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André C. Pereira a,b, Ana Tenreiro b, Rogério Tenreiro b, Mónica V. Cunha a,b,* 

a Centre for Ecology, Evolution and Environmental Changes (cE3c), Faculdade de Ciências, Universidade de Lisboa, Lisboa, Portugal 
b Biosystems & Integrative Sciences Institute (BioISI), Faculdade de Ciências, Universidade de Lisboa, Lisboa, Portugal   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Environmental contamination with 
Mycobacterium bovis perpetrates TB in 
livestock and wildlife. 

• Mechanistic understanding of M. bovis 
transmission via environment is key to 
control TB. 

• A new high-performance workflow 
based on FLOW-FISH & FACS was 
developed to assess M. bovis burden in 
environmental matrices. 

• This single cell framework enables 
detection, quantification, and sorting of 
metabolically active and quiescent 
M. bovis. 

• This tool applicable to the total envi-
ronment opens new avenues in TB 
research and biohazard control.  
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A B S T R A C T   

Mycobacterium bovis causes tuberculosis (TB) at the human-wildlife-livestock interface. Environmental persis-
tence of M. bovis excreted by infected hosts may cause indirect transmission to other animals. However, meth-
odological constrains hamper assessment of M. bovis viability and molecular signature in environmental 
matrices. In this work, an innovative, modular, and highly efficient single-cell workflow combining flow 
cytometry (FLOW), fluorescence in situ hybridization (FISH), and fluorescence-activated cell sorting (FACS) was 
developed, allowing detection, quantification, and sorting of viable and dormant M. bovis cells from environ-
mental matrices. Validation with spiked water and sediments showed high efficiency (90%) of cell recovery, with 
high linearity between expected and observed results, both in cell viability evaluation (r2 

=0.93) and FISH- 
labelled M. bovis cells quantification (r2 ≥0.96). The limit of detection was established at 105 cells/g of soil in 
the cell viability step and 102 cells/g of soil in the taxonomical labelling stage. Moreover, FACS efficiency 
attained noteworthy recovery yield (50%) and purity (60% viable cells; 70% taxonomically labelled M. bovis). 
This new methodology represents a huge step for M. bovis assessment outside the mammal host, offering the 
rapid quantification of M. bovis cell load and cell viability, including viable but non-culturable cells, and further 
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downstream cell analyses after FACS. Subsequent environmental data integration with the clinical component 
will expand knowledge on transmission routes, promising new paths in TB research and an intervention tool to 
mitigate the underlying biohazard.   

1. Introduction 

Animal tuberculosis (TB), caused by Mycobacterium bovis, a member 
of the Mycobacterium tuberculosis complex (MTBC), as the primary agent, 
is a zoonosis and a major disease of cattle, remaining as one of the main 
health challenges the livestock sector faces (Pereira et al., 2020; Ramos 
et al., 2020; Reis et al., 2020a). This chronic disease significantly de-
creases economic revenues due to reduced conversion efficiency, 
slaughterhouse dismisses, movement restrictions, animal trade limita-
tions, and indirect costs of disease control (Zinsstag et al., 2006). TB also 
affects a wide range of wildlife species, with several recognized reser-
voirs of infection depending on the ecosystem, while other species play 
secondary roles in transmission (Reis et al., 2020b). 

In cattle, TB is considered primarily a respiratory disease, with 
transmission occurring by direct close contact with infected aerosols and 
sputum droplets (Menzies and Neill, 2000). Infection by the digestive 
route may also occur at higher infective doses if cattle ingest contami-
nated grass, silage, hay, water, or milk from TB-infected cows (Xu et al., 
2021). Interspecific transmission between cattle and wildlife may occur 
through direct contact or indirectly via fomites and natural substrates 
contaminated with infected droplets and fluids. M. bovis may be shed by 
infected cattle and wildlife in sputum, urine, faeces, pus, and nasal and 
wound discharges (Santos et al., 2015a). Contamination of the sur-
rounding artificial or natural environment thus contributes to indirect 
transmission and disease perpetuation in farmed and free-ranging pop-
ulations. Currently, it is postulated that mycobacteria persistence in the 
environment plays an important role in indirect M. bovis transmission 
(Allen et al., 2021). Recurrence of TB in farms depopulated for long 
periods after sanitary measures first gave strength to this premise (Clegg 
et al., 2015). Then interaction studies at the livestock-wildlife interface 
provided evidence of reduced direct contacts between susceptible host 
species (Palmer et al., 2004), showing that interspecific contacts tend to 
occur asynchronously by pasture or micro-habitat sharing, such as 
waterholes or feeding places (Michel et al., 2007), rendering the indirect 
transmission hypothesis highly plausible. 

The indirect route of infection via contaminated environment may 
have an augmented weight depending on host ecology (e.g. space use, 
feeding behaviour, social interaction). Gregarious, socially structured 
species are at higher infection risk but specific social contexts of 
particular host species (e.g. badgers), make them more prone to contact 
with potentially contaminated territorial urine trails, setts, latrines, or 
infected carcasses (scavenger species), but also fine dust particles 
through grazing or rooting (King et al., 2015). 

Environmental contamination may be perpetuated by the persistence 
of viable mycobacteria bacilli in several matrices, including soil (Barbier 
et al., 2016, 2017; Courtenay et al., 2007; Palmer and Whipple, 2006; 
Young et al., 2005), faeces (King et al., 2015), slurry (O’Hagan et al., 
2016), hay (Palmer and Whipple, 2006), and pasture (Barbier et al., 
2016; Phillips et al., 2003). This resilience in environmental substrates 
has been related to the unique characteristics of mycobacteria, such as 
their waxy cell wall, ecological adaptability and quiescent lifestyle 
(Asselineau and Lederer, 1950; Saviola, 2013; Allen et al., 2021). 

Several studies using artificially spiked samples have shown that 
M. bovis viability in environmental matrices is highly heterogenous 
depending on the matrix type, season and climatic conditions (e.g. UV 
light, temperature, and humidity (Palmer and Whipple, 2006)), with 
M. bovis surviving up to six months in solid matrices (e.g. soil and 
feedstuffs (Fine et al., 2011; Palmer and Whipple, 2006)) and up to two 
months in liquid matrices (e.g. water (Palmer and Whipple, 2006)). 

Although M. bovis has been shown to be present in several types of 

environmental samples, the lack of solid data on viability is mainly due 
to the absence of sensitive, standardized, validated, and mass-scalable 
approaches able to detect viable and infectious M. bovis in the envi-
ronment. Culture is still considered the gold standard for TB diagnosis 
and M. bovis detection, but major drawbacks persist, with reduced 
sensitivity and time costs (Adams et al., 2013; Reis et al., 2020a, 2020b). 
M. bovis culture from natural environmental matrices has also proven 
highly unsuccessful and unreliable (Barbier et al., 2017) due to meth-
odological constraints and the microorganism tendency to adopt a 
dormant lifestyle. 

In this work, we describe the development and validation of a novel 
high-performance protocol involving flow cytometry (FLOW), fluores-
cence in situ hybridization (FISH), and fluorescent-activated cell sorting 
(FACS) to detect, quantify, and sort viable M. bovis cells in environ-
mental matrices. First, a fluorophore was selected among a large array of 
possibilities and the staining protocol was optimized to allow the eval-
uation of M. bovis viability by FLOW. Secondly, a FISH protocol was 
implemented and optimized to selectively label M. bovis cells using an 
IS6110-specific probe, together with a two-antibody signal amplifica-
tion system. Lastly, a FACS protocol was coupled to allow a sorting re-
covery process with high levels of purity and yield, allowing 
downstream applications of sorted cells for several purposes, namely 
whole genome sequencing. All these protocols were firstly optimized 
and validated in pure cultures (alive/metabolically active cells, dead 
cells, and quiescent cells), and afterward in both spiked environmental 
water and sediment samples. This modular procedure allows targeted or 
integrated analyses, according to aims: detect, quantify, and sort. 

2. Material and methods 

2.1. Bacterial growth and culture media 

Biosafety level 2 Mycobacterium bovis BCG Tokyo (M. bovis BCG) was 
used as a proxy of M. bovis. Mycobacterium smegmatis mc2155, as well as 
Bacillus pumilus, Micrococcus luteus, and Streptomyces sp., were used in 
the context of environmental mock community analysis. All culture 
experiments were prepared on a biosafety level 2 cabinet. 

B. pumilus and M. luteus were cultured in Nutrient Broth (NB) (Biokar 
Diagnostics, France), incubated at 27 ◦C, with orbital agitation (160 
rpm) for 24 h. Streptomyces sp. was cultured in the same conditions but 
for 42 h. M. smegmatis was cultured in Middlebrook 7H9 broth (Biokar 
Diagnostics, France) supplemented with 0.5 ml/L of glycerol (Sigma- 
Aldrich, USA) and 100 ml/L of 10x ADS (50 g/L of Bovine Serum Al-
bumin (BSA), 20 g/L of glucose, and 8.5 g/L of sodium chloride), 
incubated at 37 ◦C(160 rpm) for 42 h. M. bovis BCG was cultured in 
Middlebrook 7H9 broth supplemented with 0.5 g/L of sodium pyruvate 
(Sigma-Aldrich, USA), 100 ml/L of 10x ADS, and 0.01% of Tween®80 
(Sigma-Aldrich, USA), incubated at 37 ◦C (160 rpm) for four to five days. 
For bacterial suspension preparation, 50 ml of fresh liquid cultures were 
centrifuged at 3220 x g for 10 min, the supernatant was discarded, and 
cell pellets were washed three times with 1x PBS (pH 7.4) (8 g/L of NaCl, 
0.2 g/L of KCl, 1.44 g/L of Na2HPO4, and 0.24 g/L of KH2PO4). 

2.2. Preparation of environmental spiked samples 

Lake water and soil samples were collected from an urban area in 
Lisbon, at the campus of the Faculty of Sciences, University of Lisbon, 
Portugal, where environmental contamination with pathogenic myco-
bacteria is not expected. Samples were collected in hermetic 1000 ml 
polyethylene containers and autoclaved one and three times, 
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respectively. The sterilization efficiency was assessed by plate assays in 
Middlebrook 7H10 medium, incubation at 37̊C, with no visible growth 
after 3 months. Before sterilization, a previously described semi-nested 
qPCR based on IS6110 (Costa et al., 2013) was also used to discard 
the presence of MTBC in all soil and water samples The DNA of 500 mg 
of soil was extracted using the NZY Soil gDNA Isolation kit (NZYtech, 
Portugal), while 2 ml of water were boiled at 95̊C for 30 min, with the 
collection of the supernatant. The first step of conventional PCR was 
performed using FN_IS6110 and R_IS6110 primers and the second step 
of real-time PCR was performed using F_IS6110 and R_IS6110 primers, 
together with a TaqMan probe (P_IS6110) (Costa et al., 2013). Con-
ventional PCR reaction was carried out in a final volume of 25 µl con-
taining 12.5 µl of NZYTaq II 2x Colourless Master Mix (NZYTech, 
Portugal), 0.4 μM of each primer, 5 µl of DNA, and 5.5 µl of DNase free 
water. Amplification was conducted as follows: 95 ◦C for 3 min, 35 cy-
cles of 30 s at 94 ◦C, 30 s at 65 ◦C, 30 s at 72 ◦C, and a final extension step 
of 10 min at 72 ◦C. Real-time PCR reactions were carried out in a total 
volume of 20 µl containing 10 µl of NZYSupreme qPCR 2x Probe Master 
Mix (NZYTech, Portugal), 0.5 μM of each primer, 0.25 μM of TaqMan 
probe, 5 µl of the previous PCR products, and 2.5 µl of DNase free water. 
Amplification was conducted in a CFX96™ (Bio-Rad) detection system 
as follows: 95 ◦C for 2 min, 40 cycles at 95 ◦C for 5 s, and 60 ◦C for 30 s 

Ten g of soil sample were inoculated with 5 ml of different initial cell 
concentrations of M. bovis BCG. Initial cell concentrations tested were 
between 109 and 100 (serial dilutions with a dilution factor of 10). The 
spiked soil samples were incubated for 30 min at 28 ◦C, with agitation. 
Ten ml of sterile water sample were inoculated with 10 ml of M. bovis 
BCG. The spiked water samples were incubated for 30 min at 28 ◦C, with 
agitation. 

Afterward, the same protocol was implemented, but with sterile 
samples (both water and soil samples), being inoculated with 106 cells/ 
ml of M. bovis BCG in different proportions of metabolically active (MA) 
cells (alive cells) and metabolically inactive (MI) cells (dead cells): 100% 
MA, 75% MA/25% MI, 50% MA/50% MI, 25% MA/75% MI, and 100% 
MI. Metabolically inactive cells were obtained by autoclaving at 121 ◦C 
for 15 min 

Moreover, environmental samples were also spiked with the mock 
community. For the FISH assay, this community was comprised of equal 
proportions of B. pumilus, M. luteus, Streptomyces sp., M. smegmatis, and 
M. bovis BCG. 

2.3. Cell recovery from environmental samples 

After spiking soil samples, 5 ml of a cell recovery solution (1x PBS, 
0.05% of Tween®80%, and 0.01% of sodium pyrophosphate) was added 
to the suspension and left in agitation for 30 min at 28 ◦C. Next, soil 
suspensions were centrifuged at 150 x g for 5 min to separate large 
debris. The remaining supernatant was successively filtered using 100 
µm, 70 µm, 40 µm, and finally 10 µm pore size filters to separate small 
debris from microbial cells. The filtered suspensions were then diluted 
10x or 100x depending on the soil type and bacterial cell concentration. 

After spiking water samples, water suspensions were filtrated, using 
a 10 µm pore size filter to separate debris from microbial cells and 
centrifuged at 3220 x g for 30 min. The concentrated cell pellet was 
resuspended in 5 ml of 1x PBS. 

2.4. Cell viability staining assays 

The final cell pellets were resuspended with 10 ml of 1x PBS and 10- 
fold serially diluted. The cell suspension dilution with a concentration of 
approximately 5 × 105 cells/ml was selected to perform cell staining and 
flow cytometric analysis (unless stated otherwise). 

A preliminary cell staining assay was performed with M. bovis BCG to 
select the fluorophore with the best differentiation capacity between 
metabolically active and inactive cells. To assess membrane integrity, 
propidium iodide (PI, 20 mM) and SYTOX™ Green (5 mM) were used. PI 

was used in combination with SYTO9™ (3.34 mM). To evaluate mem-
brane potential, an anionic, bis-(1,3-dibutyl barbituric acid)-trimethine 
oxol (DiBAC4(3), 10 mM), and a cationic fluorophore, 3,3’-diethylox-
acarbocyanine iodide (DiOC2(3), 30 mM), were used. To measure 
metabolic activity, three different fluorophores were tested: 5-cyano- 
2,3-ditolyl tetrazolium chloride (CTC, 5 mM) in combination with 
SYTO24™; calcein-AM (10 µM); and 5-carboxyfluorescein diacetate 
acetoxymethyl ester (cFDA-AM, 2 mM), both alone and in combination 
with PI. All fluorophores were acquired to Thermo Fisher Scientific 
(USA, MA). Further information regarding fluorophores excitation and 
emission wavelengths, as well as fluorescence flow cytometry channels 
used for detection can be found in Supplementary Table 1. All staining 
protocols were performed with 1.5 ml of cell suspension and 1 µl of 
fluorophore stock solution and incubated in the dark for 30 min at room 
temperature (RT), except fluorophores used for metabolic activity 
evaluation, which were incubated at 37 ◦C. Each fluorophore was tested 
in a population of 100% alive cells (LC) and 100% dead cells (KC). Alive 
cells were used as a proxy of membrane intact, metabolically active 
cells, and dead cells were used as a proxy of membrane compromised, 
metabolically inactive cells. 

According to best results, the selected fluorophore, cFDA-AM, was 
subsequently used to stain different alive, metabolically active and dead, 
metabolically inactive cell proportions: 100% MA, 75% MA/25% MI, 
50% MA/50% MI, 25% MA/75% MI, and 100% MI to validate the 
methodology. The recovered cell pellet from the environmental spiked 
samples (see Section 2.2.) was stained with cFDA-AM, as described 
above. 

2.5. Alternative methods for cell inactivation 

Different killing methods were tested to inactivate M. bovis BCG cells 
as prompter alternatives to autoclaving: 70% (v/v) isopropanol at room 
temperature (RT) for 30 min; or heating at 95 ◦C for 30 min. The best 
method (autoclaving) was selected according to FLOW results after 
cFDA-AM staining (see Section 2.3.). 

2.6. Cytotoxicity assays 

The effect of Tween®80 and sodium pyrophosphate on M. bovis BCG 
viability was tested by incubating a population of alive, metabolically 
active M. bovis BCG cells (circa 100%) with each of the surfactants 
separately (0.05% Tween®80 or 0.01% sodium pyrophosphate) and 
together, for 30 min at 28 ◦C, with agitation. The cytotoxicity was 
evaluated accordingly to FLOW results after cFDA-AM staining (see 
Section 2.3.). 

2.7. Development of the IS6110 probe to label MTBC 

The IS6110 sequences of MTBC members (M. tuberculosis H37Rv 
[JX627755.1], M. africanum ATCC 25420 [MWXF01.1], M. bovis 
AF2122/97 [NC_002945.4], M. caprae ATCC BAA-824 [MWXD01.1], 
M. microti ATCC 19422 [MWXC01.1], M. pinnipedii ATCC BAA-688 
[MWXB01.1]) and the IS6110-like sequence of M. smegmatis 
(EU366287.1) were retrieved from GenBank (assessed at January of 
2019) to design an oligonucleotide probe specifically targeting the 
MTBC members. Sequences were aligned using the MegaX software 
(Kumar et al., 2018), and conserved regions specific to MTBC members 
were taken into account. After, Primer-BLAST was used to design a 
probe using the default parameters (Ye et al., 2012). The specificity of 
this probe (5’-CCT GCG AGC GTA GGC GTC GGT GAC AAA GGC-3’; 
located between 3,081,890 bp and 3,081,919 bp of M. bovis AF2122/97 
[LT708304.1] genome) was confirmed in silico using the BLAST algo-
rithm in the NCBI database (Boratyn et al., 2013). The optimal hybrid-
ization conditions were assessed in silico using mathFISH (Yilmaz et al., 
2011). 
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2.8. Fluorescence in situ hybridization (FISH) assay for taxonomical 
labelling 

The FISH assay was performed on cell pellets from both axenic cul-
ture and spiked environmental samples (see Section 2.1. and 2.3.). The 
washed cell pellet (circa 5 ×105 cells/ml) was dehydrated by successive 
resuspension in 500 µl of four ethanol solutions in different concentra-
tions (v/v): 50%, 70%, 80%, and 97%. Subsequently, the cells were 
permeabilized by incubation, firstly with 500 µl of 10 mg/ml of lyso-
zyme (Thermo Fisher Scientific, USA) for 30 min, secondly with 500 µl 
of 50 µg/ml of proteinase K (Invitrogen, USA) for 10 min, all at 37 ◦C. 
The permeabilized cells were washed with 1x PBS. The cells were then 
incubated in 50 µl of hybridization solution (6x saline-sodium citrate 
buffer [SSC], 5x Denhardt’s solution [1% Ficoll 400, 1% poly-
vinylpyrrolidone, and 1% BSA], 0.5% sodium dodecyl sulfate [SDS], 1 
mM ethylenediaminetetraacetic acid [EDTA], 100 mg/ml dextran sul-
fate, and 20% of formamide in Mili Q-water) containing 25 pg/µl of 
IS6110-targeting probe conjugated with fluorescein (Eurofins Genomics, 
Germany) at 70 ◦C, overnight, in the dark. The cells were then washed in 
iced cold 1x PBS+ 1% BSA and incubated in 100 µl of primary antibody 
solution with 5 µg/ml of Alexa Fluor 594 rabbit anti-fluorescein 
(Thermo Fischer Scientific, USA) for 30 min, in the ice, in the dark. 
The cells were washed again in iced cold 1x PBS+ 1% BSA and incubated 
in 100 µl of secondary antibody solution with 5 µg/ml of F(ab’)2-Goat 
anti-Rabbit IgG conjugated with phycoerythrin (PE) (Thermo Fischer 
Scientific, USA) for 30 min, in iced, in the dark. Following, cells were 
washed in iced cold 1x PBS+ 1% BSA and analyzed by FLOW. 

2.9. Flow Cytometry (FLOW) and fluorescence-activated cell sorting 
(FACS) analyses 

Fluorescence was determined in a CyFlow® Space (Sysmex Partec, 
Germany) equipped with a 20 mV solid-state laser (488 nm). Green, 
orange, and red fluorescence were measured at 536/40 nm (FL1), 575/ 
25 nm (FL2), and 610/30 nm (FL3), respectively. The flow cytometer 
was set to allow an event rate of 1000–2000 events per second. At 
acquirement, gains were set to a specific and adequate value kept for all 
analyses. Logarithmic amplification was chosen and the trigger was set 
on Forward Scatter (FSC). The data were registered using the CyFlow® 
Space Operating Software FloMax® (Sysmex Partec, Germany). Cells 
were counted using the True Volumetric Absolute Counting (TVAC) 
system present in the CyFlow® Space flow cytometer. FACS was per-
formed using the Partec Particle and Cell Sorter module of the CyFlow® 
Space flow cytometer under the following parameters: Trigger FSC, a 
pulse width of 8, trigger delay of 3, and a vibration frequency of 640 nm. 
Data analysis was performed using FlowJo™ Version 10 (Becton, 
Dickinson & Company, USA). 

2.10. Growth curve of M. bovis BCG cells 

The viability of M. bovis BCG cells growing in batch conditions (see 
Section 2.1.) was evaluated for 17 days, every 24 h for 10 days, and after 
one week (at day 17), using cFDA-AM staining (see Section 2.3.), colony- 
forming units (CFU) counts in Middlebrook 7H10 medium supple-
mented with 0.5 g/L of sodium pyruvate and 100 ml/L of 10x ADS at 
37 ◦C for five days, and optical density (OD) measurements at 600 nm. 

2.11. Induction and evaluation of quiescent persister state in M. bovis 
BCG cells 

To ascertain that our novel methodology applied both to metaboli-
cally active but also quiescent cells, mycobacterial dormancy was 
induced by depletion of potassium (Salina et al., 2014). M. bovis BCG 
was initially grown for 4 days in Sauton medium (0.5 g/L of KH2PO4, 
1.4 g/L of MgSO4.7 H2O, 4 g/L of L-asparagine, 0.5 g/L of sodium py-
ruvate, 0.05 g/L of ferric ammonium citrate, 2 g/L of sodium citrate, 0.1 

ml/L of 1% ZnSO4.7 H2O [pH 7.0]) supplemented with 100 ml/L of 10x 
ADS and 0.01% of Tween®80 at 37 ◦C at 200 rpm. Afterwards, cells 
were sub-cultured in Sauton and incubated for another 4 days before 
inoculating into potassium-deficient (modified) Sauton medium, 
wherein KH2PO4 was replaced with 8.9 g/L of Na2HPO4.12 H2O. Sup-
plementation with 100 ml/L of 10x ADS and 0.01% of Tween®80 fol-
lowed and incubation at 37 ◦C, 200 rpm, was carried out for 15 days. 
Resuscitation of quiescent persister cells was achieved by harvesting 
cells through centrifugation at 3220 x g for 10 min, followed by washing 
twice with 1x PBS, and resuspending in three different media: 
non-modified Sauton medium, 7H9 medium, and Brain Heart Infusion 
(BHI) medium, all supplemented with 100 ml/L of 10x ADS and 0.01% 
of Tween®80, and incubated at 37 ◦C at 200 rpm for 5 days. BHI and 
7H9 medium were additionally supplemented with 0.5 g/L of sodium 
pyruvate. 

Bacterial cell metabolism was evaluated by cFDA-AM staining (see 
Section 2.3.), CFU counts in supplemented Middlebrook 7H10 after in-
cubation at 37 ◦C for five days, and differential gene expression analysis 
of the alternative sigma F factor (sigF) induced during dormancy 
(Sachdeva et al., 2010), assessed through RT-qPCR, as described below. 

The RNA of M. bovis BCG cells harvested as described above was 
extracted using the RNeasy® Plus Mini Kit (Qiagen, USA) according to 
manufacturer instructions. Eluted total RNA was quantified by Qubit 
RNA HS Assay Kit (Invitrogen, USA) and then used to perform a two-step 
RT-qPCR. The first step was performed using NZY First-Strand cDNA 
Synthesis Kit (NZYTech, Portugal) by mixing 10 µl of NZYRT 2 × Master 
Mix, 2 µl of NZYRT Enzyme Mix, 100 ng of total RNA, and 3 µl of 
diethylpyrocarbonate (DEPC)-treated H2O, followed by incubation at 
25̊C for 10 min, 50̊C for 30 min, 85̊C for 5 min, and chilling on ice. After, 
1 µl of NZY RNase H (E. coli) was added and incubated at 37̊C for 20 min. 
The second step was performed using 10 µl of NZYSpeedy qPCR 2 x 
Green Master Mix, 1 µl of each primer, 2 µl of cDNA, and 3 µl of nuclease- 
free water. The differential expression of the sigF gene was evaluated 
using a housekeeping gene (16 S rRNA) as reference. The following 
primers were used: sigF forward (5’-ACTGCATCTGCGGCTAGGTA-3’) 
and reverse (5’-GCCAGCAAACCTTCGATAAC-3’); 16 S rRNA forward 
(5’-AAGAAGCACCGGCCAACTAC-3’) and reverse (5’- 
TCGCTCCTCAGCGTCAGTTA-3’). The qPCR was performed in a Bio- 
Rad® CFX96™ cycler (Bio-Rad, USA) as follows: 95̊C for 2 min; 40 cy-
cles of 95̊C for 5 s and 63̊C for 30 s; melting curve analysis of 5 s, from 
65̊C until 95̊C with increments of 0.5̊C. 

The expression values of sigF were normalized applying the ΔΔCq 
method in relation with the 16 S rRNA reference gene. Transcriptional 
levels were expressed as fold changes of the persister or resuscitation 
population relative to the exponentially grown, metabolically active 
population. Fold expression was calculated using the formula 2-ΔΔCq, in 
which ΔΔCq represents the difference between the ΔCq of persister or 
resuscitated cells and the ΔCq of exponentially growing cells, while ΔCq 
represents the Cq of sigF subtracted from the Cq of the 16 S rRNA 
reference gene. 

2.12. Statistical analyses 

All experiments described herein were performed at least in tripli-
cate. FLOW data were compared based on spatial distribution on a 
pseudocolor dot plot and fluorescence intensity signal, namely by 
comparing geometric means. The coefficient of determination (r2) was 
used when comparing observed and expected FLOW results and the F 
test was used to assess if the tendency slope was different than zero. Both 
the limit of detection (LOD) and limit of quantification (LOQ) were 
calculated based on the standard deviation of blank response (σ) of five 
independent experiments. LOD was calculated as 3.3 * σ/slope of the 
calibration curve (b) and LOQ as 10 * σ/b. Pearson coefficient of cor-
relation (r) was used when comparing growth curve parameters. Two 
growth parameters were evaluated using the total bacterial concentra-
tion calculated by FLOW: specific growth rate (µ) as ((ln[total final 
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bacterial concentration in cells/ml] – ln[total initial bacterial concen-
tration in cells/ml])/time interval); and generation time (td) as ln2/µ. 
For sorting data, recovery yield (%) was calculated as (pre-sorted bac-
terial concentration of interest/sorted bacterial concentration of inter-
est)* 100, and recovery purity (%) was calculated as ((sorted bacterial 
concentration of interest/total sorted bacterial concentration)* 100). 

2.13. Optimized modular workflow according to aims 

The developed and optimized FLOW-FISH & FACS workflow we 
describe herein can identify, quantify, and sort: 1) viable environmental 
M. bovis BCG cells; 2) total environmental M. bovis BCG cells; or 3) 
quiescent environmental M. bovis BCG cells. 

The complete and detailed flowchart of the modular procedures 
combining for targeted or integrated analyses according to aims is pre-
sented in Supplementary Fig. 1. 

3. Results 

3.1. Best fluorophore option to assess mycobacteria cell viability 

We tested a wide range of fluorophores through a FLOW protocol in 
their ability to differentiate between metabolically active and mem-
brane intact (alive) M. bovis cells and metabolically inactive, membrane 
damaged (dead) cells. For biosecurity reasons, M. bovis BCG Tokyo cells 
were used as a proxy of M. bovis. Three major cell parameters were 
tentatively assessed: membrane integrity, membrane potential, and 
metabolic activity (Supplementary Fig. 2). Both PI (Supplementary 
Fig. 2A) and SYTOX™ Green (Supplementary Fig. 2B) enter exclusively 
in cells with compromised membranes while SYTO9™ enters all cells; 
these fluorophores bind to nucleic acids (Léonard et al., 2016) and are 
widely used to assess bacterial membrane integrity. 

Moreover, both anionic and cationic compounds informing on bac-
terial membrane potential were also tested, with the first (DiBAC4(3)) 
entering depolarized bacterial cells (Supplementary Fig. 2C) and the 
second (DiOC2(3)) entering polarized bacterial cells (Supplementary 
Fig. 2D). These fluorophores binding to intracellular proteins or mem-
branes (Léonard et al., 2016) were also unable to correctly differentiate 
between alive (energized) and dead (unenergized) M. bovis BCG cell 
populations. 

Additionally, metabolic activity was evaluated by assessing bacterial 
respiratory capacity (CTC; Supplementary Fig. 2E) or bacterial esterase 
activity (Calcein-AM [Supplementary Fig. 2F] and cFDA-AM [Supple-
mentary Fig. 2G]). These fluorophores were the most promising ones, 
with cFDA-AM showing the ability to differentiate metabolically active 
(alive) from metabolically inactive (dead) M. bovis BCG cells. However, 
calcein-AM was unable to differentiate between metabolically active 
and inactive M. bovis BCG cells. 

In the cFDA-AM staining, the metabolically active cell population 
was split into two subpopulations that differ in green fluorescence in-
tensities (mean value FL1 15.0 vs 0.7; Supplementary Fig. 2G and Fig. 1), 

possibly due to differences in cell size (mean value of FSC 1.9 vs 1.0) 
and/or cell complexity (mean value of SSC 2.7 vs 1.9). These differences 
in cell size and complexity may result from typical cell aggregation in 
MTBC members. However, since these differences are relatively minor, 
the two subpopulations may also correspond to different metabolic 
states, with higher green fluorescence intensity corresponding to higher 
metabolic activity. The pseudocolor dot plot SSC vs FL1 was the best 
graphical representation to better differentiate these subpopulations, as 
shown in Fig. 1. 

Furthermore, we tried to conjugate the ability to evaluate metabolic 
activity, provided by cFDA-AM, with membrane integrity evaluated by 
PI (Supplementary Fig. 2H). PI did not show differentiation capacity, 
with red fluorescence being similar between cells with intact (alive) and 
damaged (dead) cell membranes. 

The autoclaving method was used to kill M. bovis BCG cells in the 
previous experiments. However, we tested if a faster alternative method 
to kill these cells could be used, specifically isopropanol treatment for 
30 min and heating at 95 ◦C for 15 min (Supplementary Fig. 3). The 
results showed that the cell population was not completely killed using 
isopropanol or boiling methods, so autoclaving was selected as the 
preferential killing method to conduct subsequent experiments. More-
over, no clear alteration regarding cell size or complexity was detected 
between methods and between alive and dead cells. 

Next, populations with different proportions of metabolically active 
(MA) and metabolically inactive (MI) cells were stained with cFDA-AM 
showing very high linearity (r2 =0.99; F-test, p-value <0.0001) between 
the expected and observed percentual values, validating the staining 
method when applied to pure cultures (Fig. 1). 

3.2. Staining differentiation of quiescent and actively replicating M. bovis 
cells in pure culture and spiked environmental samples 

As a proof-of-concept, M. bovis BCG cell viability of a batch culture 
was evaluated using the optimized cFDA-AM staining method in parallel 
with colony-forming units (CFU) counts (Fig. 2A, B). As expected, the 
M. bovis BCG growth batch curve possessed a typical sigmoidal form 
(td=15.8 h and µ = 0.04 h-1), with a log phase up to 96 h, followed by 
the stationary phase (Fig. 2B). During the exponential phase, the M. bovis 
BCG cell population increases in green fluorescence as a result of 
increased metabolic activity (Fig. 2A). A progressive decrease in green 
fluorescence was observed after entry in the stationary phase, probably 
due to a population shift into the quiescent state (Fig. 2A). Both O.D. 
measurements vs. the total cell concentration obtained by FLOW and the 
concentration of culturable cells vs. the viable cell concentration ob-
tained by FLOW showed high correlation (r = 0.89 [p-value=0.00011] 
and r = 0.90 [p-value=0.00008], respectively; Fig. 2B). 

To determine if our methodology could also apply to persister, 
dormant M. bovis, besides actively replicating cells, quiescence was 
promoted by incubating M. bovis BCG cells in a potassium (K+) deficient 
medium (Salina et al., 2014). The metabolic activity of persister cell 
populations was evaluated by cFDA-AM staining, in parallel with CFU 

Fig. 1. Cell viability assay with pure cultures. Different proportions of alive, metabolically active (MA) and dead, metabolically inactive (MI) Mycobacterium bovis 
BCG Tokyo cells stained with cFDA-AM. (A) Pseudocolor dot plots SSC vs FL1 with two gates corresponding to MI and MA cells. (B) Plot showing the observed vs 
expected percentage of MA population by flow cytometry. The coefficient of determination was 0.99. Metabolically inactive cells were obtained by autoclaving. SSC – 
Side Scatter; FL1 – Green fluorescence. 
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counts in solid medium, and assessment of differential gene expression 
of sigF, the sigma factor recruited for dormancy (Fig. 2C, D). Persister 
cells occurred after 15 days of cell incubation in a K+-deficient medium, 
evidenced by the absence of green fluorescence after cFDA-AM staining 
(0.4% of viable cells), contrary to resuscitated cells, which presented a 
progressively increase in green fluorescence after incubation in Sauton 
medium (day 1, 9.6%; day 2, 45.9%; day 5, 62.9%; Fig. 2C, D) and 
supplemented 7H9 medium (day 1, 12.1%; day 2, 22.3%; day 5, 49.8%; 
Fig. 2D), but no considerable increase after incubation in BHI broth (day 
1, 6.0%; day 5, 10.0%; Fig. 2D). These results were further supported by 
the lack of CFU of the persister population in solid medium, which 
contrasted with an increased number of CFU of the resuscitated popu-
lation after incubation in Sauton or 7H9 media (Fig. 2D). The CFU 
increased until day 3, reaching a similar number compared to the initial 
exponential cell population (~105 CFU/ml), and with further 

multiplication of M. bovis BCG population (day 5, ~106 CFU/ml). The 
numbers of CFU were congruent with the metabolically active cell 
concentration obtained by FLOW. In the BHI medium, the number of 
CFU in solid medium, the concentration of metabolically active cells 
obtained by FLOW, and the concentration of total M. bovis BCG cells 
remained relatively constant throughout the five days (Fig. 2C, D). 

Moreover, the differential gene expression analysis showed that the 
sigF gene was overexpressed (fold change of 5.6) in the persister cell 
population (p-value = 0.0274), contrary to the resuscitated cell popu-
lation (Sauton medium, day 3) that showed a similar sigF gene expres-
sion (fold change of 1.8) when compared to the exponentially growing 
cell population. This result is in agreement with the literature referring 
to this sigma factor as being overexpressed in cell stress situations, such 
as entry into a persister state (Sachdeva et al., 2010). 

Thus, our ability to detect, by cFDA-AM staining, the metabolic 

Fig. 2. Growth curve, quiescence, and resuscitation of M. bovis BCG. (A, B) Mycobacterium bovis BCG Tokyo cells were cultivated in batch conditions for 17 days and 
stained with cFDA-AM. (A) Pseudocolor dot plots SSC vs FL1 with two gates corresponding to metabolically inactive (MI) and active (MA) cells of four representing 
days. (B) Cell concentration obtained by culturing in Middlebrook 7H10 medium (CFU/ml) and by flow cytometry analysis of cFDA-AM stained cells (viable cells/ml 
and total cells/ml), optical density (O.D.) measured at 600 nm, and the percentage of viable cells obtained by flow cytometry analysis of cFDA-AM stained cells. (C, 
D) Mycobacterium bovis BCG Tokyo cells were cultivated in Sauton medium for 4 days, followed by incubation in K+-deficient Sauton medium for 15 days, and 
incubation in Sauton, BHI, and 7H9 media for 5 days. Cells were stained with cFDA-AM. (C) Pseudocolor dot plots SSC vs FL1 with two gates corresponding to MI and 
MA cells recovered from the Sauton medium resuscitation experiment of four representing days. (D) Cell concentration obtained by culturing in Middlebrook 7H10 
medium (CFU/ml) and by flow cytometry analysis of cFDA-AM stained cells (viable cells/ml and total cells/ml), together with the percentage of viable cells obtained 
by flow cytometry analysis of cFDA-AM stained cells. SSC – Side Scatter; FL1 – Green fluorescence. 

Fig. 3. Cell viability assay with environmental spiked samples. (A, B) Lake water samples were spiked with different proportions of alive, metabolically active (MA) 
and dead, metabolically inactive (MI) Mycobacterium bovis BCG Tokyo cells. The recovered bacterial cells were stained with cFDA-AM. (A) Pseudocolor dot plots SSC 
vs FL1 with two gates corresponding to MI and MA cells. (B) Plot showing the observed vs expected percentage of MA population by flow cytometry. The coefficient of 
determination (r2) was 0.93. (C, D) Soil samples were spiked with different cell concentrations of Mycobacterium bovis BCG Tokyo cells. The recovered bacterial cells 
were stained with cFDA-AM. (C) Pseudocolor dot plots SSC vs FL1 with two gates corresponding to MI and MA cells. (D) Plot showing the observed vs expected 
logarithmic value of cell concentration of MA population by flow cytometry. The r2 taking all cell concentrations into account was 0.53, however, when considering 
cell concentration equal or higher than 105 cells/ml, an r2 = 0.99 was attained, while lower cell concentrations showed r2 = 0.49. (E, F) Soil samples were spiked 
with different proportions of metabolically active and inactive M. bovis BCG cells. The recovered bacterial cells were stained with cFDA-AM. (E) Pseudocolor dot plots 
SSC vs FL1 with two gates corresponding to MI and MA cells. (F) Plot showing the observed vs expected cell concentration of MA population by flow cytometry with r2 

= 0.93. Metabolically inactive cells were obtained by autoclaving. SSC – Side Scatter; FL1 – Green fluorescence. 
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activity of resuscitated M. bovis cells that were previously in a persister 
state (metabolically inactive) has great advantages when applied to 
environmental matrices analysis since M. bovis cells are expected to be 
metabolically less active, or even in a persister state, in conditions 
outside the host, due to low nutrient availability and abiotic stress 
caused by large temperature and humidity amplitudes. 

Subsequently, spiked samples of lake water and soil were stained 
with cFDA-AM using different proportions of M. bovis BCG to see if the 
differentiation between metabolically active (MA) and metabolically 
inactive (MI) cells was possible in environmental samples. In spiked lake 
water samples, high linearity (r2 =0.92; F-test, p-value <0.0001; Fig. 3A, 
B) between the expected and observed percental values of the meta-
bolically active (MA) cell sub-population validated the application of 
this methodology to environmental water samples, besides its applica-
tion to pure culture samples. 

Regarding spiked soil samples, the presence of clay and other soil 

debris interfered with FLOW analysis, changing the expected percent-
ages of cells in flow cytometry’s gates, since these debris cannot be 
differentiated by size (FSS) or complexity (SSC), resulting in those being 
plotted in the MI’s gate (Fig. 3E). So, different initial cell concentrations 
were used to spike the soil samples, and, instead of considering the 
proportion of events in each gate, the cell concentration was taken into 
consideration. The expected and observed cell concentration of meta-
bolically active bacterial cells (MA’s gate) is highly linear (r2 =0.99; F- 
test, p-value = 0.0015) when cell concentration is 105 cells/ml or 
higher, but moderately linear (r2 =0.49) when lower cell concentrations 
apply (Fig. 3C, D). Thus, the inoculation of a soil sample with different 
metabolically active/inactive cell proportions of M. bovis BCG with a cell 
concentration of 107 cells/ml was performed, showing high linearity 
between expected and obtained results (r2 =0.91; F-test, p-value 
<0.0001; Fig. 3E, F). Results from these assays validate the application 
of this methodology also to environmental soil samples, besides evident 

Fig. 4. Taxonomical identification assay. (A) Cells were labelled by fluorescence in situ hybridization with an IS6110-specific probe and the primary and secondary 
antibody system. Pseudocolor dot plots of FSC vs FL2 and SSC vs FL2 for Mycobacterium bovis BCG Tokyo, Mycobacterium smegmatis, Bacillus pumilus, Micrococcus 
luteus, and Streptomyces sp. (B, C) Lake water samples were spiked with a mock community with different proportions of Mycobacterium bovis BCG Tokyo cells. The 
recovered bacterial cells were labelled by fluorescence in situ hybridization with an IS6110-specific probe and the primary and secondary antibody system. (B) 
Pseudocolor dot plots of FSC vs FL2 and SSC vs FL2 with two gates are shown with a higher fluorescence intensity corresponding to positively labelled cells. (C) Plot 
showing the observed vs the expected cell concentration of M. bovis BCG by flow cytometry. The coefficient of determination was 0.96. (D, E) Soil samples were 
spiked with different cell concentrations of Mycobacterium bovis BCG Tokyo cells. The recovered bacterial cells were labelled by fluorescence in situ hybridization with 
an IS6110-specific probe and the primary and secondary antibody system. (D) Pseudocolor dot plots of FSC vs FL2 and SSC vs FL2 with two gates are shown with a 
higher fluorescence intensity corresponding to positively labelled cells. (E) Plot showing the logarithmic value of the observed vs the expected cell concentration of 
M. bovis BCG cells by flow cytometry. The r2 taking all cell concentrations into account was 0.86, however, when considering cell concentration equal or higher than 
103 cells/ml the r2 increased to 1.00, while lower cell concentrations showed r2 

= 0.50. (F, G) Soil samples were spiked with a mock community with different 
proportions of M. bovis BCG cells. The recovered bacterial cells were labelled by fluorescence in situ hybridization with an IS6110-specific probe and the primary and 
secondary antibody system. (F) Pseudocolor dot plots of FSC vs FL2 and SSC vs FL2 with two gates are shown with a higher fluorescence intensity corresponding to 
positively labelled cells. (G) Plot showing the observed vs the expected cell concentration of M. bovis BCG by flow cytometry with r2 = 0.99. Two gates are shown with 
a higher fluorescence intensity (BCG gate) corresponding to positively labelled cells. FSC – Forward Scatter; FL2 – Orange fluorescence; SSC – Side Scatter. 
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application to pure culture and environmental water samples. The limit 
of detection (LOD) and the limit of quantification (LOQ) were deter-
mined as 2.5 × 105 cells/g and 7.7 × 105 cells/g, respectively. 

The effect of Tween®80 and sodium pyrophosphate used to recover 
cells from the soil matrix on M. bovis BCG viability was discarded as no 
difference in the metabolic activity of cells was observed (Supplemen-
tary Fig. 4), proving that these surfactants do not interfere with the 
evaluation of M. bovis BCG cell viability. 

3.3. Taxonomical identification of M. bovis 

Taxonomical identification of M. bovis was attempted using FISH. 
The in silico specificity of the IS6110 probe toward MTBC members was 
100%, with no other species showing high similarity. Using mathFISH, 
optimal hybridization conditions for MTBC members were established 
as 70̊C and 0% formamide, showing a theoretical hybridization effi-
ciency of 1, contrary to M. smegmatis IS6110-like region, which pre-
dicted a hybridization efficiency of 0, in the same conditions. 

The flow cytometric analysis using the above conditions experi-
mentally validated theoretical predictions, with full identification of 
labelled M. bovis BCG cells (mean value of FL2 50 vs 0.5; Fig. 4A), while 
all negative controls were unlabeled (M. smegmatis, B. pumilus, M. luteus, 
and Streptomyces sp. [Fig. 4A]). Both pseudocolor dot plots SSC vs FL2 
and FSC vs FL2 enabled discrimination of M. bovis BCG cells. 

Subsequently, spiked samples of lake water and soil were subjected 
to the same FISH protocol to identify M. bovis BCG cells within envi-
ronmental samples. A mock community comprised of commonly found 
environmental bacteria was assembled as described in methods, 
together with M. smegmatis and M. bovis BCG. The inoculation of a lake 
water sample with different species proportions at a concentration of 
106 cells/ml was performed, with specific labelling of M. bovis BCG 
being achieved and high linearity between observed and expected re-
sults (r2 =0.95; F-test, p = 0.0015; Fig. 4B, C), validating the application 
of this taxonomical labelling methodology to environmental water 
samples, along with its application to pure culture. 

As expected after the cFDA-AM experiments, the presence of soil 
small debris interfered with the flow cytometric analysis, changing the 
expected percentages of cells in flow cytometry’s gates, since soil debris 
are plotted outside the M. bovis BCG labelled cells’ gate (Fig. 4 F). 
However, the expected and observed cell concentration of M. bovis BCG 
cells detected is concordant when cell concentration is equal to or higher 

than 103 cells/ml (r2 =0.99, F-test, p-value <0.0001; Fig. 4D, E), while 
lower cell concentrations showed moderate linearity (r2 =0.50). 
Thereafter, the inoculation of a soil sample with different species pro-
portions at a cell concentration of 106 cells/ml was performed, showing 
correct labelling (r2 =0.99; F-test, p-value <0.0001; Fig. 4 F, G). These 
results thus validate the application of this methodology to soil, besides 
water and pure culture samples. The LOD and LOQ were determined as 
4.4 × 102 cells/g and 1.3 × 103 cells/g, respectively. 

3.4. Sorting of M. bovis BCG cells from the environmental community 

FACS was performed to recover metabolically active cells and also 
FISH-labelled cells from the environmental spiked samples. In spiked 
water samples, the recovery yield and purity achieved for both meta-
bolically active sorted cells and taxonomically labelled M. bovis BCG 
cells was 70%. However, for soil spiked samples, the recovery yield and 
purity were 50% and 60%, respectively, for metabolically active sorted 
cells, while sorting of FISH-labelled M. bovis BCG cells attained a re-
covery yield of 50% and a recovery purity of 70%. 

3.5. Optimized workflow 

Taken altogether, a high-performance and innovative workflow 
(Fig. 5) was established, consisting of three main paths for the detection, 
quantification, and sorting of three different cell populations: 1) viable 
MTBC environmental cells; 2) total (viable and non-viable) environ-
mental MTBC cells; and 3) persister/quiescent MTBC environmental 
cells. These options start with the extraction of the microbial community 
from the environmental matrix (water, sludge, or sediments) based on 
chemical (sodium pyrophosphate and Tween®80) and physical 
(centrifugation and filtration) methods. In the first path, the extracted 
bacterial community cells are subjected to cell viability staining with 
cFDA-AM to differentiate viable from non-viable cells, with metabolic 
active cells being sorted by FACS. Moreover, this sub-community is 
labelled with an IS6110-specific targeting probe, together with a two- 
antibody signal amplification system, to identify MTBC cells. 
Positively-labelled MTBC cells are then sorted. In the second path, the 
direct labelling of the extracted microbial community cells with the 
IS6110-specific targeting probe and the two-antibody system is per-
formed, followed by FACS of positively labelled M. bovis BCG cells. In the 
third option, the extracted bacterial community cells are incubated in a 

Fig. 5. Optimized workflow. Bacterial cells are recovered from environmental matrices, followed by a cFDA-AM staining protocol to assess cell viability. Cells are 
analysed by flow cytometry and metabolically active cells are fluorescence-activated cell sorted (FACS) according to their high green fluorescence signal. The 
metabolically active sorted cells are labelled by fluorescence in situ hybridization (FISH) with Mycobacterium tuberculosis complex (MTBC)-specific probe targeting 
IS6110 region and the primary and secondary antibody system and FACS according to their high orange fluorescence signal. The metabolically active MTBC sorted 
cells can be used for several downstream applications, including whole-genome sequencing. Environmental bacterial recovered cells can also be directly analyzed by 
FISH and FACS according to their high orange fluorescence signal, sorting the entire MTBC cell population (grey arrows) and persister cell population can also be 
evaluated if a previous incubation step of the sample in resuscitation medium is performed (blue arrows). 
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rich medium to allow metabolic recovery of quiescent cells, followed by 
cell viability staining, FACS, taxonomical labelling, and a new round of 
FACS. 

4. Discussion 

Amplification-based approaches have been extensively used to 
detect M. bovis in complex matrices. A variety of MTBC-specific targets 
have been successfully explored by end-point PCR and qPCR, such as 
Rv3866 loci, mpb64, mpb70, hsp65, 16 S rRNA genes, IS6110 and IS1561 
insertion sequences, and deletion of the region of difference 4 (RD4) as 
well (Barbier et al., 2016; Courtenay et al., 2007; Pontiroli et al., 2011; 
Santos et al., 2015b; Sweeney et al., 2006; Young et al., 2005). These 
approaches have several limitations, namely the lack of correlation be-
tween detection of M. bovis nucleic acids in the sample and the detection 
of viable mycobacteria cells, but also the impossibility of microbial 
analysis at the single-cell level. This latter limitation impairs the study of 
M. bovis metabolism, structure, and function in the environmental 
setting. 

Non-amplification-based methods have rarely been used to detect 
M. bovis. Immunomagnetic cell separation, allowing the capture of 
mycobacteria from environmental samples (Sweeney et al., 2007, 2006) 
was described, however, due to a highly complex and time-consuming 
procedure, it was not scalable for field studies. Additionally, phage 
amplification assays, allowing the extraction of mycobacterial DNA 
released during the lytic process and viral plaque formation, have been 
successfully used to test cattle blood samples (Swift et al., 2020) but 
never applied to an environmental matrices context. Moreover, this last 
technique requires subsequential diagnostic PCR to confirm the pres-
ence of M. bovis DNA (Swift et al., 2020). 

None of the previously described methods can provide parallel in-
formation on mycobacteria viability and absolute cell quantity. Thus, a 
methodology accurately assessing environmental M. bovis viability and 
burden (i.e. bacterial cells load) was urgently needed. The epidemio-
logical importance of such methodology is key for risk assessment and 
the subsequent implementation of adequate biosecurity measures to 
improve TB control. 

In this work, we described, for the first time, an innovative, modular, 
and high-performance methodology that allowed the detection, quan-
tification, and sorting of metabolically active environmental M. bovis 
cells from several environmental matrices, using flow cytometry, fluo-
rescent in situ hybridization, and fluorescence-activated cell sorting, 
enabling downstream analysis of sorted M. bovis cells. The combined 
application of FLOW-FISH-FACS has previously proven very useful in 
other contexts to assess both microbial presence and burden in complex 
environmental matrices, such as soil and water, but also for microbial 
sorting of different taxonomical groups (Pereira et al., 2022). 

In this work, several fluorophores were tested in an attempt to assess 
M. bovis cell viability, with cFDA-AM being the only one that success-
fully differentiated metabolically active and metabolically inactive 
M. bovis cells. The lack of population differentiation by most tested 
fluorophores, except cFDA-AM, is possibly related with the particular-
ities of the M. bovis BCG cell envelope, namely the presence of mycolic 
acids and the high thickness of the outer layer, which hampers fluo-
rophore entry inside the cell, leading to inconsistent or impossible cell 
labelling. Contrary to the action of all other tested fluorophores, the 
cFDA-AM staining ability that we registered here may also result from 
hydrolysis by extracytosolic esterases present in the extracellular region, 
originating cF, a more hydrophobic compound that becomes retained in 
the cell envelope of mycobacteria, positively labelling cells. According 
to the UniProt database [(The UniProt, 2021), assessed on January of 
2021], 192 extracytosolic esterases are found in MTBC members, with 
M. bovis AF2122/97 possessing 20 extracytosolic esterases, namely 
Carboxylesterase Culp1 (cfp21), Culp2 (cut2), and Culp3 (cut3), all pu-
tatively capable of hydrolyzing cFDA-AM. 

The advantages of our protocol over several others previously 

published are the simplification of the used buffer (1x PBS), reduction of 
the incubation period (0.5 h), and no need for cell fixation. The absence 
of cell fixation is in fact an essential protocol adaptation, in particular if 
downstream steps require cell viability (e.g. cell culture) or DNA integ-
rity (e.g. whole genome sequencing [WGS]). 

Norden et al. (1995) were the first reporting the feasibility of FDA 
staining as an application to FLOW analysis of MTBC members. They 
used FDA to perform antimycobacterial susceptibility testing of 
M. tuberculosis H37Ra and M. tuberculosis clinical isolates to ethambutol, 
isoniazid, rifampicin, and streptomycin (Kirk Scott et al., 1998; Moore 
et al., 1999). More recently, cFDA-AM was used to assess esterase ac-
tivity in M. bovis BCG cells, with an increase of activity in starved cells 
and subsequent reduction after cell transfer to nutrient-replete medium 
(McBee et al., 2017). This effect was not observed in our work, namely in 
the growth curve assay results reported here, where M. bovis BCG cells 
had their esterase activity decreased over time as nutrients became 
depleted in batch culture. 

Works described so far were applied to pure mycobacterial cultures, 
being this work the first to report the efficiency of a fluorophore 
(particularly cFDA-AM) to stain MTBC cells within environmental 
complex matrices. 

MTBC members retain particular physiological adaptations, such as 
the formation of clumps and persister state (dormancy) upon chal-
lenging environmental conditions (Boon and Dick, 2002), posing addi-
tional obstacles in the assessment of M. bovis cells physiological state. 
Heterogeneity in the metabolic state of mycobacteria was previously 
reported for in vitro culture, with subpopulations exhibiting variation in 
both growth rate and gene expression (Dhar et al., 2016). In this work, 
we also proved the ability of cFDA-AM to inform on the transition be-
tween metabolically active and metabolically inactive M. bovis cells 
entering a persister state. Coupling this ability to the use of resuscitation 
media that allow persister cells to become metabolically active, the 
described methodology enables the quantification of quiescent M. bovis 
cells present in the environment, which is a major breakthrough. 

Regarding FISH as a labelling method for taxonomical identification 
of MTBC members, several existing probes and protocols have been re-
ported. This methodology has been especially devoted to stain MTBC in 
infected tissue and sputum samples. An early report by Stender et al. 
(1999) described the successful use of a fluorescein labelled-peptide 
nucleic acid probe targeting the 23 S rRNA of MTBC to detect 
M. tuberculosis in smear-positive sputum samples (Stender et al., 1999). 
Shortly after, a tyramide-based amplification methodology with the 
same probe was developed to detect M. tuberculosis in formalin-fixed, 
paraffin-embedded tissue samples (Zerbi et al., 2001), while another 
rRNA oligonucleotide probe was developed for tissue sample applica-
tions (St. Amand et al., 2005). More recently, FISH approaches were 
revisited, with two rRNA oligonucleotide probes being advanced for 
sputum samples: one targeting the 16 S rRNA of M. tuberculosis showing 
low sensitivity (Kim et al., 2015), while the other showed promising 
results in detecting MTBC members (Yuan et al., 2015). Moreover, 
several rapid FISH protocols were established for diagnostic purposes in 
hospital and reference laboratory facilities. One is based on a dual colour 
scheme to concomitantly identify the 16 S rRNA region of Mycobacter-
ium-Nocardia genera (green fluorescence) and the 23 S rRNA region of 
MTBC members (orange fluorescence) (Baliga et al., 2018; Shah et al., 
2017) in sputum samples. Another uses a combination of Ziehl-Neelsen 
staining and a rpoB DNA probe to also detect MTBC members in sputum 
(Loukil et al., 2018). 

Nevertheless, a FISH methodology had never been established to 
detect MTBC members in complex environmental samples. The probe 
targeting the IS6110 region that we developed here was efficient in 
specifically labelling MTBC members, with the IS6110-like regions not 
interfering with the specificity of the probe. However, due to the low 
number of IS6110 copies in M. bovis genome, we opted for a signal 
amplification approach using a primary-secondary antibody system. 

The high efficiency [90% ( ± 10%)] in cell recovery from 
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environmental matrices, together with the low cytotoxicity of the 
extraction solution, is crucial to ensure that all M. bovis cells present in 
the sample are recovered and correctly analyzed. This recovery effi-
ciency is the same as the one reported in a recent paper where both 
sodium pyrophosphate and Tween®80 were used to extract bacterial 
cells from sediment samples (Khalili et al., 2019). However, in our work, 
Nycodenz® was not used since it is expected to affect bacterial cell 
viability (Rockne et al., 2003). 

Previously used methodologies to recover M. bovis cells from envi-
ronmental samples do not clearly state the corresponding LOD (e.g. 
immunomagnetic capture (Sweeney et al., 2006)). We are aware that the 
LOD of our viability assay is relatively high compared to a few molecular 
assays (PCR and qPCR) that assess the presence of M. bovis DNA in 
environmental matrices 105 cell/ml vs 102 cells/ml (Barbier et al., 2016; 
Santos et al., 2015b; Young et al., 2005), while being similar to other 
studies (Pontiroli et al., 2011). However, the level of information pro-
vided by our assay (e.g. metabolic activity) is outstandingly higher. 
Several advantages are provided by our workflow, namely the assess-
ment of mycobacteria cell viability in a faster manner when compared to 
traditional gold standard culture methods (2 h vs 3 months), together 
with the detection of viable but non-culturable mycobacteria. Also, our 
methodology by-passes false-negative results arising in culture-based 
methods due to mycobacterial cell death after decontamination steps. 
If viability is not of interest for the testing hypothesis, the LOD of the 
workflow described herein improves substantially (102 cells/ml vs 105 

cells/ml), reaching the LOD of PCR-based approaches (Barbier et al., 
2016; Santos et al., 2015b; Young et al., 2005). 

The add-in FACS step offers high-performance sorting of environ-
mentally present M. bovis cells that can thus be used in downstream 
applications, such as whole genome amplification and WGS. Then, 
genomic data can be integrated within phylodynamic analyses, enabling 
the assessment of phylogenomic relationships among environmental 
isolates, as well as molecular dating. This information is key to model 
transmission dynamics and to infer epidemiological parameters. The 
ability to collect viable cells from the environment will also enable the 
assessment of abiotic factors influencing environmental resistance of 
M. bovis at a single cell scale, as well as epigenome studies. Genomic 
surveillance of M. bovis cells sorted from environmental matrices in TB- 
hotspot regions, together with genomic investigation of M. bovis from 
infected animals (i.e. clinical component) in overlapping areas will offer 
unprecedented insights on transmission patterns, excretions routes, 
among several other epidemiological features of TB. This potential new 
knowledge might revolutionize control and eradication programs of 
animal TB worldwide. 

5. Conclusion 

To bridge the knowledge gap on the weight that indirect trans-
mission routes exert upon transmission of M. bovis, we developed and 
optimized an innovative, modular, and high-performance workflow 
based on FLOW, FISH, and FACS techniques. This protocol offers the 
assessment, in environmental matrices, of M. bovis cell load and cell 
viability in ~24 h, including viable but non-culturable (persister) cells, 
and offering further downstream cell analyses after FACS. This protocol 
is also applicable to other MTBC members causing TB in different 
contexts. 

The epidemiological importance of not only confirming the presence 
of M. bovis in environmental samples, but most importantly the ability to 
quantify total, viable, and persister cell populations is an important 
contribution to the field of animal tuberculosis and opens new possi-
bilities for the global assessment of the underlying environmental 
biohazard. 
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Environmental implication 

Mycobacterium bovis causes tuberculosis at the human-wildlife- 
livestock interface, posing health hazards to humans, animals, and 
ecosystems. After host excretion, M. bovis persistence in the environment 
may cause indirect transmission to other animals. However, the intrinsic 
characteristics of the microorganism hamper conventional assessment of 
bacterial viability and molecular signature in environmental matrices. 
To bridge this knowledge gap, we developed and validated a high- 
performance single-cell workflow based on FLOW, FISH, and FACS. 
This modular protocol offers the assessment of M. bovis cell load and 
viability in environmental matrices in about 24 h, enabling downstream 
analyses of total, viable, and persister cells. 

The ability to quantify the burden and barcode M. bovis sub-
populations from contaminated environments is an unprecedented 
contribution to the field of animal tuberculosis and opens new inter-
vention prospects for the global reduction of this biohazard. 
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André C. Pereira: Investigation, Methodology, Formal analysis, 
Visualization, Writing – original draft. Ana Tenreiro: Methodology, 
Validation, Supervision, Writing – review & editing. Rogério Tenreiro: 
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