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Significance: Bacterial burden is believed to play a significant role in impaired
wound healing of chronic wounds and the development of infection-related
complications. The standard of care in the clinic relies upon cultivation-
dependent methods to identify microorganisms. These assays are biased to-
ward microorganisms that thrive in isolation under laboratory conditions.
Recent Advances: Significant advances in genomic technologies have enabled
less-biased, culture-independent approaches to characterize microbial com-
munities, or microbiomes. The aggregate sequencing and analysis of 16S ri-
bosomal RNA genes has demonstrated that cultures under-represent true
microbial diversity and load.

Critical Issues: Despite recent advances that enable culture-independent an-
alyses of microbiomes, those organisms that are important in impaired healing
remain ambiguous. Inconsistent findings across various studies highlight the
need to characterize microbiomes of chronic wounds with homogenous etiology
to determine differences in microbiomes that may be driven by the wound
environment and that may affect wound outcomes. Rigorous analyses of
wound microbiomes in light of the three dimensions of bioburden (microbial
diversity, microbial load, and pathogenic organisms), clinical metadata, and
wound outcomes will be a significant step forward in our quest to understand
the role of microorganisms in impaired healing.

Future Directions: Longitudinal studies employing serial sampling are nee-
ded to appreciate the role of the dynamic microbial community in chronic
wound healing. The value of clinical metadata needs to be examined as po-
tential biomarkers of problematic microbiota and wound outcomes. Lastly,
better characterization and understanding of wound microbiomes will open
avenues for improved diagnostic and therapeutic tools for the nonhealing
wound.

SCOPE AND SIGNIFICANCE
MICROORGANISMS ARE BELIEVED to
play a significant role in impaired
healing of chronic wounds and the
development of infection-related
complications. Genomic methods of
characterizing microbial communi-
ties, or microbiomes, are less biased
than cultivation-based approaches
and may provide a more comprehen-
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sive representation of the manner in
which the microbial load, microbial
diversity, and the presence of patho-
gens interact or converge to impact
chronic wound outcomes. Here we
will discuss these modern geno-
mic methods of analyzing micro-
biomes and how they compare to
culture-based methods for charac-
terizing wound microbiomes. We will
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compare and discuss the findings of several recent
studies using culture-independent methods of ex-
amining wound microbiota, focusing on those that
utilize a next-generation sequencing technology,
while discussing critical issues that remain to be
addressed in understanding the role of the micro-
biome on chronic wound outcomes. Finally, we will
examine the potential for improved diagnostic tools
and novel therapeutic options based on the micro-
biome, and how they may relate to the future of
wound care.

TRANSLATIONAL RELEVANCE

Modern genomic techniques to characterize
wound bioburden, such as sequencing of bacterial
16S ribosomal RNA (16S rRNA) genes, eliminate
biases associated with culture-based methods. Ra-
pidly evolving DNA sequencing technologies, in-
creasingly sophisticated computational approaches
to analyze sequence datasets, and ever-expanding
reference databases enable these methods to more
precisely characterize and delineate the dynamic
wound microbiome. Employing these methods has
the potential to differentiate chronic wound coloni-
zation from problematic bioburden, which could ul-
timately guide clinical decision-making.!

CLINICAL RELEVANCE

Because it is difficult to differentiate benign
wound colonization from problematic bioburden
using culture-based diagnostics, antibiotics are
often unnecessarily given to persons with chronic
wounds. This practice contributes to the growing
problem of antibiotic resistance.? However, chronic
wound infections lead to complications, such as am-
putation, sepsis, and death.® Culture-independent
analysis of chronic wound microbiota could po-
tentially lead to more judicial and targeted use of
antibiotics than proposed in current practice
guidelines, which rely on clinical signs of infection
or wound cultures to drive antibiotic treatment.*
Moreover, genomic methods may lead to improved
methods for diagnosing chronic wound infection
and preventing infection-related complications.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

Introduction to culture-independent analysis
of microbial communities

Despite 50 years of research, the role that bac-
terial colonization and/or infection play in wound
outcomes and complications has remained elusive.
Since the late 1800s, the gold standard for bacterial

isolation and identification has been a culture-
based methodology. Many bacterial species colo-
nizing wounds have been identified and isolated in
this manner (as reviewed by Refs.’™®). However, it
is now widely accepted that culture-based tech-
niques select for only those microorganisms that
thrive under the typical nutritional and physio-
logical conditions employed by diagnostic labora-
tories. Those microorganisms that thrive under
these conditions are not necessarily the most
abundant or influential organisms in the commu-
nity. In particular, cultivation of anaerobes is
problematic by routine culture-based tech-
niques.®® Anaerobic organisms are postulated to be
detrimental to wound repair, but require special
conditions not only for growth, but also for sample
transport and processing.

Recent advances in DNA-sequencing technology
and the development of molecular techniques to
identify and quantify microorganisms have revo-
lutionized our view of the microbial world. Char-
acterization of the bacterial microbiome takes
advantage of the 16S rRNA gene, present in all
prokaryotes, but not eukaryotes. The 16S rRNA
gene encodes a structurally and functionally es-
sential component of the ribosome, and contains
species-specific hypervariable regions that are
markers to identify bacteria, and highly conserved
regions that allow broad-range amplification by
polymerase chain reaction (PCR).'° Figure 1 out-
lines the experimental workflow of a typical bac-
terial microbiome-sequencing project. Following
PCR amplification, 16S rRNA genes are sequenced
and analyzed. Classification is enabled by data-
bases of annotated rRNA gene sequences. For ex-
ample, the Ribosomal Database Project, an online
database of rRNA gene sequences, now contains
>2.5 million annotated 16S rRNA sequences.!!
The advent of next generation sequencing tech-
nologies and even benchtop sequencing systems
(i.e., Illumina MiSeq and Life Technologies Ion
Torrent platforms) has massively increased the
throughput, while decreasing costs. Importantly,
these techniques eliminate biases associated with
cultivation-based approaches. Approaches for an-
alyzing the fungal and viral diversity of the human
microbiome are currently under development and
may provide an additional insight into the role of
nonbacterial microorganisms in infection-related
complications and chronic wound outcomes.

Historically, three distinct dimensions of the
wound microbiota have been viewed as important
in understanding the role of bioburden on wound
outcomes: total microbial load, microbial diversity,
and presence of pathogenic organisms (Fig. 2).°
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1) Extract DNA from wound sample

N 2) Amplify bacterial DNA using 16S rRNA
_ gene primers

3) Sequence the PCR products

4) Analyze sequencing data:

a) Identify the microbial taxa by
querying the sequenced amplicons

L against 16S rRNA gene databases
| == b) Measure similarity between
wound microbiomes by analyzing
shared phylogeny
A\

c) Analyze microbial community
membership, structure, and
diversity

Figure 1. The workflow of a 16S ribosomal RNA (16S rRNA) gene tar-
geted microbiome next-generation sequencing project. A heterogeneous
mixture of genomic DNA is extracted from samples taken from a wound.
Primers specific for the desired regions of the 16S rRNA gene are used to
amplify bacterial DNA. Each sample has a unique identifying sequence on
the primer known as a barcode to facilitate the multiplexing of samples on
the sequencer. The resulting polymerase chain reaction (PCR) products
are pooled and sequenced using platforms, such as Roche 454, lllumina
MiSeq, or Life Technologies lon Torrent. After filtering out low-quality
sequences, various analyses are performed, including assignment to tax-
onomy, analysis of shared phylogeny, and analysis of microbial community
membership, structure, and diversity. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub
.com/wound

While some studies assert that a microbial load
>10° organisms per gram of tissue is related to a
poor outcome,’? others have challenged this, citing
interactions between different species of microbes
as more important (microbe-microbe interactions
or biofilms).>® Still others believe the presence of
Staphylococcus aureus and/or anaerobes is more
problematic.® 16S rRNA gene sequencing allows
characterization of the microbiome based on all
three dimensions: microbial load, microbial diver-
sity, and presence of pathogens.

Another advantage over culture-based methods
is that the quantitative datasets derived from 16S
rRNA gene sequencing allow each dimension, mi-
crobial load, diversity, and presence of pathogens,
to be defined and measured using multiple metrics.
To calculate the microbial load from real-time PCR
data, a standard curve can be generated with a

3 Dimensions of Bioburden

Presence of
Pathogens

\/

A

Non-Microbial Factors

Glycemic control, nutrition, treatment,
off-loading, etc.

Figure 2. Model of the impact of three dimensions of bioburden and
nonmicrobial factors on wound outcomes. The three dimensions of bio-
burden are covarying components of the wound microbiome. We propose
that the microbiome is one of several factors that lead to ultimate wound
outcomes, such as healing or the development of infection-related com-
plications.

well-characterized isolate (i.e., Escherichia coli).
The standard curve is then used to convert real-
time PCR amplification data to 16S gene copy
number, and from the gene copy number, the
number of bacterial cells in the sample is esti-
mated. Microbial diversity is a multidimensional
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measure and can encompass phylogenetic diver-
sity, alpha diversity, and beta diversity. The phy-
logenetic diversity is a measure that incorporates
evolutionary relationships between the organisms
observed in a sample. The alpha diversity is the
species diversity present in a single sample. Beta
diversity is the species diversity among different
samples and directly compares samples and their
diversity to each other. This involves comparing
the number of species common and/or unique to
each sample, and their abundances. The presence
of pathogens is measured by calculating the rela-
tive abundance of bacterial taxa present by com-
paring 16S rRNA sequences to a database of
reference sequences. The relative abundance of
putative pathogens in diabetic foot ulcers (DFUs;
i.e., S. aureus and anaerobes) is calculated along
with other bacterial taxa present, placing them in
the context of the greater microbial community,
while identifying additional putative pathogens
among the wound microbiota.

More importantly, 16S rRNA gene sequencing
allows the structure of the wound microbiome to be
characterized using analyses that capture patterns
that reflect varying combinations of microbial load,
microbial diversity, and presence of the pathogens.
To date, most studies of chronic wound bioburden
have focused on one dimension of bioburden at the
exclusion of the other two. Characterization of the
microbiome based on all three dimensions promises
to lead to a better and a more comprehensive un-
derstanding of the collective impact of the three
dimensions of wound bioburden on wound out-
comes than has been possible using culture-based
methods.

Although 16S rRNA sequencing holds promise to
move the science of chronic wound infection for-
ward, it does have its limitations. For example, an
important caveat to interpreting 16S rRNA se-
quence data is that it does not differentiate between
viable and nonviable bacteria. It is unknown if
nonviable bacteria impact wound outcomes or not.
In addition, higher throughput platforms, such as
Ion Torrent (Life Technologies), HiSeq and MiSeq
(Illumina), and 454 (Roche), enable a much deeper
sequencing of microbial communities than Sanger
sequencing, but the short read lengths that are
generated by these platforms are often insufficient
to provide species-level discrimination. Finally, 16S
gene sequence data only answers the question of
“Who’s there?” not “What is it doing?” nor does it
provide data regarding antibiotic resistance and
pathogenicity of the identified organisms.

In addition to these general limitations, there
are also methodological problems to be addressed

when using 16S rRNA gene sequencing to charac-
terize the chronic wound microbiome. For example,
there is little standardization among microbiome
studies concerning the quality control of sequence
data, usage of appropriate controls to account for
contaminants and bias, and types of analyses used
to assess the microbial diversity, phylogeny, and
community structure. Furthermore, bias can be
introduced at every step of the sample preparation,
such as the DNA extraction methodology, selection
of primer sequences to amplify the 16S rRNA gene,
and error profiles introduced by sequencing plat-
forms. It is therefore critical that researchers use
consistent methodology if they intend to compare
samples and/or studies to each other. Detailed
methodology should be reported with each study
published, and raw sequencing data should be
freely available so that other researchers can rep-
licate study results.

Surveying the microbiome of chronic wounds:
a review of recent culture-independent studies
utilizing next-generation sequencing technology
Recently, our group demonstrated that the mi-
crobiome colonizing 52 neuropathic, nonischemic
DFU was associated with clinical factors.!® Not
surprisingly, quantitative cultures did not fully
represent DFU bioburden (microbial diversity,
microbial load, and presence of pathogens) when
compared to genomic techniques (Fig. 3).1371°
Staphylococcus, primarily of the species S. aureus,
was present in 49 of 52 DFUs examined (Figs. 4 and
5).13-18 In general, relative abundance of S. aureus
was negatively correlated with relative abundance
of anaerobic bacteria, such as Porphyromonas,
Anaerococcus, Finegoldia, Peptoniphilus, Pre-
votella, and Incertae Sedis XI. Deeper ulcers and
those of a longer duration contained a greater
microbial diversity and a higher relative abun-
dance of anaerobic bacteria and Gram-negative
Proteobacteria. Shallow ulcers and those of a
shorter duration were more likely to contain a
greater abundance of Staphylococcus, in most
cases, the pathogenic S. aureus. Furthermore, poor
control of blood glucose, as measured by hemo-
globin Alc values, was associated with a higher
relative abundant colonization by Staphylococcus
and Streptococcus spp. Finally, the DFUs clus-
tered into three groups based on the microbial
community structure and membership. We found
that these clusters were distinctive in terms of
microbial load, microbial diversity, and the pres-
ence of pathogens, lending insight into the co-
variation of the dimensions in distinct patterns.
Moreover, the clusters were associated with the
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Figure 3. 16S rRNA gene sequencing-based methods provide a more
comprehensive view of bacterial diversity compared to culture-based
methods. A comparison of bacterial diversity assessed by culture-based
and 16S rRNA gene sequencing results. The symbols represent the mean
bacterial taxa count per sample included in each study. In Price et al,'® the
number of cultured genera was compared to the number of sequenced
genera. In Han et al,' the number of cultured species was compared to the
number of sequenced genera. In Gardner et al," the number of cultured
species was compared to the number of sequenced species. The horizontal
line indicates the mean of the three studies surveyed. References to each
study are denoted in brackets.

glycemic control, ulcer depth, and ulcer duration
identifying how dimension patterns differ along
these clinical parameters.

Two other studies have examined the micro-
biome of DFUs using 16S rRNA gene sequencing,
but did not examine the relationship between the
microbiomes and other clinically relevant fac-
tors.’®2% Analyses were focused primarily on the
presence of potential pathogens and did not include
analyses of diversity or microbial load. In a 16S
rRNA gene survey of debridement material from 40
DFUs, the most prevalent bacterial genus, Cor-
ynebacteria, was found in 75% of samples.?° Other
common genera (present in at least 15 of the 40
ulcer samples) were Bacteroides, Peptoniphilus,
Finegoldia, Anaerococcus, Streptococcus, and Ser-
ratia spp. This is in contrast to a study reported by
the same group, published in the same year, in
which Corynebacteria were absent from the top 7
reported taxa found to colonize the DFU debride-
ment material (n=10) where the specimens from
each ulcer were pooled before sequencing.’® Ana-
lyses of the community structure based on the
presence of potential pathogens alone revealed 8
clusters of functionally equivalent pathogroups in
40 ulcers. That means on an average, only five ul-
cers were in each cluster. This is likely due to the
heterogeneous nature of the ulcers in the sample as
indicated by the ulcer location. For example, some
ulcers were located on the ankle and dorsum of the

Han et al. 2011

[14]
Fusobacterium*
Finegoldia*
Oligella
Achromobacter
Brevibacterium
Peptoniphilus™*
Pseudomonas
Anaerococcus™
Staphylococcus
Corynebacterium
Ralston Bacteroides*
" Els om;la Peptostreptococcus™
J thgrg: net 4 Porphyromonas* Sphingomonas
anthinovacterium Streptococcus  Unc. Actinomycetales
Stenotrophomonas
Price et al. 2011 Gardner et al. 2012
[16] [13]

Figure 4. The 10 most abundant bacterial genera observed in select
chronic wound microbiome publications. Each large circle represents the
top 10 most abundant genera reported from the publication indicated. Only
the top 10 most abundant genera are included. Staphylococcus, Cor-
ynebacterium, and Anaerococcus were common to the 10 most abundant
genera in all three studies. “Unc.” denotes unclassified bacteria. *Denotes
strictly anaerobic or obligately anaerobic bacteria. References to each
study are denoted in brackets. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound

foot indicating they may have been arterial and/or
not typical DFUs.

Price et al.’® reported that Streptococcus was
more prevalent in the wounds of persons with di-
abetes (n=12) than those free of diabetes. In this
study of mixed wound types, one of the most prev-
alent types of bacteria, present in 25 of 32 wounds
analyzed, was Clostridiales Family XI, a family of
fastidious anaerobic bacteria (Fig. 5). The genera
of bacteria that belong to this family, such as
Anaerococcus, Peptoniphilus, Helcococcus, and
Finegoldia, were not detected in parallel culture-
based analyses, underscoring the utility of culture-
independent examination of wound bioburden to
detect those microorganisms thought to be partic-
ularly inhibitive of wound healing. In general,
culture techniques underestimated an overall
bacterial diversity (Fig. 3). Findings from this same
study suggest that systemic antibiotics may be re-
lated to an increased relative abundance of Pseu-
domonadaceae (a family of Gram-negative bacteria
that includes the genus Pseudomonas) in chronic
wounds. This is interesting in light of the data from
Gardner et al.'® that excluded subjects on antibi-
otics, in which Pseudomonas appears to be present
in a lower relative abundance than in other studies
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Figure 5. Bacterial families reported to colonize chronic wounds in culture-independent studies. Twenty-one bacterial families account for the majority of
microbiota colonizing chronic wounds in five studies utilizing culture-independent methods. The bacterial phyla Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, and Fusobacteria are represented. Here, we show the results of these publications as relative abundance charts, with the etiology of the wounds,
and the method of collection noted. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

that included subjects on antibiotics (Fig. 5). It is
possible that administration of antibiotics may se-
lect for taxa such as Pseudomonas because these
bacteria express abundant antibiotic resistance
genes and drug efflux pumps. Antibiotic adminis-
tration could also potentially select for biofilm-
forming types of bacteria, such as Pseudomonas,
thus structurally resisting antibiotic therapies. In
another study of 13 chronic wounds of varying eti-
ologies, Price et al. found bacterial families coloniz-
ing wounds above 1% relative abundance were (in
order of decreasing abundance) Staphylococcaeae,
Pseudomonadaceae, Streptococcaceae, Clostridales
Incertae Sedis XI, Enterobacteriaceae, Neisser-
iaceae, Burkholderiaceae, Porphyromonadaceae,
Oxalobacteraceae, and Corynebacteriaceae (Figs. 4
and 5).'6

In a study by Han et al., microbiota colonizing 11
chronic wounds was analyzed.'* Staphylococcus

was present in 10/11 wounds, but in highly variable
amounts (9.6%—-97% relative abundance; Figs. 4
and 5). This study also confirmed that a greater
diversity of bacteria, including large numbers of
anaerobic microorganisms, were detected using
culture-independent approaches as compared to
traditional culture-dependent methods (Fig. 3).

Critical issues to consider
in wound microbiome studies

Most studies of wound microbiota have com-
bined and analyzed heterogeneous types of diabetic
ulcers (ischemic, neuropathic, and mixed type) or
even heterogeneous types of chronic wounds (dia-
betic, pressure, and venous leg ulcers). Dissimilar
wound etiology likely results in a dissimilar host/
wound environment, ultimately confounding ef-
forts to definitively associate specific microbiomes
with clinical phenotypes and wound outcomes.
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Another critical issue that needs to be addressed
in microbiome studies of chronic wounds both
cultivation-based and molecular-based is the sam-
pling method and location. Some studies utilize de-
bridement or curettage material to analyze microbial
diversity, arguing that this is the best possible rep-
resentation of wound microbiota. While some would
consider punch biopsies of viable wound tissue as
the best representation of wound microbiota, ob-
taining a punch biopsy is considered invasive, es-
pecially if employing a longitudinal study design in
which the tissue needs to be removed from the
wound multiple times. Furthermore, tissue speci-
mens, whether by curettage or biopsy, contain con-
taminating human DNA that interferes with
molecular techniques to prepare and sequence mi-
crobial DNA. Han et al. reported that 25% of their
samples failed and they speculated that this might
have been due to high amounts of human tissue and
blood in their curettage specimens, which inhibited
the PCR required to amplify the bacterial 16S rRNA
gene.'* The presence of large quantities of the non-
specific template (i.e., human DNA) may outcom-
pete bacterial DNA in the PCR reaction, in part, due
to a sheer difference in the genome size. Moreover,
in one study, protocols requiring the acquisition of
wound tissue resulted in the loss of 28% of potential
subjects because they objected to having tissue re-
moved from their wound.?! Because longitudinal
microbiome studies with larger sample sizes provide
the greatest statistical power in analyzing disease-
associated microbial communities, it has been re-
commended that researchers employ minimally
invasive sample collection methods.??> Swab sam-
ples obtained by Levine’s technique®® have been
demonstrated to provide comparable measures of
wound bioburden when compared to punch biopsies
of viable wound tissue.?* Unlike other swab tech-
niques, the Levine’s technique samples wound mi-
crobiota from viable tissue by expressing tissue fluid
from deep tissue layers in a one square centimeter
area of wound tissue near the center of the wound.

In addition to the sampling method, there is also
the question of where to sample the wound spa-
tially. Price et al. examined a spatial variation in
microbiota by obtaining curette samples in 12
subjects of a wound’s leading edge, opposing lead-
ing edge, and center.'® They concluded that sam-
ples taken from different parts of the same wound
are more similar than those taken from other
wounds. However, they also caution that control-
ling for the sample site in the wound is optimal and
improves the quality of the study. In comparison, a
study on venous leg ulcers demonstrated that de-
pending on the ulcer, there may be variable het-

erogeneity or diversity of the microbial taxa in
different wound locations.”

Another challenge with existing genomic surveys
of wound microbiota is associating clinical factors,
such as patient and wound phenotypes, with mi-
crobiome data. If unable to access genomic tech-
niques, clinical factors may be useful for identifying
individuals at risk for problematic bioburden be-
cause the wound environment likely sustains or
deters particular microbiota, which may then lead
to poor wound outcomes (Fig. 2). Clinical factors
that may influence wound microbiota can be ex-
trapolated from those that have been associated
with impaired wound healing. For example, poor
glycemic control was found to be inversely related to
the rate of healing in persons with diabetes.?® This
relationship may be mediated through the influence
of glycemic control on the microbiota and/or immune
response within the wound environment. Another
patient factor that may be related to wound micro-
biomes is the immune function, such as white cell
count, and systemic inflammatory responses. Other
potential wound factors that may alter the wound
environment and influence microbial populations
include wound tissue oxygen, the presence of ne-
crotic tissue, and the location of an ulcer on the heel,
the ulcer size, and ulcer duration.?2° The wound
surface area, ulcer grade, and wound duration have
been associated with a failure to heal.?*3! As sug-
gested by Christman et al.,? it is important to study
and focus on modifiable factors in wound healing
that can be targeted for effective interventions.
Glycemic control, smoking, antibiotic use, wound
tissue oxygen, and necrotic tissue are modifiable
factors that have particular potential in this regard
and need to be examined more extensively in their
relationship with wound microbiomes. In our study
of 52 neuropathic, nonischemic DFU, we found that
the glycemic control, ulcer depth, and ulcer duration
were associated with the DFU microbiome.'?

The potential of the microbiome
as a diagnostic and therapeutic tool

The microbiome is an attractive target as a diag-
nostic tool, especially in the case of wounds, in that it
is readily accessible, information-rich, and highly
reactive to its environment/host. For example, one
can imagine that the microbiome would react dif-
ferently to a highly inflamed wound environment as
compared to one that is devoid of inflammation or
that the microbiome may drive the inflammatory
state of the wound. This reaction could be measured
in the types of organisms colonizing the wound, as
certain organisms likely thrive in distinct environ-
ments and would therefore be expected to be more or
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less abundant depending upon their met-
abolic requirements. This reaction could
also be measured in terms of the tran-
scriptional or translational output of the
microbiome, the metatranscriptome, and
the metaproteome. Changes in the wound
environment likely trigger responses in the
microorganisms to shift the genes they
express, and thus the proteins they ex-
press, such that they are able to adapt to
the dynamic wound environment. We
therefore expect that future studies of the
chronic wound will focus on the dynamic
metatranscriptome and metaproteome, to
better understand the state of the micro-
biome and how it may relate to the wound.
These studies will be critical to developing
diagnostic tools that relate the microbiome
to the wound outcomes and/or other clini-
cal factors.

Therapies based on modulating the
microbiome may provide an alternative to
antibiotic treatments, which select for
and perpetuate those strains of bacteria
that are resistant to antibiotics, while

TAKE-HOME MESSAGES
e Culture-based approaches, the standard of care in the clinic, are biased

toward those organisms that grow under standard laboratory conditions.
Quantitative cultures do not fully represent the microbial diversity or
microbial quantity.

Molecular genomic methods of identifying microorganisms and delin-
eating microbial load, such as sequencing of the bacteria-specific 16S
rRNA gene, allow researchers to identify and quantify microorganisms in
a less biased manner. These methods are becoming increasingly ac-
cessible, while decreasing in cost.

Recent analyses of the microbiota colonizing neuropathic DFUs demon-
strate that clinical factors, including the ulcer depth, ulcer duration, and
glycemic control, were associated to various dimensions of bioburden
(the microbial diversity, microbial load, and the presence of pathogenic
microorganisms).

Studies using longitudinal designs that take advantage of clinical me-
tadata to appropriately stratify patient populations will ultimately have
the most potential to reveal relationships between microbiome variation
and chronic wound outcomes. Studies analyzing wounds of homoge-
neous etiology and pathophysiological mechanism will be critical in
determining differences in the microbiome that are driven by the wound
environment.

The microbiome is a promising target for the development of diagnostic
and therapeutic tools for chronic wounds.

causing profound nonspecific changes in

the human-associated microbiome. This

type of therapeutic could come in the form of a
prebiotic, which would elicit changes in the wound
environment thus encouraging colonization by
beneficial microbes or those microbes that could
prevent colonization by more pathogenic microbes.
The use of probiotics for altering gut microbiota is
already widespread, but the same concept could
apply to wounds and other disorders of the skin.
This type of therapy would directly supply specific
microbiota to the environment, likely in the form of
a topical ointment, in the hope that it will elicit
changes in the microbiome composition or function
and/or the host response.
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