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Abstract
Analysis of microbial communities using high throughput sequencing methods began in the

mid 2000s permitting the production of 1000s to 10,000s of sequence reads per sample and

megabases of data per sequence run. This then unprecedented depth of sequencing allowed,

for the first time, the discovery of the ‘rare biosphere’ in environmental samples. The

technology was quickly applied to studies in several human subjects. Perhaps these early

studies served as a reminder that though the microbes that inhabit mammals are known to

outnumber host cells by an order of magnitude or more, most of these are unknown members

of our second genome, or microbiome (as coined by Joshua Lederberg), because of our

inability to culture them. High throughput methods for microbial 16S ribosomal RNA gene and

whole genome shotgun (WGS) sequencing have now begun to reveal the composition and

identity of archaeal, bacterial and viral communities at many sites, in and on the human body.

Surveys of the microbiota of food production animals have been published in the past few

years and future studies should benefit from protocols and tools developed from large-scale

human microbiome studies. Nevertheless, production animal-related resources, such as im-

proved host genome assemblies and increased numbers and diversity of host-specific microbial

reference genome sequences, will be needed to permit meaningful and robust analysis of 16S

rDNA and WGS sequence data.
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Introduction

Since the vast majority of microbes in any environment

are uncultured, polymerase chain reaction (PCR) typing

and sequencing methods targeting the 16S ribosomal RNA

(rRNA) gene, and other housekeeping or organism-

specific genes have been widely adopted to identify and

quantitate members of microbial communities (Wooley

et al., 2010). For decades, 16S rDNA profiling has been

the mainstay of studies of archaeal and bacterial com-

munities in terrestrial and marine environments. In the

mid 2000s, these technologies began to be applied to

human and animal microbial communities.

Sequencing full-length 16S rRNA gene clones by the

Sanger dideoxy chain termination method (Sanger et al.,

1977) is the gold standard because paired-end sequencing

provides high-quality overlapping reads that can cover

the entire gene. Low error rates (<0.1%) are particularly

important when using 16S rDNA sequences for taxonomic

assessment since a 3% difference across the ca. 1500 bp

gene usually discriminates between species, phylotypes

or operational taxonomic units (OTUs). The transition to

‘next-generation’ sequencing technologies such as 454

picotiter pyrosequencing (Margulies et al., 2005; Sogin

et al., 2006) allowed generation of thousands of reads per*Corresponding author. E-mail: sarahh@bcm.edu
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sample, but the read length was much shorter (originally

<100 bases) and the error rates were between 1 and 3%.

Such metrics caused significant overestimates of commu-

nity abundance and diversity and identification of ‘new

rare’ phylotypes. It was soon recognized that poor read

quality, including homopolymer tracts, contributed to

many of these (Huse et al., 2007).

In 2008, the NIH/NHGRI officially launched the Human

Microbiome Project (HMP; www.hmpdacc.org); the

MetaHIT (Metagenomics of the Human Intestinal Tract)

European research project (www.metahit.eu) was

initiated shortly thereafter, and both stimulated interest

in all aspects of human metagenomics, from protocol

design to data analysis and visualization, to disease

correlation. One of the primary goals of the HMP was to

collect clinical samples from 15 to 18 body sites

(dependent on sex) from 300 healthy subjects then use

the nucleic acid obtained from these samples for micro-

bial community analysis by evolving methods of nucleic

acid sequencing. In the USA, the involvement of four

genome sequencing centers that would sequence thou-

sands of samples from 300 healthy human subjects

required development of consistent and reproducible

protocols for sample handling, nucleic acid extraction,

sequencing and read filtering, assembly and analysis.

These protocols and recommendations, as well as analysis

and interpretation of much of the subject sequence

data, are described in key ‘marker’ papers (Huttenhower

et al., 2012; Methé et al., 2012; Ward et al., 2012) that

form the basis for some of the following descriptions

and recommendations for current microbial community

sequencing and analysis approaches. These approaches

are broadly applicable to microbiome projects in produc-

tion animal species.

Until very recently, few studies focused on the micro-

biota of animals of agricultural significance. The excep-

tions were projects focused on the microbial composition

and metagenomic function of the bovine rumen (Brulc

et al., 2009; Bretschger et al., 2010). Studies of the rumen

microbiome and its metabolome continue to be of broad

interest to microbiologists, ecologists, nutritionists, and

chemists and biologists interested in biomass processing.

Early microbial community surveys in production animals

were limited to semi-quantitative methods such as

polymerase chain reaction (PCR)-denaturing gradient

gel electrophoresis or terminal restriction fragment length

polymorphism length determinations, or to clone-based

Sanger sequencing of the 16S rDNA gene (Yu and

Morrison, 2004a; Ozutsumi et al., 2005; Scupham et al.,

2008; Durso et al., 2011b; Lowe et al., 2011). The first

applications of 454 pyrosequencing to examine the micro-

biota of food production animals were published in 2008

(Dowd et al., 2008; Qu et al., 2008). High throughput

sequencing studies of these microbial communities have

not been numerous, and often involve only a few animals,

perhaps because of lack of available funding and

appropriate protocols, but also because of limited access

to sequencing facilities that routinely process and

sequence 16S rDNA amplicons at reasonable cost. Table 1

lists some high throughput microbial community profiling

projects involving production animal species. Some of

these were surveys, while others were hypothesis driven

projects; only a small fraction of these addressed any

aspect of disease in the host species. Note that some were

virus discovery projects that benefited from sample

enrichment methods and amplification techniques for

high throughput sequencing.

Sequence-based 16S rDNA surveys of the fecal or

rumen microbiota of many other non-rodent and non-

primate mammals have also been published. These

include the studies of the dog (Suchodolski et al., 2008),

the dromedary camel (Samsudin et al., 2011), reindeer

(Sundset et al., 2009), the polar bear (Glad et al., 2010), as

well as a broad survey by Ley et al. (2008), in which the

fecal diversity of 106 mammals including kangaroo,

elephant, rhinoceros, giraffe, panda, zebra, bear, and

wild pigs, was examined.

Although the field of microbial community profiling and

metagenomics is under rapid development and change,

this review will attempt to summarize current approaches,

with the knowledge that new sequencing platforms are

constantly entering the sequencing arena and being used

to develop applications for 16S rDNA and whole genome

shotgun (WGS) metagenomic sequencing. In the follow-

ing sections, methods and considerations for sample

handling and nucleic acid extraction for microbiome

surveys and metagenomic sequencing will be discussed.

Current 16S rDNA and WGS sequencing strategies will

be described, followed by brief discussions of established

methods for community analysis using the two data types.

Sample acquisition and nucleic acid preparation

Most animal studies utilize fecal samples as the source

of microbial nucleic acid, though rumen contents and

samples from other body sites, such as the tonsils (see

Table 1) have been used. In each case, appropriate

handling of the sample is the key as microbial nucleic acid

is ubiquitous. An object (tube, tip, swab, etc.) or solution

that is bacteriologically ‘sterile’ is not necessarily free of

nucleic acid. This can be especially challenging in veteri-

nary settings. The primary sample (feces, swab sample,

milk, and tissue) should be placed in a tube containing

extraction buffer that includes nuclease inhibitors, then, if

possible, the sample should be appropriately diluted and

immediately processed for nucleic acid purification. If

prompt DNA extraction is not possible, then the sample

should be frozen on dry ice and stored at �80�C for the

shortest time possible. The effect of prolonged sample

storage is still a subject of debate (Lauber et al., 2010;

Wu et al., 2010; Zhao et al., 2011; Bahl et al., 2012), so in

most cases, prudent sample handling and experimental

‘convenience’ are tolerated.
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Table 1. Examples of high throughput sequence-based microbiome studies in food animal species

Host Body site/sample Project goal(s) Platform template(s) Reference

Holstein cow Feces Survey of commensals and potential
food-borne pathogens in 20 animals

454 FLX V4–V5 rDNA amplicons (Dowd et al., 2008)

Chicken Cecum Identify host-specific metavirulomes/
horizontal gene transfer elements

454 GS20 WGS (Qu et al., 2008)

Beef steer Rumen fistula Compare metagenomes of fiber-adherent and
liquid fractions

454 GS WGS (Brulc et al., 2009)

Piglets Cecum Compare gut gene expression in neonatal piglets
fed sow’s milk or formula

454 Titanium RNA-Seq cDNA libraries V1–V4
rDNA

(Poroyko et al., 2010)

Turkey Intestinal tract RNA virus discovery 454 FLX cDNA (Day et al., 2010)
Beef heifer Feces Identify virulence-associated and antibiotic-

resistance genes
454 FLX WGS (Durso et al., 2011a)

Pig Feces Virus discovery 454 Titanium RT–PCR amplicons (Shan et al., 2011)
Beef cattle Feces Compare effect of feeding practice on the

bovine fecal microbiome
454 FLX V6 rDNA amplicons (Shanks et al., 2011)

Dairy cattle Rumen fistula Examine rumen microbial metabolic community
activities predicted to degrade cellulosic plant
material

Illumina GAIIX and HiSeq2000 WGS libraries (Hess et al., 2011)

Holstein bull calf Abomasum Examine the effect of nematode infection on the
abomasmal microbiome

454 Titanium V3–V5 rDNA amplicons, WGS (Li et al., 2011)

Chicken Cecum Examine the effects of antibiotics on the cecal
microbiome and metagenome

454 FLX V3 rDNA amplicons, WGS (Danzeisen et al., 2011)

Pig Tonsils Define core microbiome of healthy tonsil 454 FLX V4 16S rDNA amplicon (Lowe et al., 2012)
Holstein cow Rumen Bacteriophage and CRISPR* associations in the

bovine rumen
454 FLX Purified phage DNA (Berg Miller et al., 2012)

Pig Feces Survey and comparison of swine microbiome
with that from other species

454 G20 and FLX WGS (Lamendella et al., 2011)

Cross-bred pig Feces Examine the effect of bacteriocin-producing
Lactobaccillus salivarius on the GI microbiota

454 Titanium V4–V5 rDNA amplicons (Riboulet-Bisson
et al., 2012)

Holstein–Friesian cow Rumen Survey of taxa in 16 animals 454 FLX V2–V3 rDNA amplicons (Jami and Mizrahi, 2012)
Holstein cow Rumen Identify the rumen ‘plasmidome’ Illumina GAIIX phi29 amplified plasmid DNA (Kav et al., 2012)
Pre-ruminant Holstein
bull calf

Rumen Characterize microbiota of calves fed milk
replacement

454 Titanium V3–V5 rDNA amplicons, WGS (Li et al., 2012)

*CRISPR: ‘clustered regularly interspaced short palindromic repeats’ implicated in bacterial resistance to bacteriophage (Horvath and Barrangou, 2010).
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A variety of commercial kits and associated techniques

have been used for isolation of DNA samples from

vertebrates. For the HMP, a single kit, the MO BIO

Laboratories, Inc. (Carlsbad, CA) PowerSoil1 DNA Isola-

tion Kit, was selected for all body site samples (http://

www.hmpdacc.org/tools_protocols/tools_protocols.php).

This kit utilizes SDS and bead beating to lyse the cells and

includes a proprietary PCR inhibitor removal solution.

The DNA is purified from the lysate using a silica spin

column. Another kit that is commonly used is the Qiagen

(Valencia, CA) QIAamp DNA Stool Kit (Dowd et al., 2008;

Riboulet-Bisson et al., 2012). In this protocol, microbes

are lysed in SDS at high temperature (e.g. 70�C), the

sample is then incubated with a proprietary PCR inhibitor,

followed by proteinase K treatment and then the DNA is

purified on a spin column. Often, a bead-beating lysis

step is used prior to purification using a Qiagen DNA

purification kit (Yu and Morrison, 2004b; Qu et al., 2008;

Danzeisen et al., 2011). The importance of protocols that

include both chemical and bead-beating lysis of the cells

has been discussed and examined on many occasions.

Recently, Yuan et al. (2012) published a systematic

evaluation of six common DNA extraction methods that

utilized combinations of chemical, enzyme-based and

bead-beating-based lysis techniques; five of these used

silica columns for final DNA purification. An important

aspect of their approach was the application of these

methods to a mock community composed of a mixture of

equivalent numbers of 11 bacterial species. 16S rDNA

sequencing using the 454 FLX platform was performed on

technical replicates of DNA isolated by each lysis method.

The authors advised that DNA extraction methods for

bacterial communities should employ a chemical lysis

component plus bead beating and/or addition of muta-

nolysin to yield a reasonable recovery and representation

of the species within a metagenomic sample. The current

strategy in our laboratory is similar: we use the MO BIO

PowerSoil1 DNA Isolation Kit, beginning with a 1 h incu-

bation at 37�C using a mixture of lysozyme, lysostaphin,

and mutanolysin.

High throughput sequencing has also permitted identi-

fication of viruses and bacteriophages in production

animal species (Table 1), including at least two new

animal viruses (Hoffmann et al., 2012; Reuter et al., 2012)

and numerous bacteriophages (Qu et al., 2008; Berg

Miller et al., 2012). For descriptions of techniques to

enrich and isolate both RNA and DNA virus sequences

from metagenomic samples, see Edwards and Rohwer

(2005) and Allander et al. (2001). In brief, these protocols

involve selective filtration and fractionation steps of the

primary sample to isolate viral particles away from host

and microbial cells, followed by nuclease treatment,

recovery of viral particles, capsid lysis, and random PCR

amplification, followed by adapter-specific PCR amplifi-

cation to create fragments for high throughput sequen-

cing, as detailed below.

16S rDNA gene sequencing methods and read
processing

The bacterial and archaeal 16S ribosomal small subunit

RNA is approximately 1500 nucleotides (nt) long and can

be encoded by one to as many as 14 rRNA operons within

an organism. The 16S rRNA molecule has a highly

conserved and functionally constrained tertiary structure

mainly composed of highly conserved domains (Gutell

et al., 1994). These conserved domains are punctuated by

nine ‘variable’ regions (Fig. 1), which in general, map to

open loop structures within the molecule (Lane, 1991).

Although near full-length sequences of cloned 16S rRNA

genes are considered the gold standard for archaeal

and bacterial classification, usually to the species level,

full-length clone-based approaches have been replaced

V1 V2 V3 V4 V5 V6 V7 V8 V9

100 nt27F 968F357F

515F 806R

341F 518R

784F 880R

967F 1046R

1492R926R
(907R)

534R

Fig. 1. Linear map of a ‘consensus’ eubacterial 16S rRNA gene with coordinates, variable regions, and some commonly used
‘universal’ primer locations shown. The variable regions are drawn to scale using the coordinates derived from Lane (1991) and
Woese et al. (1990). Common primers used for full-length Sanger PCR amplification and sequencing (such as 27F and 1492R)
and those used to create multiple region amplicons (V1–V3, V3–V5 and V6–V9) for HMP 454 sequencing are shown on
the coordinate map. Primer pairs that have been used for single variable region amplification for 454 and/or Illumina
sequencing are illustrated as horizontal bars with corresponding primers (arrows) and locations are shown below the
coordinate map.
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by high-throughput methods that directly sequence PCR

products (amplicons). In most cases, amplicons that span

two or more variable regions serve as reasonable surro-

gates for classification of organisms within a microbial

community at the genus level or higher (Lan et al., 2012),

and the lengths of these variable region amplicons (ca.

550–600 bp) are appropriate for the current 454 Titanium

chemistry.

An important caveat, however, is that ‘universal’

primers do not amplify all 16S rRNA genes within a

sample at equal efficiency. For this reason, some primers

contain degenerate bases and in some cases, mixtures of

primers are used to capture the expected diversity within

a sample. Although many publications describe the

deficiencies of particular universal 16S rDNA primer sets,

especially for specific microbial communities (Matsuki

et al., 2002; Frank et al., 2008; Sim et al., 2012), it is sur-

prising how rarely the choice of variable region and

primers for a particular experiment or community is

discussed or justified.

454 16S rDNA variable region amplicon sequencing

Individual 16S rRNA gene variable regions, or combina-

tions thereof, have been used for amplicon sequencing

on the 454 platform, beginning with the first application

of the technology by Sogin et al. using the V6 region

(967F and 1046R, Fig. 1) and 100 nt reads (Sogin et al.,

2006). The current standard 454 Titanium chemistry

produces more than 400 nt per amplicon read. A

standardized protocol for 16S rDNA amplicon sequencing

from human metagenomic DNA samples from all

human body sites was developed based on extensive

benchmarking by the HMP Consortium (including the use

of standard DNA mock communities as sequencing

controls) (Methé et al., 2012; Ward et al., 2012). The

HMP protocol involved creation of PCR-derived ampli-

cons for each DNA sample that encompass V1–V3, V3–V5

or V6–V9 regions using primers that begin with a 5
0
454

Titanium A or B adapter sequence followed by a 5–10

base sequence, called a ‘barcode’, and ending with a

sequence complementary to the desired variable region

(see Fig. 1 for a map of primer locations and Fig. 2 for

primer sequence features). A set of 96 bar-coded primers

was designed for each of the three 16S rRNA gene regions

(http://www.hmpdacc.org) to permit sample multiplex-

ing and inclusion of controls and replicates on a single

picotiter sequencing plate. Following PCR amplification,

the amplicons are purified, quantified, normalized and

pooled. The pools are then used for emulsion PCR

(emPCR) and 454 ‘One-way Read’ sequencing. For the

HMP, the goal was to achieve 3000 high-quality reads per

sample; this metric was based on a number of factors

including estimates of coverage, sequencing capacity, and

budget (Methé et al., 2012). For comparative analyses,

where one expects to examine abundances of 1% or

more, then 1000 high-quality reads should be sufficient.

This level of coverage will not, however, permit sampling

and identification of minor species or complete commu-

nity analysis where diversity (number of OTUs) is

expected to be high. All of these factors should be con-

sidered during the design phase of any microbiome study.

Illumina 16S rDNA variable region amplicon
sequencing

The high throughput and coverage provided by the

Illumina reversible dye terminator sequencing technology

V1–V3 

F72---retpadAB454-’5orwardF  (AGAGGTTTGATCCTGGCTCAG)-3’ 

Reverse 5’-454 A Adapter---Bar Code---534R (ATTACCGCGGCTCTGG)-3’ 

V3–V5 

---retpadAB454-’5Forward: 357F (CCTACGGGAGGCAGCAG)-3’ 

Reverse: 5’-454 A Adapter---Bar Code---926 (907) R-MP (CCGTCAATTCMTTTRAGT)-3’ 

V6–V9 

U---retpadAB454-’5Forward: 968F (AACGCGAGAACCTTAC)-3’ 

Reverse: 5’-454 A Adapter---Bar Code---1492R-MP (TACGGYTACCTTGTTAYGACTT)-3’ 

Fig. 2. Summarized features of primers used to create V1–V3, V3–V5, and V6–V9 16S rDNA amplicons for 454 Titanium
sequencing, respectively, where M=A or C; R=A or G; Y=C or T. B adapter=5

0
-CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-

3
0
; A adapter=5

0
-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3

0
; Bar code=one of 96 known sequences of 5–10 bp in length,

see Ward et al., (2012). Note that primer 926R is equivalent to 907R-MP (Lane, 1991).
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(Bentley et al., 2008) has led to the development of

protocols for 16S rDNA profiling using shorter reads

(75–100 nt). 16S rDNA amplicons have been sequenced

on Illumina GAII instruments to examine human and

environmental samples. The benefit is a 1000-fold in-

crease in the number of reads per run when compared

with 454 sequencing. The short read lengths are proble-

matic, however, for 16S rRNA gene classification, espe-

cially at the level of OTU discrimination. This also is due,

in part, to increased error rates.

The general scheme for Illumina amplicon preparation

is similar to that for 454. Short bar-coded amplicons,

corresponding to a single variable region or subregion

(usually ca. 100–300 bp in length), are generated by bar-

coded adapter-based PCR; amplicons are then normal-

ized, pooled, and sequenced. The V3 (Bartram et al.,

2011), V4 (Goll et al., 2010; Caporaso et al., 2011), V5

(Lazarevic et al., 2009), and V6 (Bateman et al., 2004)

regions have been used with some success (Fig. 1). In

most cases, amplicons are sequenced from both ends (i.e.

paired-end reads) to obtain the maximal information from

the amplicon. As proof of the utility of paired-end se-

quencing, amplicons derived from Illumina tagged ver-

sions of 515F and 806R (Fig. 1), sequenced on a MiSeq

System instrument (2·150 nt reads), were able to span the

254 bp V4 region and provide community discrimination

at the phylum level (Illumina Application Note 770-2011-

013).

A major bottleneck for both the 454 and Illumina-based

16S rDNA sequencing strategies is the creation, purifica-

tion, and quantification of each individual PCR amplicon

library prior to sequencing. Although the on-instrument

sequencing costs are continuing to decline, individual

library construction remains labor intensive. Methods that

automate this aspect of the process will ultimately reduce

costs and process time.

Processing raw 16S rDNA sequence data

A critical aspect of interpretation of high throughput 16S

rDNA sequence data is read processing and error

correction. Without proper read processing, the diversity

of a sample can be overestimated and reads can be mis-

classified. The same is true for data generated by Sanger

sequencing, but the general requirement for high quality

bases imposed by the Human Genome Sequencing

Project, the relatively low number of sequences gener-

ated per community (usually many <1000 per sample)

and the lack of appreciation of the formation of chimeric

16S rDNA molecules (caused by template switching

during PCR amplification), made these issues seem

insignificant compared with application to tens of

thousands of reads that covered less than a third of the

16S rRNA gene. These factors came into clear view when

sequencing amplicons created from a mixed DNA

community containing an equal mixture of DNAs from

20 bacterial strains representing 18 OTUs (mock commu-

nity) were examined as part of protocol development for

the HMP (Ward et al., 2012). Using raw reads generated

from 454 sequencing of variable region amplicons, the 18

OTU community was estimated to contain about 300

members. Following stringent quality filtering and trim-

ming, the predicted community size fell to about 200

OTUs. Removal of chimeric 16S rDNA sequences

reduced the predicted community size to ca. 50–100,

dependent on the variable region amplicon sequenced.

The application of these same processing steps to full-

length Sanger reads predicted exactly 18 OTUs. Thus,

quality filtering, trimming, and chimera removal are

essential. We follow a 454 16S rDNA read processing

pipeline that is similar to that described by Ward et al.,

(2012), though chimeric sequences are detected and

removed using UCHIME (Edgar et al., 2011), which is

more sensitive and is 1000 times faster than the method

used by them.

Overview of 16S rDNA analysis methods

The analysis of 16S rDNA data can be targeted toward

broad questions concerning the microbial community,

including: (1) How diverse is the community? (2) How do

two or more communities differ? (3) Who are the members

of the community? (4) How are members of communities

interrelated? The answers to these types of queries can be

qualitative (is a member present or absent?) or quantitative

(how abundant are members?) and numerous statistical

and bioinformatic tools are available to explore these

questions. Following is a brief overview of some common

16S rDNA analysis approaches.

Question one addresses the issue of alpha diversity,

which is a measure of how many different members are

within a community. A common illustration of alpha

diversity is a collector’s curve (Fig. 3a), which plots the

number of OTUs or taxa discovered in a sample as a

function of the number of sequences generated. These

plots can reveal the richness of a community and provide

clues as to whether the sample has been sufficiently

sampled (by sequencing) to capture all of its diversity

(a curve approaching a plateau) or not (a climbing curve).

Other common measures of alpha diversity are the Chao1

estimator (Chao, 1984) that calculates species richness by

extrapolation, and Simpson’s Reciprocal Diversity Index

(1/D) (Magurran, 1988), which reflects both the richness

(number of taxa) and the evenness (relative taxon

abundance) within a sample (Fig. 3b).

The differences (and similarities) between communities

is called beta diversity. This can be calculated using

one of a number of qualitative or quantitative similarity

indices to create distance matrices that can be used to

visualize community clusters. The Unique Fraction metric,

or UniFrac (Lozupone and Knight, 2005), has been used

by many groups to examine beta diversity in microbial
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communities. This is a metric that uses the evolutionary

relatedness of sequences and communities (see below)

to calculate distance matrices. In contrast, beta diversity

coefficients that do not depend on pre-determined

phylogenies are, for example: Bray-Curtis, Morisita-Horn,

and the Sörensen indices (Magurran, 1988). A common

method used to visualize beta diversity between commu-

nities is principal coordinate analysis (PCoA). In simple

terms, PCoA processes the calculated distance matrix into

a smaller number of variables, called principal compo-

nents, then reorients the matrix so that the first

component accounts for the majority of the variability in

the dataset, the second component accounts for the

second tier of variability and so on. One can then plot the

first two (x and y), or more coordinates of the analysis, to

visualize community clusters (Fig. 4). Other methods for

visualization of beta diversity include hierarchical cluster-

ing and generation of trees.

To identify and quantitate the membership of a

community to answer, ‘Who is there?’, one can simply

submit raw (trimmed and chimera-checked) sequences

to a web-based rRNA classifier. The most commonly

used classifier is the naı̈ve Bayesian rRNA Classifier

(Wang et al., 2007), maintained as part of the Ribosomal

Database Project (RDP) (Cole et al., 2009). Although RDP

and its associated taxonomy (rdp.cme.msu.edu) are those

most commonly used and cited, one should be aware that

other 16S rRNA gene taxonomies and associated data-

bases are available, including those as part of Greengenes

(McDonald et al., 2012), SILVA (Pruesse et al., 2007), and

the NCBI taxonomy (Federhen, 2012). No two taxo-

nomies are equivalent and some are more inclusive than

others, some are more frequently updated and curated,

and some place special emphasis on particular groups of

organisms. About 90% of high quality, chimera checked

454 16S rDNA amplicon sequences from human body

sites, other than those from the stool, could be classified

to the genus level with greater than 80% confidence

using the RDP Classifier with RDP Release 10 (Ward

et al., 2012). The most recent update of Greengenes

reports improvements for under classified environmental

sequences; this update has not yet been tested with

HMP data.
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Although classification using the RDP Classifier alone

can provide rank abundance data, high throughput

methods for large datasets usually divide sequences into

OTUs, or taxa, before proceeding with downstream

analyses. Here is a point of divergence in approach.

OTUs can be assigned based on sequence similarity (or

distance), or they can be assigned by relating them to a

phylogenetic tree. These are considered: (1) phylogeny-

independent, or OTU-based methods (Schloss et al.,

2009), versus (2) phylogeny-dependent, or phylogenetic

methods (Lozupone and Knight, 2005; Lozupone et al.,

2011). An advantage of the OTU-based approach is that

it has no taxonomic bias and readily accepts novel

sequences from unknown taxonomies. A disadvantage

is that de novo OTU assignment is computationally

intensive. The phylogenetic method, such as that

used in UniFrac, is considered to be more useful for

examining similarities and differences among species in

communities (Lozupone and Knight, 2008). Considerable

controversy surrounded the rationale for choosing one

method or another, especially for beta diversity analyses

(Schloss, 2008; Lozupone et al., 2011), though most agree

that there are benefits and pitfalls associated with each

scheme.

Two freely available 16S rRNA gene analysis packages,

QIIME (qiime.org) (Kuczynski et al., 2011) and mothur

(http://www.mothur.org) (Schloss et al., 2009), can

perform all of the processes described above, plus many

more, while a wrapper, called CloVR (clovr.org), that

incorporates most of the features of QIIME and mothur

has also been developed (Angiuoli et al., 2011). The

QIIME package (Kuczynski et al., 2011) uses UniFrac-

based phylogenetic beta diversity metrics (Lozupone and

Knight, 2005) to create distance matrices that are either

unweighted or weighted, for qualitative or quantitative

assessments, respectively. The input required is an OTU

abundance table and a phylogenetic tree, which can

be generated by QIIME. Other more complex types of

community interactions, including hierarchical clustering,

and networks can also be visualized using the distance

matrix file as input. The platform will also perform OTU-

based analyses. The mothur package is more focused on

OTU-based approaches to evaluate community diversity

but also includes the UniFrac algorithms. It includes a

useful read processing pipeline that is used by the HMP.

Both QIIME and mothur include clustering and network

analysis tools that can be used to begin to address the

fourth and most complex question that was posed at the

beginning of this section, ‘How are members of commu-

nities interrelated?’

Whole genome shotgun sequencing and analysis
methods

Although 16S rRNA gene surveys provide immense

information about microbial communities, the problems

associated with the use of 16S rDNA data alone, especially

in high throughput contexts where only a portion of the

16S rRNA gene is amplified and analyzed, have been

previously discussed. As sequencing technologies have

evolved, throughput has increased and costs have

decreased, so more studies are including or are exclu-

sively composed of WGS sequencing data. This method

also has benefits and drawbacks. WGS sequencing is

capable of providing true metagenomic data though

analysis is complex and processor intensive. Indeed, the

first application of 454 sequencing to examine a microbial

community was a metagenomic sequencing project of a

deep mine environment (Edwards et al., 2006); in food

production animals the first use was a study of the

chicken cecum (Qu et al., 2008; Table 1). WGS sequen-

cing permits annotation of most bacterial genes within a

sample and is not restricted to issues associated with 16S

rRNA gene phylogenies. Gene annotations can be used to

predict function of a metagenome and thus be used to

construct predicted ‘metabolomes’ (Turnbaugh and

Gordon, 2008).

Most recent WGS metagenomic sequencing has been

performed on 454 or Illumina platforms, though early

studies used Sanger sequencing to obtain data from

shotgun libraries of metagenomic DNA constructed in

bacterial artificial chromosome (BAC) (Beja et al., 2000a,

b) or ColE1-type vectors (Venter et al., 2004; Tringe and

Rubin, 2005). A limitation that persists is the quantity

(100 ng) of high quality, high molecular weight DNA

needed to create a WGS library. In theory, this could be

overcome by multi-displacement amplification using

an enzyme such as phi29 (Binga et al., 2008) if the

metagenomic DNA contains little host contamination.

This is rarely the case. In HMP samples, the percent of

human contamination ranged from about 1% in stool to

more than 80% in samples obtained from the saliva, nares,

and vagina (Methé et al., 2012).

WGS read processing

The first step for processing metagenomic data generated

by WGS sequencing is to mask reads corresponding

to host sequence. This can be accomplished using a

tool such as Best Match Tagger (BMTagger) using a

reference genome as input. Fortunately, genomes of

many important food production animals are available

(Genus species assembly number): Bos taurus UMD_3.1;

Bos indicus 1.0; Bubalus bubalis ASM18099v; Sus scrofa

9.2; Ovis aries 1.0; and Gallus gallus 4.0. Unfortunately,

however, most of these are low-quality draft sequences,

so host masking is likely to be very inefficient. Once host

sequences are removed from the WGS data, duplicate

reads, which are sequencing artifacts, are removed, low-

quality bases are trimmed, then low-quality reads are

identified using an aligner such as the Burrows-Wheeler

Aligner (Li and Durbin, 2009), and are discarded.
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Analysis of WGS data

WGS data can be analyzed as individual processed reads

that are mapped to microbial reference genome databases

using tools such as MetaPhyler (Liu et al., 2011) or

WebCARMA (Gerlach et al., 2009). Individual read

mapping can also be useful for assessment of abundance

of taxa. In addition, reads can be assembled into contigs

then annotated. Both the HMP and MetaHIT Consortia

used SOAPdenovo (Li et al., 2010) for assembly of

Illumina microbiome data. Hybrid 454/Illumina assem-

blies were also generated from HMP sequences using the

Newbler assembler (Margulies et al., 2005; Methé et al.,

2012).

The J. Craig Venter Institute (JCVI) developed a

metagenomics analysis pipeline that can be used for

annotation of WGS reads or assemblies (Tanenbaum

et al., 2010). The pipeline annotates RNAs (rRNAs, tRNAs,

and ncRNAs) and performs ab initio open reading frame

(ORF) calling using MetaGeneAnnotator (Noguchi et al.,

2008). Predicted protein sequences are examined for

functional motifs and cellular localization signals using

a variety of tools such as PRIAM (Claudel-Renard et al.,

2003) for enzyme classification, HMM-Pfam (Bateman

et al., 2004) and TIGRFAM (Haft et al., 2003) for

functional motifs, TMHMM (Sonnhammer et al., 1998) to

identify transmembrane potential domains, and BLAST

against JCVI’s internal non-redundant nucleotide and

protein database, PANDA. The BLAST results from this

pipeline can be directly imported into the MEGAN

MEtaGenome Analyzer (Mitra et al., 2011), where reads

are assigned to the NCBI taxonomy and functional

analysis is performed using the SEED (http://www.

theseed.org) classification system (Overbeek et al.,

2005). MEGAN also uses the Kyoto Encyclopedia of

Genes and Genomes (KEGG, www.kegg.jp) (Kanehisa

and Goto, 2000) to construct metabolic pathways from

metagenome sequences.

Another established online resource is the Metage-

nomics Analysis Server (MG-RAST; metagenomics.anl.

gov) (Meyer et al., 2008), which is also associated with the

SEED. MG-RAST annotates, calculates taxonomic distribu-

tion of species, rank abundances, and alpha diversity and

bins ORFs into functional categories and subsystems. It

includes tools to compare and visualize data from

preloaded or user uploaded data. MG-RAST can export

species and functional category abundance profiles that

are compatible as input for QIIME.

Finally, the Joint Genome Institute (JGI) Integrated

Microbial Genomes with Metagenome Samples system

(IMG/M; img.jgi.doe.gov) (Markowitz et al., 2012) also

provides tools for functional analysis of microbial

communities. A key feature of IMG/M is integration with

microbial genomes, finished and draft, in the JGI

integrated microbial genome (IMG) system (Markowitz

et al., 2010). One of the early and continuing goals of the

HMP has been population of the NCBI genome database

(and thus the IMG) with human microbial reference

genome sequences to serve as a ‘catalog’ for classification

of human microbial metagenomic sequences (Nelson

et al., 2010). To date, about 800 HMP genomes have been

deposited and are available from NCBI. The HMP goal is

to complete 3000 draft microbial genomes by the end

of 2013. Only 26% of the total of 46% of mappable

WGS reads from 681 human subjects aligned to these

reference genomes (Methé et al., 2012), underscoring

the need for a broad and relevant database of microbial

reference genomes for metagenomics studies. For animals

of agricultural interest, a microbial reference genome

resource is lacking. As such, data interpretation is limited

to what can be gleaned from human microbial genomes.

Many of these will be useful proxies, but many will not.

Conclusion/Perspective

Based on the extensive analysis performed by the HMP

community, the recommendation in 2012 for microbial

community profiling would be a multiplexed 454

amplicon sequencing approach targeting either the V1–

V3 or V3–V5 16S rDNA regions followed by robust read

trimming and chimera detection and removal. If sample

DNA quantity is not limiting and host contamination is not

expected to be substantial, then paired-end WGS

sequencing on the Illumina platform is an attractive

strategy that can provide additional taxonomic and

functional predictions. For example, if stool is the sample

of choice, then host contamination should be of minimal

concern. On the other hand, if other body sites or tissues

are to be studied, then the availability and quality of the

host genomic sequence will be of paramount importance

since host contamination of metagenomic reads will

be significant. Another encumbrance is the lack of

suitable microbial reference genomes for WGS read

mapping. These problems may restrict food animal

microbiome studies to 16S rDNA or other PCR-based

gene surveys.

Although not discussed here, a critical component of all

microbiome/metagenomic projects is proper attention to

study design. Power calculations, using effect size to

predict sample size, consideration of case-matched

controls, appropriate sample handling, and care to

prevent environmental DNA contamination are some of

the lessons learned from the HMP. The HMP results also

indicate that sample sequencing depth, both for 16S rDNA

and WGS methods was more than adequate for the

community comparisons made, but despite the exponen-

tial expansion of the human-related microbial reference

genome sequences at NCBI, the reference catalog is far

from saturated. Future projects, especially those involving

food production animals and other lesser studied

vertebrates will benefit from improved host genome

sequences, new technologies to separate host from

microbial DNA, and efforts to include commensal
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microbes of agriculturally important animals in reference

genome sequencing initiatives.
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