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ABSTRACT

Studies with natural phytoplankton from Lake Ontario as well as
two green and one diatom algal species revealed that the International
Joint Commission water quality objective of 30 ug Zn/L was toxic to

primary productivity and cell multiplication. The toxicity of Zn was

dependent upon its anionic forms with nitrate being the most toxic,

followed by chloride, sulphate and acetate. Studies with radioactive
Zn indicated that Zn was rapidly taken up by the algae and incor-
porated mainly into polysaccharide and nucleic acid fractions. These
results show that an objective for Zn of 30 pg/L is too high to
protect algae in the Great Lakes. Based on our results and other

published data, a new objective of 10 ug Zn/L has been recommended to

the International Joint-Comﬁission.
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RESUME

Les études effectuées sur du phytoplancton naturel provenant du
lac Ontario ainsi que sur deux algues vertes et une algue diatomée'ont
révélé que 1'objectif de qualité de 1'eau de 30 ug Zn/L fixé par la
Commission mixte internationale était toxique pour 1la production
primaire et la multiplication cellulaire. La toxicité de Zn se
manifeste dans -les formes anioniques, le nitrate étant la forme la
plus toxique; suivi du chlorure, du sulfafe et de 1‘'acétate. Des
études effectuées avec Zn radioactif ont révélé que le zinc était
rapidemeht absorbé par les algues et incorporé avant tout dans les
fractions de polysaccharide et d'acide nucléique. Ces résultats
révéIent' que 1'objectif de 30 ug/L pour Zn est trop élevé pour
protéger les algues des Grands Lacs. En se basant sur ces résultats
et sur d'autres données pub]iée#, un nouvel objectif de 10 ug Zn/L a

été recommandé i la Commission mixte internationale.



EXECUTIVE SUMMARY

Studies with natural phytoplankton from Lake Ontario as well as
two green and one diatom algai species revealed that Zn at concentra;
tion of 30 ug/L was toxic to the primary productivity and cell
multiplication. Toxicity of zinc compound was dependeht upon its
anionic part with nitrate being the most toxic, followed by chloride,
sulphate and acetate. This order of toxicity apprbximated the rela-
tive solubility of these chemicals in water with zinc nitrate being
the most soluble. Studies with radioactive 652n indicated that Zn was
rapidly taken up by the algae and incorporated mainly into polysac-
charide and nucleic acid fractions. These and other data show that Zn
at 30 pg/L is too permissive for protecting algae in thé Great Lakes.

Data obtained in this study will be extremely useful for water

quality management and for setting up water quality criteria.



 PERSPECTIVE DE GESTION

Des études effectuées sur du phytoplancton naturel provenant du
lac Ontario ainsi que sur déux algues vertes et une algue diatomée ont
révé1é que Zn était toxique & une concentration de 30 ug/L pour 1la
production primairefet la multiplication cellulaire. La toxicité des
composés des zinc est apparue dépendante de sa partie anionique, le
nitrate étant le plus toxique, suivi du chiorure, du sulfate et de
1'acétate. Cet ordre de toxicité coTncidait approximativement avec la
solubilité relative de ces produits chimiques dans 1'eau, le nitrate
de zinc étant la substances la plus soluble. Des études sur 65Zn
radioactif ont révélé que Zn était rapidement absorbé par les algues
et incorporé avant tout danﬁ ‘]es fractions de polysaccharide et
d'acide nucléique. Ces données et quelques autres montrent que 1la
norme de 30 ug/L pour in est trop permissive pour protéger les algues
dans les Grands Lacs.

Les données recueillies dans le cadre de cette étude seront
extrémement utiles pour 1a gestion de ta qualité de 1'eau et pour

1'établissement de critéres de qualité de 1'eau.



INTRODUCTION

Zinc is a common element and ranks as the 24th most abundant element found
in the earth’s crust. It has many industrial uses such as coatings for iron
and sfeel, alloys for diecast parts and in batferies and paint production
(Taylor et al., 1982). It is found in various Great Lakes water samples. The
mean concentrations of Zn in the offshore vaters vere generally below 1 ug/L
vhile much higher concentrations were found in the nearshore waters
(Rossmann, 1984). Much of the input to the system is.from anthropogenic
sources #nd arrives via atmospheric transport and deposition (Taylor et al.,
1982). |

Toxicity data before 1976 considered that fishes were more §ensitive to
Zn than other aquatic organisfis (I1JC, 1976). The sensitivity of fishes to Zn
varied considerably with fish species, life stages, and quality of water
such as hardness, pH and aikalinity (Bradley and Sprague, 1985). The short;
term acute toxicity values (generally 96 hr LC50) rangedvfrom around 90 ug/L
to almost 200 mg/L (Hart, 1933). Chronic toxicity generally began at a 2n
concentration of about 70 ug/L. In view of the sensitivity of‘fish to Zn, a
vater quality objective for Zn at 30 ug/L vas adopted for the Great Lakes by
the IJC (1976) to protect aquatic organisms parficularly fish in the Great
Lakes.

However, a number of studies after 1976 indicated that Zn toxicity to
algae could occur at concentrations near or below 30 ug/L. For example,

Chiaudani and Vighi (1978) measured growth of Selenastrum capricornutum in

wvater from 22 Italian 1lakes. Addition of Zn at 20 ug/L to the lake water



reduced algal growth by about 50% in half of the lakes. Other algae such as

Anabaeng spiroides (Kostyaev, 1981), Schroederella schroederi (Kayser, 1977)

and Thalassiosira aesteralis (Hollibaugh et al., 1980) were affected by Zn

at levels less than 30 ug/L. In this report, we demonstrate that Zn at 30
ug/L is also toxic to three freshwater algae as well as natural
phytoplankton from the Great Lakes.

MATERIALS AND METHODS

Three unialgal cultures wvere wused: Scenedesmus quadricauda (Culture

collection #11, Dr. P. Healey, Dept. of Fisheries & Oceans, Freshwater

Institute, Vinnipeg, Manitoba), Ankistrodesmus falcatus var. acicularis

(Ontario Ministry of Environment, Rexdale, Ontario), Navicula pelliculosa

(Dr. C. Nalewajko, Scarborough College, University of Toronto, Ontario). The
cultures were maintained in a . modified CHU-10 medium, containing no
complexing agents, at pH 8 (Vong et al., 1978). The inoculum for toxicity
bioassays was prepared by growing the culture in 100 mL of medium at 20 C on
a rotary shaker (100 rpm) under conditions of 18 hr of light (5000 lux) and
6 hr of darkness. When the cells reached the logarithmic phase of growth
(about 1 week), they were used as inoculum.

Primary production was measured by the amount of 14_C-sodium bicarbonate
taken up by the algae over a period of 4 hr. One mL of the inoculum (about 2
x 103 cells/mL) was added to 13.9 mL of modified CHU-10 medium with or
vithout the addition of various anionic forms of the zinc compounds. After a

24 hr incubation at 20 C under conditions described above, a 0.1 mL aliquot



of 2 uC/mL 14_c_sodium bicarbonate (Amersham/Searle, 58.8 mC/m mole) was

added to éach 25-mL Erlenmeyer flask. The flasks were tightly capped with

" rubber stoppers wvrapped in aluminum foil. A similar set of flasks vas

incubated ifi the dark. After a 4-hr incubation, the cells were filtered
through a 0.45 um membrahe filter and rinsed rapidly with 10 mL fresh medium
to remove extracellular | l4_c_sodium bicarbonate. Filters containing
radioactive labelled cells vere dissolved in 10 mL PCS scintillation
counting fluor (Amersham/Searle). Radioactivity' was measured by a liquid
scintillation counter (Beckman model LS8100) with automatic quenching factor
and 10,000 dpm upper limit. Radioactivity taken up by algae in the dark (<5%
of total) was subtracted from the total radioactive counts. Radioactivity in
the algae without exposure to Zn (control) vas taken as 100%. Toxicity of Zn
to a natural phytoplankton was tested with wvater from a sampling site in
Lake Ontario near Hamilton, Ontario. To compensate for the smaller number of
algae, the volume of lake water was increased from 15 mL with the pure
culture to 100 mL. The l4C-sodium bicarbonate vas also increased t§ 0.15 mL
and 10 uC/mL. The ECsp value (effective concehtration’ of the metal that
causes a 50% reductionv in primary productivity or cell multiplication).vas
estimatéd according to the Standard Methods for the Examination of Water and
Vastewvater (1980).

The effects of 2Zn on algal cell multiplicatioﬁ (growth) was measured
spectrophotometrically with a Klett-Summerson Photoelectric Colorimeter

(filter #66). One mL of the inoculum (A. falcatus) was added to 49 mL of the

: medium'containing Zn concentrations from 0 to 500 ug/L in a 300-mL Nephelo

culture flask with a side-arm (Bellco Co., Vineland, New Jersey). The algal

grovth vas measured at various time intervals by tilting the medium into the



sideQarm vhich was ;hen inserted into the colorimeter. Since no médium was
‘required to be withdrawn from the flask for determination, this technique
vas thus more convenient and less 1likely to be subjected to contamination
(Vong and Couture, 1986). The readings in Klett units (K.U.) could be
converted to cell number, using a previously constructed standard curve
relating K.U. to cell number. One K.U. was equivalent to 2.85 x 10%
cells/mL.

To determine the time course of Zn uptake, radioactive Zn (GSZnCIZ,
Amersham Corp.) was used as a tracer. Fifty mL of A. falcatus in a 250-mL
Erlenmeyer flask vas spiked with 0.5 mL of 65znCly (10 uC of 65zn and 1.5 ug
Zn/mL of stock solution). The flask vas thoroughly mixed in a shaker. Five
mL of the cell suspension was withdrawn at various time'interVals, filtered
through 0.45-u filter, rinsed rapidly with 10 mL of fresh medium to remove
extracellular radiaactivity. To compénsate for radioactivity adhering to the
filter, an equal volume of medium (without the cells) and ‘65ZnC12 wvas
filtered and wasﬁedl The radioactivity representing less than 5% of the
amount taken up by the cells was subtracted.

The time-course of 652n uptake in "live" and "dead" cells was determined
by dividing 200 mL of A. falcatus into four equal parts of 50 mL each. Two
parts were placed in hot water (90 C) for 10 minutes and no viable cell WasA
found vhen a small aliquot was plated onto a CHU-10 agar plate. These parts
were designated as "dead" cells. The other two parts were left untreated and
labelled as "live" cells. A small volume of concentrated sodium
ethylenediaminetetraacetate (EDTA, pH adjustéd to 8) was added to give a
final concentration of 2 uM to one part of "live" or "dead"vcells to

determine the effects of EDTA on Zn uptake. At various time intervals, 5 mL



of the cells' was withdrawn and filtered as described above. The Zn
radioactivity was measured wvith an automatic well-type gamma scintillation
counter (Nuclear Chicago) with 30% ﬁounting efficiency for 652n. The
concentration factor was the ratio between the concentrations of 65Zn in the
cells and in the medium. Cell dry veight was obtained by filtering and
drying the algal cells at 80 C until constant weight.

Incorporation of Zn in cellular components was investigated with 100-mL
samples of washed cell suspensions of A. falcatus (approximately 2 mg cell
dry veight) incubated vith labelled and unlabelled Zn for 24 hr at 20 C
under light. At the end of incubation, the cells wvere filtered and washed
with fresh medium. The cells were then fractionated with chloroform-methanol

and trichloroacetic acid according to the procedures of Li et al. (1980).

RESULTS AND DISCUSSION

- Primary productivity bioassays revealed that 2n was indeed toxic to the

algae at 30 ug/L level (Table I). The amounts of fadioactivity as an

indicator of the primary pfoductivity in two green algae, Ankistrodgsmus,

and Scenedesmus, one diatom, Navicula and natural phytoplankton from Lake
Ontario water were reduced by 59, 55, 49 and 52% respectively vhen the algae
vere exposed to ZnCly at 30 ug 2n/L. The pure algal cultures and the natural
phytoplankton vere almost equally sensitive to the metal toxicity. Even 20
ug/L vas quite toxic and 10 ug- 2n/L had a slight .inhibitory effect. In
addition to the spiked levels of Zn, the CHU-10 medium and the lake vater
vere found to contain about 3-5 ug Zn/L.

Since the primary production involved only a short incubation time of 24



hr, the effect of Zn on a ldhget incubation time such as reproduction was
determined over 2 weeks (Fig. 1). The growth rates and total amodnt of
groﬁth of A. falcatus were greatly reduced when the organism was exposed to
Zn from 10 to 500 ug/L. Low concentration of Zn (5 ug/L) slightly stimulated
algal growth. A number of other studies also sﬁggest that 2n toxicity to
algae can occur at concentrations near or belov 30 ug/L (Table II). For
example, Marshall et al. (1983) incubated natural water containing
indigenous phytoplankton from Lake Michigan, in-situ for two weeks in 18 L
carboys. They observed a significant drép (about two-thirds, P <0.01) in
both chlorophyll—a and primary production with 2Zn concentrations as low as
17 ug/L. |

At lov concentrations, Zn is an essential nutrient and is a constituent
of many metalloenzymes (Boven, 1966). However under conditions of elevated
concentrations,4Zn has been shown to be toxic to fish (Bradley and Sprague,.
1985), invertebrates (Mount and Norberg, 1984), algae (Starodub et al.,
1987) and bacteria (Babich and Sfotzky, 1978). The toxic mechanism of 2n in
the case of algae as proposed bynKostyaev (1981) was in the alteration of
the permeability of the cell membrane which lead to a sharp reduction bf
potassium and sodium conteni of the cell, followed by inhibition of
photosynthesis, then nitrogen fixation, and finélly cell multiplication.

Zinc concentrations spanning three orders of magnitude froﬁ 0.015 to 30
mg/L have been reported to elicit toxic effects in algae (Spear, 1981). The
variability is due to the differences in the grovth media, pH, test
parameters, genetic stability and tolerance of individual strainé of test
organisms as_vell as background contamination of medium or metal stocks. The

common procedures of conducting algal ‘toxicity tests with high density



monocultures grown in nutrient-rich media under near optimum conditions
often result in unrealistically high Zn toxic values (Vong et al., 1979); In
contrast, our experiments with 1low cell density and }dw nutrient medium
would better mimic the conditions in the Great Lakes water.

The Zn toxicity was dependent upon its anionic forms with nitrate being
the most toxic, followed by chloride, sulphate and acetate (Table III). This
order of toxicity approxifated the relative solubility of these chemicals in
vater with zinc nitrate being the most soluble (Merck Index, 1968). In
addition to the solubility, the acetate form of '2n is also a carbon and
energy source and would counter the Zn toxicity to the algae. |

The accumulation of Zn by algae was tested with the "live" (nontreated)
and "dead" (heat-killed) cells of A. falcatus. The cells were exposed té the
medium containing radiéactive Zn for various periods of time, the "dead"
cells had a much faster rate of uptake and a higher level of steady state of
Zn‘accumulation than the "live" cells (Fig. II). At the steady state of 80
minutes of incubation, the "dead" cells had a concentration factor of Zn of
approximately 1000. The Zn steady state in the "live" cells was not reached
even after 240 minutes of incubation. The heat treatment of the cells is
known to increase the pegative charge of the cells and inérease the ﬁembrane
permeability for metal to bind the intracellular prganelles-. For examples,
the uptake of Sn and Cd by algae were also higher in the dead cells than the
live cells (Vong et al., 1984; Sakaguchi et al., 1979). The abiiityr of the
cells to aecumulatg 2n is important since algae are a major vector for
transferring the metal from the abiotic environment into food webs. No
accumulation of 2n was observed by both types of cells when 2 uM EDTA were

added to the medium, suggesting that binding of Zn-EDTA was too strong for



the cells to compéte for the Zn. Similar observations of other metal-EDTA
comélexes have also been reported (Wong et al., 1984).

The binding of Zn in the cellular components was studied by exposing A.
falcatus to 2n fdr 24 hr and the cells vere fractionated into several
components. The results show that about 80-85% of the Zn in the cells was in
the polysaccharide and nucleic acid fractiohs,' vhile 11-15% was in the
protein fraction (Table iV)a Lipid and small molecular weight metabolites
contained a negligible amound of 2Zn. Other studies indicated that the
majority of tin and vanadium taken up by algae was also found 4in the
polysacchéride fraction (Wong et al., 1984; Lee, 1983). The binding of the
metals to polysaccharide was beiieved to be a de;oxification mechanism by
the cells (Jensen et al., 1982).

Our results demonstrate that the Zn objective of 30 ug/L 1is too high to
protect algae in the Great Lakes. Based on these results and other published
results in the literatures, a nev objective of 10 ug/L has been recommenaed
by the Aqqatic Ecoéfstem Obje;tive Committee to the International Joint

Commission (IJC, 1987).
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TABLE 1

The toxicity of ZnCly to primary productivity of pure
algae and natural phytoplankton from Lake Ontario water

% of primary productivity (S.D.)*’

Navicula Phytoplankton

Medium Ankistrodesmus Scenedesmus

CHU-10 (control)

CHU-10 + 5 ug 2n/L
CHU-10 + 10 ug'Zn/L
CHU-10 + 20 ug Zn/L

CHU-10 + 30 ug Zn/L

100 100

102 (7) 98 (8)
95 (4) 93 (6)
78 (5) 80 (4)
41 (5) 45 (D)

100 100

96 (3) 104 (3)
91 (6) 92 (7)
73 (8) 72 (5)
51 (4) 48 (8)

* Standard deviation of 5 samples

13
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TABLE II

Examples of Zn toxicity to freshwater algae at levels below 30 ug Zn/L

Algal species " Zn conc.  Toxic effect Reference
(ug/L)

Anabaena 3 80% reduction in Kostyaev (1981)
spiroides nitrogen fixation

Selenastrum 30 ' 50% growth inhibition Greene et al.(1978)
capricornutum

Lake Ontario 10 22% reduction in Glooschenko & Moore
phytoplankton primary production (1973)

Lake Hichiéan 17 37% reduction in Marshall et al.(1983)
phytoplankton primary production

Lake Ontario 30 39% reduction in Hart (1983)

phytoplankton

primary production
30% reduction in
-biomass

14
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TABLE III

The effect of anionic forms of Zn on primary productivity
of A. falcatus

Compound ECsg (ug/L)*
Zn(N03), 16
ZnCly 24
ZnS0y 32

Zn(0Ac)2 120

* ECs50 = concentration of 2n causing a 50% reduction in primary
productivity after a 24-hr incubation

15



_ ‘-7 - Q ‘- '-‘ - _/ - - _

-

TABLE IV

Distribution of $32nCly in cellular components of

A. falcatus after 24-hr exposure

nucleic acid

Cellular "Live" cells "Dead" cells
component % of distribution* .~

Lipid . 0.10 . 6.53

Small molecular 0.38 3.05
weight metabolites

Protein - 14.89 10.99

Polysaccharide and 84.62 79.42

* 100% of radioactivity representing 3.9 x 105 and 3.2 x 10° dpm in

"live" and "dead" cells respectively.

16
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Fig. I. The effects of various concentrations of ZnCly on the growth of A.

falcatus.

Fig. II. The effects of EDTA on the
"live" and "dead" cells of A. falcatus.

17
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