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TABLE 1 | Major changes observed in the different phases of wound healing in diabetic foot ulcers, when compared to non-diabetic skin lesions.

Phases of wound healing Major changes observed in diabetic ulcers References

Hemostasis Hypercoagulable state with decreased fibrinolysis
Denser fibrin clots and elevated cellular fibronectin

Erem et al., 2005;
Konieczynska et al., 2017

Inflammatory Excessive pro-inflammatory cytokine secretion
Excessive M1 macrophage polarization
Excessive tissue destruction
Reduced blood flow to the wound
Restriction of leukocyte chemotaxis

Moura et al., 2016;
Kraakman et al., 2014;
Hsu et al., 2014;
Rogers et al., 2011;
Gillitzer and Goebeler, 2001

Proliferation Decreased keratinocyte proliferation and migration
Decreased fibroblast ECM production
Diminished angiogenesis
Impaired endothelial progenitor cell mobilization

Lan et al., 2008;
Law et al., 2012;
Galiano et al., 2004;
Liu and Velazquez, 2008

Maturation Defective remodeling of ECM by fibroblasts
Increased levels of host and bacterial MMPs promote ECM degradation

Maione et al., 2016;
McCarty et al., 2012

FIGURE 3 | Schematic overview of the evolution of a skin lesion toward a regular remission and closure (left scheme – normal wound healing) and toward chronicity
(right scheme – diabetic foot ulceration) in a diabetic patient. The influence of underlying conditions and microbial bioburden is briefly schematized to help visualize
their role in wound evolution toward ulceration, as well as their non-impairing presence when regular closure of the wound occurs.

colonization. ECM remodeling is also significantly impaired,
either due to altered ECM deposition (Maione et al., 2016) or
due to ECM degradation by metalloproteinases secreted by the
wound cells or by infecting bacteria (McCarty et al., 2012).

Apart from vascular and neuropathies, inflammation is the
most significant factor in wound chronicity, with higher degrees
of inflammation relating to poorer outcomes in wound response
to therapy (Ming et al., 2012; Chehoud et al., 2013; Mirza et al.,
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TGF-β is also known to inhibit epidermal proliferation and, thus, the
downregulation of TGFβ signalling might also contribute to
epidermal hyperproliferation (Pastar et al., 2010; Glick et al., 1993).
An additional explanation for reduced growth factor signalling and
responsiveness might lie in the increased levels of tissue-degrading
matrix metalloproteinases (MMPs) seen in chronic versus acute
wound-tissue fluids (Trengove et al., 1999). Potentially more
informative for prognostic purposes than comparisons of chronic
versus acute wounds are comparisons of healing versus non-healing
chronic wounds. One transcriptional profiling study, which
demonstrates the potential of this comparative approach, found
significant downregulation of the wound-associated keratin (keratin
16) and its heteropolymer partners (keratin 6a and 6b) in the non-
healing wound group (Charles et al., 2008).

Chronic inflammation
Chronic, persistent inflammation is a hallmark of most chronic
wounds (Loots et al., 1998; Diegelmann, 2003), whereas, during
acute healing, the inflammatory response is normally resolved. Of
course, it is difficult to distinguish whether a long-term open wound
and its ongoing exposure to microbes causes the chronic
inflammation, or vice versa, or both. In some chronic wound
scenarios, the ongoing presence of certain immune-cell types can
prove to be beneficial; for example, increased numbers of
Langerhan cells in the epidermis of DFUs has been associated with
better healing outcomes (Stojadinovic et al., 2013). However, in
general, a large influx of innate immune cells into chronic wounds,
and their retention there, is likely to inhibit many repair processes
(Mirza et al., 2014). Even some of the useful functions of immune
cells might be disrupted in chronic wounds: it seems that their
bactericidal and phagocytic activities are reduced, in comparison to

those in an acute wound setting (Naghibi et al., 1987; Park et al.,
2009; Khanna et al., 2010). One consistent obstacle in the healing
of many chronic wounds is a build-up of necrotic debris at the
wound edge, which perhaps occurs as result of the reduced
phagocytic capacity of immune cells at a chronic wound. As a
consequence, it is often clinical practice to debride the wound, either
mechanically or using maggots (fly larvae), to establish a ‘fresh
new’ wound, which can lead to efficient re-epithelialisation (Gottrup
and Jørgensen, 2011). Another indication that the epidermis that
surrounds a chronic wound is not inherently incapable of healing
comes from the observation that wounds caused by biopsies at
chronic wound margins heal as efficiently as a standard acute wound
(Panuncialman et al., 2010).

Wound microflora
Early studies of the microflora associated with chronic wounds
depended on culturing material obtained from wound swabs, but this
approach excluded the vast numbers of microbes that do not thrive
in culture. With the growth of microbiome 16S rRNA sequencing
opportunities, it is now possible to survey the full microbial flora of
wounds. Early datasets have revealed that diabetic and venous leg
ulcers share some microbial genera in common, but some significant
differences have been reported as well, with the microbial
community from different PUs being the most variable (Smith and
Kavar, 2010; reviewed in Grice and Segre, 2012). Almost certainly,
some of these pathogens, and even excessive numbers of some
otherwise commensal species, might hold the key to modulating the
efficiency of healing, either directly by their actions on keratinocytes
or wound fibroblasts, or indirectly by modulating the inflammatory
response. A near-future goal should be to conduct a similar
characterisation of fungal and viral infections in chronic wounds.

CLINICAL PUZZLE Disease Models & Mechanisms (2014) doi:10.1242/dmm.016782
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Fig. 3. The cellular and molecular differences between acute healing wounds and chronic non-healing wounds. The healing of acute wounds (left)

initiates with a transient inflammatory response as granulation tissue is formed, which provides an environment suitable for the re-epithelialisation required to

complete repair. Chronic non-healing wounds (right) are often infected and exhibit persistent inflammation. By definition, re-epithelialisation has stalled but is

hyper-proliferative. Granulation tissue is sub-optimal with elevated matrix metalloproteinases (MMPs) present together with poor fibroblast and blood vessel

infiltration. Fibrin cuffs can also be present that prevent the diffusion of oxygen through the wound, rendering it hypoxic.
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Culture-based methods

Optimal management of DFIs requires identification of bacteria and
antibiotic-susceptibility testing in order to adjust the antibiotic treat-
ment. Traditional culture-dependent methods are usually performed in
clinical practice. However, results are limited by the fact that these
methods select for species that yield faster under restricted conditions.
Indeed, in standard culture, S. aureus has been the most commonly
isolated bacterium from DFIs in north-western countries [20]. This does
not take into account the failure to identify slow-growing, fastidious or
anaerobic organisms, and does not necessarily reflect the most abun-
dant or clinically important bacteria in DFIs [50]. Two large culture-
dependent studies on the ecology of DFIs sampling over 1266 patients
returned similar results [39,51]. They identified mostly Gram-positive
aerobic bacteria, primarily Staphylococcus spp. (24–35%) and especially
S. aureus (47–55%). A higher incidence of Gram-negative aerobes (P.
aeruginosa, Enterobacteriaceae) and anaerobes was found in the most
chronic wounds (Table S1) [39,62,63]. Anaerobes were reported as
being of low abundance. However, in a recent study with optimized
anaerobic conditions, a wide range of anaerobes was cultured from DFIs
[52]. In older studies, anaerobes have been isolated from up to 95% of
deep diabetic wounds; the predominant isolates being Peptos-
treptococcus spp., Bacteroides spp., and Prevotella spp. [53,54].

This emphasizes the potential to enlarge the spectra of culture
method bacterial identification with the use of the new approach, cul-
turomics, which consists of large-scale culture conditions with colony
identification by matrix-assisted laser desorption ionization time-of-
flight mass spectrometry or 16S rRNA PCR [14]. Promising strategies,
such as a reduction in the sample transport time before inoculation and
the use of antioxidant agents such as ascorbic acid and glutathione, will
dramatically improve the culture of previously uncultured bacteria,
including anaerobes [55].

Finally, as molecular tools are not available in most clinical settings,
identifying the largest variety of bacteria including obligate anaerobes
in pathological biofilm requires the use of accurate culture methods.
These include optimal methods of wound sampling, specimen transport

and selection of culture media.

Molecular-based methods

Molecular microbiological technologies have brought to light new
information concerning the bacterial populations in DFUs (Table S2).
Currently, 16S rRNA quantitative PCR (qPCR) is used to determine the
bacterial diversity of wounds and estimate bacterial load. Techniques
for determining biodiversity include full ribosomal amplification,
cloning and Sanger sequencing (FRACS), partial ribosomal amplifica-
tion with gel band identification and Sanger sequencing (PRADS), and
density gradient gel electrophoresis (DGGE) [56]. These tools recently
enabled the suggestion that DFIs arise from the presence of specific
combinations of pathogens, rather than a simple increase in the mi-
crobial load of an opportunistic microorganism [12].

Changes in bacterial loads may characterize specific clinical pre-
sentations. Indeed, Gardner et al. showed an overrepresentation of
Staphylococcus spp. and underrepresentation of anaerobes in neuro-
pathic DFUs [38].

Recent studies strongly suggest that molecular techniques, such as
16S rRNA PCR amplification, identify a greater diversity of bacteria
than standard culture methods (Fig. 1). In particular, they reveal more
fastidious anaerobes and Gram-negative species [38,56,57].

Furthermore, metagenomic methods have extended the ability to
analyze complex microbiomes by also allowing viral, protozoan, and
fungal identification [35,58].

However, molecular tools for bacterial identification are hampered
by several biases. Firstly, except for the metagenomic analysis on whole
genome sequences, the short length of amplified sequences only enables
a limited taxonomic assignment from phylum to genus and rarely to
species level [59]. Secondly, molecular studies overlook minority spe-
cies and cannot distinguish between living and dead or dormant bac-
teria [60]. Thirdly, microbial diversities measured in the same sample
and relative taxon abundances may differ with DNA extraction
methods, targeted 16S rRNA region(s), and sequencing technology
[61]. Lastly, there is the high cost of acquiring molecular technology

Fig. 1. Bacterial species identified from patients with diabetic foot ulcer or infection by culture-based (A) or molecular-based methods (B). See detailed name of the bacterial species in
Supplementary Material.

J. Jneid et al.

Jneid, Hum Mic J 2017
Johani, Clin Microbiol Infect 2019

one (5%) was DNA positive for a mono-microbial infection (P02 e
Staphylococcus aureus) and five (25%) contained up to two major
organisms (P01 e Serratia sp. Enterobacteriaceae, P08 e Strepto-
coccus sp., Pseudomonas sp., P11 e Corynebacterium sp., Staphylo-
coccus aureus, P13 e Finegoldia sp., Enterobacteriaceae, P20 -
Streptococcus sp., Pseudomonas sp.). The remaining 14 samples
(70%) identified two organisms, which we deemed polymicrobial
communities.

We explored the community diversity of DFOs using two indices
(Fig. S5): the richness index reports the number of unique OTUs in
each bone sample, with OTUs being molecular proxies that refer-
ence a unique species or microbial taxa; the ShannonWeaver Index
is an ecological measure of diversity that includes a number of
unique microbial taxa and their relative evenness within each
sample, with a higher Shannon indices denoting a greater species
diversity within a community. The richness index identified amean
of 23 OTUs (SD 31.2, range 4-125) per DFU; using the Shannon
Weaver index the mean score was 2.3 (SD 0.9, range 0.4e4.1).

Conventional cultures of bone revealed a predominance of
Staphylococcus sp. (Staphylococcus aureus, coagulase-negative
Staphylococcus sp.), isolated from 13 samples. The next most com-
mon isolates were Pseudomonas aeruginosa, anaerobic Gram-
positive cocci, Enterococcus faecalis, Citrobacter sp., Morganella
morganii, Streptococcus agalactiae, Bacteroides fragilis, and Escher-
ichia coli. No growth of microorganisms was reported by conven-
tional culture in six of 20 (30%) bone specimens (samples P2, P7,

P11, P18, P19, P20). All culture-negative samples were positive for
bacterial pathogens using DNA sequencing; the sequencing for
these demonstrated good bacterial DNA coverage (mean number of
DNA sequences in the six bone samples negative by conventional
culture was 20 376, compared with 14 940 for the entire data set). A
comparative analysis of the six culture-negative samples (P2, P7,
P11, P18, P19, P20) against DNA sequencing identified all samples
contained clinically important microorganisms. Three samples re-
ported high relative abundances of both Staphylococcus sp. and
Corynebacterium sp. (P7, P11, P18), one sample was monomicrobial
for Staphylococcus sp. (P2), one sample contained high relative
abundance of Streptococcus sp. (P20), and one sample contained
high relative abundance of Bacteroides sp.

We explored clinical metadata (descriptive) for correlations to
the microbiome of DFO (Table S6). Information on antibiotic
treatment was collected at presentation to determine whether
usage influenced microbial observations at the time of conven-
tional culture andmolecular diagnostics. Sixteen patients (80%) had
received antibiotics for treatment of their ulcer (based on the sus-
picion for DFO) and four patients (20%) had received no antibiotics.
We found no differences between these groups nor did this affect
the microbial diversity in DFO. Specifically, no prior antimicrobial
therapy in those with low numbers of organisms recovered from
conventional culture and molecular analysis versus prior antimi-
crobial therapy in the patients from whom multiple microorgan-
isms were identified.

Microscopy analysis

Using SEM, CLSM, or both, we identified biofilm structures
(microbial aggregates, presence of EPS) in 16/18 (88.8%) of the bone
specimens. SEM failed to identify biofilm in one sample that was
positive using CLSM. Using SEM alone identified biofilm structures
in 15 (80%) of 18 samples (Fig. 2), whereas CLSM identified biofilm
in eight (44%) samples (Fig. 3). SEM images identified a predomi-
nance of coccoid and rod-shaped microorganisms, which were
often located in dense aggregates.

Analysis of bone using PNA-FISH identified that the spatial or-
ganization of microorganisms involved in DFO ranged from dense
aggregates (Fig. 3a) to single bacterial cells (Fig. 3b). DAPI staining
and fluorescence microscopy of bone samples further identified
small aggregates of bacteria, often located near polymorphonuclear
leukocytes (PMNs) (Fig. 3c). The most commonly visualized mi-
crobial aggregates belonged to fluorescing universal bacterial
probes. The probe for S. aureus was only positive, as demonstrated
by green fluorescence, in two samples (Fig. 3c,d), despite DNA
sequencing identifying 11 samples with a >1% relative abundance
of S. aureus. When visualizing samples using CLSM,microorganisms
were generally detected in the periosteum and structures sur-
rounding bone surfaces. Compact bone did not contain any mi-
croorganisms, but aggregates were observed close to the boundary
of periosteumebone surface and compact bone interface (Fig. 3).

Discussion

Biofilms, coherent clusters of microbial cells imbedded in a
matrix [22], are now widely accepted as important in the patho-
genesis of various human disorders [23], including chronic wound
infections [24e26]. Many cases of DFO present as chronic infections
[27] that bear hallmark features similar to other chronic infections
caused by biofilm-producing microorganisms [23]. Evidence for a
role for biofilms in DFO has, however, been limited to speculation
about a potential role of slow-growing, sessile microorganisms or
biofilms [10,12]. To date there have been no studies employing
techniques to directly identify biofilm architecture from infected

Fig. 1. Analysis of pooled data of bone specimens from all 20 patients reflects the total
number of identified DNA sequences belonging to a genus.
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themicrobial basis of impairedwound healingwhile revealing clin-
ically important biomarkers of healing and complication. These
biomarkers can then be combined with other individual and
contextual factors to identify and target subgroups of patients
for prevention and treatment, consistent with the evolving view
and potential of precision health (Whitson et al., 2016).

For these reasons, we performed shotgun metagenomic
sequencing of DFU samples to identify strain-level diversity
and to profile the genomic content of the DFU microbiota. The
aims of this study were to (1) identify strain-level taxa and func-
tional genetic pathways that are associated with clinical DFU
outcomes; (2) recover corresponding cultured clinical isolates
to test their influence on host inflammatory and tissue repair pro-
cesses; and (3) determine how therapeutic intervention changes
the DFU microbiome.

RESULTS

Overview of Study Cohort and Design
We enrolled 100 subjects with neuropathic, plantar DFU to
examine the relationship between wound bioburden and clinical

outcome. All enrolled subjects were free of clinical signs of
infection at presentation and free from antibiotic exposure for
>2 weeks. Specimens were obtained from DFUs by Levine’s
swab (Figure 1A), which samples the deep tissue fluid. Clinical
factors were concurrently measured and recorded, including
blood glucose control (total blood glucose and hemoglobin
A1c [HgbA1c]), inflammation (white blood cell count [WBC] and
C-reactive protein [CRP]), ischemia (ankle-brachial index [ABI]
and toe-brachial index [TBPI]), and wound oxygen levels
(transcutaneous oxygen pressure at the wound edge). All pa-
tients underwent aggressive surgical debridement immediately
following the first wound specimen collection at t = 0. Specimens
were obtained every 2 weeks, following conservative sharp
debridement and non-bacteriostatic saline cleansing, until the
wound healed, resulted in an amputation, or remained unhealed
at the end of the 26-week follow-up period.
To achieve the aims of this study, we selected a subset of

subjects for shotgun metagenomic sequencing. Subjects
were excluded from shotgun sequencing if outcome data
were not available, if dropped from the study for unknown
reasons or because of another infection (e.g., respiratory

A C

B D

Figure 1. Shotgun Metagenomic Sequencing of the Diabetic Foot Ulcer Microbiome
(A) The Levine technique (Levine et al., 1976) was used to sample deep wound fluid from ulcers every 2 weeks over a period of 26 weeks (n = 46 subjects).

Microbial DNA was enriched from samples by bead-based eukaryotic DNA depletion prior to whole shotgun metagenome sequencing (n = 195 samples).

(B) Reads mapping to the human genome and a custom database of human sequences were filtered prior to analysis. Increasing sequencing depth results in a

linear increase in the fraction of total microbial reads.

(C) Non-human reads are mapped to phylogeny-based bacterial, fungal, protist, and viral databases for classification. The bar in the middle of the boxes rep-

resents themedian, the upper and lower panels of the box represent the first and third quartiles, and thewhiskers represent 1.5 times the interquartile range (IQR).

Points beyond the whiskers are those outside of 1.5 IQR.

(D) Mean abundance of bacterial species detected in >0.5% abundance of all samples and at least 1% abundance in individual samples.
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targeting leukotoxin (lukDV, lukEv) (Yoong and Torres, 2013), two
extra cell wall hydrolases (lytN) that aide in protection from opso-
nophagocytic clearance (Becker et al., 2014), and two extra
copies of the scn, encoding theStaphylococcal compliment inhib-
itor protein SCIN. Chromosomal genes conferring resistance to
aminoglycoside (ant1), tetracycline (tetA), and macrolide (ermA)
antibiotics were unique to the SA10757 genome, in addition to
the Staphylococcal enterotoxin C-2 (sec2) and enterotoxin A
(sea) (Figure 4B). Known virulence factor genes common to both
strains included genes for enterotoxins seh and sea; phenol-solu-
blemodulinspsma and psmb; leukotoxin lukEv-lukDv; gamma he-
molysins hlgA, hlgB, hlgC; alpha-, beta-, and delta-hemolysins

hla, hlb, and hld; fibronectin-binding proteins fnbA and fnbB;
collagen adhesion cna; and clumping factors clfA and clfB
(Figure 4C).
To identify if unique virulence-related genes are present onmo-

bile genetic elements, we used PHASTER to identify prophage
elements within each genome. Staphylococcal enterotoxins
sec2 and sea were both present on a phage element predicted
to be incomplete but closely related to phage PT1028, suggesting
possible defective lytic capabilities resulting in stable integration
into the SA10757 genome (Figure 4B). An intact phage genome
closely related to staphylococcus phage 96 containing the leuko-
toxin, hydrolase, and compliment inhibitor genes was detected

A B C

Figure 2. Strain-Level Resolution of DFU Microbiota
(A) Mean relative abundance of genera detected in >0.5% of samples from wounds with different healing rates.

(B) Most abundant bacterial species detected in >0.5% mean relative abundance from all samples of top genera.

(C) Most abundant bacterial strains detected in >0.5% mean relative abundance in all samples of top genera. Circle color indicates the taxonomic assignment;

circle size represents mean relative abundance.
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Table 1. Skin commensals have varying effects on host cutaneous tissue and are associated with a variety of cell signaling pathways.

Bacteria Positive Effects Negative Effects Associated Signaling Pathways

Staphylococcus epidermidis

Stimulates keratinocyte production of host AMPs
(hBD3, RNase7) [22,74,75,88]
Induces CD8+ T and IL-17A+ T cells [79]
Enhances innate barrier immunity and limits pathogen
invasion in absence of inflammation [6,74,80,89]

Occasionally pathogenic
Implicated in production of biofilms [79,90–93]

NF-B [74,76,89]
TRAF1 [7]
TLR2/CD36/CD14-p38, MAPK [7]
EGFR
TRAP [70]

Staphylococcus aureus

At a local level, super antigen production results in less
skin inflammation and purulence due to decreased
production of exotoxins and neutrophilic chemotactic
factors [81]
Amplifies innate immune response of skin via production
of AMPs (hBD-3, hBD2, LL-37, RNAse7) [78,79]

Usually pathogenic
Implicated in production of biofilms and delayed wound
healing in chronic wounds [91,92] Super antigen
production elicits robust activation of immune system [81]

TRAP [70,94]
phosphatidylinositol 3-kinase/AKT
NF/kB
ERK
TLR-2 [9]

Group A streptococcus (GAS)

Stimulates production of AMPs, promote epithelial
differentiation [95]
Activates plasminogen which promotes Keratinocyte
chemotaxis and potential re-epithelization of wounds [95]

Usually pathogenic
Express proteases which prevent neutrophil
recruitment [79,96,97]
Produces hyaluronidase which allows bacteria migration
through host Extracellular matrix [7]
Common cause of superficial and deep skin infections i.e.,
impetigo, erysipelas, cellulitis [6]

NF-B/p65 [80]

Pseudomonas aeruginosa

Accelerates epithelialization and neovascularization in
acute wounds
Suppresses staphylococcal pathogens in polymicrobial
wounds [84]

Usually pathogenic
Implicated in production of biofilms and delayed wound
healing in chronic wounds [90–93]

Nod2 [87]
TAK1/MKK/p38 [85]

Corynebacterium jeikeium
Manganese acquisition and production of superoxide
dismutase result in host epidermal protection from free
radical oxygen species (ROS) [5]

Occasionally pathogenic
Common cause of nosocomial skin infections [95] N/A

Propionibacteria
Production of bacteriocins protect sebaceous ducts from
other pathogenic inhabitants [77]
induces expression of TLR2 and TLR4 in keratinocytes71

Occasionally pathogenic
Overabundance associated with development of Acne [5] N/A

Johnson, Int J Mol Sci 2018



or those that exclusively associated
with unhealed wounds (‘‘specialist’’).
By comparing these two strains of
Staph.aureus, the authors found that
both strains contained genes for the
AGR quorum sensing system that regu-
lates biofilm development and various
common virulence factors including
toxins and degradative exo-enzymes.
Clinically relevant is the finding that
biofilm-related functional categories in
Staphylococcus were enriched in slow
and non-healing wounds compared to
those wounds that underwent successful
healing and closure by 12 weeks. Both
strains also contained a beta-lactamase
resistance gene cassette. In contrast,
Staphylokinase, an enzyme known to
induce fibrinolysis through conversion
of plasminogen to plasmin, is present in
the ‘‘generalist’’ strain, but not the
‘‘specialist’’ strain. Chromosomal micro-
bial genes conferring resistance to amino-
glycoside (ant1), tetracycline (tetA), and
macrolide (ermA) antibiotics, however,
were unique to the Staph.aureus
specialist genome, in addition to the
staphylococcal enterotoxin C-2 (sec2)
and enterotoxin A (sea). Toxins produced
by Staph.aureus can act as super-anti-
gens and activate T cells, resulting in overt
skin inflammation. Notably, the authors

demonstrate that virulence-associated
loci, including those encoding for entero-
toxins, not only differ but are guided on
the genomic level to a large degree in a
phage- and strain-dependent manner.
This discovery may lend itself to future
studies defining how targeting phages
may alter bacterial virulence and, ulti-
mately, clinical DFU outcomes.
After making these discoveries, Kalan

et al., (2019) then went on to investigate
and validate in an elegant set of experi-
ments the functional biological relevance
of the identified genomic differences
among Staph. aureus strains and other
‘‘bystander’’ strains utilizing in vitro stimu-
lation assays with human keratinocytes
and a murine excisional diabetic wound
model. Indeed, Staph. aureus elicited a
strong inflammatory response and led
to delayed healing responses. Addition-
ally, using both clinical Staph.aureus
strains—the generalist and specialist,
respectively—in these wound healing
studies showed severity corresponding
with patient outcomes (Figure 1).
‘‘Bystander’’ microbiota isolated from
DFUs, such as Corynebacterium striatum
and Alcaligenes faecalis, typically consid-
ered commensals or contaminants, sur-
prisingly also exhibited significant impair-
ment of the wound healing response.

Future studies are needed to demonstrate
the interplay and functional roles of Cory-
nebacterium striatum and Alcaligenes
faecaliswith other microbial communities.

So do therapeutic interventions of
DFUs, including antibiotic treatment or
debridement, change the DFU bio-
burden? Surprisingly, Kalan et al. (2019)
found that antibiotic treatment of DFU pa-
tients did not correlate with any observed
resistance genotypes in the microbiota
and also did not result in significant
effects on DFU microbiome diversity.
However, the microbiome composition
changed with debridement, a procedure
whereby dead, damaged, or infected tis-
sue is removed with the aim of improving
the healing potential of the remaining
healthy tissue and to activate ‘‘pro-heal-
ing’’ properties. Notably, debridement
endowed the wound environment with
relative microbial abundance changes
and a decrease inmixed anaerobic bacte-
ria such as Anaerococcus lactolyticus,
Porphyromonas somerae, Prevotella mel-
aninogenica, and Veillonella dispar in
healed wounds, but not unhealed
wounds, while aerobic bacteria including
Staph. aureus, Streptococcus agalactiae,
and Pseudomonas aeruginosa did not
change. The specialist Staph. aureus,
however, positively correlated with abun-
dance of three species of Anaerococcus
spp., suggesting a complex and intricate
interplay of diverse microbial commu-
nities in the DFU wound environment.

Through this work, Kalan et al. (2019)
made pivotal contributions to the field of
cutaneous wound microbiome research.
The significance of these findings may
provide great translational value: should
successful wound debridement be
defined as associated microbial diversity
changes, and could such findings be
used as markers for DFU healing out-
comes in the future? This concept could
provide new paths to personalized DFU
treatments and be combined with addi-
tional wound biomarkers (Lindley et al.,
2016). However, the authors also note
the many unknown mechanisms underly-
ing microbial bioburden changes in DFUs.
How do changes in microbes govern
changes in cellular and immunological re-
sponses during cutaneous wound heal-
ing, or is there an independent host ge-
netic trait that explains part of the wound
healing response in DFUs? Do bacterial
bioburden changes result in changes of

Figure 1. Distinct Dysbiosis in Human Diabetic Foot Ulcers is Associated with Poor Wound
Healing Outcome and is Transferable onto Mice
Metagenomic shotgun sequencing of serial cutaneous swabs from human diabetic foot ulcer patients
revealed a distinct clinical-outcome-associated dysbiosis and showed microbial hallmarks of microbial
virulence factors and biofilms. Notably, biofilms grown from distinct Staph. aureus wound isolates as well
as additional strains transferred onto excisional murine wounds recapitulated the human clinical wound
healing outcome data.
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§ « Agrégats de microorganismes dans lesquels les cellules sont enrobées dans une 
matrice autoproduite de substances polymèriques extracellulaires (EPS), 
adhérentes les unes aux autres et/ou à une surface » Vert, Pure Appl Chem 2012

§ À l’intérieur du biofilm, les bactéries :
§ peuvent résister à la réponse immunitaire de l’hôte
§ sont moins sensibles aux antibiotiques et aux désinfectants que les bactéries

planctoniques 

§ La capacité à former un biofilm reconnue comme une caractéristique propre à de 
nombreux microorganismes. 

§ La présence de biofilms lors d’infections demande de nouvelles méthodes
§ de prévention
§ de diagnostic 
§ de traitement



Microorganisms 2017, 5, 9 2 of 15

Bacterial biofilm formation begins when a planktonic bacterium finds its way to an exposed,
conditioning, film-coated surface through Brownian or flagellar motion (see Figure 1). It then
overcomes the electrostatic repulsive forces between the substratum and the bacterial cell surface, and
makes initial attachment to that surface [8]. Different types of biofilms can then form, depending on
the environment, including pellicles that form at air–liquid interfaces and solid surface-associated
submerged biofilms [9]. Once attachment to a surface has occurred, a microcolony consisting of
primary colonizers rapidly develops [10]. At this point, bacteria are encased in a protective matrix and
are beginning to express the biofilm phenotype (see Figure 1). This includes becoming more recalcitrant
to antimicrobial treatment and host immunity. The bacterial cells within the nascent microcolony
release quorum sensing molecules (small molecular weight molecules), which eventually reach a
critical concentration as the adherent population increases in size (see Figure 1). At this critical level,
the quorum sensing molecules trigger a changed expression of specific genes, helping the bacterial
community to form a mature biofilm. Once the biofilm establishes and matures on a surface, it releases
planktonic cells that migrate back into the bulk fluid phase until they find a new location to colonize
(see Figure 1) [11].
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3. Quorum Sensing

Quorum sensing is a key process involved in the formation of biofilms, and in the expression of
biofilm-specific properties. Quorum sensing molecules, called autoinducers (AIs), have been identified
in many species of bacteria, with a variety of molecules playing a quorum sensing role, depending on
the particular species. Many different classes of AIs have been described. The most intensely studied
are the N-acylhomoserine lactones (AHLs) produced by Gram-negative bacteria [13]. In addition,
Gram-positive bacteria appear generally to produce small peptides as well as a class of molecules,
called AI-2, for which the structures are largely unknown [14,15]. Regardless of the type of molecule
involved, these AIs are small molecules that are produced at a basal rate in bacterial cells. Some of these
AIs are freely diffusible across bacterial membranes, in which case, their intracellular concentration
approximates that in their surrounding environment. As the number of bacteria increases within a
localized area (microcolony), the effective concentration of the AI is elevated. Once the intracellular
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Figure 5: Images acquired from Sample 4. Putative biofilm matrix is indicated by arrows. See legend to Figure 1.

as Gram staining and fluorescent microscopy which are
comparatively cost effective and simple to conduct, requiring
equipment that can be found inmany diagnostic laboratories.

The growing interest in the role biofilms play in chronicity
and impaired healing of diabetic wounds has led to an
increased clinical requirement for a simplemeans of identify-
ing biofilms in wound samples. More readily available meth-
ods such as Gram staining and bright-field microscopy can
efficiently detect microcolonies associated with the biofilm

phenotype and may therefore be of use for the identification
of biofilms where expediency and cost-effectiveness are
required.
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Fimbria
A filamentous structure 
composed of one or a few 
proteins that extends from the 
surface of a cell and can have 
diverse functions. Fimbriae are 
involved in attachment to  
both animate and inanimate 
surfaces and in the formation 
of pellicles and biofilms. They 
assist in the disease process  
of some pathogens, such as 
S. enterica, Neisseria 
gonorrhoea and Bordetella 
pertussis.

Membrane vesicle
A vesicle that is formed from 
the outer membrane of 
Gram-negative bacteria, is 
secreted from the cell surface 
and contains extracellular 
enzymes and nucleic acids. 
These vesicles may represent 
mobile elements in the EPS 
matrix.

Capsule
A discrete polysaccharide 
(sometimes also protein) layer 
that is firmly attached to the 
surface of a bacterial cell, 
closely surrounding it, in 
contrast to less compact, 
amorphous slime that is shed 
into the more distant 
extracellular environment.

Lectin
A protein or glycoprotein of 
plant, animal or microbial 
origin that binds to 
carbohydrates with a 
characteristic specificity. 
Fluorescently labelled lectins 
can be used as probes to 
investigate EPS composition, 
enabling the microscopic in situ 
detection of EPS and their 
distribution in biofilms.

Raman microscopy
A spectroscopic technique 
based on inelastic light 
scattering (Raman scattering) 
of monochromatic laser light  
in the near-ultraviolet range, 
revealing vibrational, rotational 
and other low-frequency 
modes in a system. The 
technique is used for the 
analysis of chemical bonds  
and is suitable for very small 
volumes, allowing spectra and 
chemical information to be 
obtained for the molecules 
present in that volume.

Several polysaccharides have been visualized by elec-
tron microscopy as fine strands that are attached to the 
cell surface and form complex networks. Microscopic 
techniques in combination with specific carbohydrate 
staining using fluorescently labelled lectins or antibod-
ies (BOX 2), as well as biochemical analyses for inde-
pendent verification, have demonstrated the ubiquity 
of matrix polysaccharides not only in biofilms from 
natural marine, freshwater and soil environments and 
from man-made water systems, but also in biofilms 
associated with chronic infections in humans and in 

pure-culture experimental biofilms. In recent years, 
exopolysaccharides from an extensive range of bacterial 
species from diverse environments have been isolated 
and characterized33.

Several exopolysaccharides are homopolysaccharides, 
including the sucrose-derived glucans and fructans pro-
duced by the streptococci in oral biofilms, and cellulose 
formed by Gluconacetobacter xylinus, Agrobacterium 
tumefaciens, Rhizobium spp. and various species from 
the Enterobacteriaceae6 and Pseudomonadaceae 
families29. However, most exopolysaccharides are 

Figure 1 | The extracellular polymeric substances matrix at different dimensions. a | A model of a bacterial biofilm 
attached to a solid surface. Biofilm formation starts with the attachment of a cell to a surface. A microcolony forms 
through division of the bacterium, and production of the biofilm matrix is initiated. Other bacteria can then be recruited 
as the biofilm expands owing to cell division and the further production of matrix components. b | The major matrix 
components — polysaccharides, proteins and DNA — are distributed between the cells in a non-homogeneous pattern, 
setting up differences between regions of the matrix. c | The classes of weak physicochemical interactions and the 
entanglement of biopolymers that dominate the stability of the EPS matrix47. d | A molecular modelling simulation  
of the interaction between the exopolysaccharide alginate (right) and the extracellular enzyme lipase (left) of 
Pseudomonas aeruginosa in aqueous solution. The starting structure for the simulation of the lipase protein was obtained 
from the Protein Data Bank117. The coloured spheres represent 1,2-dioctylcarbamoyl-glycero-3-O-octylphosphonate in 
the lipase active site (which was present as part of the crystal structure), except for the green sphere, which represents a 
Ca2+ ion. The aggregate is stabilized by the interaction of the positively charged amino acids arginine and histidine 
(indicated in blue) with the polyanionic alginate. Water molecules are not shown. Image courtesy of H. Kuhn, CAM-D 
Technologies, Essen, Germany.
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Lithification
A process in which sediments 
compact under pressure and 
gradually become solid rock. 
The biogenesis of carbonate 
can support this process.

Activated sludge
The microbial biomass in the 
aerobic portion of a 
wastewater treatment system.

Carbon cloth
A soft, flexible cloth-like material 
made from carbon fibre.

their production55, such molecules can also eventually 
be used as a nutrient source56. Indeed, as all, or nearly 
all, biofilm components are retained in the matrix, the 
biofilm can be viewed as a highly effective recycling yard 
of cellular debris.

Essential metal ions, such as calcium, iron and man-
ganese, accumulate in biofilms57 and contribute to the 
stabilization of the biofilm matrix through the bridging 
of carboxyl groups across EPS molecules58. Indeed, EPS 
are standardly isolated using cationic ion exchange resin 
treatment, the efficacy of which is based on the solubility 
of EPS once calcium ions are removed59. Cell surfaces can 
also provide binding sites for metals49. When calcium is 
deposited as carbonate60, capture by biofilms contributes 
to crust formation, lithification and the formation of stro-
matolites61, and iron deposits have been generated by bio-
films of iron-oxidizing bacteria, such as Pedomicrobium 
spp., on a global scale62. The matrices of biofilms that are 
formed by B. subtilis accumulate metals such as Cu2+, 
Zn2+, Fe2+, Fe3+ and Al3+ (REF. 63), which protects the bio-
film matrix from erosion and the biofilm cells from the 
toxicity of the metal ions, which can be present at concen-
trations that are toxic to free-living cells. The metal sorp-
tion capacity of biofilms has been used in biotechnology 

for applications such as the decontamination of uranium 
from groundwater64. In activated sludge, the accumulation 
of metal ions such as Pb2+, Cd2+ or Cu2+ has been reported 
to cause contamination problems when the sludge is used 
as a fertilizer65.

In addition to dissolved compounds, suspended  
solids can be trapped by biofilms and incorporated into 
the matrix61, including biodegradable material that can 
be used as a source of nutrients. A large proportion 
of the organic material in raw wastewater consists of 
solid particles and is eliminated by biofilms to which  
the particles attach66, forming flocs and sludge. Large 
particles with a diameter of a few micrometres that 
are captured by the matrix can traverse thick biofilms 
through channels in the matrix67. Both organic and 
inorganic particles are often trapped in biofilms, includ-
ing clay and silicate, and the capture of inorganic par-
ticles by biofilms contributes to lithification on a global 
scale4. Inorganic particles in biofilms also include elec-
trically conductive particles that can support interspecies 
electron transfer (IET), as has been shown for graphite 
particles, granular activated carbon, charcoal and carbon 
cloth68. Interestingly, electric signals are also used for 
intercellular communication, which further supports 

Nature Reviews | Microbiology

Sorbed by biofilm
• Nutrient acquisition 
• Stabilization of matrix
• Recycling of cellular debris

• Biodegradation of solid waste
• Biodeterioration
• Biocorrosion

Inorganic
particles 
(clay, silt,
hydroxides,
nano-
particles)

Organic
particles 
(humic 
substances,
debris,
cellulose,
nano-
particles)

Organic
molecules
(polar and
non-polar)

Metal
ions

Resource capture and retention External digestion system

Attack on substratum
Extracellular enzymes

b

• Skin formation
• EPS overproduction
• Compatible solute 

production
• Hydrophobic EPS 

components
• Protection by 

cellulose

O

Desiccation tolerancea

H H

O
H H

O
H H

Substratum

Sequestered from the water phase

Activated
matrix

Enzyme 
clusters

Cell

Figure 2 | Physical and chemical properties of the biofilm matrix. a | The biofilm can be viewed as a fortress that, 
through several properties of the matrix, enables constituent cells to survive desiccation. b | The biofilm is a sponge-like 
system that provides surfaces for the sorption of a diverse range of molecules that can be sequestered from the 
environment. This confers several benefits to the biofilm, such as nutrient acquisition and matrix stabilization. Similarly, 
the physicochemical properties of the matrix enable biofilms to retain and stabilize extracellular digestive enzymes that 
are produced by biofilm cells, which turns the matrix into an external digestive system. Surface-attached biofilms are not 
only able to take up nutrients from the water phase but can also digest biodegradable components from the substratum, 
which is exposed to enzymes in the matrix.
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microenvironments [19]. Both these phenomena have
recently been described and analyzed in planktonic
culture [20,21]. This knowledge might help to understand
mechanisms of antibiotic tolerance within biofilms.

Learning from planktonic cultures
The physiology of bacteria in the depths of a biofilm shows
striking similarities to stationary-phase planktonic cells.
Both are affected by nutrient limitation and high cell
densities and express similar degrees of antibiotic toler-
ance [22,23]. The impact of individual factors on antibiotic
susceptibility can be illustrated with a set of experiments
performed in planktonic culture (Box 2). The experiments
showed that antibiotic tolerance is mediated by star-
vation, but also stressed the importance of high cell
density that results in an accumulation of metabolic waste
products and/or extracellular signaling molecules.

As originally described for luminescent organisms,
population density is an important starvation-indepen-
dent factor in bacterial physiology. For example, in
rhizobium, more cells survived stationary phase if starved
at high density [24]. In E. coli, high-density (6!108

bacteria/ml) cultures expressed stationary-phase charac-
teristics with induced RpoS-dependent general stress-
response genes and reduced outer membrane permeability
while going through the exponential phase of growth [25].
Therefore, actively growing, high-density cultures are at
least as differentiated from low-density cultures as
exponential-phase bacteria are from those in stationary
phase.

Similar to their biofilm counterparts, planktonic cells in
stationary phase rapidly regain antibiotic susceptibility
upon dilution in freshmedium [8], which not only provides
nutrients but might also dilute protective cell-cell signal-
ing. This reversibility proves that biofilm tolerance
represents a phenotype rather than the product of genetic
alterations.

Although bacterial starvation explains antimicrobial
tolerance in the depths of a biofilm, surface layers should
remain fully susceptible. Biofilms would then be cleared,
layer by layer, with conventional antibiotics. By contrast,
antibiotic therapy might only damage but not kill these
bacteria. In this case, their continuous consumption of

nutrients would shield underlying cells from nutrient
exposure keeping them in a non-growing resistant state.
This hypothesis is supported by the detection of persistent
glucose and oxygen consumption and protein synthesis in
biofilms suffering a 3-log bacterial reduction under
treatment [26,27].

The survival of small pockets of bacteria on the surface
of antibiotic-treated biofilms might be due to the patchy
distribution of growth rates within any culture. Sufya et
al. [21] demonstrated that growth rates within identical
microenvironments are strikingly heterogeneous using
elegant batch culture assays. For example, the mean
doubling times of individual clones derived from late
logarithmic culture varied between 500 and 45 minutes.
For any time point between lag phase and stationary
phase, a specific proportion of clones, the so-called
persisters, exhibits growth rates below the threshold for
antibiotic damage (Figure 2). This susceptibility threshold
varies depending on the mode of action of the antibiotic
used. The exponential increase over time of persister cells
in planktonic cultures, which parallels the increase in
starvation and cell density, might mirror the increase in
the number of dormant cells as we progress from the
biofilm surface into its depths. Stationary-phase physi-
ology has resulted in 100% survivors for a betalactam and
0.1% to 1% for quinolones [20,22]. Remarkably, antibiotics
with a good performance against stationary-phase bac-
teria in vitro have proven more successful in clearing
biofilm infections in vivo [28].

Figure 1. Biofilm-embedded bacteria show non-uniform distributions of physio-
logical activity. In this Pseudomonas aeruginosa biofilm, green indicates cells
capable of synthesizing a protein (alkaline phosphatase) in response to an
environmental stimulus (phosphate starvation). Red indicates all cells independent
of their activity. Image courtesy of Ruifang Xu.
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Figure 2. The antibiotic susceptibility of a bacterial population depends on the
growth rate distribution of its individual clones. The traditional growth curve of a
planktonic culture (solid line) illustrates the change in biomass over time. The slope
(D Ln biomass / D time) represents the specific growth rate (m). The maximum
specific growth rate (mmax) indicates the population average at the steepest part of
the slope in exponential phase. If we assume that for every antibiotic a threshold m

(mth) is required for antibiotic susceptibility and that there is a normal distribution of
m within the population at any time point, some individuals will be growing faster
than mth (dark purple areas under curve), and consequently be susceptible, and
some slower (light purple areas under curve). Although in reality the distribution
might not be bell-shaped, particularly in lag and stationary phase, the general
hypothesis is still valid. As the whole curve shifts from a lower to higher mwhen the
population moves from lag to exponential phase, and then back to a lower m in
stationary phase, the proportion of the population lying on either side of the
constant mth will vary. Importantly, neither proportion ever reaches zero.
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factors that stimulate the formation of VBNC and persister
cells. These concepts warrant in-depth research into the
role of biofilms on the VBNC state and persistence because
biofilms play a significant role in the ecology and some-
times pathogenesis of many bacterial species.

For dormancy to be an effective survival strategy, cells
must be able to recover in a process known as resuscitation.

In the VBNC state, resuscitation is revealed when the
inducing stress is removed and culturability is regained.
A classic example can be seen in V. vulnificus, in which one
environmental stress (low temperature) can induce a large
population of cells to become VBNC, with simple reversal
of the stress yielding resuscitation of anywhere between
0.1 and 100% of cells. For some species the formation and
resuscitation of VBNC cells can be complex, with signifi-
cant variations in the factors that induce and promote
resuscitation from the VBNC state [18]. It is also important
to recognize that, for some species shown to enter VBNC,
the resuscitating promoting factors have not yet been
identified [18]. For example, Legionella pneumophila
requires a very specific condition (incubation with amoe-
bae) to resuscitate [41].

Resuscitation in persisters is observed when the anti-
biotics are removed, allowing cells to regain the ability to
form colonies on media. It is also hypothesized that the
slow and steady decline in persister cells during long-term
antibiotic treatment is indicative of persister resuscitation.
A standard persister experiment produces the biphasic
killing curve depicted in Figure 2A when a culture is
exposed to antibiotics. The slope of the second phase of
death reveals slower killing of persisters, and is indicative
of cells that stochastically revert to a growing state (resus-
citating) in the presence of antibiotics and which are
therefore killed [17]. Interestingly, assessing the viability
of cells during induction of the VBNC state produces a
similar killing curve (Figure 2B). In addition, resuscitation
from the VBNC state may involve a similar stochastic
switch [5], a phenomenon known as the ‘scout hypothesis’
[42].
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Figure 2. Dormancy dynamics of bacterial persistence and the VBNC state. (A) Persister cells are isolated by applying a lethal dose of antibiotics to a growing culture. This
produces a characteristic biphasic killing curve in which the slope of the initial phase of killing (green line) represents the rapid death of the sensitive population and the slope of
the second phase (red line) represents the much slower death of persisters. After removal of antibiotic (black arrow), persisters can regrow and give rise to antibiotic-sensitive
cells that are genetically identical to the original population. Redrawn from [17]. (B) VBNC cells are isolated by applying a lethal stress (e.g., cold temperature) to a growing
culture. During this process, cells become undetectable on nutrient media (green line); however, a proportion of the population remains viable (red curve) as can be determined
by a variety of viability assays. When the inducing stress is removed the population becomes culturable after a resuscitation period (broken arrow). When cells are provided with
nutrients they give rise to a population that is similarly tolerant to the inducing stress as the original population (unbroken arrow). Redrawn from [68].
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Figure 1. Factors stimulating VBNC cell and persister formation. (1) Persister and
VBNC cells form stochastically owing to random fluctuations in gene expression.
(2) Environmental stressors such as nutrient deprivation, low/high temperature,
low/high pH changes, and oxidative stress induce cells to become VBNC or
persistent. (3) Microenvironments within mature biofilms lead to phenotypic
heterogeneity, which includes the formation of VBNC cells and persisters in areas
of a biofilm that are most stressful (low oxygen, nutrients, high concentration of
waste).
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been confirmed in vivo by several biomarkers (see
below).

Activated PMNs may also decrease extracellular
pH (38, 39) and secrete lactate (40), and acidic
conditions of pH < 6.2 have been measured in
endobronchial mucus (41) and in freshly

expectorated sputum from CF patients with lung
infection (37). Additional host responses also affect
the availability of potential alternative electron
acceptors for anaerobic microbial metabolism. In
CF sputum, high levels of nitrate (NO3

!) and
nitrite (NO2

!) of ~0.05–1 mM have been measured
(36, 42–44), and increased levels of NO3

! and
NO2

! in the blood have also been observed during
experimental P. aeruginosa lung infection (45) that
may be linked to the host response. Activated
PMNs in infected CF sputum have thus been
shown to liberate NO3

! and NO2
! (46) probably

resulting from the degradation of peroxynitrite
generated from the rapid reaction between O2

!

and NO produced by activated NOX-2 and nitric
oxide synthase (47, 48).

Growth and biofilm structure

In vitro biofilms grown in flow cells and drip-flow
reactors exhibit formation of step chemical gradi-
ents (2, 49). These result in heterogeneous growth
patterns forming a complex structural and chemical
landscape (3–5, 49). In such in vitro biofilms, bacte-
rial growth rate has been estimated to rapidly drop
with distance from the biofilm surface reaching
quasi-static growth at 40–50 lm depth (49, 50). As
illustrated in Fig. 1, such a decline in aerobic
growth can be attributed to electron acceptor limi-
tation due to rapid in vitro O2 depletion by bacte-
rial biomass coupled with mass transfer limitation
of the diffusive O2 supply from the surrounding
medium (3, 4, 51, 52).

However, we note that the presence of large sur-
face-attached biofilms with pronounced intrabiofilm
gradients as seen in vitro remain to be demonstrated
in chronic biofilm infections of CF lungs. In vivo
biofilms in most chronic infections are typically
found as small, suspended small cell aggregates that
are surrounded by a high concentration of PMNs
(6, 19). A meta-analysis of the size of such biofilm
aggregates in various chronic infections showed a

Fig. 1. Model of growth and activity in a surface-attached
in vitro biofilm. (A) Cross-section of structured biofilm
consisting of bacterial cells embedded in an exopolymeric
matrix. (B) The chemical conditions in an in vitro biofilm,
going from high concentration of substrate/nutrients/O2 in
the bulk medium surrounding the biofilm and depletion
with depth in the biofilm. (C) Spatial heterogeneity in
growth rate as a result of chemical gradients. Cells close
to the surface of the biofilm grow fast, while cell growth
becomes increasingly limited with depth in the biofilm. (E)
Hypothetical result of treatment with colistin. The outer
layer of actively growing cells survives the treatment, while
the slow-growing cells deeper in the biofilm are killed. (F)
Hypothetical result of treatment with ciprofloxacin.
Actively growing cells in the outer biofilm layer are killed,
while the slow-growing cells in deeper biofilm layers sur-
vive ciprofloxacin treatment.

Fig. 2. Fluorescence microscopy (A–B) images (9170 magnification) of mucosal Pseudomonas aeruginosa biofilm stained
with PNA-FISH (red) and PMNs stained with DAPI (blue) in lungs from CF patient with chronic P. aeruginosa biofilm
infection(6).
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Persisters = cellules insensibles aux biocides donnant naissance à une 
population sensible après élimination de la substance toxique
VBNC = cellules qui ont perdu leur capacité à se développer sur un milieu 
de culture mais qui restent viables.



factors that stimulate the formation of VBNC and persister
cells. These concepts warrant in-depth research into the
role of biofilms on the VBNC state and persistence because
biofilms play a significant role in the ecology and some-
times pathogenesis of many bacterial species.

For dormancy to be an effective survival strategy, cells
must be able to recover in a process known as resuscitation.

In the VBNC state, resuscitation is revealed when the
inducing stress is removed and culturability is regained.
A classic example can be seen in V. vulnificus, in which one
environmental stress (low temperature) can induce a large
population of cells to become VBNC, with simple reversal
of the stress yielding resuscitation of anywhere between
0.1 and 100% of cells. For some species the formation and
resuscitation of VBNC cells can be complex, with signifi-
cant variations in the factors that induce and promote
resuscitation from the VBNC state [18]. It is also important
to recognize that, for some species shown to enter VBNC,
the resuscitating promoting factors have not yet been
identified [18]. For example, Legionella pneumophila
requires a very specific condition (incubation with amoe-
bae) to resuscitate [41].

Resuscitation in persisters is observed when the anti-
biotics are removed, allowing cells to regain the ability to
form colonies on media. It is also hypothesized that the
slow and steady decline in persister cells during long-term
antibiotic treatment is indicative of persister resuscitation.
A standard persister experiment produces the biphasic
killing curve depicted in Figure 2A when a culture is
exposed to antibiotics. The slope of the second phase of
death reveals slower killing of persisters, and is indicative
of cells that stochastically revert to a growing state (resus-
citating) in the presence of antibiotics and which are
therefore killed [17]. Interestingly, assessing the viability
of cells during induction of the VBNC state produces a
similar killing curve (Figure 2B). In addition, resuscitation
from the VBNC state may involve a similar stochastic
switch [5], a phenomenon known as the ‘scout hypothesis’
[42].
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Figure 2. Dormancy dynamics of bacterial persistence and the VBNC state. (A) Persister cells are isolated by applying a lethal dose of antibiotics to a growing culture. This
produces a characteristic biphasic killing curve in which the slope of the initial phase of killing (green line) represents the rapid death of the sensitive population and the slope of
the second phase (red line) represents the much slower death of persisters. After removal of antibiotic (black arrow), persisters can regrow and give rise to antibiotic-sensitive
cells that are genetically identical to the original population. Redrawn from [17]. (B) VBNC cells are isolated by applying a lethal stress (e.g., cold temperature) to a growing
culture. During this process, cells become undetectable on nutrient media (green line); however, a proportion of the population remains viable (red curve) as can be determined
by a variety of viability assays. When the inducing stress is removed the population becomes culturable after a resuscitation period (broken arrow). When cells are provided with
nutrients they give rise to a population that is similarly tolerant to the inducing stress as the original population (unbroken arrow). Redrawn from [68].
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Figure 1. Factors stimulating VBNC cell and persister formation. (1) Persister and
VBNC cells form stochastically owing to random fluctuations in gene expression.
(2) Environmental stressors such as nutrient deprivation, low/high temperature,
low/high pH changes, and oxidative stress induce cells to become VBNC or
persistent. (3) Microenvironments within mature biofilms lead to phenotypic
heterogeneity, which includes the formation of VBNC cells and persisters in areas
of a biofilm that are most stressful (low oxygen, nutrients, high concentration of
waste).
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Concentration of certain highly toxic metals
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Resistance Inhibition Cell death Tolerance Eradication
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Biofilm
Planktonic

Initial population size 
(before exposure)
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Lanthanide
One of the series of 15 f- and 
d-block elements that have 
atomic numbers 57–71, from 
lanthanum to lutetium.

Actinide
One of the series of 15 f- and 
d-block elements that have 
atomic numbers 89–103, from 
actinium to lawrencium, all of 
which are radioactive.

Multimetal resistance
(MMR). The ability of a 
microorganism to continue 
growing in the presence of 
multiple toxic metal or 
metalloid cations or oxyanions, 
either alone or in combination.

Multimetal tolerance
(MMT). The ability of a 
microorganism to survive, but 
not grow, in the presence of 
multiple toxic metal or 
metalloid cations or oxyanions, 
either alone or in combination.

Multidrug resistance
(MDR). The ability of a 
microorganism to continue 
growing in the presence of 
multiple, structurally non-
related antibiotics, either alone 
or in combination.

Multidrug tolerance
(MDT). The ability of a 
microorganism to survive, but 
not grow, in the presence of 
multiple, structurally non-
related antibiotics, either alone 
or in combination. This has 
also been referred to as non-
inherited antibiotic resistance.

Minimum bactericidal 
concentration
(MBC). Conventionally, the 
concentration of an 
antimicrobial agent (antibiotic, 
biocide or metal ion) that kills 
at least 99.9% of a planktonic 
(MBCP) or biofilm (MBCB) 
bacterial population.

Minimum inhibitory 
concentration
(MIC). The lowest 
concentration of an 
antimicrobial agent (antibiotic, 
biocide or metal ion) that 
arrests the growth of a 
planktonic cell population.

As, Pb, Hg and Cd as 4 of the top 10 most prevalent envi-
ronmental toxins that are hazardous to public health. 
Similarly, a European Commission on heavy metals in 
waste also identified these compounds as hazardous, but 
highlighted Cr as the most widespread toxic heavy-metal 
pollutant in the European Union19. Microbial biofilms, 
natural or engineered, could be used to remediate heavy-
metal pollution by biochemical modification and/or the 
accumulation of toxic metal ions20–23, which notably 
include the radioactive actinides as well as other radio-
nuclides24. An understanding of metal toxicity in biofilms 
is crucial to the successful design of bioreactors that are 
used for bio-mining25, as well as those reactors that  
are used for biodegrading organic contaminants that are 
frequently intermingled with metals21. Moreover, this 

type of research might provide insights into the observed 
vulnerabilities, physiological shifts and species changes 
of natural aquatic biofilm communities that have been 
exposed to toxic heavy metals26,27.

In this Review, we have assembled the known cellu-
lar and biochemical processes that might contribute to 
biofilm MMR and MMT into a single, qualitative, multi-
factorial model. Our assessment of the available evidence 
suggests that the reduced susceptibility of biofilms to 
toxic metals is linked to the natural process of phenotypic 
diversification that is ongoing within the biofilm popu-
lation. The model that we propose is a conceptual step 
towards understanding biofilms as a population strategy 
for survival during exposure to toxic stressors in a diverse 
range of natural, industrial and clinical settings.

Box 1 | Biofilm formation co-selects for multidrug and multimetal resistance and tolerance

There is now some recognition that antibiotic-resistant bacteria can be maintained in the environment owing to co- or 
cross-resistance to toxic metals or the co-regulation of resistance pathways101,102. Biofilm induction might involve 
regulatory processes that indirectly activate the genetic and biochemical pathways that are shared in the response of 
microorganisms to antibiotic and metal exposure102. This may imply that microorganisms that are exposed to metals in  
the environment, or in clinical settings, can form biofilms that are simultaneously multidrug resistant and tolerant102.  
As research scientists, this allows us to take advantage of the wealth of information that is available for biofilm antibiotic 
susceptibility to provide insights into biofilm multimetal resistance and tolerance. Conversely, as the research that involves 
metals progresses, it might be possible to elucidate mechanisms that reduce the susceptibility of biofilms to antibiotics.

Figure 1 | Time- and dose-dependent killing of biofilms by metals. The data on microbial survival in biofilms that  
are exposed to toxic metal species suggest that there are different subpopulations of cells in single-species biofilms.  
a | In general, both antibiotics and toxic metal species kill biofilm populations in a time- and concentration-dependent 
manner. This is observed as biphasic population killing, in which most of the growing population is rapidly killed by a low 
concentration of the antimicrobial. However, a larger portion of the biofilm population is able to withstand these lethal 
factors for exposure durations and at concentrations that exceed that which is lethal to the corresponding planktonic 
form10,11,18. The concentration-dependent killing of microbial populations is exemplified by a plateau in the activity of the 
antimicrobial. Examples include Pseudomonas aeruginosa ATCC 27853 killing by most antibiotics, Ni or Zn cations for 
exposure times of up to 24 hours10,11,18,50,103. These results are also typical of the exposure of biofilms to most toxic metal 
compounds for short exposure times (only a few hours). In this example, the surviving subpopulation comprises specialized 
cells called persisters, which mediate population multidrug and multimetal tolerance8,18. b | Under certain in vitro 
conditions, and with sufficient exposure times, other highly toxic metal species can eradicate 100% of bacterial biofilm  
populations11,18,103,104. Examples include Escherichia coli biofilms that are exposed to Cr and Te oxyanions for 24 hours18 and 
P. aeruginosa biofilms that are exposed to Cu or Ag cations for 24 hours11. It is important to note that the concentrations of 
metal ions that are required to chemically sterilize a culture in vitro are, for the most part, much higher than those which 
are found in contaminated environmental milieus, especially when considering biological metal availability given the 
interaction of metals with minerals or other organics also present in those settings. The trends that are illustrated in this 
figure were derived from previous studies conducted by our research group that used the Calgary Biofilm Device for  
high-throughput antibiotic- and metal-susceptibility testing of biofilms11,13,18. MBC, minimum bactericidal concentration; 
MIC, minimum inhibitory concentration.
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concentration (MBC), the biofilm bactericidal concentration

(BBC), defined as the lowest concentration that killed 99.9% of

the cells recovered from a biofilm culture compared to growth

control, has also been used to evaluate the efficacy of

antibiotics on biofilm-growing bacteria [88,89]. Another

parameter that is used is the minimal biofilm-eradication

concentration (MBEC), defined as the lowest concentration of

antibiotic required to eradicate the biofilm [57] or, in other

words, the lowest concentration of antimicrobial agent that

prevents visible growth in the recovery medium used to

collect biofilm cells (0 CFU/peg on plate counts).

All of these parameters explore the activity of antibiotics on

mature biofilms, which means that the biofilm has been

established; however, in the case of CF patients, for instance,

the early stage of colonization is when P. aeruginosa can be

effectively eradicated with appropriate antibiotic therapy. In this

sense, the biofilm-prevention concentration (BPC) is an inter-

esting parameter that could be used with the aim of reducing the

cell density to prevent biofilm formation. BPC determination

involves a modification of the MBIC assay, consisting of

incubating peg lids with the planktonic inoculum at the time of

exposure to different antibiotic concentrations [89].

Interpretation and Application of
Susceptibility Studies in Biofilms

Table 3 summarizes the available data comparing the pharma-

codynamic parameters that quantify antimicrobial activity in

planktonic and biofilm-growing bacteria, with P. aeruginosa as a

model organism. It is important to highlight the fact that, in

nearly all cases, these parameters are defined by use of the

Calgary device or related systems. Most antibiotics show a

more than one two-fold dilution increase in the MBIC vs. MIC

or MBEC/BBC vs. MBC. Only the macrolide azithromycin,

which is not active in standard in vitro susceptibility tests,

showed bactericidal activity on biofilms (Table 3). However, in

another in vitro study, using the flow cell model, it was found

that, despite this good activity on biofilms, resistant mutants

were readily selected, particularly hypermutable strains [58].

The resistance mechanism selected, overexpression of Mex-

CD–OprJ, was found to confer resistance to unrelated

antipseudomonal agents such as ciprofloxacin or cefepime,

but, in contrast, made the strains hypersusceptible to other

agents, such as aminoglycosides [58].

TABLE 2. Pharmacodynamic parameters of antimicrobial activity in planktonic and biofilm-growing bacteria

Parameter Definition

MIC The lowest concentration of an antibiotic that inhibits the visible growth of a planktonic culture after overnight incubation
MBIC The lowest concentration of an antibiotic that resulted in an OD650 nm difference of ≤10% (1 log difference in growth after 6 h of incubation) of the mean

of two positive control well readings
MBC The lowest concentration of an antibiotic producing a 99.9% CFU reduction of the initial inoculum of a planktonic culture
BBC The lowest concentration of an antibiotic producing a 99.9% reduction of the CFUs recovered from a biofilm culture as compared to the growth control
MBEC The lowest concentration of an antibiotic that prevents visible growth in the recovery medium used to collect biofilm cells
BPC Same as the MBIC, but bacterial inoculation and antibiotic exposure occur simultaneously

BBC, biofilm bactericidal concentration; BPC, biofilm-prevention concentration; MBC, minimal bactericidal concentration; MBEC, minimal biofilm-eradication concentration;
MBIC, minimal biofilm inhibitory concentration; OD, optical density.

TABLE 3. Comparison of planktonic and biofilm growth pharmacodynamic parameters of antimicrobial activity described for

Pseudomonas aeruginosa

Antibiotic MIC (mg/L) MBIC (mg/L) MBC (mg/L) MBEC (mg/L) BBC (mg/L) BPC (mg/L) Biofilm model

AZT 4a >128a 8 >1024b – – Calgary device
CAZ 2a/1c/2d 128a/128d 2c/4d >1024b 16c/1024d 16d Calgary device
MER ≤1a/0.5c 4a 1c – 8c – Calgary device
IMP 2d/1e 64d/32e 4d/4e 1024e/>1024b 256d 32d Calgary device
CIP 0.5a/0.125c/1d 1a/1d 0.25c/1d 4b 2c/64d 1d Calgary device
TOB 2a/2d 4a/8d 2d 2b 64d 4d Calgary device
COL 2d/2e 16d/16e 1d/8e 128e 64d 2d Calgary device
AZM 128f/128d 2a/16d >128d – 512d 8d Calgary device
CXA-101 0.5c – 0.5c – 0.5c – Calgary device

AZM, azithromycin; AZT, aztreonam; BBC, biofilm bactericidal concentration; BPC, biofilm-prevention concentration; CAZ, ceftazidime; CIP, ciprofloxacin; COL, colistin; IMP,
imipenem; MBC, minimal bactericidal concentration; MBEC, minimal biofilm-eradication concentration; MBIC, minimal biofilm inhibitory concentration; MER, meropenem; TOB,
tobramycin.
aObtained from [57]. Median values of a clinical collection.
bObtained from [64]. Pseudomonas aeruginosa ATCC 27853 values.
cObtained from [88]. PAO1 values.
dObtained from [89]. Fifty per cent value of a clinical collection.
eObtained from [90]. PAO1 values.
fObtained from [58]. PAO1 values.

ª2014 The Authors

Clinical Microbiology and Infection ª2014 European Society of Clinical Microbiology and Infectious Diseases, CMI, 20, 981–990

CMI Maci!a et al. Susceptibility assay in biofilm 987

Macià, Clin Microbiol Infect 2014

Biofilms de P. aeruginosa Dispositif de Calgary ou MBEC assay®



Scanning electron microscopy

The morphological changes of the NTHi HI-202 strain biofilm
on 96 pins after exposure to AMPC and LVFX was evaluated

by scanning electron microscopy (SEM). Briefly, the samples

was treated with 2.5 % glutaraldehyde and 2 % osmium tet-
raoxide and dried by the t-butyl alcohol freeze-drying method.

Then, the samples were coated with NL-OPC80N osmium

plasma coater (JEOL, Tokyo, Japan) before viewing with a
JSM-6320F scanning electron microscope (JEOL).

Results

Antimicrobial efficacies of b-lactams, fluoroquinolones,

and macrolides

The MIC50, MIC90, and range of MIC for AMPC were 4,

32, and 0.5–64 lg/ml, respectively; those for CDTR were

0.125, 0.25, and 0.031–16 lg/ml, respectively. The MBCs
of AMPC and CDTR were 2 fold to more than 512 fold

higher than their MICs. In contrast to antimicrobial

Fig. 1 Antimicrobial efficacies of b-lactams, fluoroquinolone, and
macrolides. a Minimal inhibitory concentration (MIC), minimum
bactericidal concentration (MBC), and minimal biofilm eradication
concentration (MBEC) of amoxicillin (AMPC). b MIC, MBC, and
MBEC of cefditoren (CDTR)-PI. c MIC, MBC, and MBEC of

levofloxacin (LVFX). d MIC, MBC, and MBEC of tosufloxacin
(TFLX). e MIC, MBC, and MBEC of clarithromycin (CAM). f MIC,
MBC, and MBEC of azithromycin (AZM). Closed squares MIC,
closed triangles MBC, closed circles MBEC
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