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Abstract

The leaf-nosedbats (Phyllostomidae) areoutliers amongchiropteranswith respect to theunusually highdiversity ofdietary strategies

within the family. Salivary glands, owing to their functions and high ultrastructural variability among lineages, are proposed to have

played an important role during the phyllostomid radiation. To identify genes underlying salivary gland functional diversification, we

sequenced submandibular gland transcriptomes from phyllostomid species representative of divergent dietary strategies. From the

assembled transcriptomes, we performed an array of selection tests and gene expression analyses to identify signatures of adap-

tation. Overall, we identified an enrichment of immunity-related gene ontology terms among 53 genes evolving under positive

selection. Lineage-specific selection tests revealed several endomembrane system genes under selection in the vampire bat. Many

genes that respond to insulin were under selection and differentially expressed genes pointed to modifications of amino acid

synthesis pathways in plant-visitors. Results indicate salivary glands have diversified in various ways across a functional diverse clade

of mammals in response to niche specializations.
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Introduction

Bats (Order Chiroptera) make up 20% of mammalian diversity

and several groups have been alluded to as examples of ex-

treme phenotypic and genomic changes leading to species

diversity (Ray et al. 2006; Pritham and Feschotte 2007;

Dumont et al. 2012; Hayden et al. 2014; Platt et al. 2014;

Phillips and Baker 2015; Sotero-Caio et al. 2015). In particular,

the leaf-nosed bats (Phyllostomidae) include>200 extant spe-

cies, representing the most ecologically diverse mammal fam-

ily with their wide range of dietary strategies practiced (Baker

et al. 2016; Cirranello et al. 2016). Morphometric and
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evolutionary models suggest the ecological and phenotypic

diversity among lineages and species are associated with

strong selection on dietary specialization features (Monteiro

and Nogueira 2011; Rojas et al. 2011; Dumont et al. 2012;

Rossoni et al. 2017; Hedrick et al. 2019).

Bats exhibit several characteristics rendering them interest-

ing to examine, most obviously their ability to fly and echolo-

cate. Furthermore, bats act as vectors for zoonotic diseases

including SARS coronavirus, Ebola, Nipah virus, and rabies

(Calisher et al. 2006; Smith and Wang 2013; Olival et al.

2017). A lesser examined characteristic thought to be directly

linked to their dietary multiplicity and adaptation is the ana-

tomical diversity of their salivary glands (Phillips et al. 1998;

Tandler et al. 2001). In mammals, there are typically three

major pairs of salivary glands: the submandibular, parotid,

and sublingual glands, and all use intracellular processes

that involve the synthesis, modification, packaging, and se-

cretion of proteins in membrane-bound granules. These

glands are considered part of the digestive system as they

secrete digestive enzymes, however, their products perform

additional functions including antimicrobial resistance and

biochemical communication (Dobrosielski-Vergona 1993;

Talley et al. 2001; Bloss et al. 2002; Safi and Kerth 2003;

Vandewege et al. 2013).

Tandler and Phillips (1998) have shown that among 55

species of bats, secretory products were correlated with diet,

especially in insectivorous species. Further, Phillips et al. (2014)

found evidence that salivary glands play a role in lipid metab-

olism in Myotis lucifugus. Because of this wide variation and

their direct link to immunity, diet, and reproduction, subman-

dibular glands (SMGs) and their products are hypothesized to

play an important role in the adaptive radiation of mammals

(Phillips and Tandler 1996).

Linking genetic variation and gene products to selection

and adaptation is still a challenge in evolutionary biology.

More recently, the implementation of next-generation se-

quencing has facilitated the search for signatures of adapta-

tion through DNA and/or RNA comparative analyses. Indeed,

sequencing transcriptomes offers an in-depth, data-rich

method to identify selective pressures that have influenced

the evolution of tissue-specific genes. Of interest are genes

that have undergone positive selection to adapt physiological,

immunological, and ecological processes to new environ-

ments (Daugherty and Malik 2012; Hawkins et al. 2019).

Selection analyses among bat genes have generally been

limited to few species for specific purposes (Shen et al. 2010;

ZhaNg et al. 2013). Hawkins et al. (2019) analyzed orthologs

from 18 different bat genomes and transcriptomes and found

most genes under selection were related to immunity and

collagen production. Here, Phyllostomidae was examined spe-

cifically because of their extensive and relatively rapid radia-

tion to new feeding strategies. We sequenced the SMG

transcriptomes of nine phyllostomid bats representing differ-

ent subfamilies and different diets, and through analysis of

orthologs characterized how selection on coding sequence

and expression differences have shaped SMGs.

Materials and Methods

Nine species from seven out of the 11 recognized subfamilies

were chosen to maximize representation of the phylogenetic

and dietary diversity of Phyllostomidae (fig. 1). We also in-

cluded two insectivorous bats, M. lucifugus from

Vespertilionidae and Pteronotus parnellii from

Mormoopidae, as outgroups. Tissues were extracted and fro-

zen in liquid nitrogen within 5 min after euthanasia.

Additional details from tissue loans provided by the Natural

Science Research Laboratory (NSRL) of the Museum of Texas

Tech University can be found in supplementary table S1,

Supplementary Material online.

RNA Isolation, Sequencing, and Assembly

RNA was extracted from SMGs of each bat using Trizol

(Invitrogen, Carlsbad, CA, USA) following manufacturer pro-

tocols. Oligo-dT magnetic beads were used to enrich for

mRNA strands with poly-A tails and a strand-specific paired-

end cDNA library was prepared using a ScriptSeq kit

(Epicentre, Madison WI USA). Libraries were sequenced on

Illumina platform (see supplementary table S1,

Supplementary Material online). For each species, paired-

end reads were filtered for quality using Trimmomatic 0.36

(Bolger et al. 2014) with the parameters LEADING:20

TRAILING:20 SLIDINGWINDOW:1:30 MINLEN:75

(MINLEN:50 was used for Desmodus rotundus), and de

novo transcript assemblies were constructed from clean

read pairs with Trinity v2.7 (Grabherr et al. 2011) using default

settings.

Gene Discovery and Annotation

Putative open reading frames and translated peptide sequen-

ces were identified using TransDecoder (Haas et al. 2013) and

the resulting peptide sequences were processed through the

Trinotate pipeline to identify functional properties and Gene

Ontology (GO) annotations associated with biological pro-

cesses, molecular functions, and cellular components. To

summarize, peptide sequences were queried against the

SwissProt database (Dimmer et al. 2012) using BlastP

(Altschul et al. 1997) and the Pfam (Finn et al. 2010) database

using hmmer 3.2.1 (Eddy 2011). Peptides were also scanned

for a signal peptide using signalP (Petersen et al. 2011), and

transmembrane domains using tmhmm 2.0 (Krogh et al.

2001).

Orthology Clustering

Orthology assignment is still a major challenge in bioinformat-

ics and evolutionary biology. Here, we developed a process to

Vandewege et al. GBE

1420 Genome Biol. Evol. 12(8):1419–1428 doi:10.1093/gbe/evaa151 Advance Access publication 22 July 2020



filter out similar transcripts produced by Trinity. The first step

was to assume similar sequences would have similar Trinotate

annotations. We parsed the Trinotate output to identify the

best sequence representative for each unique SwissProt an-

notation. To choose the best gene representative among mul-

tiple coding sequences (CDSs) with the same SwissProt

annotation, we multiplied the length of the CDS to the per-

cent identity of the SwissProt hit. This metric correlated with E

value, but effectively acted as a bit score when E values were

identical. The CDS with the highest metric was chosen to

represent the annotation. If a CDS did not have a SwissProt

annotation, it was removed. We then ran combined best

sequences from all species, and ran this data set through

the OrthoMCL (Li et al. 2003) pipeline to identify orthologous

groups. Only single gene ortholog groups were used in down-

stream selection tests.

Poor ortholog assignment can influence sequence relation-

ships in a phylogeny, and because the relationships among

phyllostomids are robust, a reasonable test of ortholog assign-

ment would be to reconstruct a phylogenetic tree and deter-

mine if the resulting tree reflects previously described

relationships. Therefore, we reconstructed a phylogenetic

tree from 500 randomly sampled single gene orthologs

shared among all 11 individuals. Each orthologous group

was translated, aligned using LINSi parameters in MAFFT

(Katoh and Standley 2013) and reverse translated to construct

a codon alignment. Resulting alignments were concatenated

and we used RAxML (Stamatakis 2014) to find the best tree

from the unpartitioned data set using the ML and rapid boot-

strapping algorithm, a GTRGAMMA model of nucleotide sub-

stitution, and 100 bootstrap replicates.

Identifying Genes under Selection

Single gene orthologous groups that were found in seven or

more phyllostomids were tested for evidence of selection

using the maximum likelihood approach described by

Goldman and Yang (1994). Codon alignments were con-

structed as above and the best tree for each gene was esti-

mated using RAxML. We used CODEML in PAML (Yang 2007)

to estimate the role of selection on gene evolution by com-

paring the rate of nonsynonymous substitution per nonsynon-

ymous site (dN) to the rate of synonymous substitution per

synonymous site (dS). The dN/dS ratio can be used as a sensi-

tive measure of selective pressure; however, in most cases, the

overall dN/dS is <1 and only a few amino acid sites are evolv-

ing quickly. Therefore, to determine whether a gene was

evolving adaptively, we calculated the likelihood of models

that allow dN/dS to vary among codon sites (M1a, M2a,

M7, and M8). For all genes, we used likelihood ratio tests

(LRTs) to compare nested models that allow and disallow co-

don site dN/dS to be>1 (M2a v M1a, M8 v M7), and to test for

significant differences between nested models (Yang 1998). If

both models that allow dN/dS rates to be >1 (M2a and M8)

were significantly better fits to the data (LRT, P< 0.05), we

inferred these genes were evolving under positive selection.

We performed a false discovery rate (FDR) correction on the P

values resulting from the M2a v M1a and M7 v M8 LRTs. FDRs

were estimated using the qvalue function in the “qvalue” R

module (Storey and Tibshirani 2003; Storey 2020).

We also conducted branch-site selection tests in CODEML

(Yang and Nielsen 2002; Zhang et al. 2005) for ortholog

groups that were present among all 11 species. Alignments

were constructed as previously described, but we used the

species tree generated above (fig. 1). The branch-site test for

positive selection divides branches of a phylogenetic tree into

foreground and background branches. The null model (Model

A) restricts positive selection among codons in both fore-

ground and background branches. The alternative (Model

B) allows positive selection to occur among codon in fore-

ground branches. Likelihoods between Model A and Model

B were compared using a LRT. The FDR was also estimated

FIG. 1.—Maximum likelihood phylogenetic tree constructed from 500 randomly sampled genes demonstrating sampled species relationships and

general dietary strategies. Node support was derived from 100 bootstrap replicates.
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from the distribution of P values. We conducted independent

branch-site tests where the D. rotundus branch was the fore-

ground, a second test with Trachops cirrhosus as foreground,

and a third test that included the entire plant-visitors clade as

foreground (fig. 1).

Gene Expression

We mapped quality filtered paired-end RNAseq reads back to

reference sequences using Bowtie 1.2.2 (Langmead et al.

2009) and default parameters of RSEM (Li and Dewey

2011). Only ortholog groups that were present in four or

more species were present in reference sequences.

Ortholog groups with <10 mapped reads across all 11 sam-

ples were removed prior to analyses. Normalization of raw

read counts was performed using the estimateSizeFactors

and estimateDispersions functions in DESeq2 v1.26 (Love

et al. 2014). Patterns of species variation in expression levels

were assessed by performing a phylogenetically corrected

PCA using the phytools R package (Revell 2012) based on

the blind variance stabilizing transformed data. We also con-

ducted a differential expression analysis from the normalized

count data between plant-visitors versus others (see fig. 1)

and determined statistical significance when the adjusted P

value was < 0.1. We repeated this analysis examining only

nectarivores.

Functional Analyses

For all single gene orthologs tested for selection, we counted

the number of reoccurring GO terms. We then used the GO

term proportion to summarize the general function of genes

tested in the SMGs of phyllostomids using REVIGO (Supek

et al. 2011), which nests redundant and similar terms from

long GO term lists by semantic clustering. We repeated the

same analysis using GO terms described from orthologs under

positive selection. To test for GO term enrichment for the

genes under selection, PANTHER (Mi et al. 2016) was applied

to identify statistically overrepresented GO terms from the list

of genes under positive selection using the genes tested as the

reference list. We used the Fisher’s exact test and applied the

FDR correction and statistical significance was determined be-

low an adjusted P value <0.05. We estimated whether a

protein was membrane bound, a receptor, immune related,

or secreted by searching for specific GO terms. If “secretion,”

“extracellular space,” or “extracellular region” was present

among GO terms, we annotated the gene as secreted. If

“immune,” “defense,” or “antimicrobial” was present, the

gene was annotated as an immune. If “membrane” was pre-

sent we called the gene membrane bound and if “receptor”

was present, we called the gene a receptor (supplementary

table S2, Supplementary Material online). We also used

DAVID 6.8 (Huang et al. 2009) to map KEGG pathways to

differentially expressed genes.

Results

To investigate putative proteins underlying the evolution of

SMGs, we performed RNASeq on 11 Chiroptera species: nine

phyllostomids with varying dietary strategies, and two out-

groups representing the bat ancestral state of strict insectivory

(fig. 1). Among the 11 samples, between 53,757 and

105,666 transcripts were assembled per species. Over 87%

of the paired-reads mapped back to each assembly indicating

most reads were used. Among the transcripts, we predicted

between 17,820 and 54,578 ORFs, and among the ORFs, we

found between 5,392 and 9,580 unique hits to the SwissProt

database (supplementary table S1, Supplementary Material

online). The most similar isoform to the reference sequence

was chosen to represent the annotation. SwissProt annota-

tions were not used a priori for ortholog clustering. However,

if after clustering there were multiple SwissProt annotations in

a single gene ortholog group, the most common annotation

was used to describe the ortholog group.

In all, OrthoMCL grouped 79,817 annotations into 10,267

orthologous groups that included between 2 and 45 mem-

bers (supplementary fig. S1A, Supplementary Material on-

line). Among the ortholog groups, 6,694 were single gene

families represented in four or more species and 2,247 were

found in all 11 species (supplementary fig. S1B,

Supplementary Material online). Among these 6,694 groups,

6,322 (94%) had the same SwissProt annotation among

orthologs, suggesting overall consistency between

OrthoMCL clustering and Trinotate annotations. In the

remaining 372 groups, there was one dominant gene anno-

tation and the outliers were likely a result of improper classi-

fication by Trinotate, given BLAST hits are often closely related

paralogs and not true orthologs, in which case annotations

were manually corrected.

To additionally test if the ortholog predictions were gener-

ally accurate and DNA sequences largely reflected species

relationships, we generated a phylogenetic tree from the

concatenated alignments of 500 randomly sampled orthologs

that were present in all species. Although individual gene

trees may not reflect a species trees, we expected that a con-

sensus would emerge from a large volume of DNA sequences

if orthologs were accurately predicted and aligned. We found

that the resulting concatenated tree accurately reflected pre-

vious species trees generated by Dumont et al. (2012), Baker

et al. (2016), and Rojas et al. (2016), with high bootstrap

support at each node (fig. 1).

Adaptation among SMG Proteins

Among the 6,694 orthologs, 4,007 were single gene ortho-

logs present in seven or more phyllostomids, and 2,920 had

alignments with enough shared sites to produce output from

CODEML. After correcting for FDR, we found 53 genes where

models of evolution allowing positive selection were signifi-

cantly better fit to the data than neutrality in both M2a and

Vandewege et al. GBE
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M8 tests (supplementary table S2, Supplementary Material

online).

To contrast background salivary gene functions to those

under selection, we summarized the GO terms of the 2,920

tested genes using the REVIGO server (fig. 2A). Overall, most

of these gene products were localized to the cytosol, but

many were also positioned in the plasma membrane and ex-

tracellular region. Common biological processes identified

were related to transcription regulation, cell death, and pro-

tein synthesis and transport. By contrast, the biological pro-

cess and cellular component terms of genes under selection

were fairly different from those obtained in our global assess-

ment of protein function (fig. 2B). These proteins had more

terms related to the extracellular exosome or plasma mem-

brane and were involved in the immune response (fig. 2B).

Interestingly, no terms related to diet or metabolism (i.e., car-

bohydrate or lipid metabolism) were associated with genes

under positive selection. We used PANTHER’s overrepresen-

tation test to determine whether any GO terms were signif-

icantly overrepresented among genes under selection. There

were no molecular function terms enriched among the genes

under selection (supplementary fig. S2, Supplementary

Material online). The most enriched biological process term

was innate immune response, but all enriched biological pro-

cess terms were related to the defense against other organ-

isms (fig. 2C). Consistent with receptor-like proteins under

selection, terms associated with membrane surfaces were

enriched in the cellular component category (fig. 2C). Upon

survey of the multiple GO terms assigned to each gene, we

found that eight of the 53 genes were involved in the immune

response (supplementary table S2, Supplementary Material

online). Moreover, 50% of immunity-related loci had secre-

tory annotations although a binomial test did not suggest

secretion among immune proteins was enriched (P¼ 0.46).

Of the remaining 45 genes, 18 genes were membrane bound,

two were secreted, and two had terms for both membranes

and secretion.

Site tests can inform about positive selection on a protein

among all species, but they cannot inform about episodic

selection on specific lineages. Therefore, we conducted

branch-site tests using the species tree as a reference on the

most unique lineages, namely the plant-visitors, D. rotundus,

and T. cirrhosus, and the plant-visiting species. We identified

2,247 single gene orthologs that were present among all 11

species and 1,590 had enough shared sites to be successfully

tested in CODEML. After correcting for FDR, we found 24, 20,

and 13 genes under positive selection in the plant-visitors,

D. rotundus, and T. cirrhosus, respectively (supplementary ta-

ble S3, Supplementary Material online) making up between

0.8% and 1.5% of genes tested. BPIA2 (BPI fold-containing

family A member 2), an immune response gene, was the only

gene found to be under selection in both the plant-visitors

and D. rotundus and approaching statistical significance in

T. cirrhosus (supplementary table S3, Supplementary

Material online). Interestingly, BPIA2 was also under selection

in site tests (supplementary table S2, Supplementary Material

online), suggesting rapid evolution in codons among all

phllostomids. No GO terms were significantly overrepresented

among genes under positive selection in any lineage and there

were few overlapping GO terms among genes under selec-

tion in the three lineages, except for terms related to the Golgi

body (supplementary fig. S3, Supplementary Material online).

FIG. 2.—Tree map produced from the analysis of redundant GO terms in REVIGO for (A) all GO terms linked to genes tested and (B) GO terms linked to

genes under selection. (C) Fold enrichment for Biological Processes and Cellular Components GO terms that were statistically overrepresented among genes

under positive natural selection.
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Expression Profiles

We measured the expression of 6,692 orthologs among all 11

species. We performed a phylogenetically corrected PCA on

the variance stabilizing transformed expression data and

found that all species except D. rotundus, T. cirrhosus, and

Hsunycteris thomasi had relatively correlated expression pro-

files where most of the insectivores and plant-visitors clus-

tered together (fig. 3A). As there were not any biological

replicates and few dietary replicates among our samples,

the most robust approach to identifying relevant differentially

expressed genes was to compare the plant-visitors to the

remaining species to identify expression differences that could

explain how plant-visitors have adapted to a diet with a dif-

ferent macromolecular profile. Sixteen genes were differen-

tially expressed in plant-visitors, eight were upregulated, and

eight were downregulated (fig. 3B), and no GO terms or

KEGG pathways were significantly enriched among these

16 genes. However, the most common pathways associated

with these differentially expressed genes were metabolic

pathways (supplementary table S4, Supplementary Material

online). We performed another differential expression exper-

iment by just examining the nectarivores. Interestingly, 36 out

of 40 differentially expressed genes were downregulated in

nectarivores (fig. 3C), many of these genes were also involved

in metabolic pathways (supplementary table S5,

Supplementary Material online).

Discussion

Salivary glands secrete products that have important biologi-

cal roles in diet/digestion, oral health, and communication, as

well as display the most varied cellular ultrastructure in distinct

taxa (Tandler and Phillips 1998). The great morphological var-

iation observed in the ultrastructure of phyllostomid bat sali-

vary gland granules led Phillips and Tandler (1996) to

speculate that adaptation to novel niches drives salivary gland

evolution. SMG acinar cells are responsive to a variety of ex-

tracellular signals which can affect gene expression, protein

synthesis, and protein modifications, and this responsiveness

can be driven by the density and distribution of cell surface

receptors (Phillips et al. 1998). Salivary proteins are among the

first to directly encounter food and introduced pathogens,

which lends biological importance in the context of adaptive

evolution. However, their role in the adaptation of mammals

to novel niches has been largely under investigated. Here, we

sequenced the SMG transcriptomes of nine phyllostomid bats

with varying feeding strategies to illuminate the role of salivary

glands in this adaptive radiation. Interestingly, the percentage

FIG. 3.—(A) Phylogenetically corrected PCA of the variance-stabilized gene expression data. Diets are color coded based on figure 1. (B) Expression

heatmap of the 16 differentially expressed genes between plant-visitors and remaining species. (C) Expression heatmap of the 40 differentially expressed

genes between nectarivores and remaining species.
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of genes under selection expressed in phyllostomid salivary

glands was not necessarily greater than genes under selection

among bats a whole (Hawkins et al. 2019). Further, links to

dietary changes were not strongly apparent, but signatures of

selection did reveal modification of SMG functions.

Selection among Phyllostomid Genes

Among the sequenced transcriptomes, we were able to an-

notate between 5,392 and 9,580 expressed proteins, which

were successfully clustered as 6,694 single gene orthologs.

About 4,007 were present in seven or more phyllostomids

and tested for selection among codon sites. Using codon se-

lection models, we found only a small proportion (1.8%) of

genes demonstrated signatures of positive selection.

Consistently, Hawkins et al. (Hawkins et al. 2019) yielded

the same frequency of genes under selection from the tran-

scriptomes and genomes of 18 bat species using multiple tis-

sue sources (e.g., spleen, trigeminal ganglia, inner ear, and

embryos transcriptomes). This suggests that overall, the genes

expressed in SMGs phyllostomids are not necessarily sub-

jected to stronger selective pressures in coding regions than

genes expressed in other tissues among bats.

Salivary glands are known to function in immunity through

the localized function of immune cells (F�abi�an et al. 2012) and

immunity was the only enriched term among genes under

selection (fig. 2C). Eight of the 53 proteins inferred to be

affected by positive selection were linked to immunity and

defense, and five of these had a secretory component (sup-

plementary table S2, Supplementary Material online). These

eight genes had common functions associated with the in-

nate and humoral immune response and stimulate the acti-

vation of immune cells to viral infected sites. For example,

BPIA1 (BPI fold-containing family A member 1) and BPIA2

are secreted and known to localize to upper airways and pre-

vent biofilm formation by Gram-negative bacteria (Liu et al.

2013; Prokopovic et al. 2014). A high exposure to pathogens

unique to bats could explain this result, but positive selection

among immune genes is not uncommon in animals (Roux

et al. 2014; Xiao et al. 2015; van der Lee et al. 2017;

Hawkins et al. 2019). Defense and immunity genes typically

have a high evolutionary rate attributed to a continuous arms

race between pathogens and host immune response (Jiggens

and Kim 2007; Kosiol et al. 2008; Viljakainen et al. 2009), and

our data provide insight about how positive selection has

shaped bat oral tract defense against introduced pathogens.

Lineage-Specific Adaptations

An unexpected facet of our results was a general paucity of

genes under selection with roles related to metabolism

among site tests. Therefore, to identify lineage-specific trends,

we used branch-site models and tested for episodic selection

in groups that exhibit the most divergence from the ancestral

insectivorous trait: the common vampire bat D. rotundus, the

frog-eating bat T. cirrhosus, and all plant-visitors. There was a

similar frequency of genes under positive selection as site

tests, between 0.5% and 1.5%, and no GO terms were

enriched among these genes. Most GO terms were not re-

dundant among the three tests, except for associations with

the Golgi body, which is expected given the importance of

proper secretory function of salivary glands. The Golgi body is

the central organizer of the membrane trafficking system. It is

where proteins are sorted into vesicles and trafficked out of

the cell. However, it is noteworthy that the vampire bat dis-

played an overrepresentation of Golgi-related ontology terms

and genes under selection, when compared with the other

two tested groups.

Apparent adaptation or specialization of the Golgi body

and endomembrane system was present in the vampire bat

D. rotundus. The common vampire bat belongs to the sub-

family Desmodontinae, the only obligate sanguivores among

amniotes, which may be the most ecologically divergent

among the phyllostomids. Francischetti et al. (2013) previously

performed a transcriptomic analysis of vampire bat salivary

glands and found a diversity of anticoagulants, anti-

inflammatory proteins, and neural disruptors hypothesized

to enhance the efficiency of parasitizing animals for blood

meals. Thus, unlike other phyllostomids, secreted proteins

may not only be helpful to digestion but effective adaptations

to blood-feeding with minimal death risk for the bat and its

prey. Branch-site tests in D. rotundus identified 20 genes un-

der selection (supplementary table S3, Supplementary

Material online). Notable GO terms among these 20 genes

pointed to the regulation of protein trafficking, that is, Golgi

organization, protein N-linked glycosylation, trans-Golgi net-

work, and positive regulation of secretion (supplementary fig.

S3, Supplementary Material online). The genes linked to these

terms were Golgi phosphoprotein 3-like (GLP3L), vesicle-

associated membrane protein-associated A (VAPA), and

NSFL1 cofactor p47 (NSF1C). VAPA can mediate vesicle trans-

port from the endoplasmic reticulum (ER) to the Golgi body

(Lehto et al. 2005). GLP3L is generally expressed in secretory

tissues, localizes to Golgi, is required for efficient anterograde

trafficking, and knocking out GLP3L causes Golgi dispersal

and impairs secretion (Ng et al. 2013). NSF1C seems to be

relevant for Golgi reassembly after mitosis (P�echeur et al.

2002). Lastly, a gene under selection in the N-glycan biosyn-

thesis pathway was PMM2 (phosphomannomutase 2).

PMM2 specifically catalyzes the isomerization of mannose

6-phosphase to mannose 1-phosphate. Deleterious mutations

in PMM2 tend to cause defects in protein glycosylation and

subsequent congenital disorders (Matthijs et al. 1997).

Vampire bats diverged from an insectivorous ancestor and

subsequently underwent a rapid transition from insectivory

to sanguivory (Datzmann et al. 2010; Dumont et al. 2012).

Given our results, it is plausible the endomembrane system

was modified during this transition. Moreover, given that

some Golgi body-related genes appeared under selection in
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all branch-site tests, this organelle played some role in the

adaptive radiation of phyllostomids.

Another interesting result from branch-site tests was a re-

sponse to insulin stimulus in the plant-visitors. Two genes

under selection, ubiquitin-conjugating enzyme E2B (UBE2B)

and CASP8 and FADD-like apoptosis regulator (CFLAR), were

specifically associated with this term. CFLAR regulates down-

stream genes involved in lipid metabolism, glucose uptake,

and oxidative stress. In mice, CFLAR was shown to reverse

nonalcoholic steatohepatitis liver disease (Wang et al. 2017)

that can be caused by insulin resistance and high blood sugar

among other metabolic factors (Liu et al. 2019). The exact

function of UBE2B is a little less clear but appears to be linked

to muscle atrophy. UBE2B becomes more expressed in fasting

rats and atrophying muscle cells, but becomes suppressed in

response to insulin (Wing and Banville 1994; Polge et al.

2015). The plant-visitors make up a collection of frugivorous

and nectarivorous species that ingest high amounts of sugars

at once (Laska 1990). Interestingly, the phyllostomid great

fruit-eating bat (Artibeus lituratus) exhibits no difference in

serum insulin levels between fasted and fed states (Protzek

et al. 2010). Moreover, serum insulin levels observed in

A. lituratus were higher than those observed in mice

(Fujiwara et al. 2007) and obese humans (Yassine et al.

2009). We can speculate physiological changes, that is, con-

stantly high concentration of insulin, may have caused a se-

lective response in insulin associated pathways.

Gene Expression Patterns

Selection pressures may not only occur at the sequence level

but also the expression regulation level. Therefore, we paired

selection tests with gene expression analyses. The distinct nat-

ural histories represented by T. cirrhosus and D. rotundus were

reflected in the PCA. In fact, the only way T. cirrhosus stood

out in this study was in the expression PCA. Trachops cirrhosus

specializes on frogs (Tuttle and Ryan 1981) which is a unique

feeding strategy in phyllostmids, but data from the vesperti-

lionid Nyctalus lasiopterus suggests the transition from insects

to carnivory may not require any major adaptations (Ib�a~nez

et al. 2001). Consistently, selection pressures, given branch-

site tests, were weakest in T. cirrhosus (supplementary table

S3, Supplementary Material online).

The most remarkable observation from overall gene ex-

pression profiles was a general correlation among insectivores

and plant-visitors. Even the distantly related M. lucifugus and

P. parnellii were included in this cluster (fig. 3A). Hsunycteris

thomasi slightly deviated from the other plant-visitors, albeit

this deviation was not as extreme as T. cirrhosus and

D. rotundus. Morphological and genetic data suggest

nectar-feeding derived independently in Glossophaginae

and Lonchophyllinae (Datzmann et al. 2010). This indepen-

dence may also have been captured by our PCA. Given overall

similarity of expression profiles between plant-visitors and

insectivores, few genes were differentially expressed

(fig. 3B), but more genes were differentially expressed when

we examined just the nectarivores (fig. 3C) and many of these

proteins were in amino acid metabolic pathways. The

strength of differential expression among genes in amino

acid pathways was not enough to be significantly enriched,

but given carbohydrates are in higher abundance in plant-

visitor diets, amino acid synthesis is linked to the products

of glycolysis and the citric acid cycle, it is plausible this group

has modified these pathways as adaptive responses.

Conclusions

We examined the evolutionary history of genes expressed in

SMGs to test for links between genetic variation and signa-

tures of selection. Given the ecological variation of these spe-

cies, we expected to find strong selection signals and greater

expression diversity. Indeed, we identified a strong selection

signal among immune-related genes in phyllostomids, but

lineage-specific adaptations were less clear, that is, fewer

genes under selection among a wide array of pathways and

few differentially expressed genes. From our data, we inferred

modifications of the endomembrane system with a focus on

the Golgi body, most apparent in the vampire bat. Further,

lineage-specific adaptations have occurred in response to in-

sulin changes and modifications of metabolic pathways in the

plant-visitors, signaling unique, and lineage-specific adapta-

tions have occurred in phyllostomids with diverse feeding

strategies.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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