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Combining Bifidobacterium longum
subsp. infantis and human milk
oligosaccharides synergistically
increases short chain fatty acid

production ex vivo
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To enhance health benefits, a probiotic can be co-administered with a metabolizable prebiotic forming
a synergistic synbiotic. We assessed the synergies resulting from combining Bifidobacterium longum
subsp. infantis LMG 11588 and an age-adapted blend of six human milk oligosaccharides (HMOs) in
ex vivo colonic incubation bioreactors seeded with fecal background microbiota from infant and
toddler donors. When HMOs were combined with B. infantis LMG 11588, they were rapidly and
completely consumed. This resulted in increased short chain fatty acid (SCFA) production compared
to the summed SCFA production from individual ingredients (synergy). Remarkably, HMOs were
partially consumed for specific infant donors in the absence of B. infantis LMG 11588, yet all donors
showed increased SCFA production upon B. infantis LMG 11588 supplementation. We found specific
bacterial taxa associated with the differential response pattern to HMOs. Our study shows the
importance of carefully selecting pre- and probiotic into a synergistic synbiotic that could benefit

infants.

The infant gut microbiota is enriched for Bifidobacterium species, particu-
larly in full-term, healthy, breastfed infants. Bifidobacterium longum subsp.
infantis is predominantly associated with the breastfed infant gut niche'™.
This Bifidobacterium subspecies has been associated with immune system
maturation and enhanced gut barrier function, possibly even reducing the
risk of gastrointestinal disorders such as necrotizing enterocolitis by mod-
ulating the gut microbiome and reducing inflammation”®. One proposed
mechanism of action for B. infantis-related health benefits acts through its
efficient production of short-chain fatty acids (SCFAs), which can improve
intestinal health and function’. This phenomenon is primarily thought to be
due to its ability to prolifically consume a large diversity of human milk
oligosaccharides (HMOs)””. HMOs are complex carbohydrates found in
human milk that cannot be digested by human enzymes and are thus
selective substrates for the growth of beneficial gut bacteria, including B.
infantis’. The composition of the HMO fraction in human milk is both
individual and postpartum-dependent'*"". Bifidobacterium infantis
expresses a large arsenal of glycosyl hydrolases and carbohydrate transport

systems, which enable it to efficiently import and intracellularly degrade
HMO glycans with a degree of polymerization < 7'*". This is hypothesized
to confer a competitive advantage to B. infantis in the gut of breastfed
infants, allowing the subspecies to firmly establish itself in this niche. Lit-
erature suggests that different B. infantis strains have varying capacity to
metabolize HMOs'*™’. The prevalence of B. infantis in the infant gut varies
depending on geographic location and cultural practices’' . However, the
prevalence of B. infantis in the infant gut microbiota has been found to be
lower in many developed countries”*. Prebiotics such as inulin, fructoo-
ligosaccharides, and galactooligosaccharides can improve the growth of
bifidobacteria and enhance their ability to colonize the gut™. Yet to this date,
a potential synergy between B. infantis and HMOs has not explicitly been
shown. Recently, the concept of synbiotics has emerged, which involves
combining prebiotics with probiotics to enhance the growth and activity of
beneficial gut bacteria®. Synergistic synbiotics are a subset of synbiotics that
combine a prebiotic that is specifically metabolizable by the probiotic to
enhance health benefits. Still, this synergy is often challenging to
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Fig. 1 | Overview of experiments and analyses performed. # = 6 biologically
independent samples per age group. A basic research model consisting of ex vivo
colonic incubation bioreactors that mimic the early life colon, seeded with cryo-
preserved fecal inocula, and supplemented with different pre- and probiotic com-
binations. Fecal inocula were harvested from the same six donors at infant (approx.
3 months old) and toddler age (approx. 12 months old). The microbiota contained in
this fecal material provided a background for the system. Five different combina-
tions of pre- and probiotics were supplemented to the bioreactors: (1) blank con-
dition in which no prebiotic and no probiotic is added, (2) probiotic only condition
in which Bifidobacterium longum subsp. infantis LMG 11588 is added, (3) prebiotic
only condition in which an age-adapted human milk oligosaccharide (6-HMO) mix

&®

A

is added, (4) synbiotic condition in which the combination of B. infantis LMG 11588
and 6-HMO is added, and (5) additional probiotic supplementation condition in
which B. infantis LMG 11588, 6-HMO, and Bifidobacterium animalis subsp. lactis
CNCM 1-3446 are added. Conditions 1-4 allow the methodical quantification of any
potential synergy between 6-HMO and B. infantis LMG 11588. Condition 5 enables
to assess if this synergy is influenced by additional probiotic supplementation.
Triphasic analysis is performed to quantify key microbial metabolites through
HPAEC and GG, to track the strains added to the system through strain-specific
qPCR, and to characterize the background microbiota dynamics through 16 SrDNA
sequencing.

demonstrate and quantify, especially in vivo. Therefore, we have methodi-
cally assessed the interaction and synergy between B. infantis and age-
adapted biologically relevant HMO mixes in a well-defined ex vivo system
(Fig. 1). Read-outs of this synergy include total SCFA production, HMO
consumption, and microbiota dynamics. We believe our study can provide a
steppingstone towards a larger in vivo study.

Results

A synergy between Bifidobacterium longum subsp. infantis LMG
11588 and HMOs increases short chain fatty acid (SCFA)
production

In all conditions where the age-adapted mix of six human milk oligo-
saccharides (6-HMO) was supplemented, total short chain fatty acid (SCFA)
production increased substantially (Fig. 2). Acetate was the main SCFA
produced, followed by minor amounts of propionate, butyrate, and branched
SCFAs (Fig. S1; Table S1). Unexpectedly, infant fecal donors separated into
two groups based on the rate and extent of their total SCFA production
(Fig. 2a). In conditions where 6-HMO was supplemented (conditions 3 and
4), three infant fecal donors (A, B, and C) showed substantial SCFA pro-
duction regardless of B. infantis LMG 11588 supplementation. In contrast,
the remaining infant donors (D, E, and F) had comparatively lower SCFA
production. Indeed, sole 6-HMO supplementation resulted in a final SCFA
production that was twice as high for the former group of donors compared
to the latter. However, this difference in total SCFA production could be
counterbalanced for donors D, E, and F by supplementing B. infantis LMG
11588 on top of 6-HMO (condition 4). Because of their distinctive SCFA
production profiles, we will hereafter refer to donors A, B, and C as basal
HMO responders since they showed a basal level of SCFA production in
presence of 6-HMO. Correspondingly, we will refer to donors D, E, and F as
inducible HMO responders because B. infantis LMG 11588 induced total
SCFA production in the presence of 6-HMO. Surprisingly, the supple-
mentation of B. infantis LMG 11588 on top of 6-HMOs increased total SCFA
production for all infant donors (although the relative increase was largest for

the inducible group). Although the difference between basal and inducible
HMO responders was the clearest when solely 6-HMO was supplemented, a
difference between these two groups remained clearly detectable in all infant
conditions. Another distinctive feature of the infant basal HMO responders
was their comparatively pronounced lactate production (Fig. S1A). For the
same fecal donors at toddler age, the distinction between basal and inducible
HMO responders was not found (Fig. 2b). Still, average final total SCFA
production was marginally higher when B. infantis LMG 11588 was sup-
plemented on top of 6-HMO compared to sole 6-HMO supplementation
(46.3 mM versus 48.1 mM for basal and 43.0 mM versus 46.5 mM for
inducible responders). The increase in total SCFA production was mainly due
to B. infantis LMG 11588, as its growth and metabolic activity was exclusively
observed in the presence of 6-HMO (Fig. S2). Analogous to total SCFA
production, B. infantis LMG 11588 growth was more pronounced for tod-
dlers than for infants and the difference between basal and inducible HMO
responders was reduced for toddlers. Consequently, we observed a synergy
between 6-HMO and B. infantis LMG 11588, because the combined effect of
these two elements produced a result greater than could be expected from the
sum of their individual contributions. This translated in a net total SCFAs
increase that was larger and faster when combining 6-HMO and B. infantis
LMG 11588 compared to the cumulated individual increases upon 6-HMO
and B. infantis LMG 11588 supplementation. The difference in SCFA con-
centrations was evidently present for basal and inducible HMO responders at
infant age, but resolved for toddlers. The synergy was also less apparent for
toddlers in general. Subsequently, we therefore investigated if the differences
in total SCFA production were based in the extent of HMO consumption.

Human milk oligosaccharide (HMO) consumption is inducible by
B. infantis LMG 11588 supplementation for some infant donors

Fecal donors at infant age could be separated into two groups based on the
rate and extent of 6-HMO consumption, as was the case for total
SCFA production (Fig. 3). To substantiate the grouping of infant donors
into basal and inducible responders, we performed non-metric
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Fig. 2 | Bifidobacterium infantis LMG 11588 supplementation induces total short
chain fatty acid production during ex vivo colonic incubation for some fecal
donors and increases total short chain fatty acid (SCFA) production for all
donors in combination with 6-HMO. n = 6 biologically independent samples per
age group. Dotted lines represent the posterior means of modeled consumption
profiles. Means are enveloped by a transparent ribbon representing their 95% pos-
terior mean interval. Dots are the individual donor raw data used to fit the model.
Experimental outcomes were considered meaningfully different when there was no
overlap between posterior mean intervals. a For donors at infant age, basal total short
chain fatty acid production in the absence of the age-adapted human milk oligo-
saccharides mix (6-HMO) was low. Upon supplementation with 6-HMO, fecal
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donors diverged into two groups: basal HMO responders (orange) and inducible
HMO responders (blue). When B. infantis LMG 11588 was supplemented addi-
tionally to 6-HMO, both production rate and final SCFA production were increased
for both groups. Remarkably, B. infantis LMG 11588 supplementation reduced the
short chain fatty acid gap between basal and inducible responders. b For donors at
toddler age, total short chain fatty acid production in the absence of 6-HMO
remained relatively low. Notably, the distinction between basal and inducible
responder was less pronounced for toddlers. Indeed, all toddler fecal donors showed
total short chain fatty acid production in response to 6-HMO. Still, B. infantis LMG
11588 supplementation further increased production rate and final short chain fatty
acid production for all donors when 6-HMO was supplemented.

multidimensional scaling on the modeled HMO consumption rate con-
stants (Fig. S3). Since donors separated into the same well-defined groups,
we posit that the distinction into basal and inducible HMO responder
phenotypes is based on multifactorial observations. In conditions where
solely 6-HMO was supplemented (in absence of B. infantis LMG 11588), the
background gut microbiota of basal HMO responders showed rapid and
complete consumption of all HMOs. By comparison, the remaining indu-
cible HMO responders showed no or limited HMO consumption without B.
infantis LMG 11588 supplementation. In fact, none of these infants’ back-
ground gut microbiota present in the fecal inocula could metabolize all
HMOs completely. Analogous to total SCFA production, HMO con-
sumption could be induced for these infants upon supplementation of B.
infantis LMG 11588 (Fig. 3a). Still, the rate of HMO consumption remained
lower for inducible HMO responders even upon B. infantis LMG
11588 supplementation. HMO consumption for the same fecal donors at
toddler age was very different. Indeed, toddlers’ background fecal micro-
biota could metabolize all HMOs quickly and completely. The division
between basal and inducible HMO responder phenotype was thus not
observed based on HMO consumption for toddler donors, which was
analogous to the total SCFA production pattern. Since we confirmed the
basis for distinction into basal and inducible responders through their
HMO consumption, we thereafter looked for a potential microbiota-based
origin for it.

Microbiota composition associates with HMO consumption
profile

To understand the HMO responder phenotype, we analyzed microbiota
composition and dynamics throughout the experiments. First, we looked at
the microbiota composition of the infant and toddler fecal inocula used to
seed the colonic incubation bioreactors (Fig. 4). The infant fecal inocula
showed marked differences in the distribution of specific bacterial taxa
across basal and inducible HMO responders (Fig. 4a). Indeed, infant fecal
inocula of basal HMO responders shared many more taxa compared to
inducible responders. Moreover, these shared taxa were among the
most prevalent in basal HMO responders and consisted of species having
been described with at minimum some HMO consumption capability
(Bacteriodes spp. and Bifidobacterium longum). In contrast, these taxa were
below detection limits in inducible HMO responders. Toddler fecal inocula
showed a considerably different microbiota profile (Fig. 4b). There, the
richness and distribution of taxa was more evenly spread across basal and
inducible HMO responders. Additionally, the most prevalent taxa were
shared across almost all donors and were described having at minimum
some HMO consumption capacity (Bacteroides sp., Bifidobacterium
longum, Bifidobacterium breve, and Bifidobacterium catenulatum group).
Thus, infant fecal inocula microbiota compositions mirrored the basal and
inducible HMO responder phenotype distinction. At toddler age, no
obvious patterns were found between responder groups, which was
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Fig. 3 | Human milk oligosaccharide consumption during ex vivo colonic incu-
bation is determined by Bifidobacterium infantis LMG 11588 supplementation
and age of fecal donor. Dotted lines represent the posterior means of modeled
consumption profiles. n = 6 biologically independent samples per age group. Means
are enveloped by a transparent ribbon representing their 95% posterior mean
interval. Dots are the individual donor raw data used to fit the model. Experimental
outcomes were considered meaningfully different when there was no overlap
between posterior mean intervals. Conditions without age-adapted human milk
oligosaccharides mix (6-HMO) supplementation were assessed experimentally but
are omitted here for clarity since no HMOs were detected. a For donors at infant age

without B. infantis LMG 11588 supplementation, a subset of donors displayed
complete HMO consumption. The remaining donors did not display HMO con-
sumption (or only very limited). However, the remaining infant donors could
completely metabolize HMOs upon B. infantis LMG 11588 supplementation. The
HMO consumption behavior thusly segregated donors into two groups; basal HMO
responders (orange) and inducible responders (blue), mirroring the short chain fatty
acid profiles (Fig. 2). b Remarkably, all fecal donors at toddler age could fully
metabolize HMOs. Thus, the distinction between basal and inducible responders is
not found for toddlers, as it was for total short chain fatty acid production.

consistent with the phenotype found for total SCFA production and HMO
consumption. We also assessed the dynamics of microbiota profiles
throughout the experiments to identify marker species linked to experi-
mental conditions, fecal donor age, and responder phenotype (Fig. 5a). After
controlling for incubation time, several taxa were substantially differentially
present. Specifically, Bifidobacterium infantis was the single most prevalent
taxon detected throughout experiments. Additionally, it was only detected
in high abundance when both B. infantis LMG 11588 and 6-HMO were
present together, which indicates the synergy between the two. Overall,
background levels of B. infantis were low for fecal donors of any age and B.
infantis LMG 11588 addition resulted in a measurable and sustained
detection of a corresponding amplicon sequence variant (Fig. S4). Average
microbiota a-diversity increased with longer incubation times and donor
age and decreased for 6-HMO and B. infantis LMG 11588 addition. We also
found higher average a-diversity for basal responders compared to inducible
responders (Fig. S5). Microbiota -diversity was mainly affected by incu-
bation time and donor age, but overall, separation of samples was not clearly
linked to the main factors assessed in our study (Fig. S6). We found a non-
metric fit R* of 0.961 for the p-diversity ordination. Several co-occurrence
dyads were differentially affected by experimental conditions and donor age
(Fig. 5b). For conditions in which 6-HMO was not supplemented, co-
occurrence between taxa was low. Upon 6-HMO supplementation in
absence of B. infantis LMG 11588, Bacteroides fragilis emerged as a central

taxon that co-occurred with many other taxa (Enterococcus casseliflavius,
Bacteroides caccae, and Bifidobacterium (pseudo)catenulatum/angulatum/
kashiwanohense). When supplementing 6-HMO and B. infantis LMG
11588, connections between B. infantis and multiple other taxa strength-
ened compared to other conditions. Strongest co-occurrences in these
conditions include several Bacteroides spp., Akkermansia muciniphila, and
Alistipes finegoldii. In general, co-occurrence between any two taxa was
stronger for toddler fecal donors than for infant donors. Having found some
microbiota-based differences for the HMO response phenotype, we then
assessed if the synergy between B. infantis LMG 11588 and 6-HMO was
maintained under additional probiotic supplementation.

The synergy between B. infantis LMG 11588 and 6-HMO is not
influenced by Bifidobacterium animalis subsp. lactis

CNCM 1-3446

Different probiotic strains are commonly combined with the expectation
that each strain will maintain its respective health benefit. To assess if an
additional probiotic would influence the synergy between B. infantis LMG
11588 and 6-HMO, we supplemented B. lactis CNCM 1-3446 (a probiotic
with a long history of use in infants) in the synergistic condition (Fig. S7).
Generally, SCFA profiles with and without B. lactis CNCM 1-3446 did not
differ fundamentally. However, final average total SCFA concentrations
were higher for infant and toddler donors when B. lactis CNCM 1-3446 was
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incubation bioreactors show differences that can be linked to short chain fatty
acids and HMO consumption. n = 6 biologically independent samples per age
group. Vertical bars represent the summed relative abundance of taxa over infant
and toddler donors, respectively. Microbial taxa identified are colored by Order-level
taxonomy and ordered in decreasing order of abundance. Bottom part represents the
presence of one taxon in one donor and is colored by the basal and inducible HMO
response phenotype (each row represents a donor). a Fecal inocula of donors at
infant age were less rich microbiologically and harbor stronger differences between
basal and inducible HMO responders. For these donors, few taxa were shared
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between all donors and microbial richness is relatively low. The most abundant taxa
were Bacteriodes spp. and Bifidobacterium longum subsp. longum. Those taxa were
exclusively present in basal HMO responders and are also described as being able to
metabolize HMOs. They thus represented a microbiota basis for the basal and
inducible phenotype distinction at infant age. b Toddler fecal donors shared more
taxa and harbor a larger microbial richness. Markedly, the most abundant taxa were
shared by at least five out of six donors (multiple Bifidobacterium and Bacteriodes
spp. as well as members of Eubacteriales). Most of these taxa have been described as
able to metabolize HMOs and thus support the ubiquity of basal HMO responders
for toddler fecal donors.

supplemented. Likewise, B. lactis CNCM 1-3446 grew for some of the fecal
donor conditions (especially in infant basal responders).

Discussion

Gut microbiota maturation in early life is crucial for the development of a
stable and resilient microbiota. During this maturation, the dominance of
bifidobacteria is nurtured by human milk oligosaccharides (HMOs) in
breast milk*"*. Substantial research efforts are focused on understanding
the synergy between Bifidobacterium longum subsp. infantis and HMOs to
benefit infants that do not have (sufficient) access to human milk. Therefore,
both elements of this synergy dyad need to be carefully selected. In our study,
we found that this synergy was translated into a larger and faster short chain
fatty acid (SCFA) production than what could be expected from the con-
tribution of the individual dyad components, especially in infant conditions.
Short-chain fatty acids (SCFAs) like acetate, propionate, and butyrate confer
important health benefits and contribute to gut health, immune regulation,
and brain development’”™. Acetate (the main SCFA produced in our
study), is an energy source for intestinal cells that supports their growth and
function and can even be metabolized by other bacteria in the gut (cross-
feeding)**"'. Therefore, increasing SCFA production in vivo is of interest.
The incremental advantage of a synergistic synbiotic (i.e., where the pre-
biotic moiety can be specifically utilized by the probiotic moiety) could be
one way to leverage the full potential of both HMOs and B. infantis.

The delineation between basal and inducible HMO response we found
appeared to be driven by the innate presence of background HMO-utilizing
taxa. Observations supporting this hypothesis include the distinct presence of
Bifidobacterium longum subsp. longum and Bacteroides spp. for basal
responders and their absence in the inducible responders. Other factors like
birthing method and main feeding regime at infant age did not map onto
responder type unambiguously (Table S2). While B. longum subsp. longum is
less associated with HMO utilization than its relative Bifidobacterium longum
subsp. infantis, some strains are known to successfully metabolize HMOs due
to the acquisition of HMO-utilization loci®*>. Some Bacteroides species are
also known to consume a limited variety of HMOs™. This fits with the basal
responder distinction, as it shows that these species were able to metabolize
(some of) the HMOs. Their low abundance or absence in inducible
responders may, in part, explain the distinct phenotypes. Remarkably, even
for basal responders, supplementation of B. infantis LMG 11588 enhanced

6-HMO utilization, suggesting an advantage across different microbiota
types. This could indicate cross-feeding of HMOs or their metabolites.
Because of its intracellular feeding strategy, B. infantis is not as often described
as a cross-feeding provider as for example Bifidobacterium bifidum. However,
it is known to engage in some syntrophic interaction with Bifidobacterium
breve via liberated L-fucose’. Moreover, fucosylated-HMO-metabolizing
Bifidobacterium species are thought to potentially cross-feed other gut
symbionts such as Eubacterium hallii and Limosilactobacillus reuteri via 1,2-
propanediol generated in L-fucose metabolism™. In addition, this suggests
that although B. infantis LMG 11588 prefers fucosylated HMOs it can con-
sume all HMOs in 6-HMO, including sialylated ones, as found previously in a
monoculture system'®. Notably, the basal and inducible distinction was less
pronounced for fecal donors at toddler age, as shown by SCFA production
and HMO consumption. This suggests a convergent maturation of the gut
microbiota throughout the transition from infancy to toddlerhood. Our study
indicates that this progression is not only functional, but also representative,
as specific taxa were ubiquitous across toddler donors. This is particularly the
case for Bifidobacterium, Bacteroides, Faecalibacterium, Ruminococcus and
Blautia species. Their presence suggests an acquisition of key species
throughout infancy that could subsume the basal and inducible HMO
responder phenotype. Given the known geographical and lifestyle-based
heterogeneity in HMO profile and microbiota, it could be of value to further
explore this development across diverse groups™.

Specific inter-taxa ties were enhanced by the co-supplementation of
6-HMO and B. infantis LMG 11588. Specifically, we observed stronger co-
occurrence of B. infantis with Bacteroides fragilis, Bacteroides caccae, Alis-
tipes finegoldii and Alistipes onderdonkii in infant conditions, and with
Bacteroides eggerthi and Akkermansia muciniphila in toddler conditions.
Indeed, B. infantis appeared to play a central role in microbial network
interactions. This probably links to the reduction of a-diversity we found
upon B. infantis LMG 11588 and 6-HMO addition, as it is consistent with
the effect an increase in abundance of a specific taxon would have on
diversity indices accounting for both evenness and richness (Fig. S5). As B.
infantis is shown to preferentially internalize and metabolize HMO glycans
with degree of polymerization < 7, it is likely largely responsible for the
HMO consumption and production of compounds such as acetate, lactate,
and 1,2-propanediol ***”. In turn, other co-occurrent species may benefit
from cross-feeding on these generated metabolites. Indeed, 1,2-propanediol
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Fig. 5 | Microbiota-based differences link to age, experimental conditions, and
human milk oligosaccharide response. # = 6 biologically independent samples per
age group. a Maximum a posteriori estimates for experimental factor contributions
to most prevalent bacterial taxa. Taxa highlighted in color as below (red) or above
average (purple) compared to background taxa (represented in gray). Several taxa
were substantially differentially selected for by different experimental factors.
Notably, Bifidobacterium infantis was the single most prevalent taxon detected
overall and almost exclusively so when both Bifidobacterium infantis LMG 11588
and 6-HMO were supplemented. When supplementing age-adapted human milk
oligosaccharides mix (6-HMO) solely, differentially abundant taxa included Bifi-
dobacterium (pseudo)catenulatum/angulatum/kashiwanohense, Bacteroides fragilis,
Enterobacteriaceae sp., and Enterococcus casseliflavus. Additionally, we found Bifi-
dobacterium (pseudo)catenulatum/angulatum/kashiwanohense and Bacteroides
fragilis to be more prevalent in both basal HMO responders and toddlers. b Co-
occurrence network of most prevalent bacterial taxa. Every node represents one of

the 15 most co-occurring bacterial taxa detected by 16 S rDNA seq. The width and
transparency of the edge between two nodes represent the strength of their co-
occurrence. Networks are shown for infants (top row) and toddler (bottom row)
fecal donors in each experimental condition. For conditions in which 6-HMO was
not supplemented, co-occurrence between taxa is low. Upon 6-HMO supple-
mentation in absence of B. infantis LMG 11588, Bacteroides fragilis emerged as a
central taxon that co-occurred with other taxa, including Enterococcus casseliflavius,
Bacteroides caccae, and Bifidobacterium (pseudo)catenulatum/angulatum/kashi-
wanohense. When supplementing 6-HMO and B. infantis LMG 11588 together, ties
between B. infantis and multiple other taxa strengthened compared to other con-
ditions. Strongest co-occurrences in these conditions included B. fragilis, B. caccae,
Bacteroides eggerthii, Bacteroides acifidifaciens, Akkermansia muciniphila, and
Alistipes finegoldii. In general, co-occurrence between any two taxa was stronger for
toddler fecal donors than for infant donors.

is known to act as a substrate for other gut symbionts”’ . Moreover, some
Bacteroides spp. are known to convert pyruvate into propionate and lit-
erature suggests that A. muciniphila may metabolize lactate and/or acetate
to produce butyrate. Although butyrate production was low in this study,
its delayed production appears to substantiate this cross-feeding.

Intriguingly, when 6-HMO was supplemented without B. infantis LMG
11588, the central node in the network was B. fragilis. This taxon strongly co-
occurred with Enterococcus species and Enterobacteriaceae species in
infants, and with Bifidobacterium catenulatum subspecies in toddlers.
Bacteroides fragilis has been found able to consume HMOs (esp. 2FL, the
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most abundant HMO in 6-HMO), albeit less efficiently than most infant-
associated Bifidobacterium species™"'.

Bacteroides spp. are thought to do so in part via membrane-bound and
extracellular secreted glycoside hydrolases®. This mechanism is unlike B.
infantis, which typically internalizes intact HMO glycans. This cooperative
mechanism of HMO utilization by Bacteroides spp. may facilitate cross-
feeding on small-mass HMO glycans, released via extracellular hydrolysis,
by B. catenulatum subsp. kashiwanohense/pseudocatenulatum. While the
former species are typically considered members of a healthy infant gut
microbiota, some species of Enterococcus and Enterobacteriaceae are asso-
ciated with infections and inflammatory disease states”. Additionally,
bronchiolitis cases have previously been found to be more abundant in
infants with Bacteroides-dominant microbiota*. This highlights the role B.
infantis LMG 11588 may play in fostering more benevolent trophic inter-
actions in the presence of 6-HMO, particularly in infant microbiota where
bifidobacteria able to metabolize HMOs are lowly abundant or absent.

In our study, we linked the differential HMO response pattern to the
reduced prevalence of HMO-metabolizing taxa in general and B. infantis in
particular. Prevalence of B. infantis is typically low in infants in many
developed countries, even when they are mainly breastfed”’. An increasing
number of infant formulae today are supplemented with HMOs. However,
if infants do not have a microbiota capable of metabolizing these HMOs,
they may miss out on benefits mediated by HMO-utilizing species. Based on
literature, the low abundance of B. infantis for these donors is not
unexpected”>*’, However, it is remarkable that its abundance was
enhanced so profoundly by co-supplementation of 6-HMO. Researchers
have proposed that infants may obtain B. infantis via horizontal transfer
(infant to infant) rather than vertical transfer (mother to infant)*. Due to the
low abundance of B. infantis in the infant microbiota in many parts of the
world, the probability of horizontal transfer is expected to decrease as well,
which may amplify the loss of this relevant subspecies through a self-
enforcing feedback loop. We have shown that it is possible to induce HMO
consumption ex vivo through the supplementation of B. infantis LMG
11588. This strain was specifically selected because of its safety profile and its
HMO consumption pattern. Indeed, this strain is one of the two first B.
infantis strains isolated in the 1950s together with the type strain B. infantis
ATCC 15697*. While ATCC 15697 harbors a potentially transferable
resistance to streptomycin and preferentially uses lacto-N-tetraose and
sialylated HMOs, LMG 11588 has no antibiotic resistance and was found to
preferentially metabolize fucosylated HMOs'. This could represent an
ecological advantage, as fucosylated HMOs are highly prevalent in human
milk and make up around two thirds of both age-adapted HMO blends used
in this study. The HMOs selected for the blends were representative of the
main HMO classes and were present in age-adapted concentrations found
in breastmilk of 0-6 months (infants) and above 6 months postpartum
(toddlers)'*"*>"~* Infant formula with a similar blend of five HMOs has
been found to support the development of the intestinal immune system
and gut barrier function and to shift the gut microbiota closer to that of
breastfed infants by increasing B. infantis prevalence in vivo™. This
emphasizes the relevance of careful selection when designing synergistic
synbiotics. While a lot of synbiotics can be complementary (i.e., the prebiotic
cannot necessarily be metabolized by the probiotic), combining B. infantis
and HMO into a synergistic synbiotic leverages the full potential of both
moieties. Finally, we found that B. lactis CNCM 1-3446 does not alter the
synergy between 6-HMO and B. infantis LMG 11588. This suggests that the
mechanisms of action of the synbiotic 6-HMO and B. infantis LMG 11588
and B. lactis CNCM 1-3446 are independent of each other (additive) and
thus do not interact regarding HMO consumption. In fact, average final
SCFA concentrations were higher when B. lactis CNCM 1-3446 was present.
We posit this to be due to metabolic activity of B. lactis CNCM I-3446 using
residual lactose in 6-HMO, as B. lactis is generally assumed not to be able to
metabolize HMOs'**'~. This is corroborated by the low-level growth of this
strain we have observed here for some fecal donors. Additionally, B. lactis
has a long history of use in infant formulae, promotes early life immune
development, and improves gastrointestinal health® . In conclusion, our

study uncovered two key elements. First, the existence of heterogeneity in
both the composition of infant colonic microbiota and the resulting phe-
notype, as shown by the delineation into basal and inducible HMO
responders. This distinction is apparent in total SCFA production resulting
from the aptness to metabolize 6-HMO. Second, the capacity of B. infantis
LMG 11588 to reduce differences between basal and inducible HMO
responders, as shown by the synergistic increase of total SCFAs. Knowing all
ex vivo basic research models have their limitations, especially regarding
host interactions, a logical next step could be to confirm the synbiotic effect
described in this study in an in vivo study.

Methods

Experiment design

We implemented different experimental conditions to study the interaction
between human milk oligosaccharides (HMOs) and Bifidobacterium
longum subsp. infantis LMG 11588 (Fig. 1). Five different combinations of
pre- and probiotics were supplemented to the bioreactors: (1) blank con-
dition in which no prebiotic and no probiotic was added, (2) probiotic only
condition in which B. infantis LMG 11588 was added, (3) prebiotic only
condition in which an age-adapted human milk oligosaccharide (6-HMO)
mix was added, (4) synbiotic condition in which the combination of B.
infantis LMG 11588 and 6-HMO was added, and (5) additional probiotic
supplementation condition in which B. infantis LMG 11588, 6-HMO, and
Bifidobacterium animalis subsp. lactis CNCM 1-3446 were added. Condi-
tions 1-4 allowed the methodical quantification of any potential synergy
between 6-HMO and B. infantis LMG 11588. Condition 5 enabled to check
if this synergy is robust to additional probiotic supplementation.

Ex vivo colonic incubations

Unless mentioned differently, all medium components and reagents used
were purchased from Merck KGaA (Darmstadt, Germany). Short-term
single-stage colonic simulator of the human intestinal microbial ecosystem
(SHIME) experiments simulating only the proximal large intestine were
performed by ProDigest (Ghent, Belgium) as described before™. This sim-
plified model is commonly used to study ingredients that are expected to
arrive in the colon and that are expected to exert their benefits in the colon
such as prebiotics and probiotics. Fecal material of the same six donors at
infant age and toddler age was used to seed the ex vivo colonic incubation
bioreactors (Table S2). Fecal material was collected according to the ethical
approval of the University Hospital Ghent (reference number
B670201836585). Informed consent of legal representatives was obtained
after providing them with detailed information about the project and the use
of the samples. All ethical regulations relevant to human research partici-
pants were followed. Fecal material was cryopreserved at —80 °C immedi-
ately after collection as described before™. SHIME colonic background
medium containing basal nutrients that are present in the colon (K,HPO,
4.7 g/L; KH,PO, 14.7 g/L; NaHCO; 1.8 g/L; yeast extract 1.8 g/L; peptone
1.8 g/L; mucin 0.9 g/L; cysteine 0.5 g/L; polyoxyethylene sorbitan mono-
oleate 20 1.8 mL/L) were used in all experiments and 1 mL of fecal inoculum
was added to 63 mL colonic background medium®. Incubation vessels were
kept under anaerobic atmosphere through N, flushing, shaken at 90 rpm,
controlled at 37 °C, and ran for 48 h. When not processed immediately,
samples were filtered and frozen at —80 °C before analysis.

Bifidobacterium longum subsp. infantis LMG 11588 and Bifido-
bacterium animalis subsp. lactis CNCM 1-3446 biomass
production

Biomass for all experiments was produced on culture medium con-
taining glucose, yeast extract, and sodium ascorbate™. Biomass pro-
duction was carried out in the 1-L Eppendorf DASGIP Parallel
Bioreactor System (Hamburg, Germany) under anaerobic conditions
at 37°C and with pH control at 6.0. Anaerobic conditions were
maintained by flushing the headspace with carbon dioxide. The
inoculation level was 107 CFU/mL. Fermentations were stopped in
the stationary growth phase, biomass was harvested via
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centrifugation, washed with phosphate buffered saline, and imme-
diately cryopreserved at -80°C with 15% w/w glycerol as a cryo-
protectant. Inoculation levels were targeted at 1.0 x 10° CFU/mL for
each strain at the start of ex vivo colonic incubations.

Human milk oligosaccharides mixture (6-HMO)

A specific HMO mix was designed for the experimental infant and
toddler ex vivo conditions. Both mixes consisted of the same 6 HMOs
representing the major classes of HMOs found in human milk.
Powder-form HMOs were obtained from Glycom A/S (Hersholm,
Denmark). Individual HMO concentrations were equal or above the
fifth percentile of concentrations for the same HMOs measured in
breastmilk for 0-6 months (infants) and above 6 months of lactation
(toddlers)'*'"*»*=**_ Only mature breast milk data (>21 days post-
partum) was considered. The HMOs in the mix consisted of (dry
HMO wt/wt) 13.5% 3’-fucosyllactose (3FL), 50.1% 2’-fucosyllactose
(2FL), 5.9% difucosyllactose (DFL), 6.0% 3’-sialyllactose (3SL), 8.2%
6 -sialyllactose (6SL), and 16.3% lacto-N-tetraose (LNT) for infants
and 37.4% 3’-fucosyllactose (3FL), 29.3% 2’-fucosyllactose (2FL),
3.4% difucosyllactose (DFL), 14.4% 3’-sialyllactose (3SL), 5.3% 6-
sialyllactose (6SL), and 10.2% lacto-N-tetraose (LNT) for toddlers.
The HMO mix was added at a level of 2.5g total HMO/L to the
ex vivo colonic incubators. Residual lactose content in the HMO mix
was < 5% dry wt/wt.

Microbiological analyses
16 S rDNA gene amplicon sequencing, bioinformatic analysis, and flow
cytometry

DNA of triplicate samples for each biological replicate was extracted as
described before™. DNA was extracted from fecal donor inocula and from
bioreactor liquid after 0, 24, and 48 h of incubation. DNA extracts were sent
out to LGC Genomics, GmbH (Teddington, UK) for 16 S rDNA gene PCR
targeting the V3-V4 region with the 341 F (5-CCTACGGGNGGCWG-
CAG-3') and the modified 785 R (5-GACTACHVGGGTATCTAAKCC-
3") primers as described before™. Quality control of the PCR products was
done using the Fermentas PCR Kit according to the manufacturer’s
instructions (Thermo Fisher Scientific, Inc.; Waltham, Massachusetts, USA)
and sequence length distribution was verified by electrophoresis on a 2% (w/
v) agarose gel for 30 min at 100 V. The PCR products were sequenced on the
2 x250bp MiSeq platform (Illumina, Inc; San Diego, California, USA)
according to the manufacturer’s standard protocol. Reads were converted
into amplicon sequence variants (ASVs) using DADA?2 version 1.15.2 with
following filtering parameter values; truncLen = ¢(0,0), truncQ = 2, maxN =
0,and maxEE = ¢(2,2)". Genus level taxonomy was assigned to ASVs using a
naive Bayesian classifier and the SILVA ribosomal RNA gene database
version 132°". Species-level taxonomy was assigned using highest identity
BLASTN hit in NCBI’s type material-restricted nucleotide collection data-
base and cross-checked with the SILVA ribosomal RNA gene database
where possible®>*’. Where possible, we assigned subspecies level identifi-
cation for Bifidobacterium based on the signatures on SILVA aligned 16 S
rDNA as described before™. Adequate sequencing depth was checked by
making sure sample rarefaction curves showed a distinct plateau. Total cell
densities were determined using a CytoFLEX V2-B4-R2 flow cytometer
(Beckman Coulter Life Sciences; Brea, California, US) with the PI/Syto 24
method as described in standard ISO 19344:2015%. The proportion of each
ASV obtained through 16 S rDNA gene amplicon sequencing was multi-
plied by the total cell counts obtained through flow cytometry to obtain
absolute cell numbers for each ASV. During this analysis, we made the
conscious decision not to correct for gene copy number or amplification
bias, because the implementation of this correction is highly complex and its
potential added value to our specific study is minimal.

Strain-specific qPCR assay. All oligonucleotides and consumables for
qPCR were ordered from Thermo Fisher Scientific (Waltham, Massa-
chusetts, US). Probes were labeled with a FAM fluorophore and a BHQ-

QSY quencher. A qPCR assay with forward primer TCCAAACGAGA-
TACGTAATAAAATGG, reverse primer CCTTATTAGCCGCCCTTT
GC, and Tagman probe FAM-TCGCCATTCTCCAACCCTGTCCG-
BHQ-QSY was designed to target B. infantis LMG 11588. Bifidobacter-
ium lactis CNCM 1-3446 was targeted with forward primer CTGA-
GAAGAGCCCCTAAATCATG, reverse primer GGGATGCCACA
CTAGCGAAA, and Tagman probe FAM-ATGCCCGCAAGGAACA
CAGTGACC-BHQ-QSY. Real-time PCR runs were performed on a
Quantstudio 5 (Thermo Fisher Scientific), equipped with a 384-well
block. Each sample was analyzed in triplicate. DNA was extracted from
fermentate as described before®. Reactions consisted of a 10 L ampli-
fication mix containing 1 ng of sample DNA, 2 pL of 5X LightCycler®
Multiplex DNA Mastermix, 1 uL of 10X IPC mix, 0.5 uL of 50X IPC
DNA, 200 nM and 100 nM of each primer and probe, respectively. The
following cycling program was applied: pre-incubation for 5 min at 95 °C
and ramp rate 4.8 °C/s, 40 amplification cycles for 10 s at 95 °C and ramp
rate 4.8 °C/s followed by 30 s at 60 °C and ramp rate 2.5 °C/s, and final
cooling for 30 s at 40 °C and ramp rate 2.5 °C/s. The specificity of both
assays was checked against other selected Bifidobacterium strains
deposited in the Nestlé Culture Collection (Nestlé Research, Lausanne,
Switzerland; Table S3).

Short-chain fatty acid and lactic acid quantification

Short and branched chain fatty acids (acetate, propionate, butyrate, valerate,
iso-butyrate and iso-valerate) were quantified using a solid phase micro-
extraction gas chromatography coupled to mass spectrometry (SPME-GC-
MS, Agilent; Santa Clara, California, USA) as described previously with
minor modifications”. Briefly, 50 uL of samples were stabilized with 0.5%
ortho-phosphoric acid, labeled internal standards (*Hj-acetic acid, *Hs-
propionic acid, *Hs-butyric acid, *H,-isobutyric acid, *Ho-valeric acid, and
*Hy-isovaleric acid) were added and vortexed gently. The SPME-GC-MS
conditions were as follows: PDMS/DVB fiber (Supelco; Bellefonte, Penn-
sylvania, USA), agitation at 40 °C with an extraction time of 10 min.
Temperature and time of desorption were set at 250 °C for 5 min. The GC
conditions were as follows: inlet temperature at 250 °C with as carrier gas.
The temperature program was 100 °C for 4 min, followed by an increase to
240 °C at 11 °C/min for a total time of approx. 16.7 min. Calibration curves
were made by plotting ratio between each metabolite and their respective
internal standard peak areas against the theoretical standard concentration.
The concentrations were then determined with a linear regression model
with a weighted x' model. Repeatability and intermediate reproducibility
(coefficient of variation) were lower than 15% for all the metabolites
measured.

Human milk oligosaccharide quantification

Human milk oligosaccharides were quantified through ultra-high perfor-
mance liquid chromatography with fluorescent detection as described
before”. In short, supernatants from bioreactors were rendered cell-free
through centrifugation and filtration and cryopreserved at -80 °C. At the
time of analysis, supernatants were thawed and human milk oligosacchar-
ides were labeled with a fluorescent tag (2-aminobenzamide) before
quantification.

Statistics and reproducibility

All modeling was implemented in a fully Bayesian framework. Where not
explicitly stated, statistics were calculated using R version 3.6.3 base
functions®. Unless stated otherwise, reported values are averages of tech-
nical triplicates. The models described below were fitted in RStan version
2.21.2 and sampled though Hamiltonian Markov chain Monte Carlo®.
Unless stated otherwise, reported quantities after modeling are posterior
means. Prior predictive simulation was performed to define priors limiting
the outcome space to the scientifically possible range. Where needed, non-
centered parametrization was used to optimize sampling. Convergence and
efficiency diagnostics were checked by visual inspection of trace and rank
plots. All model parameters had R-hat < 1.01 and effective sample size >
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1000. Highest continuous 95% density intervals based on 1000 samples are
represented as shaded areas with a dotted overlay for the posterior mean.
Differences between were considered meaningful when there was no
overlap between 95%-posterior mean intervals.

Modeling combined total short chain fatty acid production and
consumption

Because total short chain fatty acid levels are determined by simultaneous
production and consumption at potentially different rates, we modeled its
evolution through linear combination of both processes in the rethinking
package version 2.13”. Production and consumption of short chain fatty
acids was modeled as

atP

y+1 @

Ac:atﬁ—yu:»c:

in which c¢ is the concentration of total fatty acids scaled between (0,1), « is
the production rate, f is incubation time in h, f is a diminishing return
(elasticity) constant, and y is the consumption rate. Next, ¢ was assigned a
Gaussian likelihood with its mean determined by Eq. (2), that is;

¢~ Normal(fi, &)

atf
y+1

Fj.:

0 ~ Exponential(1).
Model parameters were as follows;

a = ag[condition] + o, [condition, age]
+a, [condition, group] + a3 [age, group]

ay[condition] ~ HalfNormal(0, 0.5)
a;53i,j] ~MVNormal(0,%)

with = = opo?, o ~ Exponential(1), and p ~ LKJcorr(2)

B = P,lcondition]
B,[condition] ~ Normal(1, 0.1)
y = Yy,lcondition]

Yolcondition] ~ Exponential(1),

in which any parameter with structure X[i,j] is a matrix with all levels of i as
rows and all levels of j as columns, X is a covariance matric Cholesky
decomposed into apo”, the vector condition contains all levels of experi-
mental conditions, the vector age contains all levels of donor age, and the
vector group contains a grouping variable for spontaneous HMO respon-
ders (donors A, B, C) and HMO non-responders (donors D, E, F).

Modeling Bifidobacterium infantis LMG 11588 copies progres-
sion (strain-specific qPCR)

Copy progression for B. infantis LMG 11588 were modeled in brms version
2.16.1 package using a Gaussian process because of the flexibility it provides
and the non-stringent assumptions it allows when applied on relatively little
data”. Copy numbers were modeled for each unique condition/age/group

combination z as
¢, = a,+£,0

in which ¢, is the concentration of copies/mL scaled between (0,1). Model
parameters were as follows;

a, ~ Student(3, 0, 2.5)

f,(t) ~ MVNormal(0, k,(t))

2
Il

withk, (ti7 tj> = sdgpzze 2iale,” for all possible points i, j within z

in which sdgp, ~ Student(3, 0, 2.5) and Iscale, ~ InvGamma(46, 31).

Modeling HMO consumption

Since HMOs can only be consumed and at no time produced, we modeled
their consumption via exponential decay in the rethinking package version
2.13”°. The concentration decrease of HMOs was modeled with a Gaussian
likelihood with its mean determined by exponential decay, that is for each
HMO;

¢~ Normal(f, )

i=ae P (2)
0 ~ Exponential(1),

in which cis the concentration of each HMO in g/L scaled between (0,1) and
t is the incubation time in h. Model parameters were as follows;

a= a[condition, age} ~ MVNormal(0, %)
withX = opoT, 0 ~ Exponential(1), and p ~ LKJcorr(2)
B = P,lcondition] + B, [group, age]
B,[condition] ~ HalfNormal(0, 0.1)
B, [group, age} ~ MVNormal(0, %)

with ¥ = OPOT, 0 ~ Exponential(1), and p ~ LK]Jcorr(2),

in which any parameter with structure O/i,j] is a matrix with all levels of i as
rows and all levels of j as columns, X is a covariance matric Cholesky
decomposed into gpa”, the vector condition contains all levels of experi-
mental conditions, the vector age contains all levels of donor age, and the
vector group contains a grouping variable for spontaneous HMO respon-
ders (donors A, B, C) and HMO non-responders (donors D, E, F).

Modeling microbiota differences linked to experimental
conditions

We obtained taxa-specific cell densities by mapping the relative abundances
obtained through 16S rDNA sequencing onto the total cell number
obtained through flow cytometry. Cell densities were transformed by sub-
tracting their grand mean and dividing by their standard deviation to obtain
a variable with mean of 0 and standard deviation of 1. The cell density for
each bacterial taxon was modeled with a Gaussian likelihood with its mean
determined by decoupled contributions for each experimental factor in the
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rethinking package version 2.13”". That is

N ~ Normal(i, o)

ft = a,[condition, taxon] + a, [age, taxon]

+ a3 [responder, taxon| + a,[time, taxon]
0y 5.3 4[1,j] ~ Normal(0, 1)

G ~ Exponential(1).

in which any parameter with structure X[i,j] is a matrix with all levels of i as
rows and all levels of j as columns and represents the contribution of
experimental factor i for taxon j.

Modeling taxa co-occurrence
A continuous co-occurrence metric x;; for experimental condition i and
fecal donor age j between taxon A and taxon B was modeled as follows

OVNA#»J» =0or NB,iJ‘ =0

X, =
Ly Naij+tNpij
Rair i YN, % 0and Ny, #0

Where Ny ;;and Ny ;; are the summed cell densities in condition i and age
group j for taxon A and B, respectively. Co-occurrences values were then
scaled between (0,1). A co-occurrence network using the Kamada-Kawai
layout was plotted using ggraph version 2.0.5”.

Non-metric multidimensional scaling and diversity index
calculation

To assess differences in HMO response profile between individual donors,
non-metric multidimensional scaling (NMDS) was performed on the
posterior mean of decay rate parameter  obtained in Eq. (2) using
the Euclidean distance and vegan version 2.5-6"° To assess the effect of
incubation time, HMO mix addition, B. infantis LMG 11588 addition,
donor identification, donor age, and HMO responder type on B diversity,
NMDS was performed on the 16 S rDNA seq reads on the Bray-Curtis
distance in the same way. To assess the effect of the same factors on o
diversity, Shannon and Simpson diversity indices were calculated using the
same R package.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The datasets generated during and/or analysed in the current study are
available from the corresponding author on reasonable request. The 16 S
rDNA sequencing data used in this study have been deposited in the Eur-
opean Nucleotide Archive under accession numbers ERX11887871-
ERX11888086 in project PRJEB71952. Source data used for Fig. SI are
available in Supplementary Data 1. Processed 16 S rRNA gene sequencing
data used for Figs, S4-6 are available in Supplementary Data 2
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