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Abstract
Stocking	methods	are	used	in	the	Province	of	Quebec	to	restore	Salmo salar	popula-
tions.	However,	Atlantic	salmon	stocked	juveniles	show	higher	mortality	rates	than	
wild	ones	when	introduced	into	nature.	Hatchery	environment,	which	greatly	differs	
from	the	natural	environment,	is	identified	as	the	main	driver	of	the	phenotypic	mis-
match	between	captive	and	wild	parrs.	The	latter	is	also	suspected	to	impact	the	gut	
microbiota	composition,	which	can	be	associated	with	essential	metabolic	functions	
for	their	host.	We	hypothesized	that	hatchery-	raised	parrs	potentially	recruit	gut	mi-
crobial	communities	that	are	different	from	those	recruited	in	the	wild.	This	study	
evaluated	the	impacts	of	artificial	rearing	on	gut	microbiota	composition	in	0+	parrs	
meant	for	stocking	in	two	distinct	Canadian	rivers:	Rimouski	and	Malbaie	(Quebec,	
Canada).	Striking	differences	between	hatchery	and	wild-	born	parrs’	gut	microbiota	
suggest	that	microbiota	could	be	another	factor	that	could	impact	their	survival	 in	
the	targeted	river,	because	the	microbiome	is	narrowly	related	to	host	physiology.	
For	 instance,	major	 commensals	 belonging	 to	Enterobacteriaceae and Clostridiacea 
from	wild	parrs’	gut	microbiota	were	substituted	in	captive	parrs	by	lactic	acid	bacte-
ria	from	the	Lactobacillaceae	family.	Overall,	captive	parrs	host	a	generalist	bacterial	
community	whereas	wild	parrs’	microbiota	is	much	more	specialized.	This	is	the	very	
first	study	demonstrating	extensive	impact	of	captive	rearing	on	intestinal	microbi-
ota	composition	in	Atlantic	salmon	intended	for	wild	population	stocking.	Our	results	
strongly	suggest	the	need	to	implement	microbial	ecology	concepts	into	conserva-
tion	management	of	endangered	salmon	stocks	supplemented	with	hatchery-	reared	
parrs.
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1  | INTRODUC TION

Demographic	decline	of	Atlantic	salmon	population	in	the	Province	
of	Quebec	 led	 to	 the	 introduction	of	government	programs	 to	 re-
store	endangered	salmon	stock	in	rivers.	Most	of	stocking	programs	
involve	the	introduction	of	hatchery-	raised	juveniles	in	rivers,	usually	
0+	or	1+	parrs	(Caron,	Fontaine,	&	Cauchon,	2006;	Caron,	Fontaine,	
&	 Picard,	 1999;	 Milot,	 Perrier,	 Papillon,	 Dodson,	 &	 Bernatchez,	
2013),	because	later	life	stages	were	observed	to	have	lower	repro-
ductive	success	(Carr,	Whoriskey,	&	O’reilly,	2004).	However,	several	
studies	show	that	stocking	methods	do	not	meet	expected	results	as	
hatchery-	born	fish	exhibit	significantly	 inferior	survival	rates	(from	
0.1%	 to	 0.5%)	 compared	 to	 their	 wild-	born	 relatives	 (4%):	 (Ford,	
2002;	Kristiansen,	Ottera,	&	Svasand,	2000;	Stringwell	et	al.,	2014;	
Svasand	&	Kristiansen,	1990),	 in	addition	to	a	 lower	fitness	 (Araki,	
Berejikian,	Ford,	&	Blouin,	2008;	Milot	et	al.,	2013).	Overall,	physiol-
ogy	of	stocked	salmon	is	different	than	that	of	wild	ones	(Poole	et	al.,	
2003;	Stringwell	et	al.,	2014),	but	it	is	still	unclear	how	the	physiolog-
ical	mismatch	takes	place	between	hatchery-		and	wild-	born	individ-
uals.	Several	 factors	may	contribute	 to	 these	unsuccessful	 results,	
such	 as	 a	 strong	 local	 adaptation	 of	 wild-	born	 salmon	 to	 natural	
conditions	 (Dionne,	 Caron,	 Dodson,	 &	 Bernatchez,	 2008;	 Perrier,	
Bourret,	Kent,	&	Bernatchez,	2013),	even	though	juveniles	are	gen-
erated	with	wild	breeders	captured	from	the	targeted	river	in	order	
to	 provide	 hatchery-	born	 juveniles	with	 genetic	 adaptations	 from	
the	targeted	wild	population.	Despite	a	genetic	composition	issued	
from	the	wild	population,	phenotypic	mismatch	remains	in	stocked	
parrs.	The	latter	is	therefore	suspected	to	result	from	acclimation	to	
hatchery	conditions	themselves	(Milot	et	al.,	2013;	Orlov,	Gerasimov,	
&	Lapshin,	2006;	Stringwell	 et	al.,	 2014).	 Indeed,	 these	essentially	
differ	from	natural	environment	in	terms	of	water	conditions,	food	
and	 disease	management,	 all	 of	which	 strongly	 influencing	micro-
bial	 environment	 (Donaldson,	 Lee,	 &	Mazmanian,	 2016;	 Landeira-	
Dabarca,	Sieiro,	&	Alvarez,	2013;	Ringo	&	Olsen,	1999;	Vrieze	et	al.,	
2014).	Besides	environmental	and	developmental	conditions	such	as	
stress	(Boutin,	Bernatchez,	Audet,	&	Derome,	2013),	life	stage	cycle	
(Llewellyn	et	al.,	2015;	Stephens	et	al.,	2016;	Yan	et	al.,	2016),	anti-
biotic	administration	(Vrieze	et	al.,	2014)	and	nutrition	(Desai	et	al.,	
2012;	Gajardo	et	al.,	 2016;	 Landeira-	Dabarca	 et	al.,	 2013;	Reveco,	
Overland,	Romarheim,	&	Mydland,	2014;	Ringo	&	Olsen,	1999),	 in-
dividual	(Boutin,	Sauvage,	Bernatchez,	Audet,	&	Derome,	2014)	and	
population	genotype	(Dionne,	Miller,	Dodson,	Caron,	&	Bernatchez,	
2007;	Dionne	et	al.,	2008)	have	also	been	identified	as	factors	con-
tributing	to	the	recruitment	of	symbionts	housing	the	gut	microbi-
ota.	As	genetic	structure	of	natural	population	showed	evidence	of	
local	adaptation	for	Atlantic	salmon	(Dionne	et	al.,	2008;	Garcia	de	
Leaniz	et	al.,	2007),	it	is	expected	that	the	genetically	controlled	gut	
microbiota	is	also	involved	in	local	adaptation	(Dionne	et	al.,	2007).	
Indeed,	Salmo salar	gut	microbiota	is	specific	to	its	local	environment	
at	the	first	life	cycle	stages	and	changes	as	soon	smolts	migrate	from	
fresh	to	saltwater	(Llewellyn	et	al.,	2015),	suggesting	that	intestinal	
bacterial	 communities	would	 also	 differ	 depending	 on	 the	 rearing	
environment.

Over	 the	 last	 decade,	 several	 studies	 highlighted	 the	 substan-
tial	 benefits	 that	 the	 microbiome	 confers	 to	 its	 host	 (Bäckhed,	
Ley,	Sonnenburg,	Peterson,	&	Gordon,	2005;	Balcazar	et	al.,	2007;	
Chabrillon	 et	al.,	 2005;	 Gaboriau-	Routhiau	 et	al.,	 2009;	 Rawls,	
Samuel,	 &	 Gordon,	 2004;	 Scanlan	 et	al.,	 2008;	 Stappenbeck,	
Hooper,	 &	 Gordon,	 2002;	 Sylvain	 &	 Derome,	 2017;	 Tremaroli	 &	
Bäckhed,	2012).	Microbial	 communities	 play	 a	 key	 role	 in	 fish	de-
velopment	as	they	provide	bacterial	commensals	that	will	colonize	
all	fish	body	surfaces:	skin,	gills,	and	more	importantly	the	intestinal	
tract	(Boutin	et	al.,	2014;	Sylvain	&	Derome,	2017).	Specific	bacteria	
composing	the	gut	microbiota	are	involved	in	nutrients	degradation	
(Tremaroli	&	Bäckhed,	2012),	activation	of	immune	cells	such	as	lym-
phoblasts	(Gaboriau-	Routhiau	et	al.,	2009),	intestinal	epithelium	cell	
renewal	(Rawls	et	al.,	2004),	and	angiogenesis	of	the	intestinal	tract	
(Stappenbeck	et	al.,	2002).	In	teleosts,	epithelium	and	gut	microor-
ganisms	actively	prevent	opportunistic	pathogens	growth	by	both	
acting	 as	 a	 physical	 barrier	 (Balcazar	 et	al.,	 2007;	Chabrillon	 et	al.,	
2005)	 and	 promoting	 antimicrobial	molecules	 synthesis	 (e.g.,	 bac-
teriocin,	 enterocin)	 (Chanos	 &	Mygind,	 2016;	 Satish	 Kumar	 et	al.,	
2011),	thereby	making	the	gut	microbiota	a	major	factor	in	the	de-
velopment	 and	 maturation	 of	 the	 digestive	 tract	 immune	 system	
(Fredborg,	Theil,	 Jensen,	&	Purup,	2012;	Rawls	et	al.,	2004).	 It	has	
also	been	observed	that	gene	regulation	and	hormone	secretion	of	
the	host	are	affected	by	metabolites	from	bacterial	activity	acting	as	
signal	molecules	(Tremaroli	&	Bäckhed,	2012).	Recent	studies	have	
also	linked	the	microbiota	composition	with	modification	in	epigen-
etic	patterns	in	newborns,	increasing	the	need	to	further	investigate	
the	 role	of	 the	microbiota	 in	 the	understanding	of	 the	phenotypic	
plasticity	in	teleosts	(Bhat	&	Kapila,	2017;	Cortese,	Lu,	Yu,	Ruden,	&	
Claud,	2016;	Indrio	et	al.,	2017;	Rossi,	Amaretti,	&	Raimondi,	2011).	
Because	 host–microbiota	 interactions	 are	 narrowly	 related	 to	 the	
host	 physiology	 (Donaldson	 et	al.,	 2016;	 Klaasen	 et	al.,	 1993;	 Liu	
et	al.,	2012;	Scanlan	et	al.,	2008;	Wu	&	Lewis,	2013;	Zhang,	Lun,	&	
Tsui,	2015),	 it	 is	 suspected	 that	bacterial	 composition	of	microbial	
communities	will	tightly	adapt	to	artificial	rearing	conditions	(water	
composition,	 food,	 environmental	 bacterial	 community),	 which	 in	
turn	will	affect	the	ability	of	hatchery-	reared	parrs	to	adapt	to	natu-
ral	conditions	once	released.

To	determine	 the	 impact	of	 artificial	 rearing	on	 the	gut	micro-
biota	 composition	 of	 parrs	 meant	 for	 stocking,	 we	 sampled	 parrs	
juveniles	 from	 two	 different	 populations	 (Malbaie	 and	 Rimouski	
river)	 belonging	 to	 two	 different	 designable	 units	 (DU)	 of	 Salmo 
salar.	DU	are	characterized	by	“an	evidence	of	discreteness,	such	as	
in	morphology,	life	history,	behavior	and/or	neutral	genetic	markers	
as	well	 as	 large	 disjunctions	 between	 populations	 and	 occupation	
of	 different	 eco-	geographic	 regions”	 (COSEWIC,	 2010).	 The	 two	
populations	are	subjected	to	conservation	stocking,	for	which	juve-
niles	are	 reared	 in	hatchery	until	 they	 reach	 the	stage	of	0+	parrs	
before	being	 released	 into	 the	wild.	Captive	0+	parrs,	 issued	 from	
wild	breeders	and	reared	in	Tadoussac	Hatchery	(Quebec,	Canada),	
have	been	sampled	and	compared	to	their	wild	relatives.	By	hypoth-
esizing	that	parrs’	gut	microbiota	composition	is	influenced	more	by	
rearing	environment	 than	breeder’s	genotype,	 this	 study	aimed	 to	
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(a)	 characterize	environmental	microbiota	 from	hatchery	 and	 river	
waters,	(b)	characterize	the	gut	microbiota	composition	from	captive	
and	wild-	born	parrs	from	the	same	genetic	population	(i.e.,	Rimouski	
or	Malbaie),	 and	 (c)	 identify	 symbionts	 that	 are	 specific	 either	 to	
hatchery-		or	wild-	born	parrs’	gut	microbiota.	Three	predictions	were	
made	 as	 follows:	 (a)	 Environmental	 microbial	 communities	 would	
significantly	differ	between	the	two	rivers	and	the	hatchery	water,	
(b)	gut	microbiota	composition	of	captive	and	wild-	born	parrs	from	
the	same	genetic	population	would	significantly	differ,	and	(c)	exclu-
sive	taxa	would	be	found	in	both	hatchery-		and	wild-	born	parrs’	gut	
microbiota.

Using	16S	SSU	 rRNA	gene	metabarcoding,	we	have	been	 able	
to	 determine	 the	microbiota	 composition	 of	 27	 parrs	 gut	 samples	
and	water	samples	from	each	environment.	Our	results	revealed	sig-
nificant	differences	between	environment	and	gut	microbiota	from	
parrs	depending	on	their	origin.	Furthermore,	diet	may	be	the	most	
important	factor	contributing	to	the	formation	of	the	parrs’	gut	mi-
crobiota	composition.	Overall,	this	study	suggests	that	environment	
may	overpass	genotype	for	the	commensals	recruitment:	Parrs	from	
the	same	genetic	population,	 reared	 in	 two	distinct	environments,	
host	a	significantly	different	gut	microbiome	in	terms	of	structure,	
diversity,	 and	 taxonomic	 composition.	 For	 instance,	 captive	 parrs’	
microbiota	hosts	mainly	Lactobacillaceae	whereas	their	wild	relatives	
host	mainly	Enterobacteriaceae.	Consequently,	stocked	parrs’	gut	mi-
crobiota	may	not	confer	the	same	metabolic	functions	as	their	wild	
relatives.	Although	further	investigations	are	needed	to	understand	
how	the	divergence	of	the	gut	microbiota	between	the	reared	parrs’	
microbiota	 and	 their	wild	 relatives	will	 affect	 their	 survival	 in	 the	
wild,	it	is	now	clear	that	host–microbiome	interactions	must	not	be	
neglected	for	stocking	programs.

2  | MATERIAL S AND METHODS

2.1 | Samples collection and preparation

Captive	parrs	were	sampled	from	the	Tadoussac	hatchery	(Quebec,	
Canada),	 where	 salmonids	 from	 Malbaie	 and	 Rimouski	 rivers	 are	
reared	for	stocking.	According	to	their	time	of	capture,	wild	breed-
ers	 from	Malbaie	 and	Rimouski	 rivers	were	 kept	 in	 captivity	 for	 a	
period	ranging	from	2	months	to	5	years	before	spawning.	For	both	
groups,	 artificial	 spawning	 occurred	 between	 November	 28	 and	
December	12,	2012,	and	hatching	between	March	29	and	April	9,	
2013.	During	 incubation,	water	 temperature	was	 set	 according	 to	
the	“modified	natural	thermal	regime”	to	mimic	the	natural	growth	
rate	of	wild	salmon	juveniles.	During	their	growth,	reared	juveniles	
were	fed	with	NutraST	(Skretting).	Captive	parrs	from	both	groups	
were	sampled	by	August	8,	2013,	right	before	stocking.	Wild	parrs	
were	collected	by	electrofishing	during	the	summer	of	2013	in	the	
Rimouski	 River	 (August	 19;	 48°21′84.1″N,	 −68°53′77.79″W)	 and	
in	the	Malbaie	River	(August	25;	47°77′98.8″N,	70°37′38.2″W).	A	
total	of	27	parrs	were	 sampled:	 five	wild	parrs	 from	 the	Rimouski	
river,	six	wild	parrs	from	the	Malbaie	river,	eight	captive	parrs	from	
the	Rimouski	population,	and	eight	captive	parrs	from	the	Malbaie	

population.	Parrs	were	euthanized	with	MS-	222	and	aseptically	dis-
sected	 to	 remove	mid-		 and	distal	 intestinal	 content.	To	determine	
environmental	bacterial	community	composition,	two	liters	of	water	
from	 each	 study	 site	were	 sampled	 1	meter	 below	 the	 surface	 in	
sterilized	Nalgene	bottles.	Water	was	then	filtered,	using	a	3.0-	μm 
nitrocellulose	 membrane	 to	 exclude	 both	 organic	 matter	 and	 eu-
karyotic	 cells,	 and	 a	0.22-	μm	sterile	membrane	 to	 collect	 bacteria	
with	 peristaltic	 filtration	 equipment	 (Cole	 Parmer,	 ThermoFisher	
Scientific).	Materials	 for	 filtration	 such	 as	 tubes	 and	 filter	 holders	
were	cleaned	with	5%	HCl	and	rinsed	with	Milli-	Q	and	sample	water	
before	each	filtration.

Total	 gut	DNA	extraction	was	undertaken	using	 “QIAmp	DNA	
Stool	 Kit”	 (Qiagen).	 For	 water	 samples	 DNA	 extraction,	 “DNeasy	
Blood	&	Tissue	Kit”	(Qiagen)	was	used	on	the	0.22-	μm	nitrocellulose	
membrane	 (i.e.,	 containing	 bacterial	 cells).	 Extractions	were	made	
according	to	each	kit	 instruction	manual.	A	first	PCR	amplification	
(PCR1)	 was	 performed	 on	 beforehand	 diluted	 1:10	 DNA	 samples	
in	sterile	water	samples.	A	portion	of	a	universal	microbial	marker,	
16S	 SSU	 rRNA	 gene,	 was	 amplified	 using	 the	 803r-	Brian	 (5′-	GTG	
ACT	GGA	GTT	CAG	ACG	TGT	GCT	CTT	CCG	ATC	TCT	ACC	RGG	
GTA	TCT	AAT	CC-	3′)	 and	 347f-	Brian	 (5′-	ACA	CTC	TTT	CCC	TAC	
ACG	ACG	CTC	TTC	CGA	TCT	GGA	GGC	AGC	AGT	RRG	GAA	T-	3′)	
primers.	These	primers	bond	on	hyperconserved	regions	of	the	16S	
gene,	surrounding	the	hypervariable	V3-	V4	region.	PCR	amplicons	
were	visualized	by	electrophoresis	on	agarose	gels	(2%m/v,	SB	buffer,	
100	V)	and	purified	using	AMPure	XP	beads	(Beckman	&	Coulter)	to	
remove	the	PCR	reagents,	including	primer	dimers.	DNA	quality	of	
amplicons	was	determined	by	spectrophotometry	(NanoDrop2000,	
ThermoFisher	 Scientific).	 When	 needed,	 samples	 were	 diluted	 to	
obtain	5–10	ng/μl	of	DNA.	A	second	PCR	amplification	(PCR2,	bar-
coding	 step)	 was	 performed	 using	 a	 two	markers	 combination	 as	
primers	to	identify	the	samples.	Another	validation	was	performed	
after	the	second	amplification	by	electrophoresis	and	final	purifica-
tion	was	completed	using	AMPure	XP	beads	(Beckman	&	Coulter).	
Reagents	and	PCR	settings	are	described	in	Supporting	Information.	
Once	 prepared,	 samples	 were	 sent	 to	 the	 sequencing	 facility	 of	
the	 Institut	de	Biologie	 Integrative	et	des	Systèmes	 (IBIS)	of	Laval	
University,	Quebec,	Canada,	 for	 paired-	end	 sequencing	under	 the	
MiSeq	Illumina	platform,	using	a	read	length	of	2	×	300	pb	and	V3	
kit	reagent.

2.2 | Sequence analysis and statistics

The	assembly	of	paired-	end	sequences	was	performed	using	QIIME	
(v.1.9.1)	 (Edgar,	 2010)	 and	 PANDAseq	 (v.1.0)	 (Maselle,	 Bartram,	
Truszkowski,	Brown,	&	Neufeld,	2012).	Only	paired	sequences	be-
tween	 400	 and	 500	pb	 with	 a	 minimum	 overlap	 of	 100	bp	 were	
kept	 for	 further	 analysis.	Chimeric	 sequences	were	 then	 removed	
using	QIIME	(Usearch61)	to	ensure	that	assembled	sequences	truly	
resulted	 from	 the	 same	 operational	 taxonomic	 unit	 (OTU).	 OTUs	
from	 each	 sample	 were	 assigned	 to	 the	 paired	 reads	 using	 the	
de_novo	 method	 at	 97%	 similarity	 with	 the	 SILVA123	 database.	
An	OTU	table	was	then	obtained	and	processed	using	R	(3.2.3)	and	
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Phyloseq	package.	A	 total	of	241,016	OTUs	was	obtained.	Before	
data	analysis,	OTUs	were	filtered	to	remove	Unidentified	taxa.	This	
step	reduced	the	OTUs	number	to	212,352.	All	taxa	under	0.005%	
of	relative	abundance	were	then	removed	(Bokulich	et	al.,	2013).	The	
remaining	1,067	OTUs	were	used	for	subsequent	analysis.

Structure	and	composition	of	parrs’	gut	microbiota	were	investi-
gated	as	follows:	Alpha-	diversity	was	calculated	using	the	Shannon	
index;	 richness	 and	 evenness	 alone	 were	 estimated	 with	 Chao1	
and	Pielou’s	 indexes,	 respectively.	A	nonparametric	 variance	 anal-
ysis	 (Kruskal–Wallis)	 and	 Kruskal–Wallis	 post	 hoc	 tests	 were	 per-
formed	 on	 Shannon	 index	 to	 determine	 whether	 alpha-	diversity	
of	 the	 gut	 microbiota	 from	 each	 group	 was	 similar.	 For	 network	
analysis,	 Spearman	 correlation	 was	 calculated	 between	 each	 gut	
sample.	 Significant	 correlations	 (<5%	 with	 Bonferroni	 correction)	
with	 a	 minimum	 coefficient	 of	 0.3	 were	 kept	 for	 the	 creation	 of	
an	 interaction	 network	 under	 Cytoscape	 (v.3.5.1).	 Gut	 microbi-
ota	 composition	 was	 also	 compared	 between	 each	 site	 using	 a	
permutation-	based	multivariate	analysis	of	variance	(PERMANOVA)	
of	UniFrac	distances	(weighted	and	unweighted).	UniFrac	distances	
use	phylogenetic	information	of	the	sequences,	comparing	the	simi-
larity	of	sequences	between	samples.	A	principal	coordinate	analysis	
(PCoA)	was	performed	on	both	weighted	and	unweighted	UniFrac	
distances,	allowing	the	visualization	of	 individual	and	group	differ-
ences	of	the	gut	microbiota	composition.	An	analysis	of	the	multi-
variate	homogeneity	of	group	dispersion	(variances)	was	performed	
on	the	weighted	UniFrac	distances	using	the	betadisper	function	in	
vegan	 package.	 This	 test	 allowed	 us	 to	 visualize	 the	 dispersion	 of	
the	microbiota	 taxonomic	 structure	within	 captive	 and	wild	parrs’	
samples.	Identification	of	main	OTUs	composing	the	water	and	gut	
microbiota	was	performed	by	representing	the	twenty	most	abun-
dant	OTUs	of	each	environment.	OTUs	were	grouped	according	to	

family	taxonomic	rank	and	visualized	with	abundance	barplots,	using	
ggplot2	 package	 under	 R.	 An	 additional	 abundance	 barplot	 was	
generated	 to	allow	the	visualization	of	 the	gut	and	water	microbi-
ota	 composition	 according	 to	 the	phylum	 taxonomic	 rank.	At	 last,	
further	 analysis	of	 gut	microbiota	 composition	was	 carried	out	by	
comparing	the	top	5	OTUs	composing	each	parrs’	group	microbiota,	
represented	at	the	genus	level.

3  | RESULTS

A	total	of	4,108,663	sequences	were	obtained	after	the	sequencing	
and	the	assembly	of	paired	sequences	that	were	distributed	within	
23	phyla	and	assigned	to	742	bacterial	genera.	After	filtration	(OUT	
relative	abundance	threshold	of	0.005%),	1,067	OTUs	were	kept	for	
the	analysis	of	the	water	and	gut	microbiota.

3.1 | Microbiota structure analysis

Analysis	 of	 the	 alpha-	diversity	 (Shannon	 index)	 of	 the	 gut	 micro-
biota	 (Figure	1a)	 showed	 that	 captive-	bred	 parrs	 housed	 a	 much	
more	diversified	microbiota	 than	wild	parrs.	This	 is	especially	 true	
for	 Rimouski	 population:	Wild	 parrs’	 (RWP)	 mean	 Shannon	 index	
(1.17)	 was	 significantly	 lower	 than	 captive	 parrs’	 (RCP:	 4.03,	 p-	
value	=	0.00089,	MCP:	3.91,	p-	value	=	0.00152).	Malbaie	wild	parrs	
(MWP)	(mean	Shannon	index:	2.12)	exhibited	an	intermediate	rich-
ness	between	Malbaie	captive-	bred	parrs	and	Rimouski	wild	parrs.	
This	 result	 is	 mostly	 explained	 by	 one	 outlier	 (MWP18),	 which	
presented	a	much	higher	diversity	of	 symbionts	 than	 its	 relatives.	
Alpha-	diversity	 measurement	 boxplots	 for	 Shannon,	 Chao1,	 and	
Pielou’s	evenness	 indexes	(for	water	and	gut	samples),	as	well	as	a	

F IGURE  1  (a)	Alpha-	diversity	of	gut	microbiota	is	lower	in	wild	parrs	when	compared	to	their	captive	relatives.	Shannon	diversity	indexes	
of	gut	microbiota	are	represented	in	boxplot	regarding	of	parrs	location.	(b)	Environmental	conditions	are	the	main	driver	of	gut	microbiota.	
Composition	of	the	27	microbiota	samples,	constructed	with	Cytoscape	v.3.2.1,	illustrates	co-	related	samples	based	on	Spearman	
coefficient	(r	>	0.3,	p-	value	<	0.01).	Each	node	(dot)	represents	a	gut	microbiota	sample.	The	node	size	is	proportional	to	the	number	of	
connections	a	sample	makes	with	other	samples,	where	captive	parrs’	microbiota	shows	higher	number	of	connections	within	its	group	than	
wild	parrs
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table	 indicating	 their	 respective	values	are	provided	 in	 supporting	
information	 (Supporting	 Information	 Figures	 S1,	 S2,	 S3	 and	 Table	
S3).

Network	analysis	(Figure	1b)	shows	that	individual	gut	microbi-
ota	from	captive-	bred	parrs	issued	from	both	Rimouski	and	Malbaie	
populations	are	strongly	connected,	with	a	mean	Spearman	coeffi-
cient	of	0.600	 (see	Supporting	 Information	Table	S4	 in	supporting	
information	 for	 Spearman	 correlation	 values).	 However,	 individual	
gut	microbiota	from	wild-	born	parrs	from	both	populations	are	not	
connected	to	each	other	and,	more	 importantly,	are	either	 loosely	
(RWP)	or	not	 (MWP)	related	at	all	 to	their	 respective	captive	rela-
tives.	Moreover,	individuals’	gut	microbiota	from	MWP	was	not	con-
nected	to	any	other	group.	At	last,	wild-	born	parrs	mean	Spearman	
coefficient	correlation	was	higher	for	RWP	(mean	coefficient:	0.800)	
than	for	MWP	samples	(mean	coefficient:	0.461),	suggesting	lower	
microbiota	compositional	homogeneity	in	MWP	when	compared	to	
RWP.

Principal	coordinates	analysis	(PCoA)	either	based	on	unweighted	
(Figure	2a)	or	weighted	(Figure	2b)	UniFrac	distances	showed	a	clus-
tering	of	individual	gut	microbiota	according	to	the	origin	of	the	fish:	
Captive-	bred	parrs	are	grouped,	whereas	wild	parrs’	populations	are	
differentiated	 from	 one	 another	 and	 from	 their	 captive	 relatives.	
Clustering	 was	 even	 more	 pronounced	 with	 unweighted	 distance	
matrices	(Figure	2a).	The	PERMANOVA	based	on	weighted	(Table	1)	
and	unweighted	 (Table	2)	UniFrac	metric	distances	revealed	signif-
icant	 to	 highly	 significant	 differences	 between	 most	 groups,	 the	
lowest	differentiation	being	detected	for	captive-	bred	parrs,	which	
was	not	significant	for	weighted	UniFrac	distances	(p-	value	=	0.116).	
The	 analysis	 of	 the	multivariate	 homogeneity	 of	 group	 dispersion	
(variances)	 revealed	 a	 higher	 interindividual	 variation	 for	 captive	
parrs	and	MWP	group	when	compared	to	RWP	(Figure	3).	No	signif-
icant	difference	was	obtained	when	comparing	MCP	interindividual	
variances	to	MWP	(p-value	=	0.4271981).	However,	it	is	possible	to	

assess	 the	 higher	 interindividual	 variation	 for	MWP	 group	 by	 the	
outlier	MWP18,	which	shows	a	more	diverse	gut	microbiota	com-
position	than	its	relatives	from	the	same	origin	as	well	as	a	singular	
bacterial	composition.

3.2 | Environment microbiota composition

The	analysis	of	 the	water	bacterial	 community	composition	at	 the	
phylum	level	revealed	the	presence	of	Bacteroidetes,	Proteobacteria, 
and Actinobacteria	 in	 every	 environment	 (Figure	4),	 but	 respec-
tive	 abundance	 levels	 varied	 between	 sampling	 sites,	 particularly	
for	Actinobacteria	which	was	 less	abundant	 in	hatchery	water.	The	
bacterial	 taxonomic	composition,	characterized	at	 the	family	 level,	
however,	 showed	diagnostic	 taxa	 for	 every	 single	microbial	 niche:	
environmental	water	(hatchery	and	both	rivers)	and	fish	gut	micro-
biota	composition	(Figure	5).	For	water	samples,	the	20	most	abun-
dant	OTUs	from	each	site	accounted	for	an	average	of	64%	of	the	
total	 bacterial	 composition.	 For	 hatchery	 water,	 Flavobacteriaceae 
(63.6%)	was	 the	main	 taxa	composing	the	water	bacterial	commu-
nity	 (i.e.,	bacterioplankton).	 In	contrast,	Malbaie	and	Rimouski	 riv-
ers	 exhibited	 a	 more	 diversified	 bacterial	 community,	 dominated	
with	 Sporichthyaceae and Burkholderiaceae,	 composing,	 respec-
tively,	 13.6%	 and	 44.3%	 of	 the	 Malbaie	 river	 bacterioplankton,	
and	 composing,	 respectively,	 13.8%	 and	6.20%	 for	Rimouski	 river	
bacterioplankton.

3.3 | Gut microbiota composition

At	 the	 phylum	 level,	 the	 gut	microbiota	 composition	 revealed	 the	
presence	 of	 Proteobacteria,	 Firmicutes and Actinobacteria in each 
group	(Figure	4).	However,	a	much	more	heterogeneous	composition	
was	highlighted	within	groups	when	the	bacterial	composition	was	
analyzed	 at	 the	 family	 level	 (Figure	5).	 For	 each	 parrs’	 population,	

F IGURE  2 Principal	coordinate	analysis	(PCoA)	based	on	unweighted	(a)	and	weighted	(b)	UniFrac	distances	of	samples,	showing	the	
clustering	of	samples	by	their	environmental	origin.	Each	dot	represents	one	sample
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the	20	most	abundant	OTUs	in	gut	(Figure	5b,c,d,e),	identified	at	the	
family	 level,	accounted	for	68.3%	 in	MCP,	64.7%	 in	RCP,	90.0%	 in	
MWP	and	97.5%	in	RWP.	Moreover,	diversity	index	was	higher	for	
captive	 parrs	 when	 compared	 to	 wild	 parrs	 (Figure	1a).	 Taken	 to-
gether,	these	results	show	that	dominant	OTUs	were	less	abundant	
in	captive	parrs	than	in	their	wild	relatives	(see	relative	abundance	
of	 the	 twenty	most	 abundant	OTUs	 in	Appendix	1).	 In	 addition,	 it	
is	possible	to	identify	commensal	bacteria	that	were	either	specific	

to	 the	 hatchery	 or	 to	 the	water	 by	 observing	 the	 20	most	 abun-
dant	OTUs.	 For	 hatchery-	born	 parrs	 (Figure	5b,c),	 Lactobacillaceae 
is	the	main	taxa	found	in	every	captive	sample	at	high	 levels,	with	
a	mean	abundance	of	40.7%	for	MCP	and	36.4%	for	RCP.	For	RCP	
group,	 Sphingomonadaceae	 (6.12%),	 Moraxellaceae	 (7.38%),	 and	
Holosporaceae	(4.94%)	were	identified	as	the	three	major	taxa	after	
Lactobacillaceae.	 Both	 RCP	 and	 MCP	 showed	 one	 (RCP)	 or	 three	
(MCP)	 samples	 containing	 Enterobacteriaceae	 in	 their	 microbiota,	
with	a	respective	mean	abundance	of	2.28%	and	13.1%.	MCP	group,	
in	addition	to	Lactobacillaceae and Enterobacteriaceae,	was	character-
ized	by	the	presence	of	Planococcaceae	(3.85%),	Pseudomonadaceae 
(3.47%),	 and	Bacillaceae	 (1.10%).	 RWP	 parrs	 composed	 by	 far	 the	
most	 homogenous	 and	 structured	 group,	 showing	 a	 gut	 microbi-
ome	 overdominated	 by	 Enterobacteriaceae	 (80.2%),	 followed	 by	
Planococcaceae	 (13.0%)	 and	Bacillaceae	 (2.33%).	MWP	 parrs	 com-
posed	a	more	heterogenous	and	less	structured	group.	It	was	pos-
sible	 to	 identify	 dominant	 symbionts	 such	 as	 Enterobacteriaceae 
(35.2%)	 in	 all	 individuals,	 except	 for	 MWP19	 and	 Clostridiaceae 
(37.0%)	in	most	of	the	individuals	(see	Appendix	2	for	the	taxa	rela-
tive	 abundances	 for	 each	 sample).	 Strikingly,	 sample	MWP18	 ex-
hibited	 a	 very	 distinct	 profile	 characterized	 by	 higher	 microbiota	
diversity,	 including	 Peptostreptococcaceae,	 Enterococcaceae and 
Enterobacteriaceae, Bacillaceae, MNG7, and Bacillaceae.	 At	 last,	 the	
two	dominant	taxa	that	were	shared	between	captive	and	wild	parrs	
for	 both	 populations	 belong	 to	Bacillaceae and Enterobacteriaceae. 
Then,	 Streptococcaceae, Peptostreptococcaceae, Enterobacteriaceae 
were	found	in	captive	and	wild	parrs	from	Malbaie	population,	and	
both	 Planococcaceae and Bacillaceae	 were	 shared	 by	 captive	 and	
wild	parrs	from	Rimouski	(Figure	5).	The	five	most	important	OTUs,	
shown	 in	Figure	6	at	 the	genus	 level,	are	compared	between	each	
parrs’	 group	 with	 their	 respective	 relative	 abundance.	 Two	 OTUs	
are	 shared	 between	MCP	 and	RCP:	Pediococcus and Lactobacillus,	
which	 represent,	 respectively,	 17.0%	 and	 12.0%	 for	 MCP	 and	
16.2%	 and	 10.5%	 for	 RCP.	 The	 top	 five	 OTUs	 for	 captive	 parrs	

TABLE  1 PERMANOVA	results	of	the	weighted	UnifFrac	
distances,	comparing	microbiota	composition	of	each	parrs’	group,	
showing	significant	differences	between	most	groups

Weighted UniFrac

MCP RCP MWP

RCP 0.116***

MWP 0.003**

RWP 0.002** 0.021*

Notes.	 MCP:	 Malbaie	 captive	 parrs;	 MWP:	 Malbaie	 wild	 parrs;	 RCP:	
Rimouski	captive	parrs;	RWP:	Rimouski	wild	parrs.
Signif.	Codes:	0	“***”	1	“**”	0.01	“*”	0.05.

TABLE  2 PERMANOVA	results	of	the	unweighted	UnifFrac	
distances,	comparing	microbiota	composition	of	each	parrs’	group,	
showing	significant	differences	between	most	group

Unweighted UniFrac

MCP RCP MWP

RCP 0.001***

MWP 0.001***

RWP 0.005** 0.004**

Notes.	 MCP:	 Malbaie	 captive	 parrs;	 MWP:	 Malbaie	 wild	 parrs;	 RCP:	
Rimouski	captive	parrs;	RWP:	Rimouski	wild	parrs.
Signif.	Codes:	0	“***”	0.001	“**”	0.01.

F IGURE  3  Interindividual	variance	
of	the	gut	microbiota	composition	is	
exhibited	for	each	parrs’	group.	The	
boxplot	represents	the	distance	to	
the	centroid	of	the	weighted	UniFrac	
distances	within	each	group,	based	on	an	
analysis	of	the	multivariate	homogeneity	
of	dispersion	(variances)	of	samples.	The	
letters	represent	the	ANOVA	results	
of	the	distance	to	the	centroid	for	each	
groupMalbaie_captive Malbaie_wild Rimouski_captive Rimouski_wild
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mostly	belong	to	the	Lactobacillaceae, Holosporaceae, Moraxellaceae, 
Enterobacteriaceae Sphingomonadaceae, Planoccocaceae and 
Pseudomonadaceae	 families,	 as	 those	 from	 wild	 parrs	 are	 mostly	
members	 of	 Enterobacteriaceae, Clostridiaceae 1, Enterococcaceae 
and Planococcaceae	family	but	none	of	the	top	5	OTUs	were	shared	
between	MWP	and	RWP.

4  | DISCUSSION

The	 purpose	 of	 this	 study	 was	 to	 assess	 the	 effect	 of	 both	 host	
population	 and	 rearing	 environment	 on	 gut	 microbiota	 taxo-
nomic	composition	of	Salmo salar	parrs	intended	for	river	stocking.	
Hatchery-	reared	 parrs	were	 generated	with	 breeders	 issued	 from	
two	 wild	 populations	 (i.e.,	 Rimouski	 and	Malbaie	 rivers),	 whereas	
wild	parrs	were	naturally	born	and	grown	in	their	respective	rivers.	
Overall,	our	 results	clearly	demonstrate	that	environmental	condi-
tions	 (i.e.,	hatchery	versus	 river)	had	 the	most	prevalent	effect	on	
gut	microbiota	taxonomic	composition.	Substantial	 impacts	on	the	
fish’s	energetic	and	behavioral	phenotypes	resulting	from	hatchery-	
rearing	conditions	have	been	documented	in	numerous	studies	and	
are	 suspected	 of	 greatly	 reduce	 survival	 rates	 of	 stocked	 fishes	
(Milot	et	al.,	2013;	Stringwell	et	al.,	2014).	 It	has	also	been	demon-
strated	that	 reared	fish	show	a	different	methylation	pattern	 than	
that	of	their	wild	relatives	(Le	Luyer	et	al.,	2017).	As	energetic	and	

behavioral	 phenotypes	 are	 controlled	 by	 gut	 microbiota	 activity	
(Tremaroli	&	Bäckhed,	2012)	and	the	 latter	 is	suspected	to	 impact	
epigenetic	patterns	(Bhat	&	Kapila,	2017;	Cortese	et	al.,	2016;	Indrio	
et	al.,	2017;	Rossi	et	al.,	2011),	our	study	is	of	prime	interest	as	it	is	
the	first	to	demonstrate	the	extensive	impact	of	captive	rearing	on	
gut	microbiota	composition	in	Atlantic	salmon	parrs	meant	for	stock-
ing.	By	identifying	significant	differences	in	terms	of	both	structure	
and	 taxonomic	 composition	 between	 captive	 parrs	 and	 their	 wild	
relatives,	 the	present	work	evidenced	 that	 acclimation	 to	 artificial	
rearing	is	also	observable	at	the	host–microbiota	level.	This	result	is	
striking	enough	as	it	is	now	well	established	that	salmonids’	micro-
biota	composition	is	regulated	by	host	genotype	(Boutin	et	al.,	2014),	
population	genotype	(Dionne	et	al.,	2007),	life	cycle	stage	(Llewellyn	
et	al.,	2015;	Stephens	et	al.,	2016;	Yan	et	al.,	2016),	and	environment	
(Llewellyn	et	al.,	2015).	Importantly,	our	results	suggest	that	acclima-
tion	 to	 artificial	 rearing	overpasses	host	 genotype	effect	on	mod-
eling	microbiota	composition	at	both	individual	and	population	level.

Environment	is	an	important	driver	for	gut	microbiota	structur-
ation	 and	 composition:	 Compared	 to	wild	 parrs,	 hatchery-	reared	
parrs	 exhibited	 a	 higher	 bacterial	 diversity	 (Figure	1),	 combined	
with	lower	disparity	(i.e.,	most	of	OTU	sharing	similar	relative	abun-
dance),	both	of	which	are	characteristic	of	an	 immature	microbial	
community	 with	 low	 structuration	 (Burns	 et	al.,	 2016;	 Llewellyn	
et	al.,	2015;	Sylvain	&	Derome,	2017).	Hatchery-	rearing	conditions	
are	 stable	with	 almost	 no	 competition	 for	 food,	 thus	 being	 very	

F IGURE  4 Total	environment	and	gut	microbiota	composition	for	every	samples	represented	at	the	phylum	level.	H,	Hatchery	water;	MR,	
Malbaie	River;	RR,	Rimouski	River;	MCP,	Malbaie	captive	parrs;	MWP,	Malbaie	wild	parrs;RCP,	Rimouski	captive	parrs;	RWP,	Rimouski	wild	
parrs
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different	to	those	encountered	in	the	natural	environment	(McPhee,	
2004).	As	such,	the	low	structuration	of	hatchery-	reared	parrs’	mi-
crobiota	 likely	 results	 from	 relaxed	 selective	 pressure	 (Derome,	
Duchesne,	&	Bernatchez,	2006;	Fisher,	1930),	which	would	trans-
late	into	a	random	recruitment	of	pioneering	bacterial	symbionts.	
The	 hatchery	 diet	 itself	 would	 explain	 such	 results:	 Commercial	
pellets	are	enriched	with	nutrients	from	various	origins,	 including	
substantial	amount	of	vegetable	proteins	(e.g.,	soya)	(Feng,	Hu,	Luo,	
Zhang,	&	Chen,	2010;	Tanaka,	Ootsubo,	Sawabe,	Ezura,	&	Tajima,	
2004).	 Enriched	 food	with	 vegetable	 proteins	 and	 carbohydrates	
was	observed	to	significantly	impact	gut	microbiota	composition	in	
fishes	by	increasing	diversity	and	richness	and	more	specifically	by	
inducing	 a	 significant	 increase	 in	 Firmicutes	 symbionts,	 including	

lactic	 acid	 bacteria	 (LAB),	 mostly	 belonging	 to	 Lactobacillaceae, 
Enterococcaceae, and Streptococcaceae	(Desai	et	al.,	2012;	Gajardo	
et	al.,	 2016).	 In	our	 study,	 commercial	diet	 impact	 translated	 into	
the	 systematic	 overdominance	 of	 the	 Lactobacillaceae	 family	 in	
every	captive	parrs’	gut	microbiota,	whereas	this	family	was	absent	
from	 the	 top	20	OTUs	composing	 the	wild	parrs’	 gut	microbiota.	
Consistently,	gut	bacteria	belonging	in	the	Lactobacillaceae	family	
have	only	been	identified	in	very	small	amount,	if	not	totally	absent,	
in	salmonids	coming	from	the	natural	environment	(Gajardo	et	al.,	
2016;	Llewellyn	et	al.,	2015).	Moreover,	plant	meal	diet	(PMD)	has	
been	 related	 to	 the	 increase	 in	 intestinal	 inflammation	 and	 sen-
sibility	 to	 various	 diseases	 (Krogdahl,	 Bakke-	Mckellep,	 Roed,	 &	
Baeverfjord,	 2000)	 as	 well	 as	 decreasing	 nutrient	 digestion	 and	

F IGURE  5 Environment	and	gut	
microbiota	composition	of	the	20	most	
abundant	OTUs	found	in	every	samples,	
represented	at	the	family	level.	(a)	
Environment	water;	H,	Hatchery;	MR,	
Malbaie	River;	RR,	Rimouski	River;	(b)	
Malbaie	captive	parrs;	(c)	Rimouski	captive	
parrs;	(d)	Malbaie	wild	parrs;	(e)	Rimouski	
wild	parrs
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absorption	 (Nordrum,	 Bakke-	McKellep,	 Krogdahl,	 &	 Buddington,	
2000).	Taken	together,	our	results	suggest	 that	captive	parrs’	mi-
crobiota	composition	would	therefore	be	qualified	as	 “generalist”	
when	 compared	 to	 the	highly	 structured	 and,	 thus	more	 special-
ized,	wild	parrs’	gut	microbiota.	This	more	specialized	gut	microbi-
ota	in	wild	parrs	can	be	attributed	to	the	higher	selective	pressures	
occurring	 in	wild	rivers,	 including	a	more	restricted	diet,	which	 is	
mostly	composed	of	insects’	larvae,	crustacean,	and	annelids	(Bell,	
Ghioni,	&	Sargent,	1994).	Consequently,	the	most	important	envi-
ronmental	factor	for	the	recruitment	of	intestinal	symbionts	in	te-
leosts	could	be	associated	with	diet.	This	factor	could	explain	most	
of	the	heterogeneity	of	the	gut	microbiota,	the	latter	being	greatly	
related	by	its	capacity	to	assimilate	nutrients	(Tremaroli	&	Bäckhed,	
2012).	Therefore,	controlling	gut	microbial	symbionts	 in	hatchery	

could	be	of	prime	interest	to	secure	the	recruitment	of	key	adaptive	
microbiota	functions	of	wild	parrs.

Regarding	 both	 wild-	born	 parrs’	 populations,	 gut	 microbiota	
composition	significantly	differed	accordingly	to	their	population	or-
igin,	thus	confirming	our	previous	work	on	wild	populations,	stating	
that	gut	microbiota	composition	at	early	life	stages	is	mostly	driven	
by	geography	(study	site)	(Llewellyn	et	al.,	2015).	Furthermore,	net-
work	analysis,	PCoA,	and	PERMANOVA	evidenced	a	great	contribu-
tion	of	the	environment.	 It	 is	 interesting	that	MWP	group	showed	
fewer	 correlations	 within	 samples	 when	 compared	 to	 RWP,	 thus	
indicating	 more	 intragroup	 variations	 of	 the	 gut	 microbiota	 com-
position	 in	MWP	population.	This	 result	 is	 confirmed	by	 the	anal-
ysis	of	the	multivariate	homogeneity	of	dispersion	(Figure	3).	Given	
that	 recruitment	of	 specific	bacterial	 symbionts	 is	 associated	with	

F IGURE  6 Comparison	of	the	five	
most	abundant	OTUS	for	every	parrs’	
group	represented	at	the	Genus	level	
shows	defined	profile	depending	of	
parrs	origin;	Captive	parrs	microbiota	
is	characterized	by	the	presence	of	the	
same	OTU	from	the	Lactobacillus and 
Pediococcus	genus.	The	top	5	OTUs	from	
wild	parrs	are	distinct,	and	no	OTU	from	
the	top	5	is	shared	between	the	two	
groups.	Relative	abundance	in	%	of	the	
top	5	OTUs	is	compared	between	each	
group	in	the	table	below

MCP MWP RCP RWP
Blastomonas 0.0 0.0 3.89 0.0
Acinetobacter 0.317 0.0 3.98 0.0
uncultured (Holosporaceae) 0.0 0.0 4.94 0.0
Pseudomonas 2.73 0.064 1.78 0.0
Lactobacillus 12.0 0.0 10.5 0.0
Pediococcus 17.0 0.0 16.2 0.0
Clostridium sensu stricto 1 0.0 2.26 0.0 0.0
Hafnia 5.05 12.0 0.0 0.0
Clostridium sensu stricto 1 0.071 16.5 0.0 0.0
Clostridium sensu stricto 1 0.053 17.4 0.0 0.0
Serratia 0.141 27.7 0.0 0.0
Lysinibacillus 0.696 0.0 0.0 1.84
Planomicrobium 0.675 0.0 0.060 1.88
Escherichia-Shigella 0.0 0.0 0.167 2.54
Lysinibacillus 2.48 0.0 0.506 8.17
Escherichia-Shigella 13.1 0.0 2.3 76.4
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host-	specific	 genes	 in	 salmonids	 (Boutin	 et	al.,	 2014),	 it	 would	 be	
straightforward	 to	 investigate	 further	 the	genetic	structure	of	 the	
Malbaie	river	Salmo salar	population	in	order	to	assess	whether	this	
population	 is	genetically	 introgressed	with	allopatric	breeders	 (i.e.,	
issued	from	other	river	populations).

Hatchery-	raised	parrs	issued	from	both	river	populations	share	
a	similar	richness	index	and	are	strongly	correlated	by	their	compo-
sition	itself,	as	shown	with	both	network	analysis	and	PCoA	based	
on	weighted	and	unweighted	UniFrac	(Figure	2),	which	clusters	both	
captive	parrs	populations	 in	a	 single,	 isolated,	group.	Consistently,	
PERMANOVA	on	unweighted	UniFrac	distances	showed	the	weak-
est,	but	significant,	differentiation	between	captive	parrs	from	both	
genetic	 origins	 (i.e.,	Malbaie	 versus	 Rimouski),	 and	 no	 differentia-
tion	was	found	when	performing	the	analysis	on	weighted	UniFrac	
(Table	1).	 Therefore,	 even	 though	 samples	 cluster	mostly	 by	 envi-
ronment,	 thus	 suggesting	 this	 factor	 overpasses	 genetic	 origin	 in	
controlling	gut	microbiota	composition,	it	also	suggests	that	genetic	
origin	is	still	exerting	a	minimal	control	on	bacteria	recruitment.	At	
last,	sanitary	management	in	hatcheries,	due	to	high	density,	impairs	
microbial	environment	and	gut	microbiota	(Carlson,	Leonard,	Hyde,	
Petrosino,	&	Primm,	2017;	Nakayama	et	al.,	2017),	 thus	amplifying	
microbiota	divergence	between	hatchery-		and	wild-	born	parrs.

In	 addition	 to	 the	 phenotypic	 mismatch	 between	 captive	 and	
wild	 salmonids	 from	 the	 same	 genetic	 population	 (Araki	 et	al.,	
2008;	Milot	et	al.,	2013;	Poole	et	al.,	2003;	Stringwell	et	al.,	2014),	
hatchery-	raised	parrs	are	also	facing	an	 important	microbiota	mis-
match	 regarding	 key	 microbial	 symbionts	 recruited	 by	 their	 wild	
relatives.	Overall,	 it	came	out	 that	extensive	differences	observed	
between	hatchery	and	river	environmental	microbiota	composition	
suggest	that	stocked	parrs	are	exposed	to	a	totally	different	micro-
bial	environment	when	released	into	the	target	river.	Knowing	that	
their	gut	microbiota	composition	differs	from	that	of	wild	parrs,	ex-
posure	to	a	very	different	environmental	microbial	community	could	
lead	to	an	impairment	of	colonization	resistance	to	wild	opportunis-
tic	pathogens,	thus	potentially	favoring	disease.	The	sudden	trans-
fer	from	hatchery	water	to	river	environment	exerts	a	considerable	
stress,	which	is	expected	to	trigger	a	transient	dysbiosis	(i.e.,	altered	
microbiota	activity)	giving	further	opportunities	for	pathogens	to	in-
fect	fish	tissues	(Bonga,	1997;	Boutin	et	al.,	2013;	Seghouani,	Garcia-	
Rangel,	Füller,	Gauthier,	&	Derome,	2017).	At	last,	overdominance	of	
Lactobacillaceae	 in	captive	parrs	is	expected	to	generate	a	reduced	
capacity	to	assimilate	nutrients	from	wild	preys.	Whether	hatchery	
“imprinting”	 on	 microbiome	 is	 transient	 or	 permanent	 in	 stocked	
fishes	after	release	into	the	targeted	river	is	yet	to	be	investigated.	
Even	though	two	previous	studies	on	rainbow	trout	observed	that	
the	first	diet	type	had	no	effect	on	the	microbiota	composition	after	
a	diet	shift	 (Ingerslev	et	al.,	2014;	Michl	et	al.,	2017),	several	stud-
ies	 have	 also	highlighted	 the	 long-	term	effects	 of	 the	microbiome	
associated	with	early	life	stage	cycle	diet	on	the	host	physiology	in	
human	 (Indrio	 et	al.,	 2017;	Mischke	 &	 Plösch,	 2013)	 and	 rainbow	
trout	 (Ingerslev	 et	al.,	 2014).	 Furthermore,	 Rhossart	 et	al.	 (2017)	
demonstrated	that	host	fitness-	promoting	traits	regarding	naturally	
occurring	diseases	were	associated	with	the	“natural	microbiome”	of	

wild	mice.	Indeed,	domestic	microbiota	was	associated	with	greater	
inflammation	 and	 lower	 resistance	 to	 pathogens	 relatively	 to	wild	
individual	microbiota.	Those	results	are	 in	concordance	with	other	
studies	 reporting	 that	 reared	 fishes	 fed	with	 a	 PMD	 have	 shown	
higher	 level	 of	 gut	 inflammation	 (Krogdahl	 et	al.,	 2000;	 Nordrum	
et	al.,	2000),	which	is	now	recognized	as	an	important	driver	of	many	
diseases	 (Rajani	&	 Jia,	2018).	Because	 the	microbiota	 composition	
is	 proven	 to	 be	 actively	 involved	 in	 several	metabolism	 pathways	
(Tremaroli	&	Bäckhed,	2012)	and	immune	responses	(Rhossart	et	al.,	
2017),	 investigating	 the	 relationship	 between	 the	 host	 energetic	
phenotype	 and	 the	 microbiome	 functional	 repertoire	 of	 captive	
and	wild	parrs	is	crucial	to	assess	to	what	extent	the	gut	microbiota	
taxonomic	mismatch	 is	actually	associated	 to	 the	 loss	of	microbial	
functions.	 Evidence	of	 “metabolic	 imprinting”	 (Hanley	 et	al.,	 2010)	
related	to	the	microbiota	composition	at	early	life	stage	in	hatchery	
could	 be	 suspected	 to	 contribute	 to	 the	mitigated	 impact	 of	 sup-
portive	breeding	programs,	in	addition	to	the	potential	dysbiosis	that	
may	occur	during	stocking.	Therefore,	 further	studies	are	strongly	
needed	 to	 test	 whether	 the	 taxonomic	 (and	 functional)	 microbial	
mismatch	 between	 hatchery-	raised	 and	 wild-	born	 salmons	 could	
underlie	the	lower	survival	of	stocked	fishes	once	released	into	the	
wild.

Altogether,	 these	 results	 strongly	suggest	 that	 the	extensive	dis-
crepancy	 between	 hatchery-	raised	 and	 wild	 parrs’	 gut	 microbiota	
potentially	 translates	 into	a	phenotypic	disadvantage	 for	 the	 former,	
at	 least	 regarding	 disease	 resistance	 and	 food	 energetic	 conversion.	
Indeed,	the	two	most	important	symbionts	of	the	wild	parrs’	gut	micro-
biota	such	as	Enterobacteriaceae	(MWP,	RWP)	and	Clostridiaceae	(MWP	
only)	are	at	very	low	levels	in	most	captive	parrs	(Figure	5)	as	well	as	the	
top	5	OTUs	from	wild	parrs	(Figure	6).	Therefore,	stocked	parrs	could	
have	developed	different	metabolic	functions	from	their	wild	relatives,	
regardless	of	 their	 common	genetic	origin,	which	could	considerably	
reduce	their	fitness	in	natural	conditions.	It	is	interesting	that	in	MWP	
group,	 one	 individual	 (MWP18)	 harbored	 a	 very	 distinct	 microbiota	
composition.	Knowing	that	Malbaie	river	is	subject	to	stocking,	it	be-
comes	even	more	relevant	to	identify	its	origin.	However,	stocked	fish	
from	this	river	are	identified	by	a	clipped	caudal	fin,	but	MWP18’s	fin	
was	not	mentioned	to	harbor	such	a	characteristic.	Nevertheless,	fur-
ther	investigations	are	needed	to	test	whether	such	generalist	microbi-
ome	from	captive	parrs	provides	or	not	key	functions	ensuring	optimal	
host	physiology	in	the	wild.

5  | CONCLUSION

Given	that	parrs’	gut	microbiota	composition	 is	strongly	related	to	
the	rearing	environment,	differences	in	terms	of	structure	and	com-
position	between	wild	and	hatchery-	born	parrs	give	valuable	infor-
mation	 toward	 improving	management	of	 reared	 fish	 intended	 for	
stocking.	Consequently,	it	becomes	even	more	crucial	to	investigate	
the	 link	 between	 environmental	 and	 gut	 microbial	 communities’	
taxonomic	 composition	 to	 get	 new	 insights	 on	 factors	 driving	 dif-
ferences	between	captive	and	wild	parrs’	microbiota	and	therefore	
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their	adaptive	ability	in	a	given	environment.	In	light	of	our	results,	
we	 support	 the	 recommendations	 stated	 by	Milot	 et	al.	 (2013)	 to	
adopt	more	natural	 rearing	 condition	and	 to	 release	 juveniles	 at	 a	
younger	stage,	before	the	first	feeding	occurs.	As	it	may	be	difficult	
to	exactly	mimic	the	natural	conditions	in	hatchery,	the	implementa-
tion	of	bacterial	ecology	in	supplementation	programs	could	be	one	
possible	avenue	to	investigate	looking	forward.	Unless	the	hatchery	
is	connected	to	the	targeted	river,	one	avenue	would	be	to	provide	
beneficial	bacteria	detected	in	wild	populations	to	hatchery-	reared	
juveniles	 through	 the	 administration	 of	 probiotics.	 Therefore,	 fur-
ther	 studies	 are	 needed	 to	 assess	 how	 to	 control	 the	 microbiota	
composition	in	hatchery	and	to	characterize	natural	microbiome	for	
each	population	subjected	to	supportive	breeding	programs.	To	con-
clude,	we	strongly	believe	that	implementing	host–microbiota	evo-
lutionary	process	and	microbial	 ecology	 into	conservation	policies	
would	improve	the	efficiency	of	stocking	programs	for	Salmo salar,	
but	also	for	every	teleost	species	suffering	a	demographic	decline.

ACKNOWLEDG EMENTS

This	project	was	supported	by	the	Natural	Science	and	Engineering	
Research	 Council	 of	 Canada	 (NSERC)	 undergraduate	 scholarship,	
Ressources Aquatiques Québec	 (RAQ),	 the	Ministère des Fôrets, de la 
Faune et des Parcs	(MFFP),	and	Marie	Curie	Institute.	We	would	like	
to	thank	Martin	Llewellyn	and	Justine	Letourneau	for	their	participa-
tion	during	the	sampling.

DISCL AIMER

Please	note	that	primers	used	in	this	work	contain	Illumina-	specific	
sequences	 protected	 by	 intellectual	 property	 (Oligonucleotide	 se-
quences	©	2007-	2013	Illumina,	Inc).	All	rights	reserved.	Derivative	
works	 created	 by	 Illumina	 customers	 are	 authorized	 for	 use	 with	
Illumina	 instruments	 and	products	only.	All	 other	 uses	 are	 strictly	
prohibited.)

DATA ARCHIVING S TATEMENT

Data	 are	 available	 from	 the	Dryad	Digital	 Repository:	 https://doi.
org/10.5061/dryad.5ff8m0q.

ORCID

Camille Lavoie  http://orcid.org/0000-0002-8638-9947 

R E FE R E N C E S

Araki,	 H.,	 Berejikian,	 B.	 A.,	 Ford,	 M.	 J.,	 &	 Blouin,	 M.	 S.	
(2008).	 Fitness	 of	 hatchery-	reared	 salmonids	 in	 the	
wild. Evolutionary Applications,	 1,	 342–355.	 https://doi.
org/10.1111/j.1752-4571.2008.00026.x

Bäckhed,	F.,	Ley,	R.	E.,	Sonnenburg,	J.	L.,	Peterson,	D.	A.,	&	Gordon,	J.	
I.	 (2005).	Host-	bacterial	mutualism	 in	the	human	 intestine.	Science,	
307,	1915–1920.	https://doi.org/10.1126/science.1104816

Balcazar,	 J.	 L.,	Vendrell,	D.,	de	Blas,	 I.,	Ruiz-Zarzuela,	 I.,	Girones,	O.,	&	
Muzquiz,	 J.	 L.	 (2007).	 In	 vitro	 competitive	 adhesion	 and	 produc-
tion	of	 antagonistic	 compounds	by	 lactic	 acid	bacteria	 against	 fish	
pathogens.	 Veterinary Microbiology,	 122,	 373–380.	 https://doi.
org/10.1016/j.vetmic.2007.01.023

Bell,	J.	G.,	Ghioni,	C.,	&	Sargent,	J.	R.	(1994).	Fatty	acid	composition	of	
10	 freshwater	 invertebrates	 which	 are	 natural	 food	 organisms	 of	
Atlantic	 salmon	 parr	 (Salmo salar):	 A	 comparison	 with	 commercial	
diets.	Aquaculture,	128,	301–313.

Bhat,	M.	 I.,	 &	 Kapila,	 R.	 (2017).	Dietary	metabolites	 derived	 from	 gut	
microbiota	:	Critical	modulators	of	epigenetic	changes	in	mammals.	
Nutrition Reviews,	 75(5),	 374–389.	 https://doi.org/10.1093/nutrit/
nux001

Bokulich,	N.	 A.,	 Subramanian,	 S.,	 Faith,	 J.	 J.,	 Gevers,	D.,	 Gordon,	 J.	 I.,	
Knight,	R.,	…	Caporaso,	J.	G.	(2013).	Quality-	filtering	vastly	improves	
diversity	 estimates	 from	 Illumina	 amplicon	 sequencing.	 Nature 
Methods,	10(1),	57–59.	https://doi.org/10.1038/nmeth.2276

Bonga,	S.	E.	W.	(1997).	The	stress	response	in	fish.	Physiological Reviews,	
77,	591–625.	https://doi.org/10.1152/physrev.1997.77.3.591

Boutin,	 S.,	 Bernatchez,	 L.,	 Audet,	 C.,	 &	 Derome,	 N.	 (2013).	 Network	
analysis	 highlights	 complex	 interactions	 between	 pathogen,	 host	
and	 commensal	 microbiota.	 PLoS ONE,	 8(12),	 e84772.	 https://doi.
org/10.1371/journal.pone.0084772

Boutin,	S.,	Sauvage,	C.,	Bernatchez,	L.,	Audet,	C.,	&	Derome,	N.	(2014).	
Inter	 individual	 variations	 of	 the	 fish	 skin	 microbiota:	 Host	 ge-
netics	 basis	 of	 mutualism?	 PLoS ONE,	 9(7),	 e102649.	 https://doi.
org/10.1371/journal.pone.0102649

Burns,	 A.	 R.,	 Stephens,	 W.	 Z.,	 Stagaman,	 K.,	 Wong,	 S.,	 Rawls,	 J.	 F.,	
Guillemin,	 K.,	 &	 Bohannan,	 B.	 J.	 M.	 (2016).	 Contribution	 of	 neu-
tral	processes	to	the	assembly	of	gut	microbial	communities	 in	the	
zebrafish	 over	 host	 development.	 The Multidisciplinary Journal of 
Microbial Ecology,	10,	655–664.

Carlson,	J.	M.,	Leonard,	A.	B.,	Hyde,	E.	R.,	Petrosino,	J.	F.,	&	Primm,	T.	
P.	(2017).	Microbiome	disruption	and	recovery	in	the	fish	Gambusia	
affinis	following	exposure	to	broad-	spectrum	antibiotic.	Infection and 
Drug Resistance,	10,	143–154.	https://doi.org/10.2147/IDR

Caron,	F.,	Fontaine,	P.	M.,	&	Cauchon,	V.	(2006).	État des stocks de saumon 
au Québec en 2005	 (p.	18).	Québec,	QC:	Ministère	des	Ressources	
naturelles	et	de	la	Faune,	Direction	de	la	recherche	sur	la	faune.

Caron,	F.,	Fontaine,	P.	M.,	&	Picard,	S.	E.	(1999).	Seuil de conservation et 
cible de gestion pour les rivières à saumon (Salmo salar) du Québec	 (p.	
48).	Québec,	QC:	Faune	et	Parcs	Québec,	Direction	de	 la	faune	et	
des	habitats.

Carr,	J.	W.,	Whoriskey,	F.,	&	O’reilly	P.	(2004).	Efficacy	of	releasing	captive	
reared	broodstock	into	an	imperilled	wild	Atlantic	salmon	population	
as	a	recovery	strategy.	Journal of Fish Biology,	65,	38–54.	https://doi.
org/10.1111/j.0022-1112.2004.00546.x

Chabrillon,	 M.,	 Rico,	 R.	 M.,	 Arijo,	 S.,	 Diaz-Rosales,	 P.,	 Balebona,	 M.	
C.,	 &	 Morinigo,	 M.	 A.	 (2005).	 Interactions	 of	 microorganisms	
isolated	 from	 gilthead	 sea	 bream,	 Sparus	 aurata	 L.,	 on	 Vibrio	
harveyi,	 a	 pathogen	 of	 farmed	 Senegalese	 sole,	 Solea	 senega-
lensis	 (Kaup).	 Journal of Fish Diseases,	 28,	 531–537.	 https://doi.
org/10.1111/j.1365-2761.2005.00657.x

Chanos,	P.,	&	Mygind,	T.	(2016).	Co-	culture	inducible	bacteriocin	produc-
tion	 in	 lactic	acid	bacteria.	Applied Microbiology Biotechnology,	100,	
4297–4308.	https://doi.org/10.1007/s00253-016-7486-8

Cortese,	R.,	Lu,	L.,	Yu,	Y.,	Ruden,	D.,	&	Claud,	E.	C.	(2016).	Epigenome-	
microbiome	crosstalk:	A	potential	new	paradigm	influencing	neona-
tal	susceptibility	to	disease.	Epigenetics,	11(3),	205–215.	https://doi.
org/10.1080/15592294.2016.1155011

COSEWIC	 (2010).	 COSEWIC	 assessment	 and	 status	 report	 on	 the	
Atlantic	 Salmon	 Salmo	 salar	 (Nunavik	 population,	 Labrador	 popu-
lation,	Northeast	Newfoundland	 population,	 South	Newfoundland	
population,	 Southwest	 Newfoundland	 population,	 Northwest	
Newfoundland	population,	Quebec	Eastern	North	Shore	population,	

https://doi.org/10.5061/dryad.5ff8m0q
https://doi.org/10.5061/dryad.5ff8m0q
http://orcid.org/0000-0002-8638-9947
http://orcid.org/0000-0002-8638-9947
https://doi.org/10.1111/j.1752-4571.2008.00026.x
https://doi.org/10.1111/j.1752-4571.2008.00026.x
https://doi.org/10.1126/science.1104816
https://doi.org/10.1016/j.vetmic.2007.01.023
https://doi.org/10.1016/j.vetmic.2007.01.023
https://doi.org/10.1093/nutrit/nux001
https://doi.org/10.1093/nutrit/nux001
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.1371/journal.pone.0084772
https://doi.org/10.1371/journal.pone.0084772
https://doi.org/10.1371/journal.pone.0102649
https://doi.org/10.1371/journal.pone.0102649
https://doi.org/10.2147/IDR
https://doi.org/10.1111/j.0022-1112.2004.00546.x
https://doi.org/10.1111/j.0022-1112.2004.00546.x
https://doi.org/10.1111/j.1365-2761.2005.00657.x
https://doi.org/10.1111/j.1365-2761.2005.00657.x
https://doi.org/10.1007/s00253-016-7486-8
https://doi.org/10.1080/15592294.2016.1155011
https://doi.org/10.1080/15592294.2016.1155011


1682  |     LAVOIE Et AL.

Quebec	Western	North	Shore	population,	Anticosti	 Island	popula-
tion,	Inner	St.	Lawrence	population,	Lake	Ontario	population,	Gaspé-
Southern	Gulf	of	St.	Lawrence	population,	Eastern	Cape	Breton	pop-
ulation,	Nova	Scotia	Southern	Upland	population,	Inner	Bay	of	Fundy	
population,	Outer	Bay	of	Fundy	population)	 in	Canada.	Committee	
on	 the	 Status	 of	 Endangered	 Wildlife	 in	 Canada.	 Ottawa.	 xlvii	 +	
136	pp.	Retrieved	from	www.sararegistry.gc.ca/status/status_e.cfm

Derome,	N.,	Duchesne,	P.,	&	Bernatchez,	L.	 (2006).	Parallelism	in	gene	
transcription	among	sympatric	lake	whitefish	(coregonus	clupeafor-
mis	mitchill)	ecotypes.	Molecular Ecology,	15,	1239–1249.	https://doi.
org/10.1111/j.1365-294X.2005.02968.x

Desai,	A.	R.,	 Links,	M.	G.,	Collins,	S.	A.,	Mansfield,	G.	S.,	Drew,	M.	D.,	
Van	Kessel,	 A.	G.,	 &	Hill,	 J.	 E.	 (2012).	 Effects	 of	 plant-	based	 diets	
on	 the	 distal	 gut	 microbiome	 of	 rainbow	 trout	 (Oncorhynchus	
mykiss).	 Aquaculture,	 350,	 134–142.	 https://doi.org/10.1016/j.
aquaculture.2012.04.005

Dionne,	M.,	Caron,	F.,	Dodson,	J.	J.,	&	Bernatchez,	L.	(2008).	Landscape	
genetics	and	hierarchical	 genetic	 structure	 in	Atlantic	 salmon:	The	
interaction	of	gene	flow	and	local	adaptation.	Molecular Ecology,	17,	
2382–2396.	https://doi.org/10.1111/j.1365-294X.2008.03771.x

Dionne,	 M.,	 Miller,	 K.	 M.,	 Dodson,	 J.	 J.,	 Caron,	 F.,	 &	 Bernatchez,	
L.	 (2007).	 Clinal	 variation	 in	 mhc	 diversity	 with	 temperature:	
Evidence	 for	 the	 role	 of	 host-	pathogen	 interaction	 on	 local	 adap-
tation	 in	 Atlantic	 salmon.	 Evolution,	 61,	 2154–2164.	 https://doi.
org/10.1111/j.1558-5646.2007.00178.x

Donaldson,	G.	P.,	 Lee,	S.	M.,	&	Mazmanian,	S.	K.	 (2016).	Gut	biogeog-
raphy	 of	 the	 bacterial	microbiota.	Nature Reviews Microbiology,	14,	
20–32.	https://doi.org/10.1038/nrmicro3552

Edgar,	R.	C.	(2010).	Search	and	clustering	orders	of	magnitude	faster	than	
BLAST.	Bioinformatics,	26(19),	2460–2461.	https://doi.org/10.1093/
bioinformatics/btq461

Feng,	J.	B.,	Hu,	C.	Q.,	Luo,	P.,	Zhang,	L.	P.,	&	Chen,	C.	(2010).	Microbiota	of	
yellow	grouper	(Epinephelus	awoora	Temminck	&	Schlegel,	1842)	fed	
two	 different	 diets.	Aquaculture Research,	 41,	 1778–1790.	 https://
doi.org/10.1111/j.1365-2109.2010.02481.x

Fisher,	R.	A.	(1930).	The genetical theory of natural selection.	Oxford,	New	
York,	NY:	Clarendon	Press,	Dover.

Ford,	 M.	 J.	 (2002).	 Selection	 in	 captivity	 during	 supportive	 breeding	
may	reduce	fitness	in	the	wild.	Conservation Biology,	16(3),	815–825.	
https://doi.org/10.1046/j.1523-1739.2002.00257.x

Fredborg,	M.,	Theil,	P.	K.,	 Jensen,	B.	B.,	&	Purup,	S.	 (2012).	G	protein-	
coupled	receptor	120	(GPR120)	transcription	in	intestinal	epithelial	
cells	is	significantly	affected	by	bacteria	belonging	to	the	Bacteroides,	
Proteobacteria,	and	Firmicutes	phyla.	Journal of Animal Science,	90,	
10–12.	https://doi.org/10.2527/jas.53792

Gaboriau-Routhiau,	 V.,	 Rakotobe,	 S.,	 Lécuyer,	 E.,	 Mulder,	 I.,	 Lan,	 A.,	
Bridonneau,	C.,	…	Cerf-Bensussan,	N.	 (2009).	The	key	 role	of	 seg-
mented	 filamentous	 bacteria	 in	 the	 coordinated	 maturation	 of	
gut	 helper	 T	 cell	 responses.	 Immunity,	 31,	 677–689.	 https://doi.
org/10.1016/j.immuni.2009.08.020

Gajardo,	 K.,	 Rodiles,	 A.,	 Kortner,	 T.	 M.,	 Krogdahl,	 A.,	 Bakke,	 A.	 M.,	
Merrifield,	D.	L.,	&	Sorum,	H.	 (2016).	A	high-	resolution	map	of	 the	
gut	microbiota	in	Atlantic	salmon	(Salmo	salar):	A	basis	for	compar-
ative	gut	microbial	research.	Scientific Reports,	6,	30893.	https://doi.
org/10.1038/srep30893

Garcia	 de	 Leaniz,	 C.,	 Fleming,	 I.	 A.,	 Einum,	 S.,	 Verspoor,	 E.,	 Jordan,	
W.	 C.,	 Consuegra,	 S.,	 …	 Quinn,	 T.	 P.	 (2007).	 A	 critical	 review	
of	 adaptive	 genetic	 variation	 in	 Atlantic	 salmon:	 Implications	
for	 conservation.	 Biological Reviews,	 82,	 173–211.	 https://doi.
org/10.1111/j.1469-185X.2006.00004.x

Hanley,	B.,	Dijane,	J.,	Fewtrell,	M.,	Grynberg,	A.,	Hummel,	S.,	Junien,	C.,	
…	 van	Der	Beek,	 E.	M.	 (2010).	Metabolic	 imprinting,	 programming	
and	epigenetics-	a	 review	of	present	priorities	 and	 future	opportu-
nities.	British Journal of Nutrition,	104(Suppl	1),	S1–S25.	https://doi.
org/10.1017/S0007114510003338

Indrio,	F.,	Martini,	S.,	Grancavilla,	R.,	Corvaglia,	L.,	Cristofori,	F.,	Mastrolia,	
S.	 A.,	 …	 Loverro,	 G.	 (2017).	 Epigenetic	 matters:	 The	 link	 between	
early	 nutrition,	 microbiome,	 and	 long-	term	 health	 development.	
Frontiers in Pediatrics,	5,	175.

Ingerslev,	H.-C.,	von	Gersdorff	Jørgensen,	L.,	Lenz	Strube,	M.,	Larsen,	N.,	
Dalsgaard,	I.,	Boye,	M.,	&	Madsen,	L.	(2014).	The	development	of	the	
gut	microbiota	in	rainbow	trout	(Oncorhynchus mykiss)	is	affected	by	
first	feeding	and	diet	type.	Aquaculture,	424–425,	24–34.	https://doi.
org/10.1016/j.aquaculture.2013.12.032

Klaasen,	H.,	Vanderheijden,	P.	J.,	Stok,	W.,	Poelma,	F.	G.	J.,	Koopman,	J.	
P.,	Vandenbrink,	M.	E.,	…	Beynen,	A.	C.	(1993).	Apathogenic,	intesti-
nal,	segmented,	filamentous	bacteria	stimulate	the	mucosal	immune-	
system	of	mice.	Infection and Immunity,	61,	303–306.

Kristiansen,	T.	S.,	Ottera,	H.,	&	Svasand,	T.	(2000).	Size-	dependent	mor-
tality	of	juvenile	Atlantic	cod,	estimated	from	recaptures	of	released	
reared	cod	and	tagged	wild	cod.	Journal of Fish Biology,	56,	687–712.	
https://doi.org/10.1111/j.1095-8649.2000.tb00766.x

Krogdahl,	 Å.,	 Bakke-Mckellep,	 A.	 M.,	 Roed,	 K.	 H.,	 &	 Baeverfjord,	 G.	
(2000).	 Feeding	 Atlantic	 salmon	 Salmo	 salar	 L.	 soybean	 products:	
Effects	on	disease	resistance	 (furunculosis),	and	 lysozyme	and	 IgM	
levels	 in	 the	 intestinal	 mucosa.	 Aquaculture Nutrition,	 6,	 77–84.	
https://doi.org/10.1046/j.1365-2095.2000.00129.x

Landeira-Dabarca,	A.,	Sieiro,	C.,	&	Alvarez,	M.	(2013).	Change	in	food	in-
gestion	induces	rapid	shifts	in	the	diversity	of	microbiota	associated	
with	cutaneous	mucus	of	Atlantic	salmon	Salmo	salar.	Journal of Fish 
Biology,	82,	893–906.	https://doi.org/10.1111/jfb.12025

Le	Luyer,	J.	L.,	Laporte,	M.,	Beacham,	T.	D.,	Kaukinen,	K.	H.,	Withler,	R.	
E.,	Leong,	J.	S.,	…	Bernatchez,	L.	(2017).	Parallel	epigenetic	modifica-
tions	induced	by	hatchery	rearing	in	a	Pacific	salmon.	Proceedings of 
the National Academy of Sciences,	114(49),	12964–12969.	https://doi.
org/10.1073/pnas.1711229114

Liu,	 J.	 J.,	Wu,	D.	 C.,	 Ahmed,	 A.,	 Li,	 X.	 L.,	Ma,	 Y.	 F.,	 Tang,	 L.,	…	Xin,	 Y.	
(2012).	 Comparison	 of	 the	 gut	 microbe	 profiles	 and	 numbers	 be-
tween	patients	with	 liver	 cirrhosis	 and	healthy	 individuals.	Current 
Microbiology,	65,	7–13.	https://doi.org/10.1007/s00284-012-0105-8

Llewellyn,	M.	S.,	McGinnity,	P.,	Dionne,	M.,	Letourneau,	 J.,	Thonier,	F.,	
Carvalho,	G.	R.,	…	Derome,	N.	(2015).	The	biogeography	of	the	atlan-
tic	salmon	(Salmo salar)	gut	microbiome.	The Multidisciplinary Journal 
of Microbial Ecology,	 10,	 1280–1284.	 https://doi.org/10.1038/
ismej.2015.189

Maselle,	 A.	 P.,	 Bartram,	 A.	 K.,	 Truszkowski,	 J.	 M.,	 Brown,	 D.	 G.,	 &	
Neufeld,	 J.	 D.	 (2012).	 PANDAseq	 :	 Paired-	end	 assembler	 for	 il-
lumina	 sequences.	 BMC Bioinformatics,	 13(1),	 31.	 https://doi.
org/10.1186/1471-2105-13-31

McPhee,	M.	 E.	 (2004).	Morphological	 change	 in	wild	 and	 captive	 old-
field	mice	peromyscus	polionotus	subgriseus.	Journal of Mammalogy,	
85(6),	1130–1137.	https://doi.org/10.1644/BPR-017.1

Michl,	S.	C.,	Ratten,	 J.	M.,	Beyer,	M.,	Hasler,	M.,	Laroche,	 J.,	&	Schulz,	
C.	 (2017).	The	malleable	gut	micro	biome	of	 juvenile	rainbow	trout	
(Oncorhynchus mykiss):	Diet-	dependent	shifts	of	bacterial	community	
structures.	 PLoS ONE,	 12(5),	 e0177735.	 https://doi.org/10.1371/
journal.pone.0177735

Milot,	E.,	Perrier,	C.,	Papillon,	L.,	Dodson,	J.	J.,	&	Bernatchez,	L.	(2013).	
Reduced	 fitness	 of	 Atlantic	 salmon	 released	 in	 the	wild	 after	 one	
generation	 of	 captive	 breeding.	 Evolutionary Applications,	 6,	 472–
485.	https://doi.org/10.1111/eva.12028

Mischke,	M.,	&	Plösch,	T.	(2013).	More	than	just	a	gut	instinct-	the	poten-
tial	interplay	between	a	baby’s	nutrition,	its	gut	microbiome,	and	the	
epigenome.	American Journal of Physiology: Regulatory, Integrative and 
Comparative Physiology,	304(12),	R1065–R1069.

Nakayama,	 T.,	 Tuyet	 Hoa,	 T.	 T.,	 Harada,	 K.,	 Warisaya,	 M.,	 Asayama,	
M.,	 Hinenoya,	 A.,	 …	 Yamamoto,	 Y.	 (2017).	 Water	 metagenomic	
analysis	 reveals	 low	bacterial	diversity	and	the	presence	of	antimi-
crobial	 residues	 and	 resistance	 genes	 in	 a	 river	 containing	 waste-
water	 from	backyard	 aquacultures	 in	 the	Mekong	Delta,	 Vietnam.	

http://www.sararegistry.gc.ca/status/status_e.cfm
https://doi.org/10.1111/j.1365-294X.2005.02968.x
https://doi.org/10.1111/j.1365-294X.2005.02968.x
https://doi.org/10.1016/j.aquaculture.2012.04.005
https://doi.org/10.1016/j.aquaculture.2012.04.005
https://doi.org/10.1111/j.1365-294X.2008.03771.x
https://doi.org/10.1111/j.1558-5646.2007.00178.x
https://doi.org/10.1111/j.1558-5646.2007.00178.x
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1111/j.1365-2109.2010.02481.x
https://doi.org/10.1111/j.1365-2109.2010.02481.x
https://doi.org/10.1046/j.1523-1739.2002.00257.x
https://doi.org/10.2527/jas.53792
https://doi.org/10.1016/j.immuni.2009.08.020
https://doi.org/10.1016/j.immuni.2009.08.020
https://doi.org/10.1038/srep30893
https://doi.org/10.1038/srep30893
https://doi.org/10.1111/j.1469-185X.2006.00004.x
https://doi.org/10.1111/j.1469-185X.2006.00004.x
https://doi.org/10.1017/S0007114510003338
https://doi.org/10.1017/S0007114510003338
https://doi.org/10.1016/j.aquaculture.2013.12.032
https://doi.org/10.1016/j.aquaculture.2013.12.032
https://doi.org/10.1111/j.1095-8649.2000.tb00766.x
https://doi.org/10.1046/j.1365-2095.2000.00129.x
https://doi.org/10.1111/jfb.12025
https://doi.org/10.1073/pnas.1711229114
https://doi.org/10.1073/pnas.1711229114
https://doi.org/10.1007/s00284-012-0105-8
https://doi.org/10.1038/ismej.2015.189
https://doi.org/10.1038/ismej.2015.189
https://doi.org/10.1186/1471-2105-13-31
https://doi.org/10.1186/1471-2105-13-31
https://doi.org/10.1644/BPR-017.1
https://doi.org/10.1371/journal.pone.0177735
https://doi.org/10.1371/journal.pone.0177735
https://doi.org/10.1111/eva.12028


     |  1683LAVOIE Et AL.

Environmental Pollution,	 222,	 294–306.	 https://doi.org/10.1016/j.
envpol.2016.12.041

Nordrum,	S.,	Bakke-McKellep,	A.	M.,	Krogdahl,	A.,	&	Buddington,	R.	K.	
(2000).	Effects	of	soybean	meal	and	salinity	on	intestinal	transport	
of	 nutrients	 in	 Atlantic	 salmon	 (Salmo	 salar	 L.)	 and	 rainbow	 trout	
(Oncorhynchus	 mykiss).	 Comparative Biochemistry and Physiology. 
Part B, Biochemistry & Molecular Biology,	125,	 317–335.	https://doi.
org/10.1016/S0305-0491(99)00190-X

Orlov,	A.	V.,	Gerasimov,	Y.	V.,	&	Lapshin,	O.	M.	(2006).	The	feeding	be-
haviour	of	cultured	and	wild	Atlantic	salmon,	Salmo	salar	L.,	 in	 the	
Louvenga	river,	Kola	Peninsula,	Russia.	Ices Journal of Marine Science,	
63,	1297–1303.	https://doi.org/10.1016/j.icesjms.2006.05.004

Perrier,	C.,	Bourret,	V.,	Kent,	M.	P.,	&	Bernatchez,	L.	(2013).	Parallel	and	
nonparallel	 genome-	wide	 divergence	 among	 replicate	 population	
pairs	 of	 freshwater	 and	 anadromous	 Atlantic	 salmon.	 Molecular 
Ecology,	22,	5577–5593.	https://doi.org/10.1111/mec.12500

Poole,	W.	 R.,	Nolan,	D.	 T.,	Wevers,	 T.,	Dillane,	M.,	 Cotter,	D.,	 &	 Tully,	
O.	 (2003).	 An	 ecophysiological	 comparison	 of	 wild	 and	 hatchery-	
raised	Atlantic	salmon	 (Salmo	salar	L.)	smolts	 from	the	Burrishoole	
system,	 western	 Ireland.	 Aquaculture,	 222,	 301–314.	 https://doi.
org/10.1016/S0044-8486(03)00129-7

Rajani,	 C.,	 &	 Jia,	 W.	 (2018).	 Disruptions	 in	 gut	 microbial-	host	 co-	
metabolism	 and	 the	 development	 of	 metabolic	 disorders.	 Clinical 
Science,	132(7),	791–811.	https://doi.org/10.1042/CS20171328

Rawls,	 J.	 F.,	 Samuel,	 B.	 S.,	 &	Gordon,	 J.	 I.	 (2004).	 Gnotobiotic	 zebraf-
ish	 reveal	 evolutionarily	 conserved	 responses	 to	 the	 gut	 microbi-
ota.	 Proceedings of the National Academy of Sciences of the United 
States of America,	 101,	 4596–4601.	 https://doi.org/10.1073/
pnas.0400706101

Reveco,	F.	E.,	Overland,	M.,	Romarheim,	O.	H.,	&	Mydland,	L.	T.	(2014).	
Intestinal	bacterial	community	structure	differs	between	healthy	and	
inflamed	 intestines	 in	Atlantic	salmon	 (Salmo	salar	L.).	Aquaculture,	
420,	262–269.	https://doi.org/10.1016/j.aquaculture.2013.11.007

Rhossart,	S.	P.,	Vassallo,	B.	G.,	Angeletti,	D.,	Hutchinson,	D.	S.,	Morgan,	
A.	P.,	Takeda,	K.,	…	Rehermann,	B.	(2017).	Wild	mouse	gut	microbi-
ota	promotes	host-	fitness	and	improves	disease	resistance.	Cell,	171,	
1015–1028.	https://doi.org/10.1016/j.cell.2017.09.016

Ringo,	 E.,	 &	 Olsen,	 R.	 E.	 (1999).	 The	 effect	 of	 diet	 on	 aerobic	 bacte-
rial	 flora	 associated	 with	 intestine	 of	 Arctic	 charr	 (Salvelinus	 al-
pinus	 L.).	 Journal of Applied Microbiology,	 86,	 22–28.	 https://doi.
org/10.1046/j.1365-2672.1999.00631.x

Rossi,	M.,	Amaretti,	A.,	&	Raimondi,	S.	(2011).	Folate	production	by	pro-
biotic	 bacteria.	Nutrients,	3(11),	 118–134.	 https://doi.org/10.3390/
nu3010118

Satish	Kumar,	R.,	Kanmani,	P.,	Yuvaraj,	N.,	Paari,	K.	A.,	Pattukumar,	V.,	&	
Arul,	V.	(2011).	Purification	and	characterization	of	enterocin	MC13	
produced	by	a	potential	aquaculture	probiont	Enterococcus	faecium	
MC13	 isolated	from	the	gut	of	Mugil	cephalus.	Canadian Journal of 
Microbiology,	57,	993–1001.	https://doi.org/10.1139/w11-092

Scanlan,	 P.	 D.,	 Shanahan,	 F.,	 Clune,	 Y.,	 Collins,	 J.	 K.,	 O’Sullivan,	 G.	 C.,	
O’Riordan,	M.,	…	Marchesi,	J.	R.	 (2008).	Culture-	independent	anal-
ysis	 of	 the	 gut	 microbiota	 in	 colorectal	 cancer	 and	 polyposis	 (vol	
10,	pg	789,	2008).	Environmental Microbiology,	10,	1382.	https://doi.
org/10.1111/j.1462-2920.2008.01622.x

Seghouani,	H.,	Garcia-Rangel,	C.	E.,	Füller,	J.,	Gauthier,	J.,	&	Derome,	N.	
(2017).	Walleye	autochthonous	bacteria	as	promising	probiotic	can-
didates	against	 flavobacterium	columnare.	Frontiers in Microbiology,	
8,	1349.	https://doi.org/10.3389/fmicb.2017.01349

Stappenbeck,	T.	S.,	Hooper,	L.	V.,	&	Gordon,	J.	I.	(2002).	Developmental	
regulation	 of	 intestinal	 angiogenesis	 by	 indigenous	 microbes	 via	

Paneth	cells.	Proceedings of the National Academy of Sciences,	99(24),	
15451–15455.	https://doi.org/10.1073/pnas.202604299

Stephens,	 W.	 Z.,	 Burns,	 A.	 R.,	 Stagaman,	 K.,	 Wong,	 S.,	 Rawls,	 J.	 F.,	
Guillemin,	K.,	&	Bohannan,	B.	J.	M.	 (2016).	The	composition	of	the	
zebrafish	intestinal	microbial	community	varies	across	development.	
The Multidisciplinary Journal of Microbial Ecology,	10,	644–654.

Stringwell,	R.,	Lock,	A.,	Stutchbury,	C.	J.,	Baggett,	E.,	Taylor,	J.,	Gough,	
P.	J.,	&	de	Leaniz,	C.	G.	 (2014).	Maladaptation	and	phenotypic	mis-
match	in	hatchery-	reared	Atlantic	salmon	Salmo	salar	released	in	the	
wild. Journal of Fish Biology,	85,	1927–1945.	https://doi.org/10.1111/
jfb.12543

Svasand,	T.,	&	Kristiansen,	T.	S.	(1990).	Enhancement	studies	of	coastal	
cod	in	western	Norway	Part	IV.	Mortality	of	reared	cod	after	release.	
Journal du Conseil pour l’Exploration en Mer,	 47,	 30–39.	 https://doi.
org/10.1093/icesjms/47.1.30

Sylvain,	F.	E.,	&	Derome,	N.	(2017).	Vertically	and	horizontally	transmit-
ted	microbial	symbionts	shape	the	gut	microbiota	ontogenesis	of	a	
skin-	mucus	 feeding	discus	 fish	 progeny.	Scientific Reports,	7,	 5263.	
https://doi.org/10.1038/s41598-017-05662-w

Tanaka,	 R.,	 Ootsubo,	 M.,	 Sawabe,	 T.,	 Ezura,	 Y.,	 &	 Tajima,	 K.	 (2004).	
Biodiversity	 and	 in	 situ	 abundance	 of	 gut	 microflora	 of	 abalone	
(Haliotis discus hannai)	 determined	 by	 culture-	independent	 tech-
niques.	 Aquaculture,	 241,	 453–463.	 https://doi.org/10.1016/j.
aquaculture.2004.08.032

Tremaroli,	V.,	&	Bäckhed,	F.	(2012).	Functional	interactions	between	the	
gut	microbiota	and	host	metabolism.	Nature,	489,	242–249.	https://
doi.org/10.1038/nature11552

Vrieze,	 A.,	Out,	 C.,	 Fuentes,	 S.,	 Jonker,	 L.,	 Reuling,	 I.,	 Kootte,	 R.	 S.,	 …	
Nieuwdorp,	M.	(2014).	Impact	of	oral	vancomycin	on	gut	microbiota,	
bile	acid	metabolism,	and	insulin	sensitivity.	Journal of Hepatology,	60,	
824–831.	https://doi.org/10.1016/j.jhep.2013.11.034

Wu,	 G.	 D.,	 &	 Lewis,	 J.	 D.	 (2013).	 Analysis	 of	 the	 human	 gut	 microbi-
ome	 and	 association	 with	 disease.	 Clinical Gastroenterology and 
Hepatology,	11,	774–777.	https://doi.org/10.1016/j.cgh.2013.03.038

Yan,	Q.,	Li,	J.,	Yue,	Y.,	Wang,	J.,	He,	Z.,	Van	Nostrand,	J.	D.,	…	Zhou,	J.	
(2016).	 Environmental	 filtering	 decreases	 with	 fish	 development	
for	 the	assembly	of	gut	microbiota.	Environmental microbiology,	18,	
4739–4754.	https://doi.org/10.1111/1462-2920.13365

Zhang,	Y.	F.,	 Lun,	C.	Y.,	&	Tsui,	S.	K.	W.	 (2015).	Metagenomics:	A	new	
way	to	illustrate	the	crosstalk	between	infectious	diseases	and	host	
microbiome. International Journal of Molecular Sciences,	16,	 26263–
26279.	https://doi.org/10.3390/ijms161125957

SUPPORTING INFORMATION

Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.	

How to cite this article:	Lavoie	C,	Courcelle	M,	Redivo	B,	
Derome	N.	Structural	and	compositional	mismatch	between	
captive	and	wild	Atlantic	salmon	(Salmo salar)	parrs’	gut	
microbiota	highlights	the	relevance	of	integrating	molecular	
ecology	for	management	and	conservation	methods.	Evol Appl. 
2018;11:1671–1685. https://doi.org/10.1111/eva.12658

https://doi.org/10.1016/j.envpol.2016.12.041
https://doi.org/10.1016/j.envpol.2016.12.041
https://doi.org/10.1016/S0305-0491(99)00190-X
https://doi.org/10.1016/S0305-0491(99)00190-X
https://doi.org/10.1016/j.icesjms.2006.05.004
https://doi.org/10.1111/mec.12500
https://doi.org/10.1016/S0044-8486(03)00129-7
https://doi.org/10.1016/S0044-8486(03)00129-7
https://doi.org/10.1042/CS20171328
https://doi.org/10.1073/pnas.0400706101
https://doi.org/10.1073/pnas.0400706101
https://doi.org/10.1016/j.aquaculture.2013.11.007
https://doi.org/10.1016/j.cell.2017.09.016
https://doi.org/10.1046/j.1365-2672.1999.00631.x
https://doi.org/10.1046/j.1365-2672.1999.00631.x
https://doi.org/10.3390/nu3010118
https://doi.org/10.3390/nu3010118
https://doi.org/10.1139/w11-092
https://doi.org/10.1111/j.1462-2920.2008.01622.x
https://doi.org/10.1111/j.1462-2920.2008.01622.x
https://doi.org/10.3389/fmicb.2017.01349
https://doi.org/10.1073/pnas.202604299
https://doi.org/10.1111/jfb.12543
https://doi.org/10.1111/jfb.12543
https://doi.org/10.1093/icesjms/47.1.30
https://doi.org/10.1093/icesjms/47.1.30
https://doi.org/10.1038/s41598-017-05662-w
https://doi.org/10.1016/j.aquaculture.2004.08.032
https://doi.org/10.1016/j.aquaculture.2004.08.032
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://doi.org/10.1016/j.jhep.2013.11.034
https://doi.org/10.1016/j.cgh.2013.03.038
https://doi.org/10.1111/1462-2920.13365
https://doi.org/10.3390/ijms161125957
https://doi.org/10.1111/eva.12658


1684  |     LAVOIE Et AL.

APPENDIX 1
Relative mean abundance (%) of the 20 most abundant OTUs grouped at the family level of the microbiota composition for every group of 
parrs

Family Mean (%) Family Mean (%)

RCP Bacillaceae 0.706 RWP Bacillaceae 2.33

Enterobacteriaceae 2.28 Caulobacteraceae 1.05

Holosporaceae 4.94 Enterobacteriaceae 80.2

Lactobacillaceae 36.4 Microbacteriaceae 0.266

Moraxellaceae 7.38 Planococcaceae 13.0

Peptostreptococcaceae 2.23 Sphingomonadaceae 0.297

Pseudomonadaceae 2.58 Sum 97.1

Sphingomonadaceae 6.13 MWP Bacillaceae 2.66

Staphylococcaceae 0.982 Clostridiaceae 1 37.0

Streptococcaceae 1.07 Enterobacteriaceae 35.2

Sum 64.7 Enterococcaceae 1.89

MCP Bacillaceae 0.812 Flavobacteriaceae 0.611

Enterobacteriaceae 9.71 Legionellaceae 1.18

Lactobacillaceae 30.1 MNG7 0.726

Paenibacillaceae 1.69 Moraxellaceae 0.984

Peptostreptococcaceae 1.53 nrb16a11 0.428

Planococcaceae 2.85 Peptostreptococcaceae 1.63

Pseudomonadaceae 2.57 Streptococcaceae 0.954

Staphylococcaceae 0.532 Sum 83.3

Streptococcaceae 0.807

Sum 50.6

Note.	MCP:	Malbaie	captive	parrs;	MWP:	Malbaie	wild	parrs;	RCP:	Rimouski	captive	parrs;	RWP:	Rimouski	wild	parrs.

APPENDIX 2
Relative abundance (%) of the 20 most abundant OTUs from each group, represented at the family level for every samples

MCP MCP1 MCP2 MCP3 MCP4 MCP5 MCP7 MCP8 MCP9

Streptococcaceae 2.43 2.69 1.95 2.79 1.75 1.26 0.68 1.87

Staphylococcaceae 1.81 1.52 0.74 1.51 2.45 0.51 0.70 0.90

Pseudomonadaceae 15.19 6.02 3.22 2.35 2.03 0.26 0.96 1.61

Planococcaceae 1.56 0.35 0.13 0.19 0.24 17.60 16.61 3.86

Peptostreptococcaceae 3.33 3.42 4.88 3.97 3.04 0.10 0.33 3.86

Paenibacillaceae 0.31 0.23 0.03 0.42 0.00 0.22 15.58 3.12

Lactobacillaceae 53.74 77.18 80.59 80.42 75.15 17.91 11.90 66.45

Enterobacteriaceae 0.22 0.11 0.07 0.05 0.00 53.91 45.03 8.51

Bacillaceae 10.6 1.90 1.56 1.72 0.93 2.87 2.45 1.15

RCP RCP1 RCP10 RCP2 RCP4 RCP5 RCP6 RCP7 RCP8

Streptococcaceae 0.82 6.37 1.70 1.81 1.10 2.28 2.49 1.96

Staphylococcaceae 1.66 0.72 1.19 0.61 0.91 2.26 3.72 1.14

Sphingomonadaceae 2.81 2.73 25.61 0.69 1.67 2.58 14.39 7.29

Pseudomonadaceae 0.04 3.94 0.00 0.01 1.61 2.05 12.43 3.04

Peptostreptococcaceae 1.08 3.99 2.07 2.59 1.14 4.47 2.19 4.55

Moraxellaceae 40.77 0.55 2.06 0.22 0.92 1.07 5.30 1.57

Lactobacillaceae 45.07 71.28 41.47 50.04 37.11 72.67 28.45 70.22

Holosporaceae 0.03 0.00 0.00 0.00 48.65 0.00 0.00 0.00

(Continues)
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MCP MCP1 MCP2 MCP3 MCP4 MCP5 MCP7 MCP8 MCP9

Enterobacteriaceae 0.27 0.06 0.01 25.39 0.05 0.00 0.01 0.03

Bacillaceae 1.27 2.18 2.48 1.65 1.13 2.21 4.93 1.64

MWP MWP13 MWP18 MCP19 MWP5 MWP6 MWP8

Streptococcaceae 0.09 0.00 6.56 0.00 0.34 0.19

Peptostreptococcaceae 0.00 9.92 0.00 0.07 0.01 0.00

nbr16a11 0.00 0.00 0.00 0.00 3.84 0.00

Moraxellaceae 0.00 0.00 0.78 0.00 0.00 7.31

MNG7 0.00 4.86 0.00 0.04 0.01 0.00

Legionellaceae 0.00 0.76 0.00 7.37 1.70 0.00

Flavobacteriaceae 0.00 0.80 2.79 0.01 0.00 0.07

Enterococcaceae 0.00 15.94 0.00 0.00 0.00 0.00

Enterobacteriaceae 10.82 18.03 0.68 39.54 72.52 86.17

Clostridiaceae 1 86.46 0.66 80.31 52.19 14.82 0.08

Bacillaceae 0.14 12.09 0.00 0.17 5.62 2.26

RWP RWP10 RWP15 RWP17 RWP6 RWP9

Sphingomonadaceae 0.00 0.70 1.03 0.00 0.00

Planococcaceae 21.66 8.32 6.91 23.38 7.72

Note.	MCP:	Malbaie	captive	parrs;	MWP:	Malbaie	wild	parrs;	RCP:	Rimouski	captive	parrs;	RWP:	Rimouski	wild	parrs.
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