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ABSTRACT: Sensitivity of white sturgeon (Acipenser transmontanus) to
copper (Cu) or cadmium (Cd) has been shown to significantly differ as a
function of life-stage. This study investigated oxidative stress, metal
homeostasis, and associated compensatory responses as potential mechanisms
of this sensitivity pattern in three early life-stages. Sturgeon were most sensitive
to Cu at 1S days post hatch (dph), which was accompanied by a significant
increase in lipid peroxidation (LPO). Genes involved with amelioration of
oxidative stress were significantly less inducible at this stage than in older, less " o 3
sensitive fry. At 48 dph, acute lethality of sturgeon exposed to Cd was greatest mW
and body LPO was significantly induced by 3.5-fold at 5 ug Cd/L. Moreover,
there was a small but significant increase in antioxidative responses. At 139 dph,
sturgeon were most tolerant to Cu and Cd and accumulation of these metals Sensitive < -~ Tolerant

was least. Also, expression of metallothionein (MT) and apoptotic genes were

greatest while expression of metal transporters was reduced and concentration

of LPO was not different from controls. Our results suggest that life-stage specific sensitivity of white sturgeon to metals is
complex, encompassing differences in the ability to mount compensatory responses important for metal homeostasis and
combating oxidative stress and concomitant damages.
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B INTRODUCTION a potential factor contributing to these declines.” > For some
metals, including Cu, white sturgeon were shown to be even
more sensitive than salmonids, which are considered to be
among fishes most sensitive to metal pollution.®” In general,
fish are most sensitive to adverse effects of exposure to metals
during early life-stages.”” Whereas studies with white sturgeon
have revealed that this is also true for this species, they also
indicated that they exhibit a unique pattern in sensitivities to
metals during physiologically distinct phases of early develop-
ment, including yolksac, swim-up, and early or late
juveniles.6’7’m‘l !

White sturgeon were shown to be most sensitive to acute
waterborne exposure (96 h) to Cu during transition to

Because of their toxic potencies and persistence in the
environment, metals are contaminants of global concern to
aquatic wildlife, including fishes. Occurrence of metals in
freshwater ecosystems results from activities including dis-
charge of municipal effluents, industrial discharges, and mining
activities. Among metals, copper (Cu) and cadmium (Cd) are
of particular concern as they are ubiquitous in the environment
and can lead to a variety of adverse effects in aquatic wildlife,
particularly fish."”

Among fishes, one species that has been shown to be
particularly sensitivity to metals is the white sturgeon (Acipenser
transmontanus). White sturgeon are one of the most archaic fish
species currently residing on earth; however, many populations
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exogenous feeding between 15 and 40 days post hatch (dph);
however, yolksac (8 dph) and later juvenile (89—167 dph)
sturgeon were found to be aé)_/proxjmately 3- and 6-fold more
tolerant to Cu, respectively.”””'>~"* Compared to Cu, white
sturgeon demonstrated greater sensitivities to Cd at later stages
of development. They were most sensitive to Cd at 61 dph and
were relatively tolerant beyond 89 dph.” These observations
raised questions as to the specific mechanism(s) that result in
differences in sensitivity to Cu or Cd among life-stages of white
sturgeon. Understanding these differences and their potential
causes are of interest to risk assessors because it provides
important information for identification of the most sensitive
life-stages across species of concern such as critically
endangered sturgeons or other receptors of interest.

Metals are known to cause toxicity to fishes through several
mechanisms, including disruption of ion homeostasis and
induction of oxidative stress. Metals can be taken up and
transported through dedicated metal transporters and iso-
morphic substitution, which can cause a net loss of Na¥, K,
Ca®, and CI” and result in an increase in blood viscosity and
pressure, compensatory tachycardia, and ultimately death by
cardiac failure.””™"” Another major mechanism of toxicity
common to metals is generation of reactive oxygen species
(ROS), which can damage DNA, proteins, and membrane
lipids, leading to pathological injury and mortality.”>*" To
ameliorate adverse effects caused by metals, organisms have
developed a number of compensatory response pathways that
are conserved among taxa.”” Compensatory responses to metals
include regulating the expression of (1) metal-binding proteins
known as metallothioneins (MTs) that are involved in both
transport and detoxification of metals through binding and
removal of their redox potential, as well as scavenging of
superoxide radicals;**** (2) metal transporters such as copper
transporter (CTR1), divalent metal transporter (DMT1), and
copper-transporting ATPases (ATP7a) that limit metal uptake,
which in turn slows onset of toxicity;** (3) antioxidant enzymes
such as catalase (CAT), glutathione peroxidase (GPx),
superoxide dismutases (SOD), and glutathione S-transferases
(GST) that can remove free radicals and oxidative damage;zo’26
and (4) caspase-dependent or -independent apoptotic signaling
pathways that eliminate damaged cells.””

Complexity of differential life-stage sensitivity notwithstand-
ing, a number of studies have demonstrated that capacity to
mount compensatory responses, especially regulation of metal
and ion homeostasis pathways and activities of the antioxidant
response systems, are important factors contributing to
intraspecies and interspecies differences in metal sensitivity to
fishes.”>**73! To date, however, metal-induced oxidative stress
and associated compensatory responses among early life-stages
of fishes are largely unknown. A recent study using in vitro liver
explants with white sturgeon revealed that while expression of
the MT mRNA was induced in response to some metals its
responsiveness was less than that in most other species of fish.**
This led us to hypothesize that oxidative stress and capacities of
compensatory responses, including the limited capacity of white
sturgeon to induce MTs, might result in less capacity to
detoxify metals and therefore could be drivers of the differences
in life-stage specific sensitivity of fishes to metals.

The goal of the current comparative study was to investigate
differences in metal-induced oxidative stress and associated
compensatory responses as possible mechanisms responsible
for life-stage-specific differences in sensitivity of white sturgeon
to Cu or Cd. Larvae at transition to exogenous feeding (15
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dph), early juveniles (48 dph), and later juveniles (139 dph)
that spanned sensitive and tolerant life-stages were exposed to
serial concentrations of either Cu or Cd for 96 h. Accumulation
of metals was compared among life-stages, and differences in
magnitudes of compensatory responses in pathways of metal
homeostasis and the antioxidant system, specifically focusing on
changes in expression of MT, ATP7a, CTR1, DMT1, GPx,
GST, CAT, SOD, CASP3, and AIF, as well as oxidative damage
(lipid peroxidation, LPO) were quantified and correlated with
differences in acute lethality for each life-stage.

B MATERIALS AND METHODS

Experimental Organisms. Embryos of white sturgeon
were obtained from the Kootenay Trout Hatchery (Fort Steele,
BC, Canada) and were reared in the Aquatic Toxicology
Research Facility at the University of Saskatchewan in a flow-
through system maintained at approximately 15 °C. Fish were
fed a diet of commercial frozen bloodworms (San Francisco
Bay Brand, Newark, CA, USA). Proper permits were obtained
before research commenced (Fisheries and Oceans Canada
SARA Permit XRSF 20 2013/SARA 305), and all procedures
involving animals were approved by the University of
Saskatchewan’s University Council on Animal Care and Supply
(Protocol 20070049).

Exposure Protocol. Stock solutions of Cu and Cd were
prepared in reverse osmosis water and dechlorinated city of
Saskatoon municipal tap water to approximate conditions
found in the transboundary reach of the Columbia River from
which the breeding stock of the fish used in this study
originated. Exposures were conducted for 96 h in quadruplicate
tanks with fish at ages of 15 and 48 dph, and in triplicate tanks
with fish at 139 dph under static renewal conditions in 0.5-, 5,
and 25-L polypropylene containers, respectively, with 10 or 12
individuals per replicate tank. Seeding densities were in
accordance with requirements set forth by the American
Society for Testing and Materials (ASTM) guidelines for
testing early life-stage of fishes.””* At both 15 and 48 dph,
sturgeon were exposed to 0, 1.25, 2.5, §, 10, or 20 ug/L of Cu
or Cd. At 139 dph, sturgeon were exposed to 0, 4, 10, 25, 62.5,
and 156.3 ug/L of Cu or 1.6, 4, 10, 25, and 62.5 ug/L of Cd.
Exposures were conducted under a 16:8 h light/dark cycle and
at a temperature of 15 & 1 °C. Sturgeon were acclimated in
exposure systems for 24 h prior to initiation of the exposure
and were not fed during the study. Mortalities were recorded
every 12 h. Upon termination of the exposure, fish were
euthanized by cervical dislocation. At 15 dph, whole individuals
were used for analysis due to small size. At 48 and 139 dph,
head, body, and tail were separated. Head and body were used
as proxies for gills and livers, respectively, in subsequent
analysis, due to individuals being too small to separate these
organs. Samples were stored at —80 °C.

MT is one of the major drivers in determining the freely
available metal and the toxic effect of metals in fishes.”>**~*
Therefore, for quantification of other compensatory and
biochemical responses, concentrations were selected on the
basis of the maximum or near to maximum responses observed
for MT gene expression and where sufficient fish were available
in each life-stage.

Water Chemistry and Metal Uptake. Water quality
parameters including temperature, pH, dissolved oxygen (DO),
hardness, ammonia, inorganic cations (Na*, K, Mg2+, and
Ca*") and anions (CI7, SO,*7, and PO,*"), and dissolved
organic carbon (DOC) were determined every 24 h during the
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Figure 1. Species sensitivity distributions (SSDs) for life-stage acute toxicity (96 h) of Cu (A) and Cd (B). Values for 96 h-LCy, (ug/L) and 95%
confidence interval for life-stages (black: 2—8 dph; red: 15—40 dph; blue: 44—61 dph; green: 72—450 dph) of white sturgeon (triangles) are from
this study and the literature (detailed references listed in Table S5). The raw data (triangles and dots), predictions (solid line), and 95% confidence
intervals (dashed lines) are shown. The other 96 h-LCs, values of early life-stages of different fish species including rainbow trout, chinook salmon,
coho salmon, arctic grayling, and fathead minnows (gray dots) are from the literature (Table SS). When an LCs, value could not be calculated
because mortality was less than 50% at the greatest concentration tested, the LCy, was reported as the greatest test concentration. Control survival
for the 15 and 16 dph tests of white sturgeon was less than 90%, thus the LCs, calculation is not definitive.

exposure. Concentrations of Cd or Cu were measured in
exposure solutions at initiation and termination of each
exposure, as well as in tissues at termination of each exposure
by use of inductively coupled plasma mass spectrometry (ICP-
MS, Thermo X Series, Thermo-Fisher, Bremen, Germany).
These data were then used to determine the speciation of Cu or
Cd using biotic ligand model (BLM) visual MINTEQ (version
3.0). Detailed methods are available in the Supporting
Information.

RNA Isolation and Quantitative Real-Time PCR. Total
RNA was extracted from the whole body (15 dph), or head and
body (48 and 139 dph) by use of the RNeasy Lipid Tissue Kit
(Qiagen, Mississauga, ON, Canada) according to the
manufacturer’s protocol. Primers for f-actin and MT were
described previously,” and primers for all other genes were
designed by use of Primer3 software (Table S7) based on
sequences from de novo assembly and annotation of a
transcriptome of white sturgeon that was generated in house
by use of a MiSeq instrument (Illumina, San Diego, CA), as
described previously.*>*® Abundances of transcripts of genes of
interest were quantified by normalizing to f-actin according to
the 2724 method.”” Detailed descriptions of methods used for
RT-PCR are available in the Supporting Information.

Lipid Hydroperoxide (LPO) assay. Concentrations of
LPO in whole body (15 dph) or head and body (48 and 139
dph) of white sturgeon were determined by use of a Lipid
Hydroperoxide Assay kit (Cat 705002, Cayman Chemical
Company, Ann Arbor, MI, USA) according to the manufac-
turer’s protocol. Hydroperoxides were detected based on
absorption at 500 nm by use of a 96-well plate spectrometer
(SpectraMax 190, Molecular Devices, Sunnyvale, CA, USA)
operated at room temperature.

Statistical Analysis. Statistical analyses were conducted by
use of either “drc”, “MASS”, “clustsig”, “corrplot”, “vegan”, and
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“ggplot2” packages in R version 3.1.2 (R Foundation for
Statistical Computing, Vienna, Austria) or GraphPad Prism
version 5.0 (GraphPad, La Jolla, CA, USA). Detailed
descriptions of statistical methods are available in the
Supporting Information.

B RESULTS

Exposure Verification and Water Quality. Measured
concentrations of Cu and Cd in water were comparable to
nominal concentrations in all exposure experiments, and on
average, were within 90% of each other (Tables SI and S2).
The relative percentage of free Cu or Cd ion and other metal
species as determined by the BLM model were comparable
among exposure media used for different life-stages (Tables S1
and S2).

Life-Stage Specific Sensitivities. Survival curves and 96
h-LCy, values indicated dose- and life-stage-specific mortality of
sturgeon after exposure to each metal (Figure S1 and Tables S4
and SS). For Cu, white sturgeon were most sensitive at 15 dph
with a 96 h-LCg, of 9.2 ug/L (95% CI 5.5—12.8), compared to
>20 ug/L and 66.5 pug/L (95% CI 56.7—76.3) at 48 dph and
139 dph, respectively. For Cd, white sturgeon were more
sensitive at 48 dph with a 96 h-LCy, of 11.14 ug/L (95% CI
6.3—16), compared to 15 dph with a 96 h-LCy, > 20 pg/L and
139 dph with a 96 h-LCy;, > 60 pug/L. Species sensitivity
distributions (SSDs) for Cu or Cd that were developed based
on available 96 h-LCy, values for early life-stage of freshwater
fishes (Table S5) demonstrated that sensitivities of white
sturgeon to Cu at 15 to 40 dph were approximately at the fifth
centile among all life-stages of species tested (Figure 1). For
Cd, white sturgeon were most sensitive at 48 dph, which was
approximately at the 56th centile.

Life-Stage Specific Accumulation of Cu and Cd.
Concentrations of metals in tissues of sturgeon exposed to 10

DOI: 10.1021/acs.est.6b03301
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ug/L Cu or Cd were significantly less at 139 dph (4.4 + 0.2 ug/
g in head and 6 + 0.6 ug/g in body for Cu; 1.1 + 0.5 pg/g in
head and 1.1 + 0.3 pg/g in body for Cd) relative to 15 dph
(21.4 £ 0.1 for Cu; 4 + 0.2 for Cd) and 48 dph (9.7 + 2.1 ug/g
in head and 13.2 + 2.2 pg/g in body for Cu; 2.6 + 0.5 ug/g in
head and 2.6 + 0.3 ug/g in body for Cd) (Figure S2 and Table
S6).

Life-Stage Specific Lipid Peroxidation. Compared to
controls, LPO was not significantly different in head and body
tissues of sturgeon exposed to 10 g Cu/L at 48 dph and 25 ug
Cu/L at 139 dph, or 10 ug Cd/L at 15 dph and 62.5 pug Cd/L
at 139 dph (Figure 2). LPO was significantly greater by 1.5-fold
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Figure 2. Levels of lipid peroxidation (LPO) across different life-stages
of white sturgeon following 96 h exposure to either Cu (A) or Cd (B)
(ug/L; nominal concentration). All data were normalized to the
control group and are presented as mean + SD (3 or 4 replicate
measures with 1 or 2 fish per replicate). Significant differences
compared to controls are indicated by an asterisk (*p < 0.05 and ***p
<0.001).

in sturgeon exposed to 10 ug Cu/L at 15 dph. LPO in body
tissue of sturgeon exposed to S pug Cd/L at 48 dph was
significantly greater by 3.5-fold.

Life-Stage Specific Transcriptional Responses to Cu.
Expression of MT was up-regulated in a dose- and life-stage-
dependent manner by exposure to Cu (Figure 3). With the
exception of expression in body at 48 dph, abundance of
transcripts of MT was least at 15 dph (1.4-fold increase at 10
ug/L), followed by 48 dph (2.1-fold increase in head at 10 ug/
L) and 139 dph (2- and 2.9-fold greater in head and 4- and 7.8-
fold greater in body, respectively, at 10 or 25 ug/L).
Abundances of transcripts of metal transporters were generally
not affected at 15 or 48 dph; however, expressions of ATP7a,
CTR1, and DMT1 were significantly decreased to 0.54-, 0.35-
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Figure 3. Abundance of transcripts of MT across different life-stages of
white sturgeon following 96 h exposure to either Cu (A) or Cd (B)
(ug/L; nominal concentration). All data are expressed as relative
changes normalized to the control group (C) and are presented as
mean = SD (3 or 4 replicate measures with 1 or 2 fish per replicate).
Significant differences compared to controls are indicated by asterisks
(*p < 0.0, **p < 0.01, and ***p < 0.001).

and 0.27-fold in the head of 139 dph fish, respectively (Figures
4 and SS). Rank order of magnitudes of changes in abundances
of transcripts of genes related to response to oxidative stress
(GPx, GST, CAT, and SOD) and apoptosis (CASP3 and AIF)
were 15 dph (0.7- to 1.6-fold) < 48 dph (1- to 1.5-fold in head;
1- to 1.8-fold in body) < 139 dph (0.7- to 2.7-fold in head; 1- to
2.9-fold in body) (Figures 4 and S5).

Life-Stage Specific Transcriptional Responses to Cd.
Effects of exposure to Cd on expression of MT at different life-
stages were similar to effects of Cu, but the magnitude of
response was greater in sturgeon exposed to Cd. Among the
three life-stages, magnitudes of changes in abundance of
transcripts of MT were 1S dph (2.3- and 2.9-fold increase at §
or 10 ug/L, respectively) < 48 dph (3.6- and 1.6-fold increase
in head; 5.2- and 4.2-fold increase in body at 2.5 or 5 ug/L,
respectively) < 139 dph (4.4- and 23.6-fold induction at 62.5
ug/L in head and body, respectively) (Figure 3). Abundances
of transcripts of metal transporters were generally not affected
in sturgeon at 15 or 48 dph; however, abundances of transcripts
of ATP7a, CTRI and DMT1 were significantly decreased by
0.55-, 0.2-, and 0.45-fold in the head of 139 dph fish,
respectively (Figures 4 and SS). Expression of genes related
to the response to oxidative stress and apoptosis were
significantly affected in sturgeon exposed to Cd. Among the
three life-stages, magnitudes of changes in abundances of these
transcripts were 15 dph (0.9- to 1.3-fold) < 48 dph (0.9- to 1.7-

DOI: 10.1021/acs.est.6b03301
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asterisks (*p < 0.0, **p < 0.01, and ***p < 0.001).
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fold in head; 0.5- to 1.6-fold in body) & 139 dph (0.6- to 1.7-
fold in head; 0.6- to 1.7-fold in body) (Figures 4 and S5).

Hierarchical Cluster, Correlation, and Distance-Based
Redundancy Analysis (dbRDA). Hierarchical clustering
analysis of both Cu and Cd showed that changes in expression
of MT and concentrations of LPO were most significant (p <
0.05) and significantly different from changes in expression of
metal transporters, and genes important for the response to
oxidative stress or apoptosis (Figure S6). Furthermore, genes
within a certain pathway were grouped in the same cluster. In
addition, dbRDA analysis demonstrated a strong and statisti-
cally significant (p = 0.001) shift in compensatory responses
among life-stages following exposure to Cu or Cd (Figure S).
For Cu, responses of the least sensitive life-stage of 139 dph
were different from those of the other two life-stages and the
controls (p = 0.001), and changes in expression of MT, GST,
and AIF contributed most to this difference (Figure SA). In
contrast, responses in body tissue at the most sensitive life-stage
of 48 dph and the least sensitive 139 dph to Cd were different
from that in head tissue at all life-stages and controls (p =
0.001), and changes in LPO and MT were the main drivers of
differences in responses in bodies of 48 and 139 dph fish,
respectively (Figure SB).

B DISCUSSION

This study provides some of the first evidence suggesting that
differences in life-stage specific sensitivity of white sturgeon to
Cu or Cd is correlated with developmental variation of
molecular and biochemical responses. Relative percentage of
free Cu or Cd ion and other metal species showed no
differences among test solutions used in different life-stage
exposure experiments, indicating that water chemistry did not
significantly contribute to the observed differences in toxicities.

Oxidative Stress and Compensatory Responses to Cu
among Early Life-Stages. The significant increase in LPO in
white sturgeon exposed to Cu at the most sensitive life-stage
based on acute lethality (15 dph) indicated that exposure to Cu
might have caused an increase in ROS that overwhelmed
intrinsic compensatory responses in these fish. In contrast, LPO
levels in 48 or 139 dph sturgeon exposed to Cu were not
different from controls. Therefore, it is hypothesized that white
sturgeon at later life-stages were capable of mounting an
effective compensatory response to oxidative stress, thus
limiting the accumulation of hydroperoxides. This is consistent
with induction of genes associated with compensatory
responses to metals at these later life-stages that were not
observed in 15 dph sturgeon. Changes in expression of genes
important for responses to oxidative stress were almost
negligible at 15 dph, which indicates that at this age white
sturgeon might not be able to mount a compensatory response
to a toxic insult by Cu.

Significant up-regulation of expression of GPx in 48 or 139
dph life-stages, which were relatively more tolerant to Cu,
implies that this enzyme might play an important role in
defense against H,O, in white sturgeon resulting from exposure
to Cu. Interestingly, no significant changes in expression of
SOD or CAT were found at any life-stages exposed to Cu,
indicating these enzymes might have a limited role in removing
Cu-induced ROS in white sturgeon. Among the three different
life-stages, the amount of LPO was negatively correlated with
expression of genes encoding for antioxidant enzymes;
however, this was only statistically significant for GST (r =
—0.97, p < 0.05). Greater expression of GST at 139 dph might
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have prevented formation of LPO, offering another explanation
for the greater tolerance at this stage of development.

In this study, induction of MT expression occurred in a
concentration-dependent manner, predominantly at later life-
stages. This effect was similar to that reported by other studies
with other species of fish, including Persian sturgeon (Acipenser
persicus).”® There was a significant inverse relationship (r =
—0.93, p < 0.05) between MT expression and concentration of
LPO across all three life-stages exposed to Cu, which
emphasizes the role of MT in sequestering Cu to reduce
oxidative stress and in scavenging ROS to protect sturgeon
against oxidative damage. Although basal expression of MT did
not change among life-stages, MT responded in a life-stage-
specific manner to Cu. At 15 dph, induction of MT was least
(less than 1.5-fold) but concentrations of LPO were
significantly greater than those in controls. In contrast, at 48
dph when sturgeon were relatively less sensitive to Cu, greater
expression of MT was observed in head but not in body, and
concentrations of LPO in either head or body were not
significantly greater than in controls. At the most tolerant life-
stage of 139 dph, expression of MT was greater in both head
and body tissues, and there was no increase in LPO. The
greater induction of MT at more developed life-stages could be
a contributing factor to the decreases in sensitivity to Cu of
these life-stages. Although information on post-transcriptional
regulation and translation are important in order to derive
definite conclusions regarding the relationship between
amounts of mRNA and protein,” previous studies have
shown a significantly positive correlation between abundances
of MT mRNA transcript and protein in aquatic organisms
exposed to metals, and thus, it is hypothesized that the here-
observed increase in MT mRNA is also indicative of an increase
in MT protein.*’

ATP7a and CTR1 are two of the main Cu transporters in
fish."® Expressions of both of these genes were significantly
down-regulated in head from white sturgeons exposed to Cu at
139 dph, suggesting that they might be involved in a regulatory
mechanism that reduces uptake of Cu. However, no changes in
expression of these genes were observed at earlier life-stages,
indicating that this compensatory response does not occur at 15
and 48 dph. Taken together, these results suggest an increasing
tolerance of sturgeon to Cu with increasing age, and that the
greater sensitivity to Cu at 15 dph might be partially due to the
inability to up-regulate compensatory responses at this life-
stage, which could result in greater oxidative stress and
associated damages.

In this study, heads were used as a proxy for gills, which
might be the primary target site for Cu toxicity in white
sturgeon at 15 dph. Gills have extensive surface areas and are
the first site of direct and continuous contact with the aqueous
environment, and therefore, represent an important target for
waterborne Cu.*"** They are the primary organ of ion-
regulation in freshwater fish and are prone to oxidative injury,
which can impact respiratory, excretory, or osmoregulatory
functions, particularly during stress caused by exposure to Cu."
This might be particularly true during early life-stages when
gills become functional and are still very delicate. For example,
results of previous studies indicated that 8-d-old larvae of
fathead minnow (Pimephales promelas) were most sensitive to
Cu during the period when they are transitioning from
cutaneous to branchial respiration.*”** Gills of white sturgeon
start to develop at 4 dph and development is completed by
approximately 14 dph, at which time they transition to gill
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respiration.*® Earlier studies with white sturgeon demonstrated
that this species was relatively insensitive to exposure to Cu at
earlier life-stages (8 dph), a time during which gill development
is incomplete and where skin is the primary organ for
respiration, excretion, and osmoregulation.13 However, at 15
dph gills become the predominant organ for these processes.
Because completion of gill development and the period of
transition to gill respiration seem to parallel greater sensitivity
to Cu observed at 15 dph, it is hypothesized that newly
developed gills are likely to be structurally delicate and have a
lesser capacity to mount compensatory responses against Cu
toxicity. Furthermore, differences in kinetics of metal uptake
and ionoregulatory homeostasis between the skin (primary
organ of respiration prior to 15 dph) and gill (primary organ of
respiration at and after 15 dph) might play an important role in
life-stage specific differences in metal sensitivity. Relatively high
whole body Cu accumulation at 15 dph in our study might
suggest high Cu uptake and it might be one of the factors
responsible for higher sensitivity of white sturgeon to Cu at 15
dph.

Oxidative Stress and Compensatory Responses to Cd
among Early Life-Stages. Similar to effects of exposure to
Cu, exposure to Cd resulted in significant impacts on molecular
and biochemical processes associated with metal sequestration
and antioxidant responses in early life-stages of white sturgeon.
This result is consistent with results of previous studies in
which exposure of fish to waterborne Cd was associated with
oxidative stress, including increases in concentrations of
LPO.*”* In the present work, unlike Cu, exposure to 5 yg
Cd/L led to 3.5-fold greater concentrations of LPO in the body
of sturgeon at 48 dph, which was the most sensitive life-stage,
but not at 15 or 139 dph. The weak or absence of LPO
response in 15 dph fish exposed to Cu and Cd, respectively,
may indicate that the pathways responsible for this response are
still developing at that life stage. Another possible explanation
for this difference in effect between Cu and Cd is that these
metals differ in their mechanisms of toxic action, and that Cd is
a much stronger inducer of oxidative stress and associated
physiological damages in white sturgeon. Cu is an essential
element and is a cofactor for a number of enzymes that play a
crucial role in important cellular and enzymatic mechanisms,*’
while Cd has no known role in organisms. The essential nature
of Cu might be one reason for greater tolerance toward
oxidative damage as compared to that of Cd. Differences in
their affinities toward biological ligands might also be
responsible for differences in oxidative damage in different
life-stages of white sturgeon. For Cd, greater amounts of LPO
occurred in body, rather than head, and redundancy analysis
further confirmed that LPO contributed most to the significant
difference between head and body. Differences in development
of tissues (head vs body) and susceptibility to oxidative stress
can be explained by their ability to mount a response to
oxidative stress as well as the different routes of exposure to Cd.

The pattern of induction of MT in response to exposure to
Cd was very similar compared to exposure to Cu, and the
magnitude of responses of MT increased as a function of
developmental stage. Specifically, response of MT to Cd was
least at 15 dph; however, LPO levels were not altered at this
life-stage, which was different compared to fish exposed to Cu.
Expression of MT was greater in head and body tissues of white
sturgeon exposed to Cd at 48 dph, but the lesser MT response
at 5 compared to 2.5 ug Cd/L indicated that the capacity for
induction of MT was already being exceeded. Induction of MT
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was greatest at 139 dph, which represents the most tolerant life-
stage. Cd is known to be assimilated and transported by DMT1
and epithelial Ca?* channels.” Similar to effects of Cu on Cu
transporters, a comparison of expression of DMT-1 among life-
stages showed DMT-1 was significantly down-regulated in head
at 139 dph, which might be a mechanism of lesser uptake of Cd
at this later life-stage compared to 15 and 48 dph, and which
may explain the lesser toxicity at that life-stage.

During exposures to either Cu or Cd, the greatest apoptotic
response occurred in the most tolerant life-stage of 139 dph.
This indicates a different defense strategy might be used in later
less sensitive life-stages compared to the more sensitive earlier
life-stages. The greater capacity for removing damaged cells
through apoptosis is often compensated for by a subsequent
increase in cell proliferation to maintain tissue structure and
function,””>" which leads us to hypothesize that white sturgeon
at later stages of development have a strong recovery capability.
The greatest induction of MT and apoptotic response by fish at
139 dph appeared efficient in preventing LPO in tissues,
thereby preserving tissue integrity and rendering the resistance
to adverse effects of metals. Taken together, while the
mechanism(s) of greater resistance is not known, it is
hypothesized that the decreased expression of metal trans-
porters, more efficient sequestering of Cd, and greater capacity
to detoxify ROS play important roles at the most tolerant life-
stage.

Livers of fishes are known to be one of the main tissues for
storage of Cd and the primary site where toxicity
manifests.”>*”>* Hence, a fully developed liver is expected to
be required for the complete manifestation of Cd-induced
oxidative injury. Therefore, liver is the preferred organ for
assessing oxidative stress. Because liver is the predominant
metabolic organ in higher organisms such as fish, it is expected
to gain full functionality after the transition to exogenous
feeding. These assumptions are supported by studies
demonstrating that in zebrafish the liver is established by S
dpf, which coincides with transition to exogenous feeding.’*
Assuming a similar pattern, the liver of white sturgeon is likely
to develop at onset of exogenous feeding, which occurs
approximately at 21—34 dph." This appears to overlap with the
manifestation of increasing sensitivity and levels of LPO in
response to exposure with Cd at 48 dph. Collectively, these
findings lead to the hypothesis that white sturgeon at 15 dph
are less sensitive to Cd because the target organ, the liver, is
underdeveloped and metabolically less important. It was
hypothesized that at 21—48 dph, the liver is further developed
but still cannot mount a strong compensatory response, while
by 139 dph white sturgeon have fully developed gills and livers
that have a greater capacity to detoxify Cd and prevent adverse
effects through the greatest expression of MT and apoptotic
genes.

Another important organ for metal accumulation and storage
is the kidney. Thus, in addition to liver, it might also play an
important role with regard to contributing to metal toxicity in
white sturgeon.”> However, ontogeny of the kidney is not well
characterized in white sturgeon, and the very small size of larvae
during early life stage makes it almost impossible to study metal
accumulation in this organ. Future studies describing kidney
development in white sturgeon larvae should provide a better
understanding of the role of kidney in life stage specific metal
accumulation and associated toxicities in this species.

Accumulation of Cu or Cd among Early Life-Stages.
Accumulation of metals is subject to competitive dynamic

DOI: 10.1021/acs.est.6b03301
Environ. Sci. Technol. 2016, 50, 97179726



Environmental Science & Technology

processes of uptake and excretion, and represents a crucial
metric related to adverse outcomes in exposed organisms, and
thus, their sensitivity. In this study, accumulation of Cu or Cd
varied markedly and there was an inverse relation with age (15
dph > 48 dph > 139 dph), although accumulation was not
always coincident with sensitivity. Whole-body metal concen-
trations measured in this study were comparable to the
reported 96-h-critical body residue (96-h-CBR).*® For Cd, the
values of white sturgeon (1.07 ug/g at 139 dph to 3.96 ug/g at
15 dph) were approximately in the same range as those
reported for larvae of rainbow trout and Java barb (1.1 and 3.2
ug/e, respectively).56 For Cu, values for white sturgeon (5.43
ug/g at 139 dph to 21.41 pg/g at 15 dph) were comparable to a
96-h value of 6.8 ug/g previously reported for pink salmon
larvae.”® The same trends in whole-body metal concentrations
among life-stages were also observed when they were
normalized to basal metal concentrations in controls (increase
over control for 15 dph fish was 2.6- and 68-fold, for 48 dph
fish was 2.1- and 13.4-fold, and for 139 dph fish was 1.9- and
17-fold for exposure to Cu and Cd, respectively).The
observation of greatest accumulation of Cd and Cu at 15 dph
supported the hypothesis that white sturgeon at this life-stage
lack effective biochemical processes necessary for elimination of
these metals because of poorly developed organs such as the
liver, and possibly the kidney. Other factors such as presence of
permeable skin,”” and the greater surface area to volume ratio
also might have contributed to the increased metal uptake. The
most tolerant life-stage of 139 dph accumulated 4 times less
metals than did individuals at 15 dph when exposed to 10 ug/L
of Cu or Cd. This might be attributed to greater induction of
MT that sequestered more metals and down-regulation of
metal transporters that reduced metal uptake in this life-
stage,ss_60 as discussed above, as well as the presence of well-
developed organs involved in processing, detoxification,
storage, and elimination of metals.

Implications and Uncertainties. Current guidance for
conducting risk assessments and developing water quality
criteria (WQC) for metals in the aquatic environment does not
consider evaluation of most sensitive life—stages.61 However,
determination of the most sensitive life-stage is critical for the
establishment of more appropriate WQC that are protective of
fishes. Results of the present work revealed that exposure to Cu
or Cd provoked different oxidative stress and compensatory
responses among three major life-stages of white sturgeon, and
which likely represent important factors contributing to the
significant differences in the life-stage specific sensitivities of
this species. The apparent divergence in life-stage specific
sensitivity to Cu or Cd was paralleled by the pattern of
oxidative stress and associated tissue damage, which was likely a
result of developmental differences in tissues/organs and a
balance in metal detoxification through induction of MT and
oxidant homeostasis among fish of different stages. During
exposure to Cu or Cd, expressions of all metal transporters
were down-regulated in the head of the later life-stage (139
dph) fish. This result indicates that regulation of metal
transporters might be an important compensatory mechanism
by which fully developed fish slow the uptake of metals, and
thus confers tolerance to metals, as suggested previously.”
Disruption of osmotic balance is one of the most important
mechanisms of Cu and Cd toxicity, and further studies focused
on kinetic interactions of these metals with Na* and Ca®'
homeostatic processes are recommended to confirm this as one
of the key mechanisms in life-stage specific sensitivity of white
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sturgeon. It is also important to note that the biochemical and
some compensatory responses were measured at only one
concentration, and hence establishing a dose—response
relationship can provide a better understanding of proposed
mechanisms in future studies. Investigations into mechanisms
of differences among life-stages of fishes to metals are ongoing
and could streamline ecological risk assessment of metals by
allowing the prediction of which species have life-stage specific
differences in sensitivity and prediction of which life-stages have
greatest sensitivity.
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MATERIALS AND METHODS
Test chemicals

Copper (II) sulfate pentahydrate (Chemical Abstracts Service CAS 7758-99-8; purity
99.995%) and cadmium chloride hemi-pentahydrate (CAS 7790-78-5; purity 99.999%) were
obtained from Sigma-Aldrich (Oakville, ON, Canada). Stock solutions of Cu and Cd were
prepared in reverse osmosis water and dechlorinated city of Saskatoon municipal tap water to
approximate conditions (hardness, alkalinity and dissolved organic carbon [DOC]) found in the
transboundary reach of the Columbia River where the breeding stock of the fish used in this
study originated from. Stock and working solutions were allowed to equilibrate for a minimum

of 24 h prior to use.

Water chemistry

Water quality parameters including temperature, pH and dissolved oxygen (DO) were
measured every 24 h after water change by use of an YSI Quatro Multi-Parameter probe (Yellow
Springs, OH, USA). Hardness and ammonia were determined every 24 h by use of Nutrafin Test
kits (Hagen, Montreal, QC). Concentrations of Cd or Cu in exposure solutions were measured at
initiation and termination of each exposure by use of inductively coupled plasma mass
spectrometry (ICP-MS, Thermo X Series, Thermo-Fisher, Bremen, Germany) following USEPA
Method ILM05.2D. Concentrations of inorganic cations (Na*, K, Mg*" and Ca®") and anions
(CI', SO4* and PO4”) were determined according to USEPA Method 300.1 by use of a Dionex
ICS-3000 dual-ion chromatography system (Dionex, Sunnyvale, CA, USA). Dissolved organic
carbon (DOC) was analyzed by use of a TOC-V CPN (model 5000, Shimanzu Co., Kyoto,
Japan). Based on the measured water quality parameters, speciation analysis of Cd or Cu was
performed using biotic ligand model (BLM) Visual MINTEQ version 3.0. All calculations and

reported values pertaining to the dosing of metals are based on measured concentrations.

Metal uptake

Samples of whole body (15 dph; four samples), and head or body (48 or 139 dph; two
samples each) from sturgeon exposed to 10 ug Cu/L or 10 ug Cd/L (5 ng Cd/L at 48 dph) for 96
h were dried at 60 °C for 72 h in an oven (Thermo Scientific). Samples from each treatment

group were pooled and approximately 0.01 to 0.1 g of tissue were cold digested for 5 h by use of
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5 mL of ultra-pure concentrated 70% nitric acid and 1.5 mL of 30% hydrogen peroxide (trace
metal grade, Fisher Scientific). Digested samples including method blanks and a standard
(TORT-2 lobster hepatopancreas, National Research Council of Canada, Ottawa, ON, Canada)
were evaporated at 65 °C and reconstituted in 5 mL of 2% nitric acid. Samples were analyzed by

use of ICP-MS. Results were normalized to dry mass and expressed as pug Cu or Cd /g tissue.

RNA isolation and quantitative real-time PCR

Total RNA was extracted from the whole body (15 dph), or head or body (48 and 139 dph)
by use of the RNeasy Lipid Tissue Kit (Qiagen, Mississauga, ON, Canada) according to the
manufacturer’s protocol. Concentrations of RNA were determined by use of a NanoDrop ND-
1000 Spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) and samples of RNA
were stored at -80 °C. First-strand cDNA was synthesised from 1 pg of RNA by use of the
QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer’s protocol.
Quantitative real-time polymerase chain reaction (QPCR) was performed in 96-well plates by use
of an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). A 50 uL
reaction mixture of 2x concentrated QuantiFast SYBR green master mix, 2.5 pL of cDNA, 10
pmol gene-specific primers, and nuclease free water was prepared for each cDNA sample and
primer combination. Primers for f-actin and MT were described previously,' and primers for
genes involved with responses to oxidative stress (GPx, GST, SOD and CAT) and genes
associated with apoptosis (CASP3 and AIF) were designed by use of Primer3 software (Table
S7) based on sequences from de novo assembly and annotation of the transcriptome of white
sturgeon that was generated in house by use of a MiSeq instrument (///umina, San Diego, CA) as
described previously.”* Each sample of cDNA was analyzed in duplicate with 20 uL reaction
volumes per well. The reaction mixture for gPCR was denatured at 95 °C for 10 min followed by
a thermal cycle profile consisting of denaturing at 95 °C for 10 s and extension for 1 min at 60 °C
for a total of 40 PCR cycles. Abundance of transcripts of genes of interest was quantified by

normalizing to S-actin according to the 2"**“' method.*

Statistical analysis
The LCsos were calculated by use of the two-parameter log-logistic function (LL.2) in ‘drc’

package (drc: Analysis of dose-response curve data) of R software version 3.1.2 (R Foundation
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for Statistical Computing, Vienna, Austria). In cases where a LCsy could not be estimated
because mortality at the greatest concentration tested was less than 50%, the LCsy was reported
as being greater than the greatest concentration tested. A “fitdistr’ function from the ‘MASS’
package in R was used to fit a distribution to the species sensitivity data. Internal concentrations
of metals were log-transformed and tested for normality and homogeneity of variance using the
Shapiro-Wilk test and Bartlett’s test, respectively. Three-way analysis of variance (ANOVA)
was then used to indicate significant differences in transformed internal concentrations among
life-stages, tissues and treatments by R. To make qPCR data more intuitive, radar plots of fold-
changes in abundances of transcripts were constructed by use of the function CreateRadialPlot

(http://pewww .liv.ac.uk/%7Ewilliam/Geodemographic%20Classifiability/func%20CreateRadial

Plot.r) via R. A clustering analysis was used to compare the assemblages of measured effects at
different life-stages by use of the Bray-Curtis similarity matrix through the ‘clustsig’ package
(clustsig: Significant Cluster Analysis) in R. Pearson’s correlation coefficients (PCC) were
calculated on the measured effects across the three life-stages exposed to Cu or Cd for the
correlation analysis via the R package ‘corrplot’. Distance-based redundancy analysis (dbRDA)
was conducted in R to examine the measured effects in different life-stages of white sturgeon
exposed to Cu or Cd. An ANOV A-like permutation test available in the ‘vegan’ package (vegan:
Community Ecology, version 2.2-1) was performed to determine which axes explained the
greatest percentage of sample variation and if sample clustering was statistically different. All
other statistical analyses were conducted by use of either R or GraphPad Prism version 5.0
(GraphPad, La Jolla, CA, USA). When statistically significant differences were found, a

Dunnett’s post-hoc test was used to determine which treatments were significantly different from

control. Differences were considered statistically significant at a p < 0.05.
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Table S1. Concentrations of Cd measured by ICP-MS and estimated speciation (%) of Cd in acute toxicity experiments to different
life-stages of white sturgeon. Measured concentrations (Mean + S.D.) were the average Cd concentration in exposure solutions at
initiation (0 h) and termination (96 h) of each exposure. Speciation of Cd with common inorganic ligands (as a percentage of total Cd

species present) was estimated based on water chemistry variables using biotic ligand model (BLM) visual MINTEQ (version 3.0).

Life Nominal Measured Cd Speciation (%)
Concentrations Concentrations (png/L)
Stage (ng/L) Mean + S.D. Cd"” CdOH"  (cgcrf CdSO4 CdHCO;* CdCO;
15 dph 0 n.d. n.a. n.a. n.a. n.a. n.a. n.a.
15 dph 1.25 1.30 +£0.06 87.78 0.10 0.76 3.10 1.44 1.54
15 dph 2.5 248 +0.10 89.00 0.09 0.77 3.14 1.46 1.33
15 dph 5 4.75+0.18 90.30 0.08 0.78 3.17 1.48 1.25
15 dph 10 10.12 £ 0.49 91.14 0.08 0.78 3.15 1.48 1.25
15 dph 20 20.92 +0.20 91.80 0.08 0.78 3.09 1.47 1.21
48 dph 0 n.d. n.a. n.a. n.a. n.a. n.a. n.a.
48 dph 1.25 1.11+0.19 88.92 0.10 0.76 3.05 1.46 1.63
48 dph 2.5 2.57+0.06 89.74 0.13 0.77 3.06 1.46 1.97
48 dph 5 5.04+0.17 90.78 0.09 0.77 3.08 1.48 1.47
48 dph 10 10.26 £0.12 91.34 0.10 0.77 3.06 1.48 1.57
48 dph 20 20.31+£0.29 91.75 0.11 0.77 3.00 1.46 1.63
139 dph 0 0.16 = 0.02 n.a. n.a. n.a. n.a. n.a. n.a.
139 dph 1.6 1.65 £ 0.01 88.51 0.12 0.62 2.70 1.40 2.07
139 dph 4 4.14+0.18 88.71 0.13 0.62 2.69 1.41 2.07
139 dph 10 9.92+0.13 90.50 0.10 0.63 2.71 1.42 1.63
139 dph 25 2448 £0.70 91.95 0.08 0.63 2.66 1.43 1.23
139 dph 62.5 59.68 +£1.45 92.92 0.08 0.61 2.49 1.39 1.28

n.d. and n.a. indicate below detection limit and not available, respectively.
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Table S2. Concentrations of Cu measured by ICP-MS and estimate speciation (%) of Cu in acute toxicity experiments to different

life-stages of white sturgeon. Measured concentrations (Mean + S.D.) were the average Cu concentration in exposure solutions at

initiation (0 h) and termination (96 h) of each exposure. Speciation of Cu with common inorganic ligands (as a percentage of total Cu

species present) was estimated based on water chemistry variables using biotic ligand model (BLM) visual MINTEQ (version 3.0).

Nominal

Measured

Life Cu Speciation (%)
Concentrations Concentrations (pg/L)
Stage (ng/l) Mean + S.D. Cu” CuOH' Cu(OH): CuSO; CuCO; CuHCOs"  CyCo3),
15 dph 0 1.37 £0.38 11.81 8.52 0.30 0.40 63.71 0.37 0.23
15 dph 1.25 2.47+0.22 15.32 8.88 0.25 0.53 64.37 0.47 0.18
15 dph 2.5 4.00 +0.89 15.74 9.13 0.26 0.54 63.23 0.46 0.17
15 dph 5 7.22 +0.49 16.23 9.25 0.26 0.56 57.98 0.43 0.14
15 dph 10 10.75+0.39 17.67 8.97 0.22 0.61 50.73 0.42 0.10
15 dph 20 21.08 £ 1.01 19.53 8.08 0.17 0.67 33.01 0.34 0.04
48 dph 0 1.35+0.22 12.10 8.97 0.33 0.41 67.14 0.38 0.25
48 dph 1.25 2.18+0.29 14.88 9.00 0.27 0.50 65.89 0.46 0.20
48 dph 2.5 3.62+£0.24 15.00 9.28 0.28 0.50 65.09 0.44 0.19
48 dph 5 6.11 £0.48 13.68 9.50 0.32 0.46 61.49 0.37 0.19
48 dph 10 10.92 +0.33 13.43 9.12 0.30 0.45 50.58 0.31 0.13
48 dph 20 20.59 +0.98 12.93 8.03 0.24 0.43 31.46 0.21 0.05
139 dph 0 n.d. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
139 dph 4 4.83£0.24 14.20 9.11 0.28 0.43 63.34 0.39 0.19
139 dph 10 10.76 + 0.68 14.92 8.93 0.25 0.45 51.52 0.34 0.12
139 dph 25 24.44+0.11 15.76 7.65 0.18 0.47 27.28 0.22 0.03
139 dph 62.5 57.60 +0.52 12.06 5.30 0.11 0.34 0.08 n.a. n.a.
139 dph 156.25 148.50 £ 1.35 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

n.d. and n.a. indicate below detection limit and not available, respectively.
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Table S3. Water quality including temperature, DO, pH, DOC, ammonia, and inorganic cations and anions (Mean + S.D.) in all

exposure water samples at each life-stage.

Life DOC Anions (mg/L) Cations (mg/L)
Temperature DO% pH Ammonia
Stage (mg/L) cr  sos pos  Na' K'  Mg"  Ca”
87.74+ 748+ 145 + 405+ 2546+ 1039+ 101+ 543+ 938+
15dph 16.05+0.22 n.d. n.d.
&.10 0.11 0.16 0.07 0.06 0.11 0.02 0.06 0.30
8149+ 7.55+ 1.12 + 398+ 2463+ 10,04+ 1.00+ 546+ 9.11=+
48 dph 1591 +0.08 n.d. n.d.
5.04 0.08 0.05 0.14 0.50 0.15 0.02 0.10 0.29
139 105.86 £ 7.54+ 1.85+ 320+ 2235+ 889+ 0.89+ 521+ 11.15+
14.84 £ 0.15 n.d. n.d.
dph 3.09 0.14 0.37 0.12 0.28 0.15 0.02 0.10 0.21

n.d. indicates below detection limit.
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Table S4. Acute toxicity (survival) data of different life-stages of white sturgeon exposed to Cu and Cd for
96 h.

Exposure  Life Stage Tank Measured Concentrations Alive  Dead

Cu 15 dph 1 1.37 11 1
15 dph 2 1.37 9 3
15 dph 3 1.37 7 5
15 dph 4 1.37 5 7
15 dph 1 2.47 10 2
15 dph 2 2.47 10 2
15 dph 3 2.47 9 3
15 dph 4 2.47 11 1
15 dph 1 4.00 9 3
15 dph 2 4.00 8 4
15 dph 3 4.00 9 3
15 dph 4 4.00 8 4
15 dph 1 7.23 5 7
15 dph 2 7.23 7 5
15 dph 3 7.23 10 2
15 dph 4 7.23 5 7
15 dph 1 10.75 6 6
15 dph 2 10.75 7 5
15 dph 3 10.75 6 6
15 dph 4 10.75 7 5
15 dph 1 21.08 1 11
15 dph 2 21.08 4
15 dph 3 21.08 5 7
15 dph 4 21.08 1 11
48 dph 1 1.35 10 0
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48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
48 dph
139 dph
139 dph
139 dph
139 dph
139 dph

W N = R WD =, RN WD R, DR WD R, DR W=, R, WY~ DN W

1.35
1.35
1.35
2.18
2.18
2.18
2.18
3.62
3.62
3.62
3.62
6.11
6.11
6.11
6.11
10.92
10.92
10.92
10.92
20.59
20.59
20.59
20.59
0.00
0.00
0.00
4.83
4.83

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

10
10

10
10
10
10
10
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139 dph 3 4.83 10 0
139 dph 1 10.76 10 0
139 dph 2 10.76 10 0
139 dph 3 10.76 10 0
139 dph 1 24.44 10 0
139 dph 2 24.44 10 0
139 dph 3 24.44 9 1
139 dph 1 57.60 8 2
139 dph 2 57.60 7 3
139 dph 3 57.60 6 4
139 dph 1 148.50 0 10
139 dph 2 148.50 0 10
139 dph 3 148.50 0 10
Cd 15 dph 1 0.00 11 1
15 dph 2 0.00 9 3
15 dph 3 0.00 7 5
15 dph 4 0.00 5 7
15 dph 1 1.30 10 2
15 dph 2 1.30 10 2
15 dph 3 1.30 10 2
15 dph 4 1.30 9 3
15 dph 1 2.48 11 1
15 dph 2 2.48 9 3
15 dph 3 2.48 8 4
15 dph 4 2.48 12 0
15 dph 1 4.75 11 1
15 dph 2 4.75 11 1
15 dph 3 4.75 10 2
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15 dph
15 dph
15 dph
15 dph
15 dph
15 dph
15 dph
15 dph
15 dph
48 dph
48 dph
48 dph
48 dph
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48 dph
48 dph
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48 dph
48 dph
48 dph
48 dph
48 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph
139 dph

W N W N W N W N = W N

w N

10.26
20.31
20.31
20.31
20.31
0.16
0.16
0.16
1.65
1.65
1.65
4.14
4.14
4.14
9.92
9.92
9.92
24.48
24.48
24.48
59.68
59.68
59.68
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10
10
10
10
10
10
10
10
10
10
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Table SS5. Summary of acute toxicity (96 h) of Cu and Cd to different life-stages of white

sturgeon and other fish species from this study and the literature. LCsy (ug/L) values, 95%

confidence interval (95% CI), rank and centile for SSD curves are given. When an LCs, value

could not be calculated because mortality was less than 50% at the greatest concentration tested,

the LCsy was reported as the greatest test concentration. Control survival for the 15 and 16 dph

tests was less than 90 percent, thus the LCsg calculation is not definitive.

Exposure Species Life-Stage 96 h-LCsp  95%CI  Rank Centile Reference
Cu White sturgeon 38 dph 4.1 3.4-4.8 1 0.02 >
White sturgeon 26 dph 4.5 3.4-6.1 2 0.05 >
White sturgeon 40 dph 4.7 3.9-5.4 3 0.07 :
White sturgeon 27 dph 6.8 5.2-8.9 4 0.10 >
White sturgeon 16 dph 7.1 5.0-10.1 5 0.12 6
White sturgeon 40 dph 9 7-12 6 0.15 !

White sturgeon 15 dph 9.2 5.5-12.8 7 0.17 This study
White sturgeon 15 dph 10 8-12 8 0.20 7
Rainbow trout  Swim-up 17 15-19 9 0.22 8
White sturgeon 45 dph 17 14-21 10 0.24 !
Rainbow trout Parr 18 15-22 11 027 i
Chinook salmon  Swim-up 19 18-21 12 0.29 i
Rainbow trout 95 dph 19.1 15.8-23 13 0.32 6

White sturgeon 48 dph 20 >20 14 0.34 This study
Rainbow trout 15 dph 21 18-23 15 0.37 7
Rainbow trout 40 dph 22 20-25 16 0.39 7
White sturgeon 8 dph 22 20-25 17 0.41 !
Rainbow trout 45 dph 24 20-28 18 0.44 !
Chinook salmon Alevin 26 24-33 19 0.46 i
Chinook salmon Smolt 26 23-35 20 0.49 i
Rainbow trout Alevin 28 27-30 21 0.51 8
Rainbow trout Smolt 29 >20 22 0.54 ’
Rainbow trout 160 dph 30.9 23.6-40.6 23 0.56 >
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Rainbow trout 30 dph 36.5 28-45.1 24 0.59 3

Chinook salmon Parr 38 35-44 25 0.61 8
Rainbow trout 8 dph 40 34-46 26 0.63 7
Rainbow trout 60 dph 42.4 34.7-51.8 27 0.66 6
White sturgeon 44 dph 49.8 >49.8 28 0.68 6
White sturgeon 100 dph 54 47-62 29 0.71 !
Rainbow trout 18 dph 56.6 50.6-63.4 30 0.73 6
Rainbow trout 46 dph 59 49.2-70.9 31 0.76 6
Rainbow trout 32 dph 59.9 53.1-67.7 32 0.78 6
Rainbow trout 74 dph 60.6 54.9-66.2 33 0.80 6
Rainbow trout 1 dph 62.9 56.6-69.9 34 0.83 6
White sturgeon 139 dph 66.5 56.7-76.3 35 0.85 This study
White sturgeon 89 dph 90 77-108 36 0.88 6

Fathead minnows 8 dph 102 78-135 37 0.90 !
White sturgeon 167 dph 103.7 79.4-135.5 38 0.93 >
White sturgeon 123 dph 268.9 204.8-352.9 39 0.95 >
White sturgeon 450 dph 269 205-353 40 0.98 >
Rainbow trout Parr 1 0.8-1.1 1 0.03 ’
Rainbow trout Swim-up 1.3 1.2-14 2 0.06 i
Rainbow trout  Juvenile 1.5 1.2-1.8 3 0.09 ?

Chinook salmon  Swim-up 1.8 1.7-2 4 0.13 8
Rainbow trout 46 dph 2.8 2.1-3.7 5 0.16 6
Rainbow trout 18 dph 29 2.2-3.8 6 0.19 6

Chinook salmon ~ Smolt 2.9 >2.9 7 0.22 2
Rainbow trout Smolt 2.9 >2.3 8 0.25 >
Rainbow trout 95 dph 2.96 2.2-4 9 0.28 6

Coho salmon  Juvenile 3.4 2.2-5.1 10 0.31 ?

Chinook salmon Parr 3.5 2.8-5.6 11 0.34 i
Rainbow trout 60 dph 3.7 3.3-4.2 12 0.38 6
Arctic grayling  Juvenile 4 1.5-9.7 13 0.41 ’
Rainbow trout 74 dph 4.5 4.1-5 14 0.44 6
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Rainbow trout
Coho salmon
Arctic grayling
White sturgeon
White sturgeon
White sturgeon
Chinook salmon
Rainbow trout
White sturgeon
Rainbow trout
White sturgeon
Rainbow trout
White sturgeon
White sturgeon
White sturgeon
White sturgeon
White sturgeon

32 dph
Alevin
Alevin
48 dph
8 dph
15 dph
Alevin
Alevin
61 dph
Alevin
2 dph
1 dph
139 dph
72 dph
16 dph
89 dph
30 dph

4.8

6.1
11.1
14.5
20
26
27
34.4
37.9
472
49.4
60
149.5
187
273.5
355

4.3-54
5.2-7.1
4.7-7.8
6.3-16
13.7-15.3
>20
>26
>27
<34.4
27.1-53.1
>47.2
>49.4
>60
>149.5
>187
>273.5
>355

31

0.47
0.50
0.53
0.56
0.59
0.63
0.66
0.69
0.72
0.75
0.78
0.81
0.84
0.88
0.91
0.94
0.97

6
9
9

This study
10

This study
8
8
6
9
6
6
This study
6
6

6
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Table S6. Measured internal doses (pg/g; dry mass) among life-stages of white sturgeon

following 96 h exposure to either 10 pg/L of Cu or Cd. Data are presented from 2 replicated

measures (2 or 4 fish per replicate) of either Cu or Cd plus control.

Internal Dose (pg/g, dm)

Metal Life Stage Treatment

Mean + S.D.
Cu Blank 0.002 +0.003

15 dph Control 8.26 £ 0.75

15 dph Cu 10 21.41+£0.13

48 dph Control-Head 4.38 £1.60

48 dph Cu 10-Head 9.66 +2.18

48 dph Control-Body 6.45+1.16

48 dph Cu 10-Body 13.23+2.23

139 dph Control-Head 2.28 £0.51

139 dph Cu 10-Head 4.35+0.17

139 dph Control-Body 3.35+0.35

139 dph Cu 10-Body 5.99 £0.58

Cd Blank 0.0001 + 0.0002

15 dph Control 0.058 £0.01

15 dph Cd 10 3.96 +£0.22

48 dph Control-Head 0.06 £0.01

48 dph Cd 10-Head 2.57+0.53

48 dph Control-Body 0.28 £ 0.05

48 dph Cd 10-Body 2.58£0.33
139 dph Control-Head 0.05 £ 0.002

139 dph Cd 10-Head 1.14 £0.46

139 dph Control-Body 0.07 £0.02

139 dph Cd 10-Body 1.08 £0.31
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Table S7. Sequences, efficiencies, annealing temperatures, and corresponding target gene Genbank accession number of white

sturgeon oligonucleotide primers used in RT-PCR. Sequences with no available accession # are indicated with ‘-’.

T(j;gl:t Function  Accession # Primer Sequence (5'-3") Efficiency Annealing Temp (°C)
f-actin Reference FJ205611  Forward: ACTGCAAGTGCACAGACTG 1.96 60
Reverse: AGGAGCAGCAGCTTTTCTTG
MT Ion KP164836 Forward: CCGAGCACAATGAAAATGA 1.89 60
homeostasis Reverse: ACATCTGCTGGAAGGTGGA
GPx Oxidative - Forward: AGTTGATGTGAACGGGAAGG 2.0 60
Stress Reverse: ACTTGGGGTCAGTCATCAGG
GST Oxidative - Forward: CTCCAGGATGAAAACCTTGG 2.0 60
Stress Reverse: ACTCAATCCCATGCAAAAGG
CAT Oxidative - Forward: GAACGAAGAAGAGCGCCAG 1.92 60
Stress Reverse: GATGCGGCTCCCATAGTCT
SOD Oxidative - Forward: GCAGGTCCGTGGTGATTCAT 1.87 60
Stress Reverse: TTCCGATGACACAGCAAGCT
CASP3 Apoptosis - Forward: TCACACAGGGACTGGATGAA 1.98 60
Reverse: AGTGACAGCTCTCCCCAGAA
AIF Apoptosis - Forward: ATCGTGGGTGGAGGATTTGG 1.91 60
Reverse: GCCCCTACGTTGTGATGGAA
ATP7a Metal - Forward: GCAACAGAACAGGCTCACAA 1.94 60
Transporter Reverse: CTTGCAACCAACAAAGCTCA
CTRI Metal - Forward: TAGAGCACAGCCAGCAAGAA 2.0 60
Transporter Reverse: CTTTGCCCTGGAAACGACTA
DMTI Metal - Forward: TGATCCCAATCCTCACCTTC 2.0 60

Transporter

Reverse: ATACCCTACGAAGCCCAGGT
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0.0

Figure S1. Acute toxicity (96 h) of Cu (A) and Cd (B) to different life-stages of white sturgeon. LCs (ng/L) values and 95%
confidence interval (95% CI) of the observed data were estimated via the two-parameter log-logistic function (LL.2) in ‘drc’ package
of R. Cu or Cd concentrations (mean concentration of the initiation-0 h and termination-96 h of experiments) that measured by ICP-
MS were used for the calculation. Data are presented from 3 or 4 replicated measures [each green square (15 dph), blue circle (48 dph)
and black triangle (139 dph) represent 10 individuals] per exposure concentration of either Cu or Cd. Solid or dashed lines indicate the

fits of the experimental data to logit model. Control survival for the 15 dph test was less than 90 percent, thus the LCsg calculation is

not definitive.
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Figure S2. Comparison of internal doses (ng/g; dry mass) among life-stages of white sturgeon

following 96 h exposure of 10 pg/L of either Cu (A) or Cd (B). Box-and-whisker plots (median

and interquartile range) are presented from 2 replicated measures (2 or 4 fish per replicate) of

either Cu or Cd plus control. Three-way ANOVA was used to compare between Cu or Cd, life-

stage, and tissue as well as their interaction effects (**p<0.01 and ***p<0.001).
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Figure S3. Comparison of dry body mass (g) of white sturgeon controls at different life-stages.

Data are presented as mean + S.D. (2 replicate measures with 2 fish per replicate). Significant

difference (**p<0.01 and ***p<0.001) relative to control at 15 dph.
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Figure S4. Comparison of basal abundance of transcripts of M7 in white sturgeon controls at 15,
48 and 139 days post hatch (dph). Data are presented as mean + S.D. (3 or 4 replicated measures
with 1 or 2 fish per replicate). Significant difference (**p<0.01 and = p<0.001) relative to 15

dph.
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Figure S5. Abundances of transcripts of metal transporters (47P7a, CTR1, and DMT1I),
antioxidative (GPx, GST, CAT, and SOD) and apoptosis (CASP3 and AIF) genes in life-stages of
white sturgeon following 96 h exposure to either Cu or Cd. Data are presented as mean + S.D. (3
or 4 replicated measures with 1 or 2 fish per replicate). Significant difference (*p<0.05,

#%p<(0.01 and "~ p<0.001) relative to controls.
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Figure S6. Dendrogram displaying similarities of measured effects in white sturgeon across three different life-stages following 96 h

exposure to either Cu (A) or Cd (B). The analysis was performed using the Bray-Curtis similarity matrix through the ‘clustsig’

package in R. Different colors indicate the statistically different clusters using a similarity profile (simprof) test (»<0.05).
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Figure S7. Correlogram displays of correlation matrices for measured effects in white sturgeon across three different life-stages

following 96 h exposure to either Cu (A) or Cd (B). The analysis was performed through the ‘corrplot’ package in R. Pearson's

correlation coefficient (PCC) values are given. Color (either blue-positive correlation or red-negative correlation) indicates the

significance (p<0.05).
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