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Abstract
Controlling for sample site is considered to be an important aspect of chronic wound
microbiological investigations; yet, macro-scale spatial variation in wound microbiota has not
been well characterized. A total of 31 curette samples were collected at the leading edge, opposing
leading edge and/or center of 13 chronic wounds. Bacterial community composition was
characterized using a combination of 16S rRNA gene based pyrosequencing; heat map display;
hierarchical clustering; non-metric multidimensional scaling; and permutation multivariate
analysis of variance. A total of 58 bacterial families and 91 bacterial genera were characterized
among the 13 wounds. While substantial macro-scale spatial variation was observed among the
wounds, bacterial communities at different sites within individual wounds were significantly more
similar than those in different wounds (p = 0.001). Our results support the prevalent opinion that
controlling for sample site may improve the quality of wound microbiota studies; however, the
significant similarity in bacterial communities from different sites within individual wounds
indicates that studies failing to control for sampling site should not be disregarded based solely on
this criterion. A composite sample from multiple sites across the surface of individual wounds
may provide the most robust characterization of wound microbiota.
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Introduction
There is a continued need to define the role of microbiota in wound healing to insure that
appropriate therapy is utilized. Such studies are particularly relevant pertaining to chronic
wounds as microbial colonization is considered to be one of the key factors leading to
delayed healing (1). Each year, hundreds of thousands of Americans are treated for chronic
wounds, resulting in billions of dollars in healthcare expenditures (2-3). Fully characterizing
the role of microbiota in wound healing will require studies using a combination of robust
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molecular analyses and appropriate epidemiological design that considers all relevant factors
such as macro-scale spatial variation (i.e., variation across the surface of the wound) in
chronic wound microbiota. Studies that do not consider these variables are likely to present
an incomplete or biased characterization of the chronic wound microbiota.

Previous studies using culture-independent molecular-based methods to characterize chronic
wound microbiota indicate that standard culture-based methods frequently fail to capture the
full scope of bacteria present within a wound (4-9). The combination of incorrect growth
conditions (media formulation, temperature, gas mixture, time, etc.) and fastidious or non-
culturable bacteria has proven difficult to overcome using culture-based methods; whereas,
DNA- and RNA-based methods are unaffected by these challenges. Moreover, in contrast to
culture-based methods, molecular methods—aided by next-generation sequencing
technologies—can be used to characterize complex bacterial communities with relative ease.

Understanding macro-scale, spatial variation in chronic wound microbiota is critical to
evaluating the relative importance of controlling for sample site in chronic wound
investigations; however, such variation has yet to be thoroughly evaluated. Physiological
conditions can vary spatially within a wound and create diverse microenvironments that may
support different microbial communities. For example, the surface of a wound may be better
oxygenated than the deeper wound center and favor more aerobic bacterial species. A
review of the wound literature over the past three decades reveals few studies on spatial
variation in chronic wound microbiota. Two recent studies used fluorescent in situ
hybridization-based methods to reveal non-random, micro-scale spatial variation in chronic
microbiota (10-11). To date, however, only one study has applied culture-independent
methods to evaluate macro-scale, spatial variation within chronic wounds (12). In this study,
Wolcott et al. examined topological variation in four chronic venous leg ulcers by sampling
from multiple sites at the leading edge and center of each wound and concluded that there
was substantial variation across the surface of the four chronic wounds.

In the current study, we characterized the bacterial microbiota of 13 chronic wounds using
16S rRNA-based pyrosequencing analysis.

Methods
Ethics Statement

Participants were provided written informed consent for enrollment. The protocol was
reviewed and approved by the Johns Hopkins University IRB and Western IRB (for TGen).
Each patient included in the current analyses was assigned a code beginning with WS or TR
followed by a two-digit number.

Sample collection
Chronic wound tissue samples (n = 31) were collected from 12 patients enrolled and
consented at the Johns Hopkins Wound Center, a tertiary wound center in Baltimore, MD.
Briefly, after consent and topical anesthesia with xylocain, tissue was collected from the
wound base with a 3 or 7 mm curette. Samples were taken from two to three sites from each
wound: site A, the leading edge of the wound; site B, the opposing leading edge; and/or site
C, the wound center (Figure S1). Each specimen was placed in nonbacteriostatic saline,
immediately transported to the laboratory, minced, and divided for molecular- and culture-
based analyses.
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Culture-based assessment
For each sample, 20 to 40 mg of tissue was transferred to a sterile 50 ml disposable tissue
grinder containing 5 ml of sterile saline and hand-homogenized for 30 seconds. The tissue
homogenate was then serially diluted and plated on non-selective media including sheep
blood agar, MacConkey and chocolate agar plates and incubated overnight at 35°C in 5%
CO2. Colonies were counted and used to determine the Colony Forming Units per gram of
tissue (CFU/g) for each species. Speciation was carried out on the MicroScan Walk-Away®
system (Dade Behring Inc., West Sacramento, CA).

Technical replicates
From each of two study participants (TR01 and TR02), we collected a single curette sample
from the leading edge of their wound, and then divided the sample into three approximately
equal portions. Each of the wound portions was then processed and analyzed separately in
order to evaluate the reproducibility of our methods. Note: As performed, the technical
replicates themselves were vulnerable to spatial variation within the individual curette
sample.

DNA extraction and purification
Genomic DNA was extracted from curette samples using a bead-beating and enzymatic lysis
protocol, followed by purification using a QIAamp DNA Mini Kit (Qiagen, Valencia, USA).
Briefly, the frozen tissue samples were thawed on ice and 0.75 ml of TE50 (10mM Tris-HCl
+ 50mM EDTA, pH 8.0) solution added. 500 μl of the solution was transferred to a clean,
sterile bead-beating tube (MP Biomedicals, Solon, USA) and kept on ice. A lytic enzyme
cocktail was prepared at the time of extraction and added to each sample as follows: 50 μl
Lysozyme (450 kU ml-1), 6 μl Mutanolysin (25 kU ml-1), 3 μl Lysostaphin (4 kU ml-1) and
41 μl TE50 for a final volume of 100 ml per sample. Samples were digested by incubating at
37°C for 60 min in a dry heat block before centrifugation at 1200 rpm for 1 min. To each
digested sample, 750 mg of sterile 0.1 mm diameter zirconia silica beads (BioSpec Products
Inc., Bartlesville, USA) were added. Bead-beating was performed for 1 min at 2100 rpm
using a BioSpec Mini-Bead Beater-96. Following bead disruption, the tubes were
centrifuged at 1200 rpm for 1 min. Two 200 ml aliquots of crude lysate from each sample
were transferred to new, sterile microcentrifuge tubes. To each tube, 25 μl of Proteinase K
(20 mg/ml (>600 mAU/ml)) and 200 μl of Qiagen buffer AL were added. Samples were
mixed by pulse-vortexing for 15 sec and then incubated at 56°C for 10 min before being
centrifuged at 1200 rpm for 1 min. For each 200 μl crude lysate, 20 μl of 3 M sodium
acetate, pH 5.5 was added followed by 200 μl of molecular grade ethanol (96–99.5%).
Vortexing was repeated for an additional 15 sec before being centrifuged at 1200 rpm for 1
min. From this point onward, purification was carried out using the QIAmp DNA
Purification from Blood or Body Fluids as per manufacturer's instructions. Aliquots from the
same sample were loaded onto the same column. Purified genomic DNA was stored at
-80°C until analysis.

Pyrosequencing analysis of the 16S rRNA gene V3-V4 region on the 454® platform using
fusion primers

The 16S rRNA gene was amplified in two replicate 15 μl reaction volumes. In each 15 μl
reaction, 1 μl was added to 14 μl of PCR reaction mix containing 450 nM of each broad
range forward (5′- CCATCTCATCCCTGCGTGTCTCCGACTCAGnnnnnnnnnn-
CCTACGGGDGGCWGCA-3′) and reverse primer (5′-
CCTATCCCCTGTGTGCCTTGGCAGTC-TCAGGGACTACHVGGGTMTCTAATC-3′),
1X PCR buffer without MgCl2 (Invitrogen, Carlsbad, USA), 3 mM MgCl2, 0.2 mM dNTP
mix, 1 U platinum Taq (Invitrogen) using the following touch-down PCR condition: 90s at
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95°C for initial denaturation and 20 cycles of 30s at 95°C for denaturation, 30s at 60°C for
annealing, 30s at 72°C for extension with the annealing temperature decreasing by 0.5°C for
each subsequent cycle for followed by 10 cycles of 30s at 95°C for denaturation, 30s at
45°C for annealing, 30s at 72°C for extension, and a final extension for 7 min at 72°C. The
final tagged PCR products were then purified using the Agencourt® AMPure® Kit
(Agencourt, Beverly, USA). Gel electrophoresis was performed using 5ul of the purified
PCR product using the E-Gel® 96-well System (Invitrogen, Carlsbad, USA) for quality
check and gel-based quantification. A second quantification was performed using an in-
house 16S rRNA gene quantitative real-time PCR assay. The PCR products were then
pooled in an equimolar fashion to generate the amplicon library for pyrosequencing. The
emulsion PCR and pyrosequencing analysis using a Roche 454 XLR Titanium chemistry on
the FLX pyrosequencer was performed according to the manufacturer instructions (454 Life
Sciences, Branford, USA) at the Institute for Genome Sciences of University of Maryland.

Pyrosequencing data processing
Experimental sequences were processed using a custom PERL script, which performed the
following: the script filtered the sequence files and retained only sequences that were 200-nt
or longer. Regular expressions were then applied to the remaining sequences to search for a
single barcode sequence in each FASTA sequence, binned each sequence accordingly, and
scanned each binned sequence for the 16S forward primer sequence. The script then
trimmed off the forward primer sequence and oriented the remaining sequence such that all
sequences begin with the 5′ end according to standard sense strand conventions. As a result
of our processing, sequences that were shorter than 200-nt or had multiple barcode or primer
motifs were excluded from the analysis.

Taxonomic assignment
We classified the 16S rRNA gene sequences at each taxonomic level (i.e., phylum, class,
order, family, genus) at ≥95% bootstrap confidence level using a web service for the Naïve
Bayesian Classifier made available by the Ribosomal Database Project (13). An SQL
database was used to store and query the results. In order to control for potential errors due
to pyrosequencing that may have created spurious sequences, we removed all taxonomic
groups occurring only once (i.e., singletons). The taxonomic data was converted into a data
matrix in R, which we converted to a proportional abundance data matrix calculated by
dividing the bacterial family abundance by the total number of sequences assigned to the
Bacterial domain from the 31 samples. To faciliate in silico evaluation of the robustness of
using combined samples to evaluate the overall wound microbiota, we simulated a combined
dataset from all sampled sites for each wound. This was performed by summing the number
of sequences from each sampling site for each detected bacterial family and genus. Next, the
proportional abundance was generated accordingly (i.e., the sum of each bacterial family/
genus from all sampled sites divided by sum of total number of sequences from all sampled
sites assigned to the domain of Bacteria). Subsequent microbiota analyses were performed
using both the experimental wound data and the simulated combined wound data.

Visualization of the wound microbiota data
Subsequent data visualization and analyses were performed in R version 2.9.1 unless
otherwise specified (14). We visualized the wound microbioa using two different
approaches: 1) a heatmap display and 2) non-metric multi-dimensional scaling (nMDS).
Heatmap display. We visually assessed the wound microbiota using a heatmap display,
where the relative abundances of the different taxa are represented by different colors
(Figure 1;Figure S2). Non-metric multidimensional scaling (nMDS) analysis. We utilized
nMDS ordination to visually assess patterns microbiota compositional differences among
our samples. All nMDS plots were generated in R using functions from ecodist (15), ellipse
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(16), and BiodiversityR (17). To generate each nMDS plot, we began by evaluating the
number of dimensions required to appropriately present the bacterial communities using a
stress plot. We applied a conventional cutoff of < 0.2 to determine the acceptable number of
dimensions. Using the appropriate number of dimensions n = 50 iterations, Using the
appropriate number of dimensions, the nMDS procedure was repeated with n = 50 iterations.
The final nMDS plot was generated using the ordinated dataset. The distance between points
in the plot can be interpreted as the relative difference in community composition; hence,
points that are closer are more similar than points that are more distant.

Multivariate ecological analyses
In order to compare the microbiota at different sites within individual wounds and among
the different wounds, we applied the multivariate analysis method called Permutation
Multivariate Analysis of Variance (PerMANOVA), which is often used for ecological
community data. We used PerMANOVA to test the null-hypothesis of no-difference
between the bacterial communities found within a single wound and those in different
wounds (α = 0.05). PerMANOVA is a permutation-based version of the multivariate
analysis of variance (18). PerMANOVA uses the distances between samples to partition
variance and randomizations or permutations of the data to produce the p-value for the
hypothesis test. It is non-parametric (or semi-parametric for multi-factor models) and,
therefore, robust to the assumption of multivariate normality making it less prone to Type I
errors. PerMANOVA analyses were performed in R using the “adonis” function from the
vegan package (19).

Culture-based data was compared in a pair-wise fashion between different sites within
individual wounds using Kendall's tau (τ) correlation coefficient.

Results
We enrolled 12 study participants at the Johns Hopkins Wound Center in Baltimore, MD
and collected 31 curette samples from 13 wounds (one participant was sampled from venous
ulcers on both legs) (Table 1). For each wound, we collected a curette sample from two to
three sites: 1) site A, the leading edge of the wound; 2) site B, the opposing leading edge;
and/or 3) site C, the center of the wound (Figure S1).

Aerobic bacteria at different sites within the same wounds were well correlated as assessed
by qualitative culture-based methods. Agreement was assessed using Kendall's tau (τ)
correlation coefficient. None of the sample pairs were significantly different from one
another. All tau p-values were greater than or equal to 0.719. As reported previously,
culture-based methods revealed much fewer species among wound samples as compared to
culture-independent 16S rRNA based methods (9).

Pyrosequencing analysis of V3-V4 segment of the 16S rRNA gene generated a total of
61,422 sequences from the 31 curette samples (Per sample mean, 1982; SD, 941; min, 540;
max, 4762). We performed taxonomic classification of sequences using the Ribosomal
Database Project (RDP) Naïve Bayesian Classifier (13). Greater than 99% of the sequences
analyzed were identified to the phylum, class, order and family levels at ≥95% confidence;
however, the proportion of sequences assigned to the genus level decreased to 91.0% (genus
level taxonomic assignment varied from 0 to 100% among the different bacterial families).
Table 1 shows the 25 most common families and genera identified among the wounds.

We detected a total of 58 bacterial families (Average per wound,18.9; SD, 4.1; range, 13 to
29) from the 31 samples analyzed. Among these, Staphylococcaceae was the most common,
followed by Pseudomonadaceae, Streptococcaceae, Clostridiales Family XI and
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Enterobacteriaceae (Table 2). We identified 91 bacterial genera among the wounds (Average
per wound, 20.9; SD, 6.2; range 11 to 34). The ten most common genera included:
Staphylococcus, Pseudomonas, Streptococcus, Anaerococcus, Ralstonia, Morganella,
Porphyromonas, Peptoniphilus, Janthinobacterium and Corynebacterium.

The heat map display of wound microbiota composition showed that while
Staphylococcaceae was the most common family overall and dominated many samples,
others were dominated by different families including: Pseudomonadaceae (e.g., WS21-B,
WS22-A, WS23-A, WS23-B & WS39-C); Streptococcaceae (e.g., WS35-A & WS35-C);
Clostridiales Family XI (e.g., WS22-B); Enterobacteriaceae (e.g., TR01-1 & WS34-A);
Neisseriaceae (e.g., WS37L-B); and Porphyromonadaceae (e.g., WS39-A) (Figure S2). Two
to three different organisms dominated some samples including: TR01-2, TR01-3, WS29-A,
WS29-B, WS34-B, WS35-B, WS37L-A and WS37R-A.

Samples from different sites within individual wounds shared similarities in bacterial
community compositions as shown with hierarchal clustering of bacterial families on the
heat map display (Figure 1A). Similarities among communities from the same wound were
maintained at the genus level as well (Figure 1B). Technical replicates from sample TR02
were highly similar; whereas, replicates from sample TR01 appeared to be as diverse as
samples taken from different sites within a wound. The simulated combined wound data, as
would be expected, closely clustered with the experimental wound microbiota data (Figure
1A-B).

Samples taken from within a single wound were more similar to one another than those
taken from different wounds as was shown using a community analysis method commonly
used in ecology research, termed non-metric multi-dimensional scaling (nMDS), an
iterative, ordination-based method that reduces data complexity while retaining the most
meaningful components (Figure 2). The significant similarity across a single wound was
confirmed using a statistical test that compare the within-group variance with the between-
group variance using a permutation-based approach, Permutational Multivariate Analysis of
Variance (PerMANOVA), which revealed that the variation between communities in
different wounds was significantly greater than the variation among different sites within the
same wound (p = 0.001). Microbial community variation within individual wounds was
similar whether comparing opposing leading edges or comparing leading edge samples with
those taken from the center of the wound (Figure 2). Likewise, between our two technical
replicate sets, one set formed a tight cluster, while the other set appeared to show
dissimilarities akin to samples taken from different sites within a single wound. The
combined wound microbiota appear to be representative of all replicates from each wound
site, as the composite microbiota was consistently located near the centroid of the wound
microbiota from different sites (Figure 2).

In the participant from whom we sampled venous leg ulcers from both legs (WS37R-A,
WS37R-B, WS37L-A and WS37L-B), there was high concordance between the wounds,
with both wounds showing abundant Staphylococcaceae and Neiserriaceae. This suggests
that host factors—immunological and/or behavioral—may play an important role in
determining the bacteria that colonize the host wounds, overcoming other environmental
differences such as location of the wound on the body (Figures 1 and 2); however, the
wound microbiota from additional patients with multiple wounds will have to be studied
before any firm conclusions can be made.
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Discussion
Our findings indicate that the microbiota at different sites on the leading edge of a wound
may be as different from one another as they are from those taken from the center of the
wound. At the time of submission, only one other study had been published reporting on the
macro-scale spatial variation of microbiota across the surface of chronic wounds (12). In this
previous study, four wounds were sampled at multiple sites of their leading edges and
central regions. While the authors did not report statistical analyses, the tabular data revealed
substantial variation in wound microbiota regardless of the regions from which the sample
was taken. Thus, our data are consistent with these previous findings. Future studies,
adjusting for wound type and size may further elucidate macro-scale wound microbiota
variation. Likewise, a prospective analysis of macro-scale spatial variation may further
reveal the relative importance and stability of such variation.

The variation in one of the technical replicates was somewhat disturbing; however, our
previous experience with technical replication indicates that our molecular and statistical
methods are highly reproducible (20). Therefore, we propose that the observed differences
were most likely due to spatial variation within the single curette sample itself. The sample
was not homogenized prior to dividing it into three equal parts; thus, the portions may have
been from physiologically distinct regions of the sample site itself (e.g., one portion near the
wound bed, another at the surface and the third in-between). In retrospect, it would have
been more appropriate to isolate DNA from a single homogenized wound sample then split
the DNA into three equal aliquots prior to starting replicate analyses. Unfortunately,
technical replicates are rarely reported in the related scientific literature, so it is difficult to
know how our data compare to those of other research groups.

Our findings suggest that a homogenized composite sample from multiple sites within a
wound may provide a more robust picture of a wound's microbiota than simply sampling
from a single site. Creating a post-analysis composite of DNA sequence data generated from
multiple samples taken from the same wound may provide all the benefits of a physical
homogenization while allowing for additional independent analyses of the different sites.

Our results support the prevalent opinion that controlling for sampling site within individual
wounds can improve the quality of wound microbiota studies; however, the significant
similarity in microbiota from different sites within individual wounds as compared to
between different wounds suggests that studies failing to control for sampling site should not
be considered invalid based solely on this criterion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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List of Abbreviations

nMDS non-Metric Multi-Dimensional Scaling

PerMANOVA Permutation Multivariate Analysis of Variance

RDP Ribosomal Database Project
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Figure 1.
Figure 1A. Heat map display of bacterial families comprising chronic wound microbiota
(samples are grouped based on hierarchical clustering of bacterial communities).
The color key for the number of sequences from each bacterial family is shown on the right.
A = leading edge; B = apposing leading edge; C = center; Combined = simulated combined
wound; TR01 and TR02 (1, 2, & 3) are technical replicates created by dividing a single
curette sample into three equal parts prior to processing.
Figure 1B. Heat map display of bacterial genera comprising chronic wound microbiota
(samples are grouped based on hierarchical clustering of bacterial communities).
The color key for the number of sequences from each bacterial family is shown on the right.
(A = leading edge; B = apposing leading edge; C = center; Combined = simulated combined
wound; TR01 and TR02 (1, 2, & 3) are technical replicates).
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Figure 2.
Non-metric Multi-Dimensional Scaling (nMDS) plot of microbiota of wounds samples taken
from different sites within the wounds.
(A = leading edge; B = apposing leading edge; C = center; star = simulated combined
wound; TR01 and TR02 (1, 2, & 3) are technical replicates).
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