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Abstract 

Diabetic wound infections including diabetic foot ulcers (DFUs) are a major global health concern and a leading cause of non-traumatic 
amputations. Numerous bacterial species establish infection in DFUs, and treatment with antibiotics often fails due to widespread 

antibiotic resistance and biofilm formation. Determination of bacterial species that reside in DFU and their virulence potential is 
critical to inform tr eatment options. Her e , w e isolate bacteria from debridement tissues from patients with diabetes at the Uni v ersity 
of Color ado Ansc hutz Medical Center. The most frequent species w ere Gr am-positive including Enter ococcus f aecalis , Staph ylococcus 
aur eus , and Str eptococcus agalactiae , also known as Gr oup B Str e ptococcus (GBS). Most tissues had mor e than one species isolated with 

E. faecalis and GBS fr equentl y occurring in pol ymicr obial infection with S . aur eus . S . aur eus w as the best biofilm pr oducing species with 

E. faecalis and GBS isolates exhibiting little to no biofilm formation. Antibiotic susceptibility varied amongst strains with high levels 
of penicillin resistance amongst S . aur eus , clindam ycin resistance amongst GBS and intermediate vancomycin resistance amongst E. 
f aecalis . F inally, w e utilized a murine model of diabetic wound infection and found that the presence of S . aur eus led to significantly 
higher r ecov er y of GBS and E. faecalis compar ed to mice challenged in mono-infection. 

Ke yw ords: bacteria; diabetic; gram-positi v es; isolated; virulence; wounds 
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Introduction 

Diabetic wounds of the foot and lower limbs are a leading cause of 
global amputation (Pecor ar o et al. 1990 , Kurnar et al. 1994 , Reiber 
et al. 1995 , Frykberg et al. 1998 , Uccioli et al. 2015 ). These infec- 
tions often become c hr onic and will not heal due to the pres- 
ence of multiple bacterial pathogens and an impair ed imm une 
r esponse (Per ez-favila et al.2019 , Br em and Tomic-canic 2007 ).
Gr am-positiv e bacterial species are often the most common in di- 
abetic wound infections with Staphylococci being the dominant 
genus according to culture based methods, 16 s rRNA data and 

meta genomic sequencing (Citr on et al. 2007 , Lipsky et al. 2012 ,
Gardner et al. 2013 , Perim et al. 2015 , Kalan et al. 2019 ). How- 
e v er, follow-up studies examining the phenotypic c har acteristics 
of the strains recovered from DFUs are important to understand 

the virulence c har acteristics of str ains persisting in differ ent de- 
mogr a phics and help inform treatment options. 

Antibiotics are often administered either systemically or topi- 
cally to the wound, and it is recommended to obtain a bacterial 
cultur e fr om wound tissues prior to antibiotic selection for treat- 
ment (Lipsky et al. 2012 , Senneville et al. 2023 ). Ho w e v er, e v en with
proper identification of bacterial species in wound tissue, antibi- 
otics often fail to r esolv e the infection (Singh and Gupta 2017 ).
Tr eatment failur e has been linked to m ultiple bacterial mec ha- 
nisms such as the acquisition of antibiotic r esistance, emer gence 
of persister cells, and formation of biofilm communities (Citron et 
al. 2007 , Serra et al. 2015 , ALbeloushi et al. 2019 , Kalan and Bren- 
nan 2019 ). T hus , identification of a bacterial species alone ma y 
be insufficient to inform treatment options without knowledge of 
potential resistance profiles and biofilm formation capacity. 
s  
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r e pr oduction in any medium, provided the original work is properly cited. For com
In this study, we c har acterize a panel of Gr am-positiv e clinical
solates collected from debridement tissue of diabetic individuals 
reated at the University of Colorado Anschutz. We found using
ulture based methods that the most common genera in our co-
ort w ere Enterococcus , Staph ylococcus , and Streptococcus , with E. fae-
alis , S. aureus and GBS as three of the most fr equentl y isolated
pecies. We ther efor e anal yzed all clinical isolates of E. f aecalis , S.
ureus and GBS for antibiotic resistance and the ability to form
iofilm. We found that S. aureus str ains hav e the gr eatest biofilm
ormation where E. faecalis and GBS isolates had high le v els of an-
ibiotic resistance, suggesting varied methods of survival to an- 
ibiotic treatment. Further investigation of samples revealed that 
FUs with E. faecalis or GBS were often polymicrobial with S. au-

eus being the most commonly co-isolated organism. Due to high
o-incidence, we utilized a murine model of diabetic wound in-
ection, and found that co- infection with S. aureus significantly
ncreased GBS and E. faecalis bacterial burden in wound tissues in
omparison to mice infected with GBS or E. faecalis alone. Collec-
iv el y, these r esults pr ovide a wealth of data on str ains r epr esent-
ng three of the most relevant species in diabetic wound infection,
nd how they may cooperate during diabetic wound infection. 

aterials and methods 

ample collection 

 atients fr om the Univ ersity of Color ado outpatient facility at
nschutz Medical Campus had routine debridement of tissues 

esulting in discarded tissues we utilized for our analysis. Tis-
ues were placed into sterile 2 ml Eppendorf tubes with 500 μl
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Table 1. Bacterial strains 

Strain Description Reference 

A909 wt GBS strain (Kavanaugh et al. 2019 ) 
AH1263 wt CA-MRSA strain LAC, 

USA300-0114 PFGE type, Erm 

sensitive 

(Kuehl et al. 2020 ) 

OG1RF wt E. faecalis (Kurnar et al. 1994 ) 
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f PBS. Samples were then vortexed three times for 10 seconds
efore plating 10 μl onto Tryptic soy agar, Sheep’s blood agar,
uria-Bertani a gar, Gr oup B Str eptococcal CHROMa gar, and Can-
ida CHROMagar. All plates were incubated aerobically at 37 ◦C for
 days except the Candida CHROMa gar whic h was placed at 30 ◦C.
esulting single colonies were further isolated on brain-heart in-

usion (BHI) agar for 24 h at 37 ◦C for bacteria yeast extract peptone
extr ose a gar for 24 h at 30 ◦C for fungi. Isolates wer e then stoc ked

n gl ycer ol and plates sent for identification via matrix associated
aser desorption/ionization (MALDI). 

acterial strains and growth conditions 

linical isolates were collected as described abo ve . Reference iso-
ates were used for biofilm formation including S. aureus strains
SA 300 LAC, E. faecalis OG1RF and GBS A909 (Madoff et al. 1991 ,
oles et al. 2010 , Keogh et al. 2016 ). All str ains wer e gr own in BHI
vernight for 24 h at 37 ◦C with S. aureus shaking and E. faecalis and
BS grown statically. 

iofilm formation assay 

tatic biofilm formation was tested as pr e viousl y described (Mar-
oquin et al. 2019 ). Overnight bacterial cultures were grown in
HI then diluted 1:50 into a 96-well plate containing 10% human
lasma. Plates were incubated at 37 ◦C for 24 h. Following incuba-
ion, plates were washed two times with sterile PBS and stained
ith .05% crystal violet for 5 minutes at 60 ◦C. Resulting biofilms
 ere w ashed tw o more times with PBS and the remaining adher-

nt cells treated with 30% acetic acid. Biomass was quantified by
D 595 in a Tecan Infinite 200pro plate reader. 

ntibiotic susceptibility 

acterial strains were grown overnight in BHI as described and
ntibiotic sensitivity determined (Burcham et al. 2019 ). Cultures
ere normalized to an OD 600 of 0.1 in PBS and 100 μl of each

train was duplicate plated onto BHI. Antibiotic discs were added
o the plates and incubated overnight at the following concen-
rations (Penicillin 10 U, Clindamycin 2 mg, Erythromycin 15 mg,
ancomycin 30 μg, and Tetracycline 30 μg) (Hudzicki 2012 ). The
ollowing day, zones of inhibition around discs were measured
nd strains were characterized as susceptible, intermediate or re-
istant based on the 2020 performance standards for antimicro-
ial susceptibility testing (Weinstein and Lewis 2020a ) as follows:
taph ylococci : P enicillin (Resistant < 28 mm, Susceptible > 29 mm),
lindamycin (Resistant < 14 mm, Intermediate 15–20 mm, Sus-
e ptible > 21 mm), Erythrom ycin (Resistant < 13 mm, Intermediate
4–22 mm, Susceptible > 23 mm), Vancomycin (Resistant < 16 mm
usceptible > 17 mm), and Tetracycline (Resistant < 14 mm, In-
ermediate 15–18, and Susceptible > 19 mm). Enterococci : Penicillin
Resistant < 14 mm, Susceptible > 15 mm), Clindamycin (intrin-
icall y r esistant), Erythr omycin (Resistant < 13 mm, Intermediate
4–22 mm, Susceptible > 23 mm), Vancomycin (Resistant < 14 mm,
ntermediate 15–16 Susceptible > 17 mm), and Tetracycline (Resis-
ant < 14 mm, Intermediate 15–18, and Susceptible > 19 mm). β-
emolytic Streptococci (GBS): Penicillin (Susceptible > 24 mm, any
on-susceptible GBS to be reported to emergence of penicillin
esistance), Clindamycin (Resistant < 15 mm, Intermediate 16–
8 mm, Susceptible > 19 mm), Erythromycin (Resistant < 15 mm,
ntermediate 16-20 mm, Susceptible > 21 mm), Vancomycin (Sus-
eptible > 17 mm), and Tetracycline (Resistant < 18 mm, Inter-
ediate 19–22, and Susceptible > 23 mm) (Weinstein and Lewis

020a ). 
urine model of diabetic wound infection 

ale 7–10 week old mice were given low-dose intraperitoneal in-
ections of streptozotocin at 50 mg/kg follo w ed b y 250 μl of 25%
lucose for five consecutive days as previously described (Ak-
ari et al. 2023 ). Mice with glucose le v els exceeding 200 mg/dL
ia glucometer were considered diabetic. Follo wing, w e utilized a
urine model of chronic wound infection developed by Chong et

l. (Chong et al. 2017 ) that we adapted for GBS infection (Keogh et
l. 2022 , Akbari et al. 2023 ). Briefly, mice were anesthetized with
% isofluorane and the dorsal area was shaved before treatment
ith Nair to completely remo ve hair. T he following da y, the mouse

kin was cleaned with iodine and treated with the local anes-
hetic lidocaine on the back. Mice were then wounded with a 6 mm
ull thickness excision and bacterial inoculum of 5 × 10 6 CFU in
 μl was applied. For polymicrobial infections, each strain, A909,
G1RF and LAC wer e gr own separ atel y and normalized to 5 × 10 6

FU in 5 μl before adding 5 μl of each strain (where indicated)
ir ectl y onto the back of the mouse. Wounds were then cov er ed

n the surgical adhesive Tegaderm for three da ys . Tegaderm was
hen r emov ed and mice wer e left for an additional 24 h befor e
eing euthanized and wound tissue collected for homogenization
nd CFU determination. CFU enumeration was completed using
edia selective and differential for GBS, E. faecalis and S. aureus .
BS CHR OMagar w as used for identification of GBS and E. faecalis
hich turn purple and blue on this media, respectfully. S. aureus
AC was plated on mannitol salt agar with cefoxitin at a concen-
ration 5.2 μg/ μl to inhibit growth of contaminating Staphylococci.
hese experiments were approved by the committee on the use
nd care of animals at the University of Colorado–Anschutz Med-

cal Campus in our protocol no. 00987 (Table 1 ). 

esults 

icrobial abundance in diabetic debridement 
issue 

e r eceiv ed debridement tissue fr om DFUs of 96 patients at
he University of Colorado Medical Center at Anschutz. Tissue
as obtained from 96 individuals with two r ecurr ent patients (98

amples total) ( Table S1 ). Samples were vortexed and isolated
or single species via culture-based methods before being sent
or matrix-associated laser dissociation/identification for species
dentification. A total of 243 microbes were recovered from the 96
atients with 55 unique species r epr esented ( Table S2 ). In cases
here the same species was identified multiple times from the

ame sample, the first isolate corresponding to that species was
tilized to avoid double counting. Only two samples (patient 8 and
3) had no r ecov er able micr obes fr om tissue ( Table S1 ). The most
r equentl y isolated species were E. faecalis (33.7% of patients), S.
ureus (33.7%), S. epidermidis (20.4%) and S. agalactiae (GBS) (19.4%)
Fig. 1 A). These findings are consistent with metagenomic and 16S
tudies which find S. aureus and GBS fr equentl y in DFUs (Gardner
t al. 2013 , Wolcott et al. 2016 , Kalan et al. 2019 ). Inter estingl y, E.

https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/xtae013#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/xtae013#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/xtae013#supplementary-data
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Figure 1. Microbial species in diabetic wound debridement tissues. (A) Percentage of patients in which each species was isolated. Species included 
were isolated a minimum of two times. (B) Co-incidence of species with E. faecalis and (C) GBS. 
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Figure 2. Biofilm formation across clinical isolates. (A) Biofilm formation amongst S. aureus isolates measured by OD 595 . (B) E. faecalis biofilm formation, 
(C) GBS biofilm formation. (D) Av er a ge biofilm formation of each clinical isolate. Significance determined by one-way ANOVA comparing each column 
to the av er a ge of the other column; P -value ∗∗∗∗ = < .0001. 
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aecalis is often absent from 16S studies on the DFU microbiome,
ut commonly identified in culture based and metagenomic stud-

es (Citron et al. 2007 , Loesche et al. 2017 , Shettigar et al. 2018 ,
udrik-Zohar et al. 2022 ). An additional 23 species were recovered

n at least two unique patients including Corynebacterium striatum ,
seudomonas aeruginosa , Proteus mirabilis , commensal Staphylococci
nd Candida species (Fig. 1 A). 

Analysis of wound tissues further revealed that most sam-
les wer e pol ymicr obial with 70/96 (72.9%) having mor e than one
nique species r ecov er ed ( Table S2 ). Inter estingl y, DFUs contain-

https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/xtae013#supplementary-data
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Figure 3. Antibiotic susceptibility amongst clinical isolates. (A) Susceptibility of S. aureus (B) E. faecalis and (C) GBS isolates collected from diabetic 
debridement tissue. 

Table 2. Susceptibility of S. aureus isolates to antibiotics. Numbers reflect the zone of inhibition with red cells resistant, y ello w interme- 
diate and green susceptible to the antibiotic indicated. 

Strain Pen (10) Clind (2) Erm (15) Vanc (30) Tet (30) 

4 0 0 0 18 11 
18 14 29 12 17 35 
33 14 28 12 17 36 
38 12 28 30 18 32 
41 0 0 0 19 30 
49 0 15 10 18 34 
62 42 30 34 19 36 
67 10 30 10 17 35 
72 15 30 33 18 18 
84 13 29 11 18 35 
93 38 29 30 18 32 
102 0 28 10 17 34 
104 40 28 30 17 35 
119 39 27 29 17 32 
138 37 26 30 16 30 
151 14 26 27 16 30 
161 15 29 30 18 32 
177 34 28 30 16 33 
181 13 30 11 19 35 
187 40 30 31 18 38 
200 14 29 11 18 35 
210 12 28 31 18 34 
269 15 27 29 18 31 
282 16 27 28 16 31 
304 41 28 16 18 32 
329 28 27 30 15 31 
345 13 25 0 16 30 
367 36 26 0 15 0 
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ing either E. f aecalis , or GBS wer e fr equentl y co-isolated with S. au- 
reus with 42.4% of E. faecalis positive wounds and 52.6% of GBS 
wounds having S. aureus r espectiv el y (Fig. 1 B, C). We ther efor e 
c hose to c har acterize E. f aecalis , S. aureus and GBS str ains moving 
forw ar d as each of these species has been implicated in diabetic 
wound infection (Citron et al. 2007 , ALbeloushi et al. 2019 , Kalan 

et al. 2019 , Keogh et al. 2022 ). 

Biofilm formation is highly correlated with 

species 

In c hr onic wound infections, bacterial species often live in biofilm 

communities as opposed to planktonic (Davis et al. 2008 , James 
t al. 2008 ). We utilized clinical isolates of E. faecalis , S. aureus and
BS to test their ability to form static biofilms in comparison to

abor atory isolates LAC ( S. aureus ), OG1RF ( E. f aecalis ) and A909
GBS). We determined a wide range of biofilm capacity based on
iomass after 24 h. Of all isolates, S. aureus was the best biofilm
orming species with an av er a ge OD 595 (biomass) of 0.50 (Fig. 2 A).
. faecalis isolates had the next highest biofilm formation with
n av er a ge OD 595 of 0.22 (Fig. 2 B). GBS isolates exhibited little to
o biofilm formation under our tested conditions av er a ge OD 595 

f 0.11 (Fig. 2 C). Comparison of the av er a ge biofilm formation of
ach clinical isolate shows S. aureus isolates have significantly
igher biofilm formation than any of the E. faecalis or GBS strains

Fig. 2 D). 
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Table 3. Susceptibility of E. faecalis isolates to antibiotics. 

Strain Pen (10) Clind (2) Erm (15) Vanc (30) Tet (30) 

2 18 0 0 15 8 
7 18 0 22 15 7 
17 19 0 22 16 8 
26 20 0 0 16 8 
34 20 0 23 16 8 
43 23 0 0 16 8 
52 22 0 21 15 11 
59 20 0 21 15 10 
63 22 0 25 15 7 
71 19 0 21 16 8 
73 13 0 25 15 25 
81 18 0 0 16 10 
114 20 0 19 15 28 
126 20 0 19 15 7 
135 20 0 0 16 8 
153 22 0 23 16 27 
158 22 0 23 16 27 
174 19 0 18 15 29 
190 23 0 20 15 7 
195 22 0 21 15 26 
214 25 0 0 16 0 
219 21 0 24 17 10 
231 20 0 0 16 7 
239 15 0 0 17 8 
250 18 0 0 15 7 
263 19 0 0 16 7 
272 16 0 0 16 28 
281 14 0 25 15 29 
313 15 0 23 16 8 
322 12 0 0 15 10 
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trains from DFUs have high levels of antibiotic 

esistance 

e next tested our panel of clinical isolates for antibiotic resis-
ance to penicillin, clindamycin, erythr omycin, v ancomycin and
etracycline as described in materials and methods. Analysis of
ntibiotic susceptibility demonstrated that S. aureus strains were
ighl y r esistant to penicillin (68%) and erythr omycin (43%). How-
 v er, the majority of S. aureus isolates were susceptible to clin-
am ycin (89%), vancom ycin (75%) and tetracycline (89%) (Fig. 3 A,
able 2 ). Still, 25% of all S. aureus isolates were determined to be
 ancomycin r esistant based on the P erformance Standar ds for
ntimicrobial Susceptibility Testing cutoffs (Weinstein and Lewis
020a ). To determine whether these are true vancomycin resis-
ant S. aureus , follow-up work looking for the presence of absence
f the Van cassette should be performed. 

E. f aecalis str ains wer e highl y susceptible to penicillin (90%),
ut the majority were resistant to tetracycline (73.3%) and (93.3%)
ad intermediate resistance to vancomycin. These data are con-
erning; ho w e v er, no true v ancomycin r esistant str ains wer e r e-
ov er ed ther efor e these str ains ar e not likel y VRE (Fig. 3 B, Ta-
le 3 ). Of note is that most E. faecalis strains have intrinsic re-
istance to clindamycin, which was reflected in our experiment
Rams et al. 2013 ). GBS str ains had high le v els of r esistance
o tetracycline (83%) which is well documented almost human
dapted GBS isolates (Da Cunha et al. 2014 ). GBS isolates also
ad high le v els of r esistance to clindamycin (61%) but were all
usceptible to penicillin and vancomycin (Fig. 3 C, Table 4 ). These
ata are important as clindamycin is fr equentl y used to treat
eonatal and maternal GBS infection in the case of penicillin
llergy, and the Center for Disease Control (CDC) has identi-
ed clindamycin resistant GBS as a concerning threat (Frieden
013 ). 

o-infection with S. aureus promotes E. faecalis 
nd GBS persistence in diabetic wounds 

ue to the high co-incidence of E. faecalis and GBS r ecov er ed
ith S. aureus in diabetic wound tissues, we sought to determine

he consequence of pol ymicr obial infection in vivo . We utilized a
urine excision wound model first described by Chong et al. for E.

 aecalis c hr onic wound infection and induced diabetes in mice via
ow-dose streptozotocin injections as pr e viousl y described (Chong
t al. 2017 , Keogh et al. 2022 , Akbari et al. 2023 ). Diabetic mice
 ere w ounded and infected with either S. aureus (LAC), E. faecalis ,

OG1RF) or GBS (A909) alone, or co-infected with S. aureus . Four
ays post infection mice were sacrificed, and wounds were har-
ested for CFU enumeration. All tissues had high bacterial burden
ith S. aureus (9.0-log 10 CFU/g), GBS at (6.9-log 10 CFU/g) and E. fae-

alis (6.7-log 10 CFU/g). Inter estingl y, the pr esence of S. aureus led to
 significant increase in recovered GBS (8.9-log 10 CFU/g) and E. fae-
alis (8.0-log 10 CFU/g) than either species had in mono-infection.
. aureus bur dens w er e slightl y r educed in co-infection with GBS
ut remained high regardless of the presence of E. faecalis (Fig. 4 ).
ollectiv el y, these data suggest that S. aureus may enhance the
urvival of other pathogens in DFU. 

iscussion 

er ein, we c har acterized 85 Gr am-positiv e bacterial isolates (33,
. faecalis , 33 S. aureus and 19 GBS) cultured from diabetic de-
ridement tissues at the University of Colorado, Anschutz Med-
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Table 4. Susceptibility of GBS isolates to antibiotics. 

Strain Pen (10) Clind (2) Erm (15) Vanc (30) Tet (30) 

64 42 36 36 20 35 
69 42 0 0 21 14 
85 36 0 12 18 11 
98 34 0 17 20 0 
103 40 0 0 21 10 
108 40 24 25 22 10 
113 38 31 32 20 13 
130 36 0 0 21 0 
157 38 0 0 21 0 
216 40 10 15 21 12 
223 40 0 16 20 10 
301 36 0 17 19 10 
320 39 31 36 20 18 
334 40 7 11 19 12 
346 37 24 27 20 28 
374 45 30 26 23 40 
378 38 0 0 20 13 
395 36 28 30 20 16 

Figure 4. S. aureus promotes E. faecalis and GBS in Diabetic Wound Infection. CFU r ecov er ed fr om diabetic wound tissues of mice infected with bacterial 
strains. All animal infections proceeded for 4 days with 3 days under adhesive and sacrifice 24 hours after adhesive removal. Species quantified is 
indicated under the column along with whether the species was from mono-infected (-) or co-infected wounds. Significance determined by One-way 
ANOVA with Sidak’s multiple comparisons; ∗P < 0.05, and ∗∗∗P < 0.001. 
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ical Campus. Compared to other studies, we found high le v els of 
E. faecalis in debridement tissues with 33.7% of all patients hav- 
ing E. f aecalis r ecov er ed (Fig. 1 A). Man y 16S studies show r ela- 
tiv el y low abundance of E. faecalis in diabetic w ounds, y et other 
studies using culture-based methods and emerging studies on 

the DFU microbiome using metagenomics find E. faecalis is very 
pr e v alent in wound tissues (James et al. 2008 , Grice et al. 2010 ,
Gardner et al. 2013 , Wolcott et al. 2016 , ALbeloushi et al. 2019 ).
It has been pr e viousl y speculated b y J ames et al. (J ames et al.
2008 ) that this species is often mis-classified in 16S analyses, al- 
though it is also possible that E. faecalis abundance is specific to 
geogr a phic locations. S. aureus was also present in 33.7% of our 
samples, confirming findings fr om numer ous gr oups that S. au- 
reus is a prominent pathogen in DFU (Citron et al. 2007 , Cohen et 
l. 2019 , Kalan et al. 2019 , Thurlow et al. 2020 , Lavigne et al. 2021 ).
he next two most fr equentl y isolated species were S. epidermidis
nd GBS. We chose to focus on GBS in this paper as GBS is highly
athogenic in imm unocompr omised populations and has been 

mplicated in diabetic wound infections (Sendi et al. 2008 , Wol-
ott et al. 2016 ). In addition, GBS infections ar e incr easing in adult
opulations, and diabetes it the most common co-morbidity asso- 
iated with GBS adult disease, making adult GBS clinical isolates
f high interest (Farley 2001 , Sendi et al. 2008 , Francois Watkins
t al. 2019 ). While we did not focus on S. epidermidis isolates for
his paper, it would be interesting to determine whether the S.
pidermidis present in debridement tissue was from surrounding 
ealthy skin, or if S. epidermidis has the capacity to be pathogenic

n this niche (Galkowska et al. 2009 , Perim et al. 2015 , Wolcott et
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l. 2016 , Se v ern and Horswill 2023 ). It is also tempting to speculate
hat S. epidermidis may be contributing to the pol ymicr obial com-
 unity in DFU possibl y via enhancing m ulti-species biofilm for-
ation (Holt et al. 2017 , Se v ern and Horswill 2023 ). The most fre-

uent Gr am-negativ e species identified in our collection was Pseu-
omonas aeruginosa (12.2%). This frequency reflects work by Wol-
ott et al. which utilized 16S DN A p yrosequencing from almost
 000 c hr onic wound samples and found P. aeruginosa in 14% of dia-
etic wounds (Wolcott et al. 2016 ). Of note is that we did not specif-

cally focus on anaerobes in this work as all isolates were grown
nder aerobic conditions. Ho w ever, it w ould be inter esting and r el-
 v ant to incubate plates under anaerobic conditions in a further
tudy. 

We next chose to test the antibiotic r esistance pr ofiles of our
solates, as antibiotic resistance is on the rise, and treatment fail-
re is common in DFU (Watters et al. 2014 , Rahim et al. 2017 , AL-
eloushi et al. 2019 , Heravi et al. 2020 ). We utilized a range of an-
ibiotics including antibiotics targeting cell wall synthesis (peni-
illin and v ancomycin), pr otein synthesis inhibitors clindamycin,
nd erythr omycin. E. f aecalis isolates ar e intrinsicall y r esistant to
lindamycin (Rams et al. 2013 ), but also had high resistance to
etracycline and intermediate resistance to vancomycin (Table 3 ).
ancomycin resistant Enterococci are considered a serious threat
y the Center for Disease Control (CDC) (Frieden 2013 ), and Ente-
ococci are known to transfer antibiotic resistance genes to other
pecies during pol ymicr obial infection (Noble et al. 1992 , Arthur
t al. 1993 , Périchon and Courvalin 2009 ). GBS isolates were sus-
eptible to penicillin, which is important as the identification of a
enicillin resistant GBS strain should be reported to the CDC (We-

nstein and Lewis 2020b ). Ho w ever, clindamycin resistance was
ound in 61% of all GBS isolates (Fig. 3 , Table 4 ), which is a ma-
or concern as clindamycin is a last-resort antibiotic administered
o pregnant adults and now considered a concerning threat by
he CDC (Frieden 2013 ). Whether these strains emerged in indi-
iduals receiving clindamycin is unknown, as patient antibiotic
istory was not released for this study. Regardless, emergent clin-
amycin resistant GBS strains should be monitored in adult pop-
lations (Murdoch and Barth Reller 2001 ). S. aureus isolates had
igh resistance to penicillin and erythromycin ( Fig.3 , Table 2 ).
o w e v er, the majority of isolates were susceptible to vancomycin,
lindamycin and tetracycline (Fig. 3 , Table 2 ). Of note, is that S.
ureus str ains hav e additional mec hanisms of surviving antibi-
tic treatment such as antibiotic tolerance and biofilm formation
Moormeier et al . 2014 , Radlinski et al. 2017 , Kalan et al. 2019 ,
o w e et al. 2019 ). Finall y, another consider ation is that all strains
er e gr own in liquid and solid BHI for standardization in Kirby-
auer assa ys , ho w e v er, it is known that antibiotic susceptibility
an c hange dr amaticall y with gr owth condition (Tr aub and Leon-
ard 1994 , Olson et al. 2002 ). It is ther efor e possible that S. aureus
tr ains would hav e high r esistance to antibiotics in biofilm or an-
ther growth condition. 

Here, we found that S. aureus was the best biofilm produc-
ng species in static biofilm formation assays (Fig. 2 D). S. aureus
iofilms hav e pr e viousl y been implicated in antibiotic failure in
 hr onic infection, and we find high biofilm formation amongst re-
ov er ed S. aureus isolates (Fig. 2 A, D) (Kuehl et al. 2020 , Gimza and
assat 2021 ). Our E. faecalis clinical isolates had moderate biofilm

ormation, whic h was str ain dependent (Fig. 2 B). Of note our re-
ov er ed biomass was slightly lower than what has been shown
or other E. faecalis chronic wound isolates (Ch’ng et al. 2022 ). We
peculate these differences may be due to in vitro conditions such
s use of Brain-Heart Infusion (BHI) for gr owth, as gr owth media
as pr e viousl y been found to influence E. faecalis biomass (Kris-
ich et al. 2004 ). GBS isolates had virtually no biofilm forming ca-
acity in our tested conditions (Fig. 2 C). Work by D’Urzo et al.
ound that GBS growth at an acidic pH can enhance biofilm for-

ation (D’Urzo et al. 2014 ). It is ther efor e possible that under dif-
er ent gr o wth conditions our GBS isolates w ould exhibit enhanced
iofilm capacity (Rosini and Margarit 2015 ). 

Finally, we found that S. aureus was able to promote both E.
aecalis and GBS persistence in diabetic wound infection in vivo
Fig. 4 ). One possible mechanism of protection is that S. aureus is
nhancing E. faecalis and GBS biofilm formation in vivo . Interest-
ngly, Ch’ng et al. found that S. aureus heme augmentation supple-

ents E. faecalis biofilm formation in vitro (Ch’ng et al. 2022 ). E. fae-
alis and GBS are heme auxotrophs and require exogenous heme
o undergo aerobic respiration (Lechardeur et al. 2010 , Joubert et
l. 2017 ). Ther efor e, it is possible that S. aureus derived heme drives
oth E. faecalis and GBS persistence in this niche. Ho w ever, the di-
betic wound micr oenvir onment has high le v els of host derived
eme , which ma y be enough to pr omote E. f aecalis and GBS aer o-
ic r espir ation e v en without S. aureus pr esent (Wa gener et al. 2003 ,
eal and Carvalho 2022 ). If this hypothesis were true, further work
n determining how E. faecalis circumvents heme toxicity or sur-
iv es r eactiv e oxygen species intermediates would be warranted
Anzaldi and Skaar 2010 , Saillant et al. 2021 ). 

An alternative hypothesis is that S. aureus imm une e v asion pr o-
eins such as the major endonuclease Nuc may be promoting the
egradation of extracellular DNA released by neutrophils in a pro-
ess called NETosis (T hamma vongsa et al. 2013 , Kavanaugh et al.
019 ). NET formation is significantly greater in diabetic individ-
als compared to non-diabetic, and Nuc contributes to S. aureus
irulence (Berends et al. 2010 , Do w ey et al. 2021 ). Whether S. au-
eus Nuc can assist in E. faecalis and GBS immune evasion is un-
no wn, ho w e v er Hsien-Neng Kao et al. found that E. faecalis can
uppress S. aureus induced NET formation, suggesting that some-
ow these species each assist the other in immune evasion (Kao
t al. 2023 ). Continued work on the mechanism(s) of S. aureus pro-
ection of these species is extr emel y important in trying to r esolv e
ol ymicr obial wound infections. 

In conclusion, our data has found that E. faecalis , S. aureus and
BS are important species in diabetic wound infections from pa-

ients in Colorado. We find that antibiotic resistant E. faecalis and
BS is high, and that clindamycin resistant GBS is emerging in
dult infections. High biofilm formation amongst S. aureus clini-
al isolates may be contributing to S. aureus survival to antibiotic
reatment and debridement practices. Finally, our work strongly
upports S. aureus promotion of E. faecalis in polymicrobial infec-
ion and is the first to inv estigate pol ymicr obial inter actions be-
ween S. aureus and GBS in this clinically relevant niche. 
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