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CHAPTER I 

INTRODUCTION 

Phylogeographic studies use genetic data (mostly mtDNA sequences or 

microsatellites) to make inferences about the geographic (vicariant events, areas of 

diversification, and patterns of migration) and demographic history (population growth 

and decline, historical bottlenecks) history of the groups under study. To be able to make 

sound phylogeographic inferences, obtain reliable estimates of gene flow, and accurate 

distribution of genetic boundaries, it is necessary to acquire and accession extensive 

geographic samples from a given species. In particular, vicariant and dispersal 

biogeography make specific predictions regarding the pattern of intraspecific variation to 

be expected of codistributed species. The mitochondrial cytochrome-Z? gene has provided 

a relatively rapidly evolving, maternally inherited marker that permits the study of 

intraspecific geographic variation in a phylogenetic context (see Matocq 2002; Bradley 

and Baker 2001; Avise 2000; Avise et al. 1987). The cytochrome-^ gene has 

demonstrated a particular utility as a species specific identifier in vertebrate taxa (Avise 

and Walker 1999; Avise and Johns 1999; Bradley and Baker 2001), because nucleotide 

variation along this 1.1 Kb gene is partitioned to a greater extent among species rather 

than within species. The majority of studies investigating specific relationships among 

both vertebrates and invertebrates have made good use of this utility, and these studies, 

taken together, demonstrate that nucleotide variation is distributed randomly along the 

entire gene (Griffiths 1997; Irwin et al. 1991; Esposti et al. 1993). 



The Phyllostomidae comprise more than 53 genera (>140 species) of Neotropical 

bats (see Baker et al. 2000; Wetterer et al. 2000; Koopman 1993), with high levels of 

variation in morphology, karyology and feeding strategies relative to other mammalian 

families. Even though a number of species within the family have a widespread 

distribution in the Neotropics, very littie work has been directed at understanding 

phylogeographic variation within species in this group (but see Ditchfield 2000). The 

research presented here was designed to estimate the patterns of phylogeographic 

variation in 4 genera in the group {Carollia, Glossophaga, Tonatia and Uroderma), and 

by combining phylogenetic and population genetics tools, gain a better understanding of 

the processes that are responsible for the observed patterns. 

Recent advances notwithstanding, the species question and the speciation process 

are still a matter of considerable debate among biologists (see Howard and Berlocher 

1997; and the special issue on speciation from Trends in Ecology and Evolution - Barton 

2001). Allopatric speciation is considered to be the most common, although it has lost its 

position as the only speciation mode documented in nature (a full discussion of the 

speciation would exceed the scope of our studies, the reader is referred to Turrelli et al. 

2001 and the references cited therein for a discussion of the different theories and 

approaches towards understanding speciation). Research in this dissertation attempts to 

document the patterns of genetic variation encountered in the genera Carollia, 

Glossophaga, and Tonatia, plus the species Uroderma bilobatum. Studying species in the 

genera Carollia, Glossophaga, and Tonatia allowed us to assess the potential role of 

geographic variation in determining the speciation patterns in those genera, whereas 

Uroderma bilobatum provided a means to assess the interaction between karyotypic 



evolution, geographic variation and diversification events. These data would permit a 

comparison of the patterns predicted by vicariant and dispersal scenarios with the patterns 

observed in nature, and help improve our understanding of phyllostomid bats 

phylogeography. 

The second chapter of this dissertation focuses on nectar-feeding bats of the genus 

Glossophaga. Webster (1993) presented a revision of the genus, where he assessed 

intrageneric and intraspecific relationships based on morphologic, and biochemical data. 

Based upon these results, he organized the species into 3 different clades: (1) G. soricina; 

(2) G. commissarisi and G. leachi; and (3) G. longirostris and G. morenoi. He concluded 

that climatic and habitat changes during the Quaternary, such as cycles of expansion and 

contraction of wet and dry habitat, were responsible for speciation within Glossophaga 

and the present distribution of members of the genus. Isozyme analyses found low levels 

of differentiation within the genus and detected low levels of intraspecific variation in all 

species but G. soricina, where Webster had detected intregradation in the Andes of 

Colombia between samples of G. soricina handleyi and G. soricina soricina. Our goal 

was to (i) to investigate systematic relationships within the genus Glossophaga, (ii) 

compare this results with Webster's hypotheses, and (iii) understand the patterns of 

intraspecific variation in G. soricina. 

The third chapter of this dissertation focuses on variation among and within 

species of short-tailed bats of the genus Carollia. Species in this genus are an appropriate 

choice to compare the patterns of variation of codistributed, closely related species 

because they are widely distributed (Fleming 1988) in the New World tropics, inter- and 

intraspecific variation within the genus has been relatively well studied (see Lim and 



Engstrom 1998; McLellan 1984; Pine 1972; Owen et al. 1984; Wright et al. 1999), and 

since they are commonly collected, DNA samples can be readily obtained. There are 4 

species in the genus and 3 of them species are widely codistributed. Carollia brevicauda, 

C. castanea and C. perspicillata range from southern Mexico to different parts of tropical 

South America. The objective of this study is to (i) test competing hypothesis of 

interspecific relationships within Carollia and (ii) investigate the pattems of 

phylogeographic variation and assess the demographic history within C. brevicauda, C. 

castanea, and C. perspicillata, and (iii) explore the relationship between genetic and 

geographic distance in C. brevicauda, C. castanea, and C. perspicillata. 

Research presented in Chapter IV is centered on understanding the potential role 

of chromosomal changes in shaping phylogeographic variation in Peter's tent making bat 

{Uroderma bilobatum). Baker et al. (1972, 1975) characterized 3 different chromosomal 

races within the species Uroderma bilobatum. Specimens with a diploid number (2n) of 

42 and fundamental number (FN) of 50 can be found in South America east of the Andes 

and on the island of Trinidad, individuals with a 2n of 44 and a FN of 48 are distributed 

on the Pacific versant of El Salvador, Guatemala, Honduras, and Mexico, and individuals 

with a 2n = 38 and a FN of 44 are distributed on the Atlantic versant of Guatemala, 

Honduras and the Yucatan Peninsula, plus both versants of Nicaragua, Costa Rica and 

Panama in Central America and the Pacific versant of Colombia and northern Ecuador 

(Fig. 4.1). These 2n = 44 and 2n = 38 races hybridize in the vicinity of the Golfo de 

Eonseca, in Honduras. Hybrid zones constitute an excellent opportunity to study how 

populations might attain reproductive isolation. Variation in this hybrid zone has 

previously been studied with allozymes (Greenbaum 1981) and chromosomes (Baker 



1981; Owen and Baker 2001). In this example, different explanations for the origin and 

dynamics of this hybrid zone have been proposed (see Baker 1981; Barton 1982, 

Greenbaum 1981; Hafner 1982; Lessa 1990). The purpose of this study is (i) to compare 

the pattern of mtDNA variation with karyologic and electrophoretic data, (ii) compare 

how mtDNA genetic variation partitions in relation to geography, (iii) to karyotype, and 

(iv) to contrast results with the expectations from the different scenarios proposed. 

Chapter V consists of a study of variation in round-eared bats of the genera 

Lophostoma and Tonatia. The high levels of karyotypic and genetic variation lead to the 

formal separation of Tonatia (Chiroptera: Phyllostomidae) into 2 different genera: 

Tonatia and Lophostoma by Lee et al. (2002), with further support by Porter et al. 

(submitted). Relationships within Lophostoma are not well understood, because previous 

studies focused on higher-level relationships within the subfamily Phyllostominae (which 

also includes genera such as Macrophyllum, Mimon, Phylloderma, Phyllostomus, and 

Trachops), rather than on variation among and within Tonatia and Lophostoma. Our 

efforts have concentrated on incorporating a second mtDNA fragment: the complete 

cytochrome-Z? gene to the tRNA^^\ 12S rRNA, and 16S rRNA sequences from Lee et al. 

(2001) and the RAG-2 sequences from Porter et al. submitted). These authors presented 

parsimony-based analytical approaches, whereas in this case we used maximum 

likelihood and Bayesian phylogenetic analyses to compare and contrast results from the 3 

different DNA sequence data sets. Research in this chapter is concerned with intergeneric 

relationships among the Phyllostominae genera Lophostoma, Mimon, Phylloderma, 

Phyllostomus, Tonatia, Trachops, and Macrophyllum. 



The last chapter presents a review of the research in this dissertation, with 

synthetic analysis of results presented in Chapters II through V, and suggestions for 

future research on biogeography and systematics of Neotropical mammals. 

Lasdy, some comments are merited on the authorline as will appear in the 

publication of each chapter. Design of experiments, collection of specimens, analysis of 

data, securing of funds for expensive field trips and laboratory work requires a 

commitment in time, physical and mental, efforts of multiple individuals. My articles will 

include coathors as justified on the basis of their participation 

The four empirical data-based chapters are prepared for submission to four 

different journals, resulting in interchapter variation in style. Chapter II was published in 

the Journal of Mammalogy, Chapter III has been submitted to Molecular Ecology, 

Chapter IV will be submitted to Evolution, and Chapter V will be submitted to the 

Journal of Mammalian Evolution. 
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CHAPTER II 

SYSTEMATICS OF BAT OF THE GENUS GLOSSOPHAGA 

(CHIROPTERA: PHYLLOSTOMIDAE) AND PHYLOGEOGRAPHY 

IN G. SORICINA BASED ON THE CYTOCHROME-5 GENE 

Abstract 

Systematic relationships within the 5 recognized species of Glossophaga were 

assessed using the complete cytochrome-T? gene (1,140 base pairs). Samples from 4 

species, G. commissarisi, G. leachi, G. longirostris, and G. morenoi, show little 

intraspecific geographic subdivision. Alternatively, G. soricina has a major mtDNA 

subdivision that may reflect 2 biological species. Our data suggest that 1) G. soricina is 

the sister taxon to the remainder of the genus, 2) G. leachi and G. longirostris are sister 

taxa, and 3) the position of G. morenoi is unresolved, placed either with the G. leachi—G. 

longirostris clade or with the G. commissarisi clade. Distance values among G. morenoi, 

G. commissarisi, G. longirostris and G. leachi were similar, suggesting a similar time of 

speciation for these 4 species. 

Introduction 

The genus Glossophaga comprises 5 species of Neotropical bats: G. commissarisi 

(west-central Mexico to eastern Pern and Brazil), G. leachi (westem Mexico to Costa 

Rica), G. longirostris (northern South America, including some Caribbean islands), G. 

morenoi (southern Mexico to Central America), and G. soricina (Mexico to Northern 

Argentina, including populations from Jamaica, Trinidad and Tres Marias Islands; Fig. 
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2.1). The genus (Webster 1993) and its species have been systematically reviewed in the 

last 20 years: G. commissarisi (Webster and Jones 1982, 1987), G. leachi (Webster and 

Jones 1980, 1984a), G. longirostris (Webster and Handley 1986; Handley and Webster 

1987), G. morenoi (Webster and Jones 1984b; Webster and Jones 1985; Gardner 1986) 

and G. soricina (Alvarez et al. 1991). Although the validity of the name G. morenoi has 

been questioned (Webster 1993), there is no disagreement on the specific validity of the 

taxon. Karyologic studies reported the same diploid and fundamental number for all 

species and individuals studied (Baker 1967, 1979; Webster 1993). Webster (1993), 

assessing intrageneric and intraspecific relationships based on morphologic, and 

biochemical data, organized the species into 3 different clades: (1) G. soricina; (2) G. 

commissarisi and G. leachi; and (3) G. longirostris and G. morenoi. He concluded that 

climatic and habitat changes during the Quaternary, such as cycles of expansion and 

contraction of wet and dry habitat, were responsible for relationships within Glossophaga 

and the present distribution of members of the genus. Isozyme analyses found low levels 

of differentiation within the genus and detected low levels of intraspecific variation in all 

species but G. soricina. We used the complete mitochondrial cytochrome-/? gene to 

investigate systematic relationships within the genus Glossophaga, pattems of 

interspecific variation, and geographic variation in G. soricina. 

Previous results using cytochrome-Z? have proven helpful in understanding 

specific relationships within the phyllostomid genera Artibeus, Dermanura, 

Phyllostomus, Chiroderma, Carollia, and Rhinophylla (Baker et al. 1994; Van Den 

Bussche and Baker 1993; Van Den Bussche et al. 1998; Wright et al. 1999). 

11 



Material and Methods 

Fifty-seven samples of Glossophaga were included in our analyses: 4 G. 

commissarisi, 3 G. leachi, 8 G. longirostris, 4 G. morenoi, and 38 G. soricina, covering 

the geographic localities represented in frozen tissue collections. One species of 

Dermanura (D. tolteca) and 2 species of Artibeus {A. obscurus and A. planirostris) were 

included as outgroups (Genbank access numbers U66515, U66507, and U66508, 

respectively), and Leptonycteris curasoae, Monophyllus redmani, and M. plethodon were 

included as ingroup taxa to determine the sister taxon to Glossophaga (Gardner 1977); 

Genbank accession numbers are AF382830-AF382889. A list of all specimens examined 

and their geographic localities are given in the Appendix. 

DNA was extracted from liver, kidney, or muscle tissue using either a PCI— 

phenol protocol (Longmire et al. 1997) or a SDS-proteinase K~NaCl extraction and 

alcohol precipitation protocol (Maniatis et al. 1992; Miller et al. 1988). The complete 

mitochondrial cytochrome-T? gene was amplified using the polymerase chain reaction 

(PCR—Saiki et al. 1988) with primers glo7L (5' CAY CGT TGT ATT TCA ACT RTA 

AG A AC 3') and glo6H (5' CGG TGT A AT GRA TAT ACT AC A TRG 3') modified 

from L14724 and H15915 (Irwin et al. 1991). The thermal profile used for amplification 

consisted of an initial denaturing step at 94° for 2 min followed by 35 cycles of 

denaturation at 94°C for 15 s, annealing at 48°C for 20 s, and extension at 72°C for 1 min, 

and a final extension step at 72° at 2 min. PCR products were purified using the 

QIAquick PCR Purification Kit (Qiagen Inc., Chats worth, California), following the 

manufacturer's instmctions. DNA sequencing was accomplished using the ABI Prism 

dRhodamine or ABI Big Dye chemistry (Applied Biosystems, Inc., Foster City, 
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Califomia) using the amplification primers and a set of internal sequencing primers: 

glolL (5' GTC CTG CCA TGW GGA CAA ATA TC 3'); glo2H (GCT CCT CAG AAK 

GAT ATT TGT CC 3'); glo3L (5' TAY CTC CAY GTA GGY CGA GG 3'); glo5L (5' 

CCA GAY CTY CTA GGA GAY CCA G 3'); glol3L (5' TCA ACT RTA AGA ACT 

AAT CT 3'). DNA sequences were generated using an ABI Prism 310 Genetic Analyzer 

(Applied Biosystems, Inc., Foster City, Califomia) automatic sequencer. Sequences were 

verified and aligned using Sequencher version 3.1.1 (Gene Code Corporation, Ann 

Arbor, Michigan). 

Pairwise distance comparisons were calculated using the uncorrected percentage 

of sequence divergence. Three different methods were used to estimate phylogenetic 

relationships: neighbor-joining, maximum parsimony, and maximum likelihood. All 

phylogenetic analyses were estimated using PAUP* version 4.02 (Swofford 1999). 

Arlequin version 2000 (Schneider et al.) was used to perform an analysis of molecular 

variance (AMOVA) to investigate how genetic variation within and among geographic 

samples of G. soricina. Sequence divergence for the neighbor-joining (Saitou and Nei 

1987) analysis was calculated using Tamura-Nei (Tamura and Nei 1993) distance, which 

allows for bias in base composition and independent rates for different types of 

nucleotide substitutions. In maximum parsimony, a number of different transition to 

transversion ratios (2:1, 5:1, 6:1, and 10:1) were applied to explore sensitivity of results 

to variation in the substitution model. Heuristic searches were performed with 10 random 

additions of taxa. Support for the nodes was evaluated using 1,000 bootstrap replicates in 

the fast heuristic mode. In the case of maximum likelihood, the consensus tree from a 

parsimony unweighed heuristic search was used to evaluate the likelihood of different 
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models of DNA substitution (Huelsenbeck and Crandall 1997). Parameter values were 

then set to those of a complex model (HKY -i- F) that optimized 3 parameters: proportion 

of each base, transition to transversion ratio, and shape (alpha) of the gamma distribution. 

A maximum likelihood heuristic search with 10 random additions of taxa was then 

performed using the complete data set. 

Results 

Description of data. Of the 1,140 base pairs of the complete cytochrome-7? gene, 

702 were invariant and 70 were autoapomorphic, leaving 368 potentially parsimony 

informative characters within our complete data set. There were 77 changes at 1̂ ' codon 

positions, 35 at 2"̂ ^ positions, and 326 at 3*̂^ positions. Among sequences of Glossophaga, 

1%1 characters were invariant and 58 changes were autoapomorphic, leaving 295 as 

parsimony informative characters. Within Glossophaga there were 54 changes at U' 

positions, 23 at 2"̂ * positions, and 267 at 3^^ positions. Average distance values (using 

uncorrected percentage of sequence divergence) for pairwise comparisons within species 

ranged from 0.7 % ± 0.08 SE in Glossophaga longirostris to 4.6 ± 0.07 % in G. soricina; 

whereas comparisons among species within Glossophaga averaged 12.4 ± 0.04 % (Table 

2.1). 

Phvlogenetic analyses. A maximum-parsimony heuristic search using all variable 

positions and weighting substitutions equally resulted in 1,130 equally-parsimonious 

trees of 1,369 steps (Fig. 2.2). Those trees differed from those obtained with different 

transition:transversion ratios only in topology within species. The g7-statistic obtained 

from 10,000 random trees was highly significant {P < 0.01), which indicated a strong 
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phylogenetic signal in the data set (Hillis 1991; Hillis and Huelsenbeck 1992; 

Huelsenbeck 1991). Results from neighbor-joining, maximum parsimony, and maximum 

likelihood agree that G. soricina was sister to the remainder of the genus. Neighbor-

joining placed G. morenoi sister to the G. leachi-G. longirostris clade (Fig. 2.3); whereas 

parsimony (Fig. 2.2) and likelihood (Fig. 2.4) analyses placed G. morenoi sister to G. 

commissarisi. The strict consensus parsimony tree was used to evaluate the likelihood of 

different models of nucleotide substitution. A maximum-likelihood analysis of the 

complete data set, setting parameter values to the HKY-t-F (Hasegawa et al. 1985) model 

of nucleotide substitution (empirical base frequencies, transition to transversion ratio of 

6.3, alpha = 0.21; Table 2.2), resulted in a tree with likelihood value of -In L = 7799.04 

(Fig. 2.4). However, topology within Glossophaga was the same. A heuristic search 

using the same settings and constrained to find the shortest tree supporting Webster's 

(1993) hypothesis resulted in a tree -In L = 7808.33 (tree not shown). Two tests, a 

Kishino-Hasegawa (1989) and a Shimodaira-Hasegawa (1999), did not detect significant 

differences in the likelihood scores among our neighbor-joining tree, our likelihood tree, 

and Webster's tree. In all cases, G. soricina was defined by 2 well-supported lineages, 

that corresponded to an Andean split. An eastern clade (supported in 88% of the 

bootstrap iterations) consisted of individuals from South America east of the Andes 

Mountains; whereas a westem clade (supported by 96% bootstrap iterations) included 

individuals from Central and North America, Jamaica, and the westem slope of the 

Andes Mountains. Mean sequence divergence within G. soricina from North America, 

plus individuals from Jamaica and 3 specimens from westem Peru (hereafter referred to 

as westem clade), was 2.8%; whereas comparisons within samples east of the Andes 
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(eastern clade), including Trinidad, was 2.7%. G. soricina samples from Chachapoyas, 

Peru, presented the greatest non-geographic variation (6.5%). The average pairwise 

distance between the 2 lineages was 6.3%. Molecular variance within G. soricina was 

partitioned into within and between lineages components by the AMOVA. The 1"' 

component accounted for 44% of the total variance, and the 2"'' component accounted for 

56% (P< 0.001). 

Discussion 

Highly supported interspecific relationships. Most nodes were highly supported 

by bootstrap analyses, particularly monophyly of Glossophaga (bootstrap = 97%) and all 

recognized species within the genus (100%). Weaker bootstrap values in both likelihood 

and parsimony analyses supported the position of G. soricina as the sister group to the 

remainder of the genus and the sister species relationship between G. longirostris and G. 

leachi. Disagreement with the neighbor-joining analysis probably was due to few changes 

resolving that node. When Leptonycteris was excluded from unweighed parsimony, G. 

morenoi was sister to the G. leachi-G. longirostris clade, as in the neighbor-joining 

analysis. 

Distance values among G. morenoi, G. commissarisi, G. longirostris, and G. 

leachi were similar, suggesting a rapid speciation event at the base of this clade. This 

pattern might account for the lack of statistical resolution among competing trees. If a 

molecular clock is assumed, with rates ranging from 2.3-5% divergence/mya (Arbogast 

and Slowinski 1998; Smith and Patton 1999), the speciation event would have occurred 
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about 2-4 mya. Furthermore, all species in the genus appear to have had relatively long, 

independent histories, with interspecific comparisons averaging about 10%. 

Analyses of morphologic, morphometric, and isozyme variation by Webster 

(1993) identified 3 different clades: (1) G. soricina; (2) G. commissarisi and G. leachi; 

(3) G. longirostris and G. morenoi. Our results support a shghtiy different scenario, with 

G. soricina as the sister taxon to a large clade including the G. longirostris-G. leachi 

clade, G. morenoi, and G. commissarisi. At present, we lack statistical resolution to favor 

either of them. 

Intraspecific geographic variation. Monophyly of all 5 species was highly 

supported by bootstrap analyses (100% in all cases). In a recent synthesis of cytochrome-

b data, Avise and Walker (1999) found agreement between mtDNA lineages and 

traditionally recognized taxonomic units. They also reported that 56% of the species were 

represented by > 1 deep mitochondrial lineage possibly representing distinct biological 

species. In our study, only G. soricina showed such a pattern. Within G. commissarisi, G. 

leachi, G. longirostris, and G. morenoi, distance values between individuals from 

different localities were low (average pairwise distance about 1%). These results provide 

evidence in favor of Webster's (1993) conclusion of Quaternary changes in habitat 

accounting for the present distribution and degree of intraspecific variation within those 4 

species. Unfortunately, small samples were available from these 4 species; additional 

samples might reveal the presence of greater intraspecific variation. 

Glossophaga soricina, however, shows considerable genetic variation (average 

pairwise distance within the whole species about 5%). In all cases, G. soricina is 

represented by 2 well-supported lineages. The 1̂* clade (supported in 88% of the 
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bootstrap iterations) consists of individuals from South America east of the Andes 

Mountains, whereas the 2"̂ ^ clade (supported by 96% bootstrap iterations) includes 

individuals from Central and North America, Jamaica, and the westem slope of the 

Andes Mountains. Pairwise distance comparisons between the 2 lineages are similar to 

pairwise comparisons between sister species in other phyllostomid genera such as 

Carollia (Wright et al. 1999) and Chiroderma (Baker et al. 1994). The 2 lineages were 

collected sympatrically in Chachapoyas, in the Departamento Amazonas in Pern (FMNH 

128675 and 128676). Interestingly, this region has been recognized as a major species 

boundary for Artibeus (fraterculus + jamaicencis) and may present a similar suture zone 

for other taxa (Patterson et al. 1992). As argued by Patterson et al. (1992) on the basis of 

ATPase sequence variation and subsequently supported by Van Den Bussche et al. 

(1998) using cytochrome-Z?, A. fraterculus is sister to inopinatus + hirsutus of the Pacific 

Coast, and this clade is sister to all Amazonian diversity within Artibeus. 

Our results are consistent with Webster's (1993) morphometric analyses, 

including the subspecies G. s. antillarum (from Jamaica), G. s. handleyi (from northern 

Mexico southward through Central America up to northern and westem Colombia), and 

G. s. valens (westem Ecuador and Peru) in 1 clade, and G. s. soricina (from South 

America east of the Andes) in the other one. Webster (1993) also reported presence of G. 

s. soricina and G. s. valens in Amazonas, Pern, but he did not find evidence of 

intergradation between the 2, further suggesting that the 2 clades may represent species. 

Further analyses of morphologic variation and nuclear DNA markers would aid in 

elucidating the matter. 
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Table 2.1 Pairwise uncorrected percentage of sequence divergence (X ± SE) among 
Artibeus (which includes Artibeus and Dermanura), Glossophaga, Leptonycterys, and 
Monophyllus. W = North America and South America west of the Andes, E = South 
America east of the Andes. 

G. soricina W 
G. soricina E 
G. longirostris 
G. leachi 
G. morenoi 
G. commissarisi 
M. pletliodon 
M. redmani 
L. curasoae 
Artibeus 

G. soricina W 
G. soricina E 
G. longirostris 
G. leaciii 
G. morenoi 
G. commissarisi 
M. plethodon 
M. redmani 
L. curasoae 
Artibeus 

G.soricina W 
2.8 ±0.09 
6.3 ± 0.02 
12.5 + 0.02 
13.2 ±0.06 
13.7 ±0.03 
12.8 ±0.04 
16.5 ±0.06 
16.6 ±0.06 
16.9 ±0.05 
17.2 ±0.06 

G. soricina E 

2.7 ± 0.08 
12.6 ±0.02 
12.5 ±0.05 
13.3 ±0.03 
12.6 ±0.04 
16.4 ±0.06 
16.0 ±0.06 
17.0 ±0.06 
17.6 ±0.06 

G. longirostris 

0.7 ± 0.08 
8.4 ± 0.05 
10.3 ±0.06 
10.2 ±0.04 
15.8 ±0.07 
15.9 ±0.09 
16.1 ±0.09 
17.1 ±0.2 

G. commissarisi M. plethodon M. redmani 

2.2 ± 0.04 
15.5 ±0.08 
16.3 ±0.1 
16.0 ±0.1 
17.7±0.1 

10.3 
16.1 
15.7 

15.4 
17.1 

G. leachi 

0.9 ± 0.02 
10.1 ±0.09 
10.2 ±0.04 
15.4 ±0.05 
15.6 ±0.08 
15.5 ±0.06 
17.1 ±0.2 

L. curasoae 

17.2 

G. morenoi 

0.9 ± 0.02 
10.7 ±0.08 
16.8 ±0.08 
16.6 ±0.1 
16.1 ±0.04 
17.8 ±0.3 

Table 2.2 The In-likelihood scores of the different substitution models tested; rate 

heterogeneity indicated by F. 

Modef 

JC69 
K80 

HKY85 
JC69+r 
K80+r 

HKY85+r 

Base 
frequencies 

Equal 
Equal 

Empirical 
Equal 
Equal 

Empirical 

TsiTv ratio (K) 

1 
Estimate from data 
Estimate from data 

1 
Estimate from data 
Estimate from data 

Among site rate 
variation (a) 

No 
No 
No 

Estimate from data 
Estimate from data 
Estimate from data 

In likelihood 

-9615.27 
-8892.35 
-8737.76 
-8927.57 
-8135.37 
-7990.51 

^ Model abbreviations: JC69, Jukes and Cantor (1969); K80, Kinnura (1980) two-parameter model; 
HKY85, Hasegawa et al. (1985). 
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G. morenoi 

Figure 2.1 Geographic distribution of the species in Glossophaga (modified from 
Webster 1993). a) Glossophaga commissarisi, b) G. leachi, c)G. longirostris, 
and G. morenoi, and d) G. soricina (d). A dashed line indicates the geographic 
location of the hypothetical split between samples from east and west of the 
Andes in G. soricina. 
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f>' 

Figure 2.2 Strict consensus of 1,130 trees 1,369 steps long, result of an unweighed 
parsimony heuristic search. Bootstrap values are next to the most relevant nodes. 
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G. soricina Jamaica 
G. soricina Jamaica 
G. soricina Panama 
G. soricina Panama 
G. soricina Panama 
G. soricina Yucatan 
G. soricina Veracruz 
G. soricina Michoacan 
G. soricina El Salvador 
G. soricina Sinaloa 
G. soricina Michoacan 
G. soricina Michoacan 
G. soricina San Luis Potosi 
G. soricina Michoacan 
G. soricina Guatemala 
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G. longirostris St. Vincent 
G. longirostris St. Vincent 
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G. longirostris Tobago 
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G. /eac/7/Chiapas 
G. morenoi Chiapas 
G. morenoi Chiapas 
G. morenoi Chiapas 
G. morenoi Michoacan 
G. commissarisi Chiapas 
G. comm/ssar/s; Chiapas 
G. commissarisi Chiapas 
G. commissarisi Panama 
M. plettiodon 
M. redmani 
L curasoae 
D. tolteca 
A. planirostris 
A. obscurus 
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Figure 2.3 Neighbor-joining tree based on the Tamura-Nei distance matrix. 
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Figure 2.4 Phylogram from a heuristic maximum likelihood search, following the 
HKY85-i-r model (-In L = 7799.04; transition:transversion ratio = 6.3, gamma shape 
parameter (alpha) = 0.21). 
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Appendix 

Specimens examined and their geographic localities are given below: TK numbers 
correspond to samples from the frozen tissue collection at the Natural Science Research 
Laboratory from Texas Tech University, Lubbock, Texas; MVZ numbers correspond to 
samples from the Museum of Vertebrate Zoology, Berkeley, California; FMNH numbers 
correspond to samples from the Field Museum of Natural History, Chicago, Illinois, and 
NMNH numbers correspond to samples from the National Museum of Natural History, 
Washington, D.C. 

Glossophaga commissarisi - TK 20562, Mexico, Chiapas, Tonala, TK 20586, TK 20600; 
Mexico, Chiapas, Huixtla; NMNH 578998, Panama, Bocas del Toro, Isla Popa. 

Glossophaga leachi - TK 4812, Mexico, Guerrero, El Camzal; TK 20567, TK 20569; 
Mexico, Chiapas, Tonala. 

Glossophaga longirostris - TK 18501, Grenada, St. George, Confer, Chemin River; TK 
18585, Grenada, St. George, St. Paul's; TK 18613, Grenadines, Union Island, Clifton; 
TK 18667, Grenadines, Carriacou Island, Hillsborough; TK 25150, Trinidad and Tobago, 
Tobago, St Patrick, Grange; TK 25157, NMNH 580656, NMNH 580658; Saint Vincent, 
St. George Parish. 

Glossophaga morenoi - TK 20563, TK 20564, TK 20579, Mexico, Chiapas, Tonala; TK 
43176, Mexico, Michoacan, Aquila, Mamata. 

Glossophaga soricina TK 34707 El Salvador, Santa Ana; TK 41573, Guatemala, 
Zocapal; TK 9251, Jamaica, St. Catherine Parish, Watermount; TK 11040, Jamaica, St. 
Ann Parish, Discovery Bay, Green Grotto; TK 4728, Mexico, Sinaloa, Rosario; TK 
13173, Mexico, Veracmz, Cordoba, Ojo de Agua, Rio Atoyac; TK 14159, Mexico, San 
Luis Potosi, Ciudad Valles; TK 13594, Mexico, Yucatan; TK 43138, TK 43178, TK 
43189, TK 43208 Mexico, Michoacan, Aquila; NMNH 578997, Panama, Bocas del 
Toro, Isla Popa; NMNH 579009, NMNH 579010, Panama, Bocas del Toro, Isla Escudo 
de Veraguas; FMNH 128675, FMNH 128676, Peru, Amazonas, Chachapoyas; FMNH 
128713, FMNH 128718, Pern, Cajamarca, Santa Cmz; TK 14605,TK 14610, BoUvia, La 
Paz, Puerto Linares; MVZ 185583, MVZ 185585, Brazil, Paraiba; MVZ 185566, Brazil, 
Rio de Janeiro; MVZ 185874, MVZ 185875, Brazil, Sao Paulo; TK 86578, TK 86579, 
Guyana, N.W. District, Baramita; TK 56869, TK 57056, Paraguay, Canindeyu, 
Mbaracayu; TK 22602, TK 22631, Pern, Huanuco, Leoncia Prado; TK 17476, Suriname, 
Nickerie, Kabalebo; TK 17544, Suriname, Marowijne, Albina; TK 25071, Trinidad and 
Tobago, Trinidad, Nariva, Ecclesville; TK 25212, Trinidad and Tobago, Trinidad, 
Mayaro, Guayaguayare; TK 15154, TK 15194, Venezuela, Guarico, Calabozo. 

Leptonycterys curasoae TK 45107. 

Monophyllus plethodon TK 15607. 

Monophyllus redmani TK 27694. 
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CHAPTER III 

COMPARATIVE PHYLOGEOGRAPHY OF SHORT-

TAILED BATS (CAROLLIA: PHYLLOSTOMIDAE) 

Abstract 

The genus Carollia comprises 5 currently recognized species of Neotropical fruit-

eating bats in the family Phyllostomidae. The complete mitochondrial cytochrome-Z? gene 

was used to assess phylogeographic variation in the four widespread species (C. 

brevicauda, C. castanea, C. perspicillata and C. sowelli). Results from our study suggest 

migration events between Middle and South America were associated with episodes of 

divergence. Carollia brevicauda and C. perspicillata show a comparable level of 

divergence in South America, possibly due to a similar time of diversification. 

Intraspecific variation in Carollia perspicillata and C sowelli suggest a recent extension 

of distribution into Middle America. Carollia brevicauda, C. castanea and C. 

perspicillata coexist throughout much of their range in northern South America and in all 

three, samples from westem Ecuador have closer affinities to Middle American samples 

than to populations east of the Andes. Different pattems of phylogeographic variation 

were found within each species: C. brevicauda, and C. sp.n. are represented by minimally 

divergent, allopatric groups; C. castanea has deep, highly supported, allopatric clades; 

and C. perspicillata presents low intraspecific variation in weakly distinguished, non-

allopatric groups. The hypothesis of no correlation between geographic and genetic 

distance (Mantel's test) was rejected in C. castanea, C. perspicillata and C. sowelli, but 

not in C. brevicauda. Using a molecular clock, with rates ranging from 2.3-5% per 10 
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years, diversification within Carollia would have occurred over the last 6 to 3 million 

years. 

Introduction 

In 1987, Avise et al. coined the term phylogeography, and classified patterns of 

intraspecific variation into 5 categories. Avise et al. (1987) concluded these pattems were 

the result of historical and ecological factors. Recent phylogeographic studies employ 

DNA data (mostly mtDNA sequences or microsatellites) to make inferences about the 

geographic (vicariant events, areas of diversification, and pattems of migration) and 

demographic (population growth and decline, historical bottlenecks) history of the groups 

in question. To make sound phylogeographic inferences, obtain reliable estimates of gene 

flow, and accurate distribution boundaries, it is necessary to adequately sample the 

geographic range of each species. Vicariant and dispersal events as a function of specific 

geographic events (such as exchanges between South America and Middle America) can 

be detected by documenting areas where concordant boundaries and pattems occur within 

multiple species. 

A critical assumption to our studies is that the relationship between cytochrome-^ 

variation and geographic location has value in understanding the evolutionary history 

within a monophyletic group. While it is not necessary to our study to assume that the 

rate of change in the cytochrome-^ sequences occurs in a clocklike fashion, we do 

assume that there is a strong correlation between sequence divergence and time (Arbogast 

and Slowinski 1998; Avise and Johns 1999; Johns and Avise 1998; Bradley and Baker 

2001). Previous studies have concluded that the cytochrome-Z? gene provides a substantial 
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amount of phylogeographic information (Avise and Walker 1999; Avise et al. 1998; 

Matocq 2002; but see Ballard et al. 2002 for caveats). 

Phylogeographic studies of Neotropical mammals have included bats (Ditchfield 

et al. 2000) as well as non-volant, small animals such as marsupials (Patton et al. 1996b; 

Mustrangi and Patton 1997), echimyd rodents (Da Silva and Patton 1993; Patton et al. 

1994; Lara et al. 1996) and sigmodontine rodents (Smith and Patton 1991; Patton and 

Smith 1992; Patton et al. 1996a). Ditchfield (2000) studied phylogeographic variation in 

17 species of bats from different genera (he included 402 bp of the cytochrome-b gene 

for 271 individuals), and compared the pattems of phylogeographic variation between 

codistributed volant and non-volant groups. His results show that in the same area, non-

volant mammals exhibit a higher degree of geographically defined genetic divergence 

than do bats. 

The purpose of this study is to employ a genus of volant mammals to investigate 

the pattems of phylogeographic variation in Middle and South America, and to determine 

how these species fit the 5 categories characterized by Avise et al. (1987). Short-tailed 

bats of the genus Carollia are an appropriate choice to compare the pattems of variation 

of codistributed, closely related species because they are for the most part widely 

distributed (Fleming 1988) in the New World tropics (Fig. 3.1). Additionally, 

interspecific variation within the genus at the morphological and genetic level has been 

relatively well-studied (see Lim and Engstrom 1998; McLellan 1984; Pine 1972; Owen et 

al. 1984; Wright et al. 1999), and specimens of Carollia are commonly collected, so a 

reasonable number of DNA samples can be readily obtained. 
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Materials and Methods 

Genomic DNA was extracted from liver, kidney, or muscle tissue preserved by 

freezing, lysis buffer, or ethanol; using either a phenol/PCI protocol (Longmire et al. 

1997) or an SDS/ proteinase K/NaCl extraction and alcohol precipitation protocol (Miller 

et al. 1988; Maniatis et al. 1992). The complete mitochondrial cytochrome-/? gene was 

amplified and sequenced using the procedures described in Hoffmann and Baker (2001) 

with the addition of the sequencing primers ginilL (5' AAA GCC ACC CTC ACC CGA 

TTC 3'), Phyllo3L (5'GGA GCA TCT ATA TTC TTT ATC TGC C 3') and Uro3L (5' 

AGA CAA AGC TAC CCT CAC TCC 3'). DNA sequences were generated using an 

ABI Prism 310 Genetic Analyzer (ABI, Foster City, CA). Sequences were verified and 

aligned using Sequencher (version 3.1.1, Gene Code Corporation, Ann Arbor, MI). 

Sixty-seven specimens of Carollia were included in this study, in addition to 

samples of Glyphonycteris silvestris included as an outgroup. A list of specimens 

examined and their sampling locale can be found in Baker and Hoffmann (2002). 

Pairwise distance comparisons were calculated as the uncorrected percentage of 

sequence divergence. Phylogenetic relationships were estimated using the neighbor-

joining method (Saitou and Nei 1987), maximum parsimony, and maximum likelihood 

(ML) models. Phylogenetic analyses employed PAUP* version 4.0bl0 (Swofford 1999) 

and MrBayes version 2.01 (Huelsenbeck and Ronquist in press; the program is freely 

available at http://morphbank.ebc.uu.se/inrbaves/). Parsimony and likelihood heuristic 

searches were performed following a routine described by Takahashi and Nei (2000), 

using stepwise addition of taxa and the nearest-neighbor-interchange branch swapping 

method (NNI). In maximum parsimony, all nucleotide changes and codon positions were 
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weighted equally. Maximum likelihood analyses were carried out using a routine 

suggested by Sullivan et al. (1997, 1999; see also Huelsenbeck and Crandall 1997). An 

initial tree was generated using the neighbor-joining and this tree was used to estimate the 

likelihood of the following models: JC69 (Jukes and Cantor 1969), K2p (Kimura 1980), 

HKY85 (Hasegawa et al. 1985), or General Time Reversible (GTR, Rodriguez et al. 

1990), in their simplest forms or including a fraction of invariant sites and/or rate variation 

among sites following a gamma distribution. We selected a GTR model with among sites 

rate variation (a = 1.03) and a proportion of invariant sites (pinvar = 0.55). In addition, we 

performed a full search using MrBayes version 2.01, setting Glyphonycteris as the 

outgroup and mnning 4 chains for 2x10^ generations. The associated settings were used as 

a starting point for a heuristic search in Paup*. Support for the nodes was evaluated using 

1000 bootstrap (bs; Felsenstein 1985) replicates in the full mode in case of parsimony, and 

100 replicates in the fast heuristic mode in the case of likelihood, and the 50% majority-

mle consensus support indexes from MrBayes. 

Pattems of phylogeographic variation within Carollia brevicauda, C. castanea, C. 

perspicillata and C. sowelli were compared with the general pattems described by Avise 

et al. (1987) as categories 1 to 5. Within each species, samples sharing a recent common 

history were pooled together into phylogroups according to their geographic location. The 

relationship between geographic and genetic distance was explored using a Mantel's test 

(Mantel 1967), as implemented by Richard Strauss (available at 

www.biol.ttu.edu/Strauss/Matiab/matiab.htm) to mn in Matiab R12 (The Mathworks Inc, 

Natick, MA). The null hypothesis of no correlation between the geographic (measured in 

kilometers) and genetic (p-distance) distance matrices was compared with the altemative 
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hypothesis of significant correlation between the genetic and distance matrices in 10000 

randomized replicates. These tests were performed within each species and within each of 

the phylogroups defined. Data are available from the authors upon request. DNASP 

ver3.53 (Rozas and Rozas 1999) was used to obtain estimates of haplotype and nucleotide 

diversity within each of the groups with more than 4 samples. Two estimates of nucleotide 

diversity were obtained within these: the first one based on the number of pairwise 

differences (Qn), and the second one based on the number of segregating sites (0s). In order 

to compare the values for these 2 estimates, we computed Tajima's D-statistic (Tajima 

1989a), which is expected to have negative values if the population is recovering from a 

bottleneck, or has experienced a selective sweep (Tajima 1989b). As mentioned above, 

only phylogroups with 4 or more samples were included in this section. Genetic variation 

was partitioned into within and among phylogroups components in an Analysis of 

Molecular Variance (AMOVA, Excoffier et al. 1992) as implemented by Arlequin 

ver2001 (Schneider et al. 2001), based on EST values (as calculated by Hudson et al. 

1992). 

Results 

A total of 1,140 base pairs comprising the entire mitochondrial cytochrome-Z? 

gene were obtained for each specimen examined. Within Carollia 820 positions were 

invariant and 320 were variable. There were 51 variable sites in the 1 '̂, 10 in the 2^^ and 

259 in the 3"̂^̂  codon positions, resulting in 39 variable amino acid positions. Thirteen 

specimens of C. brevicauda were sequenced, from 10 localities, each with a unique 

haplotype. Within C. brevicauda there were 10 variable sites in the V\ 2 in the 2"̂ ^ and 71 

38 



in the 3''* codon positions, with 11 variable amino acid sites. In C. castanea. we 

sequenced 17 specimens from 9 localities representing 17 different haplotypes. Within C 

castanea there were 19 variable sites in the l ' \ 3 in the 2"̂ * and 156 in the 3'̂ ^ codon 

positions, resulting in 15 variable amino acid sites. Twenty specimens of C. perspicillata 

from 14 localities were sequenced, representing 18 haplotypes. In C. perspicillata, there 

were 9 variable sites in the V\ 2 in the 2"̂ ^ and 65 in the 3'̂ ^ codon positions, resulting in 7 

variable amino acid sites. In C. sowelli, we obtained sequence data from 14 specimens, 

from 11 localities, representing 11 different haplotypes. Within this species, there were 

18 variable sites in the V\ 5 in the 2"̂ ^ and 43 in the 3'̂ ^ codon positions, resulting in 13 

variable amino acid sites. Finally, in C. subrufa, we sampled 3 specimens from 2 

localities from the opposite ends of its geographic range and found 2 haplotypes. Within 

this species we found 3 variable sites in the V\ 0 in the 2"̂ ^ and 16 in the 3"̂^ codon 

positions, resulting in 3 amino acid changes. Haplotype diversity ranged from 0.67 (in C. 

subrufa), to 1.0 (in C. brevicauda and C. castanea), with nucleotide variation ranging 

from 0.011 to 0.049. Haplotype and nucleotide diversity were lowest in C. subrufa 

(potentially due to the small sample size) and highest in C. castanea. 

Neighbor-joining, maximum parsimony, and maximum likelihood analyses 

resulted in similar interspecific topology, placing C. castanea as the most basal species in 

the genus. Carollia subrufa was sister to the remainder of the genus. In neighbor-joining 

and maximum parsimony, but not in maximum likelihood, C. sowelli was found to be 

monophyletic and basal to a highly supported clade formed by C. brevicauda and C. 

perspicillata. A tree in which we constrained C sowelli to be monophyletic was not 

different from an unconstrained search in Kishino and Hasegawa (1989) and Shimodaira 
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and Hasegawa (1989) topology tests, and is the one used here onwards. Monophyly of C. 

brevicauda, C. castanea, C. perspicillata and C. subrufa was supported by moderate to 

high bootstrap support values in both likelihood and parsimony (bs > 80; Bayesian 

consensus index > 95 % in MrBayes). 

Levels of intraspecific variation within C. brevicauda, C. perspicillata, C. sowelli, 

and C. subrufa were similar, with average distances from all pairwise comparisons 

ranging from 1.3 to 2.0 % (Table 3.1), whereas C. castanea had higher values of 

intraspecific variation, with average divergence from all pairwise comparisons of 5.3 %. 

C. subrufa was represented by 3 specimens from the extremes of its distribution, with 

average pairwise distances of 1.3%. 

Carollia brevicauda. Intraspecific pairwise comparisons within C. brevicauda 

ranged from 0.2 to 3.2%. The null hypothesis of no correlation between the genetic and 

geographic distance matrixes could not be rejected (r = 0.02, P < 0.4, Fig. 3.1). Samples 

from this species can be grouped into 2 allopatric clades (Fig. 3.2), with high bootstrap 

support values (bootstrap > 89%, Bayesian consensus index > 95%) for both. Average 

pairwise distance between these 2 phylogroups was 3%. The first phylogroup (1 in Fig. 

3.2) includes samples from eastern Panama, Ecuador on both the east and west slope of 

the Andes, Bolivia and Peru (N = 11, average pairwise distance within the group of 

1.1%), and the second phylogroup (2 in Fig. 3.2) includes samples from Guyana, 

Suriname and Venezuela (N = 4, average pairwise distance within the group of 1.4%). 

When geographic and genetic distance were compared within these phylogroups, the null 

hypothesis of no correlation between genetic and geographic distance could not be 

rejected. Variation within phylogroups accounted for 41% and variation among 
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phylogroups accounts for 59 % of the molecular variance. Estimates of Tajima's D were 

negative in both cases (but not significantiy different from 0). 

Carollia castanea. Pairwise comparisons within C. castanea ranged from 0.08 to 

8.3%, with an average of 5.3%. There was a strong correlation between genetic and 

geographic distance in C. castanea (r = 0.54, P < 0.001, Fig. 3.3). Samples from this 

species can be arranged into 3 highly supported (bootstrap > 91%, Bayesian consensus 

index > 95%), quasi-equidistant, geographically distinct groups, with average genetic 

distance among the 3 groups of 7.7%. The first group (1 in Fig. 3.1) includes two 

representatives from Ecuador east of the Andes (1.1% divergent from each other), the 

second one (2 in Fig. 3.1) includes samples from Bolivia and Pern (N= 4, average 

pairwise distance within the group of 1%), and the third one (3 in Fig. 3.1) includes 

samples from Panama, Ecuador west of the Andes, Costa Rica and Honduras (N = 11, 

average pairwise distance within the group of 2.4%). Average comparisons within the 

clade that includes samples from Middle America and westem Ecuador are higher than 

intraspecific comparisons within C. brevicauda, C. perspicillata, C. sowelli, or C. 

subrufa. This group, in turn, can be split into 2 lineages, clustering 2 representatives from 

eastem Panama in one (0.3% apart), and samples from westem Ecuador, Costa Rica, 

Honduras and westem Panama in the other (average pairwise distance of 1.5%). 

Distances between these two lineages average 5.2%, a value higher than average 

interspecific comparisons among C. brevicauda, C. perspicillata and C. sowelli. 

Estimates of D for the phylogroups 1 (Bolivia and Pern) and 3 (Middle America and W 

Ecuador) were not significantly different from 0 (Table 3.2). Geographic and genetic 

distance were positively correlated in the phylogroup from Middle America and W 
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Ecuador, but not in the one from Bolivia and Pern. Results from the AMOVA show that 

the among phylogroups component accounts for 71.6 % of the molecular variance, 

whereas the within phylogroups component accounts the other 28.4%. 

Carollia perspicillata. Intraspecific comparisons in C. perspicillata, the most 

widespread species in the genus, ranged from 0 to 2.4%, and averaged 1.5%. Results 

from a Mantel's test showed a significant correlation between genetic and geographic 

distance (r = 0.3, P < 0.001, Fig. 3.3). We found two shared haplotypes in this species. 

The first was shared by samples from Chiapas, and the second haplotype was shared by a 

specimen from Campeche (in Mexico) and a specimen from Guatemala. Carollia 

perspicillata presents a complex phylogeographic pattem. The most basal sample within 

C. perspicillata, was from Minas Gerais in the Atlantic coast of Brazil, followed by three 

equidistant groups. The first group (1 in Fig. 3.1) included samples from Brazil, eastem 

Ecuador, Guyana, Peru and Venezuela (N = 7; average pairwise distance of 0.7%); the 

second (2 in Fig. 3.1) included samples from eastem Ecuador and Guyana (N = 3; 

average pairwise distance of 1.1%); and the last one (3 in Fig. 3.1) included samples from 

Suriname, Middle America and westem Ecuador (N = 9; average pairwise distance of 

0.6%). Genetic differences among the four lineages mentioned above accounted for 60% 

of the variation, and within lineage variation accounted for 40%. The first and third 

groups were highly supported in bootstrap and Bayesian analyses (bs > 80%; Bayesian 

consensus index > 95%). Estimates of D were negative in the case of the first (N=7) and 

third (N=9) groups (Table 3.2). 

Carollia sowelli. This species presents the highest correlation between genetic 

and geographic distance (r = 0.79, P < 0.002, Fig. 3.3). Intraspecific comparisons within 
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C. sowelli range from 0 to 4.1%, and average 1.6%. We found one haplotype shared by 4 

specimens from 4 different localities (Guatemala, Honduras, and the Mexican states of 

Tabasco and Chiapas). Samples of this species can be grouped into 2 highly supported, 

allopatric phylogroups (bootstrap > 96%, Bayesian consensus index > 99%), with 

average pairwise distance between them of 3.6%. A southeastern phylogroup (1 in Fig. 

3.1) that is comprised of samples from Costa Rica and westem Panama (N = 3, average 

distance within the group of 1.8%), and a northwestern phylogroup (2 in Fig. 3.1) that 

includes samples from Honduras, Guatemala and Mexico (N = 11, average distance 

within the group of 0.2%). There was no correlation between genetic and geographic 

distance within the 2 phylogroups. Within group variation accounts for 16% and among 

group for 84% of the molecular. Estimates of theta in the northwestern phylogroup 

yielded negative results for Tajima's D statistic (P < 0.05; Table 3.2). 

Three of these species (C. brevicauda, C. castanea, and C. perspicillata)c2in be 

found in tropical South America on both sides of the Andes. Genetic distance 

comparisons between populations on opposite sides of the Andes, in Ecuador, range from 

1.1% in C. brevicauda to 7.8% in C. castanea (Table 3.3). In all three cases populations 

from Westem Ecuador are more closely related to samples in Middle America than to 

populations in eastem Ecuador. 

Discussion 

The most basal divergence within the genus gave rise to what is currentiy 

recognized as C. castanea in one clade, and to the remaining 4 species in the other. There 

is inconclusive evidence associated with the geographic location of this basal split 
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between C. castanea and the brevicauda, perspicillata, sp. n., and subrufa clade. The two 

deepest branches within C. castanea are restricted to the Amazonian region of South 

America, which we hypothesize indicates that the species has had a long history in South 

America and probably a South American origin. The clade within C. castanea that is 

distributed in Middle America has subsequentiy reinvaded South America along the 

Pacific versant of Ecuador and presumably the westem versant of Colombia. The data 

that provide the most support for the reinvasion hypothesis are the depth of nodes within 

the Middle American C. castanea clade, and the internal position and smaller distance 

values of the Ecuadorian samples. Altematively and less probably, there was a Middle 

American origin for C. castanea, with an earlier entrance into South America that gave 

rise to the Amazonian lineages, and a more recent invasion of western South America. 

The most basal species in the brevicauda, perspicillata, sp. n., and subrufa clade, 

are C. sowelli and C. subrufa and these two species are restricted to Middle America, 

which is probably the area of origin of this clade. The posterior diversification of C. 

brevicauda and C. perspicillata, in turn, appears to be associated with a subsequent 

invasion of South America. They both have an almost entirely South American 

distribution. However, the phylogeographic affinity of the ancestor to these two species is 

probably Middle American in origin. The depth of intraspecific nodes would indicate that 

both became widely distributed across South America shortly after each became a distinct 

species, and that the subsequent reentrance into Middle America is a relatively recent 

event. Levels of divergence within samples from northern Middle America of C. 

perspicillata (0.4%) and C. sowelli (0.2%) would also suggest a similar timing of 

divergence. The scenario described above indicates that there were two Middle America/ 
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South America exchanges within C. castanea, one at the base of the C. brevicaudalC. 

perspicillata clade, one within C. brevicauda, and one within C. perspicillata. This 

results in a total of 5 putative migration events between Middle and South America. 

These findings, in combination with results from intraspecific AMOVA's are compatible 

with the view that in this genus, geographical speciation (as defined by Mayr in 1942) 

would be the prevalent force driving diversification. 

Using the criteria proposed by Avise et al. (1987) C. brevicauda, C. castanea, C. 

perspicillata and C. sowelli each presents a different pattem of phylogeographic variation 

(Table 3.4). Carollia castanea, the most basal among the 4 species considered, can be 

split into 3 strongly supported, allopatric phylogroups (Category 1, Avise et al. 1987). 

Carollia perspicillata has low intraspecific variation, arranged in weakly supported non-

allopatric phylogroups (Category 5, Avise et al. 1987). Carollia brevicauda and C. 

sowelli can each be split into 2 strongly supported, relatively shallow allopatric 

phylogroups (Category 3, Avise et al. 1987), however, they are distinguished by the 

absence of correlation between genetic and geographic distance in C. brevicauda, and a 

positive significant correlation in C. sowelli. This positive correlation between genetic 

and geographic distance was also found in C. castanea and C. perspicillata. 

In C brevicauda there is no correlation between genetic and geographic distance 

within the species as a whole or within the two phylogroups, suggesting that it has not 

reached an equilibrium between historical and current processes. This is particularly 

evident in phylogroup 1, where there is virtually no geographic definition to samples as 

geographically distant as Bolivia, Ecuador, Panama and Pern. The lack of correlation 

between genetic and geographic distance coupled with the negative values of Tajima's D 
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statistic (Table 3.2) suggest that populations of C brevicauda have probably expanded 

their range in a relatively recent time without involving repeated bottlenecks or 

geographical isolation of population subdivisions. 

Intraspecific comparisons among the 3 lineages of C. castanea (average > 7.6%) 

is equal to or greater than any interspecific distance values among the 4 other species in 

the genus. Carollia castanea has the highest level of divergence (7.8%) for intraspecific 

comparisons of samples across the Andes in Ecuador. There is also evidence of a deep 

phylogeographic subdivision in the eastem slope to the Andes, with haplotypes from 

Bolivia clustering with haplotypes from Pern, and being 7.6% different from haplotypes 

from eastem Ecuador, a value higher than any intraspecific comparison reported by 

Ditchfield (2000) for populations in the Atlantic versant of the Andes. The case of C. 

castanea is of particular interest, since previous karyological studies found this species to 

be the most variable species in the genus, with specimens from Pern with a diploid 

number of 22 and a fundamental number of 38 and an XX/XY sex determining 

mechanisms (Patton and Gardner 1971), and specimens from Costa Rica with a diploid 

number of 20-21 and a fundamental number of 36 and an XX/XY1Y2 (Baker and Bleier 

1971; Baker 1979). Carollia castanea, consists of multiple genetic lineages and may 

represent two or more biological species. 

There are no highly supported phylogroups within C perspicillata. Samples from 

South America are paraphyletic with respect to samples from Middle America, which are 

genetically closely related (average distance among Middle American samples = 

0.004%). This pattem suggests a South American area of diversification, probably along 

the Atiantic coastal forest of Brazil, a relatively recent entrance (0.2-0.8 mya based on 
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molecular clock data) and subsequent expansion into Middle America (based on the 

negative values of D estimates, and a star-like phylogeny within this particular 

phylogroup) a possibility suggested by Ditchfield (2000) based on different geographic 

samples from this species. Carollia sowelli is represented by 2 well supported 

phylogroups that show a positive correlation between geographic and genetic distance 

within them. One is composed of samples from Costa Rica and Panama, and the second 

includes samples from Guatemala, Honduras, and eastern Mexico. Three features of the 

variation in the northern phylogroup: (1) the star-like phylogeny, (2) low divergence and 

negative value of Tajima's D (Tajima 1989b), as well as (3) comparisons of observed 

mismatch distributions against the expected distribution under a model of population 

growth (Fig. 3.4), suggest a relatively recent population expansion across Guatemala, 

Honduras and Mexico. The deeper nodes within the limited samples from the Costa 

Rican and Panamanian region suggest an older geographic presence in this area. 

Previous phylogeographic studies (i.e., Da Silva and Patton 1993, 1998; Patton 

and Da Silva 1996a, 1996b; Patton et al. 1994, 1996a, 1996b; Ditchfield 2000) of 

Neotropical mammals have documented differing pattems or degrees of geographic 

differentiation between bats and non-volant small mammals (rodents and marsupials). 

These studies agree on assigning a central role to the uplifting of the Andes in shaping 

pattems of genetic variation (see the general discussion of the areas of original 

diversification of sigmodontine rodents in Reig 1984, 1986). In the case of bats, a role for 

the uplifting of the Andes as a source of genetic isolation has been proposed in the 

particular cases of Artibeus (Patterson et al. 1992; Van Den Bussche et al. 1998), and 

Glossophaga soricina (Hoffmann and Baker 2001). Among the 3 species of Carollia that 
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coexist in South America, samples from westem Ecuador from C brevicauda, C. 

castanea and C. perspicillata clustered with samples from Middle America, before 

clustering with South American samples from east of the Andes. Present day 

representatives of Carollia present in westem Ecuador appear to be the product of a 

recent reinvasion, and the result of a refugium. The last uplift episode of the Northern 

Andes is hypothesized to have occurred 5-2 mya which is consistent with our estimates 

that genetic differentiation occurred within the last 5 to 3 million years. 

In 3 cases, C. brevicauda, C. perspicillata and C. sowelli our results are similar to 

the general pattem described by Ditchfield's (2000). These three species present a high 

percentage of unique haplotypes (ranging from 66 to 100%) and low levels of 

intraspecific variation. Intraspecific variation within C. brevicauda and C. perspicillata 

suggest the timing of their diversification in South America was similar, and in the cases 

of C. perspicillata and C. sowelli, star-like phylogenies, distance and D values suggest an 

expansion into the northern part of Middle America at a similar (and probably recent) 

time. The observation that the only area where we have found shared haplotypes is the 

northern portion of Middle America (Guatemala, Honduras, and southern Mexico) also is 

compatible with this interpretation. The case of C. castanea differs from the pattems seen 

in the other four species by having deep geographic subdivisions. 

In summary, the similarities across species found in the pattem of variation 

relative to the Ecuadorian Andes in C. brevicauda, C. castanea and C perspicillata, the 

similar degree of diversification of C brevicauda and C. perspicillata in South America, 

and of C. perspicillata and C. sowelli in northern Middle America indicate that a 

common historical explanation is likely to account for each of these examples. But more 
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striking are the differences found, with a unique case of geographical variation in each 

species and variation in time and magnitude of divergence. These differences document 

that multiple factors (such as but not limited to geographic variation, habitat change, and 

karyotypic variation) are required to explain the speciation and genetic differentiation 

within the morphologically similar monophyletic assemblage referred to Carollia. The 

sister species C. brevicauda and C. perspicillata appear to have a similar time of 

speciation and a similar level of genetic divergence in South America, but present 

different pattems of phylogeographic variation. This implies that caution should be 

exercised when extrapolating cause and effect to the pattems and processes shaping 

variation among closely related species. 
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Table 3.1 Inter- and intraspecific pairwise distance comparisons among and within 
Carollia brevicauda, C. castanea, C. perspicillata, C. sowelli, and C. subrufa using the 
uncorrected percentage of sequence divergence (p-distance). Average distance ± standard 
error. 

C. brevicauda C. perspicillata C. sowelli Csubrufa C. castanea 
C. brevicauda 
C. perspicillata 
C. sowelli 
C. subrufa 
C. castanea 

1.98 ±0.11 % 
3.67 ± 0.02 % 
4.95 ± 0.03 % 
7.35 ± 0.05 % 
12.05 ±0.03% 

1.46 ±0.05 % 
4.79 ± 0.02 % 
7.71 ±0.04% 
11.82 ±0.03% 

1.58 ±0.17% 
6.73 ± 0.05 % 
11.32 ±0.02% 

1.33 ±0.14% 
11.54 ±0.06% 5.28 ± 0.24 % 

Table 3.2 Genetic diversity within the different phylogroups in C. brevicauda, C. 
castanea, C. perspicillata and C. sowelli Bracketed values are standard deviations. 

Carollia brevicauda 
phylogroup 1 
phylogroup 2 

Carollia castanea 
phylogroup 1 
phylogroup 2 
phylogroup 3 

Carollia perspicillata 
Basal (Minas Gerais, 

Brazil) 
phylogroup 1 
phylogroup 2 
phylogroup 3 

N 

4 
9 

2 
4 
11 

1 

7 
3 
9 

Number of 
haplotypes 

4 
9 

2 
4 
11 

1 

7 
3 
7 

9j i 

0.0137 (0.0094) 
0.0110(0.0062) 

0.0114(0.0083) 
0.0095 (0.0066) 
0.0272 (0.0145) 

NA 

0.0071 (0.0043) 
0.0111 (0.0087) 
0.0061 (0.0036) 

Os 

0.0139 (0.0078) 
0.0149 (0.0065) 

0.0114(0.0111) 
0.0100 (0.0057) 
0.0261 (0.0105) 

NA 

0.0093 (0.0045) 
0.0111 (0.0069) 
0.0084 (0.0038) 

Tajima's D 

-0.09896 (NS) 
-1.31336 (NS) 

NA 
-0.5566 (NS) 
0.2117 (NS) 

NA 

-1.34646 (NS) 
NA 

-1.36622 (NS) 
Carollia sowelli 

SE Middle America 
NW Middle America 

3 
11 

3 
8 

0.0175 (0.0135) 
0.0028 (0.0018) 

0.0175 (0.0107) 
0.0048 (0.0022) 

NA 
-1.8759 (P<0.05) 

Table 3.3 Average pairwise distances of intraspecific comparisons between populations 
of Carollia brevicauda, C. castanea and C. perspicillata in Ecuador east of the Andes, 
westem Ecuador and Panama. 

Species 
C. brevicauda 
C. castanea 

C. perspicillata 

Table 3.4 Summary of the 
species of Carollia. 

phyl 

W Ecuador vs. Panama (%) East vs. West of Ecuador (%) 
0.60 1.1 
2.95 7.8 
0.01 1.8 

ogeographic patterns of variation encountered within the 4 

Presence of allopatric Positive correlation between 
lineages ? genetic and geographic distance ? 

C. brevicauda 
C. perspicillata 

C. sowelli 
C. castanea 

Shallow no 
No yes 

Shallow yes 
Deep yes 
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Figure 3.1 Geographic distribution of short-tailed bats of the genus Carollia, 
modified from Pine (1972), with phylogroups within each species identified by 
closed lines. Numbers correspond to the phylogroups defined in the text. In the case 
of C. perspicillata, sampling localities for the basal branch and phylogroup 2 are 
identified by arrows. 
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Figure 3.2 Maximum likelihood phylogram describing systematic relationships among 
the species of Carollia (GTR model, a = 1.03, pinvar = 0.55) with C. sp. n. constrained 
to be monophyletic. Phylogroups within each species are identified by vertical lines. 
Solid dots correspond to nodes with high bootstrap and Bayesian support (bootstrap > 
80%, Bayesian consensus index > 95%). White circles identify phylogroups where there 
was significant correlation between genetic and geographic distance. Colors correspond 
to present and reconstmcted ancestral areas. Red corresponds to Middle America, black 
to South America, and blue to the uncertain portions of the tree. 
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Figure 3.4 Expected and observed mismatch distributions among haplotypes of 
the northwestern phylogroup of Carollia sowelli under a model of population 
growth. 
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CHAPTER IV 

DYNAMICS OF A CHROMOSOMAL HYBRID ZONE 

IN PETER'S TENT-MAKING BAT (URODERMA 

BILOBATUM: PHYLLOSTOMIDAE): AN MTDNA 

PERSPECTIVE 

Abstract 

The genus Uroderma presents substantial chromosomal variation. We have 

sequenced the complete mitochondrial cytochrome-^ gene for 57 specimens of Peter's 

tent making bat, Uroderma bilobatum, to estimate pattems of geographic variation 

associated with the three chromosomal races described in this species: a 2n = 42 

chromosomal race distributed throughout South America east of the Andes, a 2n = 44 

found in the Pacific versant of southern Mexico, Guatemala and El Salvador, and a 2n = 

38 from westem South America to eastem Mexico. The highest amount of intrarace 

variation was present in the 42 race (1.7%), with intermediate values in the 38 race 

(0.9%) and the lowest in the 44 race (0.5%). Even though phylogenetic relationships 

among these 3 races cannot be resolved, they are consistent with a longer history in South 

America for the species, with the deepest nodes found within the species occurring in 

South America. Variation among chromosomal races accounted for over 64% of 

molecular variance, whereas variation among populations within races accounted for 6%. 

The 38 and 44 races hybridize in the Golfo de Fonseca, in Honduras. Introgression 

between these two races (38 and 44) is low (2 introgressed individuals in 45 examined), 

and clinal variation in the cytochrome-Z? is similar to the clines reported for chromosomes 
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and isozymes. Mismatch distribution analyses are more consistent with secondary contact 

between the 38 and 44 races. If the assumption that 2n = 42 cytotype is primitive, then 

the 2n = 38 and 2n = 44 division occurred within the last million years. 

Introduction 

Understanding how chromosomal variation is partitioned in relation to 

phylogenetic relationships and population stmcture provides a chance to examine the 

association of chromosomes and intraspecific diversification. Three different 

chromosomal races exist within Peter's tent making bat, Uroderma bilobatum 

(Chiroptera: Phyllostomidae), a species that is widely distributed in the New World 

tropics (Fig. 4.1). These three different cytotypes were characterized by Baker et al. 

(1972, 1975) and Baker (1979). Specimens with a diploid number (2n) of 42 and 

fundamental number (FN) of 50 can be found in South America east of the Andes and on 

the island of Trinidad. Individuals with a 2n of 44 and a FN of 48 are distributed on the 

Pacific versant of El Salvador, Guatemala, Honduras, and Mexico. Individuals with a 2n 

= 38 and a FN of 44 are distributed on the Atlantic versant of Guatemala, Honduras and 

the Yucatan Peninsula, plus both versants of Nicaragua, Costa Rica and Panama in 

Central America and the Pacific versant of Colombia and northem Ecuador (Fig. 4.1). 

These 2n = 44 and 2n = 38 races hybridize in the vicinity of the Golfo de Fonseca, in 

Honduras. Parental karyotypes have only been documented in sympatry at one locality 

(Honduras, Valle, 10 Mi SSW of Nacaome, Fig. 4.2). Even though backcross individuals 

can be found in localities which are 400 Km apart (localities 2 and 9 in Fig. 2 in Baker 
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1981), estimates of the 20/80 (as defined by May et al. 1975; Endler 1977) are more 

narrow (between 30 and 40 Km). 

Altemative scenarios have been proposed for the origin, dynamics and 

mechanisms of maintenance of this hybrid zone. Baker (1981) studied chromosomal 

variation along the hybrid zone. He considered the zone to be the product of secondary 

contact, and proposed negative heterosis against Fi's as the force maintaining the zone. 

Moreover, Baker suggested that the "38" form might be replacing the "44" form. Based 

on the same data. Barton (1982) concluded that there was a deficit of backcross 

individuals. Barton stated that the population was close to Hardy-Weinberg equilibrium, 

and also considered the hybrid zone to be maintained through negative heterosis on Fi's 

and backcrosses. In a paper accompanying Baker (1981), Greenbaum (1981) documented 

a low level of electrophoretic variation in the hybrid zone (Roger's similarity value > 

0.967), and inferred a recent origin. Based on minor alleles frequencies, he concluded 

that there was little or no introgression between the two parental cytotypes, and 

interpreted the hybrid zone as an area of primary contact, where reproductive isolation 

between the two different races was favored by selection. Hafner (1982) challenged 

Greenbaum's interpretation based on the low frequency of the marker alleles, and 

concluded that the data were consistent with a model of random diffusion, involving 

secondary neutral contact. Lessa (1990) reanalyzed Greenbaum's data using 

multidimensional scaling and found that both karyological and electrophoretic data fit the 

expectations of a narrow tension zone and that the clines for isozyme data and each 

karyotypic rearrangement coincided. Owen and Baker (2001) revisited the zone and 

concluded the new karyotypic data indicated a stable hybrid zone in both space and time 
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during a 15-year interval (individuals for the first series of papers were collected in 1975. 

and individuals for the 2001 paper were collected in 1990 and 1991). 

The available evidence (chromosomes and isozymes) are from the nuclear 

genome. Several types of information can be gleaned from comparing variation in the 

mitochondrial and nuclear genomes, which include evidence of nuclear genome 

introgression and mitochondrial genome capture. These types of scenarios have been 

described for a contact zone in Mus (Nance et al. 1990), and hybridization between mule 

deer and white-tailed deer (Cathey et al. 1998). Relative to Uroderma, if one cytotype 

was replacing another primarily by male dispersal, this should be detectable by 

comparing mitochondrial haplotypes and chromosomal characteristics. Altematively, if 

the zone in the Golfo de Fonseca is a stable interphase resulting from secondary contact, 

chromosomal and mitochondrial variation should mirror each other. 

The cytochrome-^ gene has proven useful in elucidating phylogenetic 

relationships among species within the same genus (see Avise and Johns 1999; Johns and 

Avise 1998; Bradley and Baker 2001), and in particular as an important tool to 

investigate pattems of intraspecific phylogeographic variation (Avise 2000; Avise and 

Walker 1999; Avise et al. 1998; Ditchfield 2000; Hoffmann and Baker 2001; Matocq 

2002). 

A combinafion of phylogenetic and population generics perspecfives has the 

potenfial of discriminating between the independent and combined effects of gene flow 

and historic factors such as migration and expansions (Templeton et a. 1992, 1993). 

Further, studying the distribution of pairwise differences among haplotypes in a given 

species (or intraspecific group) can shed light on its demographic history (Rogers and 
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Harpending 1992; Rogers et al. 1996; Slatkin and Hudson 1991). Finally, assuming a 

molecular clock makes it feasible to obtain rough estimates of the timing of divergence 

between these chromosomal races. 

To examine how mtDNA variation relates to demographic, chromosomal and 

phylogeographic pattems, and to examine the alternative scenarios presented for the 

hybrid zone, we have sequenced the entire cytochrome-^ gene for 42 specimens from 

populafions adjacent to the hybrid zone, plus representatives from Panama, and South 

America East and West from the Andes. 

Materials and Methods 

DNA was extracted from liver, kidney or muscle tissue preserved by freezing, 

lysis buffer or ethanol. Extraction methods were either a PCEphenol extraction protocol 

(Longmire 1997) or a SDS/proteinase K/NaCI extraction and alcohol precipitation 

protocol (Miller et al. 1988; Maniatis et al. 1992). Complete mitochondrial cytochrome-b 

DNA fragments were amplified via PCR (Saiki et al. 1988) using primers glo7L and 

glo6H (Hoffmann and Baker 2001) in 35 cycles of double strand amplifications, 

denaturing at 94° for 15", annealing at 48° for 20", and extension at 72° for 1'; an initial 

denaturing step at 94° for 2' and a final extension step at 72° at 2'. PCR products were 

purified using the QIAquick PCR Purification Kit (Qiagen Inc., Chatsworth, CA), 

following manufacturer's instmcfions. Double-stranded sequencing was accomplished 

with either ABI Prism dRodhamine Terminator Ready Mix (PE Applied Biosystems) or 

ABI Big Dye Terminator Cycle Sequencing Ready Reaction (PE Applied Biosystems) 

using amplifying primers and a set of internal primers: glolL, glo2H, glo3L, glo5L and 
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glol3L (Hoffmann and Baker 2001); gilL and Uro3L (Hoffmann and Baker submitted), 

Phyllo3L (5'GGA GCA TCT ATA TTC TTT ATC TGC C 3'), UrolL (5' AGA CAA 

AGC TAC CCT CAC TCC 3'). Sequencing products were ethanol precipitated and 

analyzed in an ABI Prism 310 PE Applied Biosystems automatic sequencer. Sequences 

were edited and aligned using Sequencher (version 3.01, Gene Code Corporation, Ann 

Arbor, MI). 

Fifty-seven specimens of U. bilobatum were included in this study, covering as 

much of its geographic range as available. In addition, samples of Uroderma 

magnirostrum, were included in the ingroup and a specimen of Chiroderma doriae was 

included as the outgroup based on results from Baker et al. (2000). To determine 

chromosomal affinities of samples where karyotypic information was not available, we 

relied on extrapolating from the karyotypic data obtained for the corresponding 

population by Owen and Baker (2001), and Owen (pers. com.). Specimens from La Paz, 

El Salvador (locality 3T in Owen and Baker 2001) individuals were reported to have a 

diploid number ranging from 43 to 44. In the case of Choluteca, Honduras, there was a 

potenfial Fl reported (2n = 41) with the remaining individuals ranging in diploid number 

from 38 to 39 (locahty 7T in Owen and Baker 2001). All karyotyped individuals from 

Atlanfida, Honduras, had a diploid number of 38 (data from Owen pers. com.). 

Pairwise distance comparisons were calculated as the uncorrected percentage of 

sequence divergence (p-distance). Phylogenetic relationships were estimated using the 

neighbor-joining method (Saitou and Nei 1987), maximum parsimony, maximum 

likelihood (ML), and Bayesian estimation. All changes and positions were given equal 

weights in neighbor-joining and maximum parsimony. Bayesian phylogenetic searches 
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were implemented using MrBayes version 2.01 (Huelsenbeck and Ronquist in press; the 

program is freely available at http://morphbank.ebc.uu.se/mrbayes/). Four chains were mn 

for 2 X 10̂  generations (convergence after 2.5 x 10̂  generations), and we used the last 500 

trees to build a strict consensus. Parameter estimates associated with results from MrBayes 

were used as the settings for a heuristic search in PAUP* 4.0b 10 (Swofford 2002) for 

maximum likelihood. Both parsimony and likelihood heuristic searches were performed 

following a routine described by Takahashi and Nei (2000), using stepwise addition of 

taxa and the nearest-neighbor-interchange branch swapping method (NNI). Support for the 

nodes was evaluated using 1000 bootstrap (bs; Felsenstein 1985) replicates in the full 

mode in case of parsimony, and Bayesian clade credibility values from MrBayes. In order 

to compare the likelihood scores of competing phylogenetic hypotheses, we carried out 

Kishino-Hasegawa (KH, Kishino and Hasegawa 1989) and Shimodaira-Hasegawa (SH, 

Shimodaira and Hasegawa 1999) topology tests, as implemented by PAUP* 4.0b 10. 

Tree building methods are often inadequate to reconstruct intraspecific 

relationships, as within a species an ancestral haplotype may generate multiple different 

derived haplotypes through mutation, and both ancestral and derived are likely to coexist 

(see Posada and Crandall 2001). Statistical parsimony was developed to address the 

aforementioned problems in mind (Templeton et al. 1992), by grouping haplotypes into 

networks based on estimating the 95% statistical confidence that differences among 

haplotypes are the result of a single mutafion event. Statistical parsimony as implemented 

by TCS (Clement et al. 2000), was used to explore how the different haplotypes in U. 

bilobatum can be arranged into 95% confidence networks, and assessing the number of 

haplotypes that are placed in internal nodes in the networks. 
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In order to carry hierarchical analyses of molecular variafion, samples were 

grouped in two different levels. First, samples were grouped into populations according 

to their geographic location, and then these populations were grouped according to their 

karyotype. Estimates of OST (Hudson et al. 1992) values were obtained from haplotype 

data, and genetic stmcture was explored using analyses of molecular variation (AMOVA, 

Excoffier et al. 1992 as implemented by Ariequin version 2000, Schneider et al. 2001), 

focusing on exploring how genetic variation is partitioned in relation to populations and 

karyotype. 

DNASP ver3.53 (Rozas and Rozas 1999) was used to obtain estimates of 

haplotype and nucleotide diversity within each group, perform neutrality tests (McDonald 

and Kreitman 1991) and estimate the mismatch distribution expected under constant 

population size and a population growth scenario. Mismatch distributions are expected to 

be unimodal in populations expanding from a single source or recovering from a 

bottleneck, and multimodal in populations with a constant effective size (Slatkin and 

Hudson 1991). Two estimates of nucleotide diversity were obtained: the first one based on 

the number of pairwise differences (0^), and the second one based on the number of 

segregating sites (0s). To compare these two estimates, we computed Tajima's D-statistic 

(Tajima 1989a), which is expected to have negative values if there have been recent 

changes in the effective size of a population (Tajima 1989b). 

The relationship between geographic and genetic distance was explored using a 

Mantel's test (Mantel 1967), as implemented by Richard Strauss (see 

www.biol.ttu.edu/Strauss/Madab/mariab.htm) to mn in Matiab (The Mathworks Inc, 

Natick, MA). The null hypothesis of no correlation between the geographic (measured in 
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kilometers) and genetic differentiation (measured as the uncorrected percentage of 

sequence divergence) matrices was compared with the altemative hypothesis of positive 

correlation between the genetic and distance matrices in 10000 randomized replicates. 

Data are available from the authors upon request. 

Fisher's exact tests were used to assess the degree of introgression found at the 

chromosomal and mtDNA level in three populations. Since there were no 38 markers 

(either at the chromosomal or mtDNA level) present in Chinadega, Nicaragua, only three 

of the populations could be analyzed using this test. 

Results 

There were 116 polymorphic bases out of 1140 nucleotides sequenced of the entire 

mitochondrial cytochrome-Z? within U. bilobatum. There were 16 changes in 1̂^ codon 

position, 9 in 2^^ codon positions and 91 in 3"̂^̂  codon positions, which resulted in 18 

polymorphic amino acid positions. Haplotype diversity was high (0.989 ± 0.007 S. D. 

calculated as gene diversity; Nei 1987), with 46 unique haplotypes in the 57 specimens 

examined. Intraspecific variation within U. bilobatum, ranged from 0 to 3.7 % with an 

average uncorrected pairwise distance of 1.9 %. 

In all cases, phylogenetic analyses grouped specimens of U. bilobatum into three 

separate, almost equidistant groups (distances among them ranging from 2.5 to 2.9%), 

that correspond well with the three different chromosomal races. In addition to these 

three clades, two samples from South America east of the Andes (one from Venezuela 

and one from northem Peru) change their position in the tree depending on the parameter 

values and method of phylogenetic reconstmction used. In the tree with the highest 

70 



likelihood score the sample from Venezuela was sister to the remainder of the species, 

the sample from northern Pern was sister to the 44 lineage, and 38 lineage was sister to 

the remaining samples from South America east of the Andes (Fig. 4.3). Sixteen of 17 

individuals from 44-like populations (with 2n ranging from 42 to 44) formed a 

monophyletic clade, and 26 of 28 individuals from 38-like populations (with 2n ranging 

from 38 to 39) also formed a monophyletic clade. Constraining these samples to fall with 

their geographic neighbors resulted in significant loss in likelihood scores when KH and 

SH tests were mn (P < 0.01). One sample from La Paz, in El Salvador (with 2n = 44) has 

a strong cytochrome-Z? sequence affinity with samples from Panama and westem Ecuador 

(2n = 38), and two samples from Choluteca, in Honduras (one with 2n = 39 and one with 

2n = 41) have cytochrome-Z? haplotypes that are more closely related to samples from the 

44 chromosomal race. Additional topology tests comparing the likelihood scores of our 

best tree with a tree that constrained all South American samples east of the Andes to 

form a monophyletic clade did not find significant differences between these two 

altematives, nor with the 50% consensus tree resulting from MrBayes. There is limited 

support for the nodes resolving the relationships among the three cytotypes at the base of 

the U. bilobatum clade. 

Statistical parsimony (as implemented by TCS, Clement et al. 2000), grouped 

haplotypes into 4 unconnected networks (not shown). The sample from Venezuela whose 

affinity varied depending to the method and model of phylogenetic reconstruction was 

the sole sample of the network. The sample from Pern which also had uncertain affinities 

in phylogenetic analyses was placed with the 44-like haplotypes in the second network 

(44 network), and it was 11 mutational steps from a putative shared ancestral haplotype. 
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All 38-like haplotypes were placed in the third network (38 network) and the remaining 

samples from eastem South America in the fourth one (42 network). Connections among 

the 4 networks exceeded the 95 % confidence. In the 38 and 44 networks, geographic 

localities are scattered throughout, with no apparent geographic stmcturing, while there is 

weak geographical stmcturing in the 42 network. 

The three different chromosomal races were considered as phylogroups in the 

hierarchical analyses of genetic variation and for population parameter estimates and 

simulations. Samples were grouped into populations according to their geographic 

location, except for the specimens in which chromosomal and mtDNA affinities do not 

correspond, which were excluded from estimates of population parameters. The first 

phylogroup included all samples from South America east of the Andes, which were 

considered as a single population. The second phylogroup included samples of the 38 

race, from two populations from Honduras, one from Nicaragua, and samples from 

Panama and westem Ecuador, which were thus considered as a population. The third 

phylogroup included samples of the 44 chromosomal race from two populations in El 

Salvador. Average genetic distance within phylogroups was 0.5% in the 44 group, 0.8% 

in the 38 group, and 1.5% in the 42 group, with among groups comparisons ranging from 

2.5 to 2.9% (Table 4.1). Haplotype diversity, calculated as gene diversity (Nei 1987), was 

high in all three phylogroups, ranging from 0.95 in the 38 race to 1.00 in the 42 race. 

Nucleotide diversity (0^) was relatively low, ranging from 0.0048 in the 44 race to 0.0146 

in the 42 race (Table 4.2). Detailed information for each population is provided in Table 

4.2. 
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Hierarchical analyses of genetic variation including all specimens (referred to as all 

data) and excluding specimens where mtDNA and cytotype do not match (adjusted data) 

were analyzed. In both cases, variation among populations accounted for the smallest 

amount of molecular variation (5.3% when all specimens were included and 6.4 % in the 

adjusted data). In both analyses differences among phylogroups accounted for the 

majority of molecular variation (55.4% all data, and 63.5% adjusted data), whereas 

differences within populations accounted for the second highest amount (39.3% with all 

data were included, and 30.3% in the adjusted data). We found no significant correlation 

between genetic and geographic distance in the cases of the 44 and 42 phylogroups, while 

in the case of the 38 phylogroup there was a significant correlation (P < 0.05, correlation 

coefficient = 0.17). 

Within the 44 phylogroup (N = 17) a haplotype shared by one individual from La 

Paz, and one from San Miguel, localities approximately 50 km apart. In the 38 

phylogroup (N = 29), 4 shared haplotypes were found. The first was shared by 4 

specimens from Choluteca, in Honduras, the second was shared by three specimens from 

Choluteca and one from Chinadega in Nicaragua (approximately 50 km apart), the third 

was shared by one specimen from Choluteca and two from Chinadega, and the fourth was 

shared by one sample from Choluteca and one from Chinadega. There was one haplotype 

shared between populations on different sides of the hybrid zone by an individual from 

Choluteca on the 38 side of the zone (2n = 41, a potential Fl) and an individual from La 

Paz (2n = 44) on the 44 side of the zone, which are over 150 km. apart. 

Differences in the cytochrome-Z? gene between the two chromosomal races (38 and 

44) that hybridize involve fixed nucleotide changes in 15 positions, all of them 
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synonymous, and an average pairwise distance of 2.5 %. McDonald and Kreitman (1991) 

test did not detect significant departures from neutral predictions. One 38-like mtDNA 

haplotype was found in 13 samples from La Paz, and 13 chromosomes from the 38 race 

in a total of 540. No 38-like haplotypes were found in San Miguel, and 13 chromosomes 

from the 38 race in a total of 486, whereas in Choluteca we found two mtDNA 

haplotypes in 16 samples that were more closely related to 44-like haplotypes, and 8 

chromosomes from the 44 race in 96. There were no statistically significant differences 

between introgression measured at the mtDNA and chromosomal level. 

Discussion 

Intraspecific variation within U. bilobatum is low (1.7%) relative to other 

widespread species of the family Phyllostomidae from the New World tropics, such as 

Carollia brevicauda (2.0 %), C. castanea (5.3%), C. perspicillata (1.5%) and 

Glossophaga soricina (5%), with additional examples in the literature (see Ditchfield 

2000; Hoffmann and Baker 2001; Hoffmann and Baker submitted). If the magnitude of 

variation in the cytochrome-/? gene is time dependent, as generally accepted, it would 

imply that this species has experienced extensive evolution at the karyotypic level within 

the last 1.5 to 0.6 million years (assuming a molecular clock with rates ranging from 2.3 

to 5% of change per 10^ years as suggested by Smith and Patton [1999] or Arbogast and 

Slowinski [1998]). Variation among the three chromosomal races accounts for the biggest 

portion of maternally inherited molecular variation (over 55%), suggesting a strong 

association between chromosomal variation and molecular divergence, although these 

two mechanisms are probably driven by different evolutionary forces. Phylogenetic 
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analyses suggest that the extant lineages of U. bilobatum last shared a common ancestor 

in South America east of the Andes in the Pleistocene. Karyotypic differences are 

consistent with this view: the 38 or 44 race are likely to have derived from the other, with 

the ancestor to these having derived from a 42-like stock. In the case of mtDNA data, 

samples from the 42 chromosomal race (from South America east of the Andes) are 

placed as basal to both the 38 and 44 lineages. Further, statistical parsimony analyses 

divided the 42 race into three different networks, whereas the 38 and 44 races were 

restricted in one network each. Average pairwise differences within each of the races are 

also what would be expected if this species had a longer history in South America east of 

the Andes, genetic variation is highest within the 42 chromosomal race, intermediate in 

the 38 and lowest in the 44. Further, the bimodal mismatch distribution observed when U. 

bilobatum is considered as a whole is consistent with the view that the three 

chromosomal races have evolved in isolation (Fig. 4.4a). The peak closer to the origin 

represents variation within each chromosomal race, and the peak further represents 

variation among the three races. The distribution of these differences is multimodal in 

South America, which would be consistent with a population in equilibrium (Fig. 4.4b). 

In the case of the 44 chromosomal race, there is agreement between the observed 

mismatch distribution (Fig. 4.4d) and the mismatch distribution expected under a 

population growth scenario, whereas we find an intermediate pattem in the 38 group (Fig. 

4.4c). This agreement, the negative values of Tajima's D, the lack of geographic 

structure, and the low amounts of genetic divergence would suggest there has been a 

relatively recent population expansion in the 44 race. Further sampling in the 
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northemmost part of the range of the 44 race might help elucidate the area where the 

expansion started, and thus provide further evidence on the origin of the zone. 

The value of the second component in the AMOVA (accounting for differences 

among populations within lineages), number of shared haplotypes among different 

localities in the 38 and 44 lineages, lack of correlation between genetic and geographic 

distance, and weak geographic stmcturing within the 38 and 44 lineages suggest the two 

Central American chromosomal races approximate a panmictic population, with high 

values of gene flow within each of them. For the 38 and 44 chromosomal races, the 

reciprocal monophyly, the match between chromosomal and mtDNA data are most 

consistent with the hypothesis of secondary contact. Moreover, the bimodal pattern 

mismatch distribution of these races combined is the expected pattem for populations that 

evolved in isolation and are now in secondary contact. 

We found evidence of a low level of introgression (only two specimens out of 46 

had an mtDNA haplotype not matching their karyotype, plus one potential Fl), which 

lends support to Greenbaum's (1981) view that gene flow between these two cytotypes is 

very limited. These specimens (one from La Paz in El Salvador with a reconstituted 44 

cytotype, one from Choluteca in Honduras with a 2n = 39 cytotype) are the result of 

enough introgression events as to take them from 38 to 44 in the first case, and from 44 to 

39 in the second. It is interesting to see that the specimen from La Paz is grouped with 

specimens from westem Ecuador and Panama (Fig. 4.3) rather than with specimens from 

the populations of the 38 race adjacent to the zone (populations three and 4 in Fig. 4.2), 

and it is placed in an intemal position in statistical parsimony, suggesting the 

hybridization event that gave rise to this specimen could have taken place during a time 
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where genetic composition of the 38 chromosomal race was somewhat different from our 

sample from 1991 (Owen and Baker 2001). 

The reproductive unit of this species is a harem, normally consisting of a single 

male and several females (10 or so) that share a tent built by the group. If there was 

strong female philopatry, populations would consist of closely related haplotypes which, 

in a model of genetic isolation by distance, would result in geographic structuring. Our 

results are not consistent with this scenario, and are more consistent with female vagility. 

Summary and Conclusion 

Relative to species in the stenodermatine genera, Ardops, Ametrida, Artibeus, 

Dermanura, Platyrrhinus, Pygoderma, Stenoderma, Sturnira, and Vampyrodes, the genus 

Uroderma, and in particular the species U. bilobatum, has undergone considerable 

chromosomal evolution. Within these nine genera and 17 plus species that have been 

karyotyped, all have a diploid number of 30 or 31, and a FN of 56 (Baker 1979). Obvious 

rearrangements are restricted to the Y chromosome and an autosome which are either 

fused or represent separate elements. This 2n = 30-31 karyotype is probably primitive for 

the subfamily Stenodermatinae (Baker 1979; Baker et al. 1979). Within Uroderma 

bilobatum, at least seven different autosomes have been rearranged (Baker et al. 1979) 

and several different rearrangements are required to derive any Uroderma karyotype 

from the proposed primitive. If we consider a molecular clock with rates that range from 

2.3-5% per 10^ years (Arbogast and Slowinski 1998; Smith and Patton 1999), divergence 

among the three chromosomal races would have occurred 1.5 to 0.5 mya. 
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We hypothesize an origin for U. bilobatum in South America east of the Andes, 

with dispersal into the westem slope of the Andes and Central America of an ancestral 

stock that gave rise to the 38 and 44 chromosomal races, with a divergence over a 

relatively short time frame between these two races. This divergence probably occurred 

in geographic isolation and posterior contact between them established in the hybrid 

zone. The lack of phylogenetic resolution among the three chromosomal races is the 

likely outcome of rapid diversification. The pattern of variation in haplotype sequence 

among populations within races, is indicative of high levels of female dispersal within 

these races. In light of these results, we propose a scenario in which fixation of 

chromosomal differences was associated with episodes of geographic isolation, but 

maintenance of these differences is strongly associated with differences among these 

chromosomal races. A faster evolving marker (such as the mitochondrial D-loop, or 

microsatellites) could aid in resolving phylogenetic relationships among the three 

chromosomal races. 

Views regarding the role of hybrid zones are diverse; some authors see them as 

windows to understand the speciation process (Barton and Hewitt 1985, 1989; Hewitt 

1988), while others (mostiy plant researchers, such as Abbott 1992; Arnold 1992 among 

others) suggest their potential for introducing evolutionary novelties (see Arnold 1997, pp 

20-21 for a revision of different views on the hybridization process). In this case, it seems 

that despite evidence of interbreeding between the 44 and 38 chromosomal races in 

populations in the hybrid zone, introgression is limited, and that the genomes of the two 

parental cytotypes are isolated from one another. This scenario has been documented in 

white-tailed and mule-deer (Carr et al. 1986). We found no evidence of a replacement of 
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the 44 race by the 38 race, as suggested by Baker (1981), in fact his results and those of 

Owen and Baker (2001) suggest that the hybrid zone is stable in the present conditions. 

This results are consistent with the selective scenarios proposed by Baker (1981), Barton 

(1982), and Lessa (1990). For all practical matters, the 38 and 44 chromosomal races 

appear to be acting as biological species, as suggested by Greenbaum (1981), who also 

pointed out that hybrid populations were restricted to an ecologically less favorable zone 

for U. bilobatum, which coincides with predictions from cline models (Endler 1977). 

Demographic inferences agree with Baker's (1981) statement that the zone was the 

product of secondary contact. Our results support that the high degree of similarity 

among the 38 and 44 chromosomal races is a product of recent common ancestry rather 

than of ongoing gene flow. 
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Table 4.1 Pairwise distance comparisons among and within the three chromosomal races 
of Uroderma bilobatum using the uncorrected percentage of sequence divergence (p-
distance). Average distance ± standard error (range is reported in the case of intraspecific 
comparisons). 

38 44 42 
38 0.8±0.2%(0- 1.7) 
44 2.5 ± 0.4 % 0.5 ± 0.1 % (0 - 0.9) 
42 2.5 + 0.3% 2.9 ±0.4% 1.5 ± 0.2 % (0.4-3.2) 

U. magnirostrum 8.2 ± 0.4 % 8.0 ± 0.3 % 8.3 ± 0.8 % 

Table 4.2 Genetic diversity within the different phylogroups and populations of U. 
bilobatum. Bracketed values correspond to standard deviations. 

44-lineage 
La Paz, El Salvador 

San Miguel, El Salvador 
38-lineage 

Atlantida, Honduras 
Chinadega, Nicaragua 
Choluteca, Honduras 

Panama & W Ecuador 
42-lineage 

N 

16 
13 
4 
27 
2 
7 
14 
4 
11 

Number of 
haplotypes 

15 
12 
4 
18 
2 
5 
9 
4 
11 

e. 

0.0048 (0.0027) 
0.0054(0.0031) 
0.0023 (0.0019) 
0.0080 (0.0042) 
0.0070 (0.0053) 
0.0074 (0.0044) 
0.0063 (0.0035) 
0.0041 (0.0030) 
0.0146 (0.0079) 

Os 

0.0069 (0.0027) 
0.0073(0.031) 

0.0024(0.0016) 
0.0091 (0.0032) 
0.0070 (0.0074) 
0.0079 (0.0038) 
0.0069 (0.0028) 
0.0043 (0.0026) 
0.0201 (0.0082) 

Tajima's D 

-1.261 
-1.136 
-0.212 
-0.452 

NA 
-0.376 
-0.358 
-0.492 

-1.35254 
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Figure 4.1 Geographic distribution of Peter's tent making bats (Uroderma 
bilobatum), modified from Davis (1968), with distribution of each cytotype 
drawn based on Baker et al. (1972), dots correspond to sampling localities. 
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Figure 4.2 Detailed view of the hybrid zone between the 38 and 44 chromosomal 
races, with crosses indicating 44-like localities, H the only locality where the two 
parental haplotypes were recorded in sympatry, and dots indicating 38-like localities. 
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Figure 4.3 Maximum likelihood phylogram describing systematic relationships within 
Uroderma bilobatum based on parameter estimates from Bayesian analyses. Dots 
correspond to nodes with bootstrap > 60 % and Bayesian support > 75 %. 
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Figure 4.4 Mismatch distributions corresponding to a- all specimens of 
Uroderma bilobatum in a dashed line, specimens from the 38 and 44 
chromosomal races combined in a solid line, b- specimens from the 42 
chromosomal race, c- specimens from the 38 chromosomal race, d-
specimens from then 44 chromosomal race. In boxes b, c and d solid lines 
present the observed distribution, dashed lines present the distribution 
expected under a population growth scenario, and dotted lines present the 
expectations from a constant size population. 
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Appendix 

Specimens examined and their geographic localities are given below: TK numbers 
correspond to samples from the frozen tissue collection at the Natural Science Research 
Laboratory from Texas Tech University, Lubbock, Texas; MVZ numbers correspond to 
samples from the Museum of Vertebrate Zoology, Berkeley, Califomia; ROM numbers 
correspond to samples from the Royal Ontario Museum, Ontario, Canada. 

Chiroderma doriae—BRAZIL: Sao Paulo, Caetetus Biological Station TK16379 

Uroderma magnirostrum— EL SALVADOR: La Paz, La Herradura TK40046, TK40068 

Uroderma bilobatum— BOLIVIA: La Paz, Puerto Linares, TK14522; ECUADOR: 
Esmeraldas, San Lorenzo TK104603, TK104630; Napo, El Saladero ROM105930, 
Onkone Gare ROM105969; EL SALVADOR: La Paz, La Herradura, TK34552, 
TK34555, TK34557, TK34560, TK34567, TK34836, TK34842, TK34910, TK34914, 
TK34963, TK34964, TK40004, TK40011, San Miguel, Hacienda El Caiial, TK40043, 
TK40045, TK40082, TK40084; HONDURAS: Atiantida, TK40314, TK40318 
Choluteca, Valle TK40398, TK40399, TK40400, TK40401, TK40402, TK40403, 
TK40404, TK40405, TK40406, TK40408, TK40409, TK40410, TK40411, TK40412, 
TK40413, TK40414; NICARAGUA, Chinadega, Posoltega TK40095, TK40099, 
TK40107, TK40111, TK40114, TK40139, TK40140 PANAMA: Panama,Altos de 
Campana National Park ROM104234; Darien, Darien National Park ROM104368; 
PERU: Huanuco, Leoncia Prado TK22594, TK22969; Madre de Dios, Puerto 
Maldonado, MVZ168867, MVZ192681; SURINAME: Nickerie, Sipaliwini, TK10186; 
Marowijne, Albina, TK17624; TRINIDAD AND TOBAGO: Trinidad, Nariva TK25111; 
VENEZUELA: Guarico, Calabozo TK15288. 
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CHAPTER V 

PHYLOGENETIC RELATIONSHIPS AMONG GENERA IN THE 

FAMILY PHYLLOSTOMINAE BASED ON MOLECULAR DATA 

Abstract 

This paper addresses a putative burst of diversification at the base of the clade 

consisting of the genera Lophostoma, Mimon, Phylloderma, Phyllostomus, and Tonatia. 

Previous work based on slowly evolving markers (mitochondrial ribosomal genes and the 

nuclear RAG-2 gene) was unable to unequivocally resolve relationships among the 

aforementioned genera. Our analyses incorporated a faster evolving gene (the 

mitochondrial cytochrome-Z? gene) to determine whether the lack of resolution was a 

product of the rate of evolution of the DNA sequences used or, altematively, a 

consequence of a rapid diversification event. The cytochrome-Z? gene data support the 

grouping of this 5 genera in a clade, and but were unable to resolve this clade beyond 

grouping the genera into 3 lineages, with Lophostoma in one, Mimon, Phylloderma, and 

Phyllostomus in a second, and Tonatia in a third. Our results are more consistent with the 

rapid diversification hypothesis, and are congment in the 3 different markers examined. 

Introduction 

Baker et al. (in prep) restricted the subfamily Phyllostominae to the genera 

Chrotopterus, Lophostoma, Macrophyllum, Mimon, Phylloderma, Phyllostomus, Tonatia, 

Trachops and Vampyrum. The genera Tonatia and Lophostoma showed high levels of 

allozymic (Arnold, 1983), karyotypic (Patton and Baker, 1978), immunologic variation 
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(Honeycutt and Sarich, 1987). Previous work based on non-coding mtDNA sequence 

data (Lee et al. 2002), corresponding to the tRNA^"', 12S rRNA, and 16S rRNA genes, 

concluded that round-eared bats formed a paraphyletic assemblage with species currently 

placed in Lophostoma being sister to a clade consisting of Mimon, Phylloderma and 

Phyllostomus, and not to the species in Tonatia (sensu Lee at al. 2002). Further support 

for this hypothesis came from nuclear DNA sequences, corresponding to the RAG-2 

(Recombination-Activator Gene-2) gene (Porter et al. submitted). Both studies uncovered 

substantial amounts of variation among the species included in Lophostoma and Tonatia, 

but were unable to resolve relationships of these genera to the clade consisting of 

Phylloderma, Phyllostomus, and Mimon. The studies of Lee et al. (2002) and Porter et al. 

(submitted) focused on the higher-level systematic relationships of Tonatia and 

Lophostoma to the Phyllostominae genera Macrophyllum, Mimon, Phylloderma, 

Phyllostomus, and Trachops, rather than on intrageneric variation within Tonatia and 

Lophostoma. 

The inability of the previous studies to resolve the affinities of Lophostoma and 

Tonatia could be a consequence of using slowly evolving marker as the mitochondrial 

tRNA^'', 12S rRNA, and 16S rRNA genes, or the nuclear RAG-2 gene. Was this 

diversification so rapid that even a rapidly evolving gene would not find support to 

resolve these nodes? If this lack of resolution is a function of a small amount of change 

during a short period of common ancestry, a faster evolving gene would have the 

potential of providing evidence of a shared common ancestor. Altematively, this lack of 

resolution might be the result of rapid diversification, a scenario proposed by Lee et al. 

(2002). To address these altematives, we analyzed sequence of the mitochondrial 
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cytochrome-^ gene. Our analyses compare and contrast results from the 3 different DNA 

sequence data sets: ribosomal DNA from Lee et al. (2002), a portion of the nuclear RAG-

2 gene from Porter et al. (submitted), and the complete mitochondrial cytochrome-^ gene. 

We implemented maximum likelihood and Bayesian analyses in order to estimate 

relationships among genera within the subfamily Phyllostominae sensu Baker et al. (in 

prep): Chrotopterus, Lophostoma, Macrophyllum, Mimon, Phylloderma, Phyllostomus, 

Tonatia, Trachops and Vampyrum. 

Materials and Methods 

The complete mitochondrial cytochrome-/? gene (1140 base pairs) was sequenced 

for 16 specimens of Lophostoma: 2 of L. brasiliense, 3 of L. carrikeri, 2 of L. evotis, 9 of 

L. silvicola, and 2 of L. schulzi, and 5 specimens of Tonatia: 2 samples of T. bidens and 3 

of T. saurophila. In order to include representatives of the same taxa as Lee et al. (2002) 

and Porter et al. (submitted), additional samples of the following taxa were included in 

the analyses to: Chrotopterus auritus, Lampronycteris brachyotis, Macrophyllum 

macrophyllum, Macrotus califomicus, Micronycterys schmidtorum, Mimon crenulatum 

(3 samples), Phylloderma stenops, Phyllostomus discolor, Phyllostomus elongatus, 

Phyllostomus hastatus, Trachops cirrhosus (2 samples), and Vampyrum spectrum. A list 

of specimens examined is provided in the Appendix. 

Genomic DNA was extracted from liver, kidney or muscle tissue preserved by 

freezing, lysis buffer, or ethanol; using a phenol/PCI protocol (Longmire et al. 1997) or 

an SDS/ proteinase K/NaCI extraction with alcohol precipitation protocol (Miller et al. 

1988; Maniatis et al. 1992). The complete mitochondrial cytochrome-Z? gene was 
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amplified and sequenced using primers and conditions reported in Hoffmann and Baker 

(2001), with an additional intemal sequencing primer TolL (5'- CTG CCT CTA CCT 

TCA TGT AGG AC-3'). Sequences were generated using an ABI Prism 310 Genetic 

Analyzer (Applied Biosystems, Inc., Foster City, Califomia). Sequences were verified 

and aligned using Sequencher version 3.1.1 (Gene Code Corporation, Ann Arbor, 

Michigan) and VectorNTI (Informax Inc., Bethesda, MD). 

Molecular data from previous studies corresponding to the mitochondrial 

tRNA^'\ 12S rRNA, and 16S rRNA genes from Lee et al. (2002), and the nuclear RAG-2 

gene from Porter et al. (submitted), were incorporated to the cytochrome-b data generated 

here. In the case of non-coding mitochondrial sequences, we employed the same 

alignment as Porter et al. (submitted). 

Pairwise distance comparisons were calculated using the uncorrected percentage of 

sequence divergence. Phylogenetic relationships were estimated using maximum 

likelihood (ML) and Bayesian analyses. ML analyses were performed in PAUP* version 

4.0b 10 (Swofford 2002), and Bayesian analyses were performed in MrBayes version 2.01 

(Huelsenbeck and Ronquist in press; the program is freely available at 

http://morphbank.ebc.uu.se/mrbayes/). ML analyses were implemented following a 

routine suggested by Sullivan et al. (1997, 1999; see also Huelsenbeck and Crandall 1997) 

and implemented in Modeltest 3.06 (Posada and Crandall 1998). An initial tree was 

generated using the neighbor-joining algorithm (Saitou and Nei 1987) and this tree was 

then used to estimate the likelihood of different models of nucleotide substitution that also 

incorporated parameters associated with base composition, and rate variation among sites. 

Parameter estimates from Modeltest 3.06 (which selected a GTR model with rate variation 
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among sites and a proportion of invariant sites) were used as the likelihood settings for 

heuristic searches of the best ML trees in PAUP*4.0blO. ML searches were performed 

following a routine described by Takahashi and Nei (2000), using stepwise addition of 

taxa and the nearest neighbor interchange branch swapping method (NNI). Bayesian 

phylogenetic searches ran 4 chains for 2*10^ generations (convergence after 2.5 * 10̂  

generations), and the last 500 trees were used to build a strict consensus topology. 

The likelihood scores of competing phylogenetic hypotheses were compared using 

Shimodaira-Hasegawa (Shimodaira and Hasegawa 1999) in PAUP* 4.0b 10. In order to 

perform topology tests based on results from Bayesian analyses, we used the following 

procedure: parameter estimates associated with results from MrBayes as the likelihood 

were loaded as the settings, and the likelihood scores of the different phylogenetic 

hypotheses in PAUP*4.0blO (using constrained searches) were calculated. The scores of 

the constrained trees were compared against the score of the majority-rule consensus tree 

from MrBayes using SH topology tests in PAUP* 4.0b 10. Details pertaining to other 

implemented constraints are provided in the results section. ML support was evaluated 

using 100 bootstrap (bs) replicates in the fast heuristic mode (because of computing time 

restrictions), and with posterior probability (pp) values from MrBayes. 

Results 

Results for the cytochrome-Z? gene are presented here, and the reader is referred to 

the original publications for descriptions of the pattem of variation in the RAG-2 (Porter 

et al. submitted) and tRNA and rRNA (Lee et al. 2002). Five hundred and eighty six 

positions out of the 1140 comprising the complete cytochrome-b gene were invariant. Of 
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the 554 variable characters, 456 would be informative and 98 uninformative in parsimony 

analyses. Distances among the genera Lophostoma, Mimon, Phylloderma, Phyllostomus 

and Tonatia ranged from 13 % (Phyllostomus vs. Mimon) to 16.7% (Lophostoma vs. 

Phylloderma). Interspecific comparisons within Lophostoma ranged from 4.9% (L. evotis 

vs. L. silvicola) to 13.7 % (L. brasiliense vs. L. evotis/L. silvicola); comparisons within 

Phyllostomus ranged from 9.3% (P. discolor vs. P. elongatus) to 11.2% (P. hastatus vs. 

P. discolor), and distances between the 2 species of Tonatia averaged 13.0% (Table 5.1). 

Distances among Phyllostominae genera ranged from 13.1 % (Mimon vs. Phyllostomus) 

to 19.8 % (Vampyrum vs. Macrophyllum). 

Tree topologies were similar in Bayesian and ML analyses based on the 

cytochrome-Z? gene sequence data (Fig 5.2). The 2 genera of round-eared bats, 

Lophostoma and Tonatia formed a monophyletic group sister to the Mimon, 

Phylloderma, and Phyllostomus clade. Chrotopterus was sister to Vampyrum, and this 

clade was sister to the Lophostoma, Mimon, Phylloderma, Phyllostomus and Tonatia 

clade. This whole clade was sister to a clade that placed Trachops with Macrophyllum. 

Mimon was placed sister to Phylloderma in both analyses, and Phyllostomus discolor was 

sister to all other species in this genus. Species within Lophostoma were grouped into 2 

different clades, with L. silvicola and L. evotis in one, and L. schulzi, L. brasiliense and L. 

carrikeri were placed in the other. Lophostoma silvicola was found to be paraphyletic 

with respect to L. evotis, and L. schulzi was sister to the L. brasiliense and L. carrikeri 

group. 

Bayesian and ML searches retrieved the same topology for the combined rRNA 

and tRNA sequences, with Lophostoma and Tonatia forming a monophyletic clade, sister 
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to a group that includes Mimon, Phylloderma, and Phyllostomus (Fig 5.3). In both 

analyses \-Mimon is sister to Phyllostomus, 2- Trachops is sister to the Chrotopterus and 

Vampyrum clade, with 3- the ChrotopteruslVampyrumlTrachops clade placed as sister to 

the Lophostoma, Mimon, Phylloderma, Phyllostomus and Tonatia cluster, and 4- with 

Macrophyllum as sister to this whole group. 

Bayesian and ML results from the RAG-2 gene (Fig 5.4) differed in their ability 

to resolve relationships within a clade consisting of Lophostoma, Mimon, Phylloderma, 

Phyllostomus and genus Tonatia. Bayesian analysis would support a sister relationship 

between l-Lophostoma and 2- Mimon, Phylloderma and Phyllostomus clade, but ML 

produced an unresolved trichotomy with (1) Lophostoma, (2) Mimon, Phylloderma and 

Phyllostomus, and (3) Tonatia as separate clades. In the two analyses, the Lophostoma, 

Mimon, Phylloderma, Phyllostomus plus Tonatia group was sister to a group consisting 

of ChrotopteruslVampyrumlMacrophyllumlTrachops. 

Interspecific relationships within Lophostoma were consistent in all analyses, with 

species grouped into 2 different clades, with L. silvicola and L. evotis in one, and L. 

schulzi, with L. brasiliense on the other. L. carrikeri was placed on the second clade in 

cytochrome-Z) analyses, though it was not included in rDNA and RAG-2 analyses. 

Shimodaira and Hasegawa (SH) tests (as implemented by PAUP*) were used to 

compare likelihood scores associated with 1- results from ML and Bayesian analyses, 2-

a tree where Tonatia and Lophostoma were constrained to form a monophyletic group, 

and 3- a tree with the same topology as reported by Lee et al. (2002), with each of the 

data sets studied. These tests were performed under the parameter estimates determined 

by Modeltest, and the parameter estimates derived ft^om MrBayes. There were no 
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significant differences between unconstrained searches and constraining Tonatia and 

Lophostoma to form a monophyletic clade (Table 5.2). Forcing the topology reported by 

Lee el al. (2001), i.e., Lophostoma sister to the Phylloderma!MimonIPhyllostomus clade 

and a TrachopsIMacrophyllum clade sister to Tonatia resulted in a significant loss in 

likelihood scores in both protein-coding fragments, but not in rDNA (Table 5.4). 

Discussion 

We considered support for any given node to be significant if posterior probability 

values were higher than 95% in Bayesian analysis, or bootstrap support was higher than 

80% in ML. In most cases, Bayesian analyses provided higher levels of resolution to 

support a node. Nodes that did not meet these criteria were considered as not supported in 

our discussion. Actual values are provided in the corresponding figure (Fig. 5.1-3). 

Analyses based on the cytochrome-Z? gene placed the genera in the subfamily 

Phyllostominae sensu Baker et al. (in prep) into 5 hneages: 1- Lophostoma (node 1 in 

Fig. 5.1), 2- Tonatia (node 2 in Fig. 5.1), 3- Mimon, Phylloderma and Phyllostomus 

(node 3 in Fig. 5.1), 4- Chrotopterus and Vampyrum (node 4 in Fig. 5.1), and 5-

Macrophyllum and Trachops (node 5 in Fig. 5.1). Bayesian analysis (BA) and ML 

supported the monophyly of Lophostoma, L brasiliense, L. carrikeri, L. evotis and L. 

schulzi, of the genus Phyllostomus and of T. bidens and T. saurophila (bs = 100%, pp = 

100%), whereas the monophyly of Tonatia was supported only in BA. Although the 2 

genera of round-eared bats (Lophostoma and Tonatia) were placed as sister in both B A 

and ML, in neither of them the node received significant support. Phylogenetic resolution 

was also low to resolve relationships within the trichotomy that placed Lophostoma in 
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one clade, Mimon, Phylloderma and Phyllostomus in another, and Tonatia in a third. The 

base of this clade the common ancestor to Mimon, Phylloderma and Phyllostomus, and 

the sister relationship between Mimon and Phylloderma were strongly supported in BA, 

but not in ML. BA also supported the groupings of Chrotopterus with Vampyrum, and of 

Macrophyllum with Trachops, in addition to the placing of these branches at the base of 

the subfamily Phyllostominae. Reanalyses of the rDNA and RAG-2 sequence data using 

ML and Bayesian approaches generated less support for nodes identified in the tree based 

on the cytochrome-Z? data. The only node that is supported in all ML and BA analyses is 

the monophyly of the 2 genera of round-eared bats (Table 5.2). 

The systematic of the genus Macrophyllum has been a source of controversy, with 

work based largely on morphology (Wetterer et al. 2000; Jones et al. 2002) placing 

Macrophyllum sister to Lonchorhina, whereas work based on genetic data (Baker et al. 

2000, in prep; Lee et al. 2002) placed it sister to Trachops within the subfamily 

Phyllostominae. Our results are in agreement with the latter view, although we did not 

find significant support for this in our ML. 

Conclusion 

The addition of a second protein-coding fragment of mtDNA (the 1140 base pairs 

of complete cytochrome-Z? gene) to the available data resulted in further support of the 

hypothesis of a long independent history for both genera of round-eared bats, in 

agreement with previous work on allozymes (Amold et al. 1983), karyology (Patton and 

Baker 1978; Baker and Bickham 1980), immunologic assays (Honeycutt and Sarich 

1987), and nuclear (Porter et al. submitted) and mitochondrial (Lee et al. 2002; Porter et 
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al. submitted) DNA sequence data. However, it did not add resolution to the relationships 

within the clade containing Lophostoma, Mimon, Phylloderma, Phyllostomus, and 

Tonatia (in coincidence with Lee et al. 2002; Porter et al. submitted). 

Results from the 3 fragments analyzed agreed on documenting a high level of 

divergence between Lophostoma and Tonatia, supporting the monophyly of both genera 

of round-eared bats, and their close affinities to the clade that includes Mimon, 

Phylloderma and Phyllostomus, in agreement with Lee et al. (2002) and Porter et al. 

(submitted). Support values for the nodes resolving relationships within these three 

groups are weak, resulting in a trichotomy, with Lophostoma on one node, Mimon, 

Phylloderma and Phyllostomus on a second, and Tonatia on a third. The association of 

Chrotopterus to Vampyrum was highly supported in our analyses, though the position of 

this clade could not be resolved unequivocally. The apparent lack of resolution at the 

base of the Lophostoma, Mimon, Phylloderma, Phyllostomus and Tonatia reported by 

Lee et al. (2002) and Porter et al. (submitted) could have been a consequence of the use 

of slowly evolving genes that did not accumulate enough phylogenetic signal. 

The addition of a faster evolving gene such as the mitochondrial cytochrome-6 

did not improve the resolution, suggesting it is not an artifact and lending support to the 

rapid diversification scenario proposed by Lee et al. (2002) for the diversification within 

the subfamily Phyllostominae sensu Baker et al. (in prep.) were the genera Chrotopterus, 

Lophostoma, Macrophyllum, Mimon, Phylloderma, Phyllostomus, Tonatia and Trachops 

are proposed to as monophyletic, to the exclusion of the remainder of the Phyllostomidae. 
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Table 5.1 Pairwise genetic distances comparisons among samples of Chrotopterus, 
Lampronycteris, Lophostoma, Macrotus, Micronycteris, Mimon, Phylloderma, 
Phyllostomus, Tonatia, Trachops and Vampyrum, using the uncorrected percentage of 
sequence divergence (p-distance). 

1-
2-
3-
4-
5-
6-
7-
8-
9-
10-
11-
12-
13-
14-
15 
16 
17 
18-
19 

1-
2-
3-
4-
5-
6-
7-
8-
9-
10-
11-
12-
13-
14-
15-
16-
17-
18-
19-

L. evotis 
L. silvicola 
L. brasiliense 
L. scltulzi 
L. carrifceri 
Phylloderma 
Mimon 
P. hastatus 
P. elongatus 
- P. discolor 
- T. saurophila 
- T. bidens 
- Vampyrum 
- Chrotopterus 
- Trachops 
- Macrophyllum 
- Micronycteris 
- Lampronycteris 
- Macrotus 

L. evotis 
L. silvicola 
L. brasiliense 
L. schulzi 
L. carrilceri 
Phylloderma 
Mimon 
P. hastatus 
p. elongatus 
• P. discolor 
• T. saurophila 
• T. bidens 
• Vampyrum 
• Chrotopterus 
• Trachops 
• Macrophyllum 
• Micronycteris 
• Lampronycteris 
• Macrotus 

1 

4.9 
13.7 
12.4 
12.7 
15.5 
14.1 
14.5 
13.0 
13.4 
14.6 
14.1 
17.1 
17.1 
16.7 
17.1 
19.4 
19.0 
17.9 

10 

13.1 
13.4 
16.7 
16.8 
16.7 
17.0 
17.5 
18.9 
17.2 

2 

13.7 
12.5 
12.5 
15.5 
14.8 
14.1 
12.1 
13.3 
14.3 
13.5 
16.6 
17.3 
16.1 
17.1 
19.0 
18.7 
18.2 

11 

12.4 
10.0 
17.6 
15.5 
17.9 
17.5 
19.9 
16.8 

3 

12.5 
11.8 
16.6 
15.7 
14.9 
13.9 
14.8 
15.2 
14.6 
16.9 
18.0 
18.1 
18.4 
17.7 
20.9 
18.5 

12 

14.1 
17.4 
16.4 
18.3 
16.8 
18.2 
17.5 

4 

11.2 
15.9 
14.4 
14.2 
12.7 
13.5 
14.8 
14.4 
17.2 
16.8 
17.0 
17.6 
18.0 
20.0 
16.4 

13 

15.7 
19.1 
19.8 
19.0 
19.2 
18.3 

4 

16.5 
16.0 
14.5 
14.6 
15.0 
14.8 
15.7 
16.9 
17.3 
18.6 
18.3 
19.1 
20.2 
18.0 

14 

18.3 
18.8 
18.1 
19.8 
18.4 

6 

15.4 
14.8 
12.6 
14.1 
15.3 
14.4 
17.9 
18.3 
18.6 
19.2 
19.1 
18.8 
18.8 

15 

17.9 
18.7 
19.7 
18.3 

7 

13.8 
12.7 
12.7 
14.7 
14.6 
17.5 
18.1 
17.2 
18.1 
18.4 
19.7 
17.4 

16 

19.3 
20.8 
18.3 

8 

9.5 
11.3 
15.0 
13.2 
15.4 
17.7 
17.5 
18.0 
17.6 
20.3 
18.6 

17 

18.6 
19.2 

9 

9.3 
13.8 
12.0 
14.9 
16.7 
16.4 
17.4 
16.8 
19.5 
17.5 

18 

18.8 
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Table 5.2 Nodes found in Bayesian and ML analyses of the cytochrome-b, mitochondrial 
rDNA and RAG-2 genes. The number of the nodes correspond to numbers in Fig 1-3. 
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Table 5.3 Likelihood scores from different phylogenetic hypotheses, under ML and 
Bayesian parameter settings, with results from Shimodaira-Hasegawa topology tests 
(Shimodaira and Hasegawa 1999). NS- not significant (P>0.05). 

Phylogenetic 
hypothesis 

Topology reported by 
Lee et al. (2002) 
Tonatia as sister to 
Lophostoma 
best tree 

-InL 
(cytochrome-

b) 
10568.5 
P<0.008 
10528.4 

10528.4 

Bayesian 

-InL 
(RAG-2) 

4246.9 
P<0.046 
4228.4 

NS 
4226.3 

-InL 
(rDNA) 

15983.9 
NS 

15974.5 

15974.5 

-InL 
(cytochrome-

b) 
10643.9 
P<0.006 
10580.6 

10580.6 

ML 

-InL 
(RAG-2) 

4335.2 
P<0.030 
4315.7 

4315.7 

-InL 
(rDNA) 

15925.8 
NS 

15918.7 

15918.7 
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Figure 5.1 Phylogram describing systematic relationships within the subfamily 
Phyllostominae based on cytochrome-Z? sequence data. Numbers in bold identify the most 
important nodes, numbers above a node correspond to posterior probabilities from 
Bayesian analysis (expressed as percentage) and numbers below a node correspond to 
bootstrap support from ML analysis (in the fast mode). Support is only presented for 
relevant nodes. 
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Figure 5.2 Phylogram describing systematic relationships within the subfamily 
Phyllostominae based on the mitochondrial tRNA^^\ 12S rRNA, and 16S rRNA genes 
from Lee et al. (2002). Numbers in bold identify the most important nodes, numbers 
above a node correspond to posterior probabilities from Bayesian analysis (expressed as 
percentage) and numbers below a node correspond to bootstrap support from ML analysis 
(in the fast mode). Support is only presented for relevant nodes. 
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Figure 5.3 Phylogram describing systematic relationships within the subfamily 
Phyllostominae based on the nuclear RAG-2 gene from Porter et al. (submitted). 
Numbers in bold identify the most important nodes, numbers above a node correspond to 
posterior probabilities from Bayesian analysis (expressed as percentage) and numbers 
below a node correspond to bootstrap support from ML analysis (in the fast mode). 
Support is only presented for relevant nodes. 
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CHAPTER VI 

CONCLUSIONS 

Research in this dissertation was designed to better understand the implications of 

variation in the mitochondrial cytochrome-Z? to studying geographic, temporal and 

demographic pattems in animal taxa. The relative ease with which DNA sequences from 

this maternally inherited marker can be collected at present has greatly facilitated our 

abihty to investigate phylogenetic relationships among organisms at virtually all levels of 

biological organization (see Biswas et al. 2001; Griffiths; 1997; Irwin et al. 1991; Kocher 

et al. 1989). In particular, cytochrome-Z? has proven to be a valuable tool in the area of 

phylogeography (Avise 1994, 2000; Avise et al. 1987) and species delimitation (Avise 

and Johns 1999; Avise and Walker 1999; Bradley and Baker 2001). The increasing 

interest in assessing biodiversity and biocomplexity coupled with the expanding field of 

genomics have made it feasible to acquire DNA sequence data on high number of 

specimens (OTUs). Phylogenetic hypotheses now attempt to resolve relationships among 

hundreds of OTUs and incorporate population genetics tools and technological advances 

(i.e., analytical software and hardware, data collection improvements) will only serve to 

enhance our capacity to include more samples and more sequence data. Data from the 

cytochrome-^ gene can be used to test phylogenetic hypotheses independent data of 

morphologic data as it was done in the second chapter, explore the relationship between 

pattems of geographic variation and speciation, and test the potential utility of this 

marker to resolve events of rapid divergence. The incorporation of tools developed for 

population genetic analyses, such as estimation of gene flow from phylogenetic trees 
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(Slatkin and Maddison 1989, 1990), and estimation of demographic pattems from 

mismatch distributions (Harpending 1994; Rogers 1995; Rogers and Harpending 1992; 

Rogers et al. 1996; Slatkin and Hudson 1991; Tajima 1989a, 1989b), would allow a 

reconstmction of the demographic and geographic history of a particular species. 

The interplay between theory and specific empirical examples is often difficult to 

navigate. In Chapters II through V, I have chosen 4 examples of naturally occurring 

species complexes to explore and better understand the above mentioned theoretical 

considerations and their application to natural systems using geographic information and 

variation in the cytochrome-Z? gene. We implemented these explorations in bats from the 

New World tropics in the family Phyllostomidae: nectar-feeding bats on the genus 

Glossophaga, fmit-eating bats in the genus Carollia, tent-making bats of the species 

Uroderma bilobatum and 5 genera in the subfamily Phyllostominae: Lophostoma, 

Mimon, Phylloderma, Phyllostomus and Tonatia. 

In the second chapter, different hypotheses of phylogenetic relationships within 

nectar-feeding bats of the genus Glossophaga were compared. One based on morphology 

and allozymes (from Webster 1993), and the second based on cytochrome-/? sequences. 

DNA sequence data showed species in these genus to be well differentiated from each 

other with interspecific genetic distances that ranged from 8.4 to 13.7%, and grouped 

them in 2 clades, with G. soricina in one and G. commis saris si, G. leachi, G. 

longirostris, and G. morenoi in the other. Results from the cytochrome-^ analysis were 

not statistically different from those presented by Webster (1993), who also reported 

relatively high levels of intraspecific variation in allozymes within the species G. 

soricina. Evidence from the cytochrome-^ sequence data is coincident with this finding. 
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Samples from 4 of the 5 recognized subspecies of G. soricina were included in this study: 

G. s. antillarum (from Jamaica), G. s. handleyi (from northem Mexico southward through 

Central America up to northem and westem Colombia), and G. s. valens (westem 

Ecuador and Pern), and G. s. soricina (from South America east of the Andes). Samples 

of G. soricina can be split into 2 groups with > 6% genetic distance between them. The 

first group included all samples from Middle America, Jamaica, and South America West 

of the Andes (G. s. antillarum, G. s. handleyi and G. s. valens), whereas samples from 

South America east of the Andes (G. s. soricina) were placed on the second. These 

results strongly suggest G. soricina represents more than one biological species. 

The third chapter was an attempt to understand how geographic variation is 

partitioned in closely related species that are codistributed and to reconstmct the 

biogeographic history of them. The organisms of choice were the fmit eating bats in the 

genus Carollia, where there are 5 species (4 currentiy recognized, one being described). 

In agreement with Wright et al. (1999), C. castanea was found sister to the other 4 

species in the genus, including C. subrufa, C. sowelli and a clade including C. brevicauda 

and C. perspicillata. Carollia castanea was also the species with the highest amount of 

intraspecific variation. Results from this chapter confirmed the existence of a new species 

in the C. brevicauda complex, and suggested the existence of additional species in the C. 

castanea complex. A phylogeographic perspective offered the opportunity to test 

predictions from dispersal vs. vicariant biogeography for these bats. A reconstmction of 

migration events suggested that repeated exchanges between South America and Middle 

America have played a major role in shaping the history of this genus (a biogeographic 

scenario already proposed by Lim and Engstrom in 1998). The degree of diversification 
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within South American samples of Carollia castanea, the most basal species in the 

genus, IS compatible with a long South American history for this species. The divergence 

between castanea and the subrufa, sp. n., brevicauda and perspicillata clade appears to 

be associated with an exchange between Middle America and South America. The a 

posteriori diversification of Carollia brevicauda and C. perspicillata, in tum, appears to 

be associated with a subsequent invasion of South America from Middle America. 

Genetic stmcturing within Carollia brevicauda and C. perspicillata show widespread 

distribution and exhibit a similar (low) degree of differentiation, suggesting their 

diversification in South American has a common temporal component. These findings 

would support the view that geographical isolation (as defined by Mayr 1942) would be 

the prevalent force driving diversification in this genus. A notion further supported by the 

differences among phylogroups that account for most of the variation within Carollia 

brevicauda, C. castanea, C. perspicillata and C. sowelli. Expected and observed 

mismatch distributions for samples of C. perspicillata and C. sowelli from northeastern 

Middle America were similar in a population growth scenario. This agreement in addition 

to negative values of estimates of D are considered as evidence of a recent expansion of 

these species into the region. 

The focus of the fourth chapter was the role of the 3 chromosomal races in 

shaping the pattems of variation in Uroderma bilobatum, with special attention to the 

hybrid zone between 2 of them located in Middle America. Based on 2 original papers, 

on chromosome variation (Baker 1981) and on electrophoretic variation (Greenbaum 

1981), four different explanations were generated for the origin, maintenance and 

dynamics of this hybrid zone. Aside from the original papers. Barton (1982), Hafner 
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(1982), and Lessa (1990) advanced hypothesis accounting for the pattems of variation 

documented by Baker (1981) and Greenbaum (1981). By using mismatch distributions 

and phylogenetic analyses, the expectations from each prediction were compared against 

the pattem observed. Results from phylogenetic analyses support the reciprocal 

monophyly of the 2 races that hybridize, and a bimodal mismatch distribution which is 

more consistent with a secondary origin for this zone. The limited amount of 

introgression documented is coincident with the expectations from a selective regime, 

with very limited gene flow between the parental races. Moreover, hierarchical analyses 

of molecular variance are more consistent with relatively high levels of gene flow within 

the 3 chromosomal races. Based on phylogenetic analyses and on levels of variation 

within each of the 3 races, a South American origin for this species was hypothesized, 

with subsequent and rapid diversification leading to the 2 races in Middle America. In 

contrast to the species of Carollia, variation among the chromosomal races appears to be 

the strongest determinant of phylogeographic pattems in this species. 

The fifth chapter utilized the cytochrome-Z? gene in a higher taxonomy context. 

Lee et al. (2002) and Porter et al. (submitted) were unable to resolve the generic 

relationships within an assemblage of Phyllostominae genera consisting of Mimon, 

Lophostoma, Phylloderma, Phyllostomus and Tonatia. Based on the tRNA^''^ 12S rRNA, 

and 16S rRNA genes. Lee et al. (2002) suggested that a rapid burst of diversification was 

responsible for the lack of resolution in the aforementioned clade. Porter et al. 

(submitted) incorporated sequences of the nuclear RAG-2 (Recombination-Activator 

Gene-2) but these data offered no additional resolution. Both antecedents used relatively 

slowly evolving genes to address the issue, and it remained unclear whether this lack of 
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resolution was an artifact the rate of evolution of the DNA fragments selected or it was a 

feature of the evolution within this group of bats. The incorporation of the mitochondrial 

cytochrome-^ gene, a faster evolving marker, was a potential solution to this issue. 

Results from this marker provided no additional resolution for the relationships within the 

trichotomy of 1- Lophostoma, 2- Mimon, Phylloderma and Phyllostomus, and 3- Tonatia 

(similar to the results from Lee et al. 2002, and of Porter et al. submitted). These results 

lend support to the notion that the lack of intergeneric resolution encountered by them 

was a consequence of a rapid diversification event, and not a result of using slowly 

evolving genes. 

A common pattem we have found throughout these studies is the closer 

relationships of samples from westem Ecuador to samples in Middle America rather that 

to specimens in eastern Ecuador. Interestingly, this pattem holds regardless of differences 

in the magnitude of genetic differentiation observed. This indicates that the Andes serve 

as a barrier to gene flow and suggests a Panamanian route for genetic exchanges to occur 

between eastem and westem South America. 

Science proceeds by testing systematic hypotheses, it is critical to understand the 

hypothesis being tested and the data on which this hypothesis would be accepted or 

rejected. The primary hypothesis that I have examined is that within the sequence data of 

the cytochrome-Z? gene there is temporal and geographic information that would permit 

the reconstruction of the history of the taxa being studied. While it is not critical to accept 

that the cytochrome-Z? gene evolves in a clock-like fashion, it is critical to my thesis to 

assume that the evolution in this gene has a strong temporal component. 
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After studying the 4 examples (Chapters II-V), I believe that the primary 

hypothesis cannot be rejected. Therefore I can use the cytochrome-Z? gene to test specific 

hypothesis to each of the taxa examined. In the Uroderma hybrid zone example (Chapter 

IV), several scenarios have been hypothesized. These include, but are not restricted to, 

(1) the zone is the product of secondary contact, (2) the 38-race is replacing the 44-race, 

(3) the zone is maintained by selection, and (4) the similarity in allozymes across the 

zone is a product of gene flow and not of recency of ancestry. Within each of the 

chapters, I followed the example shown for Uroderma in testing existing ideas. 

The collection of studies presented in this dissertation are examples of the 

potential of using molecular tools in exploring, understanding and explaining pattems of 

diversity observed in nature. In summary, it is my firm belief that by integrating 

information about the natural history, ecology, distribution, and karyology of a species 

into molecular studies offers much reward. 
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