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ABSTRACT

The decreasing supply and high cost of fishmeal, as well as the sustainability issues of
this finite raw material, will continue to push the industry to concentrate their efforts on
finding alternative sources of protein to substitute fishmeal in aquafeeds. From all the
possible alternatives, e.g. animal by-products, fishery by-products, single-cell protein
and the recent insect meal options, plant-based meals seem to be one of the major
contributors to reduce reliance upon marine sources. However, when considering plant-
based meals for aquafeeds it is commonly agreed that one of the negative aspects is the
presence of anti-nutritional factors (ANF’s; e.g. cyanogens, saponins, tannins, etc.) that
are detrimental to fish and shrimp (Krogdahl et al., 2010). Although there are processes
to remove or inactivate many of these ANF’s, the same does not apply for mycotoxins
which are reasonably stable to processing conditions (Cheli et al., 2013). The effects of
mycotoxins in fish and shrimp are diverse, varying from immunosuppression to death,
depending on toxin-related (type of mycotoxin consumed, level and duration of intake),
animal-related (animal species, sex, age, general health, immune status, nutritional
standing) and environmental-related (farm management, biosecurity, hygiene,
temperature) factors. Therefore, it is often difficult to trace observed problems back to
mycotoxins. The main goal of this thesis is to increase the awareness of mycotoxin
contamination in aquafeeds and its consequences to aquaculture species, especially
characterizing the impact of deoxynivalenol in rainbow trout (Onchorhynchus mykiss).

In Chapter 1 the known mycotoxin occurrence and co-occurrence in aquaculture
finished feeds are described and critically reviewed by correlating the extent of
mycotoxin contamination in aquaculture feeds to its impact in aquaculture species. This
chapter also contributes to understanding the risk of mycotoxin carry-over to
aquaculture seafood products. Additionally, this chapter aims to expose the scientific
community, the regulatory authorities and the aquaculture industry, to the main
challenges and myths that the industry faces in developing mycotoxin management

strategies.

Chapter 2 presents the results the impact of deoxynivalenol (DON) in rainbow trout
and the difficulties to diagnose DON ingestion. Here was explored two different DON
contamination scenarios, i.e., the effect of short-term feeding of high levels of DON and

the effects of long-term feeding of low levels of DON (a more common scenario in



aquaculture industry). It was concluded that the ingestion of DON by trout over short-
term periods at high dosages (50 days; 1,166 pg kg ™ and 2,745 ug kg ) impacts
growth performance, especially feed intake, with minor or variable biochemical changes
in trout blood and histopathological changes. In this case, some fish did exhibit clinical
symptoms (i.e., anal papilla), which could be attributed to the DON treatment (reported
for the very first time). This chapter also reports, for the first time, the effects of the
long-term exposure of rainbow trout to low concentrations of DON (168 days; 367 ug
kg ™ DON). Ingestion of DON in the long-term study was asymptomatic; however, the
fish started to reduce their growth performance 92 days after ingesting DON. Such low
contamination levels, which might be unnoticed by farmers, may have economic
consequences for aquaculture. Here it was concluded that the short-term effect of DON
ingestion cannot be extrapolated to other contamination scenarios, e.g., long-term

exposure.

Chapter 3 aimed to elucidate the impact of DON on rainbow trout and study the
reasons behind the apparent lack and/or high variability of clinical signs during DON
ingestion (as reported in chapter 2). With this experiment, we further confirmed that
ingestion of DON by rainbow trout is mainly characterised by impaired growth
performance and reduced feed intake, with the total absence of any visible clinical signs
(up to 11,412 + 1,141 ug kg ™). Proteolytic enzyme activities (pepsin, trypsin and
chymotrypsin) in trout were altered by DON ingestion. The impact of DON on the
abundance of specific measured mRNA transcripts was unexpected with higher
expression levels for insulin-like growth factors, igfl and igf2, which are directly related
to elevated insulin levels in plasma. This can also in part be influenced by the trypsin
activity and by npy, given its higher mRNA expression levels. The apparent digestibility
of dry matter, protein and energy was not affected by dietary levels of DON, however,
nutrient retention, protein, fat and energy retention were significantly affected in
animals fed DON. Adenylate cyclase-activating polypeptide (PACAP) expression
seems to play an important role in controlling feed intake in DON fed trout. In the
present study, we have shown for the first time that DON is metabolized to DON-3-
sulfate in trout. DON-3-sulfate is much less toxic than DON, which helps to explain the
lack of clinical signs in fish fed DON. Being a novel metabolite identified in trout
makes it a potential biomarker of DON exposure. It was suggested that the suppression

of appetite due to DON contamination in feeds might be a defence mechanism in order



to decrease the exposure of the animal to DON, therefore reducing the potential

negative impacts of DON.

In Chapter 4, this thesis further explored the current knowledge of DON toxicokinetics
and rainbow trout DON metabolism, accessing the organ assimilation rates, excretion
and possible biotransformation kinetics. Here we found that an hour after tube-feeding,
[*H]-DON was detected in the liver samples of fish, indicating a rapid absorption of
DON. In the first hour, [?H]-DON was present in the GIT (20.56  8.30 ng). However,
6.19 + 0.83 ng was also detected in the water at this sampling point. The fast excretion
of [*H]-DON (faster than the average trout gastric emptying time) suggests that DON,
as a water-soluble compound, is excreted with the liquid phase of the chyme. The
presence of [H]-DON in the GIT was stable during the first six hours. This long
residence time of DON in the GIT may compromise the health of the GIT and favour
absorption. Our data suggest that an effective DON detoxifying method should have a
period of action of < 6 h. Furthermore, as most of the excretion can be expected to

happen after six hours, the detoxification should be irreversible at GIT conditions.

Results of this PhD study contributes to better understand the importance and the risk of
mycotoxin occurrence and co-occurrence in aquaculture finished feeds, highlighting
concerns regarding the unvalued risk of mycotoxin carry-over to aquaculture seafood
products.  Here is highlighted that long-term exposure to DON is normally
asymptomatic which might be unnoticed by farmers, however, representing economic
consequences for aquaculture (reduced growth performance). Suppression of appetite
due to DON contamination in feeds seems to be a defence mechanism in order to
decrease the exposure of the animal to DON, therefore reducing the potential negative
impacts of DON. The biotransformation of DON to DON-3-sulfate helps to explain the
lack of clinical signs in fish fed DON and may be used as a novel biomarker of DON

exposure.

Vi



TABLE OF CONTENTS

DECLARATION ... ceeuiiittiiiiteniiiieneeitnasieissssssissssssssssssssssssssssssssssssssssssssssssssssssssnssssssnssssssnssssssnssssssnssssssnnnns ii
ACKNOWIEAZEMENLS ......ueniiiiccccccicrrcsssssssssssssssssssss s s s s s s s s s s ssssssssssssssssssssssssssssssssssssssssssssssssnnnnnns iii
ABSTRACT ... iitiiiiiteiiiitnietieesiettensiettensettsnssestsnssesssnsssstanssssssnssssssnssssssnssssssnsssssanssssssnssssssnsssssansssssanssssse iv
TABLE OF CONTENTS......ccittiiiinnnnneeiiniiisssssnseesssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssssassssssssssnns vii
LIST OF ABBREVIATIONS ....ccciiiiiiiiunreiiiiiiisiinnneeenisisssssssssesssssssssssssseessssssssssssssssssssssssssssssssssssssssssssssssssss Xi
LIST OF FIGURES........ccccoiiuerteiiniiissssnnneenisiisssssssssssssssssssssssssssssssssssssnssssssssssssssnssesssssssssssnnsssssssssssssnnsasns xiii
LIST OF TABLES.......cccoiitiiutttiiiiiiiiiinneeeiiississsnssesssissssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssansessssssss Xv
CHAPTER 1 ...iiiieneeiiiiiiiisnnneeetiisssssssnssssssssssssssnssssssssssssssssssesssssssssssnssessssssssssssnsesssssssssssnnsssssssssssssnnssens 1
LTy =T =T T4 E oY T 4o o 1
1.1 Aquaculture production and its CAGIENGES...........cccuvevcueesiiesieesiiesieesie st estesie st sieesieesae e 2
1.1.2 Fish meal: the aquaculture dilemMma .......occviiiiiiiiee e e s saaee s 2

1.1.3 The use of plant Meals in aQUATEEAS .......cccuuiiiiiiieeee e et are e e et 3

1.2 WRGE QI@ MYCOLOXINS? c....eveeeeiieeeeiet e eetee ettt e e et e e st e e sttt e e e sttt e e e asaeassasseaasaasteaesssaaesassanassssseaasanes 5
1.2.1 MycotoXin-producing FUNGI .......cccueiieiiiii ettt eette e e e tae e e e sate e e eeaaaee e enreeaas 5

1.2.2 Conditions for fungal growth and mycotoxin production .........ccccccveeeeiiereviieeeeree e 7
1.2.2.1 Fungal biological reqUIrEMENTS ......ccciieiiiiiiieee e e e e e e e s et ra e e e e e eesanees 7

1.2.2.2 Deoxynivalenol: its structure and production ..........coccevieerieiniieeniee e 7

1.2.3 Contamination of Crops and fEEAS.........ociciiii i ettt e e aree s 8

1.3 Consequences of mycotoxins fOr QQUACUITUIE .............cc.ueeeecueeeeeeciiiseecieeesieeessieeeseieaeesitaeaessieaananes 9
1.3.1 Mycotoxin occurrence in aquaculture feeds .........ccoviiiieiiei e 9
1.3.1.1 Limitations of mycotoxin 0CCUIrence StUdIES......c.cueervrerieeriienieereesree e 10

1.3.1.2 Aquafeed samples preceding 2012 ........c..oeeecieieeciiee e eectee e eetee e e sire e e e eare e e e eareeeebreeeenns 10

1.3.1.2 Aquafeed samples after 2012 ......ccueee e s e e e e 11

1.3.1.3 Additional remarks on the occurrence of mycotoxins in aquafeeds........cccceevevveeerciieennns 13

1.3.2 Impact of mycotoxins in aqUACUIUIE SPECIES.....ccciiiiiiiiiee et e e e e 19
1.3.2.1 Impact of deoxynivalenol in aqUACUILUre SPECIES ......ccvveeeeceieeeeeiieeecieeeeiee e e see e 20

1.3.2.2 Combined effects of MYCOtOXINS .......ccccciiiiiiee e e e e srre e e e e e sanees 21

1.3.3 Carry-0Ver Of MYCOTOXINS. ...ccuuiiiiiieeeeciieeeeiee et e et e e et e e s ee e e e st e e e e nee e e ssnneeeesnneeeeenseeeennnnes 28
1.3.3.1 Carry-over of deoXYNIVAIENOI .......cciiiiiiiiiiiiie e e e e e rre e e e e e eanees 29

1.3.3.2 Additional remarks on the occurrence of mycotoxins in aquafeeds........ccccvevevveeerciieennns 30

1.3.4 Worldwide regulation of mycotoxins levels in aquafeed ..........cccceeeeiieiiiiiiiec e, 34

1.4 Rainbow trout as @ MOAEI SPECIES............ccueecueeesieeiiiesie ettt te ettt sttt e e steessaeessieeessee e 34
1.5 Objectives and structure Of the PAD r@SEAICH ............cocueeuveeeiieeeeeeiieeieeeeeeeceetiea e e e eessteaaaaeeeessanes 35
CHAPTER 2.....iiiieeeeeiiiiiininneeniiiissssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnnes 37

vii



Effects of deoxynivalenol exposure time and contamination levels on rainbow trout.......................... 37

WY o X 1 e Lot SRS SPPURPRN 38
D N 1o Ye (1 ot 1o T FO O PRSPPI 39
2.2 MQterials AN MELROGS ..........oeeeiieeeeieeeeee ettt e st s sttt e e st e e ssteeesstaessssees 40
B A N 3 oY= ] o 1T = e L= PR 40
2.2.2 Fish and experimental CoNditioNS.........cooiiiiiiiiiiii e 43
2.2.3 Short-term eXposure t0 DON ........cccciiiiiiieeeeiiie e eeeee e eetee e e st e e e et e e srtaeeesataeeeestaeeesnsaeeesasseeean 43
2.2.4 Long-term eXposure t0 DON .......ccoiiiiiiiiiiieiiiee e s s e e 43
3 R €] oYV o T o= o) 0 F= 1 T <SPS 44
2.2.6 LIVEI ENZYMES ..ttt ettt e s s s e s s s a e e s rae e 45
22 A & 11 o] Lo =4 Tor: | I = 11 o110 F= 1 o T o VUSRS 45
2.2.8 Bacterial Preparation ... et naee s 46
2.2.9 Infection trial in the short-term exposure StUdY ........c.ccveeeiiiiieeeiiee e e vre e e 46
2.2.10 CHNICAI SIBNS c.uuteeiteeitee ettt ettt et sb ettt s bttt e sttt e bt e s bt e sbee e bt e e baeebeeesbeesbeeesnnesbeeenneesneean 47
A B ] = Y 1 ot | BT = |V £ PSS 47

B B 1=V ] 1 PP 48
b T8 B o o= T o [T =] e L= PRSI 48
2.3.2 GrOWEN P OIMANCE ..eiiiiiiiiieeiee ettt ettt b e sbe e e sb e sae e e bt e saeeesbteesaneenneees 48
2.3.2.1 Short-term DON EXPOSUIE......ceeeiireeeeiiieeeeitteeeeiitreeeessreeesssseeassseseasssseesasssessssssssasssssesansens 48
2.3.2.2 Long-term DON @XPOSUNE......cciiiiiiiiiiiiiieii ittt e s rrr et e e e s sane e 49
B o 11 o] Lo -V PR 51
2.3.4 ChallENEE tEST ...eeitii ettt ettt et e bbbt ab e s bt e saae e be e e sneeeree s 52
2.3.5 LIVEE ENZYIMES .ttt aaaan 53
2.3.5.1 Short-term DON @XPOSUIE......ceeeiuieeieieeeerireeeesitreeesssseeessseeeessseeesssssesessseesesssseessssseessssees 53
2.3.5.2 LONG-TEIM DON EXPOSUIE..uuuuuuuuiueuiuiiuiiuiuiuuatanueasaaaeasaaaeaaaaaaeaaaaaa—————————————————————————————————————. 54

B T S @ 1111 | IR TSR 54
2.4 DISCUSSION ...t ettt ettt et ettt e e e e e ettt e e e e e e asa st e e e e e e assseeeeeeeeaassnneeaeeeaanas 56
2.5 CONCIUSIONS......eeeieeeeeeeee ettt ettt et ettt et ettt et e ettt e nate e bt e sateebteenateenateensneenanes 60
CHAPTER 3 ...iiiiiieeeiiiiiiinsnneeetsisisssssssnssessssssssssnnssessssssssssnssssssssssssssnnsssssssssssssnsssessssssssssnnnsessssssssssnnnnens 62

Impact of deoxynivalenol on rainbow trout: Growth performance, digestibility, key gene expression

regulation and MetaboliSm........coo i s e e e n e s s e s s s s e nna e s e e e s aees 62
Y L] g Lo SO PP PPPPP 63
G N [ 1o Yo [V Lo 1 [ s OO PRSP PPTPP 64
3.2 MALeriQl QNA MELROUS .........ooveieeieeeiieeeeee ettt ettt ettt ste et e sabeesateesseenans 66

O A o q oY= o 1 U= o1 =] e L= SRR 66
3.2.2 MaNUFACtUure Of IS ..ceouiiiiieiiii ettt ettt e saae s sba e e sabeesaeees 67
3.2.3 Fish and rearing CONItioNS.........uuiiiiiiiiiiiiiiiee e e et e e e e e e r e e e e e e s e eaaeraeneas 68
S 2 1o Lo ={ or- | IXY- Y 0 4 o] o= R 69
3.2.5 Biochemical composition of feeds, whole fish, and faeces .......ccccoocciivieiiiiiciiieei e, 69
3.2.6 Mycotoxin analyses iN fEEM ........uiieeeiie et e et e e snaeee s 70
3.2.7 Apparent digestibility measurements and mycotoxin analysis in fish faeces .......c..cccocuunneen. 70
3.2.8 ENZYME ACLIVITY @NAIYSES ..uvveeeeiiiii ettt e et e e e et e e st e e e s e e e e nte e e ennee e e enaeeean 71
3.2.9 Gene Expression QUaNtifiCation .........coccuiiiiiii i 72
3.2.10 Growth, feed intake, digestibility, and nutrient budget calculations ..........ccceccvveeicverennnennn. 73



I ] =Y 1y ot | BT 1V £ RS 74

R I 21XV 1 TP PP 74
IS T8 Ao Yo {=Tel oY Y Tor= 1 I o 1= o) 0 0 =1 4 [ TR 74
3.3.1.1 After 29 days of experimental feeding ........coccueiiiiiiiiiiiie e 74
3.1.2.1 After 60 days of experimental feediNg ........ceeeiiiieieciiii e 75
3.3.2 Whole-body composition
3.3.3 Whole-body nutrient retention and apparent digestibility .........ccccceeveieeiriiiieeeciie e, 77
3.3.4 ENZYME ACTIVITY ANGIYSES..ccniiiiiiiiiieiiie ettt ettt sae e s ebe e e nnee s 78
3.3.5 GONE EXPIrOSSION e s 80
B4 DISCUSSION ...ttt ettt e ettt et e e e ettt et e e e ettt e e e e e eeaanttte e e e e eeasnbbteeaeeeeaas 81
RN 01 1ol (1K o ¢ B PP P PP 86
(08 Y I 88

L3 Lol =1 1 T o 88
Y <3 1 T o N 89
B [ 1o Yo [V Lo 1 [ DRSS 90
ViR Y Lo L (=T (o ] 3 T o W T=2 1T Yo KPR TRR 90
4.2.1 Ethics statement on animal @XpPeriments .........coocueeiieerieeniienee e 90
4.2.2 Husbandry and fish nutritional background ...........c.oeeeoiiiiiiiieece e e 91
4.2.3 Pellets labelled with [3H]-deoxynivalenol ................................................................................. 91
4.2.4 EXPerimental ProCEAUIE .....ciiii ittt e e e e st e e e e e e setarreeeeeesensnntaeeeeeeeesnnnses 91
4.2.5 Mycotoxin fate determination..........cueeieciei i e e e e sraee s 92
4.2.6 Deoxynivalenol metaboliSmM @SSay . ... e s e e e e e eanees 92
4.2.7 Determination of toxXicokinetic Parameters .......ccccveeveciie i i 93
A - LA R A ot | I [0 121 V2] £ USRSt 93
.3 RESUILS ..ottt ettt ettt ettt ettt e bt ettt et ettt e a e ettt e at e ettt e ateenate e s e enanes 93
4.3.1 Deoxynivalenol distribution and @XCretion.......cccovccciiiiiee e e e 93
4.3.2 Determination of toxicokinetic Parameters .......ccccveeieciiii i e e 96
4.3.3 Deoxynivalenol metaboliSmM @SSay ... i et e e e e e eanees 97
g DISCUSSION ..ottt ettt e et e e et e s ettt e st e e s s st e e e aane e e st e e s aanneesesneeeeaanneas 97
.5 CONCIUSIONS.......eeeeeieieeeeiee ettt ettt e et e et e e e ettt e e st a e e s st e e e s atteeessaseesausaaasnnbseaenaaes 100
CHAPTER 5 ..coiiiiieeentiiiiiinnneeentssisssssssssssssisssssssnsssssssssssssssssesssssssssssssssssssssssssssnsssssssssssssssssessssssssssnns 102
GENETAl diSCUSSION c..uuueeieieiiiiiiiisisssssssssssssssss s sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 102
5.1 Industry awareness about mycotoxins in AQUASEEUS ..........cccccuueeeeeeereeiirieeeeiiieeeceieeeesiriaaessaeaeeenns 102
5.2 Consequences of mycotoxins in aquaculture species: myth or reality?............ccccceeveeevveersveeneennns 103
5.3 Trout’s deoxynivalenOl @XPOSUIE ..............ccueeeeeeiiieeeeieeeeeeeeeceeeeetee e et taa e sttt e e e steeasssaaaesssseaenanes
5.3.1 Effect of contamination level and exposure period
5.3.2 Depict the growth performance decrease and lack of clinical signs.........ccccceevcvveieccieeevnneenn. 106
5.3.2.1 Digestibility and enzymatic actiVity ........ccoeeiiiiiiiiiiiee e 106
I T Vo] oY=l A<l =T ={ U] F= T o SRS 108
5.3.2.3 DON MEabOliSIM ..eeiiiiiiii ettt st e e st ae e e 109



5.3.2.4 DON tisSUE iSTIIDULION ...cuvviiiiiieiiieciiieeee ettt e st e e e e e s esarbaeeeeeeeeennees 110

5.3.3 FULUIE PEISPECLIVES ....eeiiiiiiiiiiiiee ittt e s e e s aa e e e snreeeas 111

(e T ol 11T T TN 112
REFERENCES......ccceiiiitiiiiiieniiiienniiiiensieiiessioiiensesiensesssnssesssnssssssnssssssnssssssnssssssnssssssnssssssnssssssnssssssnssssss 116
SUPPIEMENTArY MAtErial .....eeeeeeeeeccccrrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnnes 127
Scientific publications, presentations and awards during PhD course............cceeeriiinnnnnnsssssssssssssssssnns 179
Scientific publications in peer-reviewed JOUINQIS .................cccueeeecveeeeeiiieeeieeeeeceeeeceeaaescaaaeesreeaeeans 179
Oral presentations iN CONFEIENCES..........coouuiriueiriieeeeeeeeeee ettt sttt e e s 266
PoSter preSentations [N CONQGIESSES ......uuuuuuuuuuuuuurursuuissuiussssssssssssssssssssssssssssnsssssrersrara.———————————————————— 268
AWAIdS AUIING PAD COUISE ...ttt ettt ettt sate e sttt s e e e s e e snea s 269



LIST OF ABBREVIATIONS

Mycotoxins abbreviations:

AFs: aflatoxins; meaning the sum of AFB;, AFB,, AFG; and AFG,
AFB;: aflatoxin B;

AFB,: aflatoxin B;

AFG;: aflatoxin G;

AFG;: aflatoxin G,

DON: deoxynivalenol

ENNSs: enniatins

FUM: fumonisins; meaning the sum of FB; and FB;
FB;: fumonisin B

FB,: fumonisin B;

OTA: ochratoxin A

ZEN: zearalenone

a-ZEL: alpha-Zearalenol

B-ZEL: beta-Zearalenol

DOM-1: deepoxy-deoxynivalenol

DON-3-sulfate: deoxynivalenol-3-sulfate

DOM-3-sulfate: deepoxy-deoxynivalenol-3-sulfate

Biological performance-related abbreviations:
ADC - apparent digestibility coefficients
GIT - gastrointestinal tract

ABW - average body weight

Other abbreviations:

Gene abbreviations:

efla - elongation factor 1 alpha



actb - beta actin

star - steroidogenic acute regulatory protein

Igfl - insulin-like growth factor 1

Igf2 - insulin-like growth factor 2

crfl - corticotropin releasing factor precursor 1

crf2 - corticotropin releasing factor precursor 2

crfbp - corticotropin releasing factor binding protein precursor
npy - neuropeptide Y precursor

adcyapla - growth hormone-releasing hormone/pituitary adenylate cyclase-activating
polypeptide (PACAP)

lep - leptin

sst2 - somatostatin-2 precursor

chia - gastric chitinase

pga - pepsinogen

Ipl - lipoprotein lipase

ghrl - ghrelin/obestatin preprohormone
cell - carboxyl ester lipase 1

cel2 - carboxyl ester lipase 2

cckt - cholecystokinin (Tyrosine)

cckn - cholecystokinin (Asparagine)
cckl - cholecystokinin (Leucine)
amy2al - pancreatic alpha amylase
atpda - ATPase H'/K" transporting alpha subunit
crtl - chymotrypsinogen-like precursor
tryl - trypsinogen 1 precursor

try2 - trypsinogen 2 precursor

try3 - trypsinogen 3 precursor

Note: ZFIN Zebrafish Nomenclature Guidelines have been followed for all fish genes
and proteins described in this thesis
(https://wiki.zfin.org/display/general/ZFIN+Zebrafish+Nomenclature+Guidelines#ZFINZ
ebrafishNomenclatureGuidelines-1).
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CHAPTER 1

General introduction



1.1 Aquaculture production and its challenges

Aquaculture is the fastest-growing food production sector. The average growth of the
sector was 5.8 per cent during the period of 2000 to 2016 (FAO, 2018). There is a clear
maturation of the sector, although double-digit growth still occurs in a small number of
individual countries, particularly in Africa. Global aquaculture production in 2016
reached 110.2 million tonnes, with a value estimated at USD 243.5 billion (including
aquatic plants). From these, 80.0 million tonnes were of food fish (USD 231.6 billion;
54.1 million tonnes of finfish, 17.1 million tonnes of molluscs, 7.9 million tonnes of
crustaceans and 938 500 tonnes of other aquatic animals), 30.1 million tonnes of aquatic
plants (USD 11.7 billion)) and 37 900 tonnes of non-food products (USD 214.6 million)
(FAO, 2018).

By comparison, global total capture fisheries production have been decreasing over the
last two years, being in 2016 estimated to be 90.9 million tonnes (FAO, 2018). With most
fishery stocks overfished or maximally sustainably fished, fisheries are not expected to
increase, in the best case scenario it might be stabilized in current capture production.
Therefore, aquaculture might be the solution to fill the growing gap between supplies of
aquatic food and demand from a growing and wealthier global population. However, the
growth of aquaculture raises a number of challenges in relation to the resources that it
consumes (e.g. competition for space, feedstuffs namely fishmeal and fish oil), its product
quality and security (e.g. food security, use of antibiotic growth promoters used), its
sustainable growth (e.g. environmental footprint) and the threats that the sector faces from

external factors such as climate change and diseases.

1.1.2 Fish meal: the aquaculture dilemma

Fishmeal and fish-oil production tend to fluctuate according to target species (e.g.,
anchoveta, Engraulis ringens) catch instabilities, which is highly affected by
environmental phenomenon’s, such as El Nifo, for example. Since the fishmeal
production peak in 1994 (30 million tonnes live weight equivalent), an overall declining
trend has been observed since then (FAO, 2018). In 2016, fishmeal production (from
fisheries) were down to less than 15 million tonnes (live weight equivalent), mainly due
to reduced catches of anchoveta (FAO, 2018). Better fisheries stock management has
slowed the declining