
A two-step metagenomics approach for the identification and 
mitochondrial DNA contig assembly of vertebrate prey from the 
blood meals of common vampire bats (Desmodus rotundus)

Physilia Y. S. Chua1,2, Christian Carøe1, Alex Crampton-Platt3, Claudia S. Reyes-Avila1,  
Gareth Jones4, Daniel G. Streicker5,6, Kristine Bohmann1

1 Section for Evolutionary Genomics, GLOBE Institute, Faculty of Health and Medical Sciences, University of Copenhagen, 1353 Copenhagen K, 
Denmark

2 Department of Biology, Faculty of Science, University of Copenhagen, 1353 Copenhagen K, Denmark
3 NatureMetrics, 1 Occam Court, Surrey Research Park, Guildford, GU2 7HJ, UK
4 School of Biological Sciences, University of Bristol, Bristol BS8 1TQ, UK
5 Institute of Biodiversity, Animal Health and Comparative Medicine, College of Medical, Veterinary and Life Sciences, University of Glasgow, 

Glasgow G12 8QQ, UK
6 MRC – University of Glasgow Centre for Virus Research, Glasgow G61, 1QH, UK

Corresponding author: Physilia Y. S. Chua (physiliachua@gmail.com)

Academic editor: Carmelo Andújar  |  Received 6 December 2021  |  Accepted 14 March 2022  |  Published 7 April 2022

Abstract
The feeding behaviour of the sanguivorous common vampire bat (Desmodus rotundus) facilitates the transmission of pathogens 
that can impact both human and animal health. To formulate effective strategies in controlling the spread of diseases, there is a need 
to obtain information on which animals they feed on. One DNA-based approach, shotgun sequencing, can be used to obtain such 
information. Even though it is costly, shotgun sequencing can be used to simultaneously retrieve prey and vampire bat mitochon-
drial DNA for population studies within one round of sequencing. However, due to the challenges of analysing shotgun sequenced 
metagenomic data such as false negatives/positives and typically low proportion of reads mapped to diet items, shotgun sequencing 
has not been used for the identification of prey from common vampire bat blood meals. To overcome these challenges and generate 
longer mitochondrial contigs which could be useful for prey population studies, we shotgun sequenced common vampire bat blood 
meal samples (n = 8) and utilised a two-step metagenomic approach based on combining existing bioinformatic workflows (align-
ment and mtDNA contig assembly) to identify prey. After validating our results from detections made through metabarcoding, we 
accurately identified the common vampire bats’ prey in six out of eight samples without any false positives. We also generated prey 
mitochondrial contig lengths between 138 bp to 3231 bp (median = 770 bp, Q1 = 262 bp, Q3 = 1766 bp). This opens the potential 
to conduct phylogenetic and phylogeographic monitoring of elusive prey species in future studies, through the analyses of blood 
meal metagenomic data.
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Introduction
The common vampire bat (Desmodus rotundus) is one of 
three extant species of vampire bats (Chiroptera; Phyl-
lostomidae; Desmodontinae) native to Latin America 
(Greenhall et al. 1983). It has an obligatory sanguivo-

rous diet and feeds on vertebrate blood by biting its prey. 
The common vampire bat is therefore primed to facili-
tate cross-species transmission of pathogens such as 
Bartonella (Bai et al. 2012), hemoplasmas (Volokhov et 
al. 2017), and trypanosomes (Hoare 1965). Common vam-
pire bats are also the primary reservoir of the rabies virus 
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in much of Latin America (Schneider et al. 2009). Rabies 
is a lethal zoonotic disease, killing thousands of livestock 
annually and causing sporadic outbreaks in human pop-
ulations where bats routinely feed on humans (Schneider 
et al. 2009). Land-use change from forest to livestock 
pastures has provided the common vampire bats with an 
abundant and accessible source of mammalian prey, lead-
ing to population growth and range expansion (Delpietro 
et al. 1992; Lee et al. 2012; Streicker and Allgeier 2016). 
These bats are also generalist feeders, able to feed not just 
on livestock but also on wildlife including marine species 
such as sea lions and penguins (Luna-Jorquera and Culik 
1995; Catenazzi and Donnelly 2008). As their distribution 
continues to respond to climate change, feeding patterns 
of the common vampire bats can be expected to change 
accordingly (Hayes and Piaggio 2018). Hence, knowing 
the diet of the common vampire bat and thereby, their po-
tential routes of disease transmission, is a necessary step 
to control the spread of pathogens in a cost-effective and 
efficient manner. One way of determining what taxa they 
feed from and can potentially transmit pathogens to, is 
by identifying prey species in vampire bat blood meals 
(Greenhall 1988; Bohmann et al. 2018).

The different types of methods used for the identifi-
cation of common vampire bat prey include field obser-
vations (Greenhall 1988; Catenazzi and Donnelly 2008), 
camera traps (Galetti et al. 2016; Calfayan et al. 2018; 
Zortéa et al. 2018), precipitation tests to visualise anti-
body-antigen complexes (Greenhall 1970), and stable 
isotope analysis (Voigt and Kelm 2006; Catenazzi and 
Donnelly 2008; Streicker and Allgeier 2016). Field ob-
servations are challenging as bats are nocturnal (Tournay-
re et al. 2021), precipitation tests are labour intensive, and 
stable isotope analysis does not give species resolution 
(reviewed in Carter et al. 2021). DNA-based methods 
such as metabarcoding are faster and more precise, al-
lowing for identification of prey down to species level 
and simultaneous retrieval of common vampire bat popu-
lation structure (Bohmann et al. 2018). However, ampli-
fication of vertebrate prey from blood meals can be chal-
lenging due to PCR inhibitors present in blood (Akane et 
al. 1994), and the co-amplification of vampire bat DNA 
which could prevent the detection of fragmented prey 
DNA present in lower copy numbers (Bohmann et al. 
2018). To overcome these challenges, blocking primers 
can be used to reduce the amplification of predator DNA 
(Vestheim and Jarman 2008; Deagle et al. 2009). Howev-
er, the design of predator-blocking primers can be made 
difficult by the lack of DNA reference sequences for prey 
species, and for the common vampire bat in particular by 
high intraspecific variation in the common vampire bat 
mitochondrial genome (Bohmann et al. 2018).

Another DNA-based method that could be used to 
identify the prey species in the common vampire bat 
blood meal diet is metagenomics. Metagenomics is where 
the DNA extracted from samples are shotgun-sequenced 
without target enrichment of specific markers (Noonan 
et al. 2005). This has the caveat that sequencing costs 

are at least ten times more expensive than metabarcod-
ing (Chua et al. 2021). This currently limits the number 
of samples that can be sequenced using this approach. 
However, shotgun sequencing overcomes the need to se-
lect specific vertebrate primers and can simultaneously 
retrieve prey and predator mitochondrial DNA, predator 
gut microbiome and gut parasites (Bon et al. 2012; Paula 
et al. 2015, 2016; Srivathsan et al. 2015, 2016; Ang et 
al. 2020). This maximises the amount of information that 
can be retrieved within one round of sequencing, without 
the need to carry out additional lab work as is required for 
metabarcoding using multiple primers.

Despite the advantages of shotgun sequencing, bio-
informatics analyses of these metagenomic data can be 
challenging where false negatives and positives are often 
an issue (Paula et al. 2016; Chua et al. 2021). Two main 
strategies can be used to identify metagenomic reads, 
namely alignment-based and assembly-based approach-
es. The alignment-based approach is where reads are 
mapped to a DNA reference database for identification 
(Zhang et al. 2000), and the resulting mapped reads are 
identified to the Last Common Ancestor (LCA) for iden-
tification (Huson and Weber 2013). However, such iden-
tifications are dependent on the completeness of the refer-
ence database used (Gómez-Rodríguez et al. 2015; Chua 
et al. 2021). In diet studies, a low proportion of reads (be-
tween 0.0001% and 0.009%) are typically mapped to diet 
items when using this approach (Srivathsan et al. 2015, 
2016; Alberdi et al. 2018; Chua et al. 2021). The reliance 
on a low proportion of reads to inform results increases 
the risks of false positives (Paula et al. 2016).

To increase the proportion of informative reads mapped 
to diet items and generate longer reads, which could be 
useful for further analysis on prey population structure, 
an assembly-based approach of assembling mitochondri-
al DNA (mtDNA) contigs can be carried out using dedi-
cated assemblers (Dierckxsens et al. 2017). However, this 
is traditionally only used for mtDNA assembly of a single 
known organism as it requires the selection of an appro-
priate input reference seed file used for assembly. These 
reference seed files are usually barcode markers of the 
known organisms which are used for extending the reads 
to generate longer mtDNA contigs. In known-mixed tem-
plate samples, assemblies are limited to the taxa with the 
highest proportion of reads in the sample (reviewed in 
(Sharpton 2014)). The assembly of low abundance se-
quences will be fragmented if the sequencing depth is too 
low. This can be problematic in diet studies given that 
predator sequences would overwhelm the proportion of 
prey sequences. Conserved regions shared between prey 
and predator could also lead to the assembly of chimeric 
sequences (Bon et al. 2012).

In animal dietary studies, shotgun sequencing has been 
used to identify plants in the diets of herbivores (Srivath-
san et al. 2015, 2016; Chua et al. 2021), arthropod prey 
from arthropod predators (Paula et al. 2015, 2016), and 
vertebrate prey from vertebrate predators (Bon et al. 2012). 
In common vampire bat studies, shotgun sequencing of 
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faeces, saliva, or rectal swabs has been used to identify 
the bat’s genomic adaptations to sanguivory (Mendoza 
et al. 2018), profile its gut microbiome (Mendoza et al. 
2018), characterise its viral communities (Bergner et al. 
2019; Bergner et al. 2020a), and to assemble the genomes 
of common vampire bat viruses (Bergner et al. 2020b). 
However, identification of prey from common vampire 
bat blood meal samples has not been carried out using the 
metagenomics shotgun sequencing approach.

Here, we use shotgun sequencing for the first time to 
identify prey from common vampire bat blood meal sam-
ples. To overcome the challenges associated with each 
of the shotgun sequencing approaches outlined above, 
we demonstrate the advantages of combining both the 
alignment and assembly-based approaches in a stepwise 
manner to reduce the limitations associated with each ap-
proach. Additionally, the inclusion of the second assem-
bly-based approach acts as a proof-of-concept that we can 
retrieve longer mitochondrial contigs of vampire bats’ 
prey from their blood meals, which could be useful for 
future prey population genetics studies. To validate our 
results, we verified our metagenomic prey identification 
with the metabarcoding results obtained from the same 
samples by Bohmann et al. (2018).

Materials and methods
Sample information

The eight analysed blood meal samples from common vam-
pire bats (Desmodus rotundus) were collected in Peru be-
tween 2009 and 2013 at four sites across two ecoregions; 
Amazon (MDD130) and Pacific coast (LMA4, LMA6, and 
LMA10) (Suppl. material 1: Table S1). Four samples were 
collected each from the Amazon (sample 25, 54, 116, and 
121) and the coastal ecoregions (sample 29, 70, 90, and 94). 
The blood meal collection followed the procedures outlined 
in Streicker and Allgeier (2016). Using mist nets and/or harp 
traps for the capture of bats outside daytime roosting sites, 
captured bats were first anaesthetised with ketamine (8.3 to 
12.5 mg/kg) before 50 µL of blood per bat were extracted 
from the stomach with an empty syringe attached to a sterile 
5-French nasogastric feeding tube (Bohmann et al. 2018).

From the metabarcoding results outlined in Bohmann 
et al. (2018), the prey taxa of the eight common vampire 
bat blood meal samples were identified as chicken (Gallus 
gallus), cow (Bos taurus), donkey (Equus asinus), horse 
(Equus caballus), pig (Sus scrofa), and the South Ameri-
can tapir (Tapirus terrestris) (Fig. 1).

Figure 1. Collection sites of eight common vampire bat (Desmodus rotundus) blood meal samples from two ecoregions in Peru, 
showing the identity of the prey taxa derived from metabarcoding analysis (Bohmann et al. 2018). Map created in QGIS version 
3.12. Some of the elements included in the figures were obtained and modified from the Integration and Application Network, 
University of Maryland – Center for Environmental Science (https://ian.umces.edu/symbols/), and BioRender.com. Image of tapir 
from Foresman (2007).

https://ian.umces.edu/symbols/
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Metagenomics laboratory workflow

We used the extracted DNA from the eight blood meal 
samples that were previously extracted as described in 
Bohmann et al. (2018). DNA extraction was carried out 
using the QIAGEN Investigator Kit, following the man-
ufacturer’s instructions (Isolation of DNA from FTA and 
GUTHRIE cards, version 2). DNA extracts were frag-
mented using a Diagenode Bioruptor (Diagenode) using 
a program of eight cycles with 15 seconds on and 90 
seconds off, targeting a fragment size of 500 bp. 32 µL 
of fragmented DNA was used to generate Illumina shot-
gun sequencing libraries using the blunt-end single-tube 
library preparation protocol (Carøe et al. 2018) with mod-
ifications from Mak et al. (2017). The libraries were puri-
fied using SPRI bead purification according to (Rohland 
and Reich 2012). Specifically, 100 µL of bead solution 
was added to each library (60 µL), incubated for 5 min-
utes, washed twice in 80% ethanol and eluted in 30 µL 
of 10 mM Tris-HCl by heating to 40 °C for 5 minutes. 
Libraries were evaluated with quantitative PCR (qPCR), 
480 Lightcycler 2× qPCR mastermix (Roche) in 10 µL 
reactions, with 0.2 µM primer IS7 and IS8 (Meyer and 
Kircher 2010), and 1 µL of 10× diluted library. Based on 
cyclic threshold values, libraries were given 7 to 11 PCR 
cycles for index PCR, using full-length Illumina primers 
with indexed P7 adapters. This was done using 10 µL li-
brary in a 50 µL PCR reaction consisting of 0.25 mM 
dNTP (Invitrogen), 0.2 mM forward and reverse prim-
er, 0.1 U/mL Taq Gold polymerase (Applied Biosyste-
ms), 1× Taq Gold buffer (Applied Biosystems), 2.5 mM 
MgCl2 (Applied Biosystems), and 0.8 mg/mL BSA (New 
England Biolabs). PCR consisted of 10 minutes denatur-
ation and activation at 95 °C, followed by 7 to 11 cycles 
of 30 seconds at 95 °C, 30 seconds at 60 °C, and 1 minute 
at 72 °C, followed by a final extension at 72 °C for 5 min-
utes before cooling to 4 °C. Libraries were purified using 
MinElute spin columns (Qiagen). Purified libraries were 
quantified on an Agilent 2100 bioanalyzer (Agilent tech-
nologies) before equimolar pooling. Sequencing was car-
ried out on one lane of an Illumina 2500 Hiseq instrument 
(Illumina Inc.) using 125 cycle chemistry in paired-end 
(PE) mode at the GeoGenetics Sequencing core, Univer-
sity of Copenhagen, Denmark.

Metagenomics bioinformatics workflow

Between ~17 and ~36 million paired-end (PE) reads 
were generated per blood meal sample. Adapter removal, 
quality trimming of sequences with Phred quality score 
less than 30, and removal of reads shorter than 85 base 
pairs (bp) were carried out with Trim galore v0.5.0 (An-
drews et al. 2015). This cut-off length at two-thirds of 
the sequenced reads was introduced to reduce the rates 
of false-positive identification in downstream analysis, 
while keeping most true-positive reads (Srivathsan et al. 
2015, 2016; Chua et al. 2021). FastQC v0.11.9 was used 
for quality checks before and after filtering (Andrews 

2010). For each sequenced blood meal sample, we used 
the Burrows-Wheeler Alignment software with the Max-
imal Exact Matches algorithm v0.7.17 (BWA-MEM) and 
Sequence Alignment/Map v1.9 (SAMtools) software 
to map and align PE reads to the common vampire bat 
genome downloaded from NCBI GenBank (RefSeq as-
sembly accession: GCF_002940915.1) (downloaded 
27.04.20). Aligned reads mapped to the common vam-
pire bat genome were subsequently removed from each 
of the sequenced blood meal samples (Li et al. 2009; Li 
2013). Using the Browser Extensible Data v2.29 (BED-
tools) software (Quinlan and Hall 2010), we converted 
the BAM files generated in the common vampire bat se-
quence-removal step to fastq files, using the bamToFastq 
function, for downstream analysis.

Prey identification

The analyses of metagenomic reads were carried out 
without any prior knowledge and access to the cor-
responding metabarcoding data of the same samples. 
Hence, the metagenomic analyses were conducted in a 
‘blind’ manner, where the metabarcoding data was only 
accessed after analyses had been concluded to validate 
the metagenomics results.

For the identification of common vampire bat blood 
meal prey taxa, we used a two-step approach. In the first 
step, we used an alignment method, in which we carried 
out the Basic Local Alignment Search Tool (BLAST) to 
map reads to reference data. For the second step, based on 
the BLAST results, we used a seed (COI barcode or whole 
mtDNA) corresponding to the identity of the prey to carry 
out the assembly of prey mtDNA contigs. The mtDNA 
contig assembly step was also used to retrieve any addi-
tional identification of prey from blood meal samples that 
had no results from the BLAST-alignment step.

Step 1: BLAST-alignment step

We generated a reference database by downloading tax-
onomically informative barcodes consisting of metazo-
an mitochondrial cytochrome oxidase subunit 1 (COI) 
sequences from the Barcode of Life Data System v4 
(BOLD) (473,748 sequences forming 38,618 BINS, rep-
resenting 33,299 metazoan species downloaded 27.04.20) 
(Ratnasingham and Hebert 2007). MEGABLAST search-
es for the sequenced bloodmeal PE reads were conduct-
ed against the generated COI barcode reference database 
(word size = 28, percentage identity = 98%) (Camacho 
et al. 2009; Srivathsan et al. 2015, 2016). We used the 
bold package in R with a custom R script BOLD_taxID 
to retrieve taxonomy classification details for each BOLD 
BIN in the generated COI barcode reference database (re-
trieved 29.04.20). For taxonomic assignment of the com-
mon vampire bat blood meal sequences to determine prey 
species, we used a custom R script BOLD_readsidentifier 
with the following filtering parameters of 98% sequence 
identity and 85 bp overlap of a given read with the COI 
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barcode (Srivathsan et al. 2015, 2016). This threshold 
was determined from other metagenomic studies show-
ing that a minimum of 98% sequence identity and at least 
two-thirds length overlap of a given read is required to 
eliminate false assignments (Paula et al. 2015, 2016; 
Srivathsan et al. 2015, 2016; Chua et al. 2021). Only 
sequences identified as belonging to the classes Aves or 
Mammalia were kept. Following the Lowest Common 
Ancestor algorithm (Huson and Weber 2013), we ob-
tained species-level identification for a given read if the 
BLAST hit was to one species, genus-level if it matches 
to two or more species from one genus, and family level 
if it matches to two or more genera from the same fami-
ly. We only retained identifications at a given taxonomic 
hierarchy where there were no conflicts in identification 
between the forward and reverse reads (Srivathsan et al. 
2015, 2016). For samples with more than one species 
identified, we only used the identity of the species with 
the highest number of reads matched. This is supported 
by the expectation that vampire bats feed on a single indi-
vidual per night, thus secondary reads are likely to repre-
sent false positives (Greenhall 1988).

Step 2: mtDNA contig assembly step

For the mtDNA contig assembly step, we used the or-
ganelle assembler and heteroplasmy caller software 
NOVOPlasty v3.8.3 (Dierckxsens et al. 2017) to at-
tempt assemblies of prey mtDNA contigs. NOVOPlasty 
is a seed-based assembler, where assembly is initiated 
by a reference seed file. Reference seed files of specif-
ic prey species identified from each blood meal sample 
from the initial BLAST-alignment step were used as in-
puts for mtDNA contig assembly. If more than one prey 
species was identified per blood meal sample from the 
BLAST-alignment step, we used reference seed files of 
the species with the highest number of reads mapped to 
the COI barcode. For blood meal samples with no prey 
identified from BLAST, we used reference seed files of 
all prey species determined from the first BLAST-align-
ment step. Reference seed files used were either spe-
cies-specific COI barcodes retrieved from BOLD (down-
loaded 17.06.20) or whole mtDNA retrieved from NCBI 
GenBank (downloaded 27.08.20) (Suppl. material 1: 
Tables S2–S4). We carried out assembly with a K-mer 
size of 39 starting with a species-specific COI barcode 
as seed, and decreasing the K-mer size to 27 if no con-
tigs were assembled. We changed the input seed files to 
species-specific mtDNA if no contigs were assembled 
after decreasing K-mer size to 27. Assembled mtDNA 
contigs were checked by using the web BLAST blastn 
suite, to obtain the closest match (Madden 2013). Contigs 
were also manually checked for alignment to reference 
seed using Geneious Prime v2020.2 (https://www.gene-
ious.com). To ensure the accuracy of the mtDNA contig 
assembly step, we attempted mtDNA contig assembly 
with seed files of species not identified as prey from the 
BLAST-alignment step for each corresponding blood 

meal sample with K-mer size 39 (COI barcode of all spe-
cies in Suppl. material 1: Table S3, and mtDNA of Tapi-
rus terrestris). Any contig(s) assembled were checked by 
uploading the contig sequences to the web BLAST blastn 
suite for sequence identity (Suppl. material 1: Table S5). 
Only the closest matched species in terms of query cover 
and percent identity (> 90%) were kept.

After these two steps, the metagenomics outputs from 
this study were compared with the metabarcoding results 
from Bohmann et al. (2018) to check for any discrepan-
cies between the two approaches. After validation of the 
metagenomic data with metabarcoding results, we carried 
out an additional analysis using the mtDNA contig assem-
bly step to determine if we could retrieve dietary informa-
tion and mitochondrial contigs from more samples with 
preliminary knowledge of diet taxa. This step was carried 
out to determine if metagenomics could potentially be 
used for future in-depth analysis of prey population genet-
ic studies if the diet were known or previously informed 
by other methods such as metabarcoding. For this diet-in-
formed additional analysis, reference seed files of all prey 
identified from the eight blood meal samples through me-
tabarcoding were used (Gallus gallus, Bos taurus, Equus 
asinus, Equus caballus, Sus scrofa and Tapirus terrestris) 
(Suppl. material 1: Tables S3–S5). Of these seed files, 
only Sus scrofa had not been identified as a possible prey 
from the initial ‘blind’ metagenomic analyses.

Results

Reads mapped to the common vampire bat genome (Des-
modus rotundus) made up 48.1% to 98.7% of PE reads 
generated per blood meal sample (~16 million to ~60 
million reads, median 50 million reads, Q1 = 20 million 
reads, Q3 = 55 million reads). After removal of common 
vampire bat sequences, 1.3% to 51.9% of reads remained 
which includes sequences from the prey, the common 
vampire bat’s gut microbiome, and gut parasites (~67,000 
to ~17 million reads per sample, median 5.7 million reads, 
Q1 = 1.2 million reads, Q3 = 10 million reads) (Table 1).

Prey identification

In the BLAST-alignment step, BLAST searches against 
the COI database yielded between 1 and 36 reads mapped 
to Mammalia or Aves (<0.0001% – 0.003% of vam-
pire-bat removed reads, <0.0001% – 0.0001% of total se-
quenced reads) for five of the blood meal samples (sam-
ples 54, 70, 90, 94 & 121). Three blood meal samples 
did not have any reads mapped to the COI barcode for 
either Mammalia or Aves (samples 25, 29, & 116) (Sup-
pl. material 1: Table S6). These three bloodmeal samples 
each contained more than 95% of common vampire bat 
sequences prior to common vampire bat sequence remov-
al. For the five blood meal samples with reads mapped to 
the COI barcode, the majority of the reads were assigned 
species-level identification (57.6%), 37.3% of the reads 

https://www.geneious.com
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were assigned to genus, 3.4% of the reads assigned to 
family, and 1.7% of the reads assigned to order. For these 
five blood meal samples, four had reads assigned to only 
one species except for sample 94 with five species iden-
tified (1 read: Bison bonasus, 1 read: Bos grunniens, 2 
reads: Bos indicus, 1 read: Bos primigenius, 15 reads: Bos 
taurus). We only kept the identity of the species with the 
highest number of reads matched, which was Bos taurus. 
The species identity of the prey found in the five blood 
meal samples were; Tapirus terrestris (sample 54), Equus 
caballus (sample 70), Equus asinus (sample 90), Bos tau-
rus (sample 94), and Gallus gallus (sample 121).

For the assembly of mtDNA contigs, the proportion 
of reads assembled was between 0.0006% (10 reads) 
to 0.2% (3500 reads) of vampire-bat removed reads 
(Table 1). Based on the initial metagenomics results with-
out the analyses carried out in the diet-informed addition-
al step, the median length of mtDNA contigs assembled 
was 770 bp (Q1 = 262 bp, Q3 = 1766 bp). The smallest 
contig was 138 bp from sample 121 and the largest was 
3231 bp from sample 94 (Table 2). After the inclusion 
of the diet-informed additional analysis carried out, the 
median length of mtDNA contigs assembled was 985 bp 
(Q1 = 256 bp, Q3 = 1152 bp). Most samples had only one 
contig assembled except for samples 54 and 94, with two 
and three contigs assembled respectively. The species 
identity of the prey from the assembled mtDNA contigs 

corresponded to the BLAST-alignment results for all five 
blood meal samples (samples 54, 70, 90, 94 & 121). We 
retrieved prey information for sample 25 from the mtD-
NA contig assembly which had no identification after the 
first BLAST-alignment step. The identity of the prey from 
this blood meal sample was Tapirus terrestris. After the 
inclusion of the diet-informed additional mtDNA contig 
assembly step, we were able to retrieve prey identification 
for sample 29 (Sus scrofa) which did not have any results 
using the analyses conducted without any prior dietary 
information. All identified prey were identified to the spe-
cies level. We did not retrieve any prey identification for 
sample 116 with our metagenomics workflow even with 
the additional mtDNA contig assembly step informed by 
metabarcoding results (Fig. 2).

When comparing the metagenomics outputs with the 
metabarcoding analysis presented in Bohmann et al. 
(2018), there was a 100% congruence in the identity of 
the prey detected using metagenomics for all samples, 
with no false positives. However, metagenomics failed 
to identify Tapirus terrestris found in the blood meals 
of samples 116 and 121, as well as Sus scrofa found in 
sample 29, leading to a 33% false negative detection rate 
(Fig. 3). However, with access to previous metabarcoding 
data from the same samples, the diet-informed analysis 
additionally identified Sus scrofa in sample 29, reducing 
the false negative detection rate to 22%.

Table 1. Proportion of metagenomic reads belonging to the common vampire bat (Desmodus rotundus) and proportion of reads 
assembled (common vampire bat-removed sequences) from the mtDNA contig assembly step for prey identification without prior di-
etary information. *Prey identification was only included after additional analyses were carried out with access to dietary information 
as determined from a previous metabarcoding study of the same common vampire bat blood meal samples (Bohmann et al. 2018).

Samples Total reads Bat sequences Proportion of bat 
sequences

Bat-removed reads for 
downstream analysis

Assembled 
mtDNA reads

Proportion of reads assembled 
for prey identification

25 57782738 55744368 96.5% 2038370 40 0.00196%
*29 61585369 60726115 98.6% 859254 50 0.00582%
54 30704614 21223068 69.1% 9481546 3478 0.03668%
70 61417998 51802288 84.3% 9615710 48 0.00050%
90 56874109 55157869 97.0% 1716240 3500 0.20393%
94 31315790 19574502 62.5% 11741288 3010 0.02564%
116 50267627 49596878 98.7% 670749 0 0.00000%
121 33684838 16217550 48.1% 17467288 10 0.00006%

Table 2. Prey identity of assembled mtDNA contigs for each common vampire bat (Desmodus rotundus) blood meal shotgun-se-
quenced sample with query cover and percent identity score. *Prey identification was only included after additional analyses were 
carried out with access to dietary information as determined from a previous metabarcoding study of the same common vampire bat 
blood meal samples (Bohmann et al. 2018).

Sample Contig length (Bp) Closest Match Query Cover Percent identity Accession number
25 684 Tapirus terrestris 100% 99.42% AJ428947.1
*29 166 Sus scrofa 92% 98.70% MK251046.1
54 1152 Tapirus terrestris 100% 99.39% NC_053962.1

770 Tapirus terrestris 97% 99.74% NC_053962.1
70 268 Equus caballus 98% 100% MN187574
90 256 Equus asinus 100% 100% MK982180.1
94 3231 Bos taurus 100% 100% MN714183.1

2380 Bos taurus 100% 100% AY676863.1
802 Bos taurus 100% 100% MZ901759.1

121 138 Gallus gallus 100% 100% LC082227.1

http://www.ncbi.nlm.nih.gov/nuccore/AJ428947.1
http://www.ncbi.nlm.nih.gov/nuccore/MK251046.1
http://www.ncbi.nlm.nih.gov/nuccore/NC_053962.1
http://www.ncbi.nlm.nih.gov/nuccore/NC_053962.1
http://www.ncbi.nlm.nih.gov/nuccore/MN187574
http://www.ncbi.nlm.nih.gov/nuccore/MK982180.1
http://www.ncbi.nlm.nih.gov/nuccore/MN714183.1
http://www.ncbi.nlm.nih.gov/nuccore/AY676863.1
http://www.ncbi.nlm.nih.gov/nuccore/MZ901759.1
http://www.ncbi.nlm.nih.gov/nuccore/LC082227.1
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Figure 2. Prey identification of common vampire bat (Desmodus rotundus) blood meal shotgun-sequenced samples using a two-
step metagenomics approach. In the first BLAST-alignment step, metagenomic reads were mapped to COI barcodes using BLAST. 
Second, mtDNA assembly of prey contigs was carried out with Novoplasty using ai) seeds from COI barcode or aii) mitochondrial 
DNA (mtDNA) of prey identified from the BLAST-alignment step corresponding to each sample, and b) seeds from COI barcode or 
mtDNA of all prey species identified from the BLAST-alignment step. Some of the elements included in the figures were obtained and 
modified from the Integration and Application Network, University of Maryland – Center for Environmental Science (https://ian.um-
ces.edu/symbols/), and BioRender.com. Image of tapir from Foresman (2007). Common vampire bat image credit: Megan Griffiths.

Figure 3. Prey identification of common vampire bat blood meal samples using shotgun metagenomics as compared to metabarcod-
ing (Bohmann et al. 2018). Green ticked symbols signify consensus between both high-throughput sequencing (HTS) approaches. 
Red crossed symbols signify prey taxa identified using metabarcoding but not identified using metagenomics. *Sus scrofa was iden-
tified in sample 29 only after additional analyses were carried out with access to dietary information as determined from a previous 
metabarcoding study of the same common vampire bat blood meal samples (Bohmann et al. 2018). Some of the elements included 
in the figures were obtained and modified from the Integration and Application Network, University of Maryland – Center for Envi-
ronmental Science (https://ian.umces.edu/symbols/), and BioRender.com. Image of tapir from Foresman (2007).

https://ian.umces.edu/symbols/
https://ian.umces.edu/symbols/
https://ian.umces.edu/symbols/
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Discussion

In this study, we demonstrated how metagenomics can 
be used to identify common vampire bat prey in blood 
meals. We utilised a two-step strategy, combining both 
the alignment and assembly approaches to obtain prey 
identification. These metagenomic prey identifications 
were subsequently compared to previous metabarcoding 
results for validation (Bohmann et al. 2018). The metabar-
coding results were also used in the additional diet-in-
formed analysis to see if we could obtain any additional 
diet information from samples that had no prey identified 
from our initial ‘blind’ metagenomics workflow.

In the BLAST-alignment approach, the proportion of 
reads mapped to diet items (<0.0001% – 0.003%) is sim-
ilar to other metagenomic studies (Srivathsan et al. 2015, 
2016; Alberdi et al. 2018; Chua et al. 2021). Despite 
the low proportion of reads mapped, we achieved good 
species resolution at 57.6%, which is higher than these 
recent metagenomic diet studies. However, in samples 
with a high proportion of vampire bat DNA (> 95% in 
samples 25, 29, and 116), we were unable to map any 
reads to prey. This could be due to the extremely low 
copy numbers and fragmented nature of prey DNA pres-
ent. The completeness of the reference database used 
for the matching of short reads could also have result-
ed in these missing identifications (Chua et al. 2021). 
Without carrying out the second step mtDNA contig 
assembly approach, stopping at this step of the bioin-
formatics analysis would result in missing prey identi-
fication for one sample (sample 25). Through our strin-
gent BLAST-alignment parameters, we were able to 
minimise false-positives at this step. This reduced the 
number of possible reference seed files used as input for 
the second mtDNA contig assembly step and decreased 
the computational effort required for carrying out con-
tig assembly with multiple seed files for a given sample. 
To better document the extent of spurious matches at 
less stringent filtering parameters, we recommend that 
future studies explore their data using different filtering 
parameters, albeit with an increase in computational ef-
fort. Our preliminary tests using a filtering parameter of 
98% sequence identity but with only 50% of reads over-
lap (63 bp) (Suppl. material 1: Table S7) showed some 
spurious hits to other classes such as Actinopterygii, 
Amphibia, and Ascidiacea. However, we did not explore 
the effects of reduced sequence identity, which could be 
investigated further in future studies. A recommendation 
would be to carry out in silico analysis to determine what 
will be the most optimal filtering parameters to use for 
any given dataset (Chua et al. 2021). Even though not 
observed in our preliminary tests, less stringent filtering 
parameters might lead to better retrieval of diet items, 
reducing the risk of false negatives. We also expect that 
any false positives arising from utilising less stringent 
filtering parameters would likely not lead to the assem-
bly of large contigs in the next step.

From the mtDNA contig assembly approach, a high-
er proportion of reads were assembled as compared to 
the BLAST-alignment step (0.0006% – 0.2%). This is 
expected because reads were only mapped to the COI 
barcode in the BLAST-alignment step while in the mtD-
NA contig assembly step, longer mtDNA contigs were 
generated. Even though the current standard approach 
used in existing metagenomic dietary studies utilises 
only the BLAST-alignment step (Paula et al. 2015, 2016; 
Srivathsan et al. 2015, 2016; Alberdi et al. 2018; Chua 
et al. 2021), the inclusion of the second step mtDNA 
contig assembly confers several advantages over just 
utilising the BLAST-alignment step alone for the iden-
tification of diet items. The first is that the resolution of 
prey identified was at 100% species-level as compared to 
just 57.6% using the BLAST-alignment step. Second, in-
cluding this approach in the metagenomics workflow re-
sulted in an 11% increase in samples with diet identified. 
Finally, longer fragments generated by this second step 
are more informative than shorter ones retrieved from the 
first BLAST-alignment step. For example, longer mito-
chondrial fragments can be used for phylogenetic analy-
sis of rare or elusive prey as demonstrated by Nguyen et 
al. (2021) through metabarcoding of leech blood meals. 
As common vampire bats can feed on species of conser-
vation interest such as the American Tapir (Tapirus ter-
restris) (Flesher and Medici 2022), metagenomic anal-
yses of the common vampire bat blood meals can act as 
a proxy to monitoring these species that are elusive and 
challenging to monitor. With larger sample sizes, the in-
clusion of this second step would not only provide miss-
ing identification for more samples with greater species 
resolution, but more importantly, it can generate longer 
mitochondrial contigs of diet items that could be useful 
for other types of applications such as phylogenetic and 
phylogeographic studies. Additionally, good quality as-
semblies from blood meals can potentially be used as 
DNA reference data, offering an alternative source of 
sampling species for genetic materials (Wilting et al. 
2021). Given that false-positives remains one of the main 
challenges of analysing metagenomic data, longer frag-
ments give a better confidence of the species identified 
as compared to using only the first BLAST-alignment 
step of matching short barcodes. Even though the percent 
identity of contigs in relation to web BLAST results were 
at least 98.7%, diet species that are not represented in 
database could lead to inaccurate identifications in future 
studies. Increasing the sequencing depth could help in re-
ducing fragmented assemblies caused by low abundance 
sequences (Sharpton 2014).

Even though the application of the mtDNA contig 
assembly step for eukaryote mtDNA assembly can be 
problematic due to complex genomes and low abundance 
(Azam and Malfatti 2007), prior to the diet-informed 
analysis carried out, we managed to retrieve prey iden-
tification for most samples except for two (samples 29 
and 116), which had the highest proportion of common 
vampire bat sequences at 98.6% and 98.7% respectively. 
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The high abundance of common vampire bat sequences 
found in blood meals could have drowned out the DNA 
sequences belonging to the prey during sequencing. This 
feeds into the limitation of the mtDNA contig assembly 
step, where assemblies are limited to taxa with a high pro-
portion of reads in a sample (Sharpton 2014). Amongst 
all eight samples, sample 121 was the only blood meal 
sample found to have had two prey identified using me-
tabarcoding (Bohmann et al. 2018). This could also be the 
reason why we were only able to detect one prey, Gallus 
gallus and not Tapirus terrestris, in the blood meal of 
sample 121. It could also have led to the assembly of a 
short 138 bp Gallus gallus contig which would not have 
been useful for phylogenetic analyses, further highlight-
ing the issues of this second mtDNA contig assembly step 
in dealing with complex diets. To assemble longer contig 
lengths that could be useful for downstream phylogenetic 
analyses, two issues must be considered. The first is the 
complexity of the host’s diet where only the most abun-
dant diet item can be assembled as shown in our study. 
The second is access to fresh blood meal samples as short 
DNA fragments persist for a much longer time as com-
pared to long fragments (Deagle et al. 2006; Reeves et al. 
2018), possibly leading to fragmented assemblies.

Another concern was the selection of appropriate ref-
erence seed files for mtDNA contig assembly. The selec-
tion of inappropriate reference seed could lead to Type I 
errors resulting in false positives and inaccurate determi-
nation of diet. However, when we tested for the accuracy 
of mtDNA assembly by using reference seed files from 
other species, eg: Equus asinus for Tapirus terrestris in 
sample 54, the assembler chosen in our study managed 
to accurately assemble mtDNA contigs belonging to the 
identified prey. Based on our samples and the assembler 
used, the selection of input reference seed files did not 
result in any false positives but further tests should be 
carried out on larger sample sizes with a variety of refer-
ence seed files. It would also be interesting to test if refer-
ence seed files of different genetic regions from distantly 
related species would have any effect on assembly accu-
racy. Until further tests can be carried out on whether the 
choice of reference seed files could affect assembly, re-
searchers utilising such assemblers should first carry out 
a BLAST-alignment step to inform them on the choice 
of reference seed files to use to optimise computational 
effort and prevent inaccurate identifications. Another sug-
gestion to improve on the mtDNA assembly would be for 
future studies to tests if k-mer based de novo assemblers 
such as Norgal can be used for complex metagenomic 
reads, as such assemblers overcome the need to select 
appropriate input reference seed files (Al-Nakeeb et al. 
2017). Even though this approach is commonly used for 
organisms with small genomes such as bacteria (Forouzan 
et al. 2017), de novo assembly of mammalian genomes 
from metagenomic data is more challenging due to the 
larger, more complex genomes. As such, seed-based as-
sembly like NOVOPlasty is preferred for the assembly of 
more complex mammalian genomes.

When we compared our results to previous metabarcod-
ing analyses carried out on the same samples (Bohmann 
et al. 2018), we were able to accurately identify common 
vampire bat blood meal prey from six of the eight sam-
ples. Our diet-informed analysis of using reference seed 
files of all prey identified with metabarcoding filled the 
missing diet information for sample 29. However, we rec-
ognise that it is not feasible to carry out both metabarcod-
ing and metagenomics just for diet identification due to 
the extra costs and workload. Hence, the drawback of us-
ing metagenomics to assess the common vampire bat diet 
is that not all prey can be identified, and sequencing costs 
are at least ten times more than for metabarcoding (Chua 
et al. 2021). Given that metabarcoding is cheaper, it will 
remain the go-to technique when it comes to molecular 
diet profiling of animals. The current costs of shotgun se-
quencing mean that published metagenomic animal die-
tary studies are typically limited to only a few individuals 
(Bon et al. 2012; Srivathsan et al. 2015, 2016; Paula et 
al. 2016; Alberdi et al. 2018; Chua et al. 2021). As such, 
bioinformatics procedures are still in their infancy for 
analysing metagenomic dietary datasets and pipelines 
used differ based on the type of diet, and the taxonomic 
class of the predator in comparison to its diet. Our strate-
gy based on combining two existing bioinformatic work-
flows; the alignment and assembly-based approaches, can 
help to advance metagenomic dietary research and open 
doors for further applications including the phylogenetic 
analyses of diet taxa. The strategy outlined here is useful 
in scenarios where additional information about the prey 
is required, for example in population genetic studies, 
with the caveat that this two-step approach could be more 
computationally intensive and additional streamlining is 
needed to optimise performance. Nevertheless, this two-
step metagenomics approach based on our small sample 
size showed that there were no false-positives, which is 
an important challenge to overcome when working with 
metagenomic datasets. For this approach to be robust for 
various types of datasets, it should be tested on larger 
sample sizes or even through in silico means to get a bet-
ter overview of the false-positive and false-negative rates 
that can be expected with metagenomic data.

Future outlook
We demonstrated here as a proof-of-concept, how lon-
ger mtDNA contigs of diet items can be generated from 
metagenomic data sequenced from common vampire bat 
blood meal samples. This offers great potential to other ap-
plications such as the phylogenetic analyses of diet items 
and can act as a proxy to monitoring rare and elusive prey. 
Through metagenomics, blood meals can also provide an 
alternative source of sampling species for creating DNA 
reference data. Our metagenomics approach can be used to 
cherry-pick samples that have been previously analysed us-
ing metabarcoding to zoom in on specific prey populations 
for such applications. Additionally, existing metagenomic 
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data that have not been analysed for diet can also be repur-
posed and analysed without the need to carry out additional 
sequencing. For example, metagenomic data that were se-
quenced for virus discovery or parasite detection provides 
an opportunistic source of data that could also be analysed 
for host diet (Bergner et al. 2021a, 2021b). To fully utilise 
the potential of metagenomics, improvements in bioinfor-
matic procedures are still required to optimise data analyses 
and to make the most of all sequenced data such as stream-
lining bioinformatics pipelines to reduce computational re-
quirements. As large amounts of data are generated through 
metagenomics, the use of this method for the sole purpose 
of diet identification alone would be wasteful, whereas 
metabarcoding would be a cheaper alternative. Hence, we 
envision that metagenomics would be more useful when 
the research question also targets other types of information 
such as host population studies, gut microbiome composi-
tion, and gut parasites which can be analysed from the same 
metagenomic dataset (Srivathsan et al. 2015, 2016; Men-
doza et al. 2018; Bergner et al. 2021a). For example in our 
study, a large proportion of metagenomic reads are mapped 
to the predator itself (48.1% to 98.7%) which could be used 
for population genetic studies of the common vampire bat. 
Future work should also explore how the metagenomics 
approach outlined in our study performs for the assembly 
of vertebrate mtDNA in more complex sample types such 
as faeces or bulk invertebrate samples. As sequencing costs 
are decreasing, more computationally efficient bioinfor-
matics pipelines can be developed to overcome some of the 
challenges mentioned. This can lead to new ways of analys-
ing metagenomic data, revealing the potential of utilising 
this technique for a wide array of molecular applications 
including phylogenetics and phylogeographic surveillance 
or even the contribution of DNA reference data. With this, 
we can expect there to be a shift towards more metagenom-
ic studies in the coming future.
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