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Abstract

Background Cutibacterium acnes is one of the most commonly found microbes in breast milk. However, little

is known about the genomic characteristics of C. acnes isolated from breast milk. In this study, the sequencing

and assembly results of 10 C. acnes isolates from breast milk were compared with the genomic data of 454 strains
downloaded from NCBI, and the characteristics of breast milk isolates from various perspectives, including phylogeny,
genomic characteristics, virulence genes, drug resistance genes, and carbohydrate utilization, were elucidated.

Results The findings of this study revealed no differences between the breast milk isolates and other isolates in terms
of genomic features, phylogenetic relationships, virulence, and resistance-related genes. However, breast milk-derived
isolates exhibited significantly lower copies of the carbohydrate metabolic enzyme genes GT5 and GT51 (P<0.05) and
a higher copy number of the GH31 gene (P <0.05) than others. C. acnes primarily consists of three genetic branches
(A, B, and C), which correspond to the three subspecies of C. acnes (C. acnes subsp. elongatum, C. acnes subsp.
defendens, C. acnes subsp. acnes). The genetic differences between branches B and C were smaller than that between
branch A. Branches A and B carry a higher number of copies of carbohydrate enzymes, including CE1, CE10, GH3,
and CBM32 than branch C. Branches B and C possess the carbohydrate enzymes PL8 and GH23, which are absent
in branch A. Core genes, core intergenic regions, and concatenated sequences of core genes and core intergenic
regions were compared to construct a phylogenetic tree, and it was found that core intergenic regions could be used
to describe phylogenetic relationships.
Conclusions It is therefore speculated that the C. acnes in breast milk originates from the nipple or breast surface.
This study provides a novel genetic basis for genetic differentiation of C. acnes isolates from breast milk.
Highlights

- Breast milk isolates had lower copies of GT5 and GT51, and higher GH31.

« C acnes consists of three genetic branches corresponding to the three subspecies.

- Branches A and B had more copies of CE1, CE10, GH3, and CBM32 than C.

- Core intergenic regions can be used to describe the phylogenetic relationships of C. acnes.
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Introduction

Cutibacterium acnes (C. acnes) is a common gram-posi-
tive facultative anaerobic bacillus found on human skin,
belonging to the phylum Actinobacteria [1]. It plays a
crucial role in maintaining skin homeostasis and prevent-
ing the colonization of harmful pathogens [2]. However, it
is also an opportunistic causative agent of common acne
[1, 3, 4]. The genomics of C. acnes have been a subject
of increasing interest because of recent advancements in
high-throughput sequencing and bioinformatics. Scholz
et al. revised its taxonomy through high-resolution phy-
logenetic analysis and reclassified Propionibacterium
acnes, previously known as a skin species, into the genus
Cutibacterium [5]. C. acnes is usually categorized into
three types based on gene sequences or biological fea-
tures [6]. Studies have shown that different types C. acnes
have different genomic features and pathogenic tenden-
cies [7]. Further genomic analyses have provided valuable
insights into the genetic differentiation of C. acnes, con-
tributing to a better understanding of this microorgan-
ism. Urbaniak et al. [8] summarized the identification of
several bacterial types in breast milk, including C. acnes,
using both culture-dependent and culture-independent
techniques. The bacteria in breast milk are believed to
originate from the mother’s gastrointestinal tract, with
bacterial exposure to the breast during breastfeeding, as
well as retrograde flow of milk from the infant’s mouth
into the mother’s milk ducts [9]. Notably, C. acnes is
found in breast milk [10], although little is known about
breast milk-derived isolates.

Advancements in genomics have revealed the genetic
diversity and differentiation of C. acnes [11]. Oh et al.
reported the diversity of C. acnes on human skin in 2014
[12] and a subsequent study found that C. acnes is one
of the dominant cutaneous commensals, exhibiting rela-
tively low levels of variability compared to Staphylococ-
cus epidermidis [13]. Through comparative genomics
analysis, Cobian et al. found that adaptive evolutionary
outcomes in C. acnes manifested in different genetic
branches with distinct CRISPR-Cas systems of types I-E
[14]. Furthermore, related studies have identified a pos-
sible association between different genetic branches of
C. acnes and pathogenic phenotypes [15]. Zhao et al.
[15] identified the association of C. acnes type II strains
with acne in Chinese patients using MLST. Studies have
shown that C. acnes phylogenetic clade I-1 is significantly
associated with acne, while clade I-2, II, and III strains
are associated with health carriers and some opportu-
nistic infections [16]. Genomic analysis facilitates fur-
ther understanding of the pathogenicity of C. acnes
[10], a microorganism commonly found in breast milk.

However, knowledge of the genomic characterization of
breast milk-derived isolates is limited.

We conducted a comparative genomic analysis of 464
strains of C. acues to gain a deeper understanding of the
genetic background and functional genomic characteris-
tics of C. acnes isolated from breast milk. This study elu-
cidated the characteristics of breast milk-derived isolates
in terms of their genetic background, virulence genes,
drug resistance genes, and carbohydrate utilization
genes. Additionally, we compared the population genetic
background and differences in functional genes among
the different subspecies and genetic branches of C. acnes.
The findings of this study provide a genetic basis for
breast milk-derived C. acnes isolates.

Methods

Strain information

The strains used in this study were isolated from breast
milk by our research team [17]. Ten C. acnes isolates were
obtained from breast milk samples of healthy puerperia
women in Hohhot, Inner Mongolia Autonomous Region,
China, and the specific strain information is presented in
Table S1.

Furthermore, the genome data of 454 C. acnes strains
obtained from the NCBI Refseq database as of August
6, 2023, were included in this study. These strains were
selected based on their threshold of >95% ANI with
the type strains and by excluding strains with apparent
assembly issues, as listed in Table S2.

Strain activation

In this study, the isolates retrieved from the ampoule
and preserved via vacuum freeze-drying were inoculated
into 5 mL fresh de Mann, Rogosa, and Sharpe (MRS)
agar plates (Oxoid, Thermo Fisher Scientific, Inc., Bas-
ingstoke, UK) for activation. The plates were incubated
at a stable temperature of 37 °C for 2412 h. The colonies
were streaked onto de MRS agar plates for observation.
The morphology and characteristics of colonies were
observed after 24+2 h of incubation. Single colonies
were selected and inoculated in MRS broth for further
cultivation. The culture results were examined by micro-
scopic analysis and strains with consistent morphological
characteristics were selected for subsequent experiments.

DNA extraction and sequencing

The C. acnes genome was extracted using the CTAB
method [18, 19]. The concentration and purity of the
DNA of the strain were assessed using a NanoDrop (ND-
1000, Thermo Fisher Scientific Inc., Wilmington, DE,
United States) micro-UV spectrophotometer and 0.8%
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agarose gel electrophoresis. The genomic DNA is ran-
domly fragmented into pieces of approximately 350 bp
in length. After the end modifications are completed, a
single adenine (“A”) is added to the 3’ ends of the double-
stranded DNA. Illumina sequencing adapters are then
ligated to both ends of the library DNA. After library
fragment selection, the DNA library is amplified by PCR.
In the constructed small DNA fragment library, each
inserted fragment is subjected to paired-end sequencing,
with each end sequenced for 150 bp. An Illumina Nova-
Seq 6000 platform (Illumina, Inc., San Diego, CA, United
States), a high-throughput sequencing platform, was
used to accomplish second-generation sequencing. The
sequencing data obtained from this high-quality process
yielded an average coverage of approximately 500x.

Genome assembly

The data were subsequently filtered using readfq.v5.0
software to retain approximately 100x high-quality data
[20]. The genomes were assembled using SOAPdenove2
software (v2.0) [21] and the assembly results were cor-
rected for single bases based on filtered high-quality
reads using SOAP software (v2.2) [22]. GapCloser soft-
ware (http://sourceforge.net/proiects/soapdenovo2/
files/GapCloser/) was used to fill the vacancies. The
completeness and contamination of all strain assembly
results were assessed using the lineage_wf parameter of
CheckM software (v1.1) [23], and genomes with less than
95% completeness or more than 5% contamination were
eliminated. Using self-made script, the basic information
such as genome size, GC content, N50, N90 and so on
were analyzed.

Calculation of average nucleotide identity (ANI),
dissimilarity (genes and intergenic regions)

In this study, fastANI software [24] was used to calcu-
late the average nucleotide identity (ANI) of 464 C. acnes
samples, with the comparison fragment length set to
1000.

Using the methodologies described by Wielgoss et al.
[25] and Luo et al. [26], Jaccard distance was applied to
identify the presence or absence of genes within acces-
sory genomes across different strains as well as to assess
the dissimilarity within intergenic regions and between
intergenic regions between genes. Subsequently, clus-
ter analysis was performed using the complete linkage
method on the matrix to generate a heat map.

Pan -core gene and intergenic region sets

Strains were annotated using Prokka software [27] and
the resulting pan-core gene set was analyzed using Roary
software [28]. The composition of the intergenic regions
of the C. acnes population was analyzed using piggy
software (v1.5) [29] to construct the C. acnes pan-core
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intergenic region set using the default parameters of the
software. All strains were analyzed separately by software
with the same parameters.

Tandem sequences based on core genes and inter-core
gene regions, phylogenetic tree construction

The core gene sequences and core intergenic sequences
were combined using the “ape” package of the R software
(https://github.com/gjuggler/ape). To construct the phyl
ogenetic tree, TreeBeST software [30] was used, based on
the neighbor-joining (NJ) method for core genes, inter-
core gene regions, and tandem sequences of core genes
and inter-core gene regions. The Bootstrap value for this
process was set to 1000. The cophenetic distance of the
phylogenetic tree was calculated using the “ape” package
in R, and the similarity between distance matrices was
assessed using the Mantel test on the distance matrices
with the “vegan” package.

Construction of SNP phylogenetic tree and principal
component analysis
In this study, the complete genome sequence of C. acnes
ATCC 69197 (GCF_008728435.1) was used as the refer-
ence genome, as recommended in previous studies [31].
The core SNPs of the C. acnes population were computed
using the snippy-multi component of Snippy software
(v4.6) [32]. Phylogenetic trees were constructed using
Rxmal software (v8.2) [33] by employing the maximum
likelihood (ML) approach on SNPs after removal of
recombination.

Principal component analysis (PCA) was conducted on
the Core-SNPs of the C. acnes population using the-pca
parameter in plink software (v1.9) [34].

Resistance gene, virulence gene annotation

The genome sequences of 464 C. acnes strains were func-
tionally annotated using two databases, the Comprehen-
sive Antibiotic Resistance Database (CARD) [35] and
the Virulence Factors Database (VFDB) [36] (sequence
similarity >90%, sequence coverage>60%) for resistance
genes and virulence genes, respectively. Annotation was
performed using a previously research method [37].

Carbohydrate metabolizing enzymes annotation

Based on a previous research methodology [38], func-
tional gene annotation was performed through a BLAST
search against the CAZy databases [39] using the
hmmscan tool [40]. The parameters set for the search
were E-value<l x e '°, identity>70%, and coverage
percentage >70%.

Statistical analysis and data visualization
Statistical analysis of the data and data visualization were
performed using R software (v4.2). The phylogenetic tree
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results were visualized using the iTol website [41]. Data
visualization was performed using the ggplot2 package
and box plots were plotted in R using the ggpubr pack-
age. Heat maps were plotted using the pheatmap pack-
age. Ternary phase diagrams were plotted using the
ggtern package. The Wilcoxon rank-sum test was applied
using R software to calculate Pvalues, and a Pvalue<0.05
was considered statistically significant.

Data Availability
Data is deposited in the National Center for Biotech-
nology Information (NCBI) with accession numbers
PRJNA1160923.

Results

Genomic information for C. Acnes

The genomes of 10 C. acnmes isolates which obtained
from breast milk were sequenced and analyzed, reveal-
ing a genome size of 2.39+0.03 Mb, a GC content of
60.06% + 0.02%, and a coding sequence (CDS) number
of 2,327.20£20.29 (Fig. 1, Table S3). The results of these
analyses were compared with the basic information of
the NCBI genome sequences, and it was determined that
there was no statistically significant difference between
the above results (P>0.05, Fig. 1). Furthermore, the scaf-
fold number of these 10 C. acnes strains was 25.60+10.59,
and they had a high level of integrity (>97%) and low lev-
els of contamination (<3%). These findings suggest that
the genomes of these 10 C. acnes isolates were of high
quality and could be used for subsequent bioinformatic
analysis.

Based on the genomic information analysis from 464 C.
acnes strains, the findings indicate that the genome size is
2.3910.03 Mb, with a GC content of 60.06% =+ 0.07% and
CDS of 2329.31+£32.15. These results demonstrated that
C. acnes have a high GC content. The results indicate that
C. acnes has a high GC content, consistent with the find-
ings of Cobian N et al. [14].
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Pan-core gene set and pan-core intergenic region set
Construction of the pan-core gene set and pan-core
intergenic region set for the 464 C. acnes strains was per-
formed. The pan-gene set for the 464 C. acnes samples
comprised 10,072 genes, including 193 core genes, 3,130
shell genes, and 6,249 cloud genes. Notably, the per-
centage of cloud genes in the pan-gene set was 62.04%,
whereas the percentage of core genes was only 1.92%.
These findings suggested that C. acnes exhibit genetic
heterogeneity. The pan-gene curve set demonstrated
a rapid increase in the number of genomes (Fig. S1A),
whereas the core gene curve leveled off with an increas-
ing number of genes (Fig. S1B).

The pan-intergenic region set of the 464 C. acnes
strains consisted of 6,616 intergenic regions, of which 174
were core intergenic regions. Consistent with the results
obtained from the pan-core gene set, the core intergenic
region of C. acnes represented a relatively small propor-
tion of the pan intergenic region (174/6,616), further
indicating that C. acnes exhibit genetic heterogeneity.

Phylogenetic analysis

In this study, core genes, intergenic regions, and con-
catenated sequences of core genes and core intergenic
regions were used to construct a phylogenetic tree. Phy-
logenetic analysis revealed a consistent phylogenetic
structure for the 464 C. acmes strains across the core
gene phylogenetic tree, core intergenic region phyloge-
netic tree, concatenated core gene and core intergenic
region phylogenetic tree (Fig. 2A-C). The 464 C. acnes
strains were grouped into three main genetic branches
(A, B, and C), corresponding to the three subspecies of C.
acnes (C. acnes subsp. elongatum, C. acnes subsp. defen-
dens, and C. acnes subsp. acnes). Branch C was further
divided into three lineages (CI, CII, and CIII). Addition-
ally, there were significant genetic distance between dif-
ferent genetic branches, whereas genetic distance within
the same branch were relatively minor.
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Fig. 1 Box plots were used to compare the basic information of Cutibacterium acnes strains sourced from breast milk and non-breast milk, and signifi-

cance was calculated for (A) genome size, (B) GC content (C) CDS
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Fig. 2 A phylogenetic tree of Cutibacterium acnes was constructed using 464 strains (with average nucleotide identity values greater than 0.95% com-
pared with the reference strain ATCC6919"). The outer circle represents the isolation location characteristics and the inner circle represents the isolation
source characteristics. (A) Core genes, (B) core intergenic regions, (C) concatenated sequences of core genes and core intergenic regions, and (D) single

nucleotide polymorphism (SNP)

Compared to phylogenetic trees based solely on core
genes or core intergenic regions, the concatenated core
genes and core intergenic regions provided a clearer
genetic distance among strains to construct a phyloge-
netic tree (Fig. 2A-C). Therefore, this concatenated sys-
tem reflects the genetic relationships between different
subspecies more accurately.

Combining the information on strain isolation loca-
tions and sources, no distinct phylogenetic clustering of
C. acnes was observed based on isolation sources or loca-
tions in the phylogenetic trees. Two strains of breast milk
isolates, YL12-10 and SRN1R1, were found in branch
B, whereas the remaining eight breast milk-derived iso-
lates were distributed in branch C, with four strains each

in lineages CI and CIII. The ratio of the 10 breast milk-
derived isolates on branches B and C was 1:4, which was
similar to the ratio of all C. acnes strains on branches B
and C (97:362). The cophenetic distance were calculated
through the core gene phylogenetic tree (Table S5), the
core gene region phylogenetic tree (Table S6), and con-
catenated sequences of core genes and core intergenic
regions phylogenetic tree (Table S7). The Mantel test
value between the core gene phylogenetic tree and the
core intergenic region phylogenetic tree was 0.9575,
and the Mantel test value between the core gene phylo-
genetic tree and concatenated sequences of core genes
and core intergenic regions phylogenetic tree was 0.9572.
The Mantel test value between the core intergenic region
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phylogenetic tree and concatenated sequences of core
genes and core intergenic regions phylogenetic tree was
0.96. Therefore, the phylogenetic tree constructed using
the core intergenic region is more similar to the phylo-
genetic tree constructed using concatenated sequences of
core genes and core intergenic regions.

SNP calling

SNP calling revealed 123,522 SNP sites, among which
63,695 were synonymous mutations, 47,418 were non-
synonymous mutations, and 12,581 were located in inter-
genic regions. The transition to transversion ratio (Ts/Tv)
was calculated to be 5.0039.

A phylogenetic tree was constructed based on core
gene SNP analysis, and the results demonstrated a struc-
ture consistent with the phylogenetic trees constructed
using core genes, concatenated sequences of core genes,
and core intergenic regions (Fig. 2D). Further analysis
revealed that the C. acnes population is primarily com-
posed of three major genetic branches, providing addi-
tional support for their differentiation. Compared to
branch A, the genetic differences between branches B
and C were relatively small. Principal component analy-
sis based on SNPs further confirmed this hypothesis. In
PC2, branch A was distant from branches B and C, indi-
cating significant genetic distinction (P<0.05) (Fig. S2A).
Within branch C, the distance between CIII and CII on
PC1 was smaller than that of CI, emphasizing the differ-
ences among these three branches (Fig. S2B).

Result of ANI and Dissimilarity (genes and intergenic
regions)
All strains exhibited ANI values greater than 96.5% when
compared to the type strain ATCC6919" (Fig. 3A), indi-
cating that all strains belonged to C. acnes. Analysis of
ANI among 464 C. acnes strains revealed three major
branches (A, B, and C), with branch C further subdivided
into three lineages: CI, CII, and CIIL This phylogenetic
relationship was consistent with the results of ANIL The
ANI values within the branches were significantly higher
than those between branches (P<0.05, Fig. S3). Further-
more, the ANI value between branches B and C was sig-
nificantly higher than that between branches A and B as
well as between branches A and C (P<0.05, Fig. S3). This
suggests that the differences between branches B and C
were smaller than those between branch A, which aligns
with the phylogenetic relationship. In branch C, the ANI
between lineages CI and CII was significantly lower than
that between CI and CIII (P<0.05, Fig. S4), as well as
between CII and CIII (P<0.05, Fig. S4). Moreover, the
ANI between CI and CIII was significantly higher than
that between CII and CIII (P<0.05, Fig. S4).

The heatmap depicting the dissimilarity between genes
(Fig. 3B) and dissimilarity between intergenic regions
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(Fig. 3C) in C. acnes revealed that the strains from evolu-
tionary branches A, B, and C clustered together based on
the results of the clustering analysis. Additionally, within
the C evolutionary branch, lineage CI, CII, and CIII were
clustered together, indicating a low degree of dissimilar-
ity among strains within each evolutionary branch. This
clustering pattern aligns with the phylogenetic tree and
ANI clustering findings.

Comparison of differences in different genetic branches

To gain a deeper understanding of the branch char-
acteristics, we compared the differences between the
branches. Branch A exhibited a larger genome size of
2.44+0.04 Mb, which was greater than that of branches B
and C, and there was a statistically significant difference
in genome size among the three branches (P<0.05, Fig.
S5). On the other hand, Branch C demonstrated a higher
GC% of 60.07% + 0.07%, which was significantly higher
than that of branch A (P<0.05), but there was no statisti-
cal difference when compared to branch B (P>0.05). The
average number of CDS in branch A was 2427.33+64.06,
which was significantly greater than that in branches B
and C (P<0.05). However, there was no statistically sig-
nificant difference in CDS between branches B and C
(P>0.05). Within branch C, the genome size and CDS of
lineage CI were significantly larger than those of CII and
CIII (P<0.05), whereas the GC% of CII was significantly
greater than that of CI and CIII (P<0.05).

To investigate the differences in functional genes
among the three branches of C. acnes, we annotated 464
strains of C. acnes using the VFDB, CARD, and CAZy
databases. The results of VFDB annotation indicated
that only a small number of strains were annotated with
virulence genes (Table S4). For instance, in the C. acnes
HLO83PA1 (GCF_000144225.1) genome, sigA/rpoV
genes encode RNA polymerase sigma factor, whereas
in the C. acnes K124 (GCF_003131265.1) genome,
sigA/rpoV is related to flagellar biosynthesis proteins. In
the C. acnes 077299 (GCF_024329285.1) genome, narH
is related to nitrate reductase. Although the above strains
carry these genes, whether they express the related viru-
lence factors needs to be confirmed through phenotypic
experiments.

Furthermore, the CARD database annotation revealed
that all 464 strains of C. acnes contained rifamycin antibi-
otic-related genes (rpoB2) and peptide antibiotic-related
genes (ugd), whereas only two strains of C. acnes were
annotated to contain the tetracycline antibiotic-related
gene (tet(W)), and six strains of C. acnes carried genes
related to lincosamide antibiotics (ErmX). In addition,
two strains of C. acnes contained genes related to mac-
rolide antibiotics (Erm(50)). Finally, one strain of C.
acnes carried genes related to fluoroquinolone antibiotics
(PmpM).
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Fig. 3 Based on the phylogenetic tree, the genetic relationships among 464 strains of Cutibacterium acnes were divided into three genetic branches (A,
B, C), with branch C further divided into (Cl, Cll, and Clll). Different colors represent the distinctive features of the separation of the five genetic branches
(branches A, B, Cl, ClI, and ClIl). (A) Average nucleotide identity (ANI) clustering heat map. (B) Gene dissimilarity heatmap based on the presence or ab-
sence of genes. (C) Intergenic region dissimilarity heatmap based on the presence or absence of intergenic regions
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Fig.4 (A) Cluster heatmap of 464 strains of Cutibacterium acnes based on carbohydrate-active enZYmes (CAZy) clustering (“Deficiency” means deficiency
of the CAZy gene. The Ig value of CAZY enzyme gene copy number was homogenized for all strains.). (B) A ternary map was drawn based on the fre-
quency of occurrence of each CAZy gene in the 464 strains of Cutibacterium acnes genome in three major genetic branches

The CAZy database annotation revealed that C. acnes
possess a diverse array of carbohydrate-active enzymes
(Fig. 4A), including multiple copies of glycosyltransfer-
ases (GT4) and glycoside hydrolases (GH13 and GH109).
The ternary phase diagram analysis indicated that dif-
ferent genetic branches exhibited varying carbohydrate
metabolism capabilities (Fig. 4B). Branches A and B con-
tained a higher number of copies of esterases (CE1 and
CE10), glycoside hydrolases (GH3), and carbohydrate-
binding modules (CBM32) than branch C. Additionally,
branches B and C possess carbohydrate enzymes such
as polysaccharide lyases (PL8) and glycoside hydrolases
(GH23), which are absent in branch A. Furthermore,
we compared the differences in carbohydrate-related
genes between breast milk isolates and other source iso-
lates. Our findings revealed that the breast milk isolates
did not exhibit source-specific carbohydrate metabo-
lism enzymes. However, compared to others strains,
there were significantly fewer glycosyltransferases GT5
(P<0.05) and GT51 (P<0.05) but more GH31 genes in
breast milk isolates (P<0.05).

Discussion

As a microorganism commonly found on human skin, C.
acnes is known for its ability to adapt to its habitat [2].
Breast milk is a crucial source of nutrition for infants
and has a significant impact on their health [42]. Breast
milk contains a rich diversity of microorganisms, includ-
ing Staphylococcus epidermidis, Streptococcus agalactiae,
and Clostridium acnes [10]. However, there is limited
knowledge regarding the population genetic background
and functional genetic characteristics of C. acnes iso-
lated from breast milk. To address this knowledge gap,
we sequenced and assembled the genomes of ten strains
of C. acnes isolated from breast milk and compared them
with those of 454 strains of C. acnes available in the NCBI
database. Ferndndez et al. [43] reported that micro-
organisms inhabiting maternal skin, such as C. acnes
and Corynebacterium spp., may be transferred during

breastfeeding. The phylogenetic tree revealed that 10
strains isolated from breast milk predominantly clustered
within branches B and C at a ratio of 1:4. This ratio was
similar to the overall ratio of C. acnes strains in branches
B and C (97:362, respectively). Notably, no distinct clus-
tering pattern was observed among the breast milk iso-
lates. The absence of breast milk isolates in branch A
may be due to the limited number of breast milk isolates.
Therefore, we hypothesize that the strains isolated from
breast milk are nearly identical to those from other iso-
lated sources, probably because they came from other
isolated sources, especially the nipple or breast surface.
This is consistent with Dombrowska-Pali A et al. sugges-
tion that the human milk microbiome comes from the
mother’s breast or the infant’s oral cavity [9].

Genomic characteristics and phylogenetic relationships
also supported this hypothesis. Furthermore, there were
no significant differences between breast milk and other
isolated sources strains in terms of virulence and antibi-
otic resistance genes. Although there was a significant
increase in copy number of the carbohydrate metabo-
lism enzyme gene GH31, we speculate this may be due
to adaptive evolution to the breast milk environment.
One of the most prominent features of breast milk is its
abundance of free human milk oligosaccharides (HMOs)
[44]. Glycoside hydrolase (GH) family 31 can hydrolyze
a-Gal groups at the ends of oligosaccharides and polysac-
charides [45]. Therefore, it is hypothesized that C. acnes
strains sourced from breast milk have acquired more
genes from the GH31 family through mechanisms like
horizontal gene transfer, thereby adapting to the low oli-
gosaccharide-rich environment of breast milk.

Although intergenic regions are composed of non-
coding DNA sequences, they are essential components
of bacterial genomes, harboring regulatory regions with
extensive distributions that play a vital role in bacte-
rial phenotypic variation [46]. In this study, we con-
structed phylogenetic trees for C. acnes using core genes,
core intergenic regions, concatenated sequences of
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core genes and core intergenic regions, and SNPs. The
results showed that the structures of these phylogenetic
trees were generally consistent and all displayed distinct
clustering of different subspecies. The construction of
a phylogenetic tree based on core intergenic regions
was compared with the construction of a phylogenetic
tree based on core genes, and a slight difference in the
sub-branch within branch C, where strain HOL1 was
located, was observed. This lineage was closer to the root
of branch C in the phylogenetic tree constructed based
on core intergenic regions rather than core genes, and
strain SK187 was separated from this lineage. Phyloge-
netic trees constructed using concatenated sequences of
core genes and core intergenic regions, which were more
similar to the tree constructed based on core intergenic
regions alone, indicated genetic differences between the
core intergenic regions in branch C, where strain HOL1
is located. Suresh et al. [47] utilized core intergenic
regions sequences to construct a phylogenetic tree of
Escherichia coli core intergenic regions, which provided
a clearer pattern of carrying polyketide synthase (pks)
islands compared to the core gene phylogenetic system,
thereby showing separate evolutionary branches of pks-
negative clusters from pks-positive and mixed clusters.
Nielsen et al. [48] conducted a population genomics
analysis of Streptococcus pneumoniae and Staphylococcus
aureus, and found a high degree of correlation between
core intergenic regions and core genes. While most phy-
logenetic relationships currently focus on core genes, this
study suggests that core intergenic regions can be used to
describe phylogenetic relationships, thereby elucidating
the evolutionary history of a species.

It is important to recognize that C. acues possess three
primary genetic branches, labeled A, B, and C, which
are evident in both the phylogenetic tree structures and
SNP-based principal component analysis. Furthermore,
branch C can be subdivided into three lineages, which
align with the three subspecies of C. acnes reported by
Andrew McDowell et al. [49] as type III, II, and I, cor-
responding to C. acmes subsp. elongatum, C. acnes
subsp. defendens, and C. acnes subsp. acnes, respectively.
This observation supports the idea that C. acnes subsp.
acnes can be further divided into three lineages. Analy-
sis of CAZy revealed differences in the copy numbers of
esterases (CE1 and CE10), glycoside hydrolases (GH3),
and carbohydrate-binding modules (CBM32) between
branches A, B, and C. Additionally, the carbohydrate
enzyme genes polysaccharide lyases (PL8) and glycoside
hydrolases (GH23) were present in branches B and C, but
not in branch A. An annotation using the CARD data-
base revealed that all 464 strains of C. acnes contained
genes related to rifamycin antibiotics (rpoB2) and pep-
tide antibiotics (ugd). Ulrika Furustrand Tafin et al. [50]
discovered the emergence of clindamycin resistance in C.
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acnes, which was associated with mutations in the rpoB
gene. Recently, Abriouel et al. [51] found that the ugd
gene is widely present in S3 samples, with C. acnes being
the dominant bacterial species in these samples. There-
fore, we concluded that rpoB2 and ugd are inherent resis-
tance-related genes present in the genome of C. acnes.

Conclusion

Comparative genomic analysis was conducted on Cuti-
bacterium acnes strains obtained from breast milk and
others. The results indicated that there were no differ-
ences in the genomic characteristics, phylogenetic rela-
tionships, virulence genes, and antibiotic resistance
genes between breast milk isolates and others isolates.
It is therefore speculated that the C. acnes in breast milk
originates from the nipple or breast surface. However,
significant differences were observed in the carbohy-
drate metabolism enzyme functional genes (GT5, GT51,
and GH31), which suggests an adaptive evolution to the
breast milk environment. This study identified three
main genetic branches (A, B, and C) in C. acnes, which
correspond to three subspecies (C. acues subsp. elon-
gatum, C. acnes subsp. defendens, and C. acnes subsp.
acnes). Branches B and C exhibited smaller genetic differ-
ences than branch A. Branches A and B carried a higher
number of copies of carbohydrate enzymes, such as CE1,
CE10, GH3, and CBM32. Additionally, branches B and C
possess carbohydrate enzymes PL8 and GH23, which are
absent in branch A. Comparative phylogenetic tree anal-
ysis using concatenated sequences of core genes and core
intergenic regions indicated that core intergenic regions
could be used alongside core genes to describe phyloge-
netic relationships. This study provides a genetic basis
for genetic differentiation of C. acmes strains from breast
milk sources.
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