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Abstract

Biodiversity is in crisis due to habitat destruction and climate change. The conservation of
many noncharismatic species is hampered by the lack of data. Yet, natural history research—a
major source of information on noncharismatic species—is in decline. We here suggest a rem-
edy for many mammal species, i.e., metagenomic clean-up of fecal samples that are “crowd-
sourced” during routine field surveys. Based on literature data, we estimate that this approach
could yield natural history information for circa 1,000 species within a decade. Metagenomic
analysis would simultaneously yield natural history data on diet and gut parasites while enhanc-
ing our understanding of host genetics, gut microbiome, and the functional interactions
between traditional and new natural history data. We document the power of this approach by
carrying out a “metagenomic clean-up” on fecal samples collected during a single night of small
mammal trapping in one of Alfred Wallace’s favorite collecting sites.

Introduction

Natural history research has been in steep decline over the past few decades [1-3]. This is wor-
rying because natural history data are important for the informed management of endangered
species based on species-specific traits [3]. The crisis in natural history research and education
has been well documented [1,4,5]. It constitutes a particularly serious problem for rare or
rarely studied, noncharismatic species. It is these species that have historically been the major
beneficiary of the kind of incidental observations that are published in natural history papers.
In contrast, most of today’s studies focus on large and high-profile species [6-11], which are
given funding priority and preferred by high-impact journals [10,12].

Here, we argue that one way to boost research on neglected species is enriching incidental
natural history observations by obtaining “forensic” DNA evidence using new sequencing
technologies. For example, traditional pollinator studies can benefit from sequencing flowers
in order to detect entire pollinator communities [13], predator—prey studies focusing on spi-
ders can obtain additional data by sequencing spider webs [14], sequencing the gut content of
carcasses can reveal much biology [15], and the results of mammal-trapping studies can be
enhanced by sequencing fecal DNA. Fecal samples are routinely obtained during fieldwork,
but they are currently mostly discarded, although they can yield a rich amount of natural
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history data. We here argue that the metagenomic evaluation of such samples can enhance tra-
ditional natural history observations and make it more likely that they are published.

Natural history research aims to document the flora and fauna and their interactions in a
habitat. Such research is heavily dependent on incidental observations by field researchers and
citizen scientists [16]. For example, the 11-year expedition of Henry Walter Bates to Amazonia
not only led to the discovery of new species, descriptions of the diversity, and deepened our
understanding of mimicry, but his The Naturalist on the River Amazons is also full of observa-
tions on species’ behavior and interactions. This includes observations on the pinktoe taran-
tula (Avicularia avicularia) eating a small finch, scarlet and blue macaws feeding on a bacaba
palm, the hyacinthine macaw’s ability to feed on “excessively hard nut (of the fruit of the
Tucuma palm) which is crushed into pulp by the powerful beak of the bird,” or on a tamarin
which “generally fed on sweet fruits, such as the banana but it is also fond of insects; especially
soft-bodied spiders and grasshoppers, which it will snap up with eagerness when within reach”
[17]. Similarly, Alfred Russel Wallace’s work in Southeast Asia described in The Malay Archi-
pelago [18] includes numerous incidental observations such as the feeding behavior of colugos
in Singapore and Borneo, orangutans in Borneo, babirusa in Sulawesi, and fruit pigeons feed-
ing on nutmeg in Banda. Occasionally, the field observations were complemented by informa-
tion from captive animals (e.g., birds of paradise feeding), but many such observations would
today be considered unworthy of publication. Yet, this information continues to inspire fol-
low-up research.

Akin to a naturalist’s incidental field observations, a small number of fecal samples for non-
charismatic mammal species may initially appear to be of limited value, but they can be very
informative once they are fully evaluated. This is because fecal samples contain information on
diet, genetics of the host, gut parasites, microbiome [19-22], and even hormones (e.g., cortisol
[23]); i.e., these samples are inherently data-rich and multidimensional. There is a long tradition
of unlocking some of this information through morphological study of diet remains, but this
only yields information on one dimension and is only feasible for species with incomplete diges-
tion. These limitations can now be overcome by sequencing fecal DNA using high-throughput
sequencing technologies. Shotgun sequencing yields not only species-level information on diet
but also information relevant to health (e.g., via gut parasites, microbiome) and host genetics
[19,20,24]. Fecal metagenomics is also attractive because it requires minimal wet lab work; only
the DNA needs to be extracted and sent for sequencing. Very little experience and equipment
are needed because new specialized extraction tools are now available (e.g., Terralyzer).

The simplicity of the molecular work renders shotgun metagenomics particularly attractive
for field researchers, but there are alternatives that are cheaper but require more lab work. For
example, “metabarcoding” can be used for characterizing a single dimension of the sample
(e.g., diet or microbiome [25,26]) by amplifying one or several genes that are informative with
regard to the targeted dimension. The downside is that the amplification of genes often
requires optimization, which is only worthwhile when a large number of samples for the same
or closely related species are scrutinized for the same information (e.g., diet) [26]. Targeted
approaches are thus arguably less attractive to natural history researchers, who tend to be
interested in a diversity of traits and want to discover the unexpected in a small number of
samples for the same species. For example, metagenomics would readily reveal that chimps
hunt monkeys, tortoises [27], and probably many other animals, whereas repeated diet charac-
terization with plant genes would fail to yield such novel insights. This raises the question of
why shotgun metagenomics has only recently been used for unlocking the information con-
tained in fecal DNA. Presumably, the main concerns have been high cost and the complexities
of the bioinformatic analysis. However, cost of sequencing is declining fast, and new user-
friendly bioinformatics tools are now available [28,29]. They can be used to rapidly obtain
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species-level identifications despite the need for processing millions of sequences. It thus
appears likely that metagenomics will become the method of choice for the study of those spe-
cies for which few samples are available.

Mammalian field work: Species coverage over the last few decades

But for how many species could we obtain rich natural history data if a substantial proportion
of mammalian field surveys were to collect fecal samples? We here use a literature survey to
estimate the number of mammal species that have been encountered in the field over the past
decades. Estimating this number is difficult because many routine mammalian surveys are not
published and/or omit information on off-target, noncharismatic species that were only occa-
sionally encountered. However, one can obtain lower-bound estimates using the published lit-
erature catalogued in Zoological Record (electronic version: 1978-2018). We thus queried title,
abstract, and all other associated field tags for 305,785 mammal publications (authors, publica-
tion dates, descriptors, systematics, etc.). We then used the mammal checklist of 6,399 extant
species by Burgin and colleagues (2018) [30] to identify 226,021 records that contain recog-
nized species name(s) for extant species. We found that most mammal species were mentioned
in the literature (5,860 of 6,399 extant mammals). We then identified those likely to have been
encountered in the field. For this, we carried out multiple searches with different logical con-
nectors related, for example, to diet or field work (see Table A in S1 Text). Afterwards, we used
a random subset of 100 records to confirm whether the studies indeed covered field work on
the species. Based on these methods, we estimate that approximately 2,200 species of mammals
have been encountered in the field after 1978 and circa 1,700 over the last 10 years (Table 1).
Approximately 1,400 species were included in studies revealing diet information, circa 1,200
species were mentioned in studies collecting fecal samples, and circa 1,600 species were men-
tioned in trapping studies. Although the opportunities for collection of fecal samples were
many, DNA-based evaluation of feces was only published for approximately 550 species
(<10% of mammal species). Furthermore, the existing studies examining diet or feeding ecol-
ogy were heavily skewed toward 64 species that contributed >50% of the records (e.g., wolves,
cats, great apes, foxes, and deer), whereas >90% of the species had <10 diet-related records
(Fig 1).

In order to test how much natural history information can be obtained during routine field
work, we joined a team of mammalogists for a single night of small mammal trapping in one

Table 1. Number of records and species related to keywords examined in Zoological Record.

Keywords # records

Diet 28,106
Behavior (no diet) 37,133
Feces 9,995
Fecal DNA 1,852
Trapping studies 6,584
Diet + behavior 65,239
Combined 75,742

* diet is a major focus of the study.

** study includes field work.

https://doi.org/10.1371/journal.pbio.3000517.t001

1978-2018 2009-2018 Estimated % of
# species # records # species relevant records/species
2,029 9,533 1,451 62/53*
73/70%*

2,193 12,602 1,592 61/68

1,643 4,712 1,228 71/77

730 1,406 666 73/79

1,953 2,504 1,303 74/85
2,564 22,135 1,969 67/72
3,223 26,977 2,524 65/68
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Fig 1. (A) Number of records related to diet/feeding behavior for mammalian species. (B) Species with >100 records. The data underlying this figure are in S1 Data.

https://doi.org/10.1371/journal.pbio.3000517.9001

of Alfred Wallace’s favorite collecting sites (Bukit Timah Nature Reserve in Singapore). We
sequenced 13 fecal samples from 4 understudied small mammal species collected during that

night. Analysis of shotgun sequencing data confirmed many published natural history obser-

vations on diet and gut parasites, but the data also provided many new natural history insights.
In some cases, the old and new data interacted to provide more in-depth insights. For example,
based on published natural history research, treeshrews were known to feed on arthropods
and have surprisingly short digestion times (<1 hour), but the shotgun data were needed to

reveal that these traits are likely mediated via a microbiome rich in bacteria producing chitino-

lytic enzymes (Box 1, Figs 2 and 3).
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Box 1. An exploration of fecal samples from a night of trapping

We joined a survey of small mammals in Singapore’s Bukit Timah Nature Reserve. Small
mammals were trapped using banana or papaya as bait, and fecal samples were collected
during the 1-night survey. We obtained 23-87 million DNA sequences for 9 samples of
the common treeshrew (Tupaia glis), 2 samples of the Asian house rat (Rattus tanezumi),
one sample each of the Annandale’s rat (Sundamys annandalei) [31], and a plantain
squirrel (Callosciurus notatus) (Fig 2). We then used the metagenomic data to recon-
struct the mitochondrial genomes for all 4 species. The data revealed that 1 specimen
had been incorrectly identified as S. annandalei although its COI sequence was identical
to several R. tanezumi “R3” records in GenBank (e.g., KC010287, JX533909, HM217503)
[32]; i.e., metagenomic data help with validating species identifications and generate a
genetic signature for each sample that can be reassigned in case species boundaries
change over time.

When we screened the metagenomic data for parasites, numerous nematodes and pro-
tists were found to inhabit the guts of treeshrews and rodents; many of these records
were new (Table C in S1 Text). This included a potentially new species of Strongyloides
in treeshrews, which also harbored the protist Hypotrichomonas, which was originally
described from reptiles and birds but has more recently been found in some mammals
[33,34]. Remarkably, the genetic signature (18S rDNA, including hypervariable regions)
was identical to a record from an African primate (Otolemur garnettii: HQ149966).

We also characterized the diet of the 4 small mammal species. This provided a mixture
of novel insights and confirmation of old records (Tables D and E in S1 Text). The
treeshrews had fed on many arthropods [35], some of which could be identified to spe-
cies based on the metagenomic data. A screen of the gut microbes revealed a microbial
community that was rich in Proteobacteria such as Enterobacter, Klebsiella, Serratia, and
Pseudomonas (Table F in S1 Text). Functional profiling revealed high abundance of
genes coding for chitinolytic enzymes (Fig 3C); i.e., this gut microbiome may be respon-
sible for the fast digestion of the arthropod-rich diet of treeshrews. Note that they have a
remarkably narrow and simple digestive tract with very short food transit times (20-57
minutes) [36-39]. Additional help with digesting arthropods may also come from the
treeshrew’s genome given that a close relative (T. belangeri chinensis) has a larger num-
ber of chitinase gene copies as compared with herbivorous and carnivorous mammals
(5: [40]). Although the treeshrew microbiomes had a high abundance of chitinolytic bac-
teria, the overall microbial diversity was low. In contrast, the microbiomes of Rattus and
Sundamys were diverse (1.5-15-fold higher, Fig 3A and 3B) but largely lacking with
regard to microbial species producing chitinolytic enzymes.

It is time for a metagenomic initiative supporting natural history
research in the 21st century

Greene (2005) [2] sums up the frustrations of a naturalist by stating “I sat through a sympo-
sium on predator-prey interactions, becoming increasingly frustrated as speaker after speaker
appealed for ‘more empirical data’ to test the theories on which their talks were focused. In the
open discussion that followed, I asked, ‘But who will do that work, and who will pay for it?””
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Fig 2. Species trapped in the single night of trapping in Bukit Timah Nature Reserve. Top row: T. glis (common
treeshrew), C. notatus (plantain squirrel). Bottom row: R. tanezumi (Asian house rat), S. annandalei (Annandale’s rat).
Photo credits: Nick Baker (mammals) and Andie Ang (fecal sample).

https://doi.org/10.1371/journal.pbio.3000517.9002

We here argue that existing field work is full of missed opportunities and much natural history
data could be obtained through the multidimensional characterization of fecal samples. We
also believe that such characterization has the potential to help with raising funds for field
work because it can significantly increase the amount of data that can be collected during field
work. Fortunately, the cost of “metagenomic clean-ups” is no longer exorbitant. Each sample
can now be sequenced for US$200-US$250 (DNA extraction, library preparation, 10 Gbp of
sequencing, US$10 for bulk shipping: SI Text).

But who will do the work, and who will pay for it? Based on our literature search, one could
obtain fecal samples for 1,000 mammal species within 10 years. If one were to carry out a meta-
genomic analysis for 5 samples per species, the sequencing cost for a global initiative would be
US$1 million in total, or US$100,000 per year. We estimate that a team of <5 researchers
would be able to organize, develop the standard operating procedures (SOPs), and conduct
and/or assist with the bioinformatics. The in-depth analysis of the data should be a collabora-
tive effort between field researchers and molecular ecologists with both parties benefiting and
contributing complementary expertise. Overall, the cost of such an initiative would thus be sig-
nificant, but modest when compared with the amount of funding that is currently raised for
large-scale barcoding (BIOSCAN: US$180 million). Yet, the benefits would be manifold: it
would help with gaining a functional understanding of biodiversity for taxa, such as mammals,
in which species diversity and ranges are already comparatively well understood. It would also
help with justifying field work and encouraging data collection for noncharismatic species.
Lastly, preliminary data obtained through such a project would help with raising funds for
more focused projects on species with intriguing preliminary data. For example, the Tupaia
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data presented here may inspire additional work on how microbiomes facilitate the rapid
digestion of arthropods.

One concern may be the biased/random nature of the samples that are obtained serendipi-
tously. However, similar to what is the case for traditional natural history data, data for the
same species would accumulate over time and be useful for addressing a large number of
research questions that are of both academic and applied interest. Here are some examples:
Which species share gut parasites? How do parasite loads change across range, population size,
and genetic variability? How much variability is there in the microbiomes, and how is it influ-
enced by evolutionary relationships, diet, sex, and age? How many supposedly “phytophagous”
species also feed on animals? To what extent is the diet of species determined by evolutionary
history? How does the diet change over a species’ range, and how is it related to environmental
variables? How do animals in urban areas differ from wild populations?

Of course, metagenomic data are not devoid of problems. This includes false positive “diet”
items (flies, dung beetles, and millipedes), which can come from animals that visited the feces
(for example, those found in our case study, Table D in S1 Text). An additional issue is that
DNA signals from the bait has to be subtracted. Overall, it is thus important to slightly modify
existing field protocols by, for example, only using freshly cleaned traps and recovering the
samples quickly (Box 2). With regard to benefit sharing and regulatory concerns, we suggest
that the extracted DNA should remain with the researchers residing in the country of origin.
They would then initiate data acquisition following approved protocols for the country in
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Box 2. Standard operating procedures for collecting fecal DNA

1. Equipment for field work: Sterilized vials, gloves, and spatula. Ethanol can be

added to the vials if field work is extensive and freezer access is limited. For field
work involving several days, silica beads can be used for dehydration (see point 4).

2. Equipment for molecular work: Centrifuges and pipettes for multidimensional
characterization. When microbiome is the focus, a vortex (Vortex-Genie 2) for

bead-beating.

3. Collection of sample: Sample should be collected when defecation is observed or
shortly thereafter. If this is not possible, PCR-based screening can be used for spe-
cies identification. Traps should be cleaned/sterilized between uses.

4. Preservation of sample: Frozen within a few hours or preserved using transport/
storage media such as DNA shields (Zymo Research). When such preservation is
not possible, a 2-step preservation method can be used: first, storage in ethanol
and then desiccation in silica after 1 day [41].

5. Metadata collection: Record location/GPS coordinates, date and time of collection,
whether defecation was observed, the exact location of sample (on ground/leaves/
inside trap, etc.), type of traps and baits used, and observation of other animals on
the feces or bait.

6. Lab work: DNA extraction (QIAGEN DNeasy Blood & Tissue kit) for multidi-
mensional work of this nature, preferably sampling the interior of the sample. The
same kit can be used to extract the outer layer if the aim is to maximize host DNA.
Kits such as the QTAGEN DNeasy PowerSoil kit if microbiome characterization is
the focus.

question (e.g., sequencing within the country or outsourcing). The data—but not the DNA—
could then be shared with team members living elsewhere. The cost for sequencing would ide-
ally be borne by a global initiative, but it can also be covered by regional research projects. If
organized along these lines, such an initiative would provide benefits for all parties involved.
In order to start such an initiative, researchers at the National University of Singapore and the
Genome Institute of Singapore will sequence and analyze the first 250 samples (circa 50
species).

Ethics statement

Small mammal trapping was conducted as part of the Bukit Timah Survey initiated by the
National Parks Board [42]. Fecal samples were collected after the animals were released from
the traps.

Supporting information

S1 Text. Methods and additional detailed results for metagenomic analyses.
(DOCX)

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000517 November 7, 2019 8/10


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000517.s001
https://doi.org/10.1371/journal.pbio.3000517

@'PLOS ‘ BIOLOGY

S1 Data. Data for Figs 1 and 3.
(XLSX)

Acknowledgments

We would like to thank the team from National Parks Board (NParks) who organized the small
mammal trapping as part of the comprehensive survey of the Bukit Timah Nature Reserve. Spe-
cial thanks to Robert Teo and Marcus Chua for facilitating sample collection and feedback. We

would like to thank Nick Baker for commenting on the manuscript. We would furthermore like
to thank him and Dr. Andie Ang for permission to use the images shown in Fig 2.

References

1. Tewksbury JJ, Anderson JGT, Bakker JD, Billo TJ, Dunwiddie PW, Groom MJ, et al. Natural History’s
Place in Science and Society. BioScience. 2014; 64(4):300-10.

2. Greene HW. Organisms in nature as a central focus for biology. Trends in Ecology & Evolution. 2005;
20(1):23-7.

3. Schmidly DJ. What it means to be a naturalist and the future of natural history at American universities.
Journal of Mammalogy. 2005; 86(3):449-56.

4. Barrows CW, Murphy-Mariscal ML, Hernandez RR. At a crossroads: The nature of Natural History in
the twenty-first century. BioScience. 2016; 66(7):592-9.

5. McCallum ML, McCallum JL. Publication trends of natural history and field studies in herpetology. Her-
petological Conservation and Biology. 2006; 1(1):62-7.

6. Gippoliti S, Amori G. The problem of subspecies and biased taxonomy in conservation lists: the case of
mammals. Folia Zoologica. 2007; 56(2):113-7.

7. Trimble MJ, Van Aarde RJ. Species inequality in scientific study. Conservation biology. 2010; 24
(3):886—90. https://doi.org/10.1111/j.1523-1739.2010.01453.x PMID: 20184651

8. Fisher DO. Cost, effort and outcome of mammal rediscovery: Neglect of small species. Biological Con-
servation. 2011; 144(5):1712-1718.

9. Amori G, Gippoliti S. What do mammalogists want to save? Ten years of mammalian conservation biol-
ogy. Biodiversity & Conservation. 2000; 9(6):785-793.

10. TroudetJ, Grandcolas P, Blin A, Vignes-Lebbe R, Legendre F. Taxonomic bias in biodiversity data and
societal preferences. Sci Rep. 2017; 7(1):9132. https://doi.org/10.1038/s41598-017-09084-6 PMID:
28831097

11. Tydecks L, Jeschke JM, Wolf M, Singer G, Tockner K. Spatial and topical imbalances in biodiversity
research. PLoS ONE. 2018; 13(7):e0199327. https://doi.org/10.1371/journal.pone.0199327 PMID:
29975719

12. Fleming PA, Bateman PW. The good, the bad, and the ugly: which Australian terrestrial mammal spe-
cies attract most research? Mammal Review. 2016; 46(4):241-54.

13. Thomsen PF, Sigsgaard EE. Environmental DNA metabarcoding of wild flowers reveals diverse com-
munities of terrestrial arthropods. Ecology and evolution. 2019; 9(4):1665-79. https://doi.org/10.1002/
ece3.4809 PMID: 30847063

14. XuCC, Yen |J, Bowman D, Turner CR. Spider Web DNA: A new spin on noninvasive genetics of preda-
tor and prey. PLoS ONE. 2015; 10(11):e0142508. https://doi.org/10.1371/journal.pone.0142503 PMID:
26606730

15. OehmJ, Thalinger B, Mayr H, Traugott M. Maximizing dietary information retrievable from carcasses of
Great Cormorants Phalacrocorax carbo using a combined morphological and molecular analytical
approach. The Ibis. 2016; 158(1):51-60. https://doi.org/10.1111/ibi.12337 PMID: 26877544

16. Boero F. Observational articles: a tool to reconstruct ecological history based on chronicling unusual
events. F1000 Research. 2013; 2:168. https://doi.org/10.12688/f1000research.2-168.v1 PMID:
24555082

17. Bates HW. The Naturalist on the River Amazons. John Murray, London; 1863.

18. Wallace AR. The Malay Archipelago. Macmillan, New York; 1869.

19. Srivathsan A, Ang A, Vogler AP, Meier R. Fecal metagenomics for the simultaneous assessment of

diet, parasites, and population genetics of an understudied primate. Frontiers in Zoology. 2016; 13:17.
https://doi.org/10.1186/s12983-016-0150-4 PMID: 27103937

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000517 November 7, 2019 9/10


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000517.s002
https://doi.org/10.1111/j.1523-1739.2010.01453.x
http://www.ncbi.nlm.nih.gov/pubmed/20184651
https://doi.org/10.1038/s41598-017-09084-6
http://www.ncbi.nlm.nih.gov/pubmed/28831097
https://doi.org/10.1371/journal.pone.0199327
http://www.ncbi.nlm.nih.gov/pubmed/29975719
https://doi.org/10.1002/ece3.4809
https://doi.org/10.1002/ece3.4809
http://www.ncbi.nlm.nih.gov/pubmed/30847063
https://doi.org/10.1371/journal.pone.0142503
http://www.ncbi.nlm.nih.gov/pubmed/26606730
https://doi.org/10.1111/ibi.12337
http://www.ncbi.nlm.nih.gov/pubmed/26877544
https://doi.org/10.12688/f1000research.2-168.v1
http://www.ncbi.nlm.nih.gov/pubmed/24555082
https://doi.org/10.1186/s12983-016-0150-4
http://www.ncbi.nlm.nih.gov/pubmed/27103937
https://doi.org/10.1371/journal.pbio.3000517

@'PLOS ‘ BIOLOGY

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.
39.

40.

41.

42.

Hicks AL, Lee KJ, Couto-Rodriguez M, Patel J, Sinha R, Guo C, et al. Gut microbiomes of wild great
apes fluctuate seasonally in response to diet. Nature Communications. 2018; 9(1):1786. https://doi.org/
10.1038/s41467-018-04204-w PMID: 29725011

Srivathsan A, Sha JC, Vogler AP, Meier R. Comparing the effectiveness of metagenomics and meta-
barcoding for diet analysis of a leaf-feeding monkey (Pygathrix nemaeus). Molecular Ecology
Resources. 2015; 15(2):250-61. https://doi.org/10.1111/1755-0998.12302 PMID: 25042073

Monterroso P, Godinho R, Oliveira T, Ferreras P, Kelly MJ, Morin DJ, Waits LP, Alves PC, Mills LS.
Feeding ecological knowledge: the underutilised power of faecal DNA approaches for carnivore diet
analysis. Mammal Review. 2018; 49(2):97—112.

von der Ohe CG, Servheen C. Measuring stress in mammals using fecal glucocorticoids: Opportunities
and challenges. Wildlife Society Bulletin. 2002; 30(4):1215-25.

Lokmer A, Cian A, Froment A, Gantois N, Viscogliosi E, Chabé M, Ségurel L. Use of shotgun metage-
nomics for the identification of protozoa in the gut microbiota of healthy individuals from worldwide popu-
lations with various industrialization levels. PLoS One. 2019; 14(2): €0211139. https://doi.org/10.1371/
journal.pone.0211139 PMID: 30726303

Amato KR, J GS, Song SJ, Nute M, Metcalf JL, Thompson LR, et al. Evolutionary trends in host physiol-
ogy outweigh dietary niche in structuring primate gut microbiomes. The ISME journal. 2019; 13(3):576—
87. https://doi.org/10.1038/s41396-018-0175-0 PMID: 29995839

De Barba M, Miquel C, Boyer F, Mercier C, Rioux D, Coissac E, et al. DNA metabarcoding multiplexing
and validation of data accuracy for diet assessment: application to omnivorous diet. Molecular ecology
resources. 2014; 14(2):306-23. https://doi.org/10.1111/1755-0998.12188 PMID: 24128180

Pika S, Klein H, Bunel S, Baas P, Théleste E, Deschner T. Wild chimpanzees (Pan troglodytes troglo-
dytes) exploit tortoises (Kinixys erosa) via percussive technology. Scientific Reports. 2019; 9:7661.
https://doi.org/10.1038/s41598-019-43301-8 PMID: 31123270

Breitwieser FP, Salzberg SL. Pavian: Interactive analysis of metagenomics data for microbiome studies
and pathogen identification. Bioinformatics. 2019; btz715.

Truong DT, Franzosa EA, Tickle TL, Scholz M, Weingart G, Pasollli E, Tett A, Huttenhower C, Segata
N. MetaPhlAn2 for enhanced metagenomic taxonomic profiling. 2015; 12:902—903. https://doi.org/10.
1038/nmeth.3589 PMID: 26418763

Burgin CJ, Colella JP, Kahn PL, Upham NS. How many species of mammals are there? Journal of
Mammalogy. 2018; 99(1):1-14.

Camacho-Sanchez M, Leonard JA, Fitriana Y, Tilak MK, Fabre PH. The generic status of Rattus annan-
dalei (Bonhote, 1903) (Rodentia, Murinae) and its evolutionary implications. Journal of Mammalogy.
2017; 98(5):1340-1355.

Pages M, Bazin E, Galan M, Chaval Y, Claude J, Herbreteau V, et al. Cytonuclear discordance among
Southeast Asian black rats (Rattus rattus complex). Molecular Ecology. 2013; 22(4):1019-34. https:/
doi.org/10.1111/mec.12149 PMID: 23278980

Céza V, Panek T, Smejkalova P, Cepitka |. Molecular and morphological diversity of the genus Hypotri-
chomonas (Parabasalia: Hypotrichomonadida), with descriptions of six new species. European journal
of protistology. 2015; 51(2):158—-72. https://doi.org/10.1016/j.ejop.2015.02.003 PMID: 25855142

Smejkalova P, Petrzelkova KJ, Pomajbikova K, Modry D, Cepicka |. Extensive diversity of intestinal
trichomonads of non-human primates. Parasitology. 2011; 139:92—-102. https://doi.org/10.1017/
S0031182011001624 PMID: 21944648

Langham NPE. The ecology of the common tree shrew, Tupaia glis, in peninsular Malaysia. Journal of
Zoology. 1982; 197:323—44.

Emmons LH. Tupai: A field study of Bornean treeshrews. University of California Press, Berkley; 2000.

Hill WCO. Pharynx, oesophagus, stomach, small and large intestine: Form and position. Primatologia.
1958; 3:139-207.

Emmons LH. Frugivory in treeshrews ( Tupaia). The American Naturalist. 1991; 138(3):643-9.

Langer P. Comparative anatomy of the gastrointestinal tract in Eutheria I: Taxonomy, Biogeography
and Food: Afrotheria, Xenarthra and Euarchontoglires. 2017.

Emerling CA, Delsuc F, Nachman MW. Chitinase genes (CHIAs) provide genomic footprints of a post-
Cretaceous dietary radiation in placental mammals. Science Advances. 2018; 4(5):eaar6478. https://
doi.org/10.1126/sciadv.aar6478 PMID: 29774238

Roeder AD, Archer FI, Poinar HN, Morin PA. A novel method for collection and preservation of faeces
for genetic studies. Molecular Ecology Resources. 2004; 4(4):761—4.

Chan L, Davison GWH. Introduction to the comprehensive biodiversity survey of Bukit Timah Nature
Reserve, Singapore, 2014-2018. Gardens’ Bulletin Singapore. 2019; 71(Suppl. 1):3-17.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000517 November 7, 2019 10/10


https://doi.org/10.1038/s41467-018-04204-w
https://doi.org/10.1038/s41467-018-04204-w
http://www.ncbi.nlm.nih.gov/pubmed/29725011
https://doi.org/10.1111/1755-0998.12302
http://www.ncbi.nlm.nih.gov/pubmed/25042073
https://doi.org/10.1371/journal.pone.0211139
https://doi.org/10.1371/journal.pone.0211139
http://www.ncbi.nlm.nih.gov/pubmed/30726303
https://doi.org/10.1038/s41396-018-0175-0
http://www.ncbi.nlm.nih.gov/pubmed/29995839
https://doi.org/10.1111/1755-0998.12188
http://www.ncbi.nlm.nih.gov/pubmed/24128180
https://doi.org/10.1038/s41598-019-43301-8
http://www.ncbi.nlm.nih.gov/pubmed/31123270
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1038/nmeth.3589
http://www.ncbi.nlm.nih.gov/pubmed/26418763
https://doi.org/10.1111/mec.12149
https://doi.org/10.1111/mec.12149
http://www.ncbi.nlm.nih.gov/pubmed/23278980
https://doi.org/10.1016/j.ejop.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25855142
https://doi.org/10.1017/S0031182011001624
https://doi.org/10.1017/S0031182011001624
http://www.ncbi.nlm.nih.gov/pubmed/21944648
https://doi.org/10.1126/sciadv.aar6478
https://doi.org/10.1126/sciadv.aar6478
http://www.ncbi.nlm.nih.gov/pubmed/29774238
https://doi.org/10.1371/journal.pbio.3000517

