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Synopsis Research on host-associated microbial communities has grown rapidly. Despite the great body of work,

inclusion of microbiota-related questions into integrative and comparative biology is still lagging behind other disci-

plines. The purpose of this paper is to offer an introduction into the basic tools and techniques of host-microbe research.

Specifically, what considerations should be made before embarking on such projects (types of samples, types of controls)?

How is microbiome data analyzed and integrated with data measured from the hosts? How can researchers experimen-

tally manipulate the microbiome? With this information, integrative and comparative biologists should be able to include

host-microbe studies into their research and push the boundaries of both fields.

Introduction

Overall, it is recognized that animals evolved in a

microbial world, and so aspects of their biology

should be tightly linked to the actions of their mi-

crobial partners (McFall-Ngai et al. 2013). These

connections have been largely embraced in the field

of human health, where the role of microbial com-

munities in human nutrition and disease has been

well studied (Kau et al. 2011; Cho and Blaser 2012).

More recently, researchers have begun to incorporate

microbiome research into the fields of integrative

and comparative organismal biology (Kohl and

Carey 2016). However, this area of research is still

underdeveloped, and largely biased toward mamma-

lian hosts (Colston and Jackson 2016). In this article

I present tools and techniques for integrative and

comparative biologists to incorporate microbiome

research into their programs.

What is the microbiome?

Diverse microbial communities colonize various

body sites of animal hosts. These communities con-

tain bacteria, archaea, fungi, protozoans, and viruses.

Although the terms “microbiome” and “microbiota”

are largely used interchangeably, they do have some

differences. The term “microbiome” has a number of

definitions that range from specifying the collection

of genes from a microbial community (Turnbaugh

et al. 2008), to constituting a microbial community

as well as their products and aspects of the host

environment (Whiteside et al. 2015), to having

both these meanings simultaneously (Huss 2014;

Eisen 2015). For clarity, in this article I will use

the term “microbiota” for describing the actual or-

ganisms or communities found within a sample, and

the term “metagenome” for describing the collection

of microbial genes contained in a community.

Further, for the purposes of this paper I will largely

focus on examples of gut bacterial communities,

given that current research is highly biased toward

these organisms. However, similar methods can be

applied for other types of microbes (archaea

[Gruninger et al. 2016], fungi [Miller et al. 2016],

protozoans [Parfrey et al. 2014], viruses [Minot et al.

2011]) living on various body sites (skin [Kueneman

et al. 2014], oral cavity [Stothart et al. 2016], scent

glands [Theis et al. 2013], etc.).
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Considerations for designing studies on
host-associated microbial communities

What to measure?

The most common method in the study of

host-associated microbes is to conduct microbial in-

ventories. This method involves the extraction of

microbial DNA, followed by the amplification and

sequencing of a marker gene (16S rRNA gene for

bacteria and archaea; others for fungi, protozoa,

etc.). These genes can be regarded as taxonomic

markers and used to estimate taxonomic composi-

tion of a complex microbial community (Fig. 1).

Additionally, if interested in microbial functions,

one could conduct metagenomic sequencing of all

genes of a complex microbial sample, or metatran-

scriptomic sequencing of all gene transcripts. The

costs and benefits of these various methods have

previously been discussed (Xu et al. 2014).

It should be noted that the most widely used tech-

nique (16S rRNA sequencing) provides information

regarding the relative abundances of microbial taxa,

but not the absolute abundances. The absolute abun-

dances of bacteria can vary across host species

(Cariveau et al. 2014; Sanders et al. 2017) and gut

regions (Kohl et al. 2014a), which may have impli-

cations for the biological relevance of these commu-

nities. Absolute abundance of microbes can be

measured several ways. For example, one could con-

duct qPCR of the 16S rRNA gene or other marker

genes in a known amount of sample (Cariveau et al.

2014; Sanders et al. 2017), however, this method is

unable to distinguish between live and dead mi-

crobes. Flow cytometry can differentially stain live

and dead bacteria (Kohl et al. 2014a), though this

method must be conducted in freshly collected sam-

ples. Integrating measures of absolute microbial

abundance into experiments will further our under-

standing of the dynamics of these communities.

Sample collection and storage

A first consideration would be what types of samples

to collect for a given study. For the gut microbiota,

feces are a common source of gut contents.

However, it should be recognized that microbial

communities are structured spatially across the gut.

Various gut chambers harbor distinct microbial

communities in insects (Mikaelyan et al. 2017), ro-

dents (Kohl et al. 2014a; Suzuki and Nachman

2016), reptiles (Colston et al. 2015; Kohl et al.

2016a), and likely other taxa as well. Additionally,

microbial communities can vary between the gut lu-

men and the mucosa (Zoetendal et al. 2002). Sterile

swabs have been used to sample the cloaca to char-

acterize the gut microbial communities of reptiles

and birds (Santos et al. 2012; Colston et al. 2015),

and offer the benefit of controlling timing of sam-

pling. In humans, fecal samples and rectal swabs ex-

hibit similar microbial community structures (Bassis

et al. 2017). While direct sampling of gut contents or

tissue may be ideal for certain questions, this process

Fig. 1 A schematic of commonly conducted microbial inventories by high-throughput sequencing.
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may be challenging as it often involves euthanizing

and dissecting the animals. Feces or cloacal swabs

may be more appropriate for repeated sampling

and noninvasive/nonlethal sampling. Determining

the appropriate sampling location will vary accord-

ing to the questions and capabilities of various study

systems.

When feces are non-invasively collected from the

field, a number of environmental variables should be

taken into account. For example, a large-scale study

collecting feces from myrmecophagous (ant-eating)

mammals from the field excluded 40% of their sam-

ples due to potential contamination from environ-

mental sources (rain, soil, etc.; Delsuc et al. 2014).

An additional detailed study into environmental

contamination investigated how field conditions af-

fect the microbial communities of primate feces

(Hale et al. 2016). These researchers found that sun-

light and contact with insects did not significantly

alter microbial communities, though there was

change in community structure over time (Hale

et al. 2016). Last, rodent feces collected from

Sherman traps are appropriate for microbiome stud-

ies, as the microbial communities are nearly identical

to those collected under more sterile conditions

(Kohl et al. 2015). Similar validation studies may

be required for different sampling regimes depending

on the study system.

Once samples are collected, they must be stored

until DNA extraction. At field or room temperatures,

the community composition of gut or fecal samples

can change as certain microbial taxa bloom (Choo

et al. 2015; Hale et al. 2016). Therefore, immediate

freezing is often considered the “gold standard” for

sample storage (Hale et al. 2016). However, imme-

diate freezing may be difficult or impossible under

field conditions. Numerous studies have demon-

strated the utility of alternative storage methods for

the preservation of microbial community structure,

such as RNAlater (Vl�ckova et al. 2012; Hale et al.

2015; Blekhman et al. 2016; Song et al. 2016), FTA

cards (Fast Technology for Analysis of nucleic acids;

Whatman Inc., Florham Park, NJ; Hale et al. 2015,

2016; Song et al. 2016), OMNIgene.GUT DNA

Stabilization Kits (DNA Genotek; Choo et al. 2015;

Song et al. 2016), and high percentage ethanol

(Vl�ckova et al. 2012; Hale et al. 2015; Blekhman

et al. 2016). These preservation methods can result

in slight alterations to microbial community struc-

tures, but these effects are typically smaller than the

effects of individual variation (Blekhman et al. 2016;

Song et al. 2016). Overall, the most important issue

is that sample storage techniques are as consistent as

possible across all samples in a given study.

Sample extraction and sequencing

Once in the laboratory, microbial DNA is extracted

from samples. Differences in DNA extraction meth-

ods can impact the resulting microbial community

structures (Yuan et al. 2012; Kennedy et al. 2014).

Thus, similar to storage methods, it is important that

all samples be extracted with the same protocols. An

additional consideration is that extraction kits and

reagents contain microbial DNA, which can influ-

ence sequencing results (Salter et al. 2014). This issue

is especially problematic for low-biomass samples.

Thus, it is recommended that researchers conduct

“blank” extractions and submit these for sequencing.

For example, many researchers had been investigat-

ing the potential symbiotic microbiota of the human

placenta (Aagaard et al. 2014), but it was later re-

vealed that these microbial communities did not dif-

fer significantly from contamination controls

(Lauder et al. 2016). Studies may also benefit from

the use of standard “mock communities”, mixtures

of several known microbial members in known

quantities, such as the ZymoBIOMICS Microbial

Community Standard (Zymo Research, Irvine, CA).

Researchers can extract and sequence the DNA from

these mock communities to ensure that methods and

results are consistent across experiments.

Extracted DNA then undergoes sequencing.

Microbial 16S rRNA inventories can be conducted

on a number of sequencing platforms, though the

Illumina HiSeq and MiSeq platforms are most widely

used (Caporaso et al. 2012), and more recently the

PacBio platform (Schloss et al. 2016). A number of

commercial services and university core facilities

provide microbial inventories and sequencing ser-

vices, and may provide some bioinformatics analyses.

Samples can be sequenced to varying depths of cov-

erage, which can depend on specific questions. If

researchers are interested in rare microbial members,

deep sequencing of few samples may be required.

However, if comparing community structure across

groups is the goal, it is generally thought that spend-

ing resources on more biological replicates is bene-

ficial, or with increased spatial and temporal

resolution (Caporaso et al. 2012; Knight et al. 2012).

Effect of captivity

The effects of captivity on microbial communities

should also be considered for those who study ani-

mals in a laboratory setting. In captivity, animals

may lose members of their native microbiota and

gain foreign microbes from various sources.

Differences in gut microbial community structures

between wild and captive individuals have been
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demonstrated for insects (Hammer et al. 2014), fish

(Dhanasiri et al. 2011), amphibians (Becker et al.

2014), reptiles (Kohl et al. 2016a), birds (Xenoulis

et al. 2010; Wienemann et al. 2011), and mammals

(Nelson et al. 2013; Kohl and Dearing 2014; Kohl

et al. 2014b; Clayton et al. 2016). These differences in

microbial communities are usually attributed to differ-

ences in diet between wild and captive settings, though

other mechanisms may underlie these changes. The

inclusion of soil from the field into cages acts as a

microbial reservoir and increases the maintenance of

microbial diversity on salamander skin (Loudon et al.

2014). We still lack an understanding of how other

animal housing practices (regularity of cage-changes,

efforts to minimize animal stress, etc.) might affect

maintenance or loss of microbial diversity in captivity.

Understanding the role of environmental microbes

While animals host and maintain microbial popula-

tions, they are also constantly exposed to microbes in

their diet and environment. For example, it is esti-

mated that humans consume over a million microbes

every day in their food (Lang et al. 2014). Ingested

environmental microbes can sculpt the structures of

resident microbial communities (Zhang et al. 2016).

In natural settings, the gut communities of herbivorous

woodrats (Kohl and Dearing 2014) and lizards (Kohl

et al. 2016a) share >25% of their microbial members

with the microbiota living on plant leaf surfaces.

Researchers should collect samples of potential micro-

bial sources (food items, soil, other environmental

sources) and inventory the microbiota of these sam-

ples. The program SourceTracker (Knights et al. 2011)

can be used to estimate the contribution of environ-

mental sources to host-associated microbial communi-

ties. In the future, efforts could be made to understand

the impact of environmental microbes on microbial

community structure and function in ecological set-

tings. Additionally, it would be interesting to under-

stand how differences in host ecology might affect

host-associated microbial communities. For example,

are dietary generalists exposed to a greater diversity

of environmental microbes compared with dietary

specialists?

Analyzing microbial data

A large majority of studies inventory bacterial com-

munities by amplifying and sequencing the 16S

rRNA gene. Two major analysis pipelines are

QIIME (Caporaso et al. 2010; Kuczynski et al.

2012) and mothur (Schloss et al. 2009). Depending

on the experimental designs and specific questions,

the statistical analysis of microbial data can be varied

and complex. An online guide, GUide to STatistical

Analysis in Microbial Ecology (GUSTA ME), allows

researchers to explore different analyses and help

them to choose the appropriate statistical techniques

(Buttigieg and Ramette 2014). In integrative and

comparative biology, researchers might be interested

in connecting aspects of microbial community struc-

ture to other variables measured at the host level,

such as host gene expression, hormone levels, or

performance metrics. Multivariate Association with

Linear Models (MaAsLin) can combine microbial

data with information about the samples or hosts

to find associations between these data types

(Morgan et al. 2015).

For some questions, researchers may be interested

in the functions encoded by microbial communities.

The program PICRUSt allows researchers to use 16S

rRNA sequencing inventories to predict the metage-

nomic content of a microbial community, based on

previously sequenced genomes (Langille et al. 2013).

However, researchers should exercise caution in us-

ing this technique on uncharacterized microbial

communities, as microbes may have novel gene con-

tent that is not reflected in genomic databases

(Langille et al. 2013). Overall, PICRUSt is better

for generating hypotheses rather than drawing con-

clusions. Direct metagenomic and metatranscrip-

tomic sequencing can better illuminate microbial

functions, and the abundances of particular func-

tions can be compared across treatment groups.

Numerous programs have been developed for the

assembly (Vollmers et al. 2017) and analysis of meta-

genomic (Lindgreen et al. 2016) datasets. Similarly,

pipelines have been generated for metatranscriptomic

datasets (Leimena et al. 2013). The field of data anal-

ysis moves quickly, and the citations here are by no

means exhaustive. Collaboration with a bioinforma-

tician may help to ensure that analyses of these more

complex datasets are conducted correctly.

Upon publication, microbial data should be made

accessible to other researchers, often through deposi-

tion in a repository, such as the NCBI SRA (Sequence

Read Archive). Importantly, researchers should also in-

clude all relevant metadata, such as minimum infor-

mation about a metagenome sequence (MIMS; Field

et al. 2008), as well as other variables (host age, sex,

diet, treatment, etc.) in their reports. These data are

crucial for the repeatability of data analyses.

Experimental manipulation of microbial
communities

Antibiotics have long been used as a method of ex-

perimentally manipulating microbial communities.
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For example, understanding the nutritional roles of

insect endosymbionts has been accomplished by re-

moving endosymbionts with antibiotics and provid-

ing diets supplemented with essential amino acids or

vitamins (Douglas and Prosser 1992; Hosokawa et al.

2010). Antibiotics have also been used to demon-

strate the role that gut microbes play in metabolizing

plant toxins for mammalian herbivores (Kohl et al.

2014c), or have been administered to penguin chicks

in the field to investigate their effects on growth

(Potti et al. 2002). It should be recognized though,

that antibiotic compounds themselves could have

confounding effects on animal physiology, and so

studies should either incorporate proper controls or

be interpreted cautiously.

Germ-free rearing of animals is another way to

experimentally manipulate the microbiota. Here, an-

imals are raised under completely sterile environ-

ments so that they do not harbor microbial

communities. These techniques have been developed

for several model systems such as mice (Arvidsson

et al. 2012), fruit flies (Sang and King 1961), pigs

(Meyer et al. 1964), and zebrafish (Pham et al. 2008).

However, there are also methods to generate germ

free Nasonia jewel wasps (Shropshire et al. 2016),

desert locusts (Charnley et al. 1985), among other

hosts. Germ-free systems offer the unique opportu-

nity to investigate the effects of specific microbial

members on host phenotypes. For example, mice

inoculated with various microbial isolates exhibit dif-

ferential gene expression (Hooper et al. 2001) and

immune function (Geva-Zatorsky et al. 2017) in gut

tissues. Additionally, locusts inoculated with varying

combinations of gut bacteria have differential resis-

tance to infection by a pathogen (Dillon et al. 2005).

Even though germ-free techniques were developed

in model systems, they have much to offer the fields

of integrative and comparative biology. First, some

studies have inoculated the microbiota from wild

animals into germ-free animals to investigate the ef-

fects on animal phenotypes. For example, germ-free

mice inoculated with the feces from bears preparing

for hibernation exhibit higher fat gain than mice

inoculated with the feces from hibernating bears,

suggesting that the summer gut microbiota aids

bears in pre-hibernation weight gain (Sommer

et al. 2016). Additionally, the techniques used to

generate germ-free zebrafish have been adapted to

generate populations of germ-free stickleback fish

(Milligan-Myhre et al. 2016), and could be used to

develop other germ-free systems.

In the absence of germ-free techniques, microbial

transplants may offer another method to experimen-

tally manipulate the microbiota. For example,

transplantation of the feces of toxin-adapted wood-

rats (Neotoma lepida) into toxin-naı̈ve woodrats or

into laboratory rats conferred toxin tolerance in re-

cipient animals (Kohl et al. 2014c, 2016b).

Techniques have been developed to treat conven-

tional mice with antibiotics and subsequently trans-

fer the microbial communities from rats or humans

(Manichanh et al. 2010; Hintze et al. 2014). These

transplantation methods may be cheaper than germ-

free techniques, though may not fully transfer the

donor community. Moreover, while the effects of

fecal transplants are largely attributed to bacteria, it

should be recognized that feces contain many other

organisms, host coloncytes, and metabolites which

could underlie changes in the recipient (Bojanova

and Bordenstein 2016). In the future, researchers

could develop techniques to conduct microbial

transplants in animal taxa other than rodents.

Conclusions

Animals live in many challenging environments, and

their associated microbial communities may perform

a wide array of functions, thus conferring ecological

adaptation and the colonization of these habitats

(Alberdi et al. 2016). Incorporating host–microbe in-

teractions into our study of integrative and compar-

ative biology will enhance our understanding of the

roles microbes play in ecology and evolution.

Additionally, the field of host–microbe interactions

has much to gain from the fields of integrative and

comparative biology. One example is the symbiosis

between squid and microbes that reside in their light

organs, which is now a widely used model system to

investigate host–microbe interactions (McFall-Ngai

2014). Other animal systems may lend themselves

to increase our understanding of the basic principles

of host–microbe interactions. With the tools and

techniques described above, integrative biologists

can begin to investigate these connections in their

own study systems, helping to bridge these fields.

Acknowledgments

I thank Mae Berlow for comments that helped to

improve the manuscript.

Funding

This work was supported by the National Science

Foundation [grant number IOS-1638630].

References

Aagaard K, Ma J, Antony KM, Ganu R, Petrosino J,

Versalovic J. 2014. The placenta harbors a unique micro-

biome. Sci Transl Med 6:237ra65.

678 K. D. Kohl

Deleted Text: Hintze and others 2014; 
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: increasing 
Deleted Text: -


Alberdi A, Aizpurua O, Bohmann K, Zepeda-Mendoza ML,

Gilbert MTP. 2016. Do vertebrate gut metagenomes confer

rapid ecological adaptation?. Trends Ecol Evol 31:689–99.

Arvidsson C, Hallén A, B€ackhed F. 2012. Generating and an-

alyzing germ-free mice. Curr Protoc Mouse Biol 2:307–16.

Bassis CM, Moore NM, Lolans K, Seekatz AM, Weinstein RA,

Young VB, Hayden MK. 2017. Comparison of stool versus

rectal swab samples and storage conditions on bacterial

community profiles. BMC Microbiol 17:78.

Becker MH, Richards-Zawacki CL, Gratwicke B, Belden LK.

2014. The effect of captivity on the cutaneous bacterial

community of the critically endangered Panamanian golden

frog (Atelopus zeteki). Biol Conserv 176:199–206.

Blekhman R, Tang K, Archie EA, Barreiro LB, Johnson ZP,

Wilson ME, Kohn J, Yuan ML, Gesquiere L, Grieneisen LE,

et al. 2016. Common methods for fecal sample storage in

field studies yield consistent signatures of individual iden-

tity in microbiome sequencing data. Sci Rep 6:31519.

Bojanova DP, Bordenstein SR. 2016. Fecal transplants: what is

being transferred? PLoS Biol 14:e1002503.

Buttigieg PL, Ramette A. 2014. A guide to statistical analysis in

microbial ecology: a community-focused, living review of

multivariate data analyses. FEMS Microbiol Ecol 90:543–50.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K,

Bushman FD, Costello EK, Fierer N, Gonzalez Pena A,

Goodrich JK, Gordon JI, et al. 2010. QIIME allows analysis

of high-throughput community sequencing data. Nat

Method 7:335–6.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D,

Huntley J, Fierer N, Owens SM, Betley J, Fraser L, Bauer

M, et al. 2012. Ultra-high-throughput microbial commu-

nity analysis on the Illumina HiSeq and MiSeq platforms.

ISME J 6:1621–4.

Cariveau DP, Powell JE, Koch H, Winfree R, Moran NA.

2014. Variation in gut microbial communities and its as-

sociation with pathogen infection in wild bumble bees

(Bombus). ISME J 8:2369–79.

Charnley AK, Hunt J, Dillon RJ. 1985. The germ-free culture

of desert locusts, Schistocerca gregaria. Insect Physiol

31:477–85.

Cho I, Blaser MJ. 2012. The human microbiome: at the in-

terface of health and disease. Nat Rev Genet 13:260–70.

Choo JM, Leong LEX, Rogers GB. 2015. Sample storage con-

ditions significantly influence faecal microbiome profiles.

Sci Rep 5:16350.

Clayton JB, Vangay P, Huang H, Ward T, Hillman BM, Al-

Ghalith GA, Travis DA, Long HT, Tuan BV, Minh VV,

et al. 2016. Captivity humanizes the primate microbiome.

Proc Natl Acad Sci U S A 113:10376–81.

Colston TJ, Jackson CR. 2016. Microbiome evolution along

divergent branches of the vertebrate tree of life: what is

known and unknown. Mol Ecol 25:3776–800.

Colston TJ, Noonan BP, Jackson CR. 2015. Phylogenetic anal-

ysis of bacterial communities in different regions of the

gastrointestinal tract of Agkistrodon piscivorus, the cotton-

mouth snake. PLoS One 10:e0128793.

Delsuc F, Metcalf JL, Parfrey LW, Song SJ, Gonz�alez A,

Knight R. 2014. Convergence of gut microbiomes in myr-

mecophagous mammals. Mol Ecol 23:1301–17.

Dhanasiri A, Brunvold L, Brinchmann M, Korsnes K, Bergh

Ø, Kiron V. 2011. Changes in the intestinal microbiota of

wild Atlantic cod Gadus morhua L. upon captive rearing.

Microb Ecol 61:20–30.

Dillon RJ, Vennard CT, Buckling A, Charnley AK. 2005.

Diversity of locust gut bacteria protects against pathogen

invasion. Ecol Lett 8:1291–8.

Douglas AE, Prosser WA. 1992. Synthesis of the essential

amino acid tryptophan in the pea aphid (Acyrthosiphon

pisum) symbiosis. J Insect Physiol 38:565–8.

Eisen J. 2015. What does the term microbiome mean? And

where did it come from? A bit of a surprise. microBE.net.

Field D, Garrity G, Gray T, Morrison N, Selengut J, Sterk P,

Tatusova T, Thomson N, Allen MJ, Angiuoli SV, et al.

2008. The minimum information about a genome sequence

(MIGS) specification. Nat Biotechnol 26:541–7.

Geva-Zatorsky N, Sefik E, Kua L, Pasman L, Tan TG, Ortiz-

Lopez A, Yanortsang TB, Yang L, Jupp R, Mathis D, et al.

2017. Mining the human gut microbiota for immunomod-

ulatory organisms. Cell 168:928–43.

Gruninger RJ, McAllister TA, Forster RJ. 2016. Bacterial and

archaeal diversity in the gastrointestinal tract of the North

American beaver (Castor canadensis). PLoS One

11:e0156457.

Hale VL, Tan CL, Knight R, Amato KR. 2015. Effect of pres-

ervation method on spider monkey (Ateles geoffroyi) fecal

microbiota over 8 weeks. J Microbiol Methods 113:16–26.

Hale VL, Tan CL, Niu K, Yang Y, Cui D, Zhao H, Knight R,

Amato KR. 2016. Effects of field conditions on fecal micro-

biota. J Microbiol Methods 130:180–8.

Hammer TJ, Owen W, Fierer N. 2014. Metamorphosis of a

butterfly-associated bacterial community. PLoS One

9:e86995.

Hintze KJ, Cox JE, Rompato G, Benninghoff AD, Ward RE,

Broadbent J, Lefevre M. 2014. Broad scope method for

creating humanized animal models for animal health and

disease research through antibiotic treatment and human

fecal transfer. Gut Microbes 5:183–91.

Hooper LV, Wong MH, Thelin A, Hansson L, Falk PG,

Gordon JI. 2001. Molecular analysis of commensal host–

microbial relationships in the host. Science 291:881–4.

Hosokawa T, Koga R, Kikuchi Y, Meng X-Y, Fukatsu T. 2010.

Wolbachia as a bacteriocyte-associated nutritional mutual-

ist. Proc Natl Acad Sci U S A 107:769–74.

Huss J. 2014. Methodology and ontology in microbiome re-

search. Biol Theory 9:392–400.

Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI.

2011. Human nutrition, the gut microbiome and the im-

mune system. Nature 474:327–36.

Kennedy NA, Walker AW, Berry SH, Duncan SH, Farquarson

FM, Louis P, Thomson JM. 2014. The impact of different

DNA extraction kits and laboratories upon the assessment

of human gut microbiota composition by 16S rRNA gene

sequencing. PLoS One 9:e88982.

Knight R, Jansson J, Field D, Fierer N, Desai N, Fuhrman

JA, Hugenholtz P, van der Lelie D, Meyer F, Stevens R,

et al. 2012. Unlocking the potential of metagenomics

through replicated experimental design. Nat Biotechnol

30:513–20.

Knights D, Kuczynski J, Charlson ES, Zaneveld J, Mozer MC,

Collman RG, Bushman FD, Knight R, Kelley ST. 2011.

Bayesian community-wide culture-independent microbial

source tracking. Nat Method 8:761–3.

Introduction to microbiome research 679



Kohl KD, Brun A, Magallanes M, Brinkerhoff J, Laspiur A,

Acosta JC, Caviedes-Vidal E, Bordenstein SR. 2016a. Gut mi-

crobial ecology of lizards: insights into diversity in the wild,

effects of captivity, variation across gut regions and transmis-

sion. Mol Ecol published online (doi:10.1111/mec.13921).

Kohl KD, Carey HV. 2016. A place for host–microbe symbi-

osis in the comparative physiologist’s toolbox. J Exp Biol

219:3496–504.

Kohl KD, Dearing MD. 2014. Wild-caught rodents retain a

majority of their natural gut microbiota upon entrance into

captivity. Environ Microbiol Rep 6:191–5.

Kohl KD, Luong K, Dearing MD. 2015. Validating the use of

trap-collected feces for studying the gut microbiota of a

small mammal (Neotoma lepida). J Mammal 96:90–3.

Kohl KD, Miller AW, Marvin JE, Mackie R, Dearing MD.

2014a. Herbivorous rodents (Neotoma spp.) harbour abun-

dant and active foregut microbiota. Environ Microbiol

16:2869–78.

Kohl KD, Skopec MM, Dearing MD. 2014b. Captivity results

in disparate loss of gut microbial diversity in closely related

hosts. Conserv Physiol 2:cou009.

Kohl KD, Stengel A, Dearing MD. 2016b. Inoculation of

tannin-degrading bacteria into novel hosts increases perfor-

mance on tannin-rich diets. Environ Microbiol 18:1720–9.

Kohl KD, Weiss RB, Cox J, Dale C, Dearing MD. 2014c. Gut

microbes of mammalian herbivores facilitate intake of plant

toxins. Ecol Lett 17:1238–46.

Kuczynski J, Stombaugh J, Walters WA, Gonz�alez A,

Caporaso JG, Knight R. 2012. Using QIIME to analyze

16S rRNA gene sequences from microbial communities.

Curr Protoc Microbiol 27:1E–5.

Kueneman JG, Parfrey LW, Woodhams DC, Archer HM,

Knight R, McKenzie VJ. 2014. The amphibian skin-

associated microbiome across species, space and life history

stages. Mol Ecol 23:1238–50.

Lang JM, Eisen JA, Zivkovic AM. 2014. The microbes we eat:

abundance and taxonomy of microbes consumed in a day’s

worth of meals for three diet types. PeerJ 2:e659.

Langille MGI, Zaneveld J, Caporaso JG, McDonald D,

Knights D, Reyes JA, Clemente JC, Burkepile DE,

Thurber RLV, Knight R, et al. 2013. Predictive functional

profiling of microbial communities using 16S rRNA

marker gene sequences. Nat Biotechnol 31:814–21.

Lauder AP, Roche AM, Sherrill-Mix S, Bailey A, Laughlin AL,

Bittinger K, Leite R, Elovitz MA, Parry S, Bushman FD.

2016. Comparison of placenta samples with contamination

controls does not provide evidence for a distinct placenta

microbiota. Microbiome 4:29.

Leimena MM, Ramiro-Garcia J, Davids M, van den Bogert B,

Smidt H, Smid EJ, Boekhorst J, Zoetendal EG, Schaap PJ,

Kleerebezem M. 2013. A comprehensive metatranscriptome

analysis pipeline and its validation using human small in-

testine microbiota datasets. BMC Genomics 14:530.

Lindgreen S, Adair KL, Gardner PP. 2016. An evaluation of

the accuracy and speed of metagenomic analysis tools. Sci

Rep 6:19233.

Loudon AH, Woodhams DC, Parfrey LW, Archer HM,

Knight R, McKenzie VJ, Harris RN. 2014. Microbial com-

munity dynamics and effect of environmental microbial

reservoirs on red backed salamanders (Plethodon cinereus).

ISME J 8:830–40.

Manichanh C, Reeder J, Gibert P, Varela E, Llopis M, Antolin

M, Guigo R, Knight R, Guarner F. 2010. Reshaping the gut

microbiome with bacterial transplantation and antibiotic

intake. Genome Res 20:1411–9.

McFall-Ngai M. 2014. Divining the essence of symbiosis: in-

sights from the squid-Vibrio model. PLoS Biol

12:e1001783.

McFall-Ngai M, Hadfield MG, Bosch TCG, Carey HV,

Domazet-Loso T, Douglas AE, Dubilier N, Eberl G,

Fukami T, Gilbert SF, et al. 2013. Animals in a bacterial

world, a new imperative for the life sciences. Proc Natl

Acad Sci U S A 110:3229–36.

Meyer RC, Bohl EH, Kohler EM. 1964. Procurement and

maintenance of germ-free swine for microbiological inves-

tigations. Appl Microbiol 12:295–300.

Mikaelyan A, Meuser K, Brune A. 2017. Microenvironmental

heterogeneity of gut compartments drives bacterial com-

munity structure in wood-and humus-feeding higher ter-

mites. FEMS Microbiol Ecol 93:fiw210.

Miller KE, Hopkins K, Inward DJ, Vogler AP. 2016.

Metabarcoding of fungal communities associated with

bark beetles. Ecol Evol 6:1590–600.

Milligan-Myhre K, Small CM, Mittge EK, Agarwal M, Currey

M, Cresko WA, Guillemin K. 2016. Innate immune re-

sponses to gut microbiota differ between oceanic and fresh-

water threespine stickleback populations. Dis Model Mech

9:187–98.

Minot S, Sinha R, Chen J, Li H, Keilbaugh SA, Wu GD, Lewis

JD, Bushman FD. 2011. The human gut virome: inter-

individual variation and dynamic response to diet.

Genome Res 21:1616–25.

Morgan XC, Kabakchiev B, Waldron L, Tyler AD, Tickle TL,

Milgrom R, Stempak JM, Gevers D, Xavier RJ, Silverberg

MS, et al. 2015. Associations between host gene expression,

the mucosal microbiome, and clinical outcome in the pel-

vic pouch of patients with inflammatory bowel disease.

Genome Biol 16:67.

Nelson TM, Rogers TL, Carlini AR, Brown MV. 2013. Diet

and phylogeny shape the gut microbiota of Antarctic seals:

a comparison of wild and captive animals. Environ

Microbiol 15:1132–45.

Parfrey LW, Walters WA, Lauber CL, Clemente JC, Berg-

Lyons D, Teiling C, Kodira C, Mohiuddin M, Brunelle J,

Driscoll M, et al. 2014. Communities of microbial eukary-

otes in the mammalian gut within the context of environ-

mental eukaryotic diversity. Front Microbiol 5:298.

Pham LN, Kanther M, Semova I, Rawls JF. 2008. Methods for

generating and colonizing gnotobiotic zebrafish. Nat Protoc

3:1862–75.

Potti J, Moreno J, Yorio P, Briones V, Garc�ıa-Borboroglu P,

Villar S, Ballesteros C. 2002. Bacteria divert resources

from growth for magellanic penguin chicks. Ecol Lett

5:709–14.

Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt

MF, Turner P, Parkhill J, Loman NJ, Walker AW. 2014.

Reagent and laboratory contamination can critically impact

sequence-based microbiome analyses. BMC Biol 12:87.

Sanders JG, Łukasik P, Frederickson M, Russell J, Koga R,

Knight R, Pierce N. 2017. Dramatic differences in gut bac-

terial densities correlate with diet and habitat in rainforest

ants. Integr Comp Biol 57:705–22.

680 K. D. Kohl



Sang JH, King RC. 1961. Nutritional requirements of axeni-

cally cultured Drosophila melanogaster adults. J Exp Biol

38:793–809.

Santos SS, Pardal S, Proença DN, Lopes RJ, Ramos JA,

Mendes L, Morais PV. 2012. Diversity of cloacal microbial

community in migratory shorebirds that use the Tagus

Estuary as stopover habitat and their potential to harbor

and disperse pathogenic microorganisms. FEMS Microbiol

Ecol 82:63–74.

Schloss P, Jenior ML, Koumpouras CC, Westcott SL,

Highlander SK. 2016. Sequencing 16S rRNA gene frag-

ments using the PacBio SMRT DNA sequencing system.

PeerJ 4:e1869.

Schloss P, Westcott SL, Ryabin T, Hall JR, Hartmann M,

Hollister EB, Lesniewski RA, Oakley BB, Parks DH,

Robinson CJ, et al. 2009. Introducing mothur: open-

source, platform-independent, community-supported soft-

ware for describing and comparing microbial communities.

Appl Environ Microbiol 75:7537–41.

Shropshire JD, van Opstal EJ, Bordenstein SR. 2016. An op-

timized approach to germ-free rearing in the jewel wasp

Nasonia. PeerJ 4:e2316.
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