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ABSTRACT: Precise identification of bacteria associated with post-injury infection, co-morbidities, and outcomes could have a
tremendous impact in the management and treatment of open fractures. We characterized microbiota colonizing open fractures using
culture-independent, high-throughput DNA sequencing of bacterial 16S ribosomal RNA genes, and analyzed those communities with
respect to injury mechanism, severity, anatomical site, and infectious complications. Thirty subjects presenting to the Hospital of the
University of Pennsylvania for acute care of open fractures were enrolled in a prospective cohort study. Microbiota was collected from
wound center and adjacent skin upon presentation to the emergency department, intraoperatively, and at two outpatient follow-up
visits at approximately 25 and 50 days following initial presentation. Bacterial community composition and diversity colonizing
open fracture wounds became increasingly similar to adjacent skin microbiota with healing. Mechanism of injury, severity,
complication, and location were all associated with various aspects of microbiota diversity and composition. The results of this pilot
study demonstrate the diversity and dynamism of the open fracture microbiota, and their relationship to clinical variables. Validation
of these preliminary findings in larger cohorts may lead to the identification of microbiome-based biomarkers of complication risk
and/or to aid in management and treatment of open fractures. ß 2014 Orthopaedic Research Society. Published by Wiley Periodicals,
Inc. J Orthop Res 32:597–605, 2014.
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Open fractures are characterized by soft tissue disruption at the fracture site increasing the risk of complications including infection, nonunion/malunion, and
amputation. Infection risk increases with increasing
injury severity and occurs up to 50% of the time when
extensive soft tissue damage is involved, due to
compromised vascularity among other factors.1 Predicting which patients will have an infection remains
difficult. Surveillance cultures at the time of presentation (before signs and symptoms) are generally
thought to have little predictive value.1–3 Reliable
biomarkers to guide management and treatment of
open fractures are needed. We hypothesized that
microbiota colonizing open fractures during acute
phases of injury, prior to clinical signs of infection, may
be an information-rich read-out of the wound environment providing valuable insight into the mechanisms
of impending complication.
Our bodies are colonized inside and out with myriad
commensal microorganisms (the “microbiome”) that
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have important roles in human health and disease.
While many infectious states are seemingly caused by
single microorganisms satisfying Koch’s postulates,
the role of the microbiome in modulating the host
immune response and resistance to pathogenic and
opportunistic microorganisms is increasingly evident.
Microorganisms are exquisitely sensitive to their host
environment, and likewise, the host immune response is
calibrated to react rapidly and precisely to fluctuations
in the microbiota. An intimate relationship between the
microbiota and the underlying immune and defense
response has been demonstrated in skin and cutaneous
wounds.4–7 In the setting of an open fracture, the skin
microbiome is altered as a result of the dramatic change
in the local environment and contamination from the
injury. Local microbial changes may have significant
impact on both local and systemic host defenses, soft
tissue healing, and, ultimately, clinical outcome.
Most reported studies characterizing bacteria colonizing and/or infecting open fractures rely on clinical
culture-based methodology. Traditional hospital-based
culture techniques, however, apply heavy selection
pressure in favor of bacteria capable of thriving in
restricted artificial growth conditions. The most commonly cultured bacteria in open fractures are Staphylococcus and Gram-negative isolates.8–10 Advances in
high-throughput DNA sequencing technology enable
the study of the human microbiome via sequencing of
the bacteria-specific 16S small subunit ribosomal RNA
(rRNA) gene. These genomic approaches are increasingly accessible and provide greater resolution and
precision by eliminating biases associated with culturing bacteria.
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In this pilot study, the microbiome colonizing the
open fracture and adjacent skin during the course of
healing was evaluated. Sequencing of bacterial 16S
rRNA genes was employed to define the composition
and diversity of the microbiota in open fractures as
healing progressed. Further analysis was done to
assess potential correlations between the open fracture
microbiome and clinical factors (location, mechanism,
severity) and clinical outcomes.

METHODS
Human Subjects Protections
Prior to study initiation, this protocol was reviewed and
approved by the University of Pennsylvania School of Medicine
Institutional Review Board. A modification of the informed
consent process was approved for this investigation to enable
sample collection under emergent conditions. Informed consent
was obtained from all subjects enrolled in this study.
Sample Collection
Thirty open fracture patients from the Hospital of the
University of Pennsylvania Orthopaedic Trauma and Fracture Service were recruited into the study. Characteristics of
the patient population are summarized in Table 1. Using a
Catch-All Sample Collection Swab (Epicentre), a microbiota
sample was collected from the wound center and adjacent
skin (5 cm away from the wound) of each subject at emergency
room presentation (ER) prior to debridement, irrigation, and
cleansing (DIC), and intraoperatively (OR) after DIC. Additional
samples were collected at the first outpatient follow up visit
(1st OP) and the outpatient visit closest to 28 days following 1st
OP (2nd OP). At 1st OP and 2nd OP, 6/21 and 5/15 samples
collected were from open fractures with healed soft tissue,
respectively. Sample attrition, from the cohort of 30, occurred
due to logistical issues in sample collection and attrition during
trauma patient follow-up. Also, some samples did not amplify
bacterial DNA in sufficient quantities to include in the analysis
(see Supplementary Methods).
Negative control specimens were also collected by exposing swabs to room air and processing them alongside wound
samples. Clinical, demographic, and behavioral information
was collected for each participant. At initial presentation,
each wound was classified according to the Gustilo–Anderson
classification system,11 anatomic site, and injury mechanism.
Complications were assessed as bivariates with any unplanned intervention in the post-operative period considered
positive (i.e., readmission, need for antibiotics, repeat debridement, or irrigation, soft tissue procedure).
DNA Isolation, Amplification, and Sequencing of 16S rRNA Genes
Detailed DNA extraction methodology is provided in the
Supplemental Methods and has been previously described.12
Detailed information on amplification procedure is also provided in Supplemental Methods. Sequencing of the V4 region
was performed with the Illumina MiSeq system using 150 bp
paired-end chemistry at the University of Pennsylvania Next
Generation Sequencing Core. A total of 7,708,124 paired-end
sequencing reads were included in the analysis, with a mean
of 43,796 and a median of 30,048 sequences per sample.
Quantitative PCR (qPCR) of the 16S rRNA Gene
DNA from the swab extraction described above was used for
qPCR-based bacterial load estimation. A portion of the 16S
JOURNAL OF ORTHOPAEDIC RESEARCH APRIL 2014

Table 1. Summary of Cohort Metadata
Characteristics
Age
Mean, y
Range, y
Female num (%)
Samples analyzed, wound center
ER
OR
1st OP
2nd OP
Samples analyzed, adjacent skin
ER
OR
1st OP
2nd OP
Mechanism (%)
Blunt
Penetrating
Smoker num (%)
Yes
No
Unknown
Gustilo–Anderson classification (%)
Type I
Type II
Type III
a
b
c
Complication num (%)
Complication
Non-complication
Location num (%)
Tibia/fibula
Ankle
Femur
Humerus
Calcaneus
Ulna
Hospital stay length
Mean, day
Range, day
Days between ER and OP1
Mean, day
Range, day
Num samples
Days between ER and OP2
Mean, day
Range, day
Num samples
Antibiotics given num (%)
Cefazolin
Gentamicin
Cefazolin þ gentamicin
Vacomycin þ gentamicin
Ampicillin þ sulbactam

Cohort (n ¼ 30)
43.4
18–82
9 (30.0)
25
13
21
15
28
12
21
15
22 (73.3)
8 (26.7)
7 (23.3)
20 (66.7)
3 (10.0)
5
1
24
22
1
1

(16.7)
(3.3)
(80.0)
(73.3)
(3.3)
(3.3)

7 (23.3)
23 (76.7)
12 (40.0)
6 (20.0)
7(23.3)
3 (10.0)
1 (3.3)
1 (3.3)
13.3
2–50
24.3
13–78
21
47.8
29–69
15
11
2
15
1
1

(36.7)
(6.67)
(50.0)
(3.3)
(3.3)
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rRNA bacterial gene was amplified using the primers 533F
(GTGCCAGCAGCCGCGGTAA) and 902R (GTCAATTCITTTGAGTTTYARYC)13 on a ViiA7 platform (Applied Biosystems,
Grand Island, NY). Each 10 ml reaction included 1 ml DNA,
5 ml 2 SYBR Green Master Mix (Invitrogen, Carlsbad, CA),
and 0.1 ml of each 20 mM primer solution. Cycling conditions
were 50˚C (2 min), 95˚C (10 min), and followed by 40 cycles of
95˚C (15 sec) and 60˚C (1 min). A standard curve was generated by amplifying serial dilutions of known concentrations of
E. coli genomic DNA. Estimated 16S rRNA copy number and
bacterial load were calculated as described previously.14
16S rRNA Sequence Processing and Analyses
Details of 16S rRNA dataset processing and analyses are in
the Supplemental Methods.
Statistical Analyses
The R statistical computing package was used for statistical
analyses. Principle coordinates analysis (PCoA) plots were
produced for visualizing distances between bacterial communities. ANOSIM tests were run to examine the relationship
between sample groupings and overall community composition. p-values were calculated using 999 permutations.
Wilcoxon rank-sum tests and Benjamini Hochberg false
discovery rate (FDR) correction was applied to p-values to
assess the significance of differences in: bacterial load, alpha
diversity, and to test for significant associations in fracture
characteristics with alpha diversity. Wilcoxon rank-sum
tests were also used to assess the differences between taxon
relative abundances of wound center and adjacent skin
samples at specific time points and Kruskal–Wallis tests were
used to examine taxon relative abundance changes across all
time points for the following genera: (a) those with median
relative abundances >1% in the entire dataset and (b) those
that do not meet the 1% threshold but are designated as
clinically relevant taxa of interest by the Department of
Defense (i.e., Propionibacterium, Escherichia, Enterobacter,
and Klebsiella). Because of inherent limitations of 16S rRNAbased taxonomic identification and classification, we could
not resolve the genera Klebsiella and Enterobacter based on
16S rRNA sequence. We therefore include in these analyses
the unclassified Enterobacteriaceae, which is the family-level
taxon that includes the genera Klebsiella and Enterobacter.
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RESULTS
Composition of Microbiota Colonizing the Open Fracture
Site and Adjacent Skin
The six bacterial genera present in >1% median
relative abundance in the open fracture and adjacent
skin were Staphylococcus, Corynebacterium, Streptococcus, Acinetobacter, Anaerococcus, and Pseudomonas
(Table 2). We also specifically examined the relative
abundance of Propionibacterium, Escherichia, and
unclassified Enterobacteriaceae (family containing the
genera Klebsiella and Enterobacter), due to their
known pathogenic potential in traumatic injuries.2,15–19
The relative abundance of Staphylococcus significantly
increased and that of Pseudomonas significantly decreased in the wound center versus the adjacent skin
during the time course (p ¼ 0.043 and 0.039, respectively). Escherichia relative abundance significantly increased on the adjacent skin, but was unchanged in
the wound (p ¼ 0.012). At the ER time point, the
genera Corynebacterium and Anaerococcus were significantly more abundant in the adjacent skin as
compared to the wound, where Pseudomonas was
significantly more abundant in the wound (p ¼ 0.004,
0.008, and 0.036, respectively). Corynebacterium continued to be significantly higher in relative abundance
on the skin compared to the wound even after DIC
(p ¼ 0.030).
Comparison of Findings From Culture-Independent and
Culture-Dependent Methodologies
Wound cultures were obtained for 14 of the 30 subjects
at the time of presentation to the ER. 2/14 (13%) were
culture positive for bacteria, with one being culture
positive for Stenotrophomonas maltophilia and one
was culture positive for Enterobacter cloacae. 16S
rRNA profiling indicated the presence of Stenotrophomonas in the wound from which Stenotrophomonas
maltophilia was cultured. We did not detect Enterobacter in the open fracture that cultured positive for

Table 2. Median Relative Abundance of Taxa in Open Fracture Wound Center and Adjacent Skin and Change Over
Time
Wound Center
Genus
a

Staphylococcus
Corynebacterium
Streptococcus
Acinetobacter
Anaerococcus
Pseudomonasa
Unclassified
Enterobacteriaceae
Propionibacterium
Escherichiac

Adjacent Skin

ER

OR

1st OP

2nd OP

ER

OR

1st OP

2nd OP

9.643
5.318b
3.332
3.433
0.406b
3.048b
0.451

7.835
2.665b
2.593
1.945
1.010
2.589
0.733

9.441
8.707
3.270
4.074
0.634
0.990
0.627

21.014
12.255
4.389
3.109
0.858
1.062
0.248

15.933
17.098b
2.110
1.927
1.806b
0.726b
0.404

11.870
7.454b
4.106
2.314
1.610
1.769
0.949

13.974
7.164
4.396
1.165
0.826
0.454
0.249

18.268
21.060
3.423
1.362
1.130
0.668
0.363

0.007
0.000

0.000
0.000

0.031
0.000

0.026
0.000

0.018
0.000

0.039
0.003

0.035
0.000

0.018
0.000

Changes between time points in wound center and adjacent skin are significant (p < 0.05; Kruskall–Wallis test).bDifference between
skin and wound center is significantly different (p < 0.05; Wilcoxon rank-sum test).cChanges between time points in adjacent skin are
significant (p < 0.05; Kruskall–Wallis test).
a
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Dynamic Microbial Diversity of Open Fracture and
Convergence With Adjacent Skin Microbiota
To gain an overall view of bacterial community
structures changing over time, the beta diversity of
the open fracture wound to the corresponding adjacent
skin at each time point was compared. Beta diversity
was calculated for each pair of samples using the
Bray–Curtis metric, which takes into account the
number of shared species-level OTUs and their abundance. PCoA plots were used to visualize the shared
diversity of wound and the adjacent skin at presentation to the ER (Fig. 1A), at 1st OP (Fig. 1B), and at
2nd OP (Fig. 1C). Progressively, skin and wound
communities converged, becoming increasingly similar
to each other at each subsequent time point, as
measured by Median Intersample Dissimilarity (MID),
where a higher MID value indicates greater dissimilarity. ER, 1st OP, and 2nd OP MID values were
0.690, 0.674, and 0.445, respectively. Significant differences between skin and wound microbiomes only
existed at the ER time point (p ¼ 0.039; R ¼ 0.124;
Fig. 1). At the latter two time points, wound and skin
bacterial community structures are indistinguishable
by the metrics employed. Given that 6/21 and 5/15
samples analyzed at 1st and 2nd OP, respectively
were considered healed at those time points, convergence of wound microbiota with the skin microbiota
would be expected.
Alpha diversity of open fracture microbiota was
measured by the number of observed species-level
OTUs and Faith’s Phylogenetic Diversity index (Faith’s
PD), a metric that takes into account phylogenetic
JOURNAL OF ORTHOPAEDIC RESEARCH APRIL 2014

A

PC2 (14.90%)

Emergency Room

MID = 0.690
R = 0.124*
PC1 (26.59%)

B

1st Outpatient Follow-up

PC2 (12.18%)

Enterobacter cloacae, likely due to limitations of 16S
rRNA sequence-based identification and taxonomic
classification. However, we did detect unclassified
Enterobacteriaceae, which is the family-level taxon
that encompasses Enterobacter species.
Of the seven subjects in this study that presented
with eventual complication, cultures were obtained as
standard of care for three of the subjects at the time of
complication. Two of the three subjects were culture
positive for Staphylococcus (one coagulase-negative
and one MRSA) at the time of surgery for nonunion
and multiple debridement surgeries, respectively. We
detected Staphylococcus by 16S rRNA sequencing in all
skin and wound samples at all time points of sampling
for these subjects. The third subject developed an
infection that was culture positive for Staphylococcus
aureus, Peptostreptococcus, and Enterococcus. At the
ER time point, we detected Peptostreptococcus in skin
and wound samples and Enterococcus on the skin.
Enterococcus was detected on the skin at all time
points and Peptostreptococcus was detected in skin and
wound samples at 2nd OP. These findings suggest that
the eventual type of bacteria implicated in complication
by cultures may be present as early as presentation to
the ER, and may result from contamination from skin
microbiota or be present in the wound itself.

Legend:
Wound
Center
Adjacent
Skin
MID = 0.674
R = -0.055
PC1 (38.29%)

C

2nd Outpatient Follow-up

PC2 (18.30%)
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MID = 0.445
R = 0.038
PC1 (32.78%)
Figure 1. The changing relationships between open fracture
wound and adjacent skin microbiota of 10 patients over time.
PCoA plots representing the Bray-Curtis metric comparing beta
diversity of open fracture and skin microbiota. Each color
represents a different patient, while triangles and circles represent wound center and adjacent skin microbiota, respectively.
Shown are the first two principle coordinates and the percent
variation explained by each principle coordinate is indicated in
parentheses by the axis. The two samples (open fracture wound
and adjacent skin) for each patient at a given time point are
connected by a line. An ANOSIM test was used to examine the
association between swab location and the overall community
composition; this association is significant (at p < 0.05) only for
the ER time point.
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branch length in addition to the number of OTUs
present in a sample. These analyses revealed significantly decreased alpha diversity in the wound compared to the skin at presentation to the ER (p ¼ 0.019
and p ¼ 0.006 for observed OTUs and Faith’s PD,
respectively; Fig. 2A and B). There was also a significant decrease in adjacent skin alpha diversity at the
first clinical follow-up compared to when the patient
presented to the ER (p ¼ 0.011 and p ¼ 0.003 for
observed OTUs and Faith’s PD, respectively). We
independently examined total bacterial load by quantitative PCR of the 16S rRNA gene. We did not observe
significant differences between ER, OR, 1st OP, and
2nd OP time points, or between the wound center &
adjacent skin (Fig. 2C).
Because of the synergistic role that Gram-positive
and -negative organisms have in forming biofilms in
wounds and on orthopaedic devices,17 we compared
the relative abundances of Gram-positive and -negative
bacteria (Fig. 3). In the wound, relative abundances of
each type of bacteria were approximately similar at
presentation to the ER (Fig. 3A; p ¼ 0.908), but Grampositive bacteria were significantly more abundant on
the skin than Gram-negative bacteria at the same time
point (Fig. 3B; p ¼ 1.73  1011). These differences were
not detectable following DIC. However, at the 1st and
2nd OP time points, both the skin (p ¼ 0.003 and
p ¼ 2.58  108, respectively) and wound (p ¼ 0.016 and
p ¼ 3.51  106, respectively) harbored greater relative
abundance of Gram-positive bacteria, indicating a
return to the original skin-like state.
Injury Mechanism, Location, Severity, and Complication
Are Associated With Open Fracture Microbiota
We next analyzed open fracture and adjacent skin
microbiomes with respect to clinical factors. We selected
four variables noted at time of enrollment or in follow
up: mechanism, location, progression to infectious complication, and Gustilo–Anderson classification. When
examining mechanism and wound severity with respect
to colonizing microbiota, alpha diversity, as measured
by Faith’s PD (Fig. 4A and B) and observed specieslevel OTUs (data not shown), was not significantly
different, nor was beta diversity as measured by the
Bray–Curtis metric (data not shown). However, when
analyzing the top six genera present in >1% total
abundance and those genera of interest (Table 3), we
found that Corynebacterium relative abundance was
significantly greater and unclassified Enterobactericeae
relative abundance was significantly lesser in penetrating wounds compared to blunt wounds at the 1st OP
time point (p ¼ 0.006 and p ¼ 0.038, respectively). At
the 2nd OP time point, Pseudomonas relative abundance was significantly greater in penetrating wounds
compared to blunt wounds (p ¼ 0.048). Regarding severity, Type 1 fractures had increased relative abundance
of Acinetobacter and decreased relative abundance of
Propionibacterium compared to Type 3 injuries
(p ¼ 0.015 and p ¼ 0.038, respectively; Table 3).
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When analyzing microbiota with respect to development of complications, beta diversity, as measured by
the Bray–Curtis metric, revealed significant differences in bacterial community structure (p ¼ 0.019,
R ¼ 0.176) when comparing complicated to uncomplicated outcomes. We did not identify any significant
changes in alpha diversity (Fig. 4C) nor in the specific
genera we selected for analysis, indicating that either
rare bacteria present in <1% relative abundance or
other undefined aspects of the microbiota are responsible for the change in community structure we observe
when comparing the two groups.
Because skin microbial communities are known to
differ by body site,20 we also selected wound location
as a variable to analyze with respect to microbiomes.
We grouped together open fractures of the upper
extremities (humerus and ulna) and the lower extremities (femur, hip, tibia, fibula, foot). Bacterial community structure significantly differed when comparing
beta diversity of the two groups using the Bray–Curtis
metric (p ¼ 0.005, R ¼ 0.300). Lower extremity open
fractures harbored greater alpha diversity than upper
extremity fractures as measured by Faith’s PD
(Fig. 4D; p ¼ 0.036) and observed species-level OTUs
(data not shown; p ¼ 0.019). When analyzing all time
points, the genera Anaerococcus was significantly
enriched in relative abundance in lower extremity
compared to upper extremity open fractures (Table 3;
p ¼ 0.015).

DISCUSSION
The findings from this pilot study using cultureindependent, high-throughput sequencing based techniques, suggest that a great diversity of microbiota is
present in open fractures. Follow-up studies, in larger
cohorts and with more frequent sampling until healing
is complete may provide more insight into the dynamic
changes in the wound and skin microbiota, the association between the microbiota to clinical outcomes, and
the potential predictive nature of colonizing bacteria.
Similarly, based on a broader understanding of the
microbiota, studies examining the role of early debridement, type and timing of antibiotic administration, and
irrigation methods can be better designed. Concurrent
molecular profiling of host genomic and expression
profiles could further clarify mechanisms of infectious
complications and the response to treatment.
Molecular techniques are a powerful tool in detecting bacteria. For example, biofilms, such as those that
commonly grow on orthopaedic devices, are recalcitrant to culturing,21 suggesting the utility of DNAbased detection methods where biofilm is suspected.
Commonly isolated organisms from orthopaedic devices
are Staphylococcus, Pseudomonas, and Klebsiella.22,23
It is thought that polymicrobial biofilms, those consisting of both Gram-positive and Gram-negative bacteria,
are more severe and recalcitrant to treatment.17 Our
findings reveal that, upon presentation to the ER,
traumatic open fractures harbor a nearly equally
JOURNAL OF ORTHOPAEDIC RESEARCH APRIL 2014
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Adjacent Skin

*
Median Faith’s PD

50
40
30
20

*
*

10
0
800

B

*

Median OTUs

600

400

*
200

*

0
108

Median Bacterial Load

C

105

102

ER

OR

1st OP 2nd OP

ER

OR

1st OP 2nd OP

Figure 2. Alpha diversity and bacterial load of open fracture wound and adjacent skin. Alpha diversity is depicted as measured by Faith’s
PD (A) and observed species-level OTUs (B). Bacterial load (C) is represented as estimates from quantitative PCR of the 16S rRNA gene.
The upper and lower box hinges correspond to the first and third quartiles (25% and 75%), and the distance between the first and third
quartiles is defined as the inter quartile range (IQR). Lines within the box depict median, and the whiskers extend to the highest and
lowest values within 1.5 times the IQR. Outliers of the IQR are depicted with black dots above or below the whiskers. An asterisk ( ) inside
the box indicates significance of p < 0.05 (Wilcoxon rank-sum test) between the adjacent skin and open fracture wound at the indicated time
point. An asterisk ( ) outside of the box indicates significance of p < 0.05 (Wilcoxon rank-sum test) between the indicated time points.
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Relative Abundance (%)

A

Wound Center
100

*

1st Outpatient
Follow-Up

2nd Outpatient
Follow-Up

75
50
25
0
Emergency
Room

Operating
Room

Legend:
Gram-negative
Gram-positive

Adjacent Skin

B
Relative Abundance (%)

*

100

*

*

*

75
50
25
0
Emergency
Room

Operating
Room

1st Outpatient
Follow-Up

2nd Outpatient
Follow-Up

Figure 3. Gram-positive and gram-negative bacteria in the open fracture wound and on the adjacent skin. Open fracture wound
relative abundance is shown in (A) and adjacent skin relative abundance is shown in (B). The upper and lower box hinges correspond
to the first and third quartiles. Lines within the box depict median, and the whiskers extend to the highest and lowest values within
1.5 times the IQR. Outliers of the IQR are depicted with black dots above or below the whiskers.  p < 0.05 (Wilcoxon rank-sum test).

Mechanism
50

A

Gustilo-Anderson
Complication
Classification

B

C

Location

D

40
Median Faith’s PD

abundant combination of commensal Gram-positive
and -negative bacteria, though the skin is dominated
by Gram-positive bacteria. The implications of this
finding for biofilm formation are unclear, but it
suggests that the substrates to nurture a polymicrobial biofilm are in place at the time of presentation.
Early application of internal fixation may be at risk
given the diversity of microbiome of an open fracture.
A novel aspect of this study was that we examined
microbiomes of both the open fracture and the adjacent
skin. The adjacent skin may be a source of contamination for open fractures. It may also provide a baseline
for assessing microbiota of the open fracture. Together
with our analysis of shared diversity at each time
point, our data suggests that traumatic wound bacterial communities are least similar to healthy skin upon
presentation to the ER, and as expected become more
similar as healing progresses. Furthermore, mechanism of injury, location, and severity are associated
with various aspects defining the colonizing microbiota,
suggesting the need for different management techniques depending on the injury pattern, for example the
difference between penetrating injuries and blunt force
open fractures. The finding that open fractures that
proceed to develop complications are associated with
different microbial communities than those that are

*
30

20

10

Blunt

Penetrating

Type1

Type3

Yes

No

Lower Upper

Figure 4. Association of alpha diversity with open fracture
characteristics. Faith’s PD comparing alpha diversity according
to mechanism of injury (A), Gustilo–Anderson classification (B),
whether or not the fracture healing process was complicated (C),
and the anatomical location of the open fracture (D). The upper
and lower box hinges correspond to the first and third quartiles.
Lines within the box depict median, and the whiskers extend to
the highest and lowest values within 1.5 times the IQR. Outliers
of the IQR are depicted with black dots above or below the
whiskers.  p < 0.05 (Wilcoxon rank-sum test).
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Table 3. Taxa Associated With Clinical Factors
Factor
Mechanism

Taxon
Corynebacterium
Unclassified Enterobacteriaceae
Pseudomonas

Gustilo–Anderson
classification

Acinetobacter
Propionibacterium

Location

A naerococcus

Median Taxon Relative
Abundance (%)
Blunt
Penetrating
Blunt
Penetrating
Blunt
Penetrating
Type I
Type III
Type I
Type III
Lower extremity
Upper extremity
Lower extremity
Upper extremity

5.786
30.656
0.877
0.184
0.944
1.966
4.732
2.028
0.000
0.017
0.858
0.115
0.968
0.000

Timepoint(s)

p-valuea

1st OP

0.006

1st OP

0.038

2nd OP

0.048

All

0.015

All

0.038

All

0.015

1st OP

0.012

a

FDR-corrected p-values.

complication-free indicates the potential prognostic
value of 16S rRNA profiling for identifying those open
fractures at risk for complication.
The limitations of our study are that we are in an
urban setting with patients coming from the midAtlantic region. The local environmental microbiota
may be different when comparing to other parts of the
world, areas near open water, or wounds that occur on
the battlefield across the world. Furthermore, we did
not have a control group, which may have included a
second individual not injured but in the vicinity of the
injured patient. Hospital length of stay may also
impact colonizing microbiota and progression to complication, and future studies in larger cohorts will
need to take this potential nosocomial confounder into
account. Lastly, some aspects of the analysis focused
on those bacteria present in >1% relative abundance
across the dataset. By including those species that
have a known pathogenic potential and are clinically
concerning, we attempted to address this.
Ultimately, this study reveals the complexity of the
open fracture wound. The ramifications of improved
understanding of the bacterial diversity, load, and
noted taxa may have significant relevance to initial
treatment, methods of monitoring, and clinical outcomes. Predictive modeling and biomarker panels
may be the next step in further developing tools that
can be applied clinically to decrease infection after
open fractures.
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