
HAL Id: hal-04891776
https://hal.inrae.fr/hal-04891776v1

Submitted on 16 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Extensive environmental survey of free-living amoebae
and their elusive association with Mycobacterium bovis

or Mycobacterium avium subsp. paratuberculosis
Amélie Jessu, Thierry Cochard, Mélanie Burtin, Stéphanie Crapart, Vincent

Delafont, Ascel Samba-Louaka, Franck Biet, Jean-Louis Moyen, Yann Héchard

To cite this version:
Amélie Jessu, Thierry Cochard, Mélanie Burtin, Stéphanie Crapart, Vincent Delafont, et al.. Exten-
sive environmental survey of free-living amoebae and their elusive association with Mycobacterium
bovis or Mycobacterium avium subsp. paratuberculosis. FEMS Microbiology Ecology, 2025, 101 (1),
pp.fiae164. �10.1093/femsec/fiae164�. �hal-04891776�

https://hal.inrae.fr/hal-04891776v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


FEMS Microbiology Ecology , 2025, 101 , fiae164 

DOI: 10.1093/femsec/fiae164 
Ad v ance access publication date: 17 December 2024 

Research Article 

Extensi v e environmental survey of free-living amoebae 

and their elusi v e association with Mycobacterium bovis or 

Mycobacterium avium subsp. paratuberculosis 

Amélie J essu 

1 ,2 , Thierr y Cochard 

3 , Mélanie Burtin 

1 , Stéphanie Crapart 1 , Vincent Delafont 1 , Ascel Samba-Louaka 1 , F r anc k Biet 3 , 
Jean-Louis Moyen 

2 , Yann Héchard 

1 ,* 

1 Université de P oitiers , Centre National de la Recherche Scientifique (CNRS), Laboratoire Écologie et Biologie des Interactions (EBI), UMR 7267, Equipe 
Micr oor ganismes , Hôtes , En vironnement, P oitiers, 86000 P oitiers, France 
2 Labor atoir e Départemental d’Analyse et de Recherche de la Dordogne, Coulounieix-Chamiers 24660, France 
3 Institut National de Rec herc he pour l’Agriculture, l’Alimentation et l’Environnement (INRAE), Université de Tours, UMR 1282, Infectiologie et Santé Publique, 
Nouzill y 37175, Fr ance 
∗Corr esponding author. Labor atoir e Écolog ie et Biolog ie des Interactions UMR CNRS 7267, Bâtiment B31, 3 rue Jacques Fort, TSA 51106, 86073 Poitiers Cedex 9, 
F rance. E-mail: y ann.hechar d@univ-poitiers.fr 
Editor: [Martin W. Hahn] 

Abstract 

Fr ee-li ving amoebae (FLA) are described as environmental reservoirs for some bacteria able to resist their phagocytosis. In the environ- 
ment, the fate of Mycobacterium bovis ( Mbo ) and Mycobacterium avium subsp . paratuber culosis ( Map ) r esponsib le for bovine tuberculosis 
and par atuber culosis, r especti v el y, r emains poorl y understood and is consider ed potentiall y pr ob lematic in the eradication and con- 
trol of these diseases. We hypothesize that FLA ma y pla y a role in the persistence of Mbo and Map in the environment. In this study, 90 
samples were collected from herds affected by one or both diseases to investigate the diversity of amoeba and their associated bac- 
teria. Meta barcoding anal yses r ev ealed that Acanthamoe ba , Copr om yxa , Naegleria , and Vermamoeba w ere the most represented genera 
of FLA, with Pseudomonadota being the bacteria most commonly found associated with FLA. Although no Mbo and Map DN A w ere 
identified by sequencing, traces were detected by ddPCR (digital droplet PCR), specifically targeting these bacteria. In conclusion, we 
described a wide di v ersity of FLA and associated bacteria in this environment. It also suggests that Map and Mbo could be associated, 
ev en weakl y, with FLA in the envir onment. Howev er, this needs to be confirmed by detecting a highest amount of DN A and, if possible , 
culti v a b le Map and/or Mbo associated with these environmental FLA. 

Ke yw ords: amoeba; Mycobacterium bovis ; Mycobacterium avium subsp . paratuber culosis ; tuberculosis; bovine; environment 
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Introduction 

Fr ee-living amoebae (FLA) ar e ubiquitous pr otozoa found in the 
en vironment. T hey primarily feed on bacteria through phagocy- 
tosis (Rodríguez-Zar a goza 1994 , Samba-Louaka et al. 2019 ). How- 
e v er, se v er al significant pathogenic bacteria, such as Legionella 
pneumophila and Mycobacterium spp., can resist phagocytosis and 

e v en m ultipl y within FLA (Gr eub and Raoult 2004 ). Furthermore,
the growth of L. pneumophila in FLA enhances its virulence toward 

human cells (Cirillo et al. 1994 ) and its resistance to antimicrobial 
treatments (Barker et al. 1992 ). Mechanisms of resistance to FLA 

are similar to those involved in macrophage resistance, explaining 
FLA’s role in increasing virulence (Escoll et al. 2014 ). It is believed 

that FLA serve as the primary reservoir for L. pneumophila devel- 
opment in the environment (Molmeret et al. 2005 ). Ho w ever, the 
role of FLA as reservoirs of Mycobacterium spp. in the environment 
remains to be clarified. 

The two primary mycobacterioses of veterinary significance, 
particularl y in liv estoc k, ar e bovine tuberculosis (bTB), caused by 
Mycobacterium bovis ( Mbo ), and par atuberculosis (par aTB), caused 

by Mycobacterium avium subspecies paratuberculosis ( Map ) (Biet et 
al. 2005 , Pér ez-La go et al. 2014 ). bTB r anks among the most com- 
Recei v ed 4 October 2024; revised 6 November 2024; accepted 16 December 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial-NoDerivs licence ( https://creativecommon
and distribution of the work, in any medium, provided the original work is not alte
commer cial re-use , please contact journals.permissions@oup.com 
on zoonoses worldwide, associated with significant health im- 
acts and substantial socioeconomic costs (Marsot et al. 2016 ).
bo circulates within a multihost system, involving cattle and 

ild fauna such as badgers ( Meles meles ), wild boars ( Sus scrofa ),
nd red deer ( Cervus elaphus ) as potential wildlife reservoirs (Riv-
èr e et al. 2014 ). Recentl y, Allen et al. r e vie wed the potential r ole
f the environment in bTB control and eradication. They suggest
hat infection from environmental sources of Mbo could pose a
isease transmission risk, but the environmental fate of Mbo re-
ains poorly understood (Allen et al. 2021 ). P ar aTB, also known

s J ohne’s disease , is widespread in domestic and wild ruminant
opulations in nearly all countries worldwide, resulting in signif- 

cant economic losses not only due to decr eased pr oductivity but
lso from income loss due to premature culling (Whittington et al.
019 ). It has been demonstrated that Map shedding into the envi-
onment can infect local livestock or other animals and can per-
ist for many months in agricultural slurry and the wider environ-
ent (Pickup et al. 2006 ). The challenge in addressing these dis-

ases stems from the presence of these mycobacteria in a multi-
ost system, wher e envir onmental contamination poses a pr ov en
pidemiological risk for both liv estoc k and wildlife, as r e vie w ed b y
 is an Open Access article distributed under the terms of the Cr eati v e 
s.org/licenses/by- nc- nd/4.0/ ), which permits non-commercial r e pr oduction 
red or transformed in any way, and that the work is properly cited. For 

16 January 2025

https://doi.org/10.1093/femsec/fiae164
https://orcid.org/0009-0006-9886-6268
https://orcid.org/0000-0003-1111-2916
mailto:yann.hechard@univ-poitiers.fr
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:journals.permissions@oup.com


2 | FEMS Microbiology Ecology , 2025, Vol. 101, No. 1 

o  

2
 

i  

b  

C  

o  

I  

t  

e  

o  

v  

f  

w  

r
 

h  

f  

S  

t  

a  

e
 

M  

p  

a  

i  

d  

a  

t  

t  

p  

t  

s  

i  

s  

b  

e  

F  

e
 

p  

t  

i  

f  

D  

f  

t  

r  

(

M
S
T  

m  

t  

L  

c  

d  

d  

a  

a  

s  

m  

D  

d  

a  

t

A
W  

t  

s  

i  

K  

l  

w  

fi  

fi  

w  

f  

u  

t  

T  

a  

m
 

p  

o  

c  

o  

i  

t  

T  

S

M
T  

t  

d  

u  

a  

p  

L  

m  

s  

w  

F  

w  

o
 

m  

1
 

b  

m  

t  

−  

P  

s  

o  

i  

1  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/101/1/fiae164/7926973 by IN
R

AE Institut N
ational de R

echerche pour l'Agriculture, l'Alim
entation et l'Environnem

ent user on 16 January 2025
ur group and others (Biet and Bosc hir oli 2014 , Pér ez-La go et al.
014 ). 

Regarding mycobacteria-FLA inter actions, se v er al in vitro stud-
es have shown that depending on the species, mycobacteria may
e digested, survive, or multiply within FLA (Drancourt 2014 ,
laeys and Robinson 2018 ). FLA may e v en incr ease the virulence
f mycobacteria (Cirillo et al. 1997 , Bakala N’Goma et al. 2015 ).
t has e v en been hypothesized that pr otozoa hav e played a cen-
r al r ole in the e volution of mycobacterial pathogenesis (Primm
t al. 2004 ). Consequentl y, FLA could be consider ed a component
f the reservoir and training ground for mycobacteria in the en-
ironment (Salah et al. 2009 ). Since Mbo / Map DNA have also been
ound in water and soil (Rhodes et al. 2013 , Barbier et al. 2016 ),
e hypothesize that, among other factors, FLA might serve as a

eservoir and vector for Mbo / Map in the environment. 
Se v er al in vitro interaction studies between FLA and Mbo / Map

av e been published, demonstr ating FLA’s permissiv eness to in-
ection by these bacteria (Taylor et al. 2003 , Mura et al. 2006 ,
anc hez-Hidalgo et al. 2017 ). A r ecent study used A. castellanii as a
ool to study Map virulence factors and concluded that this FLA is
 good model to sim ulate macr opha ge infection by Map (Phillips
t al. 2020 ). 

Besides, the interactions between environmental FLA and
bo / Map in the en vironment ha v e been significantl y under ex-
lor ed (Dr ancourt 2014 ). To our knowledge, onl y fe w studies hav e
ddressed these interactions in the environmental context. The
nitial study reported environmental FLA with Map -positive PCR
etection (White et al. 2010 ). Subsequently, a study described
cid-fast bacteria found within FLA cultivated from badger la-
rines (Mardare et al. 2013 ). A third study, conducted by our
eam, isolated FLA from water on infected farms, r e v ealing a Map -
ositi ve qPCR signal. Ad ditionally, this Map DN A underw ent geno-
yping, demonstrating similarity to a local pathogenic strain as-
ociated with cattle, suggesting FLA’s role as a reservoir of Map
n the environment (Samba-Louaka et al. 2018 ). Recently, we de-
cribed the co-occurrence of Map and FLA in the environment of
ovine her ds (Rochar d et al. 2023 ). There is a need for further
nvironmental studies to thoroughly assess the potential role of
LA in the persistence and virulence of Mbo and/or Map in the
nvironment. 

In this study, we conducted an extensive 1-year sampling cam-
aign on farms known to be positive for bTB . W e collected wa-
er, soil, and faeces samples from w ater courses , ponds , drink-
ng tr oughs, str eams, badger’s burr ow, and badger’s faeces within
arm. FLA wer e cultur ed fr om all these samples, and their total
N A w as extracted. This total DN A w as utilized for detecting DNA

rom Mbo or Map using digital droplet PCR. Additionally, the to-
al DN A underw ent high-throughput sequencing of 18S and 16S
RNA amplicons to identify the FLA and their associated bacteria
i.e present in the same samples). 

aterials and methods 

ample collection 

wenty cattle farms situated in Nouvelle-Aquitaine and Nor-
andie participated in this study, with sampling conducted be-

ween July 2021 and October 2023, under the supervision of
DAR24 (Fig. 1 ). Samples were chosen based on their location, fo-
using on specific sites: (i) unsecured watering points, such as
rinking troughs , ponds , and streams , wer e tar geted as they ar e
eemed high-risk locations for bovine transmission due to their
ccessibility to wildlife and (ii) soil samples from badger burrows
nd badger faeces were also sampled when present in the live-
toc k ar eas. Further details r egarding the sampling locations and
ethods are provided in a supplementary table ( Supplementary
ata 1 ). All samples were divided into two groups: one set was
esignated for DNA detection of Mbo and Map association with
moebae and the other set was allocated for the direct DNA de-
ection of Mbo and Map in the samples. 

moebae culture and isolation 

ater samples were vigorously homogenized prior to allowing
hem to settle for 10 min. Soil and faeces samples (1–3 g) were re-
uspended in 30 ml of PAS buffer (P a ge’s Amoebae Saline; contain-
ng 1 g/l sodium citrate, 4 mM MgSO 4 , 2.5 mM Na 2 HPO 4 , 2.5 mM
H 2 PO 4 , 0.4 mM CaCl 2 , pH 6.5), vigor ousl y homogenized, and al-

o w ed to settle for 10 min. Pr efiltr ation was performed using sie v es
ith pore sizes of 500 and 200 μm. Subsequently, the samples were
lter ed thr ough a 3- μm-por e-sized nitr ocellulose membr ane . T he
lter was then cut and placed on non-nutrient agar plates seeded
ith live Escherichia coli �tolC (Lagkouvardos et al. 2014 ). Two plates

r om eac h filter wer e incubated at 20 ◦C and two plates at 37 ◦C for
p to 7 days to cultivate amoebae with different optimal growth
emper atur es until a c har acteristic migr ation fr ont was observ ed.
he amoeba migration fronts were recovered using a sterile swab
nd pr eserv ed in 5 mM Tris buffer pH 8.5 for total DNA extraction,
ycobacterium culture, and storage in a −20 ◦C freezer. 
For isolation, a square of agar from the migration front was

laced in liquid PAS supplemented with E. coli at OD 600nm 

0.5 at 20
r 37 ◦C to subculture amoebae. After observing amoeba growth,
ritical dilutions were performed until only one morphology was
bserved. The purity of the culture was confirmed by sequenc-
ng the 18S rRNA gene using Sanger sequencing. All isolates were
hen cryopr eserv ed at −80 ◦C in 7.5% dimethyl sulfoxide (DMSO).
he sequences generated have been submitted at NCBI under
UB14758417. 

ycobacteria culture and isolation 

o isolate mycobacteria, the environmental samples were decon-
aminated according to two methods in parallel, as previously
escribed (Rochard et al. 2023 ). Briefly, the first decontamination
sed 0.9% hexadec ylp yridinium chloride (HPC) (w eight/v olume)
nd the second decontamination used 3% sodium dodecyl sul-
hate (SDS). For both methods, Middlebrook 7H9 broth (Difco
abor atories, Detr oit, MI, USA) with 0.2% gl ycer ol and supple-
ented with 10% albumin dextrose catalase (ADC, Becton Dikin-

on, Le Pont de Claix, France) to inoculate two Herrold’s tubes
ith mycobactin J and ANV (Becton Dickinson, Le Pont de Claix,
 rance) w as used. The tubes were incubated horizontally for 1
eek and then v erticall y until cultur es a ppear ed (in a maximum
f 16 weeks). 

The amoebic lysates are inoculated on 7H11 agar supple-
ented with OADC and 50 μg/ml of nalidixic acid, incubated for

8 weeks at 37 ◦C. 
Mycobacterial identification at the species le v el was performed

y hsp65 sequencing. The method for the r a pid identification of
ycobacterial species was adapted from Telenti et al. ( 1993 ) . For

he PCR, 100 μl of culture in a stationary phase was frozen at
80 ◦C for 1 h then bacteria were heat-killed for 15 min at 95 ◦C.
CRs were performed with 5 μl of DNA from the thermolysate
upernatant added to a final volume of 50 μl containing 0.2 μl
f GoTaq Flexi DNA pol ymer ase (5 U/ μl), 2 μl dimethyl sulfox-
de (DMSO), 2 mM of dATP , dCTP , dGTP , and dTTP (Promega);
0 μl of 5 × PCR buffer supplied by the manufacturer; 1 μM of

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae164#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae164#supplementary-data
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Figure 1. Location of the sampled bovine herds. A total of 90 samples were collected on 20 farms. Water samples are represented with blue colour, soil 
samples with brown colour, and faeces samples with yellow colour. A size marker indicates the a ppr oximate number of samples collected at each 
point. Some point r epr esents se v er al her ds because of their closed location. A) Global location in F r ance B) Location in Normandie r egion C) Location 
in Nouvelle-Aquitaine region. 
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ach primer (hsp65-F: A CCAA CGA TGGTGTGTCCA T and hsp65-R:
TTGTCGAACCGCA T ACCCT); and 1.5 mM of MgCl 2 . The reactions
ere carried out using a TC-512 thermal cycler (Techne). PCR con-
itions were as follows: 1 cycle of 5 min at 94 ◦C; 30 cycles of 30 s
t 94 ◦C, 30 s at 58 ◦C, and 30 s at 72 ◦C; and 1 cycle of 7 min at
2 ◦C. 

PCR products (441 bp) were visualized by electrophoresis us-
ng 1.5% a gar ose gels (a gar ose electr ophor esis gr ade; Invitr ogen)
nd sequenced by GENEWIZ of Azenta Life Sciences (Bahnhofs-
rasse 86, 04158 Leipzig, Germany). Sequences were analysed us-
ng the leBIBI-QBPP website https://umr5558- bibiserv.univ- lyon1.
r/ lebibi/ lebibi.cgi . 

N A extr action and Oxford Nanopore 

equencing (18S and 16S) 
o assess the global diversity of FLA and their associated bacteria,
otal DN A w as extr acted fr om the migr ation fr onts for sequenc-
ng of partial 18S and 16S rRNA genes by Oxford Nanopore Tech-
ologies. Total DN A extraction w as conducted using the DNeasy
lood & Tissue Kit (Qiagen) on the QIAcube a ppar atus, following
he manufacturer’s instructions, with an additional initial step
or cell lysis. Briefly, cells from the migration front, preserved in
ris buffer, were transferred into a screw cap tube containing
00 mg of 0.1 and 2 mm glass beads and filled with a 1:3 ratio
f ATL lysis buffer (Qiagen) to sample volume and lysed for two
ycles of 30 s at a speed of 6 m/s on a FastPrep homogenizer
Fisher Scientific). Lysed cells were then maintained on ice un-
il DNA extraction. Primers targeting both the 18S and 16S rRNA
enes, known to amplify a wide diversity within both amoeba
nd bacteria phyla, were selected (Needham and Fuhrman 2016 ).
ubsequently, all samples were amplified with Q5 ® High-fidelity
NA pol ymer ase (Ne w England Biolabs) in final volume of 50 μl
ontaining Q5 ® reaction buffer 5 ×, 0.2 mM dNTPs, 0.5 μM of
ach primer (forw ar d 5 ′ -GTGYCAGCMGCCGCGGTAA-3 ′ ; r e v erse
 

′ -CCGYCAATTYMTTTRAGTTT-3 ′ ), Milli-Q water, and 2 μl DNA.
he DN A w as amplified as follo ws: 98 ◦C for 30 s, 30 cycles at
8 ◦C for 10 s, 51 ◦C for 20 s, 72 ◦C for 45 s, and a final step at
2 ◦C for 2 min. All amplified DN A w as purified with the QIAquick
CR Purification Kit (Qiagen) on the QIAcube instrument. DNA
as quantified using a Qubit fluorometer (Thermo Fisher Scien-

ific) and equimolarly pooled per farm location. A second quan-
ification of pooled DN A w as performed using a Qubit, and ∼200
mol of amplicon DN A w as used for library preparation employ-
ng the Oxford Nanopor e Tec hnologies Nativ e Barcoding Kit (SQK-
BD114.96), following the manufacturer’s protocol. The library
as then loaded on a flow cell (R.10.4.1) and sequenced with Min-

ON Mk1C using the high-accuracy settings for 24 h. Fast5 raw files
ere exported and processed for demultiplexing, barcodes trim-
ing, and basecalling using Guppy v6.4.6. Basecalled positions
ith a minimum quality score of 9 were k e pt for subsequent anal-
ses. Taxonomic inferences were achieved using emu v3.4.5 (Curry
t al. 2022 ). The obtained taxonomic assignments were then man-
ally inspected, parsed, and further explor ed in R and gr a phicall y

ormatted using the pac ka ge ggplot2. The sequences generated in
his study have been deposited at NCBI under the BioProject ID
RJNA1167211. 

roplet digital PCR 

he ddPCR reactions were carried out following the Bio-Rad ddPCR
ystem guidelines, using the droplet generator QX200 (Bio-Rad,
SA) and the QX200 Droplet Reader (Bio-Rad, USA). The reac-

ion mixture was prepared in a 21 μl final volume as follows:
dPCR™ Ev aGr een ® Supermix 2 × (Bio-Rad, USA), forw ar d and
 e v erse primers (2 μM each) targeting the RD4 flanking region
nd IS900 sequence to detect Mbo and Map DNA, r espectiv el y,
uclease-free water to a total volume of 20 μl and DNA extracted
r om migr ation fr onts . T he total reactional volume and the droplet
eneration oil (70 μl) were carefully dispensed into wells of a

G8™ cartridge for droplet generation and transferred into a 96-
ell plate (Bio-Rad, USA) and heat-sealed with an aluminium foil
nd the PX1™ PCR Plate Sealer at 180 ◦C for 5 s . T he PCR reaction
as performed in a T100™ Thermal Cycler (Bio-Rad, USA), includ-

ng an initial denaturation cycle at 95 ◦C for 5 min, follo w ed b y 45
ycles of 30 s at 95 ◦C and 1 min at 60 ◦C. A final signal stabilization
 ycle w as performed at 4 ◦C for 5 min, follo w ed b y 90 ◦C for 5 min.
 2 ◦C/s ramp was utilized to ensure proper temperature transi-

ion for each stage of the cycle. QuantaSoft™ and QuantaSoft™
nal ysis Pr o (Bio-Rad, USA) softwar e wer e emplo y ed for manual

hresholding and absolute quantification (in copies/ μl). 

esults 

LA are present in almost all the 90 samples 

ollected 

he objective was to conduct an extensive sampling campaign
n farms known to be affected by bTB or paraTB, to recover en-
ironmental FLA. A total of 90 samples were collected in the re-
ions of Nouvelle-Aquitaine and Normandie, comprising 44 water
amples, 40 soil samples, and 6 faeces samples (Fig. 1 ). Each sam-
le was filtered and incubated at two differ ent temper atur es: 20
nd 37 ◦C. From the 90 cultivated samples, a total of 235 migration
r onts wer e obtained and subsequentl y anal ysed. In total, almost
ll samples (97%) exhibited a c har acteristic migr ation fr ont, indi-
ating the presence of cultivable amoebae . T he majority of FLA

igr ation fr onts (70%) wer e observ ed at 37 ◦C, with onl y 30% de-
ected at 20 ◦C. This discrepancy can be attributed, in part, to the
resence of contamination by fungi on the plates incubated at
0 ◦C, which exhibited faster growth and hindered the recovery of
he amoebae. 

canthamoeba , Copromyxa , Naegleria , and 

ermamoeba are the most represented genera 

fter metabarcoding analysis 

o assess the diversity of environmental FLA cultivated across all
amples, the DNA extr acted fr om the migr ation fr onts, gr ouped
 y farm location, w as included for metabarcoding analysis . T he
rimers selected for this study were designed to ca ptur e the di-
ersity of both FLA and bacterial populations . T he sequencing

rocess yielded 2 789 124 sequences corresponding to 185 942 ±
7 544 sequences per sample. Bacterial sequences constituted the
ajority (r epr esenting 73% of the dataset), while eukaryotic se-

uences comprised 27%. Among the eukaryotic sequences, FLA
ccounted for 93%. This result underlined that the experimen-

al design is well-suited and selective for FLA studies. FLA were
dentified at the genus le v el, and the av er a ge r elativ e abundance,
long with the occurrence, is illustrated in Fig. 2 . The sequencing
 e v ealed a br oad div ersity of gener a. Ov er all, Naegleria sp., Acan-
hamoeba sp., Copromyxa sp., and Vermamoeba sp. were the genera
ith the highest abundance, comprising 43%, 23%, 16%, and 10%
f total eukaryotic sequences (Fig. 2 ). Tetramitus sp., Vahlkampfia
p ., and Learamoeba sp . wer e pr esent in lo w er abundance but were
etected across all locations . P oorly described FLA genera were de-
ected with this metabarcoding a ppr oac h suc h as Fumarolamoeba ,
uttulinopsis , Willaertia , and Rosculus . 

https://umr5558-bibiserv.univ-lyon1.fr/lebibi/lebibi.cgi
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Figure 2. Relative abundance and occurrence of cultivable amoebae from infected cattle environment. Each point represents the average of the 
r elativ e abundance for one FLA genus found in all farms. Relative abundance threshold fixed at 0.0001%. 
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A total of 37 FLA is isolated, belonging to 10 

different genera 

An important aim of this study lies in the establishment of a 
repository of environmental FLA for subsequent in vitro experi- 
ments. Substantial effort was devoted to isolating FLA from envi- 
r onmental samples, r esulting in the successful isolation and iden- 
tification of 37 FLA via partial 18S rRNA gene sequencing. Vari- 
ous gener a wer e isolated, pr edominantl y Acanthamoeba sp. (20 iso- 
lates), Vermamoeba sp. (8 isolates), and Copromyxa sp. (3 isolates) 
(Fig. 3 A). Other genera were represented by one isolate each. No- 
tabl y, one isolate pr esented the highest similarity to a sequence 
classified as an unidentified heterolobosean FLA; thus, it is not af- 
filiated with any previously described FLA genus . T he partial 18S 
rRNA gene of each isolate was used to assign the phylogenetic 
positions of our sequences with amoeba r efer ence sequences in 

phylogenetic trees (Fig. 3 B–D). Within the Amoebozoa phylum, all 
Vermamoeba isolates clustered with Vermamoeba vermiformis , all Co- 
promyxa isolates clustered with Copromyxa protea , and the Echi- 
namoeba isolate was closely associated with Echinamoeba exundans 
(Fig. 3 B). Among the Acanthamoeba isolates, phylogenetic analy- 
sis r e v ealed intr a-gen us di versity. For instance, isolate A57 clus- 
tered with Acanthamoeba mauritaniensis , while isolates A8 and A62 
formed a distinct br anc h fr om other Acanthamoeba isolates. How- 
e v er, other isolates did not exhibit diversity based on the partial 
8S rRNA gene used in this study (Fig. 3 C). Within the Discoba
h ylum, the Tetr amitus isolate was closely related to Tetramitus en-
ericus , the Singhamoeba isolate was near Singhamoeba horticola , and
he Naegleria isolate was close to Naegleria gruberi . The ‘unknown’
solate (A41) did not cluster closely with any genus group based on
he partial sequence used and may r equir e a complete 18S rRNA
ene for phylogenetic analysis (Fig. 3 D). Additional details, such
s SSU (small subunit)-rDNA sequences, accession numbers of 
est matches on NCBI, or relative information about isolation, are
ummarized in Supplementary Data 2 . 

acterial identification reveals many 

seudomonadota and FLA-associated bacteria 

LA-associated bacteria were identified at the genus le v el based
n partial 16S rRNA gene sequences. As FLA were cultured on
lates seeded with E. coli , the sequences from the enrichment
ere sequenced in high amount and could not be differentiated

rom sequences originating from environmental FLA-associated 

. coli . Ther efor e, for the results presented in this study, all E.
oli and, consequently, Shigella sequences were removed. Bacteria 
rom the Pseudomonadota phylum were the most abundant, com- 
rising 82.15% of the sequences, and occurred at e v ery location

Fig. 4 ). Bacteroidota and Bacillota accounted for 7.76% and 7.10%
f sequences, r espectiv el y, and these phyla wer e also detected in

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae164#supplementary-data
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Figure 3. Diversity of environmental amoebae isolates. Identification was obtained via 18S rRNA partial gene with Sanger sequencing. Genera diversity 
(A) and phylogeny of Amoebozoa (B) with a focus on the Acanthamoeba group (C) and Discoba (D) rooted with SAR as outgroup based on 18S rRNA 

partial gene. FLA were isolated from water (blue), soil (red), and faeces samples (brown) at 20 ◦C (l) or 37 ◦C (n). 
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Figure 3. Continued . 
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samples from all locations. Actinomycetota were also identified 

in all locations, though systematically in low abundances ( < 1%).
Within this phylum, it should be underlined that no mycobacteria 
sequences were detected. All other phyla also r epr esented < 1% of 
sequences . Among those , se v er al identified phyla ar e notoriousl y 
nown for bearing r epr esentativ e that adopt a strict intracellular
ifestyle, such as Babelota (synonym De pendentiae), Chlam ydiota,
nd Mycoplasmatota. It should be noted that while lowly abun-
ant, Mycoplasmatota and Chlamydiota were found in 90% and 

00% of sequenced samples (Fig. 4 ). 
5
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Figure 4. Relative abundance of bacteria associated to cultivable amoebae and occurrence in infected cattle environment. Phyla diversity; each point 
r epr esents one bacterial phylum and log scale size for each point is in the legend (A). Genera diversity within Pseudomonadota phylum; each point 
r epr esents one genus. Colours were attributed based on literature when at least one species within the genus was described as amoeba-resistant 
bacteria (purple), or intracellular in amoeba (green). Grey colour is when no information was found (B). Relative abundance threshold fixed at 0.0001%. 
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Due to their high r elativ e abundance, occurr ence, and ric h-
ess as FLA-associated bacteria, a specific focus was given on
he Pseudomonadota (Fig. 4 B). Ov er all, it r epr esented a total of
08 genus-le v el identified taxa, among whic h onl y 10 wer e found
n all analysed samples. In this core diversity, genera of known
moeba-r esistant bacteria suc h as Pseudomonas , Legionella , Coxiella ,
nd Stenotrophomonas were identified, among others (all amoeba-
esistant bacteria identified were indicated by purple colour in
ig. 4 B). Additionall y, gener a described as strict intracellular were
lso identified, such as re presentati ve of Diplorick ettsiaceae and
rocabacter . 

races of Mbo and Map DNA are found associated
o FLA 

ur primary objective was to investigate the potential associa-
ion of Mbo and Map with environmental FLA. To achieve this, we
ursued two a ppr oac hes: (1) Mbo and Map DNA detection in DNA
xtr acted fr om the migr ation fr onts by ddPCR methods, to min-
mize the effects of inhibitors due to sample partitioning and to
r oduce mor e accur ate r esults for low le v els of nucleic acids than
PCR (Taylor et al. 2017 , Nyaruaba et al. 2019 ) and (2) mycobac-
eria culture attempts from the migration fronts. Mbo and Map
N A w ere detected b y ddPCR in se v er al samples (Table 1 ). This de-

ection was weak, not consistently reproducible, suggesting that
NA from these bacteria was present only in trace amounts. Ad-
itionally, Map DN A w as mor e fr equentl y detected than Mbo DNA,
ith the latter being detected in onl y thr ee samples out of the 78
ested. In the positive samples, the main FLA genus isolated was
ermamoeba . Besides, FLA l ysates fr om all samples wer e cultur ed

n an attempt to r ecov er viable Mbo or Map cells. Unfortunately,
o positiv e cultur es wer e obtained for either bacteria. In conclu-
ion, Mbo and Map , if pr esent, wer e not highl y associated with the
igr ation fr onts, suggesting that they might be poorly associated
ith FLA r ecov er ed in this study in the environment. 

iscussion 

LA have been described as reservoirs for several pathogenic bac-
eria in the envir onment, suc h as L. pneumophila . Se v er al studies
ave assessed the interaction of Mbo and Map and FLA in vitro , but
 ery fe w studies hav e been focused on how suc h inter action can
ccur in the environment. For this reason, our aim was to assess
hether FLA can also act as a reservoir of Mbo and Map by search-

ng for Mbo and Map in the environment of farm known to be posi-
ive to bTB or paraTB. An extensive study over one year allowed to
ollect 90 samples in 20 farm locations. To our knowledge, no such
ampling effort has been described before in Nouvelle-Aquitaine,
llowing to harvest 235 migration fronts . T he results show that
lmost all samples were positive for FLA culture, which is not so
urprising as FLA is widely known to be omnipresent in a wide
rray of environments. The metabarcoding analysis of the migra-
ion fronts allo w ed to sim ultaneousl y identify both pr okaryotic
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Figure 4. Continued . 

Table 1. Mbo and Map DNA associated to amoebae detection by ddPCR. 

Mycobacterial DNA targeted Farm ID 

Number of 
samples 

Sample 
nature 

% positi v e 
droplet (ddPCR) ∗ FLA isolated 

Mycobacterium bovis 3 2 Water 0 .00 279 Vermamoeba sp. 
4 12 Soil 0 .00 244 
5 14 Water 0 .00 246 

Mycobacterium avium subsp. paratuberculosis 1 3 Water 0 .00 265 Vermamoeba sp . 
3 Water 0 .00 267 
3 Water 0 .00 517 
3 Water 0 .00 492 
6 Water 0 .01 104 
9 Soil 0 .00 297 

10 Soil 0 .00 578 
36 Water 0 .00 870 Vermamoeba sp. 
38 Soil 0 .00 258 

3 2 Water 0 .00 543 Vermamoeba sp. 
2 Water 0 .00 265 Vermamoeba sp. 

4 12 Soil 0 .01 016 
5 15 Water 0 .00 820 Acanthamoeba sp. 
6 22 Water 0 .00 549 

23 Soil 0 .00 246 
7 25 Soil 0 .00 511 
8 33 Soil 0 .00 247 
9 40 Water 0 .00 280 

11 47 Water 0 .00 265 
51 Soil 0 .00 260 

12 54 Soil 0 .00 587 Acanthamoeba sp.; Singhamoeba sp.; 
Copromyxa sp.; Acanthamoeba sp . 

13 58 Water 0 .00 560 

∗P er centage of positive droplets was calculated on 37 542 ± 2229 droplets. 
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nd eukaryotic diversity in a single PCR assay. According to the
R2 primer database, the primer set we chose for this approach
overs 97% of bacteria and 91% of eukaryotes. The sequencing
epth r eac hed using Oxford Nanopor e sequencing enabled to sat-

sfyingl y cov er both domains. Noticeabl y, the ov erwhelming ma-
ority of identified eukaryotic sequences belonged to FLA, indicat-
ng the enrichment method used in this study allows to specifi-
ally favour this group of protists . T hus , w e w ere able to describe
 lar ge div ersity of FLA, belonging to > 16 gener a of FLA, cov er-
ng most major—yet highly divergent—taxonomic groups bear-
ng FLA, such as Amoebozoa, Heterolobosea, and Rhizaria. Impor-
antly, the primer pair used in this study does not show any par-
icular amplification bias to w ar ds Heter olobosea, whic h is mostl y
ncov er ed by many universal eukaryotic primers described in the

iter atur e (Delafont et al. 2022 ). In comparison with the classically
mplemented a ppr oac h of FLA identification, consisting in sub-
loning and Sanger sequencing of isolates, metabarcoding identi-
ed twice as m uc h div ersity at the genus le v el. Ho w e v er, all gener a
lassically identified were also recovered by metabarcoding. In-
eed, HTS-based identification provides increased sensitivity for
iv ersity anal yses, but also points to FLA gener a that ar e mor e
r less likely to be r ecov er ed by a classic a ppr oac h. In line with
his, gener a suc h as Vahlkampfia , Rosculus , Guttulinopsis , and Willaer-
ia were not recovered in purified cultures, despite being present
n the initial migration fronts. Such difficulties in environmental
LA cultur e wer e also observ ed for the Rosculus genus, underl y-
ng the importance of specific growth conditions (Samba-Louaka
t al. 2018 , Jessu et al. 2023 ). Such information should direct fu-
ure studies in adapting protocols for specific recovery of those
LA genera. 

The enrichment method used in this study, consisting in feed-
ng FLA with a lawn of E. coli, involves filtering out all E. coli se-
uences from the dataset, including those of potentially FLA-
ssociated ones . Furthermore , it must be k e pt in mind that the
ay this enric hment sha pes FLA div ersity r emains mostl y un-
nown; it is likely that part of FLA diversity may not be enriched
n such conditions. Culture-independent approaches could bring
 aluable information r egar ding this aspect. Ho w e v er, this step r e-
ains indispensable to study the association with bacteria and to

solate specific FLA strains . T he Naegleria , Acanthamoeba , and V er -
amoeba were the most represented in our samples, in line with
ther environmental study of FLA focused on water and soil sam-
les (Geisen et al. 2014 , Denet et al. 2017 ). Besides, the three Co-
romyxa isolates were isolated from soil. Also, less described gen-
ra, but belonging to the same group were also present with high
ccurrence (i.e. Tetramitus , Vahlkampfia , and Learamoeba ). 

Regarding the metabarcoding analysis of the bacteria, no My-
obacterium sequence were found. It suggests that mycobacteria
ould not be detected using this method or that these bacteria
ere not or poorly associated to the FLA migration fronts. Also,
. coli were used to feed FLA to isolate them and was sequenced
ith a high cov er a ge r ate, perha ps masking sequences present

n lo w er abundance, suc h as Mycobacterium sp. On the contr ary, a
igh abundance and occurrence of Pseudomonadota were found.
he main genera were Pseudomonas , Legionella, Stenotrophomonas ,
nd Coxiella , which have been all described before to interact with
LA and to present FLA-resistant bacteria (Rowbotham 1980 , La
cola and Raoult 2001 , Cateau et al. 2014 , Steele et al. 2023 ). In a
r e vious study of FLA-associated bacteria in drinking water, Pseu-
omonas and Stenotrophomonas were the most represented genera
ound by a similar a ppr oac h (Delafont et al. 2016 ). 

To go further in the search of Mbo and/or Map DNA in interac-
ion with FLA, ddPCR experiments were conducted and allowed
o detect traces of these DNA in the migration fronts. It should
e underlined that these results need to be confirmed by the iso-
ation of the bacteria and not only their DNA to strengthen the
ypothesis that FLA might be a reservoir for these bacteria in the
nvir onment. Cultiv ating these slo w-gro wing bacteria from envi-
onmental samples is challenging but Mbo and Map DNA have
een already found in water and soil (Rhodes et al. 2013 , Bar-
ier et al. 2016 ). The absence of cultivable Mbo and Map in the
igr ation fr onts suggests that these bacteria were not associ-

ted or poorly associated with FLA in the environment or, al-
ernativ el y, that our samples were not r epr esentativ e of the real
ituation. Indeed, our sampling may have missed the targeted
ycobacterium, which would be really present and/or the diffi-

ulty to isolate these bacteria from the environment hinders their
resence. 

onclusion 

n conclusion, this extensive sampling effort, coupled with HTS
equencing, allo w ed us to identify a large array of FLA, includ-
ng some poorly described genera. In addition, the identification
f bacteria underlined the presence of many Pseudomonadota
nd FLA-associated bacteria, but no Mbo or Map DN A w ere found
 y sequencing. Ho w e v er, tr aces of these DN A w ere detected b y
dPCR, suggesting that Mbo and/or Map might be present in as-
ociation with FLA but in very low amounts in our samples . T his
ay be due to a poor association in the environment or a sam-

ling bias, as we are searching for a needle in a haystack. Further-
or e, the inter actions of FLA isolates with these bacteria should

e further c har acterized in vitro to better understand if it could
articipate to mycobacterium survival and transmission in the
nvironment. 
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