
Microbiomes of Long-Tailed Macaques in Southeast Asia: Prokaryotic and Eukaryotic Interactions

Chissa-Louise Rivaldi

Publication Date

10-07-2022

License

This work is made available under a CC BY 4.0 license and should only be used in accordance with that
license.

Citation for this work (American Psychological Association 7th edition)

Rivaldi, C.-L. (2022). Microbiomes of Long-Tailed Macaques in Southeast Asia: Prokaryotic and Eukaryotic
Interactions (Version 1). University of Notre Dame. https://doi.org/10.7274/7d278s48v09

This work was downloaded from CurateND, the University of Notre Dame's institutional repository.

For more information about this work, to report or an issue, or to preserve and share your original work,
please contact the CurateND team for assistance at curate@nd.edu.

mailto:curate@nd.edu


MICROBIOMES

OF LONG-TAILED MACAQUES IN SOUTHEAST ASIA:

PROKARYOTIC AND EUKARYOTIC INTERACTIONS

A Dissertation

Submitted to the Graduate School

of the University of Notre Dame

in Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

by

Chissa-Louise Rivaldi

Hope Hollocher, Director

Graduate Program in Biological Sciences

Notre Dame, Indiana

July 2022



© Copyright by

Chissa-Louise Rivaldi

2022

CC-BY-4.0



MICROBIOMES

OF LONG-TAILED MACAQUES IN SOUTHEAST ASIA:

PROKARYOTIC AND EUKARYOTIC INTERACTIONS

Abstract

by

Chissa-Louise Rivaldi

The interior and exterior margins of vertebrate bodies are blurred by the mi-

crobes occupying these spaces. Microbial assemblages associated with a host

are thus built and shaped by a multitude of sources which originate from both the

host and the environment. Host functions and external environment exhibit inside-

out control over residential and introduced bacteria, leading to the fluctuation or

depletion of a host-associated bacterial community composition. Bacteria exhibit

outside-in behavior in turn, presenting products and functions of their own immune

system to the host. In addition, host behaviors such as foraging, eating, and physi-

cal contact with other hosts provide nearly constant influxes of microbes which act

to replenish populations and introduce competition to existing communities. Eu-

karyotic microbes, such as protozoans and helminths, add to the already incredibly

dynamic mixture of organisms associated with a mammalian host, inducing control

over cohabiting microbes as well as the host.

This dissertation aims to analyze host-associated microbiome dynamics on

varying scales and increase our understanding of the underlying interactions by

expanding our scope to include eukaryotes. First, I examine site-specific bacterial

communities of long-tailed macaques in Singapore, concentrating on the oral and
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gut microbiomes and how they vary through geographical space. Revealed in this

work is evidence showing that, though oral microbes have greater diversity than

gut microbiomes, they show greater similarity across geographic space, which re-

flects their role as a barrier between hosts and the environment in which they live.

Next, I expand this work to Bali, Indonesia, and examine the differences of gut

bacterial microbiomes across landscapes through host diet. I find macaque di-

ets vary with location, and that this variation is associated with changes in the gut

bacterial community. I then show how macaque consumption of plants with medic-

inal properties is tied to parasite presence by incorporating a medicinal database

as a framework to evaluate diet-parasite interactions. Finally, I find variation of

gut parasites of macaques to be driven by the protozoan Blastocystis and extend

this finding to analyze the prokaryotic microbiome, the diversity and composition

of which shifts in the presence of Blastocystis. Collectively, this work shows that

without considering eukaryotic context, aims to understand mechanisms driving

host-microbiome relationships fall short.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Literature

The interior and exterior margins of animal anatomies are connected through

millions of microbes inhabiting even the most elusive spaces. Microbial assem-

blages associated with a host are thus built and shaped by a multitude of sources

which originate from both the host and the environment. Host secretions, such as

mucus and anti-microbial peptides, exhibit inside-out control over epithelial bacte-

ria, leading to the fluctuation or depletion of bacterial phyla (Hooper et al., 2012;

Sommer et al., 2014; Tailford et al., 2015). Bacteria exhibit outside-in behavior in

turn, introducing lipopolysaccharides and flagellins, which promote the expression

of the bacteriocidal elements and influence both anti- and pro-inflammatory T-cells

in the gut mucosa (Hooper et al., 2012). In addition, host behavior — such as

foraging or physical contact — provides nearly constant influxes of environmental

microbes that replenish populations and provide competition to existing colonies.

The extent to which host-associated microbiomes influence the host have been the

target of a rich body of research aiming to explain possible associations with health

issues like obesity (Turnbaugh et al., 2006), nervous system function (De Vadder

et al., 2018), and gastrointestinal distress (Sartor, 2008).

Influences from diet and parasites on these prokaryotic assemblages is fre-

quently the subject of scrutiny, as these factors contribute greatly to the compo-

sition and fluctuation of host-associated microbiomes (Clayton et al., 2016; David
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et al., 2014b; Laforest-Lapointe and Arrieta, 2018). Upon close examination, diet

is an environmental factor that plays an important role in intestinal microbiome

composition, although the extent to which this role manifests varies greatly. For

example, diet is a major determinant of gut microbiome structure and function in

humans, and has important implications for human health (Rothschild et al., 2018;

Singh et al., 2017; Zmora et al., 2019). On the other hand, diets designed to re-

store ’wild’ microbiomes in captive primates did not significantly alter prokaryotic

taxa abundances or the microbiome resemblance to wild counterparts (Cabana

et al., 2019).

The literature suggests strong potential relationships, although the interactions

between prokaryotes and parasites in mammalian hosts have not been well char-

acterized (Aivelo and Medlar, 2018; Leung et al., 2018). Giardia infections can

alter microbiomes to favor the rise of specific bacterial phyla (Šlapeta et al., 2015),

soil-transmitted helminths exerted long-lasting changes in human prokaryotic as-

semblages (Rosa et al., 2018), and presence of the protozoan Blastocystis in ru-

ral human populations may drive community composition and diversity (Nieves-

Ramı́rez et al., 2018). Infection of Blastocystis is often asymptomatic, but this

genus consists of subtypes which may vary in degree of pathogenicity (although

subtype is not reliably correlated with pathogenicity)(Roberts et al., 2013; Tan

et al., 2010). The extent to which prokaryotic organisms prevent or enhance para-

sitic infections depends on a great deal of factors, which is where the focus of my

research lies.

1.2 Variation in Prokaryotic Microbiomes

A multitude of factors influence the composition and fluctuation of mammal

microbiomes, such as diet (Muegge et al., 2010), social interactions (Kolodny et al.,
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2019; Tung et al., 2015), host immune interactions (Hooper et al., 2012; McKenna

et al., 2008), and host genetic determinants (Blekhman et al., 2015; Grieneisen

et al., 2021). Environmental factors related to direct exposure account for a large

portion of variation occurring within the prokaryotic microbiome (Rothschild et al.,

2018), and humans in urban dwellings share microbes with each other and their

homes, but tend to deposit microbes into their generally abiotic surroundings more

than they receive them (Lax et al., 2014).

Compared to the gut, the oral microbiome has an increased direct exposure to

the environment and responds to several different microhabitats within the oral cav-

ity, for example areas under the tongue and between the teeth (Strużycka, 2014;

Zaura et al., 2009). Taxa present in the oral microbiomes of humans are altered by

oral hygiene practices and influence health through periodontal diseases, such as

caries (Mashima et al., 2017), and the functional profiles of the taxa present differ

in humans with little exposure to dental hygiene practices (Clemente et al., 2015).

In a population of semi-captive rhesus macaques (i.e., not caged, but cared for

by humans), several taxa identified from saliva swabs were similar to those col-

lected from the Human Microbiome Project (hum, 2012), supporting the suitability

of macaques to model health effects (Chen et al., 2018).

The gut microbiome in humans is affected by reproductive health and status

(Lindheim et al., 2017; Mallott and Amato, 2018), and general environmental sur-

roundings, e.g. household sharing (Lax et al., 2014; Menke et al., 2017; Rothschild

et al., 2018). Seasonality (Orkin et al., 2019a) and reproductive status (Mallott and

Amato, 2018) have shown responses in microbial variation are driven by host en-

ergy needs.

Plasticity is key in microbiome research. Environmental influences such as diet

and geography are important factors in shaping gut communities (Greene et al.,

2018), but these interactions are difficult to pinpoint. Sympatry is associated with
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convergence in microbiomes in wild chimps, bonobos, and gorillas (Moeller and

Ochman, 2013), although host physiology also has an important role in constrain-

ing the variation found in the microbiome, even when dietary niches greatly differ

(Amato et al., 2019).

Microbiome community structure is subject to fluctuation due to constant in-

fluxes of different nutrients associated with varying diets, their sensitivity to the

health condition of the host, and exposure to other infectious organisms in the gut,

yet there are numerous examples of host populations that have configurations of

taxa appearing more frequently than others. Repeated patterns of changes in the

structure of gut communities, termed enterotypes, are theorized to result possibly

from shared ecological relationships such as diet types (Arumugam et al., 2011;

Moeller et al., 2013). Structuring and categorization of microbiome landscapes

is an attractive concept for researchers searching to identify biomarkers and ap-

ply them to new populations, but identifying how exactly stratifications are useful

in predicting trends has proven challenging (Hosoda et al., 2020; Knights et al.,

2014). Standardization in analysis throughout the field and inclusion of expert

knowledge are needed to advance application, but enterotype analysis can still be

useful in advancing microbiome research (Costea et al., 2017).

In humans, the dominant genera which generally define different enterotypes

are Prevotella, Bacteroides and Ruminococcaceae, but the phyla Firmicutes more

generally define clusters (Costea et al., 2017; Falony et al., 2016). The ratio of

the phyla Firmicutes to Bacteroidetes has been used as a potential indicator of

the effect of the environment and diet on the microbiome in humans (De Filippo

et al., 2010; Ley et al., 2006; Turnbaugh et al., 2006), but this has not been fully ex-

plored in wild animal systems (Amato, 2013). In great apes, the phyla Firmicutes,

Bacteroidetes, and Proteobacteria, and Actinobacteria are often highly abundant

and enterotype-defining taxa in gut prokaryotic communities, but genera such as

4



Akkermansia and Methanobrevibacter also define in these environments (Falony

et al., 2016). Some of these taxa have been proposed to help fill host functional

roles, e.g. Prevotella in dietary fiber digestion (David et al., 2014b).

Diet especially has a profound effect on the structure of prokaryotic microbiota

(David et al., 2014b; Greene et al., 2018; Wu et al., 2011), particularly in wild an-

imals (Amato et al., 2013). Dominant taxa of primates in captivity converge with

those of humans, likely as a result of altered diets and shared environment (Clay-

ton et al., 2016). In addition to the microbes which are present on food items,

digestion provides changes in carbohydrates and nutrients to act as resources,

which shape the microbial community (Tailford et al., 2015). Compounds in food

(e.g. thiosulfinates in garlic) can have antimicrobial effects by inhibiting RNA syn-

thesis and nitric oxide production (Dugasani et al., 2010; Feldberg et al., 1988),

affecting prokaryotes which may fill a functional role in the gut (Muegge et al.,

2010).

1.3 Parasite interactions with the microbiome

Protozoans, helminths, and fungi have been studied in the context of ecological

drivers in gut environments (Laforest-Lapointe and Arrieta, 2018). Helminths are

known for their immunoregulatory effects, and this relationship has recently been

expanded to incorporate the cascading effects of helminths on host immunity and

bacterial communities (Montero et al., 2021). In Wilcox and Hollocher (Wilcox

and Hollocher, 2018), eukaryotic microbes were categorized into functional guilds,

such as grazers, predators, and intracellular protozoa, and followed top-down and

bottom-up trophic food web dynamics (Wilcox and Hollocher, 2018). Protozoans

associated with a host are often categorized as pathogenic, but some often act as

mediators of bacterial communities by keeping bacterial populations from becom-
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ing too abundant and causing an imbalance in a host (Mann et al., 2020; Parfrey

et al., 2014).

Gut eukaryotes are generally protozoans, heminths, or fungi, and may be par-

asitic, commensal, or beneficial (Parfrey et al., 2014). These eukaryotic microbes

affect the host and the prokaryotic microbes in ways that are not thoroughly under-

stood, but interactions may be helpful in determining the propensity of a parasite

to act in a way that is harmful or helpful to the host, by disrupting or maintain-

ing homeostasis. The presence of eukaryotes is associated with changes in the

structure of the prokaryotic community, such as richness (Audebert et al., 2016;

Barash and Maloney, 2017) and abundance of prokaryotic taxa (Beghini et al.,

2017; Nieves-Ramı́rez et al., 2018). Mucus produced by the host in response to

parasitic infections contains glycans, which are consumed by some bacteria in the

gut (Li et al., 2012). The overproduction of mucus, which lines the gastrointestinal

tract and produces glycans consumed by bacteria, is associated with inflamma-

tion and may be a response to the infection of some eukaryotic parasites (Li et al.,

2012; Tailford et al., 2015). Other host immune responses affecting bacteria in-

clude the release of alpha-defensins and the stimulation of IgA production, which

result in phagocytosis of bacteria in the mucus layer (Costello et al., 2011; Hooper

et al., 2012).

Members of the prokaryotic community may act against colonization or infec-

tion of eukaryotes. The bacteria Pseudomonas aeruginosa can alter and control

the yeast Candida albicans (Hogan et al., 2004; Morales et al., 2013), as can

the production of short-chain fatty acids by common carbohydrate metabolizing

prokaryotic taxa (Noverr and Huffnagle, 2004). Candida albicans is able to con-

trol P. aeruginosa as well, through signaling and swarming inhibition (Brand et al.,

2008; McAlester et al., 2008). The protozoan Blastocystis is found widely in wild

animals and which may or may not cause illness and contribute to physical symp-
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toms in the host (Deng et al., 2021; Nieves-Ramı́rez et al., 2018). Members of the

protozoan genus Blastocystis (Stramenopile, phylum Heterokontaphyta) are com-

monly found in the gut of primates and human populations in developing coun-

tries can have a prevalence rate of up to 70% (Alfellani et al., 2013). The role of

Blastocystis in health and disease is not understood and research is conflicting

concerning factors affecting pathogenicity. Subtypes of Blastocystis have been

tested as possible explanation for pathogenicity, but these results are inconsistent,

showing other factors are at play (Beghini et al., 2017; Clark et al., 2013; Jiménez

et al., 2019; Lepczyńska et al., 2017). Gut microbiomes of Blastocystis-colonized

individuals are associated higher diversity (Audebert et al., 2016; Tito et al., 2018),

which suggests the protozoan’s role is that of a potential driver in the gut (Laforest-

Lapointe and Arrieta, 2018; Nieves-Ramı́rez et al., 2018).

1.4 Project Overview

My dissertation work uses two populations of free-ranging long-tailed macaques

(Macaca fascicularis) to explore host-associated prokaryotic and eukaryotic dy-

namics. The long-tailed macaque has an estimated population of approximately

3,000,000 in insular and peninsular Southeast Asia, making it the second most

successful primate in this region of the world, after humans (Fooden, 2006). The

Hollocher lab has been researching and collecting data from these populations

since 2006, providing ample history of work on which this dissertation builds. Our

work focuses on Singapore and Bali, Indonesia, which are home to populations of

long-tailed macaques that are exposed to anthropogenic environments to varying

degrees.

Singapore is an island of approximately 720 km2 with a population approaching

six million people. In 2015, a nationwide census estimated the population of M.
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fascicularis to be approximately 2000 individuals dispersed among 92 groups (Ri-

ley et al., 2015). The history of Singapore is rife with deforestation and subsequent

strategies to rebuild and prioritize nature, including nature reserves that are habitat

to many macaques along with humans who utilize these spaces for tourism, recre-

ation and living purposes (Corlett, 1992). The highly urbanized habitat surrounding

nature reserves creates frequent opportunities for human-macaque interactions –

some of which is based in conflict and has led to culling practices (Fuentes et al.,

2008; Riley et al., 2015; Sha et al., 2009b,c). Aside from conflict, this proximity

to humans impacts the macaques in numerous ways, including foraging behavior,

access to water, and dispersal.

To contrast, Bali, Indonesia has a much larger area of 5,780 km2, a human

population of approximately four million, and population estimates of macaques

place their number 10-12,000, most of which are associated with religious temples

(Wheatley, 1999). Macaque populations which are commonly associated with tem-

ples throughout the landscape contribute to the tourist industry, in which provision-

ing can be part of the religious experience and leads to high degrees of interaction

between macaques and humans (Brotcorne, 2014; Fuentes, 2011). Conflict is

also present in Bali, stemming from interactions such as crop-raiding, hunting, and

trade (Lane-deGraaf et al., 2014b; Loudon et al., 2006).

Past work in this study system has aimed to derive and elucidate aspects of

how the anthropogenic environment is reflected in macaques through analyzing

dispersal, genetic structure, and parasite distribution. Movement detected with

the use of GPS collars reflect higher variability in ranging patterns in macaques

heavily influenced by provisioning in urban environments (Klegarth et al., 2017).

Genetic structure is detected in Bali through microsatellite heterozygosity and ge-

netic distance and reflects dispersion patterns affected by human-macaque inter-

actions and the landscape (Lane-deGraaf et al., 2014b). In both Singapore and
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Bali, macaques experience population structure changes that can be detected in

mitochondrial DNA haplotypes following a “continental” and “insular” divide (Kle-

garth et al., 2017).

Anthropogenic influence is also reflected in Bali through the lens of parasites.

Human behavior presents opportunities for parasite transmission, and sites char-

acterized as more anthropogenic mitigate parasite prevalence and intensity (Lane

et al., 2011; Lane-deGraaf et al., 2014b). Looking further into community-level

parasite interactions in macaques revealed multiple infections of helminths were

common and explained variation in microparasite shedding (Wilcox et al., 2014).

The lab’s first use of barcoding amplicon sequences revealed eukaryotic diversity

previously unseen in macaques, which is governed by tropic web interactions be-

tween eukaryotic symbionts (Wilcox and Hollocher, 2018). The role of prokaryotic

impact on this system is a missing piece in macaque host-microbe interactions,

and my dissertation research is addressed at elucidating this role. My work is first

aimed at uncovering the prokaryotic interactions occurring within the macaque,

and then incorporates diet and parasite information to take a comprehensive ap-

proach in viewing how the bacterial microbiome is reflects shifts from these factors.

In Chapter 2, I compare and contrast the oral and gut prokaryotic communi-

ties across sampling sites to ask how these populations differ and shift through

geospatial distance in the highly urban environment of Singapore. I find that

oral communities consistently exhibit higher diversity within and similarity between

sampling in comparison to gut communities, suggesting greater host control over

gut microbiomes and a stronger environmental influence on the oral microbiome. I

also show that fecal microbiomes have greater dispersion than oral microbiomes.

Community composition differs through phylum-level changes, and I explore taxa

distinguishing these environments at the family level. I then incorporate K-means

clustering methods to validate these results and find that samples are recovered
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entirely according to body site and that correlating taxa match distinguishing taxa

identified through differential abundance. Collectively, I show how differences in

the oral and gut communities reflect environmental influence and host control in

ways which help us to understand their roles in host-associated microbial ecology.

For Chapter 3, I aim to find dietary changes driving microbial variation in the

gut prokaryotic communities of Bali and Singapore macaques. I employ K-means

clustering and bring in data from a study of Japanese macaques to detect pat-

terns of bacterial variation. I then incorporate dietary information obtained through

eukaryote-targeted amplicon sequencing to investigate this variation and find dif-

ferences in dietary richness and crop consumption between these clusters. Prokary-

otic taxa correlating to clusters reveals further information relating to dietary func-

tion and leads to further insight of how host gut microbiomes might aid host adapt-

ability to environmental differences.

Chapter 4 strays from prokaryotic focus to take a deeper look into eukaryotic

interactions. Here I evaluate macaque consumption of medicinal plants in compar-

ison to parasites present to investigate a potential of mitigative effects. This work

uses a barcoding approach to build upon hypotheses of self-medication derived

from field observations of wild primates. Correlations reveal connections between

medicinal plants and protozoans driven by the genus Plasmodium. I further an-

alyzed these data and found that abundance and richness of medicinal plants is

higher when Plasmodium is higher, and these effects are stronger when plants

are filtered to those with the most medicinal properties. These relationships pro-

vide support for self-medication in macaques and emphasize the importance of

maintaining biodiversity from host health perspectives.

Finally, Chapter 5 brings us back to the prokaryotic microbiome to view variation

through the lens of gut protozoans. I use eukaryotic and prokaryotic sequencing

data to construct principal components of analysis and find Blastocystis to drive
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variation within gut protozoans. I then use the presence and abundance of Blasto-

cystis to detect differences in prokaryotic ecology metrics and find Blastocystis is

associated with an increase in alpha diversity and a explains significant variation in

community composition. Differential abundances of bacterial taxa reveal nine taxa

are more abundant in the presence of Blastocystis, which are similar to those iden-

tified in studies using data collected from humans. This work builds upon existing

evidence to explore the role of Blastocystis as a driver of host gut ecology.

Collectively, my dissertation expands knowledge of primate-associated micro-

bial ecology by incorporating new information from macaques in Bali and Singa-

pore. A large portion of my work focuses on incorporating the prokaryotic mi-

crobiome of macaques into the greater genetic, and anthropogenic, and parasite-

related context known in this system, thereby increasing the scope of future lab

work. Microbiome research is dominated by work focusing exclusively on prokary-

otes, which has revealed a wealth of information in explaining host-microbial rela-

tionships, yet is incomplete without understanding how these prokaryotic assem-

blages interact with other symbionts. Including symbiotic eukaryotes and parasites

is essential in understanding the underlying dynamics within the microbiome which

holds meaning for host health and disease transmission.
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CHAPTER 2

ENVIRONMENTAL AND HOST EFFECTS ON ORAL AND GUT BACTERIAL

COMMUNITIES IN FREE-RANGING LONG-TAILED MACAQUES IN

SINGAPORE

2.1 Abstract

A central goal of host-associated microbiome research is to determine the level

of influence of the host and the environment in community composition. Research

into these relationships has advanced greatly in recent years, but often is per-

formed in controlled settings, reducing or eliminating exposure to the environmen-

tal variables and microbes, which may be instrumental in bacteria community col-

onization and assemblage dynamics. Host phylogeny, physiology, and behavior

have all explained some variation in inter- and intra-species microbiota compo-

sition and community metrics, but it is unclear how all these factors combine to

influence microbial dynamics across spatial distance. To investigate this, we used

16S rRNA amplicon sequencing to analyze the oral and gut microbiomes in pop-

ulations of long-tailed macaques distributed throughout Singapore to further our

understanding of influences of environment and host biology on host-associated

microbial community structure. Oral and gut microbiomes showed distinct differ-

ences in their overall composition and community properties. Oral microbiomes

exhibited a greater number of distinctive taxa, higher diversity and evenness, and

lower dissimilarity than gut microbiomes across sampling locations. Samples with

a higher Firmicutes:Bacteroidetes (F/B) ratio were more common in oral than in gut
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samples, and families within Firmicutes fluctuated less in gut communities. Clus-

tering analyses showed clear differentiation between oral and gut environments,

with greater variability exhibited across families in Bacteroidetes, when comparing

saliva and fecal samples. Oral and gut microbiomes in free-ranging macaques re-

flect the influences of the environment and host biology. The higher richness seen

in oral samples across the island may reflect greater exposure to the environment,

whereas the oral microbiome shows greater evenness and similarity than fecal

samples across geographical range, suggesting individual host differences play

a greater role in the gut. Families within the Firmicutes phylum tend to fluctuate

less in gut samples with a high F/B ratio, contributing to the greater overall simi-

larity between samples that have higher Firmicutes abundances. These findings

contribute to our understanding of how host biology and environmental variation

interact to influence the relationship between free-ranging primates and their as-

sociated prokaryotic communities, particularly with respect to how host body site

microbiomes are maintained.

2.2 Background

Animal microbiomes are composed of millions of microbes engaged in complex

dynamics driven by a multitude of factors. The influences these interactions exact

on the host have been the target of a rich body of medical research focused on

humans, demonstrating associations between microbiomes and observable host

traits, such as obesity (Turnbaugh et al., 2006), nervous system function (De Vad-

der et al., 2018), and gastrointestinal distress (Sartor, 2008). Differences in the

composition and diversity of bacterial communities become more nuanced when

sampling between different body sites. In humans, for example, the gut micro-

biome is influenced by diet on long- and short-term bases and environmental sur-
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roundings (David et al., 2014a; Menke et al., 2017; Rothschild et al., 2018; Wu

et al., 2011). In comparison, the oral microbiome often differs in composition, but

is subject to similar influences as the gut, with the addition of the increased direct

exposure to the environment and the complexity of microhabitats within the oral

cavity, such as areas under the tongue and between the teeth (Dewhirst et al.,

2010). Diversity, composition, and functinal profiles of taxa present in the oral mi-

crobiomes of humans vary with oral hygiene practices and influence health through

periodontal diseases, such as dental caries (Clemente et al., 2015; Mashima et al.,

2017). Evidence increasingly shows the oral microbiome is convergent across pri-

mate species (Asangba et al., 2022; Sawaswong et al., 2021), showing the plas-

ticity exhibited by hosts in adapting to niche environments.

In nonhuman primates, seasonality (Orkin et al., 2019b), reproductive status

(Mallott and Amato, 2018), and diet (Greene et al., 2018; Moeller et al., 2012) can

have reproducible and quantifiable effects on primate microbial composition, as

can the presence of gut parasites that may act as drivers in the gut microbial com-

munity such as Blastocystis (Laforest-Lapointe and Arrieta, 2018; Nieves-Ramı́rez

et al., 2018). Anthropogenic influences can impact microbial structure as well,

as seen in studies examining captivity, in which the dominant taxa of the micro-

biome in nonhuman primates converge with those of humans, possibly as a result

of shifts in diets provided in captivity as compared to wild habitats (Clayton et al.,

2016). Phylogeny, heredity, and physiology have effects that contribute to the vari-

ation imparted by diet and geography in animals, both within and across species

(Grieneisen et al., 2021; McCord et al., 2014; Yildirim et al., 2010).

Examining changes in microbial taxa at the phylum level allows characteriza-

tions of communities at a broad taxonomic scale in host populations, and studies

framing phylum-dominated communities as enterotypes have been used to tie mi-

crobiome structure to health and diet in hosts (Costea et al., 2017; Wu et al.,
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2011). Focusing more closely on intra-phylum associations, such as the ratio

of Firmicutes to Bacteroidetes (F/B ratio), can provide deeper understanding of

these systems and their association with shifts in specific host traits, such as body

mass index and age (Koliada et al., 2017; Ley et al., 2006; Mariat et al., 2009).

The F/B ratio of host-associated microbial communities has also been useful in

defining possible functional profiles and microbial community-specific properties,

although how these community structures are colonized and maintained is less

clear (Costea et al., 2017; Wu et al., 2011), particularly in free-ranging nonhuman

primates. Enterotypes can be detected in chimpanzee populations in Gombe Na-

tional Park, for example, but the factors involved in their formation remain elusive

(Moeller et al., 2012).

Investigating the microbial dynamics among taxa is important in understanding

their associations with nonhuman primate hosts, in particular those with increased

contact with humans and therefore vulnerable to zoonotic pathogen transmission

(Gardner and Luciw, 2008; Sha et al., 2009b). Here, we describe the commu-

nity structure and dominant taxa of the oral and gut prokaryotic microbiomes of

free-ranging populations of long-tailed macaques (Macaca fascicularis), an edge

species well-known for its success in anthropogenic environments (Gumert, 2011).

We specifically focus on macaques within the island of Singapore, an environment

ripe with human-macaque interactions (Fuentes et al., 2008). Using the V4 re-

gion of the 16S rRNA gene, we assess the overall bacterial composition of body

sites, identify which taxa define body sites, and measure differences in community

structure (e.g., richness, evenness, dispersion, and dissimilarity), and then evalu-

ate how those results reflect the effects of the environment and the biology of the

hosts on these populations. We inspect these communities at the phylum, family,

and amplicon sequence variant (ASV) level to identify possible drivers underlying

the changes in structure we see at higher taxonomic levels. Targeting these in-
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teractions in a highly-anthropogenic population of macaques allows an approach

that can highlight host plasticity and adaptability to altered environments, effects

essential for understanding the role of the microbiome in host fitness.

2.3 Methods

2.3.1 Study Site, Sampling, and DNA extraction

Saliva and fecal samples (N=92, 46 saliva and 46 fecal) were collected from

free-ranging long-tailed macaques across ten populations throughout Singapore

(Figure 2.1) and were sequenced for the 16S rRNA genes. Fecal (five sites, N=46)

and saliva (nine sites, N=46) samples were collected from Singapore in June 2013

– October 2013. Collection times fall within Southwest Monsoon season, marked

by frequent rain (Singapore). Fresh fecal samples were recovered from the ground

when defecation was observed, whereas saliva was collected using sugar-syrup

flavored buccal swabs from Salimetrics, offered to the macaques and recovered

immediately after discard when only a single individual had handled it. Swabs were

kept on ice packs during collection and stored in 1% sucrose cell lysis buffer and at

-80ºC. Total DNA was extracted from feces using the Qiagen QIAMP Stool Minikit

(Qiagen, Hilden, Germany) as per manufacturer instructions (Qiagen, 2012). DNA

from saliva samples was extracted via a phenol chloroform protocol: samples were

incubated overnight at 55ºC in 900.00 µL CTAB with 20.0 µ Proteinase K enzyme.

Samples were shaken with phenol/chloroform for one minute, and then spun to

separate the aqueous phase that was then washed with 100% EtOH, followed by

washing with 70% EtOH solution, and stored at -80ºC. Further details regarding

sample collection and DNA extraction are described previously (Klegarth et al.,

2017; Wilcox et al., 2014).
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2.3.2 Target Amplification and High-Throughput Sequencing

A 287 bp sequence of the V4 region of the 16S rRNA gene was amplified from

genomic DNA using the following primers (Illumina adaptors in italics): Forward

(S-D-Arch-0519-a-S-15, 5’ - TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA

CAG CAG CMG CCG CGG TAA -3’), Reverse (S-D-Bact-0785-b-A-18, 5’ - GTC

TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GTA CNV GGG TAT CTA

ATC C -3’) (Klindworth et al., 2013; Van Bleijswijk et al., 2015) in the following PCR

conditions: for a 25.0 µL reaction volume, 10.00 µL ddH2O, 12.50 µL Kappa HiFi

Hot Start Taq Ready-Mix (Kappa Biosystems, Wilmington, MA, USA), 0.75 µL 10

uM forward and reverse primer, 1.00 µL template DNA. Thermocycler conditions

were: 3:00 initial denaturation at 95.0 °C, 30 cycles (0:20 denaturation at 95 °C,

0:15 anneal at 65 °C, 0:15 extension at 72 °C), and a final extension time of 3:00 at

72 °C. Included in the first and last wells of the 96-well plate were negative controls,

containing only autoclaved water in the place of the template DNA. Next to these

negative controls were reactions containing genomic DNA from a prepared mock

community (ZymoBIOMICS TM Microbial Community DNA Standard, Catalog no:

D6306) as template, included to identify potential bias from PCR and sequencing

assays and improve reproducibility in our work.

Illumina PCR and sequencing PCR products were purified with Ampure XP

Beads (Beckman Coulter, Indianapolis, IN, USA), and size distributions were taken

from each library using a Bioanalyzer DNA 7500 chip (Agilent, Santa Clara, CA,

USA). Size distributions were unique to each library, and no major anomalies were

seen. Index PCRs, were performed on all libraries following clean-up and quality

assessment using a 95 °C denaturing phase, 55 °C annealing phase, and 72 °C

extension phase, for eight cycles, each lasting 30 seconds. Libraries were pooled

and normalized prior to index amplification. Each library was used to create 100µM
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Figure 2.1. Sampling sites indicate populations from which samples were
obtained. Samples were collected throughout accessible macaque

habitat. Geographic coordinates and number of samples for each site are
as follows: AP - Admiralty Park: 1° 27’ 2.9844” N, 103° 46’ 38.9964” E (N
= 12); BB - Bukit Batok: 1° 22’ 36.2900” N, 103° 45’ 30.6242” E (N = 3);
BSI - Big Sister’s Island: 1° 12’ 52.4916” N, 103° 50’ 6.3055” E (N = 8);

BT - Bukit Timah: 1° 22’ 47.0205” N, 103° 46’ 25.42636” E (N = 11); MR -
MacRitchie Reserve 1° 20’ 28.0572” N, 103° 49’ 48.5616” E (N = 17);

OUT - Old Upper Thomson Road: 1° 22’ 49.7233” N, 103° 49’ 6.3001” E
(N = 15); SI - Sentosa Island: 1° 15’ 29.3885” N, 103° 48’ 33.5866” E (N
= 4); UP - Upper Pierce: 1° 22’ 32.2896” N, 103° 48’ 17.3988” E (N = 6);

US - Upper Seletar: 1° 23’ 55.5432” N, 103° 48’ 23.2812 E; WW -
Woodlands Waterfront: 1° 27’ 6.6652” N, 103° 46’ 52.2617” E (N = 11).
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aliquots based on the following equation:

Concentration in nM = (
concentration in ng/µL

600 g/mol × average library size in bp
)× 106

A normalized library was prepared by diluting 5.0 µL from the prepared library to

20.0 nM aliquots. Size distributions were bioanalyzed using a DNA 7500 chip, to

confirm appropriate size distributions within the library. The library was sequenced

on an Illumina HiSeq 2500 (Illumina, San Diego, CA, USA), using a rapid run with

paired-end 250 bp reads at the University of New Hampshire Hubbard Center for

Genome Studies.

2.3.3 Bioinformatic Workflow and Statistical Analysis

The R package Dada2 was used for processing sequences, including filtering,

trimming, and merging, and removal of chimeras (Callahan et al., 2016). Taxon-

omy assignment was performed using the Dada2 function of the RDP classifier

and the RDP training set (release 11.5), and all eukaryotes, archaea, and chloro-

plasts were removed (Callahan et al., 2016). We aligned the contents of mock

community samples to a reference database of 16S ssuRNA sequences down-

loaded from the manufacturers website (version 2, accessed 09/29/2017) using

HISAT2 (v. 2.1.0) (Kim et al., 2015); each aligned at greater than 98%, and all

ASVs were retained hereafter, unless otherwise noted. Rarefaction curves were

created with the rarecurve function from the vegan package (v 2.5-7)(Oksanen

et al., 2008).

To measure alpha diversity, richness and Pielou’s evenness were calculated

in R using the vegan package (Oksanen et al., 2022). Bray-Curtis dissimilarity

was measured between each sample’s relative abundance and the median relative

abundance for the corresponding sampling location. Dissimilarities of all samples
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were then grouped by body site. To account for uneven sampling, we used Mann-

Whitney U-tests to determine differences in richness, evenness, and dissimilarity

between body sites. Taxa were sorted and levels combined using the R (v 4.0.5)

package Phyloseq (v 1.34.0) (McMurdie and Holmes, 2013). We identified dif-

ferentially abundant taxa between oral and gut samples using linear discriminant

analyses (LDA) using the program LEfSe (v 1.0) (Segata et al., 2011).

To further inspect taxa defining the oral and gut environments, we employed

a K-means clustering method, and identified the taxa correlated with each clus-

ter. The ASV table was transformed using the centered log-ratio method, which

can decrease bias in analyzing compositional data (Gloor et al., 2017). The cen-

tered log-ratio transformed samples were clustered using a K-means algorithm.

A K-value of two was selected in an attempt to show that the oral and gut bac-

terial communities are distinctive. If these two clusters match the sample type it

would support this distinctiveness. The adjusted Rand index was used to measure

agreement between the clusters and sample type. (Hubert and Arabie, 1985).

Aitchison (i.e., Euclidean) distances between samples were calculated using the

vegdist function in the vegan package (v 2.5-7) (Oksanen et al., 2008) in R. The

envfit function in the vegan package was used to determine which bacterial taxa

were strongly correlated (R2 > 0.7) with which clusters.

NMDS plots were created to visualize grouping in samples in R using the ve-

gan package, using Bray-Curtis distances (Oksanen et al., 2008). PERMANOVAs

(adonis2 function from the vegan package in R) tested for differences in unfiltered,

relative abundance transformed composition between body sites at phylum and

family levels, controlling for sampling location and sample read counts as well

as differences between sampling sites, and controlling for body sites and read

counts. Additionally, PERMANOVAs were used to test for differences in compo-

sition among sampling types for each body site at phylum and family levels. We
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measured the dispersion of variance between body sites, and then between sam-

pling locations within body site samples using the permdisp and permutest (per-

mutations = 9999) functions in the vegan package. Changes in abundances of

families within the phyla Firmicutes and Bacteroidetes, were tested using a series

of Mann-Whitney U tests and plotted. Families composing less than one per-

cent of their respective phylum were excluded to avoid emphasis on changes in

low-abundance families. MetaCyC functional pathways were predicted using the

software PICRUSt2 (Barbera et al., 2019; Caspi et al., 2014; Czech et al., 2020;

Douglas et al., 2020; Louca and Doebeli, 2018; Mirarab et al., 2011; Ye and Doak,

2009). The resulting pathway table was then analyzed in R using ALDEx2, which

uses a Dirichlet-multinomial model to infer abundance from counts, to determine

which pathways were significantly associated with body sites (v 1.22.0) (Fernan-

des et al., 2013, 2014; Gloor et al., 2016a). As recommended by the authors of

this package, we used an effect size of> 1.0 to determine significance of pathways

associated with body sites.

2.4 Results

A total of 71,460,186 paired-end reads were obtained for processing; after fil-

tering and removal of chimeras, eukaryotes, and chloroplasts, 52,192,561 reads

remained, resulting in a total of 13,699 bacterial ASVs (rarefaction curves in Fig-

ure A.1 show all samples plateau at the read depth of our chosen sequencing

platform).

We measured more overall diversity, yet less dissimilarity, across individuals

in the oral microbial community than the gut. When comparing family richness

(Figure 2.2A), dissimilarity (Figure 2.2B), and evenness (Figure 2.2C) between gut

and oral microbiomes, the oral microbiome contained significantly higher family
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richness (W = 243.5; p < 0.001) and significantly lower family dissimilarity (W =

657; p = 0.002). As we could only directly compare overlapping samples for both

oral and gut microbiomes, these were the only ones directly tested. Metrics for all

sites are displayed in Table A.1.

Figure 2.2. Family richness (A), dissimilarity (B), and evenness (C) of
sites containing both saliva and fecal sampling - Admiralty Park (AP),
Bukit Timah (BT), MacRitchie Nature Reserve (MR), and Woodlands

Waterfront (WW). Saliva samples display greater richness, similarity, and
evenness throughout sites.

In oral and gut microbiomes, the dominating phyla are Proteobacteria, Firmi-

cutes, Bacteroidetes, and Actinobacteria, with 28 total phyla represented across
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these two body sites (Figure 2.3). A PERMANOVA test of Bray-Curtis distances

between body sites revealed significant differences in distances in both phylum

and family taxa (phylum: R2 = 0.065, p < 0.005, family: R2 = 0.198, p < 0.001 (Ta-

ble 2.1), indicating that the compositions of our samples are significantly different

between these internal host environments.

TABLE 2.1

BODY SITE AND SAMPLING LOCATION FACTORS INCLUDED IN

PERMANOVA PHYLA AND FAMILIES OF ASVS. SIGNIFICANT

VARIABLES AND VALUES IN BOLD FOR CLARITY

Df SS R2 F p

Phylum

Body Site 1 0.543 0.065 6.133 0.004

Sampling Location 9 0.58 0.069 0.728 0.783

Readcount 1 0.191 0.023 2.158 0.101

Residual 80 7.079 0.844

Total 91 8.392 1

Oral Sampling Location 8 0.338 0.222 1.379 0.126

Readcount 1 0.08 0.053 2.618 0.059

Residual 36 1.104 0.725

Total 45 1.523 1

Gut Sampling Location 4 1.299 0.271 3.864 0.004

Readcount 1 0.131 0.027 1.559 0.211

Residual 40 3.362 0.702

Total 45 4.792 1
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TABLE 2.1 (CONTINUED)

Table 2.1 continued from previous page

Df SS R2 F p

Family Body Site 1 5.639 0.198 21.851 <0.001

Sampling Location 9 1.723 0.06 0.742 0.852

Readcount 1 0.502 0.018 1.946 0.094

Residual 80 20.646 0.724

Total 91 28.51 1

Oral Sampling Location 8 0.474 0.24 1.528 0.073

Readcount 1 0.103 0.052 2.663 0.053

Residual 36 1.395 0.707

Total 45 1.971 1

Gut Sampling Location 4 1.241 0.262 3.676 0.005

Readcount 1 0.118 0.025 1.398 0.242

Residual 40 3.377 0.713

Total 45 4.737 1

Combined oral and gut samples did not show significantly distinct variation

across sampling locations; however, when viewing oral samples and gut samples

separately these differences became more pronounced. Sampling site location

was a significant source of variation within gut samples (PERMANOVA, phylum:

R2 = 0.271, p < 0.005, family: R2 = 0.262, p = 0.005), but oral samples did not

show significant variation across geographic sites. Dispersion of the oral versus

the gut microbiome was significantly different (p = 0.0001), with greater variance

among gut samples. In contrast, dispersion was not different between sampling

sites in either oral (p = 0.2) or gut (p=0.5) samples.

LDA recovered 57 family-level taxa with an LDA score ± 3.0 following internal

24



Figure 2.3. Relative abundance of bacterial phyla in oral and gut
microbiomes. Samples are ordered left to right by decreasing F/B ratio.
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Wilcoxon rank-sum tests (α = 0.05) (Figure 2.4). Nine phyla were represented

in 29 families defining the oral microbiome, while 28 families in six phyla were

defining features of the gut microbiome. Top defining families in oral samples in-

clude Streptococcaceae, Pasteurellaceae, and Viellonellaceae, while Enterobac-

teraceae, Moraxellaceae, and Planococcaceae were more abundant in gut sam-

ples.

Visualizing the compositional distances between oral and gut samples showed

distinct groups in NMDS ordination of ASVs (Figure 2.5). Saliva samples form

a more compact grouping when compared to the fecal samples, suggesting less

variation among these communities across individuals. K-means clusters over-

lapped completely with body sites (adjusted rand index value = 1.0). Fifty-one

families strongly correlated (R2 > 0.7) with these clusters and reinforced the body

site-defining taxa found through in LDA results. Results of these analyses differed

with respect to one family, Burkholderiaceae, which LDA associated with gut, but

K-means clustering correlated with oral.

Oral microbiomes are overall more Firmicutes-rich (i.e., Firmicutes taxa are

more abundanct than Bacteroidetes taxa)(Figure 2.6A). We identified families in ei-

ther Bacteroidetes-rich or Firmicutes-rich communities, and tested their variation in

abundance within these categories (Figure 2.6, Table 2.2). We found four families

within the phylum Firmicutes that were more abundant within a Firmicutes-rich en-

vironment (Ruminococcaceae, Planococcaceae, Lachnospiraceae, and Clostridia 1),

yet no Firmicutes families were measured to be more abundant in a Bacteroidetes-

rich environment. Conversely, the Bacteroidetes family Prevotellaceae was more

abundant in a Firmicutes-rich environment, whereas the Bacteroidetes families

Sphingobacteriaceae and Flavobacteriaceae were more abundant in a Bacteroidetes-

rich environment. We used PICRUSt2 to predict MetaCyC pathways from ASVs

in our samples and then used ALDEx2 to find the effect sizes of these pathways
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Figure 2.4. LEfSe analysis of family level taxa in oral and gut microbiome.
Taxa shown scored at least 2.0 in Linear Discriminant Analysis (57 total).

Bars are colored by phylum corresponding to Figure 2.3. For taxa
classified as undefined or uncultured at the family level, class name is

provided.
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Figure 2.5. Non-metric Multidimensional Scaling of ASVs colored by
body site (stress = 0.07). Saliva samples group together more tightly,

while fecal samples show greater variation.

between body sites and Firmicute-s or Bacteroidetes-rich samples. For body sites,

24 pathways had an effect size > 1.0 (17 oral, 7 gut). These pathways and

their descriptions are presented in Table 2.3. For Firmicutes- or Bacteroidetes-

rich samples (Table 2.4), ten pathways had an effect size greater than 1.0 (five in

Firmicutes-rich samples, five in Bacteroidetes-rich samples).
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Figure 2.6. Distribution of F/B ratio in oral and gut microbiomes (A). Oral
and gut samples ordered by log(F/B ratio). Families which showed

significant differences between Bacteroidetes-rich and Firmicutes-rich
bacterial communities in the gut environment are shown in (B). Taxa are
described with family and phylum-level. Specific p-values for each taxon

listed in Table 2.2
.
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TABLE 2.2

FAMILIES WITH SIGNIFICANT CHANGES BETWEEN

BACTEROIDETES-RICH AND FIRMICUTES-RICH GUT

MICROBIOMES. SIGNIFICANCE TESTED WITH MANN-WHITNEY U

TESTS, α OF 0.05

Phylum Family p

Cyanobacteria Streptophyta 1.289e-02

Bacteroidetes Prevotellaceae 4.121e-02

Proteobacteria Comamonadaceae 5.099e-03

Proteobacteria Pseudomonadaceae 5.099e-03

Firmicutes Clostridiaceae 1 8.533e-03

Proteobacteria Moraxellaceae 1.612e-04

Firmicutes Ruminococcaceae 2.648e-04

Actinobacteria Coriobacteriaceae 2.998e-04

Bacteroidetes Sphingobacteriaceae 2.701e-05

Firmicutes Lachnospiraceae 1.877e-06

Firmicutes Planococcaceae 2.542e-06

Proteobacteria Xanthomonadaceae 1.856e-07

Bacteroidetes Flavobacteriaceae 2.427e-09

30



TA
B

LE
2.

3

P
R

E
D

IC
TE

D
M

E
TA

C
Y

C
PA

TH
W

AY
S

W
IT

H
A

N
E

FF
E

C
T

S
IZ

E
O

F
>

1.
0

A
S

E
S

TI
M

AT
E

D
B

Y
A

LD
E

X
2

–
C

O
M

PA
R

IS
O

N
FO

R
O

R
A

L
O

R
G

U
T

S
A

M
P

LE
S

.

P
at

hw
ay

D
es

cr
ip

tio
n

A
ss

oc
ia

te
d

B
od

y
S

ite
E

ff
ec

t
O

ve
rl

ap

P
34

1-
P

W
Y

G
ly

co
ly

si
s

-P
yr

oc
oc

cu
s

G
ut

1.
00

94
0.

08
08

C
O

D
H

-P
W

Y
R

ed
uc

tiv
e

A
ce

ty
l

C
oe

nz
ym

e
A

P
at

hw
ay

I(
H

om
oa

ce
to

ge
ni

c
B

ac
-

te
ria

)

G
ut

1.
02

71
0.

11
85

P
W

Y-
73

73
S

up
er

pa
th

w
ay

O
f

D
em

et
hy

lm
en

aq
ui

no
l-6

B
io

sy
n-

th
es

is
II,

G
ut

1.
10

26
0.

08
22

P
W

Y-
61

43
C

M
P

-P
se

ud
am

in
at

e
B

io
sy

nt
he

si
s

G
ut

1.
11

36
0.

07
81

P
W

Y-
70

31
P

ro
te

in
N

-G
ly

co
sy

la
tio

n
(B

ac
te

-
ria

l)
G

ut
1.

27
83

0.
05

03

P
W

Y-
76

16
M

et
ha

no
l

O
xi

da
tio

n
To

C
ar

bo
n

D
io

xi
de

G
ut

1.
47

64
0.

06
08

31



TA
B

LE
2.

3
(C

O
N

TI
N

U
E

D
)

P
at

hw
ay

D
es

cr
ip

tio
n

A
ss

oc
ia

te
d

B
od

y
S

ite
E

ff
ec

t
O

ve
rl

ap

P
W

Y-
63

97
M

yc
ol

yl
-A

ra
bi

no
ga

la
ct

an
-

Pe
pt

id
og

ly
ca

n
C

om
pl

ex
B

io
sy

n-
th

es
is

G
ut

1.
71

27
0.

00
85

D
E

N
IT

R
IF

IC
AT

IO
N

-
P

W
Y

N
itr

at
e

R
ed

uc
tio

n
I

(D
en

itr
ifi

ca
-

tio
n)

O
ra

l
1.

01
12

0.
14

97

P
W

Y-
55

07
A

de
no

sy
lc

ob
al

am
in

B
io

sy
nt

he
si

s
I(

A
na

er
ob

ic
)

O
ra

l
1.

10
98

0.
11

07

P
W

Y-
92

2
M

ev
al

on
at

e
P

at
hw

ay
I

(E
uk

ar
y-

ot
es

A
nd

B
ac

te
ria

)
O

ra
l

1.
14

00
0.

12
47

P
W

Y-
59

10
S

up
er

pa
th

w
ay

O
f

G
er

an
yl

ge
r-

an
yl

di
ph

os
ph

at
e

B
io

sy
nt

he
si

s
I

(V
ia

M
ev

al
on

at
e)

O
ra

l
1.

14
28

0.
11

82

P
W

Y-
73

77
C

ob
(II

)Y
rin

at
e

A
,C

-D
ia

m
id

e
B

io
sy

nt
he

si
s

I
(E

ar
ly

C
ob

al
t

In
se

rt
io

n)

O
ra

l
1.

15
38

0.
12

30

P
W

Y-
73

76
C

ob
(II

)Y
rin

at
e

A
,C

-D
ia

m
id

e
B

io
sy

nt
he

si
s

II
(L

at
e

C
ob

al
t

In
co

rp
or

at
io

n)

O
ra

l
1.

26
31

0.
08

49

32



TA
B

LE
2.

3
(C

O
N

TI
N

U
E

D
)

P
at

hw
ay

D
es

cr
ip

tio
n

A
ss

oc
ia

te
d

B
od

y
S

ite
E

ff
ec

t
O

ve
rl

ap

P
W

Y
49

0-
3

N
itr

at
e

R
ed

uc
tio

n
V

I
(A

ss
im

ila
-

to
ry

)
O

ra
l

1.
45

50
0.

07
64

P
W

Y-
50

88
L-

G
lu

ta
m

at
e

D
eg

ra
da

tio
n

V
III

(T
o

P
ro

pa
no

at
e)

O
ra

l
1.

49
52

0.
05

91

P
W

Y-
56

77
S

uc
ci

na
te

Fe
rm

en
ta

tio
n

To
B

u-
ta

no
at

e
O

ra
l

1.
61

84
0.

04
11

P
38

1-
P

W
Y

A
de

no
sy

lc
ob

al
am

in
B

io
sy

nt
he

si
s

II
(A

er
ob

ic
)

O
ra

l
1.

86
04

0.
02

85

P
W

Y-
50

05
B

io
tin

B
io

sy
nt

he
si

s
II

O
ra

l
2.

14
18

0.
02

21

P
16

2-
P

W
Y

L-
G

lu
ta

m
at

e
D

eg
ra

da
tio

n
V

(V
ia

H
yd

ro
xy

gl
ut

ar
at

e)
O

ra
l

2.
16

54
0.

00
61

P
16

3-
P

W
Y

L-
Ly

si
ne

Fe
rm

en
ta

tio
n

To
A

ce
ta

te
A

nd
B

ut
an

oa
te

O
ra

l
2.

16
54

0.
00

71

P
W

Y-
70

13
(S

)-
P

ro
pa

ne
-1

,2
-D

io
l

D
eg

ra
da

-
tio

n
O

ra
l

2.
27

30
0.

02
11

P
W

Y-
51

77
G

lu
ta

ry
l-C

oa
D

eg
ra

da
tio

n
O

ra
l

2.
41

11
0.

01
73

P
W

Y
1G

-0
M

yc
ot

hi
ol

B
io

sy
nt

he
si

s
O

ra
l

2.
43

16
0.

00
54

33



TA
B

LE
2.

3
(C

O
N

TI
N

U
E

D
)

P
at

hw
ay

D
es

cr
ip

tio
n

A
ss

oc
ia

te
d

B
od

y
S

ite
E

ff
ec

t
O

ve
rl

ap

P
W

Y-
63

83
M

on
o-

Tr
an

s,
Po

ly
-C

is
D

ec
ap

re
ny

l
P

ho
sp

ha
te

B
io

sy
nt

he
si

s
O

ra
l

2.
46

82
0.

00
48

34



TA
B

LE
2.

4

P
R

E
D

IC
TE

D
M

E
TA

C
Y

C
PA

TH
W

AY
S

W
IT

H
A

N
E

FF
E

C
T

S
IZ

E
O

F
>

1.
0

A
S

E
S

TI
M

AT
E

D
B

Y
A

LD
E

X
2

–
C

O
M

PA
R

IS
O

N
FO

R
FI

R
M

IC
U

TE
S

-O
R

B
A

C
TE

R
O

ID
E

TE
S

-R
IC

H
G

U
T

S
A

M
P

LE
S

.

P
at

hw
ay

D
es

cr
ip

tio
n

Fi
rm

ic
ut

es
-

/B
ac

te
ro

id
et

es
-

ri
ch

E
ff

ec
t

O
ve

rl
ap

FU
C

-R
H

A
M

C
AT

-
P

W
Y

su
pe

rp
at

hw
ay

of
fu

co
se

an
d

rh
am

no
se

de
gr

ad
at

io
n

B
ac

te
ro

id
et

es
1.

00
38

89
61

0.
12

93
20

04

P
W

Y-
70

03
gl

yc
er

ol
de

gr
ad

at
io

n
to

bu
ta

no
l

B
ac

te
ro

id
et

es
1.

04
52

08
8

0.
12

37
45

91

P
W

Y-
73

77
co

b(
II)

yr
in

at
e

a,
c-

di
am

id
e

bi
os

yn
-

th
es

is
I(

ea
rly

co
ba

lt
in

se
rt

io
n)

B
ac

te
ro

id
et

es
1.

27
26

06
23

0.
07

69
23

23

FU
C

C
AT

-P
W

Y
L-

fu
co

se
de

gr
ad

at
io

n
B

ac
te

ro
id

et
es

1.
33

12
28

69
0.

06
36

16
26

P
W

Y-
65

88
py

ru
va

te
fe

rm
en

ta
tio

n
to

ac
et

on
e

B
ac

te
ro

id
et

es
1.

59
19

35
77

0.
06

25
00

19

M
E

TH
-

A
C

E
TA

TE
-P

W
Y

m
et

ha
no

ge
ne

si
s

fro
m

ac
et

at
e

Fi
rm

ic
ut

es
1.

00
99

67
58

0.
10

03
34

56

P
W

Y-
50

88
L-

gl
ut

am
at

e
de

gr
ad

at
io

n
V

III
(to

pr
op

an
oa

te
)

Fi
rm

ic
ut

es
1.

05
70

05
91

0.
14

28
57

22

35



TA
B

LE
2.

4
(C

O
N

TI
N

U
E

D
)

P
W

Y-
64

78
G

D
P

-D
-g

ly
ce

ro
-α

-D
-m

an
no

-
he

pt
os

e
bi

os
yn

th
es

is
Fi

rm
ic

ut
es

1.
17

30
38

32
0.

10
36

79
04

P
W

Y-
72

10
py

rim
id

in
e

de
ox

yr
ib

on
uc

le
ot

id
es

bi
os

yn
th

es
is

fro
m

C
TP

Fi
rm

ic
ut

es
1.

22
28

83
85

0.
07

58
08

41

P
W

Y-
71

98
py

rim
id

in
e

de
ox

yr
ib

on
uc

le
ot

id
es

de
no

vo
bi

os
yn

th
es

is
IV

Fi
rm

ic
ut

es
1.

25
04

32
6

0.
06

02
00

87

36



2.5 Discussion

Our analysis details the oral and gut microbiomes of long-tailed macaques in

Singapore through community structure, variance, and taxonomic differences. We

find higher oral richness and evenness, but less similarity and dispersion across

our sampling sites. In contrast, gut microbiomes are more varied across our sites,

have slightly fewer defining taxa, and have fewer identified predictions that might

relay functions of these taxa. The phyla Proteobacteria, Firmicutes, Bacteroidetes,

and Actinobacteria are highly represented in out samples, and the F/B ratio is only

positive in oral samples, but divided in gut samples. Finally, we identify differences

between predicted functions in F/B environment, collectively providing more insight

into the utility of using phyla-level interactions to study the microbiome.

The higher oral richness observed in our samples may reflect the oral cavity’s

physiological properties and the constant influx of environmental microbes through

foraging, social, and grooming behavior. The microhabitats of the oral cavity con-

tribute to the composition of the bacterial community, providing colonization sites

and areas where plaques and biofilms form, and may add to the increase in di-

versity within this environment. These oral cavity properties are unlikely to differ

significantly between groups and potentially contribute to the high evenness and

similarity in microbial composition reflected across the geographical space in our

sampling sites (Dewhirst et al., 2010; Fellows Yates et al., 2021; Han et al., 2016).

In addition, the high diversity of the oral cavity in this study could reflect the widely

varying diet of free-ranging long-tailed macaques sampled in Singapore, which

frequently includes anthropogenic-sourced food (Fuentes et al., 2008). This re-

sult adds to recent evidence of high diversity of oral microbiomes in free-ranging

macaques (Sawaswong et al., 2021), and recent reports that the oral microbiome

has distinct properties across primates (Asangba et al., 2022). Our results may

be compared with those presented in rhesus macaques, for example, oral micro-
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biomes of Janaik et al. and Chen et al. were less rich than anal microbiomes, but

the distinctive grouping of oral microbiomes is similar (Chen et al., 2018; Janiak

et al., 2021). While we note differences in study design, sampling technique, and

diversity measures in these studies, the collective evidence of a distinctive oral

microbiome is well supported by our study.

Evenness and similarity of oral communities across sampling sites is another

possible reflection of the environmental influence on the bacteria in the oral cavity,

or rather, the lack of host influence. The constant influx of taxa when consuming

food or water, combined with a relatively homogeneous landscape would facilitate

an oral bacteria community populated from the external environment, as opposed

to the gastrointestinal tract, in which established strains are adapted to a host and

able to prevent the colonization and proliferation of incoming bacteria (Ochman

et al., 2010). In addition, the microbes that can proliferate and colonize further

down the digestive tract have been initially subjected to the harsh conditions of

the stomach and are more likely to be specialized and stay with hosts, even as

they migrate across long distances, an effect that can be detected more strongly

than phylogeny (Poole et al., 2019). These influences could be further elucidated

by comparing or expanding this study to a similar design that both investigates

strains of host-associated microbes and incorporates variation in geographic and

genetic structure in a single species of free-ranging primates.

More taxa defined the oral environment when compared to the gut, and more

diversity overall was measured in this body site. Linear discriminant analysis iden-

tified defining oral taxa in nine phyla. Actinobacteria and Firmicutes, two highly

abundant phyla in our saliva samples, have been recorded to dominate supragingi-

val plaque in humans (Keijser et al., 2008); these phyla, along with Proteobacteria,

also commonly dominate the oral cavity in humans (Dewhirst et al., 2010).

Gut microbial composition was defined by families within six phyla (Firmicutes,
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Actinobacteria, Bacteroidetes, Proteobacteria, Cyanobacteria, and Tenericutes),

with the highest number of defining families belonged to the phylum Firmicutes.

Gut microbiome communities were less rich when compared to the oral environ-

ment, reflecting a possible bottleneck effect along the gastrointestinal tract and

the inability of many abundant oral bacteria to form colonies in the gut environ-

ment (e.g., due to the presence of gastric enzymes and decreased pH). As our

sampling strategy did not capture saliva and fecal samples from the same individ-

ual, these data are insufficient to thoroughly examine this possibility. Similarity of

gut communities between individuals and sampling locations was lower than the

saliva samples, which could be reflective of greater host influence in the gut when

compared to the oral cavity. Although there is evidence that shared digestive phys-

iology between primate species has a greater influence on microbial composition

than dietary niche differences (Han et al., 2016), gut microbial communities of an-

imals with very specialized diets are observed to cluster together over phylogeny

or physiology (Trosvik et al., 2018). Another source of variation, particularly in the

gut microbiome, is the diet, which can fluctuate within a group due to rank and

resource availability (Fuentes et al., 2011). An examination of microbiome differ-

ences on the scale of a single species across a single island would allow more

subtle influences of environmental variation, such as access to and competition

for diet items, to emerge.

The F/B ratio is useful to examine in more detail the relationships between

phyla in and between the oral and gut bacterial communities. Using the F/B ratio

as a testing framework clarifies differences of phyla in our results by highlighting

changes of family abundances underlying shifts in bacterial communities. Relative

abundances of families within the Firmicutes and Proteobacteria phyla changed

more than families in other phyla when looking at shifts between a Firmicutes-

or Bacteroidetes-rich gut community. Out of thirteen families that changed abun-
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dance between these compositions, the family Prevotellaceae, belonging to the

phylum Bacteroidetes, increased significantly when the overall F/B ratio shifted

away from Bacteroidetes abundance. This may indicate that changes in this ratio

are more due to the fluctuations of families in Firmicutes than Bacteroidetes. The

difference in ratios between the oral and gut environments may be related to the

functions for which a particular bacterial community is optimized. For example, the

Bacteroidetes phylum contains taxa that can protect the host against colonization

of pathogens, which may be especially important in free-ranging mammals (Buffie

and Pamer, 2013). Conversely, Firmicutes contains taxa that contribute to en-

ergy harvest in human guts and likely have an advantage in the oral environment,

where some carbohydrate digestion takes place and can be associated to the taxa

present (Flint et al., 2007; Poole et al., 2019). In this study, four of the families

with higher abundances associated with a Firmicutes-rich gut environment (Pre-

votellaceae, Ruminococcaceae, Lachnospiraceae, and Clostridaceae 1) are pro-

ducers of short chain fatty acids, which are important in host energy metabolism

and homeostasis (Xu et al., 2020). In an analysis of predicted functional path-

ways to compare samples with contrasting F/B ratios, we found an equal number

of pathways predicted in both Firmicutes- and Bacteroidetes-rich samples. In both

of these types of samples, we detected degradation and biosynthesis pathways

with high effect sizes and metabolism products indicative of energy production

(Oliphant and Allen-Vercoe, 2019).

A predicted function analysis revealed more pathways with a significant effect

size in the oral microbiome, which is consistent with our expectations, given the

higher taxonomic richness seen in these samples. The greater number of path-

ways and patterns of diversity we find associated with the oral cavity, in which free-

living microbial communities are more likely to be observed than in the gut, reflects

the higher richness and diversity seen in these communities worldwide (Thompson
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et al., 2017). Expanding this study to capture the metabolic profile of prokaryotes

distinguishing host body sites, would grant deeper insight into how the compo-

sition of bacterial communities are maintained and their role in the host-microbe

relationship (Lloyd-Price et al., 2017). Additionally, while ASVs, phylum-level, and

family-level dynamics are powerful tools useful for categorizing communities, par-

ticularly across multiple populations, capturing genomic variation would greatly

enhance sensitivity in detecting the genetic pathways and mechanisms driving the

dynamics of host-microbiome relationships captured in this work. Eukaryotic mi-

crobes that co-occur in the gut were not included in this study, but are probable

additional factors that can greatly influence the variation seen in the fecal sam-

ples (Leung et al., 2018; Wilcox and Hollocher, 2018). In particular, protozoans,

such as Blastocystis, which feed on prokaryotes, and helminths, which have im-

munomodulatory effects on hosts, likely have a profound impact on the prokaryotic

gut community composition through important bottom-up and top-down processes,

respectively, not as readily associated with oral microbiomes (Deng et al., 2021;

Wilcox et al., 2014).

Our sampling sites on the island of Singapore are similar with respect to anthro-

pogenic influence, vegetation, and proximity to water sources; yet despite these

shared environmental characteristics, we found significant inter-site variation in gut

microbiomes (Sha et al., 2009a). Although our analysis did not examine the diet

of the macaques, it is possible that small-scale variation between sampling sites

reflected in our analysis can be attributed to different access to diet items and

competition with other animals, including other macaques not part of our study.

These differences were not observed in oral samples, however, which is reflected

by the similarity of these samples across geographical variation in our study. The

similarity exhibited by oral samples may provide insight into the plasticity of this

environment, particularly in comparison with the gut. As shown by our testing
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of composition by environmental variation, the similarity of the oral samples was

strong enough to obfuscate the variation in the gut samples when these samples

were analyzed together. When separated, however, this variation was significant

in the gut, indicating that gut samples more closely resemble those at the same

sampling location rather than those separated by larger geographical distances.

2.6 Conclusions

Our findings highlight multiple structural differences between the oral and gut

microbial communities of a population of free-ranging primates in close proximity

to anthropogenic activity. We find clearly distinct communities of prokaryotic mi-

crobes, and evidence of shifts in phylum-level composition between the oral and

gut environments, exemplified by the shifting F/B ratio between the saliva and fe-

cal samples. The similarity of oral bacterial communities across individuals and

geographic space, in addition to the higher alpha diversity found here, may echo

the essentially unconstrained entry and availability of environmental bacteria. As

the oral cavity acts at the first line of defense to pathogens, a more diverse pool

of bacteria present can be advantageous to the host via colonization resistance.

Dissimilarity between sampling sites seen in the gut could, therefore, be reflective

of a community that is highly specialized to an individual host.
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CHAPTER 3

DIET PRESENTS OPPORTUNITIES TO STUDY THE ROLE OF HUMAN

INTERACTIONS IN SHAPING GUT MICROBIOME IN URBAN ENVIRONMENTS

3.1 Abstract

Dietary and environmental variation well known for their role in structuring the

microbiomes of humans and non-human primates in wild and captive environ-

ments. These effects are not well understood in the edges of urban environ-

ments, and the species who occupy them, despite their demonstrated flexibility

in adaptation. In this study, macaque gut bacterial microbiomes were assayed si-

multaneously with diet across a range of anthropogenic environments. We used

a K-means clustering algorithm based on bacterial Amplicon Sequence Variants

(ASVs) data and found that clusters do not correspond well to broad geographical

structuring. However, bacteria associated with the clusters recovered show char-

acteristics relating to different microenvironments and digestive functions. Chloro-

plast and plant items are correlated in our samples, and are more abundant in

samples from sites where provisioning is forbidden. Conversely, in sites where

provisioning is common, we see higher crop abundance and richness, but do not

observe a linear relationship to chloroplasts, likely due to provisioned foods being

most fruits or tubers, rather than leafy parts of a plant. Bacteria richness is in-

versely related to dietary richness, which may be explained by the food availability

in highly urban sites. We find bacterial taxa correlating to clusters reflecting dietary

information. Our analysis reveals the importance of considering the interactions
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between diet and environmental influences on the gut bacterial communities of

primates in close proximity to humans, which has cascading effects important in

understanding the role of plasticity in the microbiome.

3.2 Background

Gut microbiomes of primates are essential in understanding host adaptability

to environment and are strongly influenced through a multitude of external factors.

Abiotic factors such as soil variation and seasonal fluctuations shape the taxo-

nomic composition and metabolic properties of bacterial communities in primates

(Baniel et al., 2020; Grieneisen et al., 2019). Short-term changes in diet can also

induce rapid changes in taxonomic composition and community structure, while

long-term diet patterns are linked to evolutionary patterns across mammals (David

et al., 2014b; Muegge et al., 2011). Environmental and dietary factors interact as

seen in the impact of human-induced habitat degradation on primate gut micro-

biomes via changes in access to dietary items (Amato et al., 2013; Barelli et al.,

2015). Research focusing on captive primates has helped to elucidate these inter-

actions by analyzing responses to effects controlled environments and diets exert

on gut microbiomes, particularly in the cases of primates with specialized dietary

niches (Clayton et al., 2016; Frankel et al., 2019; Greene et al., 2018). How host

microbiomes adapt to environments in species adapted to edge environments,

however, which can neither be considered captive or truly wild, has not been well

characterized. One such example is the macaque (genus Macaca), a cercopithid

known for its adaptability and plasticity in response to shifting ecological land-

scapes, exemplified by a broad distribution throughout Southeast Asia (Abegg,

2002; Thierry, 2007). In free-ranging macaques, home ranges often cross the

boundaries between more natural, agricultural, and urban habitats, and macaques
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demonstrate their ecological flexibility by utilizing anthropogenic resources, such

as crops and deliberately provisioned human food sources (Gumert, 2011; Ilham

et al., 2018; Wheatley et al., 2002). A recent study by Lee et al. finds macaque

(M. fuscata) gut microbiomes respond across a range of human disturbance types

and habitats (i.e., wild, captive, provisioned, etc.), but point to diet effects to explain

variation within these disturbance types (Lee et al., 2019). We combine this data

with 16S and 18S rRNA data extracted from free-ranging long-tailed macaque (M.

fascicularis) fecal samples collected across a range of environments in Bali and

Singapore. Our aim is to target and identify sources of bacterial variation in these

edge species by testing the similarity of microbiomes throughout this dataset. We

then use diet to explain variation in Singapore and Bali samples. We predict that

microbial variation will reflect the dietary and location-based differences in the

macaque environment, through community composition and differences in spe-

cific taxa which reflect to diet function. Further, we expect to find patterns in diet

which reflect the location of macaques and aim to connect these to the context of

microbiome variation.

3.3 Methods

3.3.1 Sampling and DNA Extraction

We non-invasively collected fresh fecal samples (N=86) from macaques (Macaca

fascicularis) at eight sites in Singapore (N =41) and nine sites in Bali (N=45).

Samples were placed on ice immediately, shipped to Notre Dame, IN, US on dry

ice, and remained frozen at -85°C until DNA extraction [detailed procedure as de-

scribed in previous publications (Klegarth et al., 2017; Lane-deGraaf et al., 2014a).

DNA was extracted from fecal samples using the Qiagen DNA Stool minikit. The

V9 region of the 18S rRNA gene and the V3-V4 region of the 16S rRNA gene were
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amplified and PCR was performed to isolate gene regions as described in Chapter

2 and (Wilcox and Hollocher, 2018). Further details regarding proportions of DNA

and primer used in PCR master mix can be found in Appendix A.2.1. The result-

ing DNA library was sequenced on an Illlumina HiSeq 2500 (Illumina, San Diego,

CA, USA), using a rapid run with paired-end 250bp reads at the University of New

Hampshire Hubbard Center for Genome Studies.

3.3.2 16S and 18S rRNA Read Processing

To incorporate samples from Lee et al., we downloaded 16S rRNA reads hosted

on the NCBI Short Read Archive (BioProject Number: PRJDB8636) (Lee et al.,

2019; Leinonen et al., 2011). Reads from Lee et al. were downloaded in fastq for-

mat, and filtered using the filterAndTrim function in the R package Dada2 v. 1.22.0

(Callahan et al., 2016; R Core Team, 2020). Reads sequenced from sample collec-

tion in Bali and Singapore were filtered separately using the same function. After

filtering, reads were combined and used as input for the dada2 function to create

Amplicon Sequence Variants (ASVs), create a count table, and assign taxonomy

to ASVs (Benjamin Callahan, 2017; Callahan et al., 2016; Maidak et al., 1997).

The packages Phyloseq v 1.38.0 and Microbiome v 1.16.0 were used to filter ASV

data to the kingdom Bacteria and to format for downstream analyses (Lahti and

Shetty, 2012; McMurdie and Holmes, 2013). Reads assigned to taxonomy order

chloroplast were summed and used to as a potential estimate for plant ingestion

and fiber intake in downstream analyses (Ochman et al., 2010). Reads from 18S

rRNA amplicons were received in fastq format, and followed a pipeline including

filtering, denoising, and operational taxonomic unit (OTU) construction using the

Usearch v 8.1 and Vsearch v 2.18 software tools (Edgar, 2010; Rognes et al.,

2016). SILVA v128 was used as a reference database for taxonomic assignment

(Quast et al., 2012). Diet was filtered from 18S rRNA OTUs using the taxonomic
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framework combined with known macaque diet information. Specifically, taxa in

the clade Embryophyta and the phyla Mollusca and Arthropoda were isolated and

merged at the genus level. This decision was made after reviewing diet informa-

tion of macaques in (Gumert, 2011; Sha and Hanya, 2013; Yeager, 1996). Dietary

genera were then filtered using an intelligent cutoff of 6, following (Cirtwill and

Hambäck, 2020). Embryophyte items were subsequently categorized as crop or

non-crop items. A complete list of crop items can be found in Appendix A.9.

3.3.3 Statistical Analysis

The 16S rRNA ASV table was filtered (codaSeq.filter function from CoDaSeq

(Gloor and Reid, 2016; Gloor et al., 2016b) and transformed using the Hellinger

transformation functionality in the decostand function from the vegan package (v

2.6.2) (Oksanen et al., 2022). The transformed ASV table was then clustered us-

ing a K-means algorithm (K-means function in R stats package), setting K = 3 to

view recovery of samples by location (i.e., Singapore, Bali, and Japan). To validate

clusters, we used Fossil to calculate the Adjusted Rand Index, which ranges from

0 to 1, where 1 indicates perfect agreement between clusters and input sample

data (Steinley, 2004; Vavrek, 2011). The function envfit from the vegan (v 2.6)

package was used to identify bacterial genera correlated with clusters, which were

then plotted as vectors to overlay clusters. Bacteria were categorized as ‘moder-

ate’ when correlations were greater than 0.5 and as ‘strong’ when greater than 0.7.

We then compared samples by cluster to identify differences between them more

thoroughly. To see how bacterial diversity associated with clusters, we calculated

ASV richness using the vegan package and compared samples using Welch’s T-

test in R. We then compared chloroplast read counts (Welch’s T-test) to estimate

plant consumption between clusters. At this point, we removed samples from Lee

et al., as downstream analyses focused on plant reads derived from 18S rRNA
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reads. Monkeys in our sampling design are provisioned with roots, legumes, and

fruits of crops (e.g., potatoes, bananas, peanuts), which we did not expect to be

represented by chloroplasts in barcoding (Fuentes et al., 2011; Leca et al., 2008).

Therefore, we sought to find whether relationships exist in our data linking chloro-

plast to crop and/or non-crop items, and we used linear models (stats package, R)

to test the strength of these relationships. Finally, we compared the abundance

and richness of crop and non-crop plants between clusters.

3.4 Results

Readcounts of samples from 16S rRNA in our dataset totaled 11,000,795.

Combined with Lee et al.’s data, our 16S rRNA dataset analyzed 20,710,247

reads. We recovered 13,953 ASVs from our pipeline. Our 18S rRNA reads to-

taled 219,422,829 representing 53,217 taxa. Out of these, 1,020 were counted

as diet items (Bali = 745, Singapore 783), 62 plants were counted as crop plants

(Bali = 58, Singapore = 61). K-means clustering found that the recovery of islands

in clusters was poor (Figure 3.1, Rand index 0.37), indicating that location is less

important than other factors in structuring our dataset (Table 3.1). Clusters 2 and

3 group together, showing these two clusters are more similar to each other than

Cluster 1.

Genera correlating to clusters are listed in Table 3.2. Prevotella correlated

highly with Cluster 3 (Green). Cluster 1 has lower ASV richness than either Cluster

2 (t = 4.662 df = 54.415 p = 2.07 x 10-05) or Cluster 3 (t = -4.3242 df = 48.057 p =

7.681 x 10-05). ASV richness between Clusters 2 and 3 does not differ significantly.

Chloroplast reads differed significantly between clusters. Cluster 1 contains

more chloroplast reads than either Cluster 2 (t = -2.786, df = 70.03, p = 0.007)

or 3 (t = -3.6828, df = 50.729, p ¡ 0.001). Crop plants do not correlate to chloro-
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Figure 3.1. K-Means Clustering of Combined Samples

TABLE 3.1

SAMPLE BREAKDOWN BY CLUSTER

Sampling Location
Cluster 1

N (%)

Cluster 2

N (%)

Cluster 3

N (%)

Bali 8 (17.78%) 29 (64.44%) 8 (17.78%)

Japan - 11 (16.92%) 54 (83.08%)

Singapore 27 (65.85%) 6 (14.63%) 8 (19.51%)

Note: Samples are colored by cluster (Cluster 1 = Red, Cluster 2 = Brown, Cluster 3 = Green).
Shapes represent islands, and samples are marked with site abbreviations. Rand Index recovery of
samples by island/location is 0.37, which is classified as poor, indicating location is a poor predictor
in defining cluster boundaries in our dataset. Arrows represent bacteria genera correlating with
clusters (orange arrows > 0.5 correlation, red arrow > 0.7 correlation).
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TABLE 3.2

HIGHLY CORRELATING BACTERIAL GENERA WITH CLUSTERS

Cluster 1 (Red) Cluster 2 (Brown) Cluster 3 (Green)

Acinetobacter Treponema Prevotella

Escherichia.Shigella Oscillobacter Alloprevotella

Clostridium IV Sutterella

Intestimonas Faecalibacterium

Sporobacter Roseburia

Phascolarctobacterium

Note: All taxa listed have a correlation value >0.5. Bolded genera have a correlation >0.7.
The genus Escherichia.Shigella combines two genera due to sequence overlap in taxonomy as-
signment.

plast reads (beta = -2.48e-05, R2 = -0.012, p = 0.979), while non-crop plants have

a positive linear relationship with chloroplast abundance (beta = 3.51e-03, R2 =

0.156, p ¡ 0.001) (Figure 3.2).

Diets of samples in Cluster 1 contain fewer crop plants than Cluster 2 (t = -

2.631 df = 20.124 p = 0.016) and more non-crop plants than either Cluster 2 or 3

(1 and 2: t = -5.105 df = 66.85 p = 2.95 x 10-6, 1 and 3: t = 2.495 df = 23.517 p

= 0.020; Figure 3.3). In comparing 16S rRNA to 18S rRNA counts, diet genera

richness decreases as ASV richness increases (beta = -0.11169, R2 = 0.190, p

= 1.67 x 10-5). This relationship is also seen in crop plants (beta = -0.629, R2 =

0.109, p = 0.001; Figure 3.4). Cluster 1 has a higher diet richness than either

Cluster 2 (t = -2.989, df = 67.498, p = 0.004) or Cluster 3 (t = -2.830, df = 39.392,

p = 0.007; Figure 3.5). Crop genera richness displays a similar pattern: Cluster 1

has higher crop richness than Cluster 2 (t = -2.093, df = 67.56, p = 0.040) or 3 (t =

2.144, df = 32.784, p = 0.040).
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Figure 3.2. Linear Relationship Between Chloroplasts and Non-Crop
Plant Reads. Relationship is positive and significant (beta = 3.51e-03, R2

= 0.156, p < 0.001). Chloroplast counts obtained from 16S rRNA reads
and non-crop counts are calculated from 18S rRNA reads
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Figure 3.3. Crop and Non-Crop Plant Reads Between Clusters. Samples
in Cluster 1 (red) have fewer relative crop plants than samples in Cluster
3 (green; t = -2.6305, df = 20.124, p = 0.016). Miscellaneous plants make
up more of the diet in samples from Cluster 1 than samples in Clusters 2
and 3 (brown; 1 and 2: t = -5.1049, df = 66.85, p = 2.95 x 10-06; 1 and 3: t

= 2.495, df = 23.517, p = 0.020).
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Figure 3.4. Linear relationships between bacterial ASV richness and crop
richness (left) and dietary genera richness (right) in Singapore and Bali
samples. Crop richness and dietary genera richness both show a linear
relationshop with bacterial richness (crop: R2 = 0.109, p = 0.001, dietary

genera R2 = 0.190, p = 1.67 x 10-05).

53



Figure 3.5. Dietary genera richness (left) and crop genera richness (right)
by bacteria cluster. Only samples in Singapore and Bali are tested and

plotted. Cluster 1 has higher dietary and crop richness than Clusters 2 or
3 (dietary richness: 1-2 p=0.004, 1-3 p = 0.007; crop richness: 1-2 p =

0.04, 1-3 p =0.04).
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3.5 Discussion

Our analysis of uses a clustering algorithm to detect variation in gut micro-

biome data collected from Southeast Asia. We predicted samples would cluster

according to location, however our analyses showed location be a poor predictor of

variation. We then examined bacterial and diet differences between clusters and

show differences in diet measured through chloroplast presence, diet richness and

crop consumption associated with samples in clusters. Together these data relay

differences in diet shaping the microbiome across and throughout populations.

Our initial expectations predicted location would exert a strong effect in the

formation of sample clusters given the importance of location in previous micro-

biome studies in wild primates (Degnan et al., 2012; Eschweiler et al., 2021; Fogel,

2015; Gomez et al., 2015). Comparisons of wild and captive primate microbiomes

strengthen this distinction, but conditions of captivity such as a controlled diet,

leave the role of location confounded (Clayton et al., 2016; Frankel et al., 2019).

Species are also not defined clearly in clusters, suggesting that diet and environ-

mental factors in these samples impact the bacteria present in the gut to a greater

degree than phylogeny, which has previously been observed in Colobine monkeys

in captivity (Hale et al., 2018).

Macaques in Southeast Asia have an extremely broad diet which reflects food

availability in the environment, and provisioning shifts consumption away from wild

fruits and flowers (Fuentes et al., 2011; Sha and Hanya, 2013). Macaques in

Indonesia in highly provisioned sites have high consumption of human-acquired

food and adjust their behavior in response to patterns of provisioning (Brotcorne,

2014; Ilham et al., 2017, 2018; Wheatley, 1999). Crop plants in our samples show

a heavy representation of plants used for provisioning, such as sweet potatoes

(Ipomoea) and corn (Zea). Provisioning practices commonly supply fruits or roots

of plants, which are unlikely to leave traces of chloroplasts detectable by 16S rRNA
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sequencing, and could explain low chloroplast presence in monkeys in Clusters 2

and 3 (Loudon et al., 2006).

Conversely, non-crop plants in the macaque diet are more likely to be con-

sumed as leafy material during foraging, which would explain the both the high

count of chloroplasts in Cluster 1, which has high representation of less-provisioned

sites, and the linear relationship we observe between these plants and chloroplast

reads. Effects of leafy diets on the microbiome have similarly been observed in

wild gorillas (Moeller et al., 2015). The impacts in diet we observe on formation

of ASV clusters lead us to conclude that differences in provisioning and foraging

behavior can be differentiated in macaque gut microbiomes.

We found Cluster 1 had the highest amount of chloroplast reads and the highest

dietary genera richness in comparison to Clusters 2 and 3. This finding combined

with our observation of a relationship between non-crop plants and chloroplasts

suggests that monkeys in Cluster 1 consume more volume and types of foliage

than monkeys in Clusters 2 and 3, which are more likely to be heavily provisioned

(Lane et al., 2011; Lee et al., 2019). Sites in Singapore are considered less-

provisioned due to land management policies in these sites which are implemented

to discourage people from feeding wildlife, though macaques are able to obtain

food directly from people, and through raiding of trash and household properties

(Fuentes et al., 2008; R Core Team, 2020; Sha et al., 2009b).

Literature directly measuring relatedness of dietary richness and bacterial rich-

ness is conflicting, possibly due to a lack of cohesiveness in measuring dietary

richness (Bowyer et al., 2018) and focus on microbial changes in response to

niche or non-specialized diets (Ley et al., 2008). Claesson et al. found dietary

richness associated with bacterial richness in humans, for example, while Ren et

al. found no relationship in wild baboons (Claesson et al., 2012; Ren et al., 2016).

Cluster 1, which has the highest dietary and lowest ASV richness, is primarily com-
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posed of samples from the highly urban environment of Singapore, may be related

to decreases in ASV richness (Ayeni et al., 2018; Das et al., 2018).

Bacteria correlating with clusters provides further insight into the diets of sam-

ples in clusters. Only two genera correlate to Cluster 1, Acinetobacter and Es-

cherichia.Shigella; these are common inhabitants of gastrointestinal tracts of hu-

mans and non-human primates (Clayton et al., 2018). Comparatively, Clusters 2

and 3 have more taxa correlated with them, and these taxa provide further insight

into the diet of these samples. Genera correlating with Cluster 2 have a high asso-

ciation with the production of butyrate and diet fiber breakdown (Treponema, Os-

cillibacter, Clostridium IV, Intestimonas, and Sporobacter ) (Bui et al., 2015; Chen

et al., 2018; Claesson et al., 2012; GRECH-MORA et al., 1996; Ma et al., 2014;

Pryde et al., 2002; Seekatz et al., 2013). Cluster 3 correlates strongly (>0.7) with

the genus Prevotella, which has carbohydrate digesting and fermentation proper-

ties and is a common member of macaque and other primate microbiomes (Chen

et al., 2018; Lee et al., 2019; Ma et al., 2014; McKenna et al., 2008; Ren et al.,

2016; Sawaswong et al., 2021). Connections between bacterial taxa such as Pre-

votella and diet, however, are not well supported (Moeller et al., 2012).

We did not directly test individual environmental variables in our samples due

to a lack of comparative metrics for sampling sites between islands. For instance,

samples in our Bali populations have been measured for proximity to urban areas

and amount of provisioning, but these metrics are not available in Singapore (Lane

et al., 2011). In addition, the land mass of Singapore is very small in comparison

to Bali (685 km2 and 5,780 km2, respectively) and the human density is 8019

people/km2, while the city with the highest population density in Bali is roughly half

of that (Bal). Thus, measurements that attempt to capture variation between sites

such as proximity to urban areas in Singapore are unlikely to withstand confound-

ing effects. Even so, there are some trends we observed in the data that we deem
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worthy of discussion.

Cluster 1 contains samples from Singapore and Balinese samples which are

primarily from the site LM, which contains the most urban area of any sites on Bali

(Lane et al., 2011). This finding resembles other examples of changes seen in

non-human primate microbiomes in close proximity to an anthropogenic environ-

ment due to diet changes and habitat fragmentation or degradation (Amato et al.,

2013; McCord et al., 2014). Cluster 2 contains primarily Bali sites, several of which

are highly-provisioned. Sites U and PU in particular contain large populations of

macaques who are routinely provisioned and a feature of tourism in Bali (Fuentes

et al., 2011). Samples from Singapore which fall into Cluster 2 are from sites bor-

dering the Central Catchment Nature Reserve (MR, US, LP), which is a popular

tourist and recreational destination with visitors who, despite fines imposed by the

National Parks Board, are observed feeding macaques (200, 2008). Half of sam-

ples from a site in Japan visited frequently by tourists (J-SH) are found in Cluster

2 as well. We suggest effects of tourism, which has demonstrable effects on the

wildlife attractions, on microbiomes be centered in aims to source of variation in

primate diets and microbial communities (Cui et al., 2021). Cluster 3 contains

samples from Singapore which are informative from a conservation perspective,

as they come from the only two sites in our study which have direct access to the

little primary forest remaining on Singapore, the Bukit Timah Nature Reserve and

the Yee Soon Swamp Forest (US)(Corlett, 1992; Klegarth, 2015).

3.6 Conclusions

These relationships could be further elucidated by combining this barcoding

approach with direct observations of provisioning in macaques and other urban

animals on a large scale, and a more quantitative understanding of which and how
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properties of urban environments relate to the gut microbiomes of animals in their

vicinity. Our findings collectively highlight variation in the gut bacterial microbiome

driven by differences in diet of macaque hosts. The environmental and anthropo-

logical effects of this variation are difficult to untwine, and holistic approaches are

integral to elucidating the dynamics underlying microbial communities.
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CHAPTER 4

EVIDENCE FOR SELF-MEDICATION IN LONG-TAILED MACAQUES IN

SOUTHEAST ASIA

4.1 Abstract

Primate consumption of plants with medicinal properties has been hypothe-

sized as a strategy to alleviate or combat parasitic infections. Limited observations

of feeding behavior in free-ranging primates have provided support for this hypoth-

esis, yet many questions regarding the extent to which this behavior might occur

remain. In this study, we employ barcoding techniques to evaluate interactions

between parasites and medicinal plants in populations of free-ranging macaques

(Macaca fascicularis) in Southeast Asia. Using these data, we cataloged 663 plant

items in the macaque diet and cataloged their medicinal properties (antibacterial,

antiprotozoal, antifungal, anthelminthic, or general human medicinal use). We find

more than a quarter (286) of plants in the macaque diet have medicinal properties,

and 48 of these have all medicinal properties targeted in our queries. We then

used this database to test hypotheses related to the presence and abundance of

medicinal plants and their potential role in parasitic infections. Widespread as-

sociations between medicinal plants and protozoans were uncovered, driven by

protozoan parasites and particularly the genus Plasmodium. Our findings reveal

the presence and abundance of parasites to be closely related to the consumption

of plants exhibiting the greatest number of medicinal attributes. The presence and

abundance of parasites also show a direct relationship to the diversity of medic-

inal plants consumed. These findings add support to literature surrounding the
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role of self-medication as a potentially adaptive response to parasite presence in

free-ranging primates.

4.2 Background

Deciphering the dynamics underlying primate and parasite interactions is inte-

gral to understanding infectious disease transmission dynamics in a global health

context. Primates have a high capacity to host a range of infectious agents with

low thresholds for host specificity (Pedersen et al., 2005). Due to their abilities

to adapt and wide geographic dispersal, long-tailed macaques have long been

counted as one of the most successful primates in Southeast Asia, although their

status was recently updated to Vulnerable on the IUCN Red List (Hansen et al.,

2021). Commonly found in edge habitats at the interface of forests and human

construction, macaques have a high degree of contact with humans, making them

of interest for transmission of zoonoses notable when considering infectious dis-

ease dynamics (Gumert, 2011; Shano et al., 2021). Long-tailed macaques are

natural hosts to a multitude of helminths and protozoans, including several Plas-

modium species (Lempang et al., 2022; Schurer et al., 2019; Zhang et al., 2016).

Plasmodium presence in wild primates is a cause for spillover concern due to its

extreme importance in humans and risk of transmission (Cox-Singh et al., 2008;

Imwong et al., 2019; Jongwutiwes et al., 2004; Ng et al., 2008; Singh et al., 2004).

Although not all parasite infections present symptoms in a host, stress caused

by malnutrition and external environment factors can be exacerbated by infection.

Primate strategies of self-medication with plants to ameliorate infection-induced

stress have been hypothesized and supported previously (Huffman et al., 1996).

Reports of bitter pith chewing, whole leaf swallowing, and consumption of plants

with medicinal compounds are some of the observed behaviors for self-medication,
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primarily in African primates (Huffman, 1997; Mclennan and Huffman, 2012). Ne-

matode expulsion is associated with whole leaf swallowing in chimpanzees in Tan-

zania, and evidence of rough leaf-swallowing, marked by undigested whole leaves

in feces, has been indirectly observed in gibbons in Thailand (Barelli and Huffman,

2017; Huffman et al., 1996).

Self-medication evidence provides potential avenues for the control of emerg-

ing infectious diseases, and highlight the importance of a biodiversity in plant land-

scapes. This research is primarily based on direct observation of primates ingest-

ing plant material, such as the mastication and digestion of rough-textured leaves

or bitter pith chewing (Huffman, 1997). These methods rely on observing the pri-

mate ingesting a plant, quantifying the volume of the plant eaten, and describing

in detail the manner in which a plant was consumed (e.g., folding and swallowing

leaves whole, or chewing the bark or pith of trees). Drawbacks to relying solely on

observational data include difficulty in monitoring an individual animal’s complete

diet and increased logistical complications in scaling research to the level of pop-

ulations. Observational studies are also costly when considering sampling effort,

and field training requires an extensive knowledge of primate and plant taxonomy

and the need to be highly skilled in systematic primate observational techniques.

The development of barcoding techniques provides a way to bypass the logistical

difficulties and complications associated with behavioral studies and allows for a

rapid, simultaneous assessment of both parasite infection status and diet through

the use of curated databases which harness the information becoming increas-

ingly available as the use of sequencing technology becomes more widespread

(Coissac et al., 2012; Valentini et al., 2016). This methodology provides broader

insight into the variety of plants consumed and can include protozoans difficult to

survey through microscopy alone (Aivelo and Medlar, 2018; Wilcox and Hollocher,

2018).
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Southeast Asia feature landscapes full of rich plant life and biodiversity inter-

mingled with highly urban areas. Long-tailed macaques (Macaca fascicularis) in

Singapore and Bali are a free-ranging edge species and have unbarred access to

tropical forested landscapes and anthropogenic habitat. They also demonstrate

a capacity to host a range of parasites (Lane-deGraaf et al., 2014b; Zhang et al.,

2016), providing an ideal system in which to study the role of medicinal plants in

relation to parasite infection. Here we utilize a barcoding approach to capture the

diversity of parasites and medicinal plants in this region (Wilcox and Hollocher,

2018), and predict that macaque parasitic infections, especially Plasmodium, can

be reflected through consumption of medicinal plants.

4.3 Methods

4.3.1 Sample Collection

In Singapore, macaques are highly managed, partially due to ongoing con-

flicts, and generally contained in the Central Catchment of the island (Riley et al.,

2016; Sha et al., 2009c). In contrast, macaques in Bali, Indonesia, are highly pro-

visioned, a draw of wildlife tourism, and ingrained in the religious landscape of the

human populations (Lane-deGraaf et al., 2014b). To evaluate the presence of eu-

karyotic parasites and medicinal plants, we collected fecal samples (N = 127 from

populations of long-tailed macaques in Bali, Indonesia in the summer of 2007 and

Singapore during the summers of 2012 and 2013 (Table A.10). Fresh fecal sam-

ples were placed on ice immediately, shipped to the US on dry ice, and remained

frozen at -85°C until DNA extraction [detailed collection procedure described in

Lane-deGraaf et al. (2014b) for Bali samples, and Klegarth et al. (2017) for Singa-

pore samples].
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4.3.2 DNA extraction/Sequencing

DNA was extracted from fecal samples using the Qiagen DNA Stool minikit.

PCR of extracted DNA targeted and amplified the V9 region of the 18S rRNA gene

and the V4 region of the 16S rRNA gene. Barcoding for 16S rRNA targeted a 287

bp sequence from genomic DNA using the following primers (Illumina adaptors in

italics): Forward (S-D-Arch-0519-a-S-15, 5’ - TCG TCG GCA GCG TCA GAT GTG

TAT AAG AGA CAG CAG CMG CCG CGG TAA -3’), Reverse (S-D-Bact-0785-b-A-

18, 5’ - GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GTA CNV GGG

TAT CTA ATC C -3’) (Klindworth et al., 2013; Van Bleijswijk et al., 2015). Methods

for amplification of the 18S rRNA gene have been described previously (Wilcox

and Hollocher, 2018). Further details regarding proportions of DNA and primer

used in PCR master mix for library prep can be found in Appendix A.2.1. The

resulting DNA library was sequenced on an Illlumina HiSeq 2500 (Illumina, San

Diego, CA, USA), using a rapid run with paired-end 250bp reads at the University

of New Hampshire Hubbard Center for Genome Studies.

4.3.3 16S and 18S Read Processing

The program Usearch (v 8.0, 264GB) was used as previously described in

Wilcox and Hollocher (2018) to process sequences directly from raw files (fastq

format). Briefly, the sequences were quality filtered, dereplicated, and clustered at

97% to form operational taxonomic units (OTUs). These OTUs were assigned tax-

onomy using the SILVA reference database and a matching threshold of 80% and

the SILVA database (release 132)(Quast et al., 2012; Yilmaz et al., 2014). From

matched reads, a count table was constructed and consolidated to genus. From

this table, we isolated all items which we classify as ‘resident taxa’, i.e. eukaryotic

parasites with high probability of capacity to infect vertebrates (full list referenced
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from Wilcox and Hollocher (2018). We then further isolated taxa to create helminth

and protozoa tables and filtered counts using a cutoff value of 6, following Cirtwill

and Hambäck (2020). Plant items were filtered from the 18S OTU table using the

term “Embryophyte” and were the source data for the construction of a medicinal

plant database.

4.3.4 Medicinal Plant Database Construction

Plants detected in the macaque diet were individually searched and compared

to literature (764 citations, referenced in database available in supplementary Ex-

cel file) for anti-pathogenic activity and general human medicinal use. Queried

plants were labeled as antiprotozoal, anthelmintic, antibacterial, antifungal, and/or

human (plants with documented medicinal uses in humans, but which were not

tested against pathogens directly) according to supporting literature. Based on

these documented properties, plants were categorized with the following groups:

general medicinal, Anti-all, or non-medicinal for statistical analysis. General medic-

inal is the broadest category and includes plants with at least one labeled medic-

inal property. Anti-all is the narrowest category and contains plants that possess

all medicinal properties queried (i.e., these have documented antiprotozoal, an-

thelmintic, antifungal, antibacterial properties, and are used medicinally). Non-

medicinal plants are those with no documented medicinal properties reported in

the literature survey.

4.3.5 Statistical analysis

To investigate broad correlative relationships between medicinal plants and res-

ident taxa, we constructed distance matrices of the following count tables: gen-

eral medicinal plants, Anti-all plants, non-medicinal plants, helminths, protozoans,
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helminths and protozoans combined, Plasmodium read counts, and all plant read

counts using the vegan package in R [v. 4.1.3](R Core Team, 2022; RStudio Team,

2022) (Oksanen et al., 2022). Bray-Curtis distances were used to calculate all ma-

trices except read counts, for which Euclidean distances were more appropriate.

Resulting p-values were adjusted using the Bonferroni correction (p.adjust function

in R stats package). Partial mantel tests were used to first compare the presence

of all parasites to the medicinal, Anti-all, and non-medicinal plant items detected in

the macaques (Pearson correlation, 9999 permutations). We performed separate

tests comparing helminths, protozoans, and the genus Plasmodium .

To determine whether medicinal plant abundance differed in samples with Plas-

modium , and account for uneven samples, Welch’s t-tests were performed (stats

package, R). Linear models (stats package, R) were then constructed to inspect

relationships between Plasmodium abundance and medicinal plants abundance

and richness. To ensure read count was not a confounding variable in linear mod-

els, we tested Plasmodium read counts against all plant read counts. As we were

interested in how parasites and medicinal plants interacted in all samples and on

smaller scales, we analyzed all samples together and separately for Bali and Sin-

gapore for all tests.

4.4 Results

4.4.1 Medicinal plant categorization

After documenting the known medicinal qualities and uses of 663 plants iden-

tified from 18S rRNA reads, we calculated overlap of the medicinal properties. A

majority of medicinal plants detected in the macaque diet across both islands have

multiple medicinal properties (Figure 4.1). General medicinal plants were the most

common type of medicinal plant detected in the macaque diet. The second most
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common type of medicinal plant were Anti-all plants. The ten most abundant plants

in general medicinal, Anti-all, and non-medicinal categories can be found in Table

4.1.

TABLE 4.1

TEN MOST ABUNDANT PLANTS IN EACH CATEGORY USED FOR

ANALYSIS.

General Medicinal Anti-all Non-Medicinal

Octomeles sumatrana Morus alba Cryptocarya meisneriana

Actaea simplex Gossypium arboreum Rheum kialense

Vitis vinifera Eucalyptus grandis Perilla frutescens var.
crispa

Elaeis guineensis Anacardium occidentale Orontium aquaticum

Calophyllum inophyllum Ananas comosus Freycinetia formosana

Solanum lycopersicum Capsicum annuum Eustoma exaltatum subsp.
russellianum

Psidium cattleyanum Sesamum indicum Setaria italica

Carya cathayensis Zea mays Trithrinax campestris

Ongokea gore Cannabis sativa Silene antirrhina

Colchicum autumnale Olea europaea Cyrilla racemiflora

Similar numbers of medicinal plant species were detected in Bali (255) and

Singapore (253) (Table 4.2). A majority of the medicinal plant species were also

common to both islands: 221 general medicinal plant species and 44 Anti-all plant

species were common to samples from both Bali and Singapore. A complete

list of medicinal plants documented and cataloged in our study, along with the

referenced literature, can be found in the supplementary Excel file available with
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Figure 4.1. Intersections of plants in medicinal categories. The medicinal
plant database categorizes plants by their documented medicinal

properties (Anti-helminthic, Anti-protozoan, Anti-fungal, Anti-bacterial,
and human medicinal use). The far-right column contains plant taxa

which have combined medicinal properties, also referred to as “Anti-All”
throughout analyses.
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this dissertation.

TABLE 4.2

UNIQUE PLANT ITEMS IN MEDICINAL CATEGORIES

All Samples

(N = 127)

Singapore

(N = 63)

Bali

(N = 64)

General Medicinal Plants 286 253 255

Anti-all Plants 48 46 46

Non-medicinal Plant Items 377 301 327

Total Plant Diet Items 663 554 582

4.4.2 Protozoan and Helminth Associations with Medicinal Plants

Selected genera abundance and prevalence are presented in Table 4.3, and a

complete list of recovered genera is included in the supplementary excel file avail-

able with this dissertation. We recovered 25 total helminth genera in all samples

(Bali = 18, Singapore = 19), and 224 protozoan genera (Bali = 198, Singapore =

157).
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TABLE 4.3

SELECTED HELMINTH AND PROTOZOAN GENERA RECOVERED IN

18S RRNA DATA SORTED BY ABUNDANCE

Abundance

(N reads post-filtering)
Prevalence

Helminths

Haemonchus 1,559,359 56%

Strongyloides 851,455 49%

Trichinella 12,796 84%

Protozoans

Blastocystis 29,426,416 71%

Plasmodium 14,627,860 80%

Entamoeba 6,540,856 27%

Neobalantidium 1,280,041 10%

NOTE: A complete list of genera can be accessed in supplementary excel file.

Partial Mantel tests revealed significant relationships between parasite abun-

dance distances and medicinal plant abundance distances (Table 4.4). When ex-

amining helminths and protozoans together, there were significant relationships in

both islands combined (r = 0.111, p = 0.011); when separating the two islands,

there was only a significant relationship in Bali (r = 0.152, p = 0.018). When ex-

amining helminths and medicinal plants separately, we did not find a relationship.

However, when examining protozoans and medicinal plants, the relationships in

all samples (r = 0.123, p = 0.004) and Bali individually (r = 0.1503, p = 0.001) re-

mained. In Bali, there was also a significant relationship between protozoans and

Anti-all plants (r = 0.150, p = 0.032). Relationships between Plasmodium abun-
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dance and general medicinal plant abundance were significant for both islands (r

= 0.286, p = 0.004), Singapore (r = 0.251, p = 0.004), and Bali (r = 0.156, p =

0.007). Significant relationships were observed when looking more specifically at

Plasmodium and Anti-all plant among both islands (r = 0.302, p = 0.004), in Sin-

gapore (r = 0.241, p = 0.004), and in Bali (r = 0.261, p = 0.004). Non-medicinal

plants were not associated with any parasites in our samples.
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Plasmodium presence was associated with general medicinal plant abundance

in Singapore (Welch’s t = -4.200, p = 4.05 x 10-4), Bali (Welch’s t = -3.449, p = 1.03

x 10-3), and all samples combined (Welch’s t = -4.65, p = 1.101 x 10-5; Figure 4.2A-

C). Linear models were not significant between general medicinal plant abundance

and Plasmodium abundance in any of of our samples (Figure 4.2D-F).

We found higher abundance of Anti-all plants when Plasmodium was present

throughout our samples (all samples: Welch’s t = - 5.709, p = 8.64 x 10-8; Singa-

pore: Welch’s t = -5.273, p = 2.02 x 10-6; Welch’s t = -2.955, p = 4.63 x 10-3; Figure

4.3A-C). Linear modeling of Anti-all plant abundance and Plasmodium abundance

revealed a highly-significant model for both islands combined (R2 = 0.304, p = 1.78

x 10-11; Figure 4.3D), which further underscores the positive relationship detected

by the Mantel test. This significant relationship held when examining only Singa-

pore samples (R2 = 0.3046, p = 2.75 x 10-6; Figure 4.3E), but was not observed in

Bali samples (Figure 4.3F).

General medicinal plant richness was higher in Plasmodium positive samples

across our samples (Welch’s t = -6.750, p = 3.63 x 10-8), and when samples were

separated by island (Bali: Welch’s t = -2.846, p = 0.01, Singapore: Welch’s t = -

3.914, p = 9.71 x 10-3; Figure 4.4A-C). Plasmodium abundance and general medic-

inal plant richness have a positive relationship in combined samples and Bali, but

not in Singapore (all samples: R2 = 0.100, p = 3.46 x 10-4; Bali: R2=0.146, p =

0.002; Figure 4.4D-F).

This difference was strengthened when we tested Anti-all plant richness across

samples (t = -9.527, p = 5.54 x 10-14), and in islands separately (Singapore: t =

-5.429, p = 0.001, Bali: t = -4.750, p = 4.219 x 10-5) (Figure 4.5A-C).

We again saw relationship strengthen when we narrowed our analyses to Anti-

all plant richness (all samples: R2 = 0.115, p = 9.369 x 10-5; Singapore: R2 =

0.010, p = 0.01179; Bali: R2 = 0.010 p = 0.013; Figure 4.5D-F). Plasmodium read
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Figure 4.2. General medicinal plant abundance in Plasmodium-positive
and Plasmodium-negative samples. (A-C) Medicinal plants were more

abundant when Plasmodium was present (Welch’s t = -4.654, p = 1.101 x
10-5), Singapore (Welch’s t = -4.190, p = 4.055 x 10-4), and Bali (Welch’s t
= -3.449, p = 1.028 x 10-3). (D-F) General medicinal plant abundance is

not associated with Plasmodium abundance.
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Figure 4.3. Anti-all plant abundance in Plasmodium-positive and
Plasmodium-negative samples. (A-C) Anti-all plants are more abundant
in Plasmodium-positive across samples (combined samples: Welch’s t =
- 5.709, p = 8.64 x 10-6; Singapore: Welch’s t = -5.274, p = 2.02 x 10-6;

Bali: Welch’s t = -2.955, p = 4.63 x 10-3). (D-F) Anti-all plants are
positively associated with Plasmodium abundance in all samples and

Singapore (combined samples: R2 = 0.304, p = 1.78 x 10-11; Singapore:
R2 = 0.305, p = 2.75 x 10-6, but not Bali.
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Figure 4.4. General Medicinal plant richness in Plasmodium-positive and
Plasmodium-negative samples. (A-C) Medicinal plant richness is higher

in Plasmodium-positive samples (all samples: Welch’s t = -6.750, p =
3.63 x 10-6; Singapore: Welch’s t = -3.914, p = 9.71 x 10-3; Bali: Welch’s t
= -2.846, p = 0.010). (D-F) Plasmodium abundance is positively related

to medicinal plant richness in combined samples and Bali, but not
Singapore (all samples: R2 = 0.09774, p = 3.455 x 10-4; Bali: R2 = 0.146,

p = 0.002).
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Figure 4.5. Anti-all plant observed richness in Plasmodium-positive and
Plasmodium-negative samples. (A-C) Anti-all plant richness is higher in

Plasmodium-positive samples across data (all samples: Welch’s t =
-9.527, p = 5.54 x 10-14; Singapore: Welch’s t = -5.429, p = 0.001; Bali:
Welch’s t = -4.750, p = 4.22 x 10-5). (D-F) Plasmodium abundance is
positively related to Anti-all plant richness across samples (combined

samples: R2 = 0.115, p = 9.37 x 10-5; Singapore: R2 = 0.100, p = 0.01;
Bali R2 = 0.098, p = 0.01).
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counts were not significantly related to plant read counts.

4.5 Discussion

We designed and constructed a medicinal plant database to investigate our

questions centered on the consumption of plants by primates, and share here with

the goal of facilitating some of the many challenges encountered when research-

ing wild primate populations. To our knowledge, a resource like this does not

exist. In our focus on medicinal plants, we aggregate a rich body of work docu-

mented in over 750 publications describing and testing properties of plants. This

resource is designed to be able search and filter plants quickly based on medicinal

properties and apply this knowledge to address a variety of biological questions.

Our database is based entirely from the diet of long-tailed macaques in Singapore

and Bali, Indonesia, and may be less inclusive of plants beyond the geographi-

cal boundaries of our study area, although we note we placed no restrictions on

whether a plant was native to the area. Close to half of the plants we cataloged

are medicinal plants and have widely overlapping presence on both islands in our

study, making them generally accessible to the macaques we sampled.

Employing this plant database to look at self-medication in long-tailed macaques,

we find positive correlations between medicinal plant consumption and parasitic

infections. Medicinal plant consumption in macaques on both islands is consis-

tently higher when Plasmodium is present, and this relationship is even more pro-

nounced when we focus on Anti-all plants, suggesting that plants with more medic-

inal properties underlie our findings. Abundance of medicinal plants is a predictor

of Plasmodium, a connection rooted in our Singapore samples, whereas richness

of medicinal plants is driven by Bali samples. Collectively, our results relay new in-

sights into self-medicating behaviors in primates made possible by employing bar-
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coding techniques previously underutilized in this field. We find consistent positive

correlations between medicinal plant consumption and the presence of Plasmod-

ium: these results were seen on both islands and driven primarily by associations

between Plasmodium and anti-all plant consumption.

We found no association between medicinal plants and helminths, which was

somewhat unexpected given the array of previous work focusing self-medication

of helminthic infections (Huffman et al., 1996). Helminth detection is generally

detected via field assays or microscopy, and is aided by examining undigested

rough leaves to slough intestinal walls (Anderson, RC, 1992; Huffman et al., 1996).

Because digestion status of plant material would not be decipherable in our study,

we cannot speak to the prevalence of this mechanical mechanism for reducing

parasite loads.

We hypothesize that Anti-all plants, having documented anti-helminthic, anti-

bacterial, anti-protozoan, and anti-fungal properties have greater medicinal value,

and are ingested more frequently in macaques exhibiting symptoms from para-

site infestations. Although we see the relationship between Plasmodium infection

and an increase in consumption of medicinal plants, our data is insufficient to test

directly if this is related to the onset of illness in macaques, as we did not col-

lect any information regarding symptoms or health status of our sample sources,

but this is a promising direction for future research. Another important factor in

medicinal plant consumption concerns the ingestion of specific plant structures,

e.g., the chewing of bark or, again, the rough surfaces of foliage (Tasdemir et al.,

2020). However, secondary compounds of plants underlie the medicinal prop-

erties in many cases, and are not necessarily restricted to botanical structures

(Hussein and El-Anssary, 2019). Morus alba, for example, is the most abundant

Anti-all plant in our samples and has medicinal properties in extracts taken from

the root bark, leaves, stems, and fruits of the plant (Sohn et al., 2004; Wang et al.,
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2012). Water content of ingested plants could have a dilutive effect on secondary

compounds (i.e., whether it was fresh or dried), and whether any fermentation

occurred, which could affect the concentration and composition of antimicrobial

phenolic compounds such as tannins and flavonoids (Septembre-Malaterre et al.,

2018).

Landscape differences offer a contrast between Singapore and Bali and are

likely to underlie some of the differences seen in our data. Macaque provisioning

is widely seen throughout our sample sites in Bali, encouraged by wildlife tourism

and religious practices, and the geographic spread of sampling sites in Bali is large

compared to that in Singapore (Lane et al., 2011). Conversely in Singapore, the

government places restrictions on provisioning which is enforced by fines, although

opportunities for obtaining food in the highly urbanized areas abound (Riley et al.,

2016). The plant taxa we detected in these islands have a great deal of overlap,

but there are likely to be differences in availability to macaques due to landscape

management practices and land dedicated to crop farming. Many of the plants in

our database are crop plants, such as cotton (Gossypium), palm oil (Elaeis), corn

(Zea), and soybean (Glycine).

Plasmodium taxa in our data could not assigned to the species level, and long-

tailed macaques are capable of hosting multiple species in Southeast Asia (Lee

et al., 2011; Lempang et al., 2022; Zhang et al., 2016). Plant extracts that have

been shown to inhibit Plasmodium species are numerous and often involve specific

plant structures (Bagavan et al., 2011a,b; Bauri et al., 2015). Our work presents

the use of barcoding in identifying the associations between medicinal plant con-

sumption and parasite presence, demonstrating the importance of further research

into self-medication of macaques infected with Plasmodium.
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4.6 Conclusions

Our work presents a sizeable collection of plants with documented medicinal

properties captured through barcoding which can be used in future investigations

into the role of medicinal plants in ecology and self-medication in primates. Our

analyses provide support for self-medication behaviors by showing consistent re-

lationships between medicinal plant consumption and parasite presence, greatly

increasing insight to these dynamics. Plasmodium reservoirs and fluxes are par-

ticularly important from infectious disease transmission perspectives, and here we

argue that incorporating this knowledge into efforts to preserve biodiversity in wild

habitats is essential in allowing what behaviors might exist to remain undisturbed.
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CHAPTER 5

BLASTOCYSTIS IS ASSOCIATED WITH SHIFTS IN PROKARYOTIC

DIVERSITY AND COMPOSITION IN FREE-RANGING LONG-TAILED

MACAQUES

5.1 Abstract

Host-associated microbial communities influence a range of important biolog-

ical functions of the host, including development, metabolism, and immune de-

fenses. Several factors govern the assemblage of different microbial communities,

such as host traits, environment, diet, and interactions with eukaryotic gut par-

asites – a relationship that is understudied. It has been hypothesized that the

influences gut parasites exert on bacterial community richness and diversity oc-

cur through ecological patterns such as top-down processes mediated through

host immune responses and bottom-up processes governed by competition and

resource availability in the gut. Blastocystis is one of the most widespread intesti-

nal parasites known, but limited information is available regarding its role in the gut

microbiome. To investigate the influence of protozoan presence on microbiomes,

we targeted the prokaryotic and protozoan members of the gut microbial commu-

nities of long-tailed macaques on the islands of Singapore and Bali using amplicon

sequencing, and focusing on the shifts in community structure found in connection

with Blastocystis presence and abundance. We find Blastocystis to drive varia-

tion among protozoans in the gut, and see an increase in bacterial alpha diversity

associated with Blastocystis presence and abundance. We measure sources of
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variation on the bacterial community and find that Blastocystis presence explains

a significant amount of variation in community composition alongside sampling lo-

cation. We also identify nine Amplicon Sequence Variants (ASVs) associated with

the presence of Blastocystis in macaques that are also associated with infections

in humans. Together, these results present insight into how protozoan infections

can influence variation of the gut microbiome of primates, which is essential in un-

derstanding how overall ecological dynamics of eukaryotes and prokaryotes in the

gut affect host health.

5.2 Background

Microbiomes increasingly provide new directions to understand host health.

Functions of immune physiology, gastrointestinal illnesses, and even nervous sys-

tems have all been linked to changes in microbiomes (Cho and Blaser, 2012;

De Vadder et al., 2018; Sartor, 2008). Gut bacterial communities are quantitatively

impacted by fluctuations in the host environment through abiotic factors, seasonal

climatic variables, anthropogenic factors, and parasitic exposure (Clayton et al.,

2016, 2018; David et al., 2014b; Greene et al., 2021).

Protozoans are widely varied and abundant in wild animals, and frequently

considered parasites with detrimental impacts on host health. The pathogenic-

ity of Blastocystis, a non-flagellated Stramenopile ubiquitous throughout Metazoa,

is debated as it has been associated with infection in asymptomatic and symp-

tomatic patients, and may even contribute to positive health status in hosts (Deng

et al., 2021; Nieves-Ramı́rez et al., 2018; Scanlan et al., 2014; Stensvold and

van der Giezen, 2018; Wawrzyniak et al., 2013). Genetic diversity of Blastocystis

has been investigated to contextualize pathogenicity in humans, but these efforts

have not been sufficient to form a consistent conclusion (Stensvold and Clark,
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2016). Interactions with bacteria may affect protozoan ability to colonize and pro-

liferate in a host, and pathogenicity of a parasite may be modulated by bacteria

(Bär et al., 2015; Burgess et al., 2017; Shukla et al., 2016; Yooseph et al., 2015).

Certain protozoans, like Blastocystis, have debatable pathogenicity and may be

more appropriately considered commensals in certain contexts, acting as media-

tors of bacterial communities by keeping bacterial populations from becoming too

abundant and causing a population imbalance (Mann et al., 2020; Parfrey et al.,

2014; Wilcox and Hollocher, 2018). Blastocystis infection is frequently associated

with an increase in gut bacterial alpha diversity and change in community compo-

sition, including the changes of bacterial taxa (Audebert et al., 2016; Even et al.,

2021; Nieves-Ramı́rez et al., 2018). Protozoans have been proposed as ecolog-

ical drivers in these environments, exerting top-down effects on diversity through

consuming bacteria, for example, but these relationships and mechanisms are not

well understood (Chabé et al., 2017; Laforest-Lapointe and Arrieta, 2018).

To further investigate these relationships, we collected fecal samples from free-

ranging long-tailed macaques (Macaca fascicularis) and surveyed the microbiome

using combined 16S and 18S rRNA amplicons. Our objective was to detect the

extent of variation of Blastocystis in relation to other gut parasites and the bacte-

rial community. We aim to elucidate the coinfection dynamics of Blastocystis in

relation to other protozoans in the gut environment of macaques, and relate this

to changes in the prokaryotic microbiome, focusing on shifts in bacterial diversity

and community composition, across different taxonomic scales.
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5.3 Methods

5.3.1 Sample Collection and DNA Processing

Fecal samples were collected non-invasively from free-ranging long-tailed macaques

in Bali, Indonesia (N=45, from nine sites) and Singapore (N=41 from eight sites)

using methods described previously (Klegarth et al., 2017; Lane-deGraaf et al.,

2014b; Wilcox and Hollocher, 2018). Macaques in these populations commonly

reside in edge habitats bordering forested areas and urban environments, and are

subsequently exposed to a range of anthropogenic influences which differ drasti-

cally between site location (Lane et al., 2011; Sha et al., 2009c).

Total DNA was extracted from each sample using the Qiagen QIAMP Stool

Minikit (Qiagen, Hilden, Germany) as per manufacturer instructions. PCR targeted

the V4 region of the 16S rRNA gene and the V9 region of the 18S rRNA gene. For

16S rRNA, a 287 bp sequence was amplified from genomic DNA using the follow-

ing primers (Illumina adaptors in italics): Forward (S-D-Arch-0519-a-S-15, 5’ - TCG

TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CAG CMG CCG CGG TAA

-3’), Reverse (S-D-Bact-0785-b-A-18, 5’ - GTC TCG TGG GCT CGG AGA TGT

GTA TAA GAG ACA GTA CNV GGG TAT CTA ATC C -3’; (Klindworth et al., 2013;

Van Bleijswijk et al., 2015). Methods for amplification of the 18S rRNA gene have

been described previously (Wilcox and Hollocher, 2018). Further details for library

prep, including proportions of DNA and primer used in PCR master mix available in

Appendix A.2.1. The resulting DNA library was sequenced on an Illlumina HiSeq

2500 (Illumina, San Diego, CA, USA), using a rapid run with paired-end 250 base

pair reads at the University of New Hampshire Hubbard Center for Genome Stud-

ies.
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5.3.2 Read Processing

Raw sequencing reads were processed via two differing pipelines. To pro-

cess 16S rRNA gene reads, raw fastq files were imported directly into R and pro-

cessed using the Dada2 package (Dada2 v 1.18.0, R v 4.0.5) (Callahan et al.,

2016; R Core Team, 2020). Amplicon sequence variants (ASVs) produced by

this pipeline were then assigned taxonomy using the RDP database [RDP training

set 16, formatted from 11.5 database release] (Callahan, 2017). ASVs were fil-

tered to retain the kingdom Bacteria and remove chloroplast/Cyanobacteria ASVs

before constructing a count table and importing into the phyloseq package for

downstream statistical processing (McMurdie and Holmes, 2013). To process

18S reads, the Usearch pipeline was used as previously described in Wilcox

and Hollocher (Wilcox and Hollocher, 2018). Briefly, sequences were quality fil-

tered, dereplicated, and clustered at 97% to form operational taxonomic units

(OTUs). All singleton and doubleton OTUs were removed during clustering. Pre-

clustered reads were then mapped back onto these OTUs with a 97% identity

threshold. Matching reads were then searched against the full Silva 132 non-

redundant database using an 80% threshold and constructed into a count table

(Quast et al., 2012; Yilmaz et al., 2014). Taxa were consolidated to the genus level

and then filtered using a cutoff level of 6, following Cirtwill and Hambäck (2021).

Genera were then filtered to isolate protozoan eukaryotes for downstream analy-

sis. The genera Plasmodium and Hepatocystis were removed from samples as

they are blood parasites not known to reside in the gut.

5.3.3 Statistical Analysis

We first inspected the presence and prevalence of Blastocystis in our sam-

ples. To evaluate Blastocystis in the gut environment, and its presence in relation
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to other protozoans present in our samples, we began by performing a Princi-

pal Coordinates Analysis (PCA) on Hellinger-transformed protozoan taxa using

the prcomp() function in the stats package in R. We then compared the presence

and abundance of Blastocystis to the prokaryotic microbiome to analyze whether

prokaryotic diversity was associated with the presence of Blastocystis. To evalu-

ate how alpha diversity reflects the ecological roles Blastocystis holds in the gut,

we selected three metrics which differentially weight abundant and rare taxa to

compare to Blastocystis presence and abundance. To balance weight between

rare and dominant prokaryotic taxa, we used Shannon diversity, followed by rich-

ness (observed taxa) to weight rare taxa equally, and Pielou evenness to empha-

size more abundant taxa while still accounting for richness. Wilcoxon Rank Sum

tests were used to test prokaryotic alpha diversity when Blastocystis is present

(wilcox.test() function, stats package). To see differences between islands, we

separated samples by location and repeated tests. Linear models were used (lm()

function, stats package) to assess the linear associations between alpha diversity

metrics (again, richness, Shannon diversity, and Pielou evenness).

We used a series of permutational multivariate analysis of variances (PER-

MANOVA) using the adonis2() function in the vegan package to test the variation

in composition in the bacterial microbiome explained by variables in our dataset

(Table 2;Oksanen et al. (2022)). Models tested were euclidean distance matrices

of Hellinger-transformed ASVs in samples to represent community composition

and Blastocystis presence/absence, location (e.g. Bali or Singapore), site (within-

island sample collection sites, used in tests comparing only Singapore or only Bali

samples), and readcount (sum of reads within samples) (Legendre and Gallagher,

2001). Permutations were set at 9999 for all tests. We used multidimensional

scaling of Bray-Curtis distances to ordinate samples based on ASV community

composition using the phyloseq package (function ordinate() and plot ordination().
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To find bacterial taxa which were differentially abundant when Blastocystis was

present, we used the ALDEx2 package (Fernandes et al., 2013, 2014; Gloor and

Reid, 2016). Briefly, center-log ratios (CLR) of each bacterial taxa were calcu-

lated and tested using a Dirichlet distribution and Wilcoxon Rank Sum test to

identify differentially abundant ASVs. Resulting P-values were adjusted using a

Benjamini-Hochberg correction. An α of 0.05 was used throughout this analysis

as a threshold for significance.

5.4 Results

From 16S rRNA reads, 5,961 ASVs were recovered, after filtering taxa to ex-

clude non-bacterial ASVs and chloroplast/Cyanobacteria. From 18S rRNA, we re-

covered 224 protozoan genera (excluding Plasmodium and Hepatocystis). From

these, Singapore contained 146 genera and Bali samples contained 189 gen-

era. Blastocystis is present in 62.79% of total samples (Bali 68.89%, Singapore

56.10%). We found Blastocystis to be a leading correlating genus for PC1 when

all samples were combined, as well as for Singapore and Bali individually when

PCAs were performed on separated samples (Figure 5.1, Table 5.1. In all sam-

ples, PC1 accounted for 35.9% of variation. In Bali and Singapore, PC1 accounted

for 39.1%, and 35.4% of variation, respectively. Other genera correlating with PC1

were Entamoeba, Neobalantidium, and Adelina.
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Figure 5.1. Top correlating taxa (loading scores > ±0.1). Blastocystis is a
leading taxon for PC1 in all samples combined, and Singapore and Bali

individually. Taxa were Hellinger transformed before PCA.

TABLE 5.1

COMPONENT VARIATION AND LOADING SCORES OF

CORRELATING PROTOZOA

PC1 PC2 PC3

All Samples

Standard Deviance 0.441 0.333 0.268

Proportion of Variance 0.358 0.204 0.132

Cumulative Variance 0.358 0.561 0.694

Loading Scores

Entamoeba 0.416 0.848 -0.231

Neobalantidium 0.168 -0.375 -0.877

Blastocystis -0.884 0.297 -0.237

Vannella 0.160

Acanthamoeba 0.127

Adelina 0.118
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TABLE 5.1 (CONTINUED)

PC1 PC2 PC3

Bresslaua 0.104

Singapore

Standard Deviance 0.436 0.335 0.237

Proportion of Variance 0.354 0.209 0.105

Cumulative Variance 0.354 0.562 0.667

Loading Scores

Entamoeba 0.365 -0.897

Adelina 0.170 0.150 -0.102

Trichinella 0.169 0.123

Blastocystis -0.885 -0.270

Heligmosomoides 0.106

Phytomonas 0.169

Acanthamoeba 0.138 -0.220

Neobalantidium 0.942

Balantidium 0.124

Bali

Standard Deviation 0.459 0.358 0.279

Proportion of Variance 0.391 0.238 0.144

Cumulative Variance 0.391 0.628 0.772

Loading Scores

Blastocystis 0.882 0.376

Entamoeba -0.293 -0.801 0.447

Neobalantidium -0.348 0.581 0.680

Neobodo -0.114
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TABLE 5.1 (CONTINUED)

PC1 PC2 PC3

Geochelone -0.118

Parabodo -0.125

Heligmosomoides -0.148

Vannella -0.228

NOTE: First three components and taxa correlating > ±0.1 shown.

We observed higher richness and Shannon diversity in samples when Blas-

tocystis was present (richness: W = 433.5, p < 0.001, Shannon: W = 574, p =

0.010), but not evenness (W = 666, p = 0.078) (Figure 5.2A-C). In Singapore, rich-

ness was higher when Blastocystis was present (W = 115.5, p = 0.017), whereas

Shannon diversity and evenness showed no differences (Shannon: W = 151, p

= 0.146, evenness: W = 168, p = 0.316). In Bali, richness and Shannon diver-

sity were higher when Blastocystis was present (richness: W = 126, p = 0.027;

Shannon: W = 134, p = 0.042), and evenness was not different (W = 164, p =

0.201).

Linear modeling of Blastocystis presence and Shannon diversity of prokaryotes

showed a significant, but weak, positive relationship in all samples combined (p

= 0.02, R2 = 0.046), and a stronger relationship when Singapore was analyzed

separately (p < 0.001, R2 = 0.236; Figure 5.3A). We saw similar relationships

with evenness (all samples: p = 0.03, R2 = 0.043; Singapore: p = 0.002, R2 =

0.201; Figure 5.3B). Bali samples did not show a significant relationship between

Blastocystis presence and Shannon diversity, nor did we see an effect when testing

evenness in prokaryotes (Shannon: p = 0.6; evenness: p = 0.6). Prokaryotic

richness increased with Blastocystis abundance in Singapore, but this was not
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Figure 5.2. Boxplots of alpha diversity metrics compared to Blastocystis
presence (P) and absence (A). Prokaryotic alpha diversity is significantly
higher in the presence of Blastocystis using Shannon Diversity (A) and
richness (C) as metrics. Evenness (B) does not differ in the presence of

Blastocystis. P-values shown in title represents test from all samples
combined. In Singapore, Shannon Diversity and richness are significantly

higher when Blastocystis is present. In Bali, Shannon Diversity and
richness are not different when Blastocystis is present, while evenness is

higher. Asterisks denote significance from Wilcoxon-Rank Sum tests
controlled for location.
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seen in Bali or in combined samples (Singapore: p = 0.06, R2 = 0.024; Bali: p =

0.79, combined samples: p = 0.08; Figure 5.3C).

When testing the community composition of all samples, location explained

7.1% of variation, followed by Blastocystis presence (3.1 %; Table 5.2). We then

used PERMANOVAs to test within-location sampling site effect along with Blasto-

cystis presence and read count. Results in Singapore and Bali are similar: site

has the greatest effect (Singapore: 33.5%, Bali: 32.2%), followed by Blastocys-

tis presence (Singapore: 4.0 %, Bali: 5.4%). In Bali alone, read count had an

effect of 2.7%. Multidimensional scaling displayed a wider Euclidean distribution

of samples containing Blastocystis, and neither Blastocystis presence nor loca-

tion separated samples without overlap (Figure 5.4). Axis 1 explained 14.0 % of

variation and axis 2 explained 6.4 %.

TABLE 5.2

PERMANOVA: VARIATION IN COMMUNITY COMPOSITION

Df SumOfSqs R2 F Pr(>F)

All Samples

Blastocystis Presence/Absence 1 2.083 0.031 2.902 2.00x10-04

Readcount 1 0.738 0.011 1.028 0.366

Location 1 4.711 0.071 6.564 1.00 x10-04

Residual 82 58.852 0.887

Total 85 66.384 1.000

Singapore

Blastocystis Presence/Absence 1 1.202 0.040 2.039 0.011

Readcount 1 0.592 0.020 1.005 0.4203

Site 7 10.117 0.335 2.452 1.00 x10-04
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TABLE 5.2 (CONTINUED)

Df SumOfSqs R2 F Pr(>F)

Residual 31 18.274 0.605

Total 40 30.185 1.000

Bali

Blastocystis Presence/Absence 1 1.686 0.054 3.079 2.00 x10-04

Readcount 1 0.844 0.027 1.541 0.028

Site 8 10.048 0.322 2.294 1.00 x10-04

Residual 34 18.613 0.597

Total 44 31.191 1.000

Eight ASVs were more abundant when Blastocystis was present and none was

abundant in the absence of Blastocystis (Table 5.3). No differentially abundant

taxa were recovered from Bali or Singapore samples when analyzed separately.

Six taxa that were more abundant in Blastocystis-positive samples were in the

family Ruminococcaceae, and in the genera Succinivibrio, Sporobacter, and Os-

cillibacter. One taxa in this family could not be assigned to the genus level. Other

two taxa that were more abundant in the presence of Blastocystis were in the fam-

ily Porphyromonadaceae (genus not assigned) and the family Succinivibrionaceae

(genus Succinivibrio).
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Figure 5.3. Prokaryotic alpha diversity metric relationships with
Blastocystis abundance. A) Shannon diversity of prokaryotes increases
as Blastocystis abundance increases in all samples and with Singapore
alone. B) Pielou evenness of prokaryotes is significantly associated with

Blastocystis abundance in all samples and in Singapore alone. C)
Richness, or observed taxa, is significantly associated with Blastocystis

abundance in Singapore but not in all samples or Bali. Blastocystis
displayed on a logarithmic scale for visibility of samples.
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Figure 5.4. Multidimensional scaling using Euclidean distances. Ellipses
group samples by Blastocystis presence (represented by colors) and

location (grey dashed lines)
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5.5 Discussion

Blastocystis has a high prevalence in southeast Asia and across primates col-

lectively, including in long-tailed macaques studied previously (Lane et al., 2011;

Vaisusuk et al., 2018; Wilcox and Hollocher, 2018), which was further confirmed

here. In addition, our analysis reveals Blastocystis driving variation in the proto-

zoan and prokaryotic communities residing in the gut of long-tailed macaques. The

presence of Blastocystis is tied to higher alpha diversity across our samples, and is

associated with differentially abundant ASVs. The presence of Blastocystis is also

tied to the abundance of other protozoans present in the gut and we demonstrate

a negative correlation between Blastocystis to Entamoeba abundance. This points

to a resource-based competition relationship between these two parasites, given

the similar niches these parasites occupy in the gut environment (Blessmann et al.,

2003; Iebba et al., 2016). Competition between Blastocystis and Entamoeba in the

context of the gut bacteria has been evidenced in humans, but is largely understud-

ied in other groups (Alzate et al., 2020; Even et al., 2021). One species of Enta-

moeba, E. histolytica, exhibits pathogenic properties in humans and is present in

Southeast Asia (Mahmud et al., 2013). Although our data does not have sufficient

resolution to identify Entamoeba to the species level or evaluate health effects,

future research directions should include a focus on competition-based protozoan

interactions between these parasites and their effect on the microbiome.

Bacterial diversity is higher in Blastocystis-positive samples across our sam-

ples using diversity metrics which emphasize rare taxa, supporting similar results

across the literature (Andersen and Stensvold, 2016; Audebert et al., 2016; Forsell

et al., 2017). Phagocytic behavior has been observed in Blastocystis, demonstrat-

ing its potential to exert top-down effects on the gut prokaryotic community which

result in an increase in prokaryotic diversity (Dunn et al., 1989; Singh et al., 1995;

Tan and Suresh, 2006). Our data show no difference in evenness between Blas-
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tocystis-positive and Blastocystis-negative samples, but we did see evenness in-

crease with Blastocystis abundance, a result driven by Singapore samples. Linear

relationships were stronger in all measures of alpha diversity in Singapore, and

non-existent in Bali, implying the responsiveness of these interactions are affected

by differences in environment.

Bacterial community composition relays stark differences between gut micro-

biomes of Bali and Singapore (see Chapter 3). In the present study, location effect

across islands and sampling site effect within islands account for sizeable varia-

tion. Environmental factors, such as seasonal fluctuations, diet, and captivity, on

the prokaryotic microbiome composition are known sources of variation in free-

ranging primates, and this effect in our samples is not unexpected (Clayton et al.,

2018; Hicks et al., 2018). Despite this, we were still able to observe significant vari-

ation correlating with Blastocystis. Blastocystis presence explained more variation

in composition in Bali, even though we did not detect a significant linear relation-

ship between abundance and prokaryotic diversity. Ellipses enclosing samples in

Figure 5.4 show greater dissimilarity of community composition when Blastocystis

is present, which further demonstrates the increase in variation in bacterial com-

munities residing with this protozoan.

Differentially abundant taxa in Blastocystis positive samples echo results in

similar analyses and have properties associated with inflammation and fiber di-

gestion. Faecalibacterium is associated with Blastocystis colonization and has

anti-inflammatory properties in the gut environment (Audebert et al., 2016; Kodio

et al., 2019; Sokol et al., 2008). Sporobacter and Oscillibacter are also associated

with Blastocystis-positive samples, an association also seen in humans harboring

with Blastocystis (Audebert et al., 2016). Differentially abundant taxa in Blastocys-

tis-positive samples in our data (Faecalibacterium, Succinivibrio, and Oscillibacter )

overlap with recent results from Stensvold et al. (2022). Collectively, our results
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suggest that the response of the prokaryotic gut microbiome to Blastocystis infec-

tion in macaques reflects trends seen in human trials.

5.6 Conclusions

We elucidate the effects of Blastocystis on the protozoan and bacterial micro-

biome in free-ranging macaques in Southeast Asia. We show Blastocystis driving

variation in the protozoans present in our samples, and that the presence of Blas-

tocystis is associated with a consistently measurable increase in diversity. Our

results show the effect of Blastocystis on community composition of prokaryotes

in free-ranging macaques, and identify individual bacterial taxa which are differen-

tially abundant in the presence of Blastocystis. These results support the role of

Blastocystis as an ecological driver in the gut microbiome environment of primates,

which underscores the importance of including protozans in future microbiome re-

search.
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APPENDIX A

APPENDIX

The following text, figures, and tables are referenced throughout this disserta-

tion, and provide supplementary information to the methods and analysis provided.

A.1 Chapter 2 Supplementary Materials
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Figure A.1. Rarefaction curves for saliva samples (top) and fecal samples
(bottom). Curves were created after filtering non-prokaryotic ASVs from

reads, all samples show plateau before reaching read depth.
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A.2 Chapter 3 Supplementary Materials

A.2.1 16S 18S Supplementary Methods

A.2.1.1 Library prep for Illumina sequencing

The 16S hypervariable V4 region is amplified with Prk-V4-F and Prk-V4-R

primer pairs. A combination of two forward primers and one reverse primer are

used to amplify the 18S hypervariable V9 region. The 18S forward primers tar-

get the same region; however, 1380F is 9nt upstream of 1389F, allowing for a

slightly longer amplicon with the 1380F-1510R primer combination. All amplicons

are created with a single primer pair in separate, parallel reaction. Multiplex PCR

strategy is not applied here. After amplification, the amplicons are mixed and

then dual-indexed by PCR in parallel. Indexed libraries are combined into a sin-

gle mixture and sequenced on a single lane of Illumina HiSeq 2500 Rapid Run,

paired-end with 250 x 250 nt read length and 8 x 8 nt index read length. PhiX is

added to diversify the library’s base composition to maintain base call quality. Il-

lumina sequencing services are outsourced to the Hubbard Center for Genomics,

Sequencing Core Facility at University of New Hampshire.

A.2.1.2 18S Ribosomal RNA Gene Information

The 18S ribosomal RNA gene V9 region primer sequences, 1380F (5’-NNN

NNC CCT GCC HTT TGT ACA CAC-3’), 1389F (5’-NNN NNT TGT ACA CAC CGC

CC-3’), and 1510R (5’-CCT TCY GCA GGT TCA CCT AC-3’). Full sequences

listed in Table A.2, Illumina overhang sequence is identified with lower case letters

and gene-specific sequence with uppercase letters. Information describing PCR

mix and thermocycler protocols is described in Tables A.3, A.4, and A.5.
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TABLE A.3

18S RIBOSOMAL RNA GENE PCR REACTION FOR BOTH 1380F AND

1389F WITH 1510R

Component Amount per reaction Final Concentration

DNA template, undiluted 2.5 ml unknown

Forward Primer, 10 mM 5.0 ml 2 mM

Reverse Primer, 10 mM 5.0 ml 2 mM

Kapa HiFi HotStart Ready Mix, 2X 12.5 ml 1X

A.2.1.3 16S Ribosomal RNA Gene Information

The 16S ribosomal RNA gene V4 region primer sequences, S-D-Arch-0519-a-

S-15 (5’-CAG CMG CCG CGG TAA-3’) and S-D-Bact-0785-b-A-18 (5’-TAC NVG

GGT ATC TAA TCC-3’). The primers amplify the 16S ribosomal RNA gene V4

region from position 519 to 802. The primers were renamed from S-D-Arch-0519-

a-S-15 to “PrkV4-F” and from S-D-Bact-0785-b-A-18 to “PrkV4-R”. Full sequences

listed in Table A.6, Illumina overhang sequence is identified with lower case letters

and gene-specific sequence with uppercase letters. Information describing PCR

mix and thermocycler protocols is described in Tables A.7 and A.8.
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TABLE A.4

18S RIBOSOMAL RNA GENE PCR THERMOCYCLER CONDITIONS

FOR PRIMERS 1380F AND 1510R

Step Temperature Time

Initial Denature 95 C 3 minutes —

Denature 98C 20 seconds x 10 cycles

Annealing 70C* 15 seconds

Extension 72C 15 seconds

Denature 98C 20 seconds x 25 cycles

Annealing 65C 15 seconds

Extension 72C 15 seconds

Final Extension 72C 5 minutes —

*annealing temperature decreases 0.5 C per cycle

TABLE A.5

18S RIBOSOMAL RNA GENE PCR THERMOCYCLER CONDITIONS

FOR PRIMERS 1389F AND 1510R

Step Temperature Time

Initial Denature 95 C 3 minutes —

Denature 98 C 20 seconds 3*x 35 cycles

Annealing 65 C 15 seconds

Extension 72 C 15 seconds

Final Extension 72 C 5 minutes —
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TABLE A.7

16S RIBOSOMAL RNA GENE PCR REACTION FOR PRIMERS

PRVKV4-F AND PRVKV4-R

Component Amount per reaction Final Concentration

DNA template, undiluted 3.0 ml unknown

Forward Primer, 10 mM 0.75 ml 0.3 mM

Reverse Primer, 10 mM 0.75 ml 0.3 mM

Kapa HiFi HotStart Ready Mix, 2X 12.5 ml 1X

Water 10.0 ml

TABLE A.8

16S RIBOSOMAL RNA GENE PCR THERMOCYCLER CONDITIONS

FOR PRIMERS PRKV4-F AND PVKV4-R

Step Temperature Time

Initial Denature 95C 3 minutes —

Denature 98C 20 seconds 3*x 30 cycles

Annealing 65C 15 seconds

Extension 72C 15 seconds

Final Extension 72C 3 minutes —
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Amplicon ratio for sequencing: AMP 1380F, AMP 1389F, and AMP PrvkV4 at a

ratio of 7:7:16, respectively. Amplicon ratio in this library prep is 7.5 ng/µL. Molarity

for each indexed library is calculated with the following formula:

Concentration in nM = (
concentration in ng/µL

600 g/mol × average library size in bp
)× 106

A.3 Chapter 3 Supplementary Data

TABLE A.9

GENERA OF CROPS DETECTED IN BALI AND SINGAPORE

Singapore Bali

Panax Panax

Aphandra Aphandra

Borassus Borassus

Elaeis Elaeis

Allium Allium

Asparagus Asparagus

Polianthes Polianthes

Helianthus Helianthus

Brassica Brassica

Carica Carica

Beta Beta

Chenopodium Chenopodium
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TABLE A.9 (CONTINUED)

Singapore Bali

Rheum Rheum

Citrullus Citrullus

Cucumis Cucumis

Cucurbita Cucurbita

Dioscorea Dioscorea

Camellia Camellia

Manilkara Manilkara

Vaccinium Vaccinium

Arachis Arachis

Cajanus Cajanus

Cicer Cicer

Glycine Glycine

Phaseolus Phaseolus

Vigna Vigna

Carya Carya

Coffea Olea

Olea Perilla

Perilla Sesamum

Sesamum Persea

Persea Myristica

Myristica Flacourtia

Flacourtia Plukenetia

Manihot Punica

Plukenetia Ananas
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TABLE A.9 (CONTINUED)

Singapore Bali

Punica Hordeum

Ananas Oryza

Hordeum Saccharum

Oryza Sorghum

Saccharum Triticum

Sorghum Zea

Triticum Fragaria

Zea Malus

Zizania Morus

Fragaria Prunus

Malus Pyrus

Morus Rubus

Prunus Ziziphus

Pyrus Anacardium

Ziziphus Citrus

Anacardium Litchi

Citrus Mangifera

Litchi Capsicum

Mangifera Ipomoea

Capsicum Solanum

Ipomoea Vitis

Solanum Curcuma

Vitis Musa

Curcuma
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TABLE A.9 (CONTINUED)

Singapore Bali

Musa

A.4 Chapter 4 Supplementary Materials
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Additional tables available in supplementary Excel file includes:

• Protozoan and Helminth Counts in Samples

• Medicinal Plant Database
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M. Chabé, A. Lokmer, and L. Ségurel. Gut protozoa: friends or foes of the human
gut microbiota? Trends in Parasitology, 33(12):925–934, 2017.

Z. Chen, Y. K. Yeoh, M. Hui, P. Y. Wong, M. C. Chan, M. Ip, J. Yu, R. D.
Burk, F. K. Chan, and P. K. Chan. Diversity of macaque microbiota com-
pared to the human counterparts. Scientific Reports, 8(1):1–15, 2018. doi:
10.1038/s41598-018-33950-6.

I. Cho and M. J. Blaser. The human microbiome: at the interface of health and
disease. Nature Reviews Genetics, 13(4):260–270, 2012. publisher: Nature
Publishing Group.
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