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Significance: The colonization of wounds by specific microbes or communities
of microbes may delay healing and/or lead to infection-related complication.
Studies of wound-associated microbial communities (microbiomes) to date
have primarily relied upon culture-based methods, which are known to have
extreme biases and are not reliable for the characterization of microbiomes.
Biofilms are very resistant to culture and are therefore especially difficult to
study with techniques that remain standard in clinical settings.
Recent Advances: Culture-independent approaches employing next-generation
DNA sequencing have provided researchers and clinicians a window into wound-
associated microbiomes that could not be achieved before and has begun to
transform our view of wound-associated biodiversity. Within the past decade,
many platforms have arisen for performing this type of sequencing, with
various types of applications for microbiome research being possible on each.
Critical Issues: Wound care incorporating knowledge of microbiomes gained
from next-generation sequencing could guide clinical management and treat-
ments. The purpose of this review is to outline the current platforms, their
applications, and the steps necessary to undertake microbiome studies using
next-generation sequencing.
Future Directions: As DNA sequencing technology progresses, platforms will
continue to produce longer reads and more reads per run at lower costs. A
major future challenge is to implement these technologies in clinical settings
for more precise and rapid identification of wound bioburden.

SCOPE AND SIGNIFICANCE
Humans are known to host di-

verse, complex communities of mi-
croorganisms that include bacteria,
archaea, microeukaryotes, and viru-
ses. A breach in the epithelial barrier
is a port of entry for microorganisms,
and all wounds are contaminated to
some degree by these typically com-
mensal microbes along with others
from the environment. Contamina-
tion can lead to colonization, infection
(which can be recurrent), delayed
healing, and potentially amputation.
Next-generation sequencing provides
a window into wound-associated mi-

crobial communities (microbiomes)
with a reasonable cost and timeframe.
The utility of these sequencing-based
techniques over culture-based tech-
niques in a wound setting has been
reviewed elsewhere.1–4 In this review,
we outline the current technologies
and highlight some of their applica-
tions with regard to wound micro-
biome research.

TRANSLATIONAL RELEVANCE

Research into wound microbiomes
to date has relied heavily on culture-
based methods, which have domi-
nated the field for decades, even
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though these methods are known to introduce
major biases.2 Until very recently, culture-free
methods for studying microbial communities relied
on imprecise fingerprinting techniques or molecu-
lar cloning followed by Sanger sequencing. While
Sanger sequencing can provide an accurate picture
of community composition, generating datasets
large enough to allow community-wide compari-
sons (e.g., those designed to discern microbiome-
based biomarkers) has often been time and cost
prohibitive. With the advent of high-throughput
next-generation sequencing, characterizing nu-
merous microbial communities has become feasible
and cost effective.

CLINICAL RELEVANCE

The communities of microbes associated with
wounds can potentially cause recurrent infec-
tion and/or delayed healing, and may profoundly
affect the local and systemic immune response
in patients.3,5 Biofilms, which commonly form on
orthopedic hardware and may form on chronic
wounds, are very resistant to culture and are there-
fore especially difficult to study with the culture-
based techniques that remain standard in clinical
settings. The future of wound care may incorpo-
rate knowledge of microbiomes gained from next-
generation sequencing, to more precisely identify
colonizing/infecting microbiota, and to guide man-
agement and treatment.

DISCUSSION
What are the different next-generation
sequencing platforms?

In the following headings, we introduce the five
major platform types that have been used for mi-
crobiome studies (Table 1 and Fig. 1). This should
provide a comprehensive overview of the technol-
ogies to orient those attempting to navigate the
literature or design new studies. Although there
are additional next-generation sequencing plat-
forms, these are not covered in detail here because
they are not currently known to be in use for mi-
crobiome research.

454 (Roche) GS FLX( + )
454 Life Sciences (a Roche company) brought the

first next-generation sequencing technologies to
market, with the overall approach being intro-
duced in 2005.6 The 454 family of platforms has
been used ever since for a great variety of appli-
cations, and its long reads have made it especially
appealing for studies of microbiomes, since longer
reads can generally be identified with greater ac-
curacy and precision.

The overall approach for 454 is pyrosequenc-
ing based. The sequencing preparation begins
with lengths of DNA (e.g., amplicons or nebulized
genomic/metagenomic DNA) that have specific
adapters on either end, created by using PCR
primers with adapter sequences or by ligation;
these are fixed to tiny beads (ideally, one bead will
have one DNA fragment) that are suspended in a
water-in-oil emulsion. An emulsion PCR step is
then performed to make multiple copies of each
DNA fragment, resulting in a set of beads in which
each one contains many cloned copies of the same

Table 1. Summary of the five major next-generation sequencing platform families

Platform Family Clonal Amplification Chemistry Highest Average Read Length

454 Emulsion PCR Pyrosequencing (seq-by-synthesis) 700 bp (paired-end sequencing available)
Illumina Bridge amplification Reversible dye terminator (seq-by-synthesis) 300 bp (overlapping paired-end sequencing available)
SOLiD Emulsion PCR Oligonucleotide 8-mer chained ligation (seq-by-ligation) 75 bp (paired-end sequencing available)
Ion Torrent Emulsion PCR Proton detection (seq-by-synthesis) 400 bp (bidirectional sequencing available)
PacBio N/A (single molecule) Phospholinked fluorescent nucleotides (seq-by-synthesis) 8,500 bp

The average read length is given for the platform/chemistry combination in each family that provides the longest reads.
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Figure 1. Sequencing space based on read length (in bases) and number
of reads per run. Points represent official platform/chemistry combination
releases and are color-coded based on the platform family. To see this
illustration in color, the reader is referred to the web version of this article
at www.liebertpub.com/wound
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DNA fragment. A fiber-optic chip filled with a field
of microwells, known as a PicoTiterPlate, is then
washed with the emulsion, allowing a single bead to
drop into each well. The wells are also filled with a
set of enzymes for the sequencing process (e.g., DNA
polymerase, ATP sulfurylase, and luciferase). At
this point, sequencing-by-synthesis can begin, with
the addition of bases triggering pyrophosphate re-
lease, which produces flashes of light that are re-
corded to infer the sequence of the DNA fragments
in each well as each base type (A, C, G, T) is added.

Currently, the most advanced chemistry/platform
combination in this family (GS FLX + System with
the GS FLX Titanium Sequencing Kit XL + ) can
produce *1 million reads per run with reads up to
1,000 bases in length (mode read length: 700 bases).
Paired-end sequencing is available, which produces
pairs of reads, each of which begins at one end of a
given DNA fragment. Samples can be multiplexed
as long as the library is prepared in such a way that
different molecular barcodes are found between the
adapter sequences and the sequences of interest
derived from the samples. With this approach, the
indexing barcodes will appear at the beginning of
each sequence (‘‘in-line’’), allowing each sequence to
be assigned to a sample bioinformatically.

One shortcoming of the 454 approach is that it
frequently misidentifies the length of homopoly-
mers (stretches of nucleotides in which all bases are
identical). Additionally, this technology is often
considered to be cost ineffective when compared
with other next-generation sequencing technologies
because, given a limited budget, one can produce
many more sequences with Illumina, SOLiD, or Ion
Torrent. However, for some applications that re-
quire longer read lengths, it remains the most cost-
effective platform. Although the technology broke
new ground when it was introduced, 454 Life Sci-
ences will no longer support the platform after 2016.

Illumina (Solexa) GA/HiSeq/MiSeq/NextSeq
Illumina produces the most widely used family of

platforms. The technology was introduced in 2006
(www.illumina.com/technology/solexa_technology
.ilmn) and was quickly embraced by many re-
searchers because a larger amount of data could
be generated in a more cost-effective manner. Over
the years, read lengths have increased so that
many of those who initially would have only used
454 have switched over to Illumina platforms due
to the cost effectiveness of the technology.7–9

Although it is a sequencing-by-synthesis method
whose release followed quickly on the heels of 454,
the Illumina approach differs notably from 454 in
two major ways: (1) it uses a flow cell with a field of

oligos attached, instead of a chip containing indi-
vidual microwells with beads, and (2) it does not
involve pyrosequencing, but rather reversible dye
terminators. The dye-termination approach resem-
bles the ‘‘traditional’’ Sanger sequencing.10 It is dif-
ferent from Sanger, however, in that the dye
terminators are reversible, so they are removed af-
ter each imaging cycle to make way for the next
reversible dye-terminated nucleotide.11

Sequencing preparation begins with lengths of
DNA that have specific adapters on either end be-
ing washed over a flow cell filled with specific oli-
gonucleotides that hybridize to the ends of the
fragments. Each fragment is then replicated to
make a cluster of identical fragments. Reversible
dye-terminator nucleotides are then washed over
the flow cell and given time to attach; the excess
nucleotides are washed away, the flow cell is im-
aged, and the terminators are reversed so that the
process can repeat and nucleotides can continue to
be added in subsequent cycles.

Currently, the longest reads produced on an Il-
lumina platform can be found on the MiSeq, which
can produce paired-end reads that are 300 bases in
length each. The platform with the greatest output
overall is the HiSeq 2500, producing 4 billion
fragments in a paired-end fashion with 125 bases
for each read in a single run. Illumina has recently
released the HiSeq X Ten, which is an array of 10
HiSeq machines sold as a unit, for higher through-
put than ever before. Another recent release is the
NextSeq 500, which is being marketed as the first
high-throughput desktop sequencer. Multiplexing
for Illumina sequencing is typically handled differ-
ently from the ‘‘in-line’’ barcoding approach pio-
neered by 454, although this option is available.
Illumina sequencing often involves a separate in-
dexing read, which requires a separate indexing
primer. An additional indexing read can be run us-
ing the adapters found on the lawn of the flow cell,
making it possible to employ ‘‘dual indexing’’ for a
greater degree of sample multiplexing.

Applied Biosystems SOLiD
This type of sequencing was introduced in

200712 and has not reached the same level of pop-
ularity as the 454 and Illumina platforms for mi-
crobiome research. Although it does not provide the
read lengths achievable through either of the pre-
vious platforms, and is not as high throughput as
the Illumina HiSeq, its utility has been demon-
strated for microbiome applications.13

The SOLiD process begins with an emulsion PCR
step akin to the one used by 454, but the sequenc-
ing itself is entirely different from the previously
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described systems. Sequencing involves a multi-
round, staggered, dibase incorporation system.
DNA ligase is used for incorporation, making it
a ‘‘sequencing-by-ligation’’ approach, as opposed
to the ‘‘sequencing-by-synthesis’’ approaches men-
tioned previously. Mardis14 provides a thorough
overview of the complex sequencing and decoding
processes involved with using this system.

The SOLiD 5500xl W Genetic Analyzer produces
up to 3 billion reads per run with reads that are 75
bases long. Paired-end sequencing is available, but
with the second read in the pair being only 35 bases
long. Multiplexing of samples is possible through
a system akin to the one used by Illumina, with a
separate indexing run; while standard in-line mo-
lecular barcode sequencing would be possible, the
short reads make this inadvisable. Although it can
generate large numbers of sequences in a run, the
persistent short read length has greatly limited its
utility.

Ion Torrent personal genome machine/proton
By 2010, 454 had carved out a niche of providing

longer reads, while Illumina and SOLiD had dem-
onstrated the ability to provide massive numbers of
sequences all in one shot. At this point, each com-
pany began to produce platforms that would cater
toward a new type of customer; the researcher who
could benefit from next-generation technologies but
does not require datasets of the magnitude possible
through the standard platforms. Within a short
period of time, the 454 GS Junior, the Illumina
MiSeq, and the SOLiD FlowChip were all released
and geared toward those wanting something more
scaled down. Ion Torrent entered the market in
2010 with the personal genome machine (PGM),
claiming to be the first company to truly bring next-
generation sequencing to the masses by making it
feasible and affordable for smaller laboratories.

The Ion Torrent system begins in a manner
similar to 454, with a plate of microwells contain-
ing beads to which DNA fragments are attached. It
differs from all of the other systems, however, in
the manner in which base incorporation is de-
tected. When a base is added to a growing DNA
strand, a proton is released, which slightly alters
the surrounding pH. Microdetectors sensitive to
pH are associated with the wells on the plate,
which is itself a semiconductor chip, and they re-
cord when these changes occur. As the different
bases (A, C, G, T) are washed sequentially through,
additions are recorded, allowing the sequence from
each well to be inferred.

The Ion Proton platform currently produces the
highest output, with up to 50 million reads per run

that have read lengths of *200 bases, while the
PGM (which has an output that is about an order of
magnitude lower as far as read count) has the
longest reads at *400 bases. One interesting fea-
ture, however, is that fragments longer than those
that can be fully sequenced through this system are
currently removed through a size-selection step,
making it impossible to sequence the ends of lon-
ger fragments. Bidirectional sequencing is avail-
able, but ‘‘pairing’’ the reads themselves does not
seem to be reliable with this technology in its
current state.15 Multiplexing is possible through
the standard in-line molecular barcode sequenc-
ing. Like 454, Ion Torrent is also susceptible
to homopolymer-related errors. The Ion Torrent
approach can be quite effective for generating
microbiome data,16,17 although the strict size selec-
tion imposed and the lack of reliable mate-pairing
for bidirectional reads hinder this technology
from being more widely adopted by microbiome
researchers.

PacBio RS
Pacific Biosciences (PacBio) uses a single-molecule,

real-time sequencing approach. Although Helicos
BioSciences produced the first single-molecule
sequencing platform, PacBio has had much greater
commercial success and currently leads the way
for single-molecule sequencing. When the PacBio
technology was first released, there was a great
deal of concern regarding the high error rates
in base calls. However, the company has since in-
corporated circular consensus sequencing (CCS)
into their system, which has greatly reduced error
rates by allowing fragments to be sequenced re-
peatedly and thereby checked for errors.

The PacBio sequencing system involves no am-
plification step, setting it apart from the other
major next-generation sequencing systems. The
sequencing is performed on a chip containing many
zero-mode waveguide (ZMW) detectors. DNA poly-
merases are attached to the ZMW detectors and
phospholinked dye-labeled nucleotide incorpora-
tion is imaged in real time as DNA strands are
synthesized. PacBio’s RS II C2 XL currently offers
both the greatest read lengths (averaging around
4,600 bases) and the highest number of reads per
run (about 47,000). The typical ‘‘paired-end’’ ap-
proach is not used with PacBio, since reads are
typically long enough that fragments, through
CCS, can be covered multiple times without having
to sequence from each end independently. Multi-
plexing with PacBio does not involve an indepen-
dent read, but rather follows the standard ‘‘in-line’’
barcoding model.
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What are the major microbiome applications
of next-generation sequencing?

The various sequence-based, culture-independent
microbiome studies typically have many elements in
common, and a similar workflow is necessary for each
(Fig. 2). However, the particular questions being ad-
dressed will guide the experimental design and the
methodology for generating, processing, and inter-
preting data. The main approaches used for exam-
ining and characterizing microbiomes are outlined in
the following headings.

Amplicon-based profiling
Methods that employ the sequencing of amplicon

populations allow one to construct detailed com-
munity profiles of microbiota samples based on the
relative abundances of the taxa that they contain.
The diverse sequences from a single gene found in
each of the organisms can serve as proxies for the
taxa that they represent. Downstream analyses

of sequence libraries can be performed to discern
whether there are correlations between certain
factors and (1) particular taxa or (2) shifts in overall
community structure.

Bacterial community profiling (16S amplicon se-
quencing). The best-studied part of the human
microbiome is the bacterial portion. Bacteria make
up the majority of the organisms on and in the
human body and well-established procedures and
workflows are in place for their study. By far the
most popular genomic region for studying bacterial
diversity is the gene encoding the RNA for the ri-
bosomal small subunit (SSU), typically known as
‘‘16S.’’ This gene is ideal for a number of reasons: (1)
it is present in all bacteria, (2) it contains stretches
within it that are nearly universal in sequence
throughout all bacteria, and (3) it contains hy-
pervariable regions that are widely divergent be-
tween different taxa. The pattern of extremely
conserved regions interspersed with hypervariable
regions makes it possible to target the gene with
primers and also uses it to identify taxa with some
level of precision.18 Primers that will universally
anneal to the bacterial 16S region are used to PCR
amplify the diverse fragments of the gene found in
the different organisms of a given DNA sample. In
this way, a population of 16S amplicons is produced
that reflects the composition of the community of
organisms in a given sample.

Fungal community profiling (ITS, LSU, and SSU
amplicon sequencing). For surveys of fungal di-
versity, there is less of a universal consensus on the
gene of interest. The three most commonly used
loci are all ribosomal, and are known as the inter-
nal transcribed spacer (ITS), large subunit (LSU),
and SSU regions. It is noteworthy that ‘‘SSU’’ is the
more general term for the gene that is called ‘‘16S’’
in bacteria, although it is typically called ‘‘18S’’ in
eukaryotes since it has a larger molecular weight. Of
the three most commonly used ribosomal amplicons,
ITS is the most effective locus for providing species-
level identifications. In fact, this locus is now com-
monly used as the fungal ‘‘species barcode’’ region
because it nearly always contains a sufficient level
of variation for species differentiation.19 The LSU
and SSU loci are more conserved, and are therefore
quite effective for phylogenetically based micro-
biome analyses.20,21

Shotgun sequencing methods
While the amplicon sequencing methods de-

scribed previously work well for broad charac-
terization and comparison of communities, they
contain inherent biases that come from the use of

Sample  Collection

DNA/RNA Extraction

Library Preparation 

Clonal Amplification

Sequencing

Sequence Pre-Processing

Sequence Assembly

[e.g., amplicons, DNA fragments, or  cDNA]

[e.g., wound swabs]

[necessary for most, but not all, applications]

[not necessary with PacBio]

Community Characterization
[e.g., α-diversity, b-diversity, taxonomy, function]

Statistics & Data Visualization

Microbiome
Sequencing Workflow

Figure 2. Standard sequencing workflow for microbiome research.
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specific primers and multiple cycles of amplification.
Shotgun methods allow profiling of the whole com-
munity (including viruses, archaea, and micro-
eukaryotes) based on fragments from throughout
the genomes/transcriptomes of the diverse organ-
isms contained therein. Perhaps most importantly,
this type of approach can give direct information
regarding function. In certain sample types, ob-
taining a large enough quantity of DNA can be dif-
ficult, and should be taken into consideration when
deciding which sample preparation and sequencing
protocols are to be used.

Metagenomics (shotgun DNA sequencing). Shot-
gun metagenomic sequencing makes it possible to
examine both the taxonomic composition and the
functional genetic potential of a community. Since
there are no markers that work across all of
life (including viruses), this approach is currently
the only way to profile whole microbial communi-
ties. Metagenomics generally allows for more ac-
curate determination of the relative abundances
of different organisms, since it typically involves
little or no DNA amplification, which can introduce
biases. Most often metagenomic shotgun sequenc-
ing is used to understand the functional potential
of communities, which is typically inferred by que-
rying sequence reads against databases, such as
KEGG (Kyoto Encyclopedia of Genes and Gen-
omes) pathway database22 and/or COG (Clusters of
Orthologous Groups of proteins) database func-
tional categories.23 An example of the information
gleaned from metagenomic shotgun sequencing
lies in a study of the gut metagenome and its as-
sociation with obesity. Obese mice were observed to
have an increased ratio of Firmicutes to Bacter-
oidetes, and this compositional shift translated
into changes in the metabolic potential of the gut
microbiota, where the obese mouse gut metagen-
ome was enriched with genes for energy harvest.24

One weakness of metagenomic shotgun sequenc-
ing is that analysis often involves comparison be-
tween different parts of different genomes, making
accurate classification (functional and/or taxo-
nomic) a crucial step. Classification can be unreli-
able, though, since the number of whole-genome
reference sequences currently available is limited.
Traditional microbial whole-genome sequencing
relies on the ability to culture the microorganism,
which can be difficult as most microorganisms do
not thrive under standard culture conditions or in
isolation. However, developing technologies, such
as coculturing single cells in gel microdroplets,25

are promising solutions to this obstacle. Advances
in single-cell genomics and culturing technologies

in addition to high-throughput sequencing ad-
vances should help grow reference genome data-
bases. Finally, for samples where metagenomic
shotgun sequencing may not be feasible, prediction
of metagenome functional content is possible with
tools such as PICRUSt, which relies on marker
gene data and reference genomes to infer composite
metagenomes.26

Metatranscriptomics (RNA transcript sequenc-
ing). With metatranscriptomic sequencing, the full
range of actively transcribed genes can be examined
in any context. This approach makes it possible to
take a snapshot of the activity happening at the mo-
lecular level in the organisms found in a sample. The
transcripts can be genes from both the host and the
members of the microbiome, so one can begin to ex-
amine host–microbe interactions and determine not
only how the microbiome itself behaves, but also how
the host may react to the members of the microbiome.
Researchers have even been able to show collabora-
tion between the host and associated microbes for
performing specific functions that are critical for host
survival.27 The problems of classification mentioned
earlier regarding metagenomics hold here as well
when examining transcription in the diverse assem-
blage of organisms in the microbiome.

What bioinformatics tools and skills
are needed for analysis?

A number of open-source software packages in-
tegrate the analysis steps for next-generation mi-
crobiome sequence data. The two main programs
used are QIIME28 and mothur,29 both of which
provide automated scripts/commands for perform-
ing complex steps while remaining customizable to
many different types of datasets and experimental
designs. The CloVR30 and MG-RAST31 programs
provide an even greater deal of automation (the
former actually including QIIME and mothur
commands), but offer less customizability. Many of
these packages provide tutorials and documenta-
tion on their websites that are useful in orienting
the user to the different workflows and processing
and analysis steps that are available.

Sequence preprocessing
Typically, the initial output of next-generation

sequencing is formatted in a way that is specific to
the platform. Mothur and QIIME take most file
types produced by sequencing platforms (e.g., .sff
files produced by the 454 platform) and can perform
the majority of the preprocessing steps described
later from there. If necessary, files produced by the
sequencing platform can be converted to FASTQ

NEXT-GEN SEQUENCING IN WOUND MICROBIOME STUDIES 55



format using either software produced by the plat-
form’s manufacturer or custom scripts. Then, one
must consider not only basic file format (e.g.,
FASTQ, FASTA, etc.), but also the arrangement of
the files (e.g., whether barcodes are contained in a
separate file or are in-line at the beginning of each
sequence) and the way in which data are encoded in
the definition lines. Some of the programs that are
useful for this, in addition to mothur and QIIME,
are fastx-toolkit32 and TagCleaner.33 However,
these tools may fall short of providing complete
solutions for sequence processing, and custom
processing scripts may need to be written (using,
e.g., BASH, Python, and/or Perl).

Removal of low-quality sequences is imperative
in microbiome studies, as variation introduced by
error will inflate diversity estimations and suggest
the presence of novel organisms. Sequences sus-
pected to contain raw sequencing errors should
be discarded, and different parameters have been
described to aid in detection of these sequences.34

Sequencing of a mock community, made up of
known microorganisms in known quantities, in
parallel with experimental samples can provide an
estimate of error rate. Additionally, chimeras that
are produced during PCR amplification steps
should be identified and removed from the dataset
using tools designed for this purpose, such as
ChimerSlayer or UCHIME.35,36

Assembly
For shotgun-style methods, one important step

in the preparation of the dataset is assembling the
reads into longer stretches of DNA (i.e., contigs
and/or scaffolds) based on the consensus of over-
lapping sequence reads. When assembling multiple
genomes from samples with many different organ-
isms (as is typically the case for microbiome studies
that employ shotgun DNA sequencing), specialized
assembly algorithms are required so that false/chi-
meric assemblies are minimized. Some programs
that are geared toward assembly from metagenomic
data are MetaVelvet,37 IDBA-UD,38 MetaPar,39

and MetAMOS.40 Assembly is a challenge for
heterogeneous genomes when microorganisms
are present in low abundance and thus only in-
complete coverage can be achieved. These chal-
lenges are compounded by the fact that reference
genomes are not available for most microorgan-
isms. For amplicon-based methods, assembly is
often necessary when a paired-end approach has
been used. To join overlapping pairs of sequences,
specialized programs, such as PANDAseq41 and
PEAR,42 have been written, but this task can also
be performed within QIIME and mothur.

Characterization
To make biological sense out of the sequence

data generated through next-generation technolo-
gies, one can begin by determining the within-
sample (alpha-) diversity, the between-sample
(beta-) diversity, the taxonomic composition, and
the functional composition of the communities
being studied. QIIME and mothur are ideal for de-
termining diversity metrics and assigning taxon-
omy to amplicon sequences. MG-RAST allows a big-
picture look at both the taxonomic and functional
composition of a dataset, but with limited custo-
mizability. Two programs that allow more detailed
and customizable functional assessments of shot-
gun data are MEGAN43 and BLAST2GO.44 Pros
and cons of different approaches to calculating op-
erational taxonomic units, assigning taxonomy, in-
ferring phylogeny, and calculating diversity metrics
are extensively described in other reviews.45,46

Statistics and visualization
After the broad characterization of microbial

communities, the next steps are (1) to test for cor-
relations/associations between aspects of the mi-
crobiome and various factors and (2) to visualize the
results. The programs QIIME, mothur, and MG-
RAST provide some tools for statistical analysis
and visualization. More advanced analyses and vi-
sualization can be performed in R47; other software
packages that provide the ability to perform basic
statistical analysis and data visualization are Ma-
tlab, SAS, SPSS, and Stata. While R is typically
considered to have a steep learning curve, a strong
background in programming is not necessarily re-
quired. For those with programming experience,
Python can prove quite useful (especially in con-
junction with SciPy and NumPy) for this purpose.

SUMMARY

In the past decade, next-generation sequencing
has enabled researchers to answer questions that
were previously intractable. The market potential
of this technology has spawned numerous plat-
forms in a relatively short period of time, and
new platforms are constantly being developed. As
technology progresses, a major goal will be to fill in
the sequencing space with platforms that can pro-
duce longer reads and more reads per run (i.e., add
to the upper right portion of Fig. 1). The area of
microbiome research has benefitted greatly from
the advent of next-generation sequencing, and is
one discipline that has grown by leaps and bounds
in recent years as a result. A variety of compu-
tational tools and software packages have been
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developed to deal with data from next-
generation sequencing platforms. Studies
that utilize culture-independent next-
generation sequencing approaches are be-
ginning to provide valuable insight into
the composition, diversity, and dynamics of
wound bioburden, and its relationship
to impaired healing and development of
infection-related complication. A major
challenge in the future will be bringing
this technology to the clinic as a potential
diagnostic and/or prognostic tool.
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TAKE-HOME MESSAGES
� Next-generation sequencing has made it cost and time effective to fully

characterize wound-associated microbial communities.

� There are currently five major next-generation sequencing platform
families used in microbiome studies, all of which have strengths and
weaknesses that must be weighed when designing an experiment.

� Amplicon-based methods are effective for characterizing and comparing
the overall taxonomic/phylogenetic composition of bacterial and fungal
communities.

� Shotgun sequencing methods are effective for characterizing communi-
ties of microorganisms, including viruses, archaea, and nonfungal eu-
karyotes, and allow one to investigate (a) functional potential of the
organisms, by examining genomic DNA (metagenomics), or (b) functions
being performed in the cells, by looking at RNA transcripts (metatran-
scriptomics).

� Bioinformatics associated with next-generation sequencing can typically
be divided into the following major categories (listed in order): sequence
preprocessing, sequence assembly, community characterization, hypoth-
esis testing (within a statistical framework), and data visualization.
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Abbreviations and Acronyms

CCS¼ circular consensus sequencing
COG¼ Clusters of Orthologous Groups of proteins
ITS¼ internal transcribed spacer

KEGG¼ Kyoto Encyclopedia of Genes and Genomes
LSU¼ large subunit

PGM¼ personal genome machine
SSU¼ small subunit

ZMW¼ zero-mode waveguide

Glossary

Amplicon: Lengths of DNA that have been amplified using primers via
polymerase chain reaction.

Barcode: Nucleotides in various combinations added to the ends of primers
during a PCR so that the amplicon can be identified following sequencing.

Metagenomics: Shotgun sequencing of heterogeneous microbes directly
from their environment. The DNA is randomly sheared, sequenced, and assem-
bled to reconstruct consensus sequences from the microbial genomes. Meta-
genomics provides information on the organisms present and the genomic coding
potential.

Microbiome: The totality of microbial genomes and/or microorganisms in a
given environment.

Pyrosequencing: A method of sequencing that relies on the detection of
pyrophosphate release when nucleotides are incorporated during a sequencing
reaction.

Sanger sequencing: Developed by Sanger et al. in 1977, a method of
DNA sequencing based on DNA replication that incorporates chain-terminating
dideoxyribonucleotides (ddNTPs). The ddNTPs are generally radioactively or fluo-
rescently labeled for detection.

Taxon: A taxonomic unit, or a group of organisms inferred to be phyloge-
netically related that are classified together. For example, phylum, order, genus, or
species comprise different hierarchical levels of taxonomic rank to which a taxon
can be assigned.
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