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Chronic diabetic foot is a global burden affecting millions of people, and the chro-
nicity of an ulcer is directly linked to the diverse bacterial burden and its biofilm
mode of infection. The bacterial diversity of 100 chronic diabetic ulcer samples
was profiled via traditional culturing method as well as metagenomic approach by
sequencing the 16S rRNA V3 hyper-variable region on Illumina Miseq Platform
(Illumina, Inc., San Diego, CA). All the relevant clinical metadata, including dura-
tion of diabetes, grade of ulcer, presence of neuropathy, and glycaemic level, were
noted and correlated with the microbiota. The occurrence and establishment of
bacterial biofilm over chronic wound tissues was revealed by Fluorescent in situ
Hybridization and Scanning Electron Microscopy. The biofilm-forming ability of
predominant bacterial isolates was studied via crystal violet assay and Confocal
Laser Scanning Microscopy. The dominant phyla obtained from bacterial diversity
analysis were Firmicutes, Proteobacteria, and Actinobacteria. The dominant aero-
bic pathogens identified by culture method are Pseudomonas, Proteus,
Enterococcus, and Staphylococcus, whereas high-throughput sequencing revealed
heightened levels of Streptococcus and Corynebacterium along with 22 different
obligate anaerobes. The biofilm occurrence in chronic diabetic ulcer infection is
well analysed. Herein, we illustrate the comprehensive pattern of bacterial infec-
tion and identify the community composition of chronic wound pathogenic
biofilm.
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1 | INTRODUCTION

Chronic wound infection is a major menace to millions of
affected patients as well as health care systems. The main
categories of chronic infections include diabetic ulcer, pres-
sure sores, and venous insufficiency in which diabetic foot
ulcer (DFU) scores the maximum chronicity and encum-
brance. Nearly 24.4% of the total health care expenditure of
the diabetic population is because of foot ulcer complica-
tions.1 Life-time foot ulcer risk is about 25% for diabetic
patients2 and accounts for two thirds of all non-traumatic
amputations.3 Unlike acute wounds, which heal within a
predictable time period, diabetic ulcers do not show signs of

healing even after 30 days of medication4 and become
worse because of pathogenic microbial infection. Chronic
ulcers display delayed healing due to various reasons,
including low blood supply, uncontrolled inflammatory
response, reduced reepithelialisation, and the presence of
biofilm-associated infections.5 The infection may be mono
or polymicrobial, mostly polymicrobial with antimicrobial-
resistant bacteria organised as a complex biofilm commu-
nity that acts as a major contributing factor to the chronicity
of a non-healing ulcer.

Polymicrobial communities associated with diabetic
ulcer biofilm are refractory to conventional antibiotic ther-
apy. According to a WHO report (2016), diabetes
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prevalence is rising rapidly in low- and middle-income
countries, and the related complications like non-healing
ulcers pose a severe burden to the economic and social life
of affected patients. Such countries are solely dependent on
traditional culturing techniques, which portray different
diversity pattern and dominance information regarding the
microbial load. The social epidemiology of diabetic foot in
countries like India is entirely different from that of western
countries. Several studies focusing on the microbial diver-
sity of wound infections were reported frequently, but those
centred on molecular diagnostic approach to sketch the
comprehensive diversity pattern are meagre in such lower-
and middle-income countries. In this context, we aim to
highlight the significance of both culturing and metage-
nomic approaches to provide a complete coverage of bacte-
rial diversity of chronic diabetic ulcer and the nature of
wound biofilms, as well as the diagnostic options to be used
in the management of biofilm-related infections.

2 | METHODOLOGY

2.1 | Patient recruitment and sample collection

In total, 100 patients with DFUs from the Govt. Medical Col-
lege Hospital, Trivandrum, Kerala, India, were enrolled in this
study after signing the informed consent protocol form in com-
pliance with Institutional Human Ethics Committee (Reference
number RGCB-IEC No. IHEC/01/2013/11). The patients’
details, such as age, gender, duration of diabetes, age of
wound, organ injured, grade of ulcer (based on Wagner’s clas-
sification), glycaemic level (HbA1c), presence of neuropathy,
and presence of vascularisation, were recorded. We did not
interfere in the treatment procedures and antibiotic therapy.

Diabetic wound beds were debrided to remove superfi-
cial debris and were cleansed with sterile saline. Then,
swabs obtained using the Levine technique were transported
to the laboratory in Amies transport medium. Sharp debride-
ment was performed with aseptic precautions as part of
standard of care, and the tissue samples were collected in
sterile bottles and immediately frozen at −80�C.

2.2 | Swab culturing and 16S rRNA gene sequencing

The swab cultures were streaked onto 5% Sheep blood agar,
Chocolate agar, and MacConkey agar. Pure colonies of
morphologically different bacterial isolates were inoculated
to Luria Bertani (LB) broth and incubated at 37�C for 18 to
24 hours. Cell lysates were prepared, and 16S rRNA gene
was amplified using universal 16S rRNA primers.6 The
amplified product was purified through USB Exosap-IT
(Affymetrix, Santa Clara, California) treatment. Then, the
sequencing was performed using a Big Dye terminator cycle
sequencing kit (Applied BioSystems, Foster City, Califor-
nia) and was resolved on an Applied BioSystems model

3100 automated DNA sequencing system (Applied BioSys-
tems). The similarity and homology of the 16S rRNA partial
gene sequences were analysed using BLAST search of the
data bank of the National Center for Biotechnology Infor-
mation (NCBI).

2.3 | Metagenomic sequencing

Total DNA was isolated from each of the debridement tis-
sue samples using the Wizard Genomic DNA Purification
kit (Promega, Madison, Wisconsin), and the 16S rRNA
gene (1500 bp) was amplified from each sample as
described earlier. The samples were quantified using a
Qubit 2.0 Fluorometer. The V3 hyper-variable region was
amplified from pooled PCR product using V3-specific
primers 314F-50CCTACGGG AGGCAGCAG30 and 518R-
50ATTACCGCGGCTGCTG G30 with the following PCR
condition: 98�C for 30 seconds, 30 cycles of 98�C for
10 seconds, 72�C for 30 seconds, and final extension at
72�C for 5 seconds. A second PCR was performed using
Phusion Hot Start DNA Polymerase (New England Biolabs,
Ipswich, Massachusetts) with a set of primers that has
illumina-indexed bar code sequences with PCR conditions
of: 98�C for 30 seconds, 15 cycles of 98�C for 10 seconds,
72�C for 30 seconds, and extension at 72�C for 5 seconds
followed by 4 �C hold, and the size selection was performed
with a Pure link Gel extraction kit (Invitrogen, Carlsbad,
California). Library validation was performed on an Agilent
2200 Tape Station Instrument. The library was then run on
Illumina MiSeq platform utilising a 300-cycle V2 Illumina
MiSeq kit and custom primers for sequencing.

In total, 90% of the reads have a phred score greater than
30 (>Q30: error probability ≥0.001), and the GC content is in
the range of 40% to 60%. The primers and spacers were
trimmed, and the paired-end reads were overlapped to assem-
ble the V3 tag sequences using the ClustalO programme.
After performing multiple filters, high-quality paired-end
reads were aligned with each other with 0 mismatches, with
an average contig length of ~135 to ~165 bp. After singleton
removal, the PCR chimeras were removed using the UCHIME
implemented in the tool USEARCH v7.0.1090.7 The pre-
processed consensus V3 sequences were clustered into opera-
tional taxonomic units (OTUs) using the Uclust programme

Key Messages

• The bacterial profiling of diabetic ulcer infections in

100 patients was carried out using the culturing and metage-

nomic approaches
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infection in chronic diabetic ulcers

• we conclude that the diverse polymicrobial load and its bio-

film mode of infection play a major role in the chronicity of a

non-healing ulcer
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(Similarity cut-off = 0.97), and a representative sequence
from each OTU was aligned against Greengenes core set of
sequences using the PyNAST programme.8 Then, taxonomy
classification was performed using the RDP classifier, and the
phylum, class, order, family, genus, and species distribution
for the sample was obtained. The Alpha diversity within the
sample was computed by calculating Shannon, Chao1, and
Observed species metrics, and the metric calculation was per-
formed using QIIME software.

2.4 | Fluorescent in situ hybridisation

In order to study the in situ distribution of wound biofilm,
debridement tissues (5 samples of acute and chronic wounds
each) fixed in 4% paraformaldehyde were cryosectioned in
Cryotome (CM1850UV, Leica Instruments, Wetzlar, Ger-
many) and embedded in poly-L-lysine (Sigma, St. Louis,
Missouri)-coated slides. After lysozyme treatment and dehy-
dration using graded concentrations of ethanol, a hybridisa-
tion buffer (0.9 M NaCl, 20 mM Tris HCl, 0.01% SDS, and
10% Formamide) containing 50 pmol of cy3-labelled
EUB338 universal bacterial probe (50-
GCTGCCTCCCGTAGGAGT-30) was applied to the slides
and incubated at 46�C in a humid chamber for 90 minutes.
The slides were dipped in wash buffer, washed with ice-
cold Milli Q, stained with DAPI (1.5 μg/mL), and pro-
ceeded for Confocal Laser Scanning Microscopy (Nikon,
Melville, NY).

2.5 | Scanning electron microscopy (SEM)

Debridement tissue samples fixed in 2.5% glutaraldehyde
solution were coated with gold–platinum and visualised
using Scanning Electron Microscopy (Oxford Instruments,
Abingdon, UK).

2.6 | Biofilm quantification

The predominant isolates obtained were inoculated in broth
(Gram-negative isolates in LB broth and Gram-positive in

Tryptic Soy Broth + 1% glucose) and incubated overnight
at 30�C. A crystal violet assay was carried out in 96-well
microtitre plates (Nunc, Roskilde, Denmark) in triplicate, as
described previously.9

2.7 | Confocal laser scanning microscopy (CLSM)

Biofilm staining of Gram-positive and Gram-negative
biofilm-forming isolates with Syto9 (Invitrogen) was carried
out as described previously.10,11 The slides were then
observed under 60× objective using a Nikon Eclipse Ti
Confocal Laser scanning inverted microscope (Nikon). The
excitation/emission wavelength for Syto9 was 488/525 nm.
The measurement of biofilm thickness was performed using
NIS-Element AR software, version 4.00.04.

2.8 | Statistical analysis

Statistical analysis by χ2 test or Student’s t test was applied
to relate the microbial diversity and ulcer characteristics of
the patient; P < 0.05 was considered significant.

3 | RESULTS

3.1 | Patient data

The details of clinical samples collected and the associated
clinical factors are summarised in Table 1. Samples were
collected from 100 patients, with mean age of 60 � 10�074
years, and 75% were male; 81% of the samples were taken
from patients with wound duration of more than 1 month
and 32% with duration of more than 3 months to several
years. The mean duration of diabetes among the subjects
was 12 � 7.5 years, and those with diabetes for more than
10 years was 62%. In total, 77.4% patients with diabetes for
more than 10 years suffered from neuropathy. The mean
HbA1c level was 7�99 � 2�19, and 80% of patients had
HbA1c level ≥ 6�5 and 18% with level ≥10. Grade 2 ulcers
penetrating ligaments and muscles (51%) were more

TABLE 1 Characteristics of patients and diabetic ulcer specimens

Total no. of specimen 100

Age of subjects 60 � 10.074 y

Subjects with duration of wound ≥1 mo 81%

Patients having neuropathy 69%

HbA1c level 7.99 � 2.19

Patients with HbA1c (>6.5) 80%

Poor vascularisation 24%

Duration of diabetes (≥10 y) 62%

Grade 1 ulcera—Superficial ulcer, not involving underlying tissues 20%

Grade 2 ulcer—Deep ulcer, penetrating ligaments and muscle 51%

Grade 3 ulcer—Deep ulcer with cellulitis or abscess formation, often with osteomyelitis 18%

Grade 4 ulcer—Localised gangrene 11%

a Grade of ulcer based on Wagner’s classification.
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prevalent, and 18% were found to have osteomyelitis, that
is, grade 3 ulcers (as per Wagner’s classification).

3.2 | Bacterial diversity by standard culturing

Aerobic swab culturing of 100 DFU samples revealed that
85% of the infections are polymicrobial in nature. There was
no particular pattern of coinfection, and the infections are
highly diversified in nature. The proportions of different bac-
terial genera identified by swab culturing are shown in
Figure 1. The major phyla obtained were Proteobacteria
(87%), Firmicutes (49%), Actinobacteria (24%), and Bacter-
oidetes (2%). Pseudomonas sp. (43%) and Proteus sp. (34%)
belonging to Gammaproteobacteria represented the highest
number of occurrences, followed by Enterococcus sp. (30%)
and Staphylococcus sp. (26%) belonging to Firmicutes.
While 39% of the samples have only Gram-negative bacteria,
13% have Gram-positive bacteria, and 48% have both Gram-
positive and -negative bacteria. As part of the present study,
Wohlfahrtiimonas chitiniclastica, a rare pathogen, was
reported for the first time from an Asian country.12

3.3 | Metagenomic analysis

In total, 3487 OTUs were identified from 542 641 reads,
and 2106 OTUs were taken for further analysis after

singleton removal. Raw datasets are submitted in the NCBI
submission portal, SRA submission Id: SRX1453631/
DU50. The heat map generated using MeV software
depicted 54 different bacterial genera (Figure 2). This
approach identified significantly more members at each tax-
onomic level when compared with the culture-based identi-
fication. At the phylum level, Firmicutes constitute the
highest proportion followed by Proteobacteria and
Actinobacteria, while Bacteroidetes was comparatively
lower followed by Acidobacteria, Gemmatimonadetes, and
Chloroflexi. Streptococcus and Corynebacterium were
found in high abundance along with the predominant ones
identified via the standard culturing method. Other leading
aerobic/facultative anaerobic genera identified were Helco-
coccus, Granulicatella, and Facklamia, and the obligate
anaerobes that dominated were Finegoldia, Parvimonas,
Peptostreptococcus, and Veillonella.

3.4 | In situ analysis of bacterial biofilm

Confocal Laser Scanning Microscopy imaging demonstrated
that bacteria colonising the chronic wound tissue sections
appeared as large aggregates of discrete, multi-cellular, bio-
film communities (Figure 3A-C). Three-dimensional images
were generated to visualise the biofilm pattern throughout

FIGURE 1 Pie chart depicting the bacterial profiling and its relative percentage obtained via swab culturing
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the tissue sections. The presence of biofilm aggregates over
chronic wound tissues is also confirmed by Scanning Elec-
tron Microscopy (Figure 3D-F).

3.5 | Biofilm formation of predominant bacteria

The majority of the predominant bacterial isolates were
good biofilm producers. All the Proteus isolates (100%)
intensely formed the biofilm, whereas other predominant
genera, such as Enterococcus sp. (92%), Pseudomonas
sp. (79%), and Staphylococcus sp. (72%), were also good
biofilm formers (Figure 4). Biofilm assay demonstrated that
Escherichia coli showed a low capacity to develop biofilm,
without significant differences among the isolates. Biofilm
development was maximum at 24 hours up to 48 hours of
incubation, and after this period, cells detach, and the bio-
film architecture becomes thinner. Confocal laser scanning
analysis demonstrated the approximate thickness and distri-
bution of biofilm-forming bacterial isolates (Figure 5).

3.6 | Statistical analysis

Statistical analysis revealed that the increasing duration of
ulcers showed a significant incidence of members of the
phylum Proteobacteria (P value 0.05) and a rising trend of
polymicrobial infection (P value 0.003). The patient’s grade
of ulcer and the duration of diabetes were associated with a
significant P value of 0.02.

4 | DISCUSSION

Delayed wound healing and poor vascularisation associated
with diabetes leads to severe amputations, and majority of
the chronic wounds are found to be linked with biofilm
infections.13 This creates a huge physiological as well as
psychological impact on the patients and may lead to mor-
bidity and increased mortality rates.14 Diverse bacterial load
and its permanent establishment as biofilm create a barrier
for the antibiotic therapy of chronic ulcer infections. Identi-
fying the major culprits is of great concern as the traditional
culturing techniques detect easily growing pathogens, like
Staphylococcus, as the dominating ones. However, this will
give a faulty picture of the microflora infecting the chronic
ulcers. This does not mean that these pathogens are of mere
importance, but this will conceal the role of other fastidious/
non-culturable bacteria in the polymicrobial infection lead-
ing to the chronicity of an ulcer and other related complica-
tions. Each pathogen in the polymicrobial biofilm can
contribute to enhance the resistance, and the combined path-
ogenic effect will worsen the situation. Hence, the real
depiction of the multispecies biofilm inhabiting the chronic
ulcer must be well understood via next-generation sequenc-
ing technologies.

FIGURE 2 Heat map showing the list of bacterial genera detected by the
metagenomic approach. It depicts the relative percentage of 16S rRNA
gene sequences assigned to each bacterial genus. Square colours shifted
towards bright red indicate higher abundance
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The present study focused on delivering a comprehen-
sive picture of the diabetic wound microbial ecology. The
samples were taken from a government tertiary care hospi-
tal, and majority of the patients were from low- or middle-
income families. More male patients were hospitalised for
DFU treatment than females. The age of the subjects does
not show any influence on the bacterial population or its
polymicrobial nature of infection. Most of the subjects had
suffered a long duration of diabetes, and this may have
influenced the grade as well as the chronicity of the ulcer.
DFUs are typically associated with a prolonged diabetic
condition, reduced multi-organ efficiency, and poor vascu-
larisation.15 The strong association between the duration of
diabetes and foot complications was suggested by previous
studies,16,17 and the risk of amputation increases in patients
suffering with diabetes for more than 10 years. In total, 70%
of the patients had neuropathy, and this also plays a major

role in ulcer chronicity, as previously reported.18 According
to previous studies,19,20 poor glycaemic control is another
factor that plays a major role in retarding the healing pro-
cess. In total, 80% of the ulcer patients had an HbA1c
level > 6.5 at the time of hospitalisation, and the mean level
was 7.99 � 2.19, which also aggravates the healing
condition.

In the present study, 85% of the infections were polymi-
crobial in nature, and this has proved that there is an
increasing pattern of multispecies infection as the ulcer
duration progresses. The predominant pathogens derived
from the aerobic culturing were Pseudomonas, Proteus,
Enterococcus, Staphylococcus, and E. coli. Previous studies
have covered the culture analysis of diabetic ulcer speci-
mens and reported Staphylococcus and the members of the
Enterobacteriacea family as the most predominant ones.21,22

The metagenomic approach showed heightened levels of

FIGURE 3 In situ visualisation of biofilm in wound tissue. Fluorescent in situ Hybridisation shows bacterial cells (red) attached to the host wound
debridement tissue (blue -DAPI). A, Acute wound. B, Chronic wound with bacterial biofilm. C, Isometric view showing biofilm clusters attached to the
chronic wound host tissue. Scanning Electron Microscopy (SEM) images of (D) acute wound with planktonic bacterial cells, 5000×; (E and F) Chronic
wound with clustered bacterial biofilm, 5000× and 3000×, respectively

FIGURE 4 Biofilm formation of
predominant isolates obtained from ulcer
specimens. Each dot indicates the mean
OD595 value from triplicates of each
bacterial isolate. OD value <0 to 1 shows
weak biofilm formers, 1 to 2 represents
moderate biofilm formers, and ≥2 shows
good/strong biofilm formers
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Streptococcus and Corynebacterium along with the other
predominant isolates obtained from the swab culturing
method in this study. Pseudomonas, Staphylococcus,
Enterococcus, and Streptococcus were considered to be the
potential biofilm-forming pathogens responsible for delayed
wound healing as per the previous reports.23,24 Other aero-
bic/facultative anaerobes like Helcococcus, Granulicatella,
and Facklamia were also found in abundance via the meta-
genomic approach but were not detected by the culturing
method. Helcococcus and Granulicatella are known to be
slow growers and usually demonstrate satellitism around
colonies of other bacteria like Staphylococcus. Hence, the
bacterial culture results will be misinterpreted, and these
bacteria are rarely reported previously. Besides, the current
rapid microbial identification systems in use lack the data-
base of such bacteria, which make their identification diffi-
cult. Although the pathogenesis of these bacterial genera
was not well investigated, they were reported to be associ-
ated with wound infections, sepsis, and prosthetic joint
infections.25–27 Bacteria like Aclanivorax, Balneimonas,
Candidatus etc. reported in the present study were not iden-
tified as human inhabitants/pathogens so far, and hence,
their pathogenesis is yet to be elucidated. The metagenomic
approach makes the detection of microbes possible without
environmental selection pressures inherent in the culturing
process.

The metataxonomic analysis revealed 22 different gen-
era of anaerobes in the diabetic ulcer specimens. A few
groups have studied the anaerobic infection of diabetic
ulcer, and anaerobes have been found to play a major role
in delayed wound healing.28,29 Smith et al30 have studied
the new and recurring types of ulcer, and anaerobes were
detected in nearly 87% of the samples. Finegoldia,

Parvimonas, Peptostreptococcus, veillonella, Anaerococcus,
Porphyromonas, Peptoniphilus, and Prevotella were the
predominant anaerobic genera identified in the present
study. Anaerobes are encased within the polymicrobial bio-
film where oxygen can penetrate only up to few microns31

and hence were protected by acquiring an anaerobic condi-
tion within the open wounds. In clinical settings, not much
importance is given to identify the anaerobic infection. Gen-
erally, clinicians provide broad-spectrum antibiotics for
ulcer infections, and metronidazole, the drug for treating
anaerobic infections,32 is prescribed only in detected cases.
This negligence may lead to a rising trend in anaerobic
infections, and the treatment strategies adopted will not heal
the wound promptly.

The diverse bacterial communities are found to adopt a
biofilm mode of life in non-healing ulcers. In our study,
FISH-CLSM and SEM imaging of the ulcer debridement
samples showed aggregates of bacterial clusters on the
wound surface, which helps to spot the abundance and pat-
tern of biofilm over the infected tissue. James et al33 evalu-
ated 50 chronic wounds and 16 acute wounds and
microscopically confirmed the presence of biofilm in more
than 60% of the chronic wounds. Similar previous studies
have evaluated the presence of biofilm infections of
S. aureus and Pseudomonas aeruginosa in various chronic
wound specimens.34,35 The predominant bacterial isolates
were checked for biofilm-forming ability in vitro, and the
majority were found to be good biofilm formers and may
exist as polymicrobial biofilm in the infected wound. Anti-
biotic administration may not affect the survival of good
biofilm formers as well as the bacteria entrapped within the
biofilm and will delay infection control. The concept of
functionally equivalent pathogroup (FEP) populations

FIGURE 5 Confocal Laser scanning Microscopy analysis of biofilm formed by a Gram-positive bacterium Enterococcus faecalis stained with Syto 9. 3D
image of biofilm depicts biofilm thickness in μm
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suggested by36 also states that the non-pathogenic species
may live symbiotically and act synergistically and contrib-
ute to the chronicity of diabetic foot wounds.

The present investigation facilitates the understanding of
polymicrobial communities associated with the diabetic
ulcer, which gives a clear-cut picture of wound ecology and
routes for the better management of diabetic wounds. Along
with other major aetiologies of diabetic ulcers, bacterial load
and its biofilm mode of infection play a major role in ulcer
chronicity. The metagenomic approach highlights the pres-
ence of viable but non-culturable bacteria and obligate
anaerobes, which may play a major role in pathogenicity,
even though not much emphasis is given in the current
treatment scenario. The ever-rising pattern of diabetic ulcer
infections globally drives the need for the development of
better molecular diagnostic techniques for the surveillance
of the bacterial community and its biofilm mode of infection
for better patient management.

4.1 | Metagenome data Submission

Raw datasets are submitted to the NCBI Sequence Read
Archive under SRA accession number: SRX1453631, Bio-
project: PRJNA304366.
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