
MicrobiologyOpen. 2019;8:e872.	 		 	 | 	1 of 10
https://doi.org/10.1002/mbo3.872

www.MicrobiologyOpen.com

 

Received:	14	December	2018  |  Revised:	29	April	2019  |  Accepted:	30	April	2019
DOI: 10.1002/mbo3.872  

O R I G I N A L  A R T I C L E

Evaluation of the occurrence of sporulating and nonsporulating 
pathogenic bacteria in manure and in digestate of five 
agricultural biogas plants

Caroline Le Maréchal1  |   Céline Druilhe2 |   Elisabeth Repérant1 |   Evelyne Boscher1 |   
Sandra Rouxel1 |   Sophie Le Roux2 |   Typhaine Poëzévara1 |   Christine Ziebal2 |   
Catherine Houdayer1 |   Bérengère Nagard1 |   Frédéric Barbut3 |   Anne‐Marie Pourcher2  |   
Martine Denis1

This	is	an	open	access	article	under	the	terms	of	the	Creat	ive	Commo	ns	Attri	bution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided the original work is properly cited.
©	2019	The	Authors.	MicrobiologyOpen	published	by	John	Wiley	&	Sons	Ltd.

1ANSES,	Ploufragan‐Plouzané	Laboratory,	
Hygiene	and	Quality	of	Poultry	and	Pig	
Products	Unit,	Bretagne‐Loire	University,	
Ploufragan,	France
2OPAALE	Research	Unit	(Optimization	of	
Processes	in	Agriculture,	Agri‐Food	and	
Environment),	IRSTEA,	Bretagne‐Loire	
University,	Rennes,	France
3National	Reference	Laboratory	for	
Clostridioides difficile,	Saint‐Antoine	Hospital,	
Assistance	Publique‐Hôpitaux	de	Paris,	
Paris,	France

Correspondence
Caroline	Le	Maréchal,	ANSES,	Ploufragan‐
Plouzané	Laboratory,	Hygiene	and	Quality	
of	Poultry	and	Pig	Products	Unit,	Bretagne‐
Loire	University,	BP53,	F‐22440	Ploufragan,	
France.
Email:	caroline.lemarechal@anses.fr

Funding information
Agence	de	l'Environnement	et	de	la	Maîtrise	
de	l'Energie,	Grant/Award	Number:	
1606C0022

Abstract
The number of agricultural biogas plants has been increasing in the past decades 
in	some	European	countries.	Digestates	obtained	after	anaerobic	digestion	(AD)	of	
manure	are	usually	spread	on	agricultural	land;	however,	their	hygiene	status	regard‐
ing pathogens posing public health and/or animal health challenges has been poorly 
characterized	up	to	now	in	France.	In	this	study,	three	replicates	of	manure	and	di‐
gestate were collected from five farm biogas plants receiving animal manure in order 
to	assess	 the	occurrence	and	concentrations	of	 sporulating	 (Clostridium botulinum,	
Clostridioides difficile,	 Clostridium perfringens)	 and	 nonsporulating	 (Listeria monocy‐
togenes,	thermotolerant	Campylobacter	spp.,	Salmonella,	Escherichia coli,	enterococci)	
bacteria. Concentrations of E. coli,	enterococci,	and	C. perfringens in digestates ranged 
from 102 to 104,	104 to 105,	and	<103 to 7 × 105	CFU/g,	respectively.	Salmonella and C. 
difficile were detected in manure and digestate from the five biogas plants at concen‐
trations	ranging	from	<1.3	to	>7	×	102	MPN/g	and	from	1.3	to	3	×	102	MPN/g,	respec‐
tively. Thermotolerant Campylobacter,	detected	 in	all	 the	manures,	was	only	found	
in	two	digestates	at	a	concentration	of	cells	ranging	from	<10	to	2.6	×	102	CFU/g.	
Listeria monocytogenes and C. botulinum were detected in three manures and four 
digestates. The bacterial counts of L. monocytogenes and C. botulinum	did	not	exceed	
3 × 102	and	14	MPN/g,	respectively.	C. botulinum	type	B	was	detected	at	very	low	
level in both the manure and digestate of farm biogas plants with no botulism history. 
The levels of pathogenic bacteria in both manure and digestate suggested that some 
bacteria	can	persist	throughout	AD.
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1  | INTRODUC TION

Anaerobic	 digestion	 (AD)	 is	 a	 sustainable	 technology	 for	 convert‐
ing	livestock	manure	into	biogas.	Moreover,	the	stabilized	residues	
of	AD,	called	digestates,	are	usually	 spread	on	agricultural	 land	as	
fertilizer.	 However,	 pathogenic	 microorganisms	 in	 manure	 and	 di‐
gestate	 can	 pose	 sanitary	 risks	 through	 land‐spreading,	 such	 as	
the	 transmission	 of	 pathogens	 to	 vegetables.	 Pathogens	 such	 as	
Campylobacter jejuni,	Salmonella	spp.,	and	Listeria monocytogenes are 
known	 to	 be	 responsible	 for	 major	 food‐borne	 zoonotic	 diseases	
(EFSA,	2016)	and	to	be	excreted	by	farm	animals	that	constitute	a	
reservoir	 (Avrain,	 Humbert,	 Sanders,	 Vernozy‐Rozand,	 &	 Kempf,	
2004;	Boscher,	Houard,	&	Denis,	2012;	Kempf	et	al.,	2017;	Milnes	
et	 al.,	 2008;	Patterson,	Kim,	Borewicz,	&	 Isaacson,	2016;	Tadesse	
et	al.,	2011;	Thépault	et	al.,	2018).	Moreover,	these	pathogens	can	
persist	in	manure,	soil	and	water	(Cevallos‐Cevallos,	Gu,	Richardson,	
Hu,	 &	 Bruggen,	 2014;	 Erickson,	 Smith,	 Jiang,	 Flitcroft,	 &	 Doyle,	
2014;	Jäderlund,	Sessitsch,	&	Arthurson,	2011).	The	fate	of	human	
and	animal	pathogens	through	the	AD	process	is	therefore	of	major	
concern.	 The	 pathogen	 die‐off	 efficiency	 of	 this	 process	 depends	
on the feedstock composition as well as on operational parameters 
such	as	organic	loading	rate,	hydraulic	retention	time,	and	tempera‐
ture	(mesophilic	or	thermophilic).	Pathogen	inactivation	rates	have	
been	shown	to	be	lower	in	mesophilic	than	in	thermophilic	AD	plants	
(Watcharasukarn,	 Kaparaju,	 Steyer,	 Krogfelt,	 &	 Angelidaki,	 2009).	
Mesophilic	 AD	 has	 been	 reported	 as	 reducing	 concentrations	 of	
pathogens	by	only	1–2	log	units	(Avery,	Booth,	Campbell,	Tompkins,	
&	Hough,	2012).	Therefore,	pathogens	may	still	be	present	after	me‐
sophilic	AD.	Moreover,	digestate	is	often	stored	before	being	spread	
on	 agricultural	 land	 (Himathongkham,	 Bahari,	 Riemann,	 &	 Cliver,	
1999).	 The	potential	 regrowth	of	pathogens	during	 the	 storage	of	
digestate	has	already	been	reported	(Fu,	Jiang,	Liu,	&	Liu,	2014;	Orzi	
et	 al.,	 2015)	 and	 the	 survival	 of	 Salmonella spp. and L. monocyto‐
genes after digestate addition to soil has already been demonstrated 
(Johansson,	Emmoth,	Salomonsson,	&	Albihn,	2005).

The	 fate	 of	 pathogens,	 in	 particular	Clostridium botulinum and 
Salmonella	 spp.,	 during	 mesophilic	 AD	 appears	 to	 be	 a	 matter	 of	
public	health	concern,	especially	in	Germany	which	has	a	high	num‐
ber	 of	 agricultural	 biogas	 plants	 (Froschle,	 Heiermann,	 Lebuhn,	
Messelhausser,	&	Plochl,	2015).

Up	 to	 now,	 no	 study	 had	 been	 conducted	 in	 France	 to	 assess	
the contamination of manure and digestate samples in agricultural 
biogas plants. The aim of this work was to assess the contamina‐
tion	 of	 these	 organic	 products	 by	 sporulating	 (Clostridium perfrin‐
gens,	 Clostridioides difficile,	 and	 C. botulinum)	 and	 nonsporulating	
(Escherichia coli and enterococci as biological indicators; Salmonella 
spp.,	thermotolerant	Campylobacter and L. monocytogenes as major 
zoonotic	 bacteria)	 bacterial	 species.	 Besides	 pathogenic	 bacteria,	
fecal	indicator	bacteria	(FIB),	that	is,	E. coli,	enterococci,	and	C. per‐
fringens were monitored as they are commonly monitored to evalu‐
ate	the	sanitation	efficiency	of	AD.	This	preliminary	study	provides	
a picture of the level of contamination of eight bacterial species in 
liquid	manure	and	digestate	from	five	biogas	plants.

2  | MATERIAL S AND METHODS

2.1 | Biogas plants and sampling

Liquid	manure	and	digestate	samples	were	collected	from	five	biogas	
plants	(encoded	BP1–BP5)	located	in	France.	Features	of	the	biogas	
plants	are	shown	in	Table	1.	All	of	the	biogas	plants	were	mesophilic	
(38.5–41.0°C),	except	BP3	 for	which	 the	 temperature	was	around	
27°C.	The	livestock	effluents	to	be	treated	through	AD	were	either	
pig	manure	(BP1,	3	and	4),	cattle	manure	(BP2),	or	both	(BP5).	The	
units	were	fed	daily	with	liquid	manure	and	organic	cosubstrates.

Each	biogas	plant	was	visited	once.	The	liquid	manure	and	diges‐
tate	of	each	biogas	plant	were	collected	in	three	replicates.	Liquid	ma‐
nure was collected in a storage tank and digestate at the outlet valve 
of	 the	 digester,	 after	 homogenization	 of	 the	manure	 and	 digestate	
for	at	least	20	min.	The	samples	were	collected	in	1	L	sterile	bottles,	
transported	at	room	temperature	for	less	than	1	hr,	and	analyzed	on	
the	same	day.	Finally,	30	samples	(15	samples	of	liquid	manures	and	15	
samples	of	digestates)	were	considered	for	microbiological	analysis.

2.2 | Microbiological analysis

Culture‐based	methods	were	used	for	pathogen	detection	and	enumer‐
ation	except	for	C. botulinum for which no selective medium is available 
and	molecular	methods	were	required	after	the	enrichment	step.

For	each	pathogen,	except	for	C. difficile for which 1 g samples 
were	used	 for	detection	and	enumeration,	25	g	samples	were	ho‐
mogenized	in	a	filter	bag	with	225	ml	of	the	appropriate	enrichment	
broth	using	a	Pulsifier	(Microgen,	Surrey,	UK)	for	15	s.

2.2.1 | Enumeration of FIB

For	each	FIB,	25	g	samples	were	homogenized	in	a	filter	bag	with	225	ml	of	
buffered	peptone	water	(BPW;	Thermo	Fisher	Diagnostics	SAS,	Dardilly,	
France).	Serial	10‐fold	dilutions	were	then	prepared	using	sterile	BPW.

TA B L E  1   Technical data of the anaerobic digestion plants on the 
day of sampling

Process 
characteristics

Biogas plant

BP1 BP2 BP3 BP4 BP5

Pig	manure	(T/d)a 18 — 12 13.5 5

Cattle manure 
(T/d)

— 7.5 — 4 8

Poultry	manure	
(T/d)

— 1.5 — — —

Agricultural	co‐
substrates	(T/d)

6.5 5 0.5 12.5 3.5

Hydraulic reten‐
tion	time	(d)

40 70 44 65 64

Process	tempera‐
ture	(°C)

40 38.5 27 41 39.5

aTons per day. 
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Escherichia coli

One milliliter of the serial dilutions was transferred into sterile plates 
and	 15	 ml	 of	 tryptone	 bile	 X‐glucuronide	 medium	 (TBX;	 Thermo	
Fisher	Diagnostics	SAS)	were	added	per	plate.	The	plates	were	incu‐
bated	at	44°C	for	24	hr.	After	incubation,	blue	colonies	(glucuroni‐
dase‐positive)	were	counted.

Enterococci

A	 0.1	 ml	 aliquot	 of	 each	 dilution	 was	 plated	 on	 Slanetz–Bartley	
agar	 (Thermo	 Fisher	 Diagnostics	 SAS)	 and	 incubated	 at	 37°C	 for	
48	hr.	Typical	colonies	were	confirmed	with	bile	esculin	agar	(Biokar	
Diagnostics,	Beauvais,	France)	after	incubation	at	44°C	for	2	hr.

Clostridium perfringens

Clostridium perfringens	(spores	after	heat	shock	at	80°C	for	10	min	as	
well	as	vegetative	forms)	were	counted	according	to	 ISO	7937	 (ISO,	
2005).	Briefly,	1	ml	of	each	dilution	was	transferred	to	sterile	plates	
and	 15	ml	 of	 tryptose	 sulfite	 cycloserine	 agar	 (TSC;	 Thermo	 Fisher	
Diagnostics	SAS)	were	added	per	plate.	After	mixing,	when	the	agar	had	
solidified,	the	medium	was	covered	with	10	ml	of	TSC	agar.	The	plates	
were	incubated	in	anaerobic	jars	at	37°C	for	20	±	2	hr.	Characteristic	
colonies	(H2S	positive)	were	counted	and	five	black	colonies	were	in‐
oculated	into	fluid	thioglycollate	medium	(Thermo	Fisher	Diagnostics	
SAS).	 After	 incubation	 at	 37°C	 for	 20	 ±	 2	 hr	 in	 anaerobic	 jars	with	
anaerobic	gas	packs	 (Oxoid,	Dardilly,	France),	 five	drops	of	 the	 thio‐
glycollate	broth	were	inoculated	into	lactose	sulfite	broth	(Grosseron,	
Coueron,	France)	in	Durham	tubes.	They	were	incubated	at	46°C	for	
20	±	2	hr	in	a	water	bath.	Durham	tubes	more	than	one‐quarter	full	
of gas and tubes having a black precipitate were considered positive.

The	 bacterial	 counts	 were	 expressed	 as	 colony‐forming	 units	
(CFUs)	per	wet	weight	of	sample.

2.2.2 | Detection and enumeration of L. 
monocytogenes

For	 enumeration,	 1	 ml	 of	 a	 10‐fold	 dilution	 performed	 in	 half‐
strength	Fraser	broth	(Biokar	Diagnostics)	was	plated	on	Agar	Listeria	
Ottavani	and	Agosti	plates	(ALOA)	(BioMérieux,	Craponne,	France),	
as	described	in	the	NF	EN	ISO	7218	method	(AFNOR,	2007a).

Preenrichment	in	half‐strength	Fraser	broth	(Biokar	Diagnostics)	
was	undertaken	in	parallel	at	30°C	for	24	hr,	followed	by	enrichment	

in	 Fraser	 broth	 at	 37°C	 for	 48	 hr	 for	 the	 detection	 of	 L. monocy‐
togenes	 using	 the	NF	 EN	 ISO	11290‐1/A1:2005	method	 (AFNOR,	
2005).	The	broths	were	streaked	on	ALOA	plates.

All	the	plates	were	incubated	at	37°C	for	24	hr.	The	presence	of	
L. monocytogenes was deduced from the following characteristics of 
the	ALOA	colonies,	that	is,	green‐blue	colonies	with	an	opaque	halo.

2.2.3 | Detection and 
enumeration of thermotolerant Campylobacter

For	 enumeration,	 1	ml	 of	 a	 10‐fold	 dilution	 performed	 in	 Preston	
broth	 (Thermo	 Fisher	 Diagnostics	 SAS)	 was	 plated	 on	 a	 selective	
medium—CASA	 (BioMérieux,	 Craponne)—as	 described	 in	 ISO/TS	
10272‐2:2006	 (ISO,	 2006).	 CASA	 was	 used	 as	 selective	 medium	
because of its performance for detecting Campylobacter had been 
demonstrated	by	Repérant,	Nagard,	and	Denis	()	to	be	superior	com‐
pared	to	the	eight	other	selective	agars	(Repérant	et	al.,	).

Enrichment	 in	 Preston	 broth	 was	 undertaken	 in	 parallel,	 at	
41.5°C	in	a	microaerobic	atmosphere	(5%	O2,	10%	CO2,	85%	N2)	for	
24	hr,	followed	by	streaking	on	CASA.

All	of	the	plates	were	incubated	at	41.5°C	in	a	microaerobic	at‐
mosphere for 48 hr. The presence of typical colonies on the plates 
(small	curved	bacilli	with	spiraling	“corkscrew”	motility)	was	checked	
under a microscope.

2.2.4 | Detection and enumeration of Salmonella

Salmonella enumeration was performed using the most probable 
number	 (MPN)	method	 as	 described	 in	 ISO/TS	 6579‐2:2012	 (ISO,	
2012).	Enrichment	in	Peptone	Water	broth	was	undertaken	in	par‐
allel	 at	 37°C	 for	 24	hr	 for	 detection	using	 the	NF	U	47‐100:2001	
method	(AFNOR,	2007b).

All	 the	 enrichments	 (from	 detection	 and	 enumeration)	 were	
streaked	 on	 Rapid'Salmonella	 plates	 (BioRad	 Laboratories,	 Inc.,	
Marnes‐la‐Coquette,	France).	The	plates	were	incubated	at	37°C	for	
24 hr. The presence of Salmonella was deduced from the following 
characteristics	of	the	Rapid'Salmonella	agar	colonies,	that	is,	fuchsia	
colonies.

2.2.5 | Detection and enumeration of C. botulinum

Due to the absence of selective media for the detection or enumera‐
tion of C. botulinum,	a	strategy	different	from	the	one	used	 in	this	
study for other bacterial species was carried out for this pathogen 
by combining cultural and molecular methods.

For	 detection	 of	 C. botulinum,	 regardless	 of	 the	 form	 (vege‐
tative	or	 spore	cells),	 25	g	of	each	 sample	were	10‐fold	diluted	 in	
prereduced	trypticase	peptone	glucose	yeast	broth	(TPGY)	and	ho‐
mogenized	using	a	Pulsifier	 (Microgen)	for	15	s.	The	samples	were	
then	incubated	at	37°C	in	an	anaerobic	chamber	(A35;	Don	Whitley	
distributed	 by	BioMérieux,	 Bruz,	 France)	 filled	with	 anaerobic	 gas	
(10%	H2,	 10%	CO2,	 80%	N2).	 After	 24	 hr	 of	 incubation,	 1	ml	was	
collected	for	DNA	extraction.	Optimal	 incubation	time	(24	hr)	was	

TA B L E  2  Number	of	positive	samples	among	the	number	of	
samples	collected	from	the	five	BP	(one	sample	was	considered	
positive	as	soon	as	at	least	one	replicate	was	positive)

 Liquid manure Digestate

Thermotolerant 
Campylobacter

5/5 2/5

Listeria monocytogenes 2/5 4/5

Salmonella spp. 5/5 5/5

Clostridium botulinum 3/5 4/5

Clostridioides difficile 5/5 5/5
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determined by comparing the rate of detection of C. botulinum after 
24	hr,	4	and	10	days	of	TPGY	broth	incubation	(data	not	shown).

Enumeration	 was	 undertaken	 for	 positive	 samples	 using	 the	
MPN	 method.	 Twenty‐five‐gram	 frozen	 samples	 were	 10‐fold	 di‐
luted	 in	 prereduced	TPGY,	 homogenized	 for	15	 s	 using	 a	Pulsifier	
(Microgen)	and	then	1:5	diluted	in	a	serial	dilution	in	2	ml	TPGY	in	
triplicate	using	a	12‐well	microplate.	The	serial	dilutions	were	incu‐
bated	at	37°C	in	the	anaerobic	chamber	for	24	hr.	One	ml	of	each	
well	was	then	collected	after	24	hr	of	incubation	for	DNA	extraction.

DNA	extraction	was	performed	using	the	NucleoSpin	Soil	DNA	
extraction	 kit	 (Macherey‐Nagel,	 Hoerdt,	 France)	 according	 to	 the	
manufacturer's	instructions.

Detection	of	the	encoding	genes	for	botulinum	neurotoxin	(BoNT)	
types	A,	B,	E,	and	F	and	a	group	III	target	was	performed	using	real‐time	
PCR	with	a	Bio‐Rad	CFX96	thermal	cycler	using	published	primers	and	
probes	(Fach,	Micheau,	Mazuet,	Perelle,	&	Popoff,	2009;	Woudstra	et	
al.,	2015).	Each	PCR	reaction	included	a	total	volume	of	25	µl,	contain‐
ing	5	µl	of	DNA	template,	10	µl	of	Perfecta	Tough	mix	(Quanta;	VWR,	
Fontenay,	France)	and	a	final	concentration	of	600	nmol/L	for	primers	
and	400	nmol/L	for	probes.	The	thermal	profile	was	as	follows:	5	mins	
at	95°C,	followed	by	45	cycles	of	denaturation	at	95°C	for	15	s	and	
an	annealing	extension	at	55°C	for	30	s.	Each	run	 included	positive	
and negative controls for each target as well as a commercial internal 
control	(QuantiFast	Pathogen	+	IC	Kits;	Qiagen,	Courtaboeuf,	France)	
used	according	to	the	manufacturer's	instructions.

A	sample	was	considered	positive	when	a	characteristic	ampli‐
fication	was	detected.	For	enumeration,	the	MPN/g	value	was	esti‐
mated	by	an	MPN	calculator	with	a	95%	confidence	interval.

2.2.6 | Detection and enumeration of C. difficile

For	 detection	 of	C. difficile,	 regardless	 of	 the	 form	 (vegetative	 or	
spore	cells),	1	g	of	each	sample	was	10‐fold	diluted	 in	brain	heart	
infusion	(BHI;	BioMérieux,	Craponne)	supplemented	with	0.1%	tau‐
rocholate	 (Sigma	Aldrich,	Lyon,	France),	 cefoxitin	 (8	mg/L)	and	cy‐
closerine	(250	mg/L)	(Oxoid).	Tubes	were	incubated	at	37°C	in	the	
anaerobic	chamber.	After	7	days	of	 incubation,	streaking	from	the	
enrichment was performed on ChromID C. difficile plates using a 
10	µl	loop.	The	plates	were	incubated	for	48	hr	at	37°C	in	the	anaer‐
obic	chamber.	Positive	colonies	were	recognizable	by	their	specific	
black color and/or form.

Optimal	incubation	time	(7	days)	of	supplemented	BHI	was	de‐
termined by comparing the rate of recovery of C. difficile	after	7,	10,	
and	30	days	of	incubation	(data	not	shown).

For	enumeration,	1	g	of	each	sample	was	10‐fold	diluted	in	BHI	
supplemented	with	 0.1%	 taurocholate,	 cefoxitin	 (8	mg/L),	 and	 cy‐
closerine	 (250	mg/L).	 It	was	homogenized	using	a	 vortex	 and	was	
then	1:5	diluted	in	a	serial	dilution	in	2	ml	of	BHI	in	triplicate	using	a	
12‐well	microplate.	After	7	days	of	incubation	at	37°C	in	the	anaer‐
obic	chamber,	each	well	was	streaked	on	a	ChromID	C. difficile plate. 
Positive	colonies	were	recognizable	by	their	specific	black	color	and	
form.	The	MPN/g	value	was	estimated	by	an	MPN	calculator	with	a	
95%	confidence	interval.

3  | RESULTS

Results on the detection of pathogens in the manures and digestates 
of	 the	 five	 biogas	 plants	 are	 reported	 in	 Table	 2	 and	 the	 FIB	 and	
pathogenic bacterial concentrations are reported in Table 3.

3.1 | Quantification of FIB

The concentrations of E. coli,	ranged	from	3.1	×	104 to 4 × 105	CFU/g	
in	manures,	were	0.7	 to	2.5	Log10 lower	 in	digestates.	Enterococci	
counts were in the same order of magnitude in manures and diges‐
tates	(1.2	×	104 to 2.7 × 105	CFU/g).	Clostridium perfringens had the 
highest variations in concentrations which ranged between less than 
102	CFU/g	 (BP2	digestate)	 to	7.6	×	105	CFU/g	 (BP3	digestate).	As	
observed	for	enterococci,	the	difference	of	concentration	between	
manure	and	digestate	did	not	exceed	0.8	Log10. The proportion of 
spores,	ranged	from	1.5%	to	12.9%	in	manure,	was	close	to	that	ob‐
served	in	digestates	(0.9%–5.6%).

3.2 | Detection and quantification of 
pathogenic bacteria

Thermotolerant Campylobacter was present in all manures but 
only	 in	 two	 out	 of	 five	 digestates.	 Regardless	 the	 matrix	 (ma‐
nure	 or	 digestate),	 their	 concentration	 ranged	 between	 9.7	 ×	 101 
and	 2.5	 ×	 102	 CFU/g.	 Except	 for	 BP3,	 where	 the	 concentration	
in	 digestate	 was	 0.3	 Log10	 more	 than	 in	 manure,	 thermotolerant	
Campylobacter counts were higher in manure than in digestate.

Listeria monocytogenes were detected in three manures and four 
digestates.	Their	concentration	was	below	10	CFU/g,	except	in	the	
BP4	manure	(3.3	×	102	CFU/g)	and	BP1	digestate	(3.4	×	102	CFU/g).

Salmonella spp. were systematically detected in both the manures 
and	digestates	of	the	five	biogas	plants,	with	concentrations	ranging	
from	 below	1.3	MPN/g	 to	 above	 7.1	 ×	 102	MPN/g.	Nevertheless,	
their	 counts	 were	 higher	 in	 manures	 than	 in	 digestates	 in	 all	 BP.	
Except	 in	 the	BP4	digestate	which	 contained	 the	highest	 concen‐
tration of Salmonella	spp.,	the	counts	of	Salmonella spp. in digestates 
were	below	5	MPN/g.

Clostridium botulinum	were	detected	 in	 the	BP2,	BP3,	and	BP5	
manures	and	in	all	the	digestates	except	for	BP1.	Their	concentra‐
tions,	similar	in	manure	and	digestate	within	the	same	biogas	plant,	
were	very	low.	They	were	below	1.4	MPN/g	for	BP2,	BP4,	and	BP5	
and	approximately	12	MPN/g	 for	BP3.	These	 results	 show	that	C. 
botulinum	can	be	detected	in	digestates	after	AD	but	only	at	a	low	
level.	The	most	common	gene	(present	in	100%	of	the	positive	sam‐
ples)	was	that	encoding	BoNT	type	B,	which	was	found	in	both	ma‐
nure	and	digestate	samples.	Genes	encoding	BoNT	types	A	and	F	
were	also	detected,	but	only	in	one	replicate	of	a	digestate	from	the	
BP2.	Group	III	C. botulinum were also detected but only in one ma‐
nure	replicate	from	BP5.

Clostridioides difficile	were	detected	in	the	five	biogas	plants,	re‐
gardless	of	the	matrix,	showing	a	persistence	of	C. difficile through 
AD.	Concentrations	of	C. difficile were overall similar in manures 
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and	digestates,	 ranging	 from	below	1.3	 to	3.1	×	102	MPN/g	and	
from	3.6	to	3.5	×	102	MPN/g,	respectively.	Enumeration	was	1.6	
Log10	and	0.8	Log10	lower	in	BP4	and	BP5	in	digestate	when	com‐
pared to manure.

4  | DISCUSSION

Regardless	the	method	of	quantification	(direct	plate	count,	enrich‐
ment	prior	to	selective	plating,	or	enrichment	prior	to	PCR),	all	the	
targeted bacteria have been detected at least in one of the manure 
or	digestate	samples.	 It	 is	noteworthy	that	culture‐based	methods	
were used for pathogen detection and enumeration instead of mo‐
lecular	ones	here	except	for	C. botulinum for which no selective me‐
dium is available.

4.1 | Fecal indicator bacteria

The E. coli	and	enterococci	counts	in	manure,	ranged	from	104 to 
105	CFU/g,	were	consistent	with	those	reported	in	bovine	manure	
(Bonetta,	 Ferretti,	 Bonetta,	 Fezia,	&	Carraro,	 2011)	 and	 pig	ma‐
nure	 (Masse,	Gilbert,	&	Topp,	2011;	Pourcher,	Ziebal,	Kervarrec,	
Bioteau,	 &	Dabert,	 2012).	 Concentrations	 of	E. coli were 1 to 2 
log10 lower in digestates than in manures while those of entero‐
cocci were of the same order of magnitude in manures and diges‐
tates.	 Although	 manures	 and	 digestates	 were	 collected	 on	 one	
occasion	 only	 and	 both	 on	 the	 same	 day,	 this	 preliminary	 study	
shows a higher reduction in E. coli than in enterococci concentra‐
tions	regardless	the	BP.	While	the	lower	concentrations	of	E. coli 
in	digestates	were	consistent	with	previous	studies	(Bonetta	et	al.,	
2011;	Masse	et	al.,	2011;	Orzi	et	al.,	2015),	the	nonremoval	of	en‐
terococci	was	not	observed	by	Orzi	et	al.	(2015)	who	reported	the	
systematic removal of these bacteria in agricultural biogas plants.

Except	in	the	BP2	digestate,	C. perfringens were detected in all the 
samples at concentrations ranging from 2.4 × 103 to	2.5	×	105	CFU/g.	
This was consistent with previous studies reporting concentrations 
of C. perfringens	ranging	from	<103 to 3.7 × 106	CFU/g	in	both	ma‐
nures	and	digestates	 (Bagge,	Sahlstrom,	&	Albihn,	2005;	Masse	et	
al.,	2011;	Orzi	et	al.,	2015).	Except	 for	one	biogas	plant	 (BP2),	dif‐
ferences	 in	 total	 counts	 (vegetative	 and	 sporulated	 cells)	 or	 spore	
counts	between	manures	and	digestates	were	below	1	Log10.	Orzi	
et	al.	(2015)	reported	variable	removal	of	C. perfringens,	the	concen‐
tration of which was either reduced or had remained stable after 
mesophilic	AD.	In	our	study,	mesophilic	condition	did	not	change	the	
proportion	of	 spores,	which	 remained	close,	between	manure	and	
digestate	of	a	same	BP.

4.2 | Nonsporulating pathogens

Campylobacter	spp.,	L. monocytogenes and Salmonella were considered 
in	this	study	due	to	their	importance	to	public	health	(EFSA,	2016).

The	higher	 prevalence	 in	manures	 (100%),	 than	 in	 digestates	
(40%)	 suggests	 that	 thermotolerant	 Campylobacter spp. poorly 

persists	 through	 AD.	 Thermotolerant	 Campylobacter is known 
to	 be	 highly	 prevalent	 in	 intestinal	 contents	 of	 pigs	 and	 cattle,	
which can lead to contamination of manure. Their prevalence 
can	 reach	 53.8%	 to	 75.4%	 for	 pig	 intestinal	 contents	 (Avrain	 et	
al.,	2004;	Kempf	et	al.,	2017;	Milnes	et	al.,	2008;	Tadesse	et	al.,	
2011)	and	54.6%	to	69.1%	for	cattle	intestinal	contents	(Milnes	et	
al.,	2008;	Thépault	et	al.,	2018).	Other	studies	have	demonstrated	
the occurrence of Campylobacter	in	36.5%	of	pig	manure	(Farzan,	
Friendship,	 Cook,	 &	 Pollari,	 2010).	 In	 our	 study,	 Campylobacter 
counts	 in	 manure	 were	 slightly	 lower	 (between	 9.7	 ×	 101 and 
2.5	×	102	CFU/g)	than	in	some	previous	studies	with	values	of	103 
to 104	 CFU/g	were	 reported	 in	 pig	 or	 dairy	manure	 (Manyi‐Loh	
et	 al.,	 2014;	Masse	 et	 al.,	 2011).	 The	 origin	 of	 such	 differences	
could	 be	 related	 to	many	 parameters	 such	 as	 livestock	 feeding,	
farm	management,	animal	health,	or	manure	storage.	The	role	of	
these	parameters	in	the	presence	of	pathogens	is,	however,	quite	
difficult to evaluate.

On	 the	 day	 of	 sampling,	 the	 prevalence	 of	 L. monocytogenes 
was	 higher	 in	 digestates	 (80%)	 than	 in	 manures	 (60%)	 (Table	 2).	
However,	the	level	of	contamination	was	below	10	CFU/g	in	diges‐
tates	(Table	3).	This	result	may	be	related	to	the	initial	contamination	
of	 the	manure,	which	 feeds	 the	 biogas	 plant	 and	which	may	 vary	
during	the	year.	Indeed,	it	has	been	shown	that	the	prevalence	of	L. 
monocytogenes in pig feces was significantly higher in autumn/win‐
ter	(Boscher	et	al.,	2011).

Nevertheless,	our	result	seems	to	be	concordant	with	available	
literature where prevalence was reported higher for digestates. The 
prevalence of L. monocytogenes in pig feces or manure has been re‐
ported	to	be	low,	at	respectively	11%,	18.2%,	and	3.3%	depending	
on	the	study	(Boscher	et	al.,	2012;	Farzan	et	al.,	2010;	Pourcher	et	
al.,	2012).	A	higher	prevalence	of	this	pathogen	in	digestates	than	in	
manures	had	previously	been	reported	(Bonetta	et	al.,	2011;	Orzi	et	
al.,	2015).	 Indeed,	Bonetta	et	al.	 (2011),	who	analyzed	bovine	ma‐
nure	and	digestate	from	one	mesophilic	biogas	plant	over	a	1‐year	
period,	detected	L. monocytogenes in one of the five manure sam‐
ples	(20%)	and	in	three	of	the	12	digestate	samples	(25%).	Orzi	et	al.	
(2015)	also	detected	L. monocytogenes in three out of eight digestate 
samples	 (37.5%)	and	 two	out	of	eight	manure	 samples	 (25%),	 sug‐
gesting the ability of these bacteria to persist throughout mesophilic 
AD.	The	occurrence	of	L. monocytogenes in digestate is not surpris‐
ing,	as	these	ubiquitous	bacteria	can	persist	 for	up	to	6	months	 in	
stored	dairy	slurry	 (Nicholson,	Groves,	&	Chambers,	2005)	and	up	
to 40 days during the storage of digestates under microcosm condi‐
tions	(Maynaud	et	al.,	2016).

Regarding Salmonella	spp.,	they	were	detected	in	all	the	manures	
and	 digestates	 (100%),	 with	 a	 low	 level	 of	 contamination	 (below	
60	MPN/g,	except	in	BP3),	especially	in	digestates	(below	4.5	MPN/g,	
except	in	BP3).	Salmonella	spp.	seems	to	persist	through	AD	but	with	
a level of contamination of digestates similar or lower than the ma‐
nure's	one.	The	prevalence	of	Salmonella spp. in pig manure varies de‐
pending	on	the	study,	ranging	from	5.2%	to	50%	(Fablet	et	al.,	2007;	
Farzan	 et	 al.,	 2010;	 Hutchison,	 Walters,	 Avery,	 Munro,	 &	 Moore,	
2005;	Pourcher	et	al.,	2012).	However,	for	stored	cattle	manure,	this	
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prevalence	was	found	to	be	10%	(Hutchison	et	al.,	2005).	Similarly,	
low	 levels	 have	 been	 reported	 in	 pig	 manure	 in	 France:	 less	 than	
110	CFU/ml	for	the	three	countable	samples	out	of	the	eight	positive	
samples	(Fablet	et	al.,	2007)	and	less	than	11	MPN/g	in	24	positive	
samples	out	the	44	investigated	(Pourcher	et	al.,	2012).	The	preva‐
lence of Salmonella	in	digestates	also	varies	depending	on	the	study,	
ranging	from	8%	(1/12)	(Bonetta	et	al.,	2011)	to	37.5%	(3/8)	(Orzi	et	al.,	
2015)	in	digestates	from	agricultural	mesophilic	AD.	The	prevalence	
in	digested	sludge	from	mesophilic	AD	reached	58%	(14/24	samples)	
(Sahlstrom,	Aspan,	Bagge,	Danielsson‐Tham,	&	Albihn,	2004).

4.3 | Sporulating pathogens

The detection of C. botulinum	in	biogas	plants	was	quite	unexpected	
considering	the	available	studies	in	the	literature	(Bagge,	Persson,	&	
Johansson,	2010;	Froschle,	Messelhausser,	Holler,	&	Lebuhn,	2015;	
Neuhaus,	Schrodl,	Shehata,	&	Kruger,	2015).	It	had	previously	been	
shown that C. botulinum can be detected when the manure comes 
from	farms	with	chronic	botulism	(Neuhaus	et	al.,	2015).	While	the	
occurrence of C. botulinum had previously been demonstrated in bo‐
vine	and	hog	 intestinal	 contents	 (Dahlenborg,	Borch,	&	Radström,	
2001,	2003),	our	results,	showed	that	when	C. botulinum are present 
in	manure,	they	can	be	detected	at	very	low	loads	in	fresh	digestates,	
even in farms with no botulism history.

The C. botulinum	 loads	 in	our	study	were	very	 low,	whether	 in	
manures	 or	 in	 digestates,	 which	 was	 consistent	 with	 the	 results	
of	 DahlenborgBorch	 and	 Radström	 (2001),	 DahlenborgBorch	 and	
Radström	(2003)	who	reported	that	71%	of	positive	pig	fecal	sam‐
ples	and	64%	of	positive	cattle	fecal	samples	had	a	spore	load	of	less	
than four spores per gram.

The	most	common	gene	(100%	of	the	positive	samples)	was	that	
encoding	BoNT	type	B,	both	in	the	manure	and	digestate	samples.	
Indeed,	it	had	already	been	shown	that	C. botulinum	type	B	is	com‐
mon	in	pig	and	bovine	intestinal	contents	(Dahlenborg	et	al.,	2001,	
2003).	Although	 the	 prevalence	 of	C. botulinum in pig and bovine 
intestinal	contents	has	not	been	investigated	in	France	to	date,	our	
preliminary results suggest that C. botulinum	type	B	can	frequently	
be detected in cattle and pig manure.

Clostridioides difficile	were	detected	in	all	the	biogas	plants	(100%),	
which appeared consistent with previous studies. These bacteria are 
common	on	dairy	and	pig	farms	(Bandelj	et	al.,	2016;	Rodriguez	et	al.,	
2012)	and	are	reported	to	be	isolated	more	frequently	from	calves	
and	newborn	piglets	 than	 from	adults	 (Alvarez‐Perez	et	 al.,	 2009;	
Hoffer,	Haechler,	Frei,	&	Stephan,	2010;	Rodriguez	et	al.,	2012).

Moreover,	C. difficile	are	frequently	detected	in	digestate	from	ag‐
ricultural	biogas	plants	(Froschle,	Messelhausser,	et	al.,	2015)	and	in	
sludge	samples	(Romanazzi	et	al.,	2016;	Xu,	Salsali,	Weese,	&	Warriner,	
2016).	Of	the	154	samples	analyzed	(plant	and	animal	substrates,	di‐
gestates	from	agricultural	biogas	plants)	by	Froschle,	Messelhausser,	
et	al.	(2015),	44.8%	were	positive	for	C. difficile.	Xu,	Weese,	Flemming,	
Odumeru,	and	Warriner	 (2014)	and	Romanazzi	et	al.	 (2016)	 respec‐
tively detected C. difficile	in	96%	of	the	anaerobically	digested	sludge	
samples	(106/110)	and	in	all	of	the	100	sludge	samples.

Clostridioides difficile loads ranged from less than 1.3 to 
350	MPN/g	with	 few	differences	between	counts	 in	manures	and	
digestates	among	the	same	BP.	Load	was	slightly	higher	in	digestates	
compared	 to	manures	 in	BP1	 (0.3	 Log10)	 and	BP2	 (0.5	 Log10)	 and	
lower	in	digestates	than	in	manure	collected	in	BP4	(1.6	log)	and	BP5	
(0.8	log).	Froschle,	Messelhausser,	et	al.	(2015)	reported	similar	levels	
of C. difficile	loads	in	their	study	(between	less	than	3	and	43	MPN/g)	
in	agricultural	biogas	plants.	In	wastewater	treatment	plants,	C. dif‐
ficile	 loads	 in	digested	 sludge	 samples	 vary	between	 studies,	with	
reported loads of 102 to 103	CFU/ml	(Romanazzi	et	al.,	2016),	101 to 
102	CFU/ml	(Xu	et	al.,	2014),	and	around	104	CFU/ml	(Viau	&	Peccia,	
2009),	showing	their	survival	through	AD	as	observed	in	our	study.

Results on C. botulinum and C. difficile show that these two an‐
aerobic	 spore‐forming	 pathogenic	 bacteria	may	 persist	 during	AD	
but that there is no multiplication.

4.4 | Effect of operating conditions

We observed the highest concentrations of thermotolerant 
Campylobacter,	Salmonella	 spp.,	C. botulinum and C. difficile	 in	BP3	
digestate.	Moreover,	BP3	led	to	a	higher	load	of	C. perfringens and to 
a	lesser	proportion	of	spores	in	digestate,	suggesting	spore	germina‐
tion.	This	could	be	related	to	AD	conditions.	Indeed,	BP3	differed	by	
the	 lower	process	 temperature	 (27°C)	 compared	 to	 the	others	BP	
(38.5–41.0°C),	by	the	composition	of	the	input	material	(almost	ex‐
clusively	manure)	and	the	Hydraulic	retention	time	which	was	among	
the	shortest	(44	days).	However,	there	is	very	few	information	about	
the	impact	of	AD	on	the	concentrations	of	pathogenic	bacteria.	Only	
one	 study	 (Kearney,	 Larkin,	 Frost,	 &	 Levett,	 1993)	 described	 that	
C. jejuni	could	survive	in	a	full‐scale	anaerobic	digester	operated	at	
28°C	with	naturally	contaminated	samples,	which	is	consistent	with	
our results on Campylobacter.	However,	 it	 is	 noteworthy	 that	BP3	
manure also contained high concentrations of these pathogenic bac‐
teria	compared	to	the	other	BPs.

5  | CONCLUSION

Considering	the	results	obtained	in	our	preliminary	study,	it	can	be	
suggested	that	spore‐forming	bacteria,	as	well	as	L. monocytogenes,	
Salmonella	 spp.	 and	 enterococci,	 have	 the	 ability	 to	 persist	 during	
AD.	 On	 the	 contrary,	Campylobacter spp. was less commonly de‐
tected	in	digestate	from	mesophilic	AD	than	in	manure.	No	growth	
trend	was	detected	through	AD	for	these	bacterial	species.	Overall,	
this study shows that concentration of the pathogens studied here 
were	similar	or	lower	in	digestates	than	in	liquid	manures.

Determination of the occurrence and concentrations of these 
pathogens	during	the	AD	process	over	a	longer	period	and	with	tem‐
poral replicates will allow the confirmation of these preliminary re‐
sults by implementing statistical analyses and full comparison of the 
contamination	of	manures	and	digestates.	Further	questions	like	the	
characterization	 of	 pathogenic	 strains	 isolated	 from	 biogas	 plants	
to assess whether digestates are potential reservoirs of human and 
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animal‐pathogenic	strains,	or	the	evaluation	of	inhibition	or	potential	
regrowth	 of	 these	 pathogens	 during	 digestate	 storage,	 posttreat‐
ment	or	spreading	also	needs	to	be	explored	to	better	assess	the	risk	
of contamination.

ACKNOWLEDG MENTS

The authors are grateful to the participating farmers. This research 
was	 financially	 supported	 by	 the	 French	 Environment	 and	 Energy	
Management	Agency	(ADEME)	(agreement	number:	1606C0022).

CONFLIC T OF INTERE S TS

None	declared.

AUTHOR CONTRIBUTIONS

The	authors	 collected	 the	 samples	on	 farms	and	analyzed	 them.	
CLM,	MD,	 and	AMP	 analyzed	 and	 interpreted	 the	 results.	 CLM,	
AMP,	CD,	and	MD	wrote	 the	manuscript	and	acquired	 the	 fund‐
ing	for	this	study	(CloDia	project).	AMP	is	the	coordinator	of	the	
CloDia project. MD is the general supervisor of the research 
group	(HQPAP	unit).	All	of	the	authors	read	and	approved	the	final	
manuscript.

E THIC S S TATEMENT

None	required.

DATA ACCE SSIBILIT Y

All	data	are	provided	in	full	in	the	results	section	of	this	paper	and	in	
tables. The authors adhere to all policies on sharing data and materi‐
als described in the guidelines for authors.

ORCID

Caroline Le Maréchal  https://orcid.org/0000‐0002‐1970‐3801 

Anne‐Marie Pourcher  https://orcid.org/0000‐0002‐5056‐4918 

R E FE R E N C E S

AFNOR.	 (2005).	NF	EN	 ISO	11290–1/A1	Microbiologie	des	aliments—
Méthode	 horizontale	 pour	 la	 recherche	 et	 le	 dénombrement	
de Listeria monocytogenes—Partie	 1:	 Méthode	 de	 recherche—
Amendement	1:	Modification	des	milieux	d'isolement,	de	la	recher‐
che	de	l'hémolyse	et	introduction	de	données	de	fidélité.

AFNOR.	(2007a).	NF	EN	ISO	7218	Microbiologie	des	aliments—Exigences	
générales	et	recommandations.

AFNOR.	 (2007b).	NF	U47–100	Méthodes	d'analyse	en	santé	animale—
Recherche	 par	 l'isolement	 et	 identification	 de	 tout	 sérovar	 ou	 de	
sérovar(s)	 spécifié(s)	de	salmonelles	dans	 l'environnement	des	pro‐
ductions animales.

Alvarez‐Perez,	S.,	Blanco,	J.	L.,	Bouza,	E.,	Alba,	P.,	Gibert,	X.,	Maldonado,	
J.,	&	Garcia,	M.	E.	 (2009).	Prevalence	of	Clostridium difficile in diar‐
rhoeic	and	non‐diarrhoeic	piglets.	Veterinary Microbiology,	137,	302–
305.	https	://doi.org/10.1016/j.vetmic.2009.01.015

Avery,	L.	M.,	Booth,	P.,	Campbell,	C.,	Tompkins,	D.,	&	Hough,	R.	L.	(2012).	
Prevalence	and	survival	of	potential	pathogens	in	source‐segregated	
green waste compost. Science of the Total Environment,	431,	128–138.	
https	://doi.org/10.1016/j.scito	tenv.2012.05.020

Avrain,	 L.,	 Humbert,	 F.,	 Sanders,	 P.,	 Vernozy‐Rozand,	 C.,	 &	 Kempf,	 I.	
(2004).	Antimicrobial	resistance	in	Campylobacter	from	pigs	in	French	
slaughterhouses. Revue De Médecine Vétérinaire,	155,	156–158.

Bagge,	 E.,	 Persson,	M.,	 &	 Johansson,	 K.	 E.	 (2010).	Diversity	 of	 spore‐
forming	bacteria	in	cattle	manure,	slaughterhouse	waste	and	samples	
from biogas plants. Journal of Applied Microbiology,	109,	1549–1565.	
https	://doi.org/10.1111/j.1365‐2672.2010.04790.x

Bagge,	 E.,	 Sahlstrom,	 L.,	 &	 Albihn,	 A.	 (2005).	 The	 effect	 of	 hygienic	
treatment on the microbial flora of biowaste at biogas plants. 
Water Research,	 39,	 4879–4886.	 https	://doi.org/10.1016/j.
watres.2005.03.016

Bandelj,	P.,	Blagus,	R.,	Briski,	F.,	Frlic,	O.,	Vergles	Rataj,	A.,	Rupnik,	M.,	
…	 Vengust,	 M.	 (2016).	 Identification	 of	 risk	 factors	 influencing	
Clostridium difficile	prevalence	in	middle‐size	dairy	farms.	Veterinary 
Research,	47,	41.	https	://doi.org/10.1186/s13567‐016‐0326‐0

Bonetta,	 S.,	 Ferretti,	 E.,	 Bonetta,	 S.,	 Fezia,	 G.,	 &	 Carraro,	 E.	 (2011).	
Microbiological contamination of digested products from an‐
aerobic	 co‐digestion	 of	 bovine	 manure	 and	 agricultural	 by‐prod‐
ucts. Letters in Applied Microbiology,	 53,	 552–557.	 https	://doi.
org/10.1111/j.1472‐765X.2011.03148.x

Boscher,	E.,	Houard,	E.,	&	Denis,	M.	(2012).	Prevalence	and	distribution	
of Listeria monocytogenes serotypes and pulsotypes in sows and 
fattening	 pigs	 in	 farrow‐to‐finish	 farms	 (France,	 2008).	 Journal of 
Food Protection,	75,	 889–895.	 https	://doi.org/10.4315/0362‐028X.
JFP‐11‐340

Boscher,	E.,	Houard,	E.,	Rouxel,	J.,	Tircot,	A.,	Bougeard,	S.,	&	Denis,	M.	
(2011).	Shedding	of	Listeria monocytogenes	by	sows	in	French	farrow‐
to‐finish	pig	farms:	Prevalence,	serotype	and	risk	factors	of	contami‐
nation.	Safepork,	Maastricht,	19–22	June	2011;	pp	221–224.

Cevallos‐Cevallos,	J.	M.,	Gu,	G.,	Richardson,	S.	M.,	Hu,	J.,	&	van	Bruggen,	
A.	H.	 (2014).	 Survival	 of	Salmonella enterica Typhimurium in water 
amended with manure. Journal of Food Protection,	77,	 2035–2042.	
https	://doi.org/10.4315/0362‐028X.JFP‐13‐472

Dahlenborg,	M.,	Borch,	E.,	&	Radström,	P.	(2001).	Development	of	a	com‐
bined	selection	and	enrichment	PCR	procedure	for	Clostridium botuli‐
num	Types	B,	E,	and	F	and	its	use	to	determine	prevalence	in	fecal	sam‐
ples from slaughtered pigs. Applied and Environmental Microbiology,	
67,	4781–4788.	https	://doi.org/10.1128/aem.67.10.4781‐4788.2001

Dahlenborg,	M.,	Borch,	E.,	&	Radström,	P.	(2003).	Prevalence	of	Clostridium 
botulinum	 types	B,	 E	 and	F	 in	 faecal	 samples	 from	Swedish	 cattle.	
International Journal of Food Microbiology,	82,	 105–110.	 https	://doi. 
org/10.1016/s0168‐1605(02)00255‐6

EFSA.	 (2016).	 EU	 summary	 report	 on	 zoonoses,	 zoonotic	 agents	 and	
food‐borne	 outbreaks	 2015.	 EFSA Journal,	 14,	 1–231.	 https	://doi.
org/10.2903/j.efsa.2016.4634

Erickson,	M.	C.,	Smith,	C.,	Jiang,	X.,	Flitcroft,	I.	D.,	&	Doyle,	M.	P.	(2014).	
Survival of Salmonella enterica and Listeria monocytogenes	in	manure‐
based	compost	mixtures	at	sublethal	temperatures.	Agriculture, Food 
and Analytical Bacteriology,	4,	224–238.

Fablet,	C.,	Robinault,	C.,	Jolly,	J.	P.,	Dorenlor,	V.,	Eono,	F.,	Labbe,	A.,	…	
Madec,	F.	 (2007).	Etude	de	 la	 contamination	du	 lisier	de	porcs	par	
Salmonella enterica	 dans	 69	 élevages	 bretons.	 Journées Recherche 
Porcine,	39,	431–432.

Fach,	 P.,	 Micheau,	 P.,	 Mazuet,	 C.,	 Perelle,	 S.,	 &	 Popoff,	 M.	 (2009).	
Development	of	real‐time	PCR	tests	for	detecting	botulinum	neuro‐
toxins	A,	B,	E,	F	producing	Clostridium botulinum,	Clostridium baratii 

https://orcid.org/0000-0002-1970-3801
https://orcid.org/0000-0002-1970-3801
https://orcid.org/0000-0002-5056-4918
https://orcid.org/0000-0002-5056-4918
https://doi.org/10.1016/j.vetmic.2009.01.015
https://doi.org/10.1016/j.scitotenv.2012.05.020
https://doi.org/10.1111/j.1365-2672.2010.04790.x
https://doi.org/10.1016/j.watres.2005.03.016
https://doi.org/10.1016/j.watres.2005.03.016
https://doi.org/10.1186/s13567-016-0326-0
https://doi.org/10.1111/j.1472-765X.2011.03148.x
https://doi.org/10.1111/j.1472-765X.2011.03148.x
https://doi.org/10.4315/0362-028X.JFP-11-340
https://doi.org/10.4315/0362-028X.JFP-11-340
https://doi.org/10.4315/0362-028X.JFP-13-472
https://doi.org/10.1128/aem.67.10.4781-4788.2001
https://doi.org/10.1016/s0168-1605(02)00255-6
https://doi.org/10.1016/s0168-1605(02)00255-6
https://doi.org/10.2903/j.efsa.2016.4634
https://doi.org/10.2903/j.efsa.2016.4634


     |  9 of 10LE MARÉCHAL Et AL.

and Clostridium butyricum. Journal of Applied Microbiology,	107,	465–
473.	https	://doi.org/10.1111/j.1365‐2672.2009.04215.x

Farzan,	A.,	Friendship,	R.	M.,	Cook,	A.,	&	Pollari,	F.	 (2010).	Occurrence	
of Salmonella, Campylobacter, Yersinia enterocolitica, Escherichia coli 
O157	and	Listeria monocytogenes in swine. Zoonoses Public Health,	57,	
388–396.	https	://doi.org/10.1111/j.1863‐2378.2009.01248.x

Froschle,	 B.,	Heiermann,	M.,	 Lebuhn,	M.,	Messelhausser,	 U.,	 &	 Plochl,	
M.	 (2015).	 Hygiene	 and	 sanitation	 in	 biogas	 plants.	 Advances in 
Biochemical Engineering/Biotechnology,	 151,	 63–99.	 https	://doi.
org/10.1007/978‐3‐319‐21993‐6_3

Froschle,	B.,	Messelhausser,	U.,	Holler,	C.,	&	Lebuhn,	M.	(2015).	Fate	of	
Clostridium botulinum and incidence of pathogenic clostridia in biogas 
processes. Journal of Applied Microbiology,	119,	936–947.	https	://doi.
org/10.1111/jam.12909 

Fu,	B.,	Jiang,	Q.,	Liu,	H.,	&	Liu,	H.	(2014).	Occurrence	and	reactivation	of	
viable	 but	 non‐culturable	E. coli in sewage sludge after mesophilic 
and thermophilic anaerobic digestion. Biotechnology Letters,	36,	273–
279.	https	://doi.org/10.1007/s10529‐013‐1361‐9

Himathongkham,	S.,	Bahari,	S.,	Riemann,	H.,	&	Cliver,	D.	(1999).	Survival	
of Escherichia coli	O157:H7	and	Salmonella typhimurium in cow ma‐
nure and cow manure slurry. FEMS Microbiology Letters,	178,	 251–
257.	https	://doi.org/10.1016/s0378‐1097(99)00364‐x

Hoffer,	E.,	Haechler,	H.,	Frei,	R.,	&	Stephan,	R.	 (2010).	Low	occurrence	
of Clostridium difficile in fecal samples of healthy calves and pigs at 
slaughter	and	in	minced	meat	in	Switzerland.	Journal of Food Protection,	
73,	973–975.	https	://doi.org/10.4315/0362‐028X‐73.5.973

Hutchison,	M.	 L.,	Walters,	 L.	D.,	Avery,	 S.	M.,	Munro,	 F.,	&	Moore,	A.	
(2005).	 Analyses	 of	 livestock	 production,	 waste	 storage,	 and	
pathogen levels and prevalences in farm manures. Applied and 
Environment Microbiology,	71,	 1231–1236.	 https	://doi.org/10.1128/
aem.71.3.1231‐1236.2005

ISO.	(2005).	Microbiology	of	food	and	animal	feeding	stuffs—Horizontal	
method for the enumeration of Clostridium perfringens—Colony‐
count	technique.	EN	ISO	7937:2005.

ISO.	 (2006).	 ISO/TS	 10272–2:2006	 Microbiologie	 des	 aliments—
Méthode	 horizontale	 pour	 la	 recherche	 et	 le	 dénombrement	 de	
Campylobacter	spp.—Partie	2:	Technique	par	comptage	des	colonies.

ISO.	(2012).	ISO/TS	6579–2:2012	Microbiologie	des	aliments—Méthode	
horizontale	pour	la	recherche,	le	dénombrement	et	le	sérotypage	des	
Salmonella—Partie	2:	Dénombrement	par	une	technique	miniaturisée	
du nombre le plus probable.

Jäderlund,	 L.,	 Sessitsch,	 A.,	 &	 Arthurson,	 V.	 (2011).	 Persistence	 of	
two Campylobacter jejuni strains in soil and on spinach plants. 
Applied and Environmental Soil Science,	 2011,	 1–7.	 https	://doi.
org/10.1155/2011/836271

Johansson,	 M.,	 Emmoth,	 E.,	 Salomonsson,	 A.	 C.,	 &	 Albihn,	 A.	
(2005).	 Potential	 risks	 when	 spreading	 anaerobic	 digestion	 res‐
idues	 on	 grass	 silage	 crops—Survival	 of	 bacteria,	 moulds	 and	
viruses. Grass and Forage Science,	 60,	 175–185.	 https	://doi.
org/10.1111/j.1365‐2494.2005.00466.x

Kearney,	T.	E.,	Larkin,	M.	J.,	Frost,	J.	P.,	&	Levett,	P.	N.	 (1993).	Survival	
of pathogenic bacteria during mesophilic anaerobic digestion of an‐
imal waste. Journal of Applied Bacteriology,	75,	215–219.	https	://doi.
org/10.1111/j.1365‐2672.1993.tb027	68.x

Kempf,	I.,	Kerouanton,	A.,	Bougeard,	S.,	Nagard,	B.,	Rose,	V.,	Mourand,	
G.,	 …	 Bengtsson,	 B.	 O.	 (2017).	 Campylobacter coli in organic and 
conventional	pig	production	in	France	and	Sweden:	Prevalence	and	
antimicrobial resistance. Frontiers in Microbiology,	8,	955.	https	://doi.
org/10.3389/fmicb.2017.00955	

Manyi‐Loh,	C.	E.,	Mamphweli,	S.	N.,	Meyer,	E.	L.,	Okoh,	A.	I.,	Makaka,	G.,	
&	Simon,	M.	 (2014).	 Inactivation	of	selected	bacterial	pathogens	 in	
dairy	cattle	manure	by	mesophilic	anaerobic	digestion	(balloon	type	
digester).	 International Journal of Environmental Research and Public 
Health,	11,	7184–7194.	https	://doi.org/10.3390/ijerp	h1107	07184	

Masse,	 D.,	 Gilbert,	 Y.,	 &	 Topp,	 E.	 (2011).	 Pathogen	 removal	 in	 farm‐
scale psychrophilic anaerobic digesters processing swine manure. 
Bioresource Technology,	 102,	 641–646.	 https	://doi.org/10.1016/j.
biort ech.2010.08.020

Maynaud,	G.,	Pourcher,	A.	M.,	Ziebal,	C.,	Cuny,	A.,	Druilhe,	C.,	 Steyer,	
J.	 P.,	&	Wery,	N.	 (2016).	 Persistence	 and	potential	 viable	 but	 non‐
culturable state of pathogenic bacteria during storage of digestates 
from agricultural biogas plants. Frontiers in Microbiology,	 7,	 1469.	
https ://doi.org/10.3389/fmicb.2016.01469 

Milnes,	 A.	 S.,	 Stewart,	 I.,	 Clifton‐Hadley,	 F.	 A.,	 Davies,	 R.	 H.,	 Newell,	
D.	 G.,	 Sayers,	 A.	 R.,	 …	 Paiba,	 G.	 A.	 (2008).	 Intestinal	 carriage	 of	
verocytotoxigenic	 Escherichia coli	 O157,	 Salmonella,	 thermophilic	
Campylobacter and Yersinia enterocolitica,	 in	 cattle,	 sheep	 and	 pigs	
at	slaughter	in	Great	Britain	during	2003.	Epidemiology and Infection,	
136,	739–751.	https	://doi.org/10.1017/s0950	26880	7009223

Neuhaus,	J.,	Schrodl,	W.,	Shehata,	A.	A.,	&	Kruger,	M.	(2015).	Detection	
of Clostridium botulinum	 in	 liquid	manure	 and	 biogas	 plant	wastes.	
Folia Microbiologica,	 60,	 451–456.	 https	://doi.org/10.1007/
s12223‐015‐0381‐3

Nicholson,	F.	A.,	Groves,	S.	J.,	&	Chambers,	B.	J.	 (2005).	Pathogen	sur‐
vival during livestock manure storage and following land application. 
Bioresource Technology,	96,	135–143.	https	://doi.org/10.1016/j.biort	
ech.2004.02.030

Orzi,	V.,	Scaglia,	B.,	 Lonati,	S.,	Riva,	C.,	Boccasile,	G.,	Alborali,	G.	L.,	&	
Adani,	 F.	 (2015).	 The	 role	 of	 biological	 processes	 in	 reducing	 both	
odor impact and pathogen content during mesophilic anaerobic di‐
gestion. Science of the Total Environment,	526,	116–126.	https	://doi.
org/10.1016/j.scito	tenv.2015.04.038

Patterson,	S.	K.,	Kim,	H.	B.,	Borewicz,	K.,	&	Isaacson,	R.	E.	(2016).	Towards	an	
understanding of Salmonella enterica serovar Typhimurium persistence 
in swine. Animal Health Research Reviews,	17,	 159–168.	 https	://doi. 
org/10.1017/s1466	25231	6000165

Pourcher,	A.	M.,	Ziebal,	C.,	Kervarrec,	M.,	Bioteau,	T.,	&	Dabert,	P.	(2012).	
Sanitary	 status	of	44	hog	manures	 in	Brittany:	Comparison	of	 the	
effectiveness of manure treatments based on the levels of indicator 
bacteria and two pathogenic bacteria. Journal of Agricultural Science 
and Technology A,	2,	303–313.

Repérant,	E.,	Nagard,	B.,	&	Denis,	M.	(2017).	Comparison	of	nine	selec‐
tive agars for the detection of Campylobacter	 spp.	Campylobacter,	
Helicobacter	 and	 relative	organisms,	10–14	September	2017	2017	
Nantes,	France.

Rodriguez,	C.,	 Taminiau,	B.,	 van	Broeck,	 J.,	Avesani,	V.,	Delmee,	M.,	&	
Daube,	 G.	 (2012).	 Clostridium difficile in young farm animals and 
slaughter	 animals	 in	 Belgium.	 Anaerobe,	 18,	 621–625.	 https	://doi.
org/10.1016/j.anaer obe.2012.09.008

Romanazzi,	V.,	Bonetta,	S.,	Fornasero,	S.,	de	Ceglia,	M.,	Gilli,	G.,	&	Traversi,	
D.	 (2016).	Assessing	Methanobrevibacter smithii and Clostridium dif‐
ficile as not conventional faecal indicators in effluents of a waste‐
water treatment plant integrated with sludge anaerobic digestion. 
Journal of Environmental Management,	 184,	 170–177.	 https	://doi. 
org/10.1016/j.jenvm an.2016.09.081

Sahlstrom,	L.,	Aspan,	A.,	Bagge,	E.,	Danielsson‐Tham,	M.	L.,	&	Albihn,	A.	
(2004).	Bacterial	pathogen	incidences	in	sludge	from	Swedish	sew‐
age treatment plants. Water Research,	 38,	 1989–1994.	 https	://doi.
org/10.1016/j.watres.2004.01.031

Tadesse,	D.	 A.,	 Bahnson,	 P.	 B.,	 Funk,	 J.	 A.,	 Thakur,	 S.,	Morrow,	W.	 E.,	
Wittum,	T.,	…	Gebreyes,	W.	A.	(2011).	Prevalence	and	antimicrobial	
resistance profile of Campylobacter spp. isolated from conventional 
and	antimicrobial‐free	swine	production	systems	from	different	U.S.	
regions. Foodborne Pathogens and Disease,	8,	 367–374.	 https	://doi.
org/10.1089/fpd.2010.0665

Thépault,	A.,	Poezevara,	T.,	Quesne,	S.,	Rose,	V.,	Chemaly,	M.,	&	Rivoal,	
K.	 (2018).	 Prevalence	 of	 thermophilic	Campylobacter in cattle pro‐
duction	at	slaughterhouse	level	in	France	and	link	between	C. jejuni 

https://doi.org/10.1111/j.1365-2672.2009.04215.x
https://doi.org/10.1111/j.1863-2378.2009.01248.x
https://doi.org/10.1007/978-3-319-21993-6_3
https://doi.org/10.1007/978-3-319-21993-6_3
https://doi.org/10.1111/jam.12909
https://doi.org/10.1111/jam.12909
https://doi.org/10.1007/s10529-013-1361-9
https://doi.org/10.1016/s0378-1097(99)00364-x
https://doi.org/10.4315/0362-028X-73.5.973
https://doi.org/10.1128/aem.71.3.1231-1236.2005
https://doi.org/10.1128/aem.71.3.1231-1236.2005
https://doi.org/10.1155/2011/836271
https://doi.org/10.1155/2011/836271
https://doi.org/10.1111/j.1365-2494.2005.00466.x
https://doi.org/10.1111/j.1365-2494.2005.00466.x
https://doi.org/10.1111/j.1365-2672.1993.tb02768.x
https://doi.org/10.1111/j.1365-2672.1993.tb02768.x
https://doi.org/10.3389/fmicb.2017.00955
https://doi.org/10.3389/fmicb.2017.00955
https://doi.org/10.3390/ijerph110707184
https://doi.org/10.1016/j.biortech.2010.08.020
https://doi.org/10.1016/j.biortech.2010.08.020
https://doi.org/10.3389/fmicb.2016.01469
https://doi.org/10.1017/s0950268807009223
https://doi.org/10.1007/s12223-015-0381-3
https://doi.org/10.1007/s12223-015-0381-3
https://doi.org/10.1016/j.biortech.2004.02.030
https://doi.org/10.1016/j.biortech.2004.02.030
https://doi.org/10.1016/j.scitotenv.2015.04.038
https://doi.org/10.1016/j.scitotenv.2015.04.038
https://doi.org/10.1017/s1466252316000165
https://doi.org/10.1017/s1466252316000165
https://doi.org/10.1016/j.anaerobe.2012.09.008
https://doi.org/10.1016/j.anaerobe.2012.09.008
https://doi.org/10.1016/j.jenvman.2016.09.081
https://doi.org/10.1016/j.jenvman.2016.09.081
https://doi.org/10.1016/j.watres.2004.01.031
https://doi.org/10.1016/j.watres.2004.01.031
https://doi.org/10.1089/fpd.2010.0665
https://doi.org/10.1089/fpd.2010.0665


10 of 10  |     LE MARÉCHAL Et AL.

bovine strains and campylobacteriosis. Frontiers in Microbiology,	 9,	
https ://doi.org/10.3389/fmicb.2018.00471 

Viau,	E.,	&	Peccia,	J.	(2009).	Survey	of	wastewater	indicators	and	human	
pathogen	genomes	in	biosolids	produced	by	class	A	and	class	B	sta‐
bilization	treatments.	Applied and Environment Microbiology,	75,	164–
174.	https	://doi.org/10.1128/aem.01331‐08

Watcharasukarn,	 M.,	 Kaparaju,	 P.,	 Steyer,	 J.	 P.,	 Krogfelt,	 K.	 A.,	 &	
Angelidaki,	 I.	 (2009).	 Screening	Escherichia coli, Enterococcus faeca‐
lis, and Clostridium perfringens as indicator organisms in evaluating 
pathogen‐reducing	 capacity	 in	 biogas	 plants.	Microbial Ecology,	58,	
221–230.	https	://doi.org/10.1007/s00248‐009‐9497‐9

Woudstra,	 C.,	 Lemarechal,	 C.,	 Souillard,	 R.,	 Bayon‐Auboyer,	 M.	 H.,	
Anniballi,	F.,	Auricchio,	B.,	…	Fach,	P.	(2015).	Molecular	gene	profil‐
ing of Clostridium botulinum group III and their detection in naturally 
contaminated	samples	originating	from	various	European	countries.	
Applied and Environment Microbiology,	 81,	 2495–2505.	 https	://doi.
org/10.1128/aem.03915‐14

Xu,	 C.,	 Salsali,	 H.,	 Weese,	 S.,	 &	 Warriner,	 K.	 (2016).	 Inactivation	 of	
Clostridium difficile in sewage sludge by anaerobic thermophilic 

digestion. Canadian Journal of Microbiology,	 62,	 16–23.	 https	://doi.
org/10.1139/cjm‐2015‐0511

Xu,	C.,	Weese,	J.	S.,	Flemming,	C.,	Odumeru,	J.,	&	Warriner,	K.	(2014).	Fate	
of Clostridium difficile during wastewater treatment and incidence in 
Southern Ontario watersheds. Journal of Applied Microbiology,	117,	
891–904.	https	://doi.org/10.1111/jam.12575	

How to cite this article:	Le	Maréchal	C,	Druilhe	C,	Repérant	
E,	et	al.	Evaluation	of	the	occurrence	of	sporulating	and	
nonsporulating pathogenic bacteria in manure and in 
digestate of five agricultural biogas plants. MicrobiologyOpen. 
2019;8:e872. https ://doi.org/10.1002/mbo3.872

https://doi.org/10.3389/fmicb.2018.00471
https://doi.org/10.1128/aem.01331-08
https://doi.org/10.1007/s00248-009-9497-9
https://doi.org/10.1128/aem.03915-14
https://doi.org/10.1128/aem.03915-14
https://doi.org/10.1139/cjm-2015-0511
https://doi.org/10.1139/cjm-2015-0511
https://doi.org/10.1111/jam.12575
https://doi.org/10.1002/mbo3.872

