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Abstract

Aims: Classical microbiology techniques are the gold standard for probiotic

enumeration. However, these techniques are limited by parameters of time,

specificity and incapacity to detect viable but nonculturable (VBNC) micro-

organisms and nonviable cells. The aim of the study was to evaluate flow

cytometry as a novel method for the specific quantification of viable and

nonviable probiotics in multistrain products.

Methods and Results: Custom polyclonal antibodies were produced against

five probiotic strains from different species (Bifidobacterium bifidum R0071,

Bifidobacterium longum ssp. infantis R0033, Bifidobacterium longum ssp. longum

R0175, Lactobacillus helveticus R0052 and Lactobacillus rhamnosus R0011).

Evaluation of specificity confirmed that all antibodies were specific at least at

the subspecies level. A flow cytometry method combining specific antibodies

and viability assessment with SYTO�24 and propidium iodide was applied to

quantify these strains in three commercial products. Analyses were conducted

on two flow cytometry instruments by two operators and compared with

classical microbiology using selective media. Results indicated that flow

cytometry provides higher cell counts than classical microbiology (P < 0�05) in
73% of cases highlighting the possible presence of VBNC. Equivalent

performances (repeatability and reproducibility) were obtained for both

methods.

Conclusions: This study showed that flow cytometry methods can be applied

to probiotic enumeration and viability assessment. Combination with

polyclonal antibodies can achieve sufficient specificity to differentiate closely

related strains.

Significance and Impact of the Study: Flow cytometry provides absolute and

specific quantification of viable and nonviable probiotic strains in a very short

time (<2 h) compared with classical techniques (>48 h), bringing efficient

tools for research and development and quality control.

Introduction

Probiotics are defined as ‘live micro-organisms which,

when administered in adequate amounts, confer a health

benefit on the host’ (FAO/WHO, 2001). Thus, probiotic

functionality is impacted by the quantity and viability of

micro-organisms being consumed. Probiotic manufactur-

ers, therefore, need accurate analytical tools to determine

the quantity of viable probiotic micro-organisms in a

minimal time. The microbes most commonly used as

dietary supplements belong to the Lactobacillus and Bifi-

dobacterium genera and are often composed of a mix of

different species and strains. Consequently, analytical

methods have to be specific enough to differentiate

between several species of lactobacilli and bifidobacteria

that may be closely related.
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Classical microbiology culture-based techniques remain

the gold standard for the enumeration of micro-organ-

isms, and results are presented in colony forming units

(CFU). Selective growth can be achieved with the use of

culture media with specific nutrients, pH and/or antibi-

otics to inhibit growth of nondesired micro-organisms

(Charteris et al. 1997). As an example, a recent study

published the development of a chromogenic culture

medium to differentiate and enumerate several lactic acid

bacteria (LAB) species (Galat et al. 2016). International

Organization for Standardization/International Dairy Fed-

eration (ISO/IDF) standard methods are also available for

the selective enumeration of Lactobacillus acidophilus

(ISO 20128 2006) and Bifidobacteria spp. using antibiotics

as selective agents (ISO 29981|IDF 220 2010). However,

most culture-based methods are only capable of discrimi-

nating bacteria at the genus level and seldom at the spe-

cies level (Ashraf and Shah 2011); to our knowledge, it is

still difficult to reliably differentiate between species of

Bifidobacterium. These methods are time consuming

because probiotic bacteria need 1–5 days of culturing

before delivering a result. Furthermore, classical microbi-

ology techniques are limited to the detection of culturable

micro-organisms only (cells in a replicative state having

known growth conditions). Thus, these methods are inef-

ficient and unsuitable for the enumeration of viable but

nonculturable (VBNC) bacteria (Kell et al. 1998; Lahtinen

et al. 2005; Oliver 2005). Thus, there is a need for novel

analytical methods allowing specific enumeration and via-

bility assessment of probiotics.

Nonculture-based methods have been extensively devel-

oped to overcome classical microbiology limitations.

Molecular biology-based techniques, such as real-time

quantitative PCR (qPCR) methods, have been developed

for specific quantification of viable probiotics using Pro-

pidium MonoAzide (PMA) or related molecules (Nocker

et al. 2006; Kramer et al. 2009). These methods distin-

guish viable bacteria from total population based on

membrane integrity assessment (Nocker et al. 2006).

Another way to quantify viable bacteria is to employ

RNA-targeting techniques (Lahtinen et al. 2008). How-

ever, RNA manipulation is difficult due to the short half-

life of microbial RNA (Sohier et al. 2014). Molecular

biology protocols require several delicate steps (nucleic

acid extraction and amplification) that can be tedious.

Such methods are very useful for research or clinical pur-

poses but are less suitable for quality control and indus-

trial production environments. Flow cytometry is a

technology used for the multiparametric analysis of cells

based on light scattering and fluorescence at the single-

cell level (Robinson and Roederer 2015). The use of flow

cytometry in combination with fluorescent staining has

increased within the microbiology field over the last 20

years (Comas-Riu and Rius 2009; Davis 2014; Sohier

et al. 2014). Viability staining and flow cytometry (viable

flow cytometry) has been extensively used to monitor

bacteria physiological state (Joux and Lebaron 2000;

Doherty et al. 2010), survival upon physical or chemical

stresses (Amor et al. 2002; Rault et al. 2007; Chen et al.

2012), antibiotic susceptibility (Novo et al. 2000) and

microbial communities study (Apajalahti et al. 2002;

Muller and Nebe-von-Caron 2010; Koch et al. 2014).

Viable flow cytometry techniques have also been

employed for LAB and probiotic quantification on vari-

ous products such as lyophilized powders (Kramer et al.

2009), fermented products (Doherty et al. 2010), dairy

(Gunasekera et al. 2000), food (Raymond and Cham-

pagne 2015) and complex matrices, such as artificial gut

microbiota (Grootaert et al. 2011). Moreover, an ISO/

IDF method has been released in 2015 for the enumera-

tion of viable and nonviable LAB in starter cultures and

probiotics in fermented products by flow cytometry (ISO

19344 2015). Specific detection of microbes has been

shown to be possible with the production of ligands

(protein or oligonucleotide) targeting specific molecules

on the bacteria cell surface (Joux and Lebaron 2000;

Nebe-von-Caron et al. 2000). However, little information

has been reported to date on the specific quantification

of viable probiotics and LAB by flow cytometry.

The objective of this study was to develop flow cytome-

try methods for the specific quantification and viability

assessment of freeze-dried probiotics in multistrain formu-

las for research and development (R&D) and quality con-

trol (QC) laboratories. A three-colour approach was

developed using specific custom antibodies and DNA

stains (SYTO�24 and propidium iodide) for viability

assessment based on membrane integrity, as described in

ISO 19344|IDF 232 20154|IDF 232 (ISO 19344 2015). First,

custom polyclonal antibodies were produced against five

probiotic strains of interest and specificity was evaluated

on various probiotic species and genera. Second, multi-

strain probiotic products were analysed by flow cytometry

and compared with classical microbiology. This study eval-

uates flow cytometry methods for quantitative and qualita-

tive analysis of bacteria and substantiates application of

such novel analytical methods in the industry.

Material and methods

Freeze-dried probiotic strains and multistrain products

All micro-organisms and products used in this study were

obtained from Lallemand Health Solutions (LHS) Inc.

(Mirabel, QC, Canada). Multistrain products used in the

study are described in Table 1. Two production lots were

used per product.
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Polyclonal antibody production

Antigen preparation and immunization

Rabbit polyclonal antibodies (pAb) were produced in

female New Zealand rabbits with support of the National

Research Council of Canada (NRC) (Montreal, QC,

Canada). This study was carried out in strict accordance

with Canadian Council on Animal Care policy and guide-

lines. Animal protocol was reviewed by the Animal Care

Committee of Biotechnology Research Institute at

National Research Council of Canada (protocol no. 13-

MAR-I-062). All efforts were made to minimize suffering.

Four antibodies were produced against heat-killed freeze-

dried bacteria (B. bifidum R0071, B. longum ssp. infantis

R0033, B. longum ssp. longum R0175 and L. rhamnosus

R0011) and one against surface-layer protein (SLP)

extracted from L. helveticus R0052. Briefly, antigens com-

posed of whole bacteria were prepared by dilution of

freeze-dried bacteria in Dulbecco’s phosphate-buffered

saline (DPBS; Hyclone Laboratories Inc., Logan, UT,

USA) to reach concentration of c. 1010 bacteria per ml

(determined by flow cytometry). A heat treatment of

20 min at 80°C was performed to kill bacteria and keep

cells intact. Samples were washed once in DPBS by cen-

trifugation 5 min at 9000 9 g to remove debris. Purified

L. helveticus R0052 SLP was extracted using a 5 mol l�1

lithium chloride protocol adapted from previously estab-

lished methods (Taverniti et al. 2013; MacPherson et al.

2017). Protein extracts were suspended in DPBS and

stored at �20°C until use. Purity was determined on a

SDS-PAGE gel. SLP extract of L. helveticus R0052 was

concentrated to 2 g l�1 prior to injection.

A minimal dose of 1 9 109 heat-killed bacteria was

injected per animal. Bacteria concentration was deter-

mined by flow cytometry using SYTO�24 stain (Molecu-

lar Probes Inc., Eugene, OR, USA). For each antigen, two

animals were immunized with antigen preparation con-

taining 1:1 Freund’s incomplete adjuvant. Sera were

collected 80 days after initial immunization, and during

this period, animals received three boosters (days 21, 43

and 70). Productions with B. longum ssp. infantis R0033

and B. bifidum R0071 antigens were done at a second

NRC facility in Ottawa using a 70-day protocol including

two boosters (days 28 and 56). Sera titration was per-

formed at day 52 (or 46 for R0033 and R0071) by flow

cytometry (antiwhole bacteria) or Enzyme Linked

ImmunoSorbent Assay (ELISA) (anti-R0052-SLP).

Unless unequal titres, sera from both animals immu-

nized with same antigen were mixed 1:1; from these com-

bined sera, IgG were purified with ProSep-A (EMD

Millipore Corp., Billerica, MA, USA) affinity-chromato-

graphy and suspended in DPBS. Purified IgG concentra-

tion was standardized to 1 g l�1.

Antibody specificity evaluation

Antibody cross-reactivity was evaluated for 34 different

probiotic strains (including Lactobacillus, Bifidobacterium,

and yeast) from the Lallemand Bacteria Culture Collec-

tion (Table 2) by an ELISA-based test. Briefly, each bac-

terium was streaked on solid media and grown under

optimal conditions to obtain isolated colonies (Table 2);

100 ll of primary IgG antibody 0�1 mg l�1 diluted was

mixed with 1–2 colonies of bacteria or DPBS (negative

control) and incubated for 1 h at room temperature.

Unbound antibodies were removed by washing twice with

200 ll of washing buffer (DPBS-0�1% Tween 20-0�5%
BSA) and centrifuged at 9000 9 g for 5 min. Next, bac-

teria pellets were resuspended and incubated in same

conditions with 100 ll of peroxidase-conjugated anti-rab-

bit antibody (Jackson Immunoresearch Labs., West

Grove, PA, USA) 0�01 mg l�1. Unbound antibodies were

removed by washing twice as previously mentioned. Pel-

lets were resuspended with 100 ll of TetraMethylBen-

zidine (TMB) substrate (Life Technologies, Carlsbad, CA,

USA), and samples were transferred into a 96-well plate

and incubated in the dark for 30 min. Peroxidase reacts

Table 1 Probiotic multistrain products used in the study

Product name

Formula composition Specification*

Strain % (CFU per g) (log CFU per g)

Lacidofil� Lactobacillus rhamnosus R0011 95% 1�00 9 1010 10�00
Lactobacillus helveticus R0052 5%

Protecflor� Lactobacillus rhamnosus R0011 33% 1�25 9 1010 10�10
Lactobacillus helveticus R0052 33%

Bifidobacterium longum ssp. longum R0175 33%

Saccharomyces cerevisiae var. boulardii CNCM I-1079 – 6�25 9 109 9�80
ProbioKid� Lactobacillus helveticus R0052 60% 7�50 9 109 9�88

Bifidobacterium longum ssp. infantis R0033 20%

Bifidobacterium bifidum R0071 20%

*Total concentration (CFU per g or log CFU per g) guaranteed at product shelf life (24 months at 25°C).
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with TMB substrate resulting in the formation of a blue-

coloured product. Reaction was stopped by adding

100 ll 1N HCl solution forming a yellow colour. Absor-

bance was immediately read at 450 nm using MultiskanTM

GO microplate spectrophotometer (ThermoFisher Scien-

tific Inc., Waltham, MA, USA).

For each antibody, ELISA-positive strains were anal-

ysed by flow cytometry using a fluorescent staining

described below to determine percentage of antibody

reactivity.

Fluorescent staining

The antibody staining protocol was adapted from a pub-

lication (Nebe-von-Caron et al. 2000). Washing step

between primary and secondary antibody was changed to

a dilution step to allow absolute quantification of the

sample. Probiotic samples were rehydrated and diluted in

buffered peptone water (0�1% soy peptone, 2�5 mmol l�1

KH2PO4, 6�9 mM K2HPO4) to reach c. 5 9 106 bacteria

per ml. Briefly, 1 lg of primary antibody (1 g l�1) was

used to stain 200 ll of bacteria suspension. Samples were

vortexed vigorously and incubated for 30 min at room

temperature. Following incubation with primary anti-

body, the suspension was diluted 1/5 in DPBS to limit

aggregation of free primary with secondary antibodies.

Next, 1 lg of Alexa Fluor� 647-conjugated F(ab0)2 sec-

ondary antibodies goat-anti-rabbit (Molecular Probes)

(1 g l�1) was used to stain bacteria suspension. Samples

were mixed vigorously and incubated for 30 min at room

temperature in the dark. Following antibody staining,

samples were diluted 1/2 (AccuriTM) or 1/10 (CyFlow�)

in DPBS and stained with 0�1 lmol l�1 SYTO�24 and

0�2 lmol l�1 Propidium Iodide (PI) (Molecular Probes)

for 15 min at 37°C as described in the ISO 19344|IDF
232 20154|IDF 232 (ISO 19344 2015). The combination

of SYTO�24 and PI fluorescent dyes can determine bac-

teria viability based on membrane integrity. SYTO�24 is

a cell-permeant green fluorescent nucleic-acid stain. PI is

a cell-impermeant red fluorescent DNA intercalator, com-

monly used to stain nonviable bacteria because PI enters

bacteria only if their membrane is compromised. As

reported by ISO 19344, the number of viable cells is

reported as ‘active fluorescent units’ (AFU) and nonviable

cells are reported as ‘nonactive fluorescent units’ (n-

AFU).

Flow cytometry analysis

Experiments were run on two flow cytometry instru-

ments: the CyFlow� Space (Sysmex-Partec GmbH, G€orl-

itz, Germany) and the AccuriTM C6 (BD BioSciences, San

Jose, CA, USA) equipped with CSamplerTM plate reader.

Both instruments were equipped with two lasers

(488 nm, 635 nm) and six parameters including FSC,

SSC and four fluorescent channels (FL1-FL4). Acquisition

and data analysis were performed with FloMax� (Sys-

mex-Partec) and CSampler software (BD). Optimal con-

centration for absolute quantification was between 104

and 105 events per ml, under speed rate 3 ll s�1

(CyFlow) or ‘Medium speed’ rate of 35 ll min�1

(Accuri). To avoid background noise, CyFlow trigger was

set on total bacteria green fluorescence (FL1), and Accuri

optimal threshold levels of 2500 and 1000 were set on

Table 2 List of micro-organisms used to evaluate antibody specificity

Genus Species/subspecies Strain Culture conditions

Bacillus subtilis 1 TSA, Aerobiosis

37°C, 24–48 h

Bifidobacterium breve 2 RCM, Anaerobiosis

37°C, 48–72 hanimalis ssp. lactis 2

bifidum 1

longum ssp.

infantis

1

longum ssp.

longum

1

Enterococcus faecium 2 MRS, Anaerobiosis

37°C, 48–72 h

Lactobacillus acidophilus 1 MRS, Anaerobiosis

37°C, 48–72 hbrevis 1

delbrueckii ssp.

bulgaricus

2

farciminis 1 MRS, Aerobiosis

37°C, 48–72 hfermentum 1

helveticus 2 MRS, Anaerobiosis

37°C 48–72 hparacasei ssp.

paracasei

4

plantarum 2 MRS, Aerobiosis

37°C, 48–72 h

reuteri 1 MRS, Anaerobiosis

37°C, 48–72 hrhamnosus 2

salivarius ssp.

salivarius

1 MRS, Aerobiosis

37°C, 48–72 h

Lactococcus lactis ssp. lactis 1 M17+lactose 10%,

Aerobiosis

37°C, 48–72 h

Pediococcus acidilactici 1 MRS, Anaerobiosis

37°C, 48–72 h

Propionibacterium freudenreichii ssp.

shermanii

1 Lactate agar,

Anaerobiosis

37°C, 48–72 h

Saccharomyces cerevisiae var.

boulardii

1 YEPD, Aerobiosis

30°C, 24–48 h

Streptococcus thermophilus 2 M17+lactose 10%

Anaerobiosis 41°C,

48–72 h

TSA, tryptone soy agar (CM0131, Oxoid); RCM, reinforced clostridiales

medium (CM0151, Oxoid); MRS, de mann, rogosa, sharpe agar

(CM0361, Oxoid), M17 agar (CM0817 Oxoid); lactate agar (internal

recipe); YEPD, yeast extract peptone dextrose agar (242720, Difco, BD).
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FCS and FL1, respectively. At least three independent

analyses of each product were performed by two opera-

tors on each flow cytometry instrument.

Epifluorescence microscopy

Microscopy observations of probiotic product stained

with antibodies were realized to visualize antibody stain-

ing location and fluorescence intensity. Protecflor�

stained with antibodies (anti-L. rhamnosus R0011, anti-B.

longum ssp. longum R0175 or anti-L. helveticus SLP-

R0052) and SYTO�24 as described above was analysed

with epifluorescence microscopy. Stained samples were

concentrated by centrifugation 5 min at 9000 9 g and

resuspended in 10 ll of DPBS. Bacteria were mounted on

slides using ProLong� Diamond (Molecular Probes) anti-

fade mounting medium and dried overnight at room

temperature. Phase contrast and epifluorescence pictures

were taken using a Leica DMIRE2 inverted microscope

(Leica Microsystems Canada Inc., Richmond, ON,

Canada) equipped with a Hamamatsu cooled charge-

coupled-device camera at 6309 magnification. Green flu-

orescence (SYTO�24) was analysed with green fluorescent

protein (GFP) narrow filter, and far-red fluorescence

(AlexaFluor 647) was analysed with Cy5-4040A filter

(Semrock Inc., Rochester, NY, USA). Data analysis was

performed with ImageJ (Bethesda, MD, NIH, USA).

Classical microbiology

One gram of probiotic powder was dissolved into 9 ml

of buffered peptone water and vortexed until the sample

was completely dissolved. From this first dilution, 10-fold

serial dilutions were prepared in buffered peptone water.

Appropriate dilutions were cultured on MRS agar (de

Mann, Rogosa and Sharpe; Oxoid, Nepean, ON, Canada)

for total count of bacteria in Lacidofil� or RCM agar

(Reinforced Clostridial Medium; Oxoid) for total count

of bacteria in Protecflor� and ProbioKid�. Specific media

were used for enumeration of each strain in commercial

products: L. rhamnosus R0011 was selected with MRS

agar containing 1 mg l�1 of vancomycin hydrochloride

(Sigma-Aldrich, Oakville, ON, Canada) as it is intrinsi-

cally resistant to this antibiotic; L. helveticus R0052 was

selectively cultured on MRS agar containing clindamycin

0�25 mg l�1 (Sigma-Aldrich); strains of Bifidobacterium

were selected following ISO 29981 standard with TOS

propionate agar (Merck, Darmstadt, Germany) supple-

mented with lithium mupirocin (1 g l�1) (Merck) (Stan-

dardization, 2010); yeast S. boulardii was selected with

YEPD (Yeast Extract Peptone Dextrose) (Difco, BD,

Franklin Lakes, NJ) and chloramphenicol 25 mg l�1

(Sigma-Aldrich). All bacteria were grown for 48 h at

37°C under anaerobic conditions; the yeast was grown

for 48 h at 30°C in aerobic conditions. Each product was

analysed by two operators with at least three independent

experiments.

Data analysis

Precision (repeatability and reproducibility) of flow

cytometry and classical microbiology was determined by

calculation of the mean standard deviations (SD)

obtained for each analysis with one or two operators.

Calculation was performed for each instrument and con-

sidering two instruments. An unpaired Student’s t-test

was used to determine statistical significance with PRISM

software ver. 6 (GraphPad software, San Diego, CA,

USA). Difference was considered statistically significant

when P < 0�05.

Results

Polyclonal antibodies specificity evaluation

Five rabbit polyclonal antibodies were produced. Four

antibodies were raised against whole heat-inactivated bac-

teria (L. rhamnosus R0011, B. longum ssp. longum R0175,

B. longum ssp. infantis R0033 and B. bifidum R0071) and

one against a surface-layer protein extract from L. helveti-

cus R0052. Specificity of purified IgG (anti-L. rhamnosus

R0011, anti-B. longum ssp. longum R0175 and anti-L. hel-

veticus SLP-R0052) was first evaluated by an ELISA-based

test on different probiotic genera and species, involving a

total of 34 strains (Table 2). As ELISA is more sensitive

than flow cytometry, the ELISA-negative strains were

considered not cross-reacting. A second specificity evalua-

tion was performed by flow cytometry on ELISA-positive

strains only. Cross-reactivity was defined as bacterium

with relative percentage of antibody binding above 5%

cut-off by flow cytometry. This cut-off has been arbitrar-

ily determined given the analytical error we would accept

internally. The studied microbial products, originally con-

centrated at >5e9 micro-organisms per g, are diluted

prior to being analysed by flow cytometry (final concen-

tration around 1e4 to 1e5 micro-organisms per ml).

Thus, a 5% cut-off on flow cytometry analytical data cor-

responds to less than 1% of variation, when reported to

the initial microbial concentration, making that threshold

value acceptable for our applications. The ELISA-based

analysis revealed that anti-L. rhamnosus R0011 antibodies

bound 16 of 34 strains tested, anti-B. longum ssp. longum

R0175 Ab bound 8 of 34 strains tested and 2 of 34 strains

tested bound with anti-L. helveticus SLP-R0052 leaving a

limited number of cross-reactive strains following the pri-

mary screen. Flow cytometry analysis of ELISA-positive

576 © 2017 The Authors. Journal of Applied Microbiology 124, 572--584 published by John Wiley & Sons Ltd on behalf of The Society for Applied Microbiology
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strains showed no cross-reactivity towards all strains

tested for polyclonal antibodies produced against L.

rhamnosus R0011 and L. helveticus SLP-R0052 (Table 3).

The anti-B. longum ssp. longum R0175 antibody cross-

reacted with two strains out of 34 tested (B. bifidum

R0071 and S. boulardii CNCM I-1079). Specificity of

anti-B. bifidum R0071 and anti-B. longum ssp. infantis

R0033 antibodies was evaluated against all strains by flow

cytometry only. Results showed no cross-reactivity for the

B. infantis antibodies, whereas anti-B. bifidum cross-

reacted with L. fermentum HA-179.

Epifluorescence microscopy

Epifluorescence microscopy analysis indicated that anti-L.

rhamnosus R0011 antibody potentially indicates cell sur-

face antigens (Alexa Fluor 647—red) (Fig. S1). Bacteria

stained with antibodies exhibited a bright fluorescence

signal (Alexa Fluor 647) which did not interfere with the

green fluorescence channel (SYTO�24). No background

noise was observed. Same results were observed for anti-

L. helveticus SLP-R0052 and anti-B. longum ssp. longum

R0175 antibodies (data not shown).

Enumeration of probiotics in multistrain products

Flow cytometry and classical microbiology methods were

performed in parallel on two batches of the multistrain

probiotic products Protecflor�, Lacidofil� and Pro-

bioKid� (Table 1). Analyses were conducted by two oper-

ators on two flow cytometry instruments with three or

four replicates. Populations of bacteria stained with anti-

bodies were well separated from the other bacteria in

both instruments, which corresponds with microscopy

data. Viable and nonviable bacteria populations were also

well separated (Fig. 2). An intermediate population

stained with both PI and SYTO�24 was considered as

nonviable and included in the nonviable gate, as recom-

mended in the ISO 19344 standard.

Enumeration of probiotics in the different products by

flow cytometry (plotted values are the mean of data

obtained by two instruments) and classical microbiology

methods is reported in Fig. 1a. Total count of each batch

was compliant with the manufacturer’s specifications

(Table 1). There was no significant difference between

bacterial counts obtained by classical microbiology and

flow cytometry for Protecflor Batch A (P > 0�05), except
for B. longum R0175 (P = 0�050). Enumeration by flow

cytometry produced significantly higher counts than

microbiology for two batches of Lacidofil & ProbioKid

(P < 0�05) and one batch of Protecflor (Batch B) (total:

P < 0�05; R0011: P < 0�05; R0052: P < 0�05; S. boulardii:
P < 0�05). However, enumeration of B. longum R0175 by

flow cytometry was lower than classical microbiology in

Batch A (P = 0�050) and B (P < 0�05). Classical microbi-

ology methods were not able to differentiate B. infantis

R0033 and B. bifidum R0071 in ProbioKid. Correlation of

viable bacteria (AFU) data between the two flow cytome-

try instruments was R2 = 0�9185 and 0�9247 with each

operator (Fig. S2). When combining all data, correlation

was R2 = 0�9424, indicating that both instruments gave

linear results as well as both operators (Fig. S2). Classical

microbiology and flow cytometry methods gave a correla-

tion of R2 = 0�8222 (Fig. S3).

The precision of flow cytometry (i.e. repeatability and

reproducibility) was also determined (Table 4). Repeata-

bility, the variation in replicates performed by one opera-

tor, was 0�07 � 0�07 log AFU per g with Cyflow Space

(Sysmex-Partec) and 0�06 � 0�05 log AFU per g with

Accuri with auto-loader station (BD). Reproducibility

between two operators was 0�10 � 0�05 log AFU per g

and 0�08 � 0�05 log AFU per g for flow cytometry using

the Cyflow and the Accuri, respectively. Reproducibility

between two flow cytometry instruments was 0�12 �
0�07 log AFU per g (one operator) and 0�13 � 0�05 (two

operators). Similar results were obtained with classical

microbiology: repeatability was 0�07 � 0�04 log CFU per

g and reproducibility (including two operators) was

0�13 � 0�06 log CFU per g.

Flow cytometry viable and nonviable cell counts are repre-

sented in Fig. 1b. The total amount of viable bacteria from

each product batch varied between 53 and 68% (Table S1).

Viability of L. rhamnosus R0011 (55–70% of viable cells) was

similar among Protecflor and Lacidofil products. The viabil-

ity of L. helveticus R0052 was 87–89% in Lacidofil and 68–
76% in Protecflor and ProbioKid. Viability of B. longum

R0175 and S. boulardii was 66–74% in Protecflor. Finally,

the viability of B. bifidum R0071 was c. 35% in ProbioKid,

whereas B. longum ssp. infantis R0033 varied from 21% to

40% in Batch A and B, respectively.

Table 3 Specificity evaluation of pAb on micro-organisms found in

probiotic supplements

Antibody Antigen Cross-reactivity*

Anti-B. bifidum R0071 Whole bacteria L. fermentum

(1 strain)

Anti-B. longum ssp. infantis

R0033

Whole bacteria 0

Anti-B. longum ssp. longum

R0175

Whole bacteria B. bifidum (2 strains);

S. boulardii (1 strain)

Anti-L. helveticus R0052 R0052-SLP 0

Anti-L. rhamnosus R0011 Whole bacteria 0

*Cross-reactivity was considered with >5% reactivity with antibodies

(flow cytometry).
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Figure 1 (a) Specific quantification of probiotic bacteria in Lacidofil, Protecflor and ProbioKid multistrain products, comparison between classical

microbiology ( CFU) and flow cytometry ( AFU) results. (b) Viable ( AFU) and nonviable ( n-AFU) micro-organisms quantification by flow

cytometry. Two batches were analysed by two operators with at least three replicates. Flow cytometry data were obtained from two instruments

using manufacturer’s software: CyFlow Space+FloMax software (Sysmex-Partec) and Accuri C6 and CSampler+BD CSampler (BD). Blue and green

dots correspond to CFU enumerations and AFU (Active Fluorescent Units) flow cytometry data, respectively. Data are reported in log g�1. Statisti-

cal significant differences were determined using Student’s t-test on Prism (GraphPad) and are represented by symbols: *(P < 0�05); ns, nonsignif-
icant (P > 0�05). #CFU data N/A.
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Discussion

Antibody production

Custom antibodies targeting probiotic strains were pro-

duced as no commercial antibodies were available. Poly-

clonal antibodies have been previously used for probiotic

enumeration by flow cytometry (Geng et al. 2014). Our

custom polyclonal antibodies exhibited high specificity

considering that they were raised against whole freeze-

dried bacteria (Table 3). An additional screening against

different strains of the same species showed that antibody

specificity is beyond subspecies level (data not shown).

Cross-reactivity of anti-B. longum antibody with yeast is

likely due to the presence of residual yeast extract used

during production process of freeze-dried bacteria pow-

der. However, this would not interfere with specific enu-

meration, as flow cytometry can easily differentiate yeast

and bacteria based on particle size. Anti-B. longum R0175

and anti-B. bifidum R0071 cross-reacted with B. bifidum

and L. fermentum, respectively; this must be considered

when analysing product formulas containing both species

(which was not the case in the present study). One

approach to overcoming this would be to remove cross-

reacting antibodies from serum by a series of adsorption

with the cross-reactive bacteria. However, this could

potentially lower the diversity of epitopes targeted by the

antibodies and potentially lead to antibody titre decrease

and significant loss of fluorescent signal.

The use of polyclonal antibodies is a convenient strat-

egy for research purposes and proof of concept studies

(Geng et al. 2014), because it is faster to produce (c. 2–
3 months), compared with monoclonal antibodies (4–
6 months) (Lipman et al. 2005). However, it becomes a

barrier for long-term use as quantity of polyclonal anti-

bodies is limited and production varies from batch to

batch, that is, animal to animal. Moreover, a recent arti-

cle highlighted the necessity to develop validated antibod-

ies for clinical applications (Bradbury and Pluckthun

2015), a matter that is also very important for QC

applications that require the use of standardized proto-

cols, and thus validated reagents. Polyclonal antibodies

would be less suitable for long-term QC applications

unless batch to batch reproducibility can be demon-

strated. Monoclonal antibodies (mAbs) are more stable

and reproducible and would be an attractive alternative

for QC applications. A few studies reported the mAbs

applied to LAB and probiotics, such as Stuknyte and col-

leagues who developed a mAb targeting L. helveticus SLP

(from a different strain) for its detection in cheese by

western blot (Stuknyte et al. 2014). Another study also

reported the development of anti-bifidobacteria mAbs

used for immuno-culture methods (Amrouche et al.

2006). However, mAbs production is more expensive and

time consuming than pAbs. Besides, mAbs specificity is

against a single epitope which can result in lower sensi-

tivity or no binding at all if the target epitope is not

accessible or in the correct conformation in native condi-

tions (Baker 2015). Another solution could be the use of

aptamers; however, identification of specific nucleotide

sequences is still expensive and potentially less reliable

because the technology is relatively new (Gold et al.

2012). Therefore, custom antibodies (mAbs and pAbs)

remain the best choice for the specific quantification of

probiotics by flow cytometry.

Identification of specific surface proteins, such as L.

helveticus R0052-SLP, would facilitate antibody produc-

tion. This is exemplified in the work of Pr�evost and col-

leagues, who developed a bead-based assay for the

detection of staphylococcal enterotoxin in food matrices

using polyclonal antibodies following a specific patented

preparation (Barasino et al. 2012). Moreover, previous

studies on L. helveticus R0052-SLP showed in vitro

immunomodulatory properties (MacPherson et al. 2017)

as well as E. coli O157:H7 anti-adhesion activity (John-

son-Henry et al. 2007). Therefore, identification of speci-

fic targets could be also useful for host–microbe

interaction studies as surface-exposed protein might have

a role in promoting health benefits. Flow cytometry

applied to the quantification of identified bacterial

Table 4 Precision of flow cytometry and classical microbiology

Flow cytometry

Classical microbiology
Partec Accuri 2 Instruments

Mean SD, SD (log cells per g) Mean SD, SD (log CFU per g)

Analyses with 1 operator 0�07* � 0�07 0�06* � 0�05 0�12† � 0�07 0�07* � 0�04
Analyses with 2 operators 0�10‡ � 0�05 0�08‡ � 0�05 0�13§ � 0�05 0�13‡ � 0�06

*Repeatability (same operator and same flow cytometry instrument).

†Reproducibility considering multiple instruments.

‡Reproducibility considering multiple operators.

§Reproducibility considering multiple operators and multiple flow cytometry instruments.
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markers of health, such as the L. helveticus R0052-SLP,

could potentially allow for the development of probiotic

bio-efficacy tests that could be complementary to viability

analysis and biomass quantification. However, we believe

that specific detection of bacteria in a complex environ-

ment such as the human microbiota would be difficult to

achieve using antibodies since there could be cross-reac-

tivity appearing with other closely related strains.

Evaluation of flow cytometry for specific quantification

of probiotics

In this study, we compared flow cytometry with a classi-

cal microbiology reference method to allow specific enu-

meration of viable probiotics in Protecflor, Lacidofil and

ProbioKid. Two flow cytometry instruments with equiva-

lent optical benches were used for inter-instrument com-

parison. Accuri C6 was equipped with auto-loading

station for 96-well plates, whereas CyFlow Space analyses

single tubes individually. Our study showed that both

instruments and methods gave equivalent precision

results. Moreover, our data were comparable to the limit

of repeatability reported by ISO 19344|IDF 232

(0�06 � 0�023). However, the limit of reproducibility

given by ISO 19344|IDF 232 (0�45 � 0�16) cannot be

compared with our data because our analyses were per-

formed in the same laboratory, whereas ISO involved

multiple sites. Viable probiotic counts by flow cytometry

were significantly higher than classical microbiology CFU

counts for most of the strains studied, with the exception

of B. longum R0175 for which classical microbiology data

were higher. We hypothesize that higher counts obtained

with flow cytometry could be due to a dormant or VBNC

bacteria population as all the tested products were stored

for at least a year (Lahtinen et al. 2005). Alternatively,

with B. longum R0175, flow cytometry may have given a

count lower than classical microbiology because B.

longum R0175 antibodies were less specific and fluores-

cent signal was relatively lower compared with the other

antibodies (Fig. 2). This could be due to bacteria and

antibodies agglutination, as the concentration of sec-

ondary antibodies might not be in excess. Although

tested without success in our study (data not shown), a

primary labelled antibody could avoid this phenomenon.

In addition, the SYTO�24 and PI double-stained popula-

tion could contain culturable viable bacteria as reported

with B. cereus in the literature (Want et al. 2011).

Overall, data showed that all products were compliant

with the specifications provided by the manufacturer

(Fig. 1 & Table 1), although the Protecflor batches A and

B gave different trends and we chose not to combine data

obtained from these two batches. Counts obtained for

Protecflor batch B were globally lower and showing

higher variation than those of batch A. These results

could be explained by differences in the preparation of

the two batches. Batch A was stored under strict con-

trolled conditions and retained in specific packaging with

controlled atmosphere settings enabling greater stability

over time; conversely, batch B was prepared without as

stringent packaging standards as batch A, and under these

less stringent conditions, we observed reduced viability.

Production process, packaging and storage conditions are

very important to ensure product stability over time.

One major advantage of flow cytometry over classical

microbiology is the reduced time of sample analysis due

to an absence of cultivation. As described, it is possible

to quantify viable and nonviable micro-organisms within

2 h, whereas classical microbiology took a minimum of

48 h and considered culturable bacteria only. Moreover,

strain specificity has been achieved with flow cytometry

combining antibodies, whereas we did not obtain the dif-

ferential count of bifidobacteria species as in Probiokid

with classical microbiology methods. TOS-mupirocin as

described in ISO 29981|IDF 220 method was used for

specific enumeration of strains belonging to Bifidobac-

terium (ISO 29981 2010). However, ISO 29981 was not

able to differentiate the two bifidobacteria species in Pro-

biokid (B. longum ssp. infantis and B. bifidum). Addition-

ally, the RAF 5�1 media, developed for specific

enumeration of bifidobacteria, was also tested on Pro-

bioKid (Roy 2001; Farnworth et al. 2007). Yet, our tests

did not show any improvement with this media as colo-

nies were difficult to differentiate on the plate (data not

shown).

In this study, a single flow cytometry method was

applied to quantify and assess viability of several probi-

otic micro-organisms, including yeasts, whereas different

culture conditions were used in classical microbiology.

Flow cytometry has a greater versatility and could be

applied to many different probiotic bacteria species and

subspecies. Having a single protocol is another advantage

in high-throughput laboratories. Interestingly, several

papers also reported the use of these dyes to spore-form-

ing bacteria (Comas-Riu and Vives-Rego 2002; Cronin

and Wilkinson 2007; Tracy et al. 2008), lending support

for the flow cytometry application on spore-forming pro-

biotics such as Bacillus subtilis. Flow cytometry can also

detect the nonviable bacteria population, which is not

achievable with the culture-based methods. Recent studies

have demonstrated that inactive probiotics elicit positive

health benefits, such as in vitro immunomodulation asso-

ciated with anti-inflammatory properties (Zhang et al.

2005; Demont et al. 2015). A group working on oral

health in Germany also found that inactive probiotics

had a higher impact than live strain on cariogenic bacte-

ria, in artificial mouth models (Schwendicke et al. 2014).
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Another advantage of flow cytometry is the possibility to

detect the VBNC or dormant bacteria population (Lahti-

nen et al. 2006). Information about viability percentage is

a significant element for the optimization of production

process and product stability; flow cytometry could help

to identify and rectify stability difficulties encountered

with specific strains. It could also be useful in R&D such

as gastrointestinal tract digestion simulation studies used

to characterize probiotic strains.

Molecular methods such as PMA-qPCR, using strain-

specific primers, is another example of a quantification

technique where PMA (Propidium MonoAzide) enables

detection of viable bacteria based on membrane integrity

(Nocker et al. 2006). However, these techniques can be

tedious as they require several steps (DNA extraction,

amplification) increasing time of analysis to c. 12–15 h at

best and require higher technical expertise than flow

cytometry. Therefore, the latter is better adapted than

molecular techniques for high-throughput experiments

such as industrial quality control analysis. Moreover,

recent development of flow cytometry for detection of

pathogens and contaminants in various matrices (Buzatu

et al. 2014) also demonstrates the high versatility of this

method and high interest to the global quality assurance

of food supplements and products. From a broader per-

spective, flow cytometry is an attractive method com-

pared with classical microbiology approaches as this

technology can easily be adapted for the analysis of

numerous other sample types, including dairy products,

food matrices, upper gastrointestinal tract and clinical

samples.

Taken together, flow cytometry has many advantages

compared with classical microbiology techniques and

will be useful for probiotic and nonviable bacteria

(a)

(b)

(c)

Figure 2 Flow cytometry dot plots showing antibody labelling on Protecflor. (a) Anti-Lactobacillus rhamnosus R0011, (b) antibodies anti-L. hel-

veticus R0052, and (c) antibodies anti-Bacillus longum ssp. longum R0175.
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quantification during industrial production and quality

control as well as a valuable research tool.

The present study aimed to assess the suitability of

flow cytometry as a novel method for probiotic-specific

enumeration and viability assessment. We demonstrated

that specific antibodies can be produced against probiotic

strains and used in combination with viability staining

for specific enumeration and viability assessment of pro-

biotic micro-organisms. Flow cytometry enables access to

more information (VBNC, dead cells) in a time-efficient

manner, compared to the classical microbiology methods

currently used. Also, the advantage of widespread versatil-

ity makes flow cytometry methods an attractive approach

for application in research and QC laboratories. Moving

forward, the results presented here will contribute to the

recognition and standardization of flow cytometry meth-

ods not only in research but also for industrial and com-

mercial applications—a paradigm shift that remains the

next challenge for acceptance of flow cytometry as a new

standard in probiotic industry.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1 Phase contrast and epifluorescence micro-

scopy pictures of Protecflor. Pictures obtained with Leica

DMIRE2 inverted microscope (Leica Microsystems

Canada) equipped with a Hamamatsu cooled charge-

coupled-device camera, at 9630 magnification. (a)

Brightfield channel; (b) Green fluorescence channel.

SYTO�24 staining of all micro-organisms; (c) Far-red

fluorescence channel. Anti-Lactobacillus rhamnosus R0011

antibodies + Alexa Fluor 647 conjugated secondary anti-

bodies. (d) Overlay (A+B+C). Antibody and SYTO�24

fluorescence overlay is indicated in yellow.
Figure S2 Correlation curve of total & specific quan-

tification of probiotic strains from Lacidofil, Protecflor

and ProbioKid obtained by two flow cytometry instru-

ments (CyFlow Space, Partec & Accuri C6, BD). (a)

Mean data from each operator. (b) Mean data from two

operators. Each dot represents the mean concentration

with SD (log AFU per g) of one probiotic target (specific

or total count) obtained by one or two operators, with at

least three replicates (except for one product lot and one

operator where only two replicates were available)

Figure S3 Correlation curve of total and specific quan-

tification of probiotic strains from Lacidofil, Protecflor

and ProbioKid obtained by classical microbiology and

flow cytometry. Each dot represents the mean concentra-

tion with SD of one probiotic target (specific or total

count) obtained by two operators, with at least three

replicates. Flow cytometry data are the mean from the

two instruments. Classical microbiology and flow cytome-

try data are expressed in log CFU per g and log AFU per

g, respectively.
Table S1 Viability percentage of probiotic in multi-

strain products. Viability determined by flow cytometry

using SYTO�24 and PI viability staining. AFU, active flu-

orescence units; n-AFU, nonactive fluorescent units. SD,

standard deviation. Each data correspond to the mean of

at least three replicates by two operators and two flow

cytometry instruments.
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