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ABSTRACT	12 

A	 comprehensive	 understanding	 of	 microcystin	 (MC)	 effects	 and	 mode(s)	 of	 action(s)	 on	 aquatic	13 

biota	has	not	been	achieved	yet.	In	the	present	study,	Nile	tilapia	(Oreochromis	niloticus)	were	sub-14 

lethally	 exposed	 to	 the	 microcystin	 analogue	 MC-LA	 for	 12,	 24,	 48	 and	 96	 hours,	 and	 gene	15 

expression	of	PP1,	PP2A,	GST	and	actin	were	analyzed	by	quantitative	PCR.	Moreover,	PP2A	protein	16 

abundance	 profile	 was	 established	 by	 immunoblotting,	 while	 its	 biological	 function	 integrity	 was	17 

checked	 by	 a	 phosphatase	 enzymatic	 assay.	 PP2A	 activity	 was	 significantly	 reduced	 by	 MC-LA,	18 

indicating	 that	 MC	 acts	 as	 a	 PP2A	 inhibitor,	 similarly	 to	 what	 occurs	 in	 mammals.	 However,	 the	19 

positive	(9.1-fold	after	12h)	feedback	mechanism	induced	by	PP2A	gene,	after	exposure	to	sub-lethal	20 

MC-LA	dose	 (1,000	µg.kg-1),	did	not	counteract	 the	complete	PP2A	catalytic	activity	 inhibition	 that	21 

occurred	concomitantly.	A	weaker	inflammatory	response	in	fish	compared	to	mammals	may	be	the	22 

reason	why	O.	 niloticus	 is	 able	 to	 tolerate	 such	 high	 concentrations	 of	MC-LA	when	 compared	 to	23 

mice.	24 
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INTRODUCTION	27 

There	are	about	40	cyanobacteria	genera	able	 to	produce	 toxic	metabolites.	Microcystin	 (MC)	are	28 

the	most	noteworthy	of	these	metabolites	due	to	their	widespread	presence	in	water	and	extreme	29 

toxic	 effects	 (Carmichael,	 1992;	 Chorus	 &	 Bartram,	 1999).	 These	 cyclic	 heptapeptides	 are	30 

characterized	by	 the	 amino	 acid	 sequence	 cycle-(D-Ala	–	XXX	–	D-MeAsp	–	XXX	–	Adda	–	D-Glu	–	31 

Mdha),	 (van	 Apeldoorn	 et	 al.,	 2007)	 and	 can	 exhibit	 more	 than	 80	 MC	 structural	 analogues	 by	32 

changes	 in	 L-amino	 acids	 represented	 by	 XXX	 and	 methylation	 status	 of	 the	 amino	 acid	 Mdha	33 

(Hoeger,	Hitzfeld	&	Dietrich,	2005).	These	variations	are	a	key	factor	to	MC	toxicity,	leading	to	LC50	34 

levels	in	mice	ranging	from	50	to	1,200	µg.kg-1	(Chorus	&	Bartram,	1999).	35 

MC	 toxicity	 in	 mammals	 basically	 results	 from	 an	 unbalance	 in	 the	 phosphorylation	 status	 of	36 

serine/threonine	 (Ser/Thr)	 protein	 phosphatases	 (PP)	 (Honkanen	 et	 al.,	 1990;	 Runnegar,	 Kong	 &	37 

Berndt,	1993;	Carmichael,	1994;	MacKintosh	et	al.,	2015).	Cellular	MC	absorption	is	carried	out	by	38 

organic	anion	transporter	peptides	(OATP)	that	have	been	detected	in	almost	all	animal	tissues	and	39 

are	strongly	expressed	 in	the	mammal	 liver,	making	MC	predominantly	hepatotoxic	 (Fischer	et	al.,	40 

2005).	 Inside	 the	 cells,	 MC	 inhibits	 two	 major	 protein	 PP	 subfamilies,	 PP1	 and	 PP2A,	 which	 are	41 

expressed	 in	 almost	 all	 eukaryotic	 cells	 (Shi,	 2009).	 The	 inhibition	 of	 these	 two	 enzymes,	 by	42 

interacting	with	the	catalytic	site	and	irreversibly	binding	to	cysteine	273	residue,	is	the	key	feature	43 

for	the	toxicity	of	these	molecules	in	mammals	(Vesterkvist	et	al.,	2012).	Furthermore,	MC	affinity	44 

for	mammalian	PP2A	catalytic	subunit	is	higher	than	for	other	autologous	PPs,	such	as	PP2B,	PP4	and	45 

PP5	(Yoshizawa	et	al.,	1990;	Honkanen	et	al.,	1990;	Lubert,	Hong	&	Sarge,	2001).	46 

In	aquatic	animals,	MC	toxicity	is	less	characterized.	Nevertheless,	fish	are	exposed	to	MC	either	by	47 

feeding	or	by	passively	uptake	 through	 the	gills.	When	exposed	 to	MC,	 fish	have	higher	 tolerance	48 

and	 longer	 survival	 than	mammals	 (Malbrouck	 and	Kestemont,	 2006:	 Zhang	 et	 al.,	 2010).	 Tilapia	49 

(Oreochromis	 sp.),	 is	 an	 omnivorous	 fish	 species	 reported	 to	 accumulate	 large	 amounts	 of	 MC	50 

(Zikova	 et	 al.,	 2010a,b).	 It	 is	 highly	 resistant	 to	 the	 toxic	 effects	 of	 MC-LR	 (a	 MC	 analogue	 that	51 

presents	a	leucine	(L)	at	position	2	and	an	arginine	(R)	at	position	4	exhibiting	only	sub-lethal	effects	52 
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at	 doses	 10	 times	 higher	 than	 the	 LC50	 established	 for	mice	 (Xie	 et	 al.,	 2004;	 Prieto	 et	 al.,	 2006).	53 

Another	 known	MC	 analogue	 is	 MC-LA,	 which	 has	 an	 alanine	 (A)	 substitution	 in	 position	 4,	 and	54 

displays	 the	 same	 lethal	 toxicity	 for	mice	as	MC-LR	 (LC50	 50	µg.kg-1)	 (Chorus	&	Bartram,	1999).	 In	55 

preliminary	 pilot	 studies,	 we	 verified	 that	 the	 sublethal	 dose	 for	MC-LA	 in	O.	 niloticus	 was	 1,000	56 

µg.kg-1.	57 

The	 present	 study	 aims	 to	 investigate	 aspects	 of	 the	 molecular	 mechanisms	 underlying	 the	58 

resistance	 of	 Nile	 tilapia	 (Oreochromis	 niloticus)	 to	 MC-LA.	 Therefore,	 tilapia	 specimens	 were	59 

injected	intraperitoneally	with	1,000	µg.kg-1	of	MC-LA.	Gene	expression	of	PP1A,	PP2A,	Glutathione-60 

S-transferase	(GST)	and	actin	was	quantified	and	PP2A	abundance	and	enzymatic	activity	analyzed	in	61 

juvenile	fish	exposed	to	this	sub-lethal	dose	of	MC.	62 

	63 

MATERIALS	AND	METHODS	64 

Experimental	procedure	65 

Juvenile	tilapia	(O.	niloticus,	size	ranging	from	6	to	7	cm)	were	acquired	from	a	 local	 fish	farm	and	66 

acclimated	 in	 250	 L	 tanks	with	 de-chlorinated	 tap	water	 for	 30	 days	 before	 the	 beginning	 of	 the	67 

experiment	at	25	±	2	°C,	pH	7.0,	14/10	h	light/dark	cycle	with	constant	filtration	and	aeration.	Fish	68 

were	 fed	 commercial	 fish	 feeds.	 MC-LA	 (purity	 >95%),	 was	 kindly	 donated	 by	 Prof.	 Wayne	69 

Carmichael	 (Wright	 State	 University/USA)	 to	 Prof.	 Sandra	 Azevedo	 (Federal	 University	 of	 Rio	 de	70 

Janeiro/Brazil),	who	also	kindly	gave	the	molecule	for	this	study.		71 

The	 animals	 were	 intraperitoneally	 (i.p.)	 injected	with	 1,000	 µg.kg-1	 of	MC-LA	 or	 deionized	water	72 

(control	 group)	and	collected	after	0,	24	and	96	hours	of	 that	 single	 injection	 (n=10	per	group).	A	73 

second	 independent	experiment	was	conducted	with	the	same	conditions	as	described	above,	but	74 

the	animals	were	collected	after	0,	12,	48	and	96	hours	(n=10	per	group).	The	experimental	design	75 

was	submitted	to	the	Ethical	committee	in	the	use	of	animals	in	research	from	the	Federal	University	76 

of	Rio	de	Janeiro	(authorization	IBCCF177)	and	animals	were	sacrificed	by	cervical	section,	according	77 

to	the	animal	care guidelines	established	by	the	Canadian	Council	on	Animal	Care	(CCAC,	2010),	and	78 
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livers	were	immediately	removed.	For	gene	expression	analysis,	a	fraction	of	the	liver	was	immersed	79 

in	a	solution	of	RNA	Later	(QIAGEN)	and	frozen	(-20	°C)	until	further	analyses.	For	PP2A	abundance	80 

and	activity	analyses,	another	 fraction	of	 the	same	 liver	was	 immediately	 frozen	 in	 liquid	nitrogen	81 

and	kept	at	-80	ºC	until	further	processing.	The	study	was	approved	by	the	committee	for	Ethics	in	82 

the	use	of	research	animals	from	the	Health	Sciences	Center	of	the	Rio	de	Janeiro	Federal	University.		83 

Total	RNA	extraction	and	cDNA	synthesis	84 

For	total	RNA	extraction,	10	to	50	mg	of	 individual	 liver	tissues	were	completely	homogenized	in	1	85 

mL	TRIZOL	(Invitrogen)	using	an	Ultra-Turrax	homogenizer,	centrifuged	following	the	manufacturer´s	86 

protocol	 and	 the	 pellet	 re-suspended	 in	 deionized	 water.	 RNA	 quantification	 was	 performed	 by	87 

spectrophotometry	(NanoDrop)	at	260	nm.	The	integrity	of	total	RNA	was	assessed	by	the	presence	88 

of	 two	 intact	 bands	 (18S	 and	 28S	 rRNA)	 after	 fractionation	 by	 agarose	 gel	 electrophoresis	 under	89 

denaturing	 conditions.	 cDNA	 synthesis	 was	 performed	 with	 the	 High	 Capacity	 cDNA	 Reverse	90 

Transcription	 Kit	 (Applied	 Biosystems),	 using	 1	 µg	 of	 total	 RNA	 and	 random	 primers,	 following	91 

manufacturer´s	instructions.	92 

Quantitative	PCR	(qPCR)	93 

Primers	for	PP1,	PP2A,	GST	and	actin	were	designed	using	the	software	Primer3	(Rozen	&	Skaletsky,	94 

2000)	based	on	the	Genbank	database	(Table	1).	The	elongation	factor	1A	(EF1)	was	used	as	internal	95 

control	 gene.	 Quantitative	 PCR	 (qPCR)	 was	 performed	 on	 a	 StepOne	 Plus	 thermocycler	 (Applied	96 

Biosystems)	with	SYBR	GREEN	PCR	Master	Mix	(Applied	Biosystems)	under	the	following	conditions:	97 

initial	denaturation	for	10	min	at	95	°C;	40	amplification	cycles	with	denaturation	for	15	s	at	95	°C	98 

and	extension	for	50	s	at	57	°C	(Act,	EF1	e	GST)	or	67	°C	(PP1	e	PP2A).	Triplicate	analyses	were	made	99 

for	each	sample	and	a	no-template	control	was	used	as	blank.	After	PCR	amplification,	the	raw	data	100 

were	analyzed	by	calculating	the	initial	cDNA	concentration	estimated	by	a	linear	regression	of	the	101 

fluorescence	using	software	LinRegPCR	(Ruijter	et	al.,	2009).	102 

Protein	extraction	and	Western	blotting	for	PP2A	quantification	103 
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For	total	protein	extraction,	10	to	50	mg	of	tissue	from	10	(ten)	individual	livers	were	homogenized	104 

in	0.5	mL	 lysis	buffer	 (50	mM	Tris-HCl	pH	7.5,	150	mM	NaCl,	15	mM	EDTA,	1	mM	PMSF)	using	an	105 

Ultra-Turrax®	homogenizer.	The	homogenates	were	centrifuged	at	18,000xg	 for	15	min	at	4	 °C	 for	106 

particulate	removal.	Total	protein	concentrations	were	determined	using	the	Qubit	Protein	Assay	Kit	107 

(Invitrogen).	 Total	 protein	 extracts	 (15	 µg)	 were	 electrophoretically	 fractionated	 on	 12%	108 

polyacrylamide	 gels	 under	 denaturing	 and	 reducing	 conditions	 (Laemmli,	 1970).	 The	 fractionated	109 

proteins	were	then	transferred	to	a	nitrocellulose	membrane,	which	was	incubated	for	2	h	at	room	110 

temperature	 under	 stirring	 in	 a	 blocking	 solution	 (5%	 non-fat	milk	 Tris-buffered	 saline-Tween	 20)	111 

followed	by	an	overnight	incubation,	at	4	°C	with	stirring,	in	a	solution	containing	1:16,000	dilution	112 

of	primary	antibody	(anti-PP2A	C	subunit	-	52F8	-	Rabbit	mAb	-	Cell	Signaling).	The	membrane	was	113 

then	washed	three	times	with	Tris-buffered	saline-Tween	20	for	10	min	and	subsequently	incubated	114 

for	 2	 h,	 at	 room	 temperature	 under	 stirring,	 with	 a	 1:5,000	 dilution	 of	 secondary	 antibody	 (anti-115 

Rabbit	 IgG-Peroxidase	 -	 Sigma).	 The	 blotting	 was	 revealed	 with	 Super	 Signal	 West	 Dura	116 

Chemioluminescent	 Substrate	 (Pierce)	 and	 the	 membrane	 was	 exposed	 to	 photographic	 film	117 

(Hyperfilm	ECL	-	Amersham)	for	1,	5	and	10	min.	The	films	were	scanned	and	the	optical	densities	of	118 

the	bands	analyzed	using	the	ImageJ	software.	119 

PP2A	and	PP2C	activity	assay	120 

For	PPA2	catalytic	activity	assay,	another	total	protein	extraction	from	individual	 liver	samples	was	121 

performed.	Tissue	(10-50	mg)	was	homogenized	in	0.5	mL	lysis	buffer	(50	mM	Tris-HCl	pH	7.5,	10%	122 

glycerol,	 0.05%	β-mercaptoethanol,	 0.1	mM	EDTA,	 0.5	mM	PMSF,	 protease	 inhibitor	mix	 -	 Roche)	123 

using	an	Ultra-Turrax®	homogenizer.	Samples	were	centrifuged	at	100,000x	g	for	1	h	at	4°C	and	the	124 

supernatants	 filtered	 through	 a	 Sephadex	 G25	 column	 to	 remove	 free	 phosphate.	 Total	 protein	125 

concentrations	were	estimated	using	the	Quit	Assay	kit	 (Invitrogen).	PP2A	activity	was	determined	126 

using	the	Ser/Thr	Phosphatase	Assay	System	(Promega).	Briefly,	a	total	of	10	µg	of	protein	from	each	127 

sample	were	 loaded	 per	well	 into	 a	 96	well-plate	 containing	 substrate	 (RRA(pT)VA)	 solution	 (250	128 

mM	 imidazole	 pH	 7.2,	 1	mM	 EGTA,	 0.1%	 β-mercaptoethanol,	 0.5	mg.mL-1	 BSA)	 and	 incubated	 at	129 
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37°C	for	15	min.	For	PP2C	analysis,	PP2C	MgCl2,	1M	was	added	to	the	reaction	 instead	of	okadaic	130 

acid,	0.3mM	and	incubation	time	was	30	min.	After	incubation,	50	µL	of	molybdate	dye/additive	was	131 

added	 and	 the	 samples	 left	 for	 30	min	 to	 develop	 the	 reaction	 color.	 The	 optical	 density	 of	 the	132 

samples	 was	 determined	 using	 a	 plate	 reader	 (SPECTRAmax	 M2e)	 at	 630	 nm.	 The	 amount	 of	133 

phosphate	released	was	calculated	using	a	standard	calibration	curve	(0-2,000	pmol	Pi).	All	samples	134 

were	analyzed	in	triplicate	and	the	results	normalized	per	minute	per	μg	of	protein.	135 

Statistical	analyses	136 

Mann-Whitney	 U	 test	 was	 used	 to	 assess	 the	 differences	 between	 treated	 and	 control	 groups.	137 

Results	 were	 considered	 statistically	 significant	 when	 p	 <0.05.	 The	 software	 GraphPad	 Prism	 was	138 

used	to	construct	the	graphical	representations	of	data.	139 

	140 

RESULTS	141 

The	results	from	the	two	experiments	were	grouped	together	on	a	single	dataset	due	to	the	lack	of	142 

significant	 differences	 between	 the	 beginning	 (0	 h)	 and	 the	 end	 (96h)	 of	 each	 independent	143 

experiment.	144 

After	exposure	to	MC-LA,	a	significant	increase	in	phosphatase	gene	expression	was	observed	both	145 

for	PP2A	 and	PP1.	PP2A	 gene	expression	was	significantly	higher	 than	controls	at	all	 times	 (Figure	146 

1A),	presenting	the	highest	increase	after	12	h	(9.1-fold),	followed	by	a	decreasing	trend	of	4.3-fold	147 

after	24	h	and	of	2.5-	and	2.6-fold	after	48	and	96	h,	respectively.	PP1	gene	expression	significantly	148 

increased	after	12	(2.9-fold)	and	96	h	(1.8-fold)	of	 i.p.	 injection	of	1,000	µg.kg-1	MC-LA	(Figure	1B).	149 

No	significant	induction	was	observed	after	24	or	48	h.	Consistent	with	gene	expression	results,	the	150 

exposure	of	tilapia	to	MC-LA	led	to	a	significant	increase	of	1.3-	and	3.5-fold	of	PP2A	protein	(Figure	151 

2)	 after	 24	 and	 96	 h,	 respectively.	 However,	 PP2A	 protein	 increase	 was	 not	 followed	 by	 an	152 

increase/reestablishment	of	PP2A	enzymatic	activity,	which	was	completely	inhibited	at	all	sampling	153 

times	 (Figure	 3A).	 Further	 experiments	 showed	 that	 PP2C	 enzymatic	 activity	was	 not	 significantly	154 
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affected	by	exposure	to	MC-LA,	varying	from	0.44	to	2.86	ρmol	P.min-1.μg-1	in	the	control,	to	0.31	to	155 

4.69	ρmol	P.min-1.μg-1	in	the	exposed	fish	(Figure	3B).	156 

GST	exhibited	a	significant	suppression	after	12	h	(2.6-fold),	without	significant	difference	afterwards	157 

(Figure	1C).	Finally,	actin	gene	expression	was	significantly	up	regulated	(3.1-fold)	 in	fish	12	h	after	158 

i.p	injection	of	MC-LA	(Figure	1D).	159 

	160 

DISCUSSION	161 

The	protein	phosphorylation	balance	 in	a	cell	 is	a	dynamic	process	regulated	by	phosphatases	and	162 

kinases,	 which	 enables	 proper	 cell	 functioning.	 The	 uncontrolled	 inhibition	 of	 these	 enzymes	 can	163 

lead	to	aberrant	cellular	behavior	in	an	organism	(Eichhorn,	Creyghton	&	Bernards,	2009).	164 

In	our	 study,	 PP2A	activity	was	 significantly	 reduced	by	MC-LA,	 indicating	 that	MC	acts	 as	 a	 PP2A	165 

inhibitor	in	tilapia,	similarly	to	what	occurs	in	mammals	(Honkanen	et	al.,	1994;	Toivola,	Eriksson	&	166 

Brautigan,	 1994).	 The	 positive	 (9.1-fold	 after	 12	 h)	 feedback	 mechanism	 induced	 by	 PP2A	 gene	167 

expression	 in	 tilapia,	 after	 exposure	 to	 sub-lethal	MC-LA	 dose	 (1,000	 µg.kg-1),	 was	 not	 enough	 to	168 

counteract	the	complete	PP2A	catalytic	activity	inhibition	that	occurred	concomitantly.	169 

To	 further	 examine	 the	 possibility	 of	 other	 phosphatases	 taking	 over	 dephosphorilation	 and	170 

compensating	 for	 PP2A	 inhibition,	we	measured	 the	 PP2C	 activity	 that	 remained	unchanged	 after	171 

exposure	 to	MC-LA,	 but	 very	 low.	 This	 is	 in	 accordance	with	 the	 literature	 that	 shows	 2B	 and	 2C	172 

activity	to	be	negligible	and	PP2A	to	be	responsible	for	90%	of	all	phosphatase	activity	in	a	variety	of	173 

animals,	from	Human	and	rat	to	Xenopus	frog	(Ferrigno,	Langan,	&	Cohen,	1993).	We	were	not	able	174 

to	 test	 PP1A	 activity.	 But	 PP1A	 gene	 was	 not	 induced	 in	 the	 same	 way	 as	 PP2A.	 Thus,	 a	175 

compensation	for	the	reduction	of	PP2A	activity	in	the	cell	by	other	yet	unknown	phosphatases,	as	176 

the	protection	mechanism	that	allows	fish	to	survive	under	high	MC-LA	concentrations,	is	unlikely.		177 

Other	main	possibility	for	the	high	fish	tolerance	to	MC-LA,	is	the	conjugation	with	glutathione	(GSH)	178 

known	 to	be	 the	 first	 step	 in	MC	detoxification	pathway	 (Pflugmacher	et	al.,	 1998).	However,	we	179 

found	no	strong	evidence	in	our	study	to	support	it	In	fish	liver,	the	detoxification	mechanism	of	MC	180 
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seems	 to	 begin	 with	 a	 conjugation	 reaction	 where	 GST	 plays	 a	 significant	 role	 mediating	 the	181 

formation	of	a	MC-GSH	conjugate	that	can	be	eliminated	afterwards,	suggesting	that	the	elimination	182 

process	is	based	on	phase	II	biotransformation	enzymes	(Pflugmacher	et	al.,	1998).	183 

The	suppression	in	the	GST	gene	expression	(2.6-fold)	observed	12h	after	MC-LA	i.p.	injection	does	184 

not	point	towards	an	efficient	tolerance	mechanism.	In	other	fish	species	exposed	to	MC,	Gst	genes	185 

were	up	 (Fu	&	Xie,	 2006;	 Zhang	et	al.,	 2011)	 or	down-regulated	 (Li	 et	 al.,	 2008)	according	 to	 the	186 

isoform.	 In	 our	 study,	 the	 lack	 of	 available	 sequences	 for	O.	 niloticus	 limited	 our	 ability	 to	 design	187 

primers	and	evaluate	 the	expression	of	different	Gst	 isoforms.	However,	either	because	of	 limited	188 

GST	synthesis	or	because	of	MC	systemic	 recirculation	 (Magalhães,	Soares	&	Azevedo,	2001),	 the	189 

persistent	 PP2A	 inhibition	 throughout	 our	 experiment	 shows	 that	 detoxification	 through	 this	190 

pathway	was	unsuccessful.	191 

The	 observed	 variation	 of	 gene	 expression	 levels	 of	 actin	 after	 exposure	 to	 MC	 was	 somehow	192 

expected	 since	Wickstrom	 et	 al.	 (1995)	 demonstrated	 that	 MC	 can	 directly	 affect	 intermediate	193 

filaments,	 such	 as	 cytokeratin	 and	 microtubules,	 which	 subsequently	 results	 in	 the	 disruption	 of	194 

actin	microfilaments.	A	factor	that	could	further	contribute	to	negative	effects	in	the	fish	even	if,	as	195 

stated	by	Runnegar	&	Falconer	(1986)	actin	is	not	a	primary	target	for	MC	toxicity.	196 

The	 high	 tolerance	 of	O.	 niloticus	 to	 MC-LA	 is	 not	 ubiquitous	 in	 fish.	 Tencalla	 &	 Dietrich	 (1997)	197 

reported	that	the	partially	recoverable	phosphatase	inhibition	in	rainbow	trout	Oncorhynchus	mykiss	198 

exposed	 to	 (MC-LR),	 could	 not	 prevent	 continued	 liver	 damage,	 resulting	 from	 rapid	 toxin	199 

accumulation,	triggering	irreversible	reactions	that	lead	to	liver	necrosis.	200 

The	work	from	(Mattos	et	al.,	2014)	gave	us	the	suggestion	for	the	high	O.	niloticus	tolerance	to	MC-201 

LA.	 After	 a	 single	 sublethal	MC-LR	 dose	 in	mice	 (i.p.	 injection),	 the	 authors	 observed	 several	 and	202 

persistent	histological	damages,	with	infiltration	of	inflammatory	cells	into	the	liver	and	no	complete	203 

tissue	 recovery	during	 the	96h	experiment.	Other	previous	 reports	have	shown	 the	 importance	of	204 

inflammation	in	the	tissue	damage	caused	by	MC-LR.	(Carvalho	et	al.,	2010;	Casquilho	et	al.,	2011)	205 
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demonstrated	that	administration	of	the	anti-inflammatory	drug	LASBio596	to	MCYST-injected	mice	206 

was	capable	of	diminishing	liver	damage	and	aiding	recovery	of	the	lungs.	207 

As	a	general	rule,	the	elaboration	of	adaptive	immunity	in	fishes	seems	slow	compared	to	that	of	208 

innate	reactions,	contrasting	a	more	rapid	specific	responsiveness	in	mammals	(Haugland	et	al.,	209 

2005).	A	number	of	recent	studies	have	demonstrated	that	innate	immune	functions,	operating	210 

through	pro-inflammatory	cytokines	such	as	interleukin	(IL)-1,	IL-6	and	tumor	necrosis	factor	(TNF)-211 

a,	seem	similar	between	fish	and	mammals,	however,	there	are	some	differences.	Importantly,	the	212 

lower	environmental	temperatures	have	their	effects,	making	fish	more	dependent	on	innate	213 

immunity	compared	to	adaptive	immune	responses	which	work	slower	(Koppang	et	al.,	2007).	214 

According	to	the	same	authors,	compared	to	mammals,	morphological	studies	of	the	immune	215 

system	and	in	particular	the	inflammatory	responses	in	fish	are	scarce,	much	due	to	a	general	lack	of	216 

good	cell	markers.	So	it	may	be	difficult	at	this	time	to	further	investigate	the	hypothesis	we	rise	217 

here	that	O.	niloticus	tolerance	to	MC-LA	is	related	to	its	immune	system.	218 

	219 

CONCLUSIONS 220 

The	present	study	contributes	to	better	understand	the	sublethal	effects	and	the	possible	mode	of	221 

action	of	MC-LA	in	tilapia.	PP2A	activity	was	completely	inhibited	in	tilapia	exposed	to	1,000	µg.kg-1	222 

of	MC-LA	indicating	that	MC	acts	as	a	PP2A	inhibitor,	similarly	to	what	occurs	in	mammals.	However,	223 

the	positive	feedback	mechanism	that	increased	PP2A	gene	expression	and	protein	abundance	was	224 

not	enough	to	compensate	for	the	strong	inhibition	of	PP2A	at	the	catalytic	level.	Neither	was	PP2C	225 

activity	or	GST	detoxification	pathway.	A	weaker	inflammatory	response	to	liver	damage	may	be	the	226 

reason	why	O.	niloticus	is	able	to	tolerate	such	high	concentrations	of	MC-LA.	227 

	228 
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Table	1	-	Primers	for	qPCR	analysis	344 

345 

Gene	 Accession	no.	 Primer	sequence	(5’or	3’)	 Amplicon	
size	(bp)	

	 	 	 	
Act	 EU887951	 CTGGCATCACACCTTCTACA	(forward)	 158	
	 	 CTAGGATGGCAACGTACATG	(reverse)	 	

EF1	 AB075952.1	 GGTGAAGTCCGTGGAGATG	(forward)	 173	
	 	 TGATGACCTGAGCGTTGAAG	(reverse)	 	

Gst	 EU107284.1	 CAGACAGCCAAGAAGAACAA	(forward)	 115	

	 	 CTCACCTTCAGGGACAAACC	(reverse)	 	

PP1	 JX277552.1	 TGGATCTCATCTGTAGAGCCCACCAG	(forward)	 151	

	 	 CACATCAGGGTTTCATCCACGCTCA	(reverse)	 	

PP2	 JX274539.1	 TCACGAGAGCAGACAGATCACACAAGT	(forward)	 255	

	 	 TCTGACCACAGCAGGTCACACATGG	(reverse)	 	
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	346 

Figure	1	-	Ratio	of	PP2A/EF1	(A),	PP1/EF1	(B),	GST/EF1	(C)	and	Actin/EF1	(D),	after	exposure	to	MC-347 

LA	 at	 the	 different	 experimental	 timeframes.	 CTRL	 =	 control	 group,	MC-LA	 =	microcystin	 exposed	348 

group.	 EF1	 =	 elongation	 factor	 1.	 Data	 presented	 as	 box	 plots	with	median	 and	 quartiles	 (25	 and	349 

75%)	for	controls	and	MC-LA	groups.	Experimental	groups	0	and	96	h	(n=20);	groups	12,	24	and	48	h	350 

(n=10).	 Small	 letters	 indicate	 significant	 differences	 between	 groups	 as	 indicated	 by	 ANOVA	351 

(P<0.05).	352 

353 
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	354 

Figure	2	 -	PP2A	abundance	after	24	 	 (A)	and	96	h	 (B)	exposure	to	MC-LA.	C	=	control	group;	MC	=	355 

microcystin	exposed	group.	Data	presented	as	box	plots	with	quartiles	and	medians	(25	and	75%)	for	356 

each	 group	 of	 10	 individuals.	 Small	 letters	 indicate	 significant	 differences	 between	 groups	 as	357 

indicated	by	ANOVA	(P<0.05).	 	358 
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	359 

Figure	3	-	PP2A	(A)	and	PP2C	(B)	activity	(picomols	of	phosphate.min-1.μg-1	of	protein)	presented	as	360 

plots	with	quartiles	and	medians	(25	and	75%)	for	controls	(CTRL)	and	microcystin	(MC-LA)	exposed	361 

animals	(n=10).	Small	letters	indicate	significant	differences	between	groups	as	indicated	by	ANOVA	362 

(P<0.05).	363 

364 
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Supplementary	Material	1	–	Raw	data	for	the	statistical	analysis	365 

A)	PP2A	activity	366 

CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 MC-LA	 MC-LA	 MC-367 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	368 

12h	 12,	 3,85	 4,26	 5,51	 3,88	 5,35	 4,77	 4,91	 	 6,68	 3,91	 0,32369 

	 0,83	 0,32	 0,31	 0,32	 0,29	 0,37	 0,26	 0,36	 	370 

24h	 24,	 5,11	 	 4,31	 	 4,99	 2,14	 5,94	 3,20	 3,08	 1,49	 0,47371 

	 0,31	 0,34	 0,35	 0,41	 0,31	 0,58	 0,39	 	 	372 

48h	 48,	 7,84	 3,68	 	 3,97	 7,91	 	 3,93	 4,34	 1,08	 4,52	 0,42373 

	 0,35	 0,33	 	 0,26	 0,27	 0,26	 0,25	 	 0,32	374 

96h	 96,	 5,09	 4,58	 3,78	 2,07	 2,79	 3,42	 3,02	 5,21	 0,36	 2,48	 0,29375 

	 0,56	 0,73	 0,44	 0,33	 0,44	 0,41	 0,32	 0,29	 0,43	376 

B)	PP2C	activity	377 

	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 MC-LA	 MC-378 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	379 

12,	 1,22	 1,84	 3,07	 1,94	 	 1,66	 2,72	 	 3,88	 	 0,56	 2,68380 

	 0,51	 0,55	 	 	 0,50	 	 0,68	 	381 

24,	 2,66	 	 	 2,60	 2,40	 1,22	 3,48	 0,84	 2,24	 1,27	 2,08	 1,05382 

	 0,89	 1,96	 2,86	 2,22	 2,05	 2,34	 1,28	 1,96	383 

48,	 	 1,72	 	 	 	 1,49	 	 1,90	 0,31	 1,98	 0,63	 0,43384 

	 	 	 0,44	 	 0,53	 0,46	 	 0,57	385 
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96,	 2,72	 2,60	 2,12	 1,05	 1,06	 2,44	 2,64	 4,07	 0,42	 1,19	 0,72	 1,60386 

	 0,91	 1,93	 1,38	 1,27	 0,80	 0,41	 0,55	 1,81	387 

C)	PP2A	acumulation	388 

Time	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL389 

	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 MC-LA	 MC-LA	 MC-LA	 MC-390 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-391 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	392 

24,	 1,000000	 0,880862	 0,623574	 0,797053	 0,136407	 0,218790393 

	 0,030577	 0,398923	 0,736534	 	 	 	 	 	394 

	 	 	 	 	 	 0,576204	 1,237643	 1,449778395 

	 2,120881	 0,066857	 1,806876	 1,396546	 1,250000	 1,115177396 

	 	 	 	 	 	 	 	 	 	 	 	397 

96,	 1,000000	 0,258787	 0,833526	 0,588644	 0,039011	 1,353032398 

	 2,431054	 1,375435	 1,159521	 	 	 	 	 	399 

	 	 	 	 	 	 4,241406	 3,459637	 3,656238	400 

	 3,412128	 5,602935	 3,050985	 3,481653	 2,680572	 	401 

	 	 	 	 	 	 	 	 	 	402 

D)	PP2A	qPCR	403 

	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 MC-LA	 MC-404 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	405 

0,	 0,1080	 0,0557	 1,800	 1,110	 0,0538	 0,782	 0,0137	 0,0833	 0,448	 1,600	 	406 

	 	 	 	 	 	 	 	 	407 

0,	 0,2150	 0,0693	 0,325	 0,583	 0,3130	 0,363	 1,3800	 0,5240	 0,211	 0,252	 	408 

	 	 	 	 	 	 	 	 	409 
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12,	 0,2320	 0,3760	 0,576	 0,300	 0,1420	 0,276	 0,0789	 0,0831	 0,224	 0,417	 2,650	 1,780410 

	 0,833	 2,860	 1,850	 1,580	 2,300	 2,710	 2,330	 5,540	411 

24,	 1,7100	 0,9220	 0,267	 0,297	 0,3860	 0,332	 0,9070	 0,3340	 1,790	 2,250	 2,890	 7,100412 

	 0,718	 3,420	 0,982	 0,648	 2,850	 4,010	 0,222	 2,720	413 

24,	 342,0000	 106,0000	 6,930	 19,100	 12,7000	 7,280	 118,0000414 

	 34,5000	 174,000	 155,000	 364,000	 859,000	 107,000415 

	 272,000	 126,000	 154,000	 284,000	 184,000	 29,400416 

	 126,000	417 

48,	 0,2760	 1,0600	 0,282	 0,489	 0,2760	 0,596	 0,1980	 0,3280	 0,471	 0,483	 0,609	 0,460418 

	 1,120	 1,650	 1,110	 0,583	 2,530	 0,899	 0,310	 1,780	419 

96,	 0,6940	 1,6000	 0,492	 0,539	 0,0887	 0,405	 0,5040	 0,4070	 0,756	 0,925	 1,380	 1,740420 

	 1,890	 3,450	 1,670	 1,820	 0,588	 3,080	 1,870	 0,759	421 

96,	 0,0813	 0,3170	 0,250	 0,153	 0,2210	 0,135	 0,2350	 0,0543	 0,275	 0,463	 0,136	 0,174422 

	 1,010	 0,256	 0,457	 0,433	 1,040	 0,883	 0,903	 0,666	423 

E)	PP1	qPCR	424 

	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL425 

	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 MC-LA	 MC-LA	 MC-LA	 MC-426 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-427 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	428 

0,	 0,861	 0,477	 8,880	 10,900	 0,0859	 4,440	 0,0867	 0,538	 0,992	 	 0,345	 0,235429 

	 0,559	 0,584	 1,60	 0,297	 1,570	 0,359	 0,283	 0,607	 	 	 	430 

	 	 	 	 	 	 	 	 	 	 	 	431 

	 	 	 	 	432 
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12,	 0,834	 0,802	 1,040	 0,490	 0,3520	 0,771	 0,3850	 0,529	 0,737	 0,890	 	433 

	 	 	 	 	 	 	 	 	 3,800	 2,480	 1,350	 1,080434 

	 1,8700	 1,240	 2,5700	 2,470	 2,700	 1,80	 	 	 	 	 	435 

	 	 	 	 	436 

24,	 	 	 	 	 	 0,701	 1,8800	 0,505	 4,210	 3,020	 	437 

	 	 	 	 	 	 	 	 	 	 3,460	 0,619	 5,700438 

	 1,3400	 0,913	 3,6300	 	 1,990	 	 	 	 	 	 	439 

	 	 	 	 	440 

48,	 0,315	 0,973	 0,716	 0,271	 0,2560	 0,743	 0,4170	 0,686	 1,660	 0,603	 	441 

	 	 	 	 	 	 	 	 	 0,552	 0,323	 0,926	 0,646442 

	 0,8460	 0,888	 3,9300	 0,958	 0,329	 1,64	 	 	 	 	 	443 

	 	 	 	 	444 

96,	 1,400	 2,790	 0,684	 0,600	 0,8300	 1,390	 1,1100	 0,440	 0,653	 1,220	 0,557	 0,721445 

	 1,060	 0,425	 1,92	 0,566	 0,918	 0,254	 0,855	 1,840	 1,120	 2,210	 1,540	 3,290446 

	 0,7760	 1,940	 1,8000	 6,530	 8,180	 2,37	 0,239	 0,684	 3,310	 1,440	 0,55	 0,855447 

	 1,64	 1,090	 0,816	 0,867	448 

F)	Actin	qPCR	449 

	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL450 

	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 MC-LA	 MC-LA	 MC-LA	 MC-451 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-452 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	453 

0,	 0,4640	 0,1820	 0,414	 0,3980	 0,1200	 0,4530	 0,4400	 0,3600	 0,3050	 	 0,0699454 

	 0,0522	 0,0937	 0,0540	 0,1260	 0,0400	 0,1040	 0,0964	 0,0351	 0,0914	 0,4640	 0,1820	 0,414455 
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	 0,398	 0,1200	 0,4530	 0,440	 0,3600	 0,3050	 1,050	 0,0699	 0,0522	 0,0937	 0,054456 

	 0,1260	 0,0400	 0,1040	 0,0964	 0,0351	 0,0914	457 

12,	 0,0550	 0,0668	 0,126	 0,0342	 0,0818	 0,0700	 0,0806	 0,0889	 0,1100	 0,1060	 	458 

	 	 	 	 	 	 	 	 	 0,1350	 0,4140	 0,213	 0,218459 

	 0,2210	 0,2780	 0,114	 0,2760	 0,2760	 0,301	 	 	 	 	 	460 

	 	 	 	 	461 

24,	 0,3510	 0,4700	 	 0,5050	 	 0,1440	 0,1760	 0,1100	 0,2560	 0,2420	462 

	 0,2610	 	 	 	 0,0490	 0,2090	 0,0571	 0,1520	 	 0,3950	 0,3080	 0,222463 

	 0,511	 0,3280	 0,1270	 0,123	 0,4240	 	 0,600	 0,0925	 0,0916	 0,1310	 0,123464 

	 0,1040	 0,0545	 0,2630	 	 	 	465 

48,	 0,0705	 0,0758	 0,043	 0,0623	 0,0636	 0,0842	 0,0583	 0,0438	 0,0548	 0,0844	 	466 

	 	 	 	 	 	 	 	 	 0,0695	 0,0414	 0,054	 0,354467 

	 0,0698	 0,0317	 0,714	 0,0487	 0,0441	 0,803	 	 	 	 	 	468 

	 	 	 	 	469 

96,	 0,5730	 0,2360	 0,410	 0,3100	 0,3090	 0,5270	 0,1570	 0,2110	 0,2190	 0,2070	 0,0339470 

	 0,0281	 0,0462	 0,0308	 0,0281	 0,0376	 0,0271	 0,0499	 0,0358	 0,0618	 0,5020	 0,4290	 0,386471 

	 	 0,5060	 0,2390	 0,701	 0,9330	 0,4240	 0,330	 0,0887	 0,2650	 0,2120	 0,158472 

	 0,0689	 0,1000	 0,0831	 0,1400	 0,0237	 0,0905	473 

G)	GST	qPCR	474 

	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL475 

	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 CTRL	 MC-LA	 MC-LA	 MC-LA	 MC-476 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	 MC-477 

LA	 MC-LA	 MC-LA	 MC-LA	 MC-LA	478 
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0,	 0,0163	 0,148	 0,994	 0,669	 0,00775	 0,578	 0,103	 0,564	 0,443	 	 0,294479 

	 0,371	 0,851	 0,956	 2,64	 0,51	 3,460	 0,795	 0,728	 1,09	 0,0163	 0,148	 0,994480 

	 0,669	 0,00775	 0,578	 0,103	 0,564	 0,443	 11,600	 0,294	 0,371	 0,851	 0,956481 

	 2,64	 0,51	 3,46	 0,795	 0,728	 1,09	482 

12,	 2,8800	 2,720	 2,240	 1,240	 1,15000	 1,740	 1,040	 0,371	 1,840	 2,490	483 

	 	 	 	 	 	 	 	 	 	 0,2830	 1,060	 0,702484 

	 0,708	 0,63500	 0,998	 0,346	 0,511	 0,770	 0,817	 	 	 	485 

	 	 	 	 	 	 	486 

24,	 2,1000	 1,420	 0,834	 0,348	 	 0,211	 0,780	 0,309	 4,070	 1,270	 	487 

	 	 	 	 	 	 	 	 99,20	 1,4600	 1,030	 1,540	 2,790488 

	 0,13400	 0,903	 0,286	 4,240	 0,132	 1,330	 	 	 	 	489 

	 	 	 	 	 	490 

48,	 0,6680	 5,450	 2,150	 1,060	 0,66100	 4,190	 0,974	 2,950	 4,240	 0,797	491 

	 	 	 	 	 	 	 	 	 	 2,4300	 1,260	 2,440492 

	 2,420	 3,57000	 2,840	 1,250	 2,660	 1,710	 1,790	 	 	 	493 

	 	 	 	 	 	 	494 

96,	 1,2800	 4,430	 0,363	 1,760	 0,15200	 1,310	 2,620	 0,105	 0,643	 1,470	 1,910495 

	 1,210	 1,520	 0,754	 6,64	 2,07	 0,583	 0,471	 1,090	 5,43	 0,3770	 1,250	 2,440496 

	 5,140	 2,16000	 0,624	 0,379	 0,676	 1,650	 0,262	 0,730	 10,100	 12,500	 3,210497 

	 2,07	 3,44	 5,56	 6,310	 2,240	 2,51	498 
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