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ABSTRACT

Selenium (Se) is an essential element for humans, as well as for fish, including AtlanticSalmos&lgc
One of themain sourcs of Se and other elements for farmed salmon is the diet. Bubé¢ replacement

of marinebased ingredientsvith plantbased ingredientsn fish feed, supplementation of $ms been
considered necessary to maintain normal functions in fistere are dferent chemical forms of Se, often
characterized as Se speci&e species can be either inorganic or orga@iganic Se &s highera
bioavailability than inorganic Sklowever, morganic Se is considered more toxic than organicO8ger
elements,such as the essential elementsbalt (Co), chromium (Cr), copper (dn (F¢, manganese
(Mn), and zinc (Znand noressential elements such eadmium (Cd), mercury (Hg), lead (Bjlarsenic
(A9, may also be present in salmd®meof these elementsre known to interact with Séut few studies
have investigated th effects of the Se species on théeradions between Se and othetemens. In fish
feed, Se can be supplemented, both in forms of inorganic Se (e.g. selenite) and as orgamc Se
selenanethionine (SeMet) or SeMet produced by Senriched yeast. Maxinum limits have been
established for Se asfeed additive for animals Itye European Commissipset to a total of 0.5 mg Se/kg.
ForSeMetand SeMetproduced by the Senriched yeast§accharomyces cerevisigihe limit is set to 0.2
mg Se/kg. Due to th difference in legislation for the sugphentation of Se species, there is a need for

analytical methods that can discriminate between the different Se species.

In this thesis, the overall aim was to apply chemometrics and other statistical approachasdting data
obtained from salmo feeding trial with Atlantic salmgrand for the method optimization for determining
Se species in fish feed and feed ingredients. This stualyatesthe correlations between Se and other
elements in salmon fed witfeed supplemented with inorganic or orgartse species:.urthermore the
extraction procedure for an analytical method determinibgMetin fish feed and feed ingredients using

was optimizedising chemometric tools

The correlations of Se to other element®re assessed in whelmodies and fillet®f salmon The samples

were from a previous feeding tri@erntsseret al, 2018h, andwere analyzed by I@ASfor determination

of total Se, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Pb and Zn. To assess correlations between Se and other elements
in salmon two statistical methods, Pears@andSpearmacorrelation coefficients. The correlation study

showed interactions beteen Se and Hg in whelmdy and fillet samples, and Se and Cu in wholdy

samples. It was also seen interactions between inorganic Se and Asetarabninorganic Send Fe in

whole-body samples.

Method development was further performed to optimize@aspeciation method for the determination of

organic Se in fish feed and feed ingredients analyzed by-IKIFMS (Seleet al., 20183. Different factors



were testal using experimental designs: i) extraction solutiG@®amonium phosphate or a mixduliffer
solution both with pH 7, ii) an enzymatic prextraction step(with or without papair) and iii) enzymes for
main extractior(proteasetype XI\E  LIN® (amy=® Brif cellulase Principal component analysis (PCA)
was performed on thé&SeMetrecovey as a response for the certified reference materials ERM BC210a
(wheat flour) and SELI¥ (selenized yeayt From the experimentthe combination ofprotease and
cellulase (1:1 ratio) for enzymatic digestion, with ammonium phosphate, and withoutexpeetion step
was seen to be the most optimal method for extraction of organic & optimized method was
furthermore applied to experimental dietas well as commercifish feed and feed ingredien{ge. fish
meal plantmeal andinsect medl. The method was evaluated to be more accurate for the determination
of SeMetin higher concentrations in feed buidinot show sufficient recovery for Se mefl and feed
ingredients at lower levels. Other Se peaks were observed in the chromatograms for some fish feed and

fish meal, with unknown chemical structures.

From this thesis, the use of statistical and chemtimapproaches was considered benefibislassessing
correlations between elements and the method developm&mndm the correlation study, a large dataset
was obtained with manyoutliers. For this, visualization of data through boxplots was a usehllfty
excluding the outliersShapirewilk normality testing was also useful for determining data distributions for
further assessmenof Pearso and/or Spearmaf® éorrelation coefficientsFor method development,
experimental desigmasuseful for limiing the number of experiments, while fatking for finding the
best conditiongor increasingseMetrecovery Possible interactions between factors were also provided by
using experimental design and P@hhough more work is needed for an optimal Se speciation method,
the results from this thsis show thaexperimental design and PCA are usafyproaches alstor future

method development.



SAMMENDRAG

Selen (Se) er et essensielt grunnstoff for mennegkarog fisk, inkludert atlantisk laksglmo salgt En av

de viktigste kilder til Se @ andre grunnstoff for oppdrettslaks erfiskefér. Siden plantébaserte
ingredienser har erstattaharine ingredienser i fiskefor, er tilsetning av Se i for blitt tirsgen ngdvendig

for & opprettholde normale kroppsfunksjoner i fisk. Det finnes ulike iskeformer for Se, ofte kjent som
Sespesier. Sspesier kan veere uorganiske eller organiske, der organisk Se har hgyere biotilgjengelighet
enn uorganisk Se. UorgakiSe regnes ogsa som mer giftig enn organisk Se. Andre grunnstoff som kan vaere
til stedei laks, er de essensielle grunnstoffene kobolt (Co), krom (Cr), kobber (Cu), jern (Fe), mangan (Mn)
og sink (Zn), og ikkessensielle grunnstoff som kadmium (Cd)hksslv (Hg), bly (Pb) og arsen (As). Noen

av disse elementene er kjent for & interagerech®e, men fa studidrar undersgkiinteraksjonemellom

Se og elementkonsentrasjonienyttet til Sespesier| fiskeforkan Se tilsettes som bade uorganisk Se (f.eks.
selenitt) ogsom organisk S€.eks. selenanetionin (SeMet) og SeMet produsert av Seberiket gjeen.
Maksimumsgrenser har blitt etablert for Se som tilsetningsstoff i dyref@uaepakommisjonersom er i
dagsatt til 0,5 mg Se/kg. F&eMetog SeMet produsert aBeberiketgjeer Gaccharomyces cerevigae
grensen satt til 0,2 mg Se/kg. Edem egne grenser héor noen Sespesier er det et behov for analytiske

metoder som kan skille mellom de ulike §gdene.

o

Det overordnede malet i denne masteroppgaven var & anvende kjemometri og andre statistiske
tilneerminger for & handtere data innhtet fra Atlantisklaksfra et foringsforsgkog br a optimalisere en
metode for bestemmelse aBespesier fiskefor og foringredienseDette innebarblant annet a vurdere
korrelasjoner mellonSe og andre grunnstofflakssom ble féret med uorganisk seiitt eller organisk
SeMet Videreble ekstrasjonsprosedyrenen analysemetodeoptimalisertfor bestemmelseav SeMeti

fiskefor og foringredienser ved bruk av kiemometriske verktay.

Korrelasjoner mellom Se og andre grunnstolié vurdert i helfisk og fitefra atlantisklaks fra et tidligere
foringsforsgk(Berntssenet al, 2018b. Pravene ble analysert ved hjelp #2PMS for & bestemme
totalkonsentrasjonerav Se, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Pb ogadePearson og Spearman
korrelasjonskoeffisientdnle benyttetfor a finne korrelasjonskoeffisienter mellom Se og andre elementer.
Korrelasjonskoeffisientendste interaksjoner mellom Se og Hg i bade Heltiig filet, ognellomSe og Cu i

helfisk. Interaksjoner mellom uorganisk Se og Asnelipmuorganisk Se og Fe i helfisk ble ogsa sett.

En metodeutvikling ble videre utfart for & optimalisere ensBesieringsmetode for bestemmelse av
organisk Se i fisk&f og féringredienseved bruk av HPLICRPMS (Seleet al, 20183. Ulike faktorer ble
testet ved hjelp av eksperimentell design: i) ekstraksjonslgsnif@emoniunfosfat eller en blandet

lasning pH7 for beggkg ii) enzymatisk prekstréksjonstrinn(med eller utenpapair) og iii) enzymer for



hovedekstraksjonstrinnetfroteasetype XI\E  LINR (ramyl&s€& ag cellulagePrinsipiakomponent
analyse (PCA) ble utfart geMetgjenfinning som respons for de sertifiserte referansematerialene ERM
BC210a (hvetemel) og SElLMSeholdig gjeer). Fra eksperimentenear den mest optimale metoded
kombinere protease og cellulase (Zdathold) for enzymatisk fordgyelse med ammoniumétstiten et
pre-ekstrasjonstrinn. Den optimaliserte metoden ble anvendt pa eksperimerfiskefor, kommersielle
fiskefér og foringrediensddvs.fiskemel, planterel og insektmgl Metoden ble vurdert som mer ngyaktig
for bestemmelse aBeMeti hgyere kasentrasjoner i for, men viste ikke tilstrekkelig gjenfinning for Se i fér
og foringredienser ved lavere nivaer. Andret&eer med ukjent kjemiske struktur ble obwert i

kromatogrammer for noen féiog fiskemelspraver.

| denne studien ble statistiskegckjemometriske metoder ansett som gunstig fofinne korrelasjoner
mellom grunnstoff og for metodeutviklingeRra korrelasjonsstudien ble det innhentet et stogtasett
med mangeuteliggere For dette varvisualiseringav datagjennom boxpltt et nyttig verktay for a
ekskludere uteliggereshapireWilks normalitetstesting var ogsa nytfiy a bestemmedatadistribusjone

for videre bestemmelse avearson og/eller Spearmarkorrelasjonskoeffisienter-or metodeutviklingn
var eksperimentell design nyttig for & begrense antall eksperimegtsamtidig legge til rette forde mest
gunstige betingelsene for & @k8eMetgjenfinning Mulige interaksjoner mellom faktoreble ogsa
tilgjengeligved bruk av eksperimentell desigg PCASelv om det kreves mer arbeid for & optimalisere
metoden for Sespesiering, viser resultatene fra denne masteroppgaverksperimentell design og PCA

kan bli brukt som nyttige verktdgr videremetodeutvikling.
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1 INTRODUCTION

1.1 Background

In recent years, plarfbased ingredients have bedmncreasingly used in feed for farmed Atlantic salmon
(Salmo salgrin Norway. Salmon feed has traditionally contained mainly mdrased feed ingredients
such as fish meal and fish oil, with a 90% inclusion in the 1¥8@staylket al, 2015. However, there has
been a decrease in thesa of marinebased feed ingredients, to around 25% inclusion in 2016, withplant
based ingredients as the main substit@faset al., 2019. The decreased biomassadability and hence
the resulting price increase has contributed to the increased use of-plased ingredients as a replace of
marine ingredientgAaset al,, 2019. In commercial fish feed produced in Norway, several types of feed
ingredients are being used, including fish meal, fish oil and plased ingredients such as soy praotei
wheat gluten and carbohydrates from wheat, pea and tapi@set al, 2019 Ytrestaylet al,, 2015.
Insect meal was approved in 2017 as a feed ingredient in aguaculture feeds by thedB@ommision
(EC, 2017p

Selenium (Se) is one of the elements naturally present in feed ingredients. Se has a major function as an
antioxidant, which prevents cell damage, and is consideragsaantiamineral for fish(Janz, 2012ZZoidis

et al, 2018. In salmon, other essential elements may alspigsent, such as @alt (Co), chromium (Cr),
copper (Cu), iron (Femanganese (Mn), and zinc (Zapd also noressential elements such as the heavy
metals cadmium (Cd), mercury (Hg), lead (Bhjl arsenic (As Some of these elements are known to
interad with Se, whereas Se has shown to be effective in the prevenfibeary metal poisoning from

Hg, Cd and P{Ralstonet al, 2007 Sgrmoet al, 2011 Zoidiset al, 2018. On the other hand, Se is
considered nutritional at specific levels, with a narrow range between the level of deficiency and
intoxication both of which mg lead to various diseases and morta(Buzuki, 2005Thiryet al.,, 20132.

Fish meal isflown to naturally a contain higher concentration of Se compared to {ilastd ingredients
(@rnsrudet al, 202Q Sandenet al., 2017. Recently, there has also been an increase in research on

alternative feed ingredients in salmonid fe€slivaet al, 2020, Biancarosat al., 2019.

Due to reduced availability of Se from the replacement of fish meal to -plsed ingredients,
supplementation of Senifish feed has been considered necessary to maintain normal physiological
processes in fisgAntony Jesu Prabhet al., 2020 Antony Jesu Prablet al,, 2014 Antony Jesu Prablet

al,, 2019.

In fish feed, Se can be supplemented in differehémical forms, such as selenite (inorganic Se) and

selenomethionine (organic S@edrero and Madrid, 2009The different forms of Se are often referred to



as Se specieth OK a Sy | NKy met &,(2008 Téndiftopalzal, 200Q. For animal feeds, Se is
regulated as a feed additive in the Bpean feel legislation. The maximum linf\¥L)established for total

Se in animal feeds, including fish feed, is 0.5 mg Se/kg feed (Council Directive 70/524/EC and amendments).
The organic specigsselenomethionineand selenomethionine produced by the 8ariched yast
(Saccharomyces cereviggare regulated, being limited to supplementation of 0.2 mg/kg feed to ensure
consumer safetyfEC, 200FEC, 2017HEFSA, 2011&FSA, 201)Due to the legislations that also specify

limits for organic Se, there is a need for analytical rmd¢hto identify inorganic and organic Se species in

fish feed(Berntsseret al,, 20183.

Two analytical methods for the determination of Se speei&e speciation methods, were recently
published for the application on fish feed andnsah muscle tissuéSeleet al, 20183. These methods
consist of anenzymatic extraction procedure for the organic Se species followed by a separation and
detectionusing HPLECRMS. From the Se speciation it was shown that both inorganic Se forms, such as
selenate and selenite, and organic forms, suckeksnomethionineand selenaysteine, can be found in
muscle tissue of farmed Atlantic Salmon and salmon {8etket al, 20183. It was, however, specified

that there were challenges in the extraction recoveries for Se in fish(8mieet al., 2018a.

For Se speciation, extractions of organic Se species are usually performed through enzymatic digestions
using enzymes or different combinations of emeg and different extraction sagions, depending on the

sample type. Combining two or more enzymes for extraction of Se has frequently been seen in other
studies of Se speciatigdhang and Yang014 Cudermaret al, 201Q Mounicouet al,, 2009 Wanget al,,

2013 Gacet al,, 2018 Oliveiraet al, 2016), as well more than one extraction stéfhang andrang, 204;

Seleet al, 2018aMounicouet al, 2009. Different extraction solutions (buffers) with multiple chemicals

have also beervaluated formcreasedSe extraction effieinciegOliveiraet al,, 2016.

For method development, a normal approablas beento use a ondactor-at-a-time strategy for
evaluatirg the effects of the experinmts. However, another strategy could involve the use of experimental
design. Experimental design is considered more efficient for evaluating possible interactions between
different factors(Silvaet al, 2019k Miller and Miller, 2018Montgomery, 201Y. Experimental design is

not often seen in Se speciation, but it has been successfully used for finding optimal conditions in a couple
of Se speciation studi€ghang and Yang, 20X3onget al,, 2018. Taking into consideration results from
previous work performed in Se speciation, different enzymes, combinations of enzymes and extractions
solutions can be tested for the development of analytioathods for speciation of organiSe, by using

experimental design.



1.2 Aims, objectivesand hypotheses of the thesis

The overall aim of this thesis was to use chemomegimciother statistical approaches for handling a large

dataset, and for the methodpgimization for determining Se species in fish feed and feed ingredients. This

study includes two parts:

i) To evaluate the correlations between Se and other elements in Atlaatimon fed with feed
supplemented with inorganic or organic Se species, usitigtits and chemometrics for a large dataset.

i) To optimize the extraction procedure for an analytical method determining the organic Se species,

selenomethionine (SeMet), irsh feed and feed ingredients using chemometric tools.

Hypotheses

1. Statistical ad chemometrics approaches can be applied to assess correlations between Se and other
elements in salmon samples.

2. Chemometric approaches can be applied to optimize the extracticovery for the organic Se species
SeMet in fish feed and feed ingredienisthsting the following experimental conditions:
a. using different enzymes, or a combination of enzymes.
b. using a different type of extraction solution.

3. Quality assurance gvaluating method parameters will provide valuable information about the quality

andreliability of the optimized method.

Objectives

The objectives of this study were to:

) Find potential correlations between Se and other elements in salmon samples by SigNE 2 Y Q& | Y|
{LISINYIyQa O2NNBflF A2y O2STFAOASYylaod

II) Improve the extraction method foSe speciation by optimization using chemometrics, including
experimental designs and principal component analysis (PCA). This objective was divided into the
following tasls:
a. To screen for relevant factors using different extraction solutions, enzymesamnbir@ations of

enzymes.

b. To perform an optimization of the method by combining significant factors from the screening process.

lII) Determine the selectivity, precision and éness of the measurements to evaluate the quality of the
optimized method.

IV) Apply theoptimized method for determining organic Se species in fish feed and feed ingredients.

CKAE YIFIadSNI 6KSaAa A& | LI NI 27F ( keSbytiBsaudedii GaSir
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2 THEORY

2.1 Selenium (Se)

Selenium (Se) is a charal element withan atomic number of 34 andnatomic mass of 78.961(Meija

et al, 2016, and is known as a metalloid in group 16 and period 4 in the periodic table. The element was
discovered in 1817 by J.J. Batewhile analyzing an impurity in the production of sulfuric acidhBy t
resemblance to tellurium, an element named after the Latin wdellus(Earth), Se was named as a
reference to the Greek god of the modelendSonetet al, 201§. Se is known to have similar properties

as the neighbong elements in the same period, sulfur and tellurium, and is isomorphous with sulfur with
the same oxidation states| 0, +2, +4 and +6). The element is abumda five stable isotope&'Se,’*Se,
""Se,’®Se and’Se, and the weakly unstable isotofi€e(Sonetet al,, 2016. The most abundant isotopes

are®’Se (49.61%) arl@Se (23.77%¢Profrock, 2015

Se is distributed in the environment through processes such as weathering of rocks and soils, volcanic
activity, wildfires and valtilization from water bodies and guhts. Due to this, Salsooccurs naturally in

sea and freshwater, with a natural background concentration from 0.01 top@/L (Janz, 201 The
background concentration of Se can vary greatly among geographical regiooarabd as high as&

Mg/L in exposd water environmentgJanz, 202). The large variation of Se concentrations worldwide

affects the levels of Se in aquatic organisms, such agléiah, 2012

2.2 The biological role oEe

Snce the 1950s, Se héeen recognized as essential to humans and anifsaeetet al, 201§. The
concentration range of Stnat is essential to humans and animals is considered very narrow, with a
NEO2YYSYRSR Ayl {z8disa &, 291§Hatihéranmmd Dhafnars),l2@2hdan upper
levelintakeofn n n > 3k R I &YuFaamiPdtdir 20 $eideftiency symptoms can be appareit
Ayidl1Sa tSaa GKIFy|l &H2 P IXRNB I (cénlebhighlyhtakicAdrRaetal, &
2015.

Se at nutritional levels is preventative against various cancer diseasesas been linked to reduced
effects of HIV in infected patients, as wael preventing neurodegenerative disorders, such as Alzheimer
(Sonetet al,, 2016. It may also reduce the toxic effect of mercury and other heavy metals, which has been
shown in rats, chicken and figRalstoret al, 2007 Sgrmoet al,, 2011 Zoidiset al, 201§. On the other
hand, excessig doses of Se haseén linked to increased risks of cancer and heart diseases in humans
t2ft20F1 FYR CAYy1Z HAMN



Deficiency problems are associated with muscular, thyroid, immune, cardiovascular and neurological
disorders in hmans and animaléSonetet al, 2016 Hosnedlovaet al, 2017). In calves, lambs, foals and
children, Se dficiency can be apparent as white muscular disease or nutritional muscular dystrophy, and

as yellow fat disease in fogldosnedlovaet al., 2017.

2.2.1 Biologcal function ofSein Atlantic salmon

Fish tissues contain a high level of polyunsaturated fatty acids, which are essential in cbiamesm
(MartinezAlvarezet d., 2005. Due to this, fatty fish such as Atlantic salm&alno salgrand other
salmonids are prone to oxidativeess. A relatively high level of antioxidants from dietary Se is therefore
necessary fosalmonto prevent deficiency problemgAntony Jesu Prabhat al, 2020. This applies

especially to farmed fish that are fed with diets of high plant confdaset al., 2019.

The chemical form of Se must ensidered whersupplementing since there are differences in the
bioavailability of organic and inorganic Se species. It has been shown that organic Se sources (SeMet) have
higher bioavailability than inorganic Se sources (selefta)srud and Lorentzen, 2008&/ang and Lovell,

1997). Also, inorganic Se species (e.g. selenate and selenite) are considered more toxic fothsadriien
organic Se species (e.g. SeMet and SéBss)tsseret al,, 2017 Thiryet al., 2012. It has bea shown that

toxic levels of dietary Se from the selenite has led to mortality in salmon at nhominal Se concentrations of
25 and 30 mg/kg diet, whereas no mortality occurred in salmon fed with similar levels of the SeMet. This
shows that salmohas a highetolerance to the organic Se species than inorganic Se siBergsseret

al., 2018l). On the other land, liver pathology and kidney dysfunction were seesdlmon fed SeMet
supplemented diets a2l mg Se/kg diet, and increased liver oxidative stress and liver damage were
observed in salmon fed with diets supplemented with selenite at13.4ng Se/kg et (Berntsseret al,,

2018h. Muscular dystrophy has also been observed in fish due to vitamin E and Se defi@enbyg and
Combs, 1986

At nutritional levels, dietary Se is required to maintaistable internal environment of the body (body Se
homeostasis) and improved health status of Atlantic salif#oriony Jesu Prabhet al., 202Q. In re@nt
studies, it has been found that the minimal level of dietary Se forgmstit salmoris 0.27 mg/kg, with a
required level to maintain body Se homeostasis at 0.65 kg/mg diet, which is above the existing legal limit
of 0.5 mg Se/kgAntony Jesu Prabhet al., 2020.



2.2.2 Essential and nofessential elements in Atlantic salmon

In addition to Se, fish contain other elements, such as c¢@alt, chromiumr), copper (Cu), iron (Fe),
manganese (Mn) and zinc (Zalso consideredssentiakelements Similar as for Ségo low or too high
intake of i.e. Cr, Cu, Fe and Zn cansaleficiency or intoxication, respectivelysh can contain high levels
of heavymetals such as cadmium (Cd), mercury (ldgil (Pb) and arsenic (As)arcovecchiceet al., 2015.
These elementsire considered to be neessential elements andre associated wittsevere negative

effects(Marcovecchicet al,, 2015.

The levels of elements can vary between different organs from the fish bodies. For assessing the element
contents in the edible tissue, fillet can be extracted from the fsrahalysis. For determining the health

and quality of the fish, wholbodies anl organs such ahe liver and gill can be analyzed to assess the
element contents(Marcovecchioet al, 2015. According to the online database for nutrients and
cortaminants in seafooffom & { S I F 2 #réin IRtlitute bfdMarine Research (202@dpata from 2006

to 2009) it is seen that the element concentrations in the fillet of farmed Atlantic salmoraaggngirom

0.55 to 1.6 mg/kgN =14) for As, from 2.3 to 3.2 mg /ky € 14) for Fe, from 3.4 to 4.2 mg/kdyl € 14) for

Zn, from 0.14 to 0.33 mg/kdlE 14) for Hg, whereas the concentrations for(8e4), Cd(N=14)and Pb
(N=14)are below LOQ

In previous studies, metal interactiohave been evaluated for any benefialharmful effectgAntony
Jesu Prabhat al., 2019 Berntssenet al,, 200Q FontagnéDicharryet al,, 2015 Hilton, 1989 Lorentzenret

al.,, 199; Silveet al, 20193. Sudies on Se and Hg in mammalsd fish consumed by humans, have shown
that there is a protective effect of Se on the toxic Hg species methylmeiBurgeret al,, 2013. It has
also been proposed that Hg has a protectivle againsthe toxic effects of Sex dz] édal,®018 Burger

et al, 2013 Sgrmoeet al, 201). In a recent studyit was shown thathe interactions between Zn, Se and
Mn additive sources significtiy affect the availability of these elements in Atlantic salmon dfBilvaet

al, 20193

2.3 Sespecies

Se naturally occurs in the marine and terrestrial environment. It is rarely found in its pure elemental form

(Sé) in nature. The element can be present in different chemical foBasspecie€hemicakpeciesare

defined bythe International Uhion of Pure and Applied ChemistiyPAGE &Y &/ KSYAOF f St SYS)
form of an element defined as to isotopic comiiios, electronic or oxidation state, and/or complex or

Y2t SOdz | NJedpletodt@i) 20005 £



In natural samples severglecies of Seccur, butmainly salts, such as sodium selenite (énd sodium
selenate (Sef) (norganic Se), and organic Se species, such as selenomethionine (SeMet) and
selenocysteine (SeCyaje observed(Sonetet al, 2016. There are also other organic Se species,
selenocystine (SeGys -gutamytselenomethylselenocystein&GMSTandselenomethylselenocysteine
(SeMetSeCysgpresent in plantgSentkowska, 20)%nd selenoneine present in figAlonsoet al,, 2015.

Figurel shows an overview of the most common Se species in living organisms.
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Figurel: Selected Se species reported in living organisms

The bioavailability and toxicity of the elemeante affected by thechemical forms preser(Thiryet al,

2012. Inorgant Se is considered as the most tdéspecieghlonsoet al, 2015. Compared to inorganic

Se species, organic Se species, such as SeMet, are often considered more apparent in terms of
bioavailabilitRuizde-Cenzanet al.,, 2015 Thiryet al,, 2012. The most common organic Se in nutritional
sources are the amino acids SeCys and S&Bleuki, 2006Seand is knowro be an important element

in a number of enzymes known as selenoproteins, which are crucial for biological futiemezPérez

et al, 2018 Sonetet al, 2016 Thiryet al,, 2019. The organic Se species, SeMet and SeCys, are known to
form Secontaining proteins, where SeCys forms selenoproteihigh are crucial for biological functions
(Suzuki, 2005AlvarezPérezet al, 2018. SeMet on the othe hand, forms unspecifieSecontaining

proteinsthat areregardednot as selenoproteinfKurokawa and Berry, 201Godinet al,, 2015.

2.3.1 The protective role ofSe
Selenoproteins are known to have antioxidant effects against reactive oxygen species (ROS), which

includes freegadicals and compounds that can generate free radicals, such as hydrogen pere&igle (H
' YR KeéRNERE & f (Gilbgkt &nd Cditdn, 200 mitrahd(Priyadarsini, 2011In aninals, ROS are



produced during normal processes in the bd@haniendraet al., 2014 Gibert and Colton, 2002Excess

production of ROS is often associated with oxidative stnebich causes damage to DNA, proteins and
lipids(Zoidiset al., 2018 Arteel and Sies, 20010ther pecies that are similar to ROS are reactive nitrogen
ALISOASE 6wb{UX gKAOK AyOfdzRSad 0O2YLRdzy R&ruindvdg S y A G N
and Cosa, 2016°haniendreet al, 2014. Antioxidantsinhibit oxidation from the free radicals and can

therefore be used in specific doses to prevemt negativeeffects, by balancing the levels of ROS/RNS
produced(Phaniendraet al., 2014. Selenoproteins, such as glutathione peroxidases (GPX), iodatig/ron
deiodinases, thioredoxin reductases and selenoprotein P, are characterized as enzymatic antioxidants that
preventthe formation of free radicals by scavenging R&fidiset al., 2018 Arteel and Sies, 2001The

impact of increased production of selenoproteins on the balance between the ROS/RNS levels and

antioxidants from supplementation of Se is illustiiia Figure2.

Anti-
oxidants

@*

Oxidative stress | Selenoproteins
$ %
Damage to Se supplementation
DNA, proteins and lipids (nutritional levels)

Figure 2: The protective role of selenoproteins against oxidative streben levels of ROS/RNS
produced in the body and level of antioxidants are balanceallified fromKanget al. (2020)

2.3.2 Semetabolism

The metabolism of Se in humans and animals include processes of absorption, transportation,
transformation and excretio(Kanget al,, 2020. The metabolism of Se in fish is not well establigiadz,

2012, Pacittiet al,, 2016 but is assumed to be similar to animals at high Se I¢vidshlaouiet al, 2019.
Selenide (bSe) plays a major role in the production of selenoproté®gra and Anan, 2009There are

different metabolic pathways to snoproteins in animals, presentduliefly inFigure3.



Inorganic forms
Selenite «—— Selenate

‘ reduction, GSH

y-lyase i ?eH
HO—P—OH

Organic forms

SeMet ———» SeCys ————» HSe® ———>

trans-selenation A B-lyase (Selenide) ATP
Selenophosphate

stepwise J tRNASCYs
methylation

SeCys-tRNASECYs
Methylated metabolites
i mRNA

excretion UGA

Selenoproteins

Figure3: Metabolic pathway foiSe adapted fromSuzuki (2005)

In the pathway to kBe, SeMet can be transformed to SeCys bgstsalenation and will further be
transformed to HSe by cleavage of& bonds through-lyase or -lyase. Some organic Se species will be
oxidized to selenite or selenate, which can also be reduced$e Hy glutathione (GSk§uzuki, 2005
Ogra and Anan, 2009The HSe is then activated as selenophosphate through ATP, which carries
methylated SeCys to the messeng®MA (MRNA). From there on, the methylated SeCys iparated

into a protein bya stop codon (UGA) as SeCys residue, producing a selenoj@geinand Anan, 2009

The excess of8e will be methylated stepwise into the metabolites, which are excreted through urine and

exhalation(Suzuki, 208).

2.4 Se levels and Se species in food

For most human populations, bread, cereals, seafood and meat are the major food sourc€Sing&e
2008 Zandet al,, 2015 Hariharan and Dharmaraj, 2020'he Se concentrations in bread, cereals (e.g.
barley, rice, rye and wheat flour) and Se enriched cereals cagertom 0.009 mg/kg to 0.1 mg/kg
(Stadloberet al, 200% Cubaddaet al, 201Q. In meat, including beefork, lamb and chicken, Se
concentrations camange from 0.038 to 0.656 mg/KBarclayet al, 1995 Reykdakt al,, 2011 Lombardi
Boccieet al., 2005 Hollandet al., 1991 Murphy and Cashman, 20p

For seafood, generally highean concentrations of Se are seed32-1.57 mg/kg in pelagic fish from
Central North Pacifj©.2930.881mg/kg in seafood from Thailand afdL730.678mg/kg in fish from Italy
(Kaneko and Ralston, 2008chaefferet al, 2005 Sirichakwakt al, 2005! f S 3 NNet at, C@LNIny
Norway, relatively high concentratioage also reportedn seafood Tablel). In wild marine organisms, Se
concentrations have been seen tange from 0.37 to 0.80 mg/kg in moltgsincluding blue mussels

(Mytilus eduli$ and great scallogPecten maximysand from 0.23 to 1.2 mg/kg in crustaceansy. brown



crab Caner paguru3 and Norway lobster(Nephrops norvegic)s In farmed molluss, the Se
concentrationscanvary from 0.25 to 0.67 mg/kd.hese data show thahe Se levels in farmed marine
organisms are lower than in wild organisiialflel). This also applies féish, with Se concentratioribat
range from 0.23 to 0.62 mg/kg in wild fish (fillet), and from 0.12 to 0.44 mg/kg in farmed fish (filtet). Fo
Atlantic Salmon, Se concentration at 0.43 mg/kg has been reported isakifebn while Se concentrations

from 0.12 to 0.25 mg/kg have beegported in farmedsalmon

Tablel: Se concentrationgmg/kgww) in seafoodretrieved from the online database for nutrients
and contaminants in seafoddata from 2006 to 20193 { S I T 2 2(RstitRte af Matine Research,
20209, accessed 1822021).

Category Type (wild) Se (mg/kg) Type (farmed) Se (mg/kg)
Atlantic salmon 0.43 (N=1) Atlantic salmon 0.120.25 (N=14)
Atlantic cod 0.230.29 (N=14) Atlantic cod 0.140.26 (N=10)
Atlantic halibut 0.390.51 (N=9) = Atlantichalibut 0.160.44 (N=7)

Fish (fillet) Turbot 0.47:0.62 (N=2) Turbot 0.200.30 (N=3)
Atlantic mackerel 0.41-0.59 (N=12) Rainbow trout 0.120.26 (N=13)
Atlantic herring 0.430.62 (N=7) | Arctic char 0.150.32 (N=6)
Haddock 0.300.36 (N=3)

Molluscs Blue mussel 0.37-0.80 (N=11)  Blue mussel 0.450.76 (N=14)

(edibleparts) = Great scallop, with roe 0.320.55 (N=14) Great scallop, with roe 0.250.67 (N=11)
Brown crab 0.931.2 (N=8)
Red king crab 0.230.33 (N=2)

Exﬁ;;aceans Snow crab 0.700.95 (N=2)

edible part3 Lobster 0.540.63 (N=2)
Norway lobster 0.831.1 (N=2)
Shrimp (unpeeled) 0.390.54 (N=12)

2.4.1 Sesupplementtion in fish feed

Some Se griesare used as supplemesin commercial multivitamins, dietary foods and animal feeds
vdZA y il Sa&a YR )5 Sufpiemddtatindddf IS& hast been pnecessaryoaus and feeds,
particularly to plartbased ingredients, dueotinsufficient levels of Se in several regions of the world,
caused by acid rain and excessive fertilizafieemdet al., 2015. For farmed fish, fish meal has been an
important source of Sim commercial feed(Sgrensen, 20)1Today, commercial fish feed is mgiplant
based (Aas et al, 2019 and may be supplemented with Se to maintain normal growth. The Se
concentrations in commercial fish feed produced in Norway in recent years are rdrging.3 to 2.3
mg/kg(Table2).
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Table2: Se mean concentration (mg/kgnd the Se concentration range (rRmrax, mg/kg) in commercial
fish feed produced in Norwagported through the Norwegian surveillance program for fish feed.

Year  Se concentration, mean (mg/kg) Se concentration, mirmax (mg/kg)  Reference

2019 0.6 (n=93) 0.31.5 (n=93) (Drnsrudet al., 2029
2018 0.7 (n=76) 0.242.3 (n=76) (Seleet al., 2019
2017 0.8 =40) 0.3-1.8 (n=40) (Seleet al,, 2018h

To protect the consumer, farmed animal and the environment, the Eurofeammissiomave established
maximum limitg{MLs)for undesirdles (i.e. Hg, As, Pb and Cd), and maximum content for feed additives in
animal feedgEC, 2020 For Se supplementation, thercent limit for maximumcontentis set to 0.5 mg
Selkg for animalsThe approved feed additives of Se are the organic Se sourcesxipatalogue of
SeMet L-SeMet DL-SeMetand SeMetproducedfrom Seenrichedyeast Gaccharomyceserevisiagand

the inarganic Se source, sodium seler{l#C, 2003EC, 2015EC, 2017aForSeMet and SeMet produced
from Seenriched yeast§accharomyces cerevisiag maximuntontenthas been set to 0.2 mg Se/kg for
animak (EC, 2003EC, 2017bEFSA, 2011&FSA, 201)bThe limit for &-enriched yeast was set from
evaluations made bthe European Food Safety AuthorifigFSH an agency that provideadependent
scientific advice that forspolicies and legislations made the European Commissioifhe advice they
give is based onisk assessment on food and feed safety, nutrition, animal health and welfare, plant
protection and plant healthFor reguation, the analytical methods for determination of Se are well
established, but since the legislations specify limits for organic &aimal feed, there is also a need for
analytical methods for determination of organic Se and inorganic Se specisfieefi(Berntsseret al,,
20183 Seleet al, 20183

2.5 Analytical procedures for Se speciation

2.5.1 Sespeciaton

Through Se speciationnformation about the species of inorganic or organic Se can be provided
(FairweathesTaitet al, 2010. The ternspeciation analysifas been defined by the International Union

of Pure and Applied Chemistry (IUPAC)amalytical activities of identifying and/or measuring the
guantities or one of more individual chemical species in a sdirgiapleton et al., 2000Three steps are
generally involved in speciation analysis: i) extraction of species, ii) separasipectdsand iii) detection

and quantification(Wrobel and Wrobel, 20)5The procedures for speciation can be based on different
separation types; i) nenhromatographic, ii) liqguid chromatography or electrophoresigl iii) gas
chromatographyVarious analytical methods are established for speciation andtys&e but themost

used separation method is liquid chromatography (Bg)zynska and Sentkowska, 2019
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2.5.1.1 Extraction of procedures

For speciation analysis, the extraction procedure is an important stepawaim to achieve quantitative
recovery of elemental species without changing the chemical iden(ie@ K & Sy { NKy et & (i N2 LJ2 dz
2016. The extraction of species has been performed using various chemical solvents (e.g. nitric acid
(HNQ), HN@'methanol, methanol/water, water, trifluoracetic acid, tetramethylammonium hyxide

and methanesulfonic acid) and enzymes (e.g. pronase E, pepsin, pancreatin and (Alpssoet al,,

2015. The solvents and enzymes have also been assisted with microwave, ultrasound or accelerated
solvent extractior{Alonsoet al., 2015 Wrobel and Wrobel, 20)5For speciation of selenoproteins or-Se
containing poteins, enzymatic digestion is considered an appropriate method sincetimbyeak specific

bonds and thereby selectively release analytes, such as peptides and amino acids, from the sample matrix
(Alonsoet al,, 2015. The choice of enzyme must be carefully evaluated to match the samgeatyp
analytes of interest. Some enzymes can also be combined to achieve cétaiages in the proteins

(Alonsoet al, 2015.

The enzymes that have been frequently applied for Se speciation in recent years include foibasiela

et al, 201Q Cudermaret al, 201Q Duncaret al,, 2017 Gaoet al,, 2018 Hsieh and Jiang, 2018lellano

et al, 2013 Oliveiraet al,, 2016 Seleet al,, 2018a Siweket al,, 2005 Vuet al,, 2018, pepsinWanget al,,

2013, pancreatinOliveiraet al, 2016 Wanget al,, 2013 and trypsinSiweket al., 2005 Zhang and Yang,
2014). Other types of enzymes used for determining organic Se in marine anebpksed samples are
papain and flavourzymé&hang and Yang, 2014nd lipasgCudermanet al, 201Q Gao et al,, 2018
Mellanoet al, 2013 Seleet al, 20183. The proteolytic protease XIV has also been used in combinations
with other enzymes in manyf these studiegCubaddaet al., 201Q Cudermaret al,, 201Q Gaoet al,, 2018
Mellanoet al, 2013 Oliveiraet al., 2016 Seleet al,, 2018a.

2.5.2 Chromatography

Chromatography is an analytical technique used to separate compaunastures and is usually applied

for quantitative analysigMiller, 2005. Chromatographic separation is performed dpartition of the
compounds between two phases, where one phase (the mobile phase) moves relative to the other (the
stationary phase)Higure4). Separtion takes place inside the chromatographic column, which contains
both the stationay and the mobile phase. The compound mixture is injected into the mobile phase at time
to (Figureda), and the compounds in the mixture will be distributed between the two phases with
distribution ratios dependingn the properties of the analyte molecules and the properties of the two
phases. The molecules are in dynareguilibrium, which means there is a continuous exchange of

molecules between the phases. In such a system, the molecules will move with a Welidiyequal to
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the fraction of the analyte inhe mobile phase multipliedy the mobile phase velocityHarris, 2019 In
Figure4 it is schematically shown how some analytes move fastaute A,Figure4.b) thanthe other
analytes (solute B). This is explained by a larger fracfiche solute A beingiithe mobile phase, which
means they have lower retentidoy the stationary phase. In analytical column chromatografiere is a
detector at the end of the column that (ideally) gives a signal that is proportional to the arm(oueds or
concentration) dthe analytes. The time the analytes elutes from the column is called the retention time,
tr The chromatogram is a plot of the detector signal versus the time tihermjection (o). The signals

from each analyte are typicallgfierred to as chromatogphic peakgHarris, 201D

’ K Stationary

Mixture phase

at injection Mobile phase __,

b) —

t>0 Mobile phase

High retention Low retention
Solute B Solute A

Figure4: Eluion oftwo solutes of different retentions. Solute A and B are a)gegarated att = 0,
and are b) separated at t > Adapted fromlecture notesby Svein A. Mjgs, University of Bergen.

The chromatographic retention of a compound is measured by the retersiorfk (equation(1)):

- 0 ©
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where ns and ny, are the number of molecules (at equilibrium) in the stationary and mobile phases

respectively, and, is the time the mobile phase uses through the column.

Thedifference in retention factors between two analytes are critical for their separation aeékised to

as chromatographic selectivity. This is expressed bgdparatiorfactor,h egdation(2)):
E
- 2
1 E )

whereka andkg are the retention factors for the first and last eluting peaks, respectively.
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The chromatographic techniques are roughly divided into gas chromatography (GC) and liquid
chromatography (LC). Gas is usedh&e mobile phase in GC, while a liquathigon is the mobile phase in
LC(Miller, 2003. In LC, the chromatographic selectivity is typically achieved from differences in polarity
(normal phase and reversgthase ), ionization (ioexchange chromatograph, size (size exclusion
chromatography) or by macromolecular interactions dependent on shape as well as properties of
functional groups (affinity chromatography). There are also other modes of separation, ancareaay

mixture of several types of interions (Miller, 2003.

2.5.3 Chromatographic separation ddespecies

Generally, separation &especies can be performed witlC methods includingversel-phase(RP)RP
ion-pairing, aniorexchangecationexchange or by sizexclusion (SEC) coupled ltmductive Coupled
Plasma Mass Spectrome(tCRPMS) (Alonsoet al,, 2015. TheSEC with TrHEICI buffer as mobile phase is
mainly used for separation of higholecularmass proteinswith selenoaminoacids (Pyrzynska and
Sentkowska, 2029 Some of the separation methods can also be combined to perform sequential
separation for a mapping of fractions or selenopeptides, e.g. by using capillary eHigariRerformarce
Liquid Chromatography (HPLC) coupled WGPMS or by combining SEC with anexthange or R
chromatography(Alonsoet al., 2015.

InRPRLC separation is performed by polarity, whettge mobile phase will contain polar solvents with the
stationary phase being ngpolar. This leads t@olar compoundseluting first, while the less polar
compounds will be more retained and the be the last to elllenormal phase chromatographthe
mobile phasewill insteadcontain nonpolar solvents and the stationary phase will be polahere the
more polar compoundswill be more retainedFor analytes with acidic or basic functional groups, the pH
of water-based mobile phases RRLC will hava high influence on the retention factors. It is therefore
often critical that the mobile pases are properly Biered. In this work, the Se species have been separated
by polarity, by a RPHPLC systenMobile phases commonly used in-BP are mixtures of water with
methanol or acetonitrile, where hydrophilic selenoamino acids will not be rreth(Pyrzynska and
Sentkowska, 2099In other Se speciation studies with-RPLC, columns of C8 or C18 hydrophobic alkyl
chains have been used as the stationary pl{@seenaga Infantet al,, 2009 Bierlaet al., 2018.

2.5.4 Mass spectrometry (MS)
Mass spectrometers (MS) are often used as deteaoupled with LC and GCppiding quantitative and
qualitative data. Mass spectrometry is a type of analylaat provide information about the elemental

composition or the structure of an analyt@Becker, 200p There are numerous types of mass
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spectrometers, all with the principle théte velocity and direction abns can beontrolledby electric or
magnetic fields(Becker, 200p When coupled to chromatographic instrumentation, the separated
analytes are introducecdtthe mass spectrometer, where the analytes are ionized, separated bytmass

charge ratio and detected~gure5).

Sample Data
mtroductlon processing

Figure5: A basic setup for mass spectrometry with an ion source for ionizing materials, an ion
separator that separates the ions by their masscharge (m/z) ratios and an ion detector that detects
the ions(Becker, 2009

A mass spectrometer is equipped with an ion seuhat is often operated at low pressure or near vacuum.
Examples of ion sources are electron impact source (El), electrospray ionizatjpfageBion source
(LIMS), secondary ion source (SIMS) and inductively coupled plasma ion source (ICP).intedelialsd

to the ion source will be ionized to mostly positively charged ions, but negative ionization can also be
applied (Wilschefski and Baxter, 20L9The ions will then be separated in a mass analyzer, such as a

guadrupole mass filtefBecker, 200p

The quadrupole consists of metal electrode rods placed in a square(#/ilaghefski and Baxter, 20119

The rods are drged with voltages resulting in an electric field. When ions are introduced to the
guadrupole, they are acceleraten an oscillating motion between the rodBecker, 200p lons with
unstable oscillation will collide with the rods, which means that only ions avitertain mass$o-charge

(m/z) ratios will reach the detectgde Hoffmanret al, 2007. Signals from the detector will then be picked

up bya computer connected to the system, which also is used to operate the chromatograph and mass

spectrometer.

2.5.4.1 Inductive Coupled Plasma Mass&yrometry (ICPMS)

Inductive coupled plasma mass spectrometry {IC3F) is a type of mass spectrometer that is uledhe
measurement of elements at trace levels (trace elements). It is primarily designed to analyze liquids. When
analyzing solid materigl the sample needs to be dissolved by chemical digestion before introduced to the
ICRMS(Wilschefski ad Baxter, 201p

The ICRMS includes many parts, including a nebulizer, spray chamber, a torch for ionization by plasma
from argon gasamass analyzer and a detector. The nebulizer introduces the sample to the ICP as a liquid
aerosol. Typically, treample is delivered to the nebulizer by an autosamgteta peristaltic pump. When

introduced, the aerosol enters a spray chamber, whereldinger droplets will be removed and the finer
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mist of aerosols will be ionized to mainly positive charged (dfischefski and Baxter, 2009 he plasma

is formed either by argon or helium gas, and the temperature of the argon plasm&ig 600 °GAlonso

et al, 2015. The ims will be transported to the mass analyzer, which is most commonly a quadrupole.
Other common types of mass analyzers in-MZ includes triplguadrupoles (tandem mass
spectrometry), timeof-flight (TOF) and electric/magnetic sect{vgilschdski and Baxter, 20)9Electron

multiplier is the most common detector in KBS (Wilschefski and Baxter, 2019

There are many advantages in using-M3? which includea low detection limit at 0.000.01 pmol/L
(Wilsthefski and Baxter, 2019 low sample volume and simple sample preparation. Nevertheless,
interferences and instrumental drift can often occur in-@® and need to be correcté@vilschefski and
Baxter, 2013 To prevent interferences froraffecing the accuracy of the analysdifferent techniques

are involved in the removal or correction of interferences and instrumental drift.

To exclude interferences to analytes, collision or reaction gases can be used based on the type of analyte
(Wilschefski and Baxter, 201%or Se speciation, a gas of hydrogef 84 a reaction gas is used, to avoid
interferences on the major isotopes of SESE, ®Se and’®Se) from Af (Alonsoet al, 2015. In
guantification of Se using IG@RS, the most prominent polyatomic interferences a@fi “°Ar*°Ar, “°Ar*°’Ca

and°Br*H for the isotopé®Se, and®ArP8Ar, “°Art"CIH and®Ar“°Ca for the isotop&Se(Profrock, 201p

For the determination of total element concentrations by I&FS, standards of relevant analytes
containing known concentrations are analyzed ttablsh a calibration curve. These types of standards
are called multelement calibration standards in KBFS(Becker, 200P To correct changes in instrument
operating conditions and samp#pecific matrix effects that may affect analyte signals, internal stasdard
are also commonly usdtVilschefski and Baxter, 2019 he internal standards are selected based on the
analyte and sample matridne or more elementwith similar properties to thanalyte, and not present

in the sample matrix, arehosen for internal standard. The same concentrations of internal starglard
then addedto each sample, standard and blaréither online or offline. The measurements are then

calculated based on the analyte to standard signal (&exker, 2009Wilschefski and Baxter, 20119

The ICAMS can be coupled with chmatographic instrumentation, such &PLG@r GC. TanHPLC, the
end of the HPLC column is connected with a capillary tube to the nebulizer in tHe 8{Wilschefski and
Baxter, 2019 The HPLLCRPMS is the most common sap used for speation analysis where the species
are detected by the IGMS after the chromaigraphic separatiorfPyrzynska and Sentkowska, 2019
Alonsoet al, 2015. Figure6 shows a schematic diagram of the HRCBMS system.
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Figure6: Schematic of HPEHCRMS instrumental setup.

In Se speciation,he identification and quantification of unknown -Bentaining compounds can be
chdlenging due tdhe lack of analytical standards. To overcome this challenge, complementary techniques
such as highesolution mass spectrometry (HRS) can b usedor identifying the molecular structure of
unknown Se compound€asiotet al, 1999 Mounicouet al,, 2009. Other setups for identification of
unknown compounds include ESupted to tandem mass sgtrometer (MS/MSjHsieh and Jiang, 2013
Tieet al, 2015, ESI Timef-Flight (TOF) MS and Orbitrap ¥aoet al,, 2014, and can be coupleat
HPLC or to HPLC parallel with-M&RDernovics and Lobinski, 20@oenaga Infantet al, 2009. For the
determination of SeCys derivatization step is required &iabilize the SeCys prior to analy@edrero

and Madrid, 2009Godinet al.,, 2015.

2.6 Statistics and chemontecs

2.6.1 Multivariate experimental design

Experimental design and optimization is a agptaused for systematic evaluation of problems related to
research, development and production, twe execution of informative experimen(grikssoret al,, 1998

The National Academies of SciencEsgineering Medicine, 195; Thelinet al,, 1996. To solve relevant
problems, a design strategy using multivariate experimental design can be made to find the most optimal
conditions for observed variables calleesponsesThe responses are dependent on the changes in
multiple indepen@nt variables, also called factors (x). The observed response can be described as a

function,y = f(xXThelinet al,, 1996.

With two variables (xand x%) and threevariables (x % and %), the response (y) can be described

respectively as the general modetguation(3) and(4):

O O e OO O (3)

and
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In multivariate experimental design, the goal is to determine the regression coeffidiefitg using the
relation between the observed responsgand the variableX (x, %X ¥ ffomigeneral models such as
equation(4). The amplitude of the regression coefficients is then used to evaluate the importance of each
individual factor (x) or factor interaction to the respengy). With eight regression coefficients, at least
eight different experiments are involdaevith a minimum of two levelsf each factotin an experimental

design. The simplest experimental design fulfilling these requirements is céletb@al design

A full factorial design studies the responses of every combination of factors and éaetisii an attempt

to find the best combination. A full factorial design with two levels lafattors can be written as‘2The
simplest case for a full factoridesign with two levels will be with two factors?2which will have four
experiments (2= 4). A 2full factorial design will thus have eight experiments. The levels of the factors are
2FGSYy O RBRNJI &2 & f SIS f(Luidsfelttet &1 899. Figuid skoivseKampleSfd S f

a full factorial design offZor three factorsand Z2Z¥ 2 NJ (i g2 FIF O 2NBR oA GK (o2 f SO
BFdzA £ FLOG2NAI € RS&AAIYy A& QOrada Al SR gA0GK | Odz ¢
2 NRSNE -rdndomited iy E & GF NIAY 3 6AGK SELISMIeYStgisi ™ | (i

(NIST/SEMATECH, 2p12

. Factors
Experiment

X1 X2 X3
1 - - -
2 + = -
3 = + -
4 + + -
5 - - +
6 + - +
7 - + +
8 + + +

Figure 7: Examples of® full factorial designand 2 full factorial design with four experimenis
standard orderand (shaded cellsgnd a cube diagram representing the eight expents in 2 full
factorial design modified fromhundstedtet al. (1998) The levels of the factors areodedl a-& & ¥ 2 NJ
f2g tSOSt YR abé F2N) KAIK f S@St

A full factorial design is a balanced design, which means that all factors have the same number of high and
low levels and thathe sum of each factor column is zero (in coded values). This property minimizes
confounding effects, which means that regressimefficients are proportional to the effects of the
different factors. Full experimental designs can be applied to lookeatrtain effectof the factors and

factor interactions, and the product of the factors in every combination can be evaluateexptements
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of the factor interactions will have level signs calculated by multiplication of the relevant fdaimodstedt

etal., 1998.

Another example of an expimental design is the reduced factorial design. This type of design has an
advantage by covering as much as possible of aaftithrial design without performing all experiments.
This can be done when third or higkhender interactions are negligible drcan be excluded from the
multivariate mode(Lundstedtet al., 1998 Jamshidnezhad, 2015An exarple is a reduced factorial design
with three factors and two levels, &2reduced factorial design with four experiments. THe 2duced
factorial design will include factors and x of the Zfull factorial designRigure?7) as the first and second
factor, and a third factor Wibe equivalent to . interaction, the product of factorpand % (Lundstedtet

al., 1993.

As part of an experimental procedure, full or reduced factorial designs caapjbleed for screening
procedures, performed towaluate the influence of the factors and possible factor interactiomshe
responses. The most relevant factors are then selected for further studies for optimidatiogstedtet
al., 1993.

Other types of experimental designs can give threenore levels for each factor, such as composite
designs and Doehlert designs. These designs are resparigee designs and chrused to achieve more
complex models, with squared terms of the main effects, to determine the exact optimum for a response.
To estimate the reliability of the multivariateodels, residuals (unexplained variance), can be catzilat
from additional replicated experiments in the experimental design, or replicates of experimental points
called center points with factors set at their mid valieandstedtet al., 1999. The variables that are

involved in an experimeal design are described Trable3.

Table3: Variables involved in an experimental design.

Type of viable Description
Continuous
(quantitative)
Discrete Discrete numeric factors involving certain values within a range (e.g. the floors
(quantitative) building or the sample number in an analytical sequence).
Categorical Nonnumerical propey that cannot be described by a scale with no natural orde
(qualitative)  between the categories (e.g. type of enzyme).
Factor with only two values. Usually used to describe a presence or absence o
factors.

Continuous numeric factofavolving any vae within a range (e.g. temperature).

Binary

When including factors of the categorical or binéype in experimental designs, having more than two

levels and center points is typically not an opti®eplicatef experiments in the original design must
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therefore be used for estimation of residualdultivariable data obtained from experiments penned

using experimental design can be visualized through principal component analysis (PCA).

2.6.2 Principal Component Analysis (PCA)

Principal component analysis (PCA) is a multivariable statistical methdd udes orthogonal
transformatiors to reveal structires in the data in a complex datas@hlens, 2014 The data are
compressed into latent variables called principal components (PC) by lineametions of data with
maximum variance. The items the linear combinations are expressed as vectors calerdesand
loadings(lsaksson and Naes, 1996 he PCs will provide an easier way of interpreting thta dvhile
minimizing information los@lolliffe and Cadima, 20.8n PCA, projections ontatent variables make a
two-dimensional plot when working with a dataset of two factors (X, y). When working with three factors,
a threedimensional PCA plot can be maBigyure8 shows an illustrated PCA transformation of six objects

with two factors, by plotted objeston the xy plane onto two principal components, makingcore plot

Y Y vA
P PC1
e m) PC1 mp 2
o ® °® 0 PC1
| ) .- ) . % { (] X 2 e (0
) ;; @ ]
° °

Figure 8: Transformdion of a dataset with six objects from theyxplane to the PGPC2 plane,
modified fromErikssa (2020)

The objects are first centered by the average measurement of each factor in a PCA. A line will then be fitted
to the centered objects by minimizing the distances of the objects to the line (minimize the sum of squared
errors).This also mearihat the line will be fitted where the distance between the projection points are
maximized (maximizing variance) according to Pythagoras theorerRi(rge9). The projected points are
placed on the line orthogotig to the line from the objects. The fitted line will be the first principal

component (PC1), while the second principal component (PC2) will be orthogonal to PCL1.

v 4 Object
[}
Maximized Minimized
variance sum of . - 5
/\. squared errors @ ac = b2 +
e O
d Projected Total _ Variance +
\ Q)‘ "X b point variance = left
.@ ) ; : « «
Y Projected points . y
Origin

maximize minimize

Figure9: Latent variable projection based on Pythagoras thegremdified fromWilliams (2016)
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In addition to score vectors, factors can be interpreted by loading vectortanlimg plot Score vectors
describe therelationshipbetween the PCs and objects in the @ahatrix, and loadings vectors describe

the relations between the PCs and the original factors. Score plots and loading plots can be interpreted to
find relations, sirlarities, differences and groupings between objects, factors and responses, and can also
be combined in a bipldtsaksson and Naes, 199 biplots, correlations can found by studying the angles

between the vectors of the factors and obje@4artens, 200

2.7 Quality assurance (QA) and quality control (QC)

To minimize uncertainties and experimental errors in the results from analytical analyses, quality assurance
(QA) is important. The QA is a part of the quality management syatetit is required for accredited
laboratories. This involves correct training of laboratory analysts, the use of validated and well documented
analytical methods, record keeping, appropriate environment and storage for equipment and chemicals,
proceduresfor maintenance and routines for calibration of equipment and instruméRthard and
Barwick, 200)

Quality control (QC) describes the measures made for ensuring the quality of the results, i.e.
measurements of blanks, QC samples, repeated sampled, blind samples, chemical standards and spike
samples. For monitoring a meait performance over time, the measurements of QC samples can be
plotted in control charts. A QC sample corsidta material that is stable and homogenous and can be
characterized ifhouse or by a thirgbarty as a certified reference material (CRM) witbllvgstablished

target values called certified values. Measurements of this type of sample can be used to ensure the

variations in the results for the applied analytical mettBdchard and Barwick, 2007

Experimental errors can be classified by systematic or random errors. Random error is inevitable and the
result of naturalvaiation by chance, causing the results to vary in an unpredictable way. Systematic error
is the result of a factor consistently affecting the results, which can give higher or lower results than
expected. The systematic type of error can be correctedaty analysis, while random errors cannot be
corrected for a set of measurements. However, random errors can be minimized by making repeated
measurements, since the effect of random error on the mean will decrease with increasing number of

measurements.

Method validation is a process performed before implementing a new or existing analytical method. The
term is defined in the international quality standard (ISO/IEC 17025; general requirements for the

competence of testing and calibration laboratories)tasconfirmation by examination and provision of
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objective evidence that the particular requirements for a specific intended use are fufildidation
process is required for each method to ensure that the laboratory can demonstrate the requirements
specified by customers and the quality syst€Rrichard and Barwick, 20D Method validation can be
performed by conducting an interlaboratory comparison approach or by a daigdeatory approach. An
interlaboratory comparison approach is used when a method is developed for aavigimg use, while a
singlelaboratory appoachis used for developing a method that will be used in only one laboratory
(Eurachem, 2014 Parameters such as uncertainty and metrological traceability are a part of method
validation. Other parameters that are included in method validation are selectivity, precision, bias/trueness
(accurag), measurement range, the limit of detection (LODY &me limit of quantification (LOQ), and

ruggednesgPrichard and Barwick(B7).

2.7.1.1 Selectivity

Selectivity refers to the ability an analytical method has to measure particular analytes in sample matrixes
without interferences from other components with similar propert{@sichard and Barwick, 20p7The

term can also be referred to as specificénd can be determined by evaluating blank samplesuhalyte

signalgRao, 2018

2.7.1.2 Precision, repeathility and reproducibility

Precision is the degree of agreement between independent repeated measurements. The parameter does
not relate to the true value but is dependent on the distribution of randemor. Precision by repeated
measurements using theame method andhe same sample can be expressedregeatability and
reproducibility through relative standard deviation (RSD, %). Reproducibility is calculated from
measurements under different conditis such as different analysts, instruments &imbratories with the
same method and the same sam@Richard and Barwick, 200 7The reproducibility in a single laboratory

is often described witthe term intermediate precisio(Eurachem, 20L4¥ichard and Barwick, 2007To
improve precision, a minimum of seven replicates are measured to reduce random (Bicterd and
Barwick, 200y The RSD (%) can be evaluated by using the Horwitz ratio for expected and dedepdb
(%) based on the Horwitz functigdMKL 5, Q03 Eurachem, 201Rao, 2018

2.7.1.3 Trueness

Trueness is the difference between the mean value of test iesuitd a reference value for a sample
material. Trueness is usually determined by comparing the mean of measurements with a certified value
of a CRMPrichard and Barwick, 20D Another approach for determining trueness can be to use spiked
samples with &nown concentration ofin analyte (Prichard and Barwick, 2007This approach can be

applied for evaluating possible interferences like matrie@#(Prichard and Barwick, 20D7
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3 MATERIALS AND METHODS

All laboratoryequipment, instruments, chemicals and reagents, samples and certified reference materials
(CRMs) used in this project were provided by the Institute of Marine Research. The laboratory work was
performed at the inorganic chemistry laboratory of the insttun Bergen, Norway, accredited to the
guality standard NESO 17025:201A general overiew of theexperimental steps conducted this study,

i) the correlation analysis anif) the method developmentare showrin FigurelO.

AO2NNBE A2y
¢c201K €t {S

Analysis Analysis
of total Seand other elements
(As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Pb and .

Salmonsamples (wholebody and fillet)

using theinitial method

Commercial fish feed anteed ingredients

Data polishing Screening

Shapire? At 1 Q& GS&d |

Experimental desigand PCA

Salmon samples (wholebody and fillet) Certified Reference Materials

Optimization

Correlation analysis

Pearson anépearman Experimental design and PCA

Salmon samples (wholebody and fillet) Certified Reference Materials

Analysis
using the optimized method

Commercial fish feedfeed ingredients
Experimental diets

Figure10: An overview othe experimental steps in this workK correlation analysiand ii) method
development.

In brief, for e correlation analysishe salmon samplewere determined for totalSe as wellasother

elements, i.e. arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg),
manganese (Mn), lead (Pb) and zinc (Bojh whole-body and fillet samples of farmed Atlantic Salmon

(Salmo salarthat had beenfed with S supplemented dietsvere analyed. Correlations between the
concentrations ofSeand other elements were determined using statistical methadsudingShapire

2 Af 1 Qa vy 2and vidudiz&tdn uBir®ydbdxplots fdata polishingt S NA 2 y ks af2 NNB |
{ LIS NX | ¥o@er comelatoh
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For the method development f@especiation, the extraction procedure was optimized usivgcertified
reference materials (CRMs). The significant factors affecting the sample extraction were screened for and
optimized using chemometric approaches, such as experimental designB@Adhe factors were
evaluated using the results from tot&e determination andSe speciation of sample extracts. The
optimized method was quality controllday evaluation of perfonance characteristics related to method
development and method validatiopand the method was applied to samples, including fish feed and feed

ingredients ofish meal, plant meal and insect meal.

3.1 Materials

3.1.1 Chemicals and reagents

Deionized and filtratedvater was used for all steps requiring@in the sample preparation steps and
analysesand was available from a Mil) Reference \eiter Purification @ A 4 SY o my ®H  am
Millipore Corporation, MA, USA). All chenscahd reagents that were used in this projesere of
analytical grade, given ifable4.

Table4: Chemicals and reagentsed for sample preparation and analysis.

Product Supplier

Multi element standard (Prod.no. SS 6083S) Spectrascan, Teknolab (Ski, Norwe
Mercury (Hg) 1000 pg/m(Prod.no. SS 1532) Spectrascan, Teknolab (Ski, Norwe
Gold (Au) 1000 mg/L Certipur® IGindard (170321 Supelco) Merck KGaA (Darmstadt, Germany
Rhodium (Rh) 1000 pg/mL (Prod.no. SS 1550) Spectrascan, Teknolab (Ski, Norwe
Germanium (Ge) 10Q@y/mL (Prod.no. SS 1130) Spectrascan, Teknolab (Ski, Norwe
Thulium(Tm)1000 mg/L Certipur® IGRndard (170361 Supelco) Merck KGaA (Darmstadt, Germany

Stock tuning solution, Ba, Bi, Ce, Co, In, Li and U (Prod.no SS 6088S Spectrascan, Teknolab (Skorway)
Hydrogen peroxide @) 30% solution, Perhydrol (CAS 7-8221) Merck KGaA (DarmstadBermany)
Nitric acid (HNeb % ¢ dyz { dzLIN37RJdzNX o/ ! { - Merck KGaA (Darmstadt, Germany
ICRMS stock tuning solution (Part #518864) Agilent(Waldbronn, Germany)
Ammonium phosphate dibasic (WHHPQU X pcp £ 2-280Y ! { Merck KGaA (Darmstadt, Germany

Ortho-Phosphoriacid (HPQ), 85% solution (CAS 7688-2) Merck KGaA (Darmstadt, Germany
Ammonia (NB), 25% solution (CAS 1326-6) Merck KGaA (Darmstadt, Germany
Formic acid (HCOOH)-280% (CAS 618-6) Merck KGaA (Darmstadt, Germany

Sodium dihydrogen phosphateonohydrate (NabkPQ, - HO) for analysis Merck KGaA (Darmstadt, Germany
(CAS 1004921-5)

Sodium citrateribasic dihydrate (HOC(COONa}CBIONa)- 2H0) (CAS SigmaAldrich (Oslo, Norway)
613204-3)
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Calcium chloride (CalReag.Ph Eur (CAS 106231) Merck KGaA (Darmstadt, Germany
{2RAdzYy R2RSOe&f &adzZ LKIGS &I { 0 SigmaAldich (Oslo, Norway)
Sodium hydroxide (NaOH), 50% solution (CAS-132) Merck KGaA (Darmstadt, Germany
SeleneDLY SG KA 2YAY S 0{ ECASIH®A22 b’z LId SigmaAldrich (Oslo, Norway)
Ammonium formate (HCO® | n 0 x 1698/ ! { pnn VWRChemicals (Bergen, Norway)
Methanol (CEOH) >99.9%, hypergrade forMS (CAS 636-1) SigmaAldrich (Oslo, Norway)
Gemini® 5 pm @henyl 110 A, LC ColunB0%4.6 mm, Ea (00F44E0) Phenomenex (California, USA)

3.1.2 Enzymes
All enzymes used in this work were obtained from Sigdaich (Oslo, Norway). The enzymes and the

enzymatic strength of the products are showrTible5.

Table5: Enzymes used for extractions of orgaBain this project

Product Unit activity Application step
Papain fromCarica papay#76220) X0 dzy Al akY3 Preextraction

Protease type XIV frotreptomyces grise®5147) x o ®p dzgoivder k Y Main extraction
Protamex®protease fromBacillussp. (P0029) >1.5 AUN/g powder* Main extraction
h-Amylase from porcine pancreas (A3176) X P deyhdivder Main extraction
Cellulase fromAspergillus nigefC1184) X N dnds/mg powder Main extraction

F/2NNBaLRYRE (G2 | LIWNREAYIGSt& x ndoppp dzySighmadkicE@my S | yazy

3.1.3 Equipment and instruments
A list of equipment and instruments used during laboratory work is giveralme6. Water bath and
analytical balances, agell as other equipment, e.g. pipettes, refrigeratdreezersand incubatorgnot

listed in the table), were routinely controlled by technicians.

Glasware, such as volumetric flasks and glass bottles (not listed in the table) were also used for the
laboratory work. To minimize metal contamination, all glassware and Milestone digestion vials were
washed using an acid steam cleaning system (MilestorreTta&AN). Larger glassware, such as volumetric
Ffrata FyR 3Fflaa o02aaft Juiich (5603nli-Qamiatdr K RL EOAID%) ¢ K S NI/ |
and 200 mL HCI (37%)). All asiashed glasswareasrinsed thoroughly with MiliQ water before and

after acid wash.
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Table6: Laboratory equipment and instruments used itstprojed.

Product

Supplier

Explorer® Analytical balance

Balance XPR204

Precision balance MS6002TS

Cryogenic miller 6875D Freezer/Mill

Knife Mill GM 200

Ultra centrifugal mill ZM 100

Labconco FreeZone 18 Liter Console Freeze Dry System
Milestone digestion vials (TFM or quarts) with TFM caps
CHtO2yun mp Y[ O2yAOlf
CHtO2yun pn Y[ O2yAOlf
Sterile 13 ml centrifuge tubes (PP)

HPLC vials (PP), sriap, 1 mL (Part #5182567)

HPLC vials (PP), snap top witss insert, 250 pL (Part #930977)

HPLC vial snap caps (PTFE) with silicone septa for (ParQE&E52

Amicon UltraD.5 mL centrifugal filters 10 kDa with 2 mL micro
centrifuge tubes

Micro-centrifuge tubes 1.5 mL

Grant OLS200 water bath

Centrifuge 5702

Centrifuge 5424 R

WTW SenTix §3H electrode with WTW InoLab pH meter

KNF Laboport vacuum pump N816.3 KT18, 50Hz, 100W
Filter menbrane, RC 47 mm, pore size 0.45 um (Part #8B3¥)
Vortex mixer MS1 Minishaker

Milli-Q Reference Water Purification System

TraceCLEAN Acid steam cleaning system*

UltraWAVE Microwave Acid Digestion System

Thermo Scientific iCAP Q U8B

Agilent HPLC 1260 Infinity Il Biert LC System

Agilent ICPMS 7900

OSYy i NX T
OSYy (i NX T

Ohaus (Nanikon, Switzerland)

Mettler Toledo (Greifensee, Switzerlan
Mettler Toledo (Greifensee, Switzerlan
SPEX SampleréNew Jersey, USA)
Retsch (Haan, Germany)

Retsch (Haan, Germany)

Labconco (Kansas, USA)

Milestone Srl (Sorisole, Italy)

Thermo Fischer (Waltham, KIS
Thermo Fischer (Waltham, USA)
Sarstedt (Numbrecht, Germany)
Agilent (Waldbronn, Germany)

Agilent (Waldbronn, Germany)

Agilent (Waldbronn, Germany)

Merck KGA (Darmstadt, Germany)

Eppendorf (Hamburg, Germany)
Grant Technologies (Cambridge, UK)
Eppenarf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)
Xylem (New York, USA

KNF Neuberger GmbH (Freiburg im
Breisgau, Germany)

Agilent (WaldbronnGermany)

IKA (Staufen, Germany)

EMD Millipore Corporation (MA, USA)
Milestone Srl (Sorisole, Italy)
Milestone Srl (Sorisole, Italy)

Thermo Fischer (Waltham, USA)
Agilent (Waldbronn, Germany)
Agilent (Waldbronn, Germany)

*Concentrated nitric acigHNQ) was used for the acid steam cleaning system

26



3.1.4 Samples

3.1.4.1 Salmon samples

Samples ofarmed Atlantic salmonfor the correlation analysisvere obtained from a previous study
(Berntsseret al,, 2018h. Thefish werefed a control diet (no supplementatign0.45 mg/ky, and diets
supplemented with inorgani€e(selenite)at con@ntrations defired as low (approximately 5 mg/kg) or
medium levels (11 mg/kg) anarganic Se (L-selenomethionine)at concentrationdefined as low (6.2
mg/kg), low-medium (16.2 mg/kg) and medium (21 mg/Kghe study byBerntsseret al. (2018b)aimed

to assess the toxic levels®fin Atlantic salmonThe samples included three biologiagblicates of pooled
samples (i5) of salmon from three different fish tanks fed witletkame diet. The samples were analyzed
intotal Se for the previous studBerntsseret al, 2018H). For the correlation analysis in this project, pooled
sampés were analyzed in technical replicates:@) for the elements As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Pb, Se

and Zn.

3.1.4.2 Fishfeed for Atlantic salmon and feed ingredients

Commercial fish feed and feed ingredients analyzed in this project were obtained fromatiomall
Surveillance program for fish feed for 20@nsrudet al., 2020. An overview is shown ifiable7, with
total Seconcentrations in each samp{@rnsrudet al, 2020Q. Fish éed EF;n =6), fish mealkM;n =3),
plant meal PM;n =2) and insect meall{l; n = 2) were analyzed for the application of the optimized

method and compared to the initial method.

Table7: Samples of commercial fish feed arekd ingredientsfor Se speciatiorand the total Se
concentrations = SD (mg/kg ww, n =@tained through the surveillance program for fish feed for
2019 (Drnsrud et al., 2020

Sample name Samples
FF1-FF6 Fish feed
FM1-FM3 Fish meal
PM1-PM2 Plantmeal
IM1-1IM2 Insect meal

*n=12.

Experimental diets from two previous studi@ntony Jesu Prabhet al., 2020 Berntssenet al., 2018h
were selected foevaluation ofthe optimized method. The experimental diets had different supplement
sources, different supplementation concentrations as well as different diet composhionverviewof
the experimental dietss shown inTable8, with supplemented Se species, nominal Se concentrations
supplemented to dietand diet compositior{Antony Jesu Prabhet al, 202Q Berntsseret al., 2018h.
Diet A and B were supplemented witisélenomethioninecloseto the legal limit of 0.5 mg/kg fee®iet

D-F were experimental diets supplemented at fegBelevels (5 and 15 mg Se/kg diabhile diet C waa
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basal diet related to diet 6. The details of the diet compositions frofmtony Jesu Prabhet al.(2020)
andBerntsseret al. (2018b)are given irAppendixA.

Table8: Experimental dietsisedfor application of method Se species supplemented to the diets,
concentrations of Sémg Se/kww) in diets and diet compositions

Supplemented Supplement conc.

Sample Se species (mg Selkg diet§a) Diet composition (ingredients)
DietA® SeMet 0.15 Marine: 11.5%,

. Plant: 84% (Wheat: 30%),

@

DietB SeMet 04 Other®: 4 5%
DietC® No supplementbasal)

N Plant: 70% (Wheat: 30%),
DietE SeMet 15 Other(b): 8.1%
DietF® Selenite 5

1: Diet described imAntony Jesu Prabhet al.(2020) 2: Diet described irBerntsseret al. (2018b)
a:Nominal concentrationgAntony Jesu Prabhet al, 202Q Berntsseret al, 2018h. b: SeeAppendixA for details

3.1.4.3 Certified reference material§CRMS)
The CRMs utilizad this projectare given ifTable9.

Table9: Certified reference materiallCRMSs) applieth this project

Product Supplier

Application

National Research Coun€anada

TORT3 (lobsterhepatopancreas (Ontario, Canada)

Total Se and element
determination

National Institute of Standards and

SRM 1566ifoyster tissug Technology (Gaithersburg, USA)

Total Se and element
determination

Institute for Reference Materials and

ERM BB22 (fish muscig Measurements (Geel, Belgium)

Total Se and element
determination

ERMBC2104wheat flour) LGC (Teddington, UK)

Se speciation

National Research Council Canada

SELML (selenized yeast) (Ontario, Canada)

Se speciation

The certified values for total Se and SeMet in ERM BC210a andlS#eNgiven imablel0, while the
certified values for ERVBEB22, TORB and SRM 15@6are given in later sections.

Table10: Certified values (mean + SD) for total Se (mg Se/kg) and $elg&ieMet/kg) obtained from
certificates for CRMs ERM BC210a (wheat flour) and-3Eddiénized yeajtrecalculatedSeMet certified
values (mg Se/kg).

CRM Total Se (mg Se/kg) SeMet (mg SeMet/kg) SeMet (mg Se/kg)*
ERM BC210a 17.23+0.91 27.4+2.6 1103 +1.05
SELML 2013+ 70 3190 + 260 1284 + 105

* Converted into concentration of SeMet in unit mg Seflgingequation(8) (see sectior8.9.1).
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3.2 Homogenization osamples

3.2.1 Salmon samples

Thewhole-body and filletsamples ofAtlantic salmon were lyophilized prior to analysis, as elemental
analyses are commonly conducted on drgterials(Alonsoet al,, 2015. Fresh samples were stored &0

°C prior to lyophilization. The sampleere then thawed and wehed prior to lyophilization usinghe
Labconco Freeze dry system. After lyophilization, the samples were grotmuaedgenizedand weighed
again for moisture calculations of water content. The lyophilized samples were stored at room

temperature until futher analyses.

3.2.2 Commercial fish feed and feed ingredients
Samples of commercial fish feed and feed ingredients were homogkair grinded using a mill from
Retsch. All grinded samples of commercial fish feed and feed ingredients were stor&dGipidr to

analysis.

3.2.3 Experimental diets

A cryogenic mill (6875D Freezer/Mill) was used for miling and homogenization of pellets of the
experimental dietqTable8). The mill precools multipe sampleswith liquid nitrogen and grinds the
samples by an impact rod in each vial. A polycarbonate vial set was used for the samples. The settings used
for pellets (approximately 3 g) are shownTiablell Thegroundsamples of experimeal diets were

stored at 28°C prior to analysis.

Tablell: Settings used for grinding experimental diets (3 g) using cryogenic mill.

6875Freezer/Mill settings

Pre-cool 15 min

Run time 2:00 min

Cool time 1
Cycles 3
Rate 12CHB

3.3 Overview of analytical work

An overview of the analytical work conductigdthis projectis shown in Figure 1&almon samples and
samples ofish feed and feed ingredients were determined for t@alising ICAMS.Other elementgAs,
Cd, Co, Cr, Clre, Hg, Mn, Pb and Zwjere also determinedn salmon samples-or the method

development, he organicSespecies SeMet was determined in the solulffactions extractedn fish feed
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and feed ingredientafter enzymatic digestions (pextraction and/or man extraction) using HPLHCPR
MS. Both norsoluble and soluble fractions after the enzymatic digestion were detexd for totalSe

using ICRMS.

Total Se*
ICRMS

a)

Preextraction(

Main extraction
Non-soluble

. (b)
fraction
Centrifugation Total Se
ICRMS

Soluble fraction

Se speciation
HPLACRMS

Filtration

Figurell: Flowchart of theanalytical workin this study

*For the correlatiorstudy,the following elementsare also includedAs, CdCo, Cr, Cu, Fe, Hg, MtbandZn

a: Preextraction was onlperformedfor some of theexperimentsin the method development

b: The norsolublefractionwasonly analyed for totalSefor the expaimental diets. Whereas the soluble fraction was only
analyzed for total Se the method development steps.

3.4 Determination of total Seand other elements using ICMS

3.4.1 Digestion of samples and sample extracts

For the determination oftotal Se microwave assted acid digestion was performed on the sample
materials using @ UltraWAVEdigestion system (Milestone). Samples and CRMs were approximately
weighed to 0.2 g in digestion vials containing 0.9Milli-Q water Two mL conentrated HNQ wasadded

to each val, including blank sample$he vials were then capped and placed in daioar of 130 mLMilli-

Q waterand 5 mL bkOzinthe UltraWAVE systerdigested for 2 under a pressure of 40 bar. After digestion
and coolingthe samples were diluted to 25 mLtiwMilli-Q waterand stored in 50 mL polypropylene tubes

prior to analysis by IGHS.
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The same digestion procedure was conducted for the soluble anesoloble fractions. The soluble
fractions wereweighed, approximately.Qg, digested in théltraWAVEystem, and diluéd to 10 mL with
Milli-Q water. The nosoluble fractions were dried for 24 h at 90 °C in an incubator prior to digestion. The
dried material was weighed in the digestion Yaproximately0.04g), digested in theJltraWAVEystem,

and dluted to 10 mL with MilkQ water. All sample extracts were storatiroom temperaturein 15 mL

polypropylene tubes prior to analysis by 1B.

3.4.2 Analysisby ICPMS

A multi-element analysis was performed to determine the concentration ofl t8&in the add digests

using ICRMS The methodvas alsaused todetermine the total concentrations ds Cd Caq Cr, Cu Fe

Hg Mn, Pband Znfor the salmonsamples The analysis was performed using a Thermo Scientific iCAP Q
ICRMS withacollision cell. The IGRS was equipped withme5G4 DX autosampler with a FAST valve from
Elemental Scientific (Omaha, USA), and was operated with Qtegra iCap Q software (Thermo Scientific) on
a computer connected to the systeifhe method igccreditedfor the elementCy Zn As, Se Cd Hgand
Pb(AppendixA) (Institute of Marine Research, 2020a

For analysis, a muldilement solution and Bigsingleelement solution were freshly diluted to appropriate
concentrations with 5% HNQ@Qv/v) to establish a calibration curverfthe analysisinternal standards of
germanium (Gexhodium (Rh)and thulium (Tm)were added to the samples, calibration stiards and
blank samples, for correction of possible matrix effects or changes in operating conitiibasnalyses

A gold gigleelement solution was also freshly prepared amasadded to the calibration curve solution
and internal standard to stalike Hgions. A tuning solution (1 ppb) was freshly prepared and used for
tuning at startup for monitoring possible interferencéi®m oxide species and double charged ions. The

instrumental settings for IGMS are presented ifablel2.

Tablel2: The instrumental settings for the IE\NPS when determining total Se amdher elements.
ICRMS (iCAP Q)

Plasma power (Ar, 99.999¢rity) 1550 W

Nebulizer gas flow (Microflow PFF8T)  1.05 L/min

Auxiliary gas flow 0.8 L/min

CCT1 gas flow (He, 99.999% purity) 4.6 mL/min

Integration time 0.1s

Isotopes monitored "83e,"5As 111Cd,>C0%2Cr,53Cu,%%Fe,?%?Hg,*Mn,2%8pPh, 67N
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3.5 Determination of organicSespecies using HPHCRMS

3.5.1 Extraction procedures

The extraction method for organiein fish feeds was based on a methiod Sespeciation Sele et al.
2018) and this méhod wasthe bass for the method optimization For the extraction procedure,
approximately0.2 g of sample material was weighed and suspend@dbimL or 5 mbuffer containing

'y Syl eyS oxHy !'kY[0® 9 OK &l YLIX Sforgplaging thdamBleR (i K 2 N2
tubes in a water bath at 3%C for 20 h, shaking at 100 rpm/min, for a main extraction. All extractions were
inactivated by placing theample tubes in a water bath at 106G for 15 minAfter inactivation of the
enzymes, all samples were centrifaga 3500 rpm for 10 min. To separate the lower molecular wesght
species from higher molecular weight species, 0.5 mL of the solubleofraoti each sample was
transferred to a microcentrifuge tube with an Amicon Ufx® mL 10 kDa filter. The samplesre filtered

by centrifugation at 1900 g for 20 min and the filtered samples was transferred to 2 mL centrifuge tubes
and stored at20°Cprior to analysis on HPHCRPMS. Unfiltered extracts and nesoluble fractions were

also stored at20 °C priorto microwave assistant digestions and analysis byMGPThe samples were

thawed to room temperature prior to further analysis.

An additionapre-extraction step was included for selected samples in the screening and optimization step.

Forthe preextrach 2 Y'Y H®dp Y[ 0dzZFFSNJ O2y it AyAy3a LI LI AY Syl
Similar to theprocedure forthe main extractionthe sample was mixed thoroughly and extracted in a

water bath at 3PC for 20 h, shaking at 100 rpm/min. After cooling the glanto room temperature, the

enzymes were inactivated by a water bath at 2a0for 15 minThe main extraction procedure was the

conducted by addition of 2.5 mL enzyme solution containing one of the follogvimgmesprotease,

LINE { | ~erByiage orfcéllase. The samples were once again mixed thoroughly and were extraeted in

water bath at 37C for 20 h, shaking at 100 rpm/mbefore inactivation of enzymes.

3.5.2 Sespeciation analysis with HPEICRMS

For the determination of Se speciéise chromatograhic separation was performed usingldPLC (1260

Infinity Il Bielnert LC System, Agilent) with autosampler, and the separatsde®ees were detected using

an ICPMS (7900, Agilent). The K&FS was equipped with a MiraMist nebulizer (Agilent Techna®gied

the HPLECPMS was operated using the computer software MassHunter (Agilent Technologies). The
organicSespecies were segated on @ RPHPLC column with a stationary phase of C6 linked phenyl with

TMS enetapping, dimensions @6 mm internal dimeter,mp 1 YY f Sy 34 KX p >Y LI NIi2
pore sizgPart no. 00l444EQ0) PhenomenexCalifornia, USA
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For the analgis an external calibration curve of SeMet was applied, with concentrations of 0, 0,3,a, 5
25, 50 ug Se/made from a sindard solution of SeleaDL-methionine All sample extracts were diluted
to achieve concentrations within the range of the caliimn curve. The following dilution factors were
applied: blank samplescommercial fish feed and feed ingredients were ditlitetimes, ERM BC210a
(wheat floup) was diluted 10 times, SEEMwas diluted 2000 times, while experimental diets were diluted

4 or 8 times prior to analysis.

The mobile phase was prepared by dissolving an appropriate amount of ammonium formate tdweach t
desired ionic strength (20 mNB an aqueous 1% (v/v) MeOH solution, followed by adjustment of pH to 9
with NH;andHCOOH. The mobile phase was filtrated prior to analysis aid® g filter and a filtration

system containing a funnel, flask, suatinbes and a vacuum pumppdbleb).

Prior to analysishe ICPMS was tuned using a solution of lithiuitd) yttrium (Y)and thallium (Tl)for
performance check on their respective casiper second’(li: > 300@ounts #Y: > 15 000 counts afdTI:
> 9000 counts, with RSD% < 5), at pump velocity of 0.1@ngt#ute of Marine Resear¢t20200. A
solution of"®Se was monitored for the tuning, with antiuse limit of 8Se: > 1500 counts per secoiitie

HPLC column was prepared by paggand flushing it with MillQ water prior to the analysis.

For analysishie sample eluent from #nHPLC colummasconnected to the nebulizer in the IGFS via a
PEEKubing. An octopole reaction gas of Was applied in the IGKS at a flow ratef 2.5 mL/min, to
prevent interferences from polyatomic argon to the monitored isotof$8g.In additionto the isotope
8Se,®Se was also monitored with an integration time at 0.Dseto high signal interferences from
40Ar‘°Ar, one of the most abundargeisotopes &°Se was not monitoredThe instrumental settings applied

are shown infablel3.
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Tablel3: Instrumental settings for HPLC and 4@8
Reversedphase HPLC (Agilent 1260 system)

Column Phenomenex Gemini Géhenyl 110 A (105 X 4.6 mr
Injection volume 25 uL

Operating presste < 200 bar

Mobile phase 20 mM ammonium formate + 1% MeOH (pH 9)

Mobile phase flow rate 1.0 mL/min

Elution program Isocratic

ICRMS (Agilent 7900)

Carrier gas flow (Ar, 99.999% purity) 1.15¢ 1.25 L/min
Forward/reflected power 1550 W

Plasma gas 6w 15.0 L/min
Makeup gas flow 0.12 L/min

Hz gas flow (collisiorreaction cell) 2.5 mL/min
Spray chamber temperature 2°C

Integration time 0.1 sec

Isotopes monitored 835e,’6Se

3.6 Method development for the determination of organi&especies

3.6.1 Application of initial method for organicSespeciation

Samples of commercial fish feed and feed ingredients were analyzed for dégapacies using the initial
method based orseleet al. (2018a) In brief, enzymatic digestiomas performed on approximaly 0.2 g
samples, withk28 U/mL protease XIV in 2.5 mL of 1 mM ammonium phosphate as buffer, analyzed using
anionexchange colum(Beleet al, 20184. For this projecithe analyses werinstead performed usingha
RPcolumn. The enzymatic digestion was also performed on approximately 0.2 g samphe@8/thmL
protease XI\h this project but in2.5 mLbuffer mixture referred to ast a A Ehé buffer wagomposed

of 20 mM sodium phodpate, 50 mM sodium citrate, 5 mM calcium chloride and 1 mM sodium dodecyl
sulphate (SDSh Milli-Q water,and pH adjsted to pH 7 with EPQ or NaOH The buffer solutioris
previously described ifliveiraet al. (2016) The extraction procedure was performed at X7 for 24 h

and analyed with the same HPLHICPMS setup as the other samples

3.6.2 Enzymatic digestion procedures for the experimentisions

For the method developmet) the buffer & a A (Beg¢ section3.6.1) and the buffer & ! Yt (K &M

ammonium phosphate in Milli@ater, pH 7, adjusted with4?#Q and NH) were testedin combinations
with different erzymesThe enzymetestedwereprotease XIV, @ (i | Y SuiyIasehand cellulaser the

main extraction and papairfor the pre-extraction step
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To assess the extractiggrocedures factors and possible interactions between faci@screeningstep
using experimental design was appliédter screenig for the selected factors, an optimization step was

performed usin@g seconcexperimental design.

An overview of the mass of enzyme powders, the final concentrations of the enzyme buffer solutions,
O2y G Ay Ay IUMIb EI LN 8 Wimly, Protay R B Whmb),y -amylased x 1UjmL),
OSttdzA aS 6xHyO FyR I O2Xpaé y)usell Prihe éFerimeNg desghsa S

are shown infablel4.

Tablel4: Enzymes usegkith mass of enzyme powder (mg), volume of buffer solution (mL), concentration
of enzyme (mg/L) and enzyme activity (U/mL) when using 0.2 g saifi@dinal volume and activity are
the volume and activitieafter additionto the sample tubes for the relemt extraction steps.

Screening and optimization

Added to sample Final

Enzyme Mass Volume Concentration Activity Volume Activity
(mg) (mL) (mg/mL) (U/mL) (mL) (U/mL)

1 Papain 23.3 25 9.33 XHY 2.5 XHY
2a Protease 40.0 2.5 16.0 XpcC 5 XHY
2b  Protamex 252 2.5 101 Xpc 5 XHY
2c  "-Amylase 28.0 25 11.2 XpcC 5 XHY
2d Cellulase 467 2.5 187 Xpc 5 XHY
Protease 20.0 1.25 16.0 XpcC 2.5 XK HY

2e Cellulase 233 1.25 187 X P C 25 X H Y
Combined (Sum) X 2 5 Xpc

1:In the pre-extractionstep.
2:In themain extractiona, b, candd were applied for thescreeningstep;a and e were applied for theoptimizationstep.

3.6.2.1 Screeningof factors influencing organiSespeciation analysis

The screening was coadted on the CRMs ERM BC2{Wheat flou) and SELM (selenized yeast). The
factors screened for were i) the buffer solution, ii){gseraction and iii) enzyme3 éblel5). For evaluating

the extraction recoverwith multiple enzymes and two different extraction solutions?fufl experimental
design(Figure7) was applied with two different settings, i) experiment A and ii) experiment B, with a total

of 32 samples. The pgrimentalconditionsfor experiment A and experiment B are showT ablel5.
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Table 15: The experimentalconditions used for 2 full factorial design for experiment A and
experiment B, apied to the CRMs ERM BC21@éeat flou) and SELM in the screening.

Conditionsfor experiment A

Factor Name Low level(-) High level(+)
X1 Buffer AmPHh Mix!
X2 Preextractior? No Yes
X3 Enzymé Protease Protamex

Conditionsfor experiment B

Factor Name Low level(-) High level(+)
X1 Buffer® AmPH Mix'!
X2 Preextractior? No Yes
X3 Enzymé h-Amylase Cellulase

a:The extraction buffer, being eithgrl mMNHPQ or i) mixed buffer of 20 mM NaRG0 mM sodium citrate, 5 mM CaCl, 1 mMsSD
b: A preextraction using papain fro@arica papaygorior to the main extraction.
c: The enzymeaised during main extraction.

The extraction buffers tested were the buffei a A E€ O bRKé-0 $R¢ &S YBIEQ N2 G & RINE
indicates arenzymaticextraction performed with papain before the main extractj@ggS &(£), or no pre-

S E (i NJ r@2 &) Bh¢ folldwing enzymes: protease, protamieamylase and cellulase were screened
andKSasS F2dzNJ SyT evySa sSNPI & BBE | Nk 6 &SI\ SENBRAINIYSKEE T I
(DAY SELISNANMSEIE IQUDERSYR dffi)k f SSE LISNA Y S yiidzF. Tk S T O
Gpore-S E (i NI (®2jwlerd sindilar for experiment A and B.

The detaildor the experimental desigrexperiment A andexperiment Bare explained in laten section
4.2.2 To study the variatiorexperiment 1 was conducted usinthea f 2 6¢ t S@St  Fi@NJ |  f
experiment Aand Bt KS af 2 6 ¢ a f 8 @Rdr duffersNp n2&-) for dpre-extractiort (X2)
Iy RNRG S(H) frSenzyme (X3) Snce all factors areategorialwithout the possibilityfor a center

level triplicates of expriment1 wereincludedas a replacement for the center points.(0)

3.6.2.2 Optimizationof method for organicSespeciation on fish feed and feed ingredients
For the optimizationstep, experimentaldesigns oftwo factors and two levels2? full factorial design
(experiment Cyvere usedFigure7). Theexperimental settings used for experiment C sihewnin Table
16and were used for the optimization stefhe factors ¢pre-extractiore (X2)anddenzymet (X3)tested in
experiment A and experiment Bere considered relevanand were included in experiment Cthag two
factors. The levels far Sy 1 &Xg §earedifierent in experiment @ompared to experiment And B by

using the enzyme protease aldhe @& LINER){oSonbiSed with cellulaseal:lratios & O2 {H.A Y SR €
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Table16: Theexperimental conditionsised for 2 full factorial designdxperiment C), applied to ERM
BC2104wheat flour) and SELM for optimization.

Conditionsfor experiment C

Factor Name Low level(-) High level(+)
X2 Pre-extractiorf No Yes
X3 Enzymé& Protease Combined

a: A preextraction using papain from Carica papaya prior to the main extraction.
b: Ehzyme used during main extraction.
c: Combination of protease XIV from Streptomyces griseus and cellulase from Aspergillus niger (1:1 ratio).

The fourexperimens in the 2 full factorial design for each CRM givenTable16, were analyzed in
GNRLIX AOF GSad ¢ KS 0 aaflidd8uNdg the dptoaizatich yQiher @anditionk that wiere &
kept constant in the optimization step were the 5 mL volume of thiggpgolution, 1 mM concentration

of buffer solution 0.2 g of sample, 20 hours extraction tin® 'C extraction temperatur@nd the
instrumental settings for HPLC and 188 The details for the experimental desigexperiment C are

explained in latein sectior4.2.3

3.6.3 Analysis using theptimized method
The optimized fators were set for the methodand his method was further applied for the determination
of organicSespecies in the experimental diets, commercial fish feed and feed ingredidr@optimized

method composed of 5 mL buffer solution containing proteasR anOSt f dzf &S omYMT

P

ammonium phosphate buffed a ! Yt K¢ 0> ¢ KSNBIF & K S2.5nmlbuifér sofutiony S K 2 R

O2y G FAYyAYy3 LINRGSIAS d & Ak Anoledrevdf Sbidifferéneeyjetiveed igftial i K

and optimizednethodis shown inTablel7.

Tablel7: Enzymes usd for the extractions, with mass of enzyme powder (mg), volume buffer solution
(mL), concentration of enzyme (mg/L) and enzyme activitgn(l)) for the extraction methods, using
0.2 g sample.

Application
Extraction method  Enzyme Mass (mg) Volume (mL) Concentration (mg/mL) Activity (U/mL)
a Initial Protease 20 25 8.0 XHY
b Optimized Protease 20.0 25 8.0 XHY
Cellulase 233 2.5 93.3 XHY

a: The mixedouffer was used as buffer solution.
b: Ammonium phosphatevas used as buffer solution.
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3.7 Quality assurance

To assure that reliable measurements were made for thdyaea in this studyseveral measuresere

involved, including the use of standards, quality control samples and blank samples. For all analyses, CRMs
were included as control sartgs. The control samples were included both at the beginning and the end

of each sequence for the analyses and were evaluated in terms of certified values and controls charts
when available. The control samplesttoe determination of total Se and other elements were ERM BB422

(fish muscle), TORI(lobster hepatopancreas) anB®8 1566b (oyster tissue). For Se speciation, the CRMs
ERM BC210a and SELMere used as control samples. ERM BC210a (wheat flour) andlSEldhized

yeast) were alsapplied for theoptimization of the methodising experimental design

Galibration cuwesfor eachelement analged bylCPMS andor SeMet when performing Se speciation by
HPLGCRMS were evaluated based on correlation coeféinis required to be aboved.995 Forthe
multielement determination byCRPMS, internal standards were also adder correction of instrumental
drift in the analyses (see secti@4.2. Furthermore, blank samples (reagents without sample) were
treated the same way as the samples in the extraction procedures and ayaybissed for correction of

results for Se speciation.

Forthe method developmentor Se speciatiornthe evaluation of performance characteristics was also
performed based on definitions related to method development and validation studies (Prichard and
BENBAOT S HANTT 9dzNF OKSYX HWamnT 9 dzNJ Ok iStafmedigfeR / L ¢! /
precision as reproducibility, selectivity, and trueness from the measurements of ERM BC210a aftd SELM

were evaluated.

3.7.1 Intermediate precision as reproducibidy

Thereproducibility (R)for the speciation analysis ardktermination of SeMetvas assesseftom five
subsequentlays of analysier determination of SeMet (mg Se/kg) in tB&@MERM BC210a (wheat flour)
and SELM. (selenized yeastlThe reproducibity was calculated as RSD (%) (see se&ir). The
intermediate precisionvasfurther evaluated bycomparng obtained RS[o)from the reproducibility for
each CRMvith expected RSD (%) and acceptable RSD (#¢fanalyteconcentrations based on Horwitz
ratio (NMKL 5, 2003

3.7.2 Selectivity
To determine the selectivitghromatograms othe ERM BC210a and SELM and samples of experimental
diets, commercial fish feed and feed ingredients weral@ated. The chromatograms were checked for

anySesignals at theetention time of the analyte SeMd. Thiscanprovide informationaboutany matrix
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interferences in different sample types auwlifferent analyte concentrationsThe lectivity was also

determinedby evaluation of angignaldn theretention timearea of SeMet iblank samples.

3.7.3 Trueness

Fordetermining thetrueness of the methodseMetmeasurements oc€ERMswvere evaluatedvith certified
values(see sectior3.1.4.3 TablelO. It was also estimated truenebasedonthe SeMet concentrations
experimental diets supplementegiith SeMetat differentconcentrationswith specified supplementation
levels giverin Table8 (section3.1.4.2 (Antony Jesu Prabhu et al., 2020; Berntssen et al., 2D18i®
trueness for CRMs and experimental dietss calculatd by determining theanalytical recoveries (%)

described in sectio.9.1

The recovery of spiked samplesis applied for evaluatirigpe trueness of the methofbr commercial feed
and feedingredients Fish feed (& 1), fish meal (= 1), plant meal (= 1) and insect meal (r1) were
spiked with5 g Se/L of SeMet standaafter the enzymatic digestiorprior to HPLECRPMS analysisThe
spiked samplewere analyzedogether with unspiked samplesand the measured concentrations were

used for calculating the trueness as spike recoveryd@syrited in a later sectior3(9.1).

3.8 Statistics and data analysier correlation study

3.8.1 Deviations (%) for technical replicates

Determination of Se and other elements such as As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Rbwhdl&hody
and fillet samples of Atlantic salmon was performed by-M3? The element concentrations were
measured in the technical replicates£8) of biological replicates (n3) of the samples fed with the same

type of diet.

For each elementeviations (%) were calculated from the technical replicates 3husing equatiols).
The acceptable deviations (%) for the whbtedly and fillet samples were set to 25% 41086, respectively.
For the method development, acceptaluleviations (%) were also set to 10% for replicates for SeMet and
total Se analysis in CRMs, fish feed and feed ingredients.
POQuU Qwo—Qe—&q_—Cpnan (5)
where:
1 ® isthe minimum concdmation of the replicates (mg/kg),
1 o isthe maximum measurement of the replicates (mg/kg),

1 ofis mean measurement of replicates (mg/kg).
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3.8.2 Data polishingof datasets for salmon samp#gor statistical analysis

A data polishing was performed agee-treatment on datasetsontaining element measurements in
whole-body and fillet samplesAppendixC Table @ and Table @), by exclusions of extreme values
(outliers) For this procedure, an additional replicatex(h) measured in 201(Berntsseret al., 2018 was
added for each wholbody and fillet sample to the oent measurements (= 3). To make all
measurements within each subset comparailethe exclusion of outlietsall replicates were normalized

by their respective mean prior to the outlier evaluation. The normalization was doneeggiagon (6).

& E"h (6)

where:
T is normalized value,
1 Xxis measured value (mg/kg),

1 ofis mean measurement of replicates (mg/kg).

The normalized datasets were imported to the statidtwaftware RVersion 4.0.3) and the integrated
development environment RStudio. The normalized subset for each element was visualized through
normality plots, histograms and boxplots. Data points outsid¢hef whiskers of theboxplots were

identified asoutliers and were excluded from further statistics. Shagira t { Qa4 (GSaG F2NJ y 2N
confidence interval) was performed for all normalized subsets, both before andthaéexclusion of

outliers. The exclusion was, however, notfpemed on subsetsontaining element concentrations below

LOQ for the relevant element. The L@&uesfor the determination of elements using IGPS are shown

in AppendixB.

After excluding the outliers, the original normalizeddatasets were used to find mean concentrations
for the technical replicates in the salmon sampl@ppendixD). Further calculations were made on the
biological replicates (n3) to find mean concentrations of tlidements found in salmon fed with the same

diet, assuming normality for the pooled samp{bkcMahanet al,, 2013 Zar, 1998

3.8.3 Assessmenof correlation coefficients forSeinteractions in salmon samples
Polished datasets containing concentrations of elements (mg/kg ww) in the salmon samples were
organized into four datasettDatasets |, ii, ii and ivAppendixC, Table ®) for the determination of
correlation coefficients. The datasets were organized based on the type of sample-belgler fillet)

and the Se species supplemented to the salmon diets (inorganiganic Se). The datasets are described
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in Tablel8and were imported to R for the calculation of correlation coefficients and probability values (p

values).

Table18: Datasets applied for the determétion of correlation coefficientsAll datasets contained
subsets of total concentrations (mg/kg ww)tbe elementsSe, As, Cu, Fe, Hg, Mn and Zn

Dataset i Whole-body from fish fed with inorganic Se supplemented feed
Dataset ii Whole-body fromfish fedwith organic Se supplemented feed
Dataset iii Fillet from fish fed with inorganic Se supplemented feed

t SINE2yQa O2NNBfFdA2ya oOLI NI YSGNRO &Gl idArAadrdan 4¢
body samples. For the datasets for filmples including neyff 2 NY' I f RA &G NRAR 6 dzi SR & dzo
O2NNEBf | GA2Yya |-ofder crrelonsNdsdust QadisticBMwgtd applied. The two methods

GSNB LI ASR F2NJ I O2YLI NRazy 27F (KSor@Ricdddsd | G A2y
{LISFNYI ZFOAQRSNI VPNNBf FGA2ya 6SNB | LILX ASR atdgétss y 3 G KS
Probability values @ualues) of each correlation coefficient were investigated to evaluate their significance

with a 99% confidence inteal: In correlation matrices, significance levels are shown as stars associated to

the pvalues (pvalues O dnnmMsE ndamMI ndapI ndmMI MmO F(ReBelled @ YO 2 3
2020. The degree of ceelation between Se and other elements was interpreted from the absolute

magnitude of each correlation factor (Rumsey, 20LXCalkns, 200%;

|1] <r < 0.9|: very strongly correlated,
[0.9] < r <0.7|: strongly correlated,
[0.7] < r <]0.5]: moderately correlated,

[0.5] < r <0.3]: weakly correlated,

=A =/ =4 =4 =

[0.3] < r < 0: not correlated.

3.9 Statistics and data analysis for Speciation

3.9.1 Evaluation of recovery oSeand Sespecies
The analytical recoveries (%) for toland SeMet in CRMs and experimental diets were calculated usi

equation (7).

. W .
0¢ Wa Wb Vi (b—(-b—ip T It (7

where

T is measured concentration of Se (mg Se/kg) or $€ivig SeMet/kg),

7 is target concentrabn for Se (mg Se/kg) or SeMet (mg SeMet/kg).
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Certified values for totebeand SeMet for the CRMs were set as target concentrations. For experimental
diets, totalSeconcentrations in the samples detemmeid using IGRIS were set as target concentrations
for total Se while supplemented concentrations of SeMet were used as target concentrations for SeMet

in the extracts.

Theoriginalmeasurements of SeMet wereportedin g Se/L, and it was hecessargtmvertthe certified
values for SeMet given in mg8et/kg to mg Se/kg. The concentrations of SeMet to mg Se/kg were

convertedusingequation(8).

@ o 3——~h 8)
where:

@ isthe concetration of Sein SeMet (mg Se/kg),

T © is concentration of SeMet (mg SeMet/kg),
1 0 isthe atomic mass @e(g/mol),

T O is the molecular mass of SeMet (g/mol),

17 @ is concentration of SeMet (mg SeMet/kQg)

For the experimental diets, concentrations of SeMetre availabé from theSeinclusion data and were

used as target values for SeMet. The target values for the experimental diets are stiaftel®.

Tablel9: Target concentrations for SeMet (mg Se/kg) based on inclusion of SeMet in experimental
diets and target concentrations for total Se (mg Se/kg) from measured concentrations in sample
(Antony Jesu Prabhet al., 202Q Berntsseret al.,, 2018h.

Sample Total Se concentration (mg Se/kg)* SeMet, target concentration (mg Se/kg
Diet A 0.38 0.15

Diet B 0.63 04

Diet C 0.45 0

Diet D 8.1 5

Diet E 19.4 15

Diet F 5.9 0

*Obtained fromAntony Jesu Prabhet al.(2020)andBemtssenet al.(2018b)

To calculate extraction recovery (%) for orga&araction of totalSein a sampleequation(9) was use.

o W .
Dol ODWRQE DM o’a&)—Cp Tt Im ©))
where:
1 @ is the concentration oBein SeMet (mg Se/kg),
1T @ is the concentration of ta@l Se(mg Se/kg).
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Spike recovery (%) was calculated from SeMet concentrations of spiked samples (commercial fish feed and
feed ingredients, the SeMet concentrations in unspiked samples and the added concentrations of SeMet.

Spike recovery (%) was calcethusingequation(10), whereCisthe concentration(Haris, 2010.

Y "QOWE £ KD | P T (10)

For quality assurance, precision tbe determination of SeMet was calculated as the relative statida

deviation (RSD, %) for reproducibility by equatibl), fromthe mean value and standard deviation (SD)

YO
VYO —— 11
pYYodné?nmy (11)

3.9.1.1 Semeasurements in extracts

For the soluble extracts aryaled for totalSeusing ICIMS (iCAP Q), the concentratiaesrieved from the
measurements in pghivere convertedinto concentratiors with unit mg/kg,whichcould be compared to
the total Se concentrations in the original sampldufidn factors were daulated using the mass of
weighed sample$m), addedvolume of extraction solution to the samples (V = 5 arid number of

RAfdziA2ya 650 FFGESNI RAISAGA 2with thie oloming @dioh R A f dzi SR

a4
004 6 VOGS -8 (12)
p 1 T

Further, the dilution factors calculated using equat{@f) were used for calculating the concentration in

the sample with equatioil3).

. W .
® 008 6 MBS ¢ | (13
where:
17 @ is concentration in sample (mg/kg),
T @ is concentration measured in the diluted sample (mg/kg).
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3.9.2 Experimental designs

The experimental designs used in this project weneegated using the R Commander package (version
2.6-2) with an experimental design pltig (RemdrPlugin.DoE, version G3)2for R (version 4.0.3). The
order of the experiments in the experimental desigvesalso randomized by the same package prior to
performing the experiments. Blind samples for the extraws were treated the same way as other
samples for each experiment and were included in the runs. Significant effects and interactions from the
SeMet and totaSeresults were studied by data analysising principal component analysis (PCA), for

choosindurther conditionsin a screening stegand optimal conditiongn an optimization step

3.9.3 Principal Component Analysis
The data obtained from the screening and optimization steps were analyzed usiritvamaie analysis
software from Pattern RecognitioySems, Sirius 10.0, for exploratory analysis using principal component

analysis (PCA), and variable analysis.

The PCA responses that were studied included i) %recovery of SeMet in ERM BC210do(wheiat f

recovery (%) of totebein ERM BC210a (whdtour), iii) recovery (%) of SeMet in SELMNd iv) recovery

(%) of TotSeinSEMME aK2NISYSR (2 A0 a{SaSi 2KSu&élzyR ANDI
Ge2aG 68 {(PAND Lt/ ! @

To fird potential correlations between experiments, factorslaesponses in the experimental desigas,
exploratory analysis was performed on all responses and individual responses. Standardization was used
for weighting of the responses. The correlations weterpreted based on the angles between the vectors

of the factors and objects in biplots, i.e. the angle between the vectors of factor x and factor y;

0°< < 90: x and y are positively correlated,
90°< < 180: x and y are negatively correlated,

)l

1

i =90° x and y are not correlated,

1 = (: x and y havetrong positive correlation,
|l

= 180: x and y have strong negative correlation.

Variable analysis was performed by evaluating bar graphs of regression coefficients along with the
respective variablenportance plots (VIP) for regression coefficients. Wagghtings for this analysis was

asSid G2 aermé G2 3ASGHG F o0SGGSNI SadAayYrasS 2F GKS FI Of
factor and factor levels were interpreted based on theresgion coefficient sign, and their significance
wasevaluated using VIP plots. In VIP plots factors above the line (Cortipwiere considered significant

for the response. For the experiments performed in replicates, mean recoveries (%) were uses for th
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responses, while median recoveries (#&re used in the optimization step to evaluate any differences

from mean recoveries (%) in variance analysis.

3.9.4 Sign testfor commercial fish feed and feed ingredients

To evaluate the optimized method, SeMet coneatibns from the optimized method and SeMet
concentration obtained from analysis using the initial method were compared. The compaeisaeen

the two methodswas performed by testing for significadifferencesin the mean concentration from
polished datisets. Prareatment for polishing the data for commercial fish feed and feed ingredients was
performed by outlier exclusion using the same procedure used for data for salmon samples, described
under sectior3.8.2 A two-sample sign test for neparametric data witha 95% confidence interval was
performed usingheW. { 5! Q LJ O3S Ay wod
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4 RESULTS AND DISSION

4.1 Total Seand other elements irsamplesof Atlantic salmon

The correlation coefficients between Se anbley elements (As, Cu, Fe, Hg, Mn and Zn) were determined
for the salmon fed inorganic Se and the salmon fed organic Se, to evaluate for any differethees in
interactions to SeMany studies havestudiedminerals interactions to Se or interactions betweether
minerals than Se in salmon and salmon féadtony Jesu Prabhet al, 2019 Berntsseret al., 200Q
FontagnéDicharryet al, 2015 Hilton, 1989 Lorentzeret al, 1998 Silveet al, 20199, but less focubas

been given to mineral interactions witlsalmon fed different Se species. The aim was to assess the
correlation between Se and other elements in salmon by statistiwhichemometric approaches. Further

discussions regarding the biological and toxicological aspects were not made for the Haaindy.

4.1.1 Deviations in the element measurements

The neasurements of replicated samples showit total element concentrabns in wholebody
samples rangdfrom 0.13 to 12 mg/kg for Se, 0.47 to 0.74 mg/kg for As, 1.1 to 2.9 mg/kg for Cu, 9.5 to 14
mg/kg for Febelow LOQ to 0.01 mg/kg for Hg, 0.62 to 1.8 mg/kg for Mn and 13 to 52 nfigfkgn
(AppendixC Table @). In fillet samples, measurements ranged from 0.11 to 12 mg/kg for Se, 0.51 to 0.89
mg/kg for As, 0.30 to 0.46 mg/kg for Cu, 1.8 mg/kg for Fe, 0.09 to 0.29 mg/kg for Mn, belo@Q to

0.01 mg/kg for Hg and 3.6 4.9 mg/kg for ZiiAppendixC Table @). All measurements or most of the
measurements in thelements Cd, Co, Cr afb had concentrations beloli.OQ Due to this, these

elements were excluded from the detet and were not used for further analysis.

Deviations (%) in the element measurements
Themeasurementgor total Se and other elementn the wholebody and fillet samples of Atlantic salmon
showedlargedeviations between technical replicates for seleramples of the elements: Cd, Cr, Cu, Mn,

Pb and Zn in wholbody samples and fillet sampl&sppendixC Table Q).

From the calculated deviations (%) between technical replicatpsation(s)), it was seen that the whole

body samples had replicates with deviations above the acceptable limit for whdiesamples (25%) for

n =3 (AppendixC Table @). The wholebody samples hadeviations (%) from 0.6% up to 58%. Similar
errors were seen for the fillet samplesut in this case, more samples were above the acceptable error
limit (10%) with errors from 0.2% up to 85%. Some Fillet samples were chosen for reanalysis to evaluate if
the high deviations were related to the extraction procedure. The calculated dmsati the reanalyzed

samplegAppendixC, Table @) showed multiple samples with deviations above 10%. The deviations (%)
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for the reanalyzed fillet sampleangedfrom 0.2% to 59% (Table C4 in Appendix C), which resembled what
was seen in théirst analysis on the fillet samples (82%). This can suggest that the large deviations are

likely related to the sample compositipand/or the homogenizatioof samples.

To cope with samples with large deviations, normalized datasets of the eleneasunementgAppendix

C Table G) were used to identify extreme values in baisl(AppendixC Figue C andFigure @). A
dataset with measurements performed in fillet samples4 - 7) was made Thisincluded the
concentrations from the analysis, reanalysiglan earlier measurement from 201Berntsseret al,,

2018Db. Ths was done with an assumption that some of the errors between all replicates would increase
when the additional replicates were added due to the separate analysis from 2017. However, the most
extreme replicates were evaluated as outliers and were excldided the datasets, while keeping the

more accurate ones for the correlation analysis.

4.1.2 Data polishing prior to correlation analysis

{AYyOS y2NX¥ItAGE 2F RIFIGFASGa Aa NBIdZANBR FT2NJ NBf Al
data polishing of nomormal distributed data was performed as an attempt to achieve normality, by
anomalydetection(Rousseeuw and Hubert, 201From Shapiréd A f | Qadlity t¢sg; thdydistributions

of the normalized subsetsf the element measurements are summarizedriable20 for the wholebody

samples and the fillet sampldsefore and after outlieexclusions

Table20: Distribution of the element measurementswhole-bodyand fillet samples before and after
outlier exclusions from ShapifoA f { Qa y2NXIf AGe (§Sado

Whole-body samples Fillet samples
Element Before outlier After outlier Before outlier After outlier
exclusions exclusions exclusions exclusions
Se Norrnormal Normal Nortnormal Normal
As Non-normal Normal Non-normal Normal
Cu Non-normal Normal Non-normal Normal
Fe Nonnormal Normal Nortnormal Normal
Hg Normal Normal Non-normal Non-normal
Mn Normal Normd Nortnormal Nornnormal
Zn Non-normal Normal Normal Non-normal

The results of Shapwo A f 1 Q& y 2 NXY I £ A (i dodylisSriplesi shoWws tNat riorih&lity wes 2 £ S
rejected (p <0.05) for subsets of Se, As, Cu, Fe and Zn prior to outlier exclisahe?Q). However, these

elements became normigldistributed (Shapiré A f 1 Qa y2NXIFfAdGe G§Sads LI B n
2dzit ASN) SEOf dzaA2yad ¢KdzaX t SI Na2yQa O2NNBlétl GA2ya
samples, normality (ShapifoA £ 1 Qa Yy 2 NX | f A defected Brallieemenis esidesn prior 6 I &

to outlier exclusions and was also rejected for multiple elements (Hg, Mn and Zn) after the exdlasion.

47



p-values for the Shapird A £ 1 Q dity tg5B NOte and after outlier exclusion for whdledy samples
(Figure @) and fillet samplesHjgure @) are avdable inAppendixC

4.1.3 Concentrations of totalSeand other elements in salmon samples
Concentrations of the elements S&s, Cu, Fe, Hg, Mn and idnwhole-body and fillet Table21) of
Atlantic salmon, given as mean with standard deviation/kggvw, n = 3; biological replicates). The

mean concentrations werealculated from the polished datasets of the technical replicates (n =4 to 7).

Table21: Total concentration of elements Se, As, Cu, Fe, Hg, Mn and Zn in saivifilastic samples fed
the different diets (meart SDmg/kg ww, n =3; biological replicates) determined by HuIS.

Wholebody samples

Diets Se As Cu Fe Hg Mn Zn
Basal (0.45), 0.15+0.01 0.63+0.04 15+02 115+06 00091+Q0005 12+01 231167
Selenite (5.4) 0.74+0.03* 050+0.03 14+01 10.7#.4 0.004+0.001* 1.0+01 23040
Selenite (11)) 1.4+0.1* 0.64+0.05 20103 104+05 0.005+0M002 1201 303+44
SeMet (6.2) 20+0.1 0.64+0.02 15+0.2 11.3+£0.6 00083+tQ0003 1.3+02 37.8+73
SeMet (16) 58+0.1 0.61+0.02 15+0.2 11605 00069+£Q0002 1.2+03 307+67
SeMet (21) 6.8+0.1 0.65+0.03 16+04 126+11 0007400005 1.2+02 27.8+70
SeMet(39) 9.71+0.04* 0.65%0.02 21+07 12.8+12 0.007+0.001 12+02 355+94

Fillet samples

Diets Se As Cu Fe Hg Mn Zn
Basal (0.45) 0.121+0.001 0.72+0.03 0.34+0.02 24+02 0.009+0.001 014+002 41+01
Selenite (5.4) 0.27+0.02 053+0.01 0.3640.02 23+03 0.005+0.001 0.12+001 42+0.1
Selenite (11). 0.33+0.01 0.84+0.05 034+0.02 21+0.2 00053+Q0002 0.14+0.02 4.3+0.2
SeMet (6.2) 2001 068+0.05 034+0.01 23+02 0.008+0.002 013+0.01 4.3+0.1
SeMet (16) 61+01 0.68+0.04 037+005 27+05 0.007+0.001 013+0.02 4.3+0.1
SeMet (21) 78+0.3 070+0.04 0.375+0002 24+01  0006+0.001 012+0.01 4.3+0.2
SeMet(39) 11.5+04* 0.79+0.05 036+006 233+0.03* 0.007+0.001 014+0Q 4.2%02

*n = 2. *Measurement below LOQ.

The results show that the total Se concentrations incrdagith increasing Se supplementation in the diet
for both wholebody (0.159.71 mg Se/kg) and fillet samples (0.42115 mg Se/kgfTable21). These
results areconsistent with what waseen in goreviousstudy using similar sampléBerntssenet al.,
2018Db. The Se concentrationa salmon fed with the basal di@.45 mg Se/kgyere 0.15 mg/kg and 0.121

mg Se/kg in the wholbody and fillet, respectivelfheSe concentrationfound in thefillet of farmed

Atlantic salmon rangdfrom 0.12 to 0.25 mg/kg (r14)(data from 200602009, { S F22 R Rl G ¢

(Institute of Marine Research, 2090€he Se concentratios determined in the fillet samples fed the basal

diet can be compared to thee®oncentrations found in the fillet of farmedis®n in Norway.
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Some ofthe other elements such as Mn in wholbody, and Cu, Fe, Mn and Zn in fillet samphes)
relatively stable concentrations for all dietary groups. This was also expected sinc&eonbas
supplemented to the diet&/hen comparing the element concentrations seen for the wiady samples

and the fillet samples, a clear difference can be seen in the concentrafiiesand Zn for the two sample
types(Table21). The concentrations of Fe ranged from 10.4 to 12.8 mg/kg in winadly samples, and

from 2.1 to 2.7 mg/kg for the fillet samples. Similarly, concentrations of Zn, ranged from 23.0 to 37.8 mg
Zn/kg in wholebody, and from 4.10 4.3 mg Zn/kg in fillet saples which are much lower than in whele

body samples. Similar observations can also be made from the total concentrations of Cu and Mn, with
slightly lower differences. The concentrations of Cu ranged from 1.4 to 2.1 mg Cu/kg inbatiple
samples and &ém 0.3} to 0.35 mg Cu/kg in fillet samples. The concentrations of Mn ranged from 1.0 to
1.3 mg Mn/kg in wholkdbody samples and from 0.12 to 0.14 mg Mnikdillet samplesOne possible
explanationfor the higher total concentrations of Fe, Zn, Cu and linthe whole-body samples in
comparison to thdillet samplescould be thatthe whole-body samples contaiargans, such as gills and
liver, while the fillet samples do not. These organs generally contain higher levels of(ivietedshd Wang,

2002 Lobosetal., 2019.

For wholebody samples, the levels found for Qudto 2.1 mg/kg and FeX0.4 to 12.8 mg/kp(Table21)
were coherent with concentrations found in whdbedy of postsmolt Atlantic salmon in another feeding
trial (Antony Jesu Prabhet al,, 2019. In the work ofAntony Jesu Prabhet al.(2019) the levels of Cu
and Fe were 1.05 mg/kg and 12 mg/keesgectively. The salmon of the whotbody samples compared
with were fed a control dietThe final weight for the salmon wd82 + 17 gn the study ofAntony Jesu
Prabhuet al.(2019) similar to the weight of the $aon used in this studydb2 t0469g; (Berntsseret al,
20181h). Lower concentrations of Mn and slightly higher concentrations of Zn feered in the whole
body samples in this study, in comparison to the wHobely samples fed control diet in the work of
Antony Jesu Prablet al. (2019)

The concentrationsf As, Fe and Zn in the fillet samples correspond with the concentrat@mngatly seen

in farmed Atlantic Salmon (filgd & { S| T & @&itut® df Kdrine Research, 2020The levels of @

Cr andPb were below LOQ, which alsorrespondo thed { S RR & R¢  Rihdiohlydifféréhces
found were in the Hg concentrations. Lower concentrations of Hg were found in the fillet samples in this
study, in comparison to the database, which could be bseaf the higher Se levels in the salmon in this
study,sinceSeis known to have a protective effeah the toxic HgBurgeret al,, 2013 There were no data

available in the database for the elements Co, Cu and Mn in farmed Atlantic Salmon (fillet).
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4.1.4 Correlations betweerSeand other elements in Adintic salmon

To study the correlation between Se and @tlelements in salmon, correlation coefficients (r =10

SGsSSy StSySyia ¢SNB T2 dz Rr treziviholgliddy safnpladdarg iletda O 2 NN
Al YL Sad C2NJ O2 Y LBNBfar2iya 20y2 Ot 2S5 TNEEA 058€baorieidrs (£) LIS F NI |y

were also included for the fillet samples due to marametric subsetfArtusiet al,, 2003, to obtain more

(@]

accurate identification of possible Se interactiovith other elements.

¢tKS tSIFNR2yQa OboMs@nplesifell @it &) indrganid Sé supple®ented diets and b)
organic Se supplemesd diets are shown in correlation matricedHigurel2. The correlation coefficients
FNRBY tSIENBR2YQa | yR { LS| NRMdusIBior fillep ddNFes osalhch gdi I NB 3

inorganic Se anih Figurel4 for fillet samples of salmon feafganic Se.
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Fillet samples fronsalmonfed with inorganic Sesupplemented diets
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Figurel3: Correlation matrix for the total concentrations of Se, As, Cu, Fe, Hg, Mn and Zn in fillet from salmon fed
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