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The infant gut harbors a diverse microbial community consisting of several taxa whose persistence
depends on adaptation to the ecosystem. In healthy breast-fed infants, the gut microbiota is dominated
by Bifidobacterium spp.. Cutibacterium avidum is among the initial colonizers, however, the phylogenetic
relationship of infant fecal isolates to isolates from other body sites, and C. avidum carbon utilization
related to the infant gut ecosystem have been little investigated.

In this study, we investigated the phylogenetic and phenotypic diversity of 28 C. avidum strains, includ-
ing 16 strains isolated from feces of healthy infants. We investigated the in vitro capacity of C. avidum
infant isolates to degrade and consume carbon sources present in the infant gut, and metabolic inter-
actions of C. avidum with infant associated Bifidobacterium longum subsp. infantis and Bifidobacterium
bifidum.

Isolates of C. avidum showed genetic heterogeneity. C. avidum consumed D- and L-lactate, glycerol, glu-
cose, galactose, N-acetyl-D-glucosamine and maltodextrins. Alpha-galactosidase- and (3-glucuronidase
activity were a trait of a group of non-hemolytic strains, which were mostly isolated from infant feces.
Beta-glucuronidase activity correlated with the ability to ferment glucuronic acid. Co-cultivation with B.
infantis and B. bifidum enhanced C. avidum growth and production of propionate, confirming metabolic
cross-feeding.

This study highlights the phylogenetic and functional diversity of C. avidum, their role as secondary
glycan degraders and propionate producers, and suggests adaptation of a subpopulation to the infant gut.

© 2019 Elsevier GmbH. All rights reserved.
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Introduction [11,35]. Hemolytic activity has been observed for C. acnes and C.

avidumbut does not seemrelated to virulence [34,55]. C. avidum has

Cutibacterium spp. are gram-positive, non-spore forming,
anaerobic-to-aerotolerant bacteria that belong to the phylum
Actinobacteria. Cutibacterium were formerly classified as Propioni-
bacterium and are able to ferment lactate and monosaccharides
(e.g. glucose, galactose) to propionate, acetate and CO, [45,58,72].
The genus Cutibacterium includes the species Cutibacterium acnes,
Cutibacterium granulosum and Cutibacterium avidum. C. acnes and
C. granulosum colonize oily surfaces of the skin, while C. avidum is
adapted to wet regions like the axilla, groin and rectum [39]. The
pathogenic potential of the different species is under discussion
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been sporadically associated with breast and post-surgery infec-
tions [11], but also to healthy breast tissue [66]. C. avidum has been
frequently isolated from infant feces [24,29,50], and was recently
suggested as a common infant gut colonizer and contributor to
intestinal propionate formation in infants under 3 months of age.
Isolates of C. avidum from infant feces were shown to colonize a
continuous in vitro fermentation model mimicking the conditions
in the proximal colon, indicating adaptation to the infant gastroin-
testinal tract [55]. In vivo C. avidum persistence depended on initial
colonization levels as well as on microbe-microbe interactions,
especially with lactate producers such as Bifidobacterium [55].

In healthy infants, Bifidobacterium spp. are among the major
genera in the gut during the first year of life [5,62]. Bifidobac-
terium longum subsp. infantis and Bifidobacterium bifidum are two
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Table 1
List of C. avidum strains used in this study.
Strain ID Source Donor Age of donor Isolation medium RFLP pattern Hemolysis References
(months)

C. avidum ATCC 25577 Oral cavity -a - - - Positive® [22]

C. avidum P4118 Infant feces - 0.5 Postgate E 3 Negative [50]

C. avidum P336 Infant feces N1 1 Beerens agar 5 Positive [24]

C. avidum P337 Infant feces N4 1 Wilkens-Chalgren agar 1 Positive [24]

C. avidum P279 Infant feces 6 3 YEL+M +K°¢ 4 Negative [55]

C. avidum P280 Infant feces 7 1.5 YEL+M+K 2 Negative [55]

C. avidum P316 Infant feces 7 1.5 YEL+M+K 1 Positive [55]

C. avidum P315 Infant feces 1 1.5 YEL+M+K 1 Positive [55]

C. avidum P277 Infant feces 1 1.5 YEL+M+ K 2 Negative [55]

C. avidum P338 Infant feces 11 0.5 YEL+M+K 5 Negative [55]

C. avidum P339 Infant feces 11 0.5 YEL+M+K 2 Negative [55]

C. avidum P311 Infant feces 2 2 YEL+M+K 2 Positive [55]

C. avidum P323 Infant feces 8 2 YEL+M+K 2 Positive [55]

C. avidum P318 Infant feces 9 1 YEL+M+K 4 Positive [55]

C. avidum P319 Infant feces 9 1 YEL+M+K ND¢ Positive [55]

C. avidum P330 Infant feces 10 2 YEL+M+K 4 Positive [55]

C. avidum P313 Infant feces 10 6.5 YEL+M+K 2 Positive [55]

C. avidum MM2 Breast milk - - Wilkens-Chalgren agar ND Positive Bunesova,

with soy peptone unpublished
C. avidum MM12 Breast milk - - Wilkens-Chalgren agar ND Positive Bunesova,
with soy peptone unpublished

C. avidum DPC 6544 Infant fecal swab - - - - - [46]

C. avidum MJR7694 Vagina - - - - - [31]

C. avidum TM16 Prostate tissue - - - - - [35]

C. avidum UCD-PD2 Feline anal sac - - - - - [13]

C. avidum T13 Prosthetic joint - - - - - [71]

C. avidum T15 Prosthetic joint - - - - - [71]

C. avidum T14 Prosthetic joint - - - - - [71]

C. avidum CI882 Prosthetic joint - - - - Positive® [1]

C. avidum 44067 Skin abscess - - - - - [44]

Strains in bold were used for determination of selected carbon source utilization.
3 Information not available.

b Hemolysis activity was studied using Schaedler agar as described previously [55].

¢ YEL+M +K: yeast extract sodium lactate medium consisting of 1% (w/v) trypticase soy broth without dextrose, 1% (w/v) yeast extract, 117 mM sodium DL-lactate, 0.025%
(w/v) KH2PO4, 0.0005% (W/v) MnSOQy4, kanamycin 0.001% (m/v) and metronidazole 0.0004% (m/v).

4 ND: not determined.
¢ Hemolysis was identified on Brucella agar as described before [1].

predominant Bifidobacterium species in early life that are adapted
to degrade human milk oligosaccharides (HMO), the major car-
bohydrate source (5-15gL~1) in breast milk beside lactose. This
activity produces short chain fatty acids (SCFA), monosaccharides
and intermediate metabolites (lactate) for cross-feeding [6,8,41].
B. infantis and B. bifidum use different strategies for uptake and
metabolism of HMOs. B. bifidum metabolizes HMOs extracellularly
by membrane-associated glycosyl hydrolases, releasing monosac-
charides, fucose and sialic acid [8,17]. B. infantis internalizes mono-,
di- and polysaccharides using membrane transporters, before
cleavage and intracellular degradation to produce acetate, lac-
tate, formate or ethanol [59]. Bifidobacterium can also degrade
non-digestible carbohydrates, fructo-oligosaccharides (FOS) and 8-
galactooligosaccharides (3-GOS), which are used to supplement
infant formula [3,7], and mucin, an intrinsic glycan source [9].
Strains of Cutibacterium and Bifidobacterium spp. could thus cross-
feed on monosaccharides and fermentation intermediates, but
whether and how C. avidum interacts with Bifidobacterium spp. has
not been investigated to date.

Novel genetic markers such as glyS, infB, rpoB and rplB have been
shown to be more suitable for phylogenetic analysis in the Propioni-
bacteriaceae family than the 16S rRNA gene [11,40]. Whole genome
analysis limited to only a small number of isolates indicated the
existence of C. avidum subpopulations, as already described for C.
acnes [11,40]. We were interested in potential evolutionary adap-
tion of C. avidum related to habitat selection; thus, we conducted
phylogenetic and experimental studies on a collection of C. avidum
infantisolates. We employed multi-locus sequence analysis (MLSA)
based on five novel genetic markers and included C. avidum from

different niches. Additionally, we investigated the ability of C
avidum isolates to degrade and utilize carbon sources available in
the infant gut, and also evaluated metabolic cross-feeding between
C. avidum P279, which was isolated from infant feces [55], and B.
infantis DSM 20088 and B. bifidum BSM 28-1 [67].

Materials and methods
Bacterial strains and growth conditions

Strains used in this study (Table 1) were obtained from the
German Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany) or from the strain collection of the
Laboratory of Food Biotechnology (ETH-Zurich) and the Depart-
ment of Microbiology, Nutrition and Dietetics, Czech University
of Life Sciences, Prague. C. avidum infant isolates were obtained
from different donors, and diversity was confirmed using rep-
PCR and restriction fragment length polymorphism [55]. C. avidum
were routinely grown in yeast extract sodium lactate medium
(YEL) consisting of 1% (w/v) trypticase soy broth without dex-
trose (Becton Dickinson AG, Allschwil, Switzerland), 1% (w/v)
yeast extract (Merck, Darmstadt, Germany), 117 mM sodium DL-
lactate 60% syrup (Central Drug House, New Delhi, India), 0.025%
(w/v) KHyPO4 (VWR International AG, Dietikon, Switzerland) and
0.0005% (w/v) MnSO4 (Sigma-Aldrich, Buchs, Switzerland). B. infan-
tis DSM 20088 and B. bifidum BSM 28-1 [67] were routinely grown
on Wilkens Chalgren medium (WCSP) (Oxoid, Thermo Fisher Diag-
nostics AG, Pratteln, Switzerland) supplied with 0.5% (w/v) soy
peptone (Biolife, Italy), 0.1% (v/v) Tween 80 (Sigma-Aldrich), and



508 V.N. Rocha Martin et al. / Systematic and Applied Microbiology 42 (2019) 506-516

0.05% (w/v) L-cysteine (Sigma-Aldrich). Glycerol stocks stored at
—80°C were reactivated on agar plates and incubated in anaer-
obic jars (Mitsubishi AnaeroPack, Thermo Fisher Diagnostics AG,
Pratteln, Switzerland) containing the AnaeroGen system (Oxoid,
Thermo Fisher Diagnostics AG) for 2 (Bifidobacterium) or 5 days
(Cutibacterium) at 37°C. After incubation, a single colony was
picked, transferred into conical polypropylene tubes containing
10 mL of sterile broth and incubated for 24 (Bifidobacterium) or 48 h
(Cutibacterium) at 37 °C. Strains were sub-cultured twice in liquid
media before being used as working cultures.

Metabolic cross-feeding between infant isolate C. avidum P279
and B. infantis DSM 20088 or B. bifidum BSM 28-1 was eval-
uated using modified yeast-extract-casitone-fatty acids medium
(Table S1 in Supplementary material) in O,-free CO,-sparged
Hungate tubes sealed with butyl-rubber stoppers (Dutscher SAS,
Brumath, France). Yeast-extract-casitone-fatty acids medium con-
tained 55mM glucose (mYCFA); lactose (17mM) and [(3-GOS
(7.2gL~1) (mYCFA_L- B-GOS) or a mixture of HMOs: 5 mM of each
of 2’-fucosyllactose (2’-FL), 3’-fucosyllactose (3’-FL), 3’-sialyllactose
(3’-SL), 6’-sialyllactose (6’-SL), and 4.7 mM of LNnT (mYCFA_HMO).
To initiate co-culture experiments, working cultures were subcul-
tured once in mYCFA.

Carbon source utilization profile of infant C. avidum isolates

To investigate utilization of different carbon substrates, work-
ing cultures of C. avidum infant isolates (Table 1) and ATCC 25577
were centrifuged at 14,000 g for 5 min after 48 h of incubation. The
supernatant was discarded, the bacterial pellet was re-suspended
in an equal volume of peptone water (Oxoid, Thermo Fisher Diag-
nostics AG), and 150 L of the re-suspended pellet were added
to conical polypropylene tubes containing 1.5mL of YEL broth
containing different carbon sources in place of sodium-DL-lactate
(Table S2 in Supplementary material). YEL without an added car-
bon source was the control. Cultures were incubated for 48 h at
37°C. After 48h, cell growth was assessed by measuring opti-
cal density at 600 nm (ODggg). Concentrations of substrate, SCFA
and intermediate metabolites in the supernatant were determined
by high-pressure liquid chromatography analysis with refractive
index detection (HPLC-RI; detailed below). Unless otherwise indi-
cated, carbon utilization and metabolite formation were assessed
for each strain in independent triplicates, and in duplicates for con-
trol fermentations and HMO-mix.

Enzymatic activity of infant and breast milk C. avidum isolates

Enzymatic activity profiles of C. avidum ATCC 25577 and 18 C.
avidum infant feces and breast milk isolates were investigated using
API ZYM system (bioMérieux SA, Geneve, Switzerland). Cupules in
each strip were filled with 130 L of 48 h working cultures in dupli-
cate, and were incubated according to manufacturer’s instructions.
For reaction evaluation, scores were ranked visually from 0 to 3
(0=no reaction, 3 =strong reaction).

Single and co-culture growth of C. avidum P279 and B. infantis
DSM 20088 or B. bifidum BSM 28-1

To inoculate single culture experiments, 100 L of each of C.
avidum P279, B. infantis DSM 20088 and B. bifidlum BSM 28-1
cultures grown in mYCFA were transferred to each of the test
media (mYCFA_L-B-GOS and mYCFA_HMO, each 9mL) and incu-
bated for 24 h at 37°C. For co-cultures, 100 pL of C. avidum P279
and 100 pL of B. infantis DSM 20088 or B. bifidum BSM 28-1 cul-
tures were transferred into the same Hungate tube containing each
test medium (9 mL) and were incubated at 37 °C. Samples (500 L)
were collected at 0, 4, 8, and 24 h, centrifuged, and supernatants

and cell mass were stored at —20°C for later analysis. Metabolic
cross-feeding in mYCFA_L-3-GOS was performed in independent
biological triplicates and in independent biological duplicates for
mYCFA_HMO.

HPLC analysis with refractive index detection (HPLC-RI)

Concentrations of fucose, glucuronic acid, lactose, acetate,
propionate, butyrate, formate, succinate and lactate were deter-
mined in the supernatant. Supernatant (500 wL) was filtered
through a 0.45 pm membrane (Millipore AG, Zug, Switzerland)
into glass HPLC vials (Infochroma, Hitachi LaChrome, Merck,
Dietikon, Switzerland) and sealed with crimp-caps. An HPLC
(Hitachi LaChrome) equipped with a Security Guard Cartridges
Carbo-H column (4 x 3 mm; Phenomenex Inc., Torrance, CA, USA),
a Rezex ROA-Organic Acid H+ column (8%, 300 x 7.8 mm; Phe-
nomenex) and a refractive index detector (HPLC-RI) was used. The
column was eluted with 10 mM H,S04 (Fluka, Buchs, Switzerland)
as mobile phase at a flow rate of 0.4mLmin~! at 25°C. Fucose,
glucuronic acid, succinate, SCFA and lactate were quantified using
external standards.

Analysis of HMO, maltodextrins, - and B-GOS degradation using
high performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD)

Degradation of oligosaccharides was investigated using HPAEC-
PAD on a Dionex IC3000 equipped with a CarbopacPA20 column
(Thermo Fisher Diagnostics AG) and an electrochemical detector
with a gold electrode. Water (A), 200 mM NaOH (B), and 1M Na-
acetate (C) were used as solvents at a flow rate of 0.25 mLmin~!.
For HMO separation, a gradient of: 0 min 30.4% B, 1.3% C, 22 min
30.4% B, and 11.34% C followed by washing and regeneration
was applied. HMO, sialic acid and L-fucose were identified using
external standards, and either utilization or accumulation were
semi-quantitatively assessed as fold change of the area under the
curve at t=24h compared to time 0.

DNA isolation from C. avidum infant isolates

Genomic DNA from C. avidum infant isolates used for MLSA and
whole-genome sequencing (Table 1) was extracted from the work-
ing culture (2 mL) using the Wizard genomic DNA purification kit
(Promega AG, Switzerland) following the manufacturer’s instruc-
tions. Genomic DNA from C. avidum breast milk isolates used for
16S rRNA and MLSA sequencing was extracted from the working
culture (1 mL) using PrepMan® Ultra Sample Preparation Reagent
protocol (Thermo Fisher Scientific, Waltham, MA, USA). The DNA
concentration was measured using a NanoDrop ND-1000 Spec-
trophotometer (Witec AG, Littau, Switzerland). DNA quality was
analysed by electrophoresis using a 1% (w/v) agarose gel, stained
in a GelRed staining bath (Biotium Inc., Hayward, CA, USA) and
visualized using UV light. DNA was stored at —20°C until further
analysis.

Multilocus sequence analyses (MLSA)

Overall, 28 strains of C. avidum were included for the geno-
typing analysis based on five housekeeping genes (glysS, infB, rplB,
groEL and pyrG) (Table S3 in Supplementary material); for 10
strains, gene sequences were obtained from the complete genomes
deposited in the NCBI database (https://www.ncbi.nlm.nih.gov/
nuccore/). The sixteen C. avidum infant strains had been previously
typed to species level using 16S RNA gene sequences and further
compared to NCBI database and evaluated for hemolytic activity
(Table 1) [55]. The two breast milk isolates (MM2 and MM12)
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were identified by sequence analysis of the almost complete 16S
rRNA gene sequences. The closest relative species to both isolates,
whose sequences were deposited in the NCBI database under the
numbers MK386898 (strain MM2) and MK386899 (strain MM12),
was C. avidum ATCC 255777 with 99.8% 16S rRNA gene similar-
ity in 1364 and 1389 bp, respectively (Table S3 in Supplementary
material). PCR conditions and specific primers for amplification
of variable fragments of the glyS, infB and rplB genes were used
as described recently [40]. Primers flanking the desired frag-
ments of groEL, encoding the chaperon protein groEL/60 kDa heat
shock protein (912 bp, positions 231,859,1-231,950,2 in genome
of C. avidum DPC 6544, accession number CP016954) and pyrG,
encoding the CTP synthase (579 bp, positions 399,88-405,66 in
genome of C. avidum DPC 6544), were designed based on gene
sequences of Acidipropionibacterium acidipropionici, Acidipropioni-
bacterium jensenii, Cutibacterium acnes subsp. acnes, C. avidum, C.
granulosum and Propionibacterium freudenreichii subsp. freudenre-
ichii type strains (Table S3 in Supplementary material). These genes
were identified as suitable classification and phylogenetic markers
in previous studies [19,23,25]. Specific primers and PCR conditions
are shown in Table S4 in Supplementary material. The proposed
gene regions contained no indels.

Phylogenetic analysis was performed based on the Akaike Infor-
mation Criterion (AIC) best fit maximum-likelihhood (General Time
Reversible + Gamma distributed rates among sites) method and
bootstrap improvement (1000 replicates) in the MEGA v6.0 soft-
ware package [64]. The gene concatenate of glyS (678 bp), infB
(846 bp), rplB (549 bp), groEL (912 bp) and pyrG (579 bp) aligned
using ClustalW [40] served as an input file for reconstruction. Phy-
logenetic reconstruction was completed by six representatives of
the Propionibacteriaceae family (Table S3 in Supplementary mate-
rial) to increase the accuracy of the topology. The tree was rooted
by P. freudenreichii subsp. freudenreichii type strain. As illustrated in
Fig. 1 and calculated using the eBURST application [26], 15 differ-
ent STs (sequence types) in concatenated sequences were revealed
among 18 strains (the same sequences were determined only in
strain pairs P315-P336 and P313-P330 and MM2-MM12) of C.
avidum isolated from infant feces and breast milk. To identify sub-
populations, a sequence identity matrix was generated based on
the concatenated sequences using the tool implemented in BioEdit,
and a cut-off value of 98.9% was employed. Phylogenetic recon-
structions based on individual gene alignments were carried out
according to the same procedure outlined above.

Sequences are available at GenBank (NCBI) under the accession
numbers listed in Table S3 in Supplementary material.

Genome analysis

We generated the draft genome of C. avidum P313 to val-
idate phenotypic analysis. Genome libraries of C. avidum P313
were sequenced with an Illumina MiSeq to obtain paired-end
reads of 2 x 150 bp. Sequencing was conducted at the Functional
Genomic Center Ziirich (FGCZ, ETH-Ziirich, Ziirich, Switzerland).
The genome was assembled using Abyss v.1.9.0 for paired-end
libraries implemented in Bio-Linux 8. The partial genome was
functionally annotated with RAST using default settings [4]. Aver-
age nucleotide identity (ANI) was calculated using an online tool
[56]. Available genomes of C. avidum strains (Table S3 in Sup-
plementary material) were also uploaded to RAST and screened
for B-glucuronidase- and a-galactosidase-encoding genes. Glyco-
syl hydrolases were identified using the dbCAN database based
on a search for signature domains of every CAZyme family [74].
The assembled genome contigs are available under BioProject ID
PRJNA524452.

DNA isolation from single- and co-cultures and quantitative PCR
analysis (qPCR)

Genomic DNA was extracted from bacterial pellets using the
Fast DNA SPIN kit for soil (MP Biomedicals, Illkirch, France) accord-
ing to manufacturer’s instructions. Reactions were performed
using a 7500 Fast Real-Time PCR System (Applied Biosystems,
Zug, Switzerland), 2 x Kappa SYBR FAST qPCR mastermix and
0.2 M primers (Biolab Scientifics Instruments SA, Chatel-St-Denis,
Switzerland). Thermal cycling started with an initial denatura-
tion step at 95 °C for 3 min, followed by 40 cycles of denaturation
at 95°C for 3s, annealing at 60°C for 10s, and elongation at
72°C for 25s. To generate standards, 16S rRNA gene PCR ampli-
cons from C. avidum ATCC 25577 (1445bp) and B. adolescentis
DSM 20083 (1451 bp) were cloned into the pGEM-T Easy Vector
and heterologously expressed in E. coli according to instructions
of the supplier (Promega AG, Diibendorf, Switzerland). Standard
curves were prepared from ten-fold dilutions of linearized plas-
mids harboring the target gene of interest. C. avidum P279 was
quantified using primers avi_fwd (5-GTCTGCAACTCGACCCCAT-3")
and avi_probe (5’-CTTCGACGGCTCCCCCACACAGGT-3’) [55], while
B. infantis and B. bifidum were quantified using primers bif_F (5’-
TCGCGTCYGGTGTGAAAG-3’) and bif R (5’-CCACATCCAGCRTCCAC-
3’) [54]. Melting curve analysis was conducted to confirm
specificity. The linear detection range was between 1.3 and 7.3
log gene copies for C. avidum and 2.5 and 7.5 log gene copies for
bifidobacteria, primer efficiency was 91 and 105%, respectively.
Log gene copies were corrected for multiple copies of 16S rRNA
genes for C. avidum (n = 3), B. infantis (n=4) and B. bifidum (n=3) to
calculate cell number [8,63].

Statistical analysis

Statistical analyses were done using SigmaPlot (Systat Software,
San Jose, CA, USA) with statistical significance set at a p-value of
less than 0.05. Correlation between propionate produced in YEL
with a-GOS and a-galactosidase activity of isolates was calculated
using Pearson’s correlation coefficient. The Student’s t-test with
two-tailed distribution was used after testing for normal distribu-
tion using the Shapiro-Wilk test to identify significant differences
in growth (log cells mL~! detected by qPCR) and metabolite for-
mation and/or consumption of carbohydrates between single and
co-cultures in mYCFA_L-3-GOS.

Results

Phylogenetic diversity of C. avidum isolates from infant feces and
other sources

C. avidum strains have been repeatedly isolated and identified
in infant feces, but their phylogenetic relationship to isolates from
other body sites remains unclear. An extended MLSA screening
using five housekeeping genes (glyS, infB, rplB, pyrG and groEL) as
markers showed genetic heterogeneity within C. avidum isolates.
This genetic heterogeneity was also confirmed when individual
genes were used for tree construction (Figures S5-S9 in Supple-
mentary material), however, with individually varying topologies.
MLSA screening based on concatenated sequences identified a
group of C. avidum strains that were delineated by a similarity
threshold 0f99.3 4 0.3% similar (Fig. 1). This group included various
isolates from infant feces including strain DPC 6544 together with
strain UCD-PD2 isolated from a feline anal sac [13,46]. Most isolates
of this subpopulation were non-hemolytic. The similarity of this
subpopulation to other strains such as TM16, isolated from human
prostate tissue [36], the type strain ATCC 25577 isolated from the
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Fig. 1. Phylogenetic tree based on concatenated nucleotide sequences derived from five genes (glyS, infB, rplB, pyrG and groEL) and genotypic and phenotypic features of C.

avidum strains.

Genomes of available C. avidum strains were screened for genes (b-gus, a-gal) encoding for (3-glucuronidases (B-GUS) and a-galactosidases (A-GAL) using RAST. Beta-
glucuronidase and a-galactosidase enzymatic activity were detected using the chromogenic and semi-quantitative API-ZYM. Consumption of glucuronic acid and a-GOS
by selected strains were evaluated during growth in YEL medium supplied with the respective carbohydrates. Concatenated nucleotide sequences from strains above the
horizontal line were 99.3 & 0.3% similar. Full symbol: positive; empty symbol: negative; circles with horizontal pattern indicate that b-gus was incomplete; -: not determined.

Strains in bold were included for phenotypic tests in this study.

oral cavity [44], to infant fecal isolates P313,P315,P316, P319, P323,
P330, P336 and P339, two breast milk isolates (MM2 and MM12),
one vaginal strain (MJR7694), four isolates from infected prosthetic
joints (CI882, T13, T14 and T15) and a strain obtained from a skin
abscess (44067) [1,31,44,71] was 98.1+0.4% (Table S5 in Supple-
mentary material). Strains P338 and P339 were originally isolated
from the same donor, confirming previous observations that infants
carry more than one strain [55].

Fermentation of monosaccharides and glycerol by C. avidum
strains

To investigate the ability of infant isolates and C. avidum ATCC
25577 to use glycerol and monosaccharides derived from micro-
bial cross-feeding, we assessed growth, substrate utilization and
metabolite production in YEL supplemented with selected carbon
sources after 48 h of incubation.

Background growth was observed in YEL without added carbon
(ODgpo 1.6-2), together with production of SCFA (11.4-27.4mM
propionate and 6.6-11.2 mM acetate) and a decrease of pH from
7.0 to 6.1 after 48 h incubation (Table 2 and S6 in Supplementary
material). All tested C. avidum isolates were able to grow in the pres-
ence of sodium-DL-lactate (consumption between 64.4-124.3 mM)
and in 85mM potassium-L-Lactate (complete degradation), pro-
ducing a mean propionate:acetate ratio of 2.14+0.2 (Table S6 in
Supplementary material) as previously reported [72].

All strains showed a high capacity to ferment glucose, galac-
tose and GIcNAc (Table S6 in Supplementary material). Glucose was

consumed by all strains, with P316 and P338 producing 2 mol pro-
pionate and 1 mol of acetate from 1.5 mol glucose, as expected from
Embden-Meyerhof-Parnas (EMP) pathway [72]. Interestingly, this
theoretical yield was different for all other infant strains, which
produced only 1.2 +0.2 mol propionate and 0.5+ 0.1 mol acetate
for every 1.5 mol of glucose consumed. Galactose consumption was
observed (15.8-33.9 mM) by most strains tested, accompanied by
high biomass production (ODggy 2.8-5.4) and a decrease in pH to
4.3. GIcNAc was also used (13.5-46.5 mM), leading to the release of
the acetyl residue (Table S6 in Supplementary material).

All tested Cutibacterium strains degraded glycerol with
0.8 £0.1 mol of propionate produced from one mol glycerol con-
sumed (Table S7 in Supplementary material). This yield was
coincidental with the theoretical yield obtained via the EMP path-
way (production of 1 mol propionic acid and no acetic acid for each
mol of glycerol) [69]. High biomass production (ODggg 3.2-5.1)
and a final pH of 4.6 were observed. In agreement with previous
observations for Propionibacterium freudenreichii subsp. shermanii,
glycerol was preferred over glucose by C. avidum strains (Table S7
in Supplementary material) [69]. In contrast, no growth on fucose
was observed for all C. avidum strains (Table 2).

C. avidum showed variable capability of degrading and
consuming di- and oligosaccharides

To investigate the ability of C. avidum infant and breast milk
isolates and ATCC 25577 to degrade di- and oligosaccharides,
we assessed hydrolytic activity using the chromogenic and semi-
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Table 2

Growth, carbon utilization and metabolite formation of C. avidum. Growth and substrate utilization of type strain and infant isolates (n = 10) was investigated using YEL media
supplemented with selected carbon sources and compared to the control without carbon source. Carbon utilization and SCFA production (mM) was assessed in independent
triplicates for each strain except for growth tests in control medium for which only duplicates were evaluated. ND: not determined.

YEL supplemented with Strains Carbon source Propionate Acetate Propionate/acetate ODgoo
consumed
Mean SD Mean SD Mean SD Mean SD Mean SD
Control ATCC 25577 9.8 6.5 1.5 1.5
Mean infant isolates 204 + 438 9.7 + 1.6 21 + 03 19 + 03
DL- Lactate (126 mM) ATCC 25577 -884 + 02 72.8 + 33 356 + 2 2 + 0 29 + 0.2
Mean infant isolates -90.8 + 16.7 72.1 + 182 31.8 + 77 2.3 + 0.1 3 + 0.7
K-Lactate (85 mM) ATCC 25577 -89 + 0 62.3 + 71 32.2 + 38 1.9 + 0 2 + 0
Mean infant isolates -854 + 14 61.3 + 11.8 315 + 25 2 + 04 2.8 + 05
Lactose (55 mM) ATCC 25577 -94 + 05 13.2 + 03 7.0 + 04 19 + 0.1 1.9 + 0.1
Mean infant isolates -11.1 + 6 19.9 + 6 9.4 + 15 21 + 05 2.8 + 08
Glucose (111 mM) ATCC 25577 -35 + 06 25.8 + 06 134 + 05 1.9 + 0.1 2.3 + 0.1
Mean infant isolates -38.5 + 7.9 334 + 104 14 + 39 24 + 04 34 + 1
Galactose (102 mM) ATCC 25577 -263 + 25 279 = 1 153 + 0.1 1.8 + 01 3.9 + 0
Mean infant isolates -22.1 + 45 216 + 7.7 125 + 25 1.6 + 0.6 33 + 04
N-acetyl-D-glucosamine (93 mM) ATCC 25577 -253 + 7 45.5 + 2 79.3 + 41 0.6 + 0 3.1 + 11
Mean infant isolates -293 + 113 43.1 + 112 57 + 206 09 + 08 33 + 08
D-Glucuronic acid (60 mM) ATCC 25577 -4.1 + 03 79 + 1.1 53 + 0.1 1.5 + 02 1.6 + 0.1
Mean infant isolates  —31 + 264 27.6 + 179 273 + 221 13 + 05 4.5 + 3
Glycerol (122 mM) ATCC 25577 -51.1 + 05 353 + 06 1.9 + 02 186 + 1.8 1.8 + 0
Mean infant isolates -73.7 + 54 57.6 + 76 2.2 + 08 30 + 134 3.7 + 0.6
a- GOS ATCC 25577 ND 5.1 + 02 5.4 + 02 09 + 0 1.1 + 0
Mean infant isolates ND 235 + 119 128 + 54 1.8 + 03 2.6 + 1.2
Maltodextrin ATCC 25577 ND 16 + 04 88 + 0.2 1.8 + 0 2.7 + 01
Mean infant isolates ND 23.1 + 44 9.9 + 13 2.3 + 04 31 + 03
B-GOS ATCC 25577 ND 8.9 + 03 65 + 04 14 + 0.1 13 + 0
Mean infant isolates ND 17.5 + 6.1 8.9 + 14 1.9 + 05 1.7 + 0.1
FOS ATCC 25577 ND 6.6 + 0.1 7 + 0.1 0.9 + 0 1.1 + 0
Mean infant isolates ND 133 + 4.2 7.7 + 1.1 1.7 + 05 1.5 + 0.1
Fucose (107 mM) ATCC 25577 ND 6 + 03 8 + 0.1 0.8 + 0 1.1 + 0.1
Mean infant isolates ND 9.8 + 32 9.5 + 1.6 1 + 03 1.2 + 0.2

quantitative API-ZYM test, and conducted growth studies providing
the relevant di- and oligosaccharides as substrates.

All strains possessed medium to high 3-galactosidase activity
(Table S8 in Supplementary material), and thus were potentially
capable of hydrolyzing lactose and 3-GOS. Beta-GOS have a degree
of polymerization of 2-6 units and contain 31-3, -4 or -6 linkages
[65]. Lactose utilization was variable, ranging from 3 to 17.2 mM
(Table S9 in Supplementary material). Minor changes in 3-GOS pro-
files indicated that C. avidum had a limited capacity to use (3-GOS
(Figure S1 and Table S9 in Supplementary material).

All strains were positive for a-glucosidase (Table S8 in Supple-
mentary material). We tested growth using maltodextrins, which
are linear a1-4-linked D-glucose polymers with some a1-6 branch-
ing points, as substrate. All infant isolates grew in the presence of
maltodextrins, reaching ODggg 2.7-3.5 (Table S9 in Supplementary
material) and degrading oligosaccharides up to a chain length of 10
glucosyl units (Figure S2 in Supplementary material).

The activity of a-galactosidase, which hydrolyses Gal-al-
6 bonds of galacto-oligosaccharides from the raffinose family
(a-GOS), varied between isolates (Table S9 in Supplementary mate-
rial). Infant isolates P311, P279, P277, P316 and P313 showed
highest turbidity and SCFA production compared to all other strains
when grown in YEL with a-GOS. Final ODggg was positive correlated
with a-galactosidase activity in the APIZYM test (R=0.8; p=0.003),
with the exception of P280. The increase in biomass (ODgpg) and
SCFA concentrations corresponded with degradation of the sup-
plied a-GOS (Figure S3 in Supplementary material).

Activity of (3-glucuronidase, which releases the terminal glu-
curonic acid from glucuronated metabolites, was detected in
the non-hemolytic strains P4118, P279, P280, P277, P338 and
P318 (Table S8 in Supplementary material). Strains exhibiting
B-glucuronidase activity were able to ferment glucuronic acid
into propionate and acetate in 1:1 ratio. Weak growth and no

metabolism of glucuronic acid was observed for strains negative
for B-glucuronidase activity (Table S6 in Supplementary material).

FOS (Table S9 in Supplementary material) or HMOs (data not
shown) were not degraded by C. avidum isolates, and turbidity
and metabolite production observed were similar to growth in YEL
without added carbohydrates (Table 2).

Genomic potential of C. avidum to hydrolyse selected di-and
oligosaccharides

To validate the phenotypic analysis, we generated the draft
genome of C. avidum P313 and also examined publically available
genomes (Table S10 in Supplementary material). Abyss assembly
yielded 48 contigs (>200bp). The ANI of P313 was 96.23% com-
pared to C. avidum DPC 6544 (GenBank accession no. CP016954.1)
and 98.41% compared to C. avidum 44067 (GenBank accession no.
CP005287.1). In agreement with phenotypic analysis, P313 had
limited capacity to degrade di-, oligo- and polysaccharides and
glycosylated compounds, as indicated by the presence of genes
encoding only a- and [3-galactosidases, a- and [3-mannosidases,
and a-glucosidases (Table S10 in Supplementary material). Because
the distribution of active a-galactosidases and (3-glucuronidases
was limited to some phylogenetic clades (Fig. 1), we additionally
screened available C. avidum genomes for the presence of the corre-
sponding genes. Genes encoding 3-glucuronidases were observed
in all strains; however, only DPC 6544 and UCD-PD2 possessed pre-
sumptive full-length proteins. ATCC 25577, T13, T15, CI882 and
P313 harboured genes encoding nearly full length proteins with
an internal ORF gap of about 27 AA (position 323-350), while the
partial (3-glucuronidases of T14, TM16 and MJR694 additionally
lacked the first N-terminal 190 AA. In agreement with the frag-
mented structure of the (3-glucuronidase of ATCC 25577 and P313,
there was no activity observed in the API ZYM test (Fig. 1). The full
length B-glucuronidase of DPC 6544 had the highest homology to
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partial or full length 3-glucuronidases from other C. avidum with
available genomes (98-100% homology), to (3-glucuronidase of C.
acnes (84-86%), and less than 65% homology to [3-glucuronidases
of other Actinobacteria such as Intrasporangium and Pseudospo-
rangium spp. and Georgenia muralis. Interestingly, genes encoding
for B-glucuronidases in strains DPC 6544, UCD-PD2, 44067,
T14, MJR 694 and TM 16, were located in close proximity to
genes encoding a glucuronide transporter uidB, urinate isomerase,
mannoate-dehydrogenase and mannoate-oxidoreductase, which
are all presumably involved in glucuronate utilization (Figure S4 in
Supplementary material). An enzyme characteristic of the Entner-
Doudoroff (ED) pathway, 2-dehydro-3-deoxyphosphogluconate
aldolase, was also detected in the genomes of strains encoding
genes related to glucuronic acid utilization, but in other locations
in the genome. In DPC 6544 and UCD-PD2, an a-glucosidase was
located adjacent to the (3-glucuronidase-encoding genes. Genes
encoding for a-galactosidases were present in DPC 6544, UCD-
PD2, and TM16 (Fig. 1). C. avidum a-galactosidases had the highest
homology to each other (98-100% homology) and less than 60%
homology to a-galactosidases of A. jensenii and other Actinobacte-
ria such as Brachybacterium spp.

Growth and cross-feeding of C. avidum P279 and B. infantis or B.
bifidum in mYCFA supplemented with HMO

Our results indicated that infant C. avidum isolates metabolised
glucose, galactose and GlcNAc, which are constituents of HMOs and

B-GOS, and also the fermentation intermediate lactate. We there-
fore assessed cross-feeding between C. avidum P279 and B. infantis
or B. bifidum in co-culture in mYCFA supplemented with HMOs
(4.7 mM of LNnt and 5mM of each 2’-FL, 3/-FL, 3’-SL and 6'-SL)
or with lactose (17 mM) and B-GOS (7.2gL-!) (Table S1 in Sup-
plementary material) by comparing with single cultures of each
strain.

Single cultures in mYCFA HMO were inoculated with similar ini-
tial levels for each strain (differences below log 0.2 cells mL~1)
(Fig. 2A1, B1 and C1). C. avidum P279 reached a cell concentra-
tion of log 8.2 cells mL-! after 24h of incubation and produced
10.0 mM of propionate and 4.7 mM of acetate, which could result
from metabolism of peptides and/or from partial degradation of
3’-FL (reduction of 34% at 24 h) (Fig. 2 A1-3). Single cultures of
B. bifidum reached a higher cell density of log 9.4 cells mL~! and
consumed all the added HMOs after 24 h, with accumulation of
fucose (10.1 mM) and sialic acid (semi-quantitatively assessed),
and production of acetate (83.1 mM), lactate (40.0 mM) and for-
mate (2.9 mM) (Fig. 2B1-3). B. infantis consumed all HMOs, and
reached log 8.7 cells mL~! after 24 h of incubation, with production
of acetate (98.5 mM), lactate (41.7 mM) and formate (8.3 mM) and
residual fucose (4.8 mM). B. infantis released only 1/5 of the sialic
acid released by B. bifidum (Fig. 2C1-3).

When C. avidum P279 was grown in mYCFA_HMO with either B.
infantis or B. bifidum, C. avidum reached higher cell numbers (log 8.6
and 8.8 cells mL~1, respectively) than in single cultures, whereas
bifidobacteria yielded lower cell numbers (log 7.4 cells mL~! for
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B. infantis and log 7.5 cells mL~! for B. bifidum) (Fig. 2D1 and E1).
B. infantis consumed 50% of 2’-FL, 25% of 3’-FL and 5% of 6’- SL to
produce propionate (21.8 mM) and acetate (13.7 mM) with residual
fucose (3.7 mM) (Fig. 2E1-3). B. bifidum degraded 38% of 3’-FL, 2%
of 2’-FL, 57% of LNnt and 32% of 6'- SL, and accumulated fucose
(3.7mM), and lactose and/or disaccharides (8.5 mM) eluting with
the same retention time (Fig. 2D1-3). Compared to single cultures
of C. avidum P279 there was more propionate (24.9 mM) and acetate
(18.4 mM) produced during co-cultures with B. bifidum.

Growth and cross-feeding of C. avidum P279 and B. infantis or B.
bifidum in mYCFA supplemented with lactose and $-GOS

Growth and metabolite production of C. avidum P279 in
mYCFA.HMO and mYCFA_L-B-GOS (log 8.2+0.3 cells mL!,
10.1 £ 1.4 mM propionate and 4.1+ 3.1 mM acetate) were similar.
Lactose and 3-GOS were not utilized by C. avidum P279 (Fig. 3A1-3).
In contrast, B. infantis reached a higher cell concentration (log
8.9+ 0.5 cells mL~!) with nearly complete degradation of lactose
(17.04+ 0.2 mM, retention time at approximately 6 min) and 3-GOS
after 24 h incubation, producing acetate (74.14 1.3 mM), lactate
(41.94+0.1 mM) and formate (3.2 +£0.4mM) (Fig. 3C1-3). Because
the theoretical yield of the bifid shunt is 3 mol of acetate and
2mol of lactate for 1 mol of lactose [20], it may be estimated
that approximately one-third of the acetate and lactate were pro-

duced from B-GOS utilization. B. bifidum grew to log 8.7+0.8
cells mL~! and completely hydrolyzed lactose and degraded [B-
GOS during 24h incubation, which resulted in the production
of acetate (55.44+2.4mM), lactate (28.2+2.0mM) and formate
(2.44+0.7mM) and the accumulation of galactose (2.8 +0.7 mM)
(Fig. 3B1-3).

Cell densities of C. avidum P279 in mYCFA_L-3-GOS co-cultures
with B. infantis (log 8.7+0.3 cells mL~!) and B. bifidum were
similar (log 8.7+0.2 cells mL~!) and not significantly different
from the single culture (p=0.09 and p=0.1, respectively). The
growth of B. infantis (log 7.6 + 0.4 cells mL~1) and B. bifidum (log
7.4+0.4 cells mL~1) was inhibited in co-cultures with C. avidum
P279 (significantly for B. infantis; p=0.03) compared to single
cultures, despite similar initial cell concentrations (Fig. 3D1 and
E1). During co-cultures, propionate production (22.3 + 1.1 mM and
22.5+2.0mM for B. infantis and B. bifidum, respectively) was sig-
nificantly enhanced compared to single culture of C. avidum P279
(10.1 £1.4mM; p<0.01). Bifidobacteria partially consumed lac-
tose (7.94+0.5mM and 10.8 +0.8 mM for B. bifidum and B. infantis,
respectively) and 3-GOS (Fig. 3D-E). Formation of acetate was sim-
ilar for both bifidobacteria, with 11.6+1.0mM (B. bifidum) and
10.6 2.8 mM (B. infantis). Galactose accumulated (3.8 0.2 with
B. infantis and 3.1+ 1.5 with B. bifidum), while formate was not
detected in co-cultures (<1.0 mM) (Fig. 3D1-3 and E1-3).
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Discussion

In this study, we examined whether infant C. avidum strains
are adapted to the infant gut environment. We thereby com-
bined two approaches: for all strains with available isolates, we
determined enzyme activity and for all strains with available
genomes, we determined the potential for $-glucuronidase and
a-galactosidase activity (= presence of enzyme encoding genes).
Alpha-galactosidase and (3-glucuronidase activity were variable
between strains and most prominent in a phylogenetically closely
related group, which harbored mostly strains isolated from infant
fecal samples, suggesting these two functions as ecological adaptive
traits. C. avidum strains isolated from infant feces had the abil-
ity to produce propionate and acetate through cross-feeding with
bifidobacteria.

C. avidum are genetically heterogeneous and a subpopulation
might be adapted to the infant gut environment

C. avidum strains were genetically heterogeneous, nevertheless
we identified a group of strains, which was almost exclusively
represented by isolates from infant feces. Further infant isolates
grouped together with strains from different body sites suggest-
ing niche adaptation by a subpopulation of C. avidum. In agreement
with two previous analyses based on whole genome orthoANI and
on single-nucleotide polymorphisms in the core genomes of dif-
ferent C. avidum strains, our analysis identified UCD-PD2 and DPC
6544 as different subpopulations from the type strain ATCC 25577
[1,11].

Specific enzymatic activity may confer niche adaption

Cutibacterium species have adapted to specific niches by acquir-
ing genes encoding for specific metabolic traits e.g. carbohydrate
transporters and lipases, and losing functions e.g. branched-chain
amino-acid transporters [35,58]. Proteolytic activity and prefer-
ence for humid skin regions, together with mutualistic colonization
in areas rich in enteric Gram-negative bacteria, have been sug-
gested as adaptive traits specific of C. avidum [11].

In the infant gut ecosystem, the ability to use carbohydrates as
energy sources provides a competitive advantage. While all tested
strains were able to use maltodextrins and lactose, highlighting
the ability to utilize starch-like dietary compounds and breast milk
components, respectively, a-galactosidase activity or the presence
of a-galactosidase encoding genes was more prevalent in a phylo-
gentically distinct group of strains harbouring mostly isolates from
the infant gut. Alpha-GOS are dietary fibres present in grains and
legumes, and are occasionally added to infant formula [30]. Alpha-
Gal 1-3 linkages are found in the histo-blood glyco-antigen type B
(Gala1-3(Fuca1-2)Gal) covering the O-glycans in gastrointestinal
mucin, which is an endogenous carbohydrate source [53,68]. The
presence of a-galactosidase thus enlarges the substrate spectrum
of C. avidum in the intestine.

Even more conserved than «-galactosidase activity, -
glucuronidase activity and the presence of full-length f-
glucuronidase-encoding genes was limited to a subpopulation
of C. avidum. Beta-glucuronidase activity has been identified in
main gut colonizers of the phyla Firmicutes (for e.g. Faecalibac-
terium prausnitzii, Roseburia spp.), Bacteroidetes (Bacteroides fragilis
and Bacteroides vulgatus), Actinobacteria (Bifidobacterium pseu-
dolongum), and Proteobacteria (Escherichia coli), and has been
suggested as an adaptive mechanism for metabolism of conju-
gated dietary compounds (e.g. flavonoids present in breast milk)
and endogenous (e.g. bilirubin and steroid hormones) and xenobi-
oticcompounds [12,38,42,48,52]. Glucuronic acid is a component of
mucin, and 3-glucuronidase activity has been related to mucin uti-

lization in bifidobacteria and to E. coli colonization of the intestinal
mucus layer [10,47,57]. For strains UCD-PD2, DPC 6544, TM16 and
44067, T14 and MJR7694, genes encoding (3-glucuronidase were
located in close proximity to genes encoding a-glucosidases and
enzymes involved in glucuronate utilization, which could feed into
the ED pathway [47]. In agreement, infant isolates of C. avidum
with B-glucuronidase activity, were able to metabolize glucuronic
acid, forming propionate and acetate in a ratio of 1:1, as predicted
by the ED pathway [47] and after which pyruvate is oxidized to
acetate, and glyceraldehyde-3-phosphate forms propionate via the
Wood-Werkman cycle [51].

Virulence traits are less prevalent in a subpopulation of infant
fecal isolates

Hemolytic activity on erythrocytes from different species has
been previously reported for C. avidum strains, and has been asso-
ciated with a thiol-activated (oxygen-labile) protein of 32 kDa
[21,16]. Hemolysis in C. acnes isolates from periprosthetic shoul-
der infections did not seem related to increased pathogenicity [34];
data linking hemolysis to C. avidum virulence is lacking. We con-
firmed hemolytic activity of the type strain ATCC 25577. Hemolysis
was previously reported for strain CI882 and we identified addi-
tional hemolysis-positive infant fecal and breast milk isolates [1].
The lack of hemolytic activity in infant fecal isolates from the sub-
population could have resulted from gene deletions or mutations,
resulting in loss of a function that is not providing ecological benefit
in a specific niche [43].

C. avidum can employ diverse strategies to feed on carbon sources
present in the infant gut

To thrive in the infant gut, C. avidum must be able to consume
diet- or host-derived substrates or fermentation intermediates
provided by other commensals. The ability to consume the fermen-
tation intermediate lactate and glycerol might confer C. avidum
with a competitive advantage in the infant gut. Lactate is a key
metabolite in the infant gut, produced by several infant gut colo-
nizers [5,27,33,49]. Glycerol utilization has been identified as a core
function of the early gut microbiome but has not been well inves-
tigated [73]. Considering that breast milk has a high content of fat
(24-59gL-1), of which >98% are triacylglycerols (TAG) [15], and
that fat absorption is usually incomplete (23-59%), a sizeable con-
centration of glycerol might be available for microbial utilization in
the infant colon [2,37,70]. Additionally, all C. avidum infant isolates
presented mild activity for the tested lipolytic enzymes (Table S8
in Supplementary material) and consequently might have limited
capacity to degrade TAG.

In co-cultures, C. avidum feeds on lactate and monosaccharides

Bifidobacterium spp. are dominant colonizers in infants and pri-
mary degraders of milk oligosaccharides [18]. Establishment of
microbial interactions between Bifidobacterium spp. and C. avidum
in the infant gut depends on the type of complex carbohydrates
available and production of lactate. We therefore compared cross-
feeding with B. infantis and B. bifidum, which degrade HMOs with
the use of internal and external glycosyl-hydrolases, respectively.

Differences in HMO utilization strategies affected metabolic
exchange and SCFA production in co-cultures with C. avidum P279.
The translocation of intact oligosaccharides followed by intracellu-
lar metabolism by B. infantis led to mainly lactate cross-feeding
with C. avidum. Considering the theoretical yield for lactate via
the Wood-Werkman cycle, the additional 11.8 mM of propionate
formed by B. infantis/C. avidum co-culture compared to single cul-
ture could have originated from the 17.7 mM lactate produced by B.
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infantis. These results support in vivo data in which infant coloniza-
tion by Cutibacterium correlated negatively with fecal lactate at 2
weeks and positively with Bifidobacterium abundance at 8 weeks
of age [55]. On the other hand, secretion of glycosyl hydrolases
and extracellular degradation of HMOs and [3-GOS by B. bifidum
produces di- and monosaccharides for feeding infant isolates of
C. avidum, explaining the enhanced propionate and acetate for-
mation and disaccharide accumulation during B. bifidum/C. avidum
co-cultures.

The type of carbohydrate influenced cross-feeding between bifi-
dobacteria and Cutibacterium. Co-cultures of C. avidum P279 with B.
infantis or B. bifidum in mYCFA_L-3-GOS resulted in production of
propionate and acetate in a ratio of 2:1, while higher proportions of
acetate were detected in co-cultures in mYCFA_HMO. These results
indicate that interactions between Cutibacterium and bifidobacte-
ria might differ depending on the feeding type of the infant; for
example, breast feeding versus feeding infant formula.

Unexpectedly, the growth of the tested bifidobacteria was
greatly reduced during co-cultures with C. avidum P279, although
inoculum concentrations were similar and bifidobacteria had faster
kinetics than C. avidum single cultures. The reason for this growth
reduction is not known, and may not be explained by substrate
limitation or product inhibition during initial growth.

Conclusion

Using a novel MLSA screening using five housekeeping
genes (glyS, infB, rplB, pyrG and groEL) in combination with
physiologically-based assays, this study was able to reveal genetic
and functional heterogeneity of C. avidum and suggested the exis-
tence of a possible subpopulation of C. avidum adapted to the infant
gut. Representatives of this subgroup possessed enzymatic activi-
ties beneficial in the infant gut and lacked hemolytic activity, which
would not contribute to an ecological advantage. The colonization
ability of C. avidum in the infant gut may relate to ecological adap-
tation. Our results suggest that C. avidum contributes to propionate
formation in the infant gut via metabolic cross-feeding with pri-
mary degraders such as Bifidobacterium spp. Taken together, this
study points to C. avidum as early infant gut colonizer, in contrast
with previous reports focusing on the pathogenic potential of this
species.
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