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a  b  s  t  r  a  c  t

Rainbow  trout  and  round  goby  were  exposed  for 30 days  to waterborne  and  dietary  Ni in  combination
at  two  waterborne  concentration  ranges  (6.2–12  �mol/L,  68–86  �mol/L),  the  lower  of  which  is typical
of  contaminated  environments.  The  prey  (black  worms;  Lumbriculus  variegatus)  were  exposed  for  48  h
in  the  effluent  of  the  fish  exposure  tanks  before  being  fed  to the  fish  (ration  =  2%  body  weight/day).  Ni
in  gills,  gut,  and prey was  fractionated  into  biologically  inactive  metal  [BIM  = metal-rich  granules  (MRG)
and  metallothionein-like  proteins  (MT)]  and  biologically  active metal  [BAM  =  organelles  (ORG)  and  heat-
denaturable  proteins  (HDP)].  Gobies  were  more  sensitive  than  trout  to  chronic  Ni exposure.  Possibly,
this  greater  sensitivity  may  have  been  due  to  the  goby’s  pre-exposure  to pollutants  at  their  collection
site,  as evidenced  by ∼2-fold  greater  initial  Ni concentrations  in  both  gills  and  gut relative  to trout.
However,  this  was  followed  by  ∼2–16×  larger  bioaccumulation  in both  the gills and  the  gut  during  the
experimental  exposure.  On a subcellular  level,  ∼3–40×  more  Ni  was  associated  with  the  BAM  fraction
of  goby  in  comparison  to  trout.  Comparison  of  the  fractional  distribution  of  Ni  in  the  prey  versus  the  gut
tissue  of  the  predators  suggested  that round  goby  were  more  efficient  than  rainbow  trout  in  detoxifying
Ni  taken  up from  the  diet.  Assessing  sub-cellular  distribution  of  Ni  in  the gills  and  gut of  two  fish of
different  habitat  and  lifestyles  revealed  two  different  strategies  of  Ni  bioaccumulation  and  sub-cellular
distribution.  On  the  one  hand,  trout  exhibited  an  ability  to regulate  gill  Ni  bioaccumulation  and  maintain
the  majority  of  the  Ni  in  the  MT fraction  of  the BIM. In contrast  goby  exhibited  large  Ni spillovers  to
both  the  HDP and  ORG fractions  of  the BAM  in the  gill.  However,  the  same  trend  was  not  observed  in
the  gut,  where  the  potential  acclimation  of  goby  to pollutants  from  their  collection  site  may  have  aided
their  ability  to regulate  Ni spillover  to the BAM  more  so  than in  trout.  Overall,  chronic  mortality  observed
in  goby  may  be  associated  more  with  Ni  bioaccumulation  in  gills  than  in gut;  the  former  at  either  4-

d  or  30-d  was  predictive  of  chronic  Ni  toxicity.  BIM  and  BAM  fractions  of  the  goby  gills were  equally
predictive  of  chronic  (30-d)  mortality.  However,  critical  body  residue  (CBR50)  values  of the  BIM  fraction
were  ∼2–4×  greater  than  CBR50  values  of the  BAM  fraction,  suggesting  that goby  are  more  sensitive  to
Ni  bioaccumulation  in the  BAM  fraction.  There  was  insufficient  mortality  in trout  to assess  whether  Ni
bioaccumulation  was  predictive  of chronic  mortality.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Total and dissolved metal concentrations in the water alone can

e poor predictors of environmental threats to aquatic organisms
Borgmann, 1983; Borgmann et al., 2004). Therefore, much empha-
is has been placed on the role that chemical speciation of metals in
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the environment plays in metal toxicity (Pagenkopf, 1983; Morel,
1983; Campbell, 1995). However, in recent decades, the emphasis
has shifted to the role of metal bioaccumulation in metal toxicity.
For example, the Biotic Ligand Model (BLM) uses site-specific water
chemistry parameters in conjunction with the binding constants of
the biotic ligand to predict whether sufficient metal will bind to the
organism to cause acute toxicity (Paquin et al., 2000; Di Toro et al.,

2001; Niyogi and Wood, 2004). Short term metal bioaccumulation
is used to predict longer term toxicity (e.g. Meyer et al., 1999). In
addition, the Tissue Residue Approach (TRA) correlates tissue bioac-
cumulation with adverse biological effects (e.g. mortality) and in
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his manner bioaccumulation can be used to predict the toxicity
ithin and across species (Connolly, 1985; McCarty and MacKay,

993; Luoma et al., 2009; Borgmann et al., 2001; Adams et al., 2011;
chmidt et al., 2011). These methods may  be used independently
r together as a tool for assessing the toxicity to aquatic organisms.

Expressing toxicological effect as a function of the bioaccumu-
ation of a metal such as Ni has many advantages: it integrates
ll exposure routes (e.g. water column and food), it incorpo-
ates changes in water chemistry over time, and it assimilates the
oxicokinetics of different species (U.S. EPA, 2007). Indeed, bioac-
umulation of metals has been found to be a better predictor
f toxicity than exposure water concentrations (Borgmann et al.,
991, 2001; Borgmann and Norwood, 1997). However, metal bioac-
umulation is not constant over time; there can be regulation of
ptake and/or elimination, or sub-cellular compartmentalization,
oth of which can change rendering the metal more or less toxic
Adams et al., 2011).

In order to better understand the latter, Wallace et al. (2003)
evised a protocol for separating intracellular fractions which can
e operationally classified into biologically inactive metal (BIM;
omprising metal-rich granules (MRG) and metallothionein protein
r metallothionein-like proteins (MT)) and biologically active metal
BAM; comprising organelles (ORG) and heat-denaturable proteins
HDP); Rainbow, 2002). The fifth sub-cellular fraction is the cel-
ular debris (CD) containing tissue fragments, cell membranes and
ther cellular components. The function of this fraction is currently
nknown and is therefore not considered part of either the BIM or
AM fractions. This classification suggests that when metal levels
xceed a threshold value in the BIM, there is metal spill-over into
he BAM fractions which leads to deleterious biological effects. In
his manner, the use of subcellular metal residues for the TRA may
mprove the effectiveness for toxicity assessment (Adams et al.,
011). Therefore assessing changes to bioaccumulation patterns
oth on a whole organ level and a sub-cellular level over a chronic
ime scale may  further explain mechanisms of Ni toxicity.

Traditionally, the majority of information gained on metal tox-
city has correlated gill metal bioaccumulation with mortality in

odels such as the BLM. Overall, gill metal (e.g. Ni) bioaccumulation
rom waterborne metal exposure is a good predictor of acute tox-
city (Meyer et al., 1999); however, aquatic organisms such as fish
se not only their gills, but also their gut to exchange the necessary
utrients and minerals, and to eliminate waste (Randall et al., 2002).

n fact, in terms of metal exposure, many studies have shown that
ietary exposure via prey can be as important as the waterborne
oute for metal bioaccumulation and associated toxicity (Spry et al.,
988; Munger and Hare, 1997; Zhang and Wang, 2005; Pyle et al.,
005; Farag et al., 2007). Therefore, in the present study, both the
ills and the gut were assessed as potential biotic ligands for nickel
ollowing a joint waterborne and dietary exposure so as to best
imulate their natural exposure conditions. The overall advantage
f this approach is the integration of exposure routes when using
he TRA as a method for predicting toxicity to aquatic organisms.

We chose to compare two fish species with different habitats
nd lifestyles: the round goby (Neogobius melanostomus)  and
he rainbow trout (Oncorhynchus mykiss). The round goby were
ollected from a “clean site” at LaSalle Park on Hamilton Harbour
Marentette et al., 2010), but the Harbour itself was  designated
y the International Joint Commission as a Canadian Area of
oncern due to the many contaminants known to be problematic
amely: polycyclic aromatic hydrocarbons (PAHs), polychlori-
ated biphenyls (PCBs), and metals including cadmium, arsenic,

ead, iron, mercury, zinc, and nickel (Hamilton Harbour Remedial

ction Plan RAP, 1992, 2003). In contrast, the rainbow trout were
urchased from a hatchery served with pristine water. The prey
pecies, Lumbriculus variegatus,  was chosen based on its ability
o meet nutritional requirements, to be accepted by fish and its
ology 154 (2014) 141–153

prevalence as a food source for these fish (Taraborelli et al., 2010;
Mount et al., 2006). In our experimental design, the prey was
pre-exposed to the same waterborne concentration of Ni before
being fed to the two  fish species, so as to simulate natural exposure
conditions. Round goby are known to be a pollution-tolerant
species (Pinchuk et al., 2003). However, a recent study conducted
in our laboratory showed a greater sensitivity of this species to
acute Ni toxicity (Leonard et al., 2014) in comparison to rainbow
trout—one of the most sensitive teleosts to metals (Nebeker et al.,
1985; U.S. EPA, 1995).

Therefore, our overall goal was  to compare the Ni bioaccu-
mulation patterns of these two  species to joint waterborne and
dietary exposures at an environmentally relevant waterborne Ni
concentration (nominally 10 �mol  Ni/L) and a more toxic concen-
tration (nominally 60 �mol  Ni/L). By way  of reference, Ni levels
as high as 17 �mol  Ni/L have been reported in contaminated nat-
ural waters (Eisler, 1998), while levels of regulatory significance
in Canada are 2.1 �mol  Ni/L (a chronic value; CCREM, 1987) and
in the United States are 10.6 �mol  Ni/L (acute) and 1.2 �mol Ni/L
(chronic), respectively (U.S. EPA, 1995). By assessing Ni bioaccumu-
lation patterns on both a whole organ level as well as a sub-cellular
level we aimed to determine if differences in toxic response were
associated with different strategies of metal compartmentalization.

Therefore, with this background in mind, our specific objectives
were: (1) to assess survival over chronic (30-d) exposures to com-
bined waterborne and dietary Ni at two  exposure concentrations,
(2) to measure and compare whole-organ gill and gut Ni concen-
trations as well as Ni in their sub-cellular fractions at several time
points over these chronic exposures; (3) to assess the changes in
BIM and BAM fractions in the two  organs; and (4) thereby to eval-
uate the use of acute subcellular bioaccumulation as the residue
indicator of chronic Ni toxicity in rainbow trout and round goby.

2. Methods

2.1. Experimental organisms

Round goby, N. melanostomus,  were collected during the weeks
of Sept 26–Oct 7th, 2011 from Hamilton Harbour at LaSalle Park
(43◦18′1′ ′ N, 79◦ 50′47′ ′W),  Lake Ontario, Canada. The background
Ni concentration at this site averaged 0.31 ± 0.02 �mol/L. Commer-
cial minnow traps baited with frozen corn and set at a depth of
1 m or less for 24 h were used to capture one hundred and eight
round goby (mean body mass 11 ± 3 g). Fish were then transported
back to the laboratory and acclimated for two  weeks to laboratory
conditions in 500-L containers served with flow-through, aerated,
dechlorinated Hamilton (Ontario, Canada) tap water. PVC tubes
were used for shelter and the round goby were fed ad libitum every
second day with Big Al’s Staple Flake Food (45% protein, 5% crude
fat, 2% crude fiber and 8% moisture; Big Al’s Aquarium Supercentres,
Woodbridge, ON, Canada).

One hundred and eight rainbow trout, O. mykiss,  12 ± 1 g were
purchased from Humber Springs Trout Hatchery, Orangeville,
Ontario, Canada. They were initially contained in 500-L tanks
receiving flow-through dechlorinated Hamilton tap water. Trout
were fed 2% body weight, every second day, with Martin’s com-
mercial dried pellet feed (Martin Mills Inc., Ontario, Canada).

Black worms (L. variegatus)  were purchased from Aquatic Foods
(Fresno, CA, USA) and were kept in 80-L aquaria with a flow-
through of continuously aerated dechlorinated Hamilton tap water
at turnover rate of 20 L/day. L. variegatus were fed the same com-

mercial ground flake food as the described above, once every two
weeks.

All organisms were kept in Hamilton dechlorinated tap water
with an ionic composition of (in mmol/L) Na (0.9), Cl (1.0), Ca
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1.0), K (0.04), Mg  (0.4), and Ni (<0.3 × 10−5). Water hardness was
140 mg/L as CaCO3 equivalents; pH was 7.8, alkalinity 95 mg/L,
ater temperature was  12 ± 2 ◦C, dissolved organic carbon (DOC)
as 2.2 mg/L and the photoperiod was 16:8 h light:dark.

.2. Flow through exposure system

Ni stock solutions, made with NiCl2.6 H2O (Sigma Aldrich, St.
ouis, Missouri, USA, CAS no. 7791-20-0), were held in Mariotte bot-
les above the exposure tanks. Dechlorinated Hamilton tap water
750 mL/min) was mixed with 0.5 mL/min of Ni stock solutions
rom the Mariotte bottles in a mixing bucket before being admin-
stered to the exposure tanks containing the fish.

Mariotte bottle drip rates and flow rates of dechlorinated water
ere monitored daily. Water samples were taken every 24 h from

ach exposure to determine total and dissolved (0.45 �m filtra-
ion, see below) concentrations of Ni. Tanks were checked daily
or impacted fish (defined as fish which had lost equilibrium and
ad turned upside down) which were removed immediately.

Thirty-six round goby and rainbow trout were transferred to
ach exposure tank (500-L) for 48 h prior to Ni exposure to allow
ime for acclimation to the new environment and were fed 2% body
eight of black worms every second day throughout the 30-d trial.
ominal water exposure concentrations were 0, 10, 60 �mol  Ni/L.
lack worms were held in the out-flow from the fish exposure tanks

or 48-h prior to being fed to fish. This allowed for the concentra-
ion of Ni in the prey to be constant throughout the experiment
nd attempted to better simulate the natural environment where
oth predators and prey are exposed to the same water chemistry.
ll black worms were either consumed or removed from the tank
ithin 15 min.

.3. Water chemistry

Mean water chemistry parameters for all experiments are
hown in Supplementary Table 1. Measured total and dissolved Ni
oncentrations along with specific water chemistries were used to
stimate the free ionic nickel (Ni2+) concentrations and Ni2+ activ-
ty using Visual MINTEQ software (ver. 3.0, beta, KTH, Department
f Land and Water, Resources Engineering, Stockholm, Sweden).
he active fraction is a measure of the effective activity of Ni in
hese water chemistries, which is determined by concentration
nd by interactions (i.e. attraction or repulsion) of other molecules
n solution. The NICA-Donnan model was used in the calculations
o estimate the effect of DOC on Ni speciation. Average Ni water
oncentrations of each fraction were calculated: nominal, total, dis-
olved, ionic and active fractions of the metal, taking into account
he measured water chemistry from Supplementary Table 1, and
re reported in the Supplementary information section Table 2. All
i water concentrations presented in this study are reported as the
issolved fractions of the metal, which were 92% of the total values
Supplementary Table 2).

.4. Sub-cellular fractionation

The gills and gut of rainbow trout and round goby and the whole
ody of the prey, L. variegatus,  underwent tissue homogenization
ollowed by a differential centrifugation procedure to separate the
issues into five operationally defined fractions: metal rich gran-
les (MRG), organelles (ORG), heat-denaturable proteins (HDP),
etallothionein proteins (MT) and cellular debris (CD). The sub-

ellular fractionation protocol generally followed the procedure of

allace et al. (2003), Lapointe et al. (2009), and Ng et al. (2011). Tis-

ues were stored at −80 ◦C and thawed on ice prior to subcellular
ractionation. Tissues (required to be >0.2 g from 6 fish per treat-

ent, or ∼20 black worms) were weighed, then homogenized in
ology 154 (2014) 141–153 143

3–5 volumes of homogenization buffer which includes Tris–base
20 mM,  pH 7.6, with 2 mM 2-mercaptoethanol and 0.2 mM phenyl-
methanesulfonylfluoride (PMSF). One third of the sample was
used for measuring metal bioaccumulation for metal recovery. The
remainder was then centrifuged at 1450 × g at 4 ◦C for 15 min. The
pellet was  washed with buffer and re-centrifuged at the same speed
to minimize the presence of cellular debris (unbroken cells, cell
fragments and cell membranes). The pellet was washed with 2 mL
of 1 N NaOH and heated in the water bath at 80 ◦C for 15–30 min.
The mixture was  then spun at 5000 × g for 10 min  to collect the cel-
lular debris (CD; supernatant) and the metal rich granules (MRG;
pellet). The supernatant collected after the 1450 × g spin was  cen-
trifuged at 100,000 × g, 4 ◦C, for 1 h for separation of the organelles
(ORG; pellet) and cytosol (supernatant). The cytosol fraction was
then heated at 80 ◦C for 15 min  and recentrifuged to separate the
HDP (pellet) from the metallothionein (MT; supernatant) by cen-
trifugation at 50,000 × g for 10 min. Overall, recovery of Ni was
109% ± 9 (sum of Ni in each fraction × 100%/Ni in homogenate).

In figures, the BAM fractions (comprising HDP  and ORG) are
shown above the zero line, whereas the BIM fractions (comprising
MRG  and MT)  are represented below the zero line. The CD fraction
is not presented in the Figures as it represents the broken cellu-
lar fragments during fractionation and it is not classified as either
BIM or BAM. In the context of this study, the BIM fraction contains
metal in its detoxified form whereas the fate of the metal in the CD
fraction is unknown. On average, the CD fraction accounted for 35%
of the total organ Ni, which is consistent with previously published
values for Ni sub-cellular distribution in fish (Lapointe and Couture,
2009).

2.5. Tissue sampling

Six fish were sampled from each exposure concentration on days
0, 2, 4, 10, 20 and 30 of the exposure. Five sets of twenty black
worms were sampled every other day for whole body Ni bioac-
cumulation (sub-cellular fractionation of prey was performed on
the same days as the fish). Fish were euthanized with 0.80 mg/L
of tricaine methanesulfonate (MS-222) (Syndel Laboratories Ltd.
Nanaimo, BC, Canada; adjusted to pH 7.8 with NaOH) and rinsed
briefly (1 min) in dechlorinated water. The body mass of each fish
was measured and recorded. Gills and gut were surgically removed,
rinsed with 0.9% NaCl solution, blotted dry and weighed and then
stored in15-mL FalconTM tubes at −80 ◦C for future analysis. Black
worms were transferred to Hamilton dechlorinated water contain-
ing no added Ni for 5 min  to remove adsorbed Ni, followed by a brief
(5 s) rinse in nanopure water (18.2 M� cm,  Millipore Corporation,
Billerica, MA,  USA). Organisms were then transferred to filter paper,
patted dry, weighed and then stored in 2 mL bullet tubes at −80 ◦C
for future analysis.

2.6. Analytical techniques

Fish sub-cellular fractions and homogenate for Ni recovery
were digested with 2 N HNO3 (trace metal grade, Fisher Scien-
tific, Ottawa, ON, Canada) with a volume of 3–5 times the weight
of the tissue in sealed vials. These were incubated in a Precision
Oven (Jouan Inc., Virginia, USA) at 60 ◦C for 48 h, with vortexing
at 24 h. Tissues are then stored at 4 ◦C for later analysis. Black
worm sub-cellular fraction and homogenate were digested at room
temperature with 65% HNO3 (trace metal grade, Fisher Scientific,
Ottawa, ON, Canada; 10 �L of HNO3 per mg  of tissue wet wt) for
one week and then hydrogen peroxide (4 �L of H2O2 per mg  of tis-

sue wet wt) was added for 24 h to complete the digestion process
(Croteau et al., 2002).

Ni concentrations in water samples and tissue fraction sam-
ples were measured using graphite furnace atomic absorption
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ig. 1. Percent survival at each sampling time in both the lower and higher Ni expo
ach  exposure concentration was  calculated as the product of percent survival at th
er  treatment at each sampling time.

pectroscopy (GFAAS; Varian SpectrAA—220 with graphite tube
tomizer (GTA—110), Mulgrave, Australia) against certified atomic
bsorption standards (Aldrich Chemical Company, Oakville, ON,
anada). Ni recovery in water samples was 93 ± 2.3% as determined
y Environment Canada certified reference materials, TM-24.3 (lot
o. 0310) and TM-25.3 (lot no. 0809). Quality control blanks were
un every 20th sample to correct for background contamination.
ackground correction was not used and Ni concentrations were
ot corrected for recovery. Measurements were conducted at a
avelength and slit width of 232.0 nm and 0.2 nm,  respectively,

o obtain a lower working limit of 0.003 �mol/L.
Flame Atomic Absorption Spectroscopy (FAAS; Varian Spe-

trAA—FS-220, Mulgrave, Australia) was used to measure the con-
entrations of major cations (Na, Mg,  Ca and K) in water samples.
ll water samples were diluted using 1% HNO3 for Na analysis, 1%
NO3 with 1% LaCl3 for Ca and Mg  analysis and 1% HNO3 with
.01% CsCl3 for K analysis. Reference standard solutions for all ions
ere used to obtain standard curves (Fisher Scientific, Ottawa, ON,
anada). Water pH and DOC were measured using an Accumet®

asic AB15 pH meter (Fisher Scientific, Ottawa, ON, Canada) and
 total organic carbon analyzer (Mandel Scientific Company Inc.;
OC–VCPN series; Shimadzu, Kyoto, Japan), respectively.

As fish were sampled from the exposure tank at various time-
oints, overall percent survival for each exposure concentration
as calculated as the product of percent survival at the time

f sampling multiplied by the percent survival from previous
ampling time as is stated in the ASTM—E1241-05 Standard Guide
or Conducting Early Life-Stage Toxicity Tests with Fishes (ASTM,
012).

.7. Statistical analyses

Critical Body Residue 50 (CBR50) values with 95% confidence
ntervals (C.I.) were calculated using ToxCalc—Toxicity Data Analy-
is Software ver.5.0.32 (Tidepool Scientific Software, McKinleyville,
A, U.S.A.). The CBR50 was  the Ni bioaccumulation in an organ on a
pecific day of exposure that corresponded to 50% chronic mortality
t 30 d of exposure. Raw (no background correction) bioaccumu-
ation data was used against chronic (30-d) mortality to calculate
BR50 values in ToxCalc.

Data have been presented as means ± SEM (n), where n is the

ample size. All data reached normality, and conformed to homo-
eneity tests, or were transformed as necessary before statistical
nalyses were performed. Significant differences between two
roups were evaluated by unpaired Student’s t-tests (two-tailed).
oncentrations in rainbow trout (A) and round goby (B). Overall percent survival for
 of sampling multiplied by the percent survival from previous sampling time. n = 1

Comparisons among multiple treatment groups were assessed
using a one-way analysis of variance (ANOVA) followed by Fisher
LSD Method (Sigma Plot 10.0, Chicago, IL, USA). The Fisher LSD
test was chosen as a powerful test protective against Type II error
because our goal was  to identify differences in subcellular distri-
bution which remained consistent over different sampling times.
For all tests, statistical significance was allotted to differences with
p < 0.05.

3. Results

3.1. Water chemistry

Ni water concentrations for Ni exposures to rainbow trout and
round goby expressed as nominal, total, dissolved, ionic and active
fractions of the metal, taking into account this measured water
chemistry, are reported in the Supplementary Table 2, whereas cor-
responding water chemistry data are reported in Supplementary
Table 1. While nominal concentrations for both species were 10
and 60 �mol/L, actual measured mean total concentrations were
12.0 and 68.3 �mol/L for goby and 6.2 and 85.6 �mol/L for trout;
control concentrations averaged 0.05 �mol/L or less (Supplemen-
tary Table 2). All Ni water concentrations presented in this study
are reported as the dissolved fraction of the metal, which averaged
92% of the total values in the low (11.2 and 5.8 �mol/L) and high
exposures (62.0 and 79.0 �mol/L for goby and trout, respectively;
Supplementary Table 2).

3.2. Survival over chronic exposure

Rainbow trout were more resistant to chronic waterborne and
dietary nickel exposure than round goby. There was  no mortality
in the controls for either fish. There was  no mortality at the lower
exposure concentration and only 20% mortality in the higher expo-
sure by day 30 for rainbow trout (Fig. 1A). In contrast, round goby
mortality started on day 20 in the lower exposure with 38% sur-
vival by day 30. In the higher exposure, survival dropped steeply
by day 10 to 7%, with no round goby surviving at the following two
sampling times (Fig. 1B).

3.3. Comparison of whole-organ and sub-cellular fractional
concentrations of Ni in gill and gut
Prior to Ni exposure in the laboratory, the gills and gut of
round goby had ∼2× higher Ni concentrations in comparison to
rainbow trout and there was  no significant difference in organ
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Fig. 2. Ni bioaccumulation in the gills and gut (A) and Ni bioaccumulation in the sub-
cellular fractions (B) of rainbow trout and round goby at day 0 (i.e. prior to chronic
Ni  exposure in the laboratory) in control fish. HDP and ORG comprise the BAM frac-
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i bioaccumulation within a species (Fig. 2A). The BIM fractions
MRG and MT)  of the gills exhibited ∼7× more Ni in comparison
o the BAM fractions (ORG and HDP) in both rainbow trout and
ound goby (Fig. 2B). A similar trend was observed in the gut where
3× and ∼11× more Ni was in BIM fraction of rainbow trout and

ound goby, respectively (Fig. 2B). Within the gills, round goby had
2.4× more Ni in both the BIM and BAM fractions in comparison to

ainbow trout. The gut of round goby also had more Ni in the BIM
∼2×) fractions in comparison to rainbow trout, whereas there was

ore Ni (∼1.5×) in the BAM fractions of the rainbow trout (Fig. 2B).

.4. Dietary component of Ni exposure from prey
The average Ni bioaccumulation both in the whole organism as
ell as the average sub-cellular distribution in the prey species, L.

ariegatus,  is shown in Fig. 3. These worms were exposed for 48 h in
ology 154 (2014) 141–153 145

the effluent of the fish exposure tanks before being fed to the fish.
As the exposure concentration increased by either 13-fold or 6-fold
in the rainbow trout and round goby exposure water, respectively,
the Ni concentration within the Lumbriculus increased to a lesser
extent with only 3.4 and 1.9-fold increases, respectively (Fig. 3A
and B). The bioaccumulation of Ni in the BIM vs. BAM fractions
was generally about equal. Within the BIM fraction, there was no
significant difference between the percent Ni in the MRG and MT
fractions, however, within the BAM fraction, there was  on average
7× more Ni distributed to the ORG fraction in comparison to HDP
fraction (Fig. 3C and D).

3.5. Whole organ Ni bioaccumulation at various time points

3.5.1. Gills
In the current study, gill Ni bioaccumulation in both species dis-

played a biphasic relationship of Ni loading into the gills in the
initial days of exposure followed by a period of stabilization above
control values (Fig. 4A and B). Rainbow trout gill Ni bioaccumula-
tion steadily increased from day 0 to day 4 in the 6 �mol/L exposure
and until day 10 in the highest exposure concentration, after which
there were no significant changes (Fig. 4A). Across all sampling
days, there was 2–3.5× more Ni in the gills of rainbow trout exposed
to 79 �mol/L in comparison to 6 �mol/L, a 13-fold difference in
exposure concentrations (Fig. 4A).

Gill Ni bioaccumulation in round goby was highest on day 2
followed by significant decreases of 70% and 55% by day 4 in
the 11 �mol/L and 62 �mol/L exposure concentrations, respec-
tively (Fig. 4B). In the 11 �mol/L exposure, gill Ni bioaccumulation
remained constant until day 30 where it decreased by a further
60% (Fig. 4B). On days 2 and 4, there was  3–4× more Ni in the gills
of round goby in the higher exposure in comparison to the lower
exposure (Fig. 4B).

Gills of round goby bioaccumulated ∼16× and ∼5× more Ni by
day 2 and day 4, respectively, in the higher exposure and an average
of ∼4 × more Ni in the lower exposure concentration in comparison
to trout (Fig. 4A and B).

3.5.2. Gut
Acute (days 2 and 4) Ni bioaccumulation in the rainbow trout

gut remained constant then increased by day 10 (in the 79 �mol/L
exposure) or day 20 (at 6 �mol/L) and plateaued again until day 30
(Fig. 4C). Similar to the gills, the gut did not bioaccumulate Ni in
proportion to the differences in the concentrations in the water or
the prey. There was only ∼2× more Ni in the gut of rainbow trout
exposed to 79 �mol/L (83 �mol/kg wet  wt in prey) in comparison
to 6 �mol/L (24 �mol/kg wet wt  in prey), a 13-fold difference in
exposure water concentrations and a 3.4-fold difference in the prey
concentration (Figs. 3A and 4C).

Gut Ni bioaccumulation of round goby was greatest on days 10
and 4 in the 11 �mol/L and 62 �mol/L exposure concentrations,
respectively (Fig. 4D). There was  a ∼10-fold increase in the higher
exposure, whereas, in the lower exposure concentrations, gut Ni
bioaccumulation decreased steadily by 80% by day 30 (Fig. 4D).

In contrast to the gills, the gut Ni bioaccumulation did not differ
as much between the two species with an average of ∼2× more
Ni in round goby gut in comparison to rainbow trout gut, with the
exception of day 4 in the highest exposure where there was ∼6×
more in round goby (Fig. 4C and D).

3.6. Gill and gut subcellular Ni distribution
3.6.1. Gill
In the rainbow trout, there was  2–4× more Ni in the BIM fraction

in comparison to the BAM fraction of the gills at the lower expo-
sure (Fig. 5A) and approximately 2× more at the higher exposure
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panels  (C) and (D)) and were evaluated using a one-way analysis of variance (ANO

oncentration (Fig. 5C). Similarly, in the round goby, 2–4× more Ni
ioaccumulated in the BIM vs. BAM fraction of the gills (Fig. 5B and
) in both exposure concentrations.

A comparison between the Ni bioaccumulated in the BIM and
AM fractions of the two species, shows approximately 3× more
IM Ni and 7× more BAM Ni in the round goby gills vs. the rainbow
rout, respectively, at most times, regardless of exposure concen-
rations. However, day 2 was an exception where there was  15×
nd 40× more Ni bioaccumulated in the BIM and BAM fractions of
ound goby gills, respectively (Fig. 5).

.6.2. Gut
The gut of rainbow trout exposed to either Ni exposure concen-

ration, bioaccumulated ∼3× more Ni in the BIM vs. BAM fraction
Fig. 6A and C). In contrast, the BIM fractions of the round goby gut
ioaccumulated ∼10× more Ni in comparison to the BAM fraction
Fig. 6B and D).

In general, in the lower exposure concentration, similar
mounts of Ni bioaccumulated in the BAM fractions of the rain-
ow trout and round goby (Fig. 6A and B). Similarly, there was
bout the same amount of Ni in the BIM fractions up until day 20

here there was ∼4× more Ni in the rainbow trout gut in com-
arison to round goby. In the higher exposure concentration, more
i bioaccumulated in the BIM and BAM fractions of rainbow trout
n day 2, whereas by day 4, ∼5× and ∼2× more Ni was in the BIM
llowed by Fisher LSD method; p < 0.05.

and BAM fractions of round goby in comparison to rainbow trout,
respectively (Fig. 6C and D).

3.7. How Ni bioaccumulation and sub-cellular fractions correlate
to mortality

We  examined relationships between Ni bioaccumulation at var-
ious exposure times versus chronic (30-d) mortality to look for
predictive indicators. For simplicity, only day 4 and day 30 data
are shown in Fig. 7, but data on intermediate days exhibited simi-
lar relationships. Acute gill Ni bioaccumulation at day 4 was just
as predictive of chronic (30-d) mortality as bioaccumulation at
day 30 in the round goby (Fig. 7A). As 4-d and 30-d Ni bioac-
cumulation increased, there was increasing chronic mortality. Ni
bioaccumulation in both the BIM and BAM fractions were also pre-
dictive of chronic (30-d) mortality (Fig. 7C and E). In addition, there
was no significant difference (95% confidence intervals overlapped)
between CBR50 values calculated either from 4-d or 30-d bioaccu-
mulation for any of the fractions: whole gill or BIM or BAM fractions
of the gills of round goby (Fig. 7A, C and E). Notably, in the gut, in
contrast to the gills, there was no correlation between gut Ni bioac-
cumulation and chronic mortality with respect to the whole organ

or BIM and BAM fractions (Fig. 7B, D and F).

The high survival of rainbow trout in both exposure concen-
trations did not permit a correlation to be made between early
bioaccumulation and chronic mortality.
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ifference at a time point (p < 0.05; evaluated by unpaired Student’s t-test). Values 

. Discussion

.1. Overview

There are many benefits of acute mechanistic data on metal tox-
city in terms of modeling approaches for protection of aquatic
pecies; however, quite often the concentrations used in acute
oxicity tests are not environmentally relevant and do not take
nto consideration dietborne metal exposure. In the current longer
erm study we have employed a joint waterborne and dietary
i exposure at two concentrations, the lower of which is typi-
al of a Ni-contaminated environment (<12 �mol  Ni/L; Chau and
ulikovsky-Cordeiro, 1995; Eisler, 1998) and a higher level Ni expo-
ure concentration which is not environmentally relevant but may
ive information on mechanisms of chronic Ni toxicity. To the best
f our knowledge, only four other studies have assessed the subcell-
lar distribution of Ni in fish tissues: the whole body of the fathead
innow, Pimephales promelas (Lapointe and Couture, 2009), olfac-

ory epithelium and nerve of the northern pike, Esox lucius (Tallkvist
t al., 1998) and the liver of wild yellow perch, Perca flavescens
Giguère et al., 2006; Campbell et al., 2008). However none of
hese assessed the sub-cellular distribution of Ni in the gills or the
ut—the two organs responsible for the exchange of nutrients and
inerals, and eliminating waste as well as the organs considered

o be biotic ligands of metal binding.
We have shown that round goby are more sensitive than rain-

ow trout to chronic Ni exposure. Earlier, we reported that round

oby were also more sensitive to acute Ni exposure (Leonard
t al., 2014). Possibly, this greater sensitivity may  be due to the
ound goby’s pre-exposure to pollutants at their collection site, as
videnced by ∼2-fold greater initial Ni bioaccumulation in both
NOVA) followed by Fisher LSD method. An * denotes a concentration-dependent
ans ± S.E.M.; n = 6 per treatment.

their gills and gut relative to trout. This is contrary to other studies,
where fish acclimate to metal exposures causing a decrease in sen-
sitivity (Zhang and Wang, 2005; Campbell et al., 2008). However, it
may  also be possible that this is simply a difference between farm
reared and wild fish. Nonetheless, this higher initial Ni bioaccumu-
lation was followed by ∼2–16× larger bioaccumulation in both the
gills and the gut during the experimental exposure. On a subcell-
ular level, ∼3–40× more Ni is associated with the BAM fraction of
round goby in comparison to rainbow trout.

Assessing sub-cellular distribution of Ni in both the gills and gut
of two fish of different habitat and lifestyles revealed two different
strategies of Ni bioaccumulation and sub-cellular distribution. On
the one hand, the rainbow trout exhibited an ability to regulate
gill Ni bioaccumulation and maintain the majority of the Ni in the
MT fraction as part of the BIM fraction. In contrast, the round goby
exhibited large Ni spillovers to the BAM fraction of the gill, both
to the HDP and ORG compartments. However, the same trend was
not observed in the gut, where the potential acclimation of round
goby to pollutants from their collection site may  have aided their
ability to regulate Ni spillover to the BAM fraction more so than the
rainbow trout.

Gill Ni bioaccumulation at either 4-d or 30-d in the whole organ,
or BIM or BAM fractions of the metal were predictive of chronic Ni
toxicity in the round goby. There was not sufficient mortality in
the rainbow trout to allow assessment of the Ni bioaccumulation
which would be predictive of chronic mortality.
4.2. Survival over chronic exposure

Round goby are expected to be a rather pollution tolerant
species because of their prevalence in highly contaminated areas
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Pinchuk et al., 2003) including Hamilton Harbour (Marentette and
alshine, 2012). However, laboratory studies have demonstrated
hat this species is more sensitive to both acute Ni (Leonard et al.,
014) and chronic Ni (present study) toxicity in comparison to rain-
ow trout, a species which is known to be one of the most sensitive
eleosts to metal toxicity (U.S. EPA, 1986; Brix et al., 2004). For
xample, the chronic no-observable effect concentration (NOEC)
nd lowest observable effect concentration (LOEC) for growth of
rout are less than 0.6 �mol  Ni/L (Nebeker et al., 1985). To the best of
ur knowledge, there are no previous studies which assess chronic
i toxicity to round goby.

.3. Comparison of whole-organ and sub-cellular fractional
oncentrations of Ni in the gill and gut

Prior to laboratory testing, the round goby had ∼2× more Ni in
he gills and the gut than the rainbow trout purchased from a hatch-
ry. As well, on a sub-cellular level, the round goby had ∼3× more Ni
n the BIM and BAM fractions of the gills in comparison to rainbow
rout. There was also ∼7× more Ni in the BIM fraction of the gut of
ound goby in comparison to rainbow trout. This suggests that the
ound goby were closer to reaching or had reached their thresh-
ld concentration in the BIM fraction leading to spill over into the
AM fraction (Adams et al., 2011), which potentially caused adverse
hysiological effects. In fact, this may  help explain the higher sen-
itivity of the round goby. Although the collection site (LaSalle Park
n Hamilton Harbour) is considered to be a “clean site” (Marentette

t al., 2010), the Harbour itself is in close proximity to industrial
ctivities such as steel mills and many contaminants such as poly-
yclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
PCBs), and metals including cadmium, arsenic, lead, iron, mercury,
ro line, whereas, MRG  and MT  comprise the BIM fractions which are represented
 using a one-way analysis of variance (ANOVA) followed by Fisher LSD method, in

.; n = 6 per treatment.

zinc, and nickel are known to be of concern in some areas of the
Hamilton Harbour (Hamilton Harbour Remedial Action Plan RAP,
1992, 2003; International Joint Commission, 1999). In fact, sedi-
ment Ni concentrations at LaSalle Park were 900 �mol/kg, a value
which is above the lowest effect level according to the provincial
sediment quality guidelines (Zeman, 2009) and liver concentra-
tions of collected round goby were ∼3 �mol/kg (Marentette et al.,
2010), below levels of the gill and gut of the current study, however
this may  be due to low Ni bioaccumulation in the livers of teleosts
in general (Leonard et al., 2014). Therefore, the residual influence
of contaminants from Hamilton Harbour both via the diet and/or
the water in addition to the laboratory Ni exposure may  have over-
whelmed the detoxifying strategies of the round goby and therefore
reduced their overall tolerance.

4.4. Dietary component of Ni exposure from prey

Recently, the dietary transfer of metal to fish has been recog-
nized as a critical exposure route which needs to be addressed in
further detail as current WQC  are based on waterborne exposures
(Meyer et al., 2005; Béchard et al., 2009; Klinck et al., 2009). It has
been suggested that dietary metal uptake from natural food (more
typical prey) vs. artificial food may  provide predators with a form
of the metal which is more trophically available (Meyer et al., 2005;
Ng and Wood, 2008; Béchard et al., 2009; Klinck et al., 2009).

Black worms were held in the out-flow from the fish tanks for
48-h prior to being fed to the fish. A steady-state condition in the

prey was therefore not achieved. Previous research with Zn and
Cd has shown that steady-state conditions were not reached in the
caddisfly, Mystacicks sp., over 30 days of exposure (Timmermans
et al., 1992). Additionally, in same black worm species used in the
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resent study, steady state conditions were not achieved over a 7
eek exposure to waterborne Pb (Derek Alsop, personal communi-

ation). Therefore, we chose to expose the predators to a constant
i concentration from the diet over the course of the 30-d exposure
y exposing the black worms in an acute manner.

While it is possible that Ni accumulation in the gut tissue of
he predators occurred due to input from waterborne sources
drinking, transport from the gills via the plasma), it seems more
ikely that the bulk of the bioaccumulation would have originated
rom the prey. In trout gut, Ni concentrations by day 30 were
pproximately equal to those in the prey, suggesting that equilib-
ium had been achieved. In round goby, at the lower Ni exposure
oncentration, Ni levels in the gut tissue were actually lower than
n the prey, though the opposite occurred in the higher exposure
oncentration at day 4, the last sampling day before substantial
ortality occurred. In the trout, at the lower Ni exposure concen-

ration, there was significantly less of the total in the BAM fraction,
nd more in the BIM compartment than in the prey, suggesting
hat detoxification had occurred. However this was not true at the
igher exposure concentration. In round goby, there was evidence
f a greater detoxification capacity inasmuch as only about 10%
f the accumulated Ni was partitioned into the BAM fraction,
hereas 90% was stored in the BIM compartment at both exposure

oncentrations. These differences suggest that the round goby was
ore efficient at regulating dietary Ni uptake and detoxification

n comparison to rainbow trout (see below Section 4.6). However,

ased on our experimental design, we cannot accurately evaluate
he trophic transfer efficiency of Ni in these species nor distinguish
he contribution of the two Ni sources (waterborne and dietary)
o Ni bioaccumulation in the predators. Future studies should
 a one-way analysis of variance (ANOVA) followed by Fisher LSD method, in either
 per treatment.

investigate the aspect of contaminant pre-exposure on the trophic
transfer efficiency of metals.

4.5. Whole organ Ni bioaccumulation at various time points

Gaining an understanding of Ni toxicokinetics during chronic
exposures may  establish links between toxicity and exposure
(McGeer et al., 2000; McCarty and MacKay, 1993). In the current
study, gill Ni bioaccumulation in both species displays a biphasic
relationship of Ni loading into the gills in the initial days of exposure
followed by a period of stabilization above control values (Fig. 4A
and B). This trend has been previously shown for Cu and Zn by
Laurén and McDonald (1987), Grosell et al. (1997) and McGeer et al.
(2000) and is suggestive of metabolic regulation characteristic of
essential nutrients; it is not observed for Cd, a non-essential metal
(McGeer et al., 2000). Ni essentiality has not been established in
fish, however, homeostatic regulation of Ni has been shown in lake
whitefish (Ptashynski and Klaverkamp, 2002), and rainbow trout
(Chowdhury et al., 2008).

In general, the initial damage phase characteristic of chronic
metal bioaccumulation occurs from bioaccumulation on or in the
gills (McGeer et al., 2000; McDonald and Wood, 1993), which
was observed in the present study where gill Ni bioaccumulation
occurred at earlier time points than the gut Ni bioaccumulation
(Fig. 4). In the gut, Ni bioaccumulation did not increase until day 4

or day 10 in either of the fish species, which correlates well to the
commonly held view that diet-borne metals are unlikely to cause
acute metal toxicity (Meyer et al., 2005) but play a more critical
role in chronic metal toxicity.
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.6. Gill and gut subcellular Ni distribution

.6.1. Gill
In general, similar trends were observed for both the lower, envi-

onmentally relevant Ni exposure and the higher, more toxic Ni

oncentrations; therefore, for simplicity; results will be discussed
ogether for the two exposure concentrations.

In the gills of rainbow trout, the MT  fraction was a major location
f Ni bioaccumulation (Fig. 5A and C). This fraction is considered
nly and were calculated using Toxcalc software. Note the lack of relationship for
accumulations associated with 50% chronic mortality in round gobies. Values are

part of the BIM fraction and is therefore detoxified (Wallace et al.,
2003). MTs  are low molecular weight, cysteine-rich metal bind-
ing proteins which are induced from exposure to metals, namely
Cu, Cd, and Zn (Roesijadi, 1992; Mason and Jenkins, 1995; Amiard
et al., 2006). The information on MT  induction by Ni is much less

robust; however, Ptashynski et al. (2002) showed MT  induction in
the intestine of lake whitefish (Coregonus clupeaformis) following
a dietary exposure to Ni and Giguère et al. (2006) demonstrated
MT induction in the liver at low chronic Ni exposures in the yellow



 Toxic

p
a
c
w
e
e
T
s

a
M
b
1
i
t
h
i
m
N
i
c
t
3
p
s
d

w
o
l
t
n
p
u
t
e
p
m
(
C
C
m
a
e

m
t
H
i
N
f
I
o
t
b
i
b
f
i
fi
f
c
t
l
p
(

E.M. Leonard et al. / Aquatic

erch, Perca flavescens.  Mercury (Hg), Cd, Ag (silver) and Zn were
lso found to induce MT  production in the gills of the carp, Cyprinus
arpio, exposed for 7-d to each respective metal (Cosson, 1994), as
ell as Cd in the gills of rainbow trout following a 96-h waterborne

xposure (Kamunde, 2009) and following a four week dietary Cd
xposure from L. variegatus to rainbow trout (Ng and Wood, 2008).
he binding of Ni by MTs  appears be to a successful strategy for
urvival of this species (Figs. 1 and 5A and C).

In general, the gills of round goby appear to use MT  and MRG
s mechanisms of detoxifying Ni (Fig. 5B and D). In invertebrates,
RG  formation involves the precipitation of a metal into insolu-

le concretions normally including Ca or Mg  phosphate (Roesijadi,
980; Brown, 1982; Vijver et al., 2004), rendering the metal detox-

fied. To the best of our knowledge, there is no direct evidence for
he use of insoluble granules as a detoxification mechanism in fish;
owever, the presence of Ni in this fraction is not a novel find-

ng. It has been previously shown in the whole body of fathead
innows and the relative proportion in this fraction increased with
i exposure (Lapointe and Couture, 2009). Nonetheless, studies on

nvertebrates have suggested that MRG  formation plays a role in
hronic tolerance to metal exposure, while MT  mainly acts to pro-
ect against acute metal exposure (Vijver et al., 2004). Within the
0 day Ni exposure, there was no defined pattern that either sup-
orts or rejects this theory. However, the use of both detoxifying
trategies in round goby may  suggest they were exhausting both
etoxification strategies.

Nonetheless, Ni bioaccumulation in the gills of either species
as not constrained to the BIM fraction. Even at sub-lethal levels

f Ni exposure, both rainbow trout and round goby gills bioaccumu-
ated more Ni than controls (Day 0) in the BAM fraction, suggesting
hat even at this low level of exposure metal detoxification was
ot entirely successful (Fig. 5). Previous research has shown com-
lete metal detoxification by the BIM fraction (MTs and/or MRG)
nder conditions of low metal exposure, with partial detoxifica-
ion (or spillover) into the BAM fraction under conditions of greater
xposure (Wallace et al., 2003). However these studies have been
rimarily done on naïve organisms and the dietary component of
etal exposure has not been taken into consideration. Kamunde

2009) also observed a similar trend to that of the present study for
d in the gills and liver of rainbow trout where even background
d bioaccumulation partitioned into all of the subcellular compart-
ents analyzed. Simultaneous Ni bioaccumulation in both the BIM

nd BAM fractions suggests that detoxification strategies cannot
ntirely cope with the metal challenge.

A comparison between the two species demonstrates ∼3–40×
ore Ni in the BAM fraction of the round goby gills in comparison

o the rainbow trout. Early spillover into this fraction occurred in
DP, which decreased and plateaued by later time points. This is

n contrast to the liver of wild yellow perch where steady-state
i partitioning showed greatest Ni bioaccumulation in the HDP

raction in comparison to any other fraction (Giguère et al., 2006).
n the current study, Ni spillover to the ORG fraction of the gills
ccurred later in the exposure (Days 20 and 30; Fig. 5). Interpreta-
ion of the ORG fraction should be done with caution as there may
e some functional overlap between BIM and BAM fractions. The

nclusion of lysosomes as part of the BAM fraction is not ideal as Ni
ioaccumulation in this organ may  be indicative of either Ni storage
or eventual elimination and detoxification (i.e. BAM classification
ncorrect) or Ni storage in a biologically active form (i.e. BAM classi-
cation correct). The latter could occur if lysosomes become “leaky”

ollowing exposure to metals releasing hydrolytic enzymes into the
ell (Viarengo et al., 1987). However, the other two components of

he ORG fraction: mitochondria and microsomes are appropriately
abeled as the BAM fraction; microsomes contain fragmented endo-
lasmic reticulum responsible for protein synthesis and transport
Fowler et al., 1989), and metal bound to the mitochondria has been
ology 154 (2014) 141–153 151

shown to reduced metabolic capacities or increase oxidative stress
(Silverberg, 1976; Lapointe and Couture, 2009). Therefore, round
goby are not as adept at regulating gill Ni uptake and detoxification,
leading to higher mortality in this species (Fig. 5).

4.6.2. Gut
Similar to the gills of rainbow trout, the majority of the Ni in the

gut of trout was  in the MT  component of the BIM fraction; how-
ever, there was early spillover to the BAM fraction, mainly in the
ORG in comparison to the HDP fraction (Fig. 6A and C). A some-
what different trend was  observed in the gut of round goby, where
the Ni was  mainly found in the MRG  fraction in comparison to the
MT fraction (Fig. 6B and D). However, Ni in the BAM fraction was
primarily associated with the ORG fraction. Therefore, it appears
that spillover in the BAM fraction of the gut in both species occurs
primarily in the ORG fraction, potentially leading to problems with
protein synthesis and cellular respiration in the gut tissue.

The goby gut appears to be more efficient than the gills at reg-
ulating Ni bioaccumulation, whereas the opposite is true for the
rainbow trout (Figs. 5 and 6). Round goby, which were collected
from Hamilton Harbour, may  have fed on pollution-tolerant ben-
thic invertebrates such as dipterans and oligochaetes known to
bioaccumulate toxicants (Seidman et al., 1986). It has been shown
that wild yellow perch collected from metal-contaminated lakes
had lower rates of Cd absorption in the gut compared to control
fish (Klinck et al., 2007). These findings suggest that physiological
changes may  occur along the gut of fish to allow for better coping
strategies in polluted aquatic environments (Klinck et al., 2007). In
the gills, it is well established that when fish are chronically exposed
to sublethal metal concentrations there is an increase in the low-
affinity, high capacity binding sites (Niyogi and Wood, 2003). Acute
studies with Ni have shown that the gut of round goby displays low
affinity, high capacity transport systems, whereas, the gut of naïve
rainbow trout exhibits high affinity, low capacity uptake parame-
ters (Leonard et al., 2009, 2014). Therefore, the ability of the gut
of round goby to better regulate gut Ni bioaccumulation and to
detoxify the Ni to the BIM fraction may  be due to the fish’s pre-
vious exposure to contaminants via the diet. While this may  have
caused a change in the binding kinetics of the metal, however, it
was not sufficient to protect this species against chronic mortal-
ity. Overall, chronic mortality observed in round goby (and not in
rainbow trout) appears to be more closely related to the gill Ni
bioaccumulation and not to the gut Ni bioaccumulation.

4.7. How Ni bioaccumulation and sub-cellular fractions correlate
to mortality

One of the fundamental concepts of the BLM is that early
(acute) metal bioaccumulation is predictive of chronic toxicity.
For example, Meyer et al. (1999) demonstrated that 24-h gill Ni
bioaccumulation (LA50) in the fathead minnow (P. promelas) was
a constant predictor of 96-h LC50 regardless of water chemistry
parameters. In the current study, round goby gill CBR50 val-
ues calculated from either 4-d or 30-d gill Ni bioaccumulation
against chronic (30-d) mortality were not significantly different
which strongly suggests that either acute (4-d) or chronic (30-d)
gill Ni bioaccumulation can be used for tissue residue-based risk
assessment, even if equilibrium has not yet been reached. This is
supported by a study on Cd in Tubifex tubifex where 4- to 17-d CBR50
values appeared to be independent of exposure time (Redeker and
Blust, 2004). In addition, Ng et al. (2012) showed a similar trend
where 7-d Cu bioaccumulation and chronic (28-d) survival were

qualitatively similar to those when mortality and Cu were mea-
sured at the same chronic endpoint of 28-days.

CBR50 values of the BIM fraction were ∼2–4× more than CBR50
values of the BAM fraction (Fig. 7). Therefore, the predicted 50%
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ortality occurs at a lower Ni level in the BAM fraction than the BIM
raction, suggesting that round goby are more sensitive to Ni bioac-
umulation in the BAM fraction. In addition, in the current study,
IM and BAM fractions of the goby gills are equally predictive of
hronic (30-d) mortality. This is in contrast to Cu in the inverte-
rate, L. variegatus,  where measurements in BIM, rather than BAM,
ave a better indication of metal impact on a cellular level (Ng et al.,
012).

There were no relationships between gut Ni bioaccumulation,
r BIM and BAM fractions, at any time point with chronic (30-
) mortality, suggesting that the gut is not the site of key toxic
ction, thereby supporting our acute study on these two fish species
Leonard et al., 2014) which emphasized the gills as the main site
f toxic action and the best organ for prediction of both acute and
hronic mortality.

These data also suggest that the concentration of the toxicant
ithin the target tissue, the gills, that produces a certain effect is

ndependent of time. Future studies should expand more upon this
o determine whether CBR50 values are also independent of expo-
ure conditions, such as water chemistry. In rainbow trout, which
ere more resistant to Ni exposure, there was insufficient mortality

Fig. 7) to calculate CBR50 values; however, from Fig. 7 we  observe
hat similar gill Ni concentrations in rainbow trout and round goby
re associated with different chronic percent survivals. This same
rend is observed in the BIM and BAM fractions, suggesting that
BR50 values of the two species would not be similar which would
ave implications in terms of the predictive capacity of a chronic
RA model.

Earlier studies conducted in our laboratory demonstrated that
BR50 values were more consistent than exposure concentrations
ither between different water hardness values within a species
r between different species (Leonard and Wood, 2013; Leonard
t al., 2014). Data from the current study show promise that gill
issue Ni residues can be used to predict chronic metal toxicity.
ogether, these data support one of the main advantages of the
RA where tissue concentrations are generally less variable than
xposure concentrations with respect to a toxicity response.

. Conclusions

In this study, we have employed a joint waterborne and dietary
i exposure at two concentrations over a chronic (30-d) time frame
nd assessed the sub-cellular distribution of Ni in the gills or the gut.
ound goby were more sensitive than rainbow trout to chronic Ni
xposure. This was possibly due to their pre-exposure to pollutants
t their collection site, their higher bioaccumulation of Ni in both
he gills and gut during the laboratory exposure, and/or the more
i that associated with the BAM fraction of the gills in round goby

n comparison to rainbow trout.
Gill Ni bioaccumulations at either 4-d or 30-d in the whole organ,

r BIM or BAM fractions of the metal correlated to chronic Ni tox-
city in the round goby. There was not sufficient mortality in the
ainbow trout to assess the Ni bioaccumulation which would be
redictive of chronic mortality.
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