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Abstract

Aims: To detect and enumerate bifidobacteria in faggsa new quantitative multiplex
real-time PCR (QPCR) method and to compare thdtseshbtained with fluorescence situ
hybridation (FISH) methods.

Methods and Results A multiplex gPCR assay was developed which embtiie
enumeration oBifidobacteriumspp. by targeting the bifidobacterial xylulose-5-
phosphate/fructose-6-phosphate phosphoketolase(xfphand total bacteria using universal
Eub-primers targeting 16S rRNA gene from the doniBainteria. The gPCR assay showed
high sensitivity and specificity and a low detentlomit of about 25 x 1 bifidobacterial

cells per g of faeces. The gPCR results were cosdpaith fluorescencm situ hybridization
(FISH) combined with microscopy or flow cytometNo statistical difference among
bifidobacterial counts averages measured withhreetmethods was observed. Total bacteria
count averages were higher with the FISH methoglealwith microscopic analyses
compared to FISH with flow cytometry, whereas tatl numbers estimated by qPCR lied in
between.

Conclusions The new gPCR assay was shown to be sensitivie, aap accurate for
enumerating bifidobacteria in faeces.

Significance and Impact of the Study This method is a valuable alternative for other
molecular methods for detecting faecal bifidobaaterspecially when their counts are below

the detection limit of the FISH methods.
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Introduction

The intestinal microbiota is a complex bacteriahoounity which affects the host in many
ways and has considerable influences on the hoshémistry, physiology and immunology
(Gill et al.2006). Bifidobacteria are predominant memberseffaecal microbiota in
newborns, representing 60 to 90% of the total nhiota in breast-fed infants and
approximatively 50% in formula-fed infants. Theyesf become subdominant after the
weaning period (representing 3-4% of the total af@cal microbiota) (Rigottier-Gogt al.
2003; Vaughart al. 2005). It is assumed that bifidobacteria by prangpor restoring a
beneficial balance in the intestinal microbiota ianplicated in the healthy status of breast-fed
babies, less susceptible to intestinal disordeidst al. 1976). Therefore many attempts
have been made to increase their relative propwriio the intestinal tract, either by
supplying bifidobacterial probiotic strains or pi@icz compounds stimulating their growth
(Cummings and Macfarlane 2002; Picatdal. 2005).

To understand the role of the intestinal microbmtehealth and well being of the host, a
specific, sensitive and reliable characterizatiod enumeration method is required (Bartosch
et al. 2004). A broad range of molecular and culture{paeent techniques, using the 16S
rRNA or its gene as a molecular fingerprint, arevravailable for identifying and
enumerating specific populations present in thesiimbal microbiota (Vaughaet al. 2005).
Fluorescencen situ hybridization (FISH) is one of the most prevaledhniques for the
guantitative assessment of the intestinal micrabiobwever it is laborious and time-
consuming when combined with detection by microgcdpis drawback has been improved
by combining FISH with flow cytometry (Rigottier-@et al. 2003). However, the FISH
technique still presents some problems such asiigmal intensity due to low permeability
and low activity of cells of certain species fregthg associated with low amounts of RNA, as

well as low sensitivity with a detection limit opproximatively 16 cell number ¢ of faeces
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(dry weight) (Schwiertet al. 2000). Quantitative real-time PCR (qPCR) is coasd a
valuable alternative to FISH for its high senstiivgPCR has been successfully applied for
quantification of bacterial DNA in various enviroents and is increasingly used for
detection and quantification of bacterial populasian the large intestine, including
bifidobacteria. Several gqPCR methods for the gtiaation of Bifidobacteriumspp. in faecal
samples have been described already (Gueimeinale 2004; Haarman and Knd005;
Malinen et al. 2003; Matsuket al. 2004; Penderst al. 2005). However, in most systems,
16S rRNA gene is used as the target gene, whiclhegmoblematic for quantification since it
can be present in several copies in one singlebakttell. Moreover 16S rRNA gene is
associated with contamination risks and is shaasitee during DNA isolation (von
Wintzingerodeet al. 1997). Therefore we developed a new gPCR assggtiag thexfp

gene for the D-xylulose 5-phosphate / D-fructoggh6sphate (X5P/F6P) phosphoketolase
(Xfp), which is the key enzyme of the F6P -phosmiolase pathway in bifidobacteria. Xfp
has been widely used to characterized bifidobac{@rban and Pattersa2000). To date, a
single copy of this gene has been detectdgifidobacteriumiongumNCC2705 (Schelkt al.
2002) andBifidobacteriumlongumbDJO10A (Leeet al. 2008). This new multiplex gPCR
method, performed with a quencher oligonucleoti@bled accurate and sensitive
enumeration oBifidobacteriumspp. and total bacteria in human faeces when caadpaith

the FISH method combined with microscopy or floworgetry.

Materials and methods

Bidfidobacteria cultures

Bifidobacterium lactiDSM 10140 andBifidobacterium longunDSM 20219 used in this
study were cultivated in de Man Rogosa and ShafRSMBiolife, Milan, Italy) broth

incubated overnight at 37°C in anaerobic jars &itratmosphere generation system (Oxoid
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AnaeroGenTM, Oxoid, Basel, Switzerland). Viabld celunts were measured in duplicate
after appropriate dilution of the sample in peptediwater (& g I* NaCl, 1 gt peptone,
pH 7:0), by spotting 2@ul of 10-fold diluted samples on MRS agar and indinggfor 48 h at

37°C in anaerobic jars.

Faecal samples and bacterial cell fixation

Faecal samples were collected from 10 healthy gedwb four-month-old infants (a
formula-fed [FF]) and a breast-fed [BF]) infantyat two-year-old children and six (aged 26-
51 year-old) adults. None had received antibiogatiment within three months before faecal
collection. Infants and children faecal samplesensmmediately placed in anaerobic jars with
an atmosphere generation system (Oxoid AnaeroGe®dXdid, Bale, Switzerland) by the
mothers and delivered to the laboratory within tvenirs after defecation. Adult faecal
samples were directly collected in the laboratargterile tubes, placed in an anaerobic jar
and processed within one hour after defecation. gane(4 g) of the faecal samples was
diluted (1:10) in PBS (137 mmof INaCl, 27 mmol I* KCI, 101 mmol [* Na,;HPO,, 1-8

mmol I KH.POy, pH 7-4) reduced with L-cystein (05%) and vortexed with four glass beads
for three minutes for homogenization. The suspensias centrifuged at 3@pfor one

minute at 4°C to remove large particles, and orlerue of this faecal suspension was added
to one volume of ice-cold ethanol, and stored @tC2until use. The second part of the faecal
sample was aseptically aliquoted in Eppendorf t{aé6 mg per tube) and frozen at -25°C

until DNA extraction.

Oligonucleotides
FISH probes, TagMan probes (TM-probes) and prirasesl in this study are listed in Table 1

and were purchased from Microsynth (Balgach, Swdpel). The EUB338 probe, targeting a
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conserved region of the bacterial 16S rRNA, wasl asea positive control for total bacteria
hybridization. The NON-EUB338 probe was used adrobfor non-specific oligonucleotide
binding in flow cytometry, and Bif164 was used tmqtify bifidobacteria. These three FISH
probes were either labelled at their 5’- end wittiadicarbocyanin (Cy5: ExX/Em 646/662 nm)
for flow cytometry, or with indocarbocyanin (Cy3xfEm 552/570 nm) for microscopic
detection. Two DNA stains, DAPI (4’,6-diamidino-&gnylindole, Sigma-Aldrich; Buchs,
Switzerland) (ExX/Em 358/461 nm) and SYBR Greemvifrogen, Basel, Switzerland)
(ExX/Em 497/520 nm) were used for detection of tbtadteria by microscopy and flow
cytometric analysis, respectively.

The TM-probe (Eub515r TMP) and Eub-primers (EubB4&hd Eub781 R) designed by
Nadkarniet al. (2002) for detection of the domain Bacteria, wesed for total bacteria
detection in gPCR. The newly designed TM-probe-{Kf@nd xfp-primers (xfp-fw and xfp-
rv, amplicon of 235 pb) used for the bifidobactexip system detection with gPCR were
designed using Primer 3 software (Rozen and Skgle2000) on a partial alignment (497
bp) of known sequences encoding the D-xylulose &sphate / D-fructose 6-phosphate
(X5P/F6P) phosphoketolase gemrép(system)specific for bifidobacterigpositions 2099 to
2595 of thexfp sequence dB. lactis[Acc. no. AJ293946]) (Meilet al. 2001). These new
xfp-primers and TM-probes were aligned with avd#atacterial nucleotide sequences
coding for thexfp gene present in the GenBank database by usinggCWsThompsoret al.
1994) and with the BLAST function of the Nationadr@er for Biotechnology Information
(GenBank) (http:www.ncbi.nlm.nih.gov/, last accasdune 2008) for checking their
specificity and cross-reactivity (Fig. 1). Primerdal M-probe concentrations used in the
multiplex fluorescent gPCR for simultaneous detectf total and bifidobacterial
populations were optimized as individual assaysaveéler, because the 16S rRNA gene is

more abundant than the bifidobacterfd gene within the intestinal ecosystem, we checked
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different TM-probe and Eub-primer concentrationshi@ optimization assay and chose the
lowest ones giving the best gPCR efficiency to jygliad in the multiplex assay. Both TM-
probes (xfp-T and Eub515r TMP) were labelled airtheend with 6-carboxyfluorescein

(FAM) and 6-carboxy-1,4-dichloro-2,7-dichlorofluseein (TET), respectively, and with 6-

carboxytetramethyl-rhodamine (TAMRA) at their 3'deTable 1).

Fluorescencean situ hybridization (FISH)

The same hybridization conditions (temperaturesgdzyme treatment, hybridization and
washing buffers) already described by Rigottiergasial. (2003) were used for all probes
and for both flow cytometry and microscopic anaysi allow method comparisons. Each

hybridization was done three times independently.

FISH analysis by microscopy

FISH analyses on glass slides were performed asided by Cinquiret al. (2006). Briefly,
104l of diluted (1/10 to 1/400 depending on sample aligbnucleotide probe tested) fixed
faecal samples were spotted on 3-aminopropyl-tmetkilane (APES, Sigma, Buchs,
Switzerland) treated glass slides, dried at 371%min, and dehydrated by successive
immersions in ethanol series (50, 70 and 96% [\ibrthree minutes. The samples were
treated with 15l of lysozyme buffer (100 mmolTris-HCI [pH 8], 50 mmol f EDTA,
lysozyme 105000 U rfi[Sigma, Buchs, Switzerland]), incubated 10 minoaim
temperature and dehydrated again. Ten microlitehytaridization buffer (@ mol I* NaCl,
20 mmol I* Tris-HCI [pH 8], 01% sodium dodecyl sulfate (SDS), 30% formamide)
containing 5 ngd™ of Cy3-labeled oligonucleotides were added on eeshand slides were
incubated overnight at 35°C. After hybridizatiome tslides were rinsed in 50 ml of washing

buffer (64 mmol I* NaCl, 20 mmol f Tris-HCI [pH 8], 5 mmol t EDTA, 0-1% SDS) for 20
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min at 37°C, rinsed with water and air dried. Thees were then mounted with citifluor AF1
(Citifluor Ltd, London, United Kingdom) to prevefading of fluorescence and supplemented
with DAPI (1 pg mrY) for total cell counts.

A radial cell concentration gradient is typicallyserved in wells. To minimize the counting
error due to this specific distribution, bactedahcentration was calculated from the bacterial
density corresponding to 15 annular regions asdjrelescribed (Cinquiet al. 2006). Each

assay was performed in triplicate.

FISH analysis by flow cytometry

Hybridization on microtubes was done accordinghtornethod described by Zoetendghl.
(2004) for flow cytometry with some modificatiorBriefly, 100ul of fixed faecal samples
were centrifuged at 90afor three minutes. The pellet was washed onceigtHDTA
buffer (100 mmolt Tris-HCI [pH 8], 50 mmol T EDTA), resuspended in Tris-EDTA
containing lysozyme (105000 U land incubated for 10 min at room temperatureetAft
removing the lysozyme solution and washing thesagith fresh hybridization buffer (@
mol I'* NaCl, 20 mmol f Tris-HCI [pH 8], 01% SDS, 30% formamide), the cells were
resuspended in 160 of preheated hybridization buffer, thoroughly exed and divided into
six aliquots of 25. Aliquots (except the negative controls) were figized with 5 ng«d™ of
the appropriate labeled probe overnight at 35°@erAfybridization, 98@l of warm (37°C)
washing buffer (8 mmol I* NaCl, 20 mmol T Tris-HCI [pH 8], 5 mmol T EDTA, 0-1%
SDS) was added and the bacterial cells incubate®2fonin at 37°C. Bacterial cells were
finally centrifuged at 9000 for three minutes and the pellet resuspendedmh & Tris-
EDTA buffer supplemented with potassium citrate)(t@mol I* Tris-HCI [pH 7-4], 50 mmol
|1 EDTA, 30 mmol 1* potassium citrate) (Lebarast al. 1998) to obtain a final bacterial

concentration of about 1010° bacteria per miTo differentiate bacteria from non-bacterial
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material, 05 pl of diluted (1:100) SYBR Green | was added penofirdample and incubated

at room temperature for at least 15 min.

In order to determine bacterial cell numbers, 406f Flow-Count™ Fluorospheres beads
(Beckman Coulter International SA, Nyon, Switzedpat known concentrations (1012 beads
(™) were added to 100 of diluted sample and 804 of Tris-EDTA buffer supplemented
with potassium citrate, for each analysis, accardinthe manufacturer’s instructions.
Measurements were performed with a Cytomics FC(B@@kman Coulter International SA,
Nyon, Switzerland) equipped with an air-cooled argm laser emitting 20 mW at 488 nm
and a Red Solid State Diode laser emitting 25 m\&B8&tnm. The 633 nm laser was used to
detect red fluorescence of bacteria hybridized @Wih-labeled probes (PMT4 in a 655 nm
long pass filter) and the 488 nm laser was usedeasure the forward angle light scatter
(FSC), the side angle light scatter and the greemdscence conferred by SYBR Green |
(PMT1 in a 525 nm band pass filter). The minimursgible acquisition threshold on the
machine was set in the forward scatter channel flbherate was set at 1000-3000 events per
second and 100000 events were stored in list mitede Data were analyzed using the CXP
software (Beckman Coulter International SA, Nyowjt3erland). A PMT1 histogram (green
fluorescence) was used to evaluate the total nuoidmacteria stained with SYBR Green I. In
this histogram, a gate which included the total benof bacterial cells in the sample was
designed and used to make a PMT4 histogram (redeffieence). This PMT4 histogram was
then used to determine tBé&idobacteriumcells marked with Cy5-labelled Bif164 probe. To
quantify bifidobacteria and total cells, a correntivas made to eliminate background
fluorescence, measured using the negative contoN{EUB338-Cy5 probe, as described by

Rigottier-Goiset al. (2003). Analyses were performed in triplicate.

Extraction of faecal DNA
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DNA was extracted from 200 mg of faecal materiahgshe QlAamp DNA stool mini kit
(Qiagen, Hilden, Germany) according to the manufa&ets instructions. Before using the Kit,
preliminary experiments were done showing its leass-contamination risk and the high
quality and purity of isolated DNA (data not showny test the effect of faecal matrix on
bifidobacterial DNA extraction, autoclaved and sated (15 min at high power) faecal
samples were spiked prior to DNA isolation with-fetd serial dilutions from ® x 1¢ CFU
g™ of B. longumDSM 20219 grown in MRS broth, a bifidobacteriabsies commonly
detected in human faeces (Vaugleamal. 2002). DNA extracts were frozen at -20°C until
analysis. The copy number of tkip gene present in DNA isolated from spiked and
autoclaved faeces without DNA spiking was then messby gPCR. The efficiency of
bifidobacterial DNA isolation in faeces was cald¢athfrom the ratio of cell numbers
estimated by bifidobacteriafp copy number using gPCR in spiked faeces afteracioig
the bifidobacteriakfp copy number obtained in autoclaved faeces (backgrbifidobacteria

DNA in autoclaved and sonicated faecedptdongumconcentration spiked in faeces.

Quantitative multiplex fluorescent real-time PCR

A quantitative multiplex gPCR system was develofgesimultaneously detect the
bifidobacterialxfp gene and the conserved region of the 16S rRNA pelonging to the
domain Bacteria. Therefore ud of total DNA (concentration ranging from 1 to &g ul™)
extracted from 200 mg faecal sample was analyz@& il amplification reactions consisting
of 1 x gPCR MasterMix (Eurogentec, Seraing, Belgiut Tween 20, 9 pmol I xfp-fw
and xfp-rv primers, 06 umol I'* Eub340 F and Eub781 R primer22Z6 pmol I'* xfp-T TM-
probe and @ umol I* Eub515r TMP (Table 1). To overcome bias causeittipitory
compounds in faecal samples, DNA samples wereaat thluted tenfold before

amplification. The amplification conditions considtof an initial cycle of 50°C for two

10
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minutes, 95°C for 10 min, 45 cycles of 95°C forsEg and 60°C for one minute. The gPCR
reactions were performed in MicroAmp optical plagealed with optical adhesive covers
(Applied Biosystems, Forster City, CA, USA). Thetrogcling, fluorescent data collection
and data analysis were carried out with ABI Prisfi(sequence detection system (Applied
Biosystems, Rotkreuz, Switzerland) according tonttaaufacturer’s instructions.

Standard curves were made by plotting cycle thids@) values against dilutions of the
quantitative standardcfp PCR fragment or pLME21 plasmid DNA, see below)vitnich the
number of gene copies was known. For total bagteelhnumbers were directly estimated by
the copy number of the 16S rRNA gene with no cdiwador the different rRNA-operon
copy numberrgn ), which is not realizable with the complex metabstructure of intestinal
microbiota, as described in Gt al, (2004). For bifidobacteria, which harbor a sengbpy

of xfp gene per cell, the measur€gdvalue was directly proportional to lodp gene copy
number and consequently to jggell number. The amplification efficiency was cdéated
from the slope of the standard curve using thefdlg formula:E = [(10V5°P92) x 100].

For the detection of total bacteria 16S rRNA genthe gPCR assay, the plasmid pLME21
(Meile et al. 1997) containing the 16S rRNA gene fr@nlactiswas used as a quantitative
standard. Therefore, the plasmid pLME211 (db) was isolated frorescherichia coliJM109
using the FlexiPrep Kit (Amersham Biosciences, @tgén, Switzerland) and
photometrically quantified using a BiophotometepgEndorf, Basel, Switzerland) as
recommended by the manufacturer. Dilution serie®wene with 625 ng, 625 pg, 6250 fg,
625 fg, 0625 fg, 0312 fg, 0156 fg, 00625 fg, 0042 fg and @042 fg plasmid DNA and
used as template for the qPCR, one ng pLME21 pthfhA corresponding to-2 x 1¢ 16S
rRNA gene copies.

For bifidobacteria quantification, a PCR fragmehthe xfp gene was used as an internal

standard. Therefore, DNA was extracted from a putture ofB. lactisusing the methods of

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Leenhoutst al. (1989). Amplification of this DNA was performedtWwiprimersxfp-fw and
xfp-rv in a Biometra Gradient PCR apparatus (BiomeBottingen, GermanypPne

microliter DNA was used as template in af#0@eaction mixture composed of 1 x PCR
Buffer (Euroclone, Milano, Italia),-2 mmol I* each of dATP, dCTP, dGTP, dTTP
(Amersham Biosciences, Otelfingen, Switzerlanej,rimol I* MgCl, (Euroclone),

oneumol I for each primers and®U TagPolymerase (Eurogentec, Seraing, Belgiumd. T
conditions for PCR consisted of an initial cycleddfC for three minutes, 40 cycles of 95°C
for 15 sec, 60°C for 30 sec, and 72°C for one neinaimd a final polymerization step of seven
minutes at 72°C. The PCR product (235 bp) was pheified using the GFX' PCR DNA

and Gel Band Purification Kit (Amersham Biosciend@telfingen, Switzerland) according to
the manufacturer’s instructions and photometricgligntified. Different dilutions of purified
PCR product (625 ng, 625 pg, 6250 fg;%&), 0625 fg, 0312 fg, 0156 fg, 00625 fg, 0024

fg and 000024 fg DNA) were used as a template for the stahdurve. One nanogramxip
PCR product corresponded t@ & 10° xfp copies. The qPCR assays were replicated three

times independently.

Statistics

A one-way analysis of variance (ANOVA) was perfodnesing SPSS 1@ for Windows
(SPSS Inc., Chicago, IL, USA) to analyze the effexdtthe quantification method on
bifidobacteria and total bacterial counts in fae@ahples (QPCR, FISH coupled with
microscopy or flow cytometry). Mean bacterial cauft= 3) were compared using the
student test with a probability level Bf< 0-05. The effects of DNA-stains (DAPI and SYBR
Green 1) on total bacteria counts were compareagusipaired-samples T-Test € 0-05).

Data from different methods were compared by catouj intra-assay coefficients of

variation (C\issay, defined as standard deviation from triplicateséded by the mean and

12
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expressed in percent. A coefficient of variatioV (&, expressed in percent) including both
the intra-assay error and differences for bactéiatal composition among samples within an

age group or for all tested faecal samples, wasckulated.

Results

Specificity, sensitivity and linearity of qPCR assgs

Among 29 bifidobacterial species tested, 20 shoxipdene sequences with a perfect
alignment with the xfp-fw and xfp-rv primers and Ifobe, whereas one mismatch was
observed for six species and two to four mismatefese observed in three species (Fig. 1).
Among these three last speciBs]actisandB. pseudolongurexhibited three and four
mismatches, respectively, but none were situatéaea®’ end of the xfp-primers. Two closely
related specieBarascardovia denticolerendScardovia inopinatgresented two and five
mismatches respectively. The alignment of the fofidobacterial complete genomes. (
longumDJO10A,B. longumNCC2705,B. adolescenti&n TCC 15703 andB. longumsubsp.
infantisATCC 15697) in the GOLD database (http://genomkserorg/, last access in
December 2008) with th&fp gene sequence using the BLASTn function of NCBificmed
the presence of one single hit per genome.

To maximize sensitivity and reproducibility of taesay, xfp-primer and TM-probe
concentrations used in té qPCR assay were optimized with pure cultureB.dbngum A
concentration of 900 nmof Ifor the primers xfp-fw and xfp-rv and 225 nmdlfbr the TM-
probe xfp-T gave the lowe&t values and highest fluorescenadf-values). The sensitivity
and linearity of the assay were tested using diffeconcentrations offp gene DNA

fragment (produced by PCR) and pLME21 plasmid doitg the 16S rDNA oB. lactis

Using thexfp DNA fragment ofB. lactisas standard, the gPCR assay detection range was

13
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between 0-0625 fg DNA (corresponding to BQactiscells) and 6250 fg DNA
(corresponding to8 x 10 B. lactiscells). This assay for bifidobacteria was linearGr

values from 16 to 32. The assay with the primer3@bF and Eub781 R showed a detection
range from 625 fg to 625 pg DNA and was linear G values between 16 and 31,
corresponding to-5 x 10* and 15 x 10° copies of the 16S rRNA gene, respectively.

Both standard curves (Fig. 2) used to quantifydbifiacteria and total bacteria showed a high
linear correlationR?) coefficient of 0997 and @99 for thexfp gene and pLME21 plasmid,
respectively. The slopes of the standard linexfipand total bacteria were very similar, with

-3:627 and -337, for calculated amplification efficiencies @&F3 and 942%, respectively.

Bifidobacterium DNA recovery and gPCR sensitivity in faecal sampke

Only small matrix-dependent effects were observedmcomparing the meaifp gene copy
number in spiked autoclaved faecal samples andquiineres oB. longum After

substracting the background bifidobacterial cefhbers measured in autoclaved faeces (2

x 10°xfp copies &), the mean recovery rate of bifidobacterial DNAspiked faecal samples
was 782 + 66% (=3), regardless of the initial concentratiorBoflongum

The sensitivity of the qPCR method Bifidobacteriumspp. was assessed by analyzing serial
10-fold dilutions ofB. longumspiked in autoclaved faeces. The detection lifoitshe
bifidobacteria and 16S rRNA gene (total bacteri®gy were B x 10° and 25 x 10° bacteria

per g of faeces, respectively.

Enumeration of bifidobacteria and total bacteria usng FISH coupled with microscopy
Significantly P < 0-05) higher total bacterial concentrations were ioleth with DAPI
staining (MS-DAPI) ranging from 18 to 117 log,o cell numbers g, compared with

EUB338 hybridization (MS-EUB338) ranging from-6@o 113 log, cell numbers gin all

14
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age groups (Table 2). The mean proportion of betteglls hybridized with EUB338 (MS-
EUB338) among DAPI-stained bacteria (MS-DAPI) cted on the three age groups was
57%. The highest value (84%) was obtained for theriant.

The bifidobacterial populations (MS-Bif164) recoeérin the BF infant faeces (Blogy cell
numbers &) were much higher (plus8logio) than in adults (mean of®+ 03 log, cell
numbers &) and children (mean of®+ 03 logo cell numbers §). In contrast the FF infant
harbored a lower concentration of bifidobacteri® (8gio cell numbers §). The proportion
of bifidobacteria (MS-Bif164) among total bactefMS-EUB338) ranged from-9 to 31% in
adults; from 14 to 67% in children; and was 59 % in the BF infant anty®% in the FF
infant.

This microscopic detection method showed low igisaay coefficients of variation (Gaay

n = 3) ranging from @ to 56% in MS-DAPI, MS-EUB338 and MS-Bif164 for all age
groups. The highest values were found in childB8 &nd 56%) and FF infant (8 %) for
bifidobacteria hybridization (MS-Bif164) (Table Z)he C\{y calculated for each age group
were below 2% for total bacteria enumeration with MS-DAPI avi8-EUB338. Higher
CViotal Values were obtained with MS-Bif164 (ranging fr8nio 81%) due to the high inter-

individual variation of bifidobacteria counts amangdividuals (especially with infants).

Enumeration of bifidobacteria and total bacteria usng FISH coupled with flow

cytometry

Typical flow histograms and dot-plots obtainedtfue BF infant faecal sample stained with
SYBR Green | and hybridized with NONEUB338, EUB338¢d Bif164 are shown in Fig. 3.
Compared to the control measured with the NONEUB&8®e for non-specific
hybridization, both probes (EUB338 and Bif164) adlwas SYBR Green | gave a strong shift

(more than 2 logo units) in fluorescence intensity, allowing cetisbie counted. About 85 to
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95% of the total events were stained with SYBR Greavhereas the NONEUB338 probe,
used as negative control, generally gave non-dpdxsifding below 1%. This value was then
subtracted from the specific binding obtained vidifi64.

Data from flow cytometry quantification are presshin Table 2. The highest total bacteria
concentrations analyzed with FISH coupled with flogtometry were obtained with SYBR
Green | (FCM-SYBR Green ) in the rang® % 109 log,o cell numbers ¢, whereas total
bacteria enumerated with the EUB338 probe (FCM-EREB3eached 2-107 logpcell
numbers g and bifidobacteria concentrations (FCM-Bif164)gad between-7 and166

logso cell numbers . The mean proportion of total bacteria stained\8YBR Green |
(FCM-SYBR Green I) among the ones hybridized withBB838 (FCM-EUB338) was 58%
for all age groups. Very high and low proportionsrgrobserved for BF infant (95%) and FF
infant (10%), respectively.

In accordance to MS, the BF infant harbored a Wgia concentration of bifidobacteria
(106 + 02 logiocell numbers @), compared to adults (mean 68% 04 logocell numbers g
1) and children (mean® + 02 log,ocell numbers g). The bifidobacterial concentration
(FCM-Bif164) obtained for the FF infant was partarly low (7-7 log,o cell numbers @, 2
logio below the value obtained with microscopic deteqtid he proportion of bifidobacteria
(FCM-BIif164) among total bacterial populations (FEENUB338) representedilto 35% of
cells in adults, compared to 91% in the BF infdii® and 69% in children and only 3% in
the FF infant. The FF infant data showed high Hasaay variations (C¥sayof 27 % for total
bacteria hybridizatiopfFCM-EUB33§ and 125% for bifidobacterigFCM-Bif164]). For all
other samples analysed with flow cytometry (FCMY,a6sayranged from @ to 64%. The
CViotal In adults were similar for FCM-SYBR Green 14%), FCM-EUB338 (4.%) and
FCM-BIif164 (48%). The C\,a for children were lower than that of adults falaldoacteria

and bifidobacteria.
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Enumeration of bifidobacteria and total bacteria bygPCR

Total faecal bacterial population concentrationssueed by the gPCR assay (QPCR Eub-
primers) ranged from 1®to 109 logio cell numbers g, with the exception of one adult (A5)
and the BF infant showing lower total bacterial @amtrations (® + 01 logip cell numbers g

Y. Total bacterial counts estimated with qPCR weveer (minus @ in average) than MS-
EUB338 counts, but higher than FCM-EUB338 valudsy04 in average).

As for MS-Bif164, bifidobacteria concentrations reeged with qPCR (gPCR xfp-primers)
were similar for adults (mean of/+ 04 log;o cell numbers g), children (mean of 8 + 03
logo cell numbers §) and the FF infant (9-3 +®log;, cell numbers §). The BF infant
harbored a much lower B+ 02 logio cell numbers @) bifidobacteria concentration
estimated by gPCR than with MS-Bif164 and FCM-B#1®&he proportions of bifidobacteria
(gPCR xfp-primers) among total bacterial populai@gRCR Eub-primers) were 4% in BF
infant, 8% in the FF infant, 9 and 12% in childremereas they varied between 8% and 18%
in adults.

The bifidobacterial xfp sequences were confirmeddxyyuencing a 235-bp fragment obtained
by using both primers xfp-fw and xfp-rv with DNA teacted from the children faeces sample
(as described in Materials and methods sectiorg.OKA sequence had highest identities to
the xfp gene oBifidobacterium pseudocatenulatwstrain DSM 20438 (97%) and
Bifidobacterium catenulaturstrain ATCC 27539 (96%). Thdp genes of other

bifidobacteria showed identities in the range 083486 whereas xfp sequences of
nonbifidobacteria (with high G+C contents in thggnomes) had identities of less than 71%
according to alignments with sequences in the GekHaxcept for the FF infants, results
obtained with the xfp-primers showed low intra-gssaefficient of variations with values

ranging from 0.6% to 2.7%.
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Discussion

Bifidobacteria are one of the most important groopthe human intestinal microbiota. They
are considered to be beneficial for the host ardlerefore often used as probiotics in
fermented foods and pharmaceutical products (Peatl 2005). However, a standard
method for enumeration of this genus is still lagkand comparisons of results among
different studies remain difficult.

In this study, a new gPCR method was developethtodetection of bifidobacteria in faecal
samples, and the validity of the assay was asségseaimparison to FISH combined with
microscopy and flow cytometry. Different to pubkshqgPCR methods for bifidobacteria
quantification, we used the bifidobacterfih gene, which encodes the D-xylulose 5-
phosphate / D-fructose 6-phosphate (X5P/F6P) plussgtblase (Xfp). This gene is common
to all previously described bifidobacteria and &bedhas only been detected as a single copy
on the bifidobacterial genome. However, it is knawat thexfp gene is not fully specific to
bifdobacteria, as highly similar sequences have beend with the xylulose 5-phosphate
phosphoketolase genepkA from Lactobacillus plantarunfPosthumaet al. 2002). The new
xfp-primers and TM-probe were designed to targedirdial sequence (positions 2099 to
2595) of thexfp gene oB. lactis[Acc no. AJ293946], which is highly specific to
bifidobacteria. Alignment of new xfp-primers and Ivobe using the NCBI database
showed high similarities for all bifidobacterialespes and two other related species,
ParascardoviadenticolensandScardoviainopinata previously nameifidobacterium
denticolensandB. inopinatum respectively (Jiang and Dorig002). A multiplex gPCR assay
was used, combining these newly designed xfp-psraad a previously published sequence
of the 16S rRNA gene to detect total bacteria (Nawliet al. 2002). To perform two
independent reactions in the same tube, xfp-prooacentrations were adjusted in order to

obtain the most accurate threshold cycles for bifatteria detection. TherefoEyb-primer
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concentrations for total bacteria detection wereimized to avoid depletion of typical
reactants available for amplifying minority spedi@pplied Biosystems 1998). Thép gPCR
assay was shown to be sensitive, detecting appedixiety 25 x 10° Bifidobacteriumcells

per g faeces, which is in the low range of detediimits (5x 10°to 10 cell numbers ¢
faeces) reported in other studies targeBifglobacteriumspp. in faecal samples (Gueimonde
et al. 2004 ; Malinen2003 ; Penderst al. 2005).

Faecal samples are problematic for PCR analysie sSome bacterial cells are difficult to
lyse and multiple substances can inhibit the pohase enzyme (Matsukt al. 2002).
Recovery oB. longumin spiked autoclaved faecal samples was high (78%icating that
the assay was not significantly influenced by ptiédy inhibitory components from stool
samples and could specifically detect bifidobaatddNA, even at low concentrations in a
complex environment. However, the lysis efficieéycells growing in MRS-medium may
differ from that of commensd. longumpresenin stool samples. The recovery rateBof
longumwith the QIAamp DNA stool mini kit was 78% for all concentrations tested, in
agreement with 78.8% reported by étial. (2004) for the peqGOLD Stool DNA Kit. It
seems that DNA was not completely destroyed bycanomg and that low DNA fragments
of the size of the amplicon (235 bgmained since-8 x 1 xfp copy g* were measured by
gPCR in autoclaved faeces. Both standard curveslaleed to quantify the total bacterial
population andifidobacteriumspp. had slopes (&} and -3, respectively) close to the
optimal theoretical value of -3, which confirms a high efficiency for both assay

When comparing total counts obtained for the tmveitu hybridization methods and gPCR,
several differences were observed. With microschgher counts were obtained with DAPI
compared with EUB338 probe, which targess60% of DAPI stained bacteria, as reported in
other studies (Harmseat al. 2002; Matsuket al. 2004). This discrepancy is explained by

different target molecules. DAPI stains chromosoBTdA, whereas EUB338 binds to

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

ribosomal RNA (Harmsen and Welling002). Moreover dead or metabolically inactivdscel
are not detected with EUB338 due to lack of rRNégessibility problems and limitations of
the probe and hybridization techniques (HarmsenVeatling 2002; Porter and Pickup
2000). In addition, permeation treatments with &ygoe prior to hybridization with
oligonucleotide probes might result in lysis of @raegatives preventing their detection
(Harmsen and Welling2002). The high detection rate with EUB338 amowg’Dstained
cells in infants can be explained by a dominandafafobacteria in faecal microbiota of
breast-fed infants, which are easily permeabiliaed whose target rRNA is easily accessible.
The high fluorescence intensity of SYBR Green lduséh flow cytometry allowed a good
discrimination between bacterial and non-bactenalerial. Flow cytometry with EUB338 or
SYBR Green | gave lower cell counts than microscdjys can be explained by chains and
cell clusters that produced a single event in figgometry analysis, whereas all individual
cells were enumerated by microscopy (Amanhal. 1990a). Total cell counts obtained with
gPCR were significantly higher than counts with FGM lower than for microscopy (DAPI
stained and EUB338 binding). This discrepancy witbroscopy was likely due to several
factors. First, the multiplex assay used in thiglgtwas optimized for thefp gPCR assay and
not for the total bacteria qPCR assay at the stluct@centrations. Another possibility is that
not all bacteria were equally lyzed during DNA &todn, or that a differential amplification

of target sequence occurred, caused by differand®8sC composition of 16S rRNA gene.
Genes with high G+C content dissociated less efiity than genes with low G+C during the
denaturation step in a previous study (von Winteiodeet al. 1997). On the other hand,
gPCR data ranged between the two FISH methods (B8)B@hich in agreement with Ot

al. (2004) suggests that this method can be direstiy for estimating total bacteria number

with no correction of the results fan operon copy numbers which range from two
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(Lactobacillus acidophilysto 10-15 Clostridium difficile and are also related to the
metabolic status and growth rate of the bacteria.

Mean group bifidobacterial concentrations with tineee methods were no significantly
different although few differences were observednalividual data, especially for the two
infant faecal samples (BF and FF). Data obtaingd Bif164 probe and microscopy showed
good agreement with faecal levels of bifidobactegorted by other authors using this
method (Frankst al. 1998; Gueimondet al. 2004; Harmseewt al. 1999; Langendijlet al.
1995; Rycroftet al. 2001) and were well-correlated with flow cytometexcept for the FF
infant, which showed lower bifidobacterial concatin (< 2 log) with flow cytometry
compared with microscopy. The significant differefetween the two hybridization methods
for the FF infant can be explained by difficultiagelleting during sample preparation,
causing a possible loss of bactefibe bifidobacterial counts obtained with gPCR ware
good agreement with results obtained in other studind for most samples were not
significantly different from FCM and microscopy. d higher counts obtained with qPCR for
three subjects can be explained by targeting ahetdd DNA, whereas FISH targets rRNA
and its concentration depends on cell activityaddition, the choice of probe is important.
For hybridization, Bif164 was used, which failedtdoget all faecaBifidobacteriumspecies
(Arrigoni et al. 2002), which is a major disadvantage comparetd&ifidobacteriumgenus
specific hybridization probe Im3 (Kaufmaehal. 1997). The low detection of
Bifidobacteriumspp. and total bacteria in BF infant might be axpdd by a lower efficiency
in DNA extraction or the presence of a gPCR-inlmigitsubstance in this sample.

All three culture-independent molecular methodslusehis study were faster and more
reliable than culture methods used to enumeratehadn a complex ecosystem such as
faecal samples (Wellingt al. 1997). The gPCR method has several advantagesapid

and sensitive, it measures very low levels of bifidcteria compared to hybridization
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techniques; and it can be automated. The PCR pi®dan be quantified with better
reproducibility while eliminating the need for pd3CR processing, thus preventing carry-
over contamination (Fukushined al. 2003). This method is therefore highly suitableHigh
throughput analyses, although it still remains espee (Mangiret al. 2006). However,
inaccuracies due to DNA isolation from populatiamgles might introduce error and PCR-
based methods are known to amplify DNA sequenaas fmixed populations especially in
infants with different efficiencies which can letadbiases in bacterial counts (Requenal.
2002). Hybridization techniques also have limitg dwo differences in target region
accessibility, cell permeability and intracellutdyosome content. Moreover, the
hybridization methods with microscopy and flow ayetry have a low sensitivity (Rinttiket
al. 2004).

In this study, we quantified bifidobacteria in hunfaeces using a multiplex real time PCR
assay targeting thdp gene of bifidobacteria and a highly conservedaegf the 16S rRNA
gene. The TM-probes and primer developed to enumBittdobacteriumspp. by gPCR
showed high sensitivity and specificity and carref@e be used to enumerate faecal
bifidobacteria. Percentages of bifidobacteria pnegefaecal samples were markedly
different by the three methods applied in this gtudainly due to differences in total
bacterial counts. The bifidobacterial concentratiomre similar in all three methods except
for the infant samples which showed difficultiegi@leting during centrifugation steps prior
to the flow cytometry analysis (FF) and a high biton of the gPCR (BF). Total counts
obtained with flow cytometry and qPCR were lowarttior microscopy, leading to higher
bifidobacterial percentages. This emphasizes tip@itance of comparing cell concentration
data (in logo cell numbers Q) in addition to percentages when studying the amsition of

intestinal microbiota.
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Figure 1 Multiple sequence alignment of a 235 bp region of xfp gene from B. lactis [Acc. No.

AJ293946] with 29 bifidobacterial species and closest relatives.

Figure 2 Linear relation between threshold cycle (Ct) and serial dilution of B. lactis xfp-PCR-
product and pLME21 plasmid DNA determined by qPCR (n = 3). The CT values obtained for
the xfp gene and pLME21 plasmid were plotted against the base 10 logarithm of initial copy

number of the gene and plasmid in the sample, respectively.

Figure 3 Flow cytometry dot-plots and histograms obtained by FISH coupled to flow
cytometry analysis of the BF infant faecal sample. Fixed faecal samples were hybridized in
(a) with NON-EUB338-Cys5 ; (b) with a combination of NON-EUB338-Cy5 and SYBR Green |
; () with a combination of Bif164-Cy5 and SYBR Green |; and (d) with a combination of
EUB338-Cy5 and SYBR Green |. PMT1 histograms show the green fluorescence intensities
conferred by SYBR Green I. The events within the bar correspond to bacterial cells stained
with SYBR Green |. This region was designed according to the background level when NON-
EUB338-Cy5 was used. PMT4 histograms show red fluorescence intensities conferred by
the Cy5 probes. The events within the bar represent the proportion of bacterial cells
hybridized with different group-species probes within the total bacterial cells stained with
SYBR Green |. For proportion of cells, background fluorescence, measured with NON-

EUB338-Cy5 was eliminated.
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Table 1 Oligonucleotide primers and probes used in this study

Primer/Probes Method  Sequence (5'- to 3'-end) Target Reference

EUB 338 FISH GCTGCCTCCCGTAGGAGT Total bacteria (Amann et al. 1990b)
NONEUB 338 FISH ACATCCTACGGGAGGC Non specific binding (Wallner et al. 1993)
Bif164 FISH CATCCGGCATTACCACCC Bifidobacterium spp. (Langendijk et al. 1995)
Eub340 F gPCR TCCTACGGGAGGCAGCAGT Total bacteria (Nadkarni et al. 2002)
Eub781 R gPCR GGACTACCAGGGTATCTAATCCTGTT Total bacteria ( Nadkarni et al. 2002)
Eub515r TMP gPCR TET®-CGTATTACCGCGGCTGCTGGCAC-TAMRA"® Total bacteria ( Nadkarni et al. 2002)
xfp-fw gPCR ATCTTCGGACCBGAYGAGAC Bifidobacterium spp. This study

xfp-rv gPCR CGATVACGTGVACGAAGGAC Bifidobacterium spp. This study

xfp-T gPCR FAM®-ACGGCATCTGGAGCTCCTA-TAMRA" Bifidobacterium spp. This study

*TET: reporter stain for 16S system.

®TAMRA: quencher.

°FAM: reporter stain for xfp system.
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Table 2 Total bacterial and Bifidobacterium counts (logy, cell number g™ faeces) in faecal samples determined by FISH coupled with microscopy (MS)
or flow cytometry (FCM), and quantitive PCR (qPCR). For each sample, means and intra assay coefficient of variation (CVassay in %, in brackets) are

shown for triplicate analyses. Means and total coefficient of variation (CViy in %, in brachets) are reported for each group (adults, infants and children)
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Faeces®

Al

A2

A3
A4
A5
A6
Means"

C1
Cc2
Means
BF

FF

Total bacteria (DNA-stains)

Total bacteria (probes / primers)

Bifidobacteria (probes / primers)

MS FCM gPCR MS FCM gPCR MS FCM gPCR
DAPI SYBR Green | EUB338 EUB338 Eub-primers® Bif164 Bif164 xfp-primers
11¢7a (0*5)  109b (0-8) - 11+3a (0-9) 10+5b (03) 10+7b (08) 9¢3a (1+0) 9¢8b (0+7) 9+9b (1+0)
11+5a (0*5)  10-8a (4+0) - 11+3a (0°5) 10+5b (1-2) 10+7c (0+5) 9+0a (0-8) 87a (1+2) 9+8b (1+2)
11+5a (0+6)  10+6b (0-2) - 112a (1-1) 10+6b (0-1) 10+7b (06) 9+6a (1+2) 9+6a (0+6) 9+8a (2°1)
11¢5a (0+3)  10+4b (0-8) - 112a (0+4) 10+3b (1+2) 10+9c (0+9) 9+3a (1+6) 9+0b (1+0) 10+2c (0+6)
11<0a (1+0)  9+6b (0-9) - 10+7a (0-2) 9¢5b (0+8) 9¢9c (0°5) 8+9a (1+3) 9+0a (4+9) 8+9a (2¢6)
11+3a(1-1) 10-6a (64) - 11e1a (0°7) 10+0b (1+5) 10+7b (08) 9+5a (1+8) 9+6a (2¢5) 9+7a (12)
11+4a (2°1)  10<5b (45) - 11+la (2-1) 102b (4+1) 10+6¢ (31) 9+3a (3°0) 9+3a (4+8) Q+7a (4+6)
11-1a(1-7) 10-2b (0-8) - 10+8a (12) 10¢1b (0<6) 10+7a (02) 8+9a (3+8) 9¢7b (1+4) 9¢8b (2-1)
10-8a (0-4) 10-0b (0-8) - 10+6a (1+6) 9¢6b (4+8) 10+4a (0+4) 9+4a (5°6) Qe4a (2+7) Qe4a (2+7)
11-0a (1-7)  10-1b (1-7) - 10+7a (1+7) 9¢8b (3+4) 10+6a (31) 9¢2a (32) 9+6a (2+2) 9+6a (3+4)
11-0a (0-4) 10-7a (1-5) - 10-9a (1°8) 10+7a (1°5) 9¢9b (1-3) 10+8a (1-1) 10+6a (17) 8+6b (2+4)
110a(1:5) 10-2a (0-6) - 10-6a (1°5) 9¢2b (2+7) 10+4a (1+6) 9¢6a (2+9) 7¢7b (1245) 9¢3a (5°7)

A adult, BF : breast-fed infant, FF : formula-fed infant, C : child. "Means with different letters in a row significantly differ (effect of quantification method for each

bacterial population tested) with the ANOVA test (P < 0.05). °Log of copy 16S rRNA gene number
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