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Diabetic Foot Ulcer Microbiome: One Small Step for
Molecular Microbiology . . . One Giant Leap for
Understanding Diabetic Foot Ulcers?
Benjamin A. Lipsky,1,2,3 Jean-Louis Richard,4 and Jean-Philippe Lavigne5,6

F

oot infections in individuals with diabetes are
a major cause of morbidity, constituting the most
common reason for both diabetes-related hospitalization and lower extremity amputations (1,2).
Optimal treatment of these diabetic foot infections requires
recognizing which foot ulcers are infected and prescribing
pathogen-appropriate antibiotic therapy. Most experts concur that diagnosing infection should be based on the presence of primary or secondary clinical signs and symptoms
of inﬂammation (1,2), but the frequent presence of peripheral neuropathy or peripheral arterial disease may confound
the diagnosis (3). Thus, some favor using bacterial density
in wound cultures to help diagnose infection (4,5). This
concept is based on the belief that a high wound “bioburden” leads to “critical colonization,” an intermediary
state on the way to overt infection that may be responsible
for delayed wound healing and that may respond to antimicrobial therapy (6,7). Certainly, treatment of clinically
overt diabetic foot infection requires appropriate systemic
antibiotic therapy, which is best guided by identifying the
causative pathogens.
Indigenous microorganisms residing on humans were
ﬁrst observed more than 300 years ago (8), and for over
150 years clinicians have relied on the results of cultures to
deﬁne the causative organisms in bacterial infections. Unfortunately, culture-based techniques select for species
that ﬂourish under the typical nutritional and physiological
conditions of the diagnostic microbiology laboratory, not
necessarily the most abundant or clinically important
organisms (9). In the past decade, studies with molecular
microbiological techniques have raised doubts about the
accuracy of wound culture results (10). Using ampliﬁcation and sequence analysis of 16S rRNA, a highly conserved gene present in all prokaryotes (bacteria) but not
eukaryotes (humans) that contains hypervariable regions
allowing bacterial identiﬁcation, has revealed vastly more
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complex bacterial communities than those identiﬁed by
culture, particularly in chronic wounds (11–13).
In this issue, Gardner et al. (14) present a study designed
to compare the results of standard cultures with gene sequencing in neuropathic diabetic foot ulcers (DFUs) and to
ascertain if there are clinical features of these wounds that
are related to three key dimensions of wound bioburden.
We hope that readers unfamiliar with molecular microbiology will bear with some of the necessary jargon; Fig. 1
illustrates the main techniques used in this study. In brief,
their pyrosequencing techniques demonstrated 13 bacterial phyla, but Firmicutes (gram-positives) were the dominant ﬂora, with Staphylococcus species by far the most
frequent. In comparison, cultures greatly underestimated
the microbial load, overestimated the relative abundance
of staphylococci, and underrepresented the prevalence of
obligate anaerobes. These ﬁndings are not surprising, as
staphylococci grow more easily than exigent bacteria such
as anaerobes, especially with the short duration of culture
and the media typically used in clinical microbiology laboratories. Sequencing demonstrated great heterogeneity in
the colonizing ﬂora, but they could generally be divided
into three clusters, i.e., those with a high relative abundance of 1) Staphylococcus spp., 2) Streptococcus spp., or
3) anaerobes and Proteobacteria (gram-negatives). This
nonrandom distribution pattern of bacteria has been referred to as functionally equivalent pathogroups (11,12),
meaning bacterial species considered as nonpathogenic
when present alone may coaggregate symbiotically in
a pathogenic bioﬁlm and act synergistically to cause
a chronic wound infection.
Gardner et al. (14) found that agreement between
results on culture and by sequencing was relatively low.
Because cultures underrepresented wound ﬂora, the
authors used sequencing to analyze the association of the
three dimensions of bioburden in the DFU microbiome
with six clinical variables. They found that ulcer duration
was positively correlated with diversity and Proteobacteria
abundance (but negatively associated with Staphylococcus
abundance); ulcer depth (and, to a lesser degree, area)
was positively associated with abundance of anaerobes
(but negatively associated with Staphylococcus abundance); and elevated HbA1c was positively associated with
predominant colonization with Staphylococcus or Streptococcus. Strengths of this study include limiting enrollment to a homogeneous group of diabetic patients (those
with a clinically uninfected, neuropathic, plantar ulcer),
methodically investigating clinical features that are commonly used by clinicians, using optimal molecular techniques, and applying rigorous statistical analysis to their
ﬁndings. Weaknesses included obtaining specimens for
culture by the swab technique; notwithstanding the
authors’ belief in the validity of the Levine method (5),
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FIG. 1. Steps for analyzing the microbiome of a DFU (adapted from England R, Pettersson M. Pyro Q-CpG: quantitative analysis of methylation in
multiple CpG sites by Pyrosequencing. Nat Methods 2005;2:i–ii). After wound sampling, extraction is performed to obtain bacterial/fungal DNA
and/or viral RNA. Speciﬁc genetic targets of hypervariable regions within bacterial 16S rRNA genes are ampliﬁed by the polymerase chain reaction
(PCR) and subjected to DNA pyrosequencing. Sequencing by synthesis occurs by a DNA polymerase–driven generation of inorganic pyrophosphate
(PPi) with the formation of ATP and ATP-dependent conversion of luciferin to oxyluciferin. The generation of oxyluciferin causes the emission of
light pulses, and the amplitude of each signal is directly related to the presence of one or more nucleosides. The different bacteria can be identiﬁed
by the effective combination of conserved primer-binding sites and intervening variable sequences that facilitate genus and species identiﬁcation
(software Blastn/tBlastn, http://blast.ncbi.nlm.nih.gov/). The identiﬁcation of all the bacterial genomes ampliﬁed determines the composition of
DFU ﬂora (microbiome).

most authorities consider tissue specimens more accurate
for wound cultures. Also, because those with the common
complications of limb ischemia or substantial gangrene
were excluded, the results do not apply to such patients.
The study results, while useful and robust, are neither
novel nor unexpected. Furthermore, because clinically uninfected wounds should not be treated with antimicrobials
(15), and the clinical signiﬁcance of the extra organisms
identiﬁed by sequencing but not by culture is unclear, it
remains to be demonstrated that this currently scarce
technology will be useful in managing patients with a DFU.
We regret that the study did not report any follow-up on
enrolled patients, as it would have been interesting to know
if analysis of the microbiome can predict which uninfected
DFUs will become clinically infected. If so, this might
challenge two dogmas in the management of DFUs: the lack
of usefulness of wound sampling in the absence of clinical
evidence of infection and the avoidance of antibiotic treatment for clinically uninfected wounds.
The development of molecular microbiological technologies is a promising tool to better understand the local
ecology of chronic wounds, including DFUs (16). It may
ultimately help clinicians to more accurately differentiate
colonization from infection, to optimize antibiotic therapy
against the true wound pathogens, and even to predict
ulcer outcome (13). The potential beneﬁts of pyrosequencing must, however, be weighed against the cost in
equipment and in technician time, the delay in reporting
results, the fact that it ampliﬁes dormant or dead bacteria,
and that it fails to demonstrate some bacterial and most
nonbacterial microorganisms (17–20). We believe it is likely
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that molecular techniques, once they become more rapid
and affordable, will ultimately replace the increasingly antiquated culture methods now used in clinical microbiology
laboratories. But, given their limitations (as outlined above
and in the authors’ discussion) and expense, it is not yet
clear that this small, albeit important, step forward in deﬁning the microbiome of DFUs provides the long-awaited
giant leap in understanding.
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