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Abstract

Human Milk Oligosaccharides (HMOs) are glycans with prebiotic properties known to drive microbial selection in the infant gut, which
in turn influences immune development and future health. Bifidobacteria are specialized in HMO degradation and frequently domi-
nate the gut microbiota of breastfed infants. However, some species of Bacteroidaceae also degrade HMOs, which may prompt selection
also of these species in the gut microbiota. To investigate to what extent specific HMOs affect the abundance of naturally occur-
ring Bacteroidaceae species in a complex mammalian gut environment, we conducted a study in 40 female NMRI mice administered
three structurally different HMOs, namely 6’sialyllactose (6'SL, n = 8), 3-fucosyllactose (3FL, n = 16), and Lacto-N-Tetraose (LNT, n = 8),
through drinking water (5%). Compared to a control group receiving unsupplemented drinking water (n = 8), supplementation with
each of the HMOs significantly increased both the absolute and relative abundance of Bacteroidaceae species in faecal samples and
affected the overall microbial composition analyzed by 16s rRNA amplicon sequencing. The compositional differences were mainly
attributed to an increase in the relative abundance of the genus Phocaeicola (formerly Bacteroides) and a concomitant decrease of the
genus Lacrimispora (formerly Clostridium XIVa cluster). During a 1-week washout period performed specifically for the 3FL group, this
effect was reversed. Short-chain fatty acid analysis of faecal water revealed a decrease in acetate, butyrate and isobutyrate levels in
animals supplemented with 3FL, which may reflect the observed decrease in the Lacrimispora genus. This study highlights HMO-driven
Bacteroidaceae selection in the gut environment, which may cause a reduction of butyrate-producing clostridia.
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Introduction been detected in the blood of the breastfed infants suggesting they

The newborn gut microbiota is typically characterized by a low
bacterial diversity and dominated by facultative anaerobic bac-
teria, reflecting the oxygenated state of the gut at birth (Backhed
et al. 2015, Ferretti et al. 2018). The microbiota then undergoes
large, but mostly conserved structural changes on a successional
path towards a well-established microbiota achieved at about 3
years of age (Stewart et al. 2018, Laursen et al. 2021). Several dif-
ferent external factors influence these structural changes includ-
ing early life exposure to antibiotics (Nobel et al. 2015), while the
most important natural influencer is human breast milk (Stewart
et al. 2018). Breast milk contains structurally diverse Human Milk
Oligosaccharides (HMOs, 5-25 g/l) with about 200 different natu-
ral forms categorized into fucosylated, sialylated, and nonfucosy-
lated neutral structures (Bode 2012, Chen 2015). The HMOs have
no direct nutritional value for the infant, as humans lack the en-
zymatic capabilities to hydrolyse these compounds (Brand-Miller
et al. 1998, Gnoth et al. 2000). However, low levels of HMOs have

may confer systemic health benefits (Goehring et al. 2014). How-
ever, the majority of HMOs reach the colon where they selectively
promote growth of certain bacteria in the developing gut micro-
biota and, thus have a prebiotic capacity (Bode 2015). Specifically,
HMOs have been found to be highly important in establishing and
maintaining a community rich in infant-associated bifidobacte-
ria such as Bifidobacterium longum ssp. infantis with relatively low
overall bacterial diversity (Laursen et al. 2021). In accordance with
this, a recent studyin 12 infants sampled densely during the first 2
years (n = 1048), points to the cessation of breastfeeding as the key
to the switch from an infant-like bifidobacteria-dominated com-
munity towards an adult-like community dominated by Clostridi-
ales and Bacteroidales (Tsukuda et al. 2021). Notably, the study
also demonstrated that the increase in Clostridiales is associated
with a concurrent increase in faecal butyrate, which is typically
almost absent in very early life. Some bacterial species within the
Bacteroidaceae family are also able to utilize HMOs as a carbon
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source (Yu et al. 2013, Salli et al. 2021). Specifically, the species
Phocaeicola vulgatus, formerly Bacteroides vulgatus (Garcia-Lépez et
al. 2019), has in several independent studies been shown to obtain
high in vitro growth on the major fucosylated and sialylated HMOs
namely 3-fucosyllactose (3FL), 2'-fucosyllactose (2'FL), lactodifu-
cosyllactose (LDFL), 3'-sialyllactose (3'SL), and 6'SL (Yu et al. 2013,
Salli et al. 2021).

The potential competition for HMOs between bifidobacteria
and Bacteroidales has been investigated both in vitro and in vivo
and is proposed to be based on differences in specificity for uptake
of the HMO (Marcobal et al. 2011). Bacteroides species are general-
ists and use a mucin-glycan degradation pathway for HMO uti-
lization, while infant-type bifidobacteria are specialists and grow
efficiently on HMOs but not on mucin glycans. The specificity of
bifidobacteria might give them the selective advantage observed
when inoculated in a 1:1 competition with Bacteroides species us-
ing a HMO supplemented germ-free mouse model (Marcobal et al.
2011). Nonetheless, in experiments with animals colonized with
a complex adult microbiota, Bacteroidaceae respond positively to
HMO supplementation (Pruss et al. 2020). However, in this study
animals were consuming a microbiota-accessible carbohydrate
deficient diet, and it is unknown if similar Bacteroidaceae enrich-
ing effects of HMO supplementation would apply if animals are
consuming a complex fibre rich diet.

It is possible that expansion of Bacteroides species observed
during the complementary feeding period (the transition from ex-
clusive breastfeeding to family foods) could be driven by the com-
bined presence of HMOs and introduction of more complex carbo-
hydrates and fibres reflecting their metabolic capacities (Laursen
et al. 2017, Stewart et al. 2018). In addition, in the adult setting,
with limited abundance of HMO-degrading Bifidobacterium species,
Bacteroidaceae may enrich during prebiotic HMO supplementation.
Indeed, potential benefits of HMOs as a prebiotic supplement be-
sides infant nutrition have been considered (Elison et al. 2016, Fon-
vigetal. 2021, Iribarren et al. 2021). A recent trial in healthy adults
showed that oral supplementation with 2’-O-fucosyllactose (2'FL),
lacto-N-neotetraose (LNnT), or a mix of the two up to 20 g/day
for 2 weeks (n = 10/group) was well-tolerated and linked to an
increase in the relative abundance of Actinobacteria and specifi-
cally Bifidobacterium coupled to a reduction in Firmicutes and Pro-
teobacteria (Elison et al. 2016). The relevance of bifidobacteria as
a marker for a healthy intestinal community in adults is, however,
not well-established (Schnorr et al. 2014), so other HMO induced
microbiota changes with potential health effects should also be
considered. In the present study, we sought to investigate modula-
tory effects of oral HMO supplementation, including 3FL, Lacto-N-
Tetraose (LNT), and 6’sialyllactose (6’SL) on bacterial community
composition, short-chain fatty acids concentrations and colonic
gene expression in a NMRI mouse model lacking infant-type bifi-
dobacteria. The chosen compounds represent abundant and com-
mercial available fucosylated, basic neutral and sialylated HMOs
found in human breast milk.

Materials and methods

HMO drinking water solutions

3FL, LNT, and 6'SL in powder form was obtained from Glycom A/S
with a purity above 92% (3FL = 92.4%; LNT = 95.5%; and 6'SL
= 98.8%). HMOs were separately dissolved in autoclaved water,
sterile filtered (0.45 um) and adjusted to a concentration of 50 g/1
(5% w/v) in a total volume of 600 ml. From these solutions water
was transferred to individual drinking water bottles. Animals in

the CTR group received unsupplemented autoclaved water. Drink-
ing bottles were refilled when necessary. In a previous pilot trial
the drinking water intake of NMRI mice (same age and gender)
was found to be approximately 5 ml per day with no difference
observed between pure (autoclaved) and 3FL (5%) supplemented
drinking water. The daily intake of HMOs was thus calculated to
be approximately 0.25 g/animal/day.

Design of the animal study

A total of 40 conventional NMRI, 6-weeks-old, female mice were
obtained from Taconic and kept in a Scantainer under a 12 h
light:dark cycle at a temperature of 22 + 1° and relative humid-
ity of 55 + 5%. The mice were fed ad libitum Altromin 1314 chow
(Brogaarden ApS, Lynge, Denmark) and autoclaved water in drink-
ing bottles. A total of 4 days after arrival, on experimental Day 5
the mice were pseudo-randomized according to weight in four ex-
perimental groups; three groups of eight mice and one group of 16
mice and housed in cages of two (Fig. 1A). On experimental Day 0,
before starting the treatment, the mice were weighed and faecal
samples collected. The drinking bottles from each cage were ex-
changed with bottles containing clean autoclaved water, which for
the treatment groups were supplemented with 50 g/l LNT, 50 g/1
6’SL, or 50 g/l 3FL, respectively. Animals in the CTR were provided
nonsupplemented autoclaved water. On experimental Days 2, 5,
and 8, the mice were weighed and faecal samples were collected
directly from the animals. On Day 8, all mice of the CTR, 6'SL, and
LNT groups (n = 8/group) and half of the mice in the 3FL group (n
= 8) were anesthetized (hypnorm/midazolam) for collecting por-
tal vein blood before being euthanization by cervical dislocation.
The remaining half of the 3FL group mice (n = 8) continued into
the washout period where the drinking bottles were exchanged
with clean bottles containing autoclaved water without the sup-
plementation. The 3FL group was selected based on data from a
pilot study. On experimental Days 9, 12, and 15, the remaining
mice were weighed and faecal samples collected. On Day 15, the
eight remaining mice of the washout group were euthanized as
described. All faecal samples were kept at room temperature in
2-ml tubes until processing immediately after the sampling. The
mouse experiment was approved by the Danish Animal Experi-
ments Inspectorate (license no. 2020-15-0201-00484 C nr.: C-1)
and was overseen by the National Food Institute’s in-house An-
imal Welfare Committee for animal care and use.

Dissection

The intestines were dissected to obtain the tissue samples from
mid-colon stored in RNAlater (Invitrogen™) for gene expression
analysis and pellets from distal-colon for culturing and SCFA
analysis. Colon samples were kept on ice until processing imme-
diately after the dissection.

Plating, enumeration, and isolation of
Bacteroidaceae strains

Selective plating of Bacteroidaceae was performed on Brucella
laked blood agar prepared from Brucella Agar with Hemin
and Vitamin K1 (B2926 Sigma-Aldrich) supplemented with
50 ml/l filter-sterilized defibrinated sheep blood (no. 8545090
E&O Laboratories), 50 mg/1 kanamycin, and 10 mg/1 vancomycin
(BrLa+Kan+Van agar). On the day of use, the plates were pre-
warmed at room temperature for approximately 4 h before plat-
ing appropriate dilutions of intestinal content. Faecal samples
obtained from individual animals or intestinal content obtained
upon dissection were weighed and then homogenized in 500 pl



phosphate-buffered saline (PBS) by the pipet tip followed by 10 s
vortexing on maximum speed. The resulting faecal/intestinal so-
lution was 10-fold serially diluted in 96-well plates using a multi-
channel pipet with automatic mixing steps between rows. From
each dilution, 5 pl was spot plated onto BrLa+Kan+Van agar
plates and incubated for 2 days under anaerobic conditions at
37°C before enumeration. Enumeration of Bacteroidaceae was
performed as CFU counts of spots with 5-20 visible isolates,
summed between triplicates of each dilution, and multiplied by
the dilution factor. Additionally, colonies from 12 randomly se-
lected plates from dissections on Day 8 (HMO-supplemented an-
imals) were further used for strain isolation and taxonomic iden-
tification. Two colonies from each of the 12 plates were restreaked
on fresh BrLa+Kan+Van agar and grown for additional 2 days as
stated above. Purified colonies were aseptically inoculated into a
1-ml cryo-vial containing Luria-Bertani (LB) broth and 15% glyc-
erol, vortexed and stored at —80°C until further use.

Isolate identification

The putative Bacteroidaceae isolates obtained from colon and
faecal samples and intestinal content on the dissection day
were plated from glycerol stocks on fresh BrLa+Kan+Van agar
and grown for 2 days under anaerobic conditions at 37°C. Ge-
nomic DNA from the 22 isolates that regrew was extracted by
use of the DNeasy UltraClean Microbial DNA Isolation kit (no.
12224-50, Qiagen) according to the manufacturer’s protocol. Me-
chanical lysis of bacterial cells was performed at 30 cycles/s for
10 min on a bead beater MM300 (Retsch VWR). DNA concentra-
tions were measured by the Qubit dsDNA HF kit (Q33266, Invitro-
gen) and samples diluted with nuclease-free water (W4502 Sigma-
Aldrich) to a concentration of 5 ng/ul. The 16S rRNA gene se-
quences were amplified in a 50-pl PCR reactions containing 10 pl
5X Phusion™ HF-Buffer, 1 uL. dNTPs (10 mM of each oligo), 1 uM
universal forward primer 27F (AGA-GTT-TGA-TCM-TGG-CTC-AG),
1 pM universal reverse primer 1492R (TAC-GGY-TAC-CTT-GTT-
ACG-ACT-T), 1 pl template DNA (5 ng/ul), and 0.5 uL Phusion™
High-Fidelity DNA polymerase (F-530 Thermo Scientific). Reaction
conditions were as follows: Initial denature 98°C for 30 s, 35 cy-
cles of 98°C for 15 5, 61°C for 15 s, 72°C for 60 s, and lastly 72°C for
5 min before cooling to 4°C. The PCR products were purification
by use of the MinElute PCR purification kit (no. 28004 Qiagen)
and diluted to 20-80 ng/ul with nuclease-free water. Each puri-
fied PCR product (5 pl) was mixed with 5 pl forward primer 27F
(5 pmol/pl) and shipped to Eurofins facility (Eurofins Genomic Se-
quencing GMBH 51105 Kéln, Germany) for Sanger-sequencing.

Handling of fecal samples for gut microbiota and
SCFA analyses

After the initial dilution of faecal samples described in the above
section, the samples were centrifuged at 16 000 x g for 10 min
at 4°C and 500 pl supernatant saved in 1.5-ml tubes at —20°C for
later SCFA analysis. The pellet was stored at —20°C until bacterial
DNA extractions. Bacterial DNA extraction was conducted by use
of the DNeasy PowerLyzer PowerSoil Kit (no. 12855-50 Qiagen) es-
sentially according to manufactures recommendations. Mechan-
ical lysis of bacterial cells was performed at 30 cycles/s for 10 min
on a bead beater MM300 (Retsch VWR). DNA concentrations were
measured by the Qubit dsDNA HF kit (Q33266, Invitrogen) and ad-
justed to 5 ng/ul in nuclease-free water (W4502 Sigma-Aldrich).
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Gut microbiota analysis

Microbiota profiling was performed essentially as previously
described (Laursen et al. 2021). Briefly, the V3 region of the
16s TRNA gene in extracted community DNA was PCR amplified
by using a universal forward primer with a unique 10-12 base-
pair barcode for each sample (PBU 5'-A-adapter-TCAG-barcode-
CCTACGGGAGGCAGCAG-3") and a universal reverse primer (PBR
5’-trP1-adapter-rATTACCGCGGCTGCTGG-3") in 20 ul reactions
containing 4 ul 5X Phusion™ HF-Buffer, 0.4 pl dNTPs (10 mM
of each oligo), 1 uM forward primer, 1 uM reverse primer, 1 pl
template DNA (5 ng/ul) and 0.2 ul Phusion™ High-Fidelity DNA
polymerase (F-530 Thermo Scientific). Reaction conditions were
as follows: Initial denature 98°C for 30 s, 24 cycles of 98°C for
15 s, 72°C for 30 s, and lastly 72°C for 5 min before cooling to
4°C. The PCR products were purified by the HighPrep™ PCR clean-
up system (AC-60500 Magbio) according to the manufacturer’s
protocol. The resulting DNA concentrations were determined by
Qubit HS assay and libraries constructed with mixing equimolar
amounts of each PCR product. Partial 16S rRNA gene sequencing
was performed on an Ion S5™ System (ThermoFisher Scientific)
using OneTouch 2 ITon5: 520/530 kit—OT?2 400 bp and an Ion 520
Chip.

Sequence data handling

Raw sequence data was initially quality checked and sequenc-
ing depth deemed satisfactory. The sequences were imported into
CLC genomic workbench (v8.5, CLCbio, Qiagen) as FASTQ files,
demultiplexed and trimmed using defaults settings. Reads be-
low 125 bp and above 180 bp were discarded. The trimmed se-
quences were exported to Rstudio (version 4.0.5; Team RStudio
2015) and the Divisive Amplicon Denoising Algorithm 2 (DADA2)
pipeline (Callahan et al. 2016) was used (standard settings, except
pool = true and adjustments recommended for Ion Torrent reads,
namely HOMOPOLYMER_GAP_PENALTY = -1, BAND_SIZE = 32,
were implemented in the dada() function) to generate Amplicon
Sequence Variants (ASVs), which were taxonomically classified
using the Ribosomal Database Project database (rdp_train_set_18;
Wang et al. 2007). The ASV taxonomic classification table and the
ASV sequences and counts per sample were imported into Quan-
titative Insights Into Microbial Ecology 2 software (QIIME 2 Core—
2020.11; Bolyen et al. 2019) and data sorted to contain only taxa
of bacterial origin with very rare reads sorted out by setting a
minimum frequency of 100 across all samples. Alpha and beta
diversity metrics were calculated by the function ‘Diversity Core-
metrics-phylogenetic’ based on a rooted phylogenetic tree. When
performing diversity analysis each sample was rarefied to 11 000
reads to obtain even sampling depths. For beta diversity, when ap-
plicable, the data were sorted according to either experimental
day (when performing ANOSIM or ANCOM analysis) or to taxo-
nomic level when performing beta diversity analysis on a subset
of the data. Relative abundance calculations were based on non-
rarefied reads.

Alignment and generation of a phylogenetic tree
for 16S rRNA genes from isolates and microbial
profiling

The 16s rRNA gene sequences obtained by Sanger sequencing of
each isolate were quality assessed by CLC Main Workbench and
trimmed to obtain only high-quality nucleotide reads. The se-
quences were searched against the National Center for Biotech-
nology Information (NCBI) Nucleotide database by the NCBI
BlastN tools and the top match was applied as the putative tax-
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onomic classification (Altschul et al. 1990). From the Ribosomal
Database Project (rdp.cme.msu.edu) the 16S rRNA gene sequence
from a total of 11 type strains representing both the Bacteroides
genus and the Phocaeicola genus were downloaded and exported
into CLC Main Workbench. Furthermore, sequences of ASVs taxo-
nomically classified as either Bacteroides or Phocaeicola were sorted
and the relative abundance of each ASV was summed across all
samples. ASVs with a relative abundance sum above 1% were also
imported into CLC Main Workbench using the ASV number and
genus name as the identifier of the sequence. All sequences were
trimmed to the same length (V3 region) before performing a mul-
tiple alignment and creating a phylogenetic tree with the algo-
rithm ‘Neighbour-Joining’, the distance measure of ‘Jukes-Cantor’
and the bootstrap setting of 100 replicates.

Short-chain fatty acids analysis of faecal waters

Faecal water samples obtained on the dissection day were pre-
pared by thawing faecal supernatants at room temperature fol-
lowed by centrifugation at 16 000 x g at 4°C for 5 min. The su-
pernatants were then filtered through Costar SpinX centrifuge fil-
ters 0.22 um (CLS8160 Sigma-Aldrich) at 15 000 x g for 5 min
until clear. The filters were removed from the columns and the
solutions were immediately couriered to MS-Omics (Vedbaek, DK-
2950, Denmark) where they were stored at —80°C until analysis
as follows. Samples were acidified using hydrochloride acid, and
deuterium-labelled internal standards were added. All samples
were analyzed in a randomized order. Analysis was performed us-
ing a high polarity column (Zebron™ ZB-FFAP, GC Cap. Column
30m x 0.25 mm x 0.25 um) installed in a GC (7890B, Agilent) cou-
pled with a quadrupole detector (59778, Agilent). The system was
controlled by ChemStation (Agilent). Raw data were converted to
netCDF format using Chemstation (Agilent) before the data was
imported and processed in Matlab R2014b (Mathworks, Inc.) us-
ing the PARADISe software described by Johnsen et al (2017).

RNA isolation from colonic tissue

Tissue samples from the colon were collected at dissection and
stored in RNAlater (Sigma-Aldrich) at —80°C until further analysis.
Approximately 30 mg of the tissue sample was used to purify to-
tal RNA. Samples were homogenized using a tissue-lyzer (QIAGEN
Tissue lyser II) followed by total RNA purification (no. 74106, Qia-
gen), using Qiagen RNeasy with on-column DNase digestion using
Qiagen RNase free DNase kit (no. 79254, Qiagen). cDNA synthesis
was performed using omniscript c-DNA synthesis kit (no. 205113,
Qiagen), Random primer mix (no. S1330S, Bio Nordica), and Anti
RNAse (no. AM2694, Invitrogen) according to manufacturer’s pro-
tocol.

RT- qPCR, gene expression analysis

The real-time quantitative PCR was carried out using Roche light
cycler Real-Time PCR System (Roche) and threshold cycle values
were calculated by light cycler software (Roche). Reactions were
performed in triplicates in 384-well PCR plates (Thermo Scien-
tific). The total volume in each well was 10 ul, containing 3 pl
diluted cDNA (1:24), 5 pl Tagman Fast Advanced Master Mix (no.
4444963, ThermoFisher Scientific), and 0.5 pl Tagman Gene ex-
pression Assay primer/probe mix (ThermoFisher Scientific). Gene
assays used were Occludin (MmO00500912_m1), Tight junction pro-
tein 1 (Tjp 1 MmO00493699_m1), Tumor necrosis factor-a (TNF-«
MmO00443258 m1), and Mucin 2 (Muc2 MmO01276696_m1), cho-
sen to represent tight junction, mucin and an inflammatory cy-
tokine all potentially affected by modification of the gut micro-

biota and/or exposure to HMOs. Glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH Mm99999915_g1) and Beta-Actin (B-actin
MmO00607939_s1) were used as reference genes. Thermal cycling
conditions for the reaction were as follows: 1 cycle at 50°C for
2 min, 1 cycle at 95°C for 20 s, 45 cycles at 95°C for 3 s, and 60°C
for 30 s. The relative gene expression of the target genes was cal-
culated using the 2-22%t method and normalized with the house-
keeping genes GAPDH and B-actin.

Statistics

GraphPad Prism Software was used for statistical analysis unless
otherwise stated. t-tests were applied for testing differences in
means between two groups when data were normally distributed
while a Mann-Whitney test was applied when data were not nor-
mally distributed. One- or two-way ANOVA tests or mixed-effects
analysis were used when appropriate with multiple comparisons
performed by Dunnett’s post-hoc test. Alternatively, Kruskal-Wallis
nonparametric tests with Dunn’s multiple comparisons test were
used. Correlation analysis was performed by Spearman rank’s
analysis. Microbial profiling data obtained by 16S rRNA gene se-
quencing were analyzed with QIIME2, employing ANOSIM for test-
ing differences in the community between groups (beta diversity)
and the ANCOM test for assessing differently abundant taxa be-
tween groups and sampling times using default settings (Clarke
1993, Mandal et al. 2015).

Results

HMO supplementation increased the absolute
abundance of Bacteroidaceae family bacteria
enumerated by culturing

The conventional NMRI mice used in this study tolerated supple-
mentation of 5% HMO in their drinking water well and no dif-
ferences in weight between groups were observed (Figure S1A,
Supporting Information). From experimental Days O to 15 Bac-
teroidaceae colony forming units (CFU) in fecal samples were enu-
merated (Fig. 1A). No differences were found between the groups
on Day 0 before HMO supplementation commenced (Fig. 1C, P =
.28, Kruskal-Wallis test). Supplementation with HMOs resulted
in significant changes in Bacteroidaceae levels (Fig. 1C, P = .0006,
mixed-effects analysis). After 2 days of supplementation of HMOs
in drinking water (5% 6’SL, LNT, or 3FL), higher counts of Bacterio-
daceae were observed in the LNT and 3FL groups compared to the
control group (CTR) while all three treatment groups were signif-
icantly higher on Day 5 (Fig. 1C, P < .05, Dunnett’s multiple com-
parisons test). On Day 8 most of the animals were terminated, yet
a washout group was maintained in the 3FL group (3FL-WO, n = 8)
and followed for an additional 7 days without HMO supplemen-
tation, which resulted in a significant decrease in Bacteroidaceae
(Fig. 1C, P < .0001, one-way ANOVA) compared to Day 8. Already 1
day after removing 3FL from the drinking water (Day 9), a signifi-
cant decrease in Bacteroidaceae was observed as compared to Day
8 (P =.0004, Dunnett’s multiple comparisons test). Counts of Bac-
teroidaceae remained decreased in 3FL-WO mice compared to Day
8 during the remainder of the washout period (Fig. 1C).
Bacteroidaceae CFUs were enumerated in the cecum and colon
content after euthanization on Day 8 (n = 8 per group) and Day 15
from the 3FL-WO (n = 8). We found significant differences between
both compartments (P = .0014), with overall higher counts in
colon and between treatment groups (P < .0001) by mixed-effects
analysis. In both cecum and colon, the 6'SL group had significantly
higher levels of Bacteroidaceae compared to the CTR group, while
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Figure 1. Experimental design and Bacteroidaceae culturing data in NMRI mice. (A) The experimental study design of the animal trial is shown
indicating period of HMO supplementation and sampling times. (B) chemical structure of the three different HMOs, 6’SL, 3FL, and LNT included as
study substrates. (C) Enumeration of CFUs from faecal samples obtained before, during, and after the HMO supplementation period is shown as mean
values with error bars indicating standard deviations. The period of HMO supplementation in drinking water is highlighted as a shaded box. (D)
Box-plots showing CFU counts of samples obtained from the cecum and colon at the end of the HMO supplementation period and after the 1-week
washout period for the 3FL-WO group. Individual values are shown with whiskers highlighting minimum and maximum values. P-values were
obtained by mixed-effects analysis followed by Dunnett’s multiple comparisons tests between CTR and all HMO supplementation groups individually
with *P < .05, **P < .01, ***P < .001, and ****P < .0001 or repeated-measures ANOVA followed by Dunnett’s multiple comparisons tests comparing
washout period time points to Day 8 CFU counts in the 3FL group with #P < .01 and ##P < .001.

all three HMO treatment groups resulted in higher Bacteroidaceae
counts in the colon. (Fig. 1D, P < .05, Dunnett’s multiple compar-
ison test). After the washout period, levels of Bacteroidaceae were
not significantly different from the CTR group in any of the com-
partments (Fig. 1D).

Cultured Bacteroidaceae belonged to several
genera and matched the Amplicon Sequence
Variants identified by 16S rRNA gene sequencing

A total of 21 bacterial isolates from Day 8 faecal and colon sam-
ples from several different animals were picked randomly from
different animals, excluding the CTR group. Identification by par-
tial 16s rRNA gene Sanger sequencing confirmed that colonies

mostly belonged to the Bacteroidaceae family with strains repre-
senting several different Bacteroides and Phocaeicola species (Table
S1, Supporting Information). A total of four of the 21 isolates did
not belong to the Bacteroidaceae family. Alignment of the V3 regions
of the 16S rRNA gene sequences obtained from isolated colonies
with the most prevalent Bacteroidaceae ASVs identified by 165 rRNA
gene profiling (Table S2, Supporting Information) showed an over-
all good match between the two methods (Fig. 2). The gener-
ated phylogenetic tree including also type strains revealed dis-
tinct clades for the genus Bacteroides and the genus Phocaeicola, un-
derlining the taxonomic differences between these recently sepa-
rated genera. The only exception was the species Bacteroides frag-
ilis, which seemed more closely related to Phocaeicola faecalis based
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by the ‘Neighbour-joining’ method using the ‘Jukes-Cantor’ distance measures with bootstrap values shown (100 replicates). The bar shows

phylogenetic distance.

on this dataset. The genus Phocaeicola itself also appeared to be
further divided into two distinct clades represented by P. vulgatus
and P. fragilis respectively, with phylogenetic distances as large as
those found between Bacteroides and Phocaeicola genera, indicat-
ing substantial phylogenetic variation between species within the
Phocaeicola genus (Fig. 2).

HMO supplementation affected microbial
composition dependent on the specific
compound

Microbial profiling by 16S rRNA gene sequencing before and after
HMO supplementation showed a marked reduction of both rich-
ness (observed number of ASVs) and Shannon diversity in animals
that had received 6’SL (Fig. 3A and B, P < .05, paired t-test), while
no differences in alpha diversity were observed in the LNT and 3FL
groups. The relative abundance of bacterial classes in faecal sam-
ples for individual animals at Days 0, 8, and 15 showed no clear
indications of specific changes for HMO supplemented animals at
this level, which could be explained by the Bacteroidia class pre-
dominantly consisting of Muribaculaceae (approximately 70% on
average) while the Bacteroidaceae only constituted approximately
6% of this class (Fig. 3C). Principal coordinate analysis based on
Bray—Curtis dissimilarity matrices clearly indicated differences in
faecal microbial composition between treatment groups and CTR
after HMO supplementation (Day 8), which CTR samples cluster-
ing separately from the other samples (high PC3-value). No differ-
ences were observed before supplementation (Day 0), indicating a
specific effect of the HMOs on the microbiota (Fig. 3D and E). Anal-
ysis of similarities (ANOSIM) revealed that the faecal microbiota
in animals receiving 6'SL and 3FL were significantly different from
that in the CTR group on Day 8, while the LNT group did not dif-
fer from the CTR group (Fig. 3D and E). Interestingly, the 3FL-WO
samples obtained on Day 15 after the washout period showed a
reversion from the 3FL sample cluster towards the CTR sample
cluster, with no significant difference found by ANOSIM analyses
between CTR Day 8 and 3FL-WO groups (Fig. 3E, P = .184, ANOSIM

test). We did not observe notable cage-effects in the study (Fig. 3C;
Figure S1F, Supporting Information).

The genus Phocaeicola increased in relative
abundance during HMO supplementation while
the genus Lacrimispora decreased

To investigate which bacterial genera contributed to the observed
changes in microbial composition during HMO supplementation,
a statistical analysis of the compositional changes between Days
0 and 8 (ANCOM test) was performed at the genus level for all
four treatment groups separately. Using this stringent test we
found one genus, Phocaeicola (formerly Bacteroides) significantly in-
crease (3FL group) and one genus, Lacrimispora significantly de-
crease (6SL group) from Days 0 to 8, although same trends were
observed for both 3FL and 6’SL treatment groups (Figure S2, Sup-
porting Information). Focusing specifically on the genera found
to be differently abundant by the ANCOM analysis, paired t-tests
were applied to compare the relative abundances of Phocaeicola
and Lacrimispora, respectively, within each group between Days O
and 8. This showed that all three HMOs caused an expansion of
Phocaeicola and a concomitant decrease in Lacrimispora, particu-
larly pronounced in the 3FL group (Fig. 4A and B). In accordance
with culturing data, the washout period resulted in a relative
abundance of Phocaeicola on Day 15 that was significantly reduced
compared to Day 8 (Fig. 4A). Additionally, Lacrimispora was signifi-
cantly increased on Day 15 compared to Day 8 (Fig. 4B). No HMO-
induced changes in levels of Bacteroides (not including Phocaeicola)
nor Bifidobacterium between Days 0 and 8 were found in any of
the treatment groups (Fig. 4C and D). Strong positive and nega-
tive correlations were found between the calculated PC3 coordi-
nates (Fig. 3E) and the relative abundance of Lacrimispora (Rho =
0.60, P < .0001, Spearman'’s rank correlation), and Phocaeicola (Rho
=—0.69,P <.0001, Spearman’s rank correlation), respectively indi-
cating that these genera were driving the observed differences in
the PCoA plot. Another interesting finding from the ANCOM anal-
ysis was that the abundance of the genus Faecalibacterium was sig-
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nificantly lower on Day 15 in the 3FL-WO group compared to both
Days 0 and 8, with the genera being below detection level in all
samples on Day 15 (Figures S1E, S2E, and S2F, Supporting Infor-
mation).

Supplementation with 3FL-reduced faecal
concentrations of acetate, butyrate, and
isobutyrate

The concentrations of short-chain fatty acids measured in fae-
cal samples of all animals on Day 8 revealed significant differ-
ences in concentrations of acetate, butyrate, and isobutyrate for
HMO-treated animals compared to the CTR group (Fig. 5, P < .05,
Kruskal-Wallis tests). Specifically lower concentrations of acetate
(P =.0027, Dunn’s multiple comparisons test), butyrate (P = .025,
Dunn’s multiple comparisons test), and isobutyrate (P = .048,
Dunn’s multiple comparisons test) were found in the 3FL group
compared to CTR. No other HMO-induced differences in SCFA lev-
els were found.

Colonic occludin expression lowered during and
after HMO supplementation

We found no effects of HMO supplementation on colonic gene
expression levels of Tjp1, TNFe, and Muc?2 compared to the CTR
group on Day 8 (Fig. 6A-D). However, a significantly lower gene
expression level of occludin was observed in the 3FL-WO group
on Day 15 compared to the CTR group on Day 8 (P = .0005, Dunn’s
multiple comparisons test). A comparison between the CTR group
and all three treatment groups aggregated on Day 8 also revealed

slightly, but significantly lower levels of occludin gene expression
compared to the CTR group (Fig. 6A, P = .012, Mann-Whitney test).

HMO-induced expansion of Phocaeicola and
reductions in Lacrimispora is associated with
reduced faecal acetate and butyrate levels

A highly significant negative correlation was found between the
relative abundance of Phocaeicola and Lacrimispora (Fig. 7A, Rho =
—0.614, P < .001, Spearman’s rank correlation). Focusing on the
the negatively correlated Phocaeicola to Lacrimispora we found that
the ratio between these two genera correlated negatively with the
number of observed species (Fig. 7B, Rho = —0.247, P = .023, Spear-
man’s rank correlation), indicating general effects on the commu-
nity composition. We further found negative correlations between
the Phocaeicola to Lacrimispora ratio and levels of both faecal ac-
etate (Fig. 7C, rho = —0.359, P = .025, Spearman’s rank correlation)
and butyrate (Fig. 7D, rho = —0.489, P = .002, Spearman’s rank cor-
relation) but not isobutyrate (tho = —0.11, P = .51). Clustering of
samples according to specific HMO treatment group (indicated by
different colours) were notable in the dot-plots (Fig. 7A-D).

Discussion

The investigated HMOs were well-tolerated in mice at the given
dosage, which is consistent with previous studies in humans (Eli-
son et al. 2016) at comparable dosages (Nair and Jacob 2016).
To investigate the effects of HMO supplementation specifically
on the culturable members of the Bacteroidaceae family we used
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Brucella lacked blood agar supplemented with kanamycin and
vancomycin as previously described (Sheppard et al. 1990). This
growth media proved to be a reliable method for tracking acute
changes in the Bacteroidaceae abundance during HMO supplemen-
tation (Fig. 1C) and strain isolation (Fig. 2; Table S1, Supporting
Information). Interestingly, the positive correlation between Bac-
teroidaceae CFU/g and Phocaeicola relative abundance on Day 8
(Figure S1D, Supporting Information) was not present on Day 0
(Figure S1C, Supporting Information), indicating that the strains
enumerated on Day 0 were not predominantly Phocaeicola strains
but probably a broader collection of Bacteroidaceae species, while
the positive correlation observed on Day 8 indicated that mainly
Phocaeicola strains were cultured at this time point and, thus se-
lected for by HMOs. Enumeration of CFUs from cecum and colon
samples likewise showed a general increase in Bacteroidaceae in
HMO-supplemented animals compared to control animals, which
were more pronounced in colon samples than in the cecum sam-
ples (Fig. 1D), which could reflect a higher selective effect in the
colon, possibly enhanced by mucus glycan metabolism (Donald-
son et al. 2016, Patnode et al. 2019). A positive selection for Bac-
teroidaceae species during administration of selective carbohy-
drates has been reported in several previous studies, although

Bacteroidaceae species may be outcompeted by specialist HMO de-
grading Bifidobacterium species when coinoculated in a germ-free
mouse model during HMO supplementation (Marcobal et al. 2011).
Also, the mucin-derived O-glycans vs. HMO availability may af-
fect growth competition between Bifidobacterium and Bacteroidaceae
(Pruss et al. 2020). As very low abundances of bifidobacteria were
detected in the mice applied in the present study, and these most
probably were not adapted to HMO degradation, the Bacteroidaceae
strains were likely not challenged by direct competition with bi-
fidobacterial species (Fig. 4D). This study underlined the general
ability of Bacteroidaceae species to readily respond to changes in
carbohydrate availability and exploit a new nutritional niche es-
pecially in the absence of specialist HMO degrading bifidobacteria.

In the present study, HMOs were found to affect the fae-
cal microbial composition after 8 days supplementation period
(Fig. 3) with effects observed already on Day 2 (Fig. 1C). The neg-
atively correlated genera Phocaeicola and Lacrimispora were found
to be the main drivers of the observed difference of the HMO-
supplemented animals in all three treatment groups. The ob-
served expansion of Phocaeicola is consistent with previous in vitro
studies (Yu et al. 2013, Salli et al. 2021). The phylum Bacteroidetes
has recently undergone taxonomic reclassification based on a
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large genome-scale survey (Garcia-Lépez et al. 2019). Here, it was
proposed to reclassify some former Bacteroides species into the
genus Phocaeicola including B. dorei and B. vulgatus while most other
prevalent species remain in the Bacteroides genus including B. frag-
ilis and B. thetaiotaomicron. Interestingly, this study showed that
HMO supplementation did not affect the now constricted Bac-
teroides genera (Fig. 4C).

Analysis of SCFA levels revealed a significant decrease of bu-
tyrate and acetate in the 3FL-supplemented group (Fig. SA and D)
compared to the CTR group, which could be linked to the observed
reduction in Lacrimispora spp. The family of Lachnospiraceae (for-
merly designated as part of Clostridium cluster XIVa) are among
the main producers of butyrate in the gut (Van Den Abbeele et
al. 2013, Vacca et al. 2020). The Clostridium sphenoides group has
recently been reclassified as the genus Lacrimispora under the
Lachnospiraceae family and most species from this genus are con-
firmed to have the genetic capacity to synthesize butyrate through
the acetyl-coenzyme A (CoA) pathway (Vital et al. 2014, Haas
and Blanchard 2019). In line with this, the relative abundance of
Lacrimispora was significantly and positively correlated with fae-
cal levels of butyrate (Figure S3D, Supporting Information). Lacrim-
ispora also correlated positively with faecal acetate levels collec-
tively indicating a role of Lacrimispora in faecal SCFA levels (Fig-
ure S3B, Supporting Information), while no correlation with isobu-
tyrate was found. Whether the observed HMO induced decrease
in Lacrimispora was caused by a change in the gut environment
(e.g. pH) or by competition with Phocaeicola remains unresolved.

In vitro studies have shown that lowering pH levels by 1 unit in
anaerobic continuous cultures curtails the dominating bacterial
population of Bacteroidaceae species relative to that of Clostridia
species such as the family of Lachnospiraceae and that the shift is
correlated to a metabolic response resulting in a large increase in
butyrate production (Walker et al. 2005). The butyrate producing
Faecalibacterium was present in most faecal samples on Days 0 and
8 but was, surprisingly, absent (below level of detection), in sam-
ples on Day 15 (Figures S1E, S2E, and S2F, Supporting Information).
We speculate that Faecalibacterium may also be negatively affected
by 3FL-induced changes in the community composition possibly
due to the significantly decreased levels of acetate (substrate for
butyrate production) observed on Day 8 (Duncan et al. 2002, Wr-
zosek et al. 2013), but further studies are needed.

The observed reduction of occludin gene expression (Fig. 6A)
linked to barrier function through tight junction stability (Cum-
mins 2012, Panwar et al. 2021, Pérez-Reytor et al. 2021) was most
pronounced in the 3FL washout group (Day 15) compared to CTR
(Day 8) but also significant when all HMO groups were combined
(Day 8). The cause of this reduction is difficult to determine based
on available data, but could be speculated to be linked to the ob-
served reduction in faecal butyrate levels (Fig. 5D), although no
significant correlation was found.

The HMOs 3FL, LNT, and 6'SL are considered safe for human
consumption as a novel food supplementation (Turck et al. 2019,
2020, 2021) and several clinical trials have reported no adverse
effects upon HMO-supplementation of adults and children 6-12
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years of age (Elison et al. 2016, Palsson et al. 2020, Fonvig et al.
2021, Iribarren et al. 2021). None of the clinical studies conducted
in either adults or children have analyzed changes in microbial
short-chain fatty acids as a marker of overall microbial activity
and gut health (Pérez-Reytor et al. 2021). However, our findings
suggest that this may be relevant. A limitation of the study was
that combinations of HMOs were not addressed in the experimen-
tal design.

In conclusion, this study demonstrates an acute yet re-
versible HMO-induced increase in the human-relevant Phocaeicola
(formerly Bacteroides) concurrent with a reduction in butyrate-
producing Lacrimispora in the context of a complex, mature micro-
biota of conventional mice. This was linked to a decrease in fae-
cal butyrate levels especially following supplementation with the
fucosylated HMO 3FL. The reported results additionally empha-
size the importance of including other effects than bifidogenicity
when evaluating the effects of HMOs in a complex adult-like mi-
crobiota.
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