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Abstract
The	majority	of	seafood	is	farmed,	with	most	finfish	coming	from	freshwater	ponds.	
Ponds	are	often	fertilized	to	promote	microbial	productivity	as	a	natural	feed	source	
to	fish.	To	understand	if	pond	fertilization	with	livestock	manure	induces	a	probiotic	
or	prebiotic	effect,	we	communally	reared	tilapia	(Oreochromis shiranus),	and	North	
African	catfish	 (Clarias gariepinus),	 for	4	weeks	under	seven	manure	treatments	 in-
cluding	 layer	 chicken,	 broiler	 chicken,	 guinea	 fowl,	 quail,	 pig,	 cow,	 vs.	 commercial	
feed	to	evaluate	microbial	community	dynamics	of	the	manure,	pond	water,	and	fish	
feces	using	16S	and	18S	rRNA	marker	genes	along	with	metagenome	sequencing.	
Catfish	growth,	but	not	tilapia,	was	positively	associated	with	plankton	abundance	
(p	=	0.0006,	R2	=	0.4887)	and	greatest	in	ponds	fertilized	with	quail	manure	(ANOVA,	
p	<	0.05).	Manure	was	unique	and	influenced	the	16S	microbiome	in	pond	water,	ti-
lapia	 gut,	 and	 catfish	 gut	 and	 18S	 community	 in	 pond	 water	 and	 catfish	 guts	
(PERMANOVA,	p	=	0.001).	On	average,	18.5%,	18.6%,	and	45.3%	of	manure	bacteria	
sOTUs,	(sub-	operational	taxonomic	units),	were	present	in	the	water	column,	catfish	
feces,	and	tilapia	feces	which	comprised	3.7%,	12.8%,	and	10.9%	of	the	total	micro-
bial	richness	of	the	communities,	respectively.	Antibiotic	resistance	genes	were	high-
est	in	the	manure	and	water	samples	followed	by	tilapia	feces	and	lowest	in	catfish	
feces	(p	<	0.0001).	In	this	study,	we	demonstrate	how	the	bacterial	and	eukaryotic	
microbial	composition	of	fish	ponds	are	influenced	by	specific	livestock	manure	in-
puts	and	 that	 the	gut	microbiome	of	 tilapia is more sensitive and responsive than 
catfish	to	these	changes.	We	conclude	that	animal	manure	used	as	fertilizer	induces	
a	primarily	prebiotic	effect	on	the	pond	ecosystem	rather	than	a	direct	probiotic	ef-
fect	on	fish.
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1  | INTRODUC TION

Aquaculture	is	required	to	feed	the	world	in	the	21st	century,	while	
doing	 so	 sustainably	 is	 required	 to	 preserve	 ecosystems.	 In	 2014,	
for	the	first	time	in	history,	the	amount	of	seafood	consumed	from	
aquaculture	 farms	 surpassed	 seafood	 harvested	 from	 the	 wild	
(http://www.fao.org/3/a-i5555e.pdf).	 Fish	 farming	 makes	 up	 66%	
of	all	aquaculture	production	with	87%	of	production	occurring	 in	
freshwater	 systems	 as	 opposed	 to	marine	 (Moffitt	 &	 Cajas-	Cano,	
2014).	 Across	 continents,	 aquaculture	 is	 growing	 fastest	 in	 Africa	
at	11.7%	annual	growth,	thus	improving	production	for	fish	farmers	
while	 ensuring	 seafood	 safety	 for	 human	 consumption	 is	 needed.	
With	over	354	species	of	fish	being	farmed	globally,	tilapia	and	cat-
fish	species	are	grown	worldwide	in	over	135	countries	and	are	con-
sidered	the	fastest	growing	markets	making	up	a	large	proportion	of	
the	total	farmed	fish	biomass	(Moffitt	&	Cajas-	Cano,	2014).	In	many	
developing	 countries,	 particularly	 throughout	 Africa,	 the	 aquacul-
ture	 industry	 is	growing	to	meet	fish	consumption	demands,	while	
providing	numerous	job	opportunities.	Malawi,	a	country	with	over	
17	million	people,	was	designated	the	poorest	country	in	the	world	
by	the	World	Bank	in	2015,	while	fishery-	related	activities	were	es-
timated	to	provide	jobs	to	450,000	people	and	to	account	for	4%	of	
the	nation’s	GDP	(Munthali,	1997).	Annual	per	capita	fish	consump-
tion	 in	Malawi,	however,	still	 remains	 low	at	4.6	kg	making	Malawi	
one	 of	 the	 lowest	 in	 Africa	 (Moffitt	 &	 Cajas-	Cano,	 2014).	 Lake	
Malawi,	which	was	estimated	to	harbor	over	1,000	species	of	 fish	
(Snoeks,	2000),	has	experienced	a	steady	decline	in	wild	caught,	high	
value	tilapia	species	with	an	 increase	 in	 low	value	sardine	species,	
Engraulicypris sardella,	which	is	thought	to	be	due	to	overfishing	and	
ecosystem	degradation	through	habitat	loss	(Jamu,	Banda,	Njaya,	&	
Hecky,	2011).	Aquaculture	currently	comprises	approximately	5%	of	
the	total	fish	production	in	Malawi	but	has	been	estimated	to	have	
grown	300%	in	the	past	10	years.	These	efforts	are	helping	to	alle-
viate	malnutrition	by	increasing	total	fish	protein	consumption	while	
providing	sustainable	economic	enterprises	into	the	future	(Moffitt	
&	Cajas-	Cano,	 2014).	Determining	 best	 practices	 to	 promote	 safe	
aquaculture	while	ensuring	natural	ecosystem	conservation	is	an	im-
portant	concern	 in	Sub-	Sahara	Africa	where	government	 resource	
management	is	often	limited	by	financial	resources.

Freshwater	fish	ponds	are	often	comprised	of	multiple	species	of	
fish	reared	together	to	most	efficiently	utilize	feed	and	habitat.	Many	
countries	across	Asia	and	Africa	employ	these	methods	to	polycul-
ture	fish	such	as	tilapia,	carp,	and	catfish	which	have	varied	feeding	
strategies	including	habitat	depth	(surface	vs.	benthic)	and	ecology	
(herbivory,	omnivory,	 and	or	 carnivory)	 (Hofer,	1998;.;	Willoughby	
&	Tweddle,	1978).	Increasing	the	genetic	diversity	through	polycul-
ture	of	multiple	carp	varieties	led	to	increased	growth	rates	(Moav	&	
Wohlfarth,	1974).	Almost	90%	of	all	aquaculture	species	in	Malawi	is	
comprised	of	the	indigenous	tilapia,	Oreochromis shiranus,	followed	
by	the	red	breasted	tilapia,	Coptodon rendalli	at	5%,	and	the	African	
catfish,	Clarias gariepinus,	at	3%	(Russell,	Grötz,	Kriesemer,	&	Pemsl,	
2008).	Only	one	commercial	fish	feed	is	available	in	Malawi	(Maldeco	
starter	feed,	Maldeco	Fisheries,	Press	Corporation	PLC,	Mangochi,	

Malawi),	 which	 is	 a	 hard	 pressed	 sinking	 feed	 with	 various	 pellet	
sizes,	although	little	to	no	published	research	exists	on	effects	of	ti-
lapia	or	catfish	performance.	Tilapia	and	catfish	are	primarily	reared	
together	 in	 earthen	ponds	which	 are	 fertilized	weekly	or	monthly	
with	fresh	chicken	manure,	a	natural,	 low	cost	biofertilizer,	provid-
ing	nutrients	for	the	growth	of	plankton.	In	Malawi,	best	practices	
for	 stocking	 densities	 for	 farmers	 are	 at	 3	 fish	 per	m2 or m3 with 
all	ponds	being	no	deeper	than	1	m	while	other	research	has	used	
densities	of	2–3	fish	per	m2	(Kang’ombe,	Brown,	&	Halfyard,	2006;	
Mataka	&	Kang’ombe,	2007).	Chicken	manure	has	been	shown	to	be	
more	efficient	than	chemical	fertilizer	at	promoting	growth	of	phyto-
plankton	in	ponds	(Boyd,	1982).	Livestock	manures	promote	various	
zooplankton	 species	 populations	 depending	 on	 the	 animal	 source	
with	chicken	manure	out	performing	both	cow,	pig,	and	no	manure	
groups	 in	 terms	of	 fish	production	of	C. rendalli	 (Kang’ombe	et	al.,	
2006).	 Probiotic	 research	 in	 aquaculture	 has	 demonstrated	 how	
bacteria	and	other	microbes	can	benefit	fish	health	by	maintaining	
water	quality,	producing	antimicrobials	to	reduce	mucosal	diseases,	
and	contributing	enzymes	to	digestion	of	food	(Balcázar	et	al.,	2006;	
Lazado	&	Caipang,	2014;	Wang,	Ran,	Ringø,	&	Zhou,	2017).	By	evalu-
ating	the	microbial	ecology	of	fish	ponds,	we	aim	to	understand	if	the	
livestock	manure	has	a	primarily	probiotic	or	prebiotic	effect	on	the	
pond	water	and	fish.	We	further	aim	to	discover	specific	microbial	
species	which	are	associated	with	positive	fish	growth	in	the	most	
important	aquaculture	species	in	Malawi,	tilapia,	and	catfish.

While	 fertilizing	 fish	 ponds	 with	 livestock	 manure	 has	 been	
shown	 to	 have	 positive	 impacts	 on	 tilapia	 production	 (Kang’ombe	
et	al.,	2006),	 it	 is	 important	to	evaluate	potential	public	health	and	
environmental	health	concerns	on	fish	consumption	and	pond	efflu-
ent	discharge.	Fish	is	often	the	primary	protein	source	in	developing	
countries	and	has	been	touted	as	a	way	to	improve	nutrition	in	poor	
communities	(Kawarazuka	&	Béné,	2011).	Reducing	malnutrition	by	
increasing	protein	consumption	and	household	income	is	a	proven,	
effective	 strategy	 in	 developing	 countries.	 In	 several	 Sub-	Saharan	
African	countries,	animal	food	consumption	was	higher	 in	children	
living	 with	 dairy	 cows	 or	 chickens	 (Hetherington,	 Wiethoelter,	
Negin,	 &	 Mor,	 2017).	 While	 living	 close	 to	 animals	 can	 improve	
protein	consumption,	 increased	exposure	to	disease	and	antibiotic	
resistance	genes	are	of	concern	as	some	microbes	associated	with	
livestock	 can	 impact	 human	health.	Use	 of	 antibiotics	 in	 livestock	
production	has	led	to	an	emergence	of	antibiotic	resistant	bacteria	
(Davies	&	Davies,	2010;	Su,	Cui,	Chen,	An,	&	Zhu,	2017).	Antibiotic	
resistant	bacteria	can	be	found	in	animal	intestinal	tissue	(Su	et	al.,	
2017)	 and	 can	 be	 transmitted	 to	 humans	 through	manure.	 These	
antibiotic	 resistance	 genes	 can	 spread	 from	 livestock	 to	 humans	
through	human	consumption	of	 crops	 contaminated	with	 infected	
green	manure	 fertilizer	 (Heuer,	 Schmitt,	 &	 Smalla,	 2011;	 Thanner,	
Drissner,	&	Walsh,	2016)	or	composted	manure	fertilizer	especially	
if	the	livestock	is	fed	antibiotics	(Zhu	et	al.,	2013).	Although	antibi-
otics	are	rarely	used	directly	in	aquaculture	in	Malawi,	they	are	used	
in	terrestrial	livestock	agriculture	and	further	80%	of	these	antimi-
crobials	remain	active	in	aquaculture	water	systems	(Cabello	et	al.,	
2013).	Thus,	understanding	the	microbial	ecology	and	transmission	
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of	livestock	manure	microbes	in	a	freshwater	pond	setting	will	pro-
vide	context	for	human	exposure	risks	to	water	and	fish	from	these	
environments.

To	 understand	 the	 mechanisms	 for	 the	 beneficial	 effects	 of	
livestock	 manure	 fertilization	 in	 aquaculture	 ponds	 and	 transmis-
sion	 impacts,	 we	 evaluated	 the	 fish	 pond	 microbiome	 using	 tra-
ditional	 marker	 gene	 amplicon	 methods	 and	 untargeted	 shotgun	
metagenomics.	 Over	 4	weeks,	 tilapia	 and	 catfish	 were	 commonly	
reared in 4 m2	 concrete	 ponds	 receiving	 either	 commercial	 feed	
or	 fresh	manure	 fertilizer	 in	 triplicate	 sourced	 from	 layer	 chicken,	
broiler	chicken,	cow,	pig,	guinea	fowl,	or	quail	and	applied	at	500	kg	
HA−1 week−1	beginning	2	weeks	prior	to	fish	stocking.	For	the	no	ma-
nure	tank,	fish	were	fed	with	Maldeco	starter	fish	feed	at	10%	body-
weight day−1	(Maldeco	Fisheries,	Press	Corporation	PLC,	Mangochi,	
Malawi).	At	the	end	of	4	weeks,	water	quality	and	fish	performance	
was	assessed.	A	total	of	127	samples	from	pond	water,	tilapia	feces,	
and	catfish	feces	were	DNA	extracted	and	analyzed	using	16S	rRNA	
(96),	18S	rRNA	(127),	and	community	metagenome	sequencing	(96)	
to assess microbiome dynamics.

2  | METHODS

2.1 | Experimental design

2.1.1 | Tank setup

At	the	National	Aquaculture	Center	in	Domasi,	Malawi,	21	outdoor	
concrete	 tanks	 (2	m	×	2	m	×	1	m)	were	 thoroughly	 cleaned,	 filled	
with	 fresh	water	 from	 the	Domasi	 River.	 The	water	 levels	were	
maintained	at	1	m	throughout	the	experiment	to	combat	evapora-
tion,	but	were	not	replenished	so	as	to	mimic	standard	aquaculture	
pond	practices.	Livestock	manures	including	layer	chicken,	broiler	
chicken,	quail,	guinea	fowl,	pig,	and	cow	were	sourced	at	the	be-
ginning	of	 the	experiment	 from	 local	 farms	and	stored	 in	plastic	
bags	in	the	dark	for	the	duration	of	the	6-	week	experiment.	To	ini-
tialize	development	of	microbial	biomass	(e.g.,	algal	bloom),	tanks	
(n	=	18)	were	 fertilized	 in	 triplicate	with	one	of	 the	 six	 livestock	
manures	for	2	weeks	at	the	standard	rate	of	500	kg	HA−1 week−1. 
At	the	2-	week	mark	(week	0),	each	tank	was	stocked	with	four	cat-
fish	and	six	tilapia	(2.5	fish/m2)	at	2	and	4	months	of	age,	respec-
tively.	 Smaller,	 younger	 catfish	were	used	 to	minimize	predation	
on	 tilapia.	 For	 the	 next	 4	weeks,	 tanks	 were	 continually	 ferti-
lized	at	(500	kg	HA−1 week−1).	For	a	positive	control	(n	=	3	tanks),	
which	we	expected	maximum	fish	growth,	we	substituted	manure	
for	the	only	commercially	available	fish	feed	 in	Malawi,	Maldeco	
starter	feed,	with	a	pellet	size	of	2	mm	and	advertised	crude	pro-
tein	 content	 of	 25%.	 In	 these	 tanks,	 fish	were	 fed	 at	 10%	body	
weight	per	day,	twice	daily.	Fish	were	previously	conditioned	by	a	
3	day	fast.	Fish	mass	and	total	lengths	were	taken	at	the	beginning	
(week	0)	and	end	of	 the	experiment	 (week	4)	with	 total	biomass	
per	species	being	equal	across	tanks.	Unfortunately,	due	to	lack	of	
available	catfish	fingerlings,	the	total	biomass	of	the	four	catfish	

replicates	 in	 the	Maldeco	 feed	 tank	was	 slightly	 larger	 (one-	way	
ANOVA,	p	>	0.05)	than	the	other	tanks,	so	Maldeco	feed	growth	
rates	were	excluded	from	comparisons	of	growth	in	the	analyses.	
As	a	reference,	however,	the	bar	charts	are	still	included	in	the	fig-
ures.	Mortalities	were	monitored	and	counted	for	each	tank.	Fish	
were	collected	from	the	tanks	with	mass	and	length	measured.	A	
secchi-	disk	was	used	to	measure	water	visibility	at	the	end	of	the	
experiment.	The	depth	at	which	the	disk	 is	no	 longer	visible	was	
recorded	and	is	related	to	turbidity	influenced	by	primary	produc-
tivity,	fish	feces,	and	detritus	(Almazan	&	Boyd,	1978).

2.2 | Fish performance

The	following	equations	were	used	to	measure	fish	performance	over	
the	course	of	the	experiment.	For	species	specific	performance,	sur-
vival	 rate,	 average	 daily	 growth,	 specific	 growth	 rate,	 and	 percent	
weight	 gain	 was	 compared	 using	 an	 unpaired	 student’s	 t	 test.	 Fish	
growth	and	performance	was	tested	for	normality	and	then	compared	
across	fertilization	treatments	by	a	one-	way	ANOVA	and	Tukey’s	post	
hoc	test	 if	significant.	Mortalities	were	determined	by	daily	monitor-
ing	of	dead	fish	on	the	surface.	Fish	mortalities	due	to	cannibalism	or	
carnivory	were	determined	by	counting	the	total	fish	at	the	end	of	the	
experiment	and	subtracting	known	mortalities	during	the	4	weeks.

To	measure	the	total	change	in	biomass	of	a	specific	fish	species	
over	the	course	of	the	treatment:

Percent Weight Gain	 (Hopkins,	 1992;	 Lugert,	 Thaller,	 Tetens,	
Schulz,	&	Krieter,	2016)

Wt	=	total	mass	(grams)	at	end	of	experiment
Wi	=	total	mass	(grams)	at	start	of	experiment
Average Daily Growth	(Hopkins,	1992)

t =	number	of	days
Specific Growth Rate	(Hopkins,	1992)

Survival Rate	is	measured	by	(Qf/Qi)	×	100
Qf	=	quantity	of	fish	at	end	of	experiment
Qi	=	quantity	of	fish	at	beginning	of	experiment
To	measure	the	plumpness	of	the	fish	which	is	an	indirect	mea-

surement	of	health:
Condition Factor	 (Froese,	 2006;	 FULTON,	 1904;	 Lugert	 et	al.,	

2016)

2.3 | Microbiome sampling and processing

Water	was	collected	from	the	21	ponds	at	week	2	and	week	6	to	
determine	microbial	diversity	pre-		and	postfish	stocking	during	a	

(PWG)= (Wt−Wi)∕Wi×100

(ADG)(g day−1)=Wt−Wi∕tdays

(SGR)=100× ( lnWf− lnWi)∕tdays

(K)=100×massgrams∕(lengthcm)
3
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fertilization	regime.	At	week	2,	50	ml	of	water	was	sampled	from	
the	upper	30	cm	of	pond	water	 from	each	of	 the	21	 tanks	with	
replicate treatment tanks pooled and then 0.22 μm	filtered	to	col-
lect	 all	microbes	 (bacteria,	 phytoplankton,	 and	 zooplankton).	At	
the	end	of	week	6	(week	4	with	fish),	150	ml	of	water	from	each	of	
the	individual	21	tanks	was	collected	and	0.22	μm	filtered.	Fecal	
samples	were	collected	by	stomach	massaging	from	1	fish	of	each	
species	per	tank	for	a	total	of	21	tilapia	and	21	catfish	samples.	In	
addition,	four	catfish	were	processed	after	the	initial	fasting	as	a	
time	zero	control.	These	fish	included	two	adult	broodstock	and	
two	 juveniles.	One	 adult	 and	 one	 juvenile	were	 also	 processed	
whole	 for	 skin,	 intestinal,	 stomach,	 and	 fecal	 samples.	Three	 ti-
lapia	were	also	processed	after	 the	 initial	 fasting	as	a	 time	zero	
control	for	fecal	samples	only.	As	a	control	reference	for	compar-
ing	 concrete	 ponds	 to	 large	 earthen	 ponds,	 two	water	 samples	
were	also	taken	from	earthen	ponds	at	the	National	Aquaculture	
Center	(NAC)	along	with	fecal	samples	from	three	Coptodon ren-
dalli or Tilapia rendalli,	another	commonly	cultured	tilapia	species	
in	Malawi.	 As	 an	 additional	 control,	 we	 collected,	 isolated,	 and	
processed	 the	 five	 primary	 zooplankton	 found	 in	 Lake	 Malawi	
at	 Senga	 Bay	 including	 the	 calanoid	 copepod	 Tropodiaptomus 
cunningtoni,	 the	 cyclopoid	 copepods	 Mesocyclops aequatoria-
lis aequatorialis	 &	 Thermocyclops neglectus,	 and	 the	 cladocerans	
Diaphanosoma excisum	 &	 Bosmina longirostris	 (Irvine	 &	 Waya,	
1999).	Genomic	DNA	was	extracted	from	livestock	manure	input,	
water	filters	at	time	0	and	week	4,	tilapia	feces,	and	catfish	feces	
at	 Chancelor	 College	 using	 the	 Mobio	 PowerSoil	 kit	 (Carlsbad,	
USA)	 following	 the	 Earth	Microbiome	 Project	 protocols	 (earth-
microbiome.org).

For	 amplicon	 methods,	 the	 Earth	 Microbiome	 Project	 proto-
cols	were	followed	(Thompson	et	al.,	2017).	Briefly,	the	gDNA	was	
amplified	in	triplicate	for	35	PCR	cycles	using	the	16S	515f/806rB	
V4	region	prokaryote	primers	(Caporaso	et	al.,	2011;	Walters	et	al.,	
2016)	and	broad	range	18S	1389/1510	V9	region	eukaryote	prim-
ers	 (Amaral-	Zettler,	McCliment,	Ducklow,	&	Huse,	 2009)	 and	 se-
quenced	at	2	×	150	bp	V3	Illumina	chemistry	(Caporaso	et	al.,	2011,	
2012;	Walters	 et	al.,	 2016).	 The	 analysis	 was	 performed	 in	 Qiita	
and	QIIME	1.9.1	(Caporaso	et	al.,	2010)	and	visualized	in	EMPeror	
(Vázquez-	Baeza,	 Pirrung,	 Gonzalez,	 &	 Knight,	 2013)	 with	 PCoA	
plots	 generated	 by	 calculating	 unweighted	 and	 weighted	 unifrac	
distances	 (Lozupone	 &	 Knight,	 2005).	 Finer-	grained	 de	 novo	 se-
quence	 analysis	was	 performed	 by	 deblur	 (Amir	 et	al.,	 2017)	 and	
visualized	 in	Calour	 (github.com/amnona/calour)	 providing	 single-	
SNP	resolution	of	sOTUs	(sub-	operational	taxonomic	unit).	For	both	
16S	 and	 18S	 deblurred	 BIOM	 tables,	 only	 samples	 with	 at	 least	
5,000	reads	and	sOTUs	which	had	at	least	100	reads	across	all	sam-
ples	were	included	in	downstream	analysis.	Microbial	richness	was	
calculated	by	counting	the	total	observed	sOTUs	per	sample.	To	de-
termine	if	microbial	richness	was	associated	with	fish	performance	
or	water	 column	microbial	 growth,	 linear	 regressions	 of	 PWG	vs.	
secchi disk visibility and microbial richness vs. secchi disk variability 
were	performed.

For	whole	genome	shotgun	 (WGS)	metagenomics,	 gDNA	was	
fragmented	 and	 made	 into	 libraries	 using	 the	 KAPA	 Hyper	 Plus	
kit	 (F.	 Hoffmann-	La	 Roche	 Ltd,	 Swiss).	 Final	 libraries	 were	 size	
selected	 at	 400–600	bp	 using	 a	 Pippin	 prep	 (Sage	 Science,	USA)	
and	 sequenced	 on	 an	 Illumina	 2	×	150	bp	 Rapid	 Run.	 To	 remove	
as	much	host	associated	DNA	sequences	as	possible,	 reads	were	
processed	 through	bowtie2	 (Langdon,	2015).	 For	 tilapia	 samples,	
the	 closest	 relative	 with	 a	 genome	 reference	 was	 O. niloliticus 
(MKQE0000000.1)	 while	 the	 nearest	 phylogenetic	 catfish	 refer-
ence was Ictalurus punctatus	 (GenBank:	 LBML00000000.1),	 fol-
lowed	 by	 trimming	 of	 poor	 quality	 reads	 and	 visualization	 using	
Trimmomatic	 (Bolger,	 Lohse,	 &	 Usadel,	 2014)	 and	 FASTQC,	 re-
spectively.	Sequences	were	 then	assigned	 taxonomy	using	 the	k- 
mer-	based	metagenome	profiler	Kraken	(Wood	&	Salzberg,	2014).	
Differential	abundances	of	sOTUs	or	metagenome	associated	taxa	
were	 determined	 using	 a	 permutation-	based	 group-	mean	 com-
parison	with	FDR	controlled	to	0.1	using	the	Benjamini-	Hochberg	
procedure	within	deblur	and	Calour	(Benjamini	&	Hochberg,	1995).	
For	 the	 analysis	 of	 antibiotic	 resistant	 genes	 (ARGs),	 reads	were	
translated	 into	 partial	 protein	 sequences	 using	 the	 gene	 calling	
program	FragGeneScan	(Rho,	Tang,	&	Ye,	2010).	This	was	followed	
by	search	against	the	HMM	database	for	antibiotic	resistance	pro-
tein	 families,	 ResFams	 (Gibson,	 Forsberg,	&	Dantas,	 2015),	 using	
HMMer	v3.1b2	 (Finn,	Clements,	&	Eddy,	2011).	AGR	abundances	
were	computed	as	the	count	of	partial	protein	sequences	matching	
each	antibiotic	 resistance	 protein	 family	 and	 normalized	 by	 total	
number	of	reads	for	each	sample.

2.4 | Effect of manure

To	determine	which	sOTUs	from	the	manure	fertilizer	may	be	influenc-
ing	the	gut	communities	 in	the	fish	through	direct	transmission	from	
ingestion	or	through	the	water	column,	the	number	of	sOTUs	present	
in	both	manure	and	 the	various	environments	 (water	week	0,	water	
week	4,	tilapia	feces,and	catfish	feces)	was	determined	for	each	ma-
nure	 type.	Any	sOTU	present	 in	both	a	manure	primary	sample	and	
one	of	the	three	replicate	environment	types	was	considered	shared	
and	included.	A	two-	way	ANOVA	with	multiple	comparisons	was	run	
to	determine	if	environment	types	differed	in	the	number	of	manure	
sOTUs	present	and	if	there	was	an	effect	of	manure	type.	This	compari-
son	was	only	performed	for	16S	and	not	18S	due	to	a	higher	success	
rate	with	16S	(86%	vs.	55%).	Sample	drop	out	did	not	permit	a	 large	
enough	sample	size	to	perform	the	calculations	on	18S.	Guinea	fowl	
was	excluded	because	the	week	0	water	sample	was	dropped	out.	The	
manure	sOTUs	present	in	the	tilapia	and	catfish	feces	for	both	16S	and	
18S	was	visualized	in	a	Venn	diagram	to	determine	if	there	was	a	core	
set	of	manure	derived	microbes	 shared	with	either	 fish.	 Specifically,	
core	microbes	were	defined	as	being	present	in	at	least	75%	of	samples.	
To	determine	if	livestock	manure,	when	used	as	a	fertilizer	in	fish	ponds,	
influences	the	microbial	communities	(16S,	18S,	and	WGS)	of	the	water	
column,	tilapia	feces,	and	catfish	feces,	we	performed	a	PERMANOVA	
(Anderson,	2001)	in	QIIME	1.9.1	(Caporaso	et	al.,	2010).
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3  | RESULTS

3.1 | Fish performance

Fish	 performance	 as	 determined	 by	 survival	 rates,	 growth	 rates,	
SGR,	 ADG,	 and	 condition	 factor	 differed	 between	 the	 tilapia	 and	
catfish	which	were	reared	together	(Figure	1,	Supplementary	Table	
S1).	Of	all	21	tanks,	only	five	catfish	mortalities	were	recorded	and	
all	attributed	to	carnivory,	whereas	43	tilapia	died	with	49%	attrib-
uted	to	carnivory	and	the	rest,	natural	causes	or	stress.	Across	all	
21	tanks,	catfish	(M,	SE;	93.75,	3.08)	had	a	significantly	(p < 0.0001) 
higher	survival	rate	than	tilapia	(66.67,	3.81)	with	the	pig	treatment	
having	the	highest	mortalities	with	both	species.	Guinea	fowl	ponds	
had	the	highest	survival	rates	for	tilapia	followed	by	broiler	and	quail	
although	this	was	not	significant.	The	average	daily	growth	rate	 in	
grams	 per	 day	was	 higher	 in	 tilapia	 (0.32,	 0.03)	 compared	 to	 cat-
fish	 (0.23,	0.03)	 (p	<	0.05)	 (Supplementary	Table	S1),	whereas	spe-
cific	 growth	 rates	 (Supplementary	Table	S1)	 for	 tilapia	 (1.68,	0.11)	
and	catfish	 (1.54,	0.20)	 and	percent	weight	gain	 for	 tilapia	 (61.63,	
5.08)	and	catfish	(58.47,	9.06)	followed	the	trend	with	tilapia	having	
higher	growth	performance	values	although	this	was	not	significant	
(Supplementary	Table	S1).

3.2 | Manure influence on fish performance

The	manure	fertilizer	treatments	had	a	greater	influence	on	catfish	
performance	than	tilapia	as	demonstrated	by	a	greater	variability	

and	significance	in	ANOVA	testing	(Figure	1a,b).	For	catfish,	quail	
manure	provided	the	best	conditions	for	growth	compared	to	cow	
manure	while	broiler	manure	was	also	high	 (Figure	1b).	Although	
not	significant,	broiler	manure	also	had	 the	greatest	growth	per-
formance	 in	 tilapia	 (Figure	1a).	 For	 both	 tilapia	 and	 catfish,	 the	
condition	 factor	 increased	 from	week	 0	 to	 week	 4	 which	 is	 ex-
pected	since	the	fish	were	fasting	in	the	beginning.	At	week	4,	ma-
nure	 treatments	did	not	 influence	 the	condition	 factor	of	 tilapia,	
whereas	 catfish	 reared	 in	 broiler	manure	 had	 a	 higher	 condition	
factor	than	those	in	quail	manure	(p	<	0.05)	(Figure	1c,d).	Manure	
treatment	 influenced	 the	 secchi	 disk	 visibility	 across	 the	 study	
(ANOVA	 p	<	0.05,	 R2	=	0.5948,	 F	=	3.425),	 with	 the	 broiler	 ma-
nure	pond	having	a	higher	plankton	density	than	the	pig	manure	
pond	(Figure	1e).	Further,	high	plankton	growth	(lower	water	vis-
ibility) was correlated with increased percent weight gain in cat-
fish	(p	=	0.0006,	R2	=	0.4887)	but	not	tilapia	(Figure	1f).	Plankton	
growth was not associated with an increased microbial richness in 
the	water	column	or	catfish	feces	(Figure	1g),	but	was	associated	
with	 an	 increased	microbial	 richness	 in	 tilapia	 feces	 (p	=	0.0309,	
R2	=	0.2458)	(Figure	1g).

Catfish	 performance	 was	 more	 responsive	 than	 tilapia	 to	 fer-
tilizer	 input	and	microbial	production	 in	 the	ponds.	For	 tilapia,	 the	
PWG	was	higher,	although	not	significant,	 in	quail	and	broiler	ma-
nure	 tanks	 compared	 to	 the	 positive	 control	 tanks	 of	 commercial	
Maldeco	fish	feed	only	(Figure	1a).	Tilapia	did,	however,	grow	more	
than	catfish	in	the	commercial	feed	pond.

F IGURE  1 Tilapia	and	catfish	performance	metrics	during	a	four	week	growout	experiment	under	seven	fertilization	strategies.	Tilapia	
(a)	and	catfish	(b)	growth	performance	according	to	the	fertilization	strategy.	Condition	factor	comparisons	across	fertilization	regimes	for	
(c)	tilapia	and	(d)	catfish.	The	influence	of	fertilization	method	on	water	visibility	(e)	as	measured	by	secchi	disk	at	week	4	was	compared.	
One-	way	ANOVA	with	Tukey’s	multiple	comparisons	test	was	used	to	compare	means	by	fertilization	method	across	the	species	specific	
performances.	(f)	The	PWG	of	tilapia	(green	squares)	and	catfish	(red	squares)	was	compared	to	water	visibility	using	linear	regression.	(g)	
The	microbial	richness	or	total	number	of	sOTUs	found	in	the	fish	guts	and	water	column	were	compared	to	water	visibility	which	is	a	proxy	
for	microbial	growth.	(****p	<	0.0001;	***p	<	0.001;	**p	<	0.01;	*p	<	0.05)
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3.3 | Microbiome

There	were	83	 (of	96)	 samples	 for	16S	 rRNA,	70	 (of	127)	 for	18S	
rRNA,	and	96	 (of	96)	 for	whole	genome	shotgun	 (WGS)	metagen-
omes	which	had	sufficient	reads	and	were	included	in	the	microbi-
ome	analysis.	There	were	826	sOTUs	with	16S,	442	sOTUs	for	18S,	
and	 898	 taxonomic	 sOTUs	 for	 WGS.	 Manure	 microbiomes	 were	
successfully	sequenced	for	four	manure	types	with	16S,	three	with	
18S,	and	all	six	with	shotgun	metagenomics	(Figure	2).	The	number	
of	observed	sOTUs	or	microbial	 richness	for	16S	and	18S	differed	

across	environment	types	(Kruskal-	Wallis	p	<	0.0001)	(Figure	3a,b).	
Microbial	richness	in	manure	samples	was	substantially	lower	than	
other	environments	 like	water	and	fish	 feces.	For	16S,	both	water	
column	 time	 points:	week	 0,	week	 4,	 and	 tilapia	 feces	 had	 higher	
microbial	 richness	 (3.9-	,	 4.9-	,	 and	 4.1-	fold)	 than	 the	 manure	 sam-
ples,	while	catfish	was	only	1.5×	higher	(Figure	3a).	For	18S,	which	
evaluates	eukaryotic	diversity,	microbial	 richness	 in	water	at	week	
0	 and	week	 4	was	 4.4-		 and	 4.6-	fold	 higher	 than	manure	 samples	
(Figure	3b),	while	tilapia	was	only	2.6-	fold	higher.	Water	at	week	0	
and	week	4	had	higher	richness	than	tilapia	and	catfish	feces	while	
tilapia	had	a	higher	number	of	sOTUs	than	catfish	(Figure	3b).

3.4 | Manure effect on pond microbiome

Next,	 we	 used	 metagenomic	 sequencing	 methods	 to	 evaluate	 if	
animal	 manures	 differed	 in	 their	 microbial	 diversity	 and	 if	 these	
differences	altered	the	pond	water	and	fish	fecal	communities	in	a	
specific	way.	Manure	samples	from	different	 livestock	species	had	
highly	 variable	microbial	 communities	 as	 expected	 from	other	mi-
crobiome	studies.	For	16S,	bird	manure	generally	had	a	higher	com-
position	of	Actionbacteria and Firmicutes,	specifically	Bacilli,	whereas	
the	 pig	 sample	 was	 dominated	 by	 Bacteroidetes	 and	 specifically	
Bacteroidia	 with	minor	 amounts	 of	 Flavobacteria	 (Figure	2a).	 Quail	
manure	had	high	amounts	of	 chloroplast	 reads	and	elevated	com-
position	of	Alphaproteobacteria	 (Figure	2a).	Although	only	 three	of	
the	six	manure	samples	yielded	sufficient	reads	for	the	18S	analysis,	
bird	samples	had	higher	amounts	of	plant	(Embryophyta)	associated	
reads	and	fungi	associated	reads	from	Basidiomycota and Ascomycota 
(Figure	2b).	WGS	sequencing	revealed	manure	samples	having	vari-
able	types	of	archaea,	bacteria,	eukaryotes,	and	viruses	depending	
on	 the	animal	 source.	Within	 the	bacteria,	bird	manure,	especially	
broiler	chicken,	had	a	high	composition	of	Actinobacteria	(Figure	2c).	
Tenericutes	were	noticeably	higher	in	the	cow	and	pig	manure	sam-
ples	 (Figure	2c).	While	Firmicutes	and	viruses	were	present	across	
all	samples,	they	were	the	lowest	in	the	broiler	manure	(Figure	2c).

To	determine	 if	manure	 fertilizer	 treatment	 influenced	 the	mi-
crobial	communities	of	individual	sample	types	(water,	tilapia	feces,	
and	catfish	feces),	a	PERMANOVA	was	performed	on	the	16S	and	
18S	 datasets.	 For	 unweighted	 UniFrac	 distances	 of	 16S,	 fertilizer	
type	significantly	influenced	the	beta	diversity	of	water	at	week	4,	
tilapia	feces,	and	catfish	feces	(PERMANOVA,	p	=	0.001,	see	Figure	
S1).	Whereas	for	unweighted	UniFrac	18S	distances,	fertilizer	type	
influenced	the	beta	diversity	of	only	the	water	column	at	week	4	and	
the	catfish	feces	(PERMANOVA,	p	=	0.001,	see	Figure	S1).	Livestock	
manure	 type	 influenced	 the	 fish	pond	microbiomes	 in	a	variety	of	
ways,	 particularly	within	 the	bacteria	domain	 (16S);	 therefore,	 the	
next	goal	was	to	determine	which	specific	microbial	sOTUs,	within	
the	communities,	were	being	most	influenced.

We	next	 investigated	 if	 specific	 sOTUs	 from	 the	manure	were	
directly	influencing	the	pond	ecosystem.	The	number	of	16S	sOTUs	
in	guinea	fowl,	layer	chicken,	pig,	and	quail	manure	was	61,	44,	61,	
and	63	respectively.	There	were	a	total	of	120	unique	sOTUs	from	
the	manure	 samples	 of	which	 38	were	 present	 in	 at	 least	 75%	of	

F IGURE  2 Microbial	composition	differs	across	livestock	
manure.	Microbial	composition	organized	by	phylogenetic	grouping	
for	(a)	16S	rRNA,	(b)	18S	rRNA,	and	dom	(c)	k-	mer	profile	from	
whole	genome	sequencing
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the	 livestock	manure	 samples.	The	majority	of	 these	 core	manure	
sOTUs,	33	sOTUs	or	86.8%,	were	not	shared	across	any	other	envi-
ronment’s	core	microbiome	indicating	that	the	manure	contributes	
very	 little	diversity	directly	to	the	water	and	fish	gut	communities	
(see	Figure	S2).	Of	 the	 five	manure	16S-	derived	 sOTUs	 that	were	
present	 in	other	environments,	Succinivibrio was a core microbe in 
both	 water	 time-	points	 and	 tilapia.	 Clostridiaceae	 SMB53	 was	 in	
water week 0 and tilapia. A. lwoffi	in	water	week	0,	and	an	Escherichia 
coli or Shigella flexneri	strain	was	shared	with	the	catfish	core	micro-
biome.	There	were	4	core	18S	sOTUs	in	the	manure	samples	while	
none	of	these	were	detected	in	the	water	or	fish	feces	(see	Figure	
S3).	 The	majority	 of	 18S	 reads	 in	 the	 fish	 samples	were	 from	 the	
host	 (see	Figure	S3a),	with	Rotifera	 reads	mostly	present	 in	 tilapia	
and	 plant	 based	 angiosperm	 reads	 in	 the	 catfish	 (see	 Figure	 S3b).	
The	 water	 column	 was	 mostly	 dominated	 by	 Vampyrella	 amoeba,	
Rhizaria,	and	Rotifera.

In	addition	to	the	core	analysis,	we	also	evaluated	the	frequency	
of	manure	sOTUs	(16S	and	18S)	in	the	various	environments	(pond	
water,	 tilapia	 feces,	and	catfish	 feces)	within	each	specific	manure	
type.	The	type	of	manure	did	not	 influence	how	many	manure	as-
sociated	 16S	 or	 18S	 sOTUs	were	 present	 in	 the	water	 column	 or	
in	the	fish	feces.	Water	samples,	tilapia	feces,	and	catfish	feces	all	
had	 significantly	 less	 sOTUs	 present	 compared	 to	 manure	 (Tukey	
HSD,	p	<	0.0001)	(Figure	3c).	Different	environments,	however,	had	
varying	 amounts	 of	 manure	 associated	 sOTUs	 (Two-	way	 ANOVA	

p	<	0.0001,	 F	=	88.43).	 Specifically,	 water	 at	week	 4	 had	 less	ma-
nure	derived	sOTUs	than	catfish	feces	while	tilapia	feces	had	more	
manure	derived	sOTUs	than	catfish	feces	(Tukey	HSD,	p < 0.0001) 
(Figure	3c).	Tilapia	feces	contained	a	total	of	68	unique	sOTUs	from	
the	 four	manure	 samples,	with	 41.2%	 of	 the	 sOTUs	 present	 in	 at	
least	one	other	manure	sample	(Figure	3e).

Looking	more	closely	 at	 the	manure	associated	bacteria	 found	
in	 the	 various	 environments,	 four	 bacterial	 sOTUs	 were	 found	 in	
all	 four	 manure	 types	 and	 were	 shared	 with	 tilapia	 feces	 includ-
ing	 Vibrionaceae,	 Clostridiaceae	 SMB53,	 Corynebacterium,	 and	
Brevibacterium aureum.	 Catfish	 had	 only	 38	 unique	 sOTUs	 shared	
with	manure	with	34.2%	shared	in	at	least	one	other	manure	sam-
ple	(Figure	3g).	One	sOTU,	Vibrionaceae,	was	present	in	all	manure	
and	catfish	samples.	For	both	 tilapia	and	catfish,	 several	microbes	
were	 shared	 from	 unique	 manure	 sources.	 Both	 fish	 species	 had	
Lactobacillus and E. coli	sOTUs	shared	with	guinea	fowl,	layer	chicken,	
and	quail	manure.	Lastly,	Acinetobacter	was	present	in	both	fish	and	
manure	from	pig	and	quail	ponds.

The	number	of	18S	sOTUs	 in	broiler	chicken,	guinea	 fowl,	and	
pig	manure	was	29,	29,	and	34	sOTUs,	respectively	(Figure	3d).	Only	
one	 sOTU	 from	 the	 manure	 samples	 were	 also	 present	 in	 either	
of	the	fish	species	fecal	material	 (Figure	3f,h).	Aside	from	the	host	
derived	sOTUs,	an	Embryophyta	plant	sOTU	was	present	in	tilapia	
from	broiler	and	guinea	 fowl	 treated	 tanks	while	a	Chlorophyceae	
was	present	in	pig	manure	and	tilapia.

F IGURE  3  Influence	of	manure	associated	microbes	on	pond	ecology.	(a)	16S	and	(b)	18S	microbial	richness	across	sample	types	were	
compared	with	non-	parametric	Kruskal-	Wallis	test	with	Benjamini-	Hochberg	0.05	FDR.	Presence	of	manure	specific	sOTUs,	(c)	16S	and	(d)	
18S,	were	counted	across	the	sample	types	and	16S	compared	with	a	two-	way	ANOVA	with	Tukey	multiple	comparisons	test.	18S	was	not	
compared	due	to	multiple	sample	drop	out.	The	core	sOTUs	shared	between	manure	inputs	and	fish	guts	were	determined	for	(e,	f)	tilapia	
and	(g,	h)	catfish



8 of 15  |     MINICH et al.

3.5 | Microbial community analysis

The	 sample	 type	 (manure,	 tilapia	 feces,	 catfish	 feces,	water	week	
0,	water	week	4,	and	various	controls)	had	the	strongest	effect	on	
explaining	significant	differences	in	the	beta	diversity	of	the	micro-
bial	 communities	 across	 the	 samples	 (PERMANOVA:	 16S	 n	=	83,	
12	 groups,	 F	=	4.42,	 p	=	0.001;	 18S	 n	=	70,	 13	 groups,	 F	=	7.69,	
p =	0.001;	WGS	n	=	96,	12	groups,	F	=	12.19,	p	=	0.001).	To	evaluate	
microbial	community	level	similarity	in	the	manure,	pond	water,	tila-
pia,	and	catfish	fecal	microbiomes,	the	16S,	18S,	and	WGS	sequenc-
ing	taxonomies	of	individual	samples	summarized	using	unweighted	
UniFrac	 distances	 are	 visualized	 using	 the	 principal	 coordinates	

analysis	 (PCoA)	 (Figure	4a–c).	 Individual	 samples	and	 their	 respec-
tive	sOTUs	were	also	visualized	with	a	heatmap	(Figure	4d–f)	depict-
ing	several	emerging	trends.	Although	manure	samples	were	highly	
variable	 with	 respect	 to	 each	 other,	 at	 the	 community	 level	 they	
form	a	unique	cluster	(brown)	differentiated	from	the	other	sample	
types	 (Figure	4a–c).	Further,	the	co-	occurring	manure	sOTUs	were	
in	 low	proportional	abundance	 in	 the	water	column	and	fish	 feces	
(Figure	4d–f).	 Tilapia	 and	 catfish	were	 reared	 in	 polyculture,	 shar-
ing	 the	 same	 exposure	 to	 water	 microbes	 and	 food	 sources,	 but	
here	we	demonstrate	the	 large	dissimilarity	between	the	fish	 (tila-
pia—green	spheres;	catfish—red	spheres)	fecal	microbiomes	both	at	
the	community	level	(Figure	4a–c)	and	at	the	individual	sOTU	level	

F IGURE  4 Community	level	comparison	of	microbiome	associations	across	sample	types	in	the	fish	pond	system.	Principal	coordinate	
analysis	(PCoA)	plots	are	based	on	unweighted	(a,	b)	and	weighted	(d,	e)	unifrac	distance	matrix	of	the	deblurred	16S	rDNA	amplicon	libraries	
(a,	d),	deblurred	18S	rDNA	amplicon	libraries	(b,	e).	The	shotgun	metagenomics	is	based	on	jaccard	and	Bray-	Curtis	distances	from	kraken	
k-	mer	profiling	libraries	(c,	f).	Circles	represent	primary	samples	from	the	concrete	growout	tanks	whereas	squares	are	controls	from	earthen	
ponds.	Heatmap	of	individual	sOTUs	y-	axis	and	samples	x-	axis	for	(g)	16S,	(h)	18S,	and	(i)	shotgun	tables	are	depicted
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(Figure	4d–f).	The	fish	fecal	microbiomes	were	also	distinct	from	the	
water	column	indicating	a	unique	host	associated	microbial	commu-
nity	although	the	tilapia	feces	did	share	more	core	microbes	with	the	
water	column	such	as	Cyanobacteria	(Figure	4d–f;	see	Figure	S2a,b).	
Fish	 feces	 shared	 high	 compositions	 of	 Fusobacteriales	 (primarily	
Cetobacterium somerae),	Clostridiales,	Bacillales,	and	several	orders	
of	 Proteobacteria	 including	 Enterobacteriales,	 Burkholderiales,	
and	 Xanthomonadales	 (see	 Figure	 S2a).	 Catfish	 were	 enriched	 in	
Clostridiales,	 Bacillales,	 and	 Lactobacillus	 within	 the	 Firmicutes	
along	 with	 Bacteroidales	 and	 Thermales	 orders	 (see	 Figure	 S2a).	
Tilapia	were	 enriched	with	Neisseriales,	 Rhodobacterales,	 various	
Cyanobacteria,	and	Verrucomicrobia	compared	to	the	catfish.	When	
comparing	18S,	 tilapia	 feces	consistently	contained	higher	propor-
tions	of	rotifers,	while	catfish	feces	were	mostly	comprised	of	reads	
associated	with	Angiosperms	(flowering	plant).	Lastly,	the	water	col-
umn	differed	slightly	at	 the	 two	 time-	points	with	a	 shift	 in	micro-
bial	composition	(Figure	4).	There	was	an	increase	in	Actinobacteria,	
Saprospirales,	 and	 Pirellulales	 and	 a	 decrease	 in	 Burkholderiales,	
Rhodospirillales,	 and	 Cyanobacteria	 16S	 sequences	 between	 the	
two	water	time-	points	(see	Figure	S2a)	along	with	a	notable	shift	in	
rotifer	and	cercozoa	composition	within	18S	(see	Figure	S3a).

3.6 | Fish microbiomes differ by species

Polycultured	 tilapia	 and	 catfish	 shared	 only	 a	 few	 common	 fish	
specific	fecal	microbes,	largely	having	unique	host-	specific	micro-
biomes	different	from	manure	type.	Tilapia	had	a	higher	microbial	
richness	than	the	catfish	with	a	median	richness	of	248	vs.	71	for	
16S	(p	<	0.0001)	and	77	vs.	9	for	18S	(p	<	0.001)	(Figure	3a,b).	The	
core	microbiome	 community	 of	 the	 tilapia	 consisted	 of	 125	 16S	
sOTUs	while	 the	catfish	had	only	16	16S	sOTUs.	Ten	of	 the	core	
catfish	microbes	were	also	part	of	the	tilapia	core	microbiome	with	
seven	of	 these	not	being	 shared	with	 the	water	 column	or	other	
environment.	These	seven	 included	two	Xanthomonadaceae,	one	
Chelatococcus,	 and	 three	 Bacillaceaeae:	 Geobacillus,	 Geobacillus 
thermodenitrificans,	 and	 Bacillus selenatarsenatis.	 Although	 some	
microbes	were	 shared,	 the	majority	of	 the	microbial	 composition	
between	 the	 two	 fish	 species	was	 different	 as	 demonstrated	 by	
unique	clustering	 in	 the	PCoA	 (Figure	4).	Tilapia	and	catfish	 fecal	
microbiomes	 were	 distinguished	 by	 246	 16S	 (see	 Figure	 S4),	 65	
18S	 (see	 Figure	 S5),	 and	 700	 WGS	 features	 (see	 Figure	 S6)	 of	
826,	 472,	 and	 898	 total	 features,	 respectively.	 Tilapia	 were	 en-
riched	in	many	Cyanobacteria,	Pirellulales,	green	algae,	and	other	

F IGURE  5 Prevalence	of	antibiotic	resistance	genes	(ARGs)	within	the	fish	pond	ecosystem.	(a)	Total	number	of	ARGs	detected	across	
sample	types	colored	by	type	of	manure	used	as	fertilizer.	Nonparametric	Kruskal-	Wallis	testing	with	post	hoc	multiple	comparisons	
(Benjamini-	Hochberg	FDR)	was	performed	on	total	ARG	composition	in	metagenomes	across	sample	types.	(b)	Heatmap	depicting	absolute	
ARG	composition	in	metagenomes	across	all	samples	grouped	by	sample	type	and	ordered	by	manure	types:	broiler,	cow,	guinea	fowl,	layer,	
maldeco	feed,	pig,	quail	(green—high,	blue	low).	(c)	Top	15	ARGs	averaged	across	sample	types
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phytoplankton	microbes	while	 catfish	was	mostly	distinguishable	
by	 its	 bacteria	 including	 several	 Lactobacilli,	 Xanthomonadacea,	
Mycoplasmataceae,	and	numerous	viruses	(see	Figure	S3b,	Figure	
S4b,	Figure	S5b).	The	catfish	18S	gene	represented	98.51%	of	the	
composition	 of	 the	 18S	 genes	with	 few	 fungi	 and	 plant	material	
making	 up	 the	 remainder.	 Tilapia	 and	 catfish	 reared	 in	 the	 same	
pond	 had	 species	 specific	 fecal	 microbiomes	 indicating	 external	
components	such	as	diet	preference	or	niche,	pond	habitat	type,	or	
genetics driving the microbiomes.

The	proportion	of	ARGs	varied	across	the	five	sample	types:	ma-
nure,	water	week	0,	water	week	4,	 tilapia	 feces,	 and	catfish	 feces	
(Kruskal-	Wallis	p	<	0.0001,	KW	statistics	=	49.85).	Specifically,	ARGs	
were	highest	in	manure	samples	(representing	0.7%–2.96%	of	reads)	
followed	by	water	week	0	(0.4%–1.8%),	water	week	4	(0.58%–1.4%),	
tilapia	 feces	 (0.24%–0.99%),	 and	 catfish	 with	 the	 least	 (0.008%–
0.05%)	(Figure	5a).	Of	the	166	ARG	families	in	the	Resfams	database,	
there	were	61	ARGs	detected	 in	the	fish	pond	dataset	 (Figure	5b).	
When	 averaging	 the	 compositions	 of	 individual	ARGs	within	 each	
sample	type,	the	top	five	ARGs	were	three	ABC	transporters	(ABC	
efflux	 pump,	 ABC_tran,	 and	 macB),	 one	 Glycopeptide	 resistance	
(vanR),	and	one	Quinolone	resistance	(Fluor_Res_DNA_Topo),	mak-
ing	up	55%–63%	of	all	ARGs	(Figure	5c).	Tanks	that	did	not	receive	
any	animal	manure	input,	but	instead	were	given	fish	feed,	had	the	
same	levels	of	ARGs	in	the	water	and	fish	feces.

4  | DISCUSSION

Globally,	 finfish	 aquaculture	production,	which	 is	 highest	 in	China	
and	India,	is	primarily	performed	in	freshwater	open	pond	systems	
(Zhao	&	Shen,	2016)	where	livestock	manure	is	often	used	to	ferti-
lize	ponds	“integrated	agriculture	systems”	(Prein,	2002),	providing	
a	 low	 cost	 feed	 alternative	 but	 posing	potential	 threats	 to	 human	
health	 (Sapkota	 et	al.,	 2008;	 Xiong	 et	al.,	 2015).	We	 evaluate	 the	
mechanisms	by	which	seven	types	of	fertilizer	input	influences	the	
free-	living	 and	 host	 associated	 microbial	 communities	 of	 ponds.	
Specifically,	we	use	high-	throughput	 sequencing	of	 three	 types	of	
metagenomic	endpoints	(16S,	18S,	and	whole	genome	sequencing)	
to	evaluate	how	bacterial	and	eukaryote	microbial	communities	of	
pond	water	and	polycultured	tilapia	and	Africa	catfish	respond	to	fer-
tilizer	treatment.	Tilapia	and	catfish	grew	most	in	the	broiler	chicken	
and	 quail	 manure	 treatments	 although	 the	 catfish	 overall	 growth	
response	was	greatest	to	varying	manure	treatments.	Livestock	ma-
nure	microbiome	composition	differed	depending	on	the	host	spe-
cies	source	and	significantly	 influenced	the	water	column	and	fish	
gut	microbiomes.	 Tilapia	 gut	microbiomes	were	more	 affected	 by	
these	changes	than	catfish,	with	the	catfish	microbiome	being	more	
stable.	The	majority	of	manure	microbes	were	not	detected	 in	the	
water	 column	or	 fish	guts	 suggesting	a	primarily	prebiotic	mecha-
nism	on	pond	communities	by	way	of	 contributing	organic	matter	
rather	than	living	microbes	to	the	system.	Our	results	provide	one	
of	 the	 first	experimental	microbiome	studies	 (Ghanbari,	Kneifel,	&	
Domig,	2015;	Tarnecki,	Burgos,	Ray,	&	Arias,	2017)	on	two	different	

fish	species	grown	in	polyculture	and	provides	evidence	to	suggest	
manure	having	a	primarily	prebiotic	effect	on	a	pond	ecosystem.

Growing	fish	in	polyculture	is	an	applied	ecological	technique	to	
increase	sustainability	by	improving	feed	and	water	utilization.	The	
focus	of	 this	 study	was	 to	evaluate	how	 the	microbial	 community	
of	fish	ponds	changed	with	fertilization	type.	Fish	performance	was	
measured	 and	 related	 to	 the	 water	 the	 fish	 gut	 microbiome,	 but	
should	be	scaled	to	 larger	sample	sizes	and	ponds	 in	the	future	to	
follow	up	on	findings.	Fish	growth	varied	across	manure	treatments	
and	was	species	specific	although	both	tilapia	and	catfish	grew	the	
most	 in	 the	 broiler	 chicken	 and	 quail	 manure	 treatments.	 Tilapia	
growth,	however,	was	more	variable	across	replicate	tanks	whereas	
catfish	growth	was	less	variable	and	more	differentiated.	This	is	sur-
prising	because	 tilapia	are	generally	considered	 to	occupy	a	 lower	
trophic	level	as	they	are	omnivorous	and	herbivorous	filter	feeders	
while	 catfish	 are	 generally	 carnivorous	 in	 the	wild.	 Indeed,	 tilapia	
feces	had	higher	microbial	 richness	and	higher	 frequencies	of	ma-
nure	associated	sOTUs	compared	to	catfish	including.	It	is	possible	
that	the	differences	in	growth	rates	could	also	be	attributed	to	the	
fact	that	the	fish	ages	of	tilapia	and	catfish	differed	at	the	beginning	
of	the	experiment	with	catfish	being	younger.	As	catfish	growth	was	
strongly	 associated	 with	 pond	 primary	 productivity,	 the	 fish	 may	
directly	 benefit	 by	 decreased	 visibility	 or	 light	 intensity	 (Hossain,	
Beveridge,	&	Haylor,	1998),	increased	sedimentation	from	microbial	
turnover,	or	free	living	plankton	consumption	from	the	water	column	
or	benthic	(Bok	&	Jongbloed,	1984).	While	catfish	fry,	recent	hatch-
lings,	 are	known	 to	have	high	survival	 rates	and	 increased	growth	
with	live	zooplankton	feed,	juvenile,	or	adult	catfish	may	also	benefit	
from	green	water	microorganisms	(Neori,	2011).	Catfish	growth	and	
survival	 is	 also	 improved	with	 lower	 light	 penetration	 or	 shade	 in	
ponds	(Appelbaum	&	McGeer,	1998)	which	would	also	be	associated	
with	increased	microbial	growth	as	seen	in	this	study.	Cannibalism	
and	predation	of	other	fish	 is	expected	with	African	catfish	and	 is	
increased	during	 low	stocking	density	 (Haylor,	1991),	 lack	of	 shel-
ter,	 and	 decreased	 food	 availability	 (Hecht	 &	 Appelbaum,	 1988).	
Although	we	had	to	exclude	the	catfish	growth	performance	in	the	
Maldeco	 feed	 due	 to	 a	 higher	 initial	 biomass,	 the	 percent	 weight	
gain	 (PWG)	was	 very	 low	 at	week	4	 suggesting	manure	 fertilizing	
had	better	performance	than	commercial	fish	feed	for	catfish.	The	
Maldeco	feed	was	not	extruded,	thus	instead	of	floating	on	the	sur-
face	it	sank	rapidly	leaving	a	narrow	window	of	time	for	the	fish	to	
actually	consume	it.	For	this	reason	along	with	measuring	satiation	
occurrence,	floating	feeds	are	preferred	over	sinking	feeds	(Yaqoob,	
Ali,	&	Mehmood,	2010).	As	 fish	growth	 (tilapia	or	catfish)	was	not	
statistically	 improved	with	 the	use	of	 fish	 feed,	 this	 suggests	 that	
fish	 feed	 in	 its	 current	 status	may	 only	 contribute	 organic	matter	
and	thus	act	as	a	fertilizer	rather	than	direct	feed.	As	expected,	fish	
performance	was	poorest	in	the	cow	and	pig	manure	for	both	tila-
pia	 and	 catfish	 likely	 due	 to	 decreased	microbial	 production	 from	
decreased	nutrient	 inputs	 (Eghball,	Wienhold,	Gilley,	&	Eigenberg,	
2002).	The	SGR	for	tilapia	was	previously	determined	to	be	0.69%	
with	 demonstrated	 improvements	 due	 to	 consumption	 of	 pond	
plankton	(Chikafumbwa,	Costa-	Pierce,	Jamu,	Kadongola,	&	Balarin,	
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1993).	Our	study	used	21	smaller	experimental	concrete	ponds	with	
a	stocking	density	of	2.5	fish	per	m2,	which	is	the	common	stocking	
density in earthen ponds in Malawi since aeration is generally not 
available.	Any	potential	benefits	offered	by	the	broiler	and	quail	ma-
nure	for	polyculture	of	tilapia	and	catfish	should	be	replicated	in	a	
larger	growout	earthen	pond	for	further	validation.

Livestock	manure	applied	to	fertilize	ponds	may	benefit	the	eco-
system	by	providing	macronutrients	like	Nitrate	and	Phosphate	for	
supporting	photosynthetic	microalgae,	organic	matter	as	an	energy	
source	for	heterotrophic	bacteria,	or	living	bacteria	which	can	pro-
mote	pond	water	stability	or	a	gut	probiotic	for	fish.	Water	visibil-
ity	in	ponds	can	be	used	as	a	direct	indicator	of	microbial	plankton	
growth	 or	 primary	 productivity	 (Almazan	 &	 Boyd,	 1978).	 Various	
aspects	influence	the	microbial	ecology	of	the	fish	gastrointestinal	
system	 including	 diet,	 trophic	 level	 (Liu	 et	al.,	 2016),	 habitat,	 and	
phylogeny	(Tarnecki	et	al.,	2017;	Wong	et	al.,	2013).	Despite	occu-
pying	 the	same	environment	and	being	exposed	to	 the	same	food	
sources,	 polycultured	 tilapia,	 and	 catfish	 shared	 only	 a	 few	 com-
mon	fish	specific	fecal	microbes,	largely	having	unique	host-	specific	
microbiomes.	 Various	 microbes	 including	 Bacilli	 (Cutting,	 2011)	
have	been	demonstrated	to	have	probiotic	potential	in	the	fish	gut	
through	antimicrobial	production,	immunostimulation,	and	compet-
itive	exclusion	 (Gatesoupe,	1999;	Newaj-	Fyzul,	Al-	Harbi,	&	Austin,	
2014;	Ringø	&	Gatesoupe,	1998)	and	since	Bacillus were prominent 
microbial	members	of	the	bird	manures	it	could	be	a	direct	source.	
Actinobacteria	were	 also	 highly	 abundant	 in	manure	 samples	 and	
can	have	high	production	rates	of	secondary	metabolites	such	as	an-
timicrobials	and	growth	promoters	for	plants	(Qin,	Xing,	Jiang,	Xu,	&	
Li,	2011).	Actinobacteria	are	also	coupled	to	microalgae	production	
(Das,	Ward,	&	Burke,	2008);	 thus,	bird	manure	may	promote	pond	
phytoplankton	production	by	 contributing	probiotics	 to	 the	water	
column.

Manure	fertilizer	type	influenced	the	fish	pond	microbial	ecology	
including	the	water	column	and	polycultured	fish	feces,	but	only	a	
subset	of	the	actual	manure	associated	microbes	were	detectable	in	
the	pond	ecosystem.	This	suggests	that	manure	fertilizer	primarily	
influences	ponds	through	providing	unique	sources	of	organic	matter	
and	nutrients	rather	than	a	direct	source	of	microbes.	Many	animal	
gut	associated	microbes	are	anaerobic	(Dowd	et	al.,	2008),	occupy-
ing	a	unique	niche	(Thompson	et	al.,	2017)	and	thus	may	not	be	ca-
pable	of	surviving	in	an	aerobic	water	environment.	Tilapia	did	have	
a	higher	number	of	manure	associated	sOTUs	than	water	at	week	4	
and	catfish	feces	implying	that	tilapia	gut	environments	may	be	most	
favorable	 for	 colonization	 of	 manure	 microbes.	 Feeding	 ecology	
may	 also	 driver	 exposure	 since	 tilapia	 are	 generally	 filter	 feeders,	
whereas	catfish	are	primarily	benthic	carnivores.	As	many	of	these	
microbes	are	common,	it	is	also	possible	that	they	are	not	necessarily	
transferred	from	the	animal	manure	but	simply	represent	microbial	
populations	that	are	commonly	found	in	each	environment.	 It	may	
also	suggest	that	tilapia	are	more	susceptible	to	pond	water	micro-
biology	disturbances	than	catfish	which	could	have	important	con-
servation	and	seafood	consumption	implications.	Both	fish	species	
had Lactobacillus and E. coli	 sOTUs	 shared	with	 guinea	 fowl,	 layer	

chicken,	 and	 quail	 manure.	 Similarly,	 Cetobacterium somerae was 
shared	from	guinea	fowl	and	layer	manure	in	both	catfish	and	tilapia.	
C. somerae	is	a	common	anaerobic	bacteria	found	in	many	freshwater	
fish	guts	(Tsuchiya,	Sakata,	&	Sugita,	2008),	thus	our	finding	implies	
a	potential	source	of	this	microbe	in	the	pond	system.	The	presence	
of	E. coli or S. flexneri	in	the	catfish	gut	and	shared	with	animal	ma-
nure	samples	may	be	 important	 for	human	consumption	safety	as	
strains	of	these	microbes	cause	over	1.1	million	diarrhea	infections	
per	year	in	children	from	developing	countries	worldwide	(Jennison	
&	Verma,	2004).	Understanding	how	environmental	microbes	may	
influence	an	aquatic	ecosystem	such	as	a	 fish	pond	will	ultimately	
depend	on	the	fish	species	being	reared	along	with	other	factors.	For	
aquaculture	applications,	future	studies	should	focus	on	 long-	term	
growout	studies	in	earthen	ponds	to	validate	the	enhanced	produc-
tion	by	broiler	chicken	and	quail	manure	along	with	short-	term	com-
parisons	across	various	development	stages	(fry,	fingerling,	juvenile,	
and	adult).	Conservation	studies	should	not	just	look	at	one	model	
fish	species	but	many	 if	environmental	degradation	 is	of	question.	
As	our	results	demonstrate	how	microbial	communities	 influenced	
by	manure	treatments	can	have	a	beneficial	effect	on	catfish	finger-
lings,	we	hypothesize	that	 further	optimization	could	also	 improve	
catfish	fry	production	which	is	currently	a	limitation	in	many	African	
countries	including	Malawi	(Chelewani,	Kassam,	&	Chiwanda,	2016).

Food	safety	 is	of	growing	concern	worldwide	particularly	 in	
developed	countries	where	livestock	living	conditions	and	clean-
liness	 can	 have	 significant	 influence	 on	 consumer	 preferences.	
An	important	concern	with	meat	quality	is	exposure	or	presence	
of	antibiotics	which	freshwater	fish	ponds	have	been	shown	to	be	
potential	 reservoirs	 of	 antibiotic	 resistance	genes	 (Xiong	et	al.,	
2015).	One	of	the	primary	concerns	with	growing	fish	intended	
for	human	consumption	in	manure	fertilized	ponds	is	the	poten-
tial	 transfer	 of	 antibiotics	 from	 terrestrial	 agriculture	 animals	
to	 fish	 which	 over	 time	 could	 lead	 to	 an	 increase	 in	 antibiotic	
resistance	 genes.	 In	 our	 study,	 Antibiotic	 resistant	 genes	were	
highest	 in	manure	 and	water	 samples,	 while	 tilapia	 had	 higher	
amounts	 than	 catfish.	 No	 tetracycline	 resistance	 genes	 were	
observed	 which	 have	 been	 mostly	 associated	 with	 agriculture	
practices	(Gibson	et	al.,	2015).	ABC	transporters	have	been	pri-
marily	associated	with	Firmicutes	 (Forsberg	et	al.,	2014),	which	
in	 our	 study	 is	 associated	with	manure	 and	 fish	 fecal	 samples.	
Actinobacteria	 were	 also	 prevalent	 in	 bird	 manure,	 water,	 and	
fish	 fecal	 samples	 and	 are	 generally	 associated	with	 high	 anti-
biotic	resistance	genes,	particularly	MFS	transporters	(Forsberg	
et	al.,	2014).	Lastly,	fluoroquinolone	antibiotics	have	been	used	
to	treat	Malaria	for	many	decades	(Divo,	Sartorelli,	Patton,	&	Bia,	
1988),	 but	 was	 replaced	 in	 1993	 by	 other	 drugs	 (Laufer	 et	al.,	
2006),	 although	 this	 class	 of	 antibiotics	 is	 still	 widely	 used	 to	
treat	 a	 variety	 of	 gram	 negative	 bacterial	 infections	 as	 cipro-
floxacin	 (Makoka	 et	al.,	 2012).	 Antibiotics	 are	 used	 broadly	 in	
hospital	and	other	 rural	clinics	 in	Malawi,	while	agriculture	use	
is	not	well	documented.	It	 is	possible	that	the	livestock	manure	
contribute	 to	ARG	prevalence	 in	 fish	 ponds,	 but	 it	 is	 also	 very	
likely	 that	 the	 primary	 source	 is	 from	 the	 river	water	 irrigated	
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at	the	site.	Tanks	that	did	not	receive	any	animal	manure	input,	
but	instead	were	given	fish	feed,	had	the	same	levels	of	ARGs	in	
the	water	and	fish	feces	(Figure	5a).	This	provides	evidence	for	a	
common	source	such	as	the	water.

5  | CONCLUSION

The	present	 study	 is	 the	 first	 to	evaluate	 the	microbial	 effects	
of	manure-	based	fertilization	methods	in	freshwater	aquaculture	
ponds	and	examine	influences	on	performance	of	tilapia	and	cat-
fish	grown	 in	polyculture.	The	objective	was	to	understand	the	
prebiotic	 or	 probiotic	mechanisms	 of	 livestock	manure	 applied	
as	fertilizer	in	aquaculture	ponds.	Our	results	demonstrate	that	
while	manure	 type	 influences	 the	microbial	 composition	of	 the	
water	 column	and	 fish	guts	with	broiler	 chicken	and	quail	 hav-
ing	 a	 positive	 influence	 on	 fish	 production,	 manure	 microbes	
are	 largely	undetectable	 in	 the	pond	water	and	 fish	 feces.	This	
suggests	 that	 fertilization	with	 livestock	manure	 has	 a	 primar-
ily	 prebiotic	 effect	on	 the	 system	by	 contributing	organic	mat-
ter,	macronutrients,	and	micronutrients	which	in	turn	influences	
the	 pond	microbes.	 Furthermore,	 this	 finding	 suggests	 that	 as	
microbial	 transmission	 from	 animal	 manure	 to	 fish	 is	 low,	 that	
human	 consumption	 concerns	 should	 instead	 focus	 on	 storage	
and	 processing	 safety.	While	 manure	 samples	 had	 the	 highest	
amounts	of	ARGs,	few	ARGs	were	detected	in	the	fish	fecal	sam-
ples.	 In	 turn,	 of	 the	 few	manure	 associated	microbes	 detected	
in	 the	 fish	 feces,	 some	were	 potentially	 probiotic	 bacteria	 and	
suggest	further	follow-	up	studies	to	focus	on	optimizing	manure	
fertilization	of	hatchery	fry	to	fingerling	nursery	systems	espe-
cially	for	catfish.
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