build stronger phylogepigshis clade. In this study, we failed to

345 amplify the gGAPDH gene using published and nemprs. As a consequence, our analysis

346  only includes one gene and several relationshipshars not well supported in our phylogeny.

347  For example, there is little support for the relathips among the subclades that we identified.
348  Despite this challenge, however, fragments of 8 rRNA gene have been successfully used to
349  characterize trypanosome species in other systems Hayes et al. 2014) and the DNA

350 sequences found in this study indicate the trypamesexamined here represents a single, new

351 lineage.

352 The PTP species delimitation approach we usedifereeliable method to tentatively
353 identify trypanosome species using phylogenetia.dahother study explored the usefulness of
354  this method in uncovering several species of trggames in a single location providing

355  convincing evidence of its reliability (Cottontail al., 2014). Multiple loci and multiple

356 delimitation approaches, however, are necessargrifirm these inferences (Carstens et al.,
357  2013). Nonetheless, for organisms as poorly stualeithe trypanosomes of wildlife, the PTP

358  method is promising—at least until generating diaen multiple genes is a common practice.

359 Trypanosoma tungarae. sp. is currently only known from its type hdstigara frogs.

360  Although a trypanosome was previously reportedeterédnsmitted by frog-biting midges to

361 another anuran in the Southeastern US (Johnsdn #983), its relationship t®. tungaraen.

362  sp. is unknown because it was not characterized . Skedies have investigated host specificity
363  of anuran trypanosomes. Studies have describearéisence of the same trypanosome species

364 across a broad range of frogs and toads (Ray anddblury, 1983) and, given that vectors are



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

often associated with several species of vertelhrades (Ferreira et al., 2008), their association
to only one or few anuran species seems unlikdig. diversity of hosts used @y tungaraen.

sp. requires further examination. Other potentmaran hosts include, for instance, include the
hourglass frogendrosophus ebbracatuand yellow cricket treefrodX. microcephalusthat

are also victims of frog-biting midges (de Silvaakt 2014), the putative vector ©f tungaraen.
sp. in this area. Investigating the diversity oftsoofT. tungaraean further studies will be

important to understand the patterns of this blpadsite's dynamics in this anuran community.
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Figure Legends

Fig. 1. Photographs of tingara froggystomops pustuloguand frog-biting midges
(Corethrellaspp). (a)Calling male tangara frog preyed upon by frog-lgtmidgesyb) female
(bottom) in amplexus with a male (top) covered viitng midges; (ffemale (bottom) with a
biting midge on her nostril that was passed froerttale during amplexus. Tungara frogs are
about 30mm long while the frog-biting midges aréy@bout 1.5mm. Photos taken by

Alexander Baugh (a) and Ximena E Bernal (b,c).
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Fig. 2. Map of the Republic of Panama indicatinghva star the location of Gamboa, the type

locality of Trypanosoma tungarag sp. Insert shows the location of Panama in tin W/orld.

Fig. 3. Light microscopy ofrypanosoma tungarae. sp. (Giemasa-staining). (a-e)
Trypomastigotes stained using Hemacolor® Giemsa kia(\VVoigt Global Distribution Inc,
USA); (f-i) Trypomastigotes stained using Giemsa stain foligwlohr (1981). Scale bars: 10

gum.

Fig. 4. Phylogeny of the aquatic clade, and PTRispalelimitation results. Best maximum
likelihood tree of thel8S rRNA gene of member & #guatic clade and selected outgroups.
Numbers on the branches represent support valuessponding t&70% bootstrap replicates
(left) and>0.9 Bayesian posterior probabilities (right). Saldes are highlighted with colored
boxes to indicate host associations. Color of laadhes indicate the PTP species delimitation
results; monophyletic groups in red indicate memloéra single species, blue terminal branches
indicate that only one sample is included in symcges. Names of the terminals indicate the
GenBank accession numbers, scientific name, anglsamisolate code. Star indicates the

position ofT. tungaraen. sp.
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Highlights

» There is higher prevalence of trypanosome in nieda female tungara frogs

Sexual differences in infection suggest potentaismission by frog-biting midges
» Trypanosoma tungarae n. sp. is a new species infecting tingara frogs

» This parasite resembles other giant frog trypanesoimom the Aquatic clade.



