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Abstract

Yelloweye rockfish $ebastes ruberrimus) is an extremely long-lived species (up to ~12argof fish,
which inhabits the coastal waters of Alaska. Duth&ir long lifespans, yelloweye are known to
accumulate high levels of mercury, and potentiather trace elements, in their tissues. Relatilrtly is
known about the subcellular distribution of tratengents in the tissues of yelloweye rockfish; such
information can provide important insights intoaefication/toxicity mechanisms at the subcellular
level. To address this, we collected yelloweye fisgbk(n=8) from the eastern coast of Prince of Wale
Island, Alaska in 2014. We determined the subaallphrtitioning of trace elements (cadmium (Cddle
(Pb), arsenic (As), total mercury (Hg), and selen{e)) in yelloweye livers with a partitioning
procedure designed to separate liver cells intatpugt metal-sensitive fractions (cytosolic enzymes,
organelles) and detoxified metal fractions (methltmein or metallothionein-like proteins and pdp8,
granule-like structures) using differential centgétion, NaOH digestion, and heat denaturatiorsstep
The resulting fractions were then analyzed forltdawith a direct Hg analyzer and for trace eletnen
concentrations by inductively coupled plasma-masstsometry (ICP-MS). For Cd, Pb, and As, the
greatest contributions were found in the detoxifiedtions, whereas the majority of total Hg wasrfd
in sensitive fractions. Selenium, an essentiaktelement, was distributed to a similar degree detw
the sensitive and detoxified compartments. Regulisate that although yelloweye sequestered and
immobilized potentially toxic metals in detoxifididctions, the extent of binding differed among afet
and followed the order: Cd > As > Pb > Hg. In yelkye rockfish livers, the accumulation of non-
essential elements at sensitive sites could leddlierious effects at the subcellular level, Wwigbould

be evaluated in future studies.

Keywords: subcellular partitioning; trace elements;mercury; detoxification; yelloweye rockfish;
Alaska
Capsule: Subcellular partitioning of yelloweye rokfish livers aids in understanding

detoxification of trace elements
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1. Introduction
Yelloweye rockfish (YR Sebastes ruberrimus) are one of the largest species of rockfish inivapthe
marine waters of western North America, where traige extends from the Aleutian Islands to theBaj
Peninsula (Love et al., 2002). As their name wauidgest, they often pass most their considerable
lifespans (up t@1L20 years) near steep rock piles on the ocean flawir long lifespans, large body size,
and late age at sexual maturity render them péatigususceptible to both recreational and comnaérci
fishing pressures. Currently, YR are listed asatered in the Puget Sound-Georgia Basin of theednit
States (NMFS, 2010) and as a species of speciakooin Canada (COSEWIC, 2009). In addition to
overfishing, YR may be at risk from exposure totaamnants, as their tissues are known to contain
elevated concentrations of mercury (Hg) (Barsti.eR@15). For example, total Hg concentrationthim
edible muscle tissue of YR often exceed 0.5 figvgt weight (ww), the level at which sublethal effe
in fish are likely to occur (Sandheinrich and Wierg911).

Despite reports of contamination of YR tissues,abs&ociated health effects have remained
largely unexplored, as is the case for many wikts of fish. An exception, by Barst et al. (2015)
compared concentrations of essential (selenium €®8eper (Cu), zinc (Zn)) and non-essential trace
elements (nickel (Ni), cadmium (Cd), mercury (Hg))h the relative areas of melano-macrophage
aggregates (MA) in YR livers. Melano-macrophageregates are collections of immune cells that serve
to store and process the products of cell breakdant are considered a general biomarker of
contaminant exposure in fish (Wolke, 1992). An @ase in MA area is often interpreted as an indipati
of tissue damage. In YR livers, the relative a@ddA increased with increasing hepatic concentradi
of Hg, Se, Cd, and Cu, and these elements tendael twore concentrated in MA than the surrounding
tissues. The accumulation of non-essential matalsd MA of fish may indicate increased cell turapv
due to metals exposure. Interestingly, Hg and $aemalated in MA to a similar extent, suggesting tha
the two were present as a mercury selenide confBlst et al., 2015). The biological interactionHyf
and Se has been well documented (Khan and Wan§; ¥0éng et al., 2012), and HgSe is widely

regarded as a non-bioavailable end-product of Hgxifeeation in the organs of different species (Kas

3
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et al., 2010; Palmisano et al., 1995). FurthermBeemay also protect against Cd toxicity in wikhfs
(Ponton et al., 2016).

With this in mind, the determination of the suhdar distributions of trace elements may be
useful in determining the likelihood for toxic efts in the livers of YR, and may provide an overall
greater understanding of trace element partitiomingild fish. Subcellular partitioning allows ftie
distinction between metal-binding to potentiallysigive target molecules (e.g., cytosolic enzynaes)
organelles (e.g., mitochondria), where the bindihgon-essential metals may lead to negative effect
and metal accumulation in detoxified metal fracti¢ge.g., heat-stable proteins and metal-rich gesul
which may minimize toxic effects (Campbell and H&@09; Wallace et al., 2003). In this context, we
determined the subcellular partitioning of Cd, Rb, total Hg, and Se in order to further our
understanding of the internal handling of thesenelats in the livers of YR collected in southeasiskh,
USA. A subcellular partitioning procedure usingeliéntial centrifugation, NaOH digestion, and heat
denaturation steps was used to separate liveria@l®perationally-defined metal-sensitive frango
(mitochondria, microsomes and lysosomes, and texatdred proteins) and detoxified-metal fractions
(heat-stable proteins and metal-rich granules)olahg separation, trace elements were measured in
each fraction to determine the degree to which WRable to detoxify non-essential elements effetyiv

and to identify non-essential elements of concermisk assessment.

2. Material and Methods

2.1. Sampling site and fish collection

In July 2014, adult YR (n=8; Table 1) were collecfeom Ernest Sound (55°51'59"N, 132°12'46"W)
located near Prince of Wales Island, Alaska. Thepsiag location was selected based on metal
concentrations presented in Barst et al. (2015) ®iere caught using rod and reel and were eutténiz
immediately after capture. Fish lengths (cm) andyits (g) were recorded. Livers were removed,

divided for subcellular and bulk tissue analyses, inmediately frozen and maintained at -25 °Chin t
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field (2 weeks). After returning from the fieldpften samples were kept at -80 °C (at INRS-ETE) unti

processing.

2.2. Subcellular partitioning procedure

Yelloweye rockfish liver samples were separated sutbcellular fractions (Figure S1, Supplementary
Information): nuclei and debris; granule-like; ntitmndria; microsomes and lysosomes; heat-denatured
proteins (HDP), which include cytosolic enzymeg] &eat-stable proteins and peptides (HSP), such as
metallothionein (MT) and glutathione (GSH). The ailular partitioning procedure was adapted from
previous protocols described by Wallace et al. 8@Mhd Giguére et al. (2006). The effectivenegbef
procedure at isolating subcellular fractions haanbessessed previously by using enzymes as malecula
markers for specific fractions or organelles (Resa al., 2015). We stress that these fractioas ar
operationally-defined in nature. Furthermore, thsignation “microsomes” refers to structures which
form a pellet at a given centrifugation speed,aathan structures found within cells. The detaflthe
partitioning procedure were based on previoushishied methods (Rosabal et al. 2012; Rosabal et al.

2014) and can be found in the Supplementary Infaoma

2.3. Trace element measurements and quality control

The preparation of tissue homogenates and submefhakctions is provided in the Supplementary
Information. Total Cd, Pb, As, and Se concentrationall subcellular fractions were measured usimg
inductively coupled plasma-mass spectrometer (ICR-Mermo Elemental X Series, Winsford,
England, United Kingdom). Samples of similar weight certified reference material (TORT-2, lobster
hepatopancreas, National Research Council of CalNRIEC, Halifax, Nova Scotia, Canada) were
subjected to the same digestion procedure andzethtoncurrently with YR fractions. The recovery of
elements from TORT-2 (n = 2) was 91 + 0.11% for T@l;+ 4.6% for Pb, 106 + 0.1% for As, and 90 *
5.6% for Se. The relative percent difference (RB&jveen duplicate samples for Cd, Pb, As, and Se

were 0.1%, 8.3%, 0.07%, and 8.8%, respectively.
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Total Hg measurements were carried out using atdinercury analyzer (DMA-80, Milestone Inc.,
Monroe, CT), which uses thermal decomposition, garakation, and atomic absorption
spectrophotometry according to the U.S. Environedddtotection Agency (US EPA) Method 7473 (US
EPA, 2007). Quality assurance consisted of anabfsiertified reference materials MESS-3 (marine
sediments; n=7) and DOLT-4 (dogfish liver; n=6) tidaal Research Council of Canada, NRCC, Halifax,
Nova Scotia, Canada). Mean percent recovery of itgdrom MESS-3 was 97 £ 1.4 % and the relative
standard deviation (RSD) was 1.5 %. Mean perceatviezy of total Hg from DOLT-4 was 98 + 3.8 %
and the RSD was 3.9 %. Mass balances for Cd, Pliid\sand Se are reported in the Supplementary

Information.

2.4. Total mercury measurements in bulk muscle tissue

Freeze-dried samples of bulk muscle tissues wealyzad for total Hg using a direct Hg analyzer (DMA
80, Milestone Inc., Monroe, CT). Quality assurancsesisted of the analysis of certified reference
materials (DORM-4: fish protein, National ReseaBduncil Canada, Ottawa, Canada) and duplicate
samples. The recovery of total Hg from DORM-4 w&$8 (n=2) and the RPD between duplicate
samples was 0.80 % (n=2). In order to compare hhg@atrations to published values, wet weight
concentrations in YR muscle samples were estimatessuming a moisture content of 80%, which is

consistent with a previous study with YR (Barsake®2015).

2.5. Data analyses

The contribution of each subcellular fraction refato the total element burden was estimatedrai@a
defined by the element burden in a given fractimiddd by the sum of element burdens in all fratsio
multiplied by 100 to give results as percentages Blement concentrations in all subcellular fracs

are expressed as total element burden (nmol) diviigehe liver dry weight (g, dw). Liver dry weitgh
were determined by weighing subsamples of livesutisbefore and after freeze-drying. All numerical
data are represented by means + standard devi&B@r)sunless otherwise noted. Relationships among

variables (trace element concentrations and relatntributions) were initially examined in bivdda
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scatterplots and tested by simple correlation @ear) after checking the assumption of normality
(Shapiro-Wilk test) and testing for outliers (Grigbtest). Percentage data (relative contributioeaith
subcellular fraction to the total metal burden) evarcsine transformed. If non-normality persistedon-
parametric correlation was reported (Spearman hembivariate plots indicated a possible linear
relationship, simple regression models were tessaty the ordinary least-squares equation when the
necessary assumptions (normality and homoscedwpsifaiesiduals) were satisfied. The Shapiro—Wilk
test was used to verify the normality of distriloa of the regression residuals. The Breusch-P&gan
was used to test the homoscedasticity of the reigresesiduals. For the trace elements (Pb, HgSand
that showed significant increases in more thansoiheellular fraction within either the sensitive or
detoxified compartments, the slopes of the linegrassions were compared using analysis of covarian
(ANCOVA) in order to compare the responses alomrgdieaccumulation gradient. Note that a parametric
assessment of covariance was preferred givenhbaesiduals of the linear regressions were noymall
distributed. To explore similarities (or differesgén how hepatic trace metals were partitionegvbeh

both subcellular compartments (detoxified and rsgaisitive), we performed two separate PCA analyses
that combined data into two-component models apthaed 80 - 86% of the variation. The first PCA
used trace element concentrations in combinedtsengiactions, and the second used trace element
concentrations in combined detoxified fractions.o®1 0.05 was used as the threshold of significance for
all statistical tests. All statistical analyses &performed with IMP Pro 13 Statistical Analysi$tBare

(SAS Institute, Cary, NC, USA).
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3. Results

3.1. Trace element accumulation in yelloweye rockfish liver

Trace element concentrations in YR livers, as aglYR lengths and weights, are reported in Table 1.
Liver trace element concentrations did not varypigicantly with the length or weight of the fishh&

ratio of maximum to minimum trace element concéitrs ([M]na/[M] min) in YR livers was greatest for
Cd (9.0), followed by Pb (4.7), Hg (4.1), Se (3@)d As (2.9). Total Hg concentrations (Ligvgw) are
also reported for YR muscle in Table 1. Note thatsimplest explanation for the variations in

[M] max[M] min ratios is that the uptake : elimination ratio @dhe sampling gradient differs for the
measured trace elements (Luoma and Rainbow, 2PEskle total Hg concentrations ranged from 0.3 to
1.4 pg ¢ ww. Muscle total Hg concentrations are reporteddng' ww so that concentrations are easily
comparable to established toxicity thresholds ¢ilet al., 2010; Sandheinrich and Wiener, 2011)eNo
that we did not determine the ages of the rockfishe present study, however Barst et al. (2015)
reported ages of YR, collected from the same sagbdication and of comparable size, ranging from 16

to 119 years.

3.2. Trace element subcellular partitioning

We plotted trace element concentrations in whefer lagainst concentrations (nmdl dw) in potentially
sensitive (mitochondria, microsomes and lysosomed heat-denatured protein fractions) and detakifie
subcellular fractions (heat-stable proteins andgjezlike fractions), in order to explore potenthlanges
in partitioning with increasing element concentyasi in whole liver (Figures 1 and 3). We also
investigated possible relationships between thegmgage of each trace element found in the various
subcellular fractions relative to the total tratengent concentrations (nmof giw) (Figures S2 and S3,
Supplementary Information). If the percentagesaxfa elements in each fraction did not change
significantly along the bioaccumulation gradiehen data for all fish were combined to produce mean
percent contributions for the various subcellutacfions per element (Figures 2 and 4). As the

toxicological significance of trace element accuatioh in the nuclei and debris fraction is ambigsiou
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this fraction has been generally ignored in the@doological literature (Campbell and Hare, 2009).
However, as this fraction tends to accumulate ukdraells, it may indicate the efficacy of the
homogenization step; a low and constant proporfdhe trace-element in question found in the riucle
and debris suggests an efficient and precise honizag@n. In the following sections, we present the

results of the subcellular partitioning proceduredach of the studied trace elements.
3.3. Cd (cadmium)

There were no significant relationships betweeal ta¢patic Cd and concentrations in any of the
subcellular fractions in the potentially-sensita@mpartment (Figure 1A). However, the concentratibn
Cd in the HSP fraction increased significantlytastotal hepatic Cd concentration increaséd (-.71;
slope = 0.75P = 0.02; Figure 1B). There were no significant rielathips between the relative
contributions of the fractions and total hepatic(Edjures S2A and S2B, Supplementary Information).
When data from all fish were combined, the majooityCd was associated with the detoxified
compartment (65%), with the sensitive compartmentributing only 25%. The HSP fraction
contributed the majority of the Cd in the detoxdfisompartment (59%), with only a minor contribution
attributed to the granule-like fraction (6%). Iretpotentially-sensitive compartment, Cd was moress
equally distributed among the mitochondria (9%#, tficrosomes and lysosomes (8%), and the HDP

(8%) fractions (Figure 2).

3.4. Pb (lead)

Note that total Pb concentrations (< 1 nmbldgy wt) in the livers of YR were much lower thamlar
concentrations of Cd, As, Hg, and Se. NeverthetessPb concentrations increased in both the
mitochondria (f= 0.75; slope = 0.11 + 0.08;= 0.006) and HDP {= 0.74; slope = 0.091 + 0.0R;=
0.006) fractions with increasing Pb concentratiomwhole liver to a similar extent, as evidencedhsy
similar slopes of the two regressioRs=0.82) (Figure 1C). The concentration of Pb insegha
significantly in both the HSP4x 0.85; slope = 0.24 + 0.0&;= 0.001) and granule-like’& 0.87; slope

=0.31 £ 0.06P = 0.0007) fractions along the bioaccumulation geatl{(Figure 1D). The rates of
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increase in Pb concentration within the two detegifractions were not significantly different framne
another P = 0.98). When comparing sensitive and detoxifiedtions, the slope of the line representing
the HDP fraction was significantly lower than thepes for both the HSHP(= 0.04) and granule-like
fractions P = 0.04) (Figure 1C and 1D). The total hepatic Pficemtration was not significantly
correlated with the relative contribution of Phaimy of the subcellular fractions (Figures S2C a2D,S
Supplementary Information). When combining datanfid| fish, the mean relative contribution of the
detoxified compartment was 46%, of which the méjosias contributed by the granule-like fraction
(26%). The potentially-sensitive compartment cdmiied only 35% of the total Pb. In the potentially-
sensitive compartment, Pb was distributed similarhong the HDP (12%), mitochondria (11%), and the

microsomes and lysosomes (11%) fractions (Figure 2)

3.5. As(arsenic)

Though the concentration of As increased in thechibndria fraction along the bioaccumulation
gradient (f= 0.57;P = 0.03), the rate of increase began to plateaighehtotal hepatic As
concentrations (Figure 1E). Conversely, there wersignificant relationships between total hepAtic
and concentrations in either the HDP or microsoameslysosomes fractions. The concentration of As in
the HSP fraction increased significantly with irasig As in whole liver {r= 0.84; slope = 0.8@ =

0.01) (Figure 1F). The relative contributions ofiAsreased significantly in the HSB£0.60;P = 0.02),
while decreasing in the microsomes and lysosomesq51:P = 0.046) along the bioaccumulation
gradient (Figures S2E and S2F, Supplementary Irdtom). Among all fish, the relative contributioof
the HSP and granule-like fractions to the totaldtiepAs burden varied from 50% to 75% and 2% to 9%,
respectively. The relative contributions of theaunftondria, microsomes and lysosomes, and HDP

fractions varied from 7% to 14%, 4% and 10%, andabfib 10%, respectively.

3.6. Hg (mercury)

As the concentration of total Hg increased in wHieler, the concentrations of total Hg increasethim
mitochondria (f= 0.86; slope = 0.2% = 0.001), microsomes and lysosomés(.91; slope = 0.1P =

10



244 0.0002), HSP @= 0.58; slope = 0.04 = 0.03), and granule-like fractions € 0.64; slope = 0.0P =
245  0.03) (Figures 3A and 3B). Within the sensitivenpartment, the increase in total Hg in the

246  mitochondria fraction was greater than in the ngornes and lysosomes fractidh= 0.03). Conversely,
247  within the detoxified compartment, total Hg incredsn the HSP and granule-like fractions to a gimil
248  extent along the bioaccumulation gradidht=(0.45). Total Hg increased in both the mitochcadmnd
249  microsomes and lysosomes fractions to a greatenettian in the HSP or granule-like fractions

250 (P<0.05). The relative contributions of the varisufcellular fractions to total hepatic Hg did maty
251  significantly along the bioaccumulation gradien(ffes S3A and S3B, Supplementary Information). For
252  all fish, the mean proportion of total Hg in thealéfied compartment was 21%, with about half being
253  contributed by the granule-like fraction (12%). &anting the nuclei and debris fraction, the majoof
254  the total hepatic Hg burden was associated witlpttentially-sensitive compartment (49%). Withiisth
255  compartment, the contributions of the individualchions decreased in the order mitochondria (1:8%)

256  microsomes and lysosomes (165MHDP (15%) (Figure 4).

257  3.7. Se(selenium)

258  Concentrations of Se increased significantly iroatihe subcellular fractions, except for the gilarike
259  fraction, as Se increased in whole liver. Withia gotentially-sensitive compartment, the relatiatihw
260 total hepatic Se was tightest for HDP=10.95; slope = 0.16 + 0.02;= 0.0002) followed by

261  mitochondria (f= 0.90; slope = 0.16 + 0.02;= 0.0003), and microsomes and lysosome&s (x67;

262  slope = 0.08 + 0.0 = 0.01) fractions, though there were no signifiadifferences among the slopes of
263  the regressions (Figure 3C). Within the detoxifiethpartment, Se increased significantly only in HSP
264  (r’=0.76; slope = 0.2 = 0.0051) (Figure 3D). The increase in Se conctatran HSP was

265  significantly greater than in the mitochondd®a= 0.04) or microsomes and lysosomis=(0.002)

266  fractions. The relative contributions of the vas@ubcellular fractions to the total hepatic Se

267  concentration did not vary significantly as a fuoetof the total hepatic Se concentration (Figi\B8€

268 and S3D, Supplementary Information). When datafidiish were combined, Se was associated with

11
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potentially-sensitive and detoxified compartmeimtsilarly (40% and 39%, respectively). A larger
percentage of Se was found in the HSP fraction j288an the granule-like fraction (10%). In the
potentially-sensitive compartment, the relativetdbations of Se were similar, decreasing in theeor
of the HDP fraction (16%) followed by mitochond(8%), and microsomes and lysosomes (12%)
(Figure 4).

4. Discussion

4.1. General considerations

The limited sample size in the present study wetatiid by difficulties in sampling the Alaskan YRda
the conservative catch limits enforced by the Statslaska. Despite the small sample size, ourltesu
increase knowledge related to the internal handiintgace elements in wild fish. Our study is urédo
that YR have an unusually long life span compaoeather fish for which the subcellular partitioniaf
trace elements has been reported. Note too thataties studies in this area have been limited to
‘traditional’ metals such as Cd, Hg and Pb, wheiedke present study we have also included two
metalloids, As and Se.

Numerous studies have applied subcellular partitgpprocedures to determine the distribution of
non-essential elements in the tissues of aquaganisms (Giguére et al., 2006; Rosabal et al., 2015
Wang et al., 2016). These procedures provide ihgigh how aquatic organisms cope with non-esskntia
metals and indicate whether toxicological effectslgkely to occur. However, partitioning procedsigee
subject to potential problems which have been dssdin depth elsewhere (Campbell and Hare, 2009;
Hinton et al., 1997). Subcellular fractions areragienally-defined, and accordingly the interprietatof
partitioning results should be carried out witlcamspection.

In this context, the terms “MT-like” or “granulet” should be considered carefully. A previous
study onChaoborus larvae showed that not all metals measured it& fraction are necessarily
associated with MT or MTLP (Rosabal et al., 201&rdd et al. 2018). This caveat is likely particlylar

important for As and Se, which tend to form covalemnds with oxygen or reduced sulphur and may

12
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exist as oxyanions or esters in the intracellutatirenment, rather than as chelated cations. Furtbie,

the definitions of the “metal detoxified pool” atite “metal-sensitive pool” were designed for (soft)
cationic metals, not for As (a metalloid that idueed to and is largely present as As(lll) in liyicells)

or Se. Moreover, the lumping of fractions into putaly-sensitive (mitochondria, HDP, microsomesl an
lysosomes fractions) and detoxified-metal compantsiéHSP and granule-like), is likely an
oversimplification (Campbell and Hare, 2009; Watlat al., 2003). For example, microsomes cannot be
separated effectively from lysosomes using thegmtoce in the present study, and this renders the
interpretation of results more difficult. If a n@ssential metal is primarily associated with lysoes,

then the metal has likely been detoxified. Convgrdhe endoplasmic reticulum is a potential tafget
metal toxicity, and therefore, metals associatetl tiese vesicles may cause deleterious effeasideis
studies have often grouped the microsome and lysedmction in the metal-sensitive compartment due
to the important functions carried out by the eddsimic reticulum, Golgi apparatus, and ribosomes in
the liver. However, strict inclusion of this framti in the sensitive compartment may not be appatri

for all metals. For instance, a recent study detnatesl, with electron energy loss spectrometry (EEL
that Hg accumulates in the hepatic lysosomes af yellow perch Rerca flavescens) (Mller et al.,

2015). With this in mind, Hg (and potentially otheace elements) within the microsomes and lysosome
fraction may be associated with lysosomes to agrextent than microsomes. As previously mentipned

the accumulation of non-essential metals in théemand debris fraction is also difficult to inteep.

4.2. Cd (cadmium)

The high proportion of Cd associated with the H@tfon suggests that Cd is largely detoxified by M
in YR livers, particularly for concentrations up+®50 nmol g dw. The lack of increasing trends
between total hepatic Cd and the Cd concentrati@emsitive fractions suggests this nonessentitime
is largely kept under control in the livers of YIRurthermore, the much lower Cd concentrations in
sensitive fractions relative to that in HSP suggdfgictive detoxification. An interaction betwee®Pi

and Cd is consistent with the classification ofd3ca class B metal, which exhibits preferences for
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reduced sulphur within cells (Mason and Jenkin85)9Elevated proportions of Cd were also found in
the HSP fractions isolated from livers of wild Arian and European eels (Rosabal et al., 2015)elds w
as wild yellow perch (Giguére et al., 2006). Lalonastudies also indicate the importance of th&®HS
fraction in detoxifying Cd in fish. For example,9bn and Hogstrand (1987) showed that Cd was
associated with MT in rainbow trout livers followjm 1-week aqueous exposure’fed (3-60 ng/L). Ng
and Wood (2008) noted elevated proportions of Cltkictions containing MT-like proteins isolatedrro
the gut tissue of rainbow trout fed contaminatédamhaetes. Similarly, Zhang and Wang (2006) regubrt
that the HSP fraction was the major storage comaant for Cd in the viscera of juvenile marine dgrun
fed brine shrimp previously exposed to aquedi@d. Together, these studies indicate that maimtgini
Cd in the HSP fraction is an important metal-hargibtrategy for fish species.

Though YR in the present study maintained the ritgjof Cd in the detoxified compartment,
detoxification was not complete given the presasfcmme Cd at sensitive sites. In the sensitive
compartment, isolated from whole zebrafiBrafio rerio) fed contaminated chironomids (153 — 288 ug
g™ dw), Cd was found mainly in the “organelles” fiaat (including mitochondria and microsomes and
lysosomes) followed by the HDP fraction (Béchardlet2008), which was similar to results for YR in
the present study. Interestingly, the concentratio@id did not increase significantly in sensitive
fractions of YR livers along the bioaccumulatiomdjent, contrary to what was shown for wild yellow
perch (Giguére et al., 2006) and wild American Bndopean yellow eels (Rosabal et al., 2015). This
may be due to the more modest Cd gradient in theepit study ([Cdlx [Cd]min = 9.0) relative to the
gradients reported by (Giguere et al., 2006) ([&d]Cd].i» = 14) and Rosabal et al. (2015) (American
eels [Cd}.ax [Cd]min = 103 and European eels [Gg] [Cd]min = 200). Moreover, the lack of significant
relationships between Cd in sensitive fractions @ddn whole liver may be a result of the variakiln
Cd concentrations. For example, two YR in the prestidy had total hepatic Cd concentrations of ~90
nmol g* dw, yet the Cd concentrations within the sensitigetions of these individuals were quite

different. This may indicate that individual YR chave less-(or more-)effective metal detoxification
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systems than other fish in their population, a pheenon that has been demonstrated previously for
yellow perch sampled from metal-impacted lakes {G@uand Pyle, 2008).

Nevertheless, Cd was associated with sensitiveeflutar sites within YR livers, and this could lead
to negative health effects. Accumulation of Cd itochondria may affect functioning of this orgaeell
including an inhibition of citrate synthase, whités been documented for yellow perch livers calgct
from a highly contaminated lake in Canada (Coutumé Rajotte, 2003). In a separate study with yellow
perch, Ponton et al. (2016) noted that individsaifering from oxidative stress had higher percgega
of Cd, Cu, and Zn in potentially sensitive subdalldractions, which may highlight the importande o

maintaining these metals in detoxified fractions.

4.3. Pb (lead)

Within the detoxified compartment, Pb associatetth Wie granule-like fraction to a slightly greater
extent than with the HSP fraction. The preferemcdte granule-like fraction over the HSP fraction
containing MT may be due to the fact that Pb, berderline metal, associates less readily withl thio
groups than other “softer” metals, such as Cd agpdMason and Jenkins, 1995). Nonetheless, the
concentration of Pb increased in both the metél-gimnule and HSP fractions along the bioaccunusiati
gradient. Given the low Pb concentrations, the@aton of Pb with the HSP fraction may be an iadir
response to Cd, which has consistently been showrdtice synthesis of MT. Following the inductidn o
MT by Cd, MT is available to bind both Cd and othmestals such as Pb. Alternatively, the associaifon
Pb with the HSP fraction could be an indicatiom afetoxification response, although this seemskeiyli
given the very low concentrations of hepatic PbcMaf the previous research involving the subcatlul
distribution of Pb has focused on invertebrates) wnly a few studies reporting Pb partitioninghe
tissues of fish. The distribution of Pb within tthetoxified compartment of YR livers agrees wellhtitie
results of studies on invertebrates (Marigémez.e2@02; Mason and Jenkins, 1995; Sanchez-Mardn an
Beiras, 2017; Wang et al., 2016) and other fisht¢@nd Wallace, 2010; Rosabal et al., 2015), which

show collectively that metal-rich granules are hienary binding pool within the detoxified
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compartment. Contrary to these results, Dang €2@l2) reported that the majority of Pb was foimd
the HSP fraction of intestinal cells of the marimant (Terapon jarbua).

Though Pb increased in detoxified fractions of ¥fer, detoxification was incomplete given that
Pb was also present in metal-sensitive fractiowsimereased along the bioaccumulation gradient. In
terms of percentage, Pb was distributed similampg the metal-sensitive fractions, only showing a
slight preference for HDP. Consistent with our essuRosabal et al. (2015) also reported increat@b
in metal-sensitive fractions of yellow eels witltieasing concentrations in whole liver. Howeverditb
not increase in the metal-sensitive fractions ofrmichogs Fundulus heteroclitus) collected from
metal-polluted salt marshes, though the two-foshbcumulation gradient of Pb was somewhat limited
(Goto and Wallace, 2010). In YR, the associatioRlofwith metal-sensitive fractions may result in
deleterious effects, in view of the ability Pb éplace other essential metals, such as Ca, witbiadical
systems (Rogers et al., 2003). Furthermore, asgtmticbetween Pb and mitochondria, enzymes, and
microsomes would be expected to disrupt cellulac@sses. However, given the very low total hepatic
Pb concentrations in the livers of YR in the préstady, it is unlikely that this metal was of grea
toxicological concern to these fish.
4.4. As (arsenic)
Within the detoxified compartment of YR livers, &&s primarily associated with the HSP fraction,
containing MT. A steady increase of As in HSP sstgyéhat this fraction may be involved in As
detoxification within YR livers. To our knowledggere are no previous studies on subcellular
partitioning of As in the livers of rockfish spesjghough our results compare well with As panitig
in American and European yellow eefuilla rostrata andAnguilla anguilla); like YR, both eel
species maintained As in the HSP fraction, andlésser extent, in the metal-rich granule fraction
(Rosabal et al., 2015). Similarly, in seabdsstdolabrax japonicas) and seabreaniPégrosomus major)
muscle, As was largely associated with the HSRifna¢He et al., 2010). These results are also
consistent with a study on marine grufgr@pon jarbua) exposed to dietary or aqueous As(lll) and
As(V) at environmentally-relevant concentrations X0 d. In grunt muscle tissues, As accumulated

16



395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

mainly in the HSP fraction, whereas less was aatatiwith metal-rich granules (Zhang et al., 2012).
Although As was associated with the HSP fractiaréhmay not be a significant interaction between As
and MT given the lower affinity this metalloid hfas thiol functional groups.

In the metal-sensitive compartment, As was predataly associated with the mitochondria
fraction, which is consistent with results fromrayous study on American and European yellow eels
(Rosabal et al., 2015). Our results differ sligtittym the study by Rosabal et al. (2015) in thateh
livers, the microsomes and lysosomes fraction waeme important binding pool for As than the HDP
fraction. In the present study, the microsomeslgsmsomes and HDP fractions contributed roughly the
same amount of As to the total As burden in YRrBvé study by Dang et al. (2012) noted binding\sf
in the “organelles” fraction (mitochondria and ngisomes and lysosomes) of a polychaete witend(s
diversicolor) sampled from a contaminated estuary. In the sinty, the contaminated worms were fed
to fish (Terapon jarbua), which subsequently accumulated As in the hepatganelle” fraction. The
combined results from these studies suggest thasaspecies, organelles may be an important teiget
As at the subcellular level.

Along the As contamination gradient, we noted amdase in the relative contribution of As in
the HSP fraction within YR livers, coupled with aalease in the relative contribution of the microes
and lysosomes fraction, suggesting an activatiatetdxification mechanisms. Interestingly, the tigéa
contributions of As in the mitochondria and HDFcfrans increased with increasing As in whole liver
until approximately 80 nmol'gdw, at which point the relative contribution of isthe fractions
decreased along the bioaccumulation gradient \{thisalso the case for the microsomes and lysosomes
fraction, though the increase and subsequent deemeaelative contribution of As was less pronadc
thus allowing for a significant linear trend tofiteed) (Figures S2E and S2F, Supplementary
Information). The distributions of the relative ¢diutions of As along the gradient suggest that
detoxification of As became more effective above ahol g* dw in the livers of YR. This is similar to
what Rosabal et al. (2012) noted for CcClmaoborus, i.e. a certain threshold of Cd was necessary to
“turn on” detoxification mechanisms fully.

17



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

In the present study we did not determine As sgiecian the livers of YR, though speciation of As
is a major determinant of its toxicity (Watanabe &tirano, 2013). Future work should focus on
determining the oxidation state and methylatiorelgwf As in wild fish at the subcellular level.
Additionally, we highlight the need for subsequemtk to identify the As-bearing molecules in the

cytosol, specifically in the HSP fraction, whichpagars to be involved in As detoxification.

4.5. Hg (mercury)

Relatively few studies have focused on the sublegltlistribution of Hg in fish liver (Aradjo et alR015;
Barst et al., 2016; Peng et al., 2016). Araujd.e815) measured total Hg in subcellular fracsiorf the
livers of wild mullets Liza aurata), and found low contributions of Hg in the HSP gndnule fractions,
which the authors attributed to Hg concentratiogisl a physiological threshold to activate
detoxification mechanisms. In Arctic ch&alvelinus alpinus) liver cells, Barst et al. (2016) reported that
the HSP fraction was the primary binding pool fatat Hg within the detoxified compartment, and less
than 1% of the total Hg burden was found in theatagth granule fraction. Similarly, metal-rich

granules played a less important role in the détation of methylmercury (MeHg) than MT-like

proteins in the livers of rabbitfistd@anus canaliculatus) (Peng et al., 2016). Results of the present study
contrast with those from these earlier studies ssiigg that the HSP fraction is more important than
metal-rich granules in the detoxification of Hdfish liver cells. A plausible explanation for theegter
importance of the metal-rich granule fraction titlae HSP fraction in sequestering Hg in the livdrgR

may be linked to Hg speciation. In a previous stodyYR, inorganic mercury (InHg) comprised a major
proportion of the total Hg (mean = 58 + 14.2%)iuel tissue (Barst et al. 2015). In addition tovated
proportions of InHg in the livers of YR, Barst &t @015) demonstrated a co-localization of Hg &ed
within hepatic MA. The authors hypothesized thatdrwas bound to Se, forming HgSe granules that are
thought to be the end-product of MeHg detoxificatféd/ang et al. 2012). The accumulation of total Hg

in the metal-rich granule fractions of YR may tHere represent a long-term accumulation of HgSe

granules in YR livers. In the same manner, thedoaumulation of total Hg in the metal-rich granule
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fraction of Arctic char (Barst et al. 2016) andbyifish (Peng et al. 2016) may be a result of the |
proportions of InHg in their tissues.

Despite the accumulation of total Hg in HSP andatagch granules, detoxification in the livers
of YR was incomplete, as evidenced by the totapkgent in metal-sensitive fractions, and the iasze
in total Hg concentration in these fractions altimgbioaccumulation gradient. The total Hg founthia
sensitive fractions of YR liver could negativelypatt the health of these fish. For example, Candiier
al. (2009) noted an inhibition of both state 3 riitondrial respiration and cytochrome c oxidasevigti
in the muscle fibers of zebrafish exposed to arrenmentally-relevant dose of dietary MeHg for 49
days. As the mitochondria fraction contributed gneatest percentage of total Hg among sensitive and
detoxified fractions, YR could be suffering fronhihited respiration and thus, altered energy
metabolism. The accumulation of total Hg in the Hietion could have consequences for the redox
defense system; Se-dependent enzymes, such ahigliokeperoxidase (GSH-Px) and thioredoxin
reductase (TrxR), are likely molecular targetsifitracellular Hg due to the high binding affinitygHhas
for Se. In support of this, a laboratory feedingdgtdocumented decreased activity of GSH-Px in the
brains of juvenile Atlantic salmors§lmo salar) exposed to MeHg (Berntssen et al., 2003). Deerkas
activities of GSH-Px and TrxR have also been docuetkin the tissues of zebra-seabreBiplodus
cervinus) following aqueous exposure to either MeHg or InBganco et al., 2012). As previously stated,
the presence of total Hg in the microsomes andsbys@s fraction is more difficult to interpret, amat
inability to classify this fraction in either themxified or sensitive compartment provides an oty

for future studies.

4.6. Se(selenium)

In contrast to the other elements measured in YBrdi Se is essential to normal cellular function.
Despite this essential nature, above a threshaiderdration Se may become toxic. Given that thgean
of concentrations in YR livers in the present stuslywithin the range of those reported to afford

protection from oxidative stress in the livers eflgw perch (Ponton et al. 2016), we discuss S¢éRnn
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the context of its potential ameliorative effecBelenium is known to have an interaction with non-
essential metals such as Cd, As, and Hg (Sasakdr&azuki, 1998), and this may confer a protective
action against toxicity (Banni et al., 2011; Wangle 2013). We chose to include Se in the prestermty
because it is known to have a strong binding affifor Hg and it is well understood that Hg handlin

the subcellular environment involves interactionthwelenols (Wang et al. 2012). Additionally, poais
work has demonstrated colocalization of Hg andrSenimune cells, suggesting an interaction between
the two elements within YR livers (Barst et al. BD1The protective effects of Se on Hg toxicity éav
been the subject of a significant amount of reseaome of which hypothesizes that Se is protedtive
molar ratios (Se:Hg) meet or exceed unity (Ralgbal. 2007). However this protective effect hasrbe
largely studied from a human health perspectivetasinot been well explored in terms of the heafth
wild fish nor focused on the liver with its majaie in detoxification. Within the detoxified comprauent,

Se was found primarily in the HSP fraction, anctiesser extent in the granule-like fraction. Witttie
HSP fraction, Se is most likely present as selersteine (Gladyshev, 2012) in thermostable metal-
binding proteins, such as MT. As previously mengidnSe within the granule-like fraction may be
present as HgSe. In contrast to Arctic char liveveere less than 2% of the total Se burden was
associated with the metal-rich granule fractiore thranule-like fraction isolated from YR livers
comprised an average of 10% of the total Se burddégrestingly, the percentages of Se in the nréathl-
granules isolated from both species of fish wengilar to the proportions of total Hg in the respest
fractions. This is likely another indication of thigeraction between the two elements. The proponf

Se within the metal-sensitive compartment rougljyaded that in the detoxified compartment. In metal
sensitive fractions, Se demonstrated a slight pgatee for the HDP fraction, which is not surprising

given selenium’s biochemical role in enzymes, aklBSH-Px and TrxR.
4.7. Overall subcellular element partitioning
We noted clear differences in the partitioninghaf trace elements As, Cd, Pb, Hg, and Se in thesliof

YR. As Class B metals, Hg and Cd have high affsifior thiols in biological systems, and therefore
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these non-essential metals would be expected ptaglisimilar subcellular partitioning. Both element
appear in the same quadrant in both PCA loadintg @mttom right) for the metal-sensitive and the
detoxified metal compartments (Figure 5A-B), whpglesumably reflects the common affinity that these
metals have for SH- functional groups. Converdaebgh As and Pb are borderline elements, and their
proximity within the PCA plots is likely a resulf the lower affinities that these metals sharetliools
relative to “soft” metals such as Cd and Hg (Figus& and 5B). Interestingly, for the detoxified-let
compartment, As and Hg vectors are directed in sipgpdirections (both vectors are projected af) 180
the PCA figure, indicating a potential negativatienship between the partitioning of As and Hdghiis
compartment. A similar trend between As and Hdse abserved in the metal-sensitive compartment,
where the metal vectors are projected perpendlgulte speculate that both elements could be taget
similar biomolecules. Additionally, the locationthie Se vector between the As and Hg vectors may
indicate potential interactions between Se ancethee elements.

Yelloweye rockfish were able to maintain somehafse non-essential metals in detoxified
fractions, suggesting an ability to cope with thessals to some extent. Both Cd and As were mainly
found in the HSP fraction within the detoxified goantment, indicating a potential interaction witfr M
In contrast, both Pb and Hg showed a greater gnederfor the granule-like fraction than the HSP
fraction. For Pb, this trend is consistent withutessfrom subcellular partitioning in eels (Rosabgél.
2015), but for Hg this apparent role of the gradike fraction within the livers of YR is not cosséent
with results of a previous study with Arctic chiarwhich the HSP played a much more important irmle
detoxification. We hypothesize that the observegmjence may be related to differences in Hg
speciation and/or age between the two specieshffiuture studies should focus on exploring the
subcellular partitioning of InHg and MeHg to det@repossible differences.

Although, non-essential metals were associated dgthxified fractions within the livers of YR,
detoxification was incomplete as each of the n@eesal metals was also associated with potentially
sensitive sites. However, only Pb and Hg increagguficantly within potentially-sensitive fractisn
along the bioaccumulation gradient, suggestinguliitin the tissue concentration ranges reported he
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YR are less efficient at detoxifying these methEntCd and As. Within the potentially-sensitive
compartment, the fraction containing mitochondraswonsistently important for binding of Cd, Pb, As
and Hg. The accumulation of these non-essentialmit this fraction may lead to negative effects,
given the key role that these organelles play llulee metabolism. Subcellular partitioning proceess;
such as the one employed in the present work, geavseful information on how trace elements are
distributed within cells, thus moving beyond mairagle measures in bulk tissues. This type of
information can be useful when trying to understaskl associated with multiple non-essential eletsien
Collectively, our results suggest that Hg may bgreftest concern to the health of YR relativénio t
other non-essential metals studied; the majoritf@fvas associated with the sensitive compartment,
whereas the other non-essential metals were predosly associated with the detoxified compartment.
Recent analyses of the available data for Hg toxinifish indicate that toxic effects are likety dccur at
concentrations exceeding 0.3 Libww (Dillon et al. 2010; Sandheinrich and Wienéd12) (equivalent
concentration in edible muscle 0.5 piwgw). In the present study, 5 of the 8 YR exceds tibxicity
threshold (Table 1), suggesting that they are id@aeisk for the toxic effects of Hg. Our work
demonstrates that non-essential metals accumulai@téntially-sensitive sites (mitochondria,
microsomes, and enzymes), which may have implicatior the health of YR.
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Table 1. Ranges in lengths and weights, mean hejatrace element concentrations (nmol'gdw), and total mercury concentrations in

muscle (ug § ww) of yelloweye rockfish Sebastes ruberrimus) collected in southeast Alaska.

Liver Muscle
concentrations concentrations
(nmol g™ dw) (ug g" ww)
Fish L?Cnrg;h Weight (g) As Cd Pb Hg Se Hg
1 64.5 4320 59.5 147.3 1.2 14.2 249.6 0.63
2 57.5 2530 74.8 116.7 1.0 13.7 241.3 0.29
3 54.8 3020 51.6 89.6 0.3 25.0 148.3 0.38
4 51.5 2140 148.7 53.5 0.7 9.8 136.8 0.30
5 57.0 2750 110.1 131.9 1.2 18.3 226.9 0.59
6 57.0 2640 77.4 105.1 0.6 10.7 279.5 0.51
7 62.3 3740 85.8 478.8 1.5 39.6 417.0 1.44
8 79.0 8800 64.5 90.4 0.4 22.7 202.7 0.88
n 8 8 23 22 18 21 23 8
min 51.5 2140 51.6 535 0.3 9.8 136.8 0.3
max 79.0 8800 148.7 478.8 1.5 39.6 417.0 1.4
max:min 1.5 4.1 2.9 9.0 4.7 4.1 3.0 4.9

®n represents the total number of liver samplesviich the mass balance recovery was between 61%Méo.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Relationships between total hepatic trace el¢éwmmcentration (x-axes) and trace
element concentrations in subcellular fractionaxgs) isolated from the livers of
yelloweye rockfish $ebastes ruberrimus). Upper panels (A, C, E) represent sensitive
fractions and the lower panels (B, D, F) represembxified fractions. The various
subcellular fractions are: mitochondria (fillecammples), microsomes and lysosomes
(white triangles), heat-denatured proteins (whiges3, heat-stable proteins (white
squares), and granule-like (black squares). Podmiesent means of replicate livers
and error bars represent standard deviations. kemesent statistically significant
regressionsK < 0.05). Points in boxes are outliers and werduebed from
regressions.

Mean relative contributions of cadmium (Cd), &t (Pb) in various subcellular
fractions isolated from the livers of yelloweye kéish (Sebastes ruberrimus).
Subcellular fraction abbreviations are: MITO = noliondria, M+L = microsomes and
lysosomes, HDP = heat-denatured proteins, DEB zislahd nuclei, HSP = heat-
stable proteins, and GRAN = granule-like. Note #raenic (As) data are not
presented as the relative proportions of As vasigdificantly in both the HSP and
M+L fractions along the bioaccumulation gradient.

Relationships between total hepatic trace el¢éwmmcentration (x-axes) and trace
element concentrations in subcellular fractionaxXgs) isolated from the livers of
yelloweye rockfish $ebastes ruberrimus). Upper panels (G and ) represent sensitive
fractions and the lower panels (H and J) repredetuaxified fractions. The various
subcellular fractions are: mitochondria (fillechmples), microsomes and lysosomes
(white triangles), heat-denatured proteins (whid¢es3, heat-stable proteins (white
squares), and granule-like (black squares). Poimiesent means of replicate livers

and error bars represent standard deviations. kepesent statistically significant
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Figure 4.

Figure 5.

regressionsK < 0.05). Points in boxes are outliers and werduebed from

regressions.

Mean relative contributions of mercury (Hg) asgdenium (Se) in various subcellular
fractions isolated from the livers of yelloweye kfish (Sebastes ruberrimus).
Subcellular fraction abbreviations are: MITO = roitondria, M+L = microsomes and
lysosomes, HDP = heat-denatured proteins, DEB #iglahd nuclei, HSP = heat-
stable proteins, and GRAN = granule-like.

Principal Component Analysis (PCA) based ongr@ement concentrations in
sensitive (A) and detoxified (B) fractions isolafieaim the livers of yelloweye

rockfish Sebastes ruberrimus).

Figure S1 Flow chart describing the partitioning procedused to separate yelloweye rockfish

livers into subcellular fractions.

Figure S2.Relationships between total hepatic trace elemamtentration (x-axes) and relative

contributions of subcellular fractions (y-axes)laed from the livers of yelloweye
rockfish Sebastes ruberrimus). Upper panels (A, C, E) represent sensitive iivast
and the lower panels (B, D, F) represent detoxifiactions. The various subcellular
fractions are: mitochondria (filled triangles), misomes and lysosomes (white
triangles), heat-denatured proteins (white staet-stable proteins (white squares),
and granule-like (black squares). Points represemains of replicate livers and error
bars represent standard deviations. Lines repretaidtically significant regressions

(P < 0.05). Points in boxes are outliers and werduebex! from regressions.

Figure S3.Relationships between total hepatic trace elem@mtentration (x-axes) and the

relative contributions of subcellular fractionsgxyes) isolated from the livers of
yelloweye rockfish $ebastes ruberrimus). Upper panels (A, C) represent sensitive
fractions and the lower panels (B, D) represerdfie¢d fractions. The various

subcellular fractions are: mitochondria (fillecammples), microsomes and lysosomes
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(white triangles), heat-denatured proteins (whiges3, heat-stable proteins (white
squares), and granule-like (black squares). Podmiesent means of replicate livers
and error bars represent standard deviations. $Pioifioxes are outliers and were

excluded from regressions.
694
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Figure 1. Relationships between total hepatic trace element concentration (x-axes) and trace element concentrations in subcellular fractions
(y-axes) isolated from the livers of yelloweye rockfish (Sebastes ruberrimus). Upper panels (A, C, E) represent sensitive fractions and the lower
panels (B, D, F) represent detoxified fractions. The various subcellular fractions are: mitochondria (filled triangles), microsomes and lysosomes
(white triangles), heat-denatured proteins (white stars), heat-stable proteins (white squares), and granule-like (black squares). Points
represent means of replicate livers and error bars represent standard deviations. Lines represent statistically significant regressions (P < 0.05).

Points in boxes are outliers and were excluded from regressions.
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Figure 2. Mean relative contributions of cadmium (Cd), and lead (Pb) in various subcellular fractions isolated from the livers of yelloweye
rockfish (Sebastes ruberrimus). Subcellular fraction abbreviations are: MITO = mitochondria, M+L = microsomes and lysosomes, HDP = heat-
denatured proteins, DEB = debris and nuclei, HSP = heat-stable proteins, and GRAN = granule-like. Note that arsenic (As) data are not
presented as the relative proportions of As varied significantly in both the HSP and M+L fractions along the bioaccumulation gradient.
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Figure 3. Relationships between total hepatic trace element concentration (x-axes) and trace element concentrations in subcellular fractions
(y-axes) isolated from the livers of yelloweye rockfish (Sebastes ruberrimus). Upper panels (G and I) represent sensitive fractions and the lower
panels (H and J) represent detoxified fractions. The various subcellular fractions are: mitochondria (filled triangles), microsomes and lysosomes
(white triangles), heat-denatured proteins (white stars), heat-stable proteins (white squares), and granule-like (black squares). Points
represent means of replicate livers and error bars represent standard deviations. Lines represent statistically significant regressions (P < 0.05).
Points in boxes are outliers and were excluded from regressions.
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Figure 4. Mean relative contributions of mercury (Hg) and selenium (Se) in various subcellular fractions isolated from the livers of yelloweye
rockfish (Sebastes ruberrimus). Subcellular fraction abbreviations are: MITO = mitochondria, M+L = microsomes and lysosomes, HDP = heat-
denatured proteins, DEB = debris and nuclei, HSP = heat-stable proteins, and GRAN = granule-like.
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Figure 5. Principal Component Analysis (PCA) based on trace element concentrations in sensitive (A) and detoxified (B) fractions isolated from
the livers of yelloweye rockfish (Sebastes ruberrimus).
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Figure S1. Flow chart describing the partitioning procedure used to separate yelloweye rockfish livers into subcellular fractions.
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Figure S2. Relationships between total hepatic trace element concentration (x-axes) and relative contributions of subcellular fractions (y-axes)
isolated from the livers of yelloweye rockfish (Sebastes ruberrimus). Upper panels (A, C, E) represent sensitive fractions and the lower panels
(B, D, F) represent detoxified fractions. The various subcellular fractions are: mitochondria (filled triangles), microsomes and lysosomes (white
triangles), heat-denatured proteins (white stars), heat-stable proteins (white squares), and granule-like (black squares). Points represent
means of replicate livers and error bars represent standard deviations. Lines represent statistically significant regressions (P < 0.05). Points in
boxes are outliers and were excluded from regressions.
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Figure S3. Relationships between total hepatic trace element concentration (x-axes) and the relative contributions of subcellular fractions (y-
axes) isolated from the livers of yelloweye rockfish (Sebastes ruberrimus). Upper panels (A, C) represent sensitive fractions and the lower
panels (B, D) represent detoxified fractions. The various subcellular fractions are: mitochondria (filled triangles), microsomes and lysosomes
(white triangles), heat-denatured proteins (white stars), heat-stable proteins (white squares), and granule-like (black squares). Points
represent means of replicate livers and error bars represent standard deviations. Points in boxes are outliers and were excluded from

regressions.
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Highlights
» Subcdlular partitioning of Cd, Pb, As, Hg, and Se was determined in the livers of yelloweye
rockfish.
»  Though non-essential elements were found in detoxified fractions, the extent of binding differed
among elements.

» Mercury may be of particular concern, asit was present mainly in sensitive sites.



