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Purpose: The biology of chronic wounds is complex and many factors act concurrently to 
impede healing progress. In this study, the dynamics of microflora changes and their 
antibiotic susceptibility patterns were evaluated longitudinally over 30 days using data 
from 28 patients with a total of 47 chronic lower extremity wounds.
Materials and Methods: In this study, colonized wound isolates were characterized using 
cultural, biochemical, and VITEK 2 methods. Antibiotic susceptibility patterns of the wound 
isolates were analyzed using various phenotypic assays. Furthermore, antimicrobial resis
tance patterns and the presence of mutations were evaluated by a genotypic assay, whole- 
genome sequencing (WGS).
Results: Staphylococcus aureus and Pseudomonas aeruginosa were found to be the most 
common strains at early time points, while members of Enterobacteriaceae were prevalent at 
later stages of infection. Antimicrobial resistance testing and whole-genome sequencing 
revealed that the molecular and phenotypic characteristics of the identified wound pathogens 
remained relatively stable throughout the study period. It was also noted that Enterobacter 
and Klebsiella species may serve as reservoirs for quinolone resistance in the Pacific region.
Conclusion: Our observations showed that wounds were colonized with diverse bacteria 
and interestingly their numbers and/or types were changed over the course of infection. The 
rapid genetic changes that accompanied the first 4 weeks after presentation did not directly 
contribute to the development of antibiotic resistance. In addition, standard wound care 
procedures did not appear to select for resistant bacterial strains. Future efforts should 
focus on defining those genetic changes associated with the wound colonizing microorgan
isms that occur beyond 4 weeks.
Keywords: anti-microbial resistance, antimicrobial susceptibility profiling, non-healing 
wound, wound microflora, wound healing

Introduction
Chronic, non-healing wounds are a significant burden on the affected patient and 
healthcare systems due to the increased costs associated with wound care. Chronic 
wounds affect over 6.5 million people annually in the United States, with annual 
costs greater than $26.8 billion.1 Wound infection may occur in both simple and 
complex wound environments that affect the wound’s inability to progress through 
the repair cycle in a timely manner. While low levels of infection and inflammation 
can be beneficial to wound-healing progress, the colonization of large numbers of 
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bacterial pathogens negatively impacts the wound-healing 
process.2,3 Wound chronicity is characterized by prolonged 
(usually 4 weeks to 3 months) inflammation, defective re- 
epithelialization, and impaired connective tissue 
remodeling.4 Wound healing is impaired due to multiple 
factors, including the presence of underlying co- 
morbidities such as diabetes, neuropathy, immunosuppres
sion, vascular or venous insufficiencies, or the presence of 
any disease or condition leading to the development of 
a weakened immune system.5

Although various strategies are currently used to treat 
non-healing wounds, there is no one standardized therapy. 
Treatment is determined on a case by case basis and 
depends on several factors, including co-morbidities and 
the presence or absence of critical colonizing 
microorganisms.6 It is unclear whether the microbial pro
file change has an impact on wound healing. However, it 
has been established that a detectable transition of the 
microbial populations colonizing non-healing wounds 
tends to occur and that this transition follows 
a predictable pattern. The early acute wound tends to be 
dominated by Gram-positive bacteria, the majority of 
which are derived from normal skin flora and typically 
include S. aureus and various beta-hemolytic 
Streptococci.7 The most common Gram-negative rods 
observed in wound infections are Proteus species, 
Escherichia coli, and Klebsiella species. If surface bacter
ial colonization persists for an extended period of time and 
venous insufficiency develops, deep underlying tissues can 
become colonized with various anaerobic organisms. This 
is most likely due to the presence of reduced oxygen 
tension in the deeper tissue that favors the growth of 
both facultative and obligate anaerobes.8 The most com
mon anaerobic bacteria found in chronic wounds include 
anaerobic Actinomyces species, Bacteroides species, 
and Clostridium species.7 Beyond anaerobes, several 
aerobic Gram-negative rods, including Pseudomonas, 
Acinetobacter, and Stenotrophomonas have also been 
found in late-stage chronic wounds.9 Deep tissue wound 
infections such as pressure ulcers are typically polymicro
bial and are often populated by greater than four different 
bacterial species.9 Despite the fact of numerous studies 
have evaluated the bacterial populations present in chronic 
wound sites, there is a paucity of information in the 
literature regarding the changes that occur in populations 
of wound flora over time. Along this line, there has never 
been a comprehensive study on the changes in wound 

microflora that occur in chronic, non-healing wounds in 
the Pacific region.

Although chronic-infected wounds have been exten
sively studied, there are still many questions that have 
not been adequately addressed. It has been demonstrated 
that many bacteria can evolve rapidly to utilize new sub
strates for energy, tolerant degradation of the host immune 
response, and resist destruction by antibacterial 
compounds.10 It has also been found that many of the 
genetic changes necessary for this type of evolution can 
develop in a bacterial population in less than 500 genera
tions (approximately 30 days) in the laboratory 
environment.11 However, it is still unclear whether genetic 
change can occur at the same rate in the wound environ
ment or whether short-term evolution can lead to the 
conversion of antibacterial susceptible bacteria to drug- 
resistant phenotypes.

The present study was designed to evaluate the tem
poral changes in colonizing bacterial populations and anti
biotic susceptibility patterns in wound pathogens 
encountered at Tripler Army Medical Center (TAMC) in 
Honolulu, Hawaii. Since TAMC routinely treats active 
duty military members, military retirees, military depen
dents, veterans, and civilian personnel representing various 
Asian and Pacific island populations, it is possible that 
these data are broadly representative of the region as 
a whole. Ultimately, these data may serve to inform the 
development and implementation of future diagnostic and 
treatment strategies for non-healing chronic wounds.

Materials and Methods
Ethics Statement
The institutional review board of the United States Army 
Human Use Committee at the Regional Health Command- 
Pacific (RHC-P) approved this study protocol (IRB# 
218022). The protocol complied with all ethical considera
tions involving human subjects and all information 
obtained following standard clinical guidelines. 
Investigators adhered to the policies for the protection of 
human subjects as prescribed in 45 Code of Federal 
Regulation part 46.12 All of the study participants provided 
written informed consent. This study was conducted in 
accordance with the Declaration of Helsinki.

Sample Collection
In this study, 37 wound patients were enrolled between 
December 2016 and December 2017 at TAMC Vascular 
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Limb Salvage Clinic. Subjects were evaluated and 
assessed at 3 time points, these were the initial clinic 
presentation prior to antimicrobial therapy (day 0), 15 ± 
2 days post-presentation and the initiation of therapy (day 
15), and 30 ± 2 days after initial therapy (Day 30). Of note, 
after the initial visit (D0), wounds were cleansed with 
various commercial dressings following standard wound 
cleansing procedure. The wounds were dressed with sil
ver-based dressings in various forms (gel, foam, contact 
layer or hydrofiber), Iodine-based gel, collagen, or 
a debriding agent. The clinician’s selection of the wound 
care regimen was based on the assessment of the wound. 
Compression was initiated on venous leg ulcers. In addi
tion to dressing, seven patient wounds were treated with 
antibiotics based on VITEK 2 antimicrobial sensitivity 
(bioMérieux, Lyon, France). The combinations were 
Dakin’s (antiseptic) wash, silver-based dressing and com
pression with moxifloxacin (400 mg daily for 10 days) and 
co-amoxiclav (125/500 mg, twice daily for 10 days) or 
bacitracin only (twice daily) or Iodosorb gel with doxycy
cline (100 mg twice daily for 10 days). Data were 
excluded if the patient did not attend the two follow-up 
visits at days 15 and 30, or if no bacterial growth was 
found from the specimen collected on the initial visit, 
leaving a total of 28 patients with 47 wounds for subse
quent analysis. No samples were obtained from patients 
younger than 18 years of age. All samples were devoid of 
any patient identifiers before analysis. Wounds were 
sampled by sterile swab per standard of care using aerobic 
liquid Amies media and anaerobic Vacutainer collection 
tubes (Becton Dickinson, Franklin Lakes, NJ).

Sample Processing and Identification
The aerobic wound swabs were inoculated onto aerobic 
media, which included 5.0% Blood agar, MacConkey agar, 
and Chocolate agar (Becton Dickinson [BD], Sparks, MD). 
The anaerobic swabs were inoculated in Pre-Reduced, 
Anaerobically Sterilized (PRAS) anaerobic media 
(Anaerobe Systems, Morgan Hill, CA), and thioglycollate 
broth. All inoculated aerobic media were incubated at 37°C 
for 24–48 hours under aerobic condition and anaerobic media 
for 2–5 days under anaerobic condition (BD GasPak EZ 
anaerobe pouch system). All visibly noticeable colonies 
were isolated for characterization and identification using 
standard culture (or characteristic morphology) and biochem
ical testing, including Gram stain, catalase, oxidase, indole, 
β-lactamase, and Pyrrolidonyl Aminopeptidase (PYR) tests 
(Hardy Diagnostics, Santa Maria, CA). Additionally, 

antibiotic (colistin, vancomycin, and kanamycin) sensitivity 
patterns and aero-tolerance tests were performed for anaero
bic characterization. The VITEK 2 automated system 
(bioMerieux Inc., Durham, NC) was used for further con
firmation of the presumptively identified bacterial species 
and antibiotic susceptibility profiling. All instances of 
VITEK 2 derived methicillin-resistant S. aureus (MRSA) 
isolates were further confirmed by a rapid lateral immuno- 
flow assay procedure (Hardy Diagnostics, Santa Maria, CA). 
This assay detects altered penicillin-binding protein, PBP2a, 
which is encoded by the mecA gene.13,14 Instances of 
VITEK 2 derived extended-spectrum β-lactamases (ESBLs) 
in the members of the Enterobacteriaceae were confirmed by 
an ESBL E-test system (bioMerieux Inc., Durham, NC) on 
Mueller-Hinton agar using 0.5 McFarland standard in 0.85% 
saline.15,16 All testing was performed following manufacturer 
instructions. Following VITEK 2 antibiotic profiling, pure 
bacterial isolates were preserved on Microbank beads (Pro- 
Lab Diagnostics Inc., Round Rock, TX) for long-term sto
rage at −80°C.

Multi-Drug Resistant Organism 
Repository and Surveillance Network 
Analyses
Whole-genome sequencing (WGS) and antimicrobial resis
tance (AMR or AR) analyses were performed by the 
Multidrug-Resistant Organism Repository and Surveillance 
Network (MRSN) located at the Walter Reed Army Institute 
of Research, Silver Spring, Maryland, USA. Sequencing 
was performed using the Illumina MiSeq platform 
(Illumina, San Diego, CA, USA) as previously described.17 

It should be noted that all samples were sent to MSRN, 
except samples from five patients who did not exhibit 
growth after the initial presentation. Phenotypic analyses 
for antibiotic susceptibility pattern were performed using 
three commercial platforms, which included the Microscan 
Walkaway (Siemens Healthcare, Pennsylvania, USA), 
VITEK 2 (bioMérieux, Lyon, France), and the Phoenix 
(BD Diagnostic Systems, Maryland, USA). All antimicro
bial susceptibility data were interpreted using the standar
dized criteria outlined by Clinical Laboratory Standards 
Institute (CLSI) evaluation data and statistical analysis.18

Results
Study Population
Evaluations by swab and culture were conducted at three 
time points over a period of 30 days for a total of 28 
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patients with 47 unique lower extremity wounds. The 
patients consisted of 24 male patients (85.7%) and 4 
female patients (14.3%). Their ages ranged from 37 to 
86 years with a median age of 69 (IQR=57-73). Most 
(75%) had a diagnosis of vascular/arterial insufficiency. 
Sixteen patients presented with a single wound (57%) and 
12 patients had multiple wounds (Table 1). Several of the 
enrolled patients presented with multiple co-morbidities, 
including diabetes (57.1%), venous (67.9%) or arterial 
(7.1%) insufficiency, and smoking (10.7%).

Morphological and Phenotypic Evaluation 
of the Bacterial Populations Colonizing 
Chronic and Non-Healing Wounds
Overall Recovery Rate
The rates of isolate recovery tended to vary throughout the 
course of the study. Colonizing bacterial populations were 

recovered from each wound site. Overall, 113 bacterial 
isolates were recovered on day 0, 74 isolates at day 15, 
and 76 isolates at day 30 from 28 patients. At day 0, at least 
one bacterial isolate was recovered from all wounds, 
whereas about 40% of the wounds did not yield any bac
teria isolates at days 15 and 30 (Figure 1). The mean 
number of different species found per wound decreased 
from 2.4 [standard deviation (std) =1.4] at the initial visit 
to 1.6 at days 15 (std=1.8) and 30 (std=2.1). It was found 
that 71% of all positive cultures contained mixed-species 
communities (79% at day 0, 75% at day 15, and 58% at day 
30). Among the isolated organisms, about half were Gram- 
positive and half were Gram-negative rods (Table 2).

Longitudinal Distribution of Isolate 
Recovery
At the initial presentation (day 0), the majority of wounds 
were found to harbor polymicrobial communities (79%). The 

Table 1 Demographic Characteristics, Comorbidities and 
Wound Burden of the Population That Was Evaluated in This 
Study. A Total of 28 Patients Being Treated in the TAMC Vascular 
Limb Salvage Clinic Were Enrolled

Total: 28 Patients No. of Patients (%)

Age (years)

30–49 4 14.3
50–69 11 39.3

70–89 13 46.4

mean (standard deviation) 64.8 (12.7)

Gender
Female 4 14.3

Male 24 85.7

Obesity

No 12 42.9

Yes 16 57.1

Current smoking

No 25 89.3
Yes 3 10.7

Wound

Diabetic 16 57.1

Venous insufficiency 19 67.9
Arterial insufficiency 2 7.1

Number of wounds
1 16 57.1

2 7 25.0

3 4 14.3
4 0 0.0

5 1 3.6
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Figure 1 A comparison of the numbers of bacterial species that were recovered 
from chronic non-healing wounds at the initial visit (Day 0), at a 2-week follow-up 
(Day 15) and at a 4-week follow-up (Day 30).

Table 2 Bacteria Species Recovered at Each Visit from 47 
Unique Wound Sites from a Total of 28 Patients

Number of 
Bacterial Species

Initial Visit 2-Week 
Follow-Up

4-Week 
Follow-Up

n % of 
Isolates

n % of 
Isolates

n % of 
Isolates

Gram-positive 53 49 37 51 38 51

Gram-negative 55 51 35 49 36 49

Aerobic bacteria 94 85 60 81 62 84

Anaerobic bacteria 16 15 14 19 12 16

S. aureus 18 16 7 9 12 16

P. aeruginosa 16 14 15 20 10 13

E. faecalis 8 7 5 7 4 5

E. coli 8 7 6 8 5 7

K. pneumoniae 7 6 6 8 5 7

Citrobacter koseri 4 4 0 0 3 4

Proteus mirabilis 4 4 1 1 1 1
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majority of organisms recovered were aerobic (85%), with 
a predominance of S. aureus and P. aeruginosa (Table 2). 
After the initial presentation and initiation of treatment, 
including topical antiseptic dressing and/or antibiotics, it 
was found that 19 wounds (40%) lacked bacterial growth 
on day 15. Of the 28 wounds with growth, cultures from 75% 
exhibited polymicrobial population (Figure 1). At this time 
point, the most common organisms among all isolates were 
aerobic Gram-negative rods (44%) and aerobic Gram- 
positives (39%). At the 4-week follow-up (day 30), 16 
(34%) swabs taken from wounds did not show any bacterial 
growth. Again, colonized wounds were mostly polymicro
bial (58%, 18/31), where S. aureus (26% of all wounds and 
16% of all isolates) and P. aeruginosa (21% of all wounds 
and 13% of all isolates) were still the most prevalent organ
isms recovered (Figure 1 and Table 2).

There was a general trend of decreasing isolate recov
ery throughout the course of the study, especially for 
P. aeruginosa, E. faecalis, E. coli, and P. mirabilis, albeit 
a small decrease due to overall numbers. While similar 
trends were not observed for S. aureus and C. koseri that 
dropped at 2 weeks, however, occurrence went back up at 
4 weeks. The occurrence of S. aureus and P. aeruginosa 
were higher than other isolates. S. aureus was recovered 
from 18 wounds at day 0, 7 wounds at day 15, and 12 
wounds at day 30, while P. aeruginosa was recovered from 
16 wounds at day 0, 15 wounds at day 15, and 10 wounds 
at day 30 (Table 2). It was noted that there was a trend of 
decreased recovery of both Gram-positive and Gram- 
negative aerobic organisms throughout the 30-day study 
period. A significant number of anaerobic organisms, 
including Fusobacterium species, Prevotella species, 
Finegoldia species, Peptostreptococcus species, 
Bacteroides species, and Porphyromonas species were 
identified (data not shown). These organisms appeared 
on day 15 and then decreased their frequency over time.

Impact of Treatment on Isolate Recovery
Seven patients (25%) accounting for eleven wounds 
received antibiotic treatment in addition to standard 
wound care during the course of the study. Systemic anti
biotics such as moxifloxacin, co-amoxiclav, doxycycline, 
ciprofloxacin, and vancomycin were used to treat these 
patients in combination with various dressing. Although 
these patients were treated with antibiotics in accordance 
with the standard of care, findings have been re-directed to 
focus on the isolated organisms. Of the wounds surveyed 
from these patients, no organisms were isolated from five 

wounds. In the other six wounds, P. aeruginosa was 
detected from each wound at least from one time point. 
Interestingly, of the seven patients being treated with anti
biotics, S. aureus was isolated from three subjects, two of 
which were methicillin-resistant. Although no trends were 
apparent with the antibiotic-treated wounds, other com
mon organisms isolated were Fusobacterium sp., 
C. koseri, K. pneumoniae, E. coli, Streptococcus agalac
tiae, and S. epidermidis.

Molecular Evaluation of the Antimicrobial 
Resistance Determinants of the Bacterial 
Populations Colonizing Chronic and 
Non-Healing Wounds
In this study, a total of 223 isolates collected from 23 
patients were submitted to MRSN for WGS and AMR 
testing. Initial phenotypic testing among eight patient 
wounds revealed 10 distinct MRSA isolates and one 
ESBL producing Klebsiella species. PBP2a is well defined 
to render MRSA strains resistant to virtually all β-lactam 
antibiotics. Of note, lysed MRSA showed a positive reac
tion for PBP2a, whereas methicillin-sensitive S. aureus 
was unreactive, as shown by many studies.13,14 Upon 
ESBL E-test, ESBL Klebsiella species showed a MIC 
(minimum inhibitory concentration) of ≥8.0 for either 
CT/CTL (cefotaxime/cefotaxime + clavulanic acid) or 
TZ/TZL (ceftazidime/ceftazidime + clavulanic acid), simi
lar to other studies.15,16 Testing was performed on each 
isolate to confirm both genus and species level identifica
tion, phenotypic antibiotic susceptibility pattern, and to 
identify the presence or absence of antimicrobial resis
tance agents. Numerous mutations were identified from 
the isolate set at multiple time points; however, none of 
the mutations were found in a gene that has been shown to 
impact known antibiotic resistance mechanisms.

Antimicrobial Resistance Genes Detected
The majority of isolates harboring antimicrobial resistance 
genes were found to harbor genes conferring resistance to 
the β-lactams (n=63), these were followed by isolates 
harboring genes conferring resistance to the aminoglyco
sides (n=46), macrolides (n=27), and fosfomycin (n=24) 
(Table 3). There were only five isolates that possessed 
genes conferring resistance to the sulfonamides. Overall, 
isolates of E. coli, S. aureus, and P. aeruginosa were found 
to harbor the largest numbers of resistance genes (Table 4). 
Based on literature searches and meta-information found 
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in AMRFinderPlus and NCBI protein database,19 antimi
crobial effectiveness genes were identified and character
ized in the wound isolates, as has been outlined in Table 4. 
Representatives of each of these organisms were found to 
contain genes capable of conferring resistance to the β- 
lactams and aminoglycosides. Of note, genes that con
ferred resistance to the chloramphenicols and tetracyclines 
were present both in E. coli and S. aureus. Genes confer
ring resistance to fosfomycin were present in both E. coli 
and P. aeruginosa. Sulfonamide resistance-conferring 
genes were only present in E.coli, while genes conferring 
resistance to streptomycin and tetracycline were present 
only in isolates of S. aureus (Table 4). Genes capable of 
conferring resistance to quinolones were only found in 
Enterobacter cloacae, K. aerogenes, and K. pneumoniae. 
These isolates were found to contain genes coding for the 
protein products necessary to produce members of the 
plasmid-borne OqxAB efflux pump. Surprisingly, none of 
these isolates were resistant to the quinolones indicating 
that these genes are inactive and that these isolates may 
serve as environmental reservoirs.

Longitudinal Resistance Patterns
Overall, the results of the antibiotic resistance testing of 
each of the isolates that were recovered in this study 
revealed that between days 0 and 30, no significant 

changes in antibiotic resistance patterns occur and that 
most isolates did not convert from a state of antimicrobial 
sensitivity to resistance or vice versa during the course of 
infection. One notable exception to this observation was 
a set of three S. aureus isolates recovered from two distinct 
wound sites on a single patient. Genomic analysis indi
cated that these isolates were the same strain. Initially, the 
isolates had similar antibiotic resistance patterns, 
a conversion from a sensitive to resistant phenotype for 
clindamycin was identified in a day 30 isolate, and 
a conversion from a sensitive to resistant phenotype for 
erythromycin was detected in a day 15 isolate (Table 5). 
While a large number of single nucleotide polymorphisms 
(SNPs) were detected in this particular group of isolates, 
none of them were associated with genes known to be 
involved in the development of antibiotic resistance. 
Rather, comparative genomics showed that the majority 
were found to be localized to those genes necessary for 
housekeeping functions and/or maintaining metabolic 
activities. A similar trend was observed for all isolates 
evaluated in this study (Table 6).

Discussion
Acute or traumatic wounds in normal, healthy individuals 
usually heal through the regular phases of hemostasis, 
inflammation, proliferation, and remodeling. While inflam
mation is a normal part of the wound-healing process, 
chronic or non-healing wounds stall with sustained inflam
mation resulting in slow or no indication of improvement 
weeks after initial presentation.20 The delayed healing 
time can be attributed to many local and systemic factors, 
including oxygenation, inflammatory mediators, infection, 
sex hormones, stress, medications, obesity, alcohol con
sumption, smoking, and nutrition.21 Additionally, patient 
age or underlying comorbidities such as diabetes and dry
ness of wounds can also have a significant effect on 
wound-healing progress.22,23 As a consequence, the longer 
the time required for healing, the more diverse microbial 
population can colonize in the wound and complicate 
treatment strategies. Thus, proper identification of chronic 
wounds in terms of continued infection and antimicrobial 
resistance is necessary to develop an effective treatment 
plan. The negative impact of bacterial colonization and 
invasive infection can also modulate wound-healing 
phases and increase the overall morbidity and mortality 
associated with chronic wounds.24

An open wound is a favorable place for microbial 
contamination, colonization, and infection. Once the skin 

Table 3 Evaluation of the Antibacterial Resistance (AMR) Genes 
That Were Identified in the 123 Unique Bacterial Isolates 
Collected in This Study. AMR Genes Conferring Resistance to 
the β-Lactam Class of Antibiotic Were the Most Common, 
Followed by AMR Genes Conferring Resistance to 
Aminoglycosides and the Macrolides, Respectively

Number of Isolates 
with Detectable 
AMR Genes

Antibiotic 
Class

Target

46 Aminoglycosides Protein Synthesis

63 β -lactams Cell Wall Synthesis

9 Fluoroquinolones DNA Gyrase
24 Fosfomycin Cell Wall Synthesis

6 Lincosamides Protein Synthesis
27 Macrolides Protein Synthesis

11 Phenicols Protein Synthesis

15 Phenicols/ 
Quinolones

Protein Synthesis/ 
DNA Gyrase

7 Streptothricin Protein Synthesis

5 Sulfonamides Purine Base Synthesis
19 Tetracyclines Protein Synthesis

8 Trimethoprim Purine Base Synthesis

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                     

Infection and Drug Resistance 2021:14 6

Nahid et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


is impaired, normal skin flora, exogenous bacteria, and 
fungi can gain access to underlying tissues.25 This envir
onment offers a humid, warm, and nutrient-rich niche for 

the development of synergistic microbial interaction.26 

Previous studies have demonstrated that both S. aureus 
and P. aeruginosa, two of the most common wound 

Table 4 A Summary of Antibacterial Resistance (AMR) Detections by Bacterial Species and Potential Impact on Antibiotic 
EffectivenesS. The Members of the Enterobacteriaceae (E. Coli), The Non-Fermenters (P. Aeruginosa), and the S. Aureus Were Found 
to Harbor the Greatest Numbers of AMR Genes

Organism AMR Genes Detected Antibiotic Classes Potentially Impacted

Acinetobacter baumanii ant(3ʹ’)-IIa, blaADC, blaOXA Aminoglycosides and β -lactams

C. koseri blaCKO β -lactams

C. striatum Erm(X), tet(W) Macrolides and Tetracyclines

E. cloacae blaACT-17, oqxA, oqxB β -lactams and Quinolones

E. faecalis aac(6ʹ)-le, ant(6)-Ia, aph(2”)-Ia, aph(3”)-IIIa, dfrE, erm(B), lsa(A), sat4, 
tet(M)

Aminoglycosides, Trimethoprim, Macrolides, 

Lincosamides, Streptothricin, and Tetracyclines

E. coli aac(3)-IId, aadA1, aadA2, aadA5, aph(3ʹ)-Ia, aph(6)-Id, blaEC, blaEC-5, 
blaTEM-1, cmlA1, dfrA17, dfrA5, mph(A), sul1, sul2, sul3, tet(A)

Aminoglycosides, β-lactams, Trimethoprim, 

Chloramphenicols, Sulfonamides, and 
Tetracyclines

F. magna erm(A), erm(B), tet(M) Macrolides and Tetracyclines

K. aerogenes ampC, fosA, oqxA, aac(3)-IId β -lactams, Fosfomycins, Quinolones and 

Aminoglycosides

K. pneumonia blaOKP, blaSHV-108, blaSHV-11, blaSHV-36 
fosA, oqxA, oqxB, oqxB19, oqxB25

β -lactams, Fosfomycins, quinolones, and 

Chloramphenicol,

Peptonipilus spp. erm(A), tet(M) Macrolides and Tetracyclines

P. mirabilis catA, tet(J) Chloramphenicols and Tetracyclines

P. aeruginosa aph(3ʹ)-IIb, blaOXA, blaOXA-485, blaOXA-488, blaOXA-50, blaPDC, 
blaPDC-12, blaPDC-19a, 

blaPDC-3, blaPDC-34 
blaPDC-59, catB7, crpP, 
fosA

Aminoglycosides, β-lactams, Chloramphenicol, 
and Fosfomycins

S. aureus aac(6ʹ)-Ie, ant(6)-Ia 
ant(9)-Ia, aph(2ʹ’)-Ia 
aph(3ʹ)-IIIa, blaI, blaR1 
blaZ, dfrC, erm(A). erm(C), fosB, mecA. mecI, mecR1, mph(C) 
msr(A), sat4, tet(38)

Aminoglycosides, β-lactams, Macrolides, 
Streptothrycin, Fosfomycins, and Tetracyclines

S. simulans ant(9)-Ia, erm(A) Aminoglycosides and Macrolides

S. agalactiae erm(B), tet(M) Macrolides and Tetracyclines

Table 5 Phenotype Conversion of S. Aureus from Sensitive (S) to Resistant (R) for Clindamycin and Erythromycin Over a Period of 30 
Days

S. aureus CFZ FOX CIP CLI DAP ERY GEN LVX LZD OXA PEN SXT VAN

Day 0 R R S S S S R S S R R R S
Day 15 R R S S S R R S S R R R S

Day 30 R R S R S R R S S R R R S

Abbreviations: CFZ, ceftazidime; FOX, cefoxitin; CIP, ciprofloxacin; CLI, clindamycin; DAP, daptomycin; ERY, erythromycin; GEN, gentamicin; LVX, levofloxacin; LZD, 
linezolid; OXA, oxacillin; PEN, penicillin; SXT, trimethoprim/sulfamethoxazole; VAN, vancomycin.
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pathogens, tend to display higher antibiotic tolerance when 
cultured together, than separately as is typically done in 
clinical laboratories.27 The initial bacteria recovered in this 
study were isolated from wound sites colonized with poly
microbial communities of microorganisms with a majority 
of P. aeruginosa and S. aureus. It is tempting to speculate 
that synergistic interactions between these bacteria were 
responsible for at least some of the pathological features 
associated with the wound infections.

Anaerobic bacteria constitute a significant proportion 
of the normal microbiota colonizing skin and various 
mucosal surfaces of the human body.28 Anaerobes are 
more commonly found in polymicrobial aerobic and anae
robic infections of endogenous origin. Once anaerobic 
species are established, obstruction of phagocytosis can 
occur to prevent the destruction of other microorganisms 
present. Furthermore, the nutrient flux from one bacterium 
may sustain the evolution and proliferation of another.29 In 
this study, a number of anaerobic bacteria were identified. 
However, the numbers of anaerobe isolations were found 
to be significantly less than aerobic bacteria, which 
prompted us to investigate thoroughly the aerobic bacterial 
population. This observation may be explained by the fact 
that the wounds were only followed for 30 days and 
anaerobic organisms tend to proliferate slower than aero
bic organisms.30

Seven patients were on antibiotic treatment with 
a combination of wound dressings, whose cellulitis/ 

wounds improved over the course of infection. Although 
it would have been interesting to examine wound-healing 
progression over an extended time, antimicrobial resis
tance and susceptibility changes were the main focus of 
this study. With regard to antibiotic therapy in chronic 
wounds, there is a lack of evidence concerning its effec
tiveness, optimal regimens or clinical indications for 
treatment.31 Future studies should focus on long-term eva
luation of antibiotic treatment effectiveness as it impacts 
the wound-healing outcome. Information regarding anti
biotics effectiveness during the course of wound infection 
could help guide and select an optimal wound treatment 
strategy.

Numerous antimicrobial resistance genes have been 
detected in this study. The most commonly detected 
genes were those which are capable of conferring resis
tance to the β-lactams, the aminoglycosides, the macro
lides, and fosfomycin. This finding is significant given that 
antibiotics from each of these classes are routinely pre
scribed to treat a wide variety of bacterial infections.31 

Surprisingly, conversion from a state of antimicrobial sen
sitivity to resistance was not detected in the majority of 
organisms that were evaluated. No single nucleotide poly
morphism was found to occur in any of the genes known 
to alter antibiotic susceptibility. These findings indicate 
that the bacterial populations that infect chronic or non- 
healing wounds tend to have relatively stable genomes and 
that clinically significant genotypic or phenotypic changes 

Table 6 Single Nucleotide Polymorphisms (SNPs) Detected in Three Isolates of S. Aureus Recovered from Wound Sites on a Single 
Patient on Days 0, 15 and 30. All SNPs Were Localized to Genes That Have Been Predicted to Code for Proteins Involved in the 
Metabolic Process of the Pathogen and No SNPs Were Detected in Any of the Genes Known to Be Involved in the Development of 
Antibiotic Resistance

Target Gene Change Predicted Effect Day 0 Day 15 Day 30

Allophanate hydrolase 2 subunit 2 Asparagine to Isoleucine Substitution +
Molybdenum cofactor biosynthesis protein MoaC Synonymous No Change +

Aspartate 1-decarboxylase Synonymous No Change + +

S1 RNA binding domain Arginine to Lysine Substitution + + +
Acyl esterase Serine to Glycine Substitution +

Flavin-utilizing monoxygenase Methionine to Thymine Substitution + +
Na(+)H(+) antiporter subunit A/B Glutamine to Lysine Substitution +

S1 RNA binding domain Glutamic Acid to Lysine Substitution + + +

MutT protein Aspartic Acid to Glycine Substitution + +
Phosphate ABC transporter PstS Glycine to Arginine Substitution +

Dihydroxy-acid dehydratase Synonymous No Change +

Ferrichrome-binding periplasmic protein Valine to Methionine Substitution +
Autolysis histidine Kinase LytS Synonymous No Change +

Hypothetical protein Tyrosine to Aspartic Acid Substitution +

Na(+)H(+) antiporter subunit E Synonymous No Change +
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did not occur within the first 30 days after presentation to 
the wound clinic. One set of S. aureus isolates that showed 
a conversion of antibiotic sensitive to a resistance pheno
type, did not belong to the detectable variations in known 
antimicrobial resistance agents. Due to the study design, 
we did not extend the study for over 30 days. Our wound 
clinic only possesses a standard of care culture and sensi
tivity results. It would be of interest to have an extended 
antibiogram investigation for the isolates recovered from 
patients prescribed antibiotics.

Perhaps the most interesting and concerning result of 
this study was the identification of the plasmid-encoded 
genes for the production of the multi-drug efflux pump, 
OqxAB, which was present in all members of the isolated 
Klebsiella and Enterobacter species over the course of the 
30-day evaluation. This system is considered to be one of 
the most effective mechanisms of plasmid-mediated qui
nolone resistance.32 The gene oqxAB was first identified on 
a plasmid that was isolated from isolates of E. coli that 
were recovered from swine manure in Denmark in 2003.33 

This plasmid is highly transmittable in E. coli and among 
members of the Enterobacteriaceae. Recently, it was sug
gested that Klebsiella species may serve as an environ
mental reservoir for these plasmids as well as for the 
multi-drug efflux pump that they encode.34 If this is true 
then the detection of the oqxAB gene complex in 
Klebsiella species isolated from chronic wounds isolated 
at a military hospital in Hawaii may indicate that this 
organism may serve as a reservoir for it in the Pacific 
region and that patients with wound infections caused by 
members of the Enterobacteriaceae should be monitored 
for the development of fluoroquinolone resistance.

Conclusion
Wound healing is a very complex and multifactorial process. 
This is the first study addressing the varying patterns of 
bacterial wound colonization as well as the genotypic char
acterization of antibiotic resistance patterns in the mid- 
Pacific region. Simultaneously, it demonstrates that temporal 
organism shifts occur similarly in this population compared 
to other studied geographical locations and patient popula
tions. The results of this study provide evidence that these 
bacterial populations are relatively stable (genetically and 
phenotypically) with respect to their species composition 
and antibiotic resistance profile. Debridement and the use 
of antimicrobial dressings did not directly select for antimi
crobial-resistant bacterial strains. However, the potential for 
the horizontal spread of antimicrobial resistance 

determinants has been detected and conversion from 
a sensitive to a resistant phenotype (although rare) can 
occur in the early phases of wound care. A prolonged evalua
tion of horizontal gene transfer mechanisms can be investi
gated to recognize drug resistance in wound-associated 
bacteria. When the current data is combined with data col
lected in future studies, it will have the potential to allow 
clinicians to develop personally and regionally targeted ther
apeutic strategies for the management and resolution of 
chronic or impaired wound infections.
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