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The Bifidobacterium bifidum PRL2010 genome encodes a relatively small set of predicted carbohydrate transporters. Growth
experiments and transcriptome analyses of B. bifidum PRL2010 revealed that carbohydrate utilization in this microorganism
appears to be restricted to a relatively low number of carbohydrates.

,VI embers of the genus Bifidobacterium are arguably the most
prominent bacterial representatives of the infant gut micro-
biota (27, 29, 33). Carbohydrates make up a major part of the
human diet and are metabolized by both the host and the micro-
biota residing in the gastrointestinal tract (GIT). Carbohydrate
availability is claimed to represent a determining factor that has
shaped the genomes of the microbiota that live in the distal part of
the intestine (9, 32). Thus, it is important to precisely understand
which carbohydrates and how they are metabolized by enteric
microorganisms, such as bifidobacteria, and how this capacity
may endow bifidobacteria with a competitive edge in this niche.

Although a significant amount of information is available con-
cerning bifidobacterial glycosyl hydrolases, i.e., enzymes involved
in the breakdown of carbohydrates (for reviews, see references 14
and 31), little is known about carbohydrate transporters encoded
by this group of microorganisms. One relevant finding in this
respect came from bifidobacterial genome analysis, which re-
vealed that bifidobacteria mainly perform carbohydrate transport
by means of members of the ATP binding cassette (ABC) family
but employ relatively few, if any, phosphoenolpyruvate-phospho-
transferase (PEP-PTS) systems (10; for a review, see reference 11).

Genomic approaches have in recent times governed investiga-
tions regarding the mechanisms by which bifidobacteria colonize
the human gut (7, 12, 34). In arecent study, we discovered that the
genome of Bifidobacterium bifidum PRL2010 harbors a specific set
of genes involved in the utilization of host-derived glycans, in
particular those present in mucins that represent the outermost
layer of the intestinal mucosa (24, 28). These findings therefore
highlight B. bifidum PRL2010’s capacity to colonize the human
intestine (24, 28). To further understand how carbohydrate utili-
zation contributes to host colonization, we investigated carbohy-
drate uptake features encoded by B. bifidum PRL2010 and com-
pared such features to those of other bifidobacteria.

Evaluation of the growth profile of B. bifidum on different
carbohydrates. Bifidobacterial strains used in this study were rou-
tinely cultivated in an anaerobic atmosphere (2.99% H,, 17.01%
CO,,and 80% N,) in a chamber (Concept 400; Ruskin) at 37°C for
32 h in de Man-Rogosa-Sharpe (MRS) (Scharlau Chemie, Barce-
lona, Spain) medium supplemented with 0.05% (wt/vol) L-cys-
teine hydrochloride. Growth curves of bifidobacteria, performed
in triplicate, were obtained from cultures grown on a semisyn-
thetic medium supplemented with various carbon sources, which
included mono-, oligo-, and polysaccharides. Growth of B. bifi-
dum PRL2010 was examined on 32 different carbohydrates, in-
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cluding 20 carbon sources that had previously been tested (24). As
shown in Table 1, B. bifidum PRL2010 is capable of growth on a
variety of carbohydrates, which include various disaccharides,
such as lactose, and amino sugars, such as N-acetylgalactosamine,
as previously shown by Turroni et al. (24). No appreciable growth
(i.e., where the final optical density at 600 nm [ODg,] was below
0.1) was observed on other sugars, such as mannitol, xylan, or
a-cyclodextrin. Notably, the obtained carbohydrate utilization
profile demonstrates growth on components of host-derived gly-
cans, such as human milk oligosaccharides (HMOs) or mucin, as
represented by lactose, galactose, N-acetylgalactosamine, and N-
acetylglucosamine. These findings may thus be a direct reflection
of the ecological niche in which this microorganism predomi-
nates, i.e., the infant colon. However, appreciable growth of B.
bifidum PRL2010 (i.e., a final ODg,, of >0.6) was also noticed on
certain plant-derived carbohydrates such as (iso)maltose, melibi-
ose, sucrose, fructo oligosaccharides (FOS), (iso)maltulose, ri-
bose, fructose, and turanose (Table 1). Compared to other bifido-
bacteria tested or data available in literature (13), and with the
exception of Bifidobacterium animalis subsp. lactis BB12, it seems
that B. bifidum PRL2010 is able to metabolize a somewhat lower
number of carbohydrates (only eight) that sustain reasonable
good growth (i.e., a final OD¢,, 0of >1.2) (Table 1). However, these
data require careful interpretation, as they represent a modest
selection of carbohydrates and bifidobacterial strains, and there-
fore, no solid conclusions can be drawn from this.

Genomics of carbohydrate transport systems. A genome se-
quence survey of B. bifidum PRL2010 employing Artemis software
(18) for the presence of genes that encode predicted carbohydrate
transporters returned a substantial number of such genes, al-
though this number was lower than that obtained from genome
searches of other human enteric bifidobacteria, such as Bifidobac-
terium longum subsp. longum, Bifidobacterium longum subsp.
infantis, Bifidobacterium adolescentis, and Bifidobacterium breve
(6, 12, 21). In fact, according to the Transporter Classification
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TABLE 1 Growth capacity of B. bifidum PRL2010 and other bifidobacteria on various carbohydrates

Growth of bifidobacterial strain®

Type of carbohydrate and B. bifidum  B. longum subsp. B. dentium  B. adolescentis  B. breve B. longum subsp. B. animalis subsp.

carbon source PRL2010  longum NCC2705” Bd1 ATCC 15703  UCC2003 infantis ATCC 15697  lactis BB12

Monosaccharides
Arabinose + ++ ++ + - — _
Fructose ++ + ++ +++ +++ +++ +
Fucose + ND — + + 4+ +
Galactose ++ +++ ++ ++ +++ et e+
Glycerol + - — + — + _
Glucose + 4+ e+ +++ +++ T4+ +++
Mannitol - - ++ + - + —
Mannose + - +++ — + ++ +
N-Acetylgalactosamine +++ ND — + - + _
N-Acetylglucosamine ++ - - + + ++ _
N-Acetylneuraminic acid — - — - + + _
Ribose ++ + e+ - +++ ++ ++
Sorbitol + - - +++ - + —
Xylose + ++ + - + +

Di- and trisaccharides
Isomaltose ++ ND ++ +++ ++ ++ ++
Isomaltulose ++ ND ++ +++ ++ + +
Lactose +++ +++ +++ ++ +++ +++ ++
Lactulose +++ ND +++ +++ +++ +++ -
Maltose +++ ++ +++ +++ +++ +++ +++
Maltulose ++ ND ++ ++ ++ +++ —
Melibiose +4+ ++ ++ 4+ +++ et et
Sucrose +++ ++ +++ +++ +++ +++ ++
Trehalose + — + + _ + _
Turanose ++ ND ++ ++ +++ ++ +

Oligosaccharides and

polysaccharides®

a-Cyclodextrin — ND — — _ _ _
Arabinogalactan + + + + — + _
Fructo oligosaccharides (FOS) +++ ++ +++ +++ + +++ +
Galacto oligosaccharides (GOS) +++ ND +++ + +++ +++ ++
Inulin + ND + +++ - ++ —
Maltodextrin + ND +++ +++ ++ +4++ ++
Mucin ++ ND + — — _ _
Xylan - ND + — — - _

“ Symbols: —, no growth as measured by 0.1 = ODy,, or 10° = CFU/ml; +, poor growth as measured by 0.1 < ODg,, =< 0.6 or 10° < CFU/ml = 5 X 10°% ++, good growth as
measured by 0.6 < ODgoo =1.2 or 5 X 10° < CFU/ml = 5 X 107; +++, very good growth as measured by OD,, > 1.2 or CFU/ml > 5 X 10”. ND, not determined.

b As indicated in the study of Parche et al. (13).
¢ Carbohydrates were purified by the method of Rada et al. (16).

Database (TCDB; www.tcdb.org), just 25 genes (Fig. 1) are pre-
dicted to encode components of transport systems in the B. bifi-
dum PRL2010 genome and dedicated to carbohydrate uptake,
whereas the other human intestinal bifidobacterial genomes are
predicted to contain between 35 and 68 such genes, as represented
by B. adolescentis ATCC 15703 and B. longum subsp. infantis
ATCC 15697, respectively (see Table S1 in the supplemental ma-
terial). B. animalis subsp. lactis BB12 contains just 21 transporter
genes, and this rather low number may have been due to genome
simplification as a consequence of the continued cultivation of
this strain in rather simple substrates during industrial processing.
A similar scenario has been noticed for other strains used in the
food industry (30).

When the analysis was extended to a nonenteric bifidobacterial
strain, such as the oral cavity inhabitant Bifidobacterium dentium
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Bdl, the relatively low number of identified carbohydrate trans-
porters of B. bifidum PRL2010 is even more obvious (see Table S1
in the supplemental material). The 25 predicted carbohydrate
transport proteins encoded by the PRL2010 genome can be clas-
sified into different groups: 8 belong to members of the ABC-type
family, 12 are similar to various components of PEP-PTS systems,
1 is deduced to be a major intrinsic protein (MIP), while 4 repre-
sent secondary carriers, encompassing 2 members of the major
facilitator superfamily (MFS), 1 member of the glycoside-pento-
side-hexuronide (GPH):cation symporter family, and finally 1
member of the glucose/ribose porter family (GRP). The genes
coding for the components of a given ABC transporter for a car-
bohydrate are commonly organized in a locus, typically encom-
passing between two and five genes that specify a sugar-specific
solute binding protein (SBP), one or two permeases, and one or
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FIG 1 Genetic maps of the predicted carbohydrate transporter gene clusters identified in the genome of B. bifidum PRL2010. Each individual gene is represented
by an arrow and is colored or marked according to the predicted function as indicated in the figure. HAD, haloacid dehalogenase.

{ Hypothetical protein

5004 aem.asm.org Applied and Environmental Microbiology

dny wouy papeojumog

1sanb Aq 6T0Z ‘G 1snbny uo /610 wse war//


http://aem.asm.org
http://aem.asm.org/

Carbohydrate Transport Systems of B. bifidum PRL2010

Downloaded from http://aem.asm.org/ on August 5, 2019 by guest

*Pa1sa) 219m dUdS a1y Jo uotssardxa Junueyud sajerpAyoqre) ‘Suryord uonduosuen swouas [eqold pue YOJIb- 13 £q padtyde snsax o) wo paseq sem uonotpaid oy,
“(1000°0) ¥—H MO[2q aN[eA F UL YIM [2A3] PIOE OUTWIE 3Y} JB 950¢ 2A0QE ST BLI2IORQOPYIq
19430 £q Papodud Os[e d1e S19310dsURI} ISIYY TYIIYM JUIULIIAP 03 Pasn Arre[ruuts dFejuadsad 2y [, *(901n0s JGON) souanbas swouaS [e11230eqopyIq A[qe[rear APUILIND Y} UT PAYHUIP! s19310dsuey 2eIpAYoqIed 19430 YIm Ajre[ug
*(0T) 2seqRIRQ gD AY) 0} BUIpIONY ,

(ssoreyan pue

Aprurey (o) apisoon[3
-g-asorqoyryorraoerp

Olrungns
19)10dsuen oymads

asoueIn) “8-3) SaPLILYIIESI(] - NN-950198[ S1.d 2} :¢'V'F -2501qO[[0 WASAS ST 4 £141 Mddd
Arurey (o) aprsoon(s VII Jungns
(asoreyam pue -g-asorqoinypihraoerp 19)10dsuen oymads
asoueIn) “8-3) SaPLILYIIESI(] - NN-950198[ S1.d 2} :¢'V'F -2501qO[[d WASAS ST 4 STZ1 Mddd
O81d D4VII
Arurey (919) jiunqns 19y10dsuen
250oN[H 78%0 ddd 99¢0”avd LsL1atd €817 Uold  ¥6S11qd T€9171d  2prsoon[3-as0on[3 §Id 2y 'Yy dywads-asoon[d warsds 14 80ST A
Arurey 1o110dwAs
uoned:(HJo) apruoinxay
SOD pue 9s0pde[ 3s01R[e)  [1€00 19 9¥91 ddd 8091~ Avd 87L0 A1d Teecuolg  1SST1qg 9260 1d -opisojuad-apIsodA|3 oy 7y 'T 1or10dwids apisoe[en  6SH1 Ul
(as0on[3 pue Arurey (g9) 19310d
250qLI “8°9) SIPLIBYIILSOUOIN  $8900 AId 250qL1/2S00N[S o) 1§ L V'T umyoxd axyerdn asoon(n  g6c 1 YdId
suedA[3 Aqrurey (1,1.0D) 1-19110dsuen
150y jo (s)1onpoxd uoneperdod 120007 dId 990" ddd LTV0 Ave LT60” 14 ThE0 uold 8750 1qd 69117 1d  eidn areipAyoqied oy : '’y aseownad 1opodsuen gy 9se1ddd
suedA[3 Aqrurey (1,1,0D) 1-19110dsuen wdysAs 1a310dsuey DY
1504 jo (s)1onpord uonepeidoq 0990 dad 9L¥0 avd 1260 AT1d ST0C uold  1¢S0 194 €911 1d  ayedn deIpAyoqied ayy i1 1'y'¢ Jjo uajoxd Sutpuiq anjos  ¢se1YdAd
(suTuresoyoeredf1aoe-N
pue ‘upnuw
“as010e[ed 9500n[3 9s03oN1) Apurey (1,.,0D) 1-19110dsuen umjoid Surpuiq
©82) sarerpAyoqres apdnmin 9.1 a1d LL1TUOld  06ST 194 8¢oT1d  eadn ajerpAyoqred ayy [ T'V'¢ anjos 1dy1odsuen DGy 8501 dddd
(sururesoyoe[edf1a0e-N
pue ‘upnu
“9s010e[e3 9500N[3 9s010NIJ Aqrurey (1,1.0D) 1-19110dsuern
“8:2) sapeapAyoqied apdny €941 A1d oLTT uold  68ST 1q9g 6€9171d  yeidn areipAyoqied ayy '’y aseawnad 1opodsuen gy L5017 Md9d
(sururesoyoefedf1aoe-N
pue ‘unnuw
“as01oe[ed 9500N[S 9s01onIy Aqrurey (1,1.0D) 1-19110dsuern
©33) sajeapAyoqued sidnmy 9.1 a1d G/Iz uold  §8S1 1qg 0v91 1d  oyerdn dyerpAyoqres oy i1 'y oseawnrdad xyrodsuen Dy 9501 dddd
(asorearyy
PUE DSO[NI[RUI ‘DSO[NJ[BUWIOST Aqrurey (z1.0D) g-1911odsuen wa)ss 1ay10dsueny DGy
“8-2) sopLreypoesI]  9¢800 dId 8071 dAd SLL0-AVd L6€0° AT 0soruolg 111199 86v1 14 erdn eapAyoqred oy 17Ty ¢ Jo urjo1d upuiq Anjog  F£01Addd
(asojonyy Arurey (SH) 19310dwks
2500 “8°3) SIPLILYIILSOUOIA] L H:s00) ) 1L 1YL aseourrad asoong-1 1950 M ddd
Aruuey
(3s0qu “8-3) sas0jud (1eD) [OMoe[ES §1.d 241 SV DI ungns ‘WAsAs SId - 99€0 Addd
(aururesoonjdik1aoe-N
©8'9) sueo[3 Arurey (o19)
1504 Jo (s)1onpoid uonepeidaq 1Ly uolg 0881 199 ap1s0on(8-250on(8 §1d 2Y1 [V DI HUnqns ‘WAsAs SLd - 0¥20 Adde
(SAW) A[rwrepradns LS
(osoueany “8-2) sopLreyesiql  7zyl0 dId 9110 ddd 600 Avd occr atd 6210 uolg 1010 199 ¥€S01d Joeyyoey Jofew o) :1°YT Toprodsuen ij-os000G  SpT0AdAd
(sod
“89) sarerpAyoqies xsidwod
pue (udnur “3-9) sued4[3 Arurey (osy-7)
1501 Jo (s)1onpoid uonepeiBaq 7681 1qd P1BQIOISB-T ST d 9 L'V Y OI1 Nunqns ‘wasks §1.d €00 Addd
LIensqns NeIpAqoqied  71dd sy P4 €0LSIDOLY  VOIO[Q wnsuo L69ST  €0020D0N S0LZTODN S uonouny papIpald (0]
dsqns  wnyuap g siuassajopy  ~dsqns wnduop g DDLV suuvfur 2404q °q wnguoj
sy g q ~dsqns wnuoy °q ~dsqns wnguoy °q
4O snoSojowoyy

Juawrtadxa YD Jb- 1 ut pasn 0107 TId whpifiq g Jo s1v110dsuer) aeipAyoqie) ¢ II9V.L

aem.asm.org 5005

July 2012 Volume 78 Number 14


http://aem.asm.org
http://aem.asm.org/

Turroni et al.

nahk

B. bifidum PRL2010
BBPR_1050

B. longum sabpsp.
infantis ATCC15697 Blon 207

B. longum subsp.
longumNCC2705

B. longum sabsp.
longumDIO10A

B.breve UCC2003

ROK ROK ABC
fanuly  fanuly ABC pemease
proteip protein | JubP - pegease

BDP_0117

IteT psiG Phosphoglucomutase
B. bifidum PRL2010
BBPR_1507 BBPR_1512
61% 52% 95%.
A
B. longum subsp. -
longumNCC27058 BL_1633 BL_1630
61° 2% 94%
B. longum subsp. N e
longumDJO10A  BLD_17SE BB
T1% 69% 91%
L
B. adolescentis ATCC15703
BAD_036 BAD_0365
64% 67% 94%
B. breve UCC2003 -\
Bbr_1593 Bbr_1595
60 66% 94%
B. longum subsp. .
infantis ATCC15697  gop, 213 Blon_2184
68% 89%
B. dentium Bd1
BDP_048: BDP_0480
serR sqP s T MFS,
B. bifidum PRL2010 -
BBPR_0143 BBRR_0146
63% 93% 39% 86%
B. breve UCC2003 =
Bbr_0099) Bbr_0103
64% 89% 39% 86%
B. longum subsp. A
infantis ATCC15697  gplon_0127 Blon, 0130
66% 88% 33% 81%
6or Sorf
B. dentium Bd1
BDP_0 103 —/
61% 88% 32% 80%
N
B. adolescentis ATCC15703
BAD_0075 BAD_0080
56% 83% 31%
B. animalis subsp. lactis BB-12 N 8$8%
S BIF_01422
- o 38%
88%
B. longum subsp.
longumDIO10A BLD_133 BLD_1328
88% 38% 64% 86%
B. longum subsp.
longumNCC2705 BL_0536 BL_0532
EIIB
ENC 1A
B. bifidum PRL2010
BBPR0032 BBPR0030O
B. breve UCC2003 =
BLr139 = [ Bbrisod
EI]A  ENBC
B. bifidum PRL2010
BBPR_0238 BBPR_0241
™
B. longum sabsp. infantis =
ATCC15697 Blon_246 5 Blon_2472
8%, ™%
ALA
B. breve UCC2003
T T Bbr_1881

5006 aem.asm.org

ABC SBP

BAMW E PTS

ABC-SBP ABC  Lacl Fanuly
P lacZ$ perpoease Profemn
B. bifidum PRL2010 W
BBPR_1353 1358
67 |\ 70%) 76% A 20
B. breve UCC2003 {3 r A
Bby_083, 0526
66% || 700 7% % o~
)
A A
BL_1163 A BL_1171
66% T T6% 4% 0%
B. longum subsp. _J |
longumDIO10A BLD_092 BLD_0930
65% 7%
B. longum subsp. infantis 9% 730,
ATCC15697  Blon_2015paaad 2016
64% 75%
) L
B. dentium Bd1 A AA
BDP_066( DP_0654
6% 3% 320 270
40 ORF
B. adolescentis ATCC15703  —9i s )—
BAD_0476 ! BAD_0424
B HP
B. bifidum PRL2010 = >-
BBPR_1732 BBPR_I734
79%  [3gob 49
B. longum subsp.
infantis ATCC15697 glon 0178 Blon_0176
61°
B. ATCC15703
BAD_016! BAD_0166
78% b 4
A
B. breve UCC2003 il
Bbr_0183 ‘ Bbr_0181
8% [op 67
B. dentium Bd1
BDP_025. BDP_0252
31% \ |42
B. longum subsp.
longumNCC270§ BL_04II BL_0412
3% o
B. longum subsp.
longumDIO10A BLD_1214%; BLD_1215
raeA2 Lacl Fanuly
lacs laczs NosAL T in
B. bifidum PRL2010
BBPR_1459
B. adolescentis ATCC15703
BAD_1602" BAD_1606

B. breve UCC2003

B. animalis subsp.
lactis BB-12

B. dentium Bd1

B. longum subsp.
longumNCC2705

B. longum subsp.

infantis ATCC15697 Blon_2331

B. longum subsp.
longum DIO10A

Glucose
uptake protemn

B. bifidum PRL2010
BBPR_1398

B. animalis subsp. lactis BB-12
BIF_00683

[s] ABC ATP-BD mes [ ore

[0 e [ cen

[ ree

=] BBPR_1399

BIF_00866

ulatory genes ‘pothetical protein

[ Meuboticgenes [l outgroup

Applied and Environmental Microbiology

dny woly papeojumog

1sanb Aq 6T0OZ ‘G Isnbny uo /610 wise wae//


http://aem.asm.org
http://aem.asm.org/

two predicted ATPase proteins, although such ATPases can be
shared among different ABC transporters and the corresponding
gene(s) can therefore be absent from such a locus (4). We identi-
fied two loci that encode putative carbohydrate uptake ABC-type
systems (represented by BBPR_1056 to BBPR_1058, BBPR_1353-
BBPR_1354, and BBPR_1356), made up of genes encoding three
SBPs (BBPR_1353, BBPR_1354, and BBPR_1058) and three per-
meases (BBPR_1056, BBPR_1057, and BBPR_1356). Hydropathy
profile analysis using the ExPaSy Proteomic Server predicts that
PRL2010-encoded permease proteins and SBPs contain six trans-
membrane domains and one transmembrane domain, respec-
tively (see Fig. S1 in the supplemental material), which is typical
for permease and SBP proteins of Gram-positive bacteria (4). Fur-
thermore, the genome of PRL2010 contains a single predicted
ATPase-encoding gene (BBPR_1824) as well as an additional SBP-
encoding gene (BBPR_1074), neither of which is located next to
other genes that specify one or more components of an ABC fam-
ily carbohydrate uptake system (1, 13). We found a similarity
above 60% at the amino acid level (extended to key amino acid
residues sustaining enzymatic activities) between the deduced
product of BBPR_1824 and that of BL0673 of B. longum subsp.
longum NCC2705 and MsiK of Streptomyces coelicolor A3, both of
which are believed to encode a universal ATPase for ABC-type
carbohydrate transporters identified in these microorganisms (1,
13). These findings suggest that the functionality of the two iden-
tified PRL2010 ABC-type carbohydrate uptake systems rely on
this single predicted ATPase-encoding gene (Fig. 1). Based on
BLAST analysis, the four putative secondary transporters that be-
long to the MFS, GPH, and GRP families, including proton facil-
itators and symporters, are expected to transport mono- and di-
saccharides (Table 2). All these secondary transporters are
predicted to consist of a single integral membrane-associated pro-
tein, which traverses the membrane 10 to 12 times (Fig. S1).

The genome of PRL2010 also contains four complete PTS sys-
tems, represented by the general components histidine protein
(HPr) and enzyme I (EI), and four sets of the variable components
EIIA, EIIB, and EIIC (see Fig. S1 in the supplemental material).

The organization and location of the carbohydrate transport-
er-encoding genes identified in the genome of B. bifidum PRL2010
and their closest homologs from all other publicly available bifi-
dobacterial genomes are schematically represented in Fig. 2,
where the deduced amino acid sequences of the PRL2010 carbo-
hydrate transporter loci are aligned with homologs of other bifi-
dobacteria. This comparative analysis revealed a high level of con-
servation (>70% identity) between the ABC permeases, SBP, and
some of the PTS component proteins found in various bifidobac-
teria. In contrast, the EIIA, EIIB, and EIIC enzymes encoded by
BBPR_1715, BBPR 1716, and BBPR_1717, respectively, and pre-
dicted to specify a complete PTS system, and BBPR_0366, which
encodes a membrane-embedded EIIC carbohydrate transport
component, only appeared to be present in the genomes of strains
of B. bifidum, thus apparently representing unique genetic fea-
tures of this species and supporting the notion that such trans-
porters may provide a specific phenotype or particular niche ac-
cess to B. bifidum strains.

Carbohydrate Transport Systems of B. bifidum PRL2010

Notably, many of the gene clusters involved in carbohydrate
transport contain genes encoding putative regulators, which may
indicate that such gene clusters are subject to substrate-dependent
regulation in a similar fashion as previously shown for other bifi-
dobacterial carbohydrate metabolism loci (14, 23). The genes
specifying putative ABC-type permeases as well as PTS systems
were indeed flanked by genes encoding such predicted regulators
such as carbohydrate kinases belonging to the ROK (repressor,
open reading frame, kinase) family (BBPR_1053-BBPR_1054), a
transcription antiterminator of the BglG type (BBPR_1507), a
DeoR-type regulator (BBPR_0365), and Lacl-type regulators
(BBPR_0029 and BBPR_1734) (Fig. 1). Similarly, the predicted
MEFS- and GPH-encoding genes present in the PRL2010 genome
are located close to genes specifying putative regulators of the Lacl
type (BBPR_0143 and BBPR_1462) or belonging to the ROK fam-
ily (BBPR_0565) (Fig. 1).

Phylogenetic analysis based on SBP protein sequences. In or-
der to assess the distribution of SBP homologs across the Bifido-
bacterium genus, we surveyed available bifidobacterial genomic
data for such genes, whose protein products were then aligned
using ClustalW to produce an unrooted neighbor-joining phylo-
genetic tree, which was built using PHYLIP (Phylogeny Inference
Package, version 3.5¢) (5) (see Fig. S2 in the supplemental mate-
rial). All analyzed SBPs, except for the B. bifidum PRL2010 SBP
encoded by BBPR_1074, were shown to be closely related to mem-
bers of the families Sbp_bac_1 and Sbp_bac_3 (22). Thus,
BBPR_1074 might encode a novel solute binding protein never
identified previously in bifidobacteria and consequently suggest-
ing the existence of a novel family of SBP.

Transcriptional analysis of carbohydrate transporter loci. In
order to determine whether the genes encoding the predicted car-
bohydrate transporters, including components of the ABC sys-
tems, PTS systems, and secondary carriers (MFS, GPH, and GRP),
as identified on the B. bifidum PRL2010 genome are differentially
transcribed when PRL2010 is cultivated on different carbohydrate
growth substrates, we evaluated the level of predicted transporter
gene-specific mRNAs by quantitative real-time PCR (RT-qPCR)
assays according to the guidelines of Bustin et al. (2). Such exper-
iments were performed using mRNA samples extracted from
three independent exponentially growing cultures of B. bifidum
PRL2010, which had been resuspended in prewarmed MRS me-
dium containing one of a varied set of carbohydrates. Aliquots of
20 ml of PRL2010 cultures were centrifuged for 10 min at 4,000 X
gat 4°C in the presence of RNA-later (Ambion). The pellets were
then immediately frozen in liquid nitrogen and submitted to RNA
extraction using a previously described method, which includes a
DNase treatment (35). The quality and integrity of the RNA were
checked by Experion (Bio-Rad) analysis. cDNA was synthesized
and purified using the iScript cDNA synthesis kit (Bio-Rad, Her-
cules, CA), according to the supplier’s instructions. RT-qPCR
primers used including those for normalization are described in
Table 3. Primers used for normalization were those previously
described (25). Criteria for primer design were a desired melting
temperature (7,,) value between 58 and 60°C and an amplicon
size of approximately 100 to 200 bp. RT-qPCR was performed

FIG 2 Schematic comparative representation of carbohydrate transporter-encoding genes of B. bifidum PRL2010 and of various other bifidobacterial strains
such as B. dentium Bd1, B. adolescentis ATCC 15703, B. breve UCC2003, B. longum subsp. longum NCC2705, B. longum subsp. longum DJO10A, B. longum subsp.
infantis ATCC 15697, and B. animalis subsp. lactis BB12. Each arrow indicates an open reading frame (ORF), the size of which is proportional to the length of the
arrow. Predicted protein function is indicated above each arrow. The corresponding amino acid identity as a percentage is indicated.
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TABLE 3 Primer information related to genes targeted in RT-qPCR experiments

Type of gene targeted

and primer” Sequence Melting temp (°C) Product size (bp) Targeted ORF/gene

Target genes
A1056Fw CCCCAGTACTCGATCTTCCA 60.07 192 BBPR _1056
A1056Rev CAGCACGATGGTGAAGAAAA 59.84 BBPR _1056
A1057Fw GTCGGATTCCAGAACTTCCA 60.05 164 BBPR _1057
A1057Rev AAACCGGTAACGTGCTTGAC 60.04 BBPR _1057
A1058Fw AAACGACTGCTTGCTGGTCT 60.05 201 BBPR _1058
A1058Rev GATGTTCGGGTTGTCCTTGT 59.84 BBPR _1058
A1353Fw TGACGCCAGCTTCTACAATG 60.01 172 BBPR _1353
Al1353Rev TTTGAGATGGGTGTTGACCA 59.94 BBPR _1353
A1354Fw GAGACGGTCACCATCAACCT 59.97 168 BBPR _1354
Al1354Rev CTTGACGGTGTAGCCCTGAT 60.13 BBPR _1354
A1356Fw TCGTCTCCATGCTCATCAAC 59.79 103 BBPR _1356
A1356Rev GTCACGATGTTGTCCCACAG 60 BBPR _1356
PO030Fw GATCGAGACGGTCGAGAAAA 60.34 174 BBPR _0030
P0030Rev AGACCGATGACCAGCGATAC 60.1 BBPR _0030
P0032Fw ACACCCTCGGCTACATTGTC 60 159 BBPR _0032
P0032Rev CGGAGAAGACCAGGTACAGC 59.87 BBPR _0032
P0239Fw AGATTACCACGGTCGCTCAG 60.28 188 BBPR _0239
P0239Rev CTTGACCACATTCCAGTCCA 59.52 BBPR _0239
P0240Fw CGATGACGATAACGACGATG 60.1 146 BBPR _0240
P0240Rev GGGTGATGCAGTTCTCGATT 60.08 BBPR _0240
P1715Fw ACCCTTGACATGGAAGTGCT 59.58 135 BBPR _1715
P1715Rev GTCGCCGGACTTCATCTTC 60.76 BBPR _1715
P1717Fw CTCGTGGGTCTACACCACCT 60.03 152 BBPR _1717
P1717Rev AGACCTGGCACACCTGGTAG 60.17 BBPR _1717
P1508Fw GGTGTTCATCAAGGCCATCT 59.93 164 BBPR _1508
P1508Rev TCCACTTTTCGGAGTCCATC 60.05 BBPR _1508
P0366Fw TCAACCTGCTGCTTGACAAC 60.03 185 BBPR _0366
P0366Rev GAGCTTGCAGAACACCATGA 59.99 BBPR _0366
MO0561Fw AAACCACCAAGCCAGTCAAC 60.01 189 BBPR _0561
MO0561Rev GCACGGAGAAGATCAGGAAC 59.81 BBPR _0561
M1459Fw CTCGTGGACAACACGAACAC 60.2 210 BBPR _1459
M1459Rev CATGCCCCAGTAGGAGATGT 59.95 BBPR _1459
MO0145Fw ATGATCGGCCTGATTACGAC 59.92 145 BBPR _0145
MO145Rev GATCCCTCCGAAGTCATCTG 59.61 BBPR _0145
M1399Fw GGCACGACAATCATCTCCIT 60.08 158 BBPR _1399
M1399Rev GCCAGACCGTTCATCTCATT 60.08 BBPR _1399
A1074Fw GCAGATGTGCCTGAAAATCA 59.81 153 BBPR _1074
A1074Rev ATCAGCGTGCTCTTGAGGTT 60.02 BBPR _1074

Reference genes
uvrD/Rep-F ATACTCCGAGAATGCGGATG 60.06 165 uvrD/rep
uvrD/Rep-R ACGACATCCCGCTCATATTC 59.92 uvrD/rep
pdxS-F ATGATCAAGGGCATTCAGGA 60.43 172 pdxS
pdxS-R CGTCGAACTGTGTCTTGTCG 60.5 pdxS
gluC-F CGCATCTCTCCGATATCCTC 59.76 184 gluC
gluC-R ACAGACTCAGTCCCGTCACC 60.16 gluC
1653_fw CTTCTCGTGGTGCTCGGTAT 60.28 171 atpB
1653_rev CGTGAAGAACAACGTCGAAA 59.88 atpB
1691_fw GTGGATATACCCGGTCGATG 60.04 164 ginD
1691_rev TAGTGACGGTCGTCATACCG 59.59 glnD
B.bifl CCACATGATCGCATGTGATTG 63.31 278 16S rRNA
B.bif2 CCGAAGGCTTGCTCCCAAA 65.76 16S rRNA

@ The direction of the primer is indicated at the end of the primer designation as follows:

using the CFX96 system (Bio-Rad, Hercules, CA). PCR products
were detected with SYBR green fluorescent dye and amplified ac-
cording to the following protocol: one cycle of 95°C for 3 min,
followed by 39 cycles, with 1 cycle consisting of 95°C for 5 s and
66°C for 20 s. The melting curve was measured from 65°C to 95°C
with increments of 0.5°C/s.
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Fw and F, forward; Rev, R, and rev, reverse.

Each PCR mix contained 12.5 pl of 2X SYBR SuperMix Green
(Bio-Rad, Hercules, CA), 1 ul of cDNA dilution, each of the for-
ward and reverse primers at 0.5 uM, and nuclease-free water to
obtain a final volume of 20 .l In each run, a negative control (no
c¢DNA) for each primer set was included. The expression ratio of
the selected genes was calculated and analyzed using the CFX
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FIG 3 Relative transcription levels of carbohydrate transporter-encoding genes from B. bifidum PRL2010 upon cultivation in MRS medium supplemented with
various carbon sources as analyzed by quantitative real-time PCR assays. The histograms indicate the relative amounts of the carbohydrate transporter-encoding
gene mRNAs for the specific samples. The y axis indicates the fold induction of the investigated gene compared to the reference condition (lactose, which is
indicated by §, or glucose, which is indicated by ®). The x axis represents the different carbohydrates tested for each ORF. In each panel, the ORF numbering
indicates the gene code according to Fig. 1. Only those genes/carbohydrate conditions whose expression was significantly changed are shown. An asterisk on the
y axis indicates that the change in fold induction is considered significant. The error bar for each column represent the standard deviation calculated from three

replicates. GOS, galacto oligosaccharides.

Manager expression software (Bio-Rad, Hercules, CA). The cutoff
value applied to highlight significant change in the expression was 4.

The mRNA levels corresponding to genes encoding individual
components of identified B. bifidum PRL2010 carbohydrate trans-
porters were shown to be variable in response to the various car-
bon sources used for growth (Fig. 3). Interestingly, the transcrip-
tion of three predicted carbohydrate transport systems of
PRL2010, i.e., the ABC locus (BBPR_1353 to BBPR_1356) (this
presumed ABC-type transporter also exhibits induction upon
growth in turanose [see below]) and two PTS loci (BBPR_0032
and BBPR_0240), was significantly enhanced when PRL2010 was
cultivated on host-specific glycans such as mucin and host glycan
constituents like N-acetylglucosamine (Fig. 3), and this may re-
flect a specialization of PRL2010 toward the particular ecological
niche of the human GIT.

Furthermore, we identified genes that represent predicted car-
bohydrate transporter components and that were shown to ex-
hibit specific transcriptional induction as a result of growth on

July 2012 Volume 78 Number 14

particular monosaccharides such as fructose (BBPR_0561), glu-
cose (BBPR_1508), ribose (BBPR_0366 and BBPR_1399), galac-
tose (BBPR_1459) or disaccharides such as the sucrose-like car-
bohydrate turanose (BBPR_0145 and BBPR_1715, BBPR 1717,
and BBPR_1353 to BBPR_1356) (Fig. 4). Each of the genes that
specify one of the ABC-type carbohydrate transporters, specified
by BBPR_1056 to BBPR_1058, as well as the gene encoding
SBPggpr 1074 Were shown to be induced when B. bifidum
PRL2010 was grown on multiple carbon sources, reminiscent of
what previously was described for several ABC systems identified
in the genome of B. longum subsp. longum NCC2705 (8, 13).
These data suggest that transcription of these transporters is sub-
ject to a common control mechanism and thus not necessarily
regulated in response to their specific substrate.

Furthermore, relative expression levels between genes that are
predicted to encode components of a particular carbohydrate
transporter varied quite substantially when B. bifidum PRL2010
was grown on a specific carbohydrate. This finding is not unusual
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(gray) of key genes predicted to be involved in carbohydrate transporters in the currently publicly available B. bifidum genomes and on the basis of CGH data (24)

is shown.

for SBP-encoding genes, because higher transcription is expected
to lead to an abundance of SBP molecules (13), thus providing a
more efficient substrate scavenging ability and consequent up-
take. Since the SBPs of strain PRL2010 are encoded by distinct
genes, we may envisage that multiple protein copies of SBP are
cooperating with a corresponding carbohydrate permease, in a
similar fashion to that described for other bacteria (3, 13, 15). The
observation that a range of substrates can induce the expression of
predicted SBP-encoding genes in B. bifidurn PRL2010 may be
linked to their low number in this genome with respect to other
bifidobacterial genomes (e.g., 16 in B. breve UCC2003, 11 in B.
longum subsp. longum NCC2705 and 20 in B. longum subsp. in-
fantis ATCC 15697) and thus may be pivotal for the colonization
strategy of PRL2010. Furthermore, it is tempting to speculate that
PRL2010 has specialized itself in the metabolism of a relatively low
number of carbohydrates and that the apparently low level of in-
duction specificity of the SBP-encoding genes and other carbohy-
drate-transporting genes is just a consequence of this adaptation.

Evaluation of genes involved in carbohydrate transport in
members of the B. bifidum species. In order to investigate the level
of conservation of the genetic repertoire involved in carbohydrate
transport within the B. bifidum taxon, we surveyed the currently pub-
licly available B. bifidum genome sequences, i.e., B. bifidum S17 (36)
and B. bifidum NCIMB 41171 (GenBank accession no.
NZ_ABQP00000000) as well as previously published comparative
genomic hybridization (CGH) data (24). The obtained data dem-
onstrated that a large proportion of the 25 identified PRL2010
carbohydrate transport genes are conserved within these investi-
gated members of the B. bifidum taxon. Only BBPR_1056 and
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BBPR_1508 were found to be variably present in the tested B.
bifidum strains (Fig. 4). Comparative analyses highlighted a high
similarity (higher than 98% at nucleotide level) of these trans-
porter genes with that identified in the genome of B. bifidum
PRL2010, thus corroborating the CGH findings (Fig. 4).
Conclusions. This study provides the first detailed investiga-
tion into the genetic requirements for carbohydrate uptake in B.
bifidum (Fig. 5). Our analysis of B. bifidum PRL2010 genes encod-
ing predicted carbohydrate transporter systems revealed that,
compared to other bifidobacterial strains residing in the infant
gut, such as B. longum subsp. infantis, B. breve, and B. longum
subsp. longum (17, 26, 27), PRL2010 contains a relatively limited
number of such genes. Since this scenario is also found in two
other B. bifidum strains for which genome sequences are available,
it appears that in contrast to other bifidobacteria (for a review, see
reference 14), carbohydrate breakdown/uptake in this bifidobac-
terial taxon is restricted to a comparatively low number of carbo-
hydrates, which may represent an interesting genetic strategy for
efficient colonization and survival in its ecological niche. The ob-
served carbohydrate utilization profiles (Table 1) did not appear
to reflect this specialization, but the majority of carbohydrates
tested were mono- and disaccharides, which may have biased our
analysis. Nevertheless, in contrast to other bifidobacteria, B. bifi-
dum can utilize complex O-linked glycans associated with mucin,
which are not commonly digested by other enteric bacteria, thus
highlighting interesting and unique metabolic features of this
taxon. The ability to rapidly retrieve a specific carbon source from
a particular environment represents an important feature that
would endow a bacterium with an undisputed ecological fitness
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(31). Furthermore, the main distinction between B. bifidum and
other bifidobacteria is its capacity to grow on both HMOs and
mucin, a capability that apparently provides a very strong selective
advantage over other (bifido)bacteria. In fact, one could argue
that because of this seemingly unique capability, it may have lost
or did not acquire other carbohydrate-metabolizing abilities.

It is worth mentioning that the ABC-type transporters identi-
fied in B. bifidum genomes are not restricted to the transport of
carbohydrates and also include predicted uptake systems for
amino acids, peptides, metal ions (such as Mn>", Zn*", and Fe* "),
phosphate, lipoproteins, teichoic acid, as well as efflux systems for
drugs such as nisin, macrolide, and anthracycline. Moreover, rel-
ative to other bifidobacterial genomes, a much larger proportion
of the genes of the B. bifidum genome-encoded ABC-type trans-
porters are dedicated to efflux rather than uptake (24, 28).

This report represents the first step toward understanding the
complex nutritional relationships existing between the different
members of the infant gut microbiota and toward elucidating the
possible synergistic and antagonistic actions exerted by B. bifidum
species with respect to other bacterial components residing in this
ecosystem. Future investigations will be directed to explore how
cocultivation of B. bifidum PRL2010 with other components of
the infant gut microbiota may allow cross-feeding by the provi-
sion of unutilized mono- or disaccharides, which are derived
from degraded diet or host polysaccharides and which may
represent important growth substrates for such cross-feeding
(bifido)bacteria.
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