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ABSTRACT Human milk oligosaccharides (HMOs), which are natural bifidogenic pre-
biotics, were recently commercialized to fortify formula milk. However, HMO assimila-
tion phenotypes of bifidobacteria vary by species and strain, which has not been
fully linked to strain genotype. We have recently shown that specialized uptake sys-
tems, particularly for the internalization of major HMOs (fucosyllactose [FL]), are asso-
ciated with the formation of a Bifidobacterium-rich gut microbial community.
Phylogenetic analysis revealed that FL transporters have diversified into two clades
harboring four clusters within the Bifidobacterium genus, but the underpinning func-
tional diversity associated with this divergence remains underexplored. In this study,
we examined the HMO consumption phenotypes of two bifidobacterial species,
Bifidobacterium catenulatum subsp. kashiwanohense and Bifidobacterium pseudocate-
nulatum, both of which possess FL-binding proteins that belong to phylogenetic
clusters with unknown specificities. Growth assays, heterologous gene expression
experiments, and HMO consumption analyses showed that the FL transporter type
from B. catenulatum subsp. kashiwanohense JCM 154397 conferred a novel HMO
uptake pattern that includes complex fucosylated HMOs (lacto-N-fucopentaose Il and
lacto-N-difucohexaose I/1l). Further genomic landscape analyses of FL transporter-
positive bifidobacterial strains revealed that the H-antigen- or Lewis antigen-specific
fucosidase gene(s) and FL transporter specificities were largely aligned. These results
suggest that bifidobacteria have acquired FL transporters along with the correspond-
ing gene sets necessary to utilize the imported HMOs. Our results provide insight
into the species- and strain-dependent adaptation strategies of bifidobacteria in
HMO-rich environments.

IMPORTANCE The gut of breastfed infants is generally dominated by health-promoting
bifidobacteria. Human milk oligosaccharides (HMOs) from breast milk selectively pro-
mote the growth of specific taxa such as bifidobacteria, thus forming an HMO-mediated
host-microbe symbiosis. While the coevolution of humans and bifidobacteria has been
proposed, the underpinning adaptive strategies employed by bifidobacteria require fur-
ther research. Here, we analyzed the divergence of the critical fucosyllactose (FL) HMO
transporter within Bifidobacterium. We have shown that the diversification of the solute-
binding proteins of the FL transporter led to uptake specificities of fucosylated sugars
ranging from simple trisaccharides to complex hexasaccharides. This transporter and the
congruent acquisition of the necessary intracellular enzymes allow bifidobacteria to con-
sume different types of HMOs in a predictable and strain-dependent manner. These
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findings explain the adaptation and proliferation of bifidobacteria in the competitive
and HMO-rich infant gut environment and enable accurate specificity annotation of
transporters from metagenomic data.

KEYWORDS Bifidobacterium, human milk oligosaccharides (HMOs), fucosyllactose
transporter, fucosidase

uman milk oligosaccharides (HMOs) are a diverse group of oligosaccharides (degree

of polymerization of =3) with more than 200 different structures and are the third
most abundant solid component in breast milk (1, 2). HMOs are composed of five mono-
saccharides (fucose [Fuc], galactose [Gal], glucose [Glc], N-acetylglucosamine [GIcNAc], and
N-acetylneuraminic acid [sialic acid]) and are synthesized through the elongation and/or
modification of lactose (Lac) in the mammary gland (see Fig. S1 in the supplemental mate-
rial for HMO structures). The majority of HMOs are fucosylated, with the most abundant
being the trisaccharides 2'-fucosyllactose (2'-FL) and 3-fucosyllactose (3-FL) (3).
Fucosylation is catalyzed by fucosyltransferase 2 (FUT2) and fucosyltransferase 3 (FUT3) (1).
Depending on the geographic region, the proportion of secretor mothers (FUT2*/* or
FUT2™/~) can range from 65% to 98%, which affects the composition of HMOs in breast
milk (4). For example, the milk of secretor mothers generally contains 2'-FL as the most
abundant HMO species, while nonsecretor mothers produce more lacto-N-fucopentaoses
(LNFPs) I and lll, which possess a-1,4- and a-1,3-fucosyl substitutions, respectively, to com-
pensate for the absence of 2'-FL (4). Despite the high energy expenditure for the mother
in their production, HMOs provide no nutritional value to the infant as they are resistant to
pancreatic digestion (5). Rather, they function as selective substrates that promote the
growth of HMO-utilizing taxa in the gut, such as bifidobacteria (6-8), which are more dom-
inant in breastfed infants than in formula-fed infants (9). Consequently, there has been an
increased effort to fortify commercial infant formula with HMOs. Previous studies have
shown that bifidobacteria possess the extensive enzymatic machinery to metabolize
HMOs (10-12), reflecting their adaptation to the breastfed infant gut environment (13, 14).
However, HMO consumption ability can vary at the strain and even at the homolog levels
(12), and the variation in their phenotypes has not been fully linked to their genotypes.
Therefore, insights into HMO assimilation and adaptation strategies employed by
Bifidobacterium strains require further research.

Several other gut microbes possess enzymes to break down HMOs (e.g., fucosidases) and
display an extent of growth on HMOs in pure cultures, e.g., members of Bacteroides (15) and
Akkermansia muciniphila (16). These taxonomic groups, however, lack the unique and effi-
cient HMO uptake systems of bifidobacteria. HMOs are imported by bifidobacteria using
ATP-binding cassette (ABC) transporters (one notable exception is Bifidobacterium bifidum,
which extracellularly degrades HMOs [11, 17]). The solute-binding protein (SBP) of an ABC
transporter mediates the high-affinity capture of ligands and initiates their translocation, af-
ter which depolymerization in the cytoplasm is catalyzed by a series of glycoside hydrolases
(GHs) (6, 18-22). As the majority of HMOs are fucosylated, the characterization of fucosyllac-
tose (FL) transporters is critical for revealing how bifidobacteria have adapted to the infant
gut environment. In a previous study (20), we characterized two ABC transporters that
import fucosylated HMOs (FL transporter 1 [SBP name, FL1-BP] and FL transporter 2 [SBP
name, FL2-BP]) found in Bifidobacterium longum subsp. infantis. The two transporters have
identical permease subunits, as opposed to their divergent SBPs (60% shared identity) that
confer different specificities: while the specificity of FL transporter 1 is limited to 2'-FL and 3-
FL, FL transporter 2 imports a wider variety of fucosylated HMOs (2'-FL, 3-FL, lactodifucote-
traose [LDFT], and LNFP I). Furthermore, the presence of FL1-BP and FL2-BP homologs in
fecal samples was strongly associated with a Bifidobacterium-rich microbiota in breastfed
infants. Taken together, these findings suggest that these FL transporters represent an
adaptive strategy employed by bifidobacteria to proliferate in the infant gut.

Our previous phylogenetic analysis of the FL1-BP and FL2-BP homologs, which are
exclusively distributed in bifidobacterial genomes, also revealed the presence of four
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FIG 1 Phylogenetic analysis of FL transporter SBPs. A phylogenetic tree was constructed based on
the amino acid sequence of the FL transporter 2 SBP (Blon_2202) found in B. infantis ATCC 15697".
Eighty-nine homologs from 69 strains that share =60% identity are shown, and four different clusters
were identified, as expected from our previous study (20). Representative strains of each cluster are
shown. Note that B. infantis ATCC 156977 is shown twice as several B. infantis strains harbor
transporters from both clusters 2-Il and 1-IV. Also, see Table S1 in the supplemental material for more
detail.

clades comprising cluster 1-IV (FL1-BP) and clusters 2-l, 2-ll, and 2-lIl (FL2-BP) (Fig. 1)
(20). While previous studies have extensively focused on FL transporters belonging to
B. infantis ATCC 156977 (clusters 1-IV and 2-ll), clusters 2-1 and 2-lll warrant further
research (6, 19, 20, 23, 24). Of the two clusters, cluster 2-lIl displays the lowest identity
to cluster 2-1l (71%). Bifidobacterium catenulatum subsp. kashiwanohense JCM 154397,
which harbors an FL-BP homolog from cluster 2-lll, was first isolated from infant feces
(25), and its average relative abundance in infant feces can reach as high as 22% (26).
James et al. (24) showed through growth assays that B. kashiwanohense APCKJ1 is ca-
pable of utilizing 2'-FL and 3-FL through the use of its FL transporter (cluster 2-lll), but
heterologous transporter expression experiments by our group (20) showed that the
transporter also imports LDFT and LNFP I. The ability to consume fucosyllactose is well
conserved within the B. kashiwanohense species (27), but the substrate specificity of FL
transporter cluster 2-ll for other HMO molecules has not yet been described.

In this study, we describe the physiological relevance of clusters 2-1 and 2-Ill of FL
transporter 2 for HMO assimilation through growth assays, heterologous gene expres-
sion experiments, and HMO consumption analyses. Our results showed that FL trans-
porter 2 (cluster 2-1ll) found in B. kashiwanohense possesses novel substrate specificity
toward fucosylated HMOs with Lewis a and b antigens [GalB1,3(Fuca1,4)GIcNAc and
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Fucal,2-Gal B1,3(Fuca1,4)GIcNAc, respectively]. Further gene landscape analysis of
known bifidobacterial genomes revealed that the presence of fucosidase genes com-
plemented the substrate specificity of FL transporters. The results of our study provide
further evidence to suggest that the diversification of the FL transporter is a genomic
signature that reveals the adaptation of bifidobacteria to HMO environments.

RESULTS

Diversification of FL-BP homologs within bifidobacterial species. We performed
an updated analysis with tBLASTn of FL2-BP (20) homologs to include newly deposited
genome sequences in the National Center for Biotechnology Information (NCBI)
genomic database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Fig. 1). FL2-BP found in B.
infantis ATCC 156977 (Blon_2202 [GenBank accession no. CP001095.1]) was used as a
query sequence. Homologs (=60% amino acid sequence identity) were found only in
bifidobacterial genomes. As shown in Fig. 1, the homologs formed two phylogenetic
clades (clades 1 and 2), which is consistent with previous work, and the clades were
further categorized into four clusters with distinctive ligand-binding residues (20). The
clusters showed various degrees of identity to Blon_2202: cluster 2-Il showed 98 to
100% identity, represented by B. infantis ATCC 156977; cluster 2-1 showed 90 to 92%
identity, represented by Bifidobacterium pseudocatenulatum JCM 12007; cluster 2-lIl
showed 71 to 72% identity, represented by B. kashiwanohense JCM 15439T; and cluster
1-1IV showed 61% identity, represented by B. infantis ATCC 15697" and Bifidobacterium
breve Iw01 (Fig. 1; see also Table S1 in the supplemental material). Of note, the sequen-
ces of the corresponding permease subunits of the FL transporters were conserved
across the four clusters (=88% identity), suggesting that the specificities of FL trans-
porters are effectuated by the diversification of the SBPs.

A novel and versatile transporter specificity toward mono- and difucosylated
HMOs in B. kashiwanohense. To examine the HMO consumption patterns of bifido-
bacteria with FL transporters (clusters 2-1 and 2-lll), we performed growth assays in a
medium containing 1% HMOs as the sole carbon source. As shown in Fig. 2, we first
examined B. pseudocatenulatum harboring the cluster 2-I transporter. B. pseudocatenu-
latum grew well in HMO-supplemented medium (optical density at 600 nm [ODgql
of >0.8) (Fig. 2a). 2'-FL, 3-FL, LDFT, lacto-N-tetraose (LNT), and LNFP | were depleted
from the culture supernatant during growth (Fig. 2b to d; Fig. S2a). In contrast, the
strain did not assimilate lacto-N-neo-tetraose (LNnT), LNFP II/Ill, or lacto-N-difucohex-
aose (LNDFH) I (Fig. 2c and d). As expected from the high amino acid similarity (~90%)
with cluster 2-II, these results strongly suggested that cluster 2-1 of B. pseudocatenula-
tum conferred the same HMO assimilation phenotype as cluster 2-Il (represented by
FL2-BP of B. infantis ATCC 156977).

We then examined the HMO consumption pattern of B. kashiwanohense with the
cluster 2-lIl transporter, as shown in Fig. 3. B. kashiwanohense grew well in HMO-sup-
plemented medium (ODy,, of >0.7) (Fig. 3a) and displayed a novel HMO assimilation
phenotype, as it consumed LNFP II/lll, LNDFH I, and LNDFH Il in addition to 2'-FL, 3-FL,
LDFT, and LNFP | (Fig. 3b to d; Fig. S2b). However, it consumed neither LNT nor LNnT
(Fig. 3c). Furthermore, high-performance liquid chromatography (HPLC) analysis of the
culture supernatant showed an accumulation of a peak predicted to be the trisacchar-
ide lacto-N-triose Il (LNTri-ll) (retention time of 35 to 37 min) (Fig. S2b). We verified that
the peak was LNTri-ll [GIcNAc(B1,3)Gal(31,4)Glc] through enzymatic analysis (Fig. S3).
We note that although B. kashiwanohense possesses a homolog of an LNTri-ll-degrad-
ing enzyme (GH20 B-1,3-N-acetylglucosaminidase; 59% identity to Blon_0459 [28]),
LNTri-Il accumulation was observed, and the mechanism remains unclear. Due to this
novel fucosylated HMO assimilation phenotype, we focused on cluster 2-lll to further
examine its ability to import HMOs. To determine whether the assimilation of HMOs
was attributable to the transporter, we performed growth assays using previously con-
structed heterologous expression strains. The strain, a B. longum JCM 31944 AlnbX
AgltA strain that heterologously expresses the genes encoding intracellular exo-glyco-
sidases for HMO depolymerization (MS554 strain), was previously transformed with a
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FIG 2 Growth and HMO consumption behavior of B. pseudocatenulatum JCM 1200". B. pseudocatenulatum
JCM 1200" was grown in MRS-CS medium containing 1% (wt/vol) HMOs as a sole carbon source. (a)
Growth was monitored by measuring the OD,,. Additionally, the supernatant of the culture medium was
sampled at the indicated time points and analyzed using HPLC. (b to d) Concentrations of trisaccharides
(b), tetrasaccharides (c), and penta- and hexasaccharides (d) remaining in the medium. Data are means =+
standard deviations from biological triplicates. Note that LNTri-ll was not detected, and LNDFH Il was not
quantified as no changes were observed over time (see Fig. S2a in the supplemental material).

plasmid expressing the FL transporter belonging to cluster 2-lll (BBKW_1838 to
BBKW_1840 [BBKW_1838-1840; GenBank accession no. AP012327.1]) or an empty vec-
tor as a negative control (20). Growth assays revealed that the strain carrying
BBKW_1838-1840 grew moderately well (ODg,, of >0.5) in HMO-supplemented me-
dium, in contrast to the control MS554 strain carrying an empty vector (ODg,, of <0.1)
(Fig. 3a). Furthermore, MS554 carrying BBKW_1838-1840 displayed HMO consumption
behavior similar to that of B. kashiwanohense, in which 2'-FL, 3-FL, LDFT, and LNFP II/1ll
were consumed first, followed by LNFP |, LNDFH I, and LNDFH Il (Fig. 3b to d; Fig. S2c
and d). Unlike B. kashiwanohense, accumulation of LNTri-Il was not observed in the cul-
ture supernatant of MS554 carrying BBKW_1838-1840.

Differentiation of LNFPs Il and Ill was not possible through HPLC analysis, as they
are detected as a combined peak. To further determine the specificity of cluster 2-lIi,
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FIG 3 A novel transporter specificity capable of importing complex fucosylated HMOs. Strains were
grown in MRS-CS medium containing 1% (wt/vol) HMOs as a sole carbon source. (a) Growth was
monitored by measuring the ODy,,. Additionally, the supernatant of the culture medium was sampled
at the indicated time points and analyzed using HPLC. (b to d) Concentrations of trisaccharides (b),
tetrasaccharides (c), and penta- and hexasaccharides (d) remaining in the medium. Data are means *
standard deviations from biological triplicates.

we performed additional enzymatic assays with the fraction containing the combined
LNFP 1I/1ll peak (retention time of 55 to 57 min) (Fig. S2b and d) from the supernatant
at 24 h, as indicated in Fig. S4. A reaction with AfcB (29), an a-1,3/4-L-fucosidase, was
predicted to liberate LNT if LNFP II, which contains a Lewis a antigen, remained in the
medium (Fig. S4a). On the other hand, it would release LNnT if LNFP Ill, which contains
a Lewis x antigen, was left in the medium. HPLC analysis after enzymatic treatment
showed that LNnT was liberated, indicating that LNFP Il remained in the medium, and
LNFP Il was consumed by the cluster 2-1ll transporter (Fig. S4b). FL transporter 2 (cluster
2-1ll) from B. kashiwanohense JCM 154397 can assimilate LNT structure oligosaccharides
with H-antigens (Fuca1,2Gal) and Lewis a [GalB1,3(Fuca1,4)GIcNAc] and Lewis b
[Fuca1,2Gal B1,3(Fuca,4)GIcNAc] antigens and is also specific for mono- and difucosy-
lated lactose molecules. These results indicated that cluster 2-Ill of FL transporter 2 was
distinguished by the uptake of the broadest range of fucosylated HMOs (2'-FL, 3-FL,
LDFT, LNFP I, LNFP II, LNDFH I, and LNDFH Il) among the FL transporter clusters.
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The presence of fucosidase genes corresponds to the substrate specificity of
each FL transporter type. We performed gene landscaping analysis of available
genomes of FL transporter-positive bifidobacterial strains (Fig. 1; Table S1), which
revealed differential patterns in the presence of fucosidase genes (Fig. 4; Fig. S5). As
described above, the transporter types can vary by strain. For example, the majority of
B. infantis strains possess both cluster 2-Il and 1-IV transporter proteins. As for B. kashi-
wanohense strains, two possess the transporter assigned to cluster 2-lll, and one pos-
sesses the transporter from cluster 2-I. As summarized in Fig. 4, further analysis showed
that all strains included in the analysis possessed putative H-antigen-specific intracellu-
lar 1,2-a-L-fucosidases of GH95 (homologs of AfcA from B. infantis [21]), but there was
an apparent absence of Lewis antigen-specific intracellular 1,3/4-a-L-fucosidases of
GH29 (homologs of AfcB from B. infantis [21]) in strains harboring FL transporters from
clusters 1-IV and 2-l. The overall genomic organizations at the Fuc and FL utilization
loci among transporter types are similar (Fig. S5). However, through identifying the
substrate specificities of previously uncharacterized FL transporter types, we found
that the presence of AfcA and/or AfcB corresponds to the substrate specificity of each
FL transporter type. Of note, B. infantis strains possess AfcB, although AfcB is not
required for the degradation of HMOs imported by cluster 1-IV and/or 2-II transporter
types; however, B. infantis strains are known to import many types of fucosylated
HMOs through other unidentified transporters (12, 30), for which AfcB most likely
becomes relevant.

As shown in Fig. 5, we then incubated cell extracts with 2'-FL, 3-FL, and LNFP Il to
confirm the presence of AfcA and AfcB activity within bifidobacterial strains harboring
either cluster 2-1 (B. pseudocatenulatum JCM 12007) or cluster 2-lll (B. kashiwanohense
JCM 154397). AfcA preferentially acts on a-1,2 linkages and also on 3-FL («-1,3 linkage)
but to a significantly lesser degree (17, 21, 24). On the other hand, AfcB exclusively acts
on a-1,3/4 linkages between Fuc and GIcNAc/Glc with branched Gal residues (21, 24,
31). Cell extracts from B. pseudocatenulatum almost completely degraded 2'-FL within
2 h, while 3-FL degradation was delayed (Fig. 5a and b). However, no activity was
observed on LNFP Il, supporting the absence of AfcB in B. pseudocatenulatum (Fig. 5c).
B. kashiwanohense, on the other hand, degraded all three sugars, confirming the pres-
ence of both AfcA and AfcB (Fig. 5a to c). We also note that when cell extracts of B.
kashiwanohense were incubated with LNFP II, there was an accumulation of what
appears to be LNTri-ll (Fig. 5¢). These results indicate that the presence of AfcB is nec-
essary for the degradation of a wider range of fucosylated HMOs and that the conser-
vation of intracellular fucosidases corresponds well to the substrate specificities of FL
transporters.

DISCUSSION

The majority of HMOs in breast milk are fucosylated (2-4), and their utilization by bifi-
dobacteria represents a recently growing interest, especially in the fortification of for-
mula milk. The ability to utilize fucosylated HMOs has been suggested to be a strategy
employed by bifidobacteria to adapt to the infant gut environment, and the gene loci of
FL utilization have been previously reported (6, 12, 20, 22, 24) (see Fig. S5 in the supple-
mental material). Despite the clear homology of SBPs associated with FL transporters
(identity of =60%), these proteins segregate into two main phylogenetic clades harbor-
ing distinct clusters (clusters 2-I, 2-II, 2-1ll, and 1-1V) (Fig. 1; Table S1). The importance of
the transporters in the infant gut in promoting a bifidobacterial community has been
demonstrated recently (6, 20). However, differences in substrate specificities had not
been clarified, as the abilities of the transporters to confer HMO assimilation phenotypes
were assumed to be similar among clusters assigned to each clade (especially clusters
21, 2-11, and 2-1l) (6, 19, 20, 23, 24). In addition to FL transporters, a common feature of
FL-utilizing bifidobacterial strains is the presence of intracellular 1,2-a-.-fucosidases
(AfcA) (Fig. 4; Fig. S5). While AfcA is sufficient for the metabolism of most fucosylated
HMOs (21, 24), some strains also possess an intracellular 1,3/4-a-.-fucosidase (AfcB).
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FIG 4 Correlation of fucosidase and FL transporter specificities in Bifidobacterium strains. The distributions of fucosidase homologs among Bifidobacterium
strains harboring FL transporter homologs are shown. Red indicates that a homolog is present (identity of >70%), and dark blue indicates that the

(Continued on next page)
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However, there were no evident patterns in the presence and distribution of intracellular
AfcB, and its physiological role had been unclear. Here, our analysis now clearly shows
that the FL transporter has diversified to display various substrate specificities and that
the difference in substrate specificities can explain the occurrence patterns of intracellu-
lar AfcA and AfcB in bifidobacteria. Such diversification highlights an important adapta-
tion employed by bifidobacterial strains to utilize fucosylated HMOs, and our study pro-
vides molecular insight into strategies that bifidobacteria may have developed in
response to the infant gut environment.

We characterized novel substrate specificities for cluster 2-lll of FL transporter 2,
which is present in some Bifidobacterium strains possessing AfcB homologs (Fig. 4).
Previous work using pure, single sugars as a carbon source shows that this type of trans-
porter with SBPs from cluster 2-lll can import 2'-FL, 3-FL, LDFT, and LNFP | (20, 24).
Interestingly, our present study revealed that the transporter from B. kashiwanohense
JCM 154397, which is associated with cluster 2-1ll SBPs, has an even broader specificity
that includes larger, a1,3/4-fucosylated HMOs with Lewis a and b antigens, such as LNFP
I, LNDFH I, and LNDFH II (Fig. 3b to d). However, this transport system was not capable
of internalizing LNFP lll, a Lewis x antigen-containing oligosaccharide. This is the first
study to identify a transporter capable of importing LNFP Il and LNDFH I/1], although a
transporter that captures the degradation products of these HMOs (Lewis a trisacchar-
ides and Lewis b tetrasaccharides) was recently identified in butyrate-producing
Firmicutes (32). As shown in Fig. 4 and Fig. S5, genomic landscape analysis further
revealed that all strains classified into cluster 2-lll possess homologs of both AfcA and
AfcB. These results suggest that the presence of intracellular fucosidases corresponds to
the substrate specificity of the FL transporters. Consistent with this claim, we find that
there was an apparent absence of AfcB homologs in strains possessing FL transporters
with relatively limited substrate specificity (cluster 2-I, 2’-FL, 3-FL, and LDFT; cluster 1-IV,
2'-FL and 3-FL) (Fig. 4). Interestingly, these conservation patterns show strain-specific
diversification, as exemplified by B. kashiwanohense, in which two strains (JCM 154397
and APCKJ1) with FL transporter cluster 2-lll possess AfcB homologs but one strain
(PV20-2) with FL transporter cluster 2-1 does not (Fig. 4). Intracellular AfcA efficiently acts
on «al,2-fucosylated HMOs like 2'-FL and LNFP |, followed by 3-FL (21, 24). Therefore,
AfcA is theoretically sufficient for the metabolism of most fucosylated HMOs imported
through FL transporters in clusters 2-l, 2-ll, and 1-IV. However, the ability of AfcA to liber-
ate Fuc from «a1,3/4 glycosidic bonds is essentially lacking or lower than that of AfcB (21,
24, 31). Therefore, it is possible that strains with FL transporter 2-1ll (such as B. kashiwano-
hense JCM 15439") acquired AfcA and AfcB through a gain of gene function to efficiently
metabolize a diverse range of HMOs with various types of fucosylation (2'-FL, 3-FL, LDFT,
LNFP I, LNFP Il, LNDFH I, and LNDFH Il) (Fig. 3 and 5). Conversely, AfcB is not required for
strains that import only 2’-FL, 3-FL, LDFT, and LNFP I. As summarized in Fig. 6, our analy-
ses revealed strong genotype and phenotype associations, suggesting that the diversifi-
cation of FL transporters within bifidobacteria represents an adaptive strategy for HMO
environments. Of note, B. longum subsp. suis BSM11-5 (cluster 2-1) possesses both AfcA
and AfcB (Fig. 4). Additionally, while uptake by FL transporters in cluster 2-Il is limited to
2'-FL, 3-FL, LDFT, and LNFP I (20), many strains in this cluster (mostly B. infantis) possess
both AfcA and AfcB. Despite this genotype-phenotype mismatch, most B. infantis strains
are capable of importing most types of HMOs, including LNFP I, LNFP Ill, LNDFH I, and
LNDFH Il (30). Future work is needed to identify the other transporters in B. infantis and
B. longum subsp. suis that are responsible for importing HMOs or other sugars that
require AfcB for depolymerization (Fig. 6).

Almost all infant gut-associated bifidobacteria can utilize LNT, a nonfucosylated
HMO, while the ability to utilize fucosylated HMOs is highly strain dependent (12, 33).

FIG 4 Legend (Continued)

homolog is absent from the strain. B. longum strains without subspecies identification were excluded from the analysis. The HMO assimilation phenotype
based on the FL transporter type is shown to the right. Functions of transporters belonging to the strains indicated in red have previously been explored
to a different resolution (6, 19, 20, 22, 24). The strains used in this study are indicated in boldface type with asterisks. Cls, clusters.
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FIG 5 Fucosylated oligosaccharide degradation by cell extracts from bifidobacterial strains with different
transporter specificities. Cell extracts (protein concentration of 64.1 wg/mL) from B. pseudocatenulatum JCM
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FIG 6 Intracellular fucosidase specificities are aligned with FL transporter preferences. Representative strains of
each transporter type with their substrate specificities and fucosidases are shown. Strains that harbor FL
transporter 2 (lll) possess not only AfcA (1,2-a-L-fucosidase) but also AfcB (1,3/4-a-.-fucosidase). AfcB is
generally not conserved in strains harboring transporters that can import only limited HMOs (2'-FL, 3-FL, LDFT,
and LNFP 1). B. infantis is an exception as it has been reported to import almost all types of HMOs through a
variety of other transporters. AfcA efficiently acts on HMOs fucosylated with «-1,2 bonds (e.g., 2'-FL and LNFP
1), and while it has catalytic activity on HMOs with a-1,3 bonds (e.g., 3-FL), the efficiency is low. Consequently,
AfcB is predicted to be necessary to efficiently metabolize LNFP II, LNDFH I, and LNDFH Il. Strains of B. infantis

also possess an FL transporter 1 (IV), which is left out for clarity due to the functional overlap of both
transporters.

However, the results of our growth assays showed that B. kashiwanohense JCM 154397
did not preferentially utilize LNT and LNTri-ll, an intermediate degradant of HMOs car-
rying LNT and LNnT as core structures (Fig. 3b and c). Instead, B. kashiwanohense JCM
154397 possesses the FL transporter that is specialized for the uptake of a broad range
of fucosylated HMOs. The ability to utilize different types of fucosylated HMOs may
increase fitness within the guts of infants with nonsecretor mothers (FUT27/~). While

FIG 5 Legend (Continued)

12007 or B. kashiwanohense JCM 154397 were incubated at 37°C on 3 mM 2'-FL (a), 3-FL (b), or LNFP Il (c).
The samples were collected at the indicated time points and analyzed by thin-layer chromatography as
previously described (40). The spot indicated by the asterisk is predicted to be LNTri-Il. Experiments were
conducted in biological duplicates, and representative results are shown.
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secretor mothers produce more a1,2-fucosylated HMOs with H-antigens, such as 2'-FL
and LNFP |, nonsecretor mothers produce more «1,3/4-fucosylated HMOs with Lewis
antigens, such as LNFP Il (4), which strains with cluster 2-lll FL transporters can utilize.
Despite the apparent fitness advantage conferred by the ability to consume the widest
range of fucosylated HMOs, data on strains possessing cluster 2-lll transporters in pub-
licly available genomic databases are relatively limited (Fig. 1 and 4; Table S1) (20).
Furthermore, the detection of B. kashiwanohense is also comparatively limited in infant
data sets, especially with 16S rRNA sequencing (25, 34). However, recent studies utiliz-
ing shotgun metagenomic sequencing have shown that B. kashiwanohense is persis-
tent and, in some cases, abundant in the infant gut microbiota (26, 35), suggesting
that this transporter can provide Bifidobacterium a fitness advantage in vivo.

The results of our study, combined with previous work, highlight the importance of
FL transporters for bifidobacteria in the metabolism of HMOs. Our analysis revealed
that cluster (genotype) differences in FL transporters can lead to significant phenotypic
variation. Furthermore, we found that the substrate specificity of each FL transporter
cluster is complemented by the presence of necessary downstream fucosidase genes,
suggesting a genomic adaptation to HMO-supplemented environments. By elucidating
the mechanisms of fucosylated HMO uptake by bifidobacterial strains, our findings
show that the diversification of the FL transporters and the matching fucosidases is a
genomic signature that reflects a different adaptation strategy for HMO environments.
The results of our study also highlight the strain dependency of HMO uptake pheno-
types in bifidobacteria, which can be applied to the selection of effective probiotics
(Bifidobacterium) and prebiotics (HMOs) for individualized clinical interventions and for-
mula milk.

MATERIALS AND METHODS

Chemicals. Fuc, Glc, Gal, 2-AA (2-anthranilic acid), and sodium cyanoborohydride were purchased
from Nacalai Tesque (Kyoto, Japan). GIcNAc and Lac were purchased from Fujifilm Wako Pure Chemical
(Osaka, Japan). The following sugars were purchased from Dextra Laboratory (Reading, UK): LNnT and
LNFP I. 2'-FL, 3-FL, LDFT, and LNT were provided as gifts from Glycom A/S (Hgrsholm, Denmark). LNTri-Il
was obtained through the digestion of LNnT using Bga2A, a -1,4-galactosidase from B. infantis (36).
LNT and LNTri-Il were further purified by size exclusion chromatography (Toyopearl HW-40C, 20 mm by
600 mm; Tosoh Corporation, Tokyo, Japan). LNFP II, LNFP Ill, LNDFH I, and LNDFH Il were purchased
from Carbosynth (Berkshire, UK), and isomaltoheptaose was purchased from Seikagaku Kogyo (Tokyo,
Japan). All other reagents that we used were of analytical grade.

Preparation of oligosaccharides from human milk. Milk samples were collected from healthy
Japanese mothers who had not taken any antibiotics for at least 1 month before collection at Nagao
Midwife Clinics (Kyoto, Japan). Informed consent was obtained from all mothers. The study was reviewed
and approved by the Ethics Committee of Kyoto University (R0046-1) and the University of Shiga
Prefecture (71-3) and was performed according to the Declaration of Helsinki. HMOs were purified from
the collected human milk samples as described previously (30). During the purification process, sialyl oli-
gosaccharides were eluted near the void fractions as polymeric compounds and therefore were absent
from the HMO mixture used in this study. Lac (approximately 6% of the mixture by molar ratio), a con-
taminant derived from the HMO purification process, was also detected.

Bacterial strains and culture conditions in HMO-supplemented medium. B. kashiwanohense JCM
15439" and B. pseudocatenulatum JCM 12007 were obtained from the Japan Collection of Microorganisms
(RIKEN BioResource Research Center, Tsukuba, Japan). The MS554 strain is a previously constructed B. lon-
gum JCM 31944 AlnbX AgltA double mutant heterologously expressing genes that encode intracellular
exo-glycosidases for HMO depolymerization (1,2-a-L-fucosidase gene [Blon_2335], N-acetylglucosamini-
dase [Blon_0459], LNT p-1,3-galactosidase [Blon_2106], 1,3/4-a-L-fucosidase [Blon_2336], and sialidase
gene [Blon_2348] from B. infantis) (20). The heterologous expression strain was previously constructed by
introducing a plasmid carrying the FL transporter 2 homolog genes (BBKW_1838-1840) from B. kashiwano-
hense JCM 15439" into MS554, and as a negative control, an empty vector was introduced into the MS554
strain previously (20). All bifidobacterial strains were routinely cultured in Gifu anaerobic medium (GAM)
broth (Nissui Pharmaceutical, Tokyo, Japan) at 37°C under anaerobic conditions using the AnaeroPack sys-
tem (Mitsubishi Gas Chemical Co., Tokyo, Japan). Culturing experiments to examine carbohydrate utiliza-
tion by bifidobacteria were performed using de Man-Rogosa-Sharpe medium containing 0.02% (wt/vol)
cysteine-HCl and 0.34% (wt/vol) sodium ascorbate (MRS-CS). As a sole carbon source, 1% (wt/vol) HMOs
were used instead of glucose. Each strain was inoculated into the medium with an initial optical density at
600 nm (ODy,,) of 0.02. All cultures were incubated under anaerobic conditions at 37°C for 24 h. Growth
was monitored by measuring the OD,,, at each time point. All culturing experiments were performed in
biological triplicate.
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Sugar concentration analysis. Culture supernatants were collected by centrifuging the bacterial
incubation samples at each time point and stored at —30°C until use. HPLC analysis was performed as
described previously (30, 37), in which the samples were thawed and mixed with isomaltoheptaose (in-
ternal standard), the sugars were fluorescence labeled with 2-AA, and the reaction mixtures were
desalted by solid-phase extraction (30, 38).

Identification of oligosaccharides using enzymatic treatments. Enzymatic assays were used to
identify LNTri-Il and to differentiate between LNFP Il and LNFP Ill, which are eluted as a combined peak
during HPLC analysis. During HPLC analysis, the fraction containing LNFP Il and LNFP Il (retention time
of around 55 to 57 min) and the fraction containing LNTri-Il (retention time of 35 to 37 min) were man-
ually collected. Acetonitrile was evaporated under a constant nitrogen gas stream and then heated at
40°C for 15 min, and the samples were freeze-dried overnight and dissolved in water. To differentiate
between LNFP Il and LNFP Ill, 1,3/4-a-L-fucosidase (AfcB), purified as described previously (29), was used.
To identify LNTri-ll, 8-1,3-N-acetylglucosaminidase | (Bbhl), purified as described previously (39), was
used. Each 100-uL enzyme reaction mixture contained the following: 50 uL of the fractionated sample,
either AfcB or Bbhl (final concentration of 100 wg/mL), and sodium acetate (final concentration of
50 mM [pH 6.0]). The mixture was incubated for 21 h at 30°C, followed by 5 min at 95°C to halt the reac-
tion. The resulting mixture was analyzed by HPLC as described above.

Analysis of fucosidase activity using cell extracts. B. kashiwanohense JCM 15439 and B. pseudoca-
tenulatum JCM 1200" were cultured in MRS-CS medium containing 0.5% 2'-FL until the OD,,, reached
0.5 to 0.7, after which the bacterial cells were harvested, washed twice with 50 mM sodium phosphate
buffer (pH 6.5) containing T mM 2-mercaptoethanol, disrupted by sonication, and clarified by centrifuga-
tion. For fucosyllactose degradation ability, the cell extracts (protein concentration of 64.1 ug/mL) were
incubated at 37°C with 3 mM 2'-FL, 3-FL, and LNFP Il in the same buffer, and the samples were then ana-
lyzed by thin-layer chromatography in a solution containing 1-butanol, acetic acid, and water (2:1:1 ra-
tio) as the developing solvent, as described previously (31, 40).

Genomic conservation and phylogenetic analysis of FL2-BP, AfcA, and AfcB homologs. The con-
servation of FL2-BP homologs was analyzed with tBLASTn using the NCBI genomic database available
on 25 January 2021 (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The analysis also included the B. longum
SC596 genome (22). The search was performed using the amino acid sequence of the FL2-BP protein of
B. infantis ATCC 156977 (Blon_2202) against the available draft and complete genome sequences of bifi-
dobacterial strains, and sequences of proteins that share =60% amino acid identity were used for phylo-
genetic analysis. For homologs assigned to the B. longum group, only the search results for which the
subspecies were shown were used for analysis. The search retrieved 89 applicable homologs from 69
bifidobacterial strains. The phylogenetic tree of FL2-BP homologs was created using RAXML v8.1.20 (41)
with 1,000 bootstrap iterations following sequence alignment in Clustal W with default settings (www
.genome.jp/tools-bin/clustalw). For the strains possessing FL2-BP homologs, the presence of a-1,2-L-
fucosidase (AfcA [GH95] [Blon_2335]) and a-1,3/4-L-fucosidase (AfcB [GH29] [Blon_2336]) was also ana-
lyzed as described above.

Data availability. The data supporting the conclusions of this study are available and included
within the article.
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