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ABSTRACT Human milk enriches members of the genus Bifidobacterium in the
infant gut. One species, Bifidobacterium pseudocatenulatum, is found in the gastro-
intestinal tracts of adults and breastfed infants. In this study, B. pseudocatenulatum
strains were isolated and characterized to identify genetic adaptations to the
breastfed infant gut. During growth on pooled human milk oligosaccharides
(HMOs), we observed two distinct groups of B. pseudocatenulatum, isolates that
readily consumed HMOs and those that did not, a difference driven by variable ca-
tabolism of fucosylated HMOs. A conserved gene cluster for fucosylated HMO utili-
zation was identified in several sequenced B. pseudocatenulatum strains. One iso-
late, B. pseudocatenulatum MP80, which uniquely possessed GH95 and GH29
a-fucosidases, consumed the majority of fucosylated HMOs tested. Furthermore, B.
pseudocatenulatum SC585, which possesses only a single GH95 a-fucosidase, lacked
the ability to consume the complete repertoire of linkages within the fucosylated HMO
pool. Analysis of the purified GH29 and GH95 fucosidase activities directly on HMOs
revealed complementing enzyme specificities with the GH95 enzyme preferring 1-2
fucosyl linkages and the GH29 enzyme favoring 1-3 and 1-4 linkages. The HMO-binding
specificities of the family 1 solute-binding protein component linked to the fucosylated
HMO gene cluster in both SC585 and MP80 are similar, suggesting differential transport
of fucosylated HMO is not a driving factor in each strain’s distinct HMO consumption
pattern. Taken together, these data indicate the presence or absence of specific a-fuco-
sidases directs the strain-specific fucosylated HMO utilization pattern among bifidobac-
teria and likely influences competitive behavior for HMO foraging in situ.

IMPORTANCE Often isolated from the human gut, microbes from the bacterial family
Bifidobacteriaceae commonly possess genes enabling carbohydrate utilization. Isolates
from breastfed infants often grow on and possess genes for the catabolism of human
milk oligosaccharides (HMOs), glycans found in human breast milk. However, catabo-
lism of structurally diverse HMOs differs between bifidobacterial strains. This study
identifies key gene differences between Bifidobacterium pseudocatenulatum isolates
that may impact whether a microbe successfully colonizes an infant gut. In this case,
the presence of complementary a-fucosidases may provide an advantage to microbes
seeking residence in the infant gut. Such knowledge furthers our understanding of
how diet drives bacterial colonization of the infant gut.
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In humans, colonization of the gut microbiome in early life is strongly influenced by
various elements in human milk. Human milk is composed of lactose, fats, proteins,

and numerous bioactive molecules. One key constituent known to influence the gut
microbiota is human milk oligosaccharides (HMOs). These highly abundant (10 to 15 g
liter21) (1) and structurally diverse bioactive molecules consist of neutral (nonfucosy-
lated and fucosylated) and acidic sialylated oligosaccharides (2). While energetically
dense, HMOs are not digested by the infant but, rather, fermented by intestinal
microbes, often infant-borne bifidobacteria (3). Only one species of Bifidobacterium,
Bifidobacterium longum subsp. infantis, has been shown to consume the full constella-
tion of HMO structures (4–6), while isolates of other infant-borne species, including
Bifidobacterium longum subsp. longum (7), Bifidobacterium breve (8), Bifidobacterium
kashiwanohense (9), and Bifidobacterium bifidum (10), have been shown to consume
portions of the HMO pool. These differential consumption phenotypes suggest that
HMOs delivered to infants enrich a network of primary bifidobacterial consumers who
target different components of the HMO pool. In addition, some primary consumers
partially degrade HMOs externally, releasing component sugars, which are consumed
by recipient strains (11, 12). Similar HMO consumption networks could be predicted
from other HMO-consuming taxa like Bacteriodes species (13), Akkermansia species
(14), and Roseburia species (15), among other taxa that degrade HMOs externally.
These HMO consumption networks, along with the conditioning of the environment
from production of organic acids (16) and lowering of pH (17), generated by fermenta-
tion of HMOs, likely limit entry into the infant colonic ecosystem.

The genome of B. longum subsp. infantis ATCC 15697 contains transporters, sub-
strate-binding proteins (SBP), and glycosyl hydrolases (GH) organized in a 43-kb cluster
specialized for HMO utilization (18). While other Bifidobacterium species exhibit growth
on HMOs, none grow as robustly as B. longum subsp. infantis. Although the closely
related B. longum subsp. longum can broadly consume type I core HMOs, relatively few
strains are capable of metabolizing fucosylated HMOs, and none are known to consume
sialylated HMOs (7). These growth differences have a clear genetic basis in B. longum
subsp. longum SC596, which encodes two b-galactosidases and two a-fucosidases but
lacks a sialidase (7). B. breve strains generally consume type I and II core HMOs (6, 8, 19),
whereas fucosylated and sialylated HMO consumption is restricted to a few specific
strains (8). The enzymes lacto-N-biosidase (20), a-fucosidase GH29 (21), and a-fucosidase
GH95 (22) are necessary for extracellular cleavage of HMOs prior to importation and ca-
tabolism in B. bifidum. While B. longum, B. breve, and B. bifidum are well studied, they are
not the only Bifidobacterium species detected in breastfed infant feces.

Bifidobacterium pseudocatenulatum is prevalent in the feces of breastfed infants
(8, 16, 23–27), as well as adults (28–30). The bacterial composition of the infant and
adult gut microbiome is distinct (31, 32) and attributable in part to differences in di-
etary intake. These dietary differences may select for distinct metabolic abilities in
infant- and adult-derived B. pseudocatenulatum strains. Of six B. pseudocatenulatum
isolates from a cohort of Japanese breastfed infants, only three showed growth on
pooled HMOs, preferentially consuming fucosylated HMOs, which corresponded to
the presence of an a-fucosidase GH95 (16). On the other hand, an adult-derived B.
pseudocatenulatum strain 1E was unable to consume type II core HMOs, even
though in silico analysis revealed that its genome encoded b-galactosidases and a
b-hexosaminidase (30). Further research is needed to understand strain-specific
HMO utilization in B. pseudocatenulatum. In this study, we explored the genetic basis
of fucosylated HMO consumption in infant-derived, adult-derived, and other avail-
able B. pseudocatenulatum strains.
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RESULTS
Isolation and phylogenetic analysis of Bifidobacterium pseudocatenulatum. To

evaluate a diverse pool of B. pseudocatenulatum strains for HMO growth phenotypes,
isolates were obtained from many sources (Table 1). Most B. pseudocatenulatum strains
were obtained from earlier studies (infant derived) (8, 33), culture collections (various
sources), and colleagues (lamb derived) (34). An adult-derived B. pseudocatenulatum
GST210 was isolated from a fecal sample donated by an individual participant in a bo-
vine milk oligosaccharide supplementation tolerance trial (35). All B. pseudocatenula-
tum isolates (n = 62) were characterized with multilocus sequence typing. In total, 11
unique allelic profiles were observed (data not shown) and concatenated to construct
a phylogenetic tree (Fig. S1 in the supplemental material). While B. pseudocatenulatum
DSM 20438 had an identical allelic profile to B. pseudocatenulatum MP86, both isolates
were included in this study since they came from two very different sources. All 12 B.
pseudocatenulatum strains are listed in Table 1.

Growth of B. pseudocatenulatum isolates on pooled HMOs and select purified
fucosylated HMOs. Isolates of B. pseudocatenulatum (n = 12) were examined for their
ability to consume pooled HMOs. All B. pseudocatenulatum isolates grew well on lac-
tose (positive control, data not shown), whereas growth on pooled HMOs varied
(Fig. 1A and B). The B. pseudocatenulatum isolates SC585, MP80, MP86, DSM 20438
(infant derived), and JCM7040 (human derived) grew to a maximum optimum density
(OD) (0.94 # OD # 1.17) similar to the positive-control B. longum subsp. infantis ATCC
15697 (OD, 1.13) (Fig. 1A). In contrast, the B. pseudocatenulatum isolates SC237, SC564,
SC665, SC666 (infant derived), JCM11661 (origin unknown), GST210 (adult derived),
and L15 (lamb derived) grew to a maximum OD (0.39# OD # 0.59), similar to the neg-
ative-control Bifidobacterium animalis subsp. lactis ATCC 27536 (OD, 0.51) (Fig. 1B).
Since the purification of pooled HMOs does not remove 100% of the lactose, it is com-
mon to observe minimal growth.

Mass spectrometry was used to profile select (i.e., dominant) HMO structures from
this specific pool that were consumed by each B. pseudocatenulatum strain via analysis
of the spent media (Fig. 1C and Table S1). Isomers lacto-N-tetraose (LNT) and lacto-N-
neotetraose (LNnT) were depleted (.94%) by most B. pseudocatenulatum isolates, but
consumption was undetectable in B. pseudocatenulatum SC585 (infant derived), SC237,
and L15 (lamb associated).

Consumption of fucosylated HMOs by B. pseudocatenulatum isolates varied by struc-
ture. 29-fucosyllactose (29-FL) and lactodifucotetraose (LDFT) were depleted almost
entirely by B. pseudocatenulatum SC585, MP80, MP86, JCM7040, and DSM 20438 (all
.97%). All B. pseudocatenulatum isolates exhibited some consumption of LDFT (26 to
47%). Lacto-N-fucopentaose type I and III (LNFP I and LNFP III, respectively) were con-
sumed by B. pseudocatenulatum that consumed 29-FL, albeit to a lesser extent (66 to
85%). Uniquely, B. pseudocatenulatumMP80 consumed lacto-N-difucohexaose type I and

TABLE 1 Bifidobacterium pseudocatenulatum strains included in this study

Strain IDa Origin Reference
SC237 Infant feces 11
SC564 Infant feces 11
SC585 Infant feces 11
SC665 Infant feces 11
SC666 Infant feces 11
MP80 Infant feces 26
MP86 Infant feces 26
JCM7040 Human feces
JCM11661 Unlisted
GST210 Adult feces This study
L15 Lamb feces 27
DSM 20438 Infant feces
aJCM, Japan Collection of Microorganisms; DSM, German Collection of Microorganisms and Cell Cultures.
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II isomers (LNDFH I and LNDFH II, 55%). B. longum subsp. infantis ATCC 15697 demon-
strated an ability to consume higher-molecular-weight HMOs, whereas B. pseudocatenu-
latum isolates preferred lower-molecular-weight fucosylated HMOs (Table S1).

To explore subtle differences observed in growth on HMO pools (Fig. 1C), select B.
pseudocatenulatum strains that grew well on HMO pools were examined for growth on
purified HMO species. Strains SC585, MP80, MP86, JCM7040, and DSM 20438 grew on
purified 29-FL and 39-fucosyllactose (39-FL) (Fig. 2A and B). While B. pseudocatenulatum
JCM11661 consumed 29-FL from pooled HMOs (22%, Fig. 1C), it failed to grow robustly
on purified 29-FL as the sole carbon source (Fig. 2A). Notably, SC585 was able to grow
on LNT but failed to grow on LNnT, while MP80 readily grew on both isomers (Fig. 2C).
However, both MP80 and SC585 readily grew on LNFP1, which contains the LNnT type
2 core (Fig. 2D).

Growth of B. pseudocatenulatum MP80 on 29-FL and lactose produced the end products
acetate (44.71 mM 6 1.21 versus 44.51 mM 6 0.20; P = 0.185), lactate (19.06 mM 6 0.53
versus 22.796 0.12; P = 0.027), and ethanol (0.92 mM6 0.02, 0.35 mM6 0.003; P, 0.01).

FIG 1 B. pseudocatenulatum growth and glycoprofiling on human milk oligosaccharides (HMOs). B. pseudocatenulatum isolates grown on 2% (wt/vol)
pooled HMOs with strong (A) and weak (B) growth phenotypes. B. longum subsp. infantis ATCC 15697 and B. animalis subsp. lactis ATCC 27536 were
included as positive and negative controls, respectively. Mean optical density at 600 nm of two independent biological replicates. (C) Glycoprofiling of the
dominant HMOs from this HMO pool consumed by B. pseudocatenulatum isolates grown on 2% (wt/vol) HMOs. Percent consumption was calculated as the
difference in HMO structure abundance at 96 h relative to 0 h. 29-FL, 29-fucosyllactose; LDFT, lactodifucotetraose; LNT, lacto-N-tetraose; LNnT, lacto-N-
neotetraose; LNFP I, II, and III, lacto-N-fucopentaose type I, II, and III; LNDFH I and II, lacto-N-difucohexaose type I and II.
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B. pseudocatenulatum MP80 produced significantly larger amounts of formate
(6.20 mM 6 0.23 versus 0.74 mM 6 0.002; P , 0.01), pyruvate (2.82 mM 6 0.11 versus
0.12 mM 6 0.002; P , 0.01), and 1,2-propanediol (2.82 mM 6 0.18 versus 0.00 mM 6

0.00; P , 0.01) following growth on 29-FL than growth on lactose (Table 2). The metab-
olites observed provide functional validation of the MP80 fucose catabolism via the
propanediol pathway observed in other fucosylated HMO (F-HMO)-consuming bifido-
bacterial strains (9).

Characterization of a fucosylated HMO utilization gene cluster. To identify
genes required for fucosylated HMO consumption, we sequenced the genomes of

FIG 2 Subset of B. pseudocatenulatum isolates grown on 2% (wt/vol) 29-fucosyllactose (A), 39-fucosyllactose (B), lacto-N-tetraose and lacto-N-neotetraose (C),
and lacto-N-fucopentaose I (D). B. longum subsp. infantis ATCC 15697 and B. animalis subsp. lactis ATCC 27536 were included as positive and negative
controls. Mean optical density at 600 nm of two independent biological replicates.

TABLE 2Millimolar concentrations of metabolites detected in the cell-free supernatant of B. pseudocatenulatumMP80 grown on 1% 29-FL
versus 1% lactosea

Carbohydrate

Concn (mM) of:

Acetate Lactate Ethanol Formate Pyruvate 1,2-Propanediol Fucose
29-FL 44.716 1.21 19.066 0.53 0.926 0.02 6.206 0.23 2.826 0.11 4.286 0.18 0.656 0.01
Lactose 47.516 0.20 22.796 0.12 0.356 0.00 0.746 0.00 0.126 0.00 ND ND
P value 0.185 0.027 ,0.01 ,0.01 ,0.01 NA NA
aData are presented as mean6 SE. 29-FL, 29-fucosyllactose; ND, not detected; NA, not available.
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B. pseudocatenulatum SC585, MP80, JCM7040, JCM11661, L15, and GST210 (refer to
Table S2 for a summary of the sequencing metrics). B. pseudocatenulatum L15 and
GST210 were included as representatives that could not consume 29-FL. These newly
sequenced B. pseudocatenulatum strains have comparable genome sizes and charac-
teristics to B. pseudocatenulatum DSM 20438.

A cluster of genes, predicted to be associated with the consumption of F-HMOs, was
readily observed in B. pseudocatenulatum SC585, MP80, JCM7040, and DSM 20438 (Fig. 3).
Annotated genes in this cluster include two ATP-binding cassette (ABC) transporter perme-
ase components, a family 1 (oligosaccharide-binding) ABC transporter substrate-binding
protein, an L-fuconate dehydratase, an L-fucose dehydrogenase, a metal-dependent hydro-
lase, a 4-hydroxy-tetrahydrodipicolinate synthase, and an a-fucosidase GH95. B. pseudoca-
tenulatum L15 or GST210 did not contain the putative F-HMO gene cluster, consistent
with their inability to robustly consume F-HMOs (Fig. 1C). Interestingly, two additional
genes, a fucose mutarotase and an a-fucosidase GH29, were observed in B. pseudocatenu-
latum MP80. These additional genes are homologous to the fucose mutarotase and
a-fucosidase GH29 from B. longum subsp. infantis ATCC 15697.

A survey of all publicly available B. pseudocatenulatum genomes in NCBI (June
2020) revealed a subset of strains possessing homologs of the fucosidase operon
found in B. pseudocatenulatum SC585, MP80, and JCM7040 (Fig. 4). Of this subset,
strains CA-C29, CA-K29a, and CA-K29b are infant derived, while the B. pseudocatenula-
tum isolates TM10-1, AF17-20AC, and AF45-10BH were isolated from human feces of
an unreported age. Unique among B. pseudocatenulatum isolates, B. pseudocatenula-
tum MP80 possessed two a-fucosidases (GH29 and GH95) resembling the genomes of
B. longum subsp. infantis ATCC 15697 and B. longum subsp. longum SC596 (7, 36). This
additional fucosidase presence in MP80 and absence in the other F-HMO-consuming B.
pseudocatenulatum strains (SC585, JCM7040, and DSM 20438) likely contributes to the
differential F-HMO catabolism capacity described above. Aside from some shared ABC
transporter permeases, most B. pseudocatenulatum strains lack homologs of the fucosi-
dase operon entirely (Fig. 4).

FIG 3 Schematic representation of the fucosylated HMO utilization cluster in B. pseudocatenulatum strains MP80, SC585, JCM7040, and DSM 20438
(GenBank accession number AP012330) and homologous genes in B. longum subsp. infantis ATCC 15697 (GenBank accession number CP001095). Partial
gene locus tags are reported inside the arrows, and gene annotations are at the top. Genes are grouped by primary function as follows: oligosaccharide
transport, blue; carbohydrate feeder pathways, green; and glycosyl hydrolases, orange. Numbers in gray boxes represent percent identity of amino acid
sequences compared to B. pseudocatenulatum MP80 (BLASTp from NCBI). Perm, ABC permease; SBP, substrate-binding protein; fucD, L-fuconate
dehydratase; L-fuc DH, L-fucose dehydrogenase; AH, amido hydrolase; DHDPS, dihydropicolinate synthase; fucU, L-fucose mutarotase; GH29, a-fucosidase;
GH95, a-fucosidase.
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While the presence or absence of this main F-HMO gene cluster clearly differenti-
ated the more robust F-HMO consumer strains (MP80, SC585, and JCM7040) from the
“nonconsumers” (L15, JCM11661, and GST210), it did not explain other subtle differen-
ces in HMO consumption patterns between some strains. Notably, glycoprofiling
revealed that strain SC585 did not consume LNT/LNnT (Fig. 1C). While SC585 lacked
the ability to grow on LNnT and LNT, it was able to grow well on LNFP1, which con-
tains LNnT as a core (Fig. 2D). Moreover, the shared presence of HMO-related GHs in
sequenced strains MP80, JCM7040, and SC585 (Fig. 4B) does not predict the differential
consumption of LNnT/LNT in these strains, demonstrating the requirement for individ-
ual strain glycoprofiling of HMO consumption preferences (from HMO pools) as well as
growth on individual HMOs to truly decipher strain-level HMO-foraging behavior. At
present, the mechanism underlying the lack of growth of SC585 on LNnT remains
unresolved.

Transcriptomics of MP80 grown on lactose, 29-FL, and LNFP1 revealed clear induction
of the main F-HMO cluster (the cluster shown in Fig. 3) with each gene of the cluster
induced from 16- to 48-fold upon growth on the two F-HMOs (Table 3). In addition, an
LNB/GNB gene cluster common to many bifidobacteria, including those that do not con-
sume F-HMOs (37) as strongly, was upregulated during growth on LNFP1 but not on 29-FL,
likely due to the fact that LNFP1 contains N-acetylglucosamine. This complements a previ-
ous observation of the lack of induction of the LNB/GNB cluster during growth on 29-FL in
a B. longum strain that harbors a similar F-HMO cluster (7). In a separate experiment using
reverse transcription-quantitative PCR (qRT-PCR), strain SC585, which possessed a similar
gene cluster for fucose consumption to MP80 but lacks the GH29 fucosidase, showed

FIG 4 (A) Relative abundance of fucosidase operon homologs in publicly available B. pseudocatenulatum genomes. Color gradient represents the number of
homologs of each gene predicted within the genomes depicted. Hierarchical clustering (Spearman rank correlation, average linkage) was performed based on
the presence or absence of homologs throughout the fucosidase operon. B. animalis subsp. lactis ATCC 27673 (F-HMO1), B. kashiwanohense PV20-2, B. longum
subsp. longum SC596 (F-HMO positive [F-HMO1]), and B. longum subsp. infantis ATCC 15697 (F-HMO1) included for reference. B. pseudocatenulatum strain
genome sequence accessions used are listed in Table S3 in the supplemental material. (B) Additional HMO-related glycosyl hydrolases and transporters from
the six B. pseudocatenulatum strains glycoprofiled in this work (see Fig. 1 and 2). Homologs were predicted with PyParanoid (v0.4.1).
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a similar induction of the GH95 fucosidase (Ga0064049_111413) and SBP
(Ga0064049_111418) during growth on 29-FL (Fig. S2), suggesting a common regula-
tion across strains harboring this F-HMO gene cluster.

B. pseudocatenulatum MP80’s a-fucosidase substrate digestion specificity. In
this work, most B. pseudocatenulatum strains that grow on F-HMOs only contained a single
GH95 class of a-fucosidases. However, as shown in Fig. 3 and 4, MP80 contained both
GH95 and GH29 type a-fucosidases, similar to those previously characterized in B. longum
subsp. infantis (36) and B. longum subsp. longum SC596 (7). To understand the specificity
of the MP80 a-fucosidases (GH29, Ga0224696_111927, and GH95, Ga0224696_111926),
both were cloned, the enzymes purified, and their activity assessed against an HMO pool
as described previously (7). While both a-fucosidases (GH29 and GH95) digested 29-FL, the
GH95 a-fucosidase showed higher activity (100%) than the GH29 a-fucosidase (42.8%)
(Table 4). Overall, the GH95 a-fucosidase was more active than the GH29 a-fucosidase on
2-linked terminal fucose moieties (Table 4). Conversely, the GH29 a-fucosidase was more
active than the GH95 a-fucosidase on 3- and 4-linked terminal fucose moieties (Table 4). In
general, the addition of the GH29 enzyme (Ga0224696_111927) promoted cleavage of a
range of HMO moieties poorly cleaved by the GH95 enzyme (Ga0224696_111926) (bolded
structures in Table 4), suggesting the addition of the second a-fucosidase expanded the
pool of fucosylated HMOs catabolized by MP80 by comparison to strains like SC585, which
only contain a single GH95 type a-fucosidase.

TABLE 3 Expression fold changes of fucosylated HMO utilization cluster, LNB/GNB cluster,
and other HMO-utilizing genes in B. pseudocatenulatumMP80 strain during growth in 29-FL
and LNFP1a

Gene ID Annotated function

Fold change
during growth
on substrates

29-FL LNFPI
FHMO utilization cluster
2765237614 1,2-a-L-fucosidases (GH95) 21.71 16.28
2765237615 a-1,3/1,4-L-fucosidase (GH29) 22.24 16.07
2765237616 L-fucose mutarotase 20.35 15.08
2765237617 4-Hydroxy-tetrahydrodipicolinate synthase 26.74 21.77
2765237618 Amido hydrolase 42.09 48.53
2765237619 L-fucose dehydrogenase 40.28 51.69
2765237620 L-fuconate dehydratase 40.34 45.18
2765237621 Solute-binding protein 30.82 38.22
2765237622 ABC permease 28.41 38.05
2765237623 ABC permease 29.60 41.63
2765237623 Transcriptional regulator 2.58 2.61

LNB/GNB cluster
2765237505 N-acetylglucosamine-6-phosphate deacetylase 1.03 66.36
2765237506 Glucosamine-6-phosphate deaminase 0.60 48.50
2765237507 b-N-acetylhexosaminidase 0.60 21.57
2765237508 Predicted NBD/HSP70 family sugar kinase 0.51 31.28
2765237509 ABC permease 0.60 12.39
2765237510 ABC permease 0.48 7.91
2765237511 Type 1 HMO solute-binding protein 0.61 2.17

Other important HMO-utilizing genes
2765236220 b-Galactosidase 0.97 12.04
2765237192 b-Galactosidase 1.92 6.34
2765237343 b-Galactosidase 2.02 1.11
2765237514 b-Galactosidase 0.67 0.38
2765237579 b-Galactosidase 1.36 1.75
2765237612 b-Galactosidase 1.92 2.28
2765236421 b-N-acetylhexosaminidase 1.97 0.84

aLevel of expression is shown as fold change compared to the lactose control. Fold change values in bold have
significant FDR P values (P# 0.05).
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B. pseudocatenulatum MP80 and SC585 fucosidase operon SBP’s substrate-
binding specificity. As shown above, strains MP80 and SC585 were able to consume
fucosylated HMOs; however, differences were noted, particularly consumption of higher-
molecular-weight HMOs by MP80. Given that we did not witness differences in SBP and
GH95 expression between MP80 and SC585, we postulated that ATP transporter specificity
differences between the strains might also drive the HMO consumption differences in
addition to the added GH29 fucosidase in MP80. Notably, the SBPs from each strain
(Ga00224696_111993 versus Ga0064049_111418) were only 71% identical by comparison
to the higher identity among the remaining genes in this operon between the two strains
(Fig. 3), which is clearly different than the near-identical homology among the remaining
genes in the cluster. The SBPs from B. pseudocatenulatum MP80 and SC585 were cloned
and purified, and substrate-binding affinity to a variety of HMO structures was determined
using catch-and-release electrospray ionization-mass spectrometry (CaR-ESI-MS) (38, 39).
29-FL and 39-FL had the strongest binding affinity to SBPs from both B. pseudocatenulatum
MP80 and SC585 (Fig. 5). Several fucosylated HMOs, including 2-, 3-, and 4-linked terminal
fucose moieties, showed a moderate binding affinity to SBPs from B. pseudocatenulatum
MP80 and SC585. Specifically, B. pseudocatenulatum SC585’s SBP moderately bound fuco-
sylated HMOs with smaller (#4 monomers) and unbranched backbone structures (39-sialyl
Lewis A and blood group A antigen tetraose type 5). Of note, B. pseudocatenulatum
MP80’s SBP uniquely bound to longer (.4 monomers) and branched backbone structures
(difucosyllacto-N-hexaose A and difucosyl-para-lacto-N-hexaose II). Sialylation did not pre-
vent binding of either strain’s SBP, and binding affinity did not require fucosylation. A com-
plete list of HMO structures evaluated is presented in Tables S4 and S5.

DISCUSSION

HMOs serve as a nutritional source for the proliferation of Bifidobacterium species in
breastfed infants (40, 41). The relative abundance and composition of Bifidobacterium
species are correlated with maternal secretor status (33), and fucosylated HMO-con-
suming Bifidobacterium species promote beneficial intestinal metabolite profiles and

TABLE 4 Percent digestion of fucosylated HMOs by a-fucosidases (GH29 and GH95) from B. pseudocatenulatumMP80

MW Common name

% Digestion of:

Fucose linkage(s)GH29 GH95
490.19 29-fucosyllactose 42.8 100 a(1-2)
855.33 Lacto-N-fucopentaose II 100 18.9 a(1-4)

Lacto-N-fucopentaose I/III 42.3 96.5 a(1-2), a(1-3)
1220.46 Monofucosyl-paralacto-N-hexaose IV 90.9 30.3 a(1-3)

4120aa 100 286.5 a(1-4)
Monofucosyllacto-N-hexaose III 100 6.87 a(1-3)
Monofucosyllacto-N-hexaose I 25.4 100 a(1-2)
Fucosyl-paralacto-N-hexaose III 100 44.4 a(1-3)
Fucosyl-paralacto-N-hexaose I 4.44 100 a(1-2)

1366.51 Difucosyl-paralacto-N-hexose II 100 49.4 a(1-3), a(1-4)
Difucosyllacto-N-hexose B 100 8.80 a(1-3), a(1-4)
Difucosyllacto-N-hexose A 97.5 100 a(1-2), a(1-3)
Difucosyllacto-N-hexose C 54.6 44.9 a(1-2), a(1, 4)

1512.57 Trifucosyllacto-N-hexose 100 92.5 a(1-2), a(1-3), a(1-4)
4320a 100 100 a(1, 2), a(1-3), a(1-4)

1585.58 5130a 71.9 66.0 a(1-3)
5130b 100 222.6 a(1-4)
Fucosyllacto-N-octaose 44.7 12.1 a(1-3)
5130c 38.3 100 a(1-2)

1731.64 Difucosyllacto-N-neooctaose II 64.8 100 a(1-3)
5230a 100 100 a(1-2), a(1-3)
Difucosyllacto-N-neooctaose I/Difucosyllacto-N-octaose II 83.5 89.1 a(1-3), a(1-4)
5230b 9.04 100 a(1-2), a(1-3)

aHMOs with numerical values refer to the number of hexose (first digit), fucose (second digit), GlcNac (third digit), and N-acetylneuraminic acid (fourth digit). MW, molecular
weight; Gal, galactose; GlcNAc, N-acetylglucosamine. Boldface indicates those oligosaccharides preferentially cleaved by GH29.
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microbiome compositions (16). B. pseudocatenulatum is a frequently detected member
in the mammalian gut microbiota (30), including in breastfed infants (8, 16, 23–27) and
adults (28–30). Therefore, it is important to examine the genomic diversity of B. pseudo-
catenulatum strains to understand its presence in several distinct ecological contexts.
Unlike other species common to breastfed neonates such as B. longum subsp. infantis,
B. longum subsp. longum, B. breve, or B. bifidum, B. pseudocatenulatum has been poorly
studied despite its frequent presence in breastfed infant feces. In this study, a fucosy-
lated HMO utilization gene cluster was identified and characterized in a subset of
infant-derived B. pseudocatenulatum strains.

Presence of a fucosylated HMO gene cluster drives strain-dependent utilization.
Growth studies revealed a subset of HMO-consuming B. pseudocatenulatum isolates
originating from breastfed infants. Unlike these strains, other tested B. pseudocatenula-
tum isolates, including infant-, adult-, and lamb-derived specimens, poorly consumed
HMOs as a sole carbon source. It was not surprising to observe poor consumption of
HMOs in the adult- and lamb-derived B. pseudocatenulatum since HMOs are not a part
of an adult or lamb’s diet. However, the differential HMO consumption in infant-
derived B. pseudocatenulatum isolates may be due to the presence or absence of HMO
catabolism genes.

Bifidobacterium species possess highly specialized HMO utilization gene clusters,
which promote assimilation and catabolism of neutral nonfucosylated/nonsialylated,
neutral fucosylated, and acidic sialylated HMOs (42). Not all isolated Bifidobacterium
strains from breastfed infants are capable of consuming all HMO isomers due to miss-
ing, incomplete, or dysfunctional HMO utilization gene clusters (8, 16, 27, 43–45).
Whole-genome sequencing of B. pseudocatenulatum SC585, MP80, and JCM7040 (all
infant derived) revealed an intact fucosylated HMO utilization gene cluster containing
oligosaccharide transporters, a carbohydrate feeder pathway, and glycosyl hydrolase
genes (Fig. 3). This gene cluster’s structure and composition are homologous to the
fucosylated HMO utilization gene clusters in B. longum subsp. infantis ATCC 15697 (18),
B. longum subsp. longum SC596 (7), Bifidobacterium kashiwanohense PV20-2 (9), and
other B. pseudocatenulatum isolates (16) (Fig. 4).

A broad analysis of publicly available B. pseudocatenulatum genomes illustrates a sub-
set of B. pseudocatenulatum strains uniquely capable of consuming fucosylated HMOs
(Fig. 4). Additionally, B. pseudocatenulatum MP80 is unique among B. pseudocatenulatum
isolates given that it possesses two a-fucosidases (GH29 and GH95). This gene cluster
was missing in the fucosylated HMO-nonconsuming B. pseudocatenulatum strains

FIG 5 Binding specificity of B. pseudocatenulatum MP80 and SC585’s substrate-binding protein to
fucosylated HMO. Affinities of the HMOs were ranked according to the abundances of ligands released
from the protein complexes (for details, refer to Materials and Methods).
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JCM11661, L15, and GST210 included in this study. Previous studies and our analysis
(Fig. 4) demonstrate that the presence or absence of genes within this gene cluster sepa-
rates B. pseudocatenulatum strains into either consumers or nonconsumers of fucosy-
lated HMOs (16, 27). Matsuki and colleagues (16) concluded that the fucosylated HMO
utilization pathway, present in other isolated Bifidobacterium species as well as a subset
of B. pseudocatenulatum, was fundamental in their cohort of Japanese infants (n = 12).
Infants consuming breastmilk from secretor mothers and harboring fucosylated HMO-
consuming Bifidobacterium species (B1 cluster) were characterized by lower fecal pH and
higher concentrations of fecal acetate. They concluded that fucosylated HMO-consum-
ing Bifidobacterium species, including B. pseudocatenulatum, produce metabolites which
bestow health benefits to infants.

B. pseudocatenulatum MP80, a robust fucosylated HMO consumer, possesses
complementary a-fucosidases (GH29 and GH95). Previous characterization of the
fucosylated HMO utilization gene cluster in B. pseudocatenulatum strains found that a
single a-fucosidase belonging to the GH95 family was associated with consumption of
29-FL (16, 27) and other fucosylated HMOs (16). However, the genome of B. pseudocate-
nulatum MP80 contains an additional a-fucosidase (GH29), consistent with the gene
clusters in B. longum subsp. infantis ATCC 15697 (18) and several other Bifidobacterium
species (7–9, 16, 27) but not seen previously in B. pseudocatenulatum (16, 27).
Additionally, both a-fucosidases (GH29 and GH95) were required for robust growth on
2-, 3-, and 4-linked fucosylated HMOs in B. breve SC95, SC154, and SC568 (8). The
a-fucosidase GH29 has been shown to preferentially cleave 3- and 4-linked terminal
fucose moieties (7, 21, 36), complementing the a-fucosidase GH95’s preference for 2-
linked fucosylated HMOs (22, 46). Enzymatic substrate digestion specificity confirmed
that B. pseudocatenulatum MP80’s a-fucosidase GH29 preferentially cleaved 3- and 4-
linked terminal fucose moieties (Table 4). However, growth on 3- and 4-linked fucosy-
lated HMOs did not require an a-fucosidase GH29 because B. pseudocatenulatum
strains SC585, JCM7040, and DSM 20438 (lacking the a-fucosidase GH29) grew equally
well on 29-FL and 39-FL. These data suggest that the a-fucosidase GH95 has some
cross-reactivity on 3- and 4-linked fucosylated HMOs in B. pseudocatenulatum strains
(Table 4). The catalytic specificity of a-fucosidase GH95s differs among Bifidobacterium
species. Katayama and colleagues (22) did not observe cleavage of 3- or 4-linked fuco-
sylated HMOs with B. bifidum JCM1254’s extracellular GH95 a-fucosidase. However, B.
longum subsp. infantis ATCC 15697 moderately cleaved 3-linked fucosylated HMOs (46)
and several B. breve strains consumed 39-FL with a single a-fucosidase GH95 and no
a-fucosidase GH29 (8). The amino acid sequence of the GH95 a-fucosidase in B. pseu-
docatenulatum MP80, B. longum subsp. infantis ATCC 15697 (78%), and B. breve
JCM7019 (97%) are homologous while not being homologous to B. bifidum JCM 1254
(32%). While the presence of the a-fucosidase GH95 is sufficient for growth and cleav-
age of 3- and 4-linked fucosylated HMOs in vitro, substrate competition in vivomay still
show a growth advantage to Bifidobacterium possessing the complementary a-fucosi-
dase GH29.

Expanded fucosylated HMO consumption in B. pseudocatenulatumMP80 cannot
be attributed to a more divergent substrate-binding protein. The B. longum subsp.
infantis ATCC 15697 genome encodes a plethora of family 1 SBPs to facilitate transport of
HMOs via ABC permeases (18, 47). The B. longum subsp. infantis ATCC 15697 SBP
(Blon_2202) and ABC permeases (Blon_2203-2204) are homologous (71 to 90% identical
amino acid sequences) to the B. pseudocatenulatum MP80 SBP (Ga0224696_111933) and
ABC permeases (Ga0224696_111934-111935). The B. longum subsp. infantis ATCC 15697
SBP (Blon_2202) has been shown to bind fucosylated HMOs (47, 48). Given its proximity to
fucosylated HMO catabolism genes and homology to B. longum subsp. infantis ATCC
15697’s SBP (Blon_2202), it is hypothesized that the SBP from B. pseudocatenulatum MP80
(Ga0224696_111933) also binds fucosylated HMOs. Catch-and-release electrospray ioniza-
tion-mass spectrometry showed moderate to strong binding of B. pseudocatenulatum
MP80’s SBP (Ga0224696_111933) to 2-, 3-, and 4-linked fucosylated HMOs (Fig. 5). Recently,
the crystal structure and ligand-binding site of B. longum subsp. infantis ATCC 15697’s SBP
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(Blon_2202) was resolved for binding both 29-FL and 39-FL with a rotation of 50° to accom-
modate the different fucose moiety linkages (48). Therefore, the strong binding affinity for
both 29-FL and 39-FL observed with B. pseudocatenulatumMP80’s SBP (Ga0224696_111933)
was not unexpected. Additionally, B. pseudocatenulatum MP80’s SBP (Ga0224696_111933)
moderately bound to several larger (DP .3) 2-, 3-, and 4-linked fucosylated HMOs.
Sakanaka and colleagues (48) suggest that the binding pocket features of B. longum subsp.
infantis ATCC 15697’s SBP (Blon_2202) would likely accommodate larger fucosylated HMOs
(DP .3) at lower affinities (48). Along with the presence of the a-fucosidase GH29, the di-
vergent SBP (Ga0224696_111933) in B. pseudocatenulatum MP80 may allow access to a
broader range of fucosylated HMO catabolism.

The infant-derived B. pseudocatenulatum SC585 strain, possessing one a-fucosidase
(GH95), consumed less diverse fucosylated HMO structures (Fig. 1C) than B. pseudocate-
nulatum MP80. The homologous SBP (Ga0064049_111418) from B. pseudocatenulatum
SC585 differed in amino acid sequence (71% similar), perhaps suggesting a slightly
lower binding specificity for fucosylated HMOs. However, catch-and-release electro-
spray ionization-mass spectrometry assay did not show a significant difference in the
binding specificity between the SBPs from B. pseudocatenulatum MP80 and SC585. This
result was not surprising given the greater homology (91% amino acid sequence)
between the SBPs from B. pseudocatenulatum SC585 (Ga0064049_111418) and B. lon-
gum subsp. infantis ATCC 15697 (Blon_2202) and suggests that B. pseudocatenulatum
MP80’s complementary a-fucosidases (GH29 and GH95) promote expanded fucosy-
lated HMO consumption capability compared to other infant-derived B. pseudocatenu-
latum strains.

Conclusions. B. pseudocatenulatum is a widely dispersed species isolated from a
number of diverse environments. This study, among others, demonstrates a genetic
basis for specialized fucosylated HMO consumption in a subset of B. pseudocatenula-
tum strains isolated from breastfed infants (16, 27). In particular, the fucosylated HMO
utilization gene cluster from B. pseudocatenulatum MP80 indicates that the presence of
complementary a-fucosidases (GH29 and GH95) may provide an advantage to resi-
dence in the infant gut.

MATERIALS ANDMETHODS
Isolation and identification of Bifidobacterium pseudocatenulatum strains. To isolate adult-

derived B. pseudocatenulatum, 100 mg feces were vortexed in 900 ml sterile 1� phosphate-buffered sa-
line (PBS), pH 7.4, serially diluted 10-fold in PBS, and plated (50 ml) onto modified Bifidobacterium selec-
tive iodoacetate mupirocin (BSIM) (33). Plates were incubated at 37°C for 48 h anaerobically (5% CO2, 5%
H2, and 90% N2; Coy Laboratory Products). Colonies were streaked for three successive passages onto
deMan, Rogosa, and Sharpe supplemented with 500 mg liter21 L-cysteine-HCl (MRSC) agar and subcul-
tured into MRSC broth and stored at 280°C in 25% (vol/vol) glycerol. Additional strains of B. pseudocate-
nulatum (Table 1) were obtained from the American Type Culture Collection (ATCC), the Japanese
Collection of Microorganisms (JCM), German Collection of Microorganisms and Cell Cultures (DSM), and
previous isolation studies (8, 33, 34). Identities of B. pseudocatenulatum strains were confirmed by ma-
trix-assisted laser desorption ionization–time of flight biotyper mass spectrometry as previously
described (33).

Multilocus sequence typing of B. pseudocatenulatum isolates. The intragenic regions of seven
housekeeping genes (clpC, fusA, gyrB, ileS, purF, rplB, and rpoB) were selected based on previous work
(49). Primers (Table 2) were optimized using the publicly available B. pseudocatenulatum DSM 20438 ge-
nome (GenBank accession number AP012330). Genomic DNA was extracted with the MasterPure Gram-
positive DNA purification kit (Epicentre) and amplified on a PTC-200 Peltier thermal cycler (Bio-Rad). A
50-ml reaction mixture with 1 ml extracted DNA, 1 ml of each primer (10 mM), 1 ml dNTPs, 5 ml 10� PCR
buffer, 5 ml MgCl2, and 0.25 ml (1.25 U) AmpliTaq Gold DNA polymerase (Applied Biosystems) was used.
Cycling parameters were 4 min at 95°C, 30 cycles of 95°C for 30 s, 63 to 67°C for 1 min, and 72°C for
1 min, followed by 7 min at 72°C. Amplification was confirmed by gel electrophoresis, and the PCR prod-
ucts were purified using the QiaQuick 96 PCR purification kit (Qiagen). Sequencing was performed on an
ABI 3730 capillary electrophoresis genetic analyzer using BigDye Terminator chemistries at the
University of California Davis DNA Sequencing Facility. The sequences were analyzed and aligned with
ClustalW using BioEdit (version 7.0). Phylogenetic analysis of concatenated sequence loci was performed
(version 6.0), and a minimum evolution tree was calculated (version 7.0) using the Molecular
Evolutionary Genetic Analysis software.

In vitro consumption of human milk oligosaccharides. B. pseudocatenulatum strains (Table 1)
were tested for growth in the presence of pooled HMOs, purified from breast milk as described previ-
ously (50), and lactose (positive control). B. longum subsp. infantis ATCC 15697 and B. animalis subsp.
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lactis ATCC 27536 were used as positive and negative HMO growth controls, respectively. All growths
were conducted anaerobically at 37°C. Bifidobacterium species were cultured onto MRSC agar, incubated
for 48 h, and subcultured into 500 ml MRSC broth. After 24 h of growth, 2% (vol/vol) was subcultured
into 500 ml MRSC broth and incubated for 18 h. A 96-well plate containing 200 ml of modified MRS me-
dium (mMRS) (33) supplemented with 2% (wt/vol) of pooled HMOs or lactose per well was inoculated
with 4 ml of stationary-phase Bifidobacterium species cells. Additional inoculated wells without added
carbohydrates were included as controls. All wells were covered with 50 ml of sterile mineral oil to avoid
evaporation and incubated for 96 h. Optical density measurements at 600 nm (OD600) using a
PowerWave 340 plate reader (BioTek) were taken every 30 min, preceded by 30 s of shaking at variable
speed. After growth, cell-free supernatants were collected by centrifugation at 16,000 rcf for 1 min and
stored at280°C until identification of remaining HMOs (described below). Technical triplicates of biolog-
ical duplicates were performed for each bacteria and sugar combination.

A subset of the Bifidobacterium isolates (those able to consume 29-FL, as well as one that could not) were
tested for growth on purified 29-FL (Glycom) and 39-FL (Glycom) (51) using the same methods as above.

B. pseudocatenulatumMP80metabolite production following growth on 29-FL. B. pseudocatenula-
tum MP80 was subcultured three times on MRSC broth and incubated anaerobically at 37°C for 12 h. A 5%
(500 ml [vol/vol]) inoculum was added to 10 ml of mMRS supplemented with 1% (wt/vol) lactose or 29-FL.
Optical density measurements were monitored in a PowerWave 340 plate reader until late log phase (OD600,
;0.8). Cells were pelleted by centrifugation at 3,220 rcf for 3 min and washed in 10 ml 1� PBS (anaerobically
conditioned) and resuspended in 15 ml mMRS supplemented with 0.5% (wt/vol) lactose or 29-FL. After 10 min
of anaerobic growth, cultures were centrifuged at 3,220 rcf for 3 min at 4°C. The cellular population (CFU ml21)
was calculated to determine consistency between triplicates. Cell-free supernatants were filtered through a 3-
kDa-molecular-weight filter and stored at 280°C until analysis. Thawed filtrate was prepared with the addition
of internal standard DSS-d6 [2,2,3,3,4,4-d6-3-(trimethylsilyl)-1-propane sulfonic acid] at a 1:10 ratio and adjusted
to pH 6.86 0.1 using NaOH and HCl. A 180-ml aliquot was transferred to a 3-mm Bruker nuclear magnetic res-
onance (NMR) tube and stored at 4°C until spectral acquisition. Spectra were acquired by 1H nuclear magnetic
resonance spectroscopy as previously described (52). Fourier-transformed spectra were processed in Chenomx
NMR Suite (version 8.4) followed by manual annotation of each metabolite.

B. pseudocatenulatum genome sequencing and comparative genomics. To whole-genome
sequence six isolates (SC585, MP80, JCM7040, JCM11661, L15, and GST210), 100 to 1,000 ng of extracted and
purified genomic DNA (described previously) was sent to the Vincent J. Coates Genomics Sequencing
Laboratory at University of California Berkeley. DNA was sheared using Adaptive Focused Acoustics (Covaris)
followed by library preparation using the IntegenX Apollo 324 platform with 13 rounds of amplification using
WaferGen library prep kits. Single-read sequencing (50 bp) was performed using the high-throughput mode
on the Illumina HiSeq2000 platform. Sequencing files were concatenated using Terminal, trimmed with a
maximum of 2 ambiguous base pairs, and deleted if their quality scores were below 0.5. Remaining sequences
were de novo assembled using CLC Genomics Workbench. Subsequently, B. pseudocatenulatum MP80 was
long-read sequenced with the single molecule real-time platform to aid in de novo assembly of its entire circu-
lar genome. B. pseudocatenulatum MP80 was streaked onto MRSC agar incubated at 37°C anaerobically; three
colonies were subcultured into 2 ml of MRSC both and incubated at 37°C anaerobically overnight. Total
genomic DNA (3 � 2 ml) was extracted with the DNeasy blood and tissue kit, including the pretreatment for
Gram-positive bacteria (Qiagen) according to the manufacturer’s instructions. Slight modifications were made,
including 20 ml of 50 mg ml21 lysozyme from chicken egg white and 4 U of mutanolysin, and were included
in the enzymatic lysis buffer, followed by addition of proteinase K and RNase A (kit provided) and incubation
for 2 min at room temperature prior to combination with the AL buffer. Total genomic DNA was eluted in
35ml of EB and pooled (total, 105ml). Protein contamination was measured by NanoDrop 1000, and RNA con-
tamination and genomic DNA shearing were evaluated by gel electrophoresis. The DNA and RNA concentra-
tions were measured using the Qubit 2.0 fluorometer and Qubit double-stranded DNA (dsDNA) BR and Qubit
RNA HS sssay kits, respectively (Invitrogen). Size selection of genomic DNA (at 10,000 bp) on the BluePippin
system and sequencing on the PacBio Sequel system was conducted by the DNA Technologies and
Expression Analysis Cores at the University of California Davis Genome Center. The genome was assembled
with the filtered_subreads.fastq file using the default parameters of Canu (version 1.6) (53). B. pseudocatenula-
tum genomes were annotated and deposited in the Integrated Microbial Genome Expert Review annotation
platform (GOLD project ID Gs0113979).

Fucosidase operon gene homologs in publicly available B. pseudocatenulatum genomes were identi-
fied with the PyParanoid pipeline (version 0.4.1) using default parameters (54). Briefly, the FASTA amino
acid files of 319 higher-quality genomes were chosen to generate alignments with DIAMOND (version
0.9.24) (55). Homologous proteins were identified with Markov cluster algorithm (MCL 14 to 137) (56)
and aligned with MUSCLE (v3.8.1551) (57). Hidden Markov models of each homologous protein align-
ment at homology cutoff at 95% amino acid identity were created with HMMER (v3.2.1) and propagated
to additional Bifidobacterium genomes. The resulting matrix of homolog presence or absence was fil-
tered to B. pseudocatenulatum strains of interest. A heatmap of predicted homolog copy number was
visualized with Morpheus (accessed on 7 July 2020) (https://software.broadinstitute.org/morpheus/).

B. pseudocatenulatum MP80 fucosidase operon gene expression. Expression of the SBP
(Ga0224696_111933), a-fucosidase GH29 (Ga0224696_111927), and a-fucosidase GH95 (Ga0224696_111926)
from B. pseudocatenulatum MP80 and the SBP (Ga0064049_111418) and a-fucosidase GH95 (Ga0064049_
111413) from B. pseudocatenulatum SC585 were quantified during growth on 29-FL. Primers were designed
with the Primer-BLAST tool at NCBI (Table 5). The rnpA housekeeping gene from B. pseudocatenulatum MP80
and SC585 (Ga0224696_112000 and Ga0064049_10607, respectively) was used for relative quantification (52).
B. pseudocatenulatum MP80 was grown on mMRS supplemented with 2% (wt/vol) glucose or 29-FL in a
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microplate reader, and cells were harvested at mid-log phase (OD600, 0.3 to 0.7), centrifuged at 21,130 rcf, and
stored in RNAlater (Ambion) at220°C. Samples were thawed on ice, centrifuged at 4°C at 21,130 rcf for 2 min,
washed with 1 ml RNase-free 1� PBS, and recentrifuged. Samples were lysed with 250ml of 50 mg ml21 lyso-
zyme and 120 U mutanolysin at 37°C for 20 min. Lysate was centrifuged at 4°C at 9,391 rcf for 1 min,

TABLE 5 Oligonucleotide primers used in this study

Purpose Target PCR primer (59–39)
Multilocus sequence typinga clpC Fb GAGTACCGTAAGTACATCGAG

R TCCTCGTCGTCAAACAGGAAT
purF F GTCGGGTAGTCGCCATTG

R CACTCCAATTCCGACACCGA
gyrB F CATGCCGGCGGCAAGTTCG

R CCGAGCTTGGTCTTGGTCTG
fusA F ATCGGCATCATGGCTCACATCGAT

R CCAGCATCGGCTGAACACCCTT
ileS F CGGTATCGACATAGTCGGCG

R ATTCCGCGTTACCAGACCATG
rplB F AGGACGGCGTGCCGGCAA

R GCCGTGCGGGTGATCGAC
rpoB F GCATCCTCGTAGTTGTASCC

R GGCGAACTGATCCAGAACCA

B. pseudocatenulatumMP80 gene expression rnpA (Ga0224696_112000) F GGTATCGCGAGAAGACATCGT
R ACGGCATTACGCGTCACA

a-Fucosidase GH29 (Ga0224696_111927) F GCTCACTTCAACCCAATGCG
R TTCCATAGTCAGTTCCGCCG

a-Fucosidase GH95 (Ga0224696_111926) F GCTTGTCCAAAGCCACGATG
R TCCACTGTCTGATCCGTCCA

Substrate-binding protein (Ga0224696_111933) F TTCAACCGTGCTACGAACGA
R GCAGAATCACCGAATGCAGG

b-Galactosidase (Ga0224696_111500) F ACGTACAACCAGTTCACCCG
R ATGCGAGCACCTCAGTATCG

b-Galactosidase (Ga0224696_111924) F ACACCAATACCACGTTCGCA
R CGACCTTCTGAACGACGGTT

b-Galactosidase (Ga0224696_11522) F GACTACAACCCGGACCAGTG
R GAAATCGTACACGCCTTCGC

b-Galactosidase (Ga0224696_111652) F CAGCCGGAAGAAAACCGTTG
R TTCCGGGTGCTTTTCGTACA

B. pseudocatenulatum SC585 gene expression rnpA (Ga0064049_10607) F GGTATCGCGAGAAGACATCGT
R ACGGCATTACGCGTCACA

a-Fucosidase GH95 (Ga0064049_111413) F TCCGTGCAAGAGGTGGAATC
R GCGACACGTCCCATATCAGT

Substrate-binding protein (Ga0064049_111418) F TGCCGACCATTTCACCAAGT
R TTGCTCCATGCCTTGTCGAT

b-Galactosidase (Ga0064049_104415) F CGACTACGAGTCCGAATGGG
R GCTCGGCAATACGACCATCT

B. pseudocatenulatum SC585 gene expression b-Galactosidase (Ga0064049_10859) F GATCGAACTGTTGAACGCCG
R CGTCAAGCAGCGTAGCAATC

b-Galactosidase (Ga0064049_111411) F CGAATACACCGCCGATACCA
R TGCGATCCTGGTACGTTTCC

b-Galactosidase (Ga0064049_11171) F CACCAAACTGTTCCGCCAAG
R ATCGCCGTATCGGACTGTTC

B. pseudocatenulatumMP80 protein cloning a-Fucosidase GH29 (Ga0224696_111927 F CACCATGAGCAATCCAACAAAT
R TATCCGCACCACAGCCG

a-Fucosidase GH95 (Ga0224696_111926 F CACCATGAAACTCACATTCGATG
R ACGCCGGATGGTTCCCT

Substrate-binding protein (Ga0224696_111933 F CACCATGAAGGACACTAAAACTGC
R GTCGGCGTCGGTGGT

B. pseudocatenulatum SC585 protein cloning Substrate-binding protein F CACCATGAGCCAGGCTAAGAGC
R GTCGGCGTCAGTGGTGACCT

aPrimers were modified from reference 49 for B. pseudocatenulatum DSM 20438.
bF, forward primer; R, reverse primer.
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supernatant was discarded, and pellets were processed with the RNAqueous total RNA isolation kit (Ambion)
according to the kit’s instructions for bacterial sample preparation and RNA extraction. RNA integrity was eval-
uated by agarose electrophoresis (1.2% agarose gel [wt/vol]). Subsequently, DNA was removed using the
Turbo DNA-free kit (Ambion) according to the kit’s instruction with an extended 1-h DNase incubation. RNA
was converted to total cDNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems)
according to the kit’s instructions and stored at220°C until use. A 20-ml reaction mixture containing 10ml 2�
SYBR premix Ex Taq II (Tli RNase H Plus) master mix (Clontech), 0.4ml of each primer (10 mM) (Table 5), 0.4ml
50� ROX reference dye II, and 2 ml cDNA was run on a 7500 Fast real-time PCR system (Applied Biosystems)
with a 20-s hold at 50°C, followed by 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. The
threshold cycle (DDCTmethod) was calculated and used to determine fold change in expression.

RNA-Seq screen of B. pseudocatenulatum MP80 transcriptome. For transcriptome screening, B.
pseudocatenulatum MP80 was grown on basal MRS media supplemented with 1% (wt/vol) lactose, 29-FL,
or LNFP-1 in four biological replicates to understand differential expression due to various growth sub-
strates. Cells were grown to mid-log phase with an A600 of 0.6 to 0.7 and stored in RNAprotect (Qiagen
Inc., Valencia, CA). Cells were lysed with 250 ml (50 g/liter) lysozyme (Sigma-Aldrich, St. Louis, MO) and
120 units of mutanolysin (Sigma-Aldrich, St. Louis, MO). RNA was extracted with the RNeasy minikit
(Qiagen Inc., Valencia, CA) and DNase treated twice. rRNA was depleted with the RiboMinus transcrip-
tome isolation kit, bacteria (Thermo Fisher, Waltham, MA), while the integrity of RNA was assayed using
the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Barcode-indexed transcriptome-sequenc-
ing (RNA-Seq) libraries were sequenced on a NextSeq 500 (Illumina, San Diego, CA) with paired-end
75-bp reads. Sequences were processed with CLCBio Genomics Workbench (CLC Bio, Denmark), and
reads were trimmed (maximum of 2 ambiguous base pairs) and deleted if the quality scores were below
0.5. Sequences were mapped to the B. pseudocatenulatum MP80 genome. Reads per kilobase per million
(RPKM) values were calculated, and data were log2 transformed and normalized by totals. Gene expres-
sion levels in LNFP-1 and 29-FL were compared to lactose-grown cells, and statistically significant
changes were analyzed using Baggerley's test with a false-discovery rate (FDR) P value of #0.05.

Cloning and expression of B. pseudocatenulatum fucosidase operon genes. The SBP (Ga0224696_
111933), a-fucosidase GH29 (Ga0224696_111927), and a-fucosidase GH95 (Ga0224696_111926) from B.
pseudocatenulatum MP80 and the SBP (Ga0064049_111418) from B. pseudocatenulatum SP585 were
cloned using the Champion pET directional TOPO expression kits (Invitrogen) according to the kit’s
instructions unless noted otherwise. The SBP forward primers (listed in Table 5) start with the first nucle-
otide (MP80 nucleotide 88 and SC585 nucleotide 91) after the predicted signal and transmembrane
domains preceded by the CACC sequence and ATG start codon. A 50-ml reaction mixture with 1�
Phusion HF buffer, 200 mM dNTPs, 0.5 mM each primer, 100 to 150 ng genomic DNA, and 1 U Phusion
DNA polymerase (New England Biolabs, Ipswich, MA) was used. Cycling parameters are as follows: 30 s
at 98°C, followed by 30 cycles of 98°C for 10 s, 64°C for 30 s, and 72°C for 45 s, with a final extension pe-
riod of 5 min at 72°C. PCR amplicons were purified with QIAquick gel extraction kit (Qiagen) or DNA
clean and concentrator kit (Zymo Research, Irvine, CA). Purified PCR products were cloned into the
pET101 (MP80) or pET102 (SC585) dTOPO vector, transformed into One Shot Top10 chemically compe-
tent Escherichia coli and plated onto LB agar containing 100mg ml21 carbenicillin. Plasmid DNA from pu-
tative transformants was isolated using the QIAprep Spin miniprep kit (Qiagen). Clones were confirmed
by PCR prior to transformation into chemically competent BL21star (DE3) One Shot E. coli and plated on
LB agar containing 100mg ml21 carbenicillin. Confirmed transformants were stored in 25% (vol/vol) glyc-
erol at 280°C.

Inoculate 200 ml of LB broth containing 100 mg ml21 carbenicillin and 1% (wt/vol) glucose with 4 ml
overnight cultures of BL21star transformants and incubated at 37°C with agitation at 225 rpm. At an
approximately OD600 of 0.6, protein expression was induced with 1 mM isopropyl-b-D-1-thiogalactopyra-
noside and incubated 18 to 22 h. Cells were harvested by centrifugation at 3,220 rcf for 20 min at 4°C.
Cell pellets were lysed in 4 ml 50 mM NaH2PO4, 300 mM NaCl, and 10 mM imidazole, pH 8.0, containing
90 ml 50 mg ml21 lysozyme and incubated for 30 min on ice. Solution was vortexed at maximum speed
for 2 min, 45 ml DNase I solution (Roche) and 5 ml RNase A (Epicentre) were added, and it was incubated
for 15 min on ice. Lysates were centrifuged at 10,000 rcf for 30 min at 4°C. Supernatants were combined
with nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) at a ratio of 4:1 and incubated on a tilt table
for 1 h at 4°C. Lysate-agarose was washed twice with 10 ml of 50 mM NaH2PO4, 300 mM NaCl, and
20 mM imidazole, pH 8.0, in a 5-ml disposable gravity chromatography column (Qiagen). Proteins were
eluted with 4 � 500 ml of 50 mM NaH2PO4, 300 mM NaCl, and 250 mM imidazole, pH 8.0. Proteins were
visualized by SDS-PAGE using a 7.5% 2� TGX mini-Protean gel (Bio-Rad). Imidazole buffer was
exchanged for 1� PBS using Amicon Ultra 0.5-ml centrifugal filter units with a 3-kDA cutoff (EMD
Millipore). Purified proteins were stored in PBS with 25% (vol/vol) glycerol at220°C.

B. pseudocatenulatum MP80 and SC585 substrate-binding, protein-binding specificity. An
approximately 8-ml reaction mixture containing 10 mM substrate-binding protein and 1 mM each HMO
(Tables S4 and S5 in the supplemental material) was analyzed by a catch-and-release electrospray ioniza-
tion-mass spectrometry assay using a Synapt G2S ESI quadrupole-ion mobility separation-time of flight
mass spectrometry (TOF MS) (Waters) equipped with a nanoflow electrospray ionization source with
minor modifications (58). Briefly, a capillary voltage of 1.0 kV and a cone voltage of 30 kV (in negative
ion mode) were applied, and the source block temperature was maintained at 60°C for electrospray ioni-
zation. Ion transmission was carried out with trap voltages of 10 to 80 V and transfer voltages of 2 to 60
V. The ion mobility separation parameters were optimized for each HMO isomer set as follows: trap gas
flow rate at 6 ml min21, helium cell gas flow rate at 150 to 180 ml min21, ion mobility gas flow rate at 50
to 90 ml min21, trap direct-current bias at 50 V, ion mobility wave velocity at 400 to 1,000 m s21, and ion
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mobility wave height at 15 to 40 V. For ion mobility separation, N2 at 341 Pa was used. Data acquisition
and processing were carried out using MassLynx (version 4.1; Waters).

Affinities of the HMOs were ranked according to the abundances of ligands released (as ions) from
the protein complexes in the CaR-ESI-MS measurements. The HMOs were assigned as “low/no binding”
when signal for their released ions was not detected or was detected with a low signal-to-noise ratio
(i.e., S/N # 3). HMOs for which the S/N of the released ions was $70 were assigned as “strong binding.”
HMO ligands with intermediate S/N (i.e., 3 # S/N # 70) were assigned as “medium binding.”

B. pseudocatenulatum MP80 a-fucosidase GH29 and GH95 HMO substrate specificity. A 1.5-ml
(2 mg ml21) sample of a reduced HMO pool was digested with 2 mg ml21 of purified a-fucosidase GH29
and GH95 (described above) in 10 ml of 0.1 M NH4 acetate buffer. Reaction mixtures were incubated at
each enzyme’s optimal pH, temperature, and duration (data not shown) and stored at 280°C until iden-
tification of undigested HMOs (described below).

Glycoprofiling of HMOs by nano-HPLC-ChIP-TOF mass spectrometry. Cell-free supernatants and
undigested HMOs were recovered, reduced, and desalted by solid-phase extraction on graphitized car-
bon cartridges as previously described (8). HMOs analytes were separated on a 1200 Infinity series high-
performance liquid chromatography (HPLC) unit (Agilent Technologies) and detected on a 6220 series
TOF LC/MS unit (Agilent Technologies), and data were processed using the MassHunter qualitative anal-
ysis software (version B.06.01; Agilent) as previously described (7, 59, 60).

Data availability. The sequenced B. pseudocatenulatum genomes were annotated and deposited in
the Integrated Microbial Genome Expert Review annotation platform (GOLD project ID Gs0113979).
Sequenced strains are located at associated IMG/JGI analysis IDs SC585 (Ga0064049), MP80 (Ga0224696),
JCM7040 (Ga0024098), JCM11661 (Ga0064497), L15 (Ga0064499), and GST210 (Ga0064498) (https://img
.jgi.doe.gov/). Additional genome accessions are provided in Table S3. RNA-Seq data were deposited in
the NCBI GEO repository (accession no. GSE175820).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
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