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Abstract

Background: New World leaf-nosed bats, Phyllostomidae, represent a lineage of Chiroptera marked by
unprecedented morphological/ecological diversity and extensive intergeneric chromosomal reorganization. There
are still disagreements regarding their systematic relationships due to morphological convergence among some
groups. Their history of karyotypic evolution also remains to be documented.

Results: To better understand the evolutionary relationships within Phyllostomidae, we developed chromosome
paints from the bat species Macrotus californicus. We tested the potential of these paints as phylogenetic tools by
looking for chromosomal signatures in two lineages of nectarivorous phyllostomids whose independent origins
have been statistically supported by molecular phylogenies. By examining the chromosomal homologies defined by
chromosome painting among two representatives of the subfamily Glossophaginae (Glossophaga soricina and
Anoura cultrata) and one species from the subfamily Lonchophyllinae (Lonchophylla concava), we found
chromosomal correspondence in regions not previously detected by other comparative cytogenetic techniques. We
proposed the corresponding human chromosomal segments for chromosomes of the investigated species and
found two syntenic associations shared by G. soricina and A. cultrata.

Conclusion: Comparative painting with whole chromosome-specific paints of M. californicus demonstrates an
extensive chromosomal reorganization within the two lineages of nectarivorous phyllostomids, with a large number
of chromosomes shared between M. californicus and G. soricina. We show that the evolution of nectar-feeding bats
occurs mainly by reshuffling of chiropteran Evolutionarily Conserved Units (ECUs). Robertsonian fusions/fissions and
inversions seem to be important modifiers of phyllostomid karyotypes, and autapomorphic character states are
common within species. Macrotus californicus chromosome paints will be a valuable tool for documenting the
pattern of karyotypic evolution within Phyllostomidae radiation.
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Background
New World leaf-nosed bats, family Phyllostomidae, rep-
resent the outcome of a remarkable burst of adaptive ra-
diation and are the most diverse monophyletic group in
terms of dietary specializations within higher vertebrates
[1]. Besides their extensive morphological adaptations to
distinct feeding strategies, evolution of Phyllostomidae
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has also been characterized by intense chromosomal re-
organization in different lineages [2]. Although several
studies have attempted to elucidate the chromosomal
evolution in the group, especially during the early 80’s
when major efforts were made towards the understan-
ding of their intergeneric chromosome homologies and
variability, karyotypic studies of the family have been
hindered by two major factors: 1) absence of documen-
ted homology of G-bands to a common evolutionary
origin that could potentially result in the grouping of
non-related taxa as members of monophyletic units and;
ntral Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/2.0), which permits unrestricted use,
, provided the original work is properly cited. The Creative Commons Public
mons.org/publicdomain/zero/1.0/) applies to the data made available in this

mailto:cibele.caio@ttu.edu
http://creativecommons.org/licenses/by/2.0
http://creativecommons.org/publicdomain/zero/1.0/


Sotero-Caio et al. BMC Evolutionary Biology 2013, 13:276 Page 2 of 12
http://www.biomedcentral.com/1471-2148/13/276
2) absence of a statistically supported phylogenetic tree
documenting intergeneric relationships to understand
the order and place of events that shaped the karyotypes
of current species [2,3].
Recent improvements in both molecular and cytogen-

etic techniques have addressed some of these difficulties.
Of these, chromosome painting is the method of choice
for reconstructing ancestral chromosomal associations
in comparative interspecific research. This is based on
the fact that homology is established mainly on the basis
of DNA content, rather than banding similarity alone
[4-8]. Additionally, the recent molecular phylogenies
based on DNA sequence data of both mitochondrial
and nuclear genes have provided greater support for
the evolutionary relationships of phyllostomid mono-
phyletic clades. This presents a unique opportunity to
map primitive and derived chromosomal character
states across different lineages in statistically sup-
ported trees [1,9-12].
Here, we made chromosome paints from flow-sorted

chromosomes of M. californicus (MCA, diploid and fun-
damental numbers: 2n = 40; FN = 60), subfamily Macro-
tinae, to assist in documenting the pattern of karyotypic
evolution during the phyllostomid radiation. We have
chosen M. californicus for generating chromosome-
specific painting probes based on the following reasons:
1) hypothetically it has a karyotype that differs by only
three centric fusions from the ancestral karyotype of
Phyllostomidae (M. waterhousii, MWA, 2n = 46; FN = 60)
[2,13]; 2) it has a significant number of acrocentric chro-
mosomes proposed as conserved chromosome arms in
other phyllostomid species [13] and; 3) the higher diploid
number can provide a larger number of probes, and thus
allows detailed comparisons.
In the present study, we have chosen the nectar-

feeding phyllostomids, a particularly notorious group in
terms of dietary adaptations and phylogenetic position,
to test the efficiency of MCA chromosomal probes as a
tool for identifying homologous regions among species
with highly rearranged karyotypes. Although historically
all nectar feeders were considered a monophyletic group
([14] and references therein), recent gene trees with
strong statistical support evidenced that the subfamily
Glossophaginae diverged from the basal clade first, fol-
lowed by an independent divergence from the basal
stock that gave rise to Lonchophyllinae and four other
subfamilies [9]. In addition to the molecular data, further
evidence for convergent origin of nectar feeding is do-
cumented from morphological analyses [9,10,15,16]. Pre-
vious data on classical G-banding have suggested that
chromosomal evolution within nectar-feeding phyllosto-
mids might reflect the diphyletic origin for Lonchophyl-
linae and Glossophaginae [17]. However, the frequent
occurrence of rearrangements other than Robertsonian
(Rb) fissions and fusions within the main lineages of
nectar-feeders has prevented an unambiguous identifica-
tion of banding homology among species with distinct
karyotypes [18].
Herein, we examined chromosomal homologies bet-

ween two representatives of the Glossophaginae (Glosso-
phaga soricina - GSO and Anoura cultrata - ACU) and
one species from the Lonchophyllinae (Lonchophylla con-
cava - LCO). Our goals were to find shared syntenic as-
sociations among the studied species, as well as to map
chromosome characters for the different nectar feeding
lineages and M. californicus on a DNA-based phyllosto-
mid tree [9]. Our cross-species painting results were pre-
sented using a phylogenetic approach for chromosome
changes, correlating cytogenetic and DNA sequence data.

Methods
Generation of Macrotus californicus (MCA) whole
chromosome paints
Five specimens of M. californicus were collected at
Picacho Peak Mine at the Picacho Peak State Park,
Pinal County, AZ. 32.655°N42°W, USA. The speci-
mens, including skeletal material, tissue samples, cell
lines, and chromosomal preparations were deposited
at the Natural Science Research Laboratory (NSRL) at
the Museum of Texas Tech University under the identifi-
cation codes TK163823 – TK163827. All specimens for
this study were collected in accordance with animal wel-
fare guidelines established by the Texas Tech University
Animal Care and Use Committee.
Primary cell lines from ear and lung biopsies of all

specimens were established at the Department of Biological
Sciences, Texas Tech University. The chromosomes
obtained from the cell line of a male specimen (TK165824)
were sorted on a MoFlo dual-laser cell sorter and iso-
lated according to size and base-pair composition
[16] at the Wellcome Trust Sanger Institute, UK. The
chromosome-specific probes were prepared and labeled
by degenerate oligonucleotide primed-PCR (DOP-PCR)
on individual flow-sorted chromosomes as previously
described [19,20].

In situ hybridizations
Cross-species chromosome painting was performed ac-
cording to Yang et al. [20] and Volleth et al. [4] with
slight modifications. Namely, generated probes were hy-
bridized onto in vivo bone marrow karyotypic prepara-
tions of G. soricina (2n = 32; FN = 60; TK101019, male),
A. cultrata (2n = 30; FN = 56; TK104201, male) and L.
concava (2n = 28; FN = 50; TK104582, male). Due to
the long storage time of the chromosome suspensions
(approximately 12 years), long denaturation time was
required for most of the slides (5–15 min, 70% for-
mamide/30% 2XSSC (v/v) at 75°C). The detections
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were performed using Cy3 or FITC-Streptavidin (1:500,
Amersham Biosciences) and Anti-Digoxigenin-Rhodamin,
Fab fragments (5:1000, Roche Applied Science), and the
chromosomes were counterstained with DAPI (4′,6-dia-
midino-2-phenylindole). No Y chromosome paint was
used in our cross-species hybridizations.

Data analysis
For the chromosomal identification of the flow-sorted
peaks, the generated probes were hybridized back to
MCA mitotic metaphases. Additionally, G-banding and
DAPI-banding techniques were performed to establish a
reference set of MCA chromosomes [21]. The banding
pattern provided by the counterstain DAPI during FISH
experiments in conjunction with the G-banding patterns
for each species were used to assign the hybridization
signals onto specific chromosomes of the studied taxa.
Our data were compared to previous findings derived
from chromosome painting and G-banding of GSO and
other nectarivorous bats [4,18,22,23]. Additionally, MCA,
ACU, and LCO chromosome segments were related back
to human chromosomes (HSA), using the homologies
proposed among GSO and HSA [23]. Finally, the shared
syntenic associations revealed by comparative chromo-
some painting were analyzed in a phylogenetic context by
observing their position relative to branches on the phylo-
genetic tree of Baker et al. [9] to better understand the
changes that have shaped chromosomal evolution among
nectarivorous bats. The images not depicted in the present
manuscript, including additional G-banded karyotypes
and in situ hybridizations with MCA specific probes, are
available upon request.

Results
Characterization of MCA painting probes
The 40 MCA chromosomes (standardized in Figure 1a)
were resolved into 21 peaks (Figure 1b). Seventeen peaks
each contained DNA from a single MCA chromosome,
whereas four peaks each comprised more than one type
of MCA chromosomes. For the latter, combined analysis
of probes (e.g. comparison of the signal detected by
chromosomes that were isolated in both, individual and
shared peaks) allowed us to identify the corresponding
MCA chromosome on the karyotypes of nectarivorous
bats. Additionally, preliminary hybridization results have
shown that MCA8 corresponds to chromosome 12 of
the vespertilionid bat Myotis myotis (MMY). We have
used MMY 12 probe [24], together with the isolated
peak of MCA13 to differentiate MCA chromosomes 8,
10, and 13, which were present in the same flow sorting
peak (Additional file 1: Figure S1). Some MCA chromo-
somes were sorted into different peaks due to differential
repetitive DNA content among homologous. This was
the case for MCA chromosomes 4, 14, 12, 13, and 16).
One particularity of MCA genome, evidenced by the
hybridizations of the generated paints back to MCA
karyotype, is the substantial amount of repetitive DNA
located at the telomeric regions of MCA chromosomes
(Figure 1c, Additional file 1: Figure S1). In experiments
with lower stringency or without the use of blocking
DNA, such as Cot-1, all MCA chromosome ends were
labeled, regardless of the chromosomal probe used. This
pattern was not recovered in hybridizations with MCA
probes onto the chromosomes of the nectarivorous bats
examined.
Hybridization of MCA painting probes onto metaphase
chromosomes of nectar-feeders
The hybridization results of MCA paints onto metaphase
chromosomes of the three studied species are summarized
in Figure 2, whereas examples of in situ hybridization im-
ages using MCA probes on the karyotypes of the nectar-
ivorous are shown in Figure 3. Each of the probes used
has detected at least one homologous chromosomal re-
gion in the karyotypes analyzed. The paint probes repre-
senting the 19 autosomes of MCA detected 24, 29, and 26
conserved chromosomal regions in GSO, ACU, and LCO,
respectively. As expected, the X chromosome appears as a
single conserved block in all four species.
Overall, the GSO karyotype was the most conserved

among the three species studied, displaying six intact
MCA autosomal pairs (MCA 4, 6, 7, 8, 15, and 16) and
one conserved block on the NOR-bearing smallest pair
(bi-armed GSO 15 but acrocentric MCA 19). Most of
GSO derived chromosomes are combinations of two dif-
ferent MCA chromosomal arms through the centro-
mere, except GSO 3, 8, and 12, which may be derived
from terminal chromosomal fusions (Figure 2a). In con-
trast, the karyotypes of ACU and LCO were highly de-
rived. ACU presented complete synteny of only four
MCA chromosomes (MCA 7, 8, 10, and 11), with a total
of four ACU chromosomes each corresponding to more
than two MCA chromosomes (ACU 1, 2, 5, and 6 –
Figure 2b); the remaining ACU chromosomes were each
homologous to two MCA chromosomes or chromo-
somal segments. The combined analysis of the whole
chromosome paints hybridizations with the assessment
of chromosome morphology and banding patterns indi-
cates that three of the four MCA conserved chromo-
somes have undergone inversion(s) or centromeric shifts
in ACU’s karyotype. Namely, MCA 7 is a submetacentric
element in contrast with the subtelocentric homolog
ACU 10, and the acrocentric MCA 10 and 11 appear
as metacentric chromosomes in the homologous ACU
8 and 11, respectively. LCO shares only two intact
autosome pairs with MCA (MCA 8 and 9) and pre-
sented four chromosome pairs each homologous to



Figure 1 Characterization of MCA whole chromosome paints: (a) Macrotus californicus G-banded karyotype; (b) flow cytometry peaks and
corresponding chromosomal pairs; (c) FISH of the generated probes (X in red, 16 in green) on MCA karyotype. The arrows point to two examples
of the telomeric repetitive DNA pattern revealed by the probes used. Note that this pattern is present in all chromosomes.
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more than two MCA chromosomes (LCO 1, 3, 5, and 8 –
Figure 2c).
A single MCA chromosome (MCA 8) appears con-

served in all three lineages, whereas an additional entire
MCA autosome was shared between GSO and ACU
(MCA 7) as a single block but with different morphology/
banding patterns (metacentric in GSO and subtelo-
centric in ACU). Our analysis revealed a single synte-
nic association shared among the three studied species
(MCA 13/3), two potential chromosome signatures uni-
ting ACU and GSO (MCA 9/17 and MCA 18/5) and one
syntenic association shared between LCO and ACU
(MCA 16/19). The mapping of these syntenic associa-
tions on the phylogenetic tree of phyllostomid bats
[9], together with proposed shared rearrangement be-
tween the three nectarivorous bats studied, is shown
in Figure 4. The karyotypic comparison among the
studied species and human (HSA) chromosome seg-
ments in light of the Evolutionarily Conserved Units
(ECUs) proposed by Volleth et al. [4] is summarized
in Table 1, where we propose the correspondence of
ECUs to chromosome segments of the phyllostomid
species studied herein.
Discussion
FISH with Macrotus californicus chromosome paints
In this study, M. californicus (MCA) chromosomal probes
were used to determine karyotypic homologies among
three nectar-feeding phyllostomid bats. The unusual pat-
tern of cross-hybridization to centromeric and telomeric
regions observed in the hybridizations of MCA probes on
MCA chromosomes did not interfere with the subsequent
cross-species chromosome painting. This, together with
the finding that hybridizations with telomeric (TTAGGG)
sequences as probes revealed telomere-only distribution
patterns on the chromosomes of M. californicus and M.
waterhousii, indicates that besides the conserved telomeric
sequences, the chromosome termini of MCA are com-
prised of large amount of repetitive DNA, which might be
unique to this species [25]. The rapid divergence of repeti-
tive sequences within phyllostomids is probably the main
contributing factor to the success of MCA probes in
cross-species painting [26].
Overall, our chromosome painting data show extensive

chromosomal reorganization among MCA and nectari-
vorous phyllostomids. Using MCA as the outgroup for
comparing the three nectarivorous species, we have been



Figure 2 (See legend on next page.)
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(See figure on previous page.)
Figure 2 MCA homologous chromosomal regions mapped on G-banded karyotypes of nectarivorous phyllostomid bats: (a) GSO;
(b) ACU; (c) LCO. * corresponds to conserved MCA chromosomes. In addition, homology to human chromosomes is indicated to the left of each
GSO pair (data from [23] and unpublished results). The following segments were detected recently: GSO 3qp: HSA 13; GSO 8qi: HSA 4; GSO 9qp:
HSA 8; GSO 13qt: HSA 19. The Y chromosome of ACU is derived from a different metaphase spread, and had its relative size corrected for the
image. G-banding images of GSO modified from Volleth et al. [23], Figure 1a, p. 59, with kind permission of Springer Science and Business Media.
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able to infer that the GSO karyotype has a higher num-
ber of shared intact chromosomes with MCA. Baker and
Bass [22] G-band analysis resulted in the identification
of five chromosomal pairs conserved between GSO and
M. waterhousii, which correspond to five out of the
six MCA/GSO conserved chromosomes detected in
this study (MWA 4/5 = GSO 7 =MCA 4; MWA 6/7 =
GSO 9 =MCA 6; MWA 15/16 =GSO 10 =MCA 7;
MWA 19/20 = GSO 11 =MCA 8; and MWA 25/26 =
Figure 3 Representative images of in situ hybridizations with Macrotu
metaphases. The painting probes used in GSO (a-c), ACU (d-f), and LC
each picture.
GSO 14 =MCA 15). Applying parsimony to our data,
and given the presence of the same intact chromosome
blocks in such distantly related species, we propose that
these chromosomes plus GSO 13 (= MCA 16) were
present in the common ancestor of phyllostomid bats, as
well as at the base of the clade comprising Glossopha-
ginae, Lonchophyllinae, and the other four subfamilies
that form a monophyletic group sister to the lonchophyl-
lines (i.e. Carolliinae, Glyphonycterinae, Rhinophyllinae,
s californicus (MCA) chromosome paints on nectarivorous
O (g-i) metaphases are indicated in pink in the lower corner of



Figure 4 Mapping of shared chromosomal rearrangements among the nectar feeders on the molecular phylogeny of Phyllostomidae.
The rearrangements were inferred using MCA karyotype as outgroup and are depicted in terms of MCA chromosome numbers. When a
rearrangement was present in all three nectar-feeding species analyzed, it was plotted at the node corresponding to their most recent common
ancestor. The rearrangements shared by ACU and GSO were plotted on the common ancestor of all glossophagines, whereas the rearrangements
shared between ACU and LCO not found in GSO were mapped at terminal nodes. GSO presents MCA 4, 16, and 19 as individual chromosomes
(similar condition as in MCA). In the case of chromosomes 13, 17 and 18, an acrocentric condition as in MCA was assumed for the last common
ancestor of the nectar feeders to deduce the chromosomal rearrangements. The phylogenetic relationships are based on the previous published
tree of Baker et al. [9]. For simplicity, we have omitted the sister genera for GSO and LCO.
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and Stenodermatinae). The presence of this high number
of conserved chromosomes at the base of each subfamilial
lineage suggests a conserved chromosomal landscape be-
fore the radiation of ecologically unique monophyletic
subfamilies. Increased rearrangement activity, however, is
observed in specific clades within each subfamily.
As an example of unique genomic reorganization, the

clade comprising Anoura underwent fixation of distinct
chromosomal rearrangements after splitting from the
glossophagine common ancestor. Although ACU shares
four chromosomes with MCA, the occurrence of sub-
stantial genomic reorganization can be exemplified by its
largest autosomal pair. The high variety of syntenic as-
sociations within this chromosome suggests that rear-
rangements such as inversions and tandem fusions, which
are expected to be highly deleterious to the production of
balanced gametes in meiosis, have achieved fixation dur-
ing the evolutionary history of this lineage. Additionally,
disruption of MCA chromosomes not observed for the
other studied species are common, such as MCA 9, 16,
and 18, that might have originated by Rb fissions or whole
arm translocations with subsequent fusions to form the
extant chromosome blocks (Figures 2 and 4). Interestingly,
banding comparison suggests that although the karyo-
types of all Anoura species are indistinguishable, karyo-
typic variation is observed among genera within its sister
clade, which comprises Hylonycteris (2n = 16; FN = 24),
Choeroniscus (2n = 19–20; FN = 32–36), Choeronycte-
ris (2n = 16; FN = 24–26), and Musonycteris (2n = 16;
FN = 22) [17,18,27]. Further cross-species chromosome
painting analyses among species in this clade would pro-
vide insights into the extent of variation within this com-
plex lineage.
The karyotype evolution of LCO has generated mul-

tiple chromosomal character states, most of which ap-
pear to be autapomorphic, and have not been found in
the karyotypes of MCA or glossophagines examined thus
far. The mapping of chromosome rearrangements on
the molecular phylogenetic tree of Phyllostomidae has
revealed that some rearrangements in LCO have also oc-
curred in ACU but not in GSO karyotypic evolution
(Figure 4). The chromosomes involved in these shared
rearrangements in ACU and LCO are present as individ-
ual chromosomes or single syntenic blocks in GSO and



Table 1 Chromosome homologies between M. californicus
(MCA), A. cultrata (ACU), L. concava (LCO), G. soricina
(GSO), and chiropteran ECUs

MCA ACU LCO GSO ECUs

1p 4qp 4p 6q 11a

1q 3q 3q 4q 5a:7b:16b*

2p 7 or 9 3 pt or 7q 6p 2b

2q 7 or 9 7q or 3pd 2q 6a

3p 5q or 2qd 5p 5p 10a

3q 2 qt or 5q 8q 3qd 3a-21^

4p 4qd or 13 6q or 12 7p 3b

4q 4qd or 13 6q or 12 7q 8a

5p 5p 13 12 qt 1c

5q 1 pp 2p 1p 4a:10b*

6p 3p or 2 pt 2qp 9p 17

6q 2 pt or 3p 2 qt 9q 4b:8:19b* (4-8^)

7 10 8p + 5 qt 10 18:20*

8 12 10 11 7a

9 1qi + 14 9 Inv 8p/qp 13a:8b-4c*#

10 8 bi-armed 1p 1q 14a-15a-14b-15b (14-15^)

11 11 bi-armed 1qp 5q 1a-6b *

12 1 pt 4q 2p 2a

13 2qp + 5qi 6p + 8qi 3p/qp 12a-22a^+13b #

14 1 qt 1 qt 4p 9

15 6qd 7p 14 1b

16 1qp + 6 pt 11p/qp 13 16a:19a^

17 1qi 5qp 8 qt 11b-22b-12b*

18 5qp + 6qp 3 pp 12p/qp 5b

19 6 pp 11 qt 15 15c

Evolutionarily conserved units (ECUs) proposed by Volleth et al. [4] as human
chromosomes syntenic associations building chiropteran karyotypes (last
column). Slash = connection with centromere (/); DASH = connection without
centromere (−); Colon = Both possibilities have been found (:). * = Chiroptera
specific; ^ = mammalian; a, b, c indicate different segments, “a” being the
largest. #=A small HSA13 homologous segment, i.e. 13b, was separated from
ECU13:8b-4c, resulting in 13a:8b-4c. Such arrangement has been frequently
found in Vespertilioniformes. p: short arm of a bi-armed chromosome; q: long
arm; p: proximal part; d distal part; t: terminal part; i: interstitial segment.
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MCA, which indicates that convergent rearrangements
might also have played a role in shaping the karyotypes
of extant phyllostomid bats.
The high number of chromosome rearrangements

leading to autapomorphic syntenic associations present
in ACU and LCO karyotypes presents an interesting
landscape to discuss the fixation of multiple chromo-
some rearrangements in specific mammalian lineages.
Historically, most of the models aiming to explain how
chromosome changes get established in natural popula-
tions were derived from theoretical work, and it has
been difficult to test if the proposed scenarios occur in
nature (see [28] for a review). Throughout the years, the
model of fixation of chromosome rearrangements due to
drift in small, inbreeding populations has been used to
explain the establishment of rearrangements accepted as
conferring disadvantages and reducing fertility in hetero-
zygous [29]. The weakness of this model to predict the
frequency of rearrangements in natural populations is
discussed in [30-32], and empirical datasets demonstrat-
ing the role of bottlenecks, small deme size, and in-
breeding as drivers of fixation of new chromosome
forms are scarce in the literature.
Recently, there has been a greater acceptance of the

suppression of recombination model of speciation [33,34].
This model postulates that chromosome rearrangements
can become fixed and serve as isolating barriers by the
accumulation of selectively advantageous mutations in
chromosomal regions protected from recombination by a
given rearrangement. This model circumvents the flaws in
the negative effects on meiosis in heterozygous for a given
rearrangement and presents the advantage of being test-
able in natural populations. There is growing evidence
from molecular data of positive selection of genes within
rearranged areas (e.g. human, Drosophila, Anopheles), and
actual examples of distinct phenotypic traits between pop-
ulations with different chromosomal forms in nature
[35,36]. Differential phenotypes due to suppression of re-
combination and selection for specific alleles within rear-
ranged areas might be a parsimonious way to achieve
karyotypes with multiple fixed rearrangements that in
other circumstances would be highly deleterious in the
heterozygous state and improbable to achieve fixation
even in populations subject to multiple bottlenecks.
Thus, the unique rearrangements presented by the nectar
feeders analyzed herein, especially the multiple autapo-
morphic syntenic associations of ACU and LCO, remain
candidates for adaptive rearrangements that facilitated dir-
ectional selection for a new niche. This is a theoretical
position and, like the drift in small populations model,
must be tested by empirical methods.

Evolutionarily conserved units (ECUs) in Phyllostomidae
According to Volleth et al. [4] the chiropteran karyo-
types can be reconstructed from 25 conserved chro-
mosomal blocks referred to as Evolutionarily Conserved
Units (ECUs). Our hybridization results for MCA probes
onto GSO chromosomes allowed us to try to relate the
karyotypes of the MCA, ACU, and LCO species back to
human (HSA) chromosome segments. For this, previous
chromosome homologies among GSO and HSA from
Volleth et al. [23] were integrated with data derived from
MCA paints on GSO karyotype. The last column of
Table 1 shows these ECUs as HSA chromosomal seg-
ments and their correspondence in MCA and nectar-
feeders. All ECUs identified by Volleth et al. [4] are
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present as entire chromosomes or chromosome arms in
MCA and GSO, which suggests that their karyotypes
were formed mainly by reshuffling of ECUs and not syn-
teny disruption. The karyotypes of ACU and LCO, on
the other hand, have shown synteny disruption for 4 and
2 ECUs, respectively, which is in agreement with the in-
tense karyotypic evolution displayed by the two genera.
Although tentative, the homology assignment among

the ECUs in MCA and nectar feeders through the inte-
gration of the painting results with the G-bands has re-
vealed conserved chromosome blocks for at least five
ECUs. Given the limited resolution of the nectar-feeder’s
G-bands due to the chromosome condensation of the
bone marrow preparations, our comparison was made
mainly by assessing the relative position of the darker
G-bands within each segment. Taking that into consider-
ation, we propose these syntenies (HSA 2a, 5a:7b:16b,
7a, 9, and 11a) were present in the most recent common
ancestor of all phyllostomid bats. Other ECUs seem to
be conserved (e.g. HSA 2b, 3b, 8a, 10a, and 12a-22a),
but further evaluation is needed. Overall, the integration
of the published GSO/HSA chromosome homology map
with the correspondent homologies among MCA, GSO,
ACU, and LCO only allows a glimpse of ECUs conserva-
tism in the phyllostomids analyzed (Table 1).
Interestingly, we observed two syntenic associations

that are potential chromosome synapomorphies for the
subfamily Glossophaginae (MCA 18/5 and 9/17, corre-
sponding to HSA 5b/1 and 13-8-4:11b-22b-12b, respect-
ively). Both HSA chromosomes 5 and 1 are proposed to
have been present in the ancestral eutherian karyotype
(AEK) as single syntenic blocks [7,37-39]. Murphy et al.
[40] have shown multiple breakpoints within the an-
cestral chromosome 1 among different mammalian or-
ders, whereas HSA 5 has been shown to be conserved in
xenarthrans but was involved in different rearrange-
ments across distant mammalian lineages. HSA 1/5 syn-
tenic associations have been reported as synapomorphic
conditions within a small number of monophyletic taxa:
it has been shown as a link between the Eulipotyphla
families Erinaceidae and Talpidae [41,42], and in Artio-
dactyla there are two syntenies including HSA 1 and 5
in pig and cow (HSA 1q/5q/19p and 1q/5pq) [42]. Con-
trastingly, an HSA 5q/1a/19q association has been re-
ported as an autapomorphy for the species Galago
moholi within the Lorisiformes [43]. In bats, the associ-
ation 5b/1c found in Glossophaga has been proposed to
be a characteristic feature within Phyllostomidae [4].
The finding that this association is not found in other
bats, including M. californicus, might be indicative of a
synapomorphy uniting the Glossophaginae (see Figure 4).
Alternatively, if M. waterhousii’s chromosome arm 14 is
homologous to GSO 12, as proposed by Volleth et al. [4],
this association would mark a chromosome signature for
the family, with disruption of this linkage group in MCA
appearing after its divergence from MWA. Further studies
with other phyllostomids as well as phyllostomid sister
groups are required to reject either of these alternative
hypotheses.
We have identified a second potential synapomorphy

for the subfamily Glossophaginae, MCA 9/17, which is
the putative association of HSA 4c:11b from the ECUs
13-8b-4c and 11b-22b-12b. In GSO, the synteny seems
to be formed by a fusion of the acrocentric element
MCA 17 to the terminal portion of the short arm of the
MCA 9. However, although the association of MCA
9/17 in ACU 1q seems to correspond to GSO 8q, it
could also have been formed independently among
the two species, or constitute a plesiomorphic charac-
ter with a derived state in MCA. Therefore, a defini-
tive assessment of this syntenic association will only
be possible after chromosome painting with HSA probes
is performed on MCA and ACU karyotype, and after
further comparative analysis with other phyllostomids
and outgroups.

The application of MCA whole chromosome paint probes
to Phyllostomidae chromosome evolution studies
A recent finding with major implications from a cyto-
genetic standpoint is the proposed position of the two
species of Macrotus (in a new subfamily, Macrotinae) as
the basal clade for the family Phyllostomidae in all trees
derived from molecular data [1,9-12]. Interestingly, pre-
vious cladistic cytogenetic studies using G-bands as
characters propose the karyotype of Macrotus waterhousii
(MWA, 2n = 46; FN = 60) as the ancestral for the family
[13]. Although the hypothesis of retention of primitive
character states by Macrotus can only be tested when
proper comparative chromosome painting analysis is per-
formed between Macrotus and phyllostomid outgroups,
we propose plesiomorphic chromosomes for the family,
based on their presence in MCA’, and at least one of the
nectar feeders studied. The differences involving these
syntenic blocks among nectarivorous studied herein are
presented on Table 1.
The karyotypic variability of the nectar-feeding phyl-

lostomids presented herein is a further example of
chromosome painting as a powerful technique for the
identification of homologous chromosome regions, in
comparison to classical banding [19,20]. G-band analy-
ses of nectar-feeding species with identical karyotypes,
such as the glossophagine clade comprising Glossophaga,
Monophyllus, Phyllonycteris, Erophylla, and Brachyphylla,
have been accurate enough to support the grouping
of these five monophyletic lineages despite of their
considerable morphological variation [22]. In contrast,
similar analyses of nectar feeders with highly rearranged
karyotypes, such as the identification of chromosomal
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homologies among Anoura caudifer and Glossophaga
soricina), resulted in no more than two recognizable
syntenic associations. This lack of resolution of G-banding
in cases of substantial chromosomal reorganization, such
as the nectar feeders studied herein, makes it inadequate
for the use of chromosome information as phylogenetic
characters to understand classification [18].
Although G-banding data have provided insights into

the paraphyly of nectarivorous phyllostomids [17,18], the
identification of shared syntenic associations through
chromosome painting, which can be used as markers for
a cladistic analysis, will be of fundamental importance in
linking chromosomal data with phylogenies generated by
different datasets. Considering each identified syntenic
association as a character, our results would provide at
least nine characters that could be used in cladistic stud-
ies of phyllostomid evolution. Pieczarka et al. [8] and
Sotero-Caio et al. [44] provide the first attempts to use
chromosome painting syntenies in a cladistic framework
to test intergeneric relationships within Phyllostomidae.
The integration of data from MCA chromosome paints
with those from Carollia brevicauda and Phyllostomus
hastatus [5] promises to provide enough information to
generate a complete classification of Phyllostomidae
through chromosome data in the near future.
Rapid diversification rates and extreme morphological

and ecological variability in phyllostomids are coupled
with high rates of chromosomal change, which makes
them an ideal model system to study the roles of chromo-
somal rearrangements in speciation and morphological/
ecological variation [2,12,45]. Chromosomal change infor-
mation in the mammalian family with the widest range of
adaptations for distinct dietary strategies is key to under-
standing karyotypic evolution processes and the role of
chromosomes in diversification. The use of MCA probes
to define regions of chromosomal homology among spe-
cies will significantly contribute to genomic resources for
the bat research community, as well as studies on evolu-
tion of chromosomes and their contribution to diversity
and adaptation of mammals.

Conclusions
Our data have shown that a large number of chromo-
some rearrangements is responsible for the observed
variation among the karyotypes of Glossophaga soricina,
Anoura cultrata (Glossophaginae) and Lonchophylla
concava (Lonchophyllinae). The syntenic association
analysis suggests that the karyotypic evolution of nectar-
feeders was marked not only by reshuffling of chirop-
teran Evolutionarily Conserved Units (ECUs) through
Robertsonian rearrangements, but also by less com-
mon rearrangements that might play a key role in
genome reorganization within the family. Therefore,
further application of M. californicus chromosome paints
in comparative cytogenetics of Phyllostomidae will help
the understanding of chromosomal evolution patterns
among phyllostomid bats and will help elucidate the role
of karyotypic change as a possible source of phenotypic
variation within the family.
Additional file

Additional file 1: Figure S1. Identification of Macrotus californicus
(MCA) chromosomes 7–14 using multicolor FISH on MCA karyotype (a),
and identification of MCA 8 on chromosomes of nectar-feeding
phyllostomids using Myotis myotis (MMY) chromosome 12 probe (b-d). In
(a), the multicolor FISH of MCA flow sorted peaks shows two examples of
probes comprising more than one MCA chromosome pair (MCA 8/10/13
and MCA 9/12 in blue and in yellow, respectively). To distinguish between
these chromosomes on the three nectarivorous bats analyzed, we used
MCA chromosome-specific probes corresponding to MCA 13 and 12 (data
not shown), together with MMY 12 = MCA 8. Examples of hybridizations
using MMY 12 as a probe are shown for Glossophaga soricina (b), Anoura
cultrata (c), and Lonchophylla concava (d). The white signals on the
telomeres of MCA chromosomes in (a) derive from the cross-hybridization
of shared repeats among different chromosomes, a unique characteristic of
MCA genome.

Abbreviations
2n: Diploid number; 2XSSC: Saline-sodium citrate buffer; ACU: Anoura
cultrata; DAPI: 4′,6-diamidino-2-phenylindole; DOP-PCR: Degenerate
oligonucleotide primed polymerase chain reaction; EAK: Eutherian ancestral
karyotype; ECU: Evolutionarily Conserved Unit; FN: Fundamental number of
autosomal arms; GSO: Glossophaga soricina; HSA: Homo sapiens;
MCA: Macrotus californicus; MMY: Myotis myotis; MWA: Macrotus waterhousii.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
CGSC conducted the field work to obtain the MCA biopsies, carried out the
establishment of cell lines, FISH experiments, performed the analysis and
interpretation of data, and drafted the manuscript. MV helped with the FISH
experiments, analysis and interpretation of data, and drafting of manuscript.
LSG supervised the establishment of MCA cell lines, helped with the tissue
culture work and with drafting of manuscript. BF performed tissue culture
work and FISH on MCA karyotype. WC carried out the acquisition of the flow
sorting data. BLN supervised the flow sorting work, helping with critical
optimization of sorting protocols. FY participated in the design of the study,
acquisition and interpretation of data and drafting of manuscript. RJB
conceived the study, participated in its design and coordination, conducted
the field work to collect all samples, helped in the interpretation of data and
with drafting of manuscript. All authors read and approved the manuscript.

Acknowledgements
We are thankful to the Department of Biological Sciences, Texas Tech
University; Field work funded by James Sowell; CGSC was partially funded by
the Grants in Aid of Texas Tech Association of Biologists. FY, BF, NBL and WC
are supported by Wellcome Trust (WT098051). We thank the editor and two
anonymous reviewers for their constructive comments, which significantly
helped the improvement of the manuscript.

Author details
1Department of Biological Sciences, Texas Tech University, Lubbock,
TX 79409, USA. 2Department of Human Genetics, Otto-von-Guericke
University, Magdeburg, Germany. 3The Wellcome Trust Sanger Institute,
Wellcome Trust Genome Campus, Cambridge, UK.

Received: 24 September 2013 Accepted: 19 December 2013
Published: 26 December 2013

http://www.biomedcentral.com/content/supplementary/1471-2148-13-276-S1.jpeg


Sotero-Caio et al. BMC Evolutionary Biology 2013, 13:276 Page 11 of 12
http://www.biomedcentral.com/1471-2148/13/276
References
1. Baker RJ, Bininda-Emonds ORP, Mantilla-Meluk H, Porter CA, Van Den

Bussche RA: Molecular Timescale of Diversification of Feeding Strategy
and Morphology in new World Leaf-Nosed Bats (Phyllostomidae): a
Phylogenetic Perspective. In Evolutionary History of Bats: Fossils, Molecules
and Morphology. Edited by Gunnell GF, Simmons NB. Cambridge: Studies in
Molecules and Morphology–New Evolutionary Paradigms: Cambridge
University Press; 2012:385–409.

2. Baker RJ, Bickham JW: Karyotypic evolution in bats: evidence of extensive
and conservative chromosomal evolution in closely related taxa.
Syst Zool 1980, 29(3):239–253.

3. Volleth M, Eick G: Chromosome evolution in bats as revealed by FISH: the
ongoing search for the ancestral chiropteran karyotype. Cytogenet
Genome Res 2012, 137(2–4):165–173.

4. Volleth M, Heller K-G, Pfeiffer RA, Hameister H: A comparative ZOO-FISH
analysis in bats elucidates the phylogenetic relationships between
Megachiroptera and five microchiropteran families. Chromosome Res
2002, 10(6):477–497.

5. Pieczarka JC, Nagamachi CY, O’Brien PC, Yang F, Rens W, Barros RMS,
Noronha RC, Rissino J, de Oliveira EH, Ferguson-Smith MA: Reciprocal
chromosome painting between two South American bats: Carollia
brevicauda and Phyllostomus hastatus (Phyllostomidae, Chiroptera).
Chromosome Res 2005, 13(4):339–347.

6. Noronha RC, Nagamachi CY, O’Brien PC, Ferguson-Smith MA, Pieczarka JC:
Meiotic analysis of XX/XY and neo-XX/XY sex chromosomes in
Phyllostomidae by cross-species chromosome painting revealing a
common chromosome 15-XY rearrangement in Stenodermatinae.
Chromosome Res 2010, 18(6):667–676.

7. Graphodatsky A, Ferguson-Smith MA, Stanyon R: A short introduction to
cytogenetic studies in mammals with reference to the present volume.
Cytogenet Genome Res 2012, 137(2–4):83–96.

8. Pieczarka JC, Gomes AJ, Nagamachi CY, Rocha DC, Rissino JD, O’Brien PC,
Yang F, Ferguson-Smith MA: A phylogenetic analysis using multidirec-
tional chromosome painting of three species (Uroderma magnirostrum,
U. bilobatum and Artibeus obscurus) of subfamily Stenodermatinae
(Chiroptera-Phyllostomidae). Chromosome Res 2013, 21(4):383–392.

9. Baker RJ, Hoofer SR, Porter CA, Van Den Bussche RA: Diversification
among New World leaf-nosed bats: An evolutionary hypothesis and
classification inferred from digenomic congruence of DNA sequence.
Occas Papers Mus Texas Tech Univ 2003, 230:1–32.

10. Datzmann T, von Helversen O, Mayer F: Evolution of nectarivory in
phyllostomid bats (Phyllostomidae Gray, 1825, Chiroptera: Mammalia).
BMC Evol Biol 2010, 10(1):165.

11. Dumont ER, Dávalos LM, Goldberg A, Santana SE, Rex K, Voigt CC:
Morphological innovation, diversification and invasion of a new adaptive
zone. Proc R Soc Lond B Biol Sci 2012, 279(1734):1797–1805.

12. Rojas D, Vale A, Ferrero V, Navarro L: When did plants become important
to leaf-nosed bats? Diversification of feeding habits in the family
Phyllostomidae. Mol Ecol 2011, 20(10):2217–2228.

13. Patton JC, Baker RJ: Chromosomal homology and evolution of
phyllostomatoid bats. Syst Zool 1978, 27(4):449–462.

14. Wetterer AL, Rockman MV, Simmons NB: Phylogeny of phyllostomid bats
(Mammalia: Chiroptera): data from diverse morphological systems, sex
chromosomes, and restriction sites. Bull Am Mus Nat Hist 2000, 248:1–200.

15. Griffiths TA: Systematics of the New World nectar-feeding bats
(Mammalia, Phyllostomidae), based on the morphology of the hyoid and
lingual regions. Am Mus Novit 1982, 2742:1–45.

16. Yang F, Trifonov V, Ng BL, Kosyakova N, Carter NP: Generation of Paint
Probes by Flow-Sorted and Microdissected Chromosomes. In Fluorescence
In Situ Hybridization (FISH)—Application Guide. 1st edition. Edited by Liehr T.
Berlin Heidelberg: Springer; 2009:35–52.

17. Ribeiro NAB, Nagamachi CY, Pieczarka JC, Rissino JD, Neves ACB, Gonçalves
ACO, Marques-Aguiar S, Assis MFL, Barros RMS: Cytogenetic analysis in
species of the Subfamily Glossophaginae (Phyllostomidae, Chiroptera)
supports a polyphyletic origin. Caryologia 2003, 56(1):85–96.

18. Haiduk MW, Baker RJ: Cladistical analysis of G-banded chromosomes of
nectar feeding bats (Glossophaginae: Phyllostomidae). Syst Zool 1982,
31(3):252–265.

19. Telenius H, Carter NP, Bebb CE, Nordenskjöld M, Ponder BAJ, Tunnacliffe A:
Degenerate oligonucleotide-primed PCR: general amplification of target
DNA by a single degenerate primer. Genomics 1992, 13(3):718–725.
20. Yang F, Carter NP, Shi L, Ferguson-Smith MA: A comparative study of
karyotypes of muntjacs by chromosome painting. Chromosoma 1995,
103(9):642–652.

21. Seabright M: A rapid banding technique for human chromosomes. Lancet
1971, 298(7731):971–972.

22. Baker RJ, Bass RA: Evolutionary relationship of the Brachyphyllinae to the
glossophagine genera Glossophaga and Monophyllus. J Mammal 1979,
60(2):364–372.

23. Volleth M, Klett C, Kollak A, Dixkens C, Winter Y, Just W, Vogel W, Hameister
H: ZOO-FISH analysis in a species of the order Chiroptera: Glossophaga
soricina (Phyllostomidae). Chromosome Res 1999, 7(1):57–64.

24. Ao L, Gu X, Feng Q, Wang J, O’Brien PCM, Fu B, Mao X, Su W, Wang Y,
Volleth M: Karyotype relationships of six bat species (Chiroptera,
Vespertilionidae) from China revealed by chromosome painting and
G-banding comparison. Cytogenet Genome Res 2006, 115(2):145–153.

25. Meyne J, Baker RJ, Hobart HH, Hsu TC, Ryder OA, Ward OG, Wiley JE,
Wurster-Hill DH, Yates TL, Moyzis RK: Distribution of non-telomeric sites
of the (TTAGGG) n telomeric sequence in vertebrate chromosomes.
Chromosoma 1990, 99(1):3–10.

26. Baker RJ, Longmire JL, Maltbie M, Hamilton MJ, Van Den Bussche RA: DNA
synapomorphies for a variety of taxonomic levels from a cosmid
library from the New World bat Macrotus waterhousii. Syst Biol 1997,
46(4):579–589.

27. Baker RJ: Karyology. In Biology of bats of the New World family
Phyllostomatidae Part III. Edited by Baker RJ, Jones JK, Carter DC. Lubbock:
Special Publications, The Museum, Texas Tech University; 1979:107–155.

28. Faria R, Navarro A: Chromosomal speciation revisited: rearranging theory
with pieces of evidence. Trends Ecol Evol 2010, 25(11):660–669.

29. Wright S: On the probability of fixation of reciprocal translocations.
Amer Nat 1941, 75:513–522.

30. Chesser RK, Baker RJ: On factors affecting the fixation of chromosomal
rearrangements and neutral genes: computer simulations. Evolution 1986,
40(3):625–632.

31. Baker RJ, Qumsiyeh MB, Rautenbach IL: Evidence for eight tandem
and five centric fusions in the evolution of the karyotype of
Aethomys namaquensis A. Smith (Rodentia: Muridae). Genetica 1988,
76(3):161–169.

32. Sites JW Jr, Chesser RK, Baker RJ: Population genetic structure and the
fixation of chromosomal rearrangements in Sceloporus grammicus
(Sauria, Iguanidae): a computer simulation study. Copeia 1988,
4:1043–1053.

33. Coluzzi M: Spatial Distribution of Chromosomal Inversions and Speciation
in Anopheline Mosquitoes. In Mechanisms of Speciation. Edited by Liss BC:
AR. ; 1982:143–153.

34. Ayala FJ, Coluzzi M: Chromosome speciation: humans, Drosophila, and
mosquitoes. Proc Natl Acad Sci USA 2005, 102(Suppl 1):6535–6542.

35. Lowry DB, Willis JH: A widespread chromosomal inversion polymorphism
contributes to a major life-history transition, local adaptation, and
reproductive isolation. PLoS Biol 2010, 8(9):e1000500.

36. Wang J, Wurm Y, Nipitwattanaphon M, Riba-Grognuz O, Huang Y-C,
Shoemaker D, Keller L: A Y-like social chromosome causes alternative
colony organization in fire ants. Nature 2013, 493(7434):664–668.

37. Murphy WJ, Stanyon R, O’Brien SJ: Evolution of mammalian genome
organization inferred from comparative gene mapping. Genome Biol
2001, 2(6):1–8.

38. Richard F, Lombard M, Dutrillaux B: Reconstruction of the ancestral
karyotype of eutherian mammals. Chromosome Res 2003, 11(6):605–618.

39. Yang F, Alkalaeva EZ, Perelman PL, Pardini AT, Harrison WR, O’Brien PCM,
Fu B, Graphodatsky AS, Ferguson-Smith MA, Robinson TJ: Reciprocal
chromosome painting among human, aardvark, and elephant
(superorder Afrotheria) reveals the likely eutherian ancestral karyotype.
Proc Natl Acad Sci USA 2003, 100(3):1062–1066.

40. Murphy WJ, Frönicke L, O'Brien SJ, Stanyon R: The origin of human
chromosome 1 and its homologs in placental mammals. Genome Res
2003, 13(8):1880–1888.

41. Yang F, Graphodatsky AS, Li T, Fu B, Dobigny G, Wang J, Perelman PL,
Serdukova NA, Su W, O’Brien PCM: Comparative genome maps of
the pangolin, hedgehog, sloth, anteater and human revealed by
cross-species chromosome painting: further insight into the ancestral
karyotype and genome evolution of eutherian mammals.
Chromosome Res 2006, 14(3):283–296.



Sotero-Caio et al. BMC Evolutionary Biology 2013, 13:276 Page 12 of 12
http://www.biomedcentral.com/1471-2148/13/276
42. Biltueva L, Vorobieva N: Chromosome Evolution in Eulipotyphla. Cytogenet
Genome Res 2012, 137(2–4):154–164.

43. Nie W: Molecular cytogenetic studies in Strepsirrhine primates, Dermoptera
and Scandentia. Cytogenet Genome Res 2012, 137(2–4):246–258.

44. Sotero-Caio CG, Pieczarka JC, Nagamachi CY, Gomes AJB, Lira TC, O’Brien PCM,
Ferguson-Smith MA, Souza MJ, Santos N: Chromosomal homologies among
vampire bats revealed by chromosome painting (Phyllostomidae,
Chiroptera). Cytogenet Genome Res 2010, 132(3):156–164.

45. Bickham JW, Baker RJ: Canalization model of chromosomal evolution.
Bull Carnegie Mus Nat Hist 1979, 13:70–84.

doi:10.1186/1471-2148-13-276
Cite this article as: Sotero-Caio et al.: Chromosomal evolution among
leaf-nosed nectarivorous bats – evidence from cross-species
chromosome painting (Phyllostomidae, Chiroptera). BMC Evolutionary Biology
2013 13:276.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Generation of Macrotus californicus (MCA) whole chromosome paints
	In situ hybridizations
	Data analysis

	Results
	Characterization of MCA painting probes
	Hybridization of MCA painting probes onto metaphase chromosomes of nectar-feeders

	Discussion
	FISH with Macrotus californicus chromosome paints
	Evolutionarily conserved units (ECUs) in Phyllostomidae
	The application of MCA whole chromosome paint probes to Phyllostomidae chromosome evolution studies

	Conclusions
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

