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Abstract

The skin is home to trillions of microbes, many of which are recently implicated
in immune system regulation and various health conditions (33). The skin is
continuously exposed to the outside environment, inviting microbial transfer between
human skin and the people, animals, and surfaces with which an individual comes into
contact. Thus, the aim of this study is to assess how different environmental exposures
influence skin microbe communities, as this can strengthen our understanding of how
microbial variation relates to health outcomes. This study investigated the skin microbial
communities of humans and domesticated cattle living in rural Madagascar. The V3
region of the 165 rRNA gene was sequenced from samples of zebu (the domesticated
cattle of Madagascar), zebu owners, and non-zebu owners. Overall, human armpits
were the least diverse sample site, while ankles were the most diverse. The diversity of
zebu samples was significantly different from armpits, irrespective of zebu ownership
(one-way ANOVA and Tukey’s HSD, p<0.05). However, zebu owner samples (from the
armpit, ankle forearm, and hand) were more similar to other zebu owner samples than
they were to zebu, yet no more similar to other zebu owner samples than they were to
non-zebu owner samples (unweighted UniFrac distances, p<0.05). These data suggest a
lack of a microbial signature shared by zebu owners and zebu, though further

taxonomic analysis is required to explain the role of additional environmental variables

iv



in dictating the microbial communities of various samples sites. Understanding the
magnitude and directionality of microbial sharing has implications for a breadth of
microbe-related health outcomes, with the potential to explain mosquito host preference

and mitigate the threats of vector-borne diseases.
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1. Introduction

1.1 Background

The human skin houses up to 107 microbial cells per cm? (1). The interactions
between these microorganisms and the human body are implicated in both pathogen
defense and regulating the immune system (2). Today, the relationship between the
body and its microbial partners is recognized as being more complicated than the
traditional one-pathogen-one-disease model. Instead, these relationships are better
explained by ecological principles related to community structure and species
composition (3).

Ecological concepts such as dispersal, species diversity, and community
assembly help to describe the human body as an interactive ecosystem, in which health
outcomes are a type of ecosystem service that is influenced by microbes (4). The balance
between the skin and its microbes can be altered by environmental changes, and such
changes may induce disease states, even in the absence of pathogen invasion (5,6).
Because the skin is constantly exposed to the outside environment, disruptions in its
community structure often come from external interactions. This study focused on the
role of environmental contact in altering the skin microbial communities. Since contact
with shared surfaces is known to homogenize skin communities (7), it is important to
disentangle environmental factors to better understand how different exposures can

alter the microbial community.



Disruptions in microbial communities— often due to modifications that result
from behaviors as simple as hand washing or using facial products — are increasingly
being linked to skin disorders, changes in immune function, and increased risk of
infections (5). For example, teenage acne is linked to the skin bacterium Propionibacterium
acnes, and invasion of the normally commensal species Staphylococcus epidermis to new
body sites can provide a reservoir of antibiotic resistance genes for the evolution of
Staphylococcus aureus. Aspects of Western society, including diet, sedentary lifestyles,
and some modern medical practices, are linked to changes in the microbiota that can
significantly impact health. For instance, modern birthing practices such as cesarean
section limit the transfer of a diverse set of microbes from mother to infant (8), which can
disrupt integral education of the immune system by the microbiome from an early age
(9). Despite a growing awareness of the skin microbiome and its variation across the
body and between individuals, less is understood about the mechanisms that relate
microorganisms on the skin to human health.

The broader global health context of this study is to make a connection between
skin microbial communities and the preferences of vectors, such as mosquitoes, that
spread infectious diseases such as malaria. The connection between microbe, host, and
mosquito may lead some individuals to become “super-spreaders” that contribute
significantly to infecting others (10). In this scenario, it is possible that skin microbe

communities provide a signal of an attractive blood meal to mosquitoes, thus allowing



individuals housing these communities to disproportionately contribute to the spread of
malaria. In fact, it has been suggested that inter-individual variation in attractiveness to
mosquitoes be used to better understand transmission dynamics and strengthen
epidemiological models (11,12). Ultimately, this connection may be based on the way
microbes emit odorous, volatile chemicals that are recognized by mosquitoes (13,14),
although other factors, such as other metabolites and emitted carbon dioxide, likely also
influence mosquito preferences (15,13).

A key environmental exposure in this study is non-human animals, namely
domesticated cattle. Thus, this investigation is aimed at the commonality of
microogranisms on humans and domesticated cattle, including microorganisms found
on cattle that may make them more attractive to certain infectious disease vectors.
Because human-to-human skin contact transmits microbes between individuals (16) and
skin microbes are deposited directly on contacted surfaces (17), it is likely that humans
share many microorganisms with the animals with which they come into contact.
Domesticated animals are of particular interest, as they come into regular contact with
and often live in close proximity to human caretakers. For example, the skin microbial
communities of dog owners are more similar to the communities of their dogs than to
those of other dogs (7). Dog owners house an overall more diverse community of skin

microbes than do non-dog owners.



More generally, this study engages the principles of One Health, which
acknowledge the interconnections of human, animal, and environmental health (18).
Aspects of this study relevant to One Health include human health, non-human animal
health, ecology, microbiology, global public health, and vector control. Thus, this study
addresses vector-borne disease risk as a product of interactions between humans,
domesticated animals, and microbes in a shared environment. Within the context of the
Duke Global Health Institute, this study addresses global health challenges in the areas
of environmental health, infectious disease, and health disparities that may arise when
some individuals are more exposed than others to pathogenic agents through their

livelihoods and interactions with the environment.

1.2 Mosquito host preference

A salient characteristic of the skin microbiome is that resident microbes
metabolize certain compounds, releasing a variety of chemicals as byproducts (19).
When these byproducts are odorous, they can influence how insect vectors locate and
select a host. Mosquitoes in particular are greatly influenced by the variation in
microbial communities when locating a host (20). Sometimes, these odors can serve as a
repellant, as is the case with certain seabirds whose odorous chemicals deter
ectoparasites (21). Conversely, these compounds may be attractants. For example,

carbon dioxide (COz2) acts as an initial indicator of a possible host for many mosquito



species (15). This is described in detail for the yellow fever mosquito’s (Aedes aegypti)
attraction to human outputs of CO: and L-lactic acid (14).

Other studies describe mosquito attraction to compounds other than CO: (22),
including volatile compounds in human sweat, such as odorous sulcatone, which are
strong olfactory attractants for mosquitoes (13). Interestingly, skin microbes are
responsible for metabolizing many of the compounds found in sweat, contributing to its
characteristic smell (19). One such example is that the chemical agent responsible for
foot odor, isovaleric acid, results from a common skin microbe’s (S. epidermis)
breakdown of the leucine present in human sweat (23). Thus, the presence of microbes
may be related to the attractiveness of sweat to mosquitoes. In fact, previous findings
indicate that both the abundance and type of skin microbes influence the attractiveness
of an individual to An. gambiae mosquitoes (24).

These patterns of mosquito attraction exist because many vectors rely on
olfaction for locating hosts. In the case of mosquitoes, antennal receptors detect odors
(20), eliciting a subsequent electrochemical and neurological pathway, which culminates
in a biological response (i.e., attraction) to the odors (14). An evolved strong sense of
smell supports the idea that vectors may have a preference for certain types of hosts
over others, potentially driven by species-specific chemical signals. For example, studies
show that tsetse flies prefer blood meals from pigs rather than cattle, and this seems to

increase their reproductive success (20).



Host preference may support the concept of zooprophylaxis, or using non-
human animals to divert mosquito attraction away from humans (25). The World Health
Organization (WHO) first recommended the use of zooprophylaxis to combat malaria
transmission decades ago. In a report from the 1980s, the WHO deemed zooprophylaxis
“doubly effective”— transmission decreases due to a lower frequency of human bites,
and pathogen amplification decreases because the mosquitoes are feeding on “dead-
end” animal hosts instead (26).

Today, conflicting reports emerge regarding the effectiveness and underlying
mechanisms of zooprophylaxis (27). The benefits of this phenomenon depend not only
on mosquito preference, but also the number of available hosts (28). Along with the
importance of spatial proximity of humans and the non-human animals (29), these
findings highlight the benefits of assessing zooprophylaxis at the level of communities
of humans and their domesticated animals, as opposed to relying on generalities of a
broad taxonomic class (i.e., bovids or primates) (28). Notably, zooprophylaxis via vector
preference for cattle over humans is documented in Anopheles mosquitoes, vectors of
malaria (30).

If the microbes found on domesticated animals are involved in the mechanism
by which vectors locate and feed on these non-human hosts, microbial sharing may
actually make humans more susceptible to vector-borne disease transmission. The

potentially protective effects of zooprophylaxis could be hindered if the skin



microbiomes (and thus the chemical properties that attract mosquitoes) of domesticated
animals are similar to that of human caretakers, which can occur through both direct
contact and shared environments. Such similarities could impede the mechanism of host
preference through two processes: 1) mosquitoes might not differentiate between a
human and non-human host, inhibiting their ability to choose a host, or 2) due to
similarities in mosquito-attracting compounds on the skin, a human “smells” like a
preferred non-human animal, and thus is accidentally selected as a host. In a similar
situation, a preferred non-human animal may “smell” like a human, and is avoided by
the mosquito.

Regardless of which mechanism is at play, convergence of the human and
domesticated animal microbiome affects host population heterogeneity, a primary
driver of disease dynamics (31). With regard to this study, it is possible that the skin
microbiome of humans and/or domesticated cattle is directly contributing to the creation
of “disease hotspots,” an important piece to understanding disparities in disease
transmission across a given landscape (12). That is, specific skin microbial communities
may attract mosquitoes more than others, creating particularly dense sources of both
hosts (humans and/or cattle) and vectors (mosquitoes). Perhaps the skin microbiome is
an integral, yet currently understudied, contributor to the phenomenon of super-

spreader hosts. Future studies will be needed to unravel how altering the skin



microbiome contributes to variation in cross-species transmission, which is integral to

understanding disease dynamics (12).

1.3 Ecological and evolutionary applications

Irrespective of the potential connection to zooprophylaxis, it important to
understand the way the environment dictates changes in the skin microbiome. This link
is pertinent to the niche perspective in ecology, which emphasizes the role of
environmental variables in driving community composition (32). In the case of the skin
microbiome, the term “environment” relates to the external exposures that impact the
skin, as well as the local temperature, moisture level, and pH of particular areas of the
skin (16). Different body sites may house distinctive communities of microbes, based on
the properties of that particular skin ecosystem (33,34). In this case, the external
environment includes those microbes available for dispersal between individuals,
including those found on animals. For a dispersing microbe to colonize the skin, it must
compete with the existing microbes in the new environment for both space and
resources (35). Thus, two environments, external and internal, dictate the niches
occupied by microbes.

Because environmental exposures can change the composition of the
microorganisms that live on our skin (36), and thus the odorous chemicals that are
released, cataloging microbiomes across different groups of people is an important step

in linking the skin microbiome to mosquito susceptibility and disease outcomes (5).



Despite the recent increase in microbiome research, most of this work has focused on
Western populations and involved laboratory cultures for detecting pathogen
transmission by particular species (37,16,33). Expanding the breadth of microbiome
research to include non-Western populations and domesticated animals can inform
comparison studies between different populations and further our understanding of
health conditions on a global scale (33).

Comparisons between Western and non-Western populations can be
investigated through the lens of evolutionary mismatch, the idea that the differences
between the current environment and the one in which humans evolved has direct
implications for health outcomes (38). This perspective is a major concept in the field of
evolutionary medicine and can provide important explanations for autoimmune
diseases, the obesity epidemic, and musculoskeletal ailments, among others.
Characterizing the environment of the skin microbiome in non-Western populations is
the first step toward determining if different environmental exposures can create a
mismatch scenario. Moreover, understanding microbial changes on a population level

has implications for both clinical and public health initiatives.

1.4 Applications to Madagascar

This study investigated potential links between the environment, domesticated
cattle, the skin microbiome, and vector-borne disease in Northeastern Madagascar,

where environmental exposure is inevitable for many members of rural communities, as



maintaining a livelihood goes hand in hand with interacting with nature. This is
especially true for people living in Madagascar’s SAVA region, an acronym capturing
the names of its four major cities (Sambava, Antalaha, Vohémar, and Andapa). This
study focused on the village of Mandena, where agricultural practices and access to
Marojejy National Park drive interactions among humans, wild animals, domesticated
animals, and the environment.! Additionally, natural resource usage and employment
by Marojejy National Park is central to daily life, with many park employees residing
within Mandena and neighboring villages in the SAVA region.2

Because the microbes in and on the body are thought to have considerable effects
on human health and disease outcomes, there is concern over human activities capable
of altering the microbiome (32,39). The skin microbiome of people who work with zebu,
the domesticated cattle of Madagascar, are of particular importance. The concept of
utilizing zooprophylaxis in these populations is intriguing, given previous observations
of zoophilic Anopheles mosquitoes in Madagascar (40). Because microbes can be
transferred between host species, and because the protective effects of zooprophylaxis
can by altered by homogeneous microbiomes, characterizing how the skin microbiome
of a person exposed to zebu compares to that of his herd is an integral first step in
investigating the health consequences of shared skin microbes (41). Additionally,

previous studies concluded that phenotypic characteristics, such as age and gender, do

1 Dr. Charles Nunn, pers. comm.
2 Dr. Charles Welch, pers. comm.
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not adequately explain differences in the human microbiome (42). This study was
limited to adult males living in a single village, which controls for weak phenotypic
variables and allows potentially more informative factors, such as contact with zebu, to
be highlighted.

Finally, Madagascar is an ideal setting in which to investigate the potential
effects of evolutionary mismatch. Mandena is increasingly exposed to elements of
Western culture, such as diet, electricity, and a market economy that leads to more
sedentary lifestyles for some residents. However, many individuals lead a more
traditional lifestyle, which includes practicing agriculture and spending the majority of
time outdoors. In order to properly investigate how the skin microbiome contributes to
evolutionary mismatch, it is ideal to study a population in which some individuals are
transitioning to a more Western lifestyle.

As support for the role of the skin microbiome in human health continues to
grow, it is imperative that the interactions between lifestyle, environmental exposures,
and the microbiome are better understood. Characterization of typical microbe
communities is a necessary step in revealing relationships between the skin microbiome
and vector-borne disease (43). Thus, this study ultimately aims to address vector-borne
disease risk, by first characterizing skin microbial community change in response to

environmental exposures.

11



1.5 Aim and hypothesis

Aim 1. To assess the influence of environmental exposures on the composition of the

human skin microbial community.

H1: The human skin microbial community is altered by exposure to zebu.

P1.1: The skin microbe communities of humans who regularly interact with zebu
(zebu owners) will be more similar to the skin microbe communities of zebu than
to humans who do not regularly interact with zebu (non-zebu owners).
P1.2: The skin microbe communities of zebu owners will be more similar to the
skin communities of zebu than are the skin communities of non-zebu owners to
zebu.
P1.3: A given zebu will be more similar to his owner than to others that also own

zebu.
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2. Methods
2.1 Setting

Data collection took place in Mandena, Madagascar (approximately -18°42'00”
S 47°50'00” E), a village of approximately 3,000 people. Mandena is adjacent to the
entrance to Marojejy National Park, an area of protected rainforest that is home to
various lemur species, as well as reptile, amphibian, and insect species. With temperate
conditions and ample rainfall, Mandena relies on the production of rice, vanilla and
spices, and many individuals use zebu to work in the rice paddy fields.

Data were collected from humans and zebu over seven weeks in July and August
2015, during the winter season. Samples were collected at the town hall building on the
main road in Mandena, and at participants” homes or agricultural fields.

Bacterial DNA extraction took place at the North Carolina Museum of Natural
Sciences, in the Genomics and Microbiology Research Laboratory. DNA sequencing
occurred at Duke University’s Center for Genomic and Computational Biology
sequencing facility. Analysis of sequences took place at Duke University. Laboratory

work was conducted between September 2015 and February 2016.

2.2 Participants

Participants included 20 adult male (defined as eighteen years of age or older)
residents of Mandena and ten adult zebu used to work in fields in the village.
Participants ranged from 18 years to 75 years of age. Human participants were initially

13



recruited through a meeting officiated by the village president at the town hall building
in the center of town. At this meeting, the project was introduced and interested
individuals were asked to return to the town hall building on specific dates. There, they
completed a basic health survey (Appendix A- General Health Survey) to screen for
eligible participants (see section 2.3.4 for institutional approval).

We recruited ten adult males who own and regularly work with zebu (referred
to as ‘zebu owners’), and ten adult males who do not come in regular contact with zebu
(referred to as ‘non-zebu owners’). “Regular contact” was assessed using the general
health survey, and in the context of this village, was synonymous with an individual
reporting that his occupation is zebu owner or agriculturalist. If a zebu owner was
eligible for the study, his animal was automatically enrolled. If a participant owned
more than one zebu, we asked him to identify the animal that was used the most
consistently in the fields. During this initial recruitment period, more than 20 adult
males expressed interest and took the initial healthy survey. We continued to administer
surveys, but no longer recruited participants after the first 20 eligible individuals were
identified. Because the study involved swabbing the skin, men with visible skin
conditions or open wounds were ineligible for participation. Individuals presenting with

a high fever on the day of the general health survey were not enrolled.
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2.3 Field procedures
2.3.1 Participant recruitment

During the initial recruitment process, interested individuals returned to the
town hall building where the initial meeting took place. Informed consent was obtained
from each individual before any health or survey data were collected (Appendix B-
General Health Consent). Malagasy research assistants guided participants through the
informed consent process and served as a proxy when an individual was unable to
write. Consenting participants were then assigned an identification number and given a
general health survey. Participants kept the same identification number throughout the
study, regardless of their eligibility in other ongoing studies. Basic health measurements
were taken, including temperature, blood pressure, heart rate, height, and weight. Each
individual, regardless of their enrollment in the study, was given a small piece of paper
with these basic health data and a fresh coconut as compensation. Any individuals with
abnormal clinical measurements were directed to speak with the Malagasy nurse
working with the research team.

Screening for eligibility was conducted immediately after the general health
survey was complete. Eligible participants were given a brief introduction to the study
and asked to return on a specified date. These individuals were given a second small
piece of paper with the day of the week and date that they were asked to return for the

tirst sample collection. All participants were given two bars of Santex soap, a highly

15



valued yet not readily accessible product, as compensation for participation in the skin

swab sample portion of the study.

2.3.2 Sample collection

Samples were collected in three phases. The first phase took place between July
12 and July 14, the second between July 20 and July 22, and the third between August 3
and August 5. When a participant returned for the initial sample collection, he was
guided through a second informed consent process and short survey with the help of a
Malagasy research assistant (Appendix C- Skin Microbiome Survey & Appendix D-
Consent for Skin Swab). Information regarding the use of zebu in the study was
included on the consent forms of those participants who owned zebu (Appendix E-
Consent for Zebu Owner). Skin swab samples were obtained using a sterile, dual-tipped
cotton swab (Fisher BD BBL CultureSwab, Media-free). The swab was rubbed
vigorously over the dry sample site for 30 seconds. To establish trust and make the
participant comfortable, samples were taken in a specific order, from least to most
invasive: (1) back of right hand, (2) inside of right forearm, (3) right ankle and top of the
foot, and (4) right armpit (Figure 1). To control for variables such as temperature and
rainfall throughout the day, zebu samples were collected as quickly after the human
sample as possible. The author and an undergraduate research assistant collected all

samples.
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After the first sample was collected, the participant was given a piece of paper
reminding them of the next sample date. After following an identical sample collection
procedure, participants were asked to return on a specified date for the third and final
sample collection. Participants were encouraged to return to the town hall building for
sample collection, though logistical constraints often required sample collection to take
place at the individual’s home or in the agricultural fields. This was almost always the
case with the participants who own zebu. In order to collect human and zebu samples at
the same time, collection often took place at the site where the zebu was working or
being kept overnight. Zebu samples were collected from behind the dorsal hump, an
area that was frequently touched by human arms and hands (Figure 2). To safely collect
the samples, the owner would steady the animal by a rope attached to its body, most
often around its head. Identical swabbing techniques were used on both humans and

zebu.
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Figure 2. The author collecting a sample from behind the dorsal hump of a
zebu.
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2.3.3 Sample storage

Samples were kept as cool as possible. Prior to the start of the study, it was
determined that keeping the samples uniformly cool was a superior strategy to
subjecting the samples to repeated (and unpredictable) freeze-thaw cycles.> Mandena is
not supported by electricity, but a small refrigerator powered by a generator was used to
store the samples when the refrigerator was available. Samples were collected as close to
the departure date of different individuals on the research team so that they could be
carried to the United States as rapidly as possible after collection. Samples returned to
the United States at three times—mid-July, end of July, and mid-August. Samples were
flown back in the cabin of the airplane in an insulated package with freezer packs.

Detailed notes were kept for the storage and transportation of each batch of samples.

2.3.4 Importation and other permits

All study procedures were approved by Duke University’s Institutional Review
Board (Protocol C0848, expiration date 5/10/2016) and Institutional Animal Care & Use
Committee (Protocol A097-15-03, expiration date 03/18/2018), and by Malagasy health
authorities. In-country permits were obtained with the help of the Madagascar Institute
for the Conservation of Tropical Environments (MICET), a non-governmental

organization that acts as a liaison between the Malagasy government and foreign

3 Dr. Julie Horvath, pers. comm.
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researchers. All sample transportation was approved by the United States Department

of Agriculture, Animal and Plant Health Inspection Service (permit number 127958).

2.4 Laboratory procedures

Upon return to the United States, samples were stored at -80°C at the North
Carolina Museum of Natural Sciences in Raleigh, North Carolina. Sample analysis began
approximately four weeks after the third batch was delivered to the museum. DNA was
extracted from each swab using the MOBIO PowerSoil DNA Isolation kit (MO BIO
Laboratories, Inc., Carlsbad, CA). Appendix F details the DNA extraction protocol and
modifications. PCR “spot checks” were conducted at three intervals throughout the
extraction process to monitor sample integrity and evaluate laboratory techniques.

Following DNA isolation of all samples, the products were added to 96-well PCR
plates. These plates were immediately transferred to the sequencing facility at Duke
University’s Center for Genomic and Computational Biology. Appendix G details the
laboratory protocol used at the Duke facility, where primers 520F and 802R were used to
amplify the V3-V4 regions of the 165 rRNA gene. All bacteria have this highly conserved

gene, which encodes part of the ribosome that is used for protein synthesis (44).

2.5 Measures
2.5.1 Measure 1 — Alpha diversity

Alpha diversity, a metric of species richness, was calculated for each sample site

using Faith’s phylogenetic diversity (Faith’s PD), a quantitative measure of the sum of

20



the branch lengths in a phylogenetic tree for a given set of taxa (45). Faith’s PD measures
species richness as the presence or absence of taxa in a single location, ignoring relative
abundances. Additionally, operational taxonomic unit (OTU) picking, a taxonomy-based

approach that groups together sequences of a certain similarity (97%), was used.

2.5.2 Measure 2 — Beta diversity

Whereas alpha diversity relates to species richness at one location, beta diversity
measures the difference in diversity between sites. There are a number of ways to
conceptualize and calculate beta diversity, but this study focused on comparing the
similarity in diversity of microbial communities between groups. Here, comparisons
were made between groups of zebu owner, non-zebu owner, and zebu samples, and
between groups based on sample site. Beta diversity was calculated using unweighted
UniFrac community distances (46). The unweighted UniFrac method uses distances in
phylogenetic trees to calculate differences in diversity (presence/absence of taxa) across
communities of microbes in different groups.

Here, unweighted UniFrac compared community distances both between and
within groups (such as zebu owners and zebu) and sample sites (ankles, armpits,
forearms, hands, and zebu dorsal hump). A significant p-value in beta diversity at the
origin level (i.e., zebu owners and zebu) indicates a difference in the distribution of
distances within groups and between groups. In this case, the p-value suggests that

microbe communities on zebu owners are more similar to communities on other zebu
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owners than they are to communities on zebu. One would conclude that zebu owners
are more similar to other zebu owners than they are to zebu. In contrast, a non-
significant p-value at the sample site level indicates there is no difference in the
distribution of distances within groups and between groups. In other words, microbe
communities on ankles are no more similar to other ankle communities than they are to
communities on armpits. Thus, ankles and armpits are not distinct in terms of

community diversity.

2.6 Analysis

The V3-V4 region of the 165 rRNA gene was amplified and sequenced using an
[Nlumina MiSeq instrument at Duke University’s Center for Genomic and Computational
Biology. Amplicons were filtered and processed with QIIME (Quantitative Insights into
Microbial Ecology, version 1.9 for Mac) (Appendix H). All samples were rarefied to
9,000 sequences per sample to allow for comparability across samples. This level was
chosen to allow for the inclusion of all zebu samples. Rarefaction resulted in a total of
4,791,918 reads from 86 samples (after the loss of four samples). 165 rRNA OTUs were
picked open reference through QIIME at 97% similarity using Greengenes database (47).
Those reads that did not match in the existing Greengenes database were then picked de
novo (i.e., the remaining reads were compared against each other). The 97% similarity
threshold allows 3% dissimilarity in definitions at the species level (48). All statistical

analyses took place in QIIME and R (version 3.2.3).
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Alpha diversity was measured for the four human sample sites (armpit, ankle,
hand, and forearm) and the single zebu sample site. Samples from the same body site
were grouped to allow for testing the differences in mean alpha diversity between
sample sites across zebu owners, non-zebu owners, and zebu using a one-way ANOVA
and Tukey’s honest significant difference (HSD) (critical alpha level=0.05) and a Kruskal-
Wallis nonparametric test. Unless otherwise noted, statistical tests were performed on
log-transformed values of alpha diversity.

Beta diversity was calculated using unweighted UniFrac community distance to
measure the similarity of community structure of microbes within and between groups
and sample sites. To assess if beta diversity could predict zebu ownership, zebu and
zebu owner samples were clustered to display community similarities between samples.
The two zebu chosen for this analysis represent two distinct types of zebu-zebu owner
relationships. The first relationship is one of “low contact,” as it was unclear if the zebu
owner was the primary handler. In contrast, the second relationship is one of “high
contact” as the author observed frequent interactions between the zebu and zebu owner.
Additionally, taxonomic bar plots were generated to display the composition of sample
sites at the genus level. From these bar plots, a subset of genera of potential ecological or

health significance was highlighted.
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3. Results

3.1 General results

3.1.1 Alpha diversity of zebu owners and non-zebu owners compared
to zebu

Armpits were the least diverse zebu owner body site, while ankles were the most
diverse (as measured by both Faith’s PD and number of OTUs) (Table 1; Figure 3).
Armpit diversity (as Faith’s PD) was significantly different from all other zebu owner
body sites (one-way ANOVA and Tukey’s HSD, p<0.05; Table 2). Armpits also had
significantly fewer OTUs than ankles, forearms, and hands (one-way ANOVA and
Tukey’s HSD, p<0.05; Table 3; Figure 4). Of the zebu owner body sites, hands and
forearms were the most similar (one-way ANOVA and Tukey’s HSD, p<0.05; Tables 2
&3).

Table 1. Diversity of sample sites from zebu- owners and zebu.

Body Site | Faith's PD | Number of OTUs
Zebu 61.537 1164.550
Ankle 54.531 928.933
Hand 37.204 631.888

Forearm 36.063 626.770
Armpit 14.571 320.030
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Table 2. Comparison of Faith's PD across zebu owners and zebu (one-way ANOVA &
Tukey's HSD). AN=ankle, AP=armpit, FA=forearm, HA=hand, Z=zebu.

Index Referent | Comparison | Difference in means p-value
AN 0.188 0.920

7 AP 1.453 <0.001*
FA 0.589 0.077
HA 0.563 0.136
i AN -0.375 0.532
FaithsPD-| - 0 AP 0.890 0.004*
FA 0.026 1.000

AP AN -1.264 <0.001*
FA -0.864 0.003*
FA AN -0.401 0.409

*Significant at p <0.05 level.

Table 3. Comparison of number of OTUs across zebu owners and zebu
(one-way ANOVA & Tukey's HSD). AN=ankle, AP=armpit, FA=forearm,
HA=hand, Z=zebu.

Index Referent | Comparison | Difference in means p-value
AN 0.289 0.672
AP 1.365 <0.001*
‘ FA 0.679 0.020*
HA 0.651 0.043*
AN -0.362 0.519
OTUs HA AP 0.713 0.022*
FA 0.028 1.000
AP AN -1.075 <0.001*
FA -0.685 0.018*
FA AN -0.390 0.388

*Significant at p <0.05 level.
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Figure 3. Alpha diversity (Faith's PD) of zebu owners and zebu.
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Figure 4. Boxplots of number of OTUs of zebu owners and zebu (AN=ankle,
AP=armpit, FA=forearm, HA=hand, Z=zebu).

The armpit was also the least diverse body site of the non-zebu owners, and the
ankle was the most diverse (as measured by both Faith’s PD and number of OTUs)
(Table 4; Figure 5). In contrast, armpit diversity differed only from ankle samples, both
as Faith’s PD and number of OTUs (one-way ANOVA and Tukey’s HSD, p<0.05; Tables
5&6; Figure 6). Similar to the pattern observed in zebu owners, hands and forearms were
the most similar between the non-zebu owner body sites (one-way ANOVA and Tukey’s

HSD, p<0.05; Tables 5&56).
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Table 4. Diversity of sample sites from non-zebu owners and zebu.

Body Site | Faith's PD | Number of OTUs
Ankle 78.212 1220.780
Zebu 61.581 1164.550

Forearm 47.080 787.956
Hand 39.346 700.960
Armpit 18.959 338.130

Table 5. Comparison of Faith's PD across non-zebu owners and zebu
(one-way ANOVA &Tukey's HSD). AN=ankle, AP=armpit, FA=forearm,

HA=hand, Z=zebu.

Index Referent | Comparison | Difference in means p-value
AN -10.906 0.945
7 AP 42.622 0.043*
FA 14.501 0.870
HA 22.234 0.558
. AN -33.140 0.178
Faith's PD | gy AP 20.388 0.637
FA -7.733 0.986
AP AN -53.528 0.006*
FA -28.121 0.351
FA AN -25.407 0.453

*Significant at p <0.05 level.
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Table 6. Comparison of number of OTUs across non-zebu owners and zebu
(one-way ANOVA & Tukey's HSD). AN=ankle, AP=armpit, FA=forearm,
HA=hand, Z=zebu.

Index Referent | Comparison | Difference in means p-value
AN 0.287 0.865
7 AP 1.288 <0.001*
FA 0.581 0.319
HA 0.637 0.210
AN -0.349 0.756
OTUs HA AP 0.652 0.191
FA -0.056 1.000
AP AN -1.001 0.012*
FA -0.708 0.149
FA AN -0.294 0.865

*Significant at p <0.05 level.
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Figure 5. Alpha diversity (Faith's PD) of non-zebu owners and zebu.
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Figure 6. Boxplots of number of OTUs of non-zebu owners and zebu
(AN=ankle, AP=armpit, FA=forearm, HA=hand, Z=zebu).

Across all body sites, non-zebu owners were more diverse than zebu owners
(Table 7). However, at no body site were these differences significant (Kruskal-Wallis
test, p<0.05; Table 8). Similarly, the number of OTUs was not significantly different
between any body site of zebu owners and non-zebu owners (Kruskal-Wallis test,

p<0.05; Table 8; Figure 7).
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Table 7. Alpha diversity of zebu owners and non-zebu owners.

Body Site Origin Faith's PD Number of OTUs

Zebu owner 54.531 928.933

Ankle Non-zebu 78.212 1220.780
owner

Zebu owner 36.063 626.770

Forearm Non-zebu 47 080 787 056
owner

Zebu owner 37.204 631.888

Hand Non-zebu 39.346 700.960
owner

Zebu owner 14.571 320.030

Armpit Non-zebu 18.959 338.130
owner

Table 8. Comparison of Faith's PD and number of OTUs across zebu owners
and non-zebu owners (Kruskal-Wallis). AN=ankle, AP=armpit, FA=forearm,

HA=hand.

Index Body Site p-value
HA 0.790
s FA 0.327
Faith's PD AP 0.290
AN 0.683
HA 0.929
FA 0.624

T

OTUs AP 0.706
AN 1.000

Note: Kruskal-Wallis test performed on non log-transformed values of alpha diversity.
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Figure 7. Boxplots of number of OTUs of zebu owners and non-zebu owners
(all sample sites combined).

3.2.1 Beta diversity of zebu owners and non-zebu owners

Beta diversity was not significantly different at the group or sample site level
(unweighted UniFrac distances, p<0.05; Appendix K.i-ii). There were no differences in
the community structure of microbes within and between zebu owners and non-zebu
owners overall, or when analyzed at specific sample site. That is, whether grouped or
analyzed by body site, zebu owner samples were no more similar to each other than
were zebu owners to non-zebu owners, and vice versa. The PCoA does not segregate

zebu owners from non-zebu owners (Figure 8).
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Figure 8. PCoA of unweighted UniFrac community distances of microbes in
zebu owners (red) and non-zebu owners (blue).

3.2 Results specific to predictions
3.2.1 Prediction 1: Similarity of zebu owners to zebu

Zebu diversity (as Faith’s PD) was significantly different from zebu owner
armpits, but not from ankles, forearms, or hands (one-way ANOVA and Tukey’s HSD,
p<0.05; Table 2). Zebu had significantly more OTUs than did zebu owner armpits,
forearms, and hands, but not ankles (one-way ANOVA and Tukey’s HSD, p<0.05; Table

3; Figure 4).
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Beta diversity was significantly different at the group level (among zebu owners
and zebu), but not at the level of sample site (unweighted UniFrac distances, p<0.05;
Appendix Li-ii). Analyses revealed a difference in the community structure of microbes
within and between zebu owners and zebu. That is, zebu owner samples were
significantly more similar to each other than zebu owner samples were to zebu.
Likewise, zebu samples were more similar to each other than were zebu to zebu owners.

The principal coordinate analysis (PCoA) segregates zebu owner and zebu samples

(Figure 9).
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Figure 9. PCoA of unweighted UniFrac community distances of microbes in
zebu owners (red) and zebu (blue).
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3.2.2 Prediction 2: Similarity of non-zebu owners to zebu

Zebu diversity differed only from non-zebu owner armpits, while ankle diversity
also differed from that of armpits (one-way ANOVA and Tukey’s HSD, p<0.05; Table 6).
Zebu and non-zebu owner ankles had significantly more OTUs than non-zebu owner
armpits (Table 7; Figure 6).

Beta diversity was significantly different at the group level, but not at the level of
sample sites (unweighted UniFrac distances, p<0.05; Appendix J.i-ii). Similar to the
pattern observed between zebu owners and zebu, there was a difference in the
community structure of microbes within and between non-zebu owners and zebu, but
the differences were not observed between sample sites. Thus, non-zebu owner samples
were significantly more similar to each other than they were to zebu samples, and vice

versa. The PCoA segregates non-zebu owner and zebu samples (Figure 10).
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Figure 10. PCoA of unweighted UniFrac community distances of microbes in
non-zebu owners (red) and zebu (blue).

3.2.3 Prediction 3: Similarity of a zebu to his owner

Beta diversity does not predict ownership of a zebu by a particular zebu owner
in either the “low contact” or “high contact” relationship. Samples from a specific zebu

owner did not cluster with the sample from his zebu (Figures 11 and 12).
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Figure 11. PCoA of unweighted UniFrac community distances of microbes in a zebu and his
owner (orange) and other zebu owners (white). This was a “low contact” relationship. Note: this
does not include armpit samples, and one of the zebu owner samples was lost to rarefaction.
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Figure 12. PCoA of unweighted UniFrac community distances of microbes in a zebu and his
owner (green) and other zebu owners (white). This was a "high contact" relationship. Note: this does
not include armpit samples.
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3.3 Taxonomic results

Three genera (Anaerococcus, Staphylococcus, and Corynebacterium) made up 89.49%
of the diversity of zebu owner armpits and 80.05% of non-zebu owner armpits (Figures
13 and 14). One genus (Enhydrobacter) made up almost one third of the diversity of zebu
samples. No genus constituted 10% or more of the diversity of ankles, forearms, or
hands, though this was the case in armpits, which were dominated by Anaerococcus,
Staphylococcus, and Corynebacterium.

A subset of bacterial genera of potential ecological and health significance was
compared between all zebu owner body sites, non-zebu owner ankles, and zebu (Table
9). Corynebacterium and Staphylococcus were more prevalent on human sample sites than
on zebu, and Opitutus was found everywhere (albeit in low frequency) except for

armpits and zebu.
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Figure 13. Bar plots of genera in zebu owners (An=ankle, AP=armpit,
FA=forearm, HA=hand) and zebu (Z). Genera that constitute 10% or more of a sample
site are labeled.
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Figure 14. Bar plots of genera in non-zebu owners (AN=ankle, AP=armpit,
FA=forearm, HA=hand) and zebu (Z). Genera that constitute 10% or more of a sample
site are labeled.

Table 9. Prevalence of a subset of bacteria of potential ecological or health
significance. Shaded values constitute 1% or more of that sample (ZAN=zebu owner
ankle, NZAN=non-zebu owner ankle, ZAP=zebu owner armpit, ZFA=zebu owner
forearm, ZHA=zebu owner hand, Z=zebu).

Phylum Genus ZAN NZAN ZAP ZFA ZHA V4

Unassigned Unknown 0.995% 0.920% 0.494% | 0.440% | 0.310% | 0.823%

. . Corynebacterium | 6.435% 6.700% 47.796% | 6.704% | 7.133% 0.909%
Actinobacteria -

Knoellia 2.134% 1.519% 0.001% | 1.0146% | 0.596% | 0.033%

Bacteroidetes Prevotella 0.798% 0.297% 0.054% | 0.131% | 0.647% 0.003%

Firmicutes Anaerococcus 0.318% 0.203% 20.251% | 2.073% | 0.734% 0.003%

Staphylococcus 4.725% 5.452% 21.437% | 5.128% | 4.450% | 0.060%

Proteobacteria Enhydrobacter 0.209% 0.611% 1.325% | 5.271% | 0.373% | 29.137%

Verrucomicrobia Opitutus 0.019% 0.019% 0.000% | 0.001% | 0.0005% | 0.000%
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4. Discussion

4.1 Alpha diversity

Armpits were less diverse than zebu samples, irrespective of the armpit
belonging to a zebu owner or non-zebu owner. This is unsurprising, as the armpit is
more sheltered from the outside environment (and thus contact with zebu or other
environmental exposures) than are ankles, forearms, or hands. However, significantly
more OTUs were found on zebu than on zebu owner armpits, forearms, and hands, but
not ankles. While it is unlikely that zebu owners are contacting zebu with their ankles,
this may indicate that ankles are exposed to a similarly species-rich environment as are
the zebu (i.e., soil and crop fields), perhaps even more frequently than are hands and
forearms. This is supported by the highest prevalence of Knoellia, a bacterium formally
reported in soil (49), being found in ankle samples. Further analysis of the taxa on ankles
has direct implications for mosquito attractiveness, as specific bacteria are responsible
for foot odor (23) and Anopheles mosquitoes show a preference for biting human legs and
feet (50).

Within zebu owners, armpits were less diverse than all other body sites, which is
supported by previous findings indicating that moist skin sites are less diverse than dry
sites (5). Interestingly, Opitutus, a bacterium common to rice paddy soils (51), was
present on all zebu owner sample sites except armpits. This further supports the

hypothesis that the isolation of armpits from the outside environment contributes to
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their bacterial signature—that is, the ecology of the armpit and its degree of exposure
contributes to community composition (3). The lack of difference in diversity between
hand-ankle, hand-forearm, and forearm-ankle may be a reflection of both the exposure
of these sites to the same external environment, as well as certain behaviors of zebu
owners. For example, it is possible that a zebu owner uses his hand to swat an insect on
his ankle, or to wipe off his exposed arms after handling zebu, increasing the frequency
of contact between hands, ankles, and forearms.

Among the non-zebu owners, the only significant difference in diversity was in
comparing ankles to armpits. The lack of difference in diversity between hand-armpit
and forearm-armpit may be explained either by contact between these body sites, or by
the decreased exposure of hands and forearms to aspects of the environment such as
water or soil. As these explanations are not mutually exclusive, the lack of diversity
between these sites may thus be explained by both increased similarity due to contact,
and fewer differences as a result of less environmental exposure to the hands and
forearms. Additionally, the trend of bare footedness in residents of Mandena increases
exposure of ankles to the outside environment, which likely leads non-zebu owners to
touch their feet and ankles frequently. Similar explanations may apply to the difference
in diversity between hand-ankle and forearm-ankle that was also observed in zebu

owners.
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The lack of difference in diversity between non-zebu owner ankles, hands, and
forearms to zebu is surprising, and would likely be clarified by further investigation of
taxonomic abundances at each sample site. For example, the aforementioned trend of
bare footedness that is common in Mandena likely explains the prevalence of soil
bacteria Knoellia and Opitutus on non-zebu owner ankles in similar proportions as they
are found on zebu owner ankles. Aspects of life in Mandena, such as the daily use of
natural resources like firewood and river water, are likely driving increased contact
between people and the outside environment, including non-zebu owners.

If this is the case, then it is not surprising that all non-zebu owner body sites had
more (though not significantly) OTUs than the equivalent site on a zebu owner. Fewer
OTUs (an indicator of less diversity) on zebu owners may be a reflection of
homogenization due to environmental variables other than zebu. Or perhaps there are
particular taxon that, when transferred from a zebu to his owner, dominate a body site

by outcompeting other taxa, thereby decreasing the overall alpha diversity of that site.

4.2 Beta diversity

Beta diversity, as measured by unweighted UniFrac community distances, did
not predict zebu ownership by a particular zebu owner in both the “low contact” and
“high contact” relationship. This contrasts with previous studies in which the skin
communities of dog owners were more similar to their dog than to other dogs (7), and

cohabiting individuals were more similar to each other than to individuals living
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elsewhere (33). In contrast to objects such as computer keyboards that are marked with a
distinct bacterial fingerprint of the owner (17), zebu do not appear to be marked by a
“zebu owner print.” Perhaps this is true of other domesticated animals, as well. These
results are not surprising, however, since zebu and zebu owners in Mandena share
similar environments. Wood and large plant leaves are used for constructing homes, and
the floors are often covered in soil. Additionally, zebu owners that bathe at the end of
the day before entering the home are actually furthering their exposure to
“environmental microbes” through the use of river water. Further taxonomic analysis
will help explain if environmental microbes do in fact homogenize zebu and zebu owner
microbiomes (independent of the zebu-zebu owner relationship), a trend suggested in
other studies (7).

If this is the case, it would suggest that in contrast to life in Mandena, aspects of
Western society can both homogenize the microbiomes of humans and domesticated
animals and contribute to variation between environments. Dogs often live indoors
alongside humans where they experience shared environmental exposures, and it is
likely that across Western homes, the microbial environment varies due to factors such
as cleaning products, air filtering systems, and additional pets. In Mandena, all homes
are less developed and more exposed to natural elements than those found in Western

societies. Not only does this place zebu and zebu owners in similar environments
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outside of the agricultural fields, but it also decreases the variation between homes
compared to those in Western society.

Overall, zebu owner samples were more similar to other zebu owner samples
than they were to zebu samples. The same was true for non-zebu owners and zebu. This
supports previous studies in which human subjects were more similar to themselves
than to others (33). However, these similarities did not hold in comparisons of specific
sample sites. For example, ankles were no more similar to other ankles than they were to
forearms. These data suggest that samples carry a signature at the “origin” level (human
or zebu), but not at the level of sample site. This finding was unexpected, as previous
studies have suggested that microbe communities are dictated by the distinct ecological
properties of different body sites (34). However, the majority of skin microbiome
literature is based on samples from Western populations, where modern hygiene likely
help drive the distinctions between body sites by eliminating some species and
providing a more hospitable environment for others. In this light, it is less surprising
that human sample sites in this study lacked a strong microbial signature. A deeper
analysis of skin microbe taxa (and comparison to environmental samples) is required to
determine if the absence of Western hygiene practices and a shared environment is
overpowering distinct microbial taxonomic signatures at the alpha level and

homogenizing groups at the beta level.
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The current study was limited to four human sample sites, and analysis of
additional body sites may shed light on site-specific trends of microbial communities, as
well as the level of intrapersonal community variation between sample sites. Further, a
deeper understanding of which taxa drive the microbial signature of zebu will be an
integral step in investigating zooprophylaxis in future studies. If zebu owners are not
sharing microbes with zebu, then perhaps close physical proximity to zebu can in fact
protect an individual from host-seeking mosquitoes. And if specific taxa can be linked to
mosquito preference, such as the previously reported attraction of volatile emissions of
S. epidermis to Anopheles mosquitoes (52), this can guide interventions to prevent those
microbes from colonizing human skin.

The origin-level signature did not hold in the comparison of zebu owners and
non-zebu owners. Because the diversity of zebu owner samples was no more similar to
other zebu owner samples than to non-zebu owner samples, these data do not support
the hypothesis that the environmental exposures associated with farming (i.e., zebu
contact) drive skin microbe communities. Alternatively, these data suggest that the
definitions of “zebu owner” and “non-zebu owner” may not be appropriate for this
setting, as this distinction does not capture the true level of contact that people have
with nature. Instead, it may be that some ubiquitous aspects of life in rural Madagascar,
including exposure to water, soil, plants, and animals, are determining the composition

of skin microbe communities. People’s exposure to the outdoors might be a more
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powerful driver of microbial communities than is exposure to zebu. For example, the
prevalence of soil bacterium Knoellia on both zebu owner and non-zebu owner ankles is
consistent with the exposure of bare feet and ankles to soil. Thus, environmental
exposures may in fact influence the composition of the human skin microbial

community, but not based exclusively on contact with zebu.

4.3 Taxonomic trends

The initial analysis of specific bacterial taxa revealed patterns of skin
communities in this population that are similar to those found in other studies. The three
most prevalent genera (Anaerococcus, Staphylococcus, and Corynebacterium) in both zebu
owner and non-zebu owner armpits are well known skin-associated taxa (16,5).
Corynebacterium was more prevalent in armpits than in other sample sites, supporting
previous findings that this genus predominates moist body sites (34). In contrast to the
pattern seen in armpits, no single genus constituted 10% or more of ankles, forearms,
and hands (of both zebu owners and non-zebu owners). Interestingly, although ankles,
forearms, and hands are more diverse than armpits, all three lack the large proportion
(almost one third) of Enhydrobacter that was found on zebu, despite previous reports of
this genus as a successful colonizer of human skin (33). Because the success of
colonization depends on the microbes already present in the community (53), further
taxonomic analysis may reveal resident human skin microbes that outcompete

Enhydrobacter. This is just one example of how ecology can strengthen microbiome
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studies, an important part of understanding microbe-related health outcomes and
designing appropriate treatments and interventions (3).

A study of an uncontacted population living in the Venezuelan Amazon
reported a lack of dominance by any single taxon, which contrasts the overall low
bacterial diversity found in American skin communities (37). Similarly, four bacterial
phyla common to human skin (Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria)
(5) appear to be relatively evenly distributed across human sample sites in this study.
Additionally, the low abundance of Prevotella across sample sites is in line with the
notion that this genus is most common in the human mouth, vagina, and gut (54). The
prevalence of the soil taxon Knoellia in this study is supported by similar findings in the
uncontacted Venezuelan population (37).

Further taxonomic analysis will be needed to properly characterize the skin
microbiome of this non-Western population, as well as the microbes present on non-
human animals (and other aspects of the environment) with which they come into
frequent contact. Characterization is the first step in understanding where differences
lie, and how they may affect health outcomes. Linking westernization to changes in
microbe communities will contribute a novel dimension to the field of evolutionary
medicine, especially with regard to how changing environments and hygiene practices
can alter the skin microbiome. Because community disturbance can present an

opportunity for invasive microbes to successfully colonize a new environment (53),
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analyzing the microbiomes of people who practice hygienic behaviors and have varied
environmental exposures could explain how microbial interventions may prevent, or
allow for, colonization.

Corynebacterium and Staphylococcus appear to be more prevalent on human
samples than on zebu, which supports previous findings of greater abundances of these
taxa in humans compared to other primates (54). Interestingly, the common skin
phylum Proteobacteria (5) (containing the genus Enhydrobacter), was more dominant on
zebu than human sample sites. Enhydrobacter has been found in skin samples from
Chinese populations (33), though it was initially described as an aquatic species (55). In
the context of this study, it is likely that the presence of Enhydrobacter on zebu samples is
due to the fact that zebu are exposed to rain water and standing water in rice paddy
fields. Additionally, many zebu are kept in the village overnight, but must travel
through rivers in order to get to the agricultural fields. Trends such as these suggest the
need for further analysis of what drives microbe sharing in order to draw conclusions
about taxa-specific signatures of humans and zebu. Microbe sharing is also an important
part of understanding what a “normal” microbiome looks like, both across host species

and specific body sites.

4.4 Implications for policy and practice

As previously mentioned, these data suggest further analysis is required to fully

understand how zooprophylaxis could be used in this setting. Following decades of
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recommendation from the WHO on using zooprophylaxis to combat malaria, modern
sequencing technology presents the opportunity to investigate why zooprophylaxis
works in some situations, yet fails in others (26). Tackling this issue from a microbial
perspective would allow scientists, health professionals, and policy makers to
investigate a potentially life-saving strategy through a novel dimension. Mapping
microbial signatures in this Malagasy population can inform the use of zooprophylaxis
by assessing the situation at a community level, as has been previously suggested (28).
For example, the aforementioned finding of soil species on ankle samples has
immense implications for addressing the use of zooprophylaxis in this population.
Though zebu samples were overall more similar to other zebu samples than they were
to samples of zebu owners, it is likely that certain taxa are more easily shared between a
zebu and his owner than are others. If shared bacteria, such as the soil bacterium Knoellia
that was found on ankle samples, are found to produce chemicals that are attractive to
mosquitoes, then perhaps the presence of these bacteria on human ankles drives
mosquitoes to bite this body part, similar to the way previous observations have linked
specific bacteria to the production of odorous compounds that can attract mosquitoes
(23,13). Moreover, understanding patterns at a community level can contribute to a
deeper understanding of geography’s role in dictating the skin microbiome, an
important feature of any strategy for combatting vector-borne diseases, which are found

worldwide.
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4.5 Implications for further research

Further research is needed to assess the determinants of microbial communities
on zebu owners, non-zebu owners, and zebu. Specifically, future studies should address
the magnitude and directionality of microbe sharing between humans, zebu, and other
aspects of the environment (including soil and common crops, such as rice and vanilla).
Understanding the directionality of microbe transfer has strong implications for
zooprophylaxis or other methods of vector-borne disease prevention, as sources of
mosquito-attracting bacteria can be identified and managed. Also, it is unlikely that a
zebu owner who is in contact with zebu is not also in contact with other domesticated
animals, so sampling of other animals commonly found in this village could shed light
on inter-species microbial sharing. In Mandena, these animals include swine and
poultry, two groups that are known contributors to other health concerns in humans
such as influenza. It would also be interesting to replicate a study of dogs and their
owners in this community, in hopes that it could further explain patterns of microbiome
homogenization.

In addition, the fact that wildlife reservoirs contribute significantly to the pool of
emerging infectious diseases in humans suggests the need for sampling other non-
human animals. Future microbiome studies could benefit from incorporating additional
ecological theories, such as island biogeography, which examines the distribution of

biodiversity over space and time (56). Incorporating this theory can guide our
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understanding of how host “islands” interact with each other, and how this can be used
to map the “immigration” of microbes between these islands (57). In the context of this
study, this could map the transfer of microbes between individual zebu and zebu
owners, or between body sites, strengthening our ability to predict how microbes are
shared within and between hosts.

Future studies would also benefit from an increased sample size (of both participants
and number of sample sites). Following individuals over time would provide important
information regarding intrapersonal and temporal variation of the skin microbiome, and
enrolling cohabiting family members would add to our understanding of microbial

sharing due to shared environments and physical contact (7).

4.6. Study strengths and limitations

This study may be limited by conditions of sample collection in the field. Sample
storage was neither ideal nor consistent, and future microbiome studies conducted in
rural settings would benefit from a better understanding of potential consequences of
storing samples in the absence of electricity and reliable refrigeration. Similarly, sample
transport back to the US was variable, both in the time it took for samples to return (for
example, due to missed flights and alternative travel routes) and in differences in the
pieces of luggage used to hold the samples during transit. It is possible that the variation
in storage condition created an inhospitable environment for certain species, while

promoting the growth of others. Further, initial analysis of sample quality using
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FASTQC (version 0.11.4, http://www .bioinformatics.bbsrc.ac.uk/projects/fastqc/)
revealed many poor quality sequences, requiring adjustments and quality filtering in the
QIIME pipeline.

Categorization of individuals into study groups presents another challenge.
Despite the “zebu owner” and non-zebu owner” categories used in this study, the
majority of people, including children, have regular, daily contact with the outside
environment, including soil, water, plants, and non-human animals. Future studies
would benefit from a more accurate categorization process that captured both the type
and intensity of environmental exposure, perhaps through additional questions or direct
observation of individuals working with their zebu in the fields. It could also be
informative to collect samples from all members of a household, including children, to
better understand how a zebu owner’s environmental exposures differ from other
individuals.

Technological limitations pose challenges to these types of studies, such as the
need for an even rarefaction depth. In this study, a rarefaction depth of 9,000
sequences/sample was chosen in order to include all zebu samples in the final analysis.
An even rarefaction depth allows for comparison of sequences across samples.
Regardless of how many sequences are in a given sample, an even rarefaction depth tells
QIIME to only “read” a random subset of 9,000 of those sequences. Thus, samples below

this threshold were lost altogether, while hundreds to tens of thousands of sequences
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from robust samples were not used in picking OTUs. Rarefaction can affect both the
sample size and the validity of the conclusions that are drawn from the sequences that
remain, as they may not be the most accurate representation of the samples collected.
Finally, OTU picking is only as strong as the reference database used. In studies where
samples are collected from a non-Western population, it is unclear what novel taxa may
reside in the “unknown” category of OTU picking.

Our study also had many strengths that provided novel insights to
understanding the ecology of the skin microbiome. One novel aspect involved the
sampling of a non-Western population living in a biodiversity hotspot. To my
knowledge, this is the first microbiome study to zebu, and the first to sample the skin of
the Malagasy people. The majority of microbiome studies in Madagascar have focused
on lemurs, specifically in the gut. This work contributes to the limited number of studies
that have focused on non-Western populations, despite the predominance of these
populations in other global public health endeavors.

This study serves as a catalyst for future research to strengthen our
understanding of how deviations from ancestral lifestyles impacts human, wildlife, and
environmental health, as part of the emerging field of evolutionary medicine. In a
related study that uses some of the same samples, we are also investigating how soap

use alters the species richness and abundance of microbes living on the skin. This study

56



will investigate how modern hygiene practices can alter skin microbe communities,
potentially creating a mismatch scenario.

Finally, it is the author’s hope that future research will focus on the role of
microbes in mosquito host preference, zooprophylaxis, and vector control. Further
research should aim to determine if mosquitoes display a preference for humans or
zebu, and if this preference can be linked to specific bacteria. For example, if the
previously identified soil species that were found on human ankles are in fact attractive
to mosquitoes, then specific behavioral changes, such as wearing socks or washing legs
and feet after being outside, could protect an individual from mosquito bites and thus,
the risk of contracting vector-borne disease. In the future, “microbial control” through
behavioral change, hygiene practices, or the development of pharmaceuticals to regulate
which species can grow on human skin, may serve as a staple of vector-borne disease

prevention.
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5. Conclusion

Overall, the data suggest that the environmental exposures associated with being
a zebu owner are not the major drivers of skin microbe communities. Contrary to what
was predicted, zebu owners are no more similar to zebu than they are to non-zebu
owners, or than non-zebu owners are to zebu. Moreover, a given zebu is no more similar
to his owner that to other zebu owners. However, sample sites that are exposed to the
outside environment exhibit levels of diversity more similar to the diversity found on
zebu than do sites that are isolated (i.e. the armpit). Thus, contact with the external
environment likely influences the presence, and possibly the relative abundance, of skin
microbes on exposed body sites. Future research should include the magnitude and
directionality of microbial sharing between humans, non-human animals, plants, and
abiotic environmental factors such as water and soil. These data will help link specific
microbes to health outcomes, which can strengthen environmental policy and global

public health initiatives.
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Appendices
Appendix A — General Health Survey

1. Name 1D

2. Weight (kg)
3. Height (m)
4. Age (years)
5. Gender

6. What is your occupation(s)?
7. Have you experienced dental pain in the last week?

Yes No
8. Do you regularly wear shoes?
Yes No

9. Please describe the shoes (shape, material, does it cover your toes?):

10. How often do you wear your shoes?
Daily Weekly ~ Monthly Less than once per month
11. How old were you when you started wearing shoes?

12. Please rank the difficulty of the physical labor involved with your occupation:
No physical labor ~ Mild Moderate High Intense
13. Where do you regularly feel pain (please circle on picture)?

SHOULDERS
UPPER BACK

ELBOWS

LOW BACK

WRISTS/HANDS

HIPS/THIGHS

KNEES

ANKLES/FEET

15. On average, how many hours do you sleep each night?

Less than 6 6-8 More than 8
16. Do you sleep:
Too much About right Too little

17. Do you fall asleep quickly?
If the subject seeks clarification, it will be suggested that less than 15 min is “quick”.
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18. Would you say that you wake up frequently at night?

Yes No
19. Do you wake up too early in the morning and cannot go back to sleep?
Yes No

20. How many people live in your household?
21. How many of those people are adults (over 18 years old)?

22. How many of those people are children under 3 years old?

23. In general, are you happy with your sleep?
Yes No

If no, why you are not happy with your sleep?

24. In the past week, have you touched live zebu?

Yes No

25. In the past week, have you touched live chickens?
Yes No

26. In the past week, have you touched live pigs or goats?
Yes No

27. Did you bathe yesterday?
Yes No
If yes, did you use soap?
Yes No

What kind of soap did you use?
28. Did you bathe the day before yesterday?
If yes, did you use soap?

Yes No

What kind of soap did you use?
29. Who does the cooking in your home?

Myself Someone else
If the answer is ‘myself,” then please continue
30. Where do you cook?

In the home Outside A separate building
31. What type fuel do you use for cooking?
Charcoal Gas Wood Something else
32. In this past year, have you:
Coughed up blood Had surgery

Had chest pain or difficulty breathing that interfered with your normal daily activities?
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Appendix B — General Health Consent

ID

You are invited to participate in a research project about how your diet, your
behavior, and your job affect your health. This project hopes to make connections
between behavior, your environment, and health. If you agree to participate in this
study, you will be asked to complete a survey that will take about 1 hour, which will ask
questions about your diet, behavior, and occupation. In addition we will take basic
health measurements, including blood pressure, height, body temperature, and weight.
Depending on your answers to our surveys and the results of health measurements, we
may invite you to take more questions and do more assessments. There are no
foreseeable risks to participating in the research.

Your participation in this study is voluntary. You do not have to be in this study
if you do not want to. If you agree to be in this study, you are free to participate only in
the activities that you wish. You do not have to do anything you do not want to, and
you may stop your participation at any time, for any reason. If you choose to stop, we
will not keep any of your information. You will not receive compensation for
participation in the general study.

We plan to share the results of this study with the Mandena community, SAVA
health authorities, and Duke University in the United States. However, all data will be
reported without individual names.

Do you have any questions for us at this time? If you have any questions during
or after the study, please contact Melissa Manus at melissa.manus@duke.edu, or +1
708.522.2105. Note: we will provide Malagasy phone number at later time

If you wish to participate, please sign below:

Name: Date:

With your permission, we would like to take pictures during the study. These
pictures will be shared with SAVA health authorities and Duke University to help
explain the work that we did here, including in scientific presentations, journal articles,
and reports about the trip. If you agree to having your picture taken, please sign below.
You may still participate in the study without agreeing to have your picture taken.
Name: Date:

Appendix C — Skin Microbiome Survey

Name ID
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1. When you are in a group of people, do mosquitos seem to like to bite you more than

other people?

Yes No I'm not sure

2. Have you had malaria before?

Yes No Unsure I prefer not the answer this question
3. Have you been treated for malaria before?

Yes No Unsure I prefer not to answer this question
4. Have you taken antibiotics before?

Yes No Unsure I prefer not to answer this question
5. How often do you wash your body?

Two or more times per day One time per day Every 1-3 days

Every 4-6 days Once a week Less than once a
week

6. How often do you wash your hands?

More than once a day Once a day Every 1-2 days

7. At what time of day do you usually bathe?

8. Do you work in close proximity with animals?
Yes No
9.If yes, which animals?

9. Do you use any soap or skin products regularly? If so, what kind?
Yes No
Kind(s):

10. If you answered yes to the above question, how often do you use the skin product?
a. More than once a day
b. Once a day
c. Once every 2-4 days
d. Once every 5-7 days
e. Once over greater than a week
11. If you received soap, would you use it regularly?

f. Yes
g. No
h. Unsure

Appendix D — Consent for Skin Swab

ID

Based on your answers to the first survey, you are invited to participate in a
research project about the effect of lifestyle and environment on the microorganisms that
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live on your skin. If you agree to participate in this study, you will be asked to complete
a survey that will take about 45 minutes. We will also collect a swab sample from your
skin. Collecting these samples will take about 10 minutes and will involve rubbing a
cloth swab on your skin. There are no foreseeable risks to participating in the research.

To collect the sample, we will wipe a small, soft cloth swab across the top of your
foot, the back of your hand, your forearm, and your armpit. There is nothing on the
swab except for the cloth. The swabs will be kept in a small container that is labeled with
today’s date, the time of the collection, your age, your gender, and a number that
identifies you are the donor. This information will not be shared with anyone outside of
the research team.

Your participation in this study is voluntary. If you would like to participate, we
will give you soap at the end of the study to use however you want. You do not have to
be in this study if you do not want to. If you agree to be in this study, you are free to
participate only in the activities that you wish. You do not have to do anything you do
not want to do. We ask that you return three more times to collect samples, but you may
stop your participation at any time, for any reason. If you choose to stop, we will not
keep any of your information.

We plan to share the results of this study with the Mandena community, SAVA
health authorities, and Duke University in the United States. However, all data will be
reported without individual names.

Do you have any questions for us at this time? If you have any questions during
or after the study, please contact Melissa Manus at melissa.manus@duke.edu, or +1
708.522.2105. Note: we will provide Malagasy phone number at later time

If you agree to participate, please sign below:

Name: Date:

With your permission, we would like to take pictures during the study. These
pictures will be shared with SAVA health authorities and Duke University to help
explain the work that we did here, including in scientific presentations, journal articles,
and reports about the trip. If you agree to having your picture taken, please sign below.
You may still participate in the study without agreeing to have your picture taken.
Name: Date:

Appendix E — Consent for Zebu Owners

Note: Due to lack of mosquitos at the field site, t shirts were not used on the zebu, the behavior of
biting mosquitos was not investigated, and t shirts were not given as compensation. However,
zebu were swabbed behind the dorsal hump.

ID
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Based on your answers to the first survey, you are invited to participate in a
research project about the way that mosquitos find humans and animals to bite. If you
agree to participate in this study, you will be given clothing to wear during and after
work. We ask that you do not wash the clothing during the study.

Additionally, we will fasten a t-shirt to the back of some of your zebu. We ask
that you also keep the t-shirt on the zebu for the whole workday without removing it.
We will use the clothing as bait inside the mosquito traps. We will also use a small
cotton swab to collect a skin sample from the back and head of your zebu. There is
nothing on the swab except for the cloth. The swabs will be kept in a small container that
is labeled with today’s date, the time of the collection, a number that identifies your
zebu as the donor. This information will not be shared with anyone outside of the
research team. There are no foreseeable risks to you or your zebu for participating in the
research.

Your participation in this study is voluntary. You do not have to be in this study
if you do not want to. If you agree to be in this study, you are free to participate only in
the activities that you wish. You do not have to do anything you do not want to do. We
ask that we collect samples from your zebu three more times, but you or your zebu may
stop participating at any time, for any reason. If you choose to stop, we will not keep
any of your information. After the study is complete, you may keep the clothing given to
you and your animals.

We hope to share the results of this study with the Mandena community, SAVA
Health Authorities, and with Duke University and the North Carolina Museum of
Natural Sciences in the United States. However, all data will be reported without
individual names.

Do you have any questions for us at this time? If you have any questions during
or after the study, please contact Melissa Manus at melissa.manus@duke.edu, or +1
708.522.2105. Note: we will provide Malagasy phone number at later time
If you agree to participate, please sign below:

Name: Date:

If you are interested in being checked for malaria, we can perform a rapid
diagnostic test. We have limited numbers of tests, and thus will first evaluate whether
you have fever and any other reported symptoms of malaria. For the test, we will prick
your finger with a small, sterile needle that will analyze your blood within fifteen
minutes. The prick will cause temporary discomfort. This will only test for the presence
of malaria in your blood, not any other diseases. Your test result will not be shared with
anyone else. If you receive a positive test, we will direct you to the CSB-2 in
Maroambihy, where you can receive treatment.

If you would like to be tested for malaria, please sign below. You do not have to
agree to be tested in order to participate in the study.

Name: Date:
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With your permission, we would like to take pictures during the study. These
pictures will be shared with SAVA health authorities and Duke University to help
explain the work that we did here, including in scientific presentations, journal articles,
and reports about the trip. If you agree to having your picture taken, please sign below.
You may still participate in the study
without agreeing to have your picture taken.

Name: Date:

Appendix F — DNA Extraction Protocol

Standard laboratory procedure for DNA extraction using MoBio PowerSoil DNA Isolation kit.
The following procedure was taken directly from MoBio, with modifications noted.
1. To the PowerBead Tubes provided, add 0.25 grams of soil sample.
Modification: the entire swab was submerged and mixed into the PowerBead
Tube for 1 minute.
2. Gently vortex to mix.
3. Check Solution C1. If Solution C1 is precipitated, heat solution to 60°C until dissolved
before use.
Modification: Solution C1 was heated at the start of Step 1.
4. Add 60 pl of Solution C1 and invert several times or vortex briefly.
5. Secure PowerBead Tubes horizontally using the MO BIO Vortex Adapter tube holder
for the vortex (MO BIO Catalog# 13000-V1-24) or secure tubes horizontally on a flat-bed
vortex pad with tape. Vortex at maximum speed for 10 minutes. Note: If you are using
the 24 place Vortex Adapter for more than 12 preps, increase the vortex time by 5-10
minutes.
6. Make sure the PowerBead Tubes rotate freely in your centrifuge without rubbing.
Centrifuge tubes at 10,000 x g for 30 seconds at room temperature. CAUTION: Be sure
not to exceed 10,000 x g or tubes may break.
7. Transfer the supernatant to a clean 2 ml Collection Tube (provided). Note: Expect
between 400 to 500 ul of supernatant. Supernatant may still contain some soil particles.
8. Add 250 ul of Solution C2 and vortex for 5 seconds. Incubate at 4°C for 5 minutes.
9. Centrifuge the tubes at room temperature for 1 minute at 10,000 x g.
10. Avoiding the pellet, transfer up to, but no more than, 600 pul of supernatant to a clean
2 ml Collection Tube (provided).
11. Add 200 pl of Solution C3 and vortex briefly. Incubate at 4°C for 5 minutes.
12. Centrifuge the tubes at room temperature for 1 minute at 10,000 x g.
13. Avoiding the pellet, transfer up to, but no more than, 750 pl of supernatant into a
clean 2 ml Collection Tube (provided).
14. Shake to mix Solution C4 before use. Add 1200 pl of Solution C4 to the supernatant
and vortex for 5 seconds.
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15. Load approximately 675 pl onto a Spin Filter and centrifuge at 10,000 x g for 1 minute
at room temperature. Discard the flow through and add an additional 675 ul of
supernatant to the Spin Filter and centrifuge at 10,000 x g for 1 minute at room
temperature. Load the remaining supernatant onto the Spin Filter and centrifuge at
10,000 x g for 1 minute at room temperature. Note: A total of three loads for each sample
processed are required.
16. Add 500 pl of Solution C5 and centrifuge at room temperature for 30 seconds at
10,000 x g.
Modification: Solution C6 was heated at the start of this step.
17. Discard the flow through.
18. Centrifuge again at room temperature for 1 minute at 10,000 x g.
19. Carefully place spin filter in a clean 2 ml Collection Tube (provided). Avoid
splashing any Solution C5 onto the Spin Filter.
20. Add 100 pl of Solution C6 to the center of the white filter membrane. Alternatively,
sterile DNA-Free PCR Grade Water may be used for elution from the silica Spin Filter
membrane at this step (MO BIO Catalog# 17000-10).
Modification: add 25 ul of Solution C6 and centrifuge for 30 seconds at 10,000 x
8. Repeat with an additional 25 ul.
21. Centrifuge at room temperature for 30 seconds at 10,000 x g.
22. Discard the Spin Filter. The DNA in the tube is now ready for any downstream
application.

Appendix G — DNA Sequencing Protocol

16S Metagenomic Sequencing Library

Preparation

Preparing 16S Ribosomal RNA Gene Amplicons for the

Illumina MiSeq System

Workflow Summary:

1. Order amplicon primers—The protocol includes the primer pair sequences for the V3
and V4 region that create a single amplicon of approximately ~460 bp. The protocol also
includes overhang adapter sequences that must be appended to the primer pair
sequences for compatibility with Illumina index and sequencing adapters. Illumina does
not sell these primers. They must be ordered from a third party. See Amplicon Primers,
on page 3 for more information on amplicon primers.

2. Prepare library—-The protocol describes the steps to amplify the V3 and V4 region and
using a limited cycle PCR, add Illumina sequencing adapters and dual-index barcodes
to the amplicon target. Using the full complement of Nextera XT indices, up to 96
libraries can be pooled together for sequencing.
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3. Sequence on MiSeq-Using paired 300-bp reads, and MiSeq v3 reagents, the ends of
each read are overlapped to generate high-quality, full-length reads of the V3 and V4
region in a single 65-hour run. The MiSeq run output is approximately > 20 million reads
and, assuming 96 indexed samples, can generate > 100,000 reads per sample, commonly
recognized as sufficient for metagenomic surveys.

4. Analyze on MSR or BaseSpace-The Metagenomics workflow is a secondary analysis
option built into the MiSeq Reporter (on-system software) or available on BaseSpace
(cloud-based software). The Metagenomics Workflow performs a taxonomic
classification using the Greengenes database showing genus or species level
classification in a graphical format.

This protocol can be used to sequence alternative regions of the 16S rRNA gene
and for other targeted amplicon sequences of interest. When using this protocol for
amplicon sequencing other than 16S rRNA, use the Generate FASTQ Workflow
(secondary analysis option). For more information, see MiSeq Reporter Metagenomics
Workflow, on page 20. DNA. A subsequent limited-cycle amplification step is
performed to add multiplexing indices and Illumina sequencing adapters. Libraries are
normalized and pooled, and sequenced on the MiSeq system using v3 reagents.
Amplicon Primers

The gene-specific sequences used in this protocol target the 165 V3 and V4
region. They are selected from the Klindworth et al. publication (Klindworth A, Pruesse
E, Schweer T, Peplles J, Quast C, et al. (2013) Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies.
Nucleic Acids Res 41(1).) as the most promising bacterial primer pair. Illumina adapter
overhang nucleotide sequences are added to the gene-specific sequences. The full length
primer sequences, using standard IUPAC nucleotide nomenclature, to follow the
protocol targeting this region are:
16S Amplicon PCR Forward Primer = 5'
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG
16S Amplicon PCR Reverse Primer = 5'
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATC
C

This method can also be utilized to target other regions on the genome (either for
16S with other sets of primer pairs, or non-16S regions throughout the genome; ie any
amplicon). The overhang adapter sequence must be added to the locus-specific primer
for the region to be targeted (Figure 1). The Illumina overhang adapter sequences to be
added to locus-specific sequences are:

Forward overhang: 5’
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-[locusspecific
sequence]
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Reverse overhang: 5
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[locusspecific

sequence]

The following considerations are recommended for designing other locus-specific
primers:

a) [llumina recommends targeting regions that result in an amplicon that when
sequenced with paired-end reads has at least ~50 bp of overlapping sequence in
the middle. For example, if running 2x300 bp paired-end reads Illumina
recommends

having an insert size of 550 bp or smaller so that the bases sequenced at the end
of each read overlap.

b) The locus-specific portion of primer (not including overhang sequence) must
have a melting temperature (Tm) of 60°-65°C. You can use online PCR primer
sequence analysis tools (e.g.
http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/) to

check the properties of primer designs. For the Tm calculation only, the
gene-specific portion must be used in calculation. For hairpin and dimer
calculations, the fully assembled primer sequence (including the overhang)
should be used.

c) lllumina recommends using standard desalting purification when ordering
oligo primer sets.

Amplicon PCR

This step uses PCR to amplify template out of a DNA sample using region of

interestspecific primers with overhang adapters attached. For more information on
primer sequences, see Amplicon Primers, on page 3.

Consumables

Item Quantity Storage
Microbial Genomic DNA (5 | 2.5 ul per sample -15° to -25°C
ng/ul in 10 mM Tris pH 8.5)

Amplicon PCR Reverse 5 ul per sample -15° to -25°C
Primer (1 uM)

Amplicon PCR Forward 5 ul per sample -15° to -25°C
Primer (1 uM)

2x KAPA HiFi HotStart 12.5 ul per sample -15° to -25°C

ReadyMix

Microseal 'A’ film

96-well 0.2 ml PCR plate 1 plate

[Optional] Bioanalyzer chip
(Agilent DNA 1000
kit catalog # 5067-1504)
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Procedure
1. Set up the following reaction of DNA, 2x KAPA HiFi HotStart ReadyMix, and
primers:

Volume
Microbial DNA (5 ng/ul) 25ul
Amplicon PCR Forward Primer 1 pM 5 ul
Amplicon PCR Reverse Primer 1 uM 5 ul
2x KAPA HiFi HotStart ReadyMix 12.5 ul
Total 25 ul

2. Seal plate and perform PCR in a thermal cycler using the following program:
¢ 95°C for 3 minutes
* 25 cycles of:
— 95°C for 30 seconds
— 55°C for 30 seconds
— 72°C for 30 seconds
¢ 72°C for 5 minutes
* Hold at 4°C
3 [Optional] Run 1 pl of the PCR product on a Bioanalyzer DNA 1000 chip to verify the
size. Using the V3 and V4 primer pairs in the protocol, the expected size on a
Bioanalyzer trace after the Amplicon PCR step is ~550 bp.
PCR Clean-Up
This step uses AMPure XP beads to purify the 165 V3 and V4 amplicon away from free
primers and primer dimer species.

Consumables

Item Quantity Storage

10 mM Tris pH 8.5 52.5 ul per sample -15° to -25°C
AMPure XP beads 20 pl per sample 2°to 8°C
Freshly Prepared 80% 400 pl per sample

Ethanol (EtOH)

96-well 0.2 ml PCR plate 1 plate

[Optional] Microseal 'B'
film

[Optional] 96-well MIDI 1 plate
plate

Preparation

Bring the AMPure XP beads to room temperature.

Procedure

1. Centrifuge the Amplicon PCR plate at 1,000 x g at 20°C for 1 minute to collect
condensation, carefully remove seal.

2. [Optional - for use with shaker for mixing] Using a multichannel pipette set to 25 pul,
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transfer the entire Amplicon PCR product from the PCR plate to the MIDI plate. Change
tips between samples.
3. Vortex the AMPure XP beads for 30 seconds to make sure that the beads are evenly
dispersed. Add an appropriate volume of beads to a trough depending on the number of
samples processing.
4. Using a multichannel pipette, add 20 ul of AMPure XP beads to each well of the
Amplicon PCR plate. Change tips between columns.
5. Gently pipette entire volume up and down 10 times if using a 96-well PCR plate or
seal plate and shake at 1800 rpm for 2 minutes if using a MIDI plate.
6. Incubate at room temperature without shaking for 5 minutes.
7. Place the plate on a magnetic stand for 2 minutes or until the supernatant has cleared.
8. With the Amplicon PCR plate on the magnetic stand, use a multichannel pipette to
remove and discard the supernatant. Change tips between samples.
9. With the Amplicon PCR plate on the magnetic stand, wash the beads with freshly
prepared 80% ethanol as follows:
a) Using a multichannel pipette, add 200 pul of freshly prepared 80% ethanol to
each sample well.
b) Incubate the plate on the magnetic stand for 30 seconds.
c) Carefully remove and discard the supernatant.
10. With the Amplicon PCR plate on the magnetic stand, perform a second ethanol wash
as follows:
a) Using a multichannel pipette, add 200 ul of freshly prepared 80% ethanol to each
sample well.
b) Incubate the plate on the magnetic stand for 30 seconds.
c) Carefully remove and discard the supernatant.
d )Use a P20 multichannel pipette with fine pipette tips to remove excess ethanol.
11. With the Amplicon PCR plate still on the magnetic stand, allow the beads to air-dry
for 10 minutes.
12. Remove the Amplicon PCR plate from the magnetic stand. Using a multichannel
pipette, add 52.5 ul of 10 mM Tris pH 8.5 to each well of the Amplicon PCR plate.
13. Gently pipette mix up and down 10 times, changing tips after each column (or seal
plate and shake at 1800 rpm for 2 minutes). Make sure that beads are fully resuspended.
14. Incubate at room temperature for 2 minutes.
15. Place the plate on the magnetic stand for 2 minutes or until the supernatant has
cleared.
16. Using a multichannel pipette, carefully transfer 50 pl of the supernatant from the
Amplicon PCR plate to a new 96-well PCR plate. Change tips between samples to avoid
cross-contamination.
Index PCR
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This step attaches dual indices and Illumina sequencing adapters using the Nextera XT
Index Kit.

Consumables

Item Quantity Storage

2x KAPA HiFi HotStart 25 ul per sample -15° to -25°C
ReadyMix

Nextera XT Index 1 Primers | 5 ul per sample -15° to -25°C

(N7XX) from the Nextera
XT Index kit (FC-131-1001
or FC-131-1002)

Nextera XT Index 2 Primers | 5 ul per sample -15° to -25°C
(S5XX) from the Nextera XT
Index kit (FC-131-1001 or
FC-131-1002)

PCR Grade Water 10 pl per sample

TruSeq Index Plate Fixture |1
(FC-130-1005)

96-well 0.2 ml PCR plate 1 plate

Microseal 'A' film 1

Procedure

1. Using a multichannel pipette, transfer 5 ul from each well to a new 96-well plate. The
remaining 45 pl is not used in the protocol and can be stored for other uses.

2. Arrange the Index 1 and 2 primers in a rack (i.e. the TruSeq Index Plate Fixture) using
the following arrangements as needed:

a) Arrange Index 2 primer tubes (white caps, clear solution) vertically, aligned with
rows A through H.

b) Arrange Index 1 primer tubes (orange caps, yellow solution) horizontally, aligned
with columns 1 through 12.

3. Place the 96-well PCR plate with the 5 ul of resuspended PCR product DNA in the
TruSeq Index Plate Fixture.

4. Set up the following reaction of DNA, Index 1 and 2 primers, 2x KAPA HiFi HotStart
ReadyMix, and PCR Grade water:

Volume
DNA 5ul
Nextera XT Index Primer 1 (N7xx) 5ul
Nextera XT Index Primer 2 (S5xx) 5ul
2x KAPA HiFi HotStart ReadyMix 25 ul
PCR Grade water 10 ul
Total 50 ul
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5. Gently pipette up and down 10 times to mix.
6. Cover the plate with Microseal 'A'.
7. Centrifuge the plate at 1,000 x g at 20°C for 1 minute.
8. Perform PCR on a thermal cycler using the following program:
* 95°C for 3 minutes
* 8 cycles of:
— 95°C for 30 seconds
— 55°C for 30 seconds
— 72°C for 30 seconds
¢ 72°C for 5 minutes
* Hold at 4°C
PCR Clean-Up 2
This step uses AMPure XP beads to clean up the final library before quantification.
Consumables

Item Quantity Storage

10 mM Tris pH 8.5 27.5 ul per sample -15° to -25°C
AMPure XP beads 56 ul per sample 2°to0 8°C
Freshly Prepared 80% 400 pl per sample

Ethanol (EtOH)

96-well 0.2 ml PCR plate 1 plate

[Optional] Microseal 'B'
film

[Optional] 96-well MIDI 1 plate
plate

Procedure

1. Centrifuge the Index PCR plate at 280 x g at 20°C for 1 minute to collect condensation.
2. [Optional - for use with shaker for mixing] Using a multichannel pipette set to 50 ul,
transfer the entire Index PCR product from the PCR plate to the MIDI plate. Change tips
between samples.

3. Vortex the AMPure XP beads for 30 seconds to make sure that the beads are evenly
dispersed. Add an appropriate volume of beads to a trough.

4. Using a multichannel pipette, add 56 pl of AMPure XP beads to each well of the Index
PCR plate.

5. Gently pipette mix up and down 10 times if using a 96-well PCR plate or seal plate
and shake at 1800 rpm for 2 minutes if using a MIDI plate.

6. Incubate at room temperature without shaking for 5 minutes.

7. Place the plate on a magnetic stand for 2 minutes or until the supernatant has cleared.
8. With the Index PCR plate on the magnetic stand, use a multichannel pipette to remove
and discard the supernatant. Change tips between samples.
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9. With the Index PCR plate on the magnetic stand, wash the beads with freshly
prepared 80% ethanol as follows:

a) Using a multichannel pipette, add 200 ul of freshly prepared 80% ethanol to

each

sample well.

b) Incubate the plate on the magnetic stand for 30 seconds.

c) Carefully remove and discard the supernatant.
10. With the Index PCR plate on the magnetic stand, perform a second ethanol wash as
follows:

a) Using a multichannel pipette, add 200 ul of freshly prepared 80% ethanol to

each

sample well.

b) Incubate the plate on the magnetic stand for 30 seconds.

c) Carefully remove and discard the supernatant.

d) Use a P20 multichannel pipette with fine pipette tips to remove excess ethanol.
11. With the Index PCR plate still on the magnetic stand, allow the beads to air-dry for
10 minutes.
12. Remove the Index PCR plate from the magnetic stand. Using a multichannel pipette,
add 27.5 ul of 10 mM Tris pH 8.5 to each well of the Index PCR plate.
13. If using a 96-well PCR plate, gently pipette mix up and down 10 times until beads
are fully resuspended, changing tips after each column. If using a MIDI plate, seal plate
and shake at 1800 rpm for 2 minutes.
14. Incubate at room temperature for 2 minutes.
15. Place the plate on the magnetic stand for 2 minutes or until the supernatant has
cleared.
16. Using a multichannel pipette, carefully transfer 25 ul of the supernatant from the
Index PCR plate to a new 96-well PCR plate. Change tips between samples to avoid
cross contamination.
Library Quantification, Normalization, and Pooling

[Nlumina recommends quantifying your libraries using a fluorometric
quantification method that uses dsDNA binding dyes. Calculate DNA concentration in
nM, based on the size of DNA amplicons as determined by an Agilent Technologies 2100
Bioanalyzer trace: (concentration in ng/ul) / (660 g/mol x average library size) x 106 =
concentration in nM
For example:
15 ng/ul / (660 g/mol x 500) x 106 = 45 nM

Dilute concentrated final library using Resuspension Buffer (RSB) or 10 mM Tris
pH 8.5 to 4 nM. Aliquot 5 ul of diluted DNA from each library and mix aliquots for
pooling libraries with unique indices. Depending on coverage needs, up to 96 libraries
can be pooled for one MiSeq run.
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For metagenomics samples, >100,000 reads per sample is sufficient to fully
survey the bacterial composition. This number of reads allows for sample pooling to the
maximum level of 96 libraries, given the MiSeq output of > 20 million reads.

Library Denaturing and MiSeq Sample Loading

In preparation for cluster generation and sequencing, pooled libraries are
denatured with NaOH, diluted with hybridization buffer, and then heat denatured
before MiSeq sequencing. Each run must include a minimum of 5% PhiX to serve as an
internal control for these lowdiversity libraries. Illumina recommends using MiSeq v3
reagent kits for improved run metrics.

Consumables

Item Quantity Storage

10 mM Tris pH 8.5 or RSB 6 ul -15° to -25°C
(Resuspension Buffer)

HT1 (Hybridization Buffer) | 1540 ul -15° to -25°C
0.2 N NaOH (less than a 10 ul -15° to -25°C
week old)

PhiX Control Kit v3 4 ul -15° to -25°C
(FC-110-3001)

MiSeq reagent cartridge 1 cartridge -15° to -25°C
1.7 ml microcentrifuge 3 tubes

tubes

2.5 L ice bucket

Preparation
1. Set a heat block suitable for 1.7 ml microcentrifuge tubes to 96°C
2. Remove a MiSeq reagent cartridge from -15°C to -25°C storage and thaw at room
temperature.
3. In an ice bucket, prepare an ice-water bath by combining 3 parts ice and 1 part water.
Denature DNA
1. Combine the following volumes of pooled final DNA library and freshly diluted 0.2 N
NaOH in a microcentrifuge tube:
* 4 nM pooled library (5 ul)
* 0.2 N NaOH (5 ul)
2. Set aside the remaining dilution of 0.2 N NaOH to prepare a PhiX control within the
next 12 hours.
3. Vortex briefly to mix the sample solution, and then centrifuge the sample solution at
280
x g at 20°C for 1 minute.
4. Incubate for 5 minutes at room temperature to denature the DNA into single strands.
5. Add the following volume of pre-chilled HT1 to the tube containing denatured DNA:
® Denatured DNA (10 ul)
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® Pre-chilled HT1 (990 pl)
Adding the HT1 results in a 20 pM denatured library in 1 mM NaOH.
6. Place the denatured DNA on ice until you are ready to proceed to final dilution.
Dilute Denatured DNA
1. Dilute the denatured DNA to the desired concentration using the following example:

Final Concentration 2pM 4pM 6pM 8pM 10pM
20 pM denatured library 60 ul 120 pl 180 pl 240 ul 300 pl
Pre-chilled HT1 540 pul 480 pl 420 pl 360 pl 300 ul

2. Invert several times to mix and then pulse centrifuge the DNA solution.
3. Place the denatured and diluted DNA on ice.
Denature and Dilution of PhiX Control
Use the following instructions to denature and dilute the 10 nM PhiX library to the same
loading concentration as the Amplicon library. The final library mixture must contain at
least 5% PhiX.
1. Combine the following volumes to dilute the PhiX library to 4 nM:

¢ 10 nM PhiX library (2 ul)

* 10 mM Tris pH 8.5 (3 ul)
2. Combine the following volumes of 4 nM PhiX and 0.2 N NaOH in a microcentrifuge
tube:

® 4 nM PhiX library (5 ul)

* 0.2 N NaOH (5 ul)
3. Vortex briefly to mix the 2 nM PhiX library solution.
4. Incubate for 5 minutes at room temperature to denature the PhiX library into single
strands.
5. Add the following volumes of pre-chilled HT1 to the tube containing denatured PhiX
library to result in a 20 pM PhiX library:

¢ Denatured PhiX library (10 ul)

* Pre-chilled HT1 (990 pl)
6. Dilute the denatured 20 pM PhiX library to the same loading concentration as the
Amplicon library as follows:

Final Concentration 2pM 4pM 6pM 8pM 10pM
20 pM denatured library 60 ul - 120 pl 180 pul 240 pl 300 pl
Pre-chilled HT1 540 pl 480 pl 420 ul 360 pl 300 ul

7. Invert several times to mix and then pulse centrifuge the DNA solution.

8. Place the denatured and diluted PhiX on ice.

Combine Amplicon Library and PhiX Control

1. Combine the following volumes of denatured PhiX control library and your
denatured amplicon library in a microcentrifuge tube:

¢ Denatured and diluted PhiX control (30 ul)

¢ Denatured and diluted amplicon library (570 ul)
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2. Set the combined sample library and PhiX control aside on ice until you are ready to
heat denature the mixture immediately before loading it onto the MiSeq v3 reagent
cartridge.

3. Using a heat block, incubate the combined library and PhiX control tube at 96°C for 2
minutes.

4. After the incubation, invert the tube 1-2 times to mix and immediately place in the ice
water bath.

5. Keep the tube in the ice-water bath for 5 minutes.

Appendix H — QIIME Pipeline

#Copy files to AllPlates

cp Plate_*/*/Data/Intensities/BaseCalls/*.fastq.gz AllPlates/

#Join reads

multiple_join_paired_ends.py -i $PWD/AllPlates -o $PWD/AllPlates_joined -p
$PWD/parameters.txt

##paramters.txt:

##join_paired_ends:perc_max_diff 30

##join_paired_ends:min_overlap 30
##split_libraries_fastq:phred_quality_threshold 19
##plot_taxa_summary:chart_type bar,pie

#delete all fastgjoin.un1/2.fastq files

rm AllPlates_joined/plate*/fastgjoin.un?.fastq

rm AllPlates_joined/Plate*/fastgjoin.un?.fastq

rm AllPlates_joined/*L001_R1_001/fastgjoin.un?.fastq

#Confirm there are no un* files left

Is AllPlates_joined/*

#Merge demultiplexed reads and filter for quality
multiple_split_libraries_fastq.py -i $PWD/AllPlates_joined -o $PWD/slout20 --
include_input_dir_path --remove_filepath_in_name -p parameters.txt
#Rename sequences according to mapping file

Is -1 slout20 > slout20.txt

head -n 100 slout20/seqs.fna > seqs100.txt

tail -n 100 slout20/seqs.fna > seqs_tail100.txt

which perl > perl_path.txt

perl id_rename.pl > seqs_new.fna

#Pick OTUs

pick_open_reference_otus.py -a -O 12 -i slout20/seqs_new.fna -o open_ref_otus
#Diversity analysis

core_diversity_analyses.py -a-O 12 —i
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$PWD/open_ref_otus/otu_table_mc2_w_tax_no_pynast_failures.biom -m $PWD/map.txt
-t SPWD/open_ref_otus/rep_set.tre -o $PWD/core_output_e10000 --
suppress_alpha_diversity --suppress_beta_diversity --suppress_group_significance -e
10000 -p parameters.txt

Appendix | = Unweighted UniFrac Distance Calculations for Zebu
Owners and Zebu

l.i Group

#TheltestsBfBignificance@vereerformediising@@wo-sidedBtudent'sEwo-sample-test.
#Alternativethypothesis:&BroupfEneand={roup@Enean
#Thefhonparametrici-values@verealculated@ising®99MontearloBermutations.
#TheBhonparametrici-values@ontain®he®orrecttumber®fBignificant@igits.
#Entries@narked@vithPIN/A"®ouldEhotibe®alculatedibecause@teast@®ne®he@Eroups
#bf@istances@vas@mpty,both@Eroups@achontained®nly@Bingle@istance,®Br
#the@est@ouldmotibeBerformedde.g.thoWarianceln@roupsithEheBamelnean).
#itheBecond@ndFourthi-values@eflectBonferroni®orrection

Group@ Group®2 tBtatistic Parametricp-value Parametrici-value Nonparametricip-value Nonparametricip-value
AlliwithinDrigin Alltbetweenrigin -9.906902 3.33E-22 3.33E-21 0.001 0.01
Allwvithin@Drigin Farmer@s.@armer -0.5195079 0.603490236 1 0.575 1
Allavithin@rigin Zebuls.Zebu 2.77970448 0.005576372 0.055763722 0.007 0.07
All@vithin®rigin Farmer®s.Zebu -9.906902 3.33E-22 3.33E-21 0.001 0.01
Alltbetweenrigin Farmer@s.Farmer 9.2342402 0 0 0.001 0.01
Allbetween@Drigin Zebuls.Zebu 8.29831178 1.55E-15 1.55E-14 0.001 0.01
Alltbetween®rigin Farmer®s.Zebu 0 1 1 1 1
Farmer@s.@Farmer Zebuls.Zebu 2.91417158 0.003678661 0.036786611 0.005 0.05
Farmer®s.@armer Farmer®s.@ebu -9.2342402 1.43E-19 1.43E-18 0.001 0.01
Zebuls.Zebu Farmer®s.Zebu -8.2983118 1.51E-15 1.51E-14 0.001 0.01
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l.ii Body Site

#ThelestsfBignificance@vereperformedilising@@wo-sidedBtudent's@wo-sampled-test.

#AIternativethypothesis:@&GroupflEnean@={Group@Enean
#ETheBhonparametrici-values@vereRalculated@ising®99@M ontearloBermutations.
#The@onparametric-values@ontain@heorrectthumber®fBignificant@igits.

#Entries@narked@ith®N/A"RouldthottbeRalculatedibecause@tdeastnefhe@Eroups

#df@istances@vas@mpty,bothBroupsREachRontained®nly@Bingle@istance,r
#heRest@ouldmotibederformedie.g.BhoWariance@nEroupsvith@heBamednean).
#heBecond@ndFourthB-valuesiteflectBonferroniorrection

GrouplL Groupl2

tBtatistic

Parametrici-value

ParametricB-value

Nonparametricp-value

Nonparametrici-value

Allavithin®Bo: Alletweent -13.553439

All@vithin@Bo Z¥s.&
All@vithin@Bo AN&s.CAN
All@vithinBo APs.BAP
All@vithinBo FAs.FA
All@vithin@Bo HARs.BHA
AlldvithinBo Z&s. AN
AllBvithinBo ZWs.B\P
All@vithin@Bo Z¥s.EFA
All@vithinBo Z&s.BHA
All@vithinBo ANFs.AP
All@vithin@Bo ANFs.FA
All@vithinBo ANEs.HA
All@vithinBo APEs.EFA
All@vithinBo: APEs.HA
All@vithin@Bo: FAs.BHA
Allbetween Z¥s.&
Allbetweeni ANFs.AN
Allbetweenl APs.BAP
Allbetween FAXs.GFA
Allbetweend HARs.HA
Allbetweenl Z¥s. AN
Allbetweenl Z&s. P
Allbetweenl Z¥s.EFA
Alltbetween Z¥s.HA
Allbetween ANFs.AP
Allbetween ANHs.GFA
Allbetweend ANFs.HA
Allbetweenl AP@s.EFA
Allbetweenl AP@s.BHA
Allbetweenl FAs.HA

-1.4075608
0.48455735
-0.3529185
1.45787061

-0.264128
-8.5302214
-27.192363
-9.4252108
-10.254608
-21.664474
-1.0367753
-2.2259793
-15.197214
-15.038873
1.75455293
5.66381204
6.44451762
6.46904155
8.00565273
5.15657218
2.05277836
-12.129305
1.57517903
0.21203359
-8.3625457
8.38907619
6.42376096
-3.4491386

-3.876346
10.4940803

9.25E-39
0.160544318
0.628445566
0.724456727
0.146172706
0.791923049
8.54E-16
1.36E-82
1.27€-18
3.98E-21
2.42E-62
0.300713315
0.026844299
5.51E-39
8.88E-38
0.080441478
1.98E-08
1.87E-10
1.60E-10
3.55E-15
3.09E-07
0.040361901
1.20E-31
0.115537872
0.832125838
2.12E-16
2.22E-16
2.10E-10
0.000586324
0.000113247
0

1.26E-36

PR R R

1.16E-13
1.86E-80
1.72E-16
5.41E-19
3.30E-60

1

1
7.50E-37
1.21E-35

1
2.69E-06
2.55E-08
2.17E-08
4.83E-13
4.20E-05

1
1.64E-29

1

1
2.88E-14
3.02E-14
2.85E-08

0.07974007
0.015401658
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0.001
0.162
0.616
0.727
0.134
0.783
0.001
0.001
0.001
0.001
0.001
0.293
0.029
0.001
0.001
0.066
0.001
0.001
0.001
0.001
0.001

0.04
0.001
0.118
0.814
0.001
0.001
0.001
0.002
0.001
0.001



s
s
s
s
s
s.&
ZWs.Z
s
s
ZWs.Z
s
s.&
s
s
AN®s.AN
AN@s.AN
AN®s.FAN
AN®s.AN
AN@s.AN
AN®s.FAN
AN®s.AN
AN@s.AN
AN®s.AN
AN®s.AN
AN@s.AN
AN®s.AN
AN®s.AN
APEs.AP
APIs.BAP
APIs.CAP
APEs.AP
APIs.BAP
APIs.CAP
APEs.AP
APIs.BAP
APIs.CAP
APHs.AP
APIs.BAP
APIs.CAP
FAmS.EFA
FARS.FA
FAs.FA
FAWs.EFA
FAmS.FA
FAs.FA
FAWS.FA
FAmSs.FA
FAs.FA
FA®S.EFA
FA®Ss.FA
HA®s.HA
HA®s.HA
HA®S.HA
HA®s.HA
HA®s.HA
HA®S.HA
HA®s.HA
HA®s.HA
HA®Ss.HA
HA®s.HA
ZWs.BAN

AN®s.CAN
APs.FAP
FAWs.FA
HA®s.BHA
Zs. AN
Vs AP
ZWs.FA
Zs.[HA
AN®s.BAP
ANms.GFA
ANEs.HA
APHs.FA
APEs.HA
FARs.HA
APHs.CAP
FAXs.FA
HA®s.EHA
ZWs. AN
Zs. AP
Zs.FA
Zs.HA
AN®s.(AP
ANms.FA
AN®s.HA
APHs.FA
APBs.[HA
FAs.HA
FAWs.FA
HA®s.EHA
ZWs. AN
ZWs.BAP
Zs.FA
Zs.[HA
AN®s.GAP
ANEs.FA
AN®s.HA
APHs.FA
APHs.[HA
FAs.HA
HA®s.BHA
Zs. AN
Vs AP
ZWs.FA
Zs.[HA
ANms.CAP
AN®s.GFA
ANEs.EHA
APHs.FA
APEs.HA
FARs.HA
ZWs. AN
Zs. AP
Zs.FA
Zs.[HA
ANBs.BAP
ANEs.FA
AN®s.HA
APHs.FA
APHs.[HA
FARs.HA
ZWs.AP

1.37539273
0.89222561
2.54388849
0.85560148
-5.5299812
-25.586418
-5.9456055

-7.382624
-19.117489
0.46471444
-0.4985748
-10.674083
-11.577583
2.65999756
-0.5896552
0.58249173
-0.4956877
-5.7593215
-19.352093
-6.1650514
-7.0066377

-15.14132
-0.9894899
-1.7020643
-9.7551952

-10.07204
0.63320303
1.43315795
0.02195786
-5.9796493

-22.78746
-6.4174429
-7.5442194
-17.527585
-0.3985018
-1.2707126
-10.700332
-11.252165
1.55611548
-1.2560378
-7.8700265
-25.493051
-8.2952163
-9.4592132
-19.919324
-1.9193062

-2.764201
-12.654321
-13.206394
-0.0365166
-5.2292016
-21.166404

-5.544702
-6.6844275
-16.017223
-0.3572766
-1.1051775
-9.2688529
-9.9638946
1.30847543
-18.769853

0.172897356
0.3747053
0.012708009
0.395096472
1.63E-07
3.11E-55
2.01E-08
2.03E-11
5.60E-40
0.642895844
0.619031245
6.32E-20
2.03E-21
0.008855303
0.557104523
0.561894379
0.621867284
6.27E-08
1.25E-40
7.75E-09
1.82E-10
5.71E-30
0.324350381
0.091674454
2.57E-17
1.88E-17
0.527869298
0.15535598
0.982543165
1.94E-08
1.90E-49
1.91E-09
8.74E-12
2.23E-36
0.690899359
0.206395494
5.40E-20
1.25E-20
0.122249972
0.213219707
1.10E-12
4.77E-55
7.29E-14
2.75E-16
9.65E-42
0.057087467
0.006647738
4.26E-25
2.44E-25
0.970929643
7.63E-07
2.60E-43
1.65E-07
1.11E-09
3.61E-31
0.721533896
0.271788588
6.57E-16
6.74E-17
0.193542145
5.73E-45
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2.22E-05
4.22E-53
2.74E-06
2.76E-09
7.61E-38
1

1
8.59E-18
2.77E-19
1

1

1

1
8.53E-06
1.70E-38
1.05E-06
2.47E-08
7.77E-28
1

1
3.50E-15
2.56E-15
1

1

1
2.64E-06
2.58E-47
2.59E-07
1.19E-09
3.03E-34
1

1
7.34E-18
1.70E-18
1

1
1.49E-10
6.49E-53
9.92E-12
3.74E-14
1.31E-39
1
0.904092426
5.79E-23
3.32E-23
1
0.000103776
3.54E-41
2.25E-05
1.52E-07
4.91E-29
1

1
8.94E-14
9.17E-15
1
7.80E-43

0.16
0.384
0.015
0.375
0.001
0.001
0.001
0.001
0.001
0.641
0.623
0.001
0.001

0.01
0.544
0.551
0.641
0.001
0.001
0.001
0.001
0.001
0.369
0.107
0.001
0.001
0.554
0.147
0.977
0.001
0.001
0.001
0.001
0.001
0.696
0.222
0.001
0.001
0.126
0.218
0.001
0.001
0.001
0.001
0.001

0.05
0.004
0.001
0.001
0.968
0.001
0.001
0.001
0.001
0.001
0.709
0.256
0.001
0.001
0.201
0.001

[



Zos.BAN
Z®s.BAN
Z8s.BAN
Z®s.BAN
Zos.BAN
Zs.BAN
Zs.BAN
Z®s.BAN
Z8s.BAP
Z0s.BAP
Z0s.BAP
Z8s.BAP
Z8s.BAP
Z®s.BAP
Z0s.BAP
Z0s.BAP
Z0s.FA
Zs.FA
Z8s.FA
Z0s.FA
Zs.FA
Z0s.FA
Zs.FA
Zs.HA
Zms.HA
Zs.HA
Zs.HA
Zs.HA
Zs.HA
ANEs.BAP
ANEs.BAP
AN@s.BAP
AN@s.BAP
AN@s.BAP
ANms.FFA
AN®s.FA
AN®s.GFA
AN®s.FA
AN@s.HA
ANEs.[HA
ANEs.[HA
APIs.FA
APms.FA
APIs.HA

Zs.[FA
Zvs.[HA
ANms. AP
AN@s.BFA
AN@s.HA
APIs.FA
APWs.[HA
FAms.(HA
Zs.FA
Zs.HA
AN@s.BAP
ANBs.FA
ANms.[HA
APIs.FA
APEs.HA
FA®s.BHA
Zs.[HA
ANms. AP
AN@s.GFA
AN@s.HA
APIs.FA
APWs.[HA
FAms.(HA
AN@s.BAP
AN@s.FFA
ANBs.BHA
APWs.(FA
APWs.[HA
FAQs.BHA
AN@s.FA
AN@s.BHA
APWs.FA
APWs.[HA
FAQs.BHA
AN@s.HA
APIs.FA
APWs.[HA
FAms.(HA
APIs.FA
APs.HA
FAQs.EHA
APWs.[HA
FAms.(HA
FAQs.EHA

-0.6146031
-2.0136216
-13.217944
6.07746967
4.71139867
-6.0555094
-6.7857035
8.93475876
17.6985042
16.4722951
5.37418374
22.2282312
20.6058853
11.4276127
10.3738288
27.0597805
-1.4031825
-12.360369
6.70793281
5.27045786
-5.4611379
-6.1632256
9.56281798
-10.990393
7.61770201
6.26808915
-3.9356235
-4.7588139
10.5647044
17.3969161
15.8384124

6.4794739
5.42684314
21.4932437
-1.0120913
-11.437523

-11.60135
2.25085606
-9.8249019
-10.148236
3.19930005
-0.9161364
14.5276171
14.7547174

0.539560011
0.045645392
3.11E-28
7.24E-09
5.31E-06
7.46E-09
1.89E-10
6.66E-16

0

0

2.26E-07

0
0
0
0
0

0.16230438
4.51E-26
2.25E-10
4.08E-07
1.41E-07
4.64E-09

0
1.63E-21
1.79E-12
3.69E-09

0.000118868
4.37E-06

0

0

0
7.86E-10
1.98E-07

0

0.313022503
2.47E-23
3.13E-23
0.025691454
2.52E-18
9.52E-19
0.001681189
0.360834879
0

0

80

1

1
4.23E-26
9.84E-07
0.000722025
1.01E-06
2.57E-08
9.06E-14
0

0
3.07E-05

= OO0 OoOOoOo

6.13E-24
3.06E-08
5.55E-05
1.92E-05
6.31E-07

0

2.21E-19
2.43E-10
5.02E-07
0.016166068
0.000593683
0

0

0

1.07e-07
2.69E-05

0

1

3.36E-21
4.26E-21

1

3.43E-16
1.30E-16
0.228641771
1

0

0

0.527
0.042
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.145
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.312
0.001
0.001
0.028
0.001
0.001
0.001
0.372
0.001
0.001

0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.136

0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.136
0.272
0.136
0.136
0.136
0.136
0.136
0.136
0.136

0.136
0.136

0.136
0.136
0.136

0.136
0.136



Appendix J — Unweighted UniFrac Distance Calculations for
Non-Zebu Owners and Zebu

J.i Group

#TheltestsDfBignificance@vereferformedaising@@Ewo-sidedBtudent's@wo-sample®-test.
#ARIternativethypothesis:GroupflAneanA=GroupR@nean
#Theonparametrici-values@verealcul ing®99@MonteTarlofermutations.
#Thehonparametrich-values@ontain@®he@orrecttiumber®f@ignificant@igits.
#Entries@narked®ithB N/A"RouldEhote®alculatedibecause@tieast®ne@heFEroups
#dbf@istances@vas@mpty,bothEroupsEach@ontained®nly@BEingle@istance,Br
#itheltest@ouldmotielperformedie.g.oWariancen@roupsivithitheBamednean).
#theBecond@ndfourth@-valuesielfectBonferroniorrection

GroupL Group2 tBtatistic Parametricl-value Parametricl-value Nonparametric-value Nonparametric-value

Allwvithin®rigin Allbetweenrigin -9.3852914 3.14E-20 3.14€-19 0.001 0.01
All@vithin@rigin Zebuls.Zebu 3.05404806 0.00232996 0.023299601 0.001 0.01
All@vithin®Drigin Non-farmer@s.™Non-farmer  -0.5427798 0.587360752 1 0.608 1
All@vithin@Drigin Zebus.MNon-farmer -9.3852914 3.14E-20 3.14E-19 0.001 0.01
Alldbetweenrigin Zebul¥s.Zebu 8.34996636 8.88E-16 8.88E-15 0.001 0.01
Allbetween®rigin Non-farmer@s.MNon-farmer  8.75823948 0 0 0.001 0.01
AllbetweenMrigin Zebul¥s.MNon-farmer 0 1 1 1 1
Zebuls.Zebu Non-farmer®@s.MNon-farmer  -3.1992299 0.001433368 0.01433368 0.001 0.01
Zebuls.Zebu Zebuls.MNon-farmer -8.3499664 9.30E-16 9.30E-15 0.001 0.01
Non-farmer@s.iNon-farmer Zebu®s.MNon-farmer -8.7582395 7.13E-18 7.13e-17 0.001 0.01
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J.ii Body Site

#TheestsfBignificance@vere@erformedising@Awo-sidedBtudent'sEwo-samplei-test.

#Alternativethypothesis:@Group@Anean@={GroupREnean
#Thefhonparametricip-values@veretalculatedising®99@ ontearlofermutations.
#Thefhonparametrici-values®ontain®heRorrectthumber®fBignificant@igits.
#HEntries@narked@vith@N/A"Rouldmotibeltalculatedbecause@tieastne®fhe@roups
#dfRistances@vas@mpty,tbothFEroups@EachZontained@®nly@REingleRlistance,Br
#Rheest@ouldmhotbelperformedde.g.BoWariance@n@Eroups@ithheBamelnean).

#theBecond@ndFourthi-values@eflectBonferroni®orrection

GrouplL Group2

tBtatistic

All@vithin®Bor Allbetweenti -9.3259436

All@vithin®Bor Zs.&Z
All@vithin@Bo AN&s.AN
All@vithin@Bor AP&s.CAP
Allmvithin@Bo FARs.EFA
All@vithin@Bor HARs.[HA
Allmvithin@Bo: Z&s.BAN
AllBwithin@®o: Zs.BAP
All@vithin®Bor Z&s.FA
Allavithin@Bo: Z&s.EHA
All@vithin@Bor ANFs.AP
AllmvithinBor AN&s.FA
All@vithin@Bo ANFs.HA
Allavithin@Bo AP&s.FFA
Allmvithin@Bo APs.[HA
All@vithin@Bor FARs.BHA
Alltbetween Z¥s.Z
Allbetweend ANFs.AN
Allbetweend APEs.CAP
Alltbetween FAs.FA
Allbetweend HARs.HA
Allbetweenl Z&s.BAN
Allbetween Z&s.BAP
Alltbetweend ZWs.FA
Alltbetween Z@s.HA
Allbetweend ANFs.AP
Allbbetween ANs.EFA
Allbetweend ANEs.HA
Allibetweeni APEs.FA
Alltbetween APs.HA
Allbetweend FAWs.BHA

vs.Z AN@s.AN
Zvs.Z APHs.BAP
s FAmS.FA
Vs Z HARs.(HA
7s.Z ZWs. AN
vs.Z ZWs. AP
Zs.@ ZVs.FA
s Zs.HA
Zs.@ AN@s.AP
s AN®s.FA
7vs.Z ANBs.BHA
7s.Z APHs.FA
Vs APEs.[HA
Vs FARs.HA

AN@s.BAN  AP@s.BAP
ANsEAN  FARs.FA
AN®s.BAN  HAms.HA
AN@s.BAN  Z@s.CAN
AN®s.BAN  Z@s.BAP
AN@s.EAN  Z@s.FA
AN®sBAN  Z@s.HA

0.77937582
-1.2014902
0.62990275
0.4791812
-0.5278002
-6.7313607
-16.125831
-6.1353939
-7.4488316
-10.502331
-0.4150001
-1.8745991
-7.7867423
-7.4784936
0.56658186
5.32874302
3.27678312
5.18641772
4.52959479
4.0348451
0.00415912
-8.91492
0.08887429
-0.9445861
-4.6502915
5.76552957
4.42234139
-1.5962205
-0.8799474
6.85669667
-1.5212532
-0.153531
-0.1505532
-1.1509956
-6.5434624
-15.871411
-5.6358558
-6.6495908
-8.1607959
-0.9134226
-1.8713859
-6.9438035
-6.8602928
-0.2565021
1.4084456
1.05963145
0.50472668
-3.2540644
-9.8604315
-2.8672127
-3.6446807

Parametric-value

5.29E-20
0.436469923
0.230658602
0.52931351
0.632228605
0.598089899
7.99E-11
4.87E-43
2.64E-09
9.18E-13
2.60E-22
0.678434552
0.061776092
1.09E-13
7.58E-13
0.571416356
1.22€-07
0.001085977
2.59E-07
6.63E-06
5.88E-05
0.996682299
2.10E-18
0.929198794
0.345085903
3.73E-06
1.07E-08
1.08E-05
0.110741057
0.379087616
1.20E-11
0.131781556
0.878331069
0.880711924
0.252851903
9.99E-10
2.38E-33
9.98E-08
5.77E-10
1.56E-13
0.362673185
0.063334587
1.53E-10
1.92E-10
0.797959484
0.162522506
0.292541356
0.61501241
0.001419888
8.08E-18
0.004816552
0.000373874

Parametrici-value

7.20E-18

R R R R R

1.09E-08
6.62E-41
3.59E-07
1.25E-10
3.54E-20

1

1

1.48E-11
1.03E-10

1

1.66E-05
0.14769281
3.53E-05
0.000901197
0.007995472
1

2.85E-16

1

1
0.000507743
1.46E-06
0.001464981
1

1

1.63E-09

1

1

1

1

1.36E-07
3.24E-31
1.36E-05
7.85E-08
2.12E-11

1

1

2.08E-08
2.61E-08

1

1

1

1
0.193104787
1.10E-15
0.655051101
0.050846889
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0.001
0.442
0.222
0.523
0.62
0.594
0.001
0.001
0.001
0.001
0.001
0.702
0.056
0.001
0.001
0.585
0.001
0.002
0.001
0.001
0.001
1
0.001
0.925
0.365
0.001
0.001
0.001
0.115
0.393
0.001
0.126
0.866
0.867
0.25
0.001
0.001
0.001
0.001
0.001
0.375
0.073
0.001
0.001
0.81
0.171
0.298
0.611
0.003
0.001
0.003
0.003

Nonparametrici-value Nonparametrici-value

0.136

R R R R R



AN@s.BAN
AN®s.BAN
AN@s.BAN
ANEs.BAN
ANEs.BAN
ANEs.BAN
APIs.CAP
APIs.CAP
APIs.FAP
APHs.AP
APIs.FAP
APIs.FAP
APIs.BAP
APIs.AP
APIs.FAP
APms.(AP
APHs.AP
APIs.FAP
FARS.FA
FARS.FA
FAWs.FA
FAWs.FA
FA®s.FA
FAmS.FA
FARS.FFA
FARS.FA
FARs.FA
FAWs.FA
FAWs.FA
HA®s.EHA
HA®s.EHA
HA®Ss.EHA
HA®Ss.EHA
HA®s.EHA
HA®s.EHA
HA®s.EHA
HA®s.EHA
HA®s.EHA
HAmSs.EHA
Z®s.BAN
Z®s.BAN
Zs.BAN
Z®s.BAN
Z®s.;AN
ZWs.BAN
Z8s.BAN
Zms.BAN
Z®s.BAN
Z®s.BAP
Z8s.BAP
Z®s.[AP

AN®s.AP
AN®s.FA
ANBs.EHA
APHs.[FA
APEs.[HA
FARs.BHA
FAWs.FA
HA®s.[HA
ZWs. AN
ZWs.BAP
Zs.FA
Zs.[HA
ANEs.BAP
AN®s.FA
AN®s.[HA
APMs.FA
APEs.[HA
FARs.BHA
HA®s.HA
Zs.BAN
Zs. AP
Zs.FA
ZWs.HA
ANBs.BAP
ANEs.FA
ANEs.FHA
AP@Hs.FA
APEs.HA
FARs.BHA
ZWs. AN
ZWs.BAP
s FA
Zs.[HA
ANEs.AP
AN®s.FA
AN®s.[HA
APMs.(FA
APEs.[HA
FARs.[HA
Zs. AP
Zs.FA
Zs.[HA
AN®s.AP
ANEs.FA
ANBs.EHA
APHs.[FA
APEs.[HA
FARs.BHA
Zs.(FA
Z¥s.HA
ANEs.AP

-5.3848477
0.67804373
-0.1670059
-3.9334813
-3.6971271
1.2966148
-0.0438286
-1.0172248
-6.3449085
-15.593503
-5.4665016
-6.4715307
-8.0071837
-0.7918088
-1.7487296
-6.7698765
-6.6735678
-0.1315628
-0.7135457
-4.7921773
-11.408287
-4.21675
-5.0165138
-6.4277459
-0.6062948
-1.4008381
-5.2326619
-5.1249208
-0.0650626
-4.4720482
-12.276983
-3.8985345
-4.784099
-6.4928692
0.1493031
-0.7608835
-5.0862469
-4.8920867
0.8025569
-10.040272
0.08373874
-0.9265116
-4.0966498
4.86492616
3.5837583
-1.5781108
-0.8855325
5.94238694
8.96292609
8.24212622
3.73719574

2.91E-07
0.498921904
0.8676013
0.000134182
0.000309978
0.197008874
0.96515166
0.311835068
2.75E-09
1.19E-32
2.19E-07
1.45E-09
3.71E-13
0.429882093
0.082483563
3.75E-10
5.10E-10
0.895528905
0.477610851
4.32E-06
1.74E-21
4.74E-05
1.64E-06
2.10E-09
0.545427348
0.163574025
6.90E-07
1.02E-06
0.948228897
1.57E-05
4.12E-24
0.000152782
4.23E-06
1.30E-09
0.881540628
0.447979502
1.22E-06
2.65E-06
0.423662671
1.95E-19
0.933353251
0.3553081
6.11E-05
2.41E-06
0.000426415
0.116221281
0.376943686
1.34E-08
4.44E-16
2.29E-14
0.000243418

83

3.95E-05

1

1
0.018248752
0.042156975
1

1

1

3.75E-07
1.62E-30
2.98E-05
1.97E-07
5.04E-11

1

1

5.11E-08
6.93E-08

1

1
0.000587137
2.36E-19
0.006443815
0.000222939
2.85E-07

1

1

9.39E-05
0.000138263
1
0.002131159
5.60E-22
0.020778306
0.000575359
1.76E-07

1

1
0.000165389
0.000360839
1

2.66E-17

1

1
0.008307445
0.00032835
0.057992389
1

1

1.82E-06
6.04E-14
3.11E-12
0.033104884

0.001
0.5
0.864
0.002
0.001
0.196
0.956
0.308
0.001
0.001
0.001
0.001
0.001
0.407
0.08
0.001
0.001
0.901
0.479
0.001
0.001
0.001
0.001
0.001
0.562
0.165
0.001
0.001
0.946
0.001
0.001
0.001
0.001
0.001
0.886
0.458
0.001
0.001
0.418
0.001
0.931
0.325
0.001
0.001
0.001
0.113
0.372
0.001
0.001
0.001
0.002

0.136

0.272
0.136

0.136
0.136
0.136
0.136
0.136

0.136
0.136

0.136
0.136
0.136
0.136
0.136

0.136
0.136

0.136
0.136
0.136
0.136
0.136

0.136
0.136

0.136

0.136
0.136
0.136

0.136
0.136
0.136
0.272



Z8s.BAP
Z0s.BAP
Z0s.BAP
Z®s.BAP
Z8s.BAP
ZWs.FA
Z0s.FA
Zs.FA
Zs.[FA
Zs.FA
ZWs.FA
Z0s.FA
Zs.HA
Zs.HA
Zs.HA
ZWs.HA
Zos.HA
Zs.HA
ANEs.BAP
AN@s.BAP
ANFs.BAP
ANEs.BAP
ANEs.BAP
AN@s.GFA
AN@s.GFA
AN@s.[FA
ANms.FFA
ANEs.[HA
AN@s.HA
AN®s.(HA
APHs.FA
APIs.FFA
APEs.BHA

ANms.EFA
ANBs.BHA
APHs.FA
APEs.[HA
FARs.HA
Zs.HA
AN@s.BAP
AN@s.FA
ANFs.HA
AP®s.FFA
APHs.HA
FAms.EHA
AN@s.BAP
ANEs.FFA
ANEs.HA
APs.FA
APHs.HA
FA@s.EHA
ANFs.FA
ANFs.HA
APs.FA
APHs.HA
FA@s.EHA
ANEs.HA
AP®s.FFA
APHs.HA
FA@s.EHA
APHs.FA
APIs.[HA
FARs.HA
APHs.HA
FA@s.EHA
FA@s.EHA

12.3838189
11.0189031

7.1766424
8.59136841
13.7953986
-0.9122979
-3.7962203
4.37653987
3.21766414
-1.4936682
-0.8751389
5.34541527
-3.1149899
5.36086976
4.15658805
-0.6470684
0.06329692
6.39535372
7.55565398
6.50947398
2.39718765
3.23480778
8.54799944
-1.0697362
-5.6490136
-5.4088496
0.74042507
-4.5006856
-4.1752467
1.84487818

0.7243992
6.65534232
6.46806583

0

0

1.60E-11
2.44E-15

0
0.362780271
0.000198104
2.05E-05
0.00152209
0.137032866
0.382615003
2.74E-07
0.002112524
2.41E-07
4.81E-05
0.518376977
0.949593924
1.24E-09
1.77€-12
6.06E-10
0.017500861
0.00142648
4.22E-15
0.286109579
6.29E-08
1.91E-07
0.460017652
1.19€-05
4.46E-05
0.066628453
0.469721224
3.37E-10
8.36E-10
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0

0

2.18E-09
3.32E-13

0

1
0.026942192
0.002789299
0.207004219
1

1

3.72E-05
0.287303256
3.28E-05
0.00653625
1

1

1.68E-07
2.41E-10
8.24E-08

1
0.194001291
5.74E-13

1

8.56E-06
2.60E-05

1
0.001612005
0.006062887
1

1

4.59E-08
1.14E-07

0.001
0.001
0.001
0.001
0.001

0.36
0.001
0.001
0.002

0.12
0.379
0.001
0.006
0.001
0.001
0.517
0.955
0.001
0.001
0.001
0.024
0.002
0.001
0.293
0.001
0.001
0.459
0.001
0.001
0.061
0.456
0.001
0.001

0.136
0.136
0.136
0.136
0.136

0.136
0.136
0.272

0.136
0.816
0.136
0.136

0.136
0.136
0.136

0.272
0.136

0.136
0.136

0.136

0.136

0.136
0.136



Appendix K — Unweighted UniFrac Distance Calculations for
Zebu Owners and Non-Zebu Owners

K.i Group

#Thelests®Bignificance@vereerformedising@Awo-sidedBtudent's@wo-sample-test.
#Alternativethypothesis:&Groupfl@nean@=EGroup@inean
#EThefhonparametricl-valueserealculatedising®99@iontearloBermutations.
#Thefhonparametric-values@ontain@he®orrectthumber®fBignificant@igits.
#Entries@narked@ith@N/A"Rouldmhotbealculatedibecause@tieastbned@heFroups
#dfAlistances@vas@mpty,bothBroups@ach@ontained®nly@BingleRistance,Br
#thefestRouldmhotte@erformedde.g.mhoMariancelnFroups@vithEheBamef@nean).
#theBecond@ndFourthip-values@eflectBonferroni®orrection

Group Group®2 tBtatistic Parametricp-value Parametric Nonparametricd-value  Nonparametrici-value

All@vithin@rigin Allbetween@rigin 0.16080513 0.872258288 1 0.867 1
All@withinfDrigin Farmer@s.Farmer 0.70304116 0.482109119 1 0.487 1
Allwithin@rigin Non-farmer@@s.Mon-farmer -0.6651319 0.506037613 1 0.51 1
Allwithin@rigin Farmer@s.MNon-farmer 0.16080513 0.872258288 1 0.871 1
Allbetween®rigin Farmer@s.@Farmer 0.58932829 0.555704256 1 0.547 1
Alltbetween®rigin Non-farmer®@s.MNon-farmer -0.8136319 0.415944616 1 0.418 1
AlltbetweenDrigin Farmer@s.MNon-farmer 0 1 1 1 1
Farmer@s.@armer Non-farmer@s.MNon-farmer -1.1853733 0.236070332 1 0.233 1
Farmer@®s.@armer Farmer@s.Non-farmer -0.5893283 0.555704256 1 0.538 1
Non-farmer®@s.MNon-farmer ~ Farmer®s.mNon-farmer 0.81363193 0.415944616 1 0.433 1

K.ii Body Site

#TheestsDBignificance@vere®erformediising@Rwo-sidedBtudent's@wo-samplel-test.
#Alternativethypothesis:@Broup@A@nean@=EroupR@nean
#Thefonparametrici-values@vereRalculatedising®99@ontearlofermutations.
#Thefonparametrici-values@ontain®he®orrectthumber®fBignificant@igits.
#Entries@narked@vith?N/A"RouldmhottbeRalculatedibecause@tieastBne@heFEroups
#df@istances@vas@mpty,tbothFroups@EachRontained®nly@BingleRistance,Br
#xheRestRouldmhotibeBerformedde.g.BhoWariance@nFEroups@vithheBamelnean).
#theBecond@nddourth@-values@eflectBonferroni®orrection

Groupll Group®2 tBtatistic Parametrici-value Parametrici-value Nonparametric-value Nonparametrici-value

All@vithinBodySite Allbetweent -15.143608 6.95E-50 4.59E-48 0.001 0.066
All@vithinBodySite AN®s.BAN -0.9902698 0.322322737 1 0.333 1
All@vithinBodySite APHs. AP -1.4199797 0.155970583 1 0.136 1
AllavithinBodySite FAs.FA 2.79845869 0.005250358 0.346523645 0.008 0.528
AllavithinBodySite HA®s.BHA -0.335853 0.737065979 1 0.74 1
All@vithinBodySite AN®s.BAP -28.077948 3.18E-130 2.10E-128 0.001 0.066
AllawvithinBodySite ANms.FA -1.5038502 0.132922387 1 0.12 1
AllawithinBodySite AN®s.[HA -4.3931476 1.23€-05 0.000813997 0.001 0.066
AllawithinBodySite APMs.FFA -19.45548 2.33€-72 1.54E-70 0.001 0.066
AllawithinBodySite APms.[HA -20.014457 1.14E-75 7.53E-74 0.001 0.066
AllawvithinBodySite FA®s.HA 2.13805852 0.03274796 1 0.024 1
Allbetween®BodySite ANFs.AN  7.14296701 1.22€-12 8.02E-11 0.001 0.066
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Allbetween®BodySite
Allbetween®BodySite
Allbetween®BodySite
Allbetween®BodySite
Allbetween®BodySite
Allbetween®BodySite
Alltbetween@BodySite
Allbetween®BodySite
AllbetweenBodySite
AN®Xs.CAN

AN®s.FAN

ANms. AN

AN@s..AN

AN®s.CAN

AN®s.FAN

ANms. AN

AN®s.AN

AN®Xs.CAN

APHs.AP

APs.[AP

APs.BAP

APs.BAP

APHs.AP

APs.[AP

APIs.BAP

APs.BAP

FAQs.GFA

FAs.FFA

FAms.EFA

FARs.FA

FAQs.GFA

FAWs.FA

FAms.GFA

HAXs.HA

HA®s.(HA

HA®s.HA

HAms.[HA

HAms.[HA

HA®s.HA

ANXs.AP

ANms.AP

ANXs.AP

ANXs.AP

ANs.CAP

ANms.FA

ANms.GFA

ANs.FA

AN®s.GFA

AN@s.HA

AN@s.HA

ANms.HA

APHs.FA

APHs.FA

APIs.(HA

APs.BAP
FAXs.EFA
HAWs.HA
ANHs.CAP
ANFs.FA
AN@s.HA
APHs.FA
APHs.[HA
FAms.EHA
APs.BAP
FAXs.EFA
HAWs.[HA
ANHs.CAP
ANFs.FA
AN@s.HA
APHs.FA
APHs.HA
FAXs.EHA
FAXs.EFA
HAWs.HA
ANHs.CAP
ANFs.FA
AN@s.HA
APWs.FA
APHs.[HA
FAXs.EHA
HARs.BHA
AN®s.CAP
AN®s.FA
ANEs.HA
APHs.FA
APHs.HA
FAs.[HA
ANXs.CAP
ANFs.FA
AN@s.HA
APHs.FA
APHs.HA
FAXs.EHA
ANEs.FA
AN®s.HA
APWs.FA
APs.HA
FAXs.EHA
AN®s.HA
APWs.FA
APs.HA
FAXs.EHA
APWs.FA
APHs.[HA
FAms.EHA
APs.HA
FAs.EHA
FARs.HA

7.34203606
10.7226993
7.46129454
-15.170994
9.86379648
6.70235911
-6.8904539
-7.2076697
13.3261419
-0.2392339
2.77809936
0.49624991
-18.182278

-0.131285
-2.0313304
-12.276839
-13.026462
2.31139478
3.57473935
0.87063667
-20.698995
0.13079011
-2.0291911
-13.858161
-14.909528
2.94606152
-2.5094887
-23.087673
-3.4306267
-5.3879427
-16.814159
-17.876837
-1.0400183
-19.895366
-0.7106219
-2.6696881

-13.63711
-14.687767
1.80522639

22.234822
19.2554874
8.20477108
7.97384703

26.581801
-2.4082833
-14.971665
-15.611387
3.05749425
-12.089569
-12.694177
5.49626548
-0.4535226
19.0107538
19.8581545

2.88E-13

0

1.21E-13
7.82E-50

0

2.52E-11
6.99E-12
7.49E-13

0
0.81106077
0.005771328
0.62005667
3.55E-58
0.895599663
0.042738497
8.78E-31
7.69E-34
0.021208015
0.000398511
0.384565054
2.40E-71
0.895989257
0.042938076
7.89E-38
1.92E-42
0.003360021
0.012581093
6.28E-83
0.00064915
1.09€E-07
1.75E-51
2.92E-56
0.29882323
3.14E-66
0.477642133
0.007842715
1.61E-36
5.37E-41
0.071649212
0

0

1.11E-15
5.77E-15

0
0.016284866
1.87E-44
1.57E-47
0.002316855
9.15E-31
2.23E-33
5.48E-08
0.65030582
0

0
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1.90E-11

0

7.96E-12
5.16E-48

0

1.67E-09
4.61E-10
4.94E-11

0

1
0.380907629
1

2.34E-56

1

1

5.79E-29
5.07E-32

1
0.026301746
1

1.59E-69

1

1

5.21E-36
1.26E-40
0.221761361
0.83035214
4.14E-81
0.042843871
7.19E-06
1.16E-49
1.93E-54

1

2.07E-64

1
0.51761921
1.06E-34
3.54E-39

1

0

0

7.33E-14
3.81E-13

0

1

1.23E-42
1.04E-45
0.152912407
6.04E-29
1.47e-31
3.62E-06

1

0

0

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.811
0.005
0.632
0.001
0.901
0.045
0.001
0.001
0.021
0.002
0.376
0.001
0.896
0.054
0.001
0.001
0.002
0.015
0.001
0.001
0.001
0.001
0.001
0.306
0.001
0.458
0.009
0.001
0.001
0.084
0.001
0.001
0.001
0.001
0.001
0.022
0.001
0.001
0.003
0.001
0.001
0.001

0.64
0.001
0.001

0.066
0.066
0.066
0.066
0.066
0.066
0.066
0.066
0.066

0.33

0.066

0.066
0.066

0.132

0.066

0.066
0.066
0.132

0.99
0.066
0.066
0.066
0.066
0.066

0.066

0.594
0.066
0.066

0.066
0.066
0.066
0.066
0.066

0.066
0.066
0.198
0.066
0.066
0.066

0.066
0.066
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