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Abstract.


Flies in the family Streblidae (Order: Diptera) are obligate ectoparasites on bats (Order: Chiroptera).  In this study we focus on the phylogenetic relationships of ten Neotropical and Nearctic bat fly species from 21 different samples, and their hosts.  Tree topology–based cophylogenetic analysis was performed to evaluate this host–parasite system for patterns of cospeciation.  Phylogenies were reconstructed using mitochondrial ND2 and COI for parasites, and cytochrome B for hosts.  Bat fly phylogeny reconstructions supported previous generic groupings, with the exception of the placement of Megistopoda aranea within the genus Neotrichobius.  Paraphyly of the genus Trichobius was observed with respect to Neotropical and Nearctic distributions.  Bat phylogenetic analyses is consistent with the previous taxonomic placement of seven species in four genera.  In addition to detecting a general pattern of cospeciation, cophylogenetic analysis also reveals other coevolutionary events such as parasite host switching, and duplication at work in this system.

Introduction

The family Streblidae (Diptera) is found throughout the New World, with 150 species placed roughly in 25 genera (Wenzel and Peterson 1987).  Streblids are obligate hematophagous ectoparasites on bats and spend the majority of their life cycle on their hosts (Wenzel and Petersen 1987).  This group has undergone widespread speciation in the Neotropics and displays impressive morphological diversity, ranging from robust, muscid-like flies to apterous, flattened, elongate forms with spider-like legs (Kim and Adler 1985; Marshal 1981; Wenzel et al 1966).  In this study we focus on the reciprocal speciating patterns of some streblid bat flies found on the bat family Phyllostomatidae in Costa Rica.

Streblid host specificity has been subject to much debate due to ecological overlap of both hosts and parasites, and to their ability to leave their hosts.  Eighty percent of streblid species possess fully developed wings, and have been found unassociated with hosts in roosting areas (Whitaker 1988; Wenzel and Peterson 1987).  Streblids are also viviparous, leaving their hosts to larviposit on substrates proximal to host roosts (Jobling 1949; Hofstede et al. 2004).  Despite this potential to switch hosts, streblids have been found to exhibit remarkable host specificity and to die within a few ours of being removed form their hosts (Wenzel and Peterson 1987).  Host records indicate that 70% of streblid bat fly species exhibit high host specific and tend to correlate with host taxonomy, rather than their host’s ecological distributions (Ryberg 1947; Ross 1961; Wenzel and Tipton 1966; Patterson et al. 1998).  Even in areas where bats form multispecies roosting groups, streblids have been found to have a strong taxonomic association with their hosts (Hofstede et al. 2004).
The close ecological association of streblids with their hosts, and high potential for parasite host specificity, allows for a unique investigation of possible cospeciation and evolutionary patterns within this system.  Previous studies have used molecular techniques to examine the evolution of bat fly’s host associations, and distributional methods to suggest cospeciation (Dittmar et al. 2005; Patterson et al. 1998).  While these studies provide an excellent overview of the evolution of host association patterns, and posit cospeciation, neither utilize molecular methods to assess both host and parasite lineages under a consistent cospeciation hypothesis. 

 A testable cospeciation hypothesis requires reciprocal or joint genetic changes and resultant speciation of ecologically interacting taxa (Janzen 1980; Page 2003).  If this association persists through multiple host speciation events, a strict cospeciating relationship and host–parasite phylogenies will show identical branching patterns between.  Strict congruence is rare in nature and observed phylogenetic incongruence can be the result of four previously identified historical processes: (i) host switching, (ii) parasite duplication on hosts, (iii) parasite losses (extinctions), and (iv) failure to speciate on the part of the parasite (Johnson and Clayton 2004; Page 1994; Patterson et al. 2000).  Absence of strict cospeciating relationships in closely associated taxa can provide other insights into the ecological interactions and evolutionary histories of parasites and hosts. 

Analytical methods for c
ospeciation have been burdened by theoretical and methodological uncertainties.  The proliferation of molecular phylogenetic techniques has provided a better framework for questions and analysis of reciprocal trends in speciation and evolution.  Testing for cospeciation demands independently derived, well-supported host and parasite phylogenies with statistical support of topographical concordance (Page 2003; Hafner and Nadler 1990).  Topography-based analyses, such as that utilized by TreeMap and Jungles, comparatively examines patterns of speciation in host and parasite phylogenies.  These patterns of congruence and incongruence provide insight into the host–parasite lineages (Charleston 1998; Charleston and Page 2002). 

In order to document patterns of cospeciation between streblids and their hosts, a combination of more detailed phylogenetic, cophylogenetic, and statistical analyses are necessary.  The current paper focuses on inferring the unique phylogenetic relationships of ten species from twenty populations of Neotropical Streblidae and their Chiropteran hosts using mitochondrial DNA sequences.  We present independently derived phylogenies of parasites and hosts to test the hypothesis of cospeciation using tree topology–based methods as implemented in TreeMap 2.0B.  Our results suggest that, while bat flies are highly host specific and do display a certain level of cospeciation with their hosts, it is not the tight species to species pattern that has been proposed in the past.
Materials and Methods
Taxon Sampling

Samples were collected in the Golfito Wildlife Refuge (GWR), a small forest block (1309 hectares) encompassing the town of Golfito, Costa Rica.  The two forest types surveyed in this study include areas of secondary riparian rainforest within the GWR (8( 37’ 762” N, 83( 10’ 850”W and 8( 37’ 651”N, 83( 10’ 830”W), and cacao plantation stands just outside of the GWR (8( 37’ 773”N, 83( 10’ 741”W and 8( 37’ 785”, 83( 10’ 764”W).  Bats were captured during the evening, between 17:00 and 24:00, using a 6m and 12m mesh nylon nets.  They were promptly removed upon capture, placed individually in cotton bags, and processed within 30 minutes of capture.  Ectoparasites were taken from fur on target bat hosts and placed directly in 95% ethanol.  Wing tissue biopsies (3 mm2) were taken (Worthington et al. 1996) and stored in 95% ethanol as vouchers for sampled bat hosts.  Ectoparasite samples were accessioned in the Department of Biology at the University of Vermont.  Bats were identified following Timm and LaVal (1998), and ectoparasite species identifications were made following Miller and Tschapka (2001).  Sampling was done randomly, and does not include entire bat or bat fly genera.


Icosta americana (Diptera: Hippoboscidae) was selected as the outgroup for the bat flies (McAlpine 1987).  We used Mormoops blainvillii (AY604462), as an outgroup for the bat family Phyllostomatidae.  Mormoops is a member of the Mormoopidae, the sister family of the Phyllostomatidae (Hoffman and Baker 2001).

DNA Isolation, Amplification and Sequencing 

DNA was isolated using a Qiagen DNeasy kit (Valencia, CA, USA) and the manufacturer’s protocol for mammal tissue for both bat flies and bats.  Entire bat fly samples were used to extract DNA.  Two regions of the bat fly mitochondrial genome, NADH dehydrogenase 2 (ND2) and cytochrome oxidase I (COI) were amplified using a series of primers, the names of which correspond to positions in the Drosophila yakuba mitochondrial genome (Clary and Wolstenholme 1985).  The ND2 region was amplified using the 192 (5' AGC TAT TGG GTT CAT ACC CC 3') and 732 (5'-GAA GTT TGG TTT AAA CCT CC 3') primers.  The COI region was amplified using the 2640 (5' GCW GTM TTT GCT ATT ATA GCA GG 3') and 3037 (5' TYC ATT GCA CTA ATC TGC CAT ATT AG 3') primers.  Thermal cycling profile for both gene regions was as follows: hot start at 94°C for 2 minutes followed by 30 cycles of amplification (15 seconds at 94°C; 20 seconds at 48°C; 3 min at 72°C).  The complete mitochondrial gene cytochrome b gene was amplified from bat wing tissue using the glo7L (5' CAY CGT TGT ATT TCA ACT RTA AGA AC 3') and glo6H (5' CGG TGT AAT GRA TAT ACT ACA TRG 3') primers.  The thermal cycling profile followed Hoffman and Baker (2001).  PCR products were cleaned using ExoSAP-IT according to manufacturer’s protocol (Stratagene).  DNA sequencing was done on an ABI 3100 capillary sequencing machine at the University of Vermont Cancer Center.

Sequences and Alignment


Sequences were manually edited with Sequencher version 4.2.2 (GeneCodes, Corp.).  Sequences were then aligned by eye based on predicted protein translation using MacClade version 4.06 (Maddison & Maddison 2003).  No gaps were required in the bat cyt-b or bat fly COI alignments.  Two gaps were inserted in the bat fly ND2 gene:  A single codon gap was inserted in four bat fly taxa (Trichobius dugesioides, T. joblingi, T. lonchophyllae, and Aspidoptera phyllostomatis) and Icosta americana.  All taxa required either a six or seven codon gap in the same region.  Gaps were inserted relative to Drosophila yakuba sequence, and were treated as missing.  All alignments are available at http://nature.berkeley.edu/ogradylab/data.  These sequences have also been deposited in GenBank under accession numbers DQ888235–DQ888307.
Phylogenetic Analyses
Bat fly and host data were analyzed using maximum parsimony (MP), maximum likelihood (ML), and Bayesian methods.  Both individual and combined data sets were analyzed for bat fly taxa to investigate conflict among data partitions (Gatesy et al. 1999).  When multiple optimal trees were present in MP and ML analyses, a strict consensus was generated.  In general, the results of individual and combined analyses were highly concordant with one another, as were the results of different methods of phylogenetic inference.  As such, we present only the Bayesian topology (Figure 1).  Support was assessed using Mp and ML bootstrap proportions (BP), decay indices, and Bayesian posterior probabilities (PP).

MP analyses were done in PAUP*, ver. 4.0b10 (Swofford 2005) using the branch and bound algorithm.  Support on MP trees was assessed using bootstrap values (Felsenstein 1988) and decay indices using Treerot V.2b (Sorenson 1999, Bremer 1988).  Run settings for the bootstrap were as follows: search type = heuristic, branch swap = TBR, addition sequence = random, number of additions = 1000, number of bootstrap replicates = 1000.  

Modeltest, version 3.7 (Posada and Crandall 1998) was implemented to select the optimal model of nucleotide substitution for individual and concatenated datasets for likelihood and Bayesian analyses (Table 2).  ML analyses were done using a heuristic search with run settings as follows: branch swap = TBR, addition sequence = random addition, number of reps = 100.  Support on ML trees was assessed using bootstrap analysis.  Run setting for bootstrap analysis were as follows: search type = heuristic, branch swap = TBR, addition sequence = random, number of additions = 100, number of bootstrap replicates = 100.  

Mr. Bayes v3.1.1 (Ronquist and Huelsenbeck 2003) was used to perform Bayesian analysis.  Initial likelihood settings, based on the Modeltest analyses, were: nst = 6, and rates = invgamma.  Runs were allowed to go for one million generations, reaching stationarity.  Each run was repeated three times to ensure convergence of independent runs.  Burnin was set to the first 25% of trees generated. 

Cophylogenetic Analysis


Cophylogenetic analyses for cospeciation was done using comparisons for cospeciation were assessed using TreeMap 2.0B (Charleston and Page 2002).  TreeMap 2.0B was preferred over another analyses for its use of Jungles (Charleston 1998), which incorporates more sensitive optimality criterion, and statistical analytic methods for recovered reconstructions.  Jungles deals more appropriately with host switching events, and searches for all feasible optimal reconstructions within user set bounds.  TreeMap was also preferred for its ability to perform statistical analysis on individual reconstructions.  To fully evaluate the host–parasite cophylogenetic relationships current host–parasites was assessed at the species level analysis and at the genus level to provide a summary of cophylogenetic patterns (refer to Figures 2 and 3).
Phylogenetic trees generated by Baysian method were reconstructed in MacClade V4.06 data editor (Maddison & Maddison, 2003) and exported to TreeMap (Charleston and Page 2002) for cophylogenetic analysis.  There were two Trichobius dugesioides species for which we were unable to generate DNA sequence data.  In these cases, dummy parasite lineages were created within taxonomically known species clades (T. dugesoides a, and T. dugesoides b).  This was done so that each sequenced host corresponded to one unique parasite node, matching the observed associations in the natural habitat. 

TreeMap 2.0B allows the user to adjust statistical variables to more accurately assess host-parasite reconstructions for cospeciation patterns.  The event costs for reconstructions were set to default (codivergence = 0, duplication cost = 1, lineage loss = 1, host switch = 1).  Jungles was set to allow from zero to the maximum possible number of host switches for each tanglegram.  Reconstructions were then evaluated to ascertain the number of codivergences, duplications, losses, host switches, and optimization costs.  Each reconstruction was then assessed for its statistical significance using TreeMap’s “get significance” command; bounds were set to the default parameters for each reconstruction.  A subsequent analysis was done randomly assigning host taxa to parasite taxa in order to comparatively evaluate the integrity TreeMap’s statistical significance values.

Results
Phylogenetic analysis

Results of individual and combined analyses are summarized in table 2 (MP) and 3 (ML).  Although differences in topology between individual bat fly genes (ND2 and COI) and the combined datasets were observed at more basal nodes, this was largely due to lack of character support in the smaller data matrices.  For example, individual ND2 and COI loci provided little resolution for individual genera.  Combined analysis showed more resolution at the basal nodes providing more support for relationships among the six genera.  There was no significant conflict between the different optimality criteria used to infer relationships.  Here we present the Bayesian analysis of the concatenated mitochondrial data set (Fig. 1).

The results consistently place taxa within their defined taxonomic groups with only two exceptions.  First, our analyses strongly supported the placement of Megistopoda aranea within the genus Neotrichobius (BPMP,ML > 100, DI = 11, PP = 100).  We also found broad support for the paraphyly of the Neotropical and Nearctic members of the genus Trichobius (BPMP,ML > 80, DI = 72, PP = 100).


Bat phylogeny reconstructions showed no disagreement between ML, MP, and Bayesian tree reconstruction methods.  Nodal support values (Table 4) correspond with node numbers on Figure 2 a.  All analyses strongly supported the four genera in this study (BP MP,ML >80, PP = 100).  The genus Uroderma was placed sister to Artibeus (BP MP,ML >80, PP = 100).  Together, these two genera were the sister clade to the genus Carollia (BP MP,ML >88, PP = 100).  Myotis was the basal genus analyzed in this study. Within Carollia, C.  brevicauda was placed sister to C. perspicillata (BP MP,ML >90, PP = 100), and both were placed sister to C. castanea in a well supported Carollia (BP MP,ML >90, PP = 100).  There was little or no support for relationships among populations of Artibeus jamaicensis or Carollia castanea.
Cophylogenetic analysis

TreeMap 2.0B was used to construct tanglegrams for both species and genus level analyses (Fig 3. a,b).  Results for individual Jungles reconstructions are listed in Table 5. Simulation studies indicate that cospeciation events for the equally optimal species and genus reconstructions were greater than expected by chance (P = 0.001 +/-  0.007).  Due to computational complexity, TreeMap was able to recover only two host switching events for species level analysis and ten optimal reconstructions before running out of memory. Increased numbers of host switching events consistently reduces the total evolutionary cost of reconstructions, suggesting that host switching is more common.  A total of two host switches were found for genus reconstructions, as well as a varying number of duplications and losses for both sets.   


Figure 4 (a and b) shows species and genus level reconstructions demonstrating the consistent speciation events of the streblid–host system.  Reconstruction a. shows an optimal species level reconstruction (P = 0.01 +/- 0.007), which provides evidence for the consistent host switches and duplications events in this system.  Trichobius dugesioides is shown to horizontally transfer Carollia castanae and C. brevicauda populations.  Aspidoptera phyllostomatis is observed to switch exclusively within the single species population of Artibeus jamaicensis.  Reconstruction a. demonstrates a recent duplication event on Carollia castanae creating Trichobius joblingi and T. lonchophyllae.  

Reconstruction b. is the optimal genus level reconstruction (P = 0.01 +/- 0.007), showing two host switches:  Trichobius is observed horizontally transferring from bat genus Carollia to the genus Artibeus; and the more basal colonization of Carollia from Paratrichobius, Megistopoda, and Neotrichobius clade yielding the bat fly genus Speiseria .  Reconstruction b. illustrates a duplication event on Artibeus creating the bat fly genera Megistopoda and Neotrichobius.


To offer a comparative measure of accuracy of TreeMap’s statistical analysis, we subjected a randomly associated host–parasite tanglegram to the same test parameters; results are in Table 4.  Randomly assigned associations allowing for no host switches are not more than would be expected by chance for each reconstruction (P = 0.8 +/- 0.007).
Discussion
Coevolutionary pattern between streblid bat flies and their hosts

Our results present a more complex picture than previously had been suggested for bat-bat fly evolutionary interactions (Patterson et al. 1998).  Although the analyses are in concordance with prior evidence for bat fly host specificity (Hofstede et al. 2004; Patterson et al. 1998; Marshal 1976; Wenzel et al. 1966) and generally support the hypothesis of cospeciation, a strict cophylogenetic history was not observed.  Layered onto the history of cospeciation are several host switches and duplication events indicative of non-host-specific parasitism.  This indicates that cospeciation is likely the primary mechanism influencing parasite speciation (Hoberg et al. 1997), followed by infrequent host switches and duplication events throughout the evolutionary history of streblid species.  The observed patterns suggest that, although bats nesting in mixed-species roosts have the opportunity to leave their hosts, they do so only at a low level. 

Other patterns: explaining non-host-specificity of some streblids

The non-host-specific parasitism of select taxa complicates historical reconstructions of streblid host associations.  Analysis of the species and genus level reconstructions provide explanation of the current relationships and a simplified view of the underlying trends in this system, respectively.  From the different reconstructions provided by TreeMap, several evolutionary events are consistently reported: host switches, duplications, and losses.  Utilizing the current understanding of bat fly morphology, and their ecological associations with their hosts, we propose an explanation for current speciation patterns of the non-specific parasitism of some bat fly taxa.  
Host switching – Cophylogenetic reconstruction statistics revealed host switching as a feature of this system.  An increased number of allowable host switches lowers the solution cost, however does not reduce the reported cospeciating nodes.  These results suggest that while host switching is an important feature, cophylogenetic patterns maintain cospeciation as a more influential mechanism.  Host switches are expected in this host–parasite system since bat flies are known to leave their hosts when disturbed, and all species are known to oviposit on substrates of the host’s roost (Wenzel and Peterson 1987).  Neotropical bats are also known to roost in mixed species groups, increasing the chances of horizontal parasite transfers (Graham 1988). 

Genus level analysis provides an overview of host switches in this system, which further provide insight into the phylogenetic sister placements of some clades.  The bat fly genera Aspidoptera and Speiseria both arose via horizontal transfers from between the bat genera Carollia and Artibeus.  Aspidoptera originated from its sister genus, Neotropical Trichobius, as a result of a colonization of Artibeus from Carollia.  The genus Trichobius has fully developed wings, which might facilitate the host switch; Asidoptera does not, suggesting a loss of flight after colonization (Timm and LaVal 1998).  The bat fly genus Speiseria evolved out of a host switch from the ancestral lineage of the Megistopoda, Neotrichobius, and Paratrichobius.  The absence of Speiseria species on the bat genus Uroderma, suggest a more basal host switch.  Neither Megistopoda, nor Neotrichobius retain fully developed wings, indicating a shared ancestor with Paratrichobius, which does (Timm and LaVal 1998). 

TreeMap reconstructions consistently showed more recent host switching movement of two bat fly species – Aspidoptera phyllostomatis and Trichobius dugesioides.  Aspidoptera phyllostomatis is observed to be horizontally transferring within the sampled Artibeus jamaicensis population exclusively, which does not invalidate a cospeciation hypothesis.  Reconstructions show Trichobius dugesioides horizontally transferring between Carollia castanae, C. brevicauda, and C. perspicillata.  These results can be explained considering the wing morphology of the two species:  A. phyllostomatis does not have fully developed wings, restricting it to a single bat species or population; T. dugesioides maintains developed wings, and is capable of switching between hosts, and especially those of a single genus (Miller and Tschpaka 2001).  Furthermore, species within the Carollia genus (C. brevicauda and C. perspicillata) are known to share roosting habitats, greatly increasing the chance for the observed parasite exchanges (Graham 1988).
Parasite duplications – Parasite duplications are observed when parasites speciate on their hosts in the absence of a reciprocal host event (Johnson and Clayton 2004).  Statistics for the cophylogenetic analysis show that the bat fly duplication events are common.  Species and genus level reconstructions reveal a majority of duplication events at more terminal nodes.  A recent duplication within the genus Trichobius provides evidence for the origin of T. joblingi and T. lonchophyllae on Carollia castanae, which is recovered in each reconstruction.  This duplication further explains their phylogenetically inferred sister relationship, and taxonomic grouping. 

Genus level reconstructions reveal a duplication event producing bat fly genera Megistopoda and Neotrichobius on the bat genus Artibeus.  Further support for this duplication comes from the morphological similarities including winglessness and conspicuously longer hind legs (Tschpeka and Miller 2001), and the close phylogenetic relationship of the two genera.  Duplications are expected in this system and likely instigated by host defense behaviors (grooming), which prompt host site specificity on fur or naked skin (Marhsall, 1981).  Grooming behaviors, which impose a major selective pressure on parasite systems, instigate allopatric speciation if only slight differences in morphology or behavior exist (Reiczigel and Rozsa 1998). 

Losses – An alternative explanation of non-specific parasitism is parasite losses or extinctions (Johnson and Clayton 2004).  Parasite extinctions from the host lineage are a pervasive occurrence in this system. These events are difficult to infer, and cannot be directly tested for (Paterson et al. 2003).  Incomplete taxon sampling does not allow for conclusive statements about bat fly extinctions on their hosts, however there is a dramatic drop loss events with increased in of host switching. These results indicate that the number of losses reported by TreeMap are not stable and are probably less frequent.  These losses in the host–parasite lineage can be accounted for by a general inability of parasite taxa to evolve with their hosts, or competitive exclusion by other bat fly species (Hofstede et al. 2004).
Conclusion
The complex relationship between streblids and their hosts indicate cospeciation as the driving evolutionary pattern in this system.  While streblid bat flies maintain a high level of host specificity, some instances of non-specific host interactions complicate historical understanding of bat fly associations with their hosts.  Considerable evidence indicates host switching as a pervasive and important mechanism in bat fly speciation.  Duplication events provide less influence and explanation for the observed host associations.  In summation, cophylogenetic analysis provides more explanation for the observed streblid genus and species relationships, and elucidates evolutionary patterns within this system.  

The cospeciating relationship suggested by this work is a preliminary synthesis of known ecological and phylogenetic relationships of bat flies and bats.  As more data is collected, the purported phylogenetic conclusions will likely change.  The actual cospeciating nature of this host–parasite will probably prove to be more complicated as well.  Future work should include questions regarding the sources and influences on not only cospeciation, but also alternative events.  More ecological and molecular data will need to be collected in order to produce a more comprehensive and accurate analysis of these groups. 
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Figure Legends
Figure 1.  Phylogenetic relationships Streblidae species based on a strict consensus topology of MP, ML, and Bayes analyses from combined ND2 and COI datasets.  Boot strap proportions (MP and ML), posterior probabilities (Bayes) and decay indices are above or below each corresponding node.

Figure 2.  Tanglegram of phylogenetic trees (constructed using TreeMap 1.0) illustrating associations of bat host (left) and bat fly parasites (right).  Phylogenies for host and parasites are based on mitochondrial gene sequences and are consensus agreements from MP/ML/Bayes analyses.  Individual host-parasite associations are indicated by solid lines horizontally connecting corresponding taxa.  Tanglegram a & b show species and genus level host-parasite associations respectively.  Cospeciation events were significantly higher than was expected by chance for both tanglegrams.  Nodal support values for presented bat phylogeny in tanglegram b corresponds with table 4.  Note: terminal nodes were rotated to maximize consistency in appearance between a and b.

Figure 3.  TreeMap 2.0B reconstructions of Streblidae and bat phylogenies.  Figure a shows an optimal species level reconstruction (P = 0.01 +/- 0.007).  Figure b shows optimal genus level reconstruction (P = 0.01 +/- 0.007).  Black circles illustrate cospeciation events; arrows illustrate host switching; white squares, duplications; and grey circles show losses. 

	Tables

Table 1.  Bat fly and host specimens with accession ids, GenBank accession numbers, for individual genes, and collection localities.


	Species
	ID. No.
	ND2
	COI
	Host
	Host cytB
	Locality

	Icosta americana
	120772
	DQ888254
	
	Bubo virginianus
	
	USA: Vermont, Rutland Co., Proctor

	Icosta americana
	120773
	DQ888255
	DQ888274
	Bubo virginianus
	
	USA: Vermont, Addiston Co., Vergennes

	Aspidoptera phyllostomatis
	120693
	DQ888238
	
	Artibeus jamaicensis
	DQ888302
	COSTA RICA: Golfito, cacao plantation

	Aspidoptera phyllostomatis
	120719
	DQ888235
	DQ888265
	Artibeus jamaicensis
	DQ888287
	COSTA RICA: Golfito, secondary forest

	Aspidoptera phyllostomatis
	120727
	DQ888236
	DQ888270
	Artibeus jamaicensis
	DQ888290
	COSTA RICA: Golfito, secondary forest

	Aspidoptera phyllostomatis
	120731
	DQ888237
	DQ888257
	Artibeus jamaicensis
	DQ888291
	COSTA RICA: Golfito, secondary forest

	Megistopoda aranea
	120736
	DQ888246
	DQ888267
	Artibeus jamaicensis
	DQ888282
	COSTA RICA: Golfito, secondary forest

	Neotrichobius delicatus
	120747
	
	DQ888266
	Artibeus jamaicensis
	DQ888301
	COSTA RICA: Golfito, secondary forest

	Neotrichobius sp. nov.
	120672
	DQ888243
	DQ888271
	Artibeus jamaicensis
	DQ888299
	COSTA RICA: Golfito, cacao plantation

	Neotrichobius sp. nov.
	120724
	DQ888251
	DQ888264
	Artibeus jamaicensis
	DQ888290
	COSTA RICA: Golfito, secondary forest

	Neotrichobius sp. nov.
	120733
	DQ888249
	DQ888259
	Artibeus jamaicensis
	DQ888307
	COSTA RICA: Golfito, secondary forest

	Paratrichobius longicrus
	120732
	DQ888248
	DQ888272
	Uroderma bilobatum
	DQ888285
	COSTA RICA: Golfito, secondary forest

	Paratrichobius longicrus
	120770
	DQ888240
	
	Uroderma bilobatum
	DQ888285
	COSTA RICA: Golfito, cacao plantation

	Trichobius dugesioides
	120721
	DQ888256
	
	Carollia brevicauda
	DQ888304
	COSTA RICA: Golfito, cacao plantation

	Trichobius dugesioides
	120740
	DQ888252
	
	Carollia perspcillata
	DQ888306
	COSTA RICA: Golfito, secondary forest

	Trichobius dugesioides
	120751
	DQ888253
	DQ888269
	Carollia castanea
	DQ888294
	COSTA RICA: Golfito, cacao plantation

	Trichobius joblingi
	120726
	DQ888247
	DQ888258
	Carollia castanea
	DQ888298
	COSTA RICA: Golfito, secondary forest

	Trichobius lonchophyllae
	120744
	DQ888241
	DQ888268
	Carollia castanea
	DQ888298
	COSTA RICA: Golfito, cacao plantation

	Trichobius major
	120777
	DQ888250
	DQ888273
	Myotis velifer
	AF376870
	USA: Texas, Ney Cave

	Speiseria ambigua
	120699
	DQ888245
	DQ888260
	Carollia castanea
	DQ888294
	COSTA RICA: Golfito, cacao plantation

	Speiseria ambigua
	120722
	DQ888244
	DQ888262
	Carollia castanea
	DQ888286
	COSTA RICA: Golfito, secondary forest

	Speiseria ambigua
	120752
	DQ888239
	DQ888263
	Carollia castanea
	DQ888278
	COSTA RICA: Golfito, cacao plantation

	Speiseria ambigua
	120755
	DQ888242
	DQ888261
	Carollia castanea
	DQ888276
	COSTA RICA: Golfito, secondary forest


Table 2. Summary of results for MP analyses for bat fly individual and combined datasets, and bat Cyt-b.

	Group
	Partition
	# Trees
	Score
	PICs
	CI
	RI

	Bat Fly 
	
	
	
	
	
	

	
	ND2
	156
	551
	215
	0.7114
	0.8429

	
	COI
	900
	210
	78
	0.6952
	0.8134

	
	Combined 

(ND2 & COI)
	1260
	672
	289
	0.6437
	0.8416

	Bat
	
	
	
	
	
	

	
	Cyt-b
	3899
	765
	287
	0.7215
	0.8216


Table 3. Summary of results ModelTest and Maximum Likelihood Analyses for bat fly individual and combined data sets, and bat Cyt-b.

	Group
	Partition
	Model
	-in L
	G
	I
	Base Frequencies
	Rate Matrix

	Bat Fly 
	
	
	
	
	
	
	

	
	ND2
	GTR+G
	3162.8256
	(alpha) 0.63286
	n/a
	A = 0.37280

C = 0.12970

G = 0.08980

T = 0.40770
	A-C = 1.0000  A-G = 1.3445

A-T = 1.4641  C-G = 1.4641

C-T = 3.5334  G-T = 1.0000

	
	COI
	GTR+I
	1359.8461
	n/a
	.6033
	A = 0.3616

C = 0.1378

G = 0.0970

T = 0.4036
	A-C = 0.9846  A-G = 0.9343

A-T = 6.0713  C-G = 0.0001

C-T = 19.6400  G-T = 1.0000

	
	Combined 

(ND2 & COI)
	GTR+G+I
	4147.4088
	(alpha) 2.5375
	0.4280
	A = 0.3654

C = 0.1346

G = 0.0917

T = 0.4083
	A-C = 1.5065  A-G = 1.3109

A-T = 2.8289  C-G = 0.8865

C-T = 6.9892  G-T = 1.0000

	Bat
	
	
	
	
	
	
	

	
	Cyt-b
	GTR+G+I
	4851.2771
	(alpha) 1.9267
	0.4989
	A = 0.2921

C = 0.3105

G = 0.1322

T = 0.2652
	A-C = 2.9376  A-G = 7.8449

A-T = 2.0912  C-G = 0.8977

C-T = 14.7703  G-T = 1.0000


Table 4. Nodal support values for bat phylogeny (Figure 2) using bootstrap methods for Maximum Parsimony and Maximum Likelihood, and Posterior Probability support for bat phylogenetic tree

	Node #
	MP bootstrap
	ML bootstrap
	Posterior Probabilities

	1
	69
	83
	70

	2
	55
	62
	83

	3
	94
	96
	100

	4
	74
	-
	50

	5
	100
	93
	99

	6
	100
	100
	100

	7
	100
	100
	100

	8
	97
	96
	100

	9
	88
	85
	100


Table 5.  Statistics for reconstruction of Host-tree and Parasite-tree at the species and genus level using TreeMap 2.0B.

	Analysis
	Reconstruction
	Codivergences
	Duplications
	Losses
	Switches
	Cost
	P <

	Species level
	
	
	
	
	
	
	

	
	1
	28
	18
	25
	2
	45.00
	0.01

	
	2
	28
	18
	25
	2
	45.00
	0.01

	
	3
	28
	18
	25
	2
	45.00
	0.01

	
	4
	28
	18
	25
	2
	45.00
	0.01

	
	5
	28
	18
	25
	2
	45.00
	0.01

	
	6
	28
	18
	28
	1
	47.00
	0.01

	
	7
	28
	18
	34
	0
	52.00
	0.01

	
	8
	28
	18
	25
	2
	45.00
	0.01

	
	9
	28
	18
	25
	2
	45.00
	0.01

	
	10
	28
	18
	25
	2
	45.00
	0.01

	Genus level
	
	
	
	
	
	
	

	
	1
	8
	6
	0
	2
	8.00
	0.01

	
	2
	10
	4
	1
	0
	5.00
	0.01

	Random associations
	
	
	
	
	
	
	

	
	1
	18
	28
	99
	0
	127.00
	0.8








