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Diabetics frequently suffer from chronic, nonhealing wounds. Al-
though bacterial colonization and/or infection are generally acknowl-
edged to negatively impact wound healing, the precise relationship
between the microbial community and impaired wound healing
remains unclear. Because the host cutaneous defense response is
proposed to play a key role in modulating microbial colonization, we
longitudinally examined the diabetic wound microbiome in tandem
with host tissue gene expression. By sequencing 16S ribosomal RNA
genes, we show that a longitudinal selective shift in wound micro-
biota coincides with impaired healing in diabetic mice (Lepr®??; db/
db). We demonstrate a parallel shift in longitudinal gene expression
that occurs in a cluster of genes related to the immune response.
Further, we establish a correlation between relative abundance of
Staphylococcus spp. and the expression of cutaneous defense re-
sponse genes. Our data demonstrate that integrating two types of
global datasets lends a better understanding to the dynamics govern-
ing host-microbe interactions.

wound healing | microbiome | innate immunity | diabetes | gene
expression

iabetes currently affects ~24 million people in the United

States, and this number is expected to at least double in the
next 25y, along with associated health care expenditures (1). One of
the most common and costly complications of diabetes is chronic
nonhealing wounds, affecting as many as 15% of diabetics and
exceeding $1.5 billion in annual costs in the United States alone (2).
It is widely appreciated that diabetic wounds do not follow the
precisely orchestrated course of events observed in normal wound
healing, consisting of phases of coagulation, inflammation, migra-
tion/proliferation, and remodeling. In addition to peripheral neu-
ropathy and vasculopathy, increased bacterial colonization and/or
infection of the diabetic wound have a deleterious effect on healing
(3). Systemic antibiotics and dressings are often used to treat
chronic wounds, but clinical outcome studies do not uniformly sup-
port the efficacy of such measures. A better understanding of the
relationship between bacterial colonization and impaired wound
healing is necessary to reevaluate therapeutic strategies.

Prevalent species isolated by culture-based methods from diabetic
foot ulcers in humans include Staphylococcus aureus, Staphylococcus
epidermidis, Streptococcus species, Pseudomonas aeruginosa, En-
terococcus species, Peptostreptococcus species, Bacteroides species,
and Prevotella species (4, 5). Culture-based assays inherently are bi-
ased toward the 1% of microbes that are able to thrive in isolation
and in diagnostic growth conditions (6). We recently surveyed the
resident microbiota of healthy human skin by using a less biased,
culture-independent method of sequencing the highly conserved
bacterial 16S ribosomal RNA gene (7). Many of those bacteria
identified as commensals by our genomic analysis have also been
cultured from diabetic wounds (4, 5).

The skin is the first line of defense to the external environment.
The skin’s ability to resist infection is likely a key factor in a
microbe’s transition from commensal to pathogenic (8). The ker-
atinocytes that make up this barrier are a potent source of innate
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immune sentinels such as Toll-like receptors (TLRs) and Nod-like
receptors (NLRs), and innate immune mediators such as antimi-
crobial peptides (AMPs), chemokines, and cytokines (9). As a re-
sult, the cutaneous defense response and the skin microbiome are
likely to be highly interactive, maintaining a delicate balance be-
tween defending against infection and eliciting an excessive in-
flammatory response. Further, chronic inflammation has been
implicated in the pathogenesis of nonhealing diabetic wounds (10—
13). Necrotic tissue and low oxygen tension present in the wound
encourage proliferation and colonization of microbes. High mi-
crobial burden could likely in part be responsible for eliciting an
excessive inflammatory response and retarding wound closure.
We used a genetically diabetic mouse model, the Lepr™® mouse
deficient for the leptin receptor (db/db) (14), to examine this
complex interaction. The db/db mouse exhibits many of the fea-
tures of type 2 diabetes and the most severe and consistent impaired
wound healing as compared with other diabetic animal models (15,
16). We performed 16S rRNA sequencing to longitudinally char-
acterize the microbial community that colonizes diabetic skin and
wounds. We then used longitudinal transcriptional profiling to
demonstrate that the shift in microbiota corresponds to an aberrant
host cutaneous defense response in diabetic skin and wounds.

Results

The db/db Skin Microbiome Varies Quantitatively and Qualitatively
from the db/+ Skin Microbiome. To determine whether the total
bacterial load colonizing the skin was similar in db/db and db/+
mice, we used a quantitative PCR strategy based on a small am-
plicon of the 16S rRNA gene (17, 18). One day before wounding
(day —1), swabs of a 4-cm~ area on the back of 10 mice of each ge-
notype, db/db diabetic mice and db/+ healthy controls, were col-
lected and DNA was extracted from the swabs. We calculated that
on average 40 times more bacteria populated db/db skin as com-
pared with db/+ skin (P = 2.0 x 107%; Table S1).

To determine the baseline microbial diversity colonizing healthy
and diabetic mouse skin, near-full-length 16S rRNA genes were
sequenced from db/+ and db/db skin swabs (n = 10 mice of each
genotype). These sequences were then assigned to the bacterial
taxonomy as defined by the Ribosomal Database Project (19). On
average, db/+ skin was colonized by the following bacterial phyla:
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78.6 + 4.0% Firmicutes, 14.9 + 7.2% Proteobacteria, 2.4 + 0.44%
Actinobacteria, and 2.9 + 0.82% Bacteroidetes. For further
analysis, we focused on the 11 genera that comprise on average at
least 1% of the total 16S sequences identified across all samples
(Fig. 1). Within phylum Firmicutes, the genera Staphylococcus and
Aerococcus were increased (P = 0.005 and 0.018, respectively),
and Streptococcus and Lachnospiraceae Incertae Sedis were de-
creased (P = 0.006 and P = 0.021, respectively) in db/db skin as
compared with db/+ skin. Within phylum Proteobacteria, an
Enterobacteriaceae, most similar to Klebsiella, was increased (P =
2.0 x 107*) and Acinetobacter was decreased (P = 0.015) in db/db
skin as compared with db/+ skin. Within phylum Bacteroidetes, an
unclassified Porphyromonadaceae was increased (P = 0.02) in db/
db skin as compared with db/+ skin. Taken together, these data
indicate that there is a quantitative and qualitative shift in bacterial
species colonizing diabetic skin in the db/db mouse model.

Although our comparisons of relative abundance in this and
following sections are at the genus level, the Aerococcus, Klebsiella,
and Weissella genera we refer to were comprised at all time points
exclusively of sequences corresponding to the species A. viridans,
K oxytoca, and W. hellenica, respectively. The genus Staphylococcus
primarily consisted of S. saprophyticus with minor contribution from
S. epidermidis, S. capitis, S. lenti, S. auricularis, S. hominis, S. warneri,
and S. cohnii. When analyzed at the species level, the significance of
the shift was driven by S. saprophyticus, with no other Staphylococcus
species differing in frequency between groups at all time points. In
the time points described below, when genera other than those
discussed above consisted of mixed species, we indicate what those
species are.

Impaired Healing of db/db Wounds Coincides with a Shift in Col-
onizing Bacteria. After characterizing the bacterial populations
inhabiting unwounded mouse skin, we created a 6-mm full thickness
excisional wound on the back of each mouse. These wounds were
measured and photographed on days 3, 7, 14, 21, and 28 (Fig. 2.4
and B). Wound size was determined by wound surface area mea-
surement. Additionally, wounds were swabbed to capture bacteria
on and under the eschar, and relative abundance of colonizing
species was determined by sequencing 16S rRNA genes (Fig. 1).

On day 3 after wounding, db/+ wounds were on average 47.6%
closed, whereas db/db wounds increased in size to an average of
132% of their original size (P = 1.3 x 10™"). Most db/db wounds
were erythematous with mild exudate. Relative abundance of
Staphylococcus, exclusively comprised of S. saprophyticus at this
time point, was increased in both db/+ and db/db wounds as
compared with day —1 unwounded skin. As compared with db/+
wounds, db/db wounds were characterized by increased Aero-
coccus (P = 0.005) and Weissella (P = 0.002) and decreased
Lachnospiraceae Incertae Sedis (P = 0.045).

On day 7, db/+ wounds were 67.3% closed, whereas db/db
wounds returned to their original size (P = 2.9 x 10~°). Erythema
and mild exudate were still apparent in db/db wounds. Both db/db
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and db/+ wounds were still colonized by a majority of Staphylo-
coccus but significantly greater Lachnospiraceae Incertae Sedis,
unclassified Lachnospiraceae, Streptococcus (consisting of S. oralis,
S. sanguinis, S. thermophilus, and S. mitis), and Enterococcus (con-
sisting of species E. faecalis and E. gallinarium) colonized db/+
wounds as compared with db/db wounds (P = 5.1 x 1074, 0.002,
0.006, 0.02, respectively). Other shifts included increased Weissella
in db/db wounds as compared with db/+ wounds (P = 0.02).

By day 14, most db/+ wounds were completely reepithelialized,
whereas db/db wounds were 58.6% closed (P = 1.8 x 107'3). Bac-
terial taxonomic differences between db/db and db/+ wounds were
more pronounced. These differences included increased Staphylo-
coccus and Weissella (P = 0.05 for both) and decreased Lachno-
spiraceae Incertae Sedis, unclassified Lachnospiraceae, Streptococcus
(consisting of S. mitis, S. sanguinis, S. oralis, S. thermophilus, S. S16-
11, and S. F1), and Acinetobacter (consisting of A. woffi, A. johnsonii,
and A. schindleri) in db/db wounds as compared with db/+ wounds
(P=11x10"%13x107% 7.5 x 107, 0.002, respectively).

On day 21, db/db wounds were still open and grossly ap-
peared to be hyperkeratotic. Bacteria colonizing db/db wounds
was characterized by increased Staphylococcus, Aerococcus, and
Weissella (P = 0.01, 0.03, 0.01, respectively), and decreased
Streptococcus (consisting of S. oralis, S. mitis, S. sanguinis, S.
salivarius, and S. infantis), Acinetobacter (consisting of A. junii
and A. LR30), Lachnospiraceae Incertae Sedis, and unclassified
Lachnospiraceae as compared with db/+ wounds (P = 9.4 x 107,
2.3 x 107,82 x 107, 4.9 x 107*, respectively).

Although day 28 db/db wounds appeared to be completely
reepithelialized, they still appeared to be grossly hyperkeratotic
in the previously wounded area (Fig. 2 A and B). The db/db
wound area was still colonized by an increased relative abun-
dance of Staphylococcus, Aerococcus, and Weissella (P = 0.02,
1.8 x 107 2.3 x 107, respectively) and decreased Streptococcus
(consisting of S. salivarius, S. oralis, S. 106-03c, S. thermophilus,
and S. sanguinis), Lachnospiraceae Incertae Sedis, unclassified
Lachnospiraceae, and Klebsiella as compared with db/+ wounds
(P =49x107, 1.7 x 107, 1.7 x 1072, 0.03, respectively).

To globally assess taxonomic diversity of bacteria colonizing
wounds, we calculated the Shannon diversity index, which
accounts for both richness and evenness of species (Fig. 3). We first
clustered sequences into species-level operational taxonomic units
(OTUs) of 99% sequence similarity by the furthest-neighbor
method (20). At baseline on day —1, db/db skin was character-
ized by significantly decreased diversity of OTUs as compared with
db/+ skin (P = 0.007). After wounding on day 3, both db/db and
db/+ wounds were characterized by a significant decrease in over-
all bacterial diversity as compared with day —1 diversity (P = 1.1 X
10~* and 0.024 respectively). OTU diversity of db/+ wounds then
increased to become significantly greater than db/db diversity on
day 7 (P = 0.026). The trend of decreased OTU diversity in db/db
wounds as compared with db/+ wounds persisted through the

B Staphylococcus 1 14.21.28
B Unclassified Lachnospiraceae 7 14 21,28

[ Lachnospiraceae Incertae Sedis -1 37, 14.21. 28

Fig. 1. Relative mean abundance of major bacterial
genera at each time point in db/+ control mice and db/
db diabetic mice (n = 10 mice of each genotype). x axis
represents each time point in days. y axis is relative
abundance (percentage) of bacterial genera. Super-
scripts on legend indicate day at which there is a sta-
tistically significant shift in that bacterial group (Mann-
Whitney test; P < 0.05).
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Fig. 2. Impaired wound healing phenotype in db/db mice. (A) Depicted is
a 6-mm excisional wound as it heals over 28 d. The same db/+ and db/db
mouse are depicted at each time point. (B) Average measurement of wound
surface area over 28 d (n = 10 mice of each genotype). y axis represents
percentage surface area of original 6-mm wound. Error bars represent SD of
the mean. Wound size differences are significant (P < 0.05, Welch's t test) on
days 3, 7, 14, and 21.

entire time course (Fig. 3). We concluded that a distinct microbial
population colonizes db/db wounds and is characterized by de-
creased diversity as compared with db/+ wounds.

Transcriptional Profiling Suggests Mobilized Immune Response in db/
db Skin. Next, we sought to analyze the host tissue transcriptional
response to wounding and how this response varied through the
course of the healing process in db/+ and db/db mice. We first
compared differential gene expression of unwounded db/db and
db/+ skin (n = 4 mice of each genotype) to set a baseline for lon-
gitudinal transcriptional profiling. From the skin punch biopsies,
we identified 1,487 differentially expressed transcripts, correspon-
ding to 1,256 genes or ESTs, using a threshold of >1.5-fold change
between db/db and db/+ transcripts at an adjusted P < 0.05. Of
these genes and ESTs, 710 were up-regulated in db/db skin and 546
were down-regulated in db/db skin. Up-regulated transcripts in db/
db skin were significantly enriched for those corresponding to Gene
Ontology (GO) categories (21) of lipid metabolic process (59 genes,
P =3.5x107), vasculature development (22 genes, P = 4.8 x 10~
and, notably, response to wounding (25 genes, P = 0.02). Down-
regulated transcripts in db/db skin were enriched for the GO cate-
gory developmental process (118 genes, P = 1.5 x 107).

Because we were primarily interested in differentially gene ex-
pression as part of the cutaneous defense response, we focused
further analysis on genes falling within the partially overlapping
GO categories immune response (IR), defense response (DR), and
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Fig. 3. Mean longitudinal microbiota diversity of db/+ and db/db mouse
wounds as measured by the Shannon Diversity Index. Error bars represent
SEM for n = 10 mice of each genotype. All time points are statistically sig-
nificantly different between db/+ and db/db mice except for day 3 (P=0.007,
0.026, 2.7 x 1077, 5.3 x 1078, and 0.001, respectively, by the Welch's t test).

response to wounding (WR) (Table S2). IR broadly encompasses
any immune system response to a potential internal or invasive
threat. DR specifically restricts damage or prevents infection when
an organism is attacked by a foreign body or injured. WR captures
changes in state or activity of an organism as a result of a stimulus
suggesting damage to the organism (21). This subset of differen-
tially expressed transcripts, corresponding to 68 genes, included
those encoding members of the Toll-like receptor signaling path-
ways, complement and coagulation cascade, antimicrobial pep-
tides, and acute phase inflammatory marker (Table S2). Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis revealed
that this subset of transcripts was significantly enriched for the
complement and coagulation pathway (6 genes, P = 0.03). Un-
supervised hierarchical clustering analysis of samples with respect
to expression of all genes revealed a clear clustering pattern that
separates db/db from db/+ skin (Fig. S14). This same topology was
preserved when clustering samples with respect to DR, IR, and WR
genes (Fig. S1 B, C, and D, respectively).

These data indicated a distinct pattern of differential gene
expression in db/db skin before wounding, including transcrip-
tional mobilization of a subset of genes involved in IR, DR, and
WR. Our findings support the relevance of further investigation
of this response through the wound healing process.

Longitudinal Transcriptional Profile Analysis Reveals Prolonged
Immune/Defense/Wounding Response. To longitudinally assess the
host tissue response to wounding, wounds (n = 4 each db/db and
db/+ at each time point) at days 3, 7, 14, and 21 were harvested. So
as not to dilute effects at the wound edge, only 2 mm of tissue was
collected at the wound margin. We chose to first obtain an overview
of how similar db/db and db/+ wounds were to each other at each
time point, especially pertaining to IR, DR, and WR genes. We
performed unsupervised hierarchical clustering by using only IR,
DR, or WR genes at all time points (Fig. 44 and Fig. S2). Trees built
with respect to differential expression of IR, DR, and WR genes
demonstrated similar topology. Specifically, day 0 gene expression
of db/db and db/+ skin clustered closely together. Day 3 db/+ ex-
pression profiles were most similar to day 3 and 7 db/db expression
profiles. Day 7 db/+ expression profiles were most similar to day 14
and 21 db/db expression profiles. These data suggested aberrant
expression of IR, DR, and WR genes in the db/db wounds, spe-
cifically a delayed response compared with db/+ wounds.

To more stringently analyze and cluster our gene expression
dataset, we used STEM (Short Time-series Expression Miner),
a software program specifically designed to analyze longitudinal
microarray gene expression data (22). STEM first generated model
expression profiles with five time points to fit the data. After as-
signing each transcript to a profile, enrichment of genes in each
profile was calculated to determine profile significance. STEM fit
our dataset to 14 model expression profiles that were significantly
enriched for transcripts expressed longitudinally in db/+ and db/db
wounds. Two db/+ wound expression profiles were specifically
enriched for transcripts belonging to GO categories IR, DR, and
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Fig. 4. Prolonged expression of genes corresponding to GO biological
processes IR, DR, and WR. (A) Hierarchical cluster analysis of the 10 sample
types (n = 4 mice of each genotype at five time points) with respect to IR
genes. (B) The mRNA expression changes in IR, DR, and WR genes repre-
sented by a clustered heatmap. Red values indicate an increased expression
relative to day 0, and green values indicate a decreased expression relative
to day 0. A large subset of genes, indicated by the bracket, whose expression
increases immediately in response to wounding in both db/+ and db/db mice
shows an extended expression pattern in the db/db mice. These genes return
to baseline expression levels by day 14 in db/+ wounds, but they do not
return to baseline levels even at day 21 in db/db wounds.

WR. The behavior of these transcripts consisted of an initial spike
at day 3 after wounding, followed by a decrease to baseline levels or
lower. In db/dbwounds, IR, DR, and WR transcripts were enriched
among profiles characterized by an expression pattern that peaks
on day 3 or day 7, but for the most part did not return to baseline
levels during the time course we analyzed. Such transcripts repre-
sented 96 genes, and encode members of the TLR signaling path-
ways, cytokine and chemokine signaling pathways, acute inflam-
matory markers, and the complement cascade (Table S3). The
prolonged pattern of expression of this subset of genes as identified
by STEM was also apparent upon hierarchical clustering of all
differentially expressed IR, DR, and WR genes (Fig. 4B).

We thus concluded that the majority of IR, DR, and WR tran-
scripts were aberrantly expressed during the wound healing time
course in db/db mice, reflecting a pattern of extended response.
Our data are consistent with reported observations of persistent
mRNA expression of the inflammatory cytokines IL-1p and TNFa
and the chemokine MIP-1 in db/db wounds (23). Production
of these cytokines and chemokines results in recruitment of mac-
rophages, monocytes, and polymorphonuclear leukocytes, rich
sources of reactive oxygen species (ROS), to the wound sites. ROS
are not only responsible for direct to damage cellular components
and structural proteins of the extracellular matrix, but also amplify
signaling pathways responsible for the persistent inflammatory
stage in chronic wounds (24).

Correlation of Selective Shift in Microbiome with Aberrant Expression
of Cutaneous Defense Response Genes. Finally, we explored the
possible association of the selective shifts in microbial diversity
with the cutaneous transcriptional profiles of db/db and db/+ mice
in response to wounding. We correlated the relative abundance of
the 11 genera that comprise at least 1% of the total 16S sequences
with relative gene expression levels. The nonparametric Spearman
rank correlations of genera and the transcriptional profiles of IR,

14802 | www.pnas.org/cgi/doi/10.1073/pnas.1004204107

DR, and RW genes are shown in Fig. S3. Staphylococcus is the only
genuswhere IR, DR, and WR are enriched in correlations with P <
0.01 (Fisher exact test, Benjamini-Hochberg corrected P = 1.3 X
1075, 5.9 x 1077, 1.8 x 107°, respectively). To independently test
this observation, we used a Gene Set Enrichment Analysis
(GSEA) approach. Rather than considering only genes that ach-
ieve a correlation with a phenotype below a predetermined P value
cutoff, GSEA instead searches for biological coherence among the
entire set of correlations (25). Each of the 11 genera was tested
independently by GSEA, assessing whether genes in IR, DR, and
WR are enriched among those genes most positively or negatively
(anti-) correlated with the relative abundance of the given genus.
Again, Staphylococcus shows the most significant enrichment of
IR, DR and WR genes among those most positively correlated in
both db/+ and db/db mice (P = 0.04, 0.05, 0.02, respectively). The
basis for this enrichment is clear, because Staphylococcus abun-
dance increases immediately in response to wounding in both db/+
and db/db mice with a prolonged increase in db/db mice (Fig. 54
and B). This dynamic Staphylococcus pattern is recapitulated by
the expression of the 258 IR, DR, and WR genes most positively
correlated with Staphylococcus (Fig. 5 C—F; Table S4). This cor-
relation is underscored by our observation that the majority of
biological processes most significantly enriched in genes highly
correlated with Staphylococcus abundance are processes relevant
to the cutaneous host defense response (Table S5).

Discussion

Our findings have shown that skin in a diabetic mouse model was
characterized by a selective shift in colonizing bacteria and was
accompanied by a transcriptional profile that suggests mobilized
defense and immune responses. After wounding, we observed
a selective microbial shift of Firmicutes species (including Staph-
ylococcus and Aerococcus) longitudinally through day 28 in tan-
dem with a prolonged immune response in diabetic wounds. The
selective Staphylococcal shift correlates specifically with aberrantly
expressed genes related to the cutaneous defense response. Thus,
we demonstrated that the colonizing microbiota was intertwined
with the skin’s response to injury.

Staphylococcus has been associated with impaired wound healing
in clinical and laboratory models. Staphylococcus is readily identi-
fied by culture in all types of leg ulcers (26-28). In normal C57BI6/J
mice, colonization and biofilm formation by either S. aureus or S.
epidermidis impaired wound reepithelialization (29). In a model of
S. aureus infection, db/db mice developed chronic infections along
with an inflammatory response characterized by defective phago-
cytic function, suggesting an aberrant innate immune response in
the diabetic host (30). We have extended these observations by
surveying the microbiota in a less-biased genomic manner, identi-
fying altered bacterial community structure in the diabetic wound,
including a shift in Staphylococcus relative abundance.

Previous work has demonstrated that commensal microbiota can
influence the cutaneous host—defense response (31). We now show,
on a global level, that the skin and wound microbiome cor-
relates with the transcriptional signature of the cutaneous defense
response in db/db mice. An aberrant immune response, including
chronic inflammation, is a well-established hallmark of impaired
diabetic wound healing (10-13). Our transcriptional dataset sug-
gests elements of inflammation and a mobilized defense response
before wounding. This feature could in part be due to increased
bacteria load and/or altered bacterial populations such as we ob-
serve on db/db skin. Once wounding occurs, bacterial populations
could be responsible for the exacerbation and prolongation of
the immune response that we observe, further impairing healing
through the recruitment of macrophages, monocytes, and poly-
morphonuclear leukocytes and resulting in damage due to ROS
production. Although we can only predict that prolonged gene ex-
pression of particular immune effectors is indicative of a bacterial-
specific response, our results may provide a foundation for future
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interrogation of specific innate immune pathways in the patho-
physiology of impaired wound healing. For example, aberrant of
expression of TLRs 1 and 2 suggests a mobilized response to Gram-
positive bacteria, whereas TLR4 activation suggests a response
specific to Gram-negative bacteria in our particular dataset.

One of the major objectives of the National Institutes of Health
Roadmap Human Microbiome Project is to determine whether
changes in the microbiome are related to human health and dis-
ease, with an ultimate goal of improving human health through
monitoring or manipulation of the microbiome (32). These findings
support the widely appreciated clinical observation that microbial
colonization of diabetic wounds contributes to impaired wound
healing. Moreover, this molecular discovery that diabetic mouse
skin harbors a quantitatively and qualitatively distinct microbial
population, along with a distinct host gene expression profile, are
important contributions to our understanding of microbial-skin
interactions in diabetic ulcers. Microbial or transcriptional sig-
natures such as these could potentially act as “biomarkers” to iden-
tify clinical populations at risk for chronic wounds, potentially
leading to improved preventive and therapeutic measures. One
such treatment modality directed toward minimizing complications
of bacterial infections is the use of dilute bleach baths for patients
with moderate to severe atopic dermatitis (33). This simple mea-
sure to decrease overall bacterial load is preferable to the long-term
use of antibiotics that leads to antibiotic-resistant bacteria. Nor-
malization of the wound microbiome, through inhibition of path-
ogenic bacteria or promotion of symbiotic bacteria, would provide
a low-cost, noninvasive target for the management of nonhealing
diabetic wounds.

Wound healing is a highly relevant model to dissect the in-
teraction of two key components of the genomic landscape, the
microbiome and the host transcriptional response. Although other
factors such as neuropathy and vasculopathy play a key role in initial
wounding and impaired wound healing, the microbiome and the
innate immune system are additional potential targets for preven-
tive and therapeutic intervention. Our work shows that two global
genomic datasets, microbiome diversity and gene expression, can be
integrated and correlated to gain a better understanding of the dy-
namics governing wound healing in a diabetic model.

Materials and Methods

Animal Model. All experiments were approved and performed under the
guidelines of the National Human Genome Research Institute Animal Care
and Use Committee. Ten each of 12-wk-old female mice homozygous for the
Lepr® mutation (db/db) and age-matched female nondiabetic heterozygous
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5 red) and db/db (D, blue) mice. The median ex-
2 pression of these genes is shown for db/+ (E, red)
> and db/db (F, blue) mice.

littermates (db/+) were used in these experiments (Jackson Laboratory; BKS.
Cg—Dock7m+’+Leprdb/J, strain No. 000642). Mice were housed individually
beginning 2 wk before the start of the time course. After anesthesia with
inhaled isofluorane, a dorsal patch of skin was shaved. The following day, an
area of 4 cm? was swabbed with a cotton-tipped applicator (Medline In-
dustries) soaked in enzymatic lysis buffer (20 mM Tris at pH 8, 2 mM EDTA,
and 1.2% Triton X-100). A 6-mm full thickness excisional wound was created
by using a dermal punch biopsy tool (Miltex). Swabs were collected from
wounds with cotton tipped applicators moistened in enzymatic lysis butter.
For microarray experiments, animals were prepared as above, but the
wound was excised and stored in RNAlater (Ambion).

DNA Extraction. Bacterial swabs were incubated in enzymatic lysis buffer and
lysozyme (20 mg/mL) for 30 min at 37 °C. The standard protocol for the PureLink
Genomic DNA kit (Invitrogen) was followed for all subsequent steps.

Quantification of Total Bacteria. Quantification is as described (14).

PCR Amplification, Cloning, and Sequencing of 16S rRNA Genes. rRNA genes
(16S) were amplified from purified genomic DNA by using primers 27F (5'-
AGRGTTTGATCMTGGCTCAG-3’) and 1492R (5'-TACGGYTACCTTGTTAYGA-
CTT-3’). PCR, cloning, and sequencing were performed as described (7).
Sequence assembly, alignment, chimera elimination, OTU clustering, and
diversity estimation were performed as described (7). Sequence details are in
SI Materials and Methods.

RNA Preparation and Array Hybridization. Total RNA was extracted from 2 mm
of wound edge tissue and wound bed (if present) stored in RNAlater (Ambion)
atdaysO0, 3,7, 14, and 21. RNA extraction was performed by using the RNeasy kit
and Tissue Lyser (Qiagen) according to manufacturers’ protocol. Microarray
chips were hybridized to independent samples for db/db (n =4) and db/+ (n=4)
wounds at each time point. RNA quality was verified on a 2100 Bioanalyzer
(Agilent). CRNA was generated and labeled according to manufacturer’s
instructions by using the Illumina TotalPrep RNA Amplification Kit (Ambion)
and hybridized to GeneChip 430 2.0 mouse arrays (Affymetrix). Arrays were
washed, stained, and scanned by NHGRI Microarray Core in one batch on the
Complete GeneChip Instrument System (Affymetrix) according to manu-
facturer’s protocol. GCOS (GeneChip Operating Software; Affymetrix) was
used for data acquisition and image processing. Raw data were processed by
using Robust Multichip Average (RMA) method (35).

Microarray Expression Analysis. Microarray pairwise comparisons were per-
formed in GeneSifter (VizX Labs) by using a Student's t test cutoff >1.5-fold
change and adjusted P value of 0.05 after Benjamini-Hochberg correction.
Hierarchical clustering of samples was performed by using the Euclidean
distance metric and clustering by average linkage. GO and KEGG pathway
enrichment analysis was performed by using the publicly available DAVID
Resource (http:/david.abcc.ncifcrf.gov/). P values reported are EASE scores
adjusted for multiple comparisons by Benjamini-Hochberg correction.
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Clustering of Time Course Expression Data. The Short Time-series Expression
Miner (STEM) (18) version 1.3.6 was downloaded from http://www.cs.cmu.
edu/~jernst/stem. The STEM clustering method was applied by using
a maximum of 50 model profiles and a maximum unit change between
time points of 2. A false discovery rate of 0.05 was used to identify sig-
nificant expression profiles. GO term enrichment significance values were
corrected by using n = 500 randomizations. Comparison of the two data-
sets (db/db and db/+) was performed by using a maximum uncorrected
intersection P value of 0.005.

Gene Set Enrichment Analysis. Gene set enrichment analysis (GSEA) was
implemented as described and performed independently for each of the 11
most abundant genera (21). Details of implementation and analysis can be
found in S/ Materials and Methods.

Correlation of Gene Expression and Microbiome Data. The nonparametric
Spearman rank correlation was used to quantify the association between the
expression time course of each gene and the time course of each of the 11
most abundant genera. To increase power, the db/+ and db/db time-courses
were considered together for calculation of each correlation. P values
reported are adjusted by Benjamini-Hochberg correction.
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Statistical Analysis. The nonparametric Mann-Whitney u test was used to
compare bacterial loads and bacterial relative abundance between db/db
and db/+ groups (n = 10 each). Wound sizes and diversity indices were
compared by using the Welch's t test so that no assumptions were made
concerning population variances. Microarray statistical analysis is described
in the corresponding methods sections.
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