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Abstract

Ancient DNA (aDNA) techniques have demonstrated its power to reveal past

events and reconstruct the evolutionary histories of animals. However, many ques-

tions regarding the rapid adaptation of animals cannot be solely explained by ge-

nomic evidence and thus remain to be further investigated.

Gut bacterial communities (microbiota) perform essential functions for their

hosts, including nutrient synthesis, dietary toxin degradation, and host immunity

development. Epigenetics, including DNA methylation and microRNAs (miRNAs),

participates in the regulation of the gene expression as well as many critical cellular

processes. These non-genomic mechanisms tend to be highly dynamic and suscep-

tible to internal (i.e., genetics) and external factors (i.e., environmental cues). It is

possible that microbiota alterations and epigenetic modifications swiftly transfer ex-

ternal cues to animal phenotypic alterations and exert durative influence on animal

fitness and adaptation, whereas the evidence from modern animal models remains

scarce and controversial.

The most recently developed aDNA techniques allowed the recovery of micro-

biomic and epigenomic information from ancient animal remains. In this thesis, I

employed advanced ancient DNA (aDNA) techniques to explore the role of non-

genomic mechanisms in bovid adaptation to environmental changes over an evolu-

tionary timescale. Two bovid taxa, Myotragus and Bison, were used for case studies

to explore the possible roles of microbiota and epigenetics in animal adaption. In the

first case study, I was able to find evidence suggesting the gut microbiota of Myotra-

gus facilitate its adaptation to a toxic diet; in the second case study, the potential

methylation hotspots responding to mammal-environment interactions were iden-

tified. Furthermore, novel protocols and bioinformatics tools were developed and

optimised to retrieve ancient epigenetic and microbial information from extremely

degraded and contaminated DNA sources. Overall, these studies suggest the micro-

biota and epigenetic modifications play a role in the adaption to the environment

of the past animals. These findings also highlight the potential of aDNA techniques

for resolving long-standing evolutionary questions.
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1.1 Ancient DNA research

DNA can be preserved within organic remains for thousands, or even hundreds of

thousands of years (Hofreiter et al.; 2001). The ability to extract ancient DNA

(aDNA) allowed the retrieval of genetic information from past animals, which pro-

vided insights into the interactions between animals and the environment as well as

their potential genetic adaptations (Miller et al.; 2008; Shapiro and Hofreiter; 2014;

Soubrier et al.; 2016).

Although aDNA is now routinely recovered from sub-fossil (i.e. not yet fully

fossilised) specimens, aDNA research faces several challenges (Pääbo et al.; 2004).

First, the opportunistic nature of sampling, whereby making experimental groups

from the same place and time is often impossible—at least for non-human organisms

that are not systematically buried in given places. Taphonomy represents another

major challenge in aDNA research. After an organism dies, organic tissues im-

mediately start to decompose, and DNA is initially degraded by endogenous and

microbial nucleases (Dabney et al.; 2013). Subsequently, biochemical processes fur-

ther break down DNA at a rate that is dependent on environmental conditions, such

as temperature, humidity, and oxygen availability (Pääbo et al.; 2004; Hebsgaard

et al.; 2005). However, taphonomic processes do not affect all samples uniformly, re-

sulting in a high experimental failure rate, discrepancies between results even from

the same individual, and a decrease in the number of usable samples. Even us-

ing approaches tailored for low-biomass samples (e.g., (Gansauge and Meyer; 2013;

Gansauge et al.; 2017)), the amount of retrieved aDNA is very low and usually only

quantifiable after amplification. The surviving aDNA is highly fragmented, with

an average length typically less than 100 bp. The aDNA damage also results in 1)

lesions that inhibit in vitro DNA amplification, and 2) nucleotide substitutions (i.e.

C-to-T and G-to-A substitutions) in the sequencing data (Figure 1.1) (Briggs et al.;

2007; Rohland et al.; 2015).

Moreover, the proportion of endogenous aDNA retrieved from a given sample is

typically very low due to post-mortem contamination with exogenous DNA (mainly

from microbial sources), as the sub-fossil material used in ancient genomic research

is generally exposed to the environment for a long period (Hofreiter et al.; 2001).

During experimental processing, laboratory staff, reagents, and consumables can

also introduce additional contaminant and human DNA directly onto the sample or

into the aDNA extracts (Llamas et al.; 2017). Therefore, it is critical to minimise

and monitor contamination and authenticate aDNA sequences. Several measures

can be taken to reduce such bias in paleogenetic research, including carrying out

experiments in low-DNA facilities, using blank controls throughout the whole exper-

imental process, authenticating aDNA sequences based on DNA damage patterns,
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Figure 1.1: An example of aDNA damage. A. the fragment length distribution of
aDNA, with an average length of ˜70 bp. B. The nucleotide substitutions in aDNA.
C-to-T and G-to-A substitutions are increased at the end of the aDNA molecules.
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and assessing the reproducibility of the findings (Llamas et al.; 2017).

Despite the challenges and difficulties of aDNA research, this field experienced

an explosion in the past decade following the advent of high throughput sequencing

(HTS) techniques (Marciniak and Perry; 2017). Taking human research as an exam-

ple, only two archaic hominin genomes (and no ancient anatomically modern human,

AMH) were recovered at low depth of coverage (<1×) in 2007, while in 2017 over

a thousand of ancient AMH and archaic hominin genomes had been reconstructed,

and over 35% of the reconstructed genomes had a depth of coverage greater than

1× (Marciniak and Perry; 2017). Advances in HTS techniques not only drastically

increased the accessibility to ancient genetic information, but also paved the way

for new avenues of research such as paleomicrobiomes and paleoepigenomes.

1.2 Paleomicrobiome and paleoepigenome studies

in animals

Paleomicrobiome and paleoepigenome informations have recently been recovered

from ancient animals (Table 1.1 and Table 1.2) (Adler et al.; 2013; Warinner et al.;

2014; Weyrich et al.; 2017; Cano et al.; 2014; Gokhman et al.; 2014, 2017; Hanghøj

et al.; 2016; Pedersen et al.; 2014; Seguin-Orlando et al.; 2015).

Paleomicrobiome information (the taxonomic and functional profile of ancient

bacterial communities) largely originated from human dental calculus (calcified den-

tal plaque) and coprolites (ancient faeces deposits). Dental calculus can entrap and

preserve microbial DNA, and it has been routinely used for the recovery of oral

microbiome information in paleomicrobiology studies (Lieverse; 1999; Jin and Yip;

2002; Adler et al.; 2013; Weyrich et al.; 2017). As dental calculus is less prevalent

in non-human animals, the application of this technique was restricted to ancient

human research. Coprolites can potentially preserve diet, pathogen, and gut micro-

biome information of past animals (Wood et al.; 2008; Tito et al.; 2012; Boast et al.;

2018). However, it is very difficult to recover reliable gut microbiome information

from coprolites because once exposed to the environment, animal faeces are very

susceptible to contamination (Warinner, Speller, Collins and Lewis Jr; 2015; Eisen-

hofer et al.; 2017). Thus, a large proportion of DNA in the coprolites can come from

environmental sources, and it is hard to distinguish environmental DNA from the

gut microbial DNA. Also, because faeces contain organic material, the gut bacterial

community, along with bacteria from the environment, can continue to change over

time, which can bias the abundance of the endogenous bacterial community (Amir

et al.; 2017).
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Table 1.1 Paleomicrobiome studies on animals

Table 1.2 Paleoepigentics studies on animals

Ancient bacterial communities can be reconstructed using amplicon sequenc-

ing and shotgun sequencing methods (Weyrich et al.; 2015; Warinner et al.; 2017).

Amplicon sequencing is cost-effective, but it can bias the bacterial abundance of the

ancient microbiome (Ziesemer et al.; 2015). This is mainly because aDNA are highly

degraded and fragmented, and taxa with short amplicon lengths tends to be over-

amplified (Ziesemer et al.; 2015). Shotgun sequencing obtains both the taxonomic

and functional information and can be used for the assembly of ancient bacterial

genomes, but it is relatively expensive (Adler et al.; 2013; Lloyd-Price et al.; 2017).

Two major concerns in the paleomicrobiome data analysis are contamination and

database bias (Warinner, Speller and Collins; 2015). Bioinformatically, contamina-

tion can be largely removed from animal paleogenomic data through filtering out

sequences that failed to map to the reference genome. Additionally, damage patterns

of the retained sequences—such as the increase of C-to-T and G-to-A substitutions

at the end of mapped sequencing reads—can further help for authentication of the

results (e.g., Figure 1.1). However, paleomicrobiome data cannot be mapped to

a single bacterial genome, thus removal of unmapped reads will not work. For the

same reason, damage patterns of the whole microbiome dataset cannot be generated.

An alternative is to check the damage pattern of individual bacterial genomes, but

it can only authenticate a small proportion of the dataset. Paleomicrobiome data

are also susceptible to database bias (Warinner, Speller and Collins; 2015). For
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example, MALT, a metagenomic data analysis pipeline, tends to assign conserved

sequences to well-studied organisms (Warinner, Speller and Collins; 2015; Herbig

et al.; 2016). Additionally, a large proportion of paleomicrobiome data cannot be

identified (Eisenhofer; 2018). This is probably partially because there is still a

large number of bacteria that remain unknown, and potentially large phylogenetic

distances between modern and ancient bacteria further reduce the power of identifi-

cation (e.g., using BLAST for the identification). This is an important reason why

the assembly of ancient bacteria genomes is crucial, as the newly assembled genomes

can be incorporated into mapping databases and can assist future identification of

closely related ancient bacteria.

Methylation patterns in DNA sequences, an epigenomic feature, participate in

the regulation of gene expression and many critical cellular processes (Jones; 2012).

Paleomethylomes have been reconstructed from the damage patterns of ancient

genomes (Gokhman et al.; 2014; Hanghøj et al.; 2016; Pedersen et al.; 2014). This

method uses the differential damage patterns of cytosines and methylated cytosines

to distinguish between the two. It performs well on ancient genomes with high cov-

erage but damage patterns are typically estimated over sliding windows, thus the

resolution of this approach is limited (Hanghøj et al.; 2016). Methylation patterns

at single-base resolution can be recovered using bisulfite conversion (Llamas et al.;

2012; Smith et al.; 2014a), but this experimental method performs poorly on de-

graded samples. Therefore, the application of bisulfite was restricted to the profiling

of the methylation of a few loci from well-preserved ancient samples.

Unlike genomic information that is similar across cells within an individual,

different types of tissues have different methylation patterns (Ziller et al.; 2013; Lokk

et al.; 2014). Methylome profiles also vary in regard to sex, age, and physiology of

the individual (Ziller et al.; 2013; Lokk et al.; 2014). In modern methylome studies,

such tissue- and individual-specificity can be accounted for by utilising replicates

(Bock 2012). However, using replicates is not applicable to paleomethylome studies

due to the opportunistic nature of sampling. Statistical methods can compensate

this issue to some degree (Wu et al.; 2015; Teschendorff and Relton; 2018), but

paleomethylome studies are still susceptible to bias caused by random variances.

Better databasing of tissue-, sex-, age-, and disease-specific methylation may help to

reduce such bias. Also, the function and phenotypic consequences of unique features

identified from paleomethylomes can be only inferred and need to be validated using

modern animal models.

RNA has been recovered from several ancient specimens (Fordyce et al.; 2013;

Keller et al.; 2017; Smith et al.; 2017). The majority of ancient RNA (aRNA)

was recovered from plant remains (Smith et al.; 2014b, 2017), but the recovery of

aRNA from ancient animal tissues has been recently reported (Keller et al.; 2017;
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Smith et al.; 2019). However, our current understanding of aRNA is very limited.

Nucleotide substitutions similar to aDNA have been observed in aRNA, but it is

not clear if it is sufficient for the authentication of the results (Smith et al.; 2019).

Analysis of ancient microRNA (miRNA; a miRNA is a small non-coding RNA that

regulates target transcripts), is very challenging, as the majority of aRNA have a

length <50 nt (e.g., (Smith et al.; 2019)), and the mappability of sequence with such

short length is very limited. Therefore, it is very difficult to determine if the obtained

aRNA is from ancient organisms or from the environment. Moreover, the abundance

of miRNA estimated using aRNA data is highly biased due to degradation and in

vitro amplification, and it might bias the inference of related gene expression levels.

1.3 Studying past animal adaptation from epige-

netic and microbiomic perspectives

Darwinian natural selection affects traits that are heritable and variable. Mendelian

inheritance and genetic variation addressed the theoretical and molecular bases for

the natural selection theory, resulting in the proposal of the Modern Synthesis

(Provine; 2001). However, even with the unprecedented ability to obtain genetic

information from various organisms, it is still difficult to underpin the genetic basis

of many adaptive traits (Ellegren and Sheldon; 2008; Mackay et al.; 2009). With

the increasing awareness that non-genetic information can have lasting and pro-

found influences on animal phenotypes (reviewed in Chapter 2), it is reasonable

to hypothesise that mechanisms beyond genetics play a role in animal adaption

(Danchin et al.; 2011; Laland et al.; 2014).

Adaptive evolutionary research faces several challenges (Merilä and Hendry;

2014). Primarily, it is very difficult, if not impossible, to accurately infer the

past animal-environmental interactions using data from contemporary populations

(Merilä and Hendry; 2014). Directly generating data from experimental studies also

has limitations, as animal model analyses usually require long-term studies on a

small number of populations or are limited to small organisms with short genera-

tion time (Charmantier et al.; 2008; Mackay et al.; 2009). One possible alternative

is to use ancient DNA (aDNA) techniques to obtain desired information from an-

imals over evolutionary timescales (Hofreiter et al.; 2001). Using advanced aDNA

techniques, this thesis examined how epigenetic mechanisms and the microbiome

of bovid taxa has changed and potentially provided a non-genetic way to adapt to

changing environments over millennia.
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1.4 Bovid taxa used for case studies in the thesis

Two bovidae taxa, the Myotragus and bison (extant American bison, Bison bison,

and extinct steppe bison, Bison priscus), were used for case studies in this the-

sis. Myotragus is an extinct dwarf fossil caprine that lived in the Balearic Islands

(Mediterranean Sea) from the Late Pleistocene to the Holocene (Figure 2) (Mart́ınez,

Suriñach et al. 1997). The ancestors of Myotragus are estimated to have arrived to

the islands circa five million years ago (Ramis and Bover; 2001). Since then, My-

otragus has evolved in this isolated environment until its human-caused extinction

around 4,300 years ago (Ramis and Bover; 2001). The fossil records (skeletal fossils

and coprolites) suggest many evolutionary features that were shaped by the insular

environment: morphologically, Myotragus had a small body size (dwarfism) with

strong limb bones; behaviourally, they seemed to be able to exploit all available

plant food on the islands, including Buxus balearica, a plant that is toxic to rumi-

nants (Alcover et al.; 1999; Köhler and Moyà-Solà; 2004; Ata and Andersh; 2008;

Bover et al.; 2014). As the gut microbiome play important roles in food digestion

and resilience to harmful dietary components (Huttenhower et al.; 2012; Kohl et al.;

2014), we hypothesised that the gut microbiome assisted Myotragus to adapt to its

toxic diet.

The Late Pleistocene (110 to 11.65 thousand years ago—kya) was characterised

by a series of climate fluctuations (Cooper et al.; 2015) and is associated to the

mass extinction of many megafauna species. However, steppe bison were part of the

few survivors who made it into the Holocene (last 11,000 years) and they are now

identified as American bison (Cooper et al.; 2015). The morphological classification

of the extinct steppe bison into tens of species based on their fossil record is poorly-

supported by genetic evidence (Shapiro and Hofreiter; 2014; Soubrier et al.; 2016).

Non-genetic mechanisms like epigenetics possibly played a role in the past bison

morphological diversity. Therefore, we reconstructed a methylome history of bison

and explored the possible role of methylome in their adaptation to climate changes.

We also explored the possibility to obtain oral microbiome information from ancient

bison teeth.

1.5 Thesis overview

The thesis consists of one review chapter (Chapter 2) and four research chapters

(Chapter 3–6). Chapter 3 and 5 investigated how the microbiome and methylome

assisted the adaptation of the two bovid taxa. Chapter 4 and 6 explored the possibil-

ity to extend the scopes of current paleomicrobiology and paleoepigenetics research

using laboratory methods optimised for highly degraded samples.
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Figure 1.2: Bovid taxa used for case studies in the thesis (left: the reconstructed
Myotragus (Lalueza-Fox et al.; 2002); right: bison (Dykinga; 2018))

Chapter 2: More arrows in the ancient DNA quiver: use of paleoepigenomes

and paleomicrobiomes to investigate animal adaptation to environment

This chapter reviewed the existing evidence indicating that non-genetic mech-

anisms can play a role in animal adaptation. Epigenetics and microbiome are dy-

namically shaped by the environment and can lead to phenotypic variation, thereby

affecting animal fitness. A proportion of the epigenetics and microbiome alterations

can be maintained over multiple generations. In this chapter, we underscored the

feasibility of using aDNA techniques to reconstruct a history of epigenetics and mi-

crobiome of various animal species over evolutionary timescales, thus providing new

insights into the animal adaption.

Chapter 3: Ancient DNA analysis of coprolites reveals the role of gut microbiota

in mammal adaptation to environment

This chapter is a case study that investigated whether and how the gut micro-

biome assisted an extinct cave goat (M. balearicus) to adapt to a diet containing the

toxic plant Buxus balearica. Robust ancient gut microbiome results were retrieved

from coprolites, and taxonomical and functional analyses revealed a detoxification

role of the Myotragus gut microbiome. These results suggest that Myotragus har-

boured a unique gut microbial community, which likely played a key role in their

adaptation to a toxic diet.

Chapter 4: Recovery of oral microbiome signal from ancient bison teeth

This chapter explored the possibility to recover oral microbiome information by

utilising cementum and a dental “plaque-like” structure from bison teeth. Although

a large proportion of the obtained DNA originated from the environment, DNA of

oral, mucosal, and ruminal microorganisms was successfully obtained from ancient

and modern bison specimens. This chapter demonstrates that ancient teeth can

serve as a promising proxy to recover oral microorganisms and host information
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from ancient animals.

Chapter 5: Reconstruction of a bison methylome history over the past 50,000

years

This chapter optimised a DNA sequencing library method (the hairpin method)

for the retrieval of high-quality methylome data from highly degraded DNA sam-

ples. Using the hairpin method, 11 ancient bison and 14 modern bison methylomes

with single-base resolution were reconstructed. The robustness of this method was

verified, and tissue-specificity was observed in ancient methylomes. Through recon-

struction of the bison methylome history over 50,000 years, we were able to identify

potential methylation hotspots responding to mammal-environment interactions.

This chapter shows the strengths and the great potential of the hairpin method in

revealing novel dynamics in mammal methylome history.

Chapter 6: Recovery of ancient RNA from a 30, 000-year-old bison bone

This chapter applied an optimised RNA extraction protocol to a 30,000-year-old

bison bone and aRNA was successfully obtained. We evaluated potential contami-

nation by co-extracted DNA and the necessity of an RNA molecule end repair step

for sequencing library construction. This study highlights the feasibility of recov-

ering aRNA from sub-fossil bones—which represent most of the animal sub-fossil

record—and the necessity for a better understanding of aRNA properties.
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L. M., Schmidt, A. and Meyer, M. (2017). Single-stranded dna library preparation
from highly degraded dna using t4 dna ligase, Nucleic acids research 45(10): e79–
e79.

Chapter 1 Yichen Liu 27



The Role of Epigenetics and Microbiome in Bovid Adaptation

Gansauge, M.-T. and Meyer, M. (2013). Single-stranded dna library preparation for
the sequencing of ancient or damaged dna, Nature protocols 8(4): 737.
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M., Nilsson, T. K., Vilo, J., Salumets, A. et al. (2014). Dna methylome profiling of
human tissues identifies global and tissue-specific methylation patterns, Genome
biology 15(4): 3248.

Mackay, T. F., Stone, E. A. and Ayroles, J. F. (2009). The genetics of quantitative
traits: challenges and prospects, Nature Reviews Genetics 10(8): 565.

Marciniak, S. and Perry, G. H. (2017). Harnessing ancient genomes to study the
history of human adaptation, Nature Reviews Genetics 18(11): 659.
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Pääbo, S., Poinar, H., Serre, D., Jaenicke-Després, V., Hebler, J., Rohland, N.,
Kuch, M., Krause, J., Vigilant, L. and Hofreiter, M. (2004). Genetic analyses
from ancient dna, Annu. Rev. Genet. 38: 645–679.

Pedersen, J. S., Valen, E., Velazquez, A. M. V., Parker, B. J., Rasmussen, M., Lind-
green, S., Lilje, B., Tobin, D. J., Kelly, T. K., Vang, S. et al. (2014). Genome-wide
nucleosome map and cytosine methylation levels of an ancient human genome,
Genome research 24(3): 454–466.

Provine, W. B. (2001). The origins of theoretical population genetics: With a new
afterword, University of Chicago Press.

Chapter 1 Yichen Liu 29



The Role of Epigenetics and Microbiome in Bovid Adaptation

Ramis, D. and Bover, P. (2001). A review of the evidence for domestication of
myotragus balearicus bate 1909 (artiodactyla, caprinae) in the balearic islands,
Journal of Archaeological Science 28(3): 265–282.

Rohland, N., Harney, E., Mallick, S., Nordenfelt, S. and Reich, D. (2015). Par-
tial uracil–dna–glycosylase treatment for screening of ancient dna, Philosophical
Transactions of the Royal Society B: Biological Sciences 370(1660): 20130624.

Seguin-Orlando, A., Gamba, C., Der Sarkissian, C., Ermini, L., Louvel, G., Bouly-
gina, E., Sokolov, A., Nedoluzhko, A., Lorenzen, E. D., Lopez, P. et al. (2015).
Pros and cons of methylation-based enrichment methods for ancient dna, Scien-
tific reports 5: 11826.
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The Role of Epigenetics and Microbiome in Bovid Adaptation

Abstract

Whether and how epigenome mechanisms and the microbiome play a role in mam-

malian adaptation raised considerable attention and controversy, mainly because

they have the potential to add new insights into the Modern Synthesis. Recent

attempts to reconcile neo-Darwinism and neo-Lamarckism in a unified theory of

molecular evolution give epigenetic mechanisms and microbiome a prominent role.

However, supporting empirical data is still largely missing. Because experimental

studies using modern animals can hardly be done over evolutionary timescales, we

propose that advances in ancient DNA techniques provide a valid alternative. In this

piece, we evaluate: (1) the possible roles of epigenomes and microbiomes in animal

adaptation; (2) advances in the retrieval of paleoepigenome and paleomicrobiome

data using ancient DNA techniques; and (3) the plasticity of either and interactions

between the epigenome and the microbiome, while emphasising that it is essential to

take both into account, as well as the underlying genetic factors that may confound

the findings. We propose that advanced ancient DNA techniques should be applied

to a wide range of past animals so novel dynamics in animal evolution and adaption

can be revealed.

Key words: Ancient DNA, paleomicrobiome, paleoepigenome, animal evolution

34 Chapter 2 Yichen Liu



2.1 Introduction

How animals adapt to a changing environment is a fundamental question in evolu-

tionary biology. Efforts have focused on the characterisation of genetic processes,

such as mutation, drift, and selection, that underlie animal adaptation (Gillespie;

2004). However, increasing evidence suggests that epigenetic modifications play

a significant role in shaping animal phenotypes and response to environmental

stimuli (Jirtle and Skinner; 2007). In addition, the recently proposed concept of

“hologenome” — which considers the genome of an organism as an aggregation

of the genomes of both the host and its resident microorganisms (microbiota) —

challenges the traditional genetic paradigms that focus on the sole host genome

(Zilber-Rosenberg and Rosenberg; 2008). Hence, both epigenetic modifications and

microbiome alterations need to be considered when discussing the evolutionary his-

tory of a particular species.

Most evolutionary studies largely rely on the comparison and interpretation of

modern DNA sequences, which provide only indirect evidence of past events and

usually require temporal calibration using known fossil or biogeographical evidence

(Telford et al.; 2015). Alternatively, genetic information can be directly obtained

from archaeological and paleontological remains using ancient DNA (aDNA) tech-

niques (Rohland and Hofreiter; 2007). In this case, dating methods can be applied

to the sample, providing a reliable timestamp for the genetic data (Lorenzen et al.;

2011; Cooper et al.; 2015). Furthermore, methylomes (the cytosine methylation

profile of a genome) and microbiomes (the totality of microbial genomes within a

niche) have been recently recovered from ancient human remains (Adler et al.; 2013;

Gokhman et al.; 2014; Pedersen et al.; 2014; Hanghøj et al.; 2016), which paves

the way for the study of past interactions between animals and environments using

epigenetics and microbiome.

This review aims to discuss the possible roles of the epigenome and microbiome

in animal adaptation to rapidly changing environments. We further propose that

the implementation of aDNA techniques to retrieve paleoepigenomes and paleomi-

crobiomes from a wide range of ancient animals has a great potential to track novel

dynamic processes underlying animal adaptation over evolutionary timescales.

2.2 Challenges and opportunities of using aDNA

in studying animal evolution

Ancient DNA is DNA retrieved from sub-fossil biological specimens (i.e., not yet

fossilised). Ancient DNA sequencing is a powerful way to recover ancient genomic

information. However, aDNA is subject to post-mortem decay and contamination,
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which can lead to biases and misinterpretation of paleogenetic data (Cooper and

Poinar; 2000; Hofreiter et al.; 2001). Even under favourable circumstances (e.g.,

permafrost), DNA continually degrades with time (Hofreiter et al.; 2001; Dabney

et al.; 2013). Consequently, the proportion of endogenous aDNA retrieved from a

given sample is typically very low; the DNA molecules are also highly fragmented,

with an average fragment length typically less than 100bp (Sawyer et al.; 2012).

DNA damage is also characterised by miscoding lesions (Hofreiter et al.; 2001).

In particular, cytosines (especially those in single-stranded overhangs that form the

sticky ends of aDNA fragments) are susceptible to conversion to uracil via hydrolytic

deamination (Briggs et al.; 2009). After experimental amplification of DNA, cytosine

deamination leads to cytosine-to-thymine (C-to-T) substitutions on the damaged

DNA strand and guanine-to-adenine (G-to-A) substitutions on the complementary

strand. Although such damage causes sequence errors in the final DNA sequence,

the increase of C-to-T and G-to-A substitutions at fragment termini now serve as the

gold standard to authenticate aDNA (Llamas, Valverde, Fehren-Schmitz, Weyrich,

Cooper and Haak; 2017).

Despite the technical challenges of aDNA research, the advent of high–throughput

sequencing (HTS) techniques enabled genome-wide analyses of ancient specimens,

providing critical insights into the evolutionary history of several species (Soubrier

et al.; 2016; Miller et al.; 2008; Shapiro and Hofreiter; 2014). However, many ques-

tions regarding mammals evolution remain unsolved. For example, one of the most

intriguing areas of research is the mass megafauna extinctions that took place dur-

ing the last glacial period (Late Pleistocene; 110 to 11.65 thousand years ago-—kya)

(Cooper et al.; 2015). During this period, many megafaunal species went extinct,

including the iconic woolly rhinoceros, mammoth, short-faced bear, short-faced kan-

garoo, and ground sloth. Whether humans, climate change, or both caused the

mass extinctions remains highly controversial (Lorenzen et al.; 2011; Cooper et al.;

2015; Sandom et al.; 2014). Such controversy partially stems from missing data and

would be drastically improved with additional information, e.g., data regarding the

behaviour, diet, and physiology of ancient animals. Paleoepigenome and paleomi-

crobiome analyses offer alternative access to such information (Gokhman, Malul and

Carmel; 2017; Warinner, Speller, Collins and Lewis Jr; 2015). For instance, changes

in the oral microbiota might indicate a change in diet, while methylation level in ge-

nomic regulatory regions can relate to specific phenotypes; alternatively, a diseased

state might be linked to pathogens identified within the microbiome or abnormal

methylation profiles (De Filippo et al.; 2010; Jones; 2012; Cui et al.; 2013).

More importantly, epigenomes and microbiomes respond to environmental cues

and thus have the potential to capture fine-scale dynamics between animals and

paleoenvironment, which might be obscured in genomic data (Figure 1). For ex-
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ample, extinct steppe bison experienced and survived the last ice age. They have

been morphologically classified into over 50 species based on the past fossil record

(McDonald; 1981), while genetic data suggest that steppe bison are a single morpho-

logically plastic species (Shapiro et al.; 2004). Animal morphology can be affected

by epigenetic modifications without changing the genomic sequences (Cropley et al.;

2012); it is thus possible that the past bison morphological diversity is driven by

epigenetic changes triggered by environmental factors. Myotragus balearicus, an ex-

tinct insular cave goat endemic to the Gymnesic Islands in the Mediterranean sea,

appears to have adapted to feed on a plant (Buxus balearica) that is toxic to rumi-

nants (Welker et al.; 2014). Many mammalian herbivores employ their gut microbes

to facilitate the degradation of the harmful components in the diet (e.g., the desert

woodrat (Kohl et al.; 2014), koala (Shiffman et al.; 2017), and the Japanese large

wood mouse (Sasaki et al.; 2005). The gut microbiome of this goat might play a

similar role by enabling tolerance to the toxic plant.

In these examples, aside from offering additional information about phenotypic

alterations (e.g., modified body size and the ability to gain nutrition from various

diets) and environmental cues (e.g., ice age and toxic vegetation), the epigenome

and microbiome might serve as a mechanism that facilitated animal adaptation to

the environment. However, this posit has not been fully explored. To investigate the

evolutionary role of epigenetic modifications and microbiome variations, three major

questions need to be addressed. Firstly, how do epigenome and microbiome respond

to environmental stimuli, and what are the phenotypic consequences? Secondly,

can those epigenetic responses and microbiome changes be maintained over multiple

generations and thus influence animal adaptation in the long term? Finally, how

can research verify this hypothesis on an evolutionary timescale?

2.3 DNA methylation patterns as a proxy to infer

animal-environment interactions

Epigenetics refers to mechanisms that alter the expression of genes without mod-

ifying the underlying genetic sequence. This include DNA methylation, histone

modifications, nucleosome positioning, and non-coding RNAs (Holliday; 2006). In

this review, the discussion of epigenetic modification will focus on DNA methyla-

tion, as it is likely the most accessible epigenetic signal that can be recovered from

aDNA (Llamas et al.; 2012; Smith et al.; 2015).

In mammalian genomes, DNA methylation is found almost exclusively in the

context of CpG dinucleotides and typically occurs at the fifth carbon position of cy-

tosines (Jones and Takai; 2001). Taking humans as an example, the DNA methyla-
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Figure 2.1: Schematic figure of how environmentally-induced epigenetic and micro-
biome changes accumulate in mammal populations. A-C: Environmentally-induced
epigenetic and microbiome alterations steadily increase within a mammal popula-
tion. D-F: Epigenetic and microbiome alterations are preserved within epigenetic
and microbiome records, in the absence of genetic variation.
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tion levels are relatively stable across differentiated cells, with 4-8% of total cytosines

and 70-80% of CpG islands (loci rich in CpGs) methylated (Ziller et al.; 2013). How-

ever, locus-specific methylation can vary across differentiated cells and throughout

the development of an organism (Smith and Meissner; 2013). DNA methylation in

promoter regions typically blocks the initiation of transcription, while methylation

occurring within the gene body can stimulate transcript elongation (Jones; 2012).

Due to their regulatory role, DNA methylation patterns are associated with a wide

range of biological traits (Jones; 2012).

2.3.1 Environmentally-induced epigenetic modifications

Animals are constantly exposed to the surrounding environment, which encompasses

a wide range of beneficial or adverse factors that can exert physiological and psy-

chological changes and stimulate a series of adaptive responses (Mellor; 2015; Hay

et al.; 2016; Kent et al.; 2014; Koolhaas et al.; 1999). DNA methylation can respond

to various environmental cues, including early life nutrition, temperature, and many

other stressors (e.g., chemical compounds, hypoxia, and mental stress) (Shen et al.;

2002; Cao-Lei et al.; 2014; Bollati and Baccarelli; 2010).

Early life nutrition is critical to foetal epigenetic programming and could give

rise to persistent and systematic epigenetic alterations (Cao-Lei et al.; 2014; Hei-

jmans et al.; 2008; Tobi et al.; 2009). One possible explanation is that maternal

nutrients are associated with the levels of methyl donors available as a biochem-

ical substrate for DNA methylation (Anderson et al.; 2012; Niculescu and Zeisel;

2002). DNA methylation is enzymatically catalysed by DNA methyltransferases,

which transfer methyl groups from S-adenosylmethionine (SAM) to the fifth car-

bon position of cytosines (Fuso et al.; 2005; Chiang et al.; 1996). The synthesis

of SAM requires the presence of methyl donors, such as folate, B6, B12, and some

other dietary B vitamins (Fuso et al.; 2005). In animals, the availability of methyl

donors in the maternal diet can affect foetal epigenetic states, and consequently,

affect the offsrping’s phenotype (Cooney et al.; 2002; Waterland et al.; 2006). For

example, methyl donor supplementation of female mice before and during pregnancy

increases the DNA methylation at a metastable (i.e. the epigenetic state is mitot-

ically inherited once established) epiallele, axin fused (AxinFu), which results in a

decreased incidence of tail abnormality in their offspring (Waterland et al.; 2006).

Many epigenetically-regulated genes play important roles in embryogenesis and de-

velopment, and altered DNA methylation patterns caused by maternal nutrition can

exert a life-long influence in mammals (Okano et al.; 1999; Li et al.; 1993).

Temperature fluctuations can pose challenges to animal adaptation to the envi-

ronment and have the potential to trigger alterations of DNA methylation in animals
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(Cooper et al.; 2015; Cahill et al.; 2013; Marsh and Pasqualone; 2014; Parrott et al.;

2014; Navarro-Mart́ın et al.; 2011). This temperature-related methylation has been

best characterised in temperature-dependent sex determination in poikilothermic

animals (Parrott et al.; 2014; Navarro-Mart́ın et al.; 2011). Temperature-related

DNA methylation and demethylation is less understood in mammals, but evidence

suggests that temperature can prompt alterations in the mammalian methylome

as well. For example, exposure to altered ambient temperature during adulthood

is associated with the change of DNA methylation of multiple genes in blood cells

(Bind et al.; 2014, 2016). However, it is unclear if such alterations can happen to

germ cells and be transmitted to offspring.

In nature, the alteration of nutrition availability and temperature is likely cou-

pled with physiological and psychological stress, and prenatal exposure to such stress

can trigger the alteration of DNA methylation of genes with crucial functions. Such

environmentally-induced methylation alterations have been observed in humans who

experienced natural disasters (e.g., Hunger Winter in 1944-–45 and 1998 Quebec ice

storm) (Cao-Lei et al.; 2014; Veenendaal et al.; 2013). It is highly possible that epige-

netic changes also occur in animals when the environment changes drastically (e.g.,

the Late Pleistocene, which was characterised by a series of dramatic cooling and

warming events that altered the extent of ice sheets across the globe (Cooper et al.;

2015)). However, these environmentally-induced epigenetic marks must be passed

down over multiple generations to ultimately be a substrate for natural selection.

2.3.2 Trans-generational effects of epigenetic modifications

on animal adaptation

The plasticity and regulatory role of epigenetic modifications enable short-term ex-

posure to environmental cues to be translated into phenotypic traits, and such epi-

genetic alterations (epimutations) might be passed down to the next generation

(Anway and Skinner; 2006). Such potential makes epimutation-mediated natural

selection theoretically possible: the environment triggers epimutations, which lead

to phenotypic alterations that can be generationally transmitted and subjected to

natural selection. This process is best modelled in isogenic (i.e. all individuals

are genetically identical) viable yellow agouti (Avy ) mice (Cropley et al.; 2012).

The Avy allele is epigenetically regulated in mice and its expression impacts coat

colour. In this model, the environmentally-induced epimutation was simulated by

manipulating methyl donor supplementation in the mice diet, and natural selection

was mimicked using selective breeding. Interestingly, the prevalence of epimutation-

associated phenotypes was steadily increased in a population for five generations

(Cropley et al.; 2012). As these mice are otherwise genetically identical, the change
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of coat colour is only driven by an epigenetic response to an external factor and

selective forces.

Heritable epigenetic modifications have been observed in pigs, rodents, and hu-

mans (Cropley et al.; 2012; Wang et al.; 2014; Weyrich et al.; 2018; Skvortsova

et al.; 2018), where many genes (e.g., IGF2R, Snrpn, Peg3, mest, and H19 ) are

epigenetically imprinted in gametes—–i.e. genes are expressed in a monoallelic and

parent-of-origin manner (Dean et al.; 1998). In the case of imprinting, and con-

trary to the Avy allele-related phenotype that needs to be maintained by dietary

supplements (Cropley et al.; 2012), epialleles can persistently affect animal traits

throughout their life even in the absence of obvious external stimuli. Environmental

factors (including maternal nutrition) can influence imprinting during foetal devel-

opment (Kappil et al.; 2015). Such adaptation would be invisible in the genetic

record, as it does not entail genetic change. Nevertheless, the epigenetic modifica-

tions that occur in gametes or during early developmental stages can be mitotically

passed down to different types of cells, and thus can be preserved in sub-fossil records

(e.g., bones, teeth, and hair).

2.3.3 Methods and progress in ancient epigenetic research

Several methods are available to retrieve methylomes from modern samples, includ-

ing bisulfite-based approaches and antibody-based enrichment (Harris et al.; 2010).

However, the characteristic fragmentation and damage of aDNA molecules pose

serious limitations to these methods when analysing ancient samples. In aDNA

research, bisulfite conversion followed by targeted amplification is at best limited

to a few methylated loci even using well-preserved samples, while antibody-based

enrichment is biased towards large fragments and CpG-rich regions (Llamas et al.;

2012; Smith et al.; 2015; Seguin-Orlando et al.; 2015). The inefficacy and bias of

these methods has hindered the retrieval of methylome-wide data from ancient sam-

ples. However, the extensive damage that occurs in aDNA offers a proxy to evaluate

cytosine methylation levels from ancient samples (Gokhman et al.; 2014; Pedersen

et al.; 2014). The deamination of cytosines and methylated cytosines is the most

frequently observed damage in aDNA (Hofreiter et al.; 2001). This process converts

cytosines to uracils (C-to-U) and methylated cytosines to thymines (5mC-to-T).

After enzymatically removing the uracils using uracil—DNA—glycosylase (UDG),

the remaining C-to-T substitutions in the sequencing data reflect the methylation

level in a given region (Briggs et al.; 2009). This method has helped to reconstruct

some ancient and archaic human methylomes (Gokhman et al.; 2014; Pedersen et al.;

2014; Hanghøj et al.; 2016).

However, the resolution of this method is coarse and limited to a regional charac-
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terisation of methylation. It seems experimental bisulfite conversion is still the gold

standard for obtaining base-resolution methylomes (Leontiou et al.; 2015). How-

ever, the biggest obstacle to apply bisulfite sequencing to ancient samples is the

combination of short fragment length and reduced sequence complexity. Bisulfite

converts cytosines to uracils and leaves methylated cytosines unchanged, making it

possible to differentiate cytosines from methylated cytosines (Leontiou et al.; 2015).

Consequently, in most of the genome (which is typically hypomethylated), cytosines

are not methylated and will be displayed as thymine, which means that the original

ATGC-coded DNA becomes an ATG-coded sequence. In aDNA, this means small

fragments can no longer be mapped to the reference genome unambiguously. To il-

lustrate this, we estimate that accurate mapping of a bison genome requires at least

25-bp-long DNA fragments, while a minimum of 35bp is necessary after bisulfite

conversion of cytosines (Figure 2). Given the fact that most aDNA fragments are

very small, 10bp can make a significant difference in terms of the amount of data

that can be obtained from an individual sample.
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Figure 2.2: The proportion of reads mapped uniquely to the reference genome. Top:
the proportion of uniquely mapped ATCG-coded reads drops when the sequencing
read length less than 25bp. Bottom: the proportion of uniquely mapped ATG-coded
reads drops when the sequencing read length less than 35bp

This issue has been recently addressed by a bisulfite sequencing method opti-

mised for aDNA (Llamas, Heiniger, Gower, Liu and Cooper; 2017) based on (Laird

et al.; 2004; Zhao et al.; 2014). Specifically, a hairpin adaptor is ligated to one

end of the DNA molecules before bisulfite conversion. The bisulfite treatment de-

42 Chapter 2 Yichen Liu



natures the hairpin molecules but the plus and minus strands remain attached via

the hairpin adaptor. Both strands are thus sequenced together using paired-end

sequencing and, after folding the sequencing reads bioinformatically, it is possible

to reconstruct the original DNA sequence and identify methylation. Because the

original ATGC-coded DNA can be recovered, the method allows accurate mapping

of short fragments and detection of methylation at a single-base resolution. Thus,

this method can be applied to retrieve highly resolved ancient methylomes.

Ancient epigenetics research is still in its infancy and only a small number of

ancient methylomes have been reconstructed. However, this small dataset revealed

intriguing findings. Altered DNA methylation profiles were detected from hominids

such as Neanderthals and Denisovans (Gokhman et al.; 2014; Gokhman, Tamir,

Housman, Rafinia, Colón, Gu, Ferrando, Gelabert, Lipende, Quillen, Meissner,

Stone, Pusey, Mjungu, Kandel, Liebergall, Prada, Vidal, Krause, Yakir, Pääbo,

Reich, Lalueza-Fox, Marques-Bonet, Meshorer and Carmel, unpublished data). The

identified alterations have been related to phenotypic variation, including limb, fa-

cial, and vocal tract morphology. These phenotypes are very likely to play critical

roles in hominid evolution. For instance, the facial and vocal morphology can af-

fect speech, which is an adaptive feature considered unique to anatomically mod-

ern humans (Rauschecker and Scott; 2009). Different hominin lineages also seem

to have a distinctive set of methylation signatures (Gokhman, Tamir, Housman,

Rafinia, Colón, Gu, Ferrando, Gelabert, Lipende, Quillen, Meissner, Stone, Pusey,

Mjungu, Kandel, Liebergall, Prada, Vidal, Krause, Yakir, Pääbo, Reich, Lalueza-

Fox, Marques-Bonet, Meshorer and Carmel, unpublished data), which might be a

projection of corresponding epigenetic response to both the environment and un-

derlying genetics. With the new methods tailored for aDNA, both the quality and

quantity of paleomethylome data are likely to rapidly increase.

2.4 Host-microbiome interactions and their im-

plications in environmental adaptation

The microbiome is another indispensable part of animal biology that may play vital

roles in animal adaptation. Trillions of microorganisms (microbiota) inhabit various

body sites within animals, but the importance of these microbial communities and

their genomic diversity (microbiome) was underestimated until recently (Hutten-

hower et al.; 2012). It has been recently revealed that microbiota outnumber their

host’s cells (Sender et al.; 2016). The vast numbers of microbes dynamically inter-

act with their host in a complex and often beneficial manner: they can influence

the maturation of host immunity, provide key nutrients, and affect host metabolism
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(Huttenhower et al.; 2012; Lloyd-Price et al.; 2016; Kinross et al.; 2011). The dis-

ruption of microbiota and their functions is often associated with the development

of many diseases (e.g. obesity, diabetes, mental health, skin disorders, and cancer)

(Schwabe and Jobin; 2013; Grice and Segre; 2011; Hartstra et al.; 2015; Devaraj

et al.; 2013). Because of their known relationships to animal health, gut and oral

microbiomes are among the most extensively studied areas of microbiome research.

Different body sites are colonised by distinct microbiota, and the oral cavity har-

bours an especially diverse microbiome that is unique from other body sites (Turn-

baugh et al.; 2007; Gill et al.; 2006; He et al.; 2015). The mouth of a healthy animal

is typically home to over 200 microbial species (Dewhirst et al.; 2010, 2012), which

belong to Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes and Fusobac-

teria phyla (He et al.; 2015). While many microbes in the mouth are planktonic,

other species readily form a biofilm on the surface of teeth and soft epithelial tissues.

Several Streptococcus species are key, ‘primary’ players in dental plaque formation,

as they can adhere to tooth enamel and allow the secondary binding of other bac-

teria, which can dictate oral health outcomes (Dewhirst et al.; 2010). Furthermore,

the oral microbiota plays roles in systemic diseases, including cardiovascular disease,

diabetes, and cancer (Hartstra et al.; 2015; Ahn et al.; 2012; Shoemark and Allen;

2015; Nakano et al.; 2009).

Like the mouth, the gastrointestinal tract harbours an extensively studied mi-

crobiota that is responsible for food digestion, nutrition absorption, and intestine

functions (Arumugam et al.; 2011; Turnbaugh et al.; 2009; Kau et al.; 2011). The

gut microbiota can transform indigestible molecules into smaller and digestible nu-

trients, thereby increasing the nutrient bioaccessibility for the hosts (Kau et al.;

2011). For example, host enzymes within the intestine cannot digest dietary fibres,

while Bacteroidetes bacteria, part of the core gut microbiota, can transform fibres

into physiologically active metabolites, such as short-chain fatty acids (Trompette

et al.; 2014). Gut microbiota can also synthesise essential vitamins (including B-

group vitamins and vitamin K) and thus act as micronutrient suppliers (LeBlanc

et al.; 2013). Besides facilitating intestine function, gut microbiota are also involved

in microbial detoxification and play a role in modulating brain development and

behaviour (Kohl et al.; 2014, 2016; Heijtz et al.; 2011).

2.4.1 Factors that contribute to microbiota variation

The gut microbiota exhibits great flexibility and plasticity and is dynamically shaped

by the host and environment (Kinross et al.; 2011; Spor et al.; 2011). While gut

microbial communities vary according to host species, the predominant factor that

influences the animal gut microbiota is diet. Herbivorous, carnivorous and omniv-
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orous animal gut microbiotas cluster into distinct groups (Ley et al.; 2008), and

different microbiota compositions can be found in same animal species with differ-

ent dietary habits. Bacteriodetes dominate the gut microbiota of children whose diet

has a high content of carbohydrates, fibre, and non-animal protein, while Firmicutes

dominate the gut microbiota of children whose diet is rich in animal proteins, sugar,

and starch (De Filippo et al.; 2010). These dietary differences can also be sex-

based. In the Hadza hunter-gatherers, Treponema species capable of fibre digestion

are increased in Hadza women, which likely results from an adaptation to the higher

amount of tubers in their diet compared to men (Schnorr et al.; 2014). In addition

to diet, numerous other factors, including seasonality, habitat, and altitude, can also

impact the microbiota in animals (Smits et al.; 2017; Guan et al.; 2017; Adak et al.;

2013).

While multiple factors can affect animal gut microbiota, these changes can po-

tentially influence host metabolism, disease susceptibility, behaviour, and conse-

quently impact animal adaptation to environment. The ability to synthesise var-

ious micronutrients and influence the host digestive efficiency might be vital for

animals’ survival during rapid environmental changes and during times when food

intake is insufficient and nutrient deficiencies occur (Allen et al.; 2010). Dietary-

or environmentally-induced adaptive changes in microbiota have been observed in

mammals. For instance, some desert woodrats (Neotoma lepida) have a specialised

gut microbiota for detoxification, allowing an adaptation to a toxic diet (Kohl

et al.; 2014), while Giant pandas (Ailuropoda melanoleuca) harbour a gut micro-

biota with increased cellulose and lignin degradation activities for their adaptation

to the bamboo-dominated diet (Zhu et al.; 2011). In addition, during times of in-

fectious disease stress, unique microbes may provide protection, or past exposure to

related microorganisms may even provide immunity to some diseases (Kinross et al.;

2011).

2.4.2 Trans-generational effects of microbiota on animal adap-

tation

One of the most important foundations of co-evolution and co-adaptation between

animals and their microbiota is that parental (mostly maternal) microbiota can be

passed down through vertical transmission to the offspring (Li et al.; 2005; Cho and

Blaser; 2012). Direct contact between infants and vaginal microbes during birth,

as well as subsequent mother-infant interactions (e.g., breastfeeding, direct food

sharing) can mediate the direct transmission of microbiota (Hyman et al.; 2014).

The transmission of microorganisms in later stages of life is less clear, although

there is evidence suggesting it continues through life (Song et al.; 2013).
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In the long term, vertically-transmitted microbes can contribute to animal adap-

tation independently of the genome. The giant panda (Ailuropoda melanoleuca) is

such an example. Genomic and morphological evidence strongly supports that the

giant panda belonging to the Ursidae family, which is primarily composed of carni-

vore species. However, despite the fact that the genome of the giant panda contains

genes encoding enzymes for meat digestion, the giant panda’s diet is primarily her-

bivorous and consists almost exclusively of bamboo (Li et al.; 2010; Dierenfeld et al.;

1982). The discordance between phylogeny and feeding habit may be explained by

its gut microbiota. Although the overall gut microbiome profile of giant panda is

similar to that of a carnivore (Xue et al.; 2015), functional analysis of its gut mi-

crobiome revealed the atypical presence of microbial genes encoding enzymes that

participate in cellulose metabolism, which is likely a key element that enables them

to adapt to a bamboo-centric diet (Zhu et al.; 2011). Similarly, koalas rely on tai-

lored gut microorganisms to aid in the detoxification of the plant material that they

consume and mediate the transfer of these crucial microbes through coprophagy (Os-

awa et al.; 1993). In either case, the direct transfer of microorganisms is essential

for specific adaptations to a given environment or diet.

In some cases, such co-evolution signal is so strong that the evolution path of a

bacterium mirrors that of its host (i.e., phylosymbiosis (Brooks et al.; 2016); e.g.,

(Linz et al.; 2007)). Such phylosymbiosis provides an alternative to reconstruct the

animal evolutionary history, and the ancient microbes can sometimes serve as a

timestamp for the calibration. For example, the history of human migration recov-

ered from microbes that colonize the human body and human mitochondrial genomes

are strikingly concordant (Comas et al.; 2013; Linz et al.; 2007). While modern

Helicobacter pylori population supports the “out-of-Africa” theory, the 5300-year-

old H. pylori genome pinpoints the timing of the African arrival in Europe (Linz

et al.; 2007; Maixner et al.; 2016). Nevertheless, some microbes preserve stronger

co-evolutionary signal than others. In hominid gut microbiota, the phylogeny of

Bacteroidaceae and Bifidobacteriaceae parallels their hosts, while those of other gut

species do not (Groussin et al.; 2017). Several bacterial strains from Bacteroidaceae

and Bifidobacteriaceae also show strong evidence of vertical transmission (Jost et al.;

2014; Milani et al.; 2015). A proportion of vertically-transmitted bacteria are bene-

ficial to the host (e.g. Lactobacillus, Bifidobacterium) and likely aid the adaptation

of the host for the prolonged periods (Milani et al.; 2015; Matsumiya et al.; 2002).

2.4.3 Methods and progress in ancient microbiome research

Although the evolutionary history of a microbiome can be reconstructed by exam-

ining similarities and differences in the microbiome from related species (Moeller
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et al.; 2014), a temporal record is essential to draw an accurate picture of how mi-

crobiota contribute to animal adaptation to the environment. Recent advances in

paleomicrobiology provide powerful tools for examining the co-evolutionary history

of animals and their microbiota from alternative sources (Darling and Donoghue;

2014; Warinner, Speller and Collins; 2015). Currently, paleomicrobiome informa-

tion comes from two main sources: fossilised faeces (coprolites) and dental calculus,

which reflect gut and oral microbiomes, respectively (Warinner, Speller, Collins and

Lewis Jr; 2015; Warinner, Speller and Collins; 2015).

Animal dung that is quickly desiccated or covered by clay sediment can be pre-

served as a coprolite (McAllister; 1985). Coprolites contain food remnants (such as

plant debris, pollen, or prey skeletal elements), host DNA, gut microbial DNA, and

DNA originated from the environment (Rawlence et al.; 2016; Wood and Wilmshurst;

2013; Tito et al.; 2012). Several studies have recovered bacterial, fungal, and ar-

chaeal information from human and animal coprolites (Wood et al.; 2012; Santiago-

Rodriguez et al.; 2013; van Geel et al.; 2011), alongside digested and undigested

food used to infer the diet of the host. However, this method is not without limi-

tations. Because faeces are rich in organic material that can be used by microbes

after deposition outside of the host, the microbial community continues to change

after defecation. For example, the microbial community within a coprolite from

a Latin American mummy resembled that in a modern compost pile, rather than

that of the human gut (Tito et al.; 2012). Additionally, coprolites are susceptible

to contamination from the surrounding environment. Thus, the ancient gut micro-

biome information obtained from coprolites is usually biased and heavily subject

to environmental contamination (Warinner, Speller, Collins and Lewis Jr; 2015).

Furthermore, faeces typically decay rapidly and very few of them can be fossilised

and preserved over a long time period, which makes the coprolite record more bro-

ken and incomplete than skeletal records (Warinner, Speller, Collins and Lewis Jr;

2015). Although host genetic information can be obtained from coprolite in some

cases (some gut epithelial cells might be present in the faeces and provide host

DNA), the lack of skeletal evidence of a specific host makes it difficult to identify a

coprolite’s origins.

In contrast to coprolites, dental calculus (calcified matrix formed from biofilm

on the teeth surface) is frequently found on the surface of ancient human teeth

and is a more accessible source material than coprolites for recovering the evolu-

tionary history of microbiomes (Warinner, Speller and Collins; 2015; Jin and Yip;

2002; Lieverse; 1999). Calcified and non-calcified bacteria have been observed in

dental calculus using transmission electron microscopy and gold-labelled antibodies

(Warinner, Speller and Collins; 2015). In addition, dental calculus provides an envi-

ronment suitable for the preservation of ancient microbial DNA (Warinner, Speller
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and Collins; 2015). Several studies have shown that microbial DNA can be suc-

cessfully extracted and amplified from human dental calculus (Adler et al.; 2013;

Warinner, Speller and Collins; 2015; Weyrich et al.; 2017). Adler et al. (2013) intro-

duced HTS into a paleomicrobiome study and collected the first detailed genetic data

from oral microbiome of 34 ancient European human remains (Adler et al.; 2013).

They obtained ancient oral microbiome profiles using 16S ribosomal RNA (rRNA)

gene amplicon sequencing techniques and observed a shift in the microbiome linked

to dietary alterations. Several studies have since identified biases in using 16S rRNA

gene amplicon sequencing, which is heavily subject to taphonomic and amplifica-

tion biases (Weyrich et al.; 2017; Ziesemer et al.; 2015). Shotgun sequencing is now

accepted as the gold-standard to reconstruct ancient microbiomes (Ziesemer et al.;

2015). Shotgun libraries include a subsample of all the DNA fragments instead of

just a prokaryotic genetic marker. Thus, it can provide additional information on the

host, the diet and environment, lifestyle, and functional profile of the microbiome.

Such information can be used to infer ancient animal diet, behaviour, and disease,

as well as the interaction between ancient microbiome and their host (Baker et al.;

2017; Weyrich et al.; 2017). Nevertheless, amplicon sequencing is more cost-effective

than shotgun sequencing and can still provide important microbiome information

in terms of the presence and absence of taxa—but not relative or absolute abun-

dance—due to the differential impact of degradation processes on microbial species

(Boast et al.; 2018).

These aDNA studies demonstrate the ability to accurately reconstruct animal

microbiome records across evolutionary timescales, and thereby to investigate the

interactions of microbiome, animal, and environment, revealing the roles that the

microbiome may play in animal adaptation. Notably, dental calculus deposits are

rare on most non-human mammals, but it is very likely that some oral microbiome

information can be obtained from ancient mammal tooth specimens (e.g. similar,

non-calcified biofilms formed by oral microbiome or food debris preserved in the

occlusal surfaces and gaps of mammalian herbivore teeth). In addition to ancient

microbial community, specific pathogens (e.g., Yersinia pestis and Mycobacterium

tuberculosis) identified from ancient samples also have the potential to reveal epi-

demic events in the past that had immense impacts on ancient animals (Scott; 1988;

Bos et al.; 2011). As current research is mainly limited to ancient humans, we ad-

vocate here that an emphasis should be placed on ancient microbiome research in

other animals as well.
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2.5 Dynamics among epigenome, microbiome and

environment

The external factors that shape epigenetic modifications and the microbiome largely

overlap (e.g., diet composition, lifestyle, and exposure to stressors). When animals

are exposed to changing environments, it is highly likely that epigenetics and the

microbiome respond to the stimuli simultaneously. Some phenotypic consequences of

the alteration of epigenetics and the microbiome, such as embryonic development and

immunity establishment, are crucial to the ability to survive an adverse environment.

Unlike genetic adaptation, which is a long-term process, epigenetics and microbiome

can respond rapidly to environmental cues (Yona et al.; 2015; Alberdi et al.; 2016).

In particular, modifications that occur during the prenatal period or early stages of

life can have life-long or even a trans-generational influence on animals (Anderson

et al.; 2012; Cooney et al.; 2002; Li et al.; 2005; Mueller et al.; 2015).

Furthermore, emerging evidence suggests that the microbiome can directly in-

teract with the host epigenome (Hullar and Fu; 2014; Paul et al.; 2015). Some

pathogenic bacteria (e.g., M. leprae or H. pylori) can induce epigenome modifi-

cations of the infected host cells, and sometimes even trigger epigenome-wide al-

terations (Cizmeci et al.; 2016; De Monerri and Kim; 2014). Global disruption

of methylation reprogramming has been detected in germ-free conditions (i.e., in

the absence of a microbiome) (Yu et al.; 2015), and the gut microbiome composi-

tion shows a clear association to host epigenomic profiles (Kumar et al.; 2014). The

crosstalk between epigenome and microbiome is not unexpected, as epigenetics plays

an important part in shaping immunity (Amarasekera et al.; 2013), which directly

affects the community composition and ecology of indigenous microorganisms(Kau

et al.; 2011) ; conversely, the microbiome can release molecules (such as folate and

transposases) that are directly or indirectly involved in the modification of the host

epigenome (De Monerri and Kim; 2014; LeBlanc et al.; 2013). In this context, it is

likely that epigenome, microbiome, and the environment form a complex and dy-

namic three-way interaction that could be the basis for rapid adaptation of animals

to changing environments.

2.6 Epigenome and microbiome interactions with

the genome

Fast response of animal epigenomes and microbiomes to changing environments is

the key to rapid adaptation discussed in this review. However, the observed changes

in epigenomes and microbiomes do not necessarily originate independently of the
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host genome. It is also possible that genetic mutations cause subsequent alterations

in epigenetics and microbiome (Jones; 2012; Fulde et al.; 2018). Such a case should

not be considered as adaptation via epigenetic modification or microbiome alter-

ation, because it fundamentally stems from the genome and will be much slower

than the within-generation alterations of microbiome and epigenetics. Thus, in pa-

leomicrobiome and paleoepigenetics studies, it is critical to differentiate three pos-

sible scenarios. First, environmental changes directly triggered animal microbiome

and/or epigenome alternations, in which no associated genetic alterations should be

detected. Second, genetic mutations led to subsequent epigenetic and microbiome

modifications. In this case, genetic changes with a causal link to the epigenetic

and/or microbiome signatures should be detected. Third, the genome, epigenome,

and microbiome changed in parallel. In this scenario, the effects should be inde-

pendently observed and verified in epigenome, microbiome and genome. It can be

difficult to determine if a genetic mutation can cause epigenome or microbiome mod-

ifications. One possible solution is to carry out additional experiments using animal

models. Alternatively, genomic variation might be modelled as a confounding factor

and then removed using statistical approaches (e.g., surrogate variable analysis or

SVA)(Leek and Storey; 2007).

The complex interactions between environment, genome, microbiome, and epigenome

make animal adaptation to the environment an extremely complicated yet fascinat-

ing process. In order to recover a comprehensive evolutionary history, it is important

to obtain epigenetic and microbiome information along with genomic information,

as each factor will likely play a role in past animal adaptation.

2.7 Concluding remarks

The role of epigenetics and the microbiome in animal adaptation has attracted in-

creased attention in recent years, including the resurgence of two key theories: neo-

Lamarckism and the hologenome theory of evolution (Zilber-Rosenberg and Rosen-

berg; 2008; Skinner; 2015; Danchin et al.; 2019). It also raised extensive debate

(Laland et al.; 2014; van Opstal and Bordenstein; 2015; Horsthemke; 2018), which

is mainly due to the limited understanding of both fields and inconsistency of ex-

perimental results in different animal models. There are several major challenge

in current studies, including (1) the lack of a universally accepted animal model

and experimental system that can serve as a gold standard; (2) the plasticity and

tissue- and niche-specificity of epigenome and microbiome responses that make re-

sults very difficult to reproduce independently; and (3) experimental studies using

modern animals can hardly be done over microevolutionary timescales (Rosenfeld;

2010; Tripathi et al.; 2018). Within this context, it is necessary to develop a model
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system in which both external- and internal- confounding factors are controlled and

monitored, especially for the sake of elucidating the basic molecular mechanisms

and dynamics underlying epigenetics and microbiomes.

On the other hand, numerous animal species that have experienced past climate

and environmental turnovers provide an extraordinary repertoire for case studies.

Although natural environments are more complex and less controlled than labora-

tory conditions, the availability of paleogenomic and paleoenvironmental data is fast

accumulating, and recently developed approaches offer access to high quality pale-

oepigenome and paleomicrobiome data. Teasing apart the epigenomic, microbiomic,

and genomic components in animal adaptation to environment might become in-

creasingly feasible. More importantly, various animal species that have lived in

diverse environments and have distinct evolutionary paths offer invaluable resources

for future research.

Here, we propose that increasing efforts should be placed in paleoepigenomic and

paleomicrobiomic research across the tree of life, including but not limited to (1)

experimental and bioinformatics approaches further tailored for recovering epige-

nomic and microbiomic data from short and damaged DNA molecules; (2) apply-

ing cutting-edge approaches to retrieve paleoepigenomic and paleomicrobiomic data

from non-human species, especially those have a large number of sub-fossil speci-

mens available; (3) the generated data should be deposited into public repository

with detailed metadata; (4) pipelines should be developed to make data generated

using different approaches comparable, such as paleoepigenomic data generated us-

ing aDNA damage profile and bisulfite sequencing, as well as paleomicrobiomic data

generated using shotgun sequencing and amplicon sequencing. In conclusion, we

believe that, with the aggregation of advanced aDNA techniques and increasing un-

derstanding of epigenome and microbiome, novel insights into animal adaption to

rapidly changing environments can be yielded in the near future.
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Abstract

Gut bacterial communities (microbiota) perform essential functions for their hosts,

including nutrient synthesis, dietary toxin degradation, and host immunity devel-

opment. Several key examples have recently identified additional, yet unique, roles

that the gut microbiota can play in mammalian adaption. However, the role of

gut microbiota in mammalian adaptation to past environments remains limited, es-

pecially within extinct animals. Here, we used the extinct cave goat (Myotragus

balearicus), which maintained a toxic diet, as a model species to investigate how

the gut microbiota aided mammal adaptation in the past. DNA was extracted from

eight ancient goat coprolites (faecal remains), and metagenomic shotgun sequencing

was preformed by creating both double- and single-stranded DNA libraries. Robust

ancient gut microbiota were reconstructed from the coprolites by utilizing stringent

controls and a novel model to assess DNA damage of unmapped DNA sequences.

The probiotic bacterium Romboutsia ilealis was also enriched in the coprolites, al-

lowing the reconstruction of three ancient draft Romboutsia genomes with coverage

up to 80.5% and 12.1× depth. Further, functional analyses of the coprolite micro-

biomes (genetic and functional information maintained by microbiota) highlighted

a detoxification role, suggesting that gut microbiota may have played a key role in

the digestion of toxic plants. These results suggest that this extinct goat harboured

a unique gut microbiota, which likely provided the ability to detoxify plants. This

study demonstrates the strength of paleomicrobiology to explore adaptive processes

of the past.

Key words: Paleomicrobiology, ancient DNA, adaptation, Myotragus balearicus,

gut microbiome, coprolite
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3.1 Introduction

Trillions of microorganisms (microbiota) inhabit the mammalian gut (Sender, Fuchs

et al. 2016). These bacteria outnumber the host cells and play essential physiological

roles for the hosts, by synthesising nutrients, degrading indigestible and toxic com-

ponents, shaping the host immune system, and influencing host metabolism (Kinross

et al.; 2011; Huttenhower et al.; 2012). Despite the fact that the gut microbiota of

herbivores are generally conserved regarding the community structure and function

(Muegge et al.; 2011), the gut microbiota of many herbivores possess unique features

that are beneficial to their hosts . For instance, some dessert woodrats (Neotoma

lepida) have gut microbiota specialised for the detoxification of toxic plants in the

woodrat diet (Kohl et al.; 2014). Similarly, giant pandas (Ailuropoda melanoleuca)

harbour a gut microbiota with enhanced cellulose and lignin degradation activities,

which are likely essential for their adaptation to a bamboo-dominated diet (Zhu

et al.; 2011).

Dynamically shaped by the diet, environment, and host, the animal gut micro-

biota exhibits great plasticity (Kinross et al.; 2011; Spor et al.; 2011). Parental

(mostly maternal) microbiota can be passed down through vertical transmission

to the offspring (Li et al.; 2005; Cho and Blaser; 2012). Some of the vertically-

transmitted bacteria are beneficial to the host (e.g. Lactobacillus and Bifidobac-

terium) and likely increase the host’s fitness for the prolonged periods (Matsumiya

et al.; 2002; Milani et al.; 2015). In contrast to genetic adaptation, the gut micro-

biota can be altered by external stimuli within a short period (e.g., the human gut

microbiota can be altered by diet in two weeks (David et al.; 2014)), thus can poten-

tially facilitate animal adaptation to the environment in a rapid manner (Alberdi

et al.; 2016). However, this hypothesis has yet been fully explored on an evolutionary

timescale, and if true, similar interactions would have been widespread throughout

extinct species of the past and remain completely undiscovered.

A key place to examine environmental and dietary adaptation is on island. Is-

lands are considered to be laboratories of evolutionary features that shaped the

morphology and the ecological relationships of the wildlife living in them. Although

a wide variety of fossil taxa have been recorded in islands around the World, Mediter-

ranean islands hosted several mammals in the past that have been deeply studied

because of the singular morphological characteristics (e.g., (van Geel et al.; 2011)).

The Eastern Balearic Islands, located at the Western Mediterranean Sea, hosted the

bovid Myotragus balearicus, a dwarf fossil caprine (Antilopinae, Bovidae) from the

Late Pleistocene to Holocene. In Mallorca, a whole lineage with six chronospecies

(Bover et al.; 2014; Mas-Peinado et al.; 2018) can be traced back until the Early

Pliocene. The ancestor of M. balearicus probably arrived through the land bridges
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between mainland Europe and the Balearics during the Messinian Salinity Crisis

(MSC) (Mas-Peinado et al.; 2018) that occurred 5.97-5.33 Mya (Krijgsman et al.;

1999; Manzi et al.; 2013), until its human-caused extinction around 4,300 years ago

(Bover et al.; 2016). During this long evolution in a predator-free insular environ-

ment, Myotragus acquired numerous morphological changes indicative of adaptation

to its environment, including a decrease in body size, increase of limb bone robust-

ness, decrease of bone length (especially in metapodials and stylopodium elements),

progressive reduction of number and size of incisiform and premolar teeth, and re-

duction of brain size and sense organs (e.g., (Alcover; 1981; Köhler and Moyà-Solà;

2004; Bover and Tolosa; 2005)). In addition, a delay in life history schedules has

been suggested for M. balearicus (Köhler and Moyà-Solà; 2009; Jordana and Köhler;

2011; Jordana et al.; 2012), further indicating a deep history of adaptation to its

environment.

The diet of M. balearicus was likely also highly adapted to the Eastern Balearic

Islands. Several dental irregularities, teeth wear patterns, dental topometry, and

enamel surface texture, have suggested that this extinct goat maintained a gener-

alistic feeding strategy and was likely able to exploit basically all available plant

food (Alcover et al.; 1999; Bover and Alcover; 1999; Winkler et al.; 2013). This

view was additionally supported by the analysis of micro and macroparticles from

M. balearicus coprolites. Alcover et al. 1999 analyzed the pollen content of 14

well-preserved M. balearicus coprolites from the Late Pleistocene-Holocene deposit

of Cova Estreta (Pollença, Mallorca). In addition to traces of pollen from common

Balearic plants, as Poaceae, Pinus, Corylus, Plantago, etc., these authors also ob-

served a high content (˜98%) of Buxus balearica pollen – a well known toxic plant

on the Balearic Islands, suggesting that M. balearicus could feed on a toxic plant

species. Similarly, Bartolomé et al. 2011; 2011 analyzed the plant fiber content of

10 coprolites from the same cave and identified Buxus plant fibers, albeit at lower

abundances than observed with pollen (30-82%). Other sites have generated mixed

findings, likely due to the poor conditions for biological preservation in the Balearic

Islands. For example, Welker et al. 2014 failed to identify Buxus using a DNA

metabarcoding approach on a 4,900 year-old coprolite from Cova de Muleta (Sóller,

Mallorca), despite the dominant presence of Buxus pollen. Together, pollen and

plant fiber evidence suggests Myotragus fed on a toxic plant and therefore would

have needed an adaptive mechanism to consume this widely distributed toxic plant

on the islands (Yll et al.; 1997; Burjachs et al.; 1994); however, it remains unclear

how these goats obtained this tolerance. As many mammalian herbivores employ

the gut microbiota to detoxify the dietary toxins(Sasaki et al.; 2005; Kohl et al.;

2014; Shiffman et al.; 2017), we hypothesised that Myotragus employed a similar

strategy to adapt to the toxic diet. Information on the gut microbiota of past
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species can be recovered from well-preserved coprolites (faecal remains) using pale-

omicrobiological techniques (Santiago-Rodriguez et al.; 2013; Welker et al.; 2014).

Previously attempts to reconstruct the microbiome from M. balearicus coprolites

recovered limited information (Welker et al.; 2014), as retrieving microbiome data

from coprolites has a number of difficulties (Warinner et al.; 2015). Coprolites are

exposed to environmental conditions for long periods of time and are additionally

susceptible to high levels of exogenous contamination. Therefore, authentication

of genuine biological signal and minimising the biases caused by contamination are

of paramount importance, especially within locations with variable ancient DNA

preservation. The characteristic damage of DNA molecules (increased C-to-T sub-

stitution towards the end of the molecules) has served as a proxy for authentication

of ancient DNA (Briggs et al.; 2007; Jónsson et al.; 2013). However, this method

requires mapping data to a single reference genome, which can be problematic for

paleomicrobiome data. In addition, several methodologies have emerged to account

for and mitigate the impacts of exogenous DNA contamination within paleomicro-

biome research (Llamas et al.; 2017; Weyrich et al.; 2017).

Here, we applied shotgun sequencing to eight M. balearicus coprolites and re-

covered robust paleomicrobiolome data to assess any adaptation strategies that may

have been employed within the gut of this extinct species. We used stringent labora-

tory and environmental controls to monitor exogenous DNA, and we authenticated

the microbiota within the coprolites utilizing a novel model to assess DNA damage

of unmapped DNA sequences. To our knowledge, this work is the first to identify

symbiotic microbial adaptation within an extinct species and reveals the power of

paleomicrobiome research to reveal how host-microbe relationships can have evolu-

tionary impacts.

3.2 Methods

3.2.1 Sample details

Eight coprolites were unequivocally identified — both in terms of morphology (Al-

cover et al.; 1999) and age — as belonging to M. balearicus from two different Mal-

lorcan deposits (Table S3.1). Two of the coprolites (MbCopro7 and 8) come from the

Abric de Son Matge deposit (Valldemossa), where a stratum of coprolites was found

and radiocarbon dated at 5,820±360 BP [CSIC-176, 5,489-3,965 calBC 2σ, Waldren,

1992, although this radiocarbon date has been rejected because of high standard de-

viation (Mart́ınez et al.; 1997)], and 6,680±120 BP [QL-29, 5,837-5,380 calBC 2σ,

Waldren, 1992]. The other six coprolites come from Cova Estreta (Pollença, (Enci-

nas; 1997), where five were collected from a surface level of excavation grid M4
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(MbCopro1-5) and a -40 cm deep level in excavation grid O8 (MbCopro6)(Alcover

et al.; 1999). The surface coprolite level has been radiocarbon dated using a co-

prolite to 4,950±38 BP [Wk-33010, 3,798-3,650 calBC 2σ](Rivera et al.; 2014), as

well as bones from endemic extinct mammals found in contact with the coprolite

package (Encinas; 1997): a bone from the Gliridae (Rodentia) Hypnomys morheus

(Gliridae, Rodentia) mixed with the coprolites, 6,357±44 BP (Utc-5175, 5,469-5,227

calBC 2σ); and a femur of the bovid M. balearicus on top of the coprolites, 5,720±60

BP (Utc-5171, 4,716-4,449 calBC 2σ). Coprolites from the same stratigraphical unit

and square have been previously examined for diet and parasite analyses (Alcover

et al.; 1999; Bartolomé et al.; n.d.; Bartolomé, Retuerto, Mart́ınez, Alcover, Bover,

Cassinello and Baraza; 2011) or for the analysis of stomata density in plant fibers

(Rivera et al.; 2014) . The ancient molar used as the environmental control (EnvC-

trl) comes from a deposit from where all Myotragus remains display unequivocally

morphological traits with affinities to M. kopperi, the Myotragus species recorded in

the Mallorcan Early Pleistocene (Bover et al.; 2014).

To evaluate the preservation of the gut microbiome information and the pres-

ence of potential DNA contaminants from the environment within the coprolites,

we also included shotgun sequencing data of five cattle faeces that were sampled

from the Australian State of Victoria for a previous study (CattleFaeces 1-5, orig-

inal ID in (Ross et al.; 2012): 6803, 6838, 6852, 6859, 7920) (Ross et al.; 2012),

as well as shotgun sequencing data of five environmental samples from the MG-

RAST metagenomics database (MG-RAST ID: air-mgm4516952; brackish water-

mgm4536373; fresh groundwater-mgm4536380; grassland soil-mgm4511193; USA

soil-mgm4477876) (Wilke et al.; 2015).

3.2.2 Extraction

All the coprolites were extracted in a dedicated ancient DNA laboratory at the

Australian Centre for Ancient DNA following the protocol of Wood et al. (2008).

Briefly, about 1 mm of the surface of each coprolite was removed using a surgical

blade, and the trimmed coprolites were UV-irradiated for 10 min. Each coprolite

was then cut in half using a new surgical blade, and material from the inside of the

core was obtained using sterile tweezers until half of a 1.5 mL Eppendorf tube was

filled. 0.5-0.6 mL of certified DNA-free, ultrapure water was added to each sample,

and the coprolite was rehydrated for 24 hours. Between 100-300 mg of rehydrated

coprolite was then extracted using the MoBio Power Soil Kit (MoBIO Laboratories,

Inc.) following manufacturer’s instructions. Two negative controls using only the

water (extraction blank controls; EBCs) were extracted alongside the samples. A

second upper molar (EnvCtrl) from a 2.4 My old Myotragus individual identified as
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Myotragus aff. kopperi, from Cova des Pas de Vallgonera (Llucmajor, Mallorca) was

extracted as an environmental control to assess microbial DNA from the cave site

(Bover et al.; 2014). This bone was preserved inside the cave and was independent

of other mammalian bones. This sample was extracted using a previously published

silica-based method (Brotherton et al.; 2013). Briefly, approximately 1 mm of the

exterior surface was removed using a Dremel rotary tool with a cutting disc, and

bone fragments were powdered using a Braun Mikrodismembrator U (B. Braun

Biotech International, Germany) with an 8 mm tungsten ball for 5 seconds at 3,000

revolutions per minute. Up to 260 mg was decalcified and digested overnight at 55
◦C on a rotary wheel in 4 mL 0.5 M EDTA (pH 8.0), 200 µL of 10% SDS, and 40

µL of 20 mg/mL Proteinase K. A DNA extraction was performed using a modified

QG buffer (QIAGEN) and 100 µL suspended silicon dioxide, as previously described

(Brotherton et al. 2010). DNA was then purified using 80% ethanol and eluted in

TLE buffer (10 mM Tris, 0.1 mM EDTA ph 8.0) to obtain a final volume of 200 µL.

3.2.3 Library construction, sequencing and data filtering

Double-stranded DNA libraries were constructed for each sample using a protocol

based on Meyer and Kircher 2010 with modifications (e.g., using heat to deacti-

vate the Bst enzyme following the adapter fill-in step; see (Llamas et al.; 2016)).

Briefly, we uniquely labeled our libraries with a 5-mer P5 barcode (in sample Mb-

Copro5 and EnvCtrl) or dual 7-mer P5 and P7 barcodes (the remaining samples).

We used Platinum Taq Hifi (Invitrogen) for the post-Bst amplification of all li-

braries. A single-stranded DNA library (SSL) was constructed for extract of sample

MbCopro5, following the protocol of Gansauge and Meyer (2013), in order to ex-

plore the ability of this approach to retrieve endogenous microbiome DNA (i.e.,

host DNA and gut microbiome DNA). While direct improvements in recovery of

host DNA were obtained (Table S2.1), no significant differences were observed on

the microbial community structure obtained using the two methods (Figure S3A,

t-test, p=0.7916). Surprisingly, we observed more contaminant bacteria species

from SSL dataset (Figure S2.3B), which inflated alpha diversity differences be-

tween the two library preparation methods (Shannon-Weaver index: DSL: 8.604;

SSL: 8.609; Simpson’s reciprocal index: DSL: 115.586; SSL: 137.565). In the

SSL dataset, we find a wide diversity of Acinetobacter species and Halobacteri-

aceae species not previously detected using DSL methods. Thus, SSL protocol

was not applied to other samples, and DSL libraries were utilized for all down-

stream analysis. Both libraries of MbCopro5 were shotgun sequenced in a HiSeq

2500 RapidRun (2×100, paired-end), and the remaining samples in a NextSeq 500

(2×75, paired-end). The quality of sequencing reads was analyzed with FastQC
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v.0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). We filtered

reads containing the correct P5 barcode (and P7, for the double-barcoded libraries)

using Sabre v.1.0 (http://github.com/najoshi/sabre) allowing one mismatch (option

m -1). Adapter sequences were trimmed with AdapterRemoval v.2.1.7 (Schubert

et al.; 2016) using the following parameters: mismatch rate 0.1, minimum Phred

quality 4, quality base 33, trim ambiguous bases (N) and trim bases with qualities

equal or smaller than the given minimum quality. Paired reads with at least 11 bp

overlapping were collapsed into a single read. After adapter trimming, reads shorter

than 25 bp were discarded before downstream analysis of the remaining reads.

3.2.4 Bioinfomatics analyses

Data mapping and analyses

Collapsed reads from all libraries were mapped to a reference using the BWA v.0.7.13

backtrack algorithm (Li and Durbin; 2009) (with options: -l 1024, -n 0.01, -o 2),

removing mapped reads with quality lower than a Phred score 25 using SAMtools

v.1.3.1 (Li et al.; 2009). Duplicate reads were filtered using FilterUniqueSAM-

Cons.py (Kircher 2012), and mapping results were visualized in Geneious v.7.1.7

(Biomatters, http:/www.geneious.com, (Kearse et al.; 2012)). Mitochondrial genomes

were obtained of extant and extinct caprine from Mallorca: Myotragus balearicus

(unpublished; Bover et al. in preparation, 2019), Capra hircus (domestic goat, Ac-

cession Number KP231536), and Ovis aries (sheep, Accession Number KF938320).

Additionally, we mapped same reads to the chloroplast genome from the genera of

plant species (or available species available at GenBank) recorded in Mallorca during

Late Pleistocene-Holocene : Buxus microphylla (Accession Number NC 009599, no

B. balearica sequence available), Corylus avellana (Accession Number KX822768),

Pinus halepensis (Accession Number JN854197, partial genome) and Ephedra equi-

setina (Accession Number AP010819, as no E. fragilis sequence available).

Dietary analysis

To identify the eukaryotic DNA in the shotgun data, the collapsed reads were

aligned to NCBI plastid database (updated on December 2017) using DIAMOND

(v 0.9.13) (Buchfink et al.; 2015). The generated DAA files were meganized using

the daa-meganizer script includedon age in MEGAN6 (parameters used: Weighted-

LCA=80%, minimum bitscore=42, minimum E-value=0.01, minimum support per-

cent=0.01). The resulting data were subsequently analysed in MEGAN6 (v 6.11.1)

(Huson et al.; 2016).
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Taxonomic analysis

The collapsed reads were taxonomically identified using MEGAN Alignment Tool

(MALT, v 0.3.8) (Herbig et al.; 2016), which compared the reads against an in-house

database that including 47,696 archaeal and bacterial genome assemblies from the

NCBI Assembly database (A; 2018). The generated alignment based blast-text

files were converted to RMA files using blast2rma script included in MEGAN6 (v

6.11.1) (parameters used: Weighted-LCA=80%, minimum bitscore=42, minimum

E-value=0.01, minimum support percent=0.01) (Huson et al.; 2016). The RMA

files were analysed in MEGAN6. Species identified from the laboratory control and

extraction blank controls were removed from coprolites samples. Alpha diversity was

calculated from all taxa using Simpson’s and Shannon’s inverse indexes implemented

in MEGAN6. Samples were normalized to the smallest number of reads of any of the

selected samples (n=255,989). PCoA was generated using the Bray-Curtis distance

of the species identified in each sample.

Functional analysis

The collapsed reads were functionally identified by using DIAMOND (v 0.9.13) to

align the reads against the NCBI nr database (updated on December 2017) (Benson

et al.; 2005; Burnham and Anderson; 2004) using a minimum open reading frame of

20 (command: -min-orf 20), as the NCBI database was required >1.5TB of memory

to assess using MALT. The generated DIAMOND alignment archive (DAA) files

were annotated using the daa-meganizer script included in MEGAN6 (parameters

used: Weighted-LCA=80%, minimum bitscore=44, minimum E-value=0.01, min-

imum support percent=0.01; databases: SEED and COG) (Tatusov et al.; 2000;

Overbeek et al.; 2005). All samples were then normalized to the smallest number of

DNA sequence in any of the selected samples (n=255,989). For the comparison of

the amino acid metabolism that typical to herbivore and carnivore gut microbiomes,

the functions (level 3) were extracted from SEED-annotated data in a text format

(a csv file) using MEGAN6 (v 6.11.1). Then the amino acid metabolism functions

related to the herbivore and carnivore diet (Table S5 of (Muegge et al.; 2011)) were

extracted from the csv file using an in-house awk script. In order to compare the

functional profiles of the coprolites and cow faeces, the abundance of certain func-

tions of coprolites and cow faeces was compared using script group significance.py

that implemented in QIIME (v 1.9.1) (Caporaso et al.; 2010). The threshold for sta-

tistical significance was a p=0.05 and was calculated using goodness of fit (g-test).

The null hypothesis is the frequency of any given function is equal across all sample

groups. To minimise the exogenous signals introduced by laboratory and environ-

mental contamination, the function data were filtered on two levels. First, functions
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(level 3) identified from the laboratory control and extraction blank controls were

removed from coprolites. Second, the functional profiles (level 3) of coprolites were

compared to that of environmental samples (air, brackish water, fresh groundwater,

USA soil, and grassland soil), and any function was removed if the function was not

significantly (p>0.05; calculated using goodness of fit) different between two groups.

Authentication of the function data

FASTA files of the reads assigned to certain function groups (Level 1) were extracted

and the proportion of A, T, C, and G was calculated from the termini of the reads.

We used the proportions of A/T towards the ends of the sequence reads as a proxy

to evaluate evidence for significant DNA damage using a two-component, piecewise

linear mixed-effects model of the form

log(fi) = β0 + β1×[log(i)]xi + log(pC)(1 − xi)],

where i is the position of interest, fi is the proportion of damage at the ith position,

and pc is the changepoint at which the relationship between log(fi) and i becomes

constant. We treat the position i as a fixed effect, and the function of the protein

as a random effect. All mixed effects models are fit using the lme4 (Bates et al.;

2014) package for the R-statistical software (Team et al.; 2013). We find the value

of pc by fitting the mixed effects model for values of i=1,. . . ,20, and calculating

the Bayesian information criterion (BIC) for each model (Burnham and Anderson;

2004). We then selected the value of pc minimised BIC. If the value of pc selected

was greater than the first position, we simulated 5000 independent datasets under

the null model (pc=1), and recorded the repeated the test to find the empirical

distribution of the BIC scores. We used this empirical distribution to identify when

pc>1 was significant.

CYP450 contigs assembly

To identify the potential origin of CYT450 gene in the samples, the FASTA files

containing the reads that assigned to IPR001128 Cytochrome P450 was extracted

from DAA files. The extracted reads were assembled using Geneious (v 9.1.5;

https://www.geneious.com/ (Kearse et al.; 2012)); assembler with high sensitivity.

Contigs assembled from less than 10 reads were discarded. The consensus sequences

were generated using the most common basses to minimise the ambiguities. The

consensus sequences then compared against NCBI nr database using BLASTX with

BLOSUM62 matrix.

Genome assembly and analysis

Iterative mapping
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In the absence of a closely related reference sequence, we used an iterative map-

ping assembly approach to reconstruct the genomic sequence of a Candidatus Rom-

boutsia species from coprolite metagenomic data, as implemented by MITObim

(v1.8) (Hahn et al.; 2013). Briefly, FASTQ files of collapsed reads were initially

mapped against the reference sequence of R. ilealis CRIB (GCA 900015215.1) using

MIRA (v4.0.2) (Chevreux et al.; 1999, 2004) on accurate genome mapping mode,

generating a new reference based on the most conserved regions. Later, reads were

iteratively baited and assembled using MitoBIM (v.1.8) with default parameters

and a mismatch value of 3%, effectively extending the conserved regions from the

initial assembly until it reached a stationary state. The assembled genomes from

three samples showed a similar pattern of coverage of the R. ilealis reference, with

the best samples presenting an average depth of coverage of 12× and a breadth of

coverage of 80.5% (Figure 3.4).

Quality assessment of the assembled genomes

The quality of the assembled genomes was assessed using two tools: MapDamage

(Jónsson et al.; 2013) was used to assess if the assembled genomes have an ancient

origin, and CheckM (Parks et al.; 2015) was used for the assessment of the potential

cross-mapping in the assembled genomes. First, the nucleotide misincorporation

and fragmentation patterns were calculated using MapDamage2.0 with the default

parameters (Jónsson et al.; 2013). Seocond, MitoBIM output files from each sample

were then transferred to Geneious (v10.2.3) where a consensus sequence was gener-

ated (options: Tools- Generate Consensus Sequence) using three different consensus

calling approaches: first, a minimum coverage of 1× using a majority call threshold;

second, a minimum coverage of 3× using a base call threshold of 85%; and finally,

a minimum coverage of 3× and a base call threshold of 75%. The resulting consen-

sus sequences were assessed using CheckM with default parameters (Parks et al.;

2015). The first approach (Majority, 1×) presented the best results across the three

samples, with completeness ranging from 63.85% to 96.83% and presenting little

contamination or strain heterogeneity, with exception of the reference reconstructed

from sample MbCopro3, which presented minimal contamination (0.47%). As the

Majority-1× consensus sequences showed the best quality, we used these sequences

for the downstream analyses.

Annotation of the assembled genomes

The consensus sequences were annotated using online RAST (http://rast.nmpdr.

org) with ClassicRAST scheme and default parameters (Overbeek et al.; 2005).

Estimation of coverage and GC content of assembled genomes
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The coverage of the assemble genomes was calculated using samtools (v 1.3.1)

bedcov on a window size of 2500 bp (Li et al.; 2009). The GC content was calculated

using a python script GCcalc.py (https://github.com/WenchaoLin/GCcalc/blob/

master/GCcalc.py) with a window size of 2500 bp. The GC skew was calculated

using a perl script gcSkew.pl (https://github.com/Geo-omics/scripts/blob/master/

AssemblyTools/gcSkew.pl) with a window size of 2500 bp. The coverage data of the

bam files were exported from Geneious and then fed into an in-house awk script to

generate a bed file include the range of covered regions. The results were visualized

using Circos (v 0.67-7)(Krzywinski et al.; 2009).

Phylogenetic analysis

The reconstructed genomes of the three ancient R. ilealis strains, and genome se-

quences of R. ilealis CRIB (GenBank assembly accession: GCA 900015215.1), R. sp

MT17 (GCA 900074625.1), Intestinibacter bartlettii DSM (GCA 000154445.1), R.

maritimum (GCA 002251085.1), R. timonensis Marseille-P326 (GCA 900106845.1),

R. lituseburensis DSM 797 (GCA 900103615.1), and R. weinsteinii CCRI-19649

(GCF 002250835.1) were aligned using mauveAligner algorithm in Geneious. Local

collinear blocks (LCBs) were concatenated with a spacer of 100 Ns. The resulting

alignment was then used to build a phylogenetic tree using RAxML in Geneious

(parameters used: GTR GAMMA model, 1000 bootstrap replicates) (Stamatakis;

2014). The I. bartlettii DSM 16795 was used as an outgroup to root the tree.

3.3 Results

3.3.1 Coprolites originate from M. balearicus

We first verified the presence of host (M. balearicus) DNA preserved within the

coprolites (host DNA was identified in 3 out of a total of 8 coprolites), by mapping

the metagenomic data to the M. balearicus mitochondrial genome. On average,

host DNA recovery from the coprolites was low, as only approximately one in every

million reads uniquely mapped to the host mitochondrial genome in three, deeply

sequenced samples (MbCopro3, MbCopro5, and MbCopro8). No host DNA was

obtained from the remaining five samples, likely due to poor preservation or an

insufficient sequencing effort (on average 807,391 reads per sample). The num-

ber of mapped sequences also varied depending up on library preparation method.

For example, seven sequences in the double-stranded library (DSL) preparation in

the deepest sequenced sample (MbCopro5), compared to 31 mapped M. baleari-

cus sequences in the single-stranded library (SSL) preparation (Table S3.2). While

this suggests varied preservation amongst the ancient coprolites, as expected, we
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also identified minimal host sequences from comparative modern fecal material; for

example, 3 to 9 of every million sequences mapped to the cattle (Bos taurus) mi-

tochondrial genome (Table S3.2). Similarly, no mammalian DNA was obtained by

Welker et al. 2014 using M. balearicus coprolites from two different deposits. It is

likely that more host DNA can be identified from coprolites with increased sequenc-

ing effort or DNA enrichment techniques. However, we conclude that the coprolites

originated from M. balearicus due to the presence of host DNA, in addition to robust

chronology, and morphological preservation.

3.3.2 Limited dietary signal preserved within coprolites

To recover the dietary signals of the Myotragus, we aligned the coprolite metagenome

against the NCBI plastid database. Few sequences (0.1% - 0.5%) could be assigned

to potential dietary taxa in both the coprolite or modern cattle gut microbiome (Ta-

ble S3.2). The majority of taxa identified from coprolite and cattle faeces samples

fall within three phyla: Chlorophyta (77 species), Streptophyta (73 species) and

Bacillariophyta (20 species). Although several potential dietary taxa were identi-

fied, such as Eudicotyledon species and Juniperus species, from coprolites, only a

few sequences (1-3) were assigned to each taxon. We next explored the presence of

Buxus DNA within the coprolites, as previous pollen analysis suggested that My-

otragus ate the native, toxic Buxus plant (Welker et al.; 2014). A few sequences

from well-preserved samples MbCopro5 (DSL) (n=3) and MbCopro3 (n=1) were

uniquely assigned to B. microphylla – the only Buxus chloroplast genome currently

available in the plastid database (GenBank Accession NC 009599). This results was

similar to the mapping success of wheat, a dietary staple of modern cattle (Ross

et al.; 2012), in our modern cattle fecal samples; only 7 to 25 sequences were as-

signed to family Poaceae from each cattle faecal metagenome. Unsurprisingly, the

majority of identified eukaryotic species identified within the dietary analysis of co-

prolites were algae and diatoms, which are likely from environmental contamination

or alignment misclassification. Nevertheless, this minimal DNA evidence supports

previous findings that Myotragus ate a generalist diet that included the toxic Buxus

plant.

3.3.3 Coprolites produce robust gut signal

To evaluate the preservation of gut microbiome signal and contamination of environ-

mental DNA, we compared the coprolite microbiome to that of the modern cattle

gut microbiome (CattleFaeces1-5), as cattle are the closest ruminants with published

shotgun data of the gut microbiome (Ross et al.; 2012). We also compared the co-

prolites to two laboratory negative controls (EBC1 and EBC2) extracted alongside

Chapter 3 Yichen Liu 79



The Role of Epigenetics and Microbiome in Bovid Adaptation

Figure 3.1: Bacteria community composition and the PCoA plot of the filtered
and unfiltered data. A. Bacterial community composition at the phyla level of the
coprolites, cattle faeces, and controls. B and C. PCoA plot generated using Bray-
Curtis distance of the species identified in each sample before (B) and after (C)
removing species identified from negative controls.
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the coprolites and eight environmental controls, a two million-year-old Myotragus

molar (EnvCtrl) sampled from Cova des Pas de Vallgornera (Llucmajor, Mallorca;

Bover et al., 2014) and five soil and water samples (SoilCtrl) (Table S3.1). As it

has been estimated that the upper limit of DNA survival is about one million years

(Lindahl et al.; 1993; Willerslev et al.; 2007), the molar sample (EnvCtrl) should

not contain any endogenous ancient DNA and thus serves as a control for assessing

the environmental signal within the cave system. The microbiome reconstructed

from Myotragus coprolites contains the three dominant phyla typically observed

in extant ruminant gut microbiota: Firmicutes, Proteobacteria, and Actinobacte-

ria (Figure 3.1A) (Ross et al.; 2012; Puniya et al.; 2015). Another typical phyla

of modern ruminant microbiota, Bacteroidetes were observed at a limited capacity

within coprolites, which can be explained by taphonomic bias that frequently ob-

served from ancient and modern gut microbiome datasets (Hauther et al.; 2015).

PCoA analysis of the Bray-Curtis distance shows the M. balearicus coprolites clus-

tering away from all environmental samples and laboratory controls, suggesting a

microbiome signal that is unique to the Myotragus coprolites (Figure 3.1B, Figure

3.1C). Notably, three coprolites (MbCopro 6-8) clustered towards negative controls

and environmental samples, indicating poor preservation. To further evaluate the

preservation of gut microbiota in the coprolites, we examined the presence of ma-

jor gut microbiota species shared between modern cattle faeces and Myotragus co-

prolites (Figure 3.2). Clostridium, Peptostreptococcaceae, and Methanobrevibacter

species were dominant within the cattle microbiota and were identified within five

coprolite samples (MbCopro1-5). Additional ruminant gut taxa, including Fusobac-

teriales, Campylobacterales, Enterobacteriaceae, Bifidobacteriaceae, and Bacilli are

also detected from these five well-preserved coprolites. In contrast, these ruminant

species were not widespread in poorly preserved specimens that clustered near lab-

oratory and environmental controls on a PCoA plot (Figure 3.1C) (MbCopro6-8),

highlighting varied preservation amongst M. balearicus coprolites. In addition, bac-

teria that are more likely present in the laboratory or environmental controls (e.g.,

Rhizobiales, Burkholderiales, Pseudomonadales, and Mycobacterium) were also en-

riched in these three coprolites, again suggesting minimal preservation of ruminant

microbiota. Therefore, these three poorly preserved samples (MbCopro6-8) were

only maintained in downstream analysis as an additional control to assess the varia-

tion in coprolite preservation. While the preservation of the coprolites was variable,

our results show that a strong gut microbiota signal can be preserved within some

ancient M. balearicus coprolites.
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Figure 3.2: Heat map of typical gut bacteria shared between Myotragus coprolites
and cattle faeces.
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3.3.4 Metabolism profiles specific to the Myotragus gut mi-

crobiome

To investigate the gut microbial metabolism profile of the Myotragus, we annotated

the gene functions of the coprolite microbiome, cattle faecal microbiome, negative

controls and five environmental samples. A total of 6,763 gene functions were iden-

tified for all the samples. As coprolites are a mixture of endogenous and exogenous

microbes, these gene functions could also originate from laboratory or environmental

microbes present within the coprolites. Therefore, we excluded any function identi-

fied within laboratory controls (EBCs) and the ancient molar from Mallorca, which

should not contain endogenous Myotragus gut microbiota. This filtering left 3,537

functions identified in coprolites and modern cattle faeces for further examination.

We next compared the functions within coprolites and cattle faeces and identified

151 functions that significantly differed between Myotragus coprolites and cow faeces

(p<0.05; Figure S3.1). As it is possible that these functions could also be environ-

mental in nature, we additionally removed functions that were similarly abundant

(p>0.05) between coprolites and the five environmental soil and water samples,

generating a conservative list of 40 gene functions likely endogenous and unique

to the Myotragus gut microbiome (Figure 3.3A). This includes seven functions in-

volved in amino acids and protein metabolism, six functions involved in carbohy-

drate metabolism, 10 functions involved in nucleotide and nucleoside metabolism,

five functions involved in dormancy and sporulation, four functions involved in reg-

ulation and cell signalling, and 13 functions of miscellaneous functions. While most

categories can be linked to the unique dietary habits of Myotragus, the functional

differences in dormancy and sporulation may be due to taphonomic processes that

occur during coprolite fossilisation. Thus, we excluded the functions involved in

dormancy and sporulation. This analysis identified 45 metabolic activities unique

to the Myotragus gut microbiome compared to another modern, domesticated ru-

minant species.

3.3.5 Authentication of function profiling results using an-

cient DNA damage

Subtractive filtering of functions shared across coprolites and laboratory and envi-

ronmental controls is a very conservative approach, as many basic microbial func-

tions are conserved across bacterial species, regardless of biological or environmental

origin. This approach also leads to a major reduction of data, as only 4.7% of the

functions remained for downstream analyses after the subtractive filtering. To tackle

this issue, we developed a model based on the damage profiles of ancient DNA, to
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authenticate the presence of ancient functional groups independent of their taxo-

nomic origin. We chose six, high-level representative functional groups (level 1)

for the authentication, which were present in all samples (coprolites, cattle faeces,

and all environmental and laboratory controls). These functional genes include the

metabolism of major dietary compounds – proteins, amino acids, fatty acids, and

phosphorus – as well as the metabolism of aromatic compounds and stress responses

that are likely to be intermixed with environmental signals. First, we assessed dam-

age in the cattle faeces, laboratory controls, and environmental control samples. No

significant damage were detected in the metagenomes from cattle faeces, laboratory

controls (EBCs), molar tooth, or three environmental controls (air, fresh groundwa-

ter, or USA soil sample). However, one and four functional groups examined in two

environmental controls (the amino acid metabolism of the brackish water sample,

and the metabolism of amino acids, fatty acids, and protein, and stress response of

the grassland soil sample) showed signs of DNA damage (Table S3.5), likely result-

ing from the presence of ancient extracellular DNA. We next examined the damage

present in all of the coprolites; we initially examined the poorly preserved Myotragus

coprolites that were excluded from downstream examination as an addition control

for the introduction of exogenous DNA into ancient coprolites. Importantly, all three

poorly preserved coprolites (MbCopro6-8) did not show significant signs of ancient

DNA damage, consistent with the previous observations (Table S3.5, Figure 3.2). In

stark contrast, most functional groups show significant damage in the well-preserved

coprolites (MbCopro 1-5) (Table S3.5; p<=0.001). There were three minor excep-

tions; the metabolism of aromatic compounds in MbCopro5 and the metabolism

of phosphorus in MbCopro1 and MbCopro5 did now show signs of ancient DNA

damage, indicating the presence of some exogenous microbial functions within well

preserved coprolites. Overall, this method identified six authenticated ancient mi-

crobial functional classes and provides a new way to authenticate functional groups

in ancient metagenomic data sets before further downstream analysis.

3.3.6 Amino acid metabolism in Myotragus suggests an her-

bivorous diet

Muegge et al. (2011) identified specific amino acid metabolic functions associated

with distinct animal diets: herbivory, carnivory, and omnivory. We examined spe-

cific amino acid functions within the authenticated functional groups to describe the

dietary habits present in well-preserved Myotragus coprolites (i.e., those that contain

significant aDNA damage and endogenous gut microbiome; MbCopro 1-5) compared

to cattle faeces (Figure 3B). Specific amino acid metabolism associated with herbi-

vore gut microbiomes was detected from coprolites comparable in abundance to that
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observed in the cattle gut microbiome. This suggests that the Myotragus gut con-

tains genes consistent with a herbivorous diet, as expected. However, there were also

several unique observations within Myotragus coprolites. Amino acid metabolic gene

functions associated with a carnivorous gut microbiome were depleted in coprolites,

with two notable exceptions. The abundance proline degradation (EC 1.5.1.12) and

a methionine reversible reaction (EC 2.1.1.14) were significantly increased in My-

otragus coprolites (Bonferroni corrected p<0.001) compared to cattle faeces (Figure

3.3B). This observation potentially indicates of an abundance of proline and me-

thionine in the Myotragus diet relative to modern cattle.

3.3.7 Functional profiling highlights a detoxification role in

the Myotragus gut microbiome

We next examined specific functions within the two authenticated functional groups

(stress responses and metabolism of aromatic compounds) of the gut microbiome

associated with the tolerance of plant toxins. The gut microbiomes of living herbi-

vores (such as N. lepida) that are capable of digesting toxic plants are enriched in

genes within these functional groups (Kohl et al.; 2014). To explore if the gut mi-

crobiota facilitated the ability of Myotragus to consume toxic plants, we examined

the presence of these two authenticated functional groups within the well-preserved

coprolites (MbCopro 1-5). The mean abundance of genes linked to metabolism of

aromatic compounds was increased by 254.37% (t-test; p=0.062) in the Myotragus

coprolites compared to cattle, while the mean abundance of genes linked to stress

responses was increased by 7.2% (t-test, p = 0.106) (Figure 3.3C, Figure 3.3D), al-

though insignificantly. Within these functional groups, 16 specific functions involved

in the metabolism of aromatic compounds and 14 functions involved in stress re-

sponse were significantly increased in Myotragus coprolites compared to modern

cattle faeces, suggesting that Myotragus may have used these metabolic functions

to digest plant toxins. Within the detoxification functional group, gene CYP450 is a

likely candidate to contribute to the degradation of toxic compounds in the ruminant

microbiome (Plessis-Rosloniec and Zofia 2011). Therefore, we explored the presence

of CYP450 in the well-preserved coprolites compared to cattle faeces using the nor-

malised abundance of sequences assigned to CYP450 gene and the origins of the

assembled CYP450 contigs. CYP450 abundance was significantly higher in copro-

lites compared to modern cattle faeces (Bonferroni corrected p=0.005), suggesting

that this function may have been enriched in the Myotragus gut. We additionally

mapped sequences to the CYP450 gene from all the samples and assembled con-

tigs to identify the gut microbiota species that maintained this gene. Within the

three most deeply sequenced coprolites (MbCopro1-3), two, three and five CYP450
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Figure 3.3: Functional profiles of the Myotragus coprolite microbiomes. A. Functions
specific to the Myotragus gut microbiome. B. Amino acids metabolism functions
that specific to a carnivores and herbivores. C and D. Comparison of the abundance
of the detoxification functional group in the Myotragus coprolites and cattle faeces
(C: stress response; D: metabolism of aromatic compounds).
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contigs with a length from 301 bp to 1272 bp were assembled, respectively (Ta-

ble S3.5) and identified via BLAST. The majority of contigs originate from species

within the typical gut microbiome genera Clostridium and Clostridioides, as well

as Pseudomonas, Streptomyces, and Nocardiopsis. Three and four CYP450 contigs

were assembled from two other well preserved coprolites (MbCopro 4-5) and iden-

tified as Micromonospora, Mycobacterium, Kitasatospora, Lentzea, Amycolatopsis,

and Kibdelosporangium, respectively. While most of these taxa were also present

in the cattle faeces, Lentzea and Kibdelosporangium are commonly found in the en-

vironment, thus their origin is unclear; a more shallow sequencing depth of these

three samples also hindered the ability to assemble long contigs. Lastly, no CYP450

contigs could be assembled from poorly preserved coprolites (MbCopro6-8), as well

as cattle faecal samples, laboratory controls, or the molar tooth specimen. Only a

few CYP450 contigs could be assembled from other environmental samples, and all

the contigs assembled from environmental samples were aligned to typical environ-

mental microbes (e.g., Kocuria, Nevskia). This finding suggests that the CYP450

contigs in coprolites originate from the Myotragus gut microbiome and therefore

may be an important adaptation mechanism to consume Buxus toxins.

3.3.8 Potential co-evolutionary relationship between mam-

mals and gut symbionts

This study is one of the few to examine ancient non-human paleofaeces and repre-

sents an excellent opportunity to examine the long-term co-evolutionary relationship

of gut microbial species in non-human mammals. To explore this further, we assem-

bled draft genome sequences of the most abundant species identified in Myotragus

coprolites and cattle faeces – R. ilealis. R. ilealis was in high abundance (12%-

50%) in well-preserved coprolite samples (MbCopro 1-3). Draft genomes of ancient

R. ilealis strains were reconstructed from these coprolites using R. ilealis CRIB

genome as reference genome (GeneBank ID: LN555523) (Figure 3.4A, Table S10).

Ancient DNA damage signatures (5′-C-to-T and 3′-G-to-A substitution and frag-

mentation) were consistent with samples of this age (Briggs, Stenzel et al. 2007) in

each sample (Table S3.6). No contamination or strain heterogeneity was detected

from two genomes (assembled from MbCopro1 and 2) using CheckM, but minimal

contamination (0.47%) was detected from one genome (assembled from MbCopro3)

(Table S3.7). No reads could be assembled to the reference plasmid genome, which

may suggest that these ancient strains did not maintain this plasmid. We then

annotated the most complete ancient R. ilealis genome using RAST, and a total

of 1,757 features were identified. The ancient and modern R. ilealis strains show

similar metabolic profiles (Figure S3.2) and include functions linked to stress re-
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sponse and reduction in the inflammatory response of animal gut (e.g., enolase,

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase, elongation factor Tu,

heat shock protein GrpE, and chaperone protein DnaK). These functions may be

linked to the use of this species as a probiotic to improve gut function (Gerritsen;

2015; Siciliano and Mazzeo; 2012).

A Romboutsia phylogeny was constructed from the alignment of the whole genome

in RAxML with 1,000 bootstrap replicates (Figure 3.4B). The ancient R. ilealis

strains clustered together with Romboutsia species isolated from the animal gut

rather than the environment, suggesting these species originate from the Myotra-

gus gut microbiota (Gerritsen; 2015; Gerritsen et al.; 2017; Maheux et al.; 2017).

Interestingly, the topology of the Romboutsia species phylogenetic tree also mirrors

that of their hosts (e.g., ungulates, rodents, and primates). This may reflect an

extremely deep co-evolutionary history of Romboutsia strains and their mammalian

hosts over the past >100 million of years. While available genomes of animal-origin

Romboutsia species are limited, this provides the first evidence of long-term co-

evolutionary history between mammals and this microbe, which likely represents a

mutually beneficial relationship.

3.4 Discussion

3.4.1 Paleomicrobiology offers a window into the diet and

behaviour of extinct animals

Using M. balearicus as a model species, our results demonstrate the power of pa-

leomicrobiology to reveal the diet and behaviour of past mammals. First, we were

able to interrogate the dietary behaviours of an extinct species. Although previous

studies obtained dietary information from coprolites using targeted amplification

of marker genes (e.g., chloroplast rbcL gene and 18s rRNA) (Welker et al.; 2014;

Boast et al.; 2018), our results suggest that minimal eukaryotic DNA can also be

obtained using shotgun metagenomic approaches. Alternatively, bacterial DNA pre-

dominated the endogenous DNA signal from the coprolites and can also be utilized

as a generalized signal for extinct species diets. Functional analysis of amino acid

metabolism preserved within Myotragus coprolites suggested a typical herbivore diet

(Muegge et al.; 2011), confirming previous morphological assessments of pollen and

plant fibres. While extensive morphological analysis has already been conducted

on Myotragus coprolites, functional analysis of gut microbial metabolism may pro-

vide more insight into newly discovered or lesser studied species. Specific dietary

information may also be obtained for assessing microbial functions. For example,

the increased gene abundance involved in proline degradation might relate to the
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Figure 3.4: Draft genome and phylogeny of three 5000-year-old R. ilealis strains.
A. The assembled ancient Romboutsia genomes. From inside-out: GC skew (light
grey<0, light pink>0) of the reference genome R. ilealis, GC content of of the
reference genome R. ilealis, the coverage and depth of the ancient R. ilealis strain
1 (green), 2 (red) and 3 (blue). B The Romboutsia phylogeny constructed from the
alignment of the whole genome in RAxML with 1000 bootstrap replicates.
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osteophagic behaviour of the Myotragus (Ramis and Bover; 2001), as collagen is

one of the most abundant sources of proline and hydroxyproline maintained in bone

collagen (90% of the total organic material in bone is collagen) (Young; 2003; Wu

et al.; 2011). However, we currently have a limited understanding of the gut micro-

biomes of osteophagic animals, and further research will need to be done to assess

how this behaviour may be linked to gut microbiome function. Additionally, this

signal could stem from other proline-rich sources in the Myotragus diet, but this

is less likely because there is currently little evidence to suggest this may be the

case (Alcover et al.; 1999; Welker et al.; 2014). This observation could also be re-

lated to the increase in proline-rich proteins present in the saliva of browser animals.

Browsers synthesize large quantities of proline-rich saliva proteins to neutralise the

toxic components (e.g., tannins) in their diet (McDougall; 1948; Austin et al.; 1989) ,

which may have an impact on their functions identified within their gut microbiome.

Further research is needed in the examining microbial gut functions in extant species

to improve our understanding in the past.

3.4.2 Coprolites reveal the role of the gut microbiome in

animal adaptation to environment

We found strong evidence from coprolites that the gut microbiota of M. baleari-

cus is specialised for detoxification and probiotic function, which might be a key in

their adaptation to consume the local vegetation. We found genes involved in stress

response and metabolism of aromatic compounds were enriched in M. balearicus

coprolites. These same functional groups are enriched in other herbivore gut micro-

biomes that digest plant toxins (Kohl et al.; 2014). We also detected an increased

abundance of the CYP450 gene in coprolite microbiomes. CYP450 is a highly active

enzyme involved in detoxification. It can initiate the degradation of toxic steroidal

compounds in Rhodococcus species (Plessis-Rosloniec and Zofia; 2011), which are

similar to the toxins identified from the Buxus plant in Mallorca (Ata and Andersh;

2008). Although it is possible that abundance of detoxification functional groups de-

rives from environmental DNA, our novel authentication approach of ancient DNA

damage profiles suggests that this function has an ancient biological origin. Addi-

tionally, BLAST results of assembled CYP450 contigs indicate that this function

was maintained by microorganisms known to preferentially live in animal guts. It

is also possible that the enrichment of these genes in coprolites compared to cattle

faeces resulted from the difference between the caprine and bovine gut microbiome.

However, this possibility seems unlikely, as the majority of the bacterial commu-

nity and functional genes were conserved between these two ruminants (Kohl et al.;

2014).
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The presence of R. ilealis in the coprolites may also suggest that Myotragus

relied on its gut microbiome to consume toxic plants. We observed high abundances

of R. ilealis in the coprolite microbiome (MbCopro 1-5; 2% - 50% of the total

coprolite microbiome). R. ilealis is a probiotic bacterium that can improve the

gut function, as the increased the abundance of R. ilealis is associated with the

reduction of the innate inflammatory response (Gerritsen; 2015). Buxus toxins can

cause severe, innate inflammatory responses (Van Soest et al.; 1965), indicating

that Myotragus would have needed to resist inflammatory responses to the toxin

in addition to degrading the toxin. A probiotic bacteria, such as R. ilealis, that

can suppress inflammatory responses could help reduce the health issues associated

with consuming Buxus. However, the abundance of R. ilealis required to have a

beneficial effect is unknown, and with taphonomic processes at play in coprolites,

the abundance and activity of this bacterium remains unknown. A study using mice

models showed that the relative abundance of R. ilealis can vary drastically in gut

microbiota (from 0% to 20% of the total gut microbiota), especially when it plays

a probiotic role (Gerritsen; 2015). Nevertheless, it may be possible that R. ilealis

represents a genuine, anti-inflammatory feature of the M. balearicus gut microbiome.

Together, our results suggest that Myotragus was equipped with a gut microbiota

adapted for the consumption of the toxic plant B. balearica. To our knowledge, this

study provides the first evidence of how gut microbiota facilitated the adaptation

to the diet of an extinct animal.

3.4.3 Ancient bacterial genomes likely reveal a deep co-

evolutionary history between the gut microbiota and

mammals

Co-evolution events have been identified between the gut microbes and mammals

(Ley et al.; 2008; Moeller et al.; 2016). Sometimes the co-evolutionary signal is so

strong that the evolutionary history of the gut microorganism is parallel to that of

their hosts (Comas et al.; 2013). We speculated that the mirrored phylogeny of Rom-

boutsia species and their hosts might represent an extremely deep co-evolutionary

relationship (>100 million of years) between this bacterium and mammalian species.

However, the current resolution of this relationship is low due to the limited availabil-

ity of Romboutsia genomes. Additional Romboutsia genomes from other mammals

are required to construct a detailed phylogeny. In addition, direct evidence of verti-

cal transmission of Romboustia species is necessary to confirm its ability to maintain

a strong and unbiased co-evolutionary signal. Vertical transmission of Romboutsia

species currently remains unexplored, although it has been shown for other probi-

otic gut species (e.g. Lactobacillus and Bifidobacterium) (Matsumiya et al.; 2002;
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Milani et al.; 2015). It is also necessary to investigate the potential horizontal trans-

fer events of this species, as it might confound the co-evolutionary history (Moeller

et al.; 2016) . Nevertheless, this study illustrates the potential of using ancient bac-

terial genomes to reveal deep co-evolutionary patterns that may link to adaptation

over long time-scales. We also highlight the necessity of advancing the gut micro-

biome research on modern mammals, as it will pave the way for revealing important

insights into the past evolutionary history.

3.4.4 New insights into biological and environmental signals

in paleomicrobiome data sets

Gaining biological information from coprolites is extremely difficult (Warinner et al.;

2017). This study took a series of stringent and novel measures to obtain a robust

biological signal from coprolites and provided new insights into paleomicrobiological

studies. We show that the bias from non-biological sources can be minimised through

a number of precautions, such as (1) using negative controls to monitor the contam-

ination that potentially introduced by laboratory work; (2) including environmental

samples throughout the analysis to monitor exogenous signals; (3) excluding all the

potential contaminant species from the analysis to isolate the biological signal; (4)

using damage profiles to authenticate ancient DNA; and (5) assessing the quality

and phylogenetic history of assembled ancient genomes. It is critical to take multi-

ple measures to monitor the potential bias, as the contamination can originate from

different sources (e.g., sampling location and laboratories).

Authentication of ancient DNA is typically done on assembled or mapped genome

sequences. Currently, authentication of paleo-microbiome data largely depends

on the ancient DNA damage profiles of a few bacteria species within the dataset

(Jónsson et al.; 2013). This method can only be successfully applied to bacteria

with nearly complete reference genomes, which is problematic for most paleomicro-

biome datasets that may not have many sequences assigned to a specific species.

Moreover, over 1,000 sequences from each species are required to obtain robust

authentication (Warinner et al.; 2017), and therefore only a few bacteria can be

assessed in any given microbiome, representing a small proportion of any given pa-

leomicrobiome data set. To address these issues, we developed a new model for

reference-free authentication of paleomicrobiome data. We applied this method to

the sequences identified in particular functions that span a range of different mi-

crobial species. Significant DNA damage (p<0.001) was detected from coprolites

that preserved strong gut microbiome signal, while no significant DNA damage was

detected from coprolites with poor gut microbiome signal (MbCopro6-8) or from

modern cattle faecal samples. Interestingly, a coprolite from the same deposit as
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MbCopro7-8 also did not yield any positive, identifiable ancient DNA in a previous

study examining coprolites for fibers, seeds or pollen (Welker et al.; 2014), further

supporting the successful use of this authentication approach. The concordant con-

clusion about the preservation of the biological signal between the taxonomy analysis

and the damage profiles, alongside modern comparisons, suggest this method will

accurate detect ancient DNA damage.

Significant levels of DNA damage were also detected in three functional groups

in two independent environmental samples. This is likely due to the environmen-

tal samples containing high proportions of degraded exogenous DNA, as has been

obtained in several recent ancient DNA studies (Weiß et al.; 2019). While it is

possible that the DNA damage detected in the coprolites is also from the environ-

ment, it is highly unlikely given the lack of signal in poorly preserved coprolites. If

the DNA decay in well-preserved coprolites resulted from exogenous environmental

DNA, consistent damage should be observed from all the functional groups of all

the samples from the Balearic Islands (all eight M. balearicus coprolites and the

molar tooth used as environmental control), regardless of the preservation of bio-

logical signals. However, only coprolites containing robust gut microbiome signals

show this DNA decay pattern, suggesting this signal is from an ancient biological

source rather than the environment. The damage observed for functional groups

was also representative of the damage observed using a reference-based approach for

R. ilealis, further suggesting that reference free predictions of DNA damage will be

useful for future ancient microbiome research. Nevertheless, the observation that

some environmental samples possess a mixture of damaged and undamaged DNA

signatures highlights the necessity of proper controls and in-depth investigations

into microbial authentication in ancient samples.

Finally, we tested the ability of a SSL protocol to recover paleomicrobiome in-

formation compared to DSL methods. SSL has been shown to increase the yield of

DNA fragments, especially the small ones, in paleo-genetic studies (Gansauge and

Meyer; 2013). We applied SSL protocol to one coprolite DNA extract and explored

its potential in the paleo-microbiological study (Figure S3.1). Surprisingly, we ob-

served more laboratory contamination in the SSL library approach, indicating that

the SSL methodologies need further testing to determine their biases and artefacts

in paleomicrobiome research. However, the sample size of SSL method (n=1) is lim-

ited and further tests are necessary to confirm our observation. Overall, our results

represent an exemplary framework for mining authentic paleomicrobiological data

from ancient coprolites, while minimising the potential confounding signals.

Chapter 3 Yichen Liu 93



The Role of Epigenetics and Microbiome in Bovid Adaptation

3.5 Conclusion

In summary, our paleo-microbiome analysis of coprolites offers new insights into

the diet and behaviour of an extinct mammal, as well as the co-evolutionary rela-

tionships between the gut microbiota and hosts. We identified a potential case in

which the gut microbiota directly assisted in the adaptation of its mammal-host to

an environment. We demonstrated that robust paleomicrobiome information can

be obtained from ancient faecal remains when a combination of multidisciplinary

approaches are applied to assess contamination and ancient DNA authentication.

Although we tried to be as thorough as possible, the dataset could be further ex-

plored and additional insights might be yielded through deeper sequencing, better-

curated reference databases and bioinformatics tools further tailored for the identi-

fication of short DNA fragments. Nevertheless, this study provides a basic guideline

and a transferable toolset for future paleomicrobiome studies of mammalian co-

prolites, demonstrating the power of paleomicrobiology in reconstructing ancient

microbiomes.
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3.6 Supplementary materials

3.6.1 Figure S3.1

Figure 3.5: A. Bacterial composition at phyla (left) and class (right) level of MbCo-
pro5 prepared using single- (SSL) and double-stranded library (DSL) protocols. B.
The abundance of typical contaminant species identified from SSL and DSL data.
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3.6.2 Figure S3.2

Figure 3.6: Microbiome functions specific to the Myotragus coprolites. Any functions
identified from laboratory controls were removed.
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3.6.3 Figure S3.3

Figure 3.7: Number of annotated features within different functional groups of the
ancient Romboutsia strain 1, R. ilealis, and R. timonensis.
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3.6.4 Table S3.1

Sample details.
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3.6.5 Table S3.2

Presence of host mitochondrial DNA in coprolite and fecal samples.
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3.6.6 Table S3.3

Proportion of sequences mapped to NCBI plastid database (updated on December
2017).
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3.6.7 Table S3.4

CYP450 contigs assembled from coprolites microbiome.
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3.6.8 Table S3.5

Change point results of functional groups.
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3.6.9 Table S3.6

Assemply information of the ancient Romboutsia genomes.
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3.6.10 Table S3.7

CheckM results of the assembled Romboutsia genomes.
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Abstract

Robust oral microbiome signals are routinely obtained from calcified dental plaque

(calculus) present on the teeth of ancient humans, providing information to infer an-

cient human behavior, diet, and health, as well as the co-evolutionary relationships

between commensal bacteria and their hosts. However, a lack of dental calculus

present on non-human animal remains has currently limited these studies to hu-

mans, despite the wealth of information that oral microbiome data from extinct

mammals could provide about past extinction and adaptive processes. Here, we se-

quenced ancient DNA preserved in cementum and a dental “plaque-like” structure

on bison teeth as a model to explore the oral microbiome signal preserved in past

non-human mammals. Although a large proportion of the obtained signal originated

from the environment, DNA of oral, mucosal, and ruminal bacteria were successfully

obtained from ancient and modern bison specimens. DNA of Actinomyces species

was notably well-preserved, and the draft genomes of two ancient A. ruminicola

strains (˜33kyr) were reconstructed. Dietary and host mitochondrial DNA was also

detected from both ancient cementum and “plaque” samples, offering an alterna-

tive non-invasive, taxonomic identification method. Although this is an exploratory

study, we show that the ancient non-human teeth can serve as a promising proxy to

recover oral microorganisms and host information from ancient animals.

Key words: Ancient DNA, oral microbiome, paleomicrobiology, bison
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4.1 Introduction

Diverse microbes, including more than 200 species belong to Firmicutes, Proteobac-

teria, Actinobacteria, Bacteroidetes and Fusobacteria phyla, inhabit the mammalian

oral cavity, and the microbes and their genetic contact is referred to as the oral mi-

crobiome (Dewhirst et al.; 2010, 2012). Certain bacteria can form diverse biofilms

on the tooth and mucosal surfaces in the oral cavity. Biofilms on teeth (i.e. plaque)

comprise of Streptococcus, Actinomyces, Propionibacterium, Haemophilus, and sev-

eral other species (Kolenbrander et al.; 2010). While microorganisms in dental

plaque have been extensively related to oral health, increasing evidence suggests

that these bacteria also play key roles in systemic diseases, such as diabetes and

cardiovascular diseases (Dewhirst et al.; 2010; Bowen et al.; 2018). Many of these

oral bacteria appear to be vertically transmitted and likely co-evolve with their

hosts (Mueller et al.; 2015; Dominguez-Bello et al.; 2010; Guerrero et al.; 2013).

However, co-evolutionary relationships and the roles that oral microbiome plays in

mammalian evolution remain largely unexplored.

Ancient DNA techniques can be utilized to obtain detailed records of past oral

microbes, providing a genetic window into the past (Hofreiter et al.; 2001). How-

ever, ancient DNA extracted from such specimens needs to be authenticated and is

subject to contamination, as the specimens have been exposed to the environment

for a long period (Cooper and Poinar; 2000). Therefore, ancient DNA research

usually requires an assessment of the ancient origin of the extracted DNA (i.e., au-

thentication) and stringent decontamination measures (Weyrich et al.; 2015, 2018).

Authentication of ancient DNA largely relies on the DNA damage patterns, which

includes 1) fragmentation: ancient DNA usually was fragmented into small frag-

ments with an average length smaller than 100 bp; 2) depurination, which leads

to the overrepresentation of the purines (guanine and adenine) at positions adja-

cent to the molecule breaks; and 3) deamination, which causes increased cytosine to

thymine and guanine to adenine substitution at the termini of DNA after amplifi-

cation and sequencing (Briggs et al.; 2007). While the deamination rate of ancient

DNA increases over time, no obvious pattern was previously observed between the

fragment lengths and the age of the sample (Sawyer et al.; 2012). To minimize the

biases cause by contamination, ancient samples are also routinely decontaminated

using bleach (sodium hypochlorite), UV irradiation, and EDTA presoak (Kemp and

Smith; 2005; Farrer; 2016).

These advanced ancient DNA techniques have been recently applied to obtain

ancient human oral microbiomes from calcified dental plaque (calculus) (Weyrich

et al.; 2015; Adler et al.; 2013; Weyrich et al.; 2017; Warinner et al.; 2014). Dental

calculus can preserve bacterial cells, dietary microfossils, and host DNA (Weyrich
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et al.; 2015), thus providing important information about ancient human behaviors,

diets, diseases, and the responses of the oral bacteria community to major biocultural

changes, such as the adoption of agriculture (Adler et al.; 2013; Weyrich et al.;

2015). While dental calculus is widely distributed on the ancient human teeth, it is

less prevalent on animal teeth, which poses a major challenge to paleomicrobiology

studies on non-human mammals. To date, no published studies have examined

the oral microbiome signatures preserved on the teeth of non-human mammals,

especially those that have gone extinct.

Steppe bison (Bison priscus) are a megafauna that experienced and survived the

last ice age and have been used as a model species to investigate the long-term in-

teractions between large mammals and environmental changes (Cooper et al.; 2015;

Shapiro et al.; 2004; Soubrier et al.; 2016). Similarly, modern bison (Bison bison)

have also responded to large scale environmental changes, including several popu-

lation bottlenecks and a significant loss of genetic diversity in extant populations –

a continuing concern with their conservation (Hartl and Pucek; 1994; Gates et al.;

2010). Bison have high-crowned cheek teeth (hypsodont dentition) (Koenigswald;

2011; Wilson; 1988), the structure of which is showed in Figure 4.1A. On the enamel

surface of bison teeth, coronal cementum can be widespread as a thin layer. In an-

cient, buried teeth, the cementum is not strongly bonded to the enamel and is

subject to exfoliation or chemical weathering (Wilson; 1988; Lyman; 2018). Dental

plaque can form on the surface of bison teeth, but it is likely less resilient in the

taphonomic process. Together, it is possible that an oral microbial signal in ancient

bison is present.

Here, we used bison as a model species to explore ancient oral microbiome infor-

mation preserved on the teeth of non-human mammals. We explore 12 ancient indi-

viduals and compare these to 17 modern specimens that were buried underground

for one year to mimic taphonomic processes. Together, we explore the preservation

of oral, mucosal, and ruminal microorganisms within these tissues and how their

preservation is impacted by sample type, preservation status, or decontamination

method.

4.2 Methods and Materials

4.2.1 Sampling

Oral samples were collected from 12 ancient bison individuals from the Yukon,

Canada and Minnesota, USA (Table S4.1). All the ancient samples were stored and

examined in a purpose built ancient DNA facility at Australian Centre for Ancient

DNA (ACAD), the University of Adelaide. Samples from the single 33 kyr bison
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(A3275) were stored at -20◦C, as it was collected from permafrost, while the remain-

ing ancient samples were stored at 4◦C. We observed that the cementum was peeling

away from the surface of some ancient bison teeth (Figure 4.1 F). However, the some

ancient bison teeth remained intact and maintained a soft brown layer on the surface

of the teeth (i.e. individual A3275 (Figure 4.1 E)), which was visually similar to the

dental plaque formations present in modern bovid animal teeth. Therefore, we char-

acterized ancient bison oral samples into two sample types: cementum and “plaque”.

While we were unable to obtain proteomic or chemical analysis of this plaque-like

structure, we will refer to this substance as “plaque” throughout this paper for sim-

plification. These samples include 54 cementum samples from 11 individuals range

from (2kyr to >50kyr) and 11 plaque specimens from a single 33kyr bison jaw from

Beringian permafrost (Table S4.1). We also included 34 cementum samples from 17

modern bison individuals (Table S4.1). The modern bison teeth samples were col-

lected from an organic, grass-fed bison ranch in South Dakota, USA. Bison ranged

between 1-2 years of age and are prairie harvested (slaughtered) in the field. After

harvest, bones from each individual were then buried in the field approximately

5 feet underground and left for one year to mimic taphonomic and environmental

contamination processes, similar to ancient specimen. Samples were then unearthed

and whole mandibles were shipped to the University of Adelaide on ice. Upon ar-

rival at the University of Adelaide, the modern bison samples were stored at 4◦C.

All modern samples were stored and processed within modern DNA laboratories. To

evaluate the preservation of the oral microbiome information and potential contam-

ination from the environment within the samples, we additionally included shotgun

sequencing data of environmental samples from MG-RAST metagenomics database

(MG-RAST ID: air-mgm4516952; brackish water-mgm4536373; fresh groundwater-

mgm4536380; grassland soil-mgm4511193) (Wilke et al.; 2015), as well as three

ancient bison bone fragments (which should not contain oral microbiome informa-

tion).

4.2.2 Decontamination

Cementum Samples

Ancient cementum samples were decontaminated using two methods currently

applied in the analysis of ancient human dental calculus to initially examine the

impacts of different decontamination methods on the identified species (Figure 4.2).

In the first group (UV-bleach), cementum samples (n=52 ancient; n=9 modern)

were decontaminated using 15 min UV radiation followed by soaking in 3% bleach

for 2min. The residual bleach was removed by rinsing samples in 80% ethanol for 3

min and then dried at room temperature for 2min. In the second group (UV-EDTA
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group), cementum samples (n=2 ancient; n=17 modern) were decontaminated using

15 min UV radiation followed by 10 min 0.5M EDTA (ethylenediaminetetraacetic

acid) wash, instead of 2 min bleach treatment.

Plaque Samples

As bleach is a strong oxidant, we observed several early plaque samples dissolve

during the UV-bleach decontamination method. Therefore, the 11 ancient plaque

samples from a 33kyr old ancient bison individual (A3275) were only decontam-

inated using 15 min UV radiation followed by 10 min 0.5M EDTA (ethylenedi-

aminetetraacetic acid) wash, again instead of 2 min bleach treatment (Figure 4.1

E).

4.2.3 DNA extraction and Shotgun library preparation

DNA was extracted using an in-house silica-based method, as previously described

(Brotherton et al.; 2013). Briefly, each decontaminated sample was crushed into

powder and then decalcified using 1.6ml of 0.5M EDTA, 0.1ml of 10% sodium do-

decyl sulphate (SDS), and 20 µL of 20 mg/mL proteinase K and left to rotate at 55
◦C for 20 hours. Released DNA was then bound to silica suspensions with modified

QG buffer (4 mL modified QG buffer contains 3.7 ml QG buffer (QIAGEN), 20 µL

of 5M sodium chloride (NaCl), 222 µL of 3M sodium acetate (NaAc), and 61 µL of

water. Bound DNA was then washed twice in 80% ethanol and then eluted using

100 µL of Tris-HCl buffer.

The DNA extracts were then used to construct shotgun libraries, as previously

described (Meyer and Kircher; 2010). Briefly, 20 µL of DNA extract was repaired

using T4 polynucleotide kinase (New England Biolabs) and T4 DNA polymerase

(New England Biolabs) for 15 minutes at 25◦C. Two 7bp barcoded Illumina adapters

were then ligated to the repaired DNA using T4 DNA ligase (Fermentas) for 60min

at 22◦C. A MinElute Reaction Cleanup Kit (QIAGEN) was used for the cleanup

of the enzymatic reactions. The gaps on the DNA molecules were then filled using

Bst DNA polymerase (New England Biolabs) for 30 minutes at 37◦C, and then the

enzyme was denatured at 80◦C for 10 min. The resulting reactions were amplified

with 2.5 µL of 10× Gold buffer, 1.25 µL of 50 mM MgSO4, 0.25 µL of 25mM dNTP,

1.25 µL of IS7 primer, and 1.25 µL of IS8 primer under the following conditions:

12 min at 94◦C; 13 cycles of 30 sec at 94◦C, 30 sec at 60◦C, 45 sec at 72◦C; and

10 min at 72◦C. The resulting reactions were cleaned using Ampure XP and then

reamplified using GAII indexed primers for 13 cycles. The reactions were then

cleaned using Ampure XP, quantified using Agilent TapeStation, and pooled at

equimolar concentration before 150 bp paired-end sequencing on Illumina NextSeq

and Ten-X platforms.
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Figure 4.1: Ancient and modern bison teeth samples. A and B. Schematic structure
of an intact ruminant tooth (A) and ruminant tooth with cementum exfoliation (B)
(adapted from:(Stromberg; 2006)). C. A modern bison tooth sample with intact
cementum. D. A modern bison tooth sample with cementum peeling away from
enamel surface and was sampled (the red square). E. An exceptionally well-preserved
ancient bison tooth sample. The cementum was intact, and a soft layer (likely a
bacterial biofilm that similar to dental plaque, the red square) was on the cementum
and was sampled. F. An ancient bison tooth. The cementum was peeled off and
was sampled (the red square)
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Figure 4.2: A flowchart describing the sample and data processing. Ancient sam-
ples were characterized into two sample types: cementum (UV-Bleach group ) and
plaque (UV-EDTA group ). Samples were decontaminated using UV-bleach or UV-
EDTA according to the tolerance to bleach. To avoid biases caused by different
decontamination methods, ancient samples were only compared to modern samples
that were decontaminated using the same approach. DNA was then extracted from
decontaminated samples and shotgun libraries were prepared. Processed sequencing
data were used for downstream microbiomic analyses.

4.2.4 Data processing and taxonomic analyses

FASTQ data from the Illumina machine was demultiplexed using Sabre v.1.0 (http:

//github.com/najoshi/sabre) allowing one mismatch (option m -1). The demulti-

plexed data were then trimmed and collapsed using AdapterRemoval v.2.1.7 with

the following parameters: mismatch rate 0.1, minimum Phred quality 4, quality

base 33, trim ambiguous bases (N) and bases with qualities equal or smaller than

the given minimum quality, and a minimal overlapping length of 11 bp (Schubert

et al.; 2016). The collapsed reads were then compared against an in-house database

that included 47,696 archaeal and bacterial genome assemblies from the NCBI As-

sembly database (A; 2018) using MEGAN Alignment Tool (MALT, v 0.3.8) using

the following parameters: Weighted-LCA=80%, minimum bitscore=44, minimum

E-value=0.01, minimum support percent=0.01 (Herbig et al.; 2016). To obtain

the taxonomic information of eukaryotic DNA, the collapsed reads were also com-

pared to the NCBI non-redundant database (updated on December 2017) using DI-

AMOND (v 0.9.13) (Buchfink et al.; 2015), as MALT required more RAM than was

current available at the Unviersity of Adelaide. The generated DIAMOND align-

ment archive (DAA) files were annotated using the daa-meganizer script included

in MEGAN6 (parameters used: Weighted-LCA=80%, minimum bitscore=44, min-
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imum E-value=0.01, minimum support percent=0.01). Resulting data were visual-

ized and analysed in MEGAN6 (v 6.13.1) (Huson et al.; 2016).

4.2.5 Competitive mapping and draft genome assembly

The reference sequences used for competitive mapping consisted of five Actinomyces

species: A. slackii ATCC 49928 (GCF 000428685.1), A. ruminicola (GCF 900103565.1),

A. glycerinotolerans G10 (GCF 900098745.1), A. succiniciruminis (GCA 900002405),

and A. oris (GCF 001553935.1). The genomes of these Actinomyces species were

concatenated with a spacer of 100 Ns to create one concatenated reference se-

quence. The collapsed reads were then mapped to the concatenated reference se-

quence using BWA v.0.7.13 backtrack algorithm with the following parameters: -

l 1024, -n 0.01 (Li and Durbin; 2009). Duplicate reads and mapped reads with

quality lower than a Phred score of 30 were removed using SAMtools v.1.3.1 (Li

et al.; 2009). The resulting bam files were then visualized and analyzed using

QualiMap v.2.2.1 (Okonechnikov et al.; 2015). The draft genomes were then con-

structed by separating the uniquely mapped sequences according to the best mapped

species, creating five draft genomes for each sample. The majority of the reads

were mapped to the one of the five genomes (Figure 4.4), the draft genomes have

the most mapped reads were retained for the downstream analysis. The con-

sensus sequence of assembled genomes of Actinomyces strains was generated us-

ing Geneious (Kearse et al.; 2012). For the ambiguous bases, the consensus was

called with a threshold of 85%. The coverage of each draft genomes was cal-

culated using SAMtools (v 1.3.1) bedcov on a window size of 2.5kb. The GC

content was calculated using a python script GCcalc.py with a window size of

2.5kb (https://github.com/WenchaoLin/GCcalc/blob/master/GCcalc.py). The GC

skew was calculated using a perl script gcSkew.pl with a window size of 2.5kb

(https://github.com/Geo-omics/scripts/blob/master/AssemblyTools/gcSkew.pl).

The coverage of the bam files were exported from Geneious and then fed into an in-

house awk script to generate a bed file the included the range of mapped regions for

each genome. The results were visualized using Circos (v 0.67-7) (Kearse et al.; 2012;

Krzywinski et al.; 2009). Nucleotide misincorporation and fragmentation patterns

were calculated using MapDamage2.0 (Jónsson et al.; 2013).

4.2.6 Phylogenetic analysis

The assembled draft genomes of two ancient A. ruminicola bison strains (Strain

A19865 and Strain A19885), one A. slackii strain from a modern bison (Strain

MMB1519), and the reference sequences of A. slackii ATCC 49928 (GCF 000428685.1),

A. ruminicola (GCF 900103565.1), A. glycerinotolerans G10 (GCF 900098745.1),
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A. succiniciruminis (GCA 900002405), A. oris (GCF 001553935.1), A. gaoshouyii

(GCF 002076915.1), A. liubingyangii (GCF 001907245.1), and A.vulturis (GCF 001

687305) were aligned using mauveAligner algorithm in Geneious (Kearse et al.;

2012). The locally collinear blocks (LCBs) were concatenated with a spacer of 100

Ns. The resulting alignment was then used to build a maximum likelihood phyloge-

netic tree using RAxML in Geneious (parameters used: GTR GAMMA model, 1000

bootstrap replicates) (Stamatakis; 2014). A. liubingyangii was used as an outgroup

to root the tree.

4.2.7 Mapping sequences to the bison mitochondrial genome

Collapsed reads from all libraries were mapped to Bison priscus mitochondrial

genome (GenBank ID: KX269121.1) using the BWA v.0.7.13 backtrack algorithm

(with options: -l 1024, -n 0.01) (Li and Durbin; 2009). Mapped reads with quality

lower than a Phred score 30 were removed using SAMtools v.1.3.1 (Li et al.; 2009).

The resulting bam files passed the quality filtering were imported into Geneious and

the number of mapped reads were counted (Kearse et al.; 2012).

4.3 Results

4.3.1 Oral microbiome signal in ancient bison oral samples

The microbial composition of the bison cementum and plaque samples was exam-

ined by comparing the microbiome of ancient and modern bison oral samples to

environmental and laboratory control samples by performing PCoA on Bray Curtis

distances on species level (Figure 4.3A and B). The microbiome from most ancient

and modern bison samples are distinct from those of environmental samples and

controls (p<0.01). A proportion of the bison oral samples overlap with controls,

suggesting varied preservation. Irrespective of decontamination method, we ob-

served the infiltration of the environmental taxa in both ancient and modern bison

oral samples. Specifically, the ancient bison samples maintained bacteria indica-

tive of soil microbes and were dominated by Burkholderiales (19.34%), Rhizobiales

(14.5%), and Micrococcales (6.4%). These taxa were identified in modern bison sam-

ples as well (Burkholderiales: 5.0%, Rhizobiales: 1.8%, and Micrococcales: 16.7%).

These dominant, environmental taxa were detected in both ancient and modern sam-

ples, irrespective of decontamination method, suggesting that the decontamination

methods had minimal effects on reducing environmental species. Nevertheless, we

decided to filter out the presence of environmental species to better examine the oral

microbial signal within the data set. Next, we examined the presence of laboratory
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contaminant species within the data set. We first examined the impact of labo-

ratory contamination with respect to the type of decontamination method applied

to cementum samples, as no modern plaque samples were available for comparison.

Laboratory contamination significantly contributed to the alpha-diversity observed

in cementum, as a higher alpha diversity observed in UV-EDTA treated samples

compared to UV-bleach group (p=0.02639) was largely driven by laboratory con-

tamination. The removal of laboratory taxa identified in extraction blank controls

ameliorated this effect (p=0.08842). Therefore, species identified in the EBCs from

all samples were also removed from bison cementum and plaque for downstream

analysis.

We then explored the presence of oral bacteria in bison oral samples. As the

bison oral microbiome has not yet been examined, we explored the presence of three

different origins of microorganisms in the oral cavity: 1) microbes in the oral cavity

of other mammals, including key genera required for the primary formation of dental

plaque in human, such as Actinomyces and Streptococcus species (Alfano et al.; 2015;

Hyde et al.; 2014; Bik et al.; 2016; Kolenbrander et al.; 2010); 2) microbes present in

the bovine nasopharyngeal mucosa, such as Pasteurella, Neisseria, and Psychrobac-

ter (Timsit et al.; 2016); and 3) ruminal microorganisms, such as methanogens,

as the rumen fluid containing diverse microorganisms can be transferred into ru-

minants’ mouth through eructation and rumination (Sirohi et al.; 2010; DePeters

and George; 2014). The microbial composition of all modern and ancient bison oral

samples was then classified at bacterial order and genera level (Table S4.2 and Table

S4.3). In cementum, modern samples contained higher abundances of oral microbes

relative to that of the ancient samples. In modern cementum samples, Streptococ-

cus (25.28%) represents the most abundant bacterial genus detected, Psychrobacter

(5.56%) and Actinomyces (3.92%) also detected with relatively high abundance.

Streptococcus (0.97%), Psychrobacter (0.10%), and Actinomyces (0.15%) were also

detected from ancient cementum samples, while the abundance is lower than modern

samples. Fusobacterium (0.03%) was detected from seven ancient cementum sam-

ples. Ancient plaque seems preserve better oral microbial signal than cementum. In

ancient plaque samples, Actinomyces (21.28%) is the most abundant bacterial genus,

other oral bacteria, such as Streptococcus (2.54%), Fusobacterium (0.76%), Neisseria

(0.69%), Porphyromonas (0.57%) were also detected. We then explored the pres-

ence of other ancient oral taxa on the species level (Figure 4.3C and 3D). Although

only limited oral microbial signal was detected from the majority of ancient cemen-

tum samples, cementum samples from one ancient bison (A16193(#11), 33 kyr)

preserves good oral signal, with 4 Streptococcus species, 3 Psychrobacter species,

11 Olsenella species, and 5 Actinomyces species identified; ruminal methanogens,

including 5 Methanobrevibacter species, were also detected from these samples. The
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ancient plaque contained more oral species, which was dominated by Actinomyces

species compared to species within other genera (Figure 4.3D).

Overall, we show that oral microorganisms that likely originate from the bison

oral cavity are preserved in ancient cementum and plaque samples, although these

samples are intermixed with environmental taxa. The ancient dental plaque pre-

served more oral signal compared to the cementum, although further examination

of bison dental plaque is needed across a wide range of individuals.

4.3.2 Draft genome of two 33kyr old Actinomyces rumini-

cola strains

As Actinomyces species are among the most diverse and abundant oral taxa that

we observed in our ancient bison oral samples, we reconstructed the draft genomes

of two Actinomyces strains from the oral samples in two 33kyr bison individuals,

as well as two modern bison samples for the comparison. We employed competitive

mapping to avoid cross-mapping of DNA fragments of closely related Actinomyces

species. The reference genome consisted of the genomes of the five most abun-

dant Actinomyces species identified from bison oral samples: A. slackii ATCC

49928 (GCF 000428685.1), A. ruminicola (GCF 900103565.1), A. glycerinotoler-

ans G10 (GCF 900098745.1), A. succiniciruminis (GCA 900002405), and A. oris

(GCF 001553935.1). The first four reference species were isolated from ruminant

dental plaque or rumen fluid (Dent and Williams; 1986; NA et al.; 2016; An et al.;

2006), and the latter was present in the mammalian oral cavity (Henssge et al.;

2009). The majority of reads from two ancient samples uniquely mapped to A.

ruminicola. In the modern specimens, one individual (MMB1511) was dominated

by A. ruminicola, while the other (MMB1519) was dominated by A. slackii (Figure

4.4). As the abundance of Actinomyces species of other samples is not enough for

competitive mapping, it is unclear if the oral cavity of modern and ancient bison was

dominated by different Actinomyces species. We then assembled the draft genomes

of two ancient A. ruminicola strains using only uniquely mapped sequences obtained

during competitive mapping (Figure 4.5). The draft genome of the first ancient A.

ruminicola strain (ancient strain A19865) covered 72.1% of the reference genome

with a mean depth of 2.2×. The second draft genome (ancient strain A19885) cov-

ered 30.0% of the reference genome with a mean depth of 0.5×. The GC content

of the reference genome (A. ruminicola) is 69.5% was also similar to what was seen

in both ancient genomes (ancient strain A19865 and A19885 are 68.8% and 69.3%,

respectively).

The two ancient strains showed signs of typical ancient DNA damage (fragmen-

tation and deamination) that was consistent with the age of the samples (A19865:

128 Chapter 4 Yichen Liu



Figure 4.3: The oral microbiome of ancient and modern bison. A and B: PCoA
plot (Bray-Curtis distance) of cementum (A) and plaque (B) microbiome. C and
D: The presence of typical bovid oral microbiome taxa in bison cementum samples
(C) and plaque samples (D). Each column represents one sample. Multiple samples
were collected from ancient bison individuals, and individuals were indicated using
#.

Chapter 4 Yichen Liu 129



The Role of Epigenetics and Microbiome in Bovid Adaptation

mean fragment length: 64 bp, 3′ G-to-A: 0.14; 5′ C-to-T: 0.07; A19885: mean frag-

ment length: 102 bp; 3′ G-to-A: 0.16; 5′ C-to-T: 0.15), supporting their ancient

origin (Figure S4.1) (Briggs et al.; 2007). Interestingly, the modern sample showed

typical DNA fragmentation that resulting mainly from depurination, while the C-

to-T deamination substitutions were minimal. This suggests that depurination and

therefore DNA fragmentation occurs rapidly (less than 1 year) after death, while

the deamination of cytosine occurs at a slower rate, similar to previous results.

We then constructed a maximum likelihood tree using the consensus sequences of

two ancient bison oral strains, one modern oral strain, and all the available genomes

of Actinomyces strains that have been isolated from animal oral cavity or gut. The

second Actinomyces strain (MMB1511) was excluded from further analysis due to its

limited coverage. The maximum likelihood tree was rooted using A. liubingyangii,

which is a strain isolated from vulture gut (Meng et al.; 2017). Actinomyces strains

isolated from mammals fall within two distinct clades: strains isolated from mam-

mal gastrointestinal tract and those isolated from mammal oral cavity. Within the

species typical found within the mammalian gut, the phylogeny of these strains was

similar to that of their hosts (pika, cattle, sheep and bison), suggesting a deep co-

evolutionary relationship between Actinomyces and their hosts. The two ancient A.

ruminicola strains fell within the oral clade and clustered together with modern A.

ruminicola (An et al.; 2006). In contrast, the modern A. slckaii strain MMB 1519

obtained from modern bison clustered together with the A. slckaii strain isolated

from cattle plaque (Dent and Williams; 1986).

4.3.3 Invertebrate and plant DNA in bison oral samples

The presence of eukaryotic DNA in the bison oral samples was explored by compar-

ing the sequencing data to the NCBI non-redundant protein database. On average,

0.20% to 3.05% of the total sequences were assigned to non-vertebrate eukaryotes

(Table S4.4). The modern samples ( 3%) contained more non-vertebrate eukaryotic

DNA than ancient samples (<1%) and were identified in as Alveolates (Apicom-

plexa), fungi (Ascomycota), arthropods (Arthropoda), roundworms (Nematoda),

and plants (Streptophyta). We were also able to detect the presence of several

species, including mammalian parasites. Trichinella were detected from seven an-

cient bison oral samples and seven modern bison oral samples. Plasmodium was

present in three ancient samples, but was absent in any modern samples. Neverthe-

less, the presence of these parasites needs to be further assessed (e.g. themorpho-

logical identification of the parasite eggs or key marker genes). Several environmen-

tal eukaryotic organisms were also identified, including Aspergillus and Penicillium

(0.07% to 2.24%), Bombyx moriowere and Tribolium castaneum (0.04% to 0.42%),

130 Chapter 4 Yichen Liu



Figure 4.4: Comparative mapping of bison oral samples to Actinomyces species.
The X axis represent the linear reference genome. Five Actinomyces species (from
left to right: A. slackii, A. ruminicola, A. glycerinotolerans, A. succiniciruminis,
and A. oris) genomes were concatenated and used as reference genomes. Coverage
is indicated using red lines.
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Figure 4.5: Draft genomes and phylogenetic tree of ancient A. ruminicola strains.
A. Draft genomes of two ancient A. ruminicola strains. From inside out: GC skew
of the reference genome, GC content of the reference genome, coverage of ancient
A. ruminicola strain A19865, depth of ancient strain A19865, coverage of ancient
A. ruminicola strain A19885, depth of ancient strain A19885, and genome scale. B.
RAxML tree of Actinomyces strains isolated from animal gut or oral cavity. The
tree was rooted using A. liubingyangii (isolated from vulture gut). Strains assembled
from this study are underlined.
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Prunus and Trifolium subterraneum (0.15% to 0.31%) across modern and ancient

samples.

4.3.4 Host DNA in ancient bison oral samples

To estimate the presence and the abundance of host mitochondrial DNA (mtDNA)

in the bison oral samples, we mapped all DNA sequences to a bison mitochondrial

genome. Bison mtDNA was detected in most of the samples (81% of the ancient

bison cementum samples and 85% of the modern bison cementum samples). On av-

erage, 0.03% of the total collapsed reads of ancient cementum samples were mapped

to the host genome. Bison mtDNA was also detected in ancient plaque samples,

although the proportion was lower than in cementum samples; only 0-0.006% of the

collapsed reads could be mapped to bison mtDNA from any of the plaque samples.

The proportion of bison DNA in modern cementum samples is slightly higher than

the ancient samples, with on average 0.15% of collapsed reads mapped to bison

mtDNA. Despite the low proportion, the presence of host mtDNA in cementum

and plaque samples nonetheless offers an alternative solution for the non-invasive

taxonomic identification of valuable samples.

4.4 Discussion

Ancient microbiome research in past non-human animals can reveal information

about the commensal microorganisms, bacterial evolution, microbiome-host inter-

actions involved in environmental adaptation and evolution, and unveil information

about the past behaviors, diets, and diseases of extinct species (Weyrich et al.; 2015,

2017; Tito et al.; 2012). Currently, ancient oral microbiome studies are limited to

human dental calculus, due to the prevalence of dental calculus on ancient human re-

mains and extensive research into modern human oral microbiomes (Weyrich et al.;

2015; Wade; 2013). Obtaining reliable non-human oral microbiome information re-

quires the exploration of sub-fossil materials that are resilient to taphonomy and

easily accessible in the paleontological and archeological collections. While the soft

tissues can rapidly decomposed after the death, compacted tissues, such as bone and

teeth, can preserve the host and microbial DNA for thousands of years (Hofreiter

et al.; 2001; Rohland and Hofreiter; 2007; Mann et al.; 2018). This is the first study

to explore the survival of oral microbial DNA in ancient non-human specimens.

By applying protocols used for the analyses of the ancient human oral micro-

biome, we describe for the first time several oral microorganisms that can be recov-

ered from ancient bison cementum and plaque samples. From ancient bison teeth,

we were able to obtain microbes that likely originate from several sources, including
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1) typical oral taxa, including taxa that mediate the formation of biofilms in the

oral cavity (Kolenbrander et al.; 2010), such as Streptococcus and Actinomyces ; 2)

species that inhabit the bovine pharyngeal mucosal (Timsit et al.; 2016), such as

Pasteurella and Psychrobacter ; and 3) ruminal methanogens (Sirohi et al.; 2010),

such as Methanobrevibacter and Methanococcales. Using competitive mapping, we

were also able to reconstruct the two 33kyr old A. ruminicola draft genome, sug-

gesting that these oral species can survive for millennia and likely have deep co-

evolutionary histories with their hosts. Ancient bacterial genomes of commensal

species in calculus can serve as an unique source of past oral microorgansisms to

examine the co-evolutionary history of non-human mammals and their microbes and

the implications for extinction, health, and physiology.

The recovery of ancient oral microbiome information has important implications

for better understanding animal conservation, evolution, and health (Guerrero et al.;

2013; Warinner et al.; 2015). For instance, it is not clear how a population bottleneck

of host species would impact the relationship with their commensal microbes, and if

these changes had subsequent physiological consequences. In this study, we found 18

Actinomyces species in ancient bison, while two separate species were identified in

modern bison – one of these species was phylogenetically more similar to that found

in modern cattle. A further comparison of the microorganisms from many modern

animal and their ancient microbial counterparts is needed to better address these

questions. Furthermore, the unique digestive habits of ruminants – the eructation

and rumination – make them a special case which both the oral and stomach mi-

croorganisms are present in their oral cavity (DePeters and George; 2014), and thus

be potentially preserved in ancient ruminant teeth. As a result, ancient ruminant

teeth may serve as a unprecedented material for the recovery of both the oral and

gut microbiomes. In addition, the ability to detection of eukaryotic DNA, including

the host mtDNA, putative dietary DNA (plants), and putative parasites DNA, from

the ancient samples is also an unprecedented opportunity to investigation of the

diets, parasitology, and behavior of the past animals.

We identified several limitations in the application of current paleomicrobiology

methods to ancient ruminant teeth. Despite robust oral microbiome information

obtained from dental calculus of ancient humans (Adler et al.; 2013; Weyrich et al.;

2017, 2015), we found that the approach applied to human dental calculus was not

always appropriate when assessing ancient ruminant teeth. This is mainly due to

the differences in tooth structure and oral biochemistry between human and rumi-

nants. First, it remains unclear why the cementum sample preserved an oral signal.

Is this presence of oral microorganisms observed because they can bind or fuse with

cementum or does the cementum itself incorporates microbial DNA? Second, the

“plaque-like” tissue seems to preserve strong oral microbiome signal, but the condi-
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tions that allow the formation and encourage preservation of that material remain

unknown. In addition, the lack of calcified dental plaque on these specimens is also

unclear. Future studies should examine how the microstructures present in and on

bison teeth are subject to taphonomic processes. Third, decontaminating oral sam-

ples using 3% bleach does not appear to be suitable for all ancient oral samples, as

we observed the disintegration of several ancient plaque samples with bleach treat-

ment. We found that a milder decontamination approach (an EDTA wash instead of

bleach) was more appropriate for all sample types. Lastly, a large proportion of the

metagenomic information obtained from ancient samples has environmental origins

(e.g. DNA from bacteria that are widely distributed in soil, such as Burkholderiales

and Rhizobiales), despite the use of decontamination methods. As human dental

calculus is more robust, the bison cementum and plaque samples examined here are

likely to be more susceptible to contamination. Further research and the novel ap-

plication of common ancient DNA methods, such as hybridization enrichment, may

improve the current limitations in assessing the microbial content of non-calculus

oral specimens.

This study investigated the ancient DNA damage signatures from bison oral

samples experience different taphonomic processes, ranging from one-year of envi-

ronmental exposure to >50 kyrs. We found that some samples contained no oral

microbial signal within a period as short as one year, while oral signals were rou-

tinely obtained from ˜33 kyr samples, suggesting that other factors, and not age,

likely play an important role in the preservation of the oral microbial DNA. Among

the oral species that were well preserved, Actinomyces species maintain a relatively

high GC content (˜69%). As DNA molecules with high GC content tend have

higher thermostabilities than GC-poor molecules (Vinogradov; 2003), the high GC

content of specific microorganisms could aid in their long-term preservation. We

also examined the DNA damage of three reconstructed Actinomyces genomes (Fig-

ure mapdamage). Within the 33 kyr samples, patterns consistent with ancient DNA

damage (fragmentation, depurination, and deamination) were observed in two draft

bacterial genomes. In contrast, the modern bacterial genome only contained evi-

dence of DNA fragmentation and depurination, with minimal deamination. While

previous studies have observed DNA fragmentation in samples that only a decade

old (Sawyer et al.; 2012), we show that one-year exposure can lead to DNA frag-

mentation, whereas extensive deamination seems to occur with longer exposure to

the environment. This offers some clues for distinguishing recently introduced con-

taminant DNA from authentic ancient DNA.

In conclusion, our results show that typical oral, mucosal, and ruminal microbes,

dietary information, and host DNA can be recovered from ancient bison cementum

and plaque specimens. Therefore, ancient ruminant oral samples serves as a promis-
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ing new proxy for recovering information on past behavior, disease, diet, and host

information from non-human animals. This research in the future will improve our

understanding the evolutionary processes and signatures that drive microbial evo-

lution and co-adaptation within hosts.
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Nature Reviews Genetics 2(5): 353.
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Okonechnikov, K., Conesa, A. and Garćıa-Alcalde, F. (2015). Qualimap 2: advanced
multi-sample quality control for high-throughput sequencing data, Bioinformatics
32(2): 292–294.

Rohland, N. and Hofreiter, M. (2007). Ancient dna extraction from bones and teeth,
Nature protocols 2(7): 1756.

Sawyer, S., Krause, J., Guschanski, K., Savolainen, V. and Pääbo, S. (2012). Tem-
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4.6 Supplementary materials

4.6.1 Figure S4.1

The MapDamage plots of the assembled Actinomyces genomes. A and B. Ancient
A. ruminicola strains. The C-to-T and G-to-A substitution rates increased at the
end of the sequences. The length of the majority of the mapped sequences is <100
bp. C. The modern A. slackii strain. No evident C-to-T and G-to-A substitutions
was observed, while the sequences are highly fragmented, with an average length
about 50 bp.
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4.6.2 Table S4.1

Sample details.
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4.6.3 Table S4.2

The 50 most abundant bacterial orders detected from ancient and modern bison oral
samples.
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4.6.4 Table S4.3

The 50 most abundant bacterial genera detected from ancient and modern bison
oral samples.
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4.6.5 Table S4.4

Sequences assigned to eukaryotic phyla (%).
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Abstract

DNA methylation is a major regulator in many critical cellular processes, includ-

ing cell differentiation and gene silencing. Emerging evidence suggests a role for DNA

methylation in mammal evolution, making the generation of ancient DNA methyla-

tion data essential for a better investigation of this hypothesis. However, no existing

method can recover ancient methylomes at a single-base resolution. In this study,

we optimised a hairpin-based DNA library protocol and used the gold standard

bisulfite treatment to retrieve high-quality methylome data from highly degraded

DNA samples. We applied the method to a range of ancient and modern bison

specimens and were able to reconstruct 11 ancient and 14 modern methylomes. We

show that the hairpin method can increase the mappability of short bisulfite-treated

DNA fragments and our results are consistent with a previously reported approach

that uses ancient DNA damage as a proxy to recover the methylation pattern from

ancient samples. Comparison of ancient and modern bison methylomes suggests

tissue-specific methylation patterns can be preserved within ancient specimens. By

constructing a 50,000-year methylome history, we were able to identify potential

methylation hotspots responding to mammal-environment interactions. Our study

demonstrates the great potential of the hairpin method in revealing novel dynamics

in mammal microevolution.

Key words: Paleomethylome, ancient DNA, epigenetics, bison
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5.1 Introduction

DNA methylation is an important mechanism of regulation of gene expression, and

is involved in various essential cellular processes including cell differentiation, sup-

pression of transposable elements, and genomic imprinting (Jones; 2012). In mam-

mals, DNA methylation is the addition of a methyl group to the 5th carbon position

of cytosines. DNA methylations affects cytosines mainly in a CpG context (cyto-

sine followed by a guanine), which in humans represent 1% of all DNA bases and

70–80% of all CpG dinucleotides (Bird; 2002). DNA methylation can respond to en-

vironmental cues, leading to phenotypic variation (Jirtle and Skinner; 2007). These

phenotypic outcomes can be maintained over multiple generations and are subject to

selection in laboratory mice (Cropley et al.; 2012). Consequently, DNA methylation

has been suggested to play a role in animal adaptation to the environment (Cropley

et al.; 2012; Skinner; 2015). However, supporting empirical data remains scarce, as

studies using modern animals can only infer what happened over microevolutionary

timescales. The ability to recover DNA methylation information from ancient ani-

mals would provide an alternative and powerful approach to investigate the role of

DNA methylation in animal adaptation.

Although DNA decays over time, methylation data have been successfully re-

covered from ancient remains using several experimental and computer-based ap-

proaches (Llamas et al.; 2012; Gokhman et al.; 2014; Pedersen et al.; 2014; Smith

et al.; 2015; Seguin-Orlando et al.; 2015). The first approach uses damage patterns

of ancient DNA to infer its methylation profile (Hanghøj et al.; 2016). In ancient

DNA, deamination of cytosines (C) into uracils (U) (leading to C-to-T substitu-

tions in the sequencing data) and methylated cytosines (5mC) into thymines (T)

is a characteristic post-mortem damage (Briggs et al.; 2009). After enzymatically

removing U during sequencing library preparation, the remaining C-to-T substitu-

tions in the sequence data can thus be used as a proxy to infer methylation (Briggs

et al.; 2009). Alternatively, it is possible to use a high-fidelity DNA polymerase

that cannot amplify U. Again, C-to-T substitutions observed in the sequence data

result from the deamination of C (Briggs et al.; 2009). Ancient human and archaic

hominin methylomes have been reconstructed and lineage-specific methylation iden-

tified using these methods (Gokhman et al.; 2014; Pedersen et al.; 2014). A second

approach uses bisulfite conversion, the gold standard for modern methylation studies

(Frommer et al.; 1992). Sodium bisulfite converts C into U and leaves 5mC intact.

After in vitro DNA amplification and sequencing, any original 5mC is detected as

C in the data, while original C are detected as T. This method has been applied

to ancient bison and humans, and single-base-resolution methylation patterns have

been obtained from a limited number of candidate loci (Llamas et al.; 2012; Smith
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et al.; 2015). A third approach, Methylated Binding Domains (MBD)-based enrich-

ment, has also been tested on ancient DNA, but the performance is overall limited

by DNA preservation and leads to strong biases toward the amplification of long,

GC-rich, and damage-free DNA fragments (Seguin-Orlando et al.; 2015).

So far, obtaining methylome-wide data from ancient samples at single-base reso-

lution has not been achieved. Because DNA damage is a random and low probability

process, not all 5mC at a particular genomic position will be affected by deami-

nation. Therefore, methylation levels can only be inferred with enough statistical

power across a sliding genomic window of several tens of nucleotides (Gokhman et al.;

2014; Pedersen et al.; 2014; Hanghøj et al.; 2016). Therefore, the application of this

method is largely limited to the identification of differentially methylated regions

(DMR) (Hanghøj et al.; 2016). Only bisulfite conversion would allow to characterise

differentially methylated loci (DML) at high resolution. However, the conversion

of C into T during bisulfite treatment decreases the complexity of the sequences

from four possible bases (ATGC) to mostly three possible bases (ATG). This issue

is critical for the very short ancient DNA fragments since decreased complexity can

lead to a major reduction in mappability, rendering the short converted fragments

useless. One potential way to bypass this problem is hairpin-bisulfite PCR (Poly-

merase Chain Reaction), which was originally used to investigate the methylation

symmetry between complementary DNA strands (Laird et al.; 2004). Specifically, a

hairpin adapter is ligated to double-stranded DNA fragments, so the complementary

strands are physically linked and can be sequenced together at once. After bisulfite

conversion, amplification, and sequencing, the methylation state of both strands and

the original four-base coded sequences can be obtained by “folding” the hairpin and

the two complementary strands sequences bioinformatically. This method has been

subsequently adapted for High Throughput Sequencing (Zhao et al.; 2014), but not

yet explored in ancient specimens.

Steppe bison represent one of the best model species for the investigation of inter-

action between mammals and the environment (Shapiro et al.; 2004). This species

experienced and survived drastic climate fluctuations previously to and during the

last ice age (Shapiro et al.; 2004). In addition, a large number of bison sub-fossil

samples are available, which makes them good candidates for the reconstruction of a

methylome history. Here, we optimised the hairpin-bisulfite PCR for ancient DNA

(referred as “hairpin method” in the following text) and applied it to a range of

ancient and modern bison samples. The performance of the hairpin method was

assessed and a single-base-resolution methylome history was reconstructed from 11

ancient bison samples.
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5.2 Methods

5.2.1 Sample details

Ancient samples

In order to investigate the impact of climate changes on bison methylomes, we

collected 11 ancient bison (Bison priscus) bone samples from North America, the age

of which ranged from 50ky BP to 1ky BP (Figure 5.1, Table S5.1). These samples

include three females and eight males. Sample A3020 is a radius bone, and the

remaining samples are petrosals (petrous part of the temporal bone). Prior to PCR

amplification, all the ancient samples were stored and processed in an ancient DNA

laboratory at the Australian Centre for Ancient DNA (ACAD) at The University

of Adelaide.

Modern samples

We also included 14 modern North American bison (Bison bison) samples from

3 females and 6 males (Table S5.1). The modern samples are from tissues derived

from the paraxial mesoderm, including 6 radius samples, 6 petrosals, and 2 muscle

samples. All the modern samples were stored and processed in a modern DNA

laboratory at The University of Adelaide.

5.2.2 DNA extraction and fragmentation

Ancient DNA was extracted using a protocol described previously (Rohland and

Hofreiter 2007; Brotherton, et al. 2013). Modern samples were extracted using a

DNeasy Blood Tissue Kit (Qiagen) following the manufacturer’s instructions for soft

tissues, and the modified protocol for bones available from the Qiagen website (”Pu-

rification of total DNA from compact animal bone using the DNeasy Blood Tissue

Kit”). Before constructing bisulfite sequencing libraries, 2 µg of DNA extracted

from modern samples was fragmented down to 200 bp using an S220 Focused-

ultrasonicator (Covaris). Ancient DNA was not fragmented since it is typically

highly fragmented.

5.2.3 Illumina sequencing library construction

Fully repaired double-stranded sequencing library were prepared for 3 extinct steppe

bison (see Table S5.2), as previously published (Meyer and Kircher; 2010). The final

amplification of the sequencing library was performed using the Phusion polymerase

(Thermo Fisher Scientific). Data from this repaired library were used for the char-

acterisation of methylation based on ancient DNA patterns.
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Figure 5.1: Distribution of ancient bison bone samples. Sampling locations were
mapped to North America continent. The age of samples were displayed on a time-
line, on top of which is the estimated temperature fluctuations. Each individual were
labelled using different colour, and the circles represent females and the triangles
represent males.
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5.2.4 Bisulfite sequencing library construction

A schematic flowchart of the hairpin protocol is provided in Figure 5.2. The hairpin

sequence and modifications (5′ phosphorylation, biotinylated T in the loop sequence)

were same as in Zhao et al. (2014), except that all C were methylated. Table S5.2

lists samples for which hairpin bisulfite libraries were generated and regular whole-

genome bisulfite sequencing (WGBS) was performed.

Size selection, polishing, and A-tailing of modern DNA

Following sonication, large DNA fragments were removed using 0.6× of Ampure

XP beads (Beckman Coulter) following the manufacturer’s instructions. Then short

DNA fragments were removed using 0.9× of Ampure XP beads. We spiked in λ-

DNA—previously fragmented and purified similarly to the modern bison DNA—at

0.5% (wt/wt). The λ-DNA serves as unmethylated control sequences from which

to determine the efficiency of the sodium bisulfite treatment. The modern hairpin

libraries were prepared using the Truseq Nano kit (Illumina), following the manu-

facturer’s Low Sample protocol.

Damage repair, polishing, and A-tailing of ancient DNA

The ancient hairpin libraries were prepared using the NEBNext library preparation

kit (New England Biolabs, or NEB) with several modifications. A total of 25 µL

of DNA extract was polished and repaired with 6 µL 10x Buffer Tango (NEB), 0.2

µL of dNTP (25 mM each), 6 µL of 10 mM ATP, 5.2 µL of ddH2O, 3ul of 10 U/µL

polynucleotide 5’-hydroxyl-kinase (PNK; NEB), and 3.6 µL of USER enzyme mix

(NEB) for 60 min at 37◦C. Then 3.6 µL of 2 U/µL Uracil Glycosylase Inhibitor

(UGI; NEB) was added to the reaction and incubated at 37◦C for 30 min and then

12◦C for 1 min. Subsequently, 3 µL of NEBNext Ultra II End Prep Enzyme mix

and 7 µL of NEBNext Ultra II End prep reaction Buffer was added to the reactions

and incubated under following conditions: 20◦C for 30 min and then 65◦C for 30

min.

Ligation of modern DNA with adapters

The ligation procedure was slightly modified from the Illumina Truseq Nano Low

Sample protocol. We used 1.25 µL of 15 µM DNA Adapter Indices and 1.25 µL

of 15 µM phosphorylated hairpin adapter in the ligation reaction. At the end of

the incubation, reactions were cleaned up using a MinElute Reaction Cleanup kit

(Qiagen) and eluted in 20 µl of elution buffer (10 mM Tris-Cl, pH 8.5 containing

0.05% Tween).
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Ligation of ancient DNA with adapters

A total of 30 µL of polished DNA was mixed with 1 µL of NEBNext Ligation

Enhancer, 1.25 µL of 15 µM NEBNext methylated adaptor and 1.25 µL of 15 µM

phosphorylated hairpin adapter, and incubated at 20◦C for 15 min. Then 3 µL of

USER enzyme was added to the reaction mix and incubated at 37◦C for 15 min.

Reactions were cleaned up using a MinElute Reaction Cleanup kit (Qiagen) and

eluted in 20 µl of elution buffer (10 mM Tris-Cl, pH 8.5 containing 0.05% Tween).

Streptavidin beads preparation and isolation of DNA ligated with the

hairpin adapter

A total of 20 µL of MyOne Streptavidin C1 magnetic beads were washed twice with

400 µL of binding buffer (1 M NaCl; 10 mM Tris-HCl pH 7.5; 1 mM EDTA) at room

temperature. Then the supernatant was discarded and the beads were incubated in

400 µl of binding buffer and 40 µg of yeast tRNA for 30 min on a rotor at room

temperature, in order to saturate all non-specific DNA binding sites on the beads.

The residual yeast tRNA was removed through washing the beads twice with 400

µL of binding buffer. Then 20 µL of the resulting DNA from previous step and 200

µL of binding buffer were added to the beads and incubated at room temperature

for 30 min, following by two washes with 400 µL of binding buffer. The beads

were then resuspended in 20 µL of binding buffer, incubated at 95oC for 5 min in

a thermocycler, placed on an ice block for 10 min, and brought back up to room

temperature for the next step.

Bisulfite conversion and PCR amplification

A total of 130 µL CT Conversion Reagent (EZ DNA Methylation-Gold kit, ZYMO

Research) was added to 20 µl of DNA from previous step and then bisulfite converted

under the following conditions: 98◦C for 10 min; 64◦C for 2.5 hours. Resulting reac-

tions were purified following the manufacturer’s instructions. Then 2 µL of bisulfite

converted DNA was mixed with 12.5 µL of 2× KAPA HiFi uracil+ Readymix (Kapa

Biosystems), 8.5 µL of ddH2O, 2 µl of Illumina PCR Primers Cocktail from the NEB-

Next kit, and amplified under the following conditions: 95◦C for 2 min; 98◦C for 30

sec; 5–19 cycles of 98◦C for 15 sec, 60◦C for 30 sec, 72◦C for 1 min; 72◦C for 10 min.

The resulting reactions were purified using Ampure XP beads and DNA was eluted

in elution buffer (10 mM Tris-Cl, pH 8.5 containing 0.05% Tween).

Whole genome bisulfite sequencing (WGBS) library construction

The WGBS libraries were prepared as the hairpin libraries with two modifications.

First, in the ligation step (4.2), we used 2.5 µL of 15 µM NEBNext methylated
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adapter instead of a mixture of NEBNext adapter and hairpin adapter. Second,

step ”Streptavidin beads preparation and isolation of DNA ligated with the hairpin

adapter” was skipped, so the resulting ligation product were directly put through

to the bisulfite conversion (4.4).

5.2.5 Sequencing

The constructed libraries, each with unique indexes, were pooled at equimolar con-

centrations prior to 300-cycle paired-end sequencing on an Illumina HiSeq XTen

platform.

5.2.6 Methylome data analyses

Sequencing data processing

Fastq files were demultiplexed by the sequencing provider using CASAVA v1.8.

Four-base DNA sequences were reconstructed from the demultiplexed fastq files,

mapped to the Bos taurus reference (UMD 3.1.1), and methylation status called

at each C in the reference, using a newly developed and validated bioinformatic

pipeline (https://github.com/grahamgower/PP5mC). Upon examination of M-bias

plots, which inform about the empirical frequency of C and 5mC along the reads

(Hansen et al.; 2012), we trimmed methylation data from the first 10 nucleotides of

each folded sequence.

Reconstruction of ancient methylomes using epiPALEOMIX

The raw sequencing data from the three fully repaired genomic libraries were pro-

cessed using the pipeline Paleomix v1.0.1 (Schubert et al.; 2014), which 1) trims

residual adapter sequences and low quality sequences, collapses overlapping paired

reads, and filters reads shorter than 25 bp after trimming using AdapterRemoval

v2.2.0 (Schubert et al.; 2016); and 2) maps collapsed and paired reads against

UMD3.1.1 using the MEM algorithm with default parameters in BWA v.0.7.13 (Li

and Durbin; 2009). Methylomes were then inferred from ancient DNA damage pat-

terns with the pipeline epiPALEOMIX (Hanghøj et al.; 2016), following the devel-

oper’s instructions available at https://bitbucket.org/khanghoj/epipaleomix/wiki/

Home and using default parameters.

Simulations

To examine the mappability of 4-base coded short reads, 20 subsets of reads were

extracted from the genome sequencing data of a wood bison mapped to the Bos

taurus reference genome UMD 3.1.1. Each subset contains n = 100,000 uniquely
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Figure 5.2: Schematic flowchart of the hairpin protocol. Briefly, DNA molecules
were ligated to a hairpin adapter and an Illumina Y-adapter, so that the two com-
plementary strands were physically linked. Then the ligation products were bisulfite
converted, which converted unmethylated cytosines to uracils and denatured DNA.
The bisulfite converted DNA was then amplified and sequenced. The sequencing
data was used for the reconstruction of original sequences, and a C-G pair indicate
a methylated cytosine, while a T-G pair indicate a unmethylated cytosine.
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mapped reads that were 150 bp in length. These reads were randomly fragmented

in silico into varied sizes ranging from 15bp to 100 bp (n = 100,000 for each size)

and then mapped to UMD 3.1.1. The proportion of uniquely mapped reads was

calculated. The mappability of 3-base coded short reads were evaluated the same

way except all the C in the reads and UMD3.1.1 were converted to T in silico prior

to mapping.

To explore the distribution of DNA fragment lengths within an ancient DNA li-

brary, 13 subsets of reads were simulated using SimWreck (https://github.com/mtrw/

simwreck). Each subset contained 100,000 reads with a length ranging from 25 bp

to 155 bp. Different shape parameters (α and β) were used to simulate fragment

distributions with varied mean fragment length (Table S5.3).

Principle components analysis (PCA)

PCA was performed on the beta values using prcomp function in R (Team et al.;

2013). The beta value of a given CpG locus is equal to the number of C divided

by the sum of C and 5mC. Proportion of variance explained by PC1 and PC2 was

visualised using ggplot2 in R (Wickham; 2016).

Adjustment for deamination-induced decrease in global methylation level

As DNA damage can decrease the apparent methylation levels of ancient samples

due to the deamination of C into T, the methylation levels were adjusted using the

ComBat function from the package sva (Leek et al.; 2018). ComBat can be used to

correct global differences between data generated from different batches (Johnson

et al.; 2007). As the deamination rate is homogeneous across the genome in ancient

DNA (Gokhman, et al. 2014), we reasoned that this package could be used for the

correction of damage in ancient methylomes. No significant difference (F-test, p =

0.59) was observed between the variances of ancient and modern samples. Therefore,

we grouped ancient methylomes as one batch and modern samples as the second

batch, and adjusted data using parametric adjustments (par.prior = TRUE); the

mean of the batch effect was corrected and the scales were adjusted (mean.only =

FALSE).

DMR (differentially methylated region) calling

As BSmooth performs well on low-coverage data (Hansen et al.; 2012; Rackham

et al.; 2017), it was employed to detect DMR in the methylome data. To estimate

the proper window size for smoothing the data, an in-house python script was used

to calculate the autocorrelation function (ACF) taking into account the distance

between CpG sites. It calculates the correlation for 10-bp bins, up to a 10-kb
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distance between CpG sites. ACF was calculated over a 100k-CpG region of the

methylome data obtained from a modern and an ancient petrosal sample (A17199

and A17345). The results showed that the correlation drops to a base level at around

2 kb in both cases (Figure S5.1). Therefore, we used a 2-kb region (parameters used

in BSmooth: ns = 50, h = 2000, and maxGap = 100,000,000) to smooth the data.

After smoothing, CpGs with little or no coverage were removed. The remaining

CpGs were at least covered by two samples with a depth greater than 2× within

each of the group. Then t-statistics were calculated using the following parameters:

estimate.var = c(”same”), local.correct = TRUE, qSd = 0.75, and k = 101. DMRs

were identified by using an FDR corrected P value of 0.05(q cutoff: 0.025 and

0.975). DMRs that had less than 5 CpGs or a difference in methylation between

the two groups less than 0.1 were removed. The genomic features of the DMRs

were identified by comparing their genomic positions with UCSC Genome Browser

annotation tracks for the reference UMD3.1.1 using BEDTools (Quinlan and Hall;

2010).

5.3 Results

5.3.1 Sequencing data and mapping results

For the bisulfite sequencing libraries prepared using the hairpin method, 85 to 404

million reads were generated for each sample (Table S5.2). On average, the se-

quences of complementary strands could be recovered from 57.8% of the reads by

‘folding’ in silico the hairpin molecules and collapse the plus and minus strand se-

quences (as showed in the last step of Figure 5.2: reconstruction of the hairpin

molecule). The reads that could not be folded are likely from the molecules that

failed to ligate to the hairpin adapter. The average length of sequence fragments

after folding the complementary strands and trimming the adapter sequences was

54 bp for ancient samples and 151 bp (i.e. the maximum read length) for modern

samples. The small fragment sizes of the ancient DNA libraries are characteristic

of DNA degradation. Using the Bos taurus genome (UMD3.1.1) as a reference,

23 to 137 million folded reads were uniquely mapped. The coverage on autosomes

was 13–78% with a depth of 0.17–1.99×. To compare the mappability of the data

generated using the hairpin method and WGBS, a well-preserved sample, A16121,

was also prepared using the WGBS protocol. A total of 34 million collapsed reads

were mapped to the Bos taurus genome (UMD3.1.1), and 32.97% of the genome was

covered with a mean depth of 2.54X. For the comparison of the methylome profiles

generated using the hairpin method and epiPALOEMIX, we also shotgun sequenced

three ancient libraries (A16121, A16171, A3020) and obtained 302–917 million raw
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reads (table S4); 112–515 million reads were uniquely mapped to the Bos taurus

genome (UMD3.1.1) and the coverage was 78–89% with a depth of 2.73–11.99×.

5.3.2 The hairpin method improves the mappability of small

fragments

We first examined the mappability of data generated using the hairpin method and

WGBS (Figure 5.3). The main difference between the hairpin and WGBS data is

the former is ATCG-coded, while the latter is largely ATG-coded. To explore the

differences in mappability between the data generated using these two methods, we

used simulated data to compare the proportion of ATCG-coded and ATG-coded

reads that could be uniquely mapped to the Bos taurus genome (UMD 3.1.1) with

varied read lengths (Figure 5.3A). The mappability of ATCG-coded reads greatly

decreases when the read length is smaller than 25 bp, while a similar reduction in

mappability occurs when ATG-coded reads are smaller than 35 bp. This means that

theoretically the large majority of reads with a length between 25 and 35 bp is lost

during mapping of bisulfite-converted data.

We then examined the mappability of empirical data generated from an ancient

bison petrosal sample (A16121) using the hairpin method and WGBS (Figure 5.3B).

The method-dependent difference in mappability is most prominent in fragments

with a size between 30 and 60 bp, where the hairpin method provided a higher ratio

of mappable data. In this case, the proportion of uniquely mapped reads with a

length between 30 and 60 bp increased by 21.0% in the hairpin data. Compared

to simulated data, the size of fragments exhibiting method-dependent differential

mappability shifted to a larger and wider range in the empirical data. One possible

explanation is that simulated reads were generated from a subsample of uniquely

mapped reads, while the empirical data contains also DNA fragments with low com-

plexity (e.g., those from repetitive regions). As the fraction of short fragments tends

to increase with decreased mean fragment size, the power of the hairpin method is

likely to increase with highly degraded samples (Table S5.3, Figure S5.2).

5.3.3 Limited effects of sample age (radiocarbon date) on

the methylation levels of ancient samples

To further explore the effect of DNA damage on the methylation levels of ancient

samples, we analysed genome-wide methylation levels of all the petrosal samples

(except an outlier, A16132, see below and figure S5.2). We also excluded the radius

sample from analyses because 1) the mean methylation level is different in different

tissues, meaning including samples from different tissues would have inflated the
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Figure 5.3: Comparison of mappability of data generated using hairpin method
and WGBS. The proportion of uniquely mapped reads was used as a proxy to
evaluate the mappability. A. The proportion of 4-base coded (upper) and 3-base
coded (lower) reads mapped uniquely to cow genome (UMD 3.1.1) with varied read
length. The x-axis represented the sequencing read length, and the y-axis reprinted
the proportion of uniquely mapped reads. B. The proportion of uniquely mapped
reads of data generated using hairpin method (pink) and WGBS (cyan). The curves
showed the proportion of uniquely mapped reads from 30 bp to 150 bp in every base
pair. The boxes showed the average proportion of uniquely mapped reads in every
10 bp.

162 Chapter 5 Yichen Liu



methylation level variation observed in ancient samples, and 2) we only had one

ancient radius sample, which could not provide enough power to perform statistical

tests for comparison with modern radius samples. The ancient petrosal samples

showed a global hypomethylation compared to modern samples (t-test, p=3.37e-07).

This is likely because 5mC can be deaminated and ultimately read as unmethylated

in sequencing data, thus lowering methylation levels in ancient samples. We also

observed a decrease in the fraction of fully methylated loci (beta value = 1) and

an increase of partially methylated loci (beta value <1) in ancient samples (Figure

5.4), supporting this hypothesis.

To determine if the ancient samples were affected by taphonomy in an age-

dependent manner, we tested the correlation between the age and methylation lev-

els of ancient petrosal samples. Only a negligible correlation was detected (Pearson

correlation coefficient=-0.11, p=0.77) (Figure 5.5). In addition, the variation in

methylation levels of ancient petrosals did not significantly differ from that of mod-

ern petrosals (F-test, p=0.59), suggesting minimal variance caused by the age of

samples.

5.3.4 Data generated using the hairpin method is consistent

with that generated using the damage-based method

We compared the methylation levels calculated using hairpin data and the damage

pattern with the same samples (Figure 5.3). The methylation levels were calculated

across nine different genomic features: CpG islands and flanking 3′-shores, 3′-shelves,

5′-shores, and 5′-shelves, promoters with high, intermediate, and low CpG density,

and mitochondrial genomes. Since cytosine methylation is likely to be absent from

mitochondrial genomes in mammals (Mechta, et al. 2017), the positive methyla-

tion scores for mitochondrial genomes from data generated using the damage-based

method likely resulted from leftover uracils that UDG treatment failed to remove.

Likewise, methylation scores for the mitochondrial genome from data generated us-

ing the hairpin method likely stem from C that were not converted by bisulfite.

Apart from the mitochondrial genome, CpG islands were poorly methylated com-

pared to flanking shores and shelves, as expected (Weber et al.; 2007).

CpG island shelves exhibited the highest methylation score, followed by the CpG

island shores. Little difference in the methylation scores of CpG island shores and

shelves with different directionality (3′ and 5′) was observed. For promoters, low-

CpG density ones appeared to be the most methylated, while the high-CpG density

ones were the least methylated, which is in line with the previously observed inverse

correlation between methylation levels and CpG density and GC content (Ball et al.;

2009). The methylation scores generated using the hairpin method and the damage-

Chapter 5 Yichen Liu 163



The Role of Epigenetics and Microbiome in Bovid Adaptation

Figure 5.4: The beta-value distribution of ancient (A) and modern (B) methylomes.
Y-axis represented beta value and X-asis represented the frequency of corresponding
beta-value observed in 150k CpG sites. A beta value equals to 1 means the loci is
full methylated and 0 means the site is unmethylated. Note that figure A and B
used the same scale on X and Y axis.
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Figure 5.5: The correlation between the global methylation levels and the sample
age. X-axis represent sample age (ky) and Y–axis represent the correlation. A
Pearson correlation test detect a very weak correlation with an R equals to -0.11.

based method were highly comparable, with Pearson correlation coefficients of 0.999

(A16121), 0.994 (A16171), and 0.981 (A3020), and the coefficients are even higher

(0.999, 0.997, and 0.994 respectively) after removal of the mitochondrial genome

data. Additionally, the methylation distributions are very similar across the three

ancient samples (pairwise Pearson correlation coefficients >0.99), despite the great

difference in the sample age (8, 15, and 41ky BP), suggesting the age of the sample

minimally affects the methylation patterns.

5.3.5 Base-resolution ancient methylomes preserve tissue-

specific signal comparable to modern data

We compared the methylation levels of CpG sites covered by all samples. Sample

A16132 appeared to be an outlier: even after filtering sites with low coverage, this

sample still clustered away from the rest of the samples (Figure S5.2). Additionally,

the coverage of sample A16132 was the lowest, and the coverage of the second low-

est covered sample was 1.5 times higher than A16132 (Table S5.2). To avoid biases

caused by missing data and abnormal methylation level, this sample was excluded

from downstream analyses. PCA showed a separation between ancient and modern

samples on PC1 (Figure 5.7), which is likely caused by DNA damage in the ancient

samples. Separation on PC2 seemed to be driven by tissue specificity, as petrosal
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methylomes were clustered away from radius methylomes, although the tissue speci-

ficity seems less clear within muscle samples. The influence of DNA damage on the

methylation level was likely due to the deamination of 5mC in the ancient samples,

which can lead to a decrease in the overall methylation level (similar pattern was

observed in Figure 5.4). Therefore, we adjusted the global methylation levels of the

ancient samples so that they were comparable to modern samples. After the ad-

justment, no separation between ancient samples and modern samples was observed

on PC1. Instead, ancient petrosal samples were clustered with modern petrosal

samples, and the ancient radius sample was clustered closely with modern radius

samples, suggesting the ancient samples preserve tissue-specific signals comparable

to those found in modern samples. We did not observe sex-specificity on PC1 or

PC2, likely due to small effects compare to tissue specificity or lack of coverage on

sex-specific methylated loci.

5.3.6 Genes involves in development were actively methy-

lated in ancient bison from different time periods

We compared the methylomes of modern samples and adjusted ancient samples. No

DMR was detected from this comparison, likely because these datasets had a lim-

ited number of overlapping CpG sites. We then compared the ancient samples from

different geological epochs. The late Pleistocene period is characterized by dramatic

climate events, while the Holocene climate is relatively stable (Figure 5.1) (Cooper

et al.; 2015). We hypothesized that the difference between the late Pleistocene and

Holocene bison methylomes would reflect an epigenetic response to climate changes.

The ancient samples were split into two groups: a Late Pleistocene group (11 ky BP)

and a Holocene group (11-0 ky BP). To avoid potential bias caused by tissue-specific

methylation, the only radius sample (A3020) was excluded and all the remaining

samples were petrosals. Both groups include males and females; thus, the influence of

sex-specific methylation should be minimal. Six DMRs of length between 59 and 778

bp were identified (Table S4). Three DMRs overlapped with the shores and shelves

of CpG islands; one DMR did not overlap with any know genomic feature, and two

DMRs overlapped with gene bodies [glutathione S-transferase, theta 4 (GSTT4)

and tumor necrosis factor receptor superfamily, member 10d (TNFRSF10D)]. Glu-

tathione S-transferase protects cellular components from damage by catalyzing the

conjugation of glutathione with electrophilic substrates, thus playing an important

role in stress responses (Hayes and Pulford; 1995; Eaton and Bammler; 1999). TN-

FRSF10D has been found to be dynamically regulated in pre- and postnatal skeletal

muscle development in pigs (YANG et al.; 2014).
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Figure 5.7: PCA on the methylation level of 3352 CpG sites. A: Before the adjust-
ment for DNA damage, ancient samples were clustered away from modern samples.
B. After the adjustment, ancient samples clustered closely with modern samples
according to tissue type.
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5.4 Discussion

5.4.1 Robustness of the hairpin method in recovering methy-

lome data from highly degraded samples

DNA recovered from ancient samples is typically highly fragmented, which has lim-

ited the application of WGBS to ancient samples to retrieve single-base-resolution

methylomes (Briggs, et al. 2007; Llamas, et al. 2012) . To address this limita-

tion, we developed a hairpin method, which was optimized for ancient samples so

that the complexity of DNA sequences can be maintained after bisulfite conversion.

This method was applied to a range of samples and base-resolution methylomes

were reconstructed from 11 ancient bison bones samples. To our knowledge, these

data represent the first single-base-resolution methylomes recovered from ancient

mammals. The hairpin method allows the original sequences to be reconstructed

after bisulfite conversion and sequencing (Figure 5.2), which offers advantages in

two aspects: 1) the reconstructed reads are coded by four bases, which greatly in-

creases the mappability of short fragments, especially in hypomethylated regions;

2) both genomic and methylome information can be recovered using one hairpin

library. Increased mappability of short fragments was observed from empirical data

and simulated data, verifying the robustness of the hairpin method. As this method

is powerful in increasing the mappability, it could potentially be applied to a range

of difficult cases, such as degraded clinical samples and DNA from regions with low

complexity (e.g., repetitive regions). Our results demonstrate the power of the hair-

pin method in increasing the quality and quantity of methylome data from highly

degraded samples.

5.4.2 Marginal correlation between deamination and sam-

ple ages

Deamination of 5mC in ancient samples can lead to a decrease in overall methylation

level, as this process transforms 5mC into T, which are read as an unmethylated

locus (Briggs et al.; 2009). It has been suggested that cytosine methylation decays

over time, with a half-life of 700 years (Smith et al.; 2014). However, although we

observed a genome-wide hypomethylation in the ancient methylomes, only marginal

correlations (R = -0.11) were detected between the methylation levels and sample

ages. Furthermore, the methylation levels and the distribution of methylation on

varied genomic features are highly consistent among three samples with ages ranging

from 8ky BP to 41ky BP. However, we trimmed methylation data in the first 10

nucleotides of all reads because of known biased methylation levels at the start of

sequences (M-bias) (Bock; 2012). These are also the regions that are most affected
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by deamination, with deamination rates decreasing exponentially a few bases from

the termini of the reads (Briggs et al.; 2007). It is possible that the deamination

rates within regions that are distant from molecule ends were accumulated in a

less time-dependent manner. It can also relate to preservation conditions, as our

samples were all collected from permafrost, which can alleviate the degradation

of DNA. However, it is difficult to evaluate the preservation conditions, as 1) our

samples are much older than the samples described in (Smith et al.; 2014), and 2)

we used ancient mammal bone samples and they used archaeological plant seeds.

While the deamination of 5mC in ancient samples needs to be further investigated,

our data suggest removal of the end of reads can be an efficient way to minimise the

biases caused by deamination.

5.4.3 Ancient methylomes maintain high fidelity and reso-

lution

The fidelity of the ancient methylomes reconstructed in this study was evaluated

in two ways. First, we compared the data generated using the hairpin method

and an ancient DNA damage-based method—i.e. epiPALEOMIX (Hanghøj et al.;

2016). The two datasets were generated independently: the hairpin results were

obtained from bisulfite-converted DNA, and the epiPALEOMIX outputs were gen-

erated through estimation of the deamination rate from shotgun sequencing data.

The two methods are potentially subject to opposite biases, although both biases re-

sult from DNA damage. In the bisulfite-conversion-based method (hairpin method),

false negative results come the random deamination of 5mC into T, looking like un-

methylated C that are also converted into T after bisulfite treatment. On the other

hand, the damage-based method (epiPALEOMIX) relies on the deamination of 5mC

into T, and this time false negatives are due to the incomplete removal of deami-

nated C (i.e. U). Surprisingly, although the scale of the methylation scores needed

to be adjusted before doing any direct comparison (random low-frequency deamina-

tion leads to low methylation score values in epiPLAEOMIX, see Figure 5.6), the

data generated using the two methods showed high consistency. This finding can be

extremely valuable for paleo-methylome research, as it provides a way to validate re-

sults without using sample replicates. Indeed, it is a great challenge to retrieve from

the paleontological/archaeological record multiple specimens of a particular taxon

from the very same historical/pre-historical period. Furthermore, our results also

suggest the outputs generated from the two methods seem compatible at least at

the regional methylation level and could be potentially combined in future studies.

Second, we compared the ancient and modern methylome data. Although pre-

liminary results suggested that taphonomy drives the ancient methylomes away from
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the modern samples, consistent tissue specificity was observed after adjustment of

data to account for hypomethylation of ancient samples. These results suggest that

the biological signals could be maintained in ancient methylome at single-base reso-

lution. Our results show that the single-base-resolution signal and biological features

can be preserved in and recovered from sub-fossil mammal specimens, allowing the

investigation of the methylome history over microevolutionary timescales.

5.4.4 Potential roles of methylation in bison-environment

interactions

In order to investigate the epigenetic response to environmental changes, methy-

lomes of ancient bison from two distinct geological epochs were interrogated and

DMRs in two genes were detected. Interestingly, these two genes are involved in

stress responses and muscle development, which are in line with the population his-

tory of steppe bison: they experienced dramatic climate oscillations, which were

an environmental stressor, during the late Pleistocene (Shapiro et al.; 2004; Cooper

et al.; 2015); and the fossil records of steppe bison exhibit extremely high morpho-

logical diversity without any known genetic explanation (McDonald; 1981; Shapiro

et al.; 2004; Martin et al.; 2018). It is possible that when animals undergo rapid

environmental changes, epigenetic mechanisms may play a role that precedes or

complements genetic adaptation. Of note, the hairpin method generates both the

methylome and the underlying genomic sequence. It means that should sample size

be adequate, it would be possible to dissect molecular evolutionary processes behind

adaptation to changing environment by decoupling signals from cytosine methyla-

tion and the underlying genetic sequence (Teschendorff and Relton; 2018).

We noted that only a limited number of DMRs were detected, which is likely

due to two main reasons. First, the coverage of ancient methylomes is relatively

low, as only 1/3 to 2/3 of the genome were covered, and the coverage was further

decreased after filtering out loci with low coverage. Consequently, only a small

proportion of CpG loci were retained for downstream analyses. It is highly possible

that more DMRs will be identified with increased sequencing effort. Second, both

the Holocene and late Pleistocene groups contain methylomes of bison that span

a large temporal range (the minimal difference in age between any two samples

within a group is 1 ky). The statistical power of DMR identification was greatly

decreased with the inflated within-group variance. Also, it is unclear how gene

expression would respond to the different methylation levels in bison; future studies

on modern animals are necessary to verify the semi-stable states of the methylation

profile of these two genes and subsequent consequences. While functional studies

are necessary to characterise the roles of these two DMRs overlapping with genes,
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it is conceivable that the expression of the genes was actively regulated in response

to environmental stressors via dynamic methylation.

In conclusion, this study reconstructed a mammalian methylome history span-

ning two geological epochs by utilising a novel method that allows the recovery of

methylation profiles from highly degraded DNA. As the methylation states of a sin-

gle CpG site can significantly affect gene expression levels and animal phenotypes

(Nile et al.; 2008; Claus et al.; 2012), our method has great potential to reveal fine

epigenetic changes that may underly mammalian adaptation. We acknowledge that

the sequencing depth of the ancient methylome data is relatively shallow, and fur-

ther functional validation of the regulatory role of the DMRs is necessary. However,

we demonstrated the power and potential of aDNA techniques in revealing animal

evolution from an epigenetic perspective, and the hairpin method presented in this

study represents a robust tool for obtaining high-resolution methylome data from

various ancient specimens in the future.
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5.5 Supplementary materials

5.5.1 Figure S5.1

The correlation of CpG sites across varied distances of a modern (top) and an
ancient (bottom) petrosal sample. The correlation reaches to a baseline at about
2kb.
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5.5.2 Figure S5.2

Examples of simulated ancient DNA fragment length distribution and the pro-
portion of short fragments (30-60 bp).

Chapter 5 Yichen Liu 177



The Role of Epigenetics and Microbiome in Bovid Adaptation

5.5.3 Figure S5.3

PCA on the methylation level of the CpG sites overlapped by all the samples. A
showed the PCA on all the CpG sites, and B only include the sites with a coverage
>2. Note that sample A16132 appeared to be an outliner and clustered away from
the rest of ancient samples in both figure A and B.
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5.5.4 Table S5.1

Sample description
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5.5.5 Table S5.2

Sequencing details
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5.5.6 Table S5.3

Simulated length distribution of aDNA fragments (25-150bp)
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5.5.7 Table S5.4

DMRs identified between Holocene and Pleistocene bison methylomes.
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Abstract

The ability to recover non-genetic information such as proteomes, transcriptomes

and epigenomes from ancient animals is important for tracking how they adapted

and responded to past environment changes. Currently, ancient RNA (aRNA) has

been recovered only from a few exceptionally well-preserved biological specimens,

including viruses, plants, humans and canids. Here, we extracted RNA from a

˜30,000-year-old bison bone, pushing the empirical time limit of RNA preservation

by a further 15,000 years compared to previous reports. We evaluated the poten-

tial contamination by co-extracted DNA and the necessity of a RNA molecule end

repair step for sequencing library construction. Our results also suggested that dam-

ages other than the absence of 5′ phosphate are likely present in aRNA and could

hinder sequencing library construction. This study highlighted the feasibility of re-

covering aRNA from sub-fossil bones—which represent most of the animal sub-fossil

record—and the necessity for a better understanding of aRNA properties.

Key words: Ancient RNA, bison, RNA extraction
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6.1 Introduction

DNA is now routinely recovered from sub-fossil animals, plants, and sediments,

allowing the examination of ancient animal genomes, commensal microbes, and even

chemical modifications of DNA such as cytosine methylation (Slon et al.; 2017; Miller

et al.; 2008; Adler et al.; 2013; Gokhman et al.; 2014; Estrada et al.; 2018). Proteins

can also be recovered from sub-fossil remains and it is arguably be better preserved

than DNA in some cases (Cappellini et al.; 2018). Together, these multiple sources

of ancient biomolecular information provide important insights into past population

demography, evolution, diet, and behaviour (Larson et al.; 2010; Welker et al.; 2015;

Adler et al.; 2013; Soubrier et al.; 2016; Weyrich et al.; 2017; Hendy et al.; 2018).

However, the third macromolecule of the central dogma of molecular biology, RNA,

was only recovered from a handful of sub-fossil samples (Fordyce et al.; 2013; Ng

et al.; 2014; Smith et al.; 2014; Keller et al.; 2017; Smith et al.; 2017, 2019), despite

the crucial role of RNA in reflecting (messenger RNA; mRNA) and regulating (non-

coding RNA; ncRNA) gene expression levels (Smirnova et al.; 2005; de Sousa Abreu

et al.; 2009). Namely, ancient RNA (aRNA) has been recovered from plant seed

endosperm, which is suggested to favour the preservation of nucleic acids (Rollo

et al.; 1994; Fordyce et al.; 2013). RNA has also been recovered from exceptionally

well-preserved animal tissues such as in the case of the Tyrolean Iceman (Keller

et al.; 2017), as well as a few historical wolf skins and a 14,300-year-old Pleistocene

canid liver (Smith et al.; 2019). One major challenge is that ribonucleases (RNase)

can be released during post-mortem tissue autolysis and are generally ubiquitously

present in the environment (Girija and Sreenivasan; 1966; D’Alessio and Riordan;

1997).

It seems that RNA can survive for thousands of years in animal tissues, but

our understanding of the property of aRNA is still very limited. Unlike extraction

procedures optimised for ancient DNA (aDNA) (Rohland and Hofreiter; 2007), RNA

extraction from ancient remains was largely adapted from RNA extraction protocols

that are designed for fresh tissues. However, aRNA extraction suffers from more

challenges than modern RNA extraction. A major concern is the amount of RNA

that survived in ancient tissues is likely extremely low, which requires the RNA

extraction protocol to be highly sensitive. Issues in modern RNA extraction (Gayral

et al.; 2011), such as DNA contamination, can also occur during aRNA extraction,

as the specimens used for aRNA extraction are usually well-preserved and may

contain a high proportion of endogenous DNA. Furthermore, aDNA damage is well

characterised (Dabney et al.; 2013), but current knowledge on aRNA damage is

minimal: increased cytosine deamination levels at the ends of aRNA molecules was

observed, and total aRNA has an overall higher GC content than aRNA that mapped
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to coding regions (likely transcripts) (Smith et al.; 2019). However, unlike for aDNA,

we are still far from leveraging any RNA damage pattern for the authentication of

aRNA or from preferential enrichment of damaged aRNA from ancient specimens.

Here, we successfully obtained RNA from a 30,000-year-old bison astragalus

bone. Stringent controls were included to reduce potential contamination and to

assess RNA extraction efficiency. We evaluated the proportion of contaminating

DNA in the RNA extracts and the necessity of including an end repair step to

increase the yield during RNA library construction for high throughput sequencing.

6.2 Methods

6.2.1 Sample description

A bison astragalus (ACAD ID: A3133) was collected in the Yukon Territory, Canada.

This specimen was housed within the Australian Centre for Ancient DNA (ACAD)

at The University of Adelaide and stored at –20◦C until the RNA extraction. A3133

was dated to 26,360 ±220 uncalibrated radiocarbon years before present using a 14C

half-life of 5568 years, as described previously Llamas et al. (2012). After calibration

using OxCal13, the mean age of the sample is 30,612 calBP (calibrated years before

present), with a 95.4% probability that it is in the range 31.044–30,092 calBP.

6.2.2 Sample preparation

Sample A3133 was processed at the ultra-clean ancient DNA laboratory at ACAD.

This sample was prepared in two ways: (1) ˜100 mg of dense cortical bone was put

into a clean stainless-steel canister containing a stainless-steel ball and pulverised

using a Mikro-Dismembrator at a frequency of 1,000 rpm for 1 min and then cooled

down at 4◦C for 3 min. This step was repeated 3–5 times until the bone was fully

pulverised; (2) as the pulverisation step can heat the sample and thus potentially

lead to RNA degradation, we fragmented another ˜100 mg of dense cortical bone

into small pieces (2×2×0.5 mm) using a hammer.

6.2.3 RNA extraction

To test the efficiency of the RNA extraction protocol, we included three bone powder

samples (˜100 mg each), three bone fragments samples (100mg each), four empty

tubes as extraction negative controls, and 2 µL of microRNA Control from the

NEXTflex Small RNA-Seq Kit (Bioo Scientific) as an extraction positive control

(Table 6.1). All the bone samples were subsamples from specimen A3133, and all

the controls were treated as if they were bone samples. Additional bone samples
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were extracted for the library construction (see 6.2.5 Sequencing library preparation)

(Table 6.1).

Samples were lysed in a 2-ml tube that contained 500 µL of 0.5 M ethylenedi-

aminetetraacetic acid (EDTA, pH=8), 0.25 µL of Tween, and 100 units of RNase

inhibitor and left to rotate at room temperature for 20 hours. Then the lysates were

centrifuged at 4500 rpm for 5 min and each supernatant was transferred into a new

tube. RNA was extracted from the supernatants using miRNeasy Serum/Plasma

Kit (Qiagen) following the manufacturer’s instructions. Then the RNA extracts

were quantified using a Bioanalyzer Small RNA Analysis kit (Agilent).

Table 6.1 Sample used for RNA extraction and library construction

6.2.4 Verification for the presence of RNA

In general, DNA may be present in ancient animal bones and could be co-extracted

with RNA, and the Bioanalyzer Small RNA Analysis kit cannot accurately distin-

guish RNA from DNA (Figure S6.1). In fact, DNA extracted from A3133 has been

used in two published studies (Llamas et al.; 2012; Richards et al.; 2019). Therefore,

we further tested the presence of DNA and RNA in the extracts using RNase and

DNase digestion.

RNase digestion: 1 µL of RNA extract was mixed with 0.5 µL RNase A (10

mg/mL); the no-treatment control was 1 µL of RNA extract mixed with 0.5 µL

ddH2O. The reactions were incubated at 37 ◦C for 15 min.

DNase digestion: 1 µL of RNA extract was mixed with 3 µL RNase-free DNase

I (2,000 units/ml, NEB), 0.5 µL 10X DNase buffer, and 0.5 µL RNase inhibitor; the

no-treatment control was 1 µL of RNA extract mixed with 3.5 µL RNase-free water,
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and 0.5 µL RNase inhibitor. The reactions were incubated at room temperature for

20 min.

The resulting reactions from DNase and RNase digestion were quantified using

a Bioanalyzer Small RNA Analysis kit.

6.2.5 Sequencing library preparation

To investigate if ancient RNA is compatible with high throughput sequencing (HTS)

techniques, we prepared sequencing libraries using the RNA extracts. For the con-

struction of the sequencing libraries, four additional bone power samples, an ex-

traction negative control, and two extraction positive controls (2 µL of microRNA

Control from the NEXTflex Small RNA-Seq Kit, Bioo Scientific) were extracted as

described in 6.2.3 RNA extraction (Table 6.1).

To examine the presence of DNA in the RNA extracts and its potential influ-

ence on library construction, an additional on-column DNase digestion step was

performed on two of the RNA extracts and one extraction positive control before

the final elution step during RNA extraction (Table 1). Specifically, 20 µL of DNase

solution (containing 1 unit of DNase) was added to the column and incubated at

room temperature for 15 min. Then the RNA was washed using 700 µL of Buffer

RWT (miRNeasy Serum/Plasma Kit (Qiagen)), 500 µL of Buffer RPE (miRNeasy

Serum/Plasma Kit (Qiagen)), and 500 µL of 80% ethanol. Purified RNA was eluted

using 14 µL of RNase-free water.

As the RNA extracted from ancient remains may be damaged and impact nega-

tively the ligation of sequencing adapters, we performed an end repair step on two of

the RNA extracts using T4 polynucleotide kinase (T4 PNK; New England Biolabs,

NEB) before the library preparation (Table 6.1). Each repair reaction contained 3

µL of 10x NEB2 buffer, 3 µL of 10 mM ATP, 9.75 µL of ddH2O, 0.75 of RNase

inhibitor (40 unit/µL), 1.5 µL of PNK (10 unit/µL), and 12 µL of RNA extract.

The reactions were incubated at 25◦C for 15 min. Then each reaction was loaded

to an RNeasy MinElute spin column and washed using 700 µL of Buffer RWT, 500

µL of Buffer RPE, and 500 µL of 80% ethanol. Spin columns and buffers were from

the miRNeasy Serum/Plasma Kit (Qiagen). Purified RNA was eluted using 14 µL

of RNase-free water.

In addition to the RNA extracts and controls, a library positive control (0.5 µL

of microRNA Control from the NEXTflex Small RNA-Seq Kit) was included during

library preparation. Then sequencing libraries were prepared using the NEXTflex

Small RNA-Seq Kit following the manufacturer’s instructions. An additional 20 cy-

cles of PCR amplification was performed at the end of libraries preparation. Each

PCR reaction contained: 5 µL of 10X Gold buffer (Thermo Fisher), 0.5 µL of Am-
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pliTaq Gold enzyme (Thermo Fisher), 5 µL of 25 mM magnesium chloride (MgCl2),

1.5 µL of Illumina IS5 primer, 1.5 µL of Illumina IS6 primer, and 3 µL of prepared

libraries (Meyer and Kircher 2010). The reactions were performed under the follow-

ing conditions: 95◦C for 5 minutes; 20 cycles of 95◦C for 30s, 57◦C for 30s, 72◦C

for 45s; and 72◦C for 5 minutes. PCR products were cleaned using Ampure (NEB)

to remove the primers and enzymes, and DNA concentration was measured using

TapeStation (Agilent).

6.3 Results

6.3.1 RNA extraction from ancient bison bone samples

RNA was detected in all bone extractions regardless of the preparation method

(pulverisation or fragmentation), while no visible RNA was detected from extraction

negative controls (Figure 6.1). The size of the RNA extracted from the extraction

positive control was consistent with the input miRNA (22nt). The RNA extracted

from the ancient bison bone were very short, with the lengths of the majority of

the RNA fragments ranging from 10 nt to 40 nt. The average concentration of

RNA extracted from the bone fragments (˜100 mg) was 1441 pg/µL with a standard

deviation of 261 pg/µL, and that of the bone powder (˜100mg) was 4373 pg/µL with

a standard deviation of 369 pg/µL. We were concerned that the heat generated from

the pulverisation step may lead to RNA degradation. However, the result suggested

that despite the potential heat, extracts from the pulverised samples contained more

RNA than extracts from the fragmented samples. The higher amount of RNA

released from bone powder was likely due to the increased effective contact area

between the sample and the EDTA solution.

6.3.2 Test for the presence of RNA and DNA

DNA can be co-extracted with RNA during the RNA extraction process, and flu-

orescent dyes can bind to both DNA and RNA and thus DNA can be detected by

a Bioanalyzer RNA chip (Figure S6.1). Therefore, we tested for the presence of

DNA and RNA using DNase and RNase digestion (Figure 6.2). The concentration

of RNA in the extract before and after RNase digestion was 1067 pg/µL and 172

pg/µL, respectively (Figure 6. 2A), suggesting the majority (84.0%) of nucleic acids

in the extract was RNA while the remaining 16.0% was most likely DNA. We then

treated some of the RNA extract with DNase. RNA concentration before and after

DNase treatment was 876 pg/µL and 674 pg/µL, suggesting that 76.0% of the nu-

cleic acids in the RNA extract is made of RNA, while 24.0% (the missing fraction

after DNase treatment) is DNA (Figure 6. 2B). Overall, these results suggest that
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Figure 6.1: RNA extracted from bone fragments, bone powder, and positive and
negative controls.

some DNA (16–24%) was co-extracted with RNA, and thus a DNase digestion step

is necessary for the removal of DNA contamination.

6.3.3 End-repair is required during library construction us-

ing aRNA

To evaluate the potential impact of RNA damage during library preparation, we

compared the RNA sequencing library yield of RNA extracts with or without an

end repair step using T4 PNK (Figure 6.3). Regardless of whether a DNase di-

gestion step was performed or not, the library yields of end-repaired RNA were 5

to 33 times higher than those without end repair (Figure 6. 3, B vs C and D vs

E). These results suggest the absence of 5′ phosphate in the majority of the ex-

tracted RNA molecules and an end repair step can greatly increase the efficiency of

sequencing library construction when using aRNA. The effect of DNase digestion is

less clear, as the library yield was higher in the DNase-digested sample when end

repair was performed (Figure 6.3, B and D), while the library yield was lower in

the DNase-digested sample when end repair was skipped (Figure 6.3, C and E). It

is possible that DNase digestion had minimal effects on the library yield, thus the

observation was mainly driven by stochastic variances. Further investigation (e.g.,

include replicates) is required to provide more clues on the impact of DNase diges-

tion on aRNA library construction. The negative control also yielded small yields

after library preparation, suggesting it is necessary to control and monitor potential

contamination, especially when the concentration of input RNA is extremely low.
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Figure 6.2: A. Concentration and fragment size distribution of the RNA extract
without (left) or with (right) RNase digestion. B. Concentration and fragment size
distribution of the RNA extract without (left) or with (right) DNase digestion.

Figure 6.3: Concentration of libraries prepared using RNA extracts and controls.
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6.4 Discussion

In this study, we show that RNA can be recovered from a 30-ky-old mammal bone.

The presence of RNA was tested in multiple ways and the feasibility of constructing

sequencing libraries using aRNA was validated. One of the initial concerns from

this study is the potential contamination of DNA. This is mainly because DNA

can be co-extracted with RNA, and DNA contamination may be exacerbated by

the likely extremely low concentration of aRNA in ancient specimens. Staining

nucleic acids using fluorescent dye (e.g., Agilent Bioanalyzer system) can provide

accurate quantification when the input sample is pure DNA or RNA. However, the

fluorescent dyes only have limited specificity to DNA and RNA: DNA can be stained

by a RNA dye (Bioanalyzer High Sensitivity RNA kit) and RNA can be stained

by a DNA dye (Bioanalyzer High Sensitivity DNA kit). As our aRNA extracts

were potentially a mixture of aDNA and aRNA, fluorescent dye staining could not

provide accurate quantification of either nucleic acid. Therefore, we used RNase

or DNase digestion to test the presence of DNA and RNA. The RNase and DNase

digestions showed consistent results: the majority of the extract was RNA (˜80%),

with a relatively small amount of DNA contamination (˜20%). This result validated

the recovery of aRNA from ancient specimen, while also highlighting the necessity

for monitoring potential DNA contamination, such as by using DNase digestion to

remove residual DNA or using RNase digestion to evaluate DNA contamination.

However, DNase may be contaminated by RNase (Grady, Campbell et al. 1980),

and it has been reported that DNase digestion can potentially degrade ancient RNA

(Smith, Dunshea et al. 2019). In that case, it is possible that our aRNA extracts

are pure and do not contain aDNA, and that the quantification results only reflect

the undesirable effects of both DNase and RNase.

This study also provided new insights into aRNA damage. Given the prevalence

and resilience of RNase in animal tissues and the environment, it is highly likely that

the majority of RNA in animal tissues is rapidly degraded after the death of the

organism. Indeed, our aRNA yields are low and fragment length is short: the best

yield in this study was ˜50 ng of aRNA isolated from 100 mg of bone powder (while

the RNA yield from ˜100 mg fresh tissue can be higher than 100 µg, e.g., (Reno,

Marchuk et al. 1997)), and the mean fragment length of isolated aRNA was ˜20 nt.

The aRNA also showed signs of damage, as end-repair could greatly increase the

yields of constructed libraries. Although the end repair is not a routine step for RNA

library construction, here we highly recommend including this step to increase the

library yield when using aRNA. We note that the concentrations of RNA extracts

from bone samples were much higher than the extraction positive control (Figure 6.

1), while the library yields for the two experiments were similar even in the case of
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aRNA end repair (Figure 6. 3). This is likely due to other types of RNA damage

that hindered library construction. For example, cross-linking, a type of damage

identified in aDNA extracts (Pääbo 1989), could happen between RNA molecules

as well (Harris and Christian 2009). The cross-linked RNA possibly present in

aRNA could decrease the library construction efficiency. Additionally, depurination

of RNA can result in abasic sites that hamper the amplification (Barbieri, Ferreras

et al. 1992). Current understanding of aRNA damage is overall very limited, and

the preservation and damage of RNA in sub-fossils remains needs to be further

investigated.

This study represents one of few that successfully recovered RNA from extremely

old mammal specimens. We show that optimised sample preparation methods can

improve the RNA yield, and an end-repair step is crucial for sequencing library

construction. Our result also suggested that the processing of aRNA into sequencing

libraries is likely limited by unknown RNA damage and further optimisation of the

protocol is required to maximise the retrieval of aRNA information. Future efforts

will be placed on the analyses and interpretation of obtained sequencing data. In

conclusion, we highlight the survival of RNA in ancient mammal remains and the

potential to recover partial transcriptome information from ancient mammals.

Bibliography

Adler, C. J., Dobney, K., Weyrich, L. S., Kaidonis, J., Walker, A. W., Haak, W.,
Bradshaw, C. J., Townsend, G., So ltysiak, A., Alt, K. W. et al. (2013). Sequencing
ancient calcified dental plaque shows changes in oral microbiota with dietary shifts
of the neolithic and industrial revolutions, Nature genetics 45(4): 450.

Cappellini, E., Prohaska, A., Racimo, F., Welker, F., Pedersen, M. W., Allentoft,
M. E., de Barros Damgaard, P., Gutenbrunner, P., Dunne, J., Hammann, S.
et al. (2018). Ancient biomolecules and evolutionary inference, Annual review of
biochemistry 87: 1029–1060.
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6.5 Supplementary materials

6.5.1 Figure S1

Fluorescent Staining cannot distinguish DNA and RNA.
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7.1 Overview

Integrating natural selection, Mendelian inheritance, and genetic variation, the Mod-
ern Synthesis laid the cornerstone for contemporary evolutionary biology (Huxley;
1942). However, well-studied phenotypes, such as height and weight, cannot be
fully explained by genetics (Gibson; 2018), and accumulating evidence suggests that
non-genetic mechanisms play key roles in animal evolution (Alberdi et al.; 2016;
Skinner; 2015). In 2007, the ‘extended evolutionary synthesis’ was proposed, call-
ing for scientists to rethink and redefine the Modern Synthesis with non-genetic
mechanisms (Pigliucci; 2007). Non-genomic mechanisms, such as epigenetics and
microbiomes, tend to be highly dynamic and susceptible to internal (i.e., genet-
ics) and external factors (i.e., environmental cues), but the evidence from modern
animal models remains scarce and controversial (Laland et al.; 2014; Horsthemke;
2018; Van Opstal and Bordenstein; 2015). In this thesis, I employed advanced an-
cient DNA (aDNA) techniques to explore the role of non-genetic mechanisms over
an evolutionary timescale. I identified two cases where adaption to the environment
appeared to be assisted by the gut microbiome (Chapter 3) or epigenetics (Chapter
6). In addition to these case studies, I also participated in the development and op-
timisation of protocols to retrieve ancient epigenetic and microbial information from
extremely degraded and contaminated DNA sources; I also explored the taphonomy
of these ancient DNA molecules under varied conditions. In this Discussion, I will
discuss the implications of these case studies and suggest future applications of pa-
leomicrobiome and paleoepigenetics approaches, highlighting the potential of aDNA
techniques to resolve long-standing evolutionary questions.

7.2 Case studies suggest the epigenome and mi-

crobiome are potential adaptive mechanisms

In Chapter 3 and Chapter 5, I used two bovine species as models to investigate ani-
mal adaptation to changing environments. Chapter 3 examined how an extinct cave
goat (Myotragus balearicus) adapted to consuming a toxic plant that was widely dis-
tributed throughout their habitat. I found that the gut microbiome of this extinct
goat was highly specialised to degrade toxins and promote the host gut function,
which may play a key role in the ability to tolerate immunogenic stimuli from the
toxin. Chapter 5 investigated the methylome history of the extinct steppe bison
(Bison priscus) and I found that several genes involved in stress response and de-
velopment were actively methylated over the late Pleistocene and Holocene, which
may be a response to climate fluctuations and explain the extreme morphological
diversity of steppe bison. When environments fluctuate in a drastic and rapid man-
ner (e.g., the late Pleistocene), it would be of great advantage to have fast response
mechanisms to increase fitness and facilitate adaptation, other than genetic adapta-
tions that take many generations (Cooper et al.; 2015; Gotthard and Nylin; 1995).
In both cases studied in this thesis, large mammals experienced and adapted to
adverse environments. The microbiome and methylome evidence suggest that these
non-genetic mechanisms very likely play a complementary role that contributed to
rapid adaptation to the environment.

In a natural setting, the environment is complex and consists of numerous biotic
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and abiotic factors, including nutrient availability, temperature, and other stres-
sors. Therefore, it is very difficult to directly link any microbiome and epigenome
alterations that occurred in the evolutionary histories of animals to specific envi-
ronmental variables. However, I showed that paleomicrobiome and paleoepigenome
studies can identify microbial species or genomic loci that are highly likely to be
critical for animal adaption, which provides a short list of candidates that should
be explored further and validated using modern animal models.

Furthermore, a large number of sub-fossils are available for diverse large mam-
malian species, and each of these species has its unique evolutionary history: some
have gone extinct, some survived extreme environments, some experienced severe
population bottlenecks, while others were domesticated (Cooper et al.; 2015; Loren-
zen et al.; 2011). The fossil and molecular records of large ancient mammals enable
not only a thorough investigation of mammalian evolution from many different an-
gles, but provide also an overview of the dynamic interactions between large mam-
mals, their genomes, epigenomes, and microbiomes, as well as the environment in
an ecosystem over millennia. Such evolutionary research can hardly be done in the
time scales dictated by the generation time of living wild mammals, but I showed
in this thesis that studies on ancient mammals have great potential to reveal novel
insights in evolutionary biology.

7.3 New protocols for the recovery of paleoepige-

netics and paleomicrobiome data

In order to obtain high-quality data from ancient animal remains, I report in this
thesis the development and optimisation of three protocols for obtaining data from
highly degraded nucleic acids. Specifically, the protocol initially designed for the
recovery of the oral microbiome information from ancient human dental calculus
(Adler et al.; 2013a) was adapted to the analysis of ruminant cementum (Chapter
4); a hairpin bisulfite sequencing protocol (Laird et al.; 2004; Zhao et al.; 2014)
was optimised for aDNA, allowing retrieval of paleomethylome data at single-base
resolution (Chapter 5); and an RNA extraction protocol was modified for extracting
ancient RNA (Chapter 6).

7.3.1 Extraction of microbial DNA from ruminant cemen-
tum

Oral microbiome information can be used to infer diet, behaviour, and microbiome-
host interactions of ancient mammals. Despite the fact that existing oral microbial
DNA extraction and analysis protocols were designed for human dental calculus
(Weyrich et al.; 2017, 2015; Adler et al.; 2013b), I adjusted and tested these protocols
on ancient bison teeth and obtained oral microbial signals in Chapter 4. I also
identified several experimental limitations, such as the decontamination procedures.
Although further optimisation is required before applying the protocol to a wide
range of samples, I show that it is possible to recover information from some oral
microbes from non-human mammal teeth.
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7.3.2 Hairpin protocol

The differential damage patterns of cytosine and methylated cytosine in aDNA
have been leveraged to obtain methylation information from ancient DNA (Ped-
ersen et al.; 2014). Although methylome data have been successfully obtained from
ancient humans using damage patterns (Hanghøj et al.; 2016; Gokhman et al.; 2014;
Pedersen et al.; 2014), the resolution of this method is limited. In Chapter 5, I
report the optimisation of a hairpin bisulfite sequencing protocol (Laird et al.; 2004;
Zhao et al.; 2014) to obtain DNA sequences and methylation information simultane-
ously. This method allowed not only the retrieval of methylation information from
ultra-short aDNA fragments, but also the examination of the asymmetric methyla-
tion loci. The hairpin protocol allowed the reconstruction of single-base resolution
methylomes from highly degraded DNA samples for the first time.

7.3.3 RNA extraction protocol

Due to the prevalence and resilience of RNases, RNA has only been obtained from
historical plants, faecal remains, and several well-preserved soft tissues from ancient
mammals (Pedersen et al.; 2014; Smith et al.; 2014b; Ng et al.; 2014; Smith et al.;
2017; Fordyce et al.; 2013; Smith et al.; 2014a). However, I was able to extract
RNA from a 30ky-old bison bone sample. As ancient RNA (aRNA) is likely to
be highly degraded, I adapted a protocol for micro RNA (miRNA) extraction, and
added further measures controlling for potential contamination with co-extracted
DNA. This protocol showed that aRNA could be recovered from sub-fossil bones,
which represent most of the animal sub-fossil record, and thus pave the way for
future study on ancient transcriptomes on a large scale.

7.3.4 Methodological Considerations for damaged and frag-
mented nucleic acids

The aforementioned protocols were developed and optimised for ancient nucleic acids
with two major considerations in mind. First, ancient nucleic acid molecules are
damaged, thus they need to be repaired before the sequencing library construction
step. Typical repair steps can include the removal of uracils (resulting from the
deamination of cytosines) and the phosphorylation of the 5′ end of nucleic acid
molecules (DNA and RNA), as the presence of a phosphate group at the 5′ end
of a DNA molecule is necessary for the ligation of sequencing adapters. Sometime
protocols do not remove uracils (e.g., uracils were not removed in the microbial
DNA extraction in Chapter 3 and Chapter 4), as it is an important characteristic of
aDNA and can be used for the authentication of the results. If this is the case, then
the enzyme used for amplification must be able to read uracils (such as KAPA HiFi
DNA Polymerase), or else the amplification of these damaged molecules will fail.
Further, While the absent of 5′ phosphate group is well described for ancient DNA,
this is not described for aRNA. In Chapter 6, I showed that a phosphorylation step
greatly improves the yield of the RNA sequencing libraries.

In addition to being damaged, ancient nucleic acid molecules are also highly
fragmented, so aDNA protocols usually need to be optimised for short molecules.
For example, the RNA extraction protocol (Chapter 6) was adapted from a (short)
miRNA extraction protocol rather than total RNA extraction protocols. Note that
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extremely short fragments can also pose challenges in the downstream bioinformatic
analysis, so it is important to account for the potential limitations caused by frag-
ment lengths. In Chapter 5, the primary reason for the introduction of the hairpin
adapter is to improve the mappability of short low-complexity DNA molecules after
bisulfite conversion.

7.4 Potential of paleomicrobiome and paleomethy-

lome data mining

With the recent and ongoing advances in HTS techniques, as well as the optimisa-
tion of protocols for the analysis of ancient nucleic acids, aDNA data are rapidly
accumulating. However, I showed in this thesis that aDNA data could be further
explored in many ways to retrieve additional layers of information. In Chapter
3, functional profiling revealed that the gut microbiome of the extinct cave goat
(Myotragus balearicus) was enriched with detoxification genes, which were likely an
essential factor for the goat to consume an otherwise toxic plant. While a limited
number of functions can be predicted from taxonomic information, functional in-
formation is usually largely obscured in taxonomic profiles. This is mainly because
bacteria have short generation times, and they evolve rapidly through mutation,
recombination, and horizontal gene transfer (Thomas and Nielsen; 2005; Ochman
et al.; 2000). Sometimes beneficial genes can even be transferred from distantly
related species (Jain et al.; 1999). Consequently, the functions of ancient bacteria
would be hard to predict using only taxonomic information, as multiple recombina-
tion and horizontal gene transfer events would likely occur during their evolutionary
histories. In Chapter 3 and Chapter 4, I found that even with relatively high cov-
erage (e.g., an ancient Romboutsia strain was reconstructed with a mean depth of
12× in Chapter 3), there were regions that could not be reconstructed using modern
bacterial genomes as references. Such regions are shared by multiple ancient strains,
suggesting these resulted from genomic differences between the ancient strains and
reference genomes, rather than stochastic DNA degradation.

Although it is difficult to reconstruct bacterial genomic regions that have under-
gone recombination and horizontal gene transfer events, functional profiling can still
infer functions from the protein sequences determined from DNA fragments without
knowing which strain it came from. While much of the current paleomicrobiome
data were generated using a shotgun sequencing approach and both the taxonomic
and functional information are available, the functional information in the datasets
remains mostly under-explored due to a lack of bioinformatics tools. An additional
obstacle for exploring functional information is the lack of a way to authenticate the
ancient origin of the functional data, but alternative methods (e.g., ‘change point’,
further discussed in the next section) could be applied and the origins of functional
data could be assessed.

Chapter 3 and Chapter 4 also demonstrated that ancient bacterial genomes can
be reconstructed using several different approaches. For instance, iterative mapping
(Hahn et al.; 2013), a method that combines de novo assembly and reference-guided
mapping, can reduce gaps in the assembled genomes and thus increase the com-
pleteness of reconstructed genomes (Chapter 3). In Chapter 4, competitive mapping
was applied to identify reads that uniquely mapped to a given reference genome,
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thereby minimising potential cross-mapping from closely related species. These re-
constructed genomes offer information for the direct inference of the evolution of
commensal bacteria. These methods can be also applied to modern metagenomic
data. For example, iterative mapping can increase the completeness of assembled
genomes, especially for novel strains, while competitive mapping can help to distin-
guish dominant strains from closely related ones.

The observation of a possible phylosymbiotic relationship between bacteria and
mammalian hosts suggests commensal bacterial very likely co-evolved with their
hosts. Although currently the resolution of this relationship is limited due to a lack
of available genomes of bacteria isolated from modern mammals, ancient bacteria
genomes represent a promising source for investigating the co-evolutionary relation-
ship between commensal bacteria and animal hosts. The additional information that
can be obtained from commensal bacteria that shared an evolutionary history with
their hosts might provide clues to infer the evolution of mammals in cases where
genetic data only are not informative.

One of the major concerns in paleomicrobiome studies is the potential bias caused
by contamination from modern microorganisms (Weyrich et al.; 2015). Although it
is impossible to completely eliminate contaminants from paleomicrobiome data, I
showed that such bias could be carefully monitored and minimised. In Chapter 3
and Chapter 4, I showed that a comparison between paleomicrobiome data and en-
vironmental data could provide a method to rapidly evaluate whether the obtained
ancient data were dominated by environmental signals or not. Utilising negative
controls (such as extraction blank controls) can help to monitor laboratory contam-
inants and cross-contamination between samples. Damage patterns can also help to
determine if the obtained data originated from an ancient source. Another potential
bias, the alteration of the bacterial community after death of the host animal—i.e.
taphonomy, is even more challenging to monitor, as the understanding of the tapho-
nomic process of microbiomes is limited. However, comparing paleomicrobiome and
the corresponding modern microbiome, as well as bacteria that are susceptible to in
vitro multiplications (Amir et al.; 2017), can offer some clues to assess this bias.

The paleomethylome study (Chapter 5) in this thesis is still at an exploratory
stage, which is mainly due to the novel development of this protocol. It is, therefore,
of paramount importance to validate the accuracy of the obtained data before fur-
ther interpretation. As there are limited replicates available for many aDNA studies,
one possible way to verify results is to compare data generated using different meth-
ods. In Chapter 5, the methylome data generated using the hairpin method are
based on experimental work in the laboratory, whereas that of the damage-based
method are obtained bioinformatically. I compared results generated using the hair-
pin method and the damage-based method and found that the two were highly con-
sistent. This is strong evidence to suggest that the new hairpin approach is robust.
In addition, I also showed in Chapter 5 that, after adjustment for DNA damage, the
paleomethylome data were comparable to modern methylome data. This increased
my confidence in the robustness of the paleomethylome data, but also demonstrated
the feasibility of conducting large-scale paleomethylome studies combining different
methods and/or modern and ancient methylome data. A better understanding of
data biases is however crucial before merging datasets with confidence.

Overall, I showed that paleomicrobiome and paleomethylome research possess
great potential and should be further explored, as the existing data can be explored
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from additional angles and the emergence of new laboratory protocols and bioinfor-
matics tools offers new ways to mine data from existing ancient materials.

7.5 Insights into the impacts of ancient DNA dam-

age on paleomicrobiome and paleomethylome

data

DNA damage is an integral part of aDNA. Better understanding DNA damage is
therefore a prerequisite for further protocol development, data analysis, and interpre-
tation for aDNA results. Protocols designed for damaged DNA have been developed
to enrich for aDNA, such as single-stranded DNA extraction and selective enrich-
ment for damaged DNA (U selection) (Gansauge and Meyer; 2014, 2013; Gansauge
et al.; 2017). Additionally, damage patterns of aDNA have been used to distin-
guish authentic aDNA from modern contamination. Substitution plots showing an
accumulation of C-to-T (and eventually reverse complement G-to-A substitutions)
at the end of sequencing reads are a gold standard for the authentication of aDNA
(Jónsson et al.; 2013). Consequently, sometimes only transversion mutation (G-C
and T-A mutations) are used for downstream phylogenetic and population genet-
ics analyses (Prüfer et al.; 2010). However, those protocols and standards were
mainly developed for paleogenomic data. In this thesis, I offered new insights into
the potential application of DNA damage pattern analysis in paleomicrobiome and
paleomethylome data.

Paleomicrobiome data are even more susceptible to contamination than genomic
data. This is mainly because microbiome data cannot be mapped to a single ref-
erence. This can lead to two major problems: 1) DNA damage cannot be char-
acterised at the microbiome level using programs like MapDamage (Jónsson et al.;
2013), which relies on mapping data against one genome; and 2) for genomic data,
a large proportion of contaminants can be removed by filtering out reads that failed
to map to the reference genome; however, for paleomicrobiome data, as there is no
specific ‘target genome’, it is impossible to filter unmapped data to remove unwanted
information. These limitations make the assessment of the authenticity of paleomi-
crobiome data very difficult. To deal with this issue, I co-developed an algorithm
(‘change point’) for the rapid assessment of damage patterns in paleomicrobiome
data (Chapter 3). This algorithm examined the proportions of adenine (A) and
thymine (T) as a proxy of DNA damage, as DNA damage can lead to an increase of
A and T at the end of the reads in the sequencing data. The changes of A/T pro-
portions along the reads were calculated, and the estimated statistical significance
served as a proxy for the identification of the ancient origin of the sequences. This
algorithm offers a fast assessment of significant damage patterns in a microbiome
data set, which can be used as a preliminary authentication of a sample. In addition,
I also found that short-term post-mortem exposure to the environment (one year in
the case studied in the Chapter 4) can lead to DNA fragmentation similar to that
observed in DNA as old as tens of thousand years, while deamination of cytosines
is minimal. This observation offers a means to distinguish authentic aDNA from
recently introduced contamination.

DNA damage affects paleomethylome data in a different manner. Methylome
data can be mapped to a specific reference genome, and as a result, issues caused by
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microbial contamination are less concerning than for paleomicrobiome data. How-
ever, deamination of methylated cytosines represents a major challenge in pale-
omethylome data. In paleogenomics data or paleomicrobiome data, deamination-
induced C-to-T substitutions can reduce the mapping quality value, but the large
proportion of reads is still correctly mapped to the reference sequence (paleoge-
nomics data) or assigned to a microbial genus or family (paleomicrobiome data).
However, deamination of methylated cytosines into thymines can lead to a decrease
in the observed global methylation level in bisulfite sequencing data, because the net
result of bisulfite treatment in sequencing data is the substitution of unmethylated
cytosines into thymines. This experimental bias can greatly influence the analysis
and interpretation of paleomethylome data. In Chapter 5, I investigated the deam-
ination rates of methylated cytosines of samples with different radiocarbon dates.
I found that, once several bases (10 bp) were soft-trimmed at the end of the reads
before methylation calling, the deamination-induced bias seems to be alleviated in
ancient samples. Significant variations in methylation levels were not detected from
samples with a difference in radiocarbon dates of up to about 33ky, and after adjust-
ing global methylation levels, ancient methylome data appeared to be comparable
to modern methylome data.

7.6 Limitations and future directions

Although I carefully monitored and avoided potential pitfalls in my studies, this
thesis can be further improved from several aspects.

7.6.1 A better understanding of microbiome and epigenetics
in non-human mammals

Paleomicrobiome and paleoepigenetics research can hardly be done without a greater
understanding of their modern counterparts. Data obtained from modern animals
is critical to establish a baseline to interpret ancient data. This includes assessing
the preservation of biological information and the identification of unique features
within ancient data. The study of microbiome and epigenome information in modern
animals is far from exhaustive, which creates limitations to aDNA research (i.e.,
paleogenome, paleomicrobiome, and paleoepigenome studies). For example, oral
microbiome studies on modern mammals are very limited. To my knowledge, the
oral microbiome data were only available for a few mammalian species, such as koala
(Alfano et al.; 2015), dog (Dewhirst et al.; 2012), mouse (Rautava et al.; 2015), and
a few marine mammals (Bik et al.; 2016). Moreover, while the methylomes of human
and mouse are extensively studied, the understanding of that of other mammals and
related phenotypic consequences is minimal.

To tackle this limitation, I used data from closely related species (Chapter 3)
and directly generated data for modern animals in my studies (Chapter 4 and 5).
The quantity of modern data generated in this thesis was still restricted by the
manpower and financial resources that could be allocated to my studies. However,
these data can be combined with related future studies into larger datasets, and
thus can be of use for future modern animal research as well as paleomicrobiome
and paleoepigenetics research.
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Additionally, my findings are only molecular evidence, but validation of these
findings using modern animals can provide further insights regarding the detailed
physiological response to microbiome and epigenetics modifications and potential
applications to other related research. Here, I advocate that more effort should be
put into the investigation of microbiome and epigenetics in non-human mammals
to advance overall microbiome and epigenetics research, validate the findings from
aDNA research, and integrate insights from both modern and ancient animals to
gain a better understanding of animal evolution.

7.6.2 Further investigation into the taphonomy of nucleic
acids

Despite that the presence of DNA damage is well documented (Briggs et al.; 2007;
Lamers et al.; 2009), aDNA damage can be further explored, especially in regard to
the DNA damage patterns in paleoepigenome and paleomicrobiome data. In terms
of paleomethylome data, it has been proposed that the fraction of cytosine that
undergo deamination increases over time (Sawyer et al.; 2012), but I only identified
a marginal correlation between the levels of deamination and time (Chapter 5). The
taphonomy of microbial DNA is more complex, as many characteristics of bacteria,
including structure of the cell envelope, ability to sporulate, and physiologic types,
may affect the post-mortem alteration of microbial community and the preservation
of microbial DNA (Mann et al.; 2018). A better understanding of taphonomy is
critical to distinguish genuine features of paleomicrobiomes and paleoepigenomes,
and thus reconstruct the microbiome and methylome of ancient mammals with high
confidence and accuracy. DNA damage is usually examined in aDNA studies on a
case-by-case basis. However, for a comprehensive understanding of DNA taphonomy,
research using modern material is necessary, as it would be much easier to control,
manipulate, and monitor various variables.

7.6.3 Integration of approaches and analytical tools from
other fields to address intrinsic challenges in aDNA
research

Ancient DNA studies suffer from several intrinsic challenges, including temporal
and geographical distribution of the samples, sample deposition, and the quantity
and quality of data. For example, the identification of differentially methylated
regions in Chapter 5 was underpowered by a lack of ancient replicates, and even
with reasonable sequencing effort, only a limited proportion of data could be retained
after the removal of potential contaminants and low-quality data. Although there is
no easy solution to completely counter such issues, increasing sequencing effort and
statistical adjustment of data can reduce potential biases caused by missing data.

It is also important to be aware that these challenges may not be exclusive to
the aDNA field. Sometimes it is possible to seek solutions that are transferable to
aDNA studies directly or with minor modifications from other fields. For instance,
susceptibility to contamination and DNA degradation are also common issues when
handling clinical samples (Cukier et al.; 2009; Matranga et al.; 2014), and single-
cell sequencing techniques have been designed to obtain genomic information from
extremely low-biomass sources (Gawad et al.; 2016). Many important insights from
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those fields, such as limiting biases caused by amplification (Proserpio and Lönnberg;
2016) and statistically dealing with missing data (Little et al.; 2012; Kang; 2013),
are highly compatible with aDNA research. Additionally, the comparison between
ancient and modern methylome data is a typical case of comparing a heterogeneous
(the methylation patterns vary between samples) dataset to a relatively homoge-
nous dataset (the methylation patterns are similar between samples). This is also
a problem in cancer epigenetics research, which requires the comparison of cancer
cell methylomes, a heterogeneous dataset, to healthy cell methylomes, a homoge-
nous dataset (Hansen et al.; 2011). Conversely, aDNA techniques can also result in
advances for other research fields. For example, the highly optimised and efficient
aDNA extraction protocols can be applied to forensic samples, and the stringent
controls widely employed in aDNA studies are suitable for the study of low-biomass
samples, such as for profiling the lung or placental microbiomes (Eisenhofer et al.;
2018).

7.7 Concluding remarks

This thesis represents one of the most comprehensive studies of the evolution of non-
human mammals from a paleomicrobiome and paleoepigenetic perspective. This
thesis starts with an overview of existing evidence of the potential roles of the
microbiome and epigenetics in animal evolution and a proposal for using advanced
aDNA techniques to further investigate these roles (Chapter 1 and 2), followed by the
development of novel experimental and bioinformatics approaches that are optimised
for ancient nucleic acids, and two case studies on bovid animals (Chapter 3-6). I
demonstrate that paleomicrobiome and paleoepigenetics approaches possess great
power and potential in providing new insights into fundamental questions about
animal evolution. Much like utilising a time machine, studying the information
retrieved from ancient animals allows us to delve into the past, thereby capturing
the emergence of new microbiome and epigenome patterns and the subtle alterations
that have occurred in their evolutionary history. Ultimately, this allows us to reflect
on how the animal microbiome, epigenome, and genome can evolve over millennia.
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Sankaranarayanan, K., Hofman, C. A., Yates, J. A. F., Salazar-Garćıa, D. C.
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