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1 | INTRODUCTION

Infected tissues in the feet of people with diabetes in the form of a diabetic foot
ulcer (DFU) present a complex pathology for clinicians to manage. This is partly
attributed to the multi-factorial nature of the disease, which may include; altered
foot architecture leading to excessive plantar pressures and frictional forces periph-
eral arterial disease and loss of protective sensation. In addition, to the above co-
morbid variables, it is understood that a delayed wound healing state may be perpet-
uated by the presence of microorganisms residing in the wound tissue. The microbi-
ology of chronic DFUs has often been reported as being polymicrobial. Of growing
interest is the presence and potential role of anaerobic microorganisms in the pathol-
ogy of DFUs and how they may contribute to the infective process or delayed heal-
ing. The presence of anaerobes in DFUs has been greatly underestimated, largely
due to the limitations of conventional culture methods in identifying them from
samples. Advancements in molecular and microscopy techniques have extended our
view of the wound microbiome in addition to observing the growth and behaviour
(planktonic or biofilm) of microorganisms in situ. This review paper will reflect on
the evidence for the role and significance of anaerobes in DFUs and infection. A
focus of this review will be to explore recent advancements in molecular genomics
and microscopy techniques in order to better assess the roles of anaerobic bacteria
in chronic DFUs and in biofilm-based wound care.
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Infections in the feet of people with diabetes have been
classified by both the International Working Group for the

The causality of a diabetic foot ulcer (DFU) is considered
multi-factorial in origin. Such factors can include peripheral
vascular disease, peripheral neuropathy and some form of
trauma which may inflict damage to the skin. Once the skin is
breached underlying structures of the skin and soft tissue are
exposed to planktonic commensal microorganisms or opportu-
nistic pathogens. DFUs present an ideal environment for har-
bouring microorganisms as they offer a warm, moist and
nutritive home especially if devitalized tissue is present in the
wound bed. When this is combined with several aspects of
altered immunologic function,' it may explain why some bac-
terial infections in people with diabetes persist despite
optimal care.

Diabetic Foot IWGDF) and the Infectious Disease Society
of America Diabetic Foot Infection guidelines (IDSA).23
Both have promoted the diagnosis of infection be based on
“clinical diagnosis” using greater than two clinical signs;
inflammation erythema local tenderness or pain warmth and
purulent discharge. Importantly, through traditional culture
and microscopy approaches, the microorganisms responsible
for acute infections have been identified as being plank-
tonic; that is being single cells that rapidly multiply when in
exponential growth and are susceptible to antibiotics if not
inherently resistant.

Alternatively, a growing body of evidence has identified
that many microorganisms may not exist in this planktonic
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phenotype. Instead some microorganisms prefer to aggre-
gate in communities of slow growing cells in a biofilm phe-
notype. Biofilms have been described as a coherent cluster
of bacterial cells imbedded in a biopolymer matrix (EPS)
which compared with planktonic cells shows increased
tolerance to antimicrobials and resists the antimicrobial
properties of the host defence.* EPS makes up the largest
component, often over 80% of its volume and is composed
of polysaccharides, proteins, metal ions and extracellular
DNA (eDNA).?

Recently, Johani and colleagues® reported evidence con-
firming that biofilms are ubiquitous in both infected and
non-healing DFUs. This evidence further supports previous
work from other researchers using microscopy approaches
that have visualised biofilm structures across varying wound
etiologies.”'* Furthermore, a recent systematic review and
meta-analysis of wound biofilms reported up to 78% of
chronic non-healing wounds likely contained biofilm."
Taken collectively, the available data suggest that biofilms
have the potential to affect many wounds. Of these prob-
lems, the presence of a biofilm is thought to delay wound
healing'? and contribute to chronic infections."?

This review will focus on the microbiology that contrib-
ute to DFUs in particular exploring old and new evidence to
help clarify the significance and role of anaerobes that con-
tribute as either planktonic microorganisms in acute infec-
tion or as members of polymicrobial biofilm communities.

1.1 | Bacteriology of DFUs; A view from conventional
culture data

A large amount of data from authors utilising conventional
culture methods have identified that the most infected DFUs
are complicated by pyogenic cocci such as Staphylococcus
aureus and beta-hemolytic Streptococci.*!> Most newly
detected infected DFUs of shorter duration have also been
reported as being complicated by mono-microbial organ-
isms and conversely chronic infections seem to harbour
more complex polymicrobial communities."!

Despite a plethora of studies conducted to investigate the
predominant species of microorganisms present in DFUs the
role of anaerobes in DFUs, as well as biofilms, has been
largely under researched and thus potentially underestimated.

An early study by Ramani and colleagues'® identified
162 anaerobe isolates and 61 aerobe isolates in 75 patients
with DFUs. Within this study, S. aureus was the most com-
mon aerobic microorganism isolated from 60% of cases and
Bacteroides fragilis was the most common anaerobic micro-
organism to be isolated. In a more recent study by Shanmu-
gam and Jeya,'” the bacterial profile and antibiotic resistance
patterns of 50 patients with DFUs were analysed using tradi-
tional culture methods. The most predominant species identi-
fied included Pseudomonas spp (16%) Escherichia coli
(14.6%) and methicillin-sensitive Staphylococcus aureus

Key Messages

o the polymicrobial nature in DFUs is clearly evident but there
is still a large gap in knowledge over the distinct effect of
anaerobic bacteria in the chronicity of DFUs

e despite there being a small number of papers that identify the
presence of biofilms within chronic wounds basic microbio-
logical methods and even some molecular methods do not
give us insight into the structure of a polymicrobial biofilm
within these DFUs

e studying and investigating the physical and chemical charac-
teristics of “true to life” biofilms still remains a significant

challenge

(13.3%). The other organisms that were isolated were Strep-
tococcus pyogenes (10.6%) Klebsiella spp (8%), Acinetobac-
ter spp (8%), methicillin-resistant Staphylococcus aureus
(MRSA) (8%), Proteus mirabilis (6.6%), Citrobacter spp
and Enterococcus spp (5.3%) each, CoNS (2.6%) and Enter-
obacter spp (1.3%)."7

An additional study conducted by Tiwari and col-
leagues'® on 62 DFUs found Escherichia coli to be the most
common isolated species followed by Staphylococcus
aureus."® Microbiological specimens were obtained from
tissue biopsies and cultured under aerobic conditions. It was
also reported in this study that 21% of the samples were cul-
ture negative despite one of the subject ulcers was produc-
ing a foul smell and showing maggot infestation casting
further doubt on the accuracy and usefulness of culture
methods to identify pathogenic bacteria in clinically infected
wounds.'®

Similar microbiological results were obtained by Zubair
and collegues'® who identified Staphylococcus aureus as
the most common species isolated from 62 patients with
DFUs followed by Escherichia coli and Pseudomonas aeru-
ginosa. The samples obtained during this study were only
processed for aerobic bacteria with no reference to anaero-
bic bacteria.'’

Pathare et al.%° found that superficial ulcers and those of
shorter duration were associated with higher relative abun-
dance of Staphylococcui in their study of DFU's that used
tissue cultures. However, Rouhipour and colleagues®' stud-
ied 149 patients over a 1-year period isolating 546 opportu-
nistic pathogens. Samples were analysed for both aerobic
and anaerobic species. The most common opportunistic path-
ogens were found to be Enterococcus spp and methicillin-
resistant Staphylococcus aureus followed by Escherichia
coli and Pseudomonas aeruginosa. In addition, 1.7% of iso-
lates were anaerobic bacteria the majority of which were
Peptostreptcoccus spp followed by Bacteroides fragilis.

A study by Al Benwan et al.”* of 440 patients with DFUs
found 777 opportunistic pathogens, 15.3% of which were
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anaerobes. The most common isolated microbes overall
included those belonging to the Enterobacteriaceae group
followed by Pseudomonas aeruginosa and Staphylococcus
aureus and Gram-negative anaerobic organisms. Anaerobes
were found to be present in 49% of patients in a study by Cit-
ron et al.'* by which 454 samples were obtained from
433 patients presenting with clinically infected DFUs. The
most predominant aerobic species isolated were Staphylo-
coccus spp followed by Streptococcus spp and Enterococcus
spp whilst the most prevalent anaerobic species included
Gram-positive cocci; Prevotella spp, Porphyromonas spp
and Bacteroides fragilis. The majority of anaerobic species
were found alongside aerobic organisms with only 1.3%
anaerobes found in single culture.'*

1.2 | Advancements in molecular genomic approaches
have detailed the microbiome of DFUs

Molecular techniques that include next generation DNA
sequencing have extended the view of the microorganisms
residing in wounds including DFUs. The vast majority of
studies which have utilised these techniques have focused
on amplifying and sequencing the 16S rRNA gene. This
gene is a perfect option to target and amplify firstly because
it is only present in bacteria thus making differentiation
between microbial DNA and human DNA easy. Over the
past decade data from microbial communities of infected
and non-infected tissue have provided a greater insight into
the microorganisms residing in ulcerated tissue.

One of the major insights highlighted from molecular
microbiology has been the significant underestimation in
the presence and potential involvement of anaerobic micro-
organisms. Malone et al.> recently published a review arti-
cle on the application of molecular techniques for better
understanding diabetic foot infections. The review provided
an insight into how these techniques may change the future
of microbiology in addition to reviewing the current evi-
dence from authors employing these techniques for wound
research. As such this review will briefly summarise these
findings with a focus on anaerobes.

Rhoads et al.>* investigated 168 chronic wounds by cul-
ture techniques rather than molecular methods (16S rRNA).
Culture identified 17 different bacterial species in contrast
to molecular methods that identified 338 bacteria species.
Interestingly, out of the top 20 bacteria identified using
molecular techniques 9 of the taxa were identified as anaer-
obes. Unfortunately, in this study culturing anaerobic bacte-
ria was not undertaken.

Gardner and colleagues® conducted a study on 52 patients
using high-throughput sequencing of the bacterial 16S rRNA
gene and attempted to correlate microbial findings to clinical
relevance. Ulcer depth was associated with the abundance of
anaerobic bacteria and negatively correlated with abundance
of Staphylococcus. Naturally ulcer duration was also found to
positively correlate with bacterial diversity species richness

and relative abundance of Proteobacteria and again negatively
correlated with the presence of Staphylococcus.

Dowd and colleagues®® (using a bacterial tag encoded
FLX amplicon pyrosequencing (PTEFAP) have evaluated the
bacterial diversity of 40 chronic DFUs. The most prevalent
bacterial genus associated with diabetic chronic wounds was
Corynebacterium (30 of 40 DFUs average abundance =

14.4%) followed by anaerobic genera of Bacteroides (25 of
40 DFUs avg abundance = 24.2%) Peptoniphilus (25 of
40 DFUs avg abundance = 13.6%) Fingoldia spp (23
of 40 DFUs avg abundance = 6.7%) Anaerococcus (22 of
40 DFUs avg abundance = 7.7%) and Streptococcus (21 of
40 avg abundance = 36.5%). Other minor bacterial communi-
ties also included common Serratia, Staphylococcus and
Enterococcus spp. This study provides evidence to support the
concept of functional equivalent pathogroups (FEP). As previ-
ously explained, individual members of these communities
may not cause disease when they occur alone. However, when
they co-aggregate into FEP the synergistic effect provides the
biofilm community the factors necessary to maintain chronic
biofilm infections.”® Using this same molecular technique of
bTEFAP pyrosequencing, Drake and colleagues (who evalu-
ated the bacterial diversities of pressure ulcers) concluded that
anaerobic bacteria even though in minor populations were pre-
sent in all wounds suggesting that they may play a significant
role in the aetiology of chronic wound infections.?’

Dunyach-Remy et al.”® conducted a pilot study to evaluate
the contribution of polymerase chain reaction—denaturing gra-
dient gel electrophoresis (PCR-DGGE) in the microbiological
diagnosis of DFUs compared with conventional techniques.
Using conventional culture methods pathogenic bacteria typi-
cal to what has been described previously were identified:
Staphylococcus aureus, B-haemolytic Streptococci, Entero-
bacteria and anaerobes whereas commensal flora included;
cutaneous bacteria (coagulase-negative Staphylococci, Cory-
nebacteria and Acinetobacter spp.). Intermediate flora
included low-virulence bacteria such as Pseudomonas aerugi-
nosa, Enterococcus spp and Stenotrophomonas maltophila.

Taken collectively many studies using both culture-
dependent methods and DNA/RNA molecular identification
methods have identified that the vast majority of the isolates
found in DFUs are pyogenic cocci such as Staphylococcus
aureus. Conversely, many molecular studies also highlight
that anaerobic microorganisms are under-represented. Impor-
tantly, these studies show that wound samples can harbour
complex polymicrobial communities that include both aerobic
facultative and anaerobic species all in the same wound. This
brings into the question of how aerobic species can co-exist
with anaerobes. One answer maybe the formation of biofilm.

1.3 | Biofilm: the microbial city allowing coexistence
between aerobes and anaerobes?

Once planktonic microorganisms alter their behaviour (phe-
notype) through attachment and microcolony formation to
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progress into mature biofilms the residing microorganisms,
their interaction with one another and environmental pres-
sures largely control the maturation process.”” This social
interaction between microorganisms is both an area that has
divided researchers and spawned an entirely unique area of
research termed “sociomicrobiology”.*® The importance of
bacterial cooperation versus competition is highly relevant
to the biofilm mode of growth. Changes to respiratory rate
oxygen consumption motility and the synthesis of EPS
shape the living structure and composition of a biofilm.?!

In mixed species biofilms, bacterial aggregation and
microcolonies do not seem to form by random chance. Instead
biofilms can form communities with similar requirements and
vested interests and settle in microenvironments where sur-
vival is possible through the power of cooperation.*' >

Early microelectrode studies of aerobic in vitro biofilm
models found discrete areas within biofilm that had signifi-
cant oxygen depletion.** These suggested areas of biofilm
housed micro-niches favouring differing microorganisms
and may explain how the presence of anaerobes in mixed-
species biofilms exist, contribute and cooperate with aerobic
neighbours.

Further studies employing microelectrodes with CLSM
have identified micro-domains with different biochemical
environments including alterations in pH and oxygen.®
Recent data by James et al.*® has provided further evidence
to support a concept of a localised low oxygen tensions con-
tributing to wound chronicity. Using oxygen microsensors
and transcriptomics (examining microbial metabolic activi-
ties) to study in situ biofilms, James and colleagues36 identi-
fied steep oxygen gradients and induced oxygen-limitation
stress responses from bacteria. James and colleagues identi-
fied through transcriptomics that metabolic activities of the
biofilm and the recruitment of cells that consume oxygen
for host-defensive processes were the primary pathways of
oxygen depletion. Taken collectively, these data support the
concept of a biofilm establishing and maintaining localised
low oxygen tensions in a wound.

1.4 | Anaerobes in multi-species wound biofilms

In order to appreciate the significance of anaerobes in DFUs it
is necessary to address how biofilms are studied and modelled
including how anaerobic bacteria interact in a biofilm environ-
ment. A key issue when discussing the significance of bio-
films in chronic wound healing is the lack of appropriate
laboratory models and human in vivo data available to investi-
gate the underlying mechanisms involved. Although there is
overwhelming evidence for the polymicrobial nature of bio-
films, many models have been based on a single bacterial spe-
cies, for example the in vivo model using rabbit ears created
by Gurjala and colleagues uses Staphylococcus aureus as the
single microbe.’” This does not accurately represent the
microbiota in most chronic wounds failing to account for
interspecies interactions and possible synergistic effects from

a polymicrobial environment. Although experimentally it is
difficult to form polymicrobial biofilms a study by Sun
et al. demonstrated polymicrobial biofilm formation with the
following anaerobic species: Peptoniphilus ivorii, Peptostrep-
tococcus anaerobius, Anaerococcus lactolyticus, Finegoldia
magna and Clostridium perfringens).>® The ability to model
anaerobes in biofilms especially with multiple species present
represents a huge advancement in chronic wound research.

Similarly, Dalton and colleagues have shown success
when incorporating four key species commonly found in
chronic wounds with the inclusion of an anaerobic species
in an in vivo model.> After initial problems due to Pseudo-
monas aeruginosa over-populating the model when grown
in a planktonic state, the researchers found that forming the
biofilm in vitro then transplanting it into the murine model
resulted in successful biofilm growth with contributions
from all four bacterial species. Dapa and colleagues40
focused research into anaerobic microorganisms in gut bio-
films and showed a linked between spore formation and
biofilm formation in a clinical strain of the anaerobe Clos-
tridium difficile. Furthermore, C. difficile biofilms were
more resistant to high concentrations of vancomycin.*’

Many studies have investigated in vitro biofilms which
although effective for investigating experimental aspects
such as ease of use and repeatability are less representative
of a clinical biofilm.*' in vivo models allow the investiga-
tion of host responses against infection as well as determin-
ing the effect of the biofilm on physiological healing
processes such as wound closure and skin barrier function.
Typical models for in vivo investigations include small
mammals*? as well as porcine models. Whilst small mam-
mals tend to have lower associated costs and can be kept
and handled easily it is widely accepted that porcine skin
has more similarities to human skin and, therefore, is prefer-
ential in wound healing models.*

There is little evidence to support the effect of anaerobic
bacteria in cellular integrity in such chronic wounds as DFUs.
Stephens and colleagues** showed that anaerobic cocci iso-
lated from venous leg ulcers significantly inhibited keratino-
cyte and fibroblast proliferation at high concentrations and at
low concentrations profoundly inhibited keratinocyte wound
repopulation and endothelial tubule formation.**

Evidence from in vivo human DFUs implicating anaerobes
as part of multi-species biofilm communities have recently
been cited in the literature.**> Malone et al.*® utilised next gen-
eration DNA sequencing to explore the microbiome of
39 infected and chronic DFUs.*’ A further 65 DFU tissue sam-
ples subjected to scanning electron microscopy (SEM) and
peptide nucleic acid fluorescent in situ hybridisation (PNA-
FISH) to confirm the presence of both mono and multi-species
biofilms.° Firstly, the microbiome of DFUs confirmed the
usual suspects of Staphylococcus aureus, Corynebacterium
striatum and Streptoccocus agalactiae were predominant. The
data, however, also identified that anaerobes in particular
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members belonging to Clostridales family XI (Finegoldia spp,
Peptoniphilus spp, Anaerococcus spp) were extremely com-
mon in many wounds. In fact, almost every wound contained
anaerobes with some wounds containing up to as much as 80%
anaerobes of the total number of microorganisms recovered
from the DFU. The analysis of the microbiome also identified
that anaerobes often co-existed with aerobic microorganisms.
This may largely be attributed to the fact that the DFUs sam-
pled had biofilm as confirmed via the above techniques by
Johani et al.° They utilised microscopy techniques in combina-
tion with molecular methods to show that DFUs are composed
of both mono and polyspecies biofilms and some DFUs con-
tain both in the same sections of tissue.

1.5 | Synergy between aerobic and anaerobic
microorganisms

Due to the polymicrobial nature of DFU's it is important to
consider microbial interactions in pathogenicity. An early
study by Kelly*® showed synergistic interactions between
E. coli and the anaerobe B. fragilis. In an animal model of
intra-abdominal sepsis coliforms were responsible for acute
peritonitis septicaemia and shock while the anaerobes partic-
ularly Bacteroides fragilis caused the late complications of
abscess formation.*” Brook and colleagues*® investigated
mixed aerobic facultative and anaerobic cultures in the sub-
cutaneous abscesses of mice and discovered that there was a
significant increase in mortality when each aerobic microor-
ganism was mixed with Bacteroides species and Gram-
positive anaerobes were mixed with P. aeruginosa or
S. aureus.

Synergistic interactions between microorganisms within
a biofilm affect the biovolume and biofunctionality of the
biofilm.** In the context of cystic fibrosis biofilms consist-
ing of P. aeruginosa and either the emerging species Inquil-
nus limosus or Dolosigranulum pigrum increased the
tolerance of the overall consortia to most antibiotics without
a change in the number of biofilm-encased cells.>

1.6 | Does the presence of anaerobes require a change
to clinical practice?

Dowd and colleagues® also agree that using typical culture
methods failed to identify major contributing populations
especially strict anaerobes within the given wound types of
all chronic wounds. Furthermore, stating that these methods
are inherently biased as they examine only the 1% of all
microorganisms which are able to grow in pure culture.
Metronidazole is a typical drug of choice for anaerobic
infection in DFU for a majority of clinicians. Aherrao and col-
leagues®' conducted a study to determine if metronidazole is
effective in the treatment of and healing of anaerobically
infected DFU's. Deep tissue samples from the wound area of
61 diabetic foot patients were tested for anaerobic bacterial
infection (Peptostreptococcus productus, Bacteroides and

wiLey [lF—

Clostridium) by PCR. PCR-positive patients were then rando-
mised into 2 groups: metronidazole and non-metronidazole.
Antibiotics for the control of the infection were given to both
groups as per clinical condition of patients with treatment out-
comes being assessed by the complete closure of the wound.
Interestingly, out of 61 patients, PCR detected evidence of
anaerobic infection in 52% of the patients; direct comparison
culture methods only detected an 8% infection hence empha-
sising the significance of the PCR technique over culture
methods in the detection of microbes. In this study, Clostrid-
ium was found with highest prevalence followed by Bacter-
oides and Peptostreptococcus productus. Across all Wagner
Ulcer Classification grades, Clostridium was the most preva-
lent anaerobe and was significantly associated with wound
age and total leukocyte count of the patient with no difference
in wound healing present between both groups at the end of
16 weeks. The authors concluded that it is should not be man-
datory to supplement metronidazole in antibiotic regime for
the treatments of DFUs.

Despite an array of studies on DFUs highlighted above
the role microorganisms play in affecting the healing of a
DFU lacks clarity and still represents an area in need of fur-
ther investigation. In particular, more research is required
on microbial interaction and virulence anaerobes and the
significance of both planktonic and sessile microbes.

2 | CONCLUSION

Whilst the presence of microorganisms of a polymicrobial
nature in DFUs is clearly evident there is still a large gap
in knowledge over the distinct effect of anaerobic bacteria
in the chronicity of DFUs and chronic wounds in general.
This in part may be due to the varying methods of anaero-
bic microbiological isolation and evaluation and the
models which are employed. What is intriguing is the evi-
dence that supports the synergistic interactions between
anaerobes and aerobes within in vitro biofilms. However,
despite there being a small number of papers that identify
the presence of biofilms within chronic wounds basic
microbiological methods and even some molecular
methods do not give us insight into the structure of a
polymicrobial biofilm within these DFUs. The traditional
physical architecture of a biofilm observed within in vitro
biofilms, that is, mushroom structures are not considered
to be found within in vivo biofilms. Consequently, study-
ing and investigating the physical and chemical character-
istics of “true to life” biofilms still remains a significant
challenge. Despite this, our interpretations and extrapola-
tions from in vitro biofilms has helped significantly to
begin to develop information that is assisting with the
management and study of biofilms of public health

significance.



« LWILEY

PERCIVAL ET AL.

Disclosure of interest

The authors declare that they have no conflicts of interest
concerning this article.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Joshi N, Caputo GM, Weitekamp MR, Karchmer AW. Infections in patients
with diabetes mellitus. N Engl J Med. 1999;341(25):1906-1912.

. Lipsky BA, Aragoén-Sanchez J, Diggle M, et al. International Working

Group on the Diabetic Foot, Peters EJ. IWGDF guidance on the diagnosis
and management of foot infections in persons with diabetes. Diabetes
Metab Res Rev. 2016;32(suppl 1):45-74.

. Lipsky BA, Berendt AR, Cornia PB, et al. Infectious Diseases Society of

America. 2012 Infectious Diseases Society of America clinical practice
guideline for the diagnosis and treatment of diabetic foot infections. Clin
Infect DisClin Infect Dis. 2012;54(12):e132-e173.

. Burmglle M, Thomsen TR, Fazli M, et al. Biofilms in chronic infections —

a matter of opportunity — monospecies biofilms in multispecies infections.
FEMS Immunol Med Microbiol. 2010;59(3):324-336.

. Sutherland IW. Biofilm exopolysaccharides: a strong and sticky framework.

Microbiology. 2001;147(1):3-9.

. Johani K, Malone M, Jensen S, et al. Microscopy visualisation confirms

multi-species biofilms are ubiquitous in diabetic foot ulcers. Int Wound J.
2017;14(6):1160-1169.

. Fazli M, Bjarnsholt T, Kirketerp-Mgller K, et al. Nonrandom distribution of

Pseudomonas aeruginosa and Staphylococcus aureus in chronic wounds.
J Clin Microbiol. 2009;47(12):4084-4089.

. Han A, Zenilman JM, Melendez JH, et al. The importance of a multifaceted

approach to characterizing the microbial flora of chronic wounds. Wound
Repair Regen. 2011;19(5):532-541.

. James G, Swogger E, Wolcott R, et al. Biofilms in chronic wounds. Wound

Repair Regen. 2008;16(1):37-44.

Kirketerp-Mgller K, Jensen PQ, Fazli M, et al. Distribution organization
and ecology of bacteria in chronic wounds. J Clin Microbiol. 2008;46(8):
2717-2722.

Malone M, Bjarnsholt T, McBain AJ, et al. The prevalence of biofilms in
chronic wounds: a systematic review and meta-analysis of published data.
J Wound Care. 2016;25(12):1-12.

Schierle C, De la Garza M, Mustoe T, Galiano R. Staphylococcal biofilms
impair wound healing by delaying reepithelialzation in a murine cutaneous
wound model. Wound Repair Regen. 2009;17(3):354-359.

Hgiby N, Bjarnsholt T, Moser C, et al. ESCMID guideline for the diagnosis
and treatment of biofilm infections 2014. Clin Microbiol Infect. 2015;21(1):
S1-S25.

Citron DM, Goldstein EJ, Merriam CV, Lipsky BA, Abramson MA. Bacte-
riology of moderate-to-severe diabetic foot infections and in vitro activity
of antimicrobial agents. J Clin Microbiol. 2007;45(9):2819-2828.

Abd kadir KA, Satyavani M, Pande K. Bacteriological study of diabetic
foot infections. Brunei Int Med J. 2012;8(1):19-26.

Ramani A, Ramani R, Shivananda P, Kundaje G. Bacteriology of diabetic
foot ulcers. Ind J Pathol Microbiol. 1991;34(2):81-87.

Shanmugam P, Jeya M. The bacteriology of diabetic foot ulcers with a spe-
cial reference to multidrug resistant strains. J Clin Diagn Res. 2013;7(3):
441-445.

Tiwari S, Pratyush DD, Dwivedi A, Gupta SK, Rai M, Singh SK. Microbi-
ological and clinical characteristics of diabetic foot infections in northern
India. J Inf Dev Ctries. 2012;6(04):329-332.

Zubair M, Malik A, Ahmad J. Clinico-bacteriology and risk factors for the
diabetic foot infection with multidrug resistant microorganisms in north
India. Biol Med. 2010;2(4):22-34.

Pathare N, Bal A, Talvalkar G, Antani D. Diabetic foot infections: a study
of microorganisms associated with the different Wagner grades. Ind J
Pathol Microbiol. 1998;41(4):437-441.

Rouhipour N, Hayatshahi A, Nikoo MK, et al. Clinical microbiology study
of diabetic foot ulcer in Iran; pathogens and antibacterial susceptibility. Afr
J Microbiol Res. 2012;6(27):5601-5608.

Al B, K Al Mulla A, Rotimi VO. A study of the microbiology of diabetic
foot infections in a teaching hospital in Kuwait. J Infect Public Health.
2012;5(1):1-8.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Malone M, Gosbell IB, Dickson HG, Vickery K, Espedido BA, Jensen SO.
Can molecular DNA-based techniques unravel the truth about diabetic foot
infections? Diabetes Metab Res Rev. 2017;33(1):1-7. https://doi.org/10.
1002/dmrr.2834 Epub July 5, 2016.

Rhoads DD, Wolcott RD, Sun Y, Dowd SE. Comparison of culture and
molecular identification of bacteria in chronic wounds. Int J Mol Sci. 2012;
13(3):2535-2550.

Gardner SE, Hillis SL, Heilmann K, Segre JA, Grice EA. The neuropathic
diabetic foot ulcer microbiome is associated with clinical factors. Diabetes.
2013;62(3):923-930.

Dowd SE, Wolcott RD, Sun Y, McKeehan T, Smith E, Rhoads D. Polymi-
crobial nature of chronic diabetic foot ulcer biofilm infections determined
using bacterial tag encoded FLX amplicon pyrosequencing (bTEFAP). PloS
One. 2008;3(10):€3326.

Smith DM, Snow DE, Rees E, et al. Evaluation of the bacterial diversity of
pressure ulcers using bTEFAP pyrosequencing. BMC Med Genom. 2010;
3(1):41.

Dunyach-Remy C, Cadiere A, Richard JL, et al. Polymerase chain
reaction-denaturing gradient gel electrophoresis (PCR-DGGE): a promising
tool to diagnose bacterial infections in diabetic foot ulcers. Diabetes Metab.
2014 Dec;40(6):476-480.

McDougald D, Rice SA, Barraud N, Steinberg PD, Kjelleberg S. Should
we stay or should we go: mechanisms and ecological consequences for bio-
film dispersal. Nat Rev Micro. 2012;10(1):39-50.

Parsek MR, Greenberg EP. Sociomicrobiology: the connections between
quorum sensing and biofilms. Trends Microbiol. 2005;13(1):27-33.

Wilson M. (2001). Bacterial biofilms and human disease. Sci Prog. 2001;
84(3):235-254.

Mgller AR, Poulsen LK, Arvin E, Activity MS.
three-dimensional distribution of toluene-degrading Pseudomonas putida in
a multispecies biofilm assessed by quantitative in situ hybridization and
scanning confocal laser microscopy. Appl Environ Microbiol. 1996;62(12):
4632-4640.

Mgller S, Sternberg C, Andersen JB, et al. In situ gene expression in

S, Pedersen

mixed-culture biofilms: evidence of metabolic interactions between commu-
nity members. Appl Environ Microbiol. 1998;64(2):721-732.

de Beer D, Stoodley P, Roe F, Lewandowski Z. Effects of biofilm struc-
tures on oxygen distribution and mass transport. Biotechnol Bioeng. 1994,
43(11):1131-1138.

Lawrence JR, Swerhone GDW, Kuhlicke U, Neu TR. In situ evidence for
microdomains in the polymer matrix of bacterial microcolonies. Can J
Microbiol. 2007, 2007;53(3):450-458.

James GA, Zhao AG, Usui M, et al. Microsensor and transcriptomic signa-
tures of oxygen depletion in biofilms associated with chronic wounds.
Wound Repair Regen. 2016;24:373-383.

Gurjala AN, Geringer MR, Seth AK, et al. Development of a novel highly
quantitative in vivo model for the study of biofilm-impaired cutaneous
wound healing. Wound Repair Regen. 2011;19(3):400-410.

Sun Y, Smith E, Wolcott R, Dowd S. Propagation of anaerobic bacteria
within an aerobic multi-species chronic wound biofilm model. J Wound
Care. 2009;18(10):426-431.

Dalton T, Dowd SE, Wolcott RD, et al. An in vivo polymicrobial biofilm
wound infection model to study interspecies interactions. PloS One. 2011;
6(11):e27317.

Papa T, Leuzzi R, Ng YK, et al. Multiple factors modulate biofilm forma-
tion by the anaerobic pathogen Clostridium difficile. J Bacteriol. 2013;
195(3):545-555.

Malone M, Goeres DM, Gosbell I, Vickery K, Jensen S, Stoodley P.
Approaches to biofilm-associated infections: the need for standardized and
relevant biofilm methods for clinical applications. Expert Rev Anti Infect
Ther. 2017;15(2):147-156.

Zhao G, Hochwalt PC, Usui ML, et al. Delayed wound healing in diabetic
(db/db) mice with Pseudomonas aeruginosa biofilm challenge: a model for
the study of chronic wounds. Wound Repair Regen. 2010;18(5):467-477.
Sullivan TP, Eaglstein WH, Davis SC, Mertz P. The pig as a model for
human wound healing. Wound Repair Regen. 2001;9(2):66-76.

Stephens P, Wall I, Wilson M, et al. Anaerobic cocci populating the deep
tissues of chronic wounds impair cellular wound healing responses in vitro.
Brit J Dermatol. 2003;148(3):456-466.

Malone M, Johani K, Jensen SO, et al. Next generation DNA sequencing of
tissues from infected diabetic foot ulcers. EBioMedicine. 2017;21:142-149.


https://www.ncbi.nlm.nih.gov/pubmed/?term=International%20Working%20Group%20on%20the%20Diabetic%20Foot%5BCorporate%20Author%5D
https://www.ncbi.nlm.nih.gov/pubmed/?term=International%20Working%20Group%20on%20the%20Diabetic%20Foot%5BCorporate%20Author%5D
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peters%20EJ%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=26386266
https://www.ncbi.nlm.nih.gov/pubmed/?term=Infectious%20Diseases%20Society%20of%20America%5BCorporate%20Author%5D
https://www.ncbi.nlm.nih.gov/pubmed/?term=Infectious%20Diseases%20Society%20of%20America%5BCorporate%20Author%5D
https://doi.org/10.1002/dmrr.2834
https://doi.org/10.1002/dmrr.2834

PERCIVAL ET AL.

46.

47.

48.

49.

50.

Kelly MJ. Wound infection: a controlled clinical and experimental demon-
stration of synergy between aerobic (Escherichia coli) and anaerobic (Bac-
teroides fragilis) bacteria. Ann R Coll Surg Engl. 1980;62(1):52-59.
Gorbach S. Interactions between aerobic and anaerobic bacteria. Scand J
Infect Dis. 1982;31:61-67.

Brook I, Hunter V, Walker RI. Synergistic effect of bacteroides, clostrid-
ium, fusobacterium anaerobic cocci and aerobic bacteria on mortality and
induction of subcutaneous abscesses in mice. J Infect Dis. 1984;149(6):
924-928.

Burmglle M, Ren D, Bjarnsholt T, Sgrensen SJ. Interactions in multispecies
biofilms: do they actually matter? Trends Microbiol. 2014;22(2):84-91.
Lopes SP, Ceri H, Azevedo NF, Pereira MO. Antibiotic resistance of mixed
biofilms in cystic fibrosis: impact of emerging microorganisms on treatment
of infection. Int J Antimicrob Agents. 2012;40(3):260-263.

wiLey [lF—

51. Aherrao N, Shahi SK, Dwivedi A, Kumar A, Gupta S, Singh SK. Detection

of anaerobic infection in diabetic foot ulcer using PCR technique and the
status of metronidazole therapy on treatment outcome. Wounds. 2012;
24(10):283-288.

How to cite this article: Percival SL, Malone M,
Mayer D, Salisbury A-M, Schultz G. Role of anaer-
obes in polymicrobial communities and biofilms
complicating diabetic foot ulcers. Int Wound J. 2018;
1-7. https://doi.org/10.1111/iwj.12926



https://doi.org/10.1111/iwj.12926

	 Role of anaerobes in polymicrobial communities and biofilms complicating diabetic foot ulcers
	1  INTRODUCTION
	1.1  Bacteriology of DFUs; A view from conventional culture data
	1.2  Advancements in molecular genomic approaches have detailed the microbiome of DFUs
	1.3  Biofilm: the microbial city allowing coexistence between aerobes and anaerobes?
	1.4  Anaerobes in multi-species wound biofilms
	1.5  Synergy between aerobic and anaerobic microorganisms
	1.6  Does the presence of anaerobes require a change to clinical practice?

	2  CONCLUSION
	  Disclosure of interest

	  REFERENCES


