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Noninvasive Identification of the Avian Hosts of White-winged Vampire Bats (Diaemus youngi) using Fecal DNA
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Noninvasive Identification of the Avian Hosts of White-winged Vampire Bats (Diaemus youngi) using Fecal DNA Gerald G. Carter Abstract Three vampire bat species (Desmodontinae) inhabit the warmer regions of Central and South America, where they commonly feed on the blood of livestock, such as cattle and poultry. Researchers have long speculated on what wildlife these vampire bats feed upon when not exploiting domestic prey. However, no published data exist on their wild host preferences because the current diagnostic method for determining vampire bat host preference can not readily identify wild hosts. Furthermore, this method requires either postmortem or destructive sampling making it inappropriate for addressing the rare avian-specializing vampire bat species, such as the White-winged vampire bat, Diaemus youngi. Here I describe and validate a noninvasive DNA-based approach to determining the avian hosts of D. youngi from fecal samples. Using the polymerase chain reaction, I amplified highly degraded avian DNA from the feces of captive and wild D. youngi that had fed on blood from live chickens. Highly variable nuclear DNA markers were sequenced and used to identify these hosts to the species level. The development of a noninvasive method of determining the hosts of D. youngi provides a novel tool for the conservation of this species, which appears to be declining in parts of its range. This molecular technique is similarly applicable to management-relevant investigations of avian host preference in the two other vampire bat species (Desmodus rotundus and Diphylla ecaudata).
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Introduction Three monospecific genera of vampire bats (Phyllostomidae: Desmodontinae) inhabit the warmer regions of Central and South America. These three species comprise the only obligate hematophagous parasitic mammals. Desmodus rotundus is physiologically adapted to mammalian blood, while Diaemus youngi and Diphylla ecaudata specialize on avian hosts (Coen 2002). With the introduction and growth of cattle ranching and poultry in most parts of their geographic range, agricultural animals have provided the vampire bats with a source of blood that is more plentiful and readily accessible than are wild hosts (Turner 1975, Greenhall 1988). Researchers have documented the parasitism of vampire bats on domestic animals and people in rural environments (Greenhall 1970, 1988; Turner 1975; Sazima and Uieda 1980) and more recently, in urban environments (Uieda 1995). However, host preferences are not yet well understood, and the identity of the wild hosts of vampire bats remains a mystery. Greenhall (1972, 1988) noted that the indigenous vampire bats must have fed upon wild animals before domestic animals populated Latin America and stressed the importance of investigating the identities of these wild hosts. Anecdotal evidence suggests that vampire bat populations, albeit small, still occur in natural habitats isolated from livestock and people; these bats are presumably exploiting wildlife. Observations of captive Diaemus have shown that they are capable of preying on a large diversity of bird species (Greenhall 1988; Uieda et al. 1992), including representatives of 11 avian families (Buchanan in Greenhall 1988). Captive Desmodus will feed on a surprising variety of wildlife, including mammals, birds, reptiles, and amphibians (Greenhall 1988). In Trinidad, Greenhall (1970) found bloodmeals from unidentified wildlife in vampire bat
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gut contents even in the presence of livestock. Yet, with the exception of a squirrel host (Greenhall 1972) in Mexico, virtually no data identify the wildlife exploited by vampire bats. Investigations of vampire bat feeding ecology have been restricted by the available diagnostic methodologies. Diet in bats is generally assessed from feces and other prey remnants. Because vampire bats feed on a purely liquid diet, traditional morphological techniques cannot be used for diagnosing prey tissue in either stomach contents or feces. The precipitin test is employed as the standard molecular method for determining host preference (Greenhall 1970, Turner 1975, Cardoso 1995). This postmortem immunological assay utilizes harvested antibodies from potential hosts to detect the presence or absence of a particular animal’s blood in the vampire bat’s gut. This method has two limitations however. First, the individual bat sampled must be sacrificed, an objectionable and often illegal approach for rare species, such as Diaemus youngi and Diphylla ecaudata. Second, identifying wild host species would require collecting blood and harvesting antibodies from all potential wildlife taxa from which the bats might feed- an unfeasible task. Using the precipitin test, Greenhall (1970) therefore lacked the necessary antibodies to identify wild hosts. The precipitin test is thus limited in its application to either wild host preference or to investigating host preference in the two rare vampire bat species. An alternative methodology is to use host DNA in the bloodmeal as a marker for host identification. A DNA-based method would facilitate identification of both wild and domestic hosts, because readily available comparison DNA sequences are constantly being developed for a vast diversity of wild organisms (Symondson 2002). Furthermore,
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DNA-based techniques are far less costly in both money and time than immunoassays such the precipitin test (Symondson 2003). The technology and skills needed for DNA analysis are becoming far more common in biology and ecology laboratories than facilities that can produce the necessary antibodies for immunological approaches (Symondson 2003). The purpose of this study was to assess DNA-based methods of studying vampire bat host preference. Blood collected from a bat’s gut post-mortem would yield host DNA, but a possible non-destructive method would be stomach tubing live bats. I tried this method on captive bats (Phyllostomus hastatus), preserved Desmodus specimens, and live Desmodus. The method worked for collecting small quantities of stomach contents from P. hastatus, but because vampire bats have a narrow esophagus (Bhatnagar 1988), I found the method to be difficult to perform in the field. Forcing regurgitation was also eliminated as a possibility because of the risk it posed to the bats. Therefore, I focused on extracting and analyzing the host DNA after digestion, i.e. analyzing salvageable host DNA purified from vampire bat feces. This method is nondestructive, noninvasive, and would allow species-level recognition in many cases. Past studies employing the polymerase chain reaction (PCR) demonstrate promise. Using PCR, plant DNA can be analyzed from bear feces (Hoss et al. 1992) and even the fossilized feces of ground sloths (Poinar et al. 1998; Hofreiter et al. 2000), humans (Poinar et al. 2001), and rodents (Kuch et al. 2002). Animal prey DNA has also been isolated from predator fecal samples in several studies. For example, PCR-based procedures have been employed to identify the krill and fish prey of marine predators (Jarman et al. 2002; Jarman and Wilson 2004,
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Deagle et al. 2005) and the insect prey of birds (Sutherland 2000) and bats (Vege 2000; McCracken et al. 2004). Nonetheless, several factors suggest that vampire bat fecal material would serve as a particularly difficult PCR template. The resistance of prey tissue to digestion is a factor determining the extent to which the targeted fecal DNA is degraded (Jarman et al. 2004), and past successful PCR-based analyses of fecal samples have involved food items with relatively robust tissues such as plants, insects, and krill. Blood, in contrast, is a far less robust tissue. The ease of amplifying prey DNA from predator stomachs also decreases with the amount of digestion time (Johanowicz and Hoy 1996, Asahida et al. 1997). Past successful PCR-based analyses of bloodmeal used samples taken from insect abdomens (Coulson et al. 1990, Gokool et al. 1993, Torr et al. 2001, Prior and Torr 2002, De Benedicts et al. 2003) in which the bloodmeal was not completely digested, as in vampire bat feces. Furthermore, hemoglobin within avian and mammalian blood is converted during digestion into heme compounds, which are especially potent PCR inhibitors (Morata et al. 1998). To my knowledge, no studies have yet isolated and amplified DNA from completely digested bloodmeal, a highly degraded and fragile prey tissue that is also saturated in heme compounds. Working with avian-specializing vampire bats provides several advantages. First, avian blood contains nucleated red blood cells, and it is therefore a richer source of nuclear DNA than mammalian blood in which the erythrocytes lose their nuclei during maturation. Hence, the avian-specializing vampire bats (Diaemus and Diphylla) should provide fecal samples with greater quantities of amplifiable nuclear host DNA. Second, avian phylogenetic studies are creating a large and growing number of avian DNA
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markers (Barker et al. 2004; Hebert et al. 2004), and at least one large-scale avian systematic project (Cracraft et al. 2004) is obtaining DNA sequences from the RAG-1 gene for all genera of Aves. I therefore employed highly variable RAG-1 sequences as diagnostic tools to identify avian host DNA extracted from the feces of Diaemus and Diphylla. Third, selectively amplifying avian blood is easier than mammalian blood. Vampire bat fecal samples contain relatively large amounts of nontarget DNA including the bat’s own DNA from sloughed off intestinal cells, bacterial symbiont DNA, and endoparasitic DNA, but group-specific primers can selectively amplify targeted avian DNA sequences. Amplifying mammalian host DNA would require techniques that were specific for mammals but excluded bats; whereas avian-specific primers can be used to amplify only avian host DNA. After purification and amplification, DNA sequencing of markers and comparison to the Genbank database provides a quick and efficient method of determining the identity of a host. In the future, further analytical techniques used in other studies, such as cloning (Sutherland 2000) and terminal restriction fragment length polymorphism (TRFLP) analysis (McCracken 2004), might provide further resolution and quantification of vampire bat diet. In this thesis, I test a noninvasive PCR-based method of determining the avian hosts of vampire bats using fecal samples. I validate this method under both carefully controlled captive conditions and in the field. The technique can provide species-level host recognition, and presents fecal samples as the first potential noninvasive diagnostic resource for studying wild host preference of vampire bats. Of the two avian-specializing vampire bats, I chose to work with Diaemus youngi specifically, because both captive and wild Diaemus were more readily available than
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Diphylla. I conducted two experimental investigations. The first test employed captive Diaemus youngi fed a diet of live chicken blood with the goal of extracting, amplifying and sequencing chicken DNA from the vampire bat feces. After this experiment was found to be successful, I validated the method by sequencing amplified avian DNA purified from wild D. youngi caught in Trinidad. In both cases, fecal samples allowed species-level identification of a vampire bat’s avian host. Materials and Methods I conducted all laboratory work in the Cornell Laboratory of Ornithology Evolutionary Biology Lab, where all pre-PCR and post-PCR reactions are spatially separated. I used aerosol-resistant pipette tips for assembling all extractions and PCR reactions. Preliminary Experiment: Purification and amplification of chicken DNA from fecal samples of captive vampire bats Sample Collection I collected feces from ten captive Diaemus youngi at the New Mexico Bat Research Institute in Tijeras, NM from January 1st to 16th, 2003. I introduced about 12 chickens into two large aviaries housing the bats at the beginning of each night and removed the chickens in the morning. Feces collection shelves were installed beneath the bat roost in each aviary. I organized fecal samples by time of collection, sex, and wet weight. I handled fecal samples with latex gloves and preserved each sample (0.1 - 0.8 g) in a 2 mL vial containing 1 mL of DMSO salt solution composed of 20% DMSO, 0.25 M sodium-EDTA, 100mM Tris, pH 7.5 and NaCl to saturation (Seutin et al. 1991; Frantzen et al. 1998).
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Design of PCR Primers I initially tested the molecular protocol on captive Diaemus youngi feces by using readily available primers for an avian neurotrophin gene (NT-3). The forward primer, ChickNT3-5’ (ATGTCCATCTTGTTTTATGTG), was taken from an earlier study (Sehgal and Lovette 2003) and an internal reverse primer BirdNT3Rint (CCATTGAAATAACTGGCTGGAAGTCTG) was designed to target a shorter region of this locus that would be more easily amplifiable from the degraded DNA templates that had passed through the bat digestive system. Primer tests To optimize the PCR conditions for the NT-3 primers, I performed PCR on crow (Corvus brachyrhynchos) DNA isolated from avian blood samples using a PTC-220 DNA Engine DyadTM Peltier Thermal Cycler (MJ Research). I tested three concentrations of MgCl2: 0.3, 0.6, and 0.9 µL of a 50 mM solution per 10 µL PCR reaction. In addition to MgCl2, each 10 µL PCR test reaction contained 1 µL of 10x PCR reaction buffer (InvitrogenTM), 0.2 µL of 10 mM dNTP set (InvitrogenTM), 0.2 µL of a 10 µM solution of each primer pair, 0.04 µL of Taq DNA polymerase (Sigma®), 1 µL of the DNA extract template, and enough DNA-grade water to fill the reaction to 10 µL. Thermal cycling conditions were: 5 minutes at 94 °C, the following three steps cycled 35 times- 30 seconds at 94 °C to denature, 30 seconds at a gradient of annealing temperature from 54-60 °C, 45 seconds at 72 °C for extension, followed by 5 minutes at 72 °C and storage at 10 °C. I visualized and photographed the PCR products on a 2% agarose gel. I loaded 5 µL of PCR product mixed with 3 µL of 2X Xylene Cyanol Loading Dye (Promega) into a
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2% agarose, 1 X TAE gel with 4 µL of 0.25 mg/mL ethidium bromide per 40 mL of gel. I ran each gel under approximately 95 volts for 35—55 minutes. I viewed and recorded it using a Gel Logic 100 Imaging System (Kodak). DNA purification from feces: DNA Extraction Method A I performed digestion by guanidine thiocyanate (GuSCN) solutions following Boom et al. (1990), Kohn et al. (1995), Reed et al. (1997) and Jarman et al. (2002) followed by reversible binding to silica using spin columns from a commercial kit (Qiagen). For each series of DNA extractions, I alternated blanks between every fecal sample as negative controls. A visible band in a gel for any of these blanks at any point in later amplifications resulted in the discarding of the entire batch of extractions. All steps that involved pipeting of GuSCN solutions were conducted within a fume hood. I added 30 µL of fecal sample (mixed into DMSO solution) to a 1.5 mL tube containing 900 µL of a solution composed of 5 M guanidine thiocyanate, 0.1 M Tris-HCl pH 6.4, 0.02 M EDTA pH 8.0, and 1.3% Triton X-100. I homogenized these mixtures by vortexing (vigorous agitation) and incubated them overnight at room temperature with constant agitation. I centrifuged the tubes at 5000 rpm for 10 minutes and then transferred ca. 700 µL of the supernatant to a spin column from either a QIAamp® DNA Stool Mini-kit or Qiagen DNeasy® Tissue Kit; the spin columns are identical in these two kits. I facilitated binding of DNA to silica resin in the spin column using 30 minutes of incubation and rotation at room temperature. I then centrifuged the tubes for 10 seconds at 13,200 rpm and the flow through liquid was discarded. I washed each spin column silica resin, in the manner described immediately above, twice with 500 µL of a solution composed of 5 M GuSCN, 0.1 M Tris-HCl pH 6.4 and 0.02 M EDTA pH 8.0, and twice



9



with 500 µL of a solution containing 10 mM Tris Hcl pH 7.5, 100 mM NaCl, 1 mM EDTA, and 50% ethanol. To elute the DNA from the silica, I added 100 µL of TE to each spin column and then heated the tubes to 50 ºC for 30 minutes. I centrifuged the tubes at 13,200 rpm and collected the eluted DNA in a new 1.5 mL tube. I discarded the spin columns and stored the DNA extract solutions at ca. –23 ºC until PCR amplification. PCR amplification of the NT-3 loci I used the NT-3 loci to assess the possibility of amplifying avian DNA from vampire bat fecal samples. PCRs utilized an annealing temperature of 55 °C and a concentration of 0.6 µL of 50mM MgCl2 per 10 µL PCR reaction. All other reaction conditions were as previously described for tests with NT-3 primers in “Primer tests” above. I performed two amplifications on all samples; all PCR products required a second identical amplification in order to produce a visible band of DNA. I substituted 1 µL of PCR product for the 1 µL of DNA extract solution; all other reaction conditions remained the same. I visualized and photographed gels as described above. I used crow DNA as a positive control reaction for each batch of amplifications. I included negative control PCRs with no DNA in every batch of amplifications at a ratio of 1:1; every alternate reaction was a negative control PCR. If a band in a gel occurred in any of the negative controls, then the batch of amplifications was considered contaminated and the sequencing results disregarded. DNA Sequencing I selected only PCR products that yielded clean visible bands for DNA sequencing. I performed an enzymatic digestion step to dephosphorylate and remove dNTP’s and single stranded DNA left over from the PCR reaction. To each successful
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PCR reaction, I added 0.5 µL of Exonuclease I (USB Cat# E70073 Z (10U/µL)) and 0.5 µL of Shrimp Alkaline Phosphatase (USB Cat# 70092Y (1.0U/µL)). I then heated the mixtures in the thermal cycler for 30 minutes at 37 °C, to facilitate enzyme activity, and 90 °C for 10 minutes, to inactivate the enzymes. I prepared PCR products using BigDyeTM Terminator cycle sequencing system v3.1 (Applied Biosystems). An aliquot of 1 µL of each PCR product for each primer was added to a premixed solution containing 0.2 µL of BigDye Ready Reaction (ABI), 0.75 µL of 5x ABI buffer, 2.05 µL of pure H20 and 1 µL of either primer described previously. The solution was cycle sequenced using the following protocol: 4 minutes at 90 °C followed by 25 cycles of the following three steps- 50 seconds at 95 °C, 20 seconds at 50 °C, and 4 minutes at 60 °C. Completed reactions were sequenced and recorded on a 3100 Genetic Analyzer (Applied Biosystems) using the manufacturer’s instructions. NT3 Sequence Analysis Sequence data were edited with SequencherTM and I referenced them against the GenBank database via the Basic Local Alignment Search Tool (BLAST) on the National Center for Biotechnology Information Website, http://www.ncbi.nlm.nih.gov/BLAST/, to be compared to all the sequences currently in the GenBank database. The following avian comparison sequences, listed with accession numbers, were also directly compared to feces-derived sequence data in SequencherTM : Gallus gallus Z30092, Struthio camelus SCA316235, Anas platyrhynchos APL316236, Falco sparverius FSP316237, Halcyon malimbica HMA316238, Coeligena torquata CTO316239, Chloropipo holochlora CHO316240, Mionectes striatcollis AJ416634, Alligator mississipiensis AMI316234, Andropadus latirostris ALA316242, and Nectarina olivacea NOL 316243.



11



Identification of avian hosts from fecal samples of wild vampire bats Sample Collection I handled all fecal samples using new latex gloves to reduce contamination from foreign DNA. I collected feces from four Diaemus youngi. Two of the individuals were a male and female caught at an unknown location near Fyzabad, Trinidad on August 8th, 2003 and held in a wire cage. I collected fecal samples from these two individuals off a paper towel, preserved each sample in the DMSO salt solution described above, and stored each frozen for approximately 11 months. The other two bats were females caught in mist nets while approaching sleeping chickens at a farm in Salazar, Trinidad, West Indies (N 10º 08.815’, W 61º 39.010’). I collected dried fecal samples produced by these two individuals from new cloth holding bags and preserved each in DMSO salt solution (described above) after a period of approximately 5-7 hours. I also collected fresh fecal samples from a clean plastic surface, and I placed these fresh samples immediately in the same DMSO salt solution. Design of primers I selected avian-specific primers for amplification of the RAG-1 gene because this loci is being used in a large-scale systematics project for collection of DNA markers for all avian genera (Cracraft et al. 2004). I used Sequencher® to align sequences taken from GenBank where I found DNA regions from 45 avian representatives of 29 different bird orders and four bat species including one representative (Tonatia bidens) of the family Phyllostomidae, to which Diaemus belongs. I identified regions of RAG-1 that were highly conserved across Aves but differed in Tonatia as potential binding sites for avian-
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specific PCR primers. Potential PCR primer sites were assessed using PrimerSelectTM. The primers f2480 (CGTGACAGAGTGAAGGGTGTT) and r2635 (CTTCCTGAGGTGTTTGTCAAGAGTYA) were designed to amplify a 200 base pair DNA marker, including primers. The primers f2063 (GGGAATGAAAGCAAGAGGATC) and r2312 (RTCRCACAGGGTRCAAATRTARGTG) were designed to amplify a 293 base pair DNA marker, including primers. Primer tests To determine a working annealing temperature and MgCl concentration for each set of primers, I assembled preliminary PCRs on DNA extracts from crow blood at annealing temperature gradients of 55.3 – 58.6 °C for primers f2480 and r2635, and 50.8 – 59.1 °C for primers f2063 and r2312, and simultaneously, at three different MgCl2 concentrations (0.3, 0.6, and 0.9 µL of a 50 mM solution per 10 µL PCR reaction). In addition to the three concentrations of MgCl2, each 10 µL PCR test reaction also contained 1 µL of 10x PCR reaction buffer (InvitrogenTM), 0.2 µL of 10 mM dNTP set (InvitrogenTM), 0.2 µL of a 10 µM solution of each primer pair, 0.04 µL of Taq DNA polymerase (Sigma®), 1 µL of the DNA extract template, and enough DNA-grade water to fill the reaction to 10 µL. Thermal cycling conditions were: 95 °C for 4.5 min; 35 cycles of 95 °C for 45 s, an annealing temperature gradient for 45 s, and 72 °C for 80 s; and then 72 °C for 5.5 min. I stored all PCR products at 10 °C, and visualized them in the manner described previously.
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DNA purification from feces: DNA Extraction Method B Preliminary tests found two methods successful in adequately removing PCR inhibitors and extracting DNA for subsequent amplification. The first method is described above. The second method utilizes a modified kit protocol for the Qiagen MiniStool Kit. I used the “Protocol for Isolation of DNA from Stool For Human DNA analysis” from the QIAamp® DNA Stool Mini Kit Handbook. Where possible, I used identical materials and reagents from the Qiagen DNEasy® Tissue Kit. I made the following changes to the protocol: In step 1, I tested initial amounts of fecal material of 30 µL and 200 µL. After step 2, I incubated the samples at 65 °C for 30 minutes and then vortexed them for 15 seconds. I eliminated steps 3, 4, 5, 6, and 7. I found from previous trials that the InhibitEXTM tablets used in these steps made no observed difference in the presence of PCR inhibitors, and positive results only occurred in their absence. In step 11, I incubated the solutions at 65 °C for 120 minutes. I repeated step 16 repeated twice. In step 18, I incubated samples for 5 minutes. I stored DNA extract solutions at ca. –23 ºC until PCR amplification. I used negative controls at a ratio of 1:1 in the manner previous described, and positive results for DNA in any of these blanks at any point in later amplifications resulted in the discarding of the entire batch of extractions. PCR amplification of the RAG-1 loci Each 10 µL PCR test reaction in a PTC-220 DNA Engine DyadTM Peltier Thermal Cycler (MJ Research) contained 1 µL of 10x PCR reaction buffer (InvitrogenTM), 0.2 µL of 10 mM dNTP set (InvitrogenTM), 0.2 µL of a 10 µM solution of each primer pair, 0.5 µL of a 2 mg/mL solution of bovine serum albumin, 0.04 µL of Taq DNA polymerase
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(Sigma®), 1 µL of the DNA extract template, and 6.26 µL of DNA-grade water. Thermal cycling conditions were: 95 °C for 4.5 min; 35 cycles of 95 °C for 45 s, 57 °C for 45 s, and 72 °C for 80 s; and then 72 °C for 5.5 min. PCR products were stored at 10 °C. Crow DNA was used in a positive control reaction for each batch of amplifications, and the negative control ratio was 1:1 as described above. Once again, if a positive result occurred in any of the negative controls, then the batch of amplifications would be discredited and the sequencing results disregarded. I performed two amplifications on all samples; all PCR products required a second identical amplification using 1 µL of PCR product in order to produce a visible band of DNA. I visualized gels, photographed gels, and conducted DNA sequencing in the manners previously described. Rag-1 Sequence Analysis Sequence data were edited with SequencherTM and referenced against the GenBank database via the BLAST function to be compared to all the sequences currently in the GenBank database. Results DNA Purification from Feces Both methods of DNA purification isolated DNA, but provided very low yields of avian DNA: all PCR products except one (the initial positive result) required a second PCR amplification to produce a visible band. Both methods reduced PCR inhibitors enough to allow amplification of DNA markers. Starting with a very minute amount (less than 0.5 mL) of fecal sample further reduced PCR inhibitors through dilution. Starting amounts of 30 µL and 200 µL were both successful in providing amplifiable avian DNA,
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and preliminary observations demonstrate that significantly larger amounts may retain PCR inhibitors. Design and Testing of Primers PCR tests of all primer pairs showed that they all worked adequately with MgCl2 concentrations of 0.6 µL of a 50 mM solution per 10 µL PCR reaction across the entire gradient of tested annealing temperatures. Specific annealing temperatures were selected based on the suggestions of the manufacturer (Integrated DNA Technologies, Inc). Amplification Results The goal of this study was to validate the use of a DNA-based method to identify an avian host from vampire bat feces. Using a DNA-based method, I was able to amplify and sequence chicken (Gallus gallus) DNA from captive vampire bat fecal samples, and I was able to demonstrate that one wild vampire bat had also fed on a chicken host. DNA Extraction Methods A and B combined with two PCRs in a row are able to provide clean sequences of avian DNA from vampire bats having parasitized birds, but these positive results were both rare and unpredictable. For both captive and wild samples, I conducted a final data collection trial based on the lessons of rigorous preliminary experimentation. These preliminary experiments provided the methods described previously. The results of these trials are presented below. Captive bat samples I conducted 44 PCR amplification and re-amplifications (double PCR) of the NT3 loci using 16 DNA extracts selected from DNA Extraction Method A trials that showed no signs of contamination. Twenty-six of these re-amplified PCR products produced visible bands of DNA on a gel. Based on the quality of the bands in the gel, I chose 8 of
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these PCR products to be sequenced. Seven of these 8 sequences produced clean sequences and were matched to chicken (Gallus gallus) by a GenBank BLAST search. One PCR product failed to produce a clean sequence. I later used DNA Extraction Method B to purify DNA from one captive bat sample. I amplified the RAG-1 loci in this sample using primers f2480 and r2635. The resulting sequence also aligned to Gallus gallus. Wild bat samples I used DNA Extraction Method A to create 6 DNA extracts. From these extracts, I assembled six double PCRs with each set of Rag-1 primers. Primers f2480 and r2635 produced no visible DNA. Primers f2063 and r2312 amplified DNA, but failed to amplify the correct RAG-1 DNA marker. I used DNA Extraction Method B to create 6 DNA extracts. From these extracts, I assembled 12 double PCRs with each set of RAG-1 primers. Two of the PCR products from these 12 trials produced visible bands of DNA in a gel. In one of these PCR products, primers f2480 and r2635 amplified the RAG-1 DNA marker. The resulting sequence aligned to Gallus gallus in the GenBank database. Primers f2063 and r2312 amplified DNA, but failed to amplify the correct RAG-1 DNA marker. Discussion Hoss et al. (1992) first employed fecal analysis by PCR to investigating diet in a rare bear species. Like this study, they also used silica purification of DNA combined with two amplifications via PCR. DNA-based identification of prey can be extremely useful where other methods, such as morphological, lipid, stable isotope, and immunological tests, are difficult or impossible (Symondson 2002). Non-invasive
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techniques are particularly appropriate for rare or endangered organisms. Diaemus and Diphylla provide examples of rare species in which diet may perhaps be feasibly and fully explored only through noninvasive DNA-based methods. My thesis research introduces a new tool for studying host preference in vampire bats, and the rapid growth of DNA techniques in ecology laboratories makes this method widely available (Symondson 2002). The approach presented here demonstrates the most basic level of application of these techniques. As with any new methodology, there is significant opportunity to refine the techniques and their application to biological questions. Each sample passes through the stages of preservation, DNA purification, amplification, sequencing and analysis. Each step can be further optimized to improve the results of all subsequent processes. Purification of DNA and amplification pose the most significant dilemmas. The two presented methods of DNA extraction both worked and each presents its own advantages and disadvantages. Method A requires more time but allows the researcher to make and test changes in reagent compositions. Method B uses commercial buffers, which cannot be easily modified. Preference will depend on whether the researcher wants to be able to alter the DNA purification reagants. Using either method, a very minute amount of DNA is extracted from the original samples and this presents the largest challenge to the method as a whole. A low quantity of DNA in the extract solution may be counter-acted in the future using larger amounts in PCR templates, by conducting several extractions per sample (or individual), or by passing greater quantities of solution through the silica matrix. A low quantity of degraded template DNA had two important implications. Because small sequences are more likely to be present in degraded samples,
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it limited the size of effective DNA markers, and subsequently, the amount of genetic information available for identifying hosts. The small quantity of template DNA also necessitated the use re-amplification of PCR products. The central basis of this approach is the massive amplification of avian markers using two subsequent PCRs. Such a strong amplification led to a high potential of DNA contamination. Each PCR product can contain ca. 1012-1015 amplified DNA sequences (Kwok and Higushi 1989), and these molecules can easily be spread throughout a laboratory via microscopic aerial droplets. I used a high number of negative controls to avoid false positives. Furthermore, initial positive results at both loci for chicken DNA were obtained in an environment where no previous work with chicken DNA had ever been done. The use of different loci avoids the possibility of contaminating wild samples from PCR products generated from the captive bat samples. After amplifying the NT3 loci, I encountered persistent contamination with chicken NT-3 sequences, even after acquiring all new reagents. The problem disappeared when I switched to the RAG-1 loci. I suggest that any future larger-scale studies utilizing this method be completed in laboratories designed for work with ancient DNA (Cooper and Poinar 2001). The fact that host DNA can be isolated and amplified from a vampire bat’s digested bloodmeal opens the doors for potential application of established analytical techniques. Once the host DNA has been amplified, many possibilities exist for its further analysis. DNA sequencing followed by a GenBank BLAST search is one tactic that provides a quick means of roughly identifying an avian host of a vampire bat. Other researchers have used and are investigating more powerful techniques. Sutherland (2000) cloned the PCR products from amplifications of the 12S mtDNA from bird feces and
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employed restriction digests to provide diagnostic profiles (RFLP signatures). This approach can resolve possible species mixture within a single sample. McCracken (pers. comm.) is exploring the use of terminal restriction fragment length polymorphism (TRFLP) analysis to both identify and quantify prey DNA in insectivorous bat diets. Torr et al. (2001) used microsatellite DNA isolated from tsetse flies to identify individual cattle hosts. Careful use of controls, selection of optimal molecular markers, and redundancy of extracts and PCRs are essential to the effective employment of this DNA-based method of identifying vampire bat hosts. Given these requirements, my thesis research has the potential to become a significant tool for studies of vampire bat host preference in the future. Some areas for further work include designing primers to address the mammalian hosts of Desmodus and sampling vampire bat guano directly from roosts in the wild. A DNA-based method of investigating host preference can address wildlife hosts as well as domestic animals and people. Identifying the wild host species of the vampire bat species is crucial to better characterizing their host preferences and would subsequently be a vital contribution to the their management by filling several gaps in knowledge. In many parts of their range, Desmodus populations have risen to pest status. Greenhall (1972; 1988) speculated that identifying those populations that feed only on their original wild hosts may reveal the original equilibrium of vampire bat populations. Desmodus are also intensively controlled as vectors for bovine rabies. Information on wild host preferences could indicate unsuspected wildlife reservoirs in the epizootiology of vampire bat rabies (Greenhall 1972; 1988), and thus add to current models of
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interactions between bats, hosts, and rabies (Massad et al. 2001). The ability to determine the extent to which different vampire bat populations are feeding on wildlife (versus domestic animals and people) would provide valuable information to managers, especially in light of recent rabies outbreaks in people. Normally, bites are found only on livestock, but recently in Brazil, numerous cases of vampire bat-transmitted rabies in humans have drawn international attention (BBC 2004). This phenomenon remains largely unexplained. At least one spokesman for an environmental agency blamed the increased parasitism of humans on the disappearance of wild hosts through deforestation (Chetwynd 2004). Evidence for this claim is inevitably unsupported however, because there is no data on either the identity of these wild hosts or the extent to which Desmodus exploit them. Diaemus youngi and Diphylla ecaudata present even more mysteries, as host preference is not well understood in either species. Coen (2002) showed that Diaemus is adapted to efficiently utilize fat, which is significantly higher in an avian blood diet, while Desmodus can more efficiently utilize crude protein. Thus we would expect natural selection to favor individuals most faithful to their respective host group (avian versus mammalian) and interspecific competition might also lead to this resource partitioning (Coen 2002). However, Greenhall (1970) found that only 2 out of 23 adult Diaemus had fed exclusively upon avian blood. Further investigations of Diaemus host preference will be necessary to resolve these contradicting observations. The small amount of knowledge on feeding ecology of Diphylla comes mainly from casual field reports and captive observations (Greenhall et al. 1984; Greenhall 1988; Uieda et al. 1992).
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In contrast to the flourishing populations of Desmodus, both Diaemus and Diphylla are rare and appear to be negatively impacted by the presence of humans (Coen 2002). Conservation status is not well assessed in these species, but anecdotal evidence suggests declining populations of Diaemus in Trinidad (Schutt pers. comm.). The spectrum of host preference may play a key role in the vulnerability or abundance of Diaemus and/or Diphylla, and identifying the wild avian hosts of these two species may become relevant in the evaluation of future conservation plans. Better characterization of the wild and domestic host preferences of all three vampire bat species would provide valuable information to their management as well as to the epizootiology of battransmitted diseases such as rabies.
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Figure 1: Gel of the 1st positive result re-amplified in six PCRs. The last lane before the ladder is a negative control (primers are shown at the bottom of the lane). The PCR products producing the first four bands were sequenced and matched Gallus gallus for the NT-3 gene.
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Figure 2: An example of a data record sheet. Two positive results are shown here. Both matched Gallus gallus for the RAG-1 gene when sequenced.
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