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A B S T R A C T   

Background: Diabetic foot ulcers (DFU) seriously threaten the health and quality of life of patients. 
The microbiota is the primary reason for the refractory and high recurrence of DFU. This study 
aimed to determine the wound microbiota at different DFU stages. 
Methods: Wound samples were collected from 48 patients with DFU and divided into three phases: 
inflammatory (I, n = 49), proliferation (P, n = 22), and remodeling (R, n = 19). The wound 
samples obtained at different stages were then subjected to 16S rRNA gene sequencing. The 
number of operational taxonomic units (OTUs) in the different groups was calculated according to 
the criterion of 97 % sequence similarity. The diversity of the microbiota differentially presented 
bacterial taxa at the phylum and genus levels, and important phyla and genera in the different 
groups were further explored. 
Results: After sequencing, 3351, 925, and 777 OTUs were observed in groups I, P, and R, 
respectively, and 175 OTUs overlapped. Compared with the inflammatory stage, the α-diversity of 
wound microbiota at proliferation and remodeling stages was significantly decreased (P < 0.05). 
At the phylum level, Firmicutes, Proteobacteria, Actinobacteriota, and Bacteroidota were the 
dominant phyla, accounting for more than 90 % of all the phyla. At the genus level, Random 
Forest and linear discriminant analysis effect size analyses showed that Peptoniphilus, Lactoba
cillus, Prevotella, Veillonella, Dialister, Streptococcus, and Ruminococcus were the signature wound 
microbiota for the inflammatory stage; Anaerococcus, Ralstonia, Actinomyces, and Akkermansia 
were important species for the proliferation stage; and the crucial genera for the remodeling stage 
were Enterobacter, Pseudomonas, Sondgrassella, Bifidobacterium, and Faecalibacterium. 
Conclusions: There were significant differences in the composition and structure of the wound 
microbiota in patients with DFU at different stages, which may lay a foundation for effectively 
promoting wound healing in DFU.   

1. Introduction 

Diabetes is a growing public health problem, with rising prevalence and mortality threatening the health of people worldwide [1]. 
In 2021, 537 million people worldwide were living with diabetes, mainly type 2 diabetes, and it is predicted that by 2045, the number 
of patients with diabetes will reach 783 million worldwide [2,3]. Diabetic foot ulcers (DFU) are among the most serious complications 
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of chronic diabetes. It has been reported that one-third to one-fifth of individuals with diabetes may be affected by DFU during their 
lifetime. Currently, treatment strategies for DFU include local wound care and surgical debridement, regular wound assessment and 
dressing changes, active infection control, and blood glucose control [4]. The failure rate for patients with DFU to recover within one 
year of treatment is as high as 20 % [5]. The recurrence rate of DFU is high, at 40 % within one year and 65 % within five years, and the 
lifetime incidence of DFU can be as high as 19%–34 % [6,7]. Consequently, DFU is expensive and can lead to amputation and death [8]. 
Therefore, it is necessary to investigate the pathogenesis of DFU further and identify effective diagnostic and therapeutic targets to 
improve treatment efficacy. 

Human skin, the largest organ of the body, not only acts as a physical protective barrier against environmental damage but also as a 
dynamic interface between the host and microbiota [9]. The microbiota that inhabit human skin is very complex and can be divided 
into symbiotic and pathogenic bacteria [10]. Pathogenic bacteria are harmful and can spread directly to host tissues, causing infections 
[11]. In contrast, symbiotic bacteria can provide essential nutrients to host tissues and are beneficial in fighting infections [12]. 
Therefore, skin microbiota play a paradoxical role in wound healing, and changing the microbiota composition of a wound directly 
affects its healing potential [13]. A previous study has demonstrated that the healing and recurrence of chronic skin wounds are 
associated with alterations in bacterial diversity and instability in the composition of the skin wound microbiota [14]. There were 
significant differences in skin microbiota composition between patients with and without diabetes. Grice et al. showed that the 
abundances of Lachnospiraceae, Streptococcus, and Acinetobacter decreased, while Aerococcus, Porphyromonadaceae, Staphylococcus, and 
Proteobacteria increased in the wounds of diabetic mice [15]. In addition, a study by Gardner et al. found that Staphylococcus, 
particularly Staphylococcus aureus, were most common in DFU skin as well as the depth of DFU was positively correlated with the 
abundance of anaerobic bacteria and negatively correlated with the abundance of Staphylococcus; and the duration of DFU was 
positively correlated with the bacterial diversity, richness, and Proteobacteria abundance [16]. Another study illustrated that patients 
with DFU displayed more pairs of pathogenic microorganisms, such as Pseudomonas and Candida [17]. These results suggest that 
dysbiosis of the skin microbiota may be the main factor in the development of DFU. 

Skin wound healing is a complex and well-organized natural repair process that includes four stages: hemostasis, inflammation, 
proliferation, and remodeling [18]. Skin damage induces wounds, which make it easy for the microbiota to penetrate the skin tissues 
from the wound, thus resulting in an imbalance in the skin microbiota [19]. Changes in skin wound microbiota are closely related to 
changes in wound healing dynamics [20]. However, the specific microbiota of wounds at different stages in patients with DFUs remain 
unclear. Therefore, in this study, wound tissues at different stages were collected for 16S rRNA gene sequencing, and crucial wound 
microbiota were identified at different stages in patients with DFU. This study is expected to shed new light on the relationship be
tween DFU and wound microbiota and promote DFU healing. 

Fig. 1. Overall structure of the microbiota in the wounds of diabetic foot ulcers (DFU) at different stages. (A) Venn diagram of annotated wound 
microbiota (OTUs) in different groups. (B) The α-diversity of the wound microbiota including Chao1, Good’s coverage, Simpson, Pielou’s evenness, 
Faith’s PD, Shannon, and observed species in the different groups. I: inflammatory stage; P: proliferation stage; R: remodeling stage. 
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2. Results 

2.1. The overall structure of microbiota in the wounds of DFU at different stages 

To investigate the roles of the microbiota in DFU wounds at different stages, wound samples at different stages were subjected to 
16S rRNA gene sequencing. To verify that the sequencing depth was sufficient to cover all OTU for this species, rarefaction and rank- 
abundance curves were plotted. As shown in Fig. S1A, with an increase in the sample number, the rarefaction curves of the different 
groups gradually flattened, and the inflection points of all the sample curves were less than 5000, which was far lower than the average 
sequence of each sample in the experiment. Rank-abundance curves showed that the curves decreased rapidly before 500 OUT level 
ranks; that is, the species distribution changed greatly; however, after 500 OUT ranks, the curves tended to flatten out, indicating that 
the distribution of OTUs in each sample was relatively uniform (Fig. S1B). These results suggest that the sample size was reasonable 
and the sequencing depth was sufficient to reflect the species composition of the microbiota in the wound and to capture most of the 
diversity. In addition, the Venn diagram showed that there were 3351, 925, and 777 OTUs in groups I, P, and R, respectively, and that 
175 OTUs overlapped in these three groups (Fig. 1A). 

Subsequently, the diversity indices in the different groups were calculated, including Chao1, Good’s coverage, Simpson, Pielou’s 
evenness, Faith’s PD, Shannon, and observed species. Chao1 and observed species indices reflected species richness, and the Shannon 
and Simpson indices were used to evaluate species diversity. Faith’s PD index refers to species evolutionary diversity, and Pielou’s 
evenness index represents species evenness. The Good’s coverage in the I, P, and R groups were respectively 0.9994 ± 0.0003, 0.9996 
± 0.0002, and 0.9995 ± 0.0002, respectively (Fig. 1B), implying that the current sequencing essentially contained most species, and 
can be used for further analysis. Additionally, there was no significant difference in the Simpson index among groups I, P, and R (P =
0.063; Fig. 1B). Compared with the I group, the values of Chao1, Pielou’s evenness, Faith’s PD, Shannon, and observed species were 

Fig. 2. Specific microbiota in DFU wounds at different stages at the phylum level. (A) Distribution of the top 10 dominant phyla of the wound 
microbiota in different groups. (B) Clustering heatmap of the top 10 phyla in different groups. (C) Differences in the top 10 phyla among the 
different groups using Random Forest analysis. The heatmap shows the abundance distribution of the wound microbiota phyla in different samples, 
and the importance of species to the model decreases from top to bottom. I: inflammatory stage; P: proliferation stage; R: remodeling stage. 
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significantly lower in the P and R groups (P < 0.05; Fig. 1B). It can be inferred that the diversity of the microbiota in DFU wounds at the 
proliferation and remodeling stages could be lower than that at the inflammatory stage. 

2.2. The specific microbiota in the wounds of DFU at different stages at the phylum level 

After analyzing the diversity of the microbiota in the wounds of the different groups, we further explored the changes in the 
composition of specific microbiota in DFU wounds at the phylum level. Based on Fig. 2A, Firmicutes, Proteobacteria, Actinobacteriota, 
and Bacteroidota were the dominant phyla in all the different groups. Among them, the relative abundances of Firmicutes (41.57 % in P 
and 33.60 % in R) and Bacteroidota (3.34 % in P and 2.50 % in R) were lower in the P and R groups than in the I group (47.99 % for 

Fig. 3. Specific microbiota in DFU wounds at different stages at the genus level. (A) Distribution of the top 30 dominant genera of the wound 
microbiota in the different groups. (B) Cluster heatmap of the top 30 genera in the different groups. (C) Differences in the top 30 genera in the 
different groups using Random Forest analysis. The heatmap shows the abundance distribution of the genera of the wound microbiota in the 
different samples, and the importance of species in the model decreases from top to bottom. I: inflammatory stage; P: proliferation stage; R: 
remodeling stage. 
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Firmicutes and 9.98 % for Bacteroidota); as well as the Proteobacteria (39.87 % in P and 46.69 % in R) abundance was higher in the P and 
R groups than in the I group (26.49 %) (Fig. 2A). A clustering heatmap of the top 10 phyla in groups I, P, and R is displayed in Fig. 2B. 
Random Forest analysis at the phylum level observed that Bacteroidetes (importance = 0.151), Chloroflexi (importance = 0.061), and 
Fusobacteria (importance = 0.033) were important phyla for the wound at the inflammatory stage; and Firmicutes (importance =
0.142), Verrucomicrobia (importance = 0.076), and Gemmatimonadetes (importance = 0.048) were crucial for the wound at the pro
liferation stage; as well as the essential phyla for the wound in the remodeling stage were TM7 (importance = 0.042), Actinobacteria 
(importance = 0.102), and Proteobacteria (importance = 0.145) (Fig. 2C). 

2.3. The specific microbiota in the wounds of DFU at different stages at the genus level 

Furthermore, alterations in the composition of specific microbiota in DFU wounds at the genus level were studied. At the genus 
level, top 30 bacterial genera were analyzed, including Staphylococcaceae-Staphylococcus, Enterobacter, Corynebacterium, Enterococcus, 
Anaerococcus, Streptococcus, Stenotrophomonas, Prevotella, Pseudomonadaceae-Pseudomonas, Veillonella, Dialister, Serratia, Lactobacillus, 
Massillia, and Kocuria (Fig. 3A). Compared with the I and P groups, the relative abundance of Enterobacter (8.21 % in I, 8.96 % in P and 
35.48 % in R), Corynebacterium (8.92 % in I, 10.02 % in P and 15.15 % in R), Enterococcus (2.05 % in I, 3.95 % in P and 5.23 % in R), 
Massilia (0.0057 % in I, 0.0024 % in P and 2.03 % in R), Citrobacter (0.75 % in I, 1.45 % in P and 1.70 % in R), and Clostridium (0.38 % in 
I, 0.17 % in P and 0.63 % in R) was significantly increased in the R group (Fig. 3A and B, Table S1). In the P group, the abundances of 
Stenotrophomonas (8.59 %), Serratia (3.38 %), Ralstonia (4.25 %), Anaerococcus (5.34 %), Peptostreptococcus (2.76 %), and Bacteroides 
(1.44 %) were higher; while the higher genus in the I group included Veillonella (2.57 %), Dialister (3.58 %), Lactobacillus (3.01 %), 
Kocuria (2.00 %), Streptococcus (6.64 %), Prevotella (6.82 %), Fusobacterium (0.88 %), and Trabulsiella (0.64 %) (Fig. 3A and B, 
Table S1). Random Forest analysis at the genus level showed that Enterobacter (importance = 0.051), Anaerococcus (importance =
0.046), Ralstonia (importance = 0.038), Lactobacillus (importance = 0.034), Corynebacterium (importance = 0.033), Prevotella 
(importance = 0.032), Stenotrophomonas (importance = 0.0.029), Pseudomonas (importance = 0.024), Bifidobacterium (importance =
0.019), Faecalibacterium (importance = 0.018), and Akkermansia (importance = 0.0146) were important genus to distinguish the I, P, 
and R groups (Fig. 3C). 

Linear discriminant analysis effect size (LEfSe) can be used to analyze the differences in the microbiota between groups and identify 
the major microbiota specific to each group, helping to uncover potential biomarkers. Our study found that Bacteroidetes was the 
primary phylum in group I, Verrucomicrobia was important for group P, and Proteobacteria were especially abundant in group R (Fig. 4). 
At the genus level, Atopobium, Prevotella, Mogibacterium, Peptoniphilus, Filifactor, Dialister, Veillonella, Bulleidia, and Marivita were the 
signature wound microbiota in group I; the crucial genera in the P group were Actinomyces, Anaerococcus, Bradyrhizobium, and 

Fig. 4. Linear discriminant analysis (LDA) effect size (LEfSe) was employed to identify biomarkers of bacterial communities among different groups 
at different levels. The current low-density LDA threshold is 2. I: inflammatory stage; P: proliferation stage; R: remodeling stage. 
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Bordetella; and Sondgrassella and Enterobacter were important species in group R (Fig. 4). 

2.4. Functional analyses of the annotated microbiota in the wounds of DFU 

The annotated microbiota in DFU wounds were subjected to functional prediction, “fatty acid and lipid biosynthesis,” “amino acid 
biosynthesis,” “cell structure biosynthesis,” “carbohydrate biosynthesis,” “secondary metabolites biosynthesis,” “nucleoside and 
nucleotide biosynthesis,” “cofactor, prosthetic group, electron carrier, and vitamin biosynthesis,” “fermentation,” and “TCA cycle” 
(Fig. 5). The metagenomeSeq method was used to screen for significantly different metabolic pathways between the groups. 
Comparing groups I and P, the significantly different metabolic pathways were PWY-7456 (mannan degradation), PWY-5507 (ade
nosylcobalamin biosynthesis I (early cobalt insertion)), and P381-PWY (adenosylcobalamin biosynthesis II (late cobalt incorporation)) 
(Fig. 6A). Additionally, 21 differential functional pathways were observed between the I and R groups, such as PWY-6581 (spi
rilloxanthin and 2,2′-diketo-spirilloxanthin biosynthesis), CODH-PWY (reductive acetyl coenzyme A pathway), PWY-6641 (super
pathway of sulfolactate degradation), P184-PWY (protocatechuate degradation I (meta-cleavage pathway)), PWY-5507 
(adenosylcobalamin biosynthesis I (early cobalt insertion)), METH-ACETATE-PWY (methanogenesis from acetate), ARGDEG-PWY 
(superpathway of L-arginine, putrescine, and 4-aminobutanoate degradation), and ORNARGDEG-PWY (superpathway of L-arginine 

Fig. 5. Functional analysis of the annotated microbiota in the wounds of DFU using the MetaCyc database. The horizontal coordinate represents the 
abundance of functional pathways, the ordinate represents the item of the functional pathway of the second MetaCyc classification level, and the far 
right represents the first-level classification to which the pathway belongs. 
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and L-ornithine degradation) (Fig. 6B). 

2.5. Correlation analysis between the top 50 genera at different stages and the clinical indices in DFU 

The correlation between the top 50 gut microbiota at the genus level in the inflammatory, proliferative, and remodeling stages and 
the clinical indices of DFU was further investigated. At the inflammation stage, the gut microbiota of Sphingomonas was significantly 
positively correlated with the duration of diabetes and fasting blood glucose but negatively correlated with high-density lipoprotein 
(Fig. 7A). Vagococcus positively correlated with C-reactive protein and procalcitonin, Enterococcus positively correlated with pro
calcitonin, and Ralstonia negatively correlated with white blood cells and C-reactive protein (Fig. 7A). For Lactobacillus, it significantly 
positively correlated with fasting blood glucose levels (P < 0.01; Fig. 7A). At the proliferation stage, Lactobacillus and Sphingomonas 
were negatively correlated with body mass index, while Haemophilus, Porphyromonas, and Corynebacterium were significantly 
positively correlated with the Wagner stage of DFU (P < 0.05, Fig. 7B). C-reactive protein was negatively associated with Fusobacterium 
and Agrobacterium and positively associated with Actinomyces, Peptrostreptococcus, and Stenotrophomonas (Fig. 7B). In addition, at the 
remodeling stage, the level of white blood cells was negatively correlated with Sphingomonas and positively correlated with Clos
tridiaceae-Clostridum (Fig. 7C). 

3. Discussion 

DFU is a major chronic complication of diabetes and a primary cause of disability and death, seriously endangering the health and 
quality of life of patients [21]. The skin microbiota influence various processes in the skin, such as keratinocyte proliferation, epithelial 
differentiation, epidermal blood vessel growth, and cell signaling [22,23]. An imbalance in the skin microbiota can damage skin 
immune homeostasis, thus causing skin lesions, and the microbiota is the main reason for the refractory and high recurrence of DFU 
[24]. An earlier study compared the bacterial communities in the wounds of DFU, venous leg ulcers, decubitus ulcers, and non-healing 
surgical wounds in American populations (White, Black, and Hispanic races) using 16S rDNA pyrosequencing and found that neither 
patient demographics nor wound type could affect the bacterial composition of the microbiome in chronic wounds, and Staphylococcus 
and Pseudomonas were higher in wound samples, accounting for 63 % and 25 % of all wound samples, respectively [25]. Pang et al. 
[26] showed that the diversity and richness of the foot skin microbiome increased during the development of diabetes and that the 
main skin microbiota phyla were Firmicutes, Proteobacteria, Actinobacteria, and Bacteroides. Another study in China demonstrated that 
the microbial diversity in diabetic foot osteomyelitis samples was significantly higher than that in post-traumatic foot osteomyelitis; 
Prevotellaceae, Firmicutes, and Prevotella were the most abundant in diabetic foot osteomyelitis, and the most abundant microbiota in 
post-traumatic foot osteomyelitis were Prevotella jejuni, Proteobacteria, Prevotella fusca, and Halomonadaceae [27]. In this study, 16s 
rRNA gene sequencing was employed to identify the key wound microbiota at different stages in patients with DFU in China, and we 
found that the α-biodiversity of wound microbiota at the inflammatory stage could be higher than that at the proliferation and 
remodeling stages. The possible reason is that there are more pro-inflammatory cytokines (interleukin (IL)-1, and tumor necrosis 
factor-α) in the inflammatory period, and the presence of pro-inflammatory cytokines may make the bacteria persist in the wound, 
thereby further damaging the wound healing process [19,23]. However, at the proliferation and remodeling stages, the wound 
gradually heals, and some pathogenic microorganisms may be suppressed under treatment; thus, the diversity of the wound microbiota 
may be reduced [22,28]. Therefore, we speculate that the overall diversity and structure of the wound microbiota in DFU may be 

Fig. 6. Significantly different metabolic pathways enriched by bacterial communities among different groups. Significantly different metabolic 
pathways were enriched in bacterial communities between the inflammatory and proliferation stages (A) and between the inflammatory and 
remodeling stages (B). I: inflammatory stage; P: proliferation stage; R: remodeling stage. 
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higher during the inflammatory period than during the proliferation and remodeling periods; however, specific reasons need to be 
investigated in the future. 

Furthermore, crucial wound microbiota were identified at different stages at the phylum and genus levels. At the phylum level, 
Firmicutes, Proteobacteria, Actinobacteriota, and Bacteroidota were the dominant phyla and were important for distinguishing the three 
stages. Zhang et al. [29] showed that with the progression of diabetes complications, the abundance of gram-negative bacteria could 
increase in the plantar skin, accompanied by decreased Firmicutes and increased Proteobacteria and Bacteroidetes. Another study also 
reported that Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes, and Clostriobacteria were the dominant phyla in DFU [30]. At the 
genus level, Peptoniphilus, Lactobacillus, Prevotella, Veillonella, Dialister, Streptococcus, and Ruminococcus were the signature wound 
microbiota for the inflammatory stage; Anaerococcus, Ralstonia, Stenotrophomonas, Actinomyces, and Akkermansia were important 
species for the proliferation stage; and the crucial genera for the remodeling stage were Enterobacter, Pseudomonas, Sondgrassella, 
Bifidobacterium, and Faecalibacterium. 

The regulation of inflammation is an important mechanism of wound healing. A blood clot forms one to three days after skin injury, 
which controls bleeding and induces neutrophils to release factors, such as platelet-derived growth factor, tumor necrosis factor-α, and 
IL-1, thus triggering inflammation [31]. Gram-positive anaerobes, which are resident bacteria in the human skin, can express various 
virulence factors and cause inflammation, thereby contributing to increased pathogenicity and impaired wound healing [32]. Pep
toniphilus, a gram-positive anaerobe, is associated with impaired healing of DFU [33]. Although it is a symbiotic bacterium, Prevotella, 
together with other microbes from normal microbiota communities, has been implicated in various human infections [34]. Zou et al. 
[27] have demonstrated that Prevotella is the most abundant microbiota in diabetic foot osteomyelitis and is positively correlated with 
the duration of diabetic foot infections. Veillonella, a gram-negative obligate anaerobic bacterium, is significantly enriched in the 

Fig. 7. Correlation analysis between the top 50 genus at different stages and clinical indices in DFU. Correlation between genus and clinical indices 
at the inflammatory (A), proliferation (B), and remodeling (C) stages. BMI: body mass index; FBG: fasting blood glucose; HbA1c: glycated hemo
globin; TC: total cholesterol; TG: triglyceride; HDL: high-density lipoprotein; LDL: low-density lipoprotein; RBC: red blood cell; Hb: hemoglobin; 
WBC: white blood cells; N: nitrogen; CRP: C-reactive protein; PCT: procalcitonin; ESR: erythrocyte sedimentation rate. 
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intestines of patients with inflammatory bowel disease and can transition from fermentation to anaerobic respiration in an inflam
matory environment, thus further promoting inflammation progression [35]. Park et al. [30] showed that compared with the mild DFU 
group, the abundance of Peptoniphilus, Prevotella, and Dialister was enhanced in severe DFU. Ruminococcus is a mucin-degrading gut 
bacterium that alleviates atopic dermatitis by enhancing the proportion of regulatory T cells and producing short-chain fatty acids 
[36]. A previous study indicated that Streptococcus may be closely related to the occurrence of DFU and participate in its progression 
through the insulin pathway [37]. Lactobacillus, a beneficial bacterium, can compete against skin pathogens by inhibiting adhesion, 
producing antimicrobial metabolites, and influencing pathogen metabolism [38]. In addition to typical skin symbiont bacteria, 
Lactobacillus may be beneficial for wound healing, with lysates that increase the migration and proliferation of keratinocytes or 
produce organic acids that fight pathogens and inhibit wound biofilm formation [39,40]. Our study found that Lactobacillus was 
enriched during the inflammatory period, which may be related to the location of sample collection [41]. Peptoniphilus, Lactobacillus, 
Prevotella, Veillonella, Dialister, Streptococcus, and Ruminococcus play important roles in DFU wounds during inflammation. 

After the inflammatory stage, inflammatory cytokines can activate fibroblasts and release keratinocyte growth factor-1 and -2 and 
IL-6, inducing adjacent keratinocytes to migrate to the wound area, resulting in proliferation (proliferation stage) and subsequent 
epithelialization (remodeling stage) [20]. It has been reported that wounds following blunt or penetrating trauma may also alter the 
skin microbiome, as well as Anaerococcus, Pseudomonas, Streptococcus, Staphylococcus, Corynebacterium, and Acinetobacter were 
dominant [42]. Ralstonia is a gram-negative opportunistic bacterium that can survive in various solutions and cause various infections 
[43]. Stenotrophomonas is a gram-negative obligatory aerobic bacterium reported to be closely associated with major amputations in 
patients with limb-threatening DFU [44]. Actinomyces is closely associated with insulin resistance and inflammation [45]. Akkermansia 
is a probiotic known to relieve metabolic disorders and inflammatory responses, and its abundance is reduced in patients with diabetes 
[46]. Akkermansia muciniphila can strengthen the intestinal barrier and regulate the balance between pro-inflammatory and 
anti-inflammatory cytokines through various signaling pathways, thus relieving insulin resistance and metabolic syndrome [46]. 
Enterobacter, Staphylococcus aureus, Klebsiella pneumoniae, and Acinetobacter are important pathogens isolated from DFU that are 
involved in their progression [47]. Pseudomonas, a gram-negative bacterium, is a common pathogen that causes longer hospital stays 
and increases morbidity and mortality [48]. Sondgrassella is a core functional gut bacterium that has not been reported in DFU [49]. 
Faecalibacterium is a strictly anaerobic, extremely oxygen-sensitive, gram-positive bacterium, and its low levels are associated with 
inflammation [50]. Bifidobacterium, also a probiotic, can metabolize propionic acid and lactic acid to produce butyrate, which has 
anti-inflammatory, anti-glycemic, and barrier-enhancing activities, thereby helping maintain the balance of gut microbes and prevent 
invasion by pathogenic bacteria [51]. These reports, combined with our results, suggest that Anaerococcus, Ralstonia, Steno
trophomonas, Actinomyces, and Akkermansia may be candidate signatures for DFU wounds at the proliferation stage, and the essential 
biomarkers for the remodeling stage may be Enterobacter, Pseudomonas, Sondgrassella, Bifidobacterium, and Faecalibacterium. However, 
a recent study by Jaber et al. [52] comprehensively investigated the microbial ecology of diabetic foot infections using PCR and found 
that Staphylococcus epidermidis, Bacteroides fragilis, Candida albicans, Staphylococcus aureus, and Clostridium perfringens were the main 
pathogenic bacteria responsible for diabetic foot infections. Therefore, the underlying effects of the identified microbiota on DFU 
wound healing at different stages require further investigation through a series of experiments such as PCR. 

In conclusion, 16s rRNA gene sequencing revealed characteristic changes in the wound microbiota of patients with DFU at the 
inflammatory, proliferative, and remodeling stages. Specifically, wounds in the inflammatory period of DFU may have a higher 
α-diversity of microbiota than those in the proliferation and remodeling periods. At the phylum level, Firmicutes, Proteobacteria, 
Actinobacteriota, and Bacteroidota were the dominant phyla that differentiated among the three stages. In addition, Peptoniphilus, 
Lactobacillus, Prevotella, Veillonella, Dialister, Streptococcus, and Ruminococcus may serve as crucial biomarkers of wounds at the in
flammatory stage; and the candidate signatures for wounds at the proliferation stage may be Anaerococcus, Ralstonia, Actinomyces, and 
Akkermansia; as well as Enterobacter, Pseudomonas, Sondgrassella, Bifidobacterium, and Faecalibacterium may be key for wound at the 
remodeling stage in DFU. These findings broaden our understanding of how the microbiota affects wound healing in DFU and provide 
novel potential targets for therapeutic interventions to promote wound healing in DFU at different stages. 

4. Materials and methods 

4.1. Ethics statement 

This study was approved by the Institutional Ethics Committee of Taiyuan Central Hospital (approval no. 2023046), and informed 
consent was obtained from all participants in accordance with national legislation and the Declaration of Helsinki. 

4.2. Patients and sample collection 

From November 1, 2022, to December 31, 2023, 48 patients diagnosed with DFU were recruited from Taiyuan Central Hospital. 
The inclusion criteria for DFU were the patients with DFU aged of 50–90 years, duration of DFU >6 weeks, and no antibiotic use for at 
least two weeks. The exclusion criteria for DFU were as follows: patients with malignant tumors, digestive system diseases, immune 
system diseases, or mental diseases; patients with a history of bowel diseases (inflammatory bowel disease, bowel cancer, constipation, 
diarrhea, etc.); pregnant or lactating women; patients with antibiotic use within the last month; and patients with serious illness or an 
inability to provide test samples. Wound samples were collected via full flushing during the first debridement after admission. Based on 
the Wagner and Infectious Disease Society of America-International Working Group of Diabetic Foot (IDSA-IWGDF) classification 
system, all wound samples were divided into three stages: inflammatory (I, n = 49), proliferation (P, n = 22), and remodeling (R, n =
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19). Basic clinical information of the enrolled participants is presented in Table 1. 

4.3. 16S rRNA gene sequencing 

Wound samples obtained at different stages were submitted to Personal Bio-Technology Co., Ltd. (Shanghai, China) for 16S rRNA 
gene sequencing. Briefly, total microbial genomic DNA was extracted from each wound sample using the QIAamp DNA isolation kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. DNA concentration and purity were assessed using an ul
traviolet spectrophotometer and 1 % agarose gel electrophoresis, respectively. Subsequently, the DNA samples were used to amplify 
the V3–V4 region of the 16S rRNA gene with the following primers: F: 5′-ACTCCTACGGGAGGCAGCA-3′; and R: 5′-GGAC
TACHVGGGTWTCTAAT-3′ [53]. Subsequently, 1 % agarose gel electrophoresis was performed to evaluate the PCR products, and gel 
recovery reagents from AXYGEN were used to recover and purify the PCR products. The recovered products were quantified using the 
Quant-iT PicoGreen dsDNA Assay Kit and mixed at equal concentrations. Equal amounts of DNA were used to prepare sequencing 
libraries using the TruSeq Nano DNA LT Library Prep Kit. The quality of the sequencing libraries was evaluated using an Agilent High 
Sensitivity DNA Kit, and the constructed sequencing libraries were quantified using the Quant-iT PicoGreen dsDNA Assay Kit with the 
Promega QuantiFluor system in accordance with the manufacturer’s protocols. Finally, 16S rRNA gene sequencing was performed 
using the Illumina HiSeq platform. The raw data of 16S rRNA gene sequencing were deposited in the NCBI SRA database, and the 
accession number is “PRJNA1105325.” 

Table 1 
The basic clinical information of patients with diabetic foot ulcers.  

Characteristics Mean Standard deviation 

Age (years) 63.75 11.03 
BMI (kg/m2) 23.78 2.62 
FBG (mmol/L) 10.06 2.80 
FINS (uU/mL) 5.29 6.90 
fasting C-peptide (ng/mL) 2.04 3.45 
HbA1c (%) 8.63 1.99 
TC (mmol/L) 3.78 1.14 
TG (mmol/L) 1.53 0.87 
HDL (mmol/L) 0.90 0.24 
LDL (mmol/L) 2.52 0.86 
ALT (lU/L) 18.38 11.86 
AST (lU/L) 18.10 6.63 
BUN (mmol/L) 8.77 4.88 
Scr (μmol/L) 114.29 136.50 
UA (μmol/L) 319.71 114.97 
24 h urine protein (g/24h) 1.16 2.24 
RBC (*1012/L) 4.12 0.90 
Hb (g/L) 119.85 25.23 
WBC (*109/L) 9.21 3.21 
N (%) 76.40 8.34 
CRP (mg/L) 67.17 72.34 
PCT 0.23 0.37 
ESR (mm/h) 57.27 34.24 
Course (years) 16.79 8.04  

N % 
Sex (male) 36 75 
Smoking history 27 56.25 
Drinking history 12 25 
Hypertension 20 41.67 
Coronary heart disease 18 37.5 
Cerebrovascular disease 12 25 
Insulinize 31 64.58 
Amputation 29 60.42 
Diabetic retinopathy 25 52.08 
Diabetic nephropathy 27 56.25 
Peripheral artery disease 48 100 
Diabetic peripheral neuropathy 48 100 

BMI: body mass index; FBG: fasting blood glucose; FINS: fasting insulin; HbA1c: glycated hemoglobin; TC: 
total cholesterol; TG: triglyceride; HDL: high density lipoprotein; LDL: low density lipoprotein; ALT: glutamic- 
pyruvic transaminase; AST: aspartate amino transferase; BUN: blood urea nitrogen; Scr: serum creatinine; UA: 
uric acid; RBC: red blood cell; Hb: hemoglobin; WBC: white blood cells; N: nitrogen; CRP: C-reactive protein; 
PCT: procalcitonin; ESR: erythrocyte sedimentation rate. 
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4.4. Sequencing data analysis 

The PersonalBio cloud platform (https://www.genescloud.cn/home) was used for sequencing data analysis. The raw sequencing 
data were stored in the FASTQ format, and QIIME2 software (version 2019.4) was used for analysis. The raw data were quality-filtered, 
denoised, and assembled; chimeric sequences were removed using the DADA2 method, and amplicon sequence variants were obtained. 
Subsequently, the Greengenes reference database classifier (release 13.8) was used to annotate OTUs according to the criterion of 97 % 
sequence similarity. Afterward, the diversity of the microbiota was analyzed using the ggplot 2 package of R with the QIIME2 software 
(version 2019.4), as well as the differentially presented bacterial taxa at phylum and genus levels in the different groups, the important 
phyla/genera in the different groups were analyzed using the self-written perl script in the QIIME2 software (version 2019.4), and 
Random Forest and LefSe analyses. In addition, the identified microbiota among the different groups were predicted using PICRUSt2 
(Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) [54] based on the MetaCyc database (https:// 
metacyc.org/), and the significantly different pathways between the two groups were further explored using the metagenomeSeq 
package in R with a threshold of P < 0.05. In addition, the correlation analysis of the top 50 genera at different stages and the clinical 
indices were further explored using the Spearman correlation coefficient with |R| > 0.3 and P < 0.05 as the significant differences. 
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