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Abstract—Rainbow trout embryos were chronically exposed to silver (as AgNO3) in moderately hard water (120 mg CaCO3/L,
0.70 mM Cl2, 1.3 mg/L dissolved organic matter, 12.3 6 0.1 8C) at nominal concentrations of 0.1, 1, and 10 mg/L (measured 5
0.117 6 0.008, 1.22 6 0.16, and 13.51 6 1.58 mg/L, respectively) to investigate the effects on mortality, ionoregulation, and silver
uptake and distribution of the embryo. Mortalities in the low concentrations (0.1 and 1.2 mg/L) were not significantly different
from controls throughout embryonic development (days 1–32 postfertilization). Mortalities of embryos in the 13.5-mg/L treatment
reached 56% by day 32 postfertilization (33% when accounting for control mortality), by which time more than 50% of surviving
embryos had hatched. Accumulation of silver in whole embryos of 1.2- and 13.5-mg/L treatments reached the highest concentrations
of 0.13 and 0.24 mg/g total silver, respectively, by day 32, but whole embryo silver burden was not correlated with mortality. Silver
concentrations in different compartments of the whole embryo (chorion, dissected embryo, and yolk) were greatest just before
hatch and were higher in the chorion for all experimental treatments. Up to 85% of total whole embryo silver content was bound
to the chorion, which acts as a protective barrier during silver exposure. Whole embryo Na1 concentration in the 13.5-mg/L treatment
was significantly reduced relative to controls from days 23 to 32 postfertilization, and levels in the embryo were reduced by 40%
at day 32 postfertilization, indicating that silver toxicity in the whole embryo is associated with an ion regulatory disturbance that
is similar to the acute effect of AgNO3 in juvenile and adult trout.
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orders of magnitude less toxic than the free silver ion to fathead
minnows and rainbow trout [6].
Silver nitrate is used for most chronic and acute freshwater
laboratory exposures because it is highly soluble and dissociates well to yield high levels of free ionic silver (Ag1),
thereby representing a worst case scenario. The free silver ion
is very toxic to freshwater fish, with 96-h 50% lethal concentrations (LC50 values) being between 6.5 and 65 mg/L total
silver as AgNO3 [4,6,7]. In freshwater, acute silver toxicity in
rainbow trout arises from silver binding to specific sites on
the fish gill [8], which results in noncompetitive inhibition of
active Na1 and Cl2 uptake by blockade of Na1, K1-ATPase
activity [9–11]. As a result, blood plasma ion levels decrease,
ultimately leading to circulatory collapse and death [5,12].
Although our understanding of the mechanisms of silver
toxicity in juvenile and adult rainbow trout has greatly increased, there is nothing known about the mechanism of silver
toxicity in early developmental stages of fish, which are often
the most sensitive in the teleost life cycle [13]. Most studies
of silver exposure on embryos have focused on survival, hatching, and growth success. Nebeker et al. [7] reported complete
mortality at 1.3 mg/L total silver and significant mortality at
concentrations as low as 0.5 mg/L when steelhead embryos
were exposed to AgNO3 from fertilization to post swim-up.
Davies et al. [14] performed long-term toxicity tests initiated
with rainbow trout embryos at the eyed stage of development
(just after the halfway point between fertilization and hatching). A total silver concentration of 0.17 mg/L (as AgNO3)
was reported to result in elevated embryonic mortality and
premature hatching. Both of these studies were conducted in

INTRODUCTION

A major source of silver in surface waters is natural leaching from sites of silver deposits. However, anthropogenic activities, such as silver mining and photoprocessing, may also
cause elevated silver levels in aquatic environments [1]. To
protect freshwater life from potential toxic effects of silver,
both Canada and the United States have set guidelines for the
total concentration of silver permissible in aquatic environments. The current Canadian Water Quality Guideline states
that total silver concentrations in freshwater should not exceed
0.1 mg/L total silver, which represents both acute and chronic
guidelines [2]. In the United States, the Environmental Protection Agency has set acute water quality criteria values based
on water hardness (in mg/L of CaCO3 equivalents) to protect
against the acute toxicity of silver; e.g., in Lake Ontario water,
with a hardness of 120 mg/L, the acute guideline is 4.7 mg/L
total silver. There is no chronic national guideline in the United
States. However, recently the U.S. hardness-based acute guideline has been brought into question based on experimental
evidence that hardness itself offers little protection against
acute toxicity and that the true protective agent is water chloride, which usually covaries with hardness [3–5].
In natural environments, silver is found most abundantly
as a complex with an anionic ligand such as chloride, sulfide,
or dissolved organic matter (DOM) [5]. Silver complexes have
been reported to be much less toxic than the free silver ion
(Ag1). For example, silver thiosulfate complexes, the main
discharge from photographic processing, were at least four
* To whom correspondence may be addressed
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relatively soft water (total hardness 20–40 mg/L CaCO3), likely with correspondingly low chloride levels. No published
studies have examined the effect of chronic silver exposure in
hard water with higher water chloride levels.
The four basic components of a fish embryo are the embryo,
the yolk sac, the perivitelline fluid, and the chorion [6]. The
yolk contains carbohydrates, lipids, and proteins, which the
embryo metabolizes during development [15]. The perivitelline fluid, containing proteins, lipids, and carbohydrates, occupies the space between the chorion and the embryo [16].
The chorion is the outermost, acellular structure surrounding
the embryo, which has a high protein content consisting predominantly of glycoproteins [16]. Rombough [17] demonstrated that negatively charged groups within the chorion bind
cations with different affinities. For example, metal ions that
act as Na1 antagonists with a high affinity for sulfhydryl
groups, such as silver, copper, and mercury, were bound tightly
to the chorion. Rombough [17] demonstrated that steelhead
trout embryos became more sensitive to static silver exposures
.50 mg/L when the chorion was removed. In contrast, metal
ions that act as Ca1 antagonists with lower affinity for sulfhydryl groups, such as zinc, cadmium, and lead, bound less
tightly to the chorion and penetrated the embryo rapidly. Although there have been numerous studies reporting adverse
effects of metal exposure on freshwater fish embryos [14,18–
21], few studies have focused on the uptake and distribution
of the metal within the various compartments of the whole
embryo throughout development.
The objectives of the present study were, first, to determine
whether silver exposure during early life stages is associated
with an ionoregulatory disturbance, as is observed in juvenile
and adult fish; second, to determine whether whole embryo
silver burden is correlated with mortality in moderately hard
water with enough chloride and DOM levels to complex most
of the free Ag1; and finally, to investigate the relative partitioning of silver within the embryo throughout development,
with particular interest in the role of the chorion. Three nominal concentrations of total silver (0.1, 1, and 10mg/L) added
as AgNO3 were used. The 0.1-mg/L concentration represents
the present Canadian Water Quality Guideline [2] and was
chosen to determine if this value is sufficient to protect the
embryos from potential toxic effects of silver in Hamilton
(Ontario, Canada) tap water (from Lake Ontario).
MATERIALS AND METHODS

Experimental animals
Experiments were performed on approximately 4,000 freshly fertilized rainbow trout eggs obtained from Rainbow Springs
Trout farm (Thamesford, ON, Canada). They were maintained
in flowing dechlorinated Hamilton (ON, Canada) tap water
from Lake Ontario ([in mM] Na1, 0.60; Cl2, 0.70; Ca21, 1.0;
Mg21, 0.2; K1, 0.05; HCO32, 1.9; DOM, 1.3 mg/L; alkalinity,
95 mg CaCO3; hardness, 120 mg CaCO3/L; pH, 7.5). A constant water temperature of 12.3 6 0.18C was maintained
throughout the study. Because embryos are photosensitive early in development, they were kept in opaque chambers.

Setup
Over a period of 32 d, from 2 to 3 h postfertilization to
hatch, 1,000 embryos were exposed to each of three different
nominal silver concentrations plus a control treatment (without
added silver) in a chronic flow-through setup. Silver stock
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Table 1. Measured water total silver concentrations (n 5 16) during
chronic exposures and silver speciation based on measured values
calculated using MINEQL 1 [22] and the reported water chemistry
in the Materials and Methods section
Ag concentrations
Nominal
(mg/L)
0.1
1
10

Measured
(mg/L)

Ag1 (mg/L)

AgClaq
(mg/L)

Ag-DOM
(mg/L)

0.117 6 0.008
1.22 6 0.16
13.51 6 1.58

0.0021
0.026
2.47

0.0028
0.033
3.28

0.112
1.159
7.53

solutions of 0, 100, 1,000, and 10,000 mg/L were made using
AgNO3 in 0.5% nitric acid (trace metal grade, Fisher Scientific,
Ottawa, ON, Canada) in deionized, distilled water and were
kept in light-shielded containers. These stock solutions were
delivered by a peristaltic pump into 150-ml header tanks (one
header tank for each final silver concentration) at a flow rate
of 0.14 ml/min and were mixed with dechlorinated Hamilton
tap water at a flow rate of 140 ml/min. This resulted in 1,000fold dilutions of the stock solutions, yielding continuously
flowing exposure concentrations of 0, 0.1, 1, and 10 mg/L total
silver (nominal values). The header tanks were vigorously aerated to facilitate mixing, and the overflow was directed to the
embryo exposure chambers. To measure silver in the 0.1-mg/
L treatment (which is very near the detection limit of the
atomic absorption spectrophotometer), 10 mCi of 110mAg/L
(Amersham International, Coustaboef, France) was added to
the 100-mg/L silver stock solution so that final total silver
concentration in the exposure chamber could be measured by
radioisotopic dilution. Table 1 reports the mean measured silver concentration in each experimental treatment.
Polyethylene exposure chambers (32 3 19 3 9 cm) held
water volumes of approximately 4 L each and were painted
black to limit light penetration. Each exposure chamber received a flow rate of approximately 140 ml/min.
The aquatic geochemical modeling program MINEQL1
[22] was used to calculate the amount of total free silver ion,
silver chloride (aqueous), and silver-DOM in each experimental treatment based on the known chemistry of Hamilton
tap water (from Lake Ontario) and corresponding silver-DOM
constants from Janes and Playle [8] (Table 1).

Experimental procedure
Starting on day 3 of exposure (also day 3 postfertilization),
whole embryos from each chamber were sampled regularly at
3- to 8-d intervals for 32 d. Before sampling, mortalities in
each treatment were recorded and dead embryos were removed. Embryos that had turned white were assumed to be
dead, and when embryos were developed enough, the criteria
for death was cessation of heartbeat. Eggs that had not been
fertilized were identified by the lack of an embryonic axis and
were not included in mortality calculations nor were they sampled. Embryos that were sampled were carefully checked to
ensure that they were alive. In all treatments, whole embryos
and chorions were sampled throughout the study. Dechorionated embryos with yolk sacs removed were sampled from day
18 to day 32 postfertilization. In addition, sampling of dechorionated embryos with intact yolk sacs began on day 23 postfertilization. By day 30, about 50% of embryos had hatched,
and on day 32, hatched larvae were also collected in addition
to intact embryos.
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Dissection of the whole embryos involved dechorionation,
which is a delicate procedure done by making a small, shallow
puncture in the chorion with an 18-gauge needle. The chorion
was then gently torn off using tweezers and was either retained
for analysis or discarded when sufficient numbers of chorions
had been obtained. Ten embryos were dechorionated, and the
embryo was separated from the yolk sac and collected for
analysis. Another 10 embryos were dechorionated and used
to collect embryos with yolk sacs still attached.
All samples were rinsed with deionized, distilled water,
blotted dry, weighed, and acidified with three times the sample
weight of 1 N nitric acid (trace metal grade, Fisher Scientific,
Canada). All acidified samples (in 1.5-ml polyethylene centrifuge tubes) were digested in an oven over a 24-h period at
approximately 608C. All samples were homogenized using a
microcentrifuge sample pestle (Teflon fluorocarbon resin, Fisher Scientific, Canada) at a speed of approximately 5 revolutions/s. The digested, homogenized samples were spun down
and a portion of the supernatant diluted with deionized water
for total silver analysis.
Water samples were taken every second day from each
exposure chamber, immediately acidified to 0.5% (v/v) with
trace metal grade nitric acid (Fisher Scientific), and kept in
the dark until total silver concentrations could be analyzed.
Water and silver stock flow rates were measured every second
day. The temperature of the water was recorded every day of
the exposure period.

Analyses
Analysis of the silver concentration of the water from the
1- and 10-mg/L total silver treatments and of diluted supernatant from digested samples was conducted using a graphite
furnace, atomic absorption spectrophotometer (Varian 1275,
Walnut Creek, CA, USA, fitted with a GTA-95 atomizer with
operating parameters of 758C for 5 s, 908C for 30 s, 1208C
for 10 s, 1208C for 2 s [no gas flow], 2,0008C for the next 3
s [no gas flow, absorption read], 2,0008C for 1 s). Analysis of
silver concentration in the water from the 0.1-mg/L total silver
treatment was accomplished by radioisotopic dilution. Atomic
absorption spectrophotometry was used to measure the silver
concentration of the stock solution, and a gamma counter
(Packard Instruments, Downers Grove, IL, USA) was used to
measure radioactivity (total counts per minute; cpm) of 110mAg.
The specific activity of the stock solution was calculated (cpm/
mg) and the total silver concentration of the exposure chamber
was calculated by dividing 110mAg activity (cpm) of the water
by the specific activity of the stock solution.
Standards used to measure silver in whole embryos and
different embryo compartments were made by mixing known
certified silver standards (Fisher Scientific, Canada) with digested rainbow trout tissue. This was done to correct for background and matrix effects.
Analysis of the Na1 concentration in whole embryos and
embryos was performed by atomic absorption spectrophotometry (Varian 1275), and that for Cl2 was measured using the
calorimetric mercuric thiocyanate method [23].

Statistics
Mean values of silver concentrations were statistically compared between treatments (on respective days) or between days
(within respective silver treatments) using a one-way analysis
of variance. Mortality between treatments was tested for statistical significance using a one-way analysis of variance on
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Fig. 1. Cumulative percent mortality in embryos of rainbow trout
chronically exposed to 0 (closed circles), 0.1 (open triangles), 1.2
(closed squares), and 13.5 mg/L (open diamonds) total Ag (as AgNO3)
from fertilization through to hatch. At day 30, about 50% of the
embryos had hatched. Mortality in the 13.5-mg/L treatment was significantly different than controls (p , 0.05).

the number of mortalities per day (i.e., on noncumulative mortality). A Dunnett’s post hoc test was used to identify groups
that differed significantly from the controls within each respective comparison. Mean values for whole embryo [Na1]
and [Cl2] in controls and the 13.5-mg/L silver group were
compared using a t test. The level of statistical significance
for all analyses was p , 0.05.
RESULTS

Measured silver levels in the water for each nominal silver
concentration are shown in Table 1. Values in control water
were below the detection limit of the atomic absorption spectrophotometer for total silver (,0.05 mg/L) and are not reported. Results of silver speciation calculations using an equilibrium-based aquatic geochemical modeling program (MINEQL1) and known chemistry (see Methods) of Hamilton
dechlorinated tap water (from Lake Ontario) are also summarized in Table 1.

Mortality and development
Mortality (as the number dead per day) was statistically
greater from day 5 to day 33 in the 13.5-mg/L group relative
to controls, with the highest rate of mortality (as indicated by
the change in slope) between days 8 and 15 postfertilization,
reaching a maximum value of 56% by day 32 (Fig. 1). Mortalities in the 1.2- and 0.1-mg/L groups and in the control group
reached 34%, 36%, and 32%, respectively, by day 32, none
of which differed significantly from one another. When the
control mortality of 32% is taken into account [24], mortality
in the 13.5-mg/L group is 33% while those in the 1.2- and 0.1mg/L groups are just 2 and 4%, respectively. About 50% of
surviving embryos had hatched by day 30 of the experiment,
with no apparent difference between treatments. All samples
reported throughout this study refer to intact embryos at the
time of sampling with the exception of day 32, when hatched
larvae were also collected.

Ag content
Background levels of Ag in the whole embryos of the control group were between 0.01 and 0.03 mg/g throughout development (Fig. 2). The average total Ag concentration in the

556

Environ. Toxicol. Chem. 20, 2001

Fig. 2. Silver concentration in whole embryos chronically exposed to
0 (closed circles), 0.1 (open triangles), 1.2 (closed squares), and 13.5
mg/L (open diamonds) total Ag (as AgNO3) from fertilization through
to hatch. At day 30 postfertilization, about 50% of the embryos had
hatched. Values plotted to the right of the traces (i.e., at day 34)
represent those for 32-d hatched larvae. Values are mean 6 SEM (n
5 8–20); * indicates significant difference from controls at respective
time (p , 0.05); 1 represents significant difference from day 3 values
within each silver exposure group (p , 0.05).

whole embryos of the 0.1-mg/L Ag exposure group was low
throughout development (0.03–0.08 mg/g), without any significant differences from control values. However, whole embryo silver concentrations were significantly greater on days
30 and 32 relative to that on day 3 in the 0.1-mg/L Ag exposure
group. Silver concentration in whole embryos of the 1.2-mg/
L Ag exposure group was between 0.04 and 0.13 mg/g throughout development, with significantly higher silver concentrations than whole embryos of the control group from days 18
to 32 postfertilization. Consistent with the 0.1-mg/L treatment,
whole embryo silver concentrations in the 1.2-mg/L group
were significantly greater on days 30 and 32 than on day 3.
The average total Ag concentration in the embryos of the 13.5mg/L group varied but was significantly greater than controls
at all sampling times (Fig. 2). From day 3 to day 11, Ag
concentration in the whole embryos increased significantly
from 0.07 to 0.2 mg/g, but thereafter decreased to 0.08 mg/g
by day 23. From day 23 to day 30, average total Ag concentration in the whole embryos again increased significantly from
0.08 to 0.24 mg/g.
The average measured total Ag concentration in the chorions of the control group remained between 0.07 and 0.13
mg/g throughout development (Fig. 3). The chorions of the
0.1-mg/L Ag exposure group contained low concentrations of
Ag throughout development, ranging from 0.03 to 0.30 mg/g
(not significantly different from controls). Similarly, the Ag
concentration in the chorions of the 1.2-mg/L group (0.13–1.7
mg/g) was not statistically different from the control group,
but there was a small but significant increase from day 8 onward relative to day 3 values within that group. From day 8
on, the average Ag concentration in the chorions of the 13.5mg/L treatment was significantly greater than that of controls
and increased from 0.4 to 3.9 mg/g from days 3 to 18 postfertilization, fell slightly to 2.3 mg/g at day 23, and thereafter
increased exponentially with time to 13.3 mg/g on day 32 (Fig.
3).
Embryos with yolk sacs attached were sampled from day
23 to day 32 postfertilization (Fig. 4). Interestingly, the only
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Fig. 3. Silver concentration in chorions from embryos chronically
exposed to 0 (closed circles), 0.1 (open triangles), 1.2 (closed squares),
and 13.5 mg/L (open diamonds) total Ag (as AgNO3) from fertilization
through to hatch (n 5 8–10). See caption of Figure 2 for further
details.

treatment that resulted in a significant elevation in silver concentration at all sampling times was the 0.1-mg/L Ag exposed
group. However, a significant elevation in silver concentration
relative to controls was observed in the 13.5-mg/L Ag exposed
group on days 30 and 32 and in the 1.2-mg/L Ag exposed
group on day 32 postfertilization. In all treatments and controls, there was a significant increase in silver concentration
by day 32 postfertilization relative to day 23 values, reaching
a maximum of 0.02, 0.06, 0.05, and 0.05 mg/g total Ag in the
controls and 0.1-, 1.2-, and 13.5-mg/L Ag exposed groups,
respectively.
Samples of dechorionated embryos with yolk sacs removed
were taken from day 18 to day 32 postfertilization and were
analyzed for average total Ag concentration. Embryonic silver
concentrations of the 0.1- and 1.2-mg/L Ag exposure treatments were not significantly different from embryonic silver
concentrations of controls throughout development. From day
27 to day 32, embryos of the 13.5-mg/L group contained Ag
concentrations from 0.065 to 0.083 mg/g, approximately three-

Fig. 4. Silver concentration in dissected embryos, with yolk sacs
attached, from whole embryos chronically exposed to 0 (closed circles), 0.1 (open triangles), 1.2 (closed squares), and 13.5 mg/L (open
diamonds) total Ag (as AgNO3) from fertilization through to hatch (n
5 8–10). See caption of Figure 2 for further details.
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Fig. 5. Silver concentration in dissected embryos (with yolk sacs
removed) from whole embryos chronically exposed to 0 (closed circles), 0.1 (open triangles), 1.2 (closed squares), and 13.5 mg/L (open
diamonds) total Ag (as AgNO3) from fertilization through to hatch (n
5 8–10). See caption of Figure 4 for further details.

fold greater than controls (Fig. 5). By day 30, the embryonic
silver concentration (0.08 mg/g) in the 13.5-mg/L treatment
had significantly increased relative to that observed on day 18
(0.02 mg/g).
On day 32, samples of larvae (i.e., from hatched embryos)
from the 0.1-, 1.2-, and 13.5-mg/L treatments were taken and
analyzed for a total Ag concentration (Fig. 2). In all treatments,
total Ag concentrations in the larvae were less than the Ag
concentration of the whole embryos taken at day 32 (Fig. 2).
Figure 6 illustrates the silver content (in mg) in the chorions,
isolated embryos, and yolks of the dissected whole embryos
from the three experimental treatments, partitioning concentrations according to the mass of the respective compartments.
Data for the embryo and yolk was calculated from measured
values, where yolk concentration is calculated by the difference between embryos with and without yolk sacs attached.
Values for the chorion were determined as the difference in
silver content between whole embryos and the dechorionated
embryos with yolk sacs attached. The reason that chorionic
silver load was not determined directly was that the error associated with measuring the mass of the chorion (3–5 mg)
coupled with the very high level of silver contained in the
chorion resulted in very large errors in the whole embryo silver
budget. The method of deducing chorion silver content described above avoided this problem and was adopted in this
analysis.
Of the total whole embryo silver content in both the 1.2and 13.5-mg/L treatments, 65 to 85% of the silver was bound
by the chorion, 2 to 9% was found in the isolated embryos,
and 10 to 28% was found in the yolk. In the 0.1-mg/L treatment,
the yolk contained the greatest amount of silver (50–70% of
the total whole embryo silver content) compared with the isolated embryos (10%) and the chorions (20–40%). Interestingly, the yolks of the 0.1-mg/L treatment contained more silver
than the yolks of both the 1.2- and 13.5-mg/L treatments.

Whole embryo and embryo ion content
From day 18 to day 32 postfertilization, Na1 concentration
in the whole embryos of the 13.5-mg/L treatment remained
constant between 18 and 20.5 mM (Fig. 7a). In control whole
embryos, there was a significant increase in Na1 concentration

Fig. 6. Comparison of the total silver content in the compartments of
the whole embryo (chorion, yolk, isolated embryo) of whole embryos
exposed to total silver concentrations (as AgNO3) of 13.5 (A), 1.2
(B), and 0.1 mg/L (C). Values presented for embryos were measured
directly and those for yolks were calculated by the difference between
measurements for embryos with yolk sacs attached and embryos with
yolk sacs removed. Values for chorion silver content were calculated
by subtracting the average total silver content in the yolk and embryos
from the average total silver content in whole embryos.

from 18 to 24 mM and 31 mM on days 30 and 32 postfertilization, respectively. This resulted in a significantly lower
whole embryo Na1 concentration in the 13.5-mg/L treatment
relative to control embryos from day 25 onward. Changes in
whole embryo Cl2 levels were much more variable; however,
there was a significant reduction in whole embryo Cl2 levels
on day 27 of exposure in the 13.5-mg/L treatment relative to
controls (Fig. 7b). In dechorionated embryos with yolk sacs
removed, Na1 concentration was not significantly different in
the 13.5-mg/L treatment relative to controls on day 30 (71.0
6 8.0 mM vs 86.2 6 7.1 mM, respectively) but was 40%
lower than controls on day 32 (61.9 6 5.6 mM vs 101.3 6
8.9 mM, respectively. (Data not shown.)
DISCUSSION

Mortality
In the 13.5-mg/L total Ag treatment, embryo mortality
reached 56% by the end of the experiment, 2 d after 50%
hatch. When control mortality (32%) is taken into account,
mortality in the 13.5-mg/L total Ag treatment was 33%. In
contrast, mortalities in the 0.1- and 1.2-mg/L total Ag treat-

558

Environ. Toxicol. Chem. 20, 2001

C.M. Guadagnolo et al.

At a humic acid concentration of 5 mg/L, the LC50 value
increases by about 50% between 1 and 24 h. Thus, the speciation values reported in Table 1 may overestimate the proportion of silver as Ag-DOM, and the conditions of the present
study may result in greater toxicity than if the silver solution
was permitted to equilibrate for several hours.
The highest mortality rates in the 13.5-mg/L treatment occurred between days 8 and 15 postfertilization, indicating that
embryos appear to be most sensitive in this developmental
stage. Similar observations have been made in an acute silver
challenge study [26].

Ag content

Fig. 7. Na1 concentration (a) and Cl2 concentration (b) from day 18
to day 32 postfertilization in whole embryos exposed to 0 (closed
circles) and 13.5 mg/L (open diamonds) total silver (as AgNO3) (n 5
6–8). See caption of Figure 2 for further details.

ments did not differ significantly from the control group. Previous studies have demonstrated 100% mortality in rainbow
trout embryos that were exposed to 10 mg/L total silver from
the eyed stage [14]. In the same study, however, Davies et al.
[14] demonstrated that mortalities due to toxic silver effects
were found at silver concentrations as low as 0.17 mg/L, a
concentration that also caused premature hatching. The apparent discrepancy in sensitivity to chronic silver exposure in
the present study (where there was no significant effect on
mortality in the 1.2-mg/L total silver group relative to controls)
and that of Davies et al. [14] may be due to differences in
water chemistry between the two studies. In juvenile and adult
rainbow trout, it has been clearly demonstrated that both water
Cl2 and DOM protect against silver toxicity [3,4]. While water
chloride and DOM were not reported in the Davies et al. [14]
study, the water hardness (20–40 mg/L CaCO3) was much
lower than that in Hamilton (ON, Canada) tap water (120 mg/
L CaCO3), and water chloride often tends to covary with hardness. Furthermore, in similar studies, Davies et al. reported
DOM levels of about 0.8 mg/L (J. Gorsuch, personal communication). Thus, water Cl2 and DOM, which are higher in
the present study, may have protected against silver toxicity
in trout embryos, as it does at the trout gill; however, this
remains to be tested experimentally.
Due to the high water flow required to keep embryos at a
constant temperature, equilibration time between the silver
stock solution and the water was short. While interaction between silver and water chloride is very fast, the interaction
with DOM is possibly considerably slower. Ma et al. [25] have
demonstrated that increasing the reaction time between copper
and humic acid reduces toxicity of the solution in bioassays.

A significant increase in Ag concentration of whole embryos in the 13.5-mg/L treatment was observed by days 11
and 15 postfertilization (Fig. 2), a time at which the mortality
rate was increasing (as indicated by the slope of the mortality
curve in Fig. 1). Based on chorion levels at days 7 to 15 (Fig.
3), there was not nearly as much silver bound by the chorion
relative to the whole embryo as was observed at later stages
of development, and thus embryonic silver levels may have
been relatively high, although they could not be measured at
this time. Increases in Ag concentration in whole embryos
were also observed at days 25 to 30 postfertilization in both
the 1.2- and 13.5-mg/L treatments, without, however, the dramatic increase in mortality rate observed at days 11 to 15 (as
indicated by the slope of the mortality curve in Fig. 1). Chorionic silver concentration increased in the 1.2-mg/L Ag treatment from day 30 to day 32 postfertilization and to a very
large degree in the 13.5-mg/L treatment from day 23 to day
32 postfertilization. Thus, on days 25 to 30 postfertilization,
silver levels in the chorion were higher and consequently embryonic levels were likely lower than on days 11 through 15
postfertilization, perhaps accounting for the reduced mortality
rates despite similar silver whole embryo burdens. Thus, it
may not be that embryos are especially sensitive to silver on
days 11 to 15 postfertilization but that the relatively lower
binding of silver to the chorion at this developmental stage
results in higher embryonic silver levels, resulting in higher
mortality.
Interestingly, Ag burden in whole embryos decreased dramatically after day 15 postfertilization (Fig. 2) while chorion
silver concentration increased (Fig. 3). This stage, days 16 to
24 postfertilization, is also a period of decreased sensitivity
(as indicated by mortality) in embryos acutely exposed to silver [26].

Na1 content
The increase in whole embryo silver content from day 25
onward is likely related to the development of ion regulatory
capacity of the embryo. Previous studies have indicated that,
from the eyed stage of development and on, there is a significant uptake of Na1 from the water [27,28], which increases
exponentially through to hatch (C.J. Brauner and C.M. Wood,
unpublished data). In juvenile rainbow trout, Bury and Wood
[29] demonstrated that both Na1 uptake and Ag1 uptake at the
fish gills were reduced by specific blockers of the Na1 channel
(phenamil) and H1-ATPase (bafilomycin A1), indicating that
uptake of Ag1 across the apical membrane of the fish gill
occurs via a Na1 channel coupled to an H1-ATPase. Thus, the
increased silver burden observed in whole embryos at later
stages of development may reflect development of the Na1
uptake system, which becomes more significant for silver up-
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take as the ion regulatory ability of the developing embryo
increases.
In juvenile and adult rainbow trout, Ag1 binds to specific
sites on the fish gill, resulting in blockade of Na1, K1-ATPase
activity, and noncompetitive inhibition of Na1 and Cl2 uptake
[8–10]. This leads to a decrease in the levels of ions in blood
plasma and ultimately results in circulatory collapse and death
[5]. In early life stages of rainbow trout, chronic exposure to
a total measured silver concentration of 10.7 mg/L in water
with identical characteristics to the present study reduced Na1
uptake, relative to controls, at all stages of development
through to hatch (C.J. Brauner and C.M. Wood, unpublished
data). In the present study, Na1 content in whole embryos
exposed to 13.5 mg/L total silver was reduced relative to controls from day 23 through to hatch. Similarly, on day 32 postfertilization, Na1 concentration in embryos of the 13.5-mg/L
treatment was 40% lower than that of controls. Thus, the mechanism of silver toxicity in developing embryos is at least partly
associated with ion regulatory impairment, as has been shown
for juvenile and adult rainbow trout [5].

The role of the chorion
The chorion is generally viewed as a protective barrier for
the embryo from environmental stress [30]. In the present
study, the chorion accumulated the highest Ag concentration
relative to other compartments of the whole embryo, comprising between 60 and 85% of the total whole embryo burden
in the 1.2- and 13.5-mg/L Ag treatments (Fig. 6). Embryonic
Ag concentrations were substantially less than chorionic concentrations in all experimental groups. Previous studies demonstrated that, in rainbow trout embryos exposed to cadmium,
most of the metal was found associated with the chorion
[18,31].
The chorion of a rainbow trout embryo possesses about 650
to 700 mg total protein [32], corresponding to 13 to 14% of
the chorion, assuming a chorion mass of about 5 mg (present
study). Of the total chorion protein, about 80% consists of four
major components of asparagine-linked glycoproteins [32].
The predominant amino acids in the chorion appear to be
proline (10–20%) and glutamic acid (10–17%), but there are
also significant amounts of cysteine (1–10%) [33,34], which
possesses sulfhydryl groups. Silver ions likely enter the intact
embryo by initially binding to these sulfhydryl groups, which
possess a very high binding affinity for silver [35], as well as
to other anionic sites such as glutamic acid. As suggested by
Rombough [17], because silver binds to the chorion with high
affinity, the movement of silver into the embryo was probably
impeded by the chorion. Thus, by accumulating a large burden
of silver, the chorion protects the embryo from potential toxic
effects of silver. In all experimental groups, the larvae sampled
at day 32 postfertilization had less silver concentration than
whole embryo samples taken at that time (Fig. 2), likely due
to the shedding of the chorion and thus a significant portion
of the whole embryo silver burden.
The concentration of silver in the chorion increased
throughout development, but interestingly, the ratio between
chorion and whole embryo silver concentration increased,
most noticeably a few days before hatch (Figs. 2 and 3), indicating that the composition of the chorion may be changing
with development, exposing new silver binding sites. Shortly
following fertilization, the enzyme transglutaminase, which is
found in the chorion, catalyzes the formation of disulfide crosslinks between cysteine residues and cross-links between other
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constitutive peptides, thereby greatly increasing the integrity
of the chorion during the process of water hardening [36,37].
Cross-linked cysteine residues do not possess sulfhydryl
groups available to bind silver. However, as the embryo approaches hatch, a number of proteolytic hatching enzymes are
secreted by the embryo that break down the various peptide
cross-links within the chorion [38]. In brine shrimp cysts, over
90% of the protease activity is cysteine protease [39], and
thus, cysteine disulfide cross-links are broken, reducing the
integrity of the chorion and creating many available sulfhydryl
groups. Assuming the same is true in trout embryos, this could
explain the increase in silver concentration of the chorion in
the days before hatch (Fig. 3).

Implications for water quality criteria
Under the current national guideline for freshwater life protection in Canada, total silver concentrations of up to 0.1 mg/
L (acute and chronic value) are acceptable [2]. Mortality rates
of embryos in the 0.1- and 1.2-mg/L total silver (as AgNO3)
treatments did not differ significantly from controls throughout
embryonic development. The general lack of significant Ag
uptake in the internal whole embryo compartments was correlated with low mortality rates. Although silver accumulated
in the whole embryos in the 0.1- and 1.2-mg/L total silver
chronic exposures, the chorion appeared to protect the embryo
from any toxic effects of silver. Therefore, according to the
chronic data presented, the current Canadian Water Quality
Guideline is sufficient in preventing mortality due to toxic
effects of silver during the embryonic development of rainbow
trout in Hamilton tap water (from Lake Ontario).
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