Journal Pre-proof £

/
Food Microbiology

Sl 4

’

Next-generation multiparameter flow cytometry assay improves the assessment of [ : "—x :
oxidative stress in probiotics ~f"

Vincenzo Fallico, Mary Rea, Catherine Stanton, Niclas llestam, Julie McKinney

PII: S0740-0020(20)30090-3
DOI: https://doi.org/10.1016/j.fm.2020.103501
Reference: YFMIC 103501

To appearin:  Food Microbiology

Received Date: 12 July 2019
Revised Date: 4 December 2019
Accepted Date: 1 April 2020

Please cite this article as: Fallico, V., Rea, M., Stanton, C., llestam, N., McKinney, J., Next-generation
multiparameter flow cytometry assay improves the assessment of oxidative stress in probiotics, Food
Microbiology (2020), doi: https://doi.org/10.1016/j.fm.2020.103501.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.fm.2020.103501
https://doi.org/10.1016/j.fm.2020.103501

Draft v3_VF11162019

SHORT COMMUNICATION

Next-generation multiparameter flow cytometry assay improves the assessment of
oxidative stressin probiotics

Vincenzo Fallicd”, Mary Red, Catherine StantdnNiclas llestarfi, Julie McKinney"
Teagasc Moorepark Food Research Centre, FermoytgQork, Ireland

*current address: DuPont Nutrition & Biosciencesdidan, Wisconsin, USA

?Pfizer Consumer Healthcare, Sgborg, Gribskov, Dekma

“current address: BioGaia AB, Stockholm, Sweden

3pfizer Consumer Healthcare, Richmond, Virginia, USA

“current address: Reckitt Benckiser, Montvale, Nergely, USA

ABSTRACT

Stability of probiotic products’ potency throughoshelf life is essential to ensure
systematic delivery of the dosages required toideoelinically-proven health benefits. Due
to the oxygen sensitivity of gut-derived microorgans, methods for the rapid and accurate
monitoring of oxidative stress in probiotics areajty needed as they can be instrumental to
both bioprocess optimization and quality controhisTstudy introduces a next-generation
flow cytometry method multiplexing the CellRGXGreen and Propidium lodide probes for
the simultaneous measurement of free total reactwgen species (ROS) and membrane
integrity, respectively. The multiparameter metheds compared to the single-parameter
assays, measuring either ROS or membrane intetpityhe ability to evaluate the fitness of
Lactobacillus rhamnosus GG (LGG) after freeze drying, spray drying angObtmediated
oxidative stress. Each stand-alone assay detealgdioee cell populations, showing either
differential membrane integrity (Syto 24+/Pl-, Sy@4+/Pl+, Syto 24-/Pl+) or ROS levels
(ROS-, low-ROS, high-ROS), and no correlation cobll drawn between these groups.
Conversely, the multiparameter method detected aufive physiologically distinct cell
populations and allowed the integrated assessnfigheio membrane integrity and oxidative
stress. It also revealed a much larger fithessbgeaeity in LGG as each group of low-ROS
and high-ROS cells was found to be formed by athieal population with an intact
membrane (L-ROS/PI-, H-ROS/PI-) and a populatiothwiamaged membrane (L-ROS/PI+,
H-ROS/PI+). As the CRG probe only detects free acted ROS, these populations are
suggested to reflect the dynamic lifecycle of R@®mfation, accumulation and reactive
depletion leading to oxidative damage of macromdksx and consequent cell death. With

the stand-alone CRG assay being unable to deteStIR€gycle, the multiparameter method
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here presented delivers a superior profiling ofltbeerogeneity generated by oxidative stress
in bacteria and enables a more correct interpogtaif CRG fluorescence data. We provide
recent examples from literature where the use sihgle-parameter fluorescence approach
may have led to misinterpret oxidative stress datheventually draw erroneous conclusions.

Keywords. Probiotics, Oxidative stress, Membrane integritpwcytometry
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1. Introduction

Functional foods and supplements containing hgaitimoting probiotics are rapidly
becoming one of the most popular categories ofdbiwa products in the wellness market, as
consumers search for alternative, drug-free appexsato maintain or enhance personal well-
being. Supported by clinical studies detailing ithegalth benefits (O’Bryan et al., 2013; Hill
et al., 2014), the global market of probiotics lexseeded USD 34 billion in 2015 and is
expected to be worth USD 64 billion by 2023 (GMQ1B). The accepted definition of
probiotics is that of microorganisms able to previdealth benefits to the host, beyond
general nutrition, when ingested live and in adéguamounts (FAO/WHO, 2002). With
growing demands to be met and diverse geograpinizakets to be reached, the main
commercial challenge is to manufacture high-poterstgrage-stable probiotic products
ensuring, throughout their shelf-life, the systamdelivery of the health benefits outlined in
the clinical studies to consumers worldwide.

Probiotics are commercially dried into highly contrated powders as this convenient and
inexpensive format facilitates both formulationanfunctional foods as well as storage,
handling and distribution without the need for spkxed refrigerated containers (Muller et
al., 2009). However, several factors can affecbytics’ viability during manufacturing and
shelf-life, with oxidative stress being a major sawf cell mortality due to the oxygen-
sensitive nature of these gut-inhabiting microlégadrasta et al., 2011). Healthy cells use a
battery of enzymatic and non-enzymic detoxificatisystems to maintain intracellular
homeostasis of highly reactive and unstable frekcats, termed reactive oxygen species
(ROS), which are generated by the regular bacterethbolism (e.g., enzymatic, redox and
Fenton reactions). However, manufacturing and genditions can cause the intracellular
ROS levels to exceed this scavenging capacity asdltrin oxidative damage of membrane
lipids, proteins and nucleic acids (Zhao and DHijc2014). The connection between
oxidative reactions and bacterial instability updrying and storage has been clearly
demonstrated. Survival to spray drying was improvdaen either an antioxidant was
included in the drying medium or nitrogen replae&das the atomizing gas (Ghandi et al.,
2012). During storage, dried bifidobacteria anddbacilli survived significantly better in the
presence of antioxidants or when the environmeaiglgen was removed using either
nitrogen or vacuum (Celik and O’Sullivan, 2013; Knann et al., 2009; Hsiao et al., 2004).
Consequently, methods for the rapid and accuratesament of oxidative stress in probiotics

are of great industrial importance as they carsabgdprocess groups in optimizing strategies
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to minimize oxygen’s toxicity and quality contraams in better profiling probiotics fitness
in raw and finished products.

Used alone or in combination with fluorescent pmlilow cytometry (FC) is a powerful
and rapid technique enabling single-cell analy$ia wide range of structural and functional
cell properties. FC can provide a valuable suppmtiioprocess design and control through
the in-depth characterization of the physiologibaterogeneity existing within microbial
populations (Diaz et al., 2010). In terms of oxidatstress analysis in bacteria, several
fluorescent dyes have been used to detect, withingrspecificity, individual ROS such as
H,O,, hydroxyl radicals or superoxide anions (Dwyeraét 2014; Keren et al., 2013).
Alternatively, total ROS levels can be measuretigisin unspecific probe such as the cell-
permeable, non-fluorescent CellR®XGreen (CRG) reagent, which exhibits strong green
fluorescence upon oxidation from ROS. By detecang ROS type only when in their free
unreacted form, the CRG probe measures oxidatieesstather than oxidative damage (Choi
et al., 2015). As oxidative stress can provoke @edith via damage of membrane lipids and
proteins, the rapid analysis of membrane integstyundoubtedly important in assessing
probiotics fitness. In FC, this is classically asred by combining two nucleic acids-
intercalating dyes, such as the membrane-permedot Sand the membrane-impermeant
counterstain Propidium lodide (PI). Live cells wih intact membrane will only be stained
by Syto 9, dead cells with a compromised membraitileomy be stained by PI due to its
higher affinity for nucleic acids than Syto 9, wéas injured cells will uptake and retain both
dyes (Shapiro, 2015).

To the best of our knowledge, only fluorescent rmdthanalysing either oxidative stress
or membrane integrity in bacteria have been refdotbedate. In this study, we show the
limitations of using a single-parameter approactageess oxidative stress and introduce a
next-generation multiparameter FC assay enabliegstmultaneous detection of free total
ROS via the CRG sensor with PI-mediated assessoi@membrane permeability. Compared
to the stand-alone ROS assay, the multiparametdrothgrovides a better depiction of ROS
life cycle by discriminating between the stagefRafS formation, accumulation and reactive
depletion. This delivers a superior accuracy irfifing the oxidative stress heterogeneity in
bacteria and greatly facilitates the interpretatminfluorescence-based data. We finally
discuss how the inability of end-point single-paesen fluorescent analysis to fully document
ROS life cycle could have ignited the recent cordrey regarding ROS involvement in
antibiotic lethality (Keren et al., 2013; Dwyeradt, 2014).
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2. Materialsand Methods
2.1 Bacterial strainsand media

Frozen pellets of the probiotic bacteriubactobacillus rhamnosus GG (LGG) were
obtained from Chr. Hansen (Hoersholm, Denmark). L&3 propagated in MRS medium
(Difco, UK) at 37°C under microaerophilic conditortreated using Anaerocult C bags
(Merck Millipore, Ireland). Bacterial stock cultigevere prepared in 15% glycerol and stored
at -80°C.

2.2 Preparation, drying and storage of probiotic powders

For spray-drying experiments, frozen pellets of L&Ere re-suspended at 2% (w/v) into
sterile 20% (w/v) reconstituted skim milk (RSM) (#e Ingredients, Ireland), supplemented
or not with 0.05% cysteine. The probiotic suspemsiaere tempered at 37°C for 30 min
using a water bath before being spray-dried anbat temperature of either 140°C or 170°C
and an outlet temperature of 85°C using the Buclmi Mbpray Dryer B-191 (Buchi
Labortechnik, Switzerland). Five-grams portionseaich batch (140°C or 170°C) of spray
dried powders were either vacuum-packed (VP) orvamuum packed (NVP) into TFL1
multilayer (polyester/aluminium/polyethylene) maist barrier foil pouches (Faulkner
Export Packaging, Ireland). Spray dried powdersewstored at 37°C with no control of
relative humidity and analysed after 8 months ofaje by using the multiparameter FC
assay and plate counts.

For freeze-drying experiments, frozen pellets ofd.®ere re-suspended at 2% (w/v) into
7 different sterile formulations (FD1-FD7) contaigivarious combinations and amounts of
RSM, MPCB80 (Glanbia Nutritionals, Ireland), tretsdo(Cargill, US), Orafti P95 (BENEO
Orafti, Belgium), HyPea (Kerry Biosciences, US)kttse and glutathione (Sigma, Ireland).
The probiotic suspensions were transferred to Istsrsteel trays and freeze-dried using the
VirTis® AdVantageé" benchtop freeze dryer (SP Industries, USA). Frepmias performed
by setting the shelf temperature at -40°C. Printlayyng was obtained at a shelf temperature
of -25°C followed by stepwise increases to -10°€C; @nd +4°C. Secondary drying was
achieved at a shelf temperature of +10°C. Five-grpartions of each FD1-FD7 formulation
were VP into TFL1 foil pouches and stored at 37%hwo control of relative humidity,
except for FD3 that was also stored at 4°C witlcoatrol of relative humidity. All freeze-
dried samples were analysed after 5 months ofgtdog using the multiparameter FC assay
and plate counts.

Spray-drying, freeze-drying and storage stabilkgeriments were performed in duplicate.
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2.3 Freeze-Thaw-Desiccation challenge

LGG from a 15% (w/v) glycerol stock was propagased37°C for 18 h in MRS broth
supplemented with 0.05% cysteine. Cells were rasavéy centrifugation (2,790 g for 5
min), washed using sterile Maximum Recovery DilugiRD) (Oxoid, UK), re-suspended to
1/100 of the original volume in sterile formulatgaof either 3% or 4% inosine supplemented
or not with 0.05% cysteine, and left to equilibrateroom temperature for 30 min. Samples
were frozen at -20°C for 18 h, thawed at 37°C fom3n using a water bath, and desiccated
as follows. 0.2 ml of cells were mixed with 0.2 ail90% (w/w) glycerol and incubated at
room temperature for 15 min. After this, the celsgension was subjected to four more
rounds of addition of 0.2 ml of 90% (w/w) glycerbkjef mixing by vortex and incubation at
room temperature for 15 min. This protocol resuliedexposure of cells to incremental
concentrations (45% to 90%) of glycerol and aimedgenerate a rapid proxy of the
progressive dehydration occurring in cells duriregze-drying (Mille et al., 2004). Frozen-
thawed-desiccated (FTD) cells were recovered bytribegation (20,000 g for 2 min),
washed using MRD, re-suspended in the corresporidmgulation and stored at 4°C before

being used for growth curves and FC analyses. I3 tvere performed in duplicate.

2.4 Viability analysis of LGG powders

Two biological replicates were performed for eagmple as follows. 1 gr of LGG powder
was aseptically resuspended in 9 ml of sterile M&yDrortex mixing for 1 min, followed by
30 min rehydration at room temperature and vortexing for 1 min. Ten-fold serial
dilutions of powder suspensions were prepared irDMpour plated using MRS agar and
incubated at 37°C for 2 days under microaeropluitinditions created using Anaerocult C
bags (Merck Millipore, Ireland). Plates containi®@-300 colonies were used to calculate cell

viability, which was expressed as colony formingaI{CFU) per gr of sample.

2.5 Growth curvesanalysisof FTD LGG

Two biological replicates were performed for eaemple as follows. FTD LGG cells
were aseptically inoculated at 2% (v/v) into 2QDof MRS containing 0.05% cysteine
(MRSC) and of MRSC supplemented with 8% (w/v) Na&&CHetermine the impact of FTD

challenge on cell viability and membrane integritgspectively. The kinetics of cellular
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growth at 37°C were calculated by measuring sanmgidssrbance at 590 nm at intervals of 1

h over 22 h using the microplate reader GENios flesan Trading, Switzerland).

2.6 Multiparameter FC analysisof L GG powdersand FTD cultures

LGG powders (1 gr) were aseptically rehydrated ml9f 0.2um-filtered MRD at room
temperature for 30 min. One ml of each powder susipa or FTD culture was ten-fold
diluted in 0.2um-filtered MRD containing 0.02% (v/v) Tween 20 (itmagen, Ireland) and 1
mM EDTA (Sigma, Ireland) to an appropriate cell centration allowing for the analysis of
ca. 1,000 events per sec and avoidance of celi€idence at the flow cytometer.

Uniparameter analysis of oxidative stress was @@rdut by staining bacterial samples
with 0.5uM CRG (Molecular Probes, USA) for 30 min at 37°Ging a heating block with
lid and a desiccator bag to minimize sample exmosuilight and oxygen. Single-parameter
analysis of membrane integrity was carried out tayngng bacterial samples with 6.3/
Syto 9 and 4QM PI from the Live/Deall BacLight™ viability kit (Molecular Probes, USA)
for 15 min at 37°C, under agitation (400 rpm) ie thark.

Multi-parameter analysis of oxidative stress andnimeane integrity was carried out by
incubating bacterial samples first with us! CRG for 15 min at 37°C, using a heating block
with lid and a desiccator bags to minimize sampiposure to light and oxygen. Upon
completion, bacterial samples were added pMBPI and incubated for further 15 min under
the same conditions as per CRG staining.

Stained samples were acquired for 1 min at mediom fate (35ul/sec) using a BD
Accuri C6 flow cytometer (BD, Belgium) and a threkhset on forward scatter (6,000 for
powders; 16,000 for cultures) to minimize backgehubData acquisition and analysis were
carried out using the BD Accuri C6 software v. 2.GBD, Belgium). The bacterial
population was identified and gated on forward teca(FSC) versus side scatter (SSC)
biplots to filter background particles out fromdhescence analysis. The green fluorescence
of Syto 9 or CRG cells was monitored on the FL1 channel (530/30 mwhgreas red-
fluorescent Plcells were detected on the FL3 channel (> 6700myg pass). Results for each
gated subpopulation were expressed as percerdwagits compared to the events of the total

cell population.

3. Results and Discussion
3.1 A novel multiparameter FC assay improves oxidative stress analysisin probiotics
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In this study, we set forth to leverage FC for ttagid, single-cell assessment of
physiological parameters relevant to probioticsithesuch as oxidative stress and membrane
integrity. While multicolour FC is an establishexuitine in clinical research, most of the FC
assays developed for microbial cells tend to measue parameter at a time (Diaz et al.,
2010). Figure 1 summarizes the analytical outcoofessing single-parameter FC formats
measuring either oxidative stress or membrane rityego evaluate the fitness of the
probiotic strain model LGG after freeze drying. tusthe oxidative stress sensor CRG, three
populations containing varying levels of total R@8&re detected in dried LGG (Figure 1A).
The population emanating CRG fluorescence belowd¥atbitrary units (AU) was deemed
ROS as unstained cells showed similar levels of bamkgd fluorescence (results not
shown). ROS cells exhibited CRG fluorescence above this thokesland formed two
populations characterized by either low or highelswof free ROS. When the classical dual
staining measuring membrane integrity as viabbitymarker was used, three physiologically
distinct populations, corresponding to live (SytéP¥), injured (Syto 9PI") and dead (Syto
9/PI") cells, were again detected in dried LGG (FiguBg. The above results suggest that no
more than three stages of cellular fitness canidichinated using the single-parameter FC
approach. Another major drawback is also the iitgktib clearly correlate the populations
mirroring the integrity status of the cellular menauoe to those containing varying loads of
ROS.

To overcome these limitations, we multiplexed togalt ROS sensor CRG with the
membrane permeability probe Pl to develop a neregsion multiparameter FC method
that proved superior to each stand-alone assayewara aspects. First, a much larger
physiological heterogeneity was revealed to existeeze dried LGG as five cell populations
could now be clearly discriminated (Figure 1C). Mawmportantly, multiplexed staining
allowed for the combined and unambiguous assesswfetite membrane integrity and
oxidative stress status of each cell populationvds now revealed that each group of low-
ROS (L-ROS) and high-ROS (H-ROS) cells can be farrbg two populations with very
distinct health status possessing either an i{ta@OS/PI, H-ROS/PI) or a damaged (L-
ROS/PI, H-ROS/P1) membrane. Similarly, both dead cells (N-ROS/RNhd cellular debris
(N-ROS/P1) can potentially contribute to the ROSopulation detected by the stand-alone
ROS assay (Figure 1A).

To confirm these initial results and the physiotadistatus of these newly identified
populations, commercial frozen pellets of LGG wereposed stepwise to processes

triggering oxidative stress and changes in celles were analysed using the stand-alone
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ROS assay and the multiparameter method. Pre-dtt&Gspellets mainly contained L-ROS
cells (Figure 2-Al), which were mostly healthy witm intact membrane (L-ROS/PI
whereas only a small fraction showed membrane danfagROS/P1) (Figure 2-B1,C1).
Low amounts of H-ROS cells were also present amchéd by two equal populations with
either an intact (H-ROS/Blor a damaged (H-ROS/PImembrane. Finally, dead cells (N-
ROS/PT) and debris (N-ROS/Blcontributed equally to the ROBopulation (Figure 2-B1,
Cl). LGG frozen pellets were re-suspended into RSMplemented with cysteine and
stressed by spray drying, a process where bactiath is mostly due to oxidative stress
during the atomization stage rather than to desamtgGhandi et al., 2012). As expected,
spray drying generated extensive oxidative stregb rmembrane damage in the initially
healthy LGG cells (L-ROS/B] resulting in increased levels of H-ROS (H-ROS/M-
ROS/PT) and PT (H-ROS/P1, L-ROS/PT, N-ROS/PT) populations, respectively (Figure 2-
A2, B2, C2). To impose further oxidative stressagpdried LGG cells were re-suspended in
PBS and exposed to 5 mM®, for 30 min. This rapid test intended to simulate ttamage
induced in bacterial powders during storage ingmes of oxygen (Morgan et al., 2006). The
oxidative injury caused by this treatment wiped both H-ROS populations (H-ROS7PH-
ROS/PT) and further increased the L-ROS/RInd dead (N-ROS/PJ cells in dried LGG
(Figure 2-B3, C3).

Based on these overall results, we speculate tHewfog physiology for the five
populations discriminated by the multiparameterhudt (1) L-ROS/Picells are likely to be
“healthy”, as they maintain ROS homeostasis andsgsss an intact membrane; (2) H-
ROS/PI cells are likely to be “oxidizing”, as rising ldgeof ROS are challenging the cell’'s
detoxification capacity but not damaging the membrget; (3) H-ROS/Plcells are likely to
be “injured”, as excess ROS are starting to oxiglfidamage the membrane; (4) L-ROS/PI
cells are likely to be “dying”, as the low levels ROS are due to reactive depletion rather
than homeostasis, and the membrane is significdatlyaged; (5) N-ROS/Ptells are likely
to be “dead”, as ROS are fully depleted and the brane is compromised. These
populations reflect the dynamic lifecycle of RO$nfiation, accumulation and consumption,
which leads to oxidative damage of membrane madexutes and consequent cell death
(Zhao and Drlica, 2014). As the CRG probe can aldiect free unreacted ROS, its stand-
alone use provides a limited view of this lifecy@dad leads to apparently contradictory
results such as those showing disappearance of 8-¢&ls and increase of L-ROS cells in
dried LGG following HO, treatment (Figure 2-A2, A3).
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3.2 The multiparameter FC assay reveals that H-ROS cells contribute to the fitness of
L GG subjected to drying and storage stresses

The multiparameter FC assay was then used to eramhi@ physiological changes
associated with improved fitness of LGG under ddfe drying and storage conditions.

Enhanced stability of dried probiotics during lolegm storage and at challenge
temperatures (above 25°C) is a major commercigetaifo achieve this, exposure to post-
drying oxidative stress needs to be avoided dubdaxygen sensitivity of most probiotics
(Kurtmann et al., 2009). Consequently, LGG wasspréed at an inlet temperature of either
140°C or 170°C and each batch of powder was stir8d@°C either vacuum-packed (VP) or
non-vacuum-packed (NVP). As expected, plate cosimisved higher survival in each batch
of VP powders compared to their NVP counterpartera8 months of storage (Figure 3).
Surprisingly, the multiparameter FC assay reve#iat the enhanced fitness of LGG in VP
powders was mainly associated with larger amouhtsxmlizing (H-ROS/P) and injured
(H-ROS/PY) cells rather than of healthy cells (L-ROS)PI

Zhang and co-authors (2010) showed that glutathiomgroved L. sanfranciscensis
survival to freeze drying and freeze-thaw treatmdm protecting membrane lipids from
oxidation. This suggests that, despite the apptioadf vacuum, the large temperature shift
and the desiccation associated with freeze drymg tcigger oxidative stress in bacteria.
Consequently, we evaluated the antioxidant cystiEnés ability to protect LGG viability
during an FTD challenge, which represents a rapatlraproducible lab-scale simulation of
the stresses encountered during freeze drying (Ratal., 2010; Yao et al., 2009).
Irrespective of the concentration of the inosingieg LGG tolerance to FTD was improved
by the presence of cysteine as these cells greterfas both regular and 8% NacCl-
supplemented MRSC compared to those re-suspendedlyninosine (Figure 4A). Faster
growth in salt-supplemented medium clearly suggestecysteine-mediated protection of
LGG membrane from oxidative damage. The multipatamEC assay confirmed this by
revealing that cysteine significantly reduced téeels of dying and dead cells in favour of a
larger population of injured (H-ROS/Plcells.

The storage stability of dried bacteria can be owpd by supplementing the drying
medium with protective compounds and by storagefaigeration temperatures (Morgan et
al., 2006). Frozen pellets of LGG were re-susperathetifreeze dried in 7 formulations (FD1-
FD7) containing various combinations and amountgroteins, sugars and other nutrients
(described in section 2.2). Plate counts and thétiparameter FC assay were used to

evaluate powders viability after 5 months of sterags expected, powders stored at 4°C
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exhibited improved viability compared to those stbat 37°C, and this was associated with
the presence of larger amounts of injured and Imgalells as shown by the multiparameter
FC method. In powders stored at 37°C, the enhafirexss of LGG in the best protective
formulations was mostly associated with increasestail levels of H-ROS cells (oxidizing
and injured) and, at a lesser extent, with the artsoaf healthy cells (Figure 5). This was
confirmed statistically as the combination of oxidg and injured cells was found to have
the highest correlation coefficient with viable tel@ounts, whereas healthy cells were poorly
correlated (Figure 6).

These tests revealed the consistent contributior-8OS cells to LGG fitness under
various stressful conditions. It can be inferreat tihese cells experience an equilibrium state
between oxidative stress and lethal damage, whaih lme positively directed towards
viability through maintenance of the intracellutadox homeostasis.

4. Conclusion

This article describes the development of a neregation multiparameter FC method
delivering a major improvement in the fluorescemalgsis of oxidative stress in probiotics.
By simultaneously assessing the status of the twa&lastressor (total ROS) and of the
physiological target (cell membrane), this methodfifes with an unprecedented depth the
population heterogeneity generated by oxidatioa bacterial culture. The populations of L-
ROS and H-ROS cells are not seen any more as, gtabigressive stages of oxidative stress
accumulation as the stand-alone assay would suygbestreveal their dynamic nature
reflecting the life cycle of ROS formation, accumtion and reactive depletion.
Exemplificative is the case of L-ROS cells, whishniow clear can consist of healthy cells
retaining ROS homeostasis and an intact membraf#®Q&/P1), as well as of dying cells
where ROS depletion is associated with oxidativenaize of the membrane (L-ROS/PRI
These physiologically distinct populations cannetdiscriminated using stand-alone probes
for oxidative stress due to their inability to d#tROS once these have reacted with a cellular
target. Consequently, the multiparameter method Hescribed ensures enhanced accuracy
and represents the next-generation approach irssasgethe impact of oxidative stress on
bacterial fithess. The assay can be used to anaiysenicroorganism, not just probiotics, as
both CRG and PI dyes are known to stain non-spedlifi any bacterium. While the data
presented in this article was obtained using LGRjlar data was also generated with other

probiotic strains (results not shown).
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To our opinion, the significance of this study fees far beyond method development. As
any individual ROS goes through phases of formaéiod consumption, it is reasonable to
assume that their single-parameter fluorescentysisals affected by the same limitation
observed with total ROS. This can lead to errondotespretation of fluorescent data and
have recently misled some authors to question riielvement of ROS in antimicrobials
lethality (Imlay, 2015; Keren et al., 2013), despiecades of research showing altered ROS
homeostasis as mediator of antibiotic-induced beadttdeath (Zhao and Drlica, 2014; Dwyer
et al., 2014). Keren and co-authors (2013) usedlesiparameter FC and hydroxyphenyl
fluorescein (HPF) to monitor the levels of indivedluROS in E. coli upon antibiotic
treatment. HPF fluorescence initially increaseatafis exposed to low levels of antibiotics
but gradually decreased at higher antibiotic cotveéions until no difference was observed
between treated and untreated cells. This appémektof correlation between ROS levels
and cell mortality led the authors to conclude tratbiotics lethality was not associated with
ROS (Keren et al., 2013). However, it seems unjikkhat antibiotics would generate ROS
only at low doses and not when used at higher cdrat@ns. Based on our study’s learnings
around the fluorescent detection of ROS life cyalejore plausible interpretation is that high
doses of antibiotics caused large bursts of RO&hwiapidly overpowered the cell’'s defence
systems and damaged major biomolecules. This leghitiive depletion of free ROS and cell
death, which would better explain the observed elsws in HPF fluorescence and viable
counts (Keren et al.,, 2013). Rates of ROS burstd depletions probably increased
proportionally with the intensity of the antibiot&timulus, thereby explaining the steady
decline in HPF fluorescence associated with inangagoses.

The ROS life cycle can only be detected using eithenultiparameter or a real-time
fluorescence approach and went unobserved by Kamdnco-authors due to the technical
limitations of the end-point single-parameter melthbhis is a broad issue as also highlighted
by a recent review on the diagnosis of oxidativesst in bacteria, where the author cautioned
about the interpretation of data based on ROSdkaant probes, suggested the use of proper
controls and auspicated that new measures of axadstress might be developed to resolve
the mixed results obtained thus far (Imlay, 20I8)e results of our study are in line with
Imlay’s remarks and suggest that mono-dimensio36 Rissays generate ambiguous results
because of their inability to fully depict ROS liégcle. Also, it needs to be highlighted that
ROS probes (e.g. HPF, CRG) measure oxidative stiegsnded as the “potential for
oxidative damage to happen”, whereas other probesgy. (BODIPY 11, 2,4-

Dinitrophenylhydrazine) should be used to quanti¥idative damage of biomolecules.
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Clearly, the stand-alone use of these probes wasiilldprovide a limited outlook of the
oxidative heterogeneity occurring in a bacteriapydation. This limitation can only be
overcome by designing a multidimensional method rehbe oxidative stressor and its
physiological target(s) are simultaneously assesdael multiparameter FC method described
in this paper represents an example of this nexéiggion approach needed to ensure reliable

assessment of oxidative stress in bacteria.
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FigureList

Figure 1. Population heterogeneity in freeze dtiadtobacillus rhamnosus GG (LGG) as
measured by single-parameter FC analysis of oxelatress (A) or membrane integrity (B)
and by multiparameter FC analysis of oxidativesstrand membrane integrity (C). Legend:
N-ROS, no-ROS cells; L-ROS, low-ROS cells; H-ROghHROS cells; P) cells with intact

membrane; P| cells with damaged membrane.

Figure 2. Population heterogeneity limctobacillus rhamnosus GG (LGG) before spray
drying (Al, B1, C1), after spray drying (A2, B2, &#hd in spray dried powder treated with 5
mM H,0O, for 30 min (A3, B3, C3) as measured by single-peter FC analysis of oxidative
stress (A) and by multiparameter FC analysis oflatwe stress and membrane integrity (B,
C). Legend: N-ROS, no-ROS cells; L-ROS, low-ROSs¢eH-ROS, high-ROS cells; RI

cells with intact membrane; Plkells with damaged membrane.

Figure 3. Multiparameter FC analysis of oxidativeess and membrane integrity in
Lactobacillus rhamnosus GG (LGG) spray dried at either 14D or 170C inlet temperature
and stored either vacuum-packed (VP) or non-vacpaaoked (NVP) at 3T for 8 months.
Cell viability levels as obtained by traditionalafg¢ counts are represented by triangle
symbols and measured on the secondary vertical b&gend: N-ROS, no-ROS cells; L-
ROS, low-ROS cells; H-ROS, high-ROS cells; Bells with intact membrane; Rkells with

damaged membrane.

Figure 4. Effect of cysteine on the viability @fctobacillus rhamnosus GG (LGG), re-
suspended in a 3 or 4% inosine carrier and suljetefreeze-thaw-desiccation (FTD)
stresses, as measured by multiparameter FC analf/sixidative stress and membrane
integrity (A) and by growth curves at 87 in regular and 8% NaCl-supplemented MRSC
medium (B). Legend: N-ROS, no-ROS cells; L-ROS, -R®S cells; H-ROS, high-ROS

cells; P, cells with intact membrane; Pkells with damaged membrane.
Figure 5. Multiparameter FC analysis of oxidativeess and membrane integrity in

Lactobacillus rhamnosus GG (LGG) freeze dried in various formulations (FBQ7) and

stored at either 3T or £C for 5 months. Cell viability levels as obtainedtkaditional plate
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counts are represented by triangle symbols and urethon the secondary vertical axis.
Legend: N-ROS, no-ROS cells; L-ROS, low-ROS calsROS, high-ROS cells; Ricells

with intact membrane; Plcells with damaged membrane.

Figure 6. Coefficients of correlation between e&dbility, as measured by agar plate counts,
and selected cell subpopulations, as identified thg multiparameter method, of
Lactobacillus rhamnosus GG (LGG) freeze dried in various formulations (FBQ7) and
stored at 37C for 5 months. Legend: L-ROS, low-ROS cells; H-R@Bh-ROS cells; P|

cells with intact membrane; Plkells with damaged membrane.
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Oxidizing (H-ROS/PI-) + Injured (H-ROS/PI+) 0.873
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