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ABSTRACT

The experiments described in this study examine the

effects of HMs on two algae, Anabaena flos-aquae and Ankistro-

desmus braunii and the competition for HMs between these algae

and clay sediment. Cell lysis followed by normal growth, was

observed when 10-5M Cu(N03)2 was added to growing cultures

of A. flos-aquae. Time course AAS studies during these additions

showed that ;;T‘ef the added Cu, some of which had been associ-

ated with A. flos-aquae cells prior to and during lysis, was

present in the supernatan{ when normal growth resumed. lO_SM

(Cu(N03)2' adgitions had no effect on late log phase culturés,
whereas 10 'M additions in all cases resulted in cellular
lysis and no growth resumption; . In the formef,case no Cu
was found associated with the cells.

Microscopic examination of the above-cultureg revealed
tﬁat a disruption in the algal chain structure and cellular
clumping, as well as cellular 1lysis, océurred-in respbnse to

2+

the Cu additions.

'Cuzﬁ- specific electrode' studies during A. flos-aquae

growth in a nutritionally diluted medium showed that the alga

feleased_Cuzi- complexing substances during the late log

phase of .growth,

In the presence of increasing amounts of Cu and
: ]

Cd,)A. braunii displayed proéressively decreasing growth rates.

4 3 3

No growth occurred in 10° M or 107 "M Cd(NO4), and 107

-’

M CU(NOB)Z‘



oM Cu(N03)2 to grfowing A. braunii

. Additions of 10~
cultures also resulted in decreased growth rates.

AAS anélyses showed that progresgively more Cu was

associated with the algal cells g ih the presence of

'increasing Cu concentrations. At higher concentrations, the

‘amount of Cu associated per cell remained the same throughout

5

growth. In the presence of 10 °M Cu, 1.47 * 0.08 x 10_8pg

Cu was Found per cell. With 107'M Cu present, 6.81 + 0.17 x 107°
pg Cu was associated per cell. On the other hand thewﬁM per

_cell decreased during A. braunii growth in the presence of
-6 5

10°°M or 10 °M cCd.

The cell associated HM in A. braunii cultures grown in

LS

the presence of 107 °M or 10™*M Cu or 10™°M Cd was distributed
between the cell wall and cytoplasmic fractions. About
two-thirds of the HM was associated with the cellular contents

and one-~third with the cell envelope.

l‘ b -~
4

-

In a simulated aquatic system, the A. braunii compart-

Wa s

ment competed well with the sediment in accumulating Cu” and
2+

from the .water compartment. On the other hand, cellular

24

Cd

.lysis occurred when A. flos-aquae was exposed to.l ppm Cu
2+

or Cd in the water column. Initial accumulation by the
algal compartment, prior to massive lysis, can be attributed

to A. flos-aquae cells and/or their extracellular products.

Further experiments in the simulated ecosystem showed
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mobilization and accumulation of sediment bound Cu and Cd by
the two aigal compartments. Such mobilization was also found
to occur during growth of the two algae.- A, braunii and

A, flonggpae cells tended to accumulate the mobilized Cd.

The former alga also accumulated Cu. On the other hand, Cu

was found predominantly in the supernatant of A. flos-aquae

cultures.

Growth was unaffected when A. braunii was cultured in

the presence of natural or HM loaded sediment. In contrast,

a decrease ingthe growth rate of A, flos-aquae was seen in all

v
cases with maximum inhibition occurrini{during growth in the

presence of Cd-loaded sediment.
‘\ -

N
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INTRODUCTION

The economic and technical benefits derived frdm‘using
. heavy metals (HMs) has mafle them virtually indispensible to
{our economy. The advantages, hewever,'are accompanied by
arawbacks. One such drawback which haé become blatantly obvious
in the last few years is the generation of waste materials
containing HMs and HM compounds. These wastes are invariably
discharged into the environment.

Cadmium (Cd) aﬁd copper (Cﬁ) are two HMs whose exXtensive

use has made them major environmental contaminants.

Copper®

i) Utilization ,

Initially utilized in the productioﬁ of tools (SMITH,
1959) Cu is now being used in a wide variety of ways. Its
prop?rties of high electrical and thermal coﬁductivity, ability
to enter into alloys, maleability and tensile strength, cofrosion
resistance and good electro—depositioﬁ make 1t invaluable in
many industrial processes.

Since it is the most practical materiél for the generation
and transmission of electricity, half of the total ‘Cu consumed

goes into the electrical industry. Subdivisions of this industry

*The main references used for Cu information were: BOWEN and
GUNATILAKA, 19773 VALLEE, 1975, and SCHEINBERG et al., 1977.

T ’ -
N

/ .




-
include cables, wires, motor, genefétors and electrodes, just
to mention a few.

‘ Utilizatioﬁ of Cu in the engineerihg, building and trans-
portation industries accounts’ for approﬁimately'uo% of the
_fotal Cu used. The remaining 10% is used in domestic consumer
products such as refrigerators, washing machines, pots and
pans, etc. )

Cu ié also consumed in the prodﬁction of aﬁmﬁnition_as
well as money. Cu salts are found useful as fungicides in

agriculture and in algal control operations.

ii) Environmen%al contamination.'

The ﬁfbduction of Cu in Canada is substantial. For
example, 7.47 x 10° metric tons of Cu were mined and smelted
in Canada in 1976. Since these processes are reported to be

-

approximately 90%_§fficient (RICKARD, 1970), productian in
1976 was accompanied by a loss amounting ‘to around 7.47 x 10u
metric f%ns. The stress placed on the environment by such a
loss cannot be considered negligible.

Most of the Cu lost to the eﬁvironment during production
is in the form of sulfides and oxides in mine waters, mill
tailings (WHITE and RULE, 1971) and air emissions (VANDERGRIFT
‘et al., 1971)} Such lqssés; however, are being controlled to

some extent by mandatory pollution abatement devices as well

as the increasing economical capture of Cu.
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The manufacturing of Cu bearing materials also results
in the discharge of Cu into the environment. One statistic,
although somewhat dated, 1s nonetheless noteworthy. Vaughan

_and Harlow (1870) reported that in 1968 the Ford Motor Company

factory at Monroe, Michigan was depositing 700 lbs-of Cu into
the Raisin River daily! This gives a rough idea of the possible .
release of Cu during manufacturing processes.

Currently, Cu reclamation from industrial wastes is being

~ .
C:/gftempted. If moderate success is &chieved, potential Cu

TN
\

pollution will be considefébly reduced. However, because the
total amount of Cu being used in manufacturing is increasing,
losses will increase proporticnally.
Corrosion of Cu containing wastes as well as of Cu
;containing materials in use, is also a contributing factor

in the contamination of the environment.

Cadmium®
1) Utilization ' !

Cd is used in a wide variety of materials. The greatest
proportion of Cd is consumed in electroplating (55-60%) and
pigment production (30-35%). These pigments afé uséd in paints,
printing inks and plastics. Cd is ‘used extensively as a stabilizer

for polyvinyl thloride'plastics and as a component of low-

*The main references used for Cd information were: FLEISCHER et
al., 1874; FRIBERG et al., 1974; McCAULL,1971; and MALIN, 1971.

et e

-
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melting alloys and batteries. It is also used in nuclear control

rods, fluorescent and TV tubes and ceramics.

ii) Environmental contamination
Canada produced 2.986 x 10° 1bs of Cd and imported 5.01 x 10%
ibs of the refined metal in 1976; no ore was iﬁported. 5.8 x 10u
lbs of Cd were usé% in eleétroplating and 6.1 % 1014 1bs.were
consumed ianhe manufacturing of pigments, alloys, etc. in the
same year.® Assuming that the losseé during mining and production
are similar in ganada and the USA and that these did not change
markedly between 1974 and 1876, the relative order 6?~hagnitude
of the envirommental discharges of Cd can “be calculated using
figure‘l.\The figuée, a revised version of the original, has
the above-mentioned Canadian data incorporéted into Jt.
Major Eﬁ losses tend to oﬁcur in the overburden during
the concentration of ores (9.4 x'106 1bs in 1976) and in the
atmosphefic emissions during ore processing (3.0 x 106 1bs in
1976). The latter losses are attributed to the high vapor
pressure of Cd (16 mm at 500°C). In fact, Because the vapor
pressure.of ¢d is considerably higher than that of Zn (1 mm at
500°C), major recovery of Cd as a by-product of the Zn-reduction
procéss is carried out. The actuai magnitude of emissions. 1is,
of course, dependent on a number of factors, the 'most significant

being the ‘particulate collection devices of the plant and the

%*Data was obtained from Statistics Canada.
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FIGURE 1

N .

Cadmium release into the environment®
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*Taken and revised from Fleischer et al. (197.4)
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initial Cd concentration in the parent ore.

Tﬁe_industrial utiliﬁ&%ian of Cd in.electropl%ting as
well as pigment, plastic, alloy and battery production also
results in environmental losses of Cd (Figuré 1)}. For example,_ 
land-disposal and atmospheric emissions ‘are major.Cd releasing
routes in the electroplating in@pstry. Rough calculations
indicate that such discharges were in the range of 1.1 x 10"
ibs in 1976.

The use of Cd coﬁtaining materials such as the wear of

rubber tires results in envifonmenfal Cd loss (LANGERWERFF

and SPRECHT,.197U). Greater losses, however, are attributed té'
'the dispésal of materials after use as, for example, in the
incineration of plasties. The recycling of scrap metals can

a;so bé placed in the latter category. Because it is‘not
economically‘feésible to recycle Cd, atmospheric loss is reported
to be quite e#tensive. This occurs, for example, when Cd-coated
ferrous scrap is reprocessed. 7

Fossil fqel combustion (BERTINE and GOLDBERG, 1971),
phosphate fertilization of soils and sewage disposal (REGAN and

PETERS, 1970) all add to the Cd content of the environment.

Man-inspired activities are the major source of Cu and
Cd environmental contamination. However,.it should be mentioned
that natural geochemical erosion and weathering can also increase

'~ the levels of these HMs in the environment. This is a more
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common phenomenon with Cu than with. Cd due to the higher

concentration of Cu in the earth's crust (Cu: 55 ppm/ Cd:

0.2 ppm).. (/

-

Theseaénvironmental contaminants cause concern because.
of their non-blodegradable nature and toxicity. Consequently,
questions are being asked regardlng their per51étence in the
environment, thelr accumulatlon and avallablllty\ln environmental

sinks and their concentration in and effect upon components

of the food chain.

Atmospheric—Cu and Cd

Atmospheric concentrations of Cu and Cd vary considerably.
Nevertheless, é general trend is evident. Que to the concentration
of emission sources in urban areas, ‘the air above such centres
contains considerably hore_HMsfthan the air above rural diétriqts.
Average Cd concentrations ranging from 0.002 to 0,37 pg/m3
and from 0.004 to 0.026 pg/m3 have been recorded for a\number
_of US cities and rural areas respectively. The atmospheric Cu
content of ﬁrban districts ranges from 0.01 to 0.57 |.1g/m3
whereas rural air concentrations are sgmewhat lower, averaging
between 0.01 and 0.25 l.lg/m3 (SCHROEDER, 1870).

- HMs in aérosol format may be accumulated by living
biological material (BUCHAUER, 1973). The more common fafe

of atmospheric HMs, however, tends to be deposition. Deposition




of Cu and Cd émissions followé the general pattern of suspended
matter in atmospheric discharges. Thus, a large percentage of
the emissions is quickly deposited after being released.
Undoub?édly, this is a contributing factor to the high Cu and
Cd concentrations of the vegetation, soil and water in the

vicinity of peoint emission sources (COSTESQUE and HUTCHINSON,
1972).

Cu and Cd in soils

Uncontaminated soils have been reportéa to have a Cd
level of between 0.0l and 0.7 ppm (HEM, i972)\and a Cu level
of around 20 ppm (COSTESQUE and HUTCHINSON, 1972). Polluted
counterparts may contain as much as 1750 ppm Cd and 2000 ppm
Cu (BUCHAUER, 1973).-

The fate of HMs in soils is dependent on a number of
ﬁhysiéo—chemical properties of the soil, i.e. pH, 0-R potential,
organic content, and on the pfoperties of the HM. Both Cu and
Cd tend to be more mobile under acidic conditions (LANGERWERFTF
and SPRECHT, 1970). This type of mobility in faéf has become
evident iﬁ the last few years as a result of the incpease in
the acidity of rainfall and snow (LIKENS and BORMANN, 1974;
'JONASSON, 1973). The trend, undoubtedly, has resulted in much
leaching of Cu and Cd from soils as well a; in ap increase
of the HM content of .ruh-off waters. Such rung®7f may be

instrumental in contaminating larger ground areas .as well as
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heavily polluted waters. &

natural waters.

In impeded drainage conditions, mobilized HMs remain
in the soil and may be readily available to plants. When
excessively high levels are aVailable, plants may accumulate
the HMs and show symptoms of toxicity (DAS GUPTAkand MUKHERJI,
1977). A major consequence of such HM accumulation.was reported
to have oceurred in Japan. The human consumption of rice grown
in soils polluted with Cd was supposedly one of the major

factors which led to the outbreak of the infamous Itai-Itai

‘epidemic (KOBAYASHI, 1972). In fact, high concentrations of

Cd were present in soils because the land was irrigated with

HMs in agquatic systems

A) Cu and Cd in water and sediment

The chemical state of HMs in water is dependent on the
Eh-pH conditions, the amount of suspended matter, and the
complexing capacity of the watér. For example, at the pH of
most fresh waters, between 6 and 8.5, little Cu is present in

the ‘cupric ' ion form. It tends to be complexed, predominantly

_ with carbonate and organic substances. In addition, malachite

(Cu(0H) €0 ) may be found in equlllbrlum w1t¢ the soluble Cu
(STIFF, 1971; SYLVA, 1976). In contrast, a large fraction of
the. total Cd found in uncontaminated as well .as polluted fresh

waters is present in the free Cdion form (GARDINER,1974).
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Complexation,_éither organic or ihorganic, does not ﬁ;ay'a
majorrrolé in Cd‘spe#iétion in natural waters. However, the
preciﬁitéted greenockite form of Cd (CdS$) may be ﬁresent to
_some extqgf (HEM, 1972). ‘

Irrespective of the speciation, very little Cu or Cd is
present in natural waters when compared to the absolute holéiﬁg
capacity of thelﬁater for the two HMs. The averége background
levels of Cu and Cd in freshwaters are 7 ppb (RICKARD, 1970)
and less than 1 ppb respectively. Even ﬁnder conditions of
pollution,' the values are not much higher. These low concentrations
are due to the fact that the vast majority of the HMs entering
waters are accumulated by sedimentary sinks. The results obtaiﬁed
by DeGroot and Allersma (1975) clearly illustrate tﬁis point.

600 ppm Cu and 45 ppm Cd were presenf in Rhine River sediments \;
compared to low ppb values of the same HMs present in the

water column.

A variety of HM accumulating mechr been suggested

for sediment,.Cationic gorption, i rsible sorptiom by
sulfide surfaces, coordination complex formation with organic
matter, ife.‘humic substances and porphyrins,and formation

of organometallic compgpnds_are all possibilities. The actual
means “and effectivenesgngf sedimentq;y accumulation depend on
the sediment's characteristics. Surfade'area, organic content
and cation exéhange properties of sediment have been shown to

be valid indices of HM SOfption (RAMAMOORTHY and RUST, 19786).
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The properties of the HMs beirg accumulated must, hqwever,

also be considered. Cd and Cu, being saft’ acids, ténd to
associate w&th soft bases (AHRLAND, 1966). Consequently,
sédiments riqb‘in organic nitrogeneous compounds and sulfides
will ‘tend to c; centrate these two HMs. 1In fact, Timperley.and'Allan

(1974%) demonstryated that Cu’t was accumulated by_such sediments.

.
N

AR
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ii) Cu and Cd interactions with algae
HMs‘in aquatic systems, besides interacting with the

water and sediment; also interact with the biota.AExperiments

haVV\Bhown that excessive amounts of Cu2+' and Cd +-may adversely .
\\,\affect the components : of the aquatic blota (BAUDOUIN and SCOPPA

1374; BRUNGS et al., 1976) 1nclud1ng algae. Algal exposure to

Cu2+3 or growth in the presence of Cuz*‘ may affect photosynthe31s
(STEEMANN NIELSEN et al., 1968), respiration (McBRIEN and
HASSALL, 1967) and nitrogen fixation (HORNE and GOLDMAN, 1974).
Changes in algal growth patferns in response tq Cu2+, such as
decreased growth rates (STOKES et al., 1973) and extended lag

been observed. Cd2+ likewise has been shown to affect alg

=~ perlods (STEEMANN NIELSEN and WIUM-ANDERSEN 1971) have aiii\h’;)
lphofosynthesis (OVERNELL, 1975) and growth (CONWAY, 1978).
Fifld studies have prov1ded ecologlcal ;F31ght into the .
effects of HMs on the-aquatlc biota. Changes in fauna and flora
have been shown to occur in response to high concentrations

of HMs (WHITTON, 1870). Changes in the predominant algal species

A
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downstream ffom; Cu factory, -occurred iﬁ'the Churit.River
in Engiand (BUTCHER, 1955) whéreas'é more drastie algal res-
ponse to buz*: low qucies diversity and numbers - was obsefved
in lakes in the Sudbur; region (STOKES et al., 1973).

HMs may also affect the aquatic ecosystem in a more

subtle way. Algae, being primary prqducers, form a low rung
" ' “—

on the food-chain ladder. Consequently, algal accumulation of

2*cossa,

HMs, known to occur with Cu’T(HASSALL, 1963) and cd
1976) , may lead to biomagnification of the HMs (KING, 1977).
Such a transfer through the food chain to higher organisms
constitutes a potential danger to man.

| Besides affecting the ecosystem, HMs may themselvés be
acted upon. It has been proposed that.ionic Cu is the bio-
logically toxiec form of the HM whereas organic complexes are
virtually innocuous (STEEMANN NIELSEN and WIUM-ANDERSEN, 1970).
Normally occurring algal extracellular sécrefions such-as
polyﬁeptides (FOGG, 1966), polysaccharides (WANG and TISCHER,
1973) and hydroxamates (MURPHY et al., 1976) may play a role

2+ +

in HM detoxificatien-by complexing Cd and Cu? (FOGG and

WESTLAKE, 1955). An'organic release from algal cells in res-

2+

ponse to Cu” "and subsequent Cu detoxification/pé; also been

suggested (STEEMANN NIELSEN and WIUM-ANDERSEN, 1971).

iii) Objectives of the research

Experiments were carried out in the laboratory to

-+

1



13

- o
investigate the interaction of two different algal species with
HMs. One of "the major.objectives of these studies was to
P

. 3
determine whether a release of organic

substances constitufés
a defense mechanism for thei?-algae. ‘

'In adqition, competition studies involving algae,
sediment and water were conducted in a simulated aquatic system.
Aithough, as mentioned previously, both algae and sediment
accumulate ﬁhs, it is ?ot clear how well algae compete with
sediment in accumulating HMs “rom water and if algae .can with—;

draw bound HMs from sediment. Consequently,'these<questiqgs

were investigated.
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EXPERIMENTAL METHODS AND MATERIALS

]

~—

1. Principle Analytical Technique: Atomic‘AbsorEtioﬁ Sped?fbscopy

™

i) General theory and introdection

Atomic absorption spectroscopy (AAS), used in this research
for the detection of Cu and Cd in water, sediment and.algal
samples, is based on light absorption by atoms. Electromagnetic

radiation of an appropriate wave-length provides the correct

.amount of energy to promote electrons of the element under

consideratipnﬂ from their ground state to their first excited
state. The amount of light absorbed is directly propor?ional
to the n er o atoms in the free, unexcited state. Since the
resonance lines pf Cu and Cd fall within the high enefgy uv
spectrum, the vast majority of the atoms present in the, vapor N
phrase, even.at high temperatures, fulfill the ground state
requirement (FELLband"SMITH, 1976). Thus, AAS is a useful
technique for Cu and Cd detefminations.

The application of tﬁe technique ie straightforward.

The element of interest is introduced in solution into the flame

of the spectrophotometer. The flame functions to produce a

fvapor of free atoms. Those atoms present in their ground state

absorb light of the resonance wavelength which is produced by
a specially designed low pressure gas discharge tube. Any

decrease in the intensity of the light of the given wavelength

-
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1s recorded as the amount of light absorbed by the atoms and
can be correlated to the concentration of the element in the
sample via a calibration curve. Typical Cu and Cd calibration

curves are presented in .Figures 2 and 3,

ii) Glassware éleaning

It is }mperative that the glassware used be thoroughly
cleaned in order to minimize sample contamination by extraneous
HMs. Therefore, glassware was thoroughly washed with a solution
of sulfuric acid and No-Chromix cleaner (Godax Lébofatories%
and profusely rinsed with deionized water. This was ¢considered
standard procedure with the glassware used in all the experiméﬁts
and the analyses, -

iii) Sample preparation N -

Samples were treated. in following manner, prior fo ‘ -

analysis, to insure that the metal of concern was présent in
solution: |

They were deposited into 50 ml test tubes to which a 1:1
perchloric acid to nitric acid . (Baker Reagent Gra&e) solution
was added a§>a digest (STOKES et al,, 1973; KOBAYASHI, 1972)f
The amouﬁi added was dependent on the final analysable'vdlume‘

of the sample.®* Water and bioclogical sample's were then heated

*The acid digest concentration in samples ready for AA analysis
was 5%,
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FIGURE 2

curve for Cadmium determination by AAS
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in a 15000 oven for at least 2;5 hrs. After this treatment,
a fine, light coloured residue was always observed in the
biological samples indicating'tﬁat complete‘digesfion of the
organlc matter had occurred (SCHEINBERG et al., 1977). After
coollng to room temperature, deionized water was added to the
samples to make up the analysable volume.

Sediments were treated similarly although the heating
time was increased to at least 5 hrs. This seemed adequate
since further hdating did not result in any apﬁreciablerincrease
in the metal content of samples. Also, the values obtained .for
the Cu and Cd content of the Ottawa River clay sedimeﬁt were
in close agreement with the values from othef analyses (OLIVER
and KINRADE, 1972).

After the above treatment, pafticulate ma£ter was allowed
to settle out of solution. The supernatant was then aspirated
into the flame. h

Samples could be stored for a£ least one week after

digestion without any loss in their HM content.

iv)  Preparation of standards

Commercially available AAS standard stock solutions
(Fisher Scientific Company - 1000 ppm Cu or Cd in dilute nitric
acid) were.used.in preparing working standards. The concentrated
solutions were diluted with deionized water and an appropriate

volume of acid digest. The latter was added to maintain the
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acid-concéntration in the standards comparable to thelacid
concentration in the samples.

Standards preépared with algal growfh media ‘or river
water gave the same results é; those prepared with deionized
water. ~

‘ Unheated standards were used since heating the_Standafds

in the same manner as the samples did not affect the metal 4
content.

The acidified working standards could be stored, tightly'

stoppered, over extended periods of time without any decreases
in their HM concentrations. 4 .
Blanks were prepared in’ a similar manner - with deionized
water and the acid digeét. ,
v)r Analytical parameteré‘and procedure
Cu ‘and Cd analyses were done using either the Jarrell
Ash Model 810 of-Model 850 AA spectrophotomefgr. The operating
parameters for these two HMs are out;ined in tablé 1.
Unknown samples were analyzed in triplicate with blan®s
and standards being repeated very often to ensure reproducibility
in the instruments 'performance. |

‘Within their”optimum range, AAS measurements “have an

accuracy of approximately 2% (SCHEINBERG et al., 1977).

~—
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TABLE 1

Operating parameters for Cu and Cd analysis by AAS.

Element

COPPER

CADMIUM

vy

Wavelength
(nm)

Hollow Cathode Lamp

Spectral slit size
(a°%)

Electrical supply
(milliamperes)

Flame

Optimum range
(pg/ml)

*Detection limit
(pg/ml) -

**Sensitivity
(pg/ml)

324.8

Varian Techtron-Cu
Westinghouse- Cu,
Zin, Pb, Cd

4
10

Air: 10 psi
Acetylene: 4 psi

1.0-10.0

@
0.5-7.0 ae
.003
.ou

228.8

Varian Techtron-Cd
Westinghouse- Cu,
Zn, Pb,Cd

m
12 \

Air: 10 psi
Acetylene: U psi
0.5-3.0

@
0.3-2.5@@

.003

.02

I

*Considered to be, in practical terms, the smallest concentration .
that can be reliably detected under optimum conditions.

) e
**The concentration obtained fo¥™1% absorbance (0.004 absorbance

units). This value is nebuliser dependent and can vary up to
30% w1th different nebulizers.

. @Atomic Absorptlon Analytical Methods, Fisher Scientific Co.,

1972, Meodel 810

@@Atomic Absorption, Fisher Scientific Co., 1976, Model 850

N

N
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2. Algae
i) Deséription of algaé
& The two algae of concern in this study were Anabaeﬁa

F .
flos-aquae strain no. 7120 and Ankistrodesmus braunii. The

former alga, initially obtained from Dr. R.Y. Stanier, is a
common filamentous Cyanoﬁhyta, often found in blooms in Canadian
.lakes and nivers. The latter is a Chlorophyta which was isolated-

from the Ottawa River. Species of this genus --Ankistrodesmus-

are found widely (KRAUSS and HUTCHINSON, 1975) and at times,
very abundantly (STOERMER, 1978) in Canadian freshwaters.
Microscopic and plate examinations showed no bacteria

associated with the A. flos-aquae cultures. Similarly, no

bacteria were discovered by the two techniques, in purified

cultures of A. braunii..

ii) Culture conditions
The algae were maintained and grown at 20°¢c + 1°C under
cool white light (Westinghouse) of 1300 Lux, on for 16 hrs and
4

off for 8 hrs. ' . ‘ —*\\

' Chlamydomonas-medium (ONAD et al.; 1967) was the culture

'medium used for A. braunii. A. flos-aquae, on the other hand,

was maintained in BG II medium-(STANIER et al., 1971), also
termed GN, but grown for or during experiments in GO medium
(GN minus NaNOs). The pH during growth in the latter medium

remained arocund 7, whereas in GN medium, the_bﬁ would rise
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during growth and at times reach as high as 10-.
Growing cultures were aerated by continuous agitation
on a gyrating shaker (New Brunswick Co. - 100 cycles/mih.)

unless ¢therwise indicated.

iii) Growth monitoring i

Growth was monitored by optical density measurements
using a Coleman Junior II épectrophotometer. The path 1e;§th
was 18 mm and the wavelength was set at 650 nm. .

For conveniéﬁt growth monitoring without the removal of
culture aliquots, algae were grown in flasks with 18 mm side
arm test tubes, Allquot removal and culture dllutlon, however,
were necessary when measurements of hlgh dens;iz/guitures were

AN

required. N N

3. Particulars of the experiments

A. Culture experiments

i) Addition of Cu to growing cultures

—

L Sterile Cu(NO') solutions (10_5 or 10 l+M final concentratlon)

were added to grow1ng cultures of either A flos ~aquae or A.

braunii. The growth response was monitored and AAS analyses

were carried out on aliquots from the cultures.

ii) Growth'in the presence of HMs

These ekperiments werepébformed’en1yn with A. braunii.
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‘is outlined in figure 4.

25

i :
Flasks -with Chlamydomonas medium corftaining Cu(N03)2
. - g )
or Cd(N03)2 (10

to 10°°M) were innoculated with 0.5 ml of

a mid-log preculture.® The cultures were allowéd to grow and
the OQ/SSD'was monitored.

Once reproducible growth curves were obtained, the 10-4
107> and 107® Cu and 207°

3
and 10 °M Cd experiments were

repeated and aliquots were removed, .at various stages of -growth,
for AAS analysis. )

!

~

iii) HM solutions

The'HM solutions used in the culture experiments were |,
’  made with Cu or Cd nitrate (Baker Reagent Grade) and deionized

water. The solutions were of a ranée of éoncentrations.so that

the desired overall concentration. In this way no.s bstanxial

PH or volume changes were produced.

The Cu solutions added during algal growth were filter ﬁ\\\\

|
sterilized. No ‘changes in the Cu concentration after filtration
were detected by, AAS.

4
. \
!
iv) AAS analysis of algal. cultures

. PR -
The procedure used for obtaining the fractions analysed
) |

.‘ 1
e . > i |
*Standard innoculum
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Procedure followed in obtaining various fractions of cultures

WHOLE CULTURE

T

-\L Centrifuged for €0 min.
. ' | at 27,000 g @

Pellet washed with - =
distilled water and_
centrifuged for 20
min. at 27,000 g ) :

& " ” )
CELL FRACTION

? SUPERNATANT, FLUID

Lysed with French

- Pressl | . | ¢

—_— Centrifuged for 20 Centrifuged for 1 hr.
min. at 27,000 g @ ' at 100,000 g @@
v 3
Cell wall fraction¥® Cytoplasmic fraction

£

@ Sorval RC 2-B with SS 34 head at 5°C
@@ Beckman ultracentrifuge -~

* includes unlysed cells, cell walls, etc.

g
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v) Counting aglgae

" Algal cultures were counted in order to relate cell
numbers to optical density readings at 650 nm. Cultures were
grown up to various densities as determined by 0@/%50 measurements.

Aliquots from these cultures were removed, preserved with

Lugol's solution, placed. in counting chambers and allowed to

settle. The algae
microscope (400 x

per ml. of culture

et al. (1958).
7’
/ vi) "Cupric ion
3 a) Beneral

were then counted using a Wild-40 inverted

e

magnification) and calculations of cell numbers

were made according to the method of Lund

electrode' studies

theory:

A cupric ion electrode - Orion Model 94-29-in conjunction

with a. reference electrode, was used to determine the Cu2+

‘compigkiﬂg"hapacity of supernatants of growing A. flos-aquae

cultures. The electrode responds in a Nernsti an manner to

divalent .cupric ions:

.
"E-E 4+ 23R q0pa 24
& a cu
7F ,
where E measured total potential of the system
E] constant term incorporating various junction
potentials, references and internal solutions .
'2%%—32: Nernst factor (29.58 at 25°C)
e ! ) .
} A 24 : activity of the cupric ion in the sample //}
é cu L/

gl
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¥

Thus, the potential increases 30 mv.in response to a 10
fold inérease in the cupric.ion activity (Figure 5). At.Cu2+'
concentrations of 10"3M or lower, the électrode;potential
responds in the same manner to concentration as it does to
activity. However, at higher concentrations, activity and
cdncentration'responses diverge.‘Tg;qamount o /diGergence is
dependent on the activity coefficient Y which in turn is dependent

- —

on the total ionic strength of the solution Peing'measured

(ORION IONALYZER INSTRUCTION  MANU
Under optimum conditions,‘Cu2+'mea nts can be made
of toncentration as low as 10—8M. The mosE/acburafe (2%) measure-

8

- — o =l 24
ments, however,are made between 10 End 10 M Cu™".

Y
s

b) Standards, calibration curve and stock.solutions S
Standards in the range of 1078 to 107"M cu?t were prepared
from a 0.01 M stock solution with deionized wafer as the
diluent. These stanéards were used in‘making up a célibration
curve, similar to figure 5, reiating the recorded potential
of the standards to the log of their concentrations.
The 0.01 M stock solution (used as indicated above as
well as added to samples under inQestigation) was prepared using
deionized water and Cu(N03)2 (Baker Reagent Grade). Its exact
concentration was determined by H+¥ exchange énd titration with

phenolphthalein. Such a stock was never stored more than two

months whereas standards were prepared fresh daily.
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Typical electrode response to changes in cupric ion activity

and concentration in pure Cu(NOa)z_solutions*

*Figure was t@}en from Orion Ionalyzer Cp2+'-eléctrode'inétruction'

manual, 1968.

6

e et
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¢) AnalyticAl procedure =~
Known increments of a 0.01 M stock solution of Cu(N03)2

were added fo 25 nfl samples of A. flos-aquae supernatant.

The samples-w allowed to equilibrate and the potentials were
recordéé. The potentials were then converted to the concentration

of the Cu2+ via the standard curve.

B. Competition studies

i) General procedure

A. flos-aguae and A. braunii = . _were grown up
to mid-log phase. The/cells were harvested by spinning in a desk
model centrifuge (In%ernational Clinical Centrifuge) set at 5
(800 rpm) for 3 minutes and washed with distilled water. Seven
dialysis sacs were prepared into ‘each of which the alga of

concern was placed in amounts equivalent to 0.008 to 0.04O g

dry weight of A. flos-aguae or 0.031 to 0.094% g dry weight of

A. braunii in 6 ml of distilled water. Seven dialysis sacs
were also prepared for containing the Ottawa River sediment.
0.3 g dry weight of sediment along with 6 ml of distilled water
was put into each of the sacs.

All the dialysis sacs were suspended in 5.5 1 of Ottawa
River watey. They were then mechanically arotated in a multi%le
dialyser (Pope Scientific Co.) and the water was agitated with

a magnetic stirrer. . B
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Sediment and algal sacs, as well as water aliquots,
were taken out at specified time intervals. After digestion, AAS
was used to analyze the samples for Cd ér Cu. In this way, with
Cd or Cu initially present ih one compartment, either in the
" water or loaded onto the sediment, the accumulation by the
other two compartments could be monitored.

Microscopic examination of the aigal cells was carried
out during the expefiments to detect- possible cell lysis or
major cellular perturbations.

All experiments were performed at 22°c +1°%.

ii) Algal dry weight determinations

Nine algal pellets, having been similarly harvested and
washed, were weighed. Seven were-used in the experiment and two
were placed in an 80°C oven and dried to constant weight. The
‘relationship ofﬂyet to dry weight was thus established and used

to calculate the dry weight of the experimental samples.

iii) Characteristics and treatment of sediment
Ottawa River sediment was uséd in these studies. Previous
analysis (RAMAMOORTHY and RUST, 1976) showed that it was of
a clay cohsisténcy, composed of poorly cdrystallized kaolite
and iliite and possessing the following characteristics:
25.5 m2/g dry weight surface area; 10.1% organic content; 0.35 mm

mean grain size; 18.58 mEq/100 g dry wt. cation exchange capacity.

™
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The sgdimént was gently dried in an 80°C oven and then

stored in an air tight container until needed.

iv) HM loading of sediment

Loading was done in a beaker with 10 g of sediment. Ten

mls of deionized water containing 1 ppm of Cu2+

+

or 100 ppm
of Ccd? (Baker Reagent Grade Cu and Cd(NOa)z)were poured’évér
the sediment. This mixture was magnetically agitated for‘2u hrs
and then carefully rinsed with deionized water. The sediment
" was dried at BDOC, ground up with a montar and pestle and
stored in the same manner as the regular'!sediment.
&
v) Water charac?erization and treatment
The Ottawa River water was collected in thoroughly cleaned
and rinsed 20 1 polyethylene containers, from a number of
different locales. The general ch;racteristics of the water were
determined in the laboratory, after collection. Since all the
water collected could not be used immediately, it was stored
at 3°C and used within two weeks, of collection. The water
characteristics did not change markedly during this period.
The pH of the water sampieé was determined using a
standard pH electrode and meter (Fisher Scientific Co.) whereas
the cohductivity measurements were faken with a glass-conductivity
cell coated with platinum black (Leeds and Northrop conductivity

‘ %?ridge). The redox potential was determined with an Orion



3

platinum redox electrode - Modei 96-78 and the measurements
obtained were adjusted to be relative to the normal hydrogen
.electrode. The chloride ion content of the water was determined
with another Orion electrode - Model 96-17. In addition,-

Y

analyses for orthophosphate were conducted (EIBL and LANDS,
1969).

vi) Growth—compéfition studies

a) Procedure

500 ml side-arm flasks, each contained 100 ml of growth
medium and a-dialysis sac with é g of sediment® (either unloaded

2+ 2+ ) were innocuiated with the

or loaded with 100 ppm Cu or Cd
standard algal innoculum. Those flasks destined to be 'no-growth'
controls were left uninnoculated.

All flasks were incﬁbated under growth conditions and

agitated by hand, once a day. The latter was done to minimize

P

sediment sac breakége.
Growth was monitored and the cultures and controls were
removed at various stages of growth for Cu or Cd analysis. Cell

and supernatant fractions were obtained according to figure 4.

b) Algal dry weight detebminations

Ten ml aliquots removed from cultures ready for AAS

1

- *The sediment used here was the same as that used in the
competition studies.
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analysis, were treated according to figure 4 to obtain the
cell fraction. The cells were then dried at 80°C to constant
weight. The dry weights, thus determined, were used in calculating

the HMs per g dry weight of algae.
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RESULTS AND DISCUSSION

A. ' CULTURE EXPERIMENTS

~Anabaena flos-aquae

1. Issues arising from growth and Cu distribution studies

Growth studies dealing with the éffgct of Cu on A.

flos-aquae were previously carried out (McKENZfE, 1877). The

experiments revealed that ‘cultures of A. flos-aquae, when.growﬁ
in the presence of 10~ °M to 10”8y Cu(N03)2, initially

underwent an-extenaed lag phase. Following this lag, the cultures
grew at a rate comparable to that of the control. No growth

was evident when 10 LFM or more Cu was present in the medium.

»

The distribution of 10 5M of Cu in A. flos-aquae
cultures at the start of the -experiment and when normal growth
© commenced was also examined ;ﬁﬁkﬁﬁéIE, 1977). At day 0, 30%
of the Cu was associated with the cells whereas at the end
of the lag period, alﬁost all of the Cu was found in the

supernatant.

The results’ of the above Cu studles led to the suggestlon

that possibly A. flos- ~aquae releases organic substances during
its extended lag phase when grown.in the presence of 10—5M
Cu(NUa)zl These compounds, released in response to Cu24_
stimulation, would remove Cu from the cells and alloﬁ normal

growth to proceed. - In this case, a.Cu addition during growth
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‘would probably halt the growth for ime. During this interval,
Binding substances would be produced and wouid-sequester the ,
Cu away from the cells. Normal growth would eventually resume.
If Cu-binding substances are released during normal

growth,the response of the alga to a sublethal Cu2+-addition
during growth would be somewhat different from the response
outlined above. Additions of Cu2+-to_qulturés at advanced 7“‘“XC)
* stages of growth would probably have é smaller effect on the |
lag respoﬁse than additions to eariy growth-stage cultures.

Algal lysis was also comsidered céﬁpatiﬁle with the
~results obtained by McKenzie (1977)~ If a population of célls
exhibits a ranée of sensitivities towards HMs, a sublethal
pu2+'exposure could result in the 1lyéis™f gope of the
cells of the population: Those cells aining ﬁould prbbably
be oniy the most Cu resistant. These would eventually grow -
- perhaps aided to some extent by the complexation of the cupric
ion with the lysate. In this case, if Cu was added to
- growing cultures, lysis would occur. The amount of lysis
would be dependent on whether in fact the lysate plays a
major role in the eventual érowth of celis or whether a
selection of a more resistant;popﬁlation is occurring.

Tn order to determine the most probable response of

2+

A. flos-ajuae to Cu s Cu(N03)2 additions were made to growing

cultures of the alga.
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2.. Cu(NOB)z additions to growing cultures

The addition of l0'5ﬁ Cu(N03)2 to growing cultures of

A, flos-aquae resglted in a drop in the 0D/ 650.of the cultures
with thg actual drop being greater at the higher levelg of
growth (Figure'é). Although all the cultures resumeq normail
growth, thé recovery perioa was soﬁewhai shorter in the denser
cultures. .

 The qségciation of Cu with the algal cells following the
cu”oM Cu(N03)2 addition, was determined in the above
cultures. The four cultures showed a similar trend (Table 2).
Cu bgcame associated with the algal cells almost immediately
after it was added to the cultures. The maximum Cu associated
witﬁ the cell fraction tended to occur just pridf to cell
'lysis and ranged between 46 and 50 percent of the added Cu.
A decrease in the cell-associated Cu was observed as the OD/850
dropped. When normal growth resumed, almost all of the added
Cu was present in the supernatant. |

Microscopic examinations .were also carried out on the

cultures following the Cu additions. No changes in cellular

structure were. immediately visible when 10~ °

M Cu(NO3).2
was added to the cultures. However, when the 0D began to
drop, cluﬁping of the alga became evident'along with the

disruption of the A. flos-aquae chains (Figure 7)., As the 0D

roceeded to drop, whole cells became scarcer and cellular

P
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TABLE 2

The distribution of Cu between the algal cells and the super-
natant of cultures of A. flos-aquae to which 10-5 Cu(N03)2
was added

—

0D Time after Amount of Cu Total Cu Recovery
(650 nm) addition ' in mg/1 “as % as %
‘ ‘ : CELLS SUPERNATANT CELLS SUPERNATANT

.100 0 .28 .33 46 54 g5

.100 1-hr .31 .30 51 49 95
.050 2 days .0 .59 0 100 92
.075 8 days .01 .65 2 98 « 103
. 350 0 .23 iy 35 - 65 105
.350 1 hr .31 .37 46 54 106
.170 - 2.5 hrs 14 .u8 23 77 97
.130 5 days .06 .65 9 91 111
.. 175 6 days .03 .60 5 95 g8
[ .u00 8 days .0 .62 0 100 97
.660 12 days .04 .56 7 93 9y
.500 - 0 .16 .42 28 772 91
.130 1he 4} .28 .30 45 55 87
.200 2 days W12 .52 19 81 101
.170 4 days _ .05 59 8 92 100
140 6 days .01 .61 2 98 97
.700 0 ~. .26 .36 b2 58 97"
.700 1 hr - .31 .36 46 54 105
175 1 day .02 .87 3 97 108
.125 4 days - .01 .65 2 98 103
1.100 0 - .0 .69 0 100 . 108
1.340 4 days . 04 .58 B -9y ‘ 97
3 97 108

1.395 12 days .02 _ .67
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. FIGURE 7

The. cytological effect of ' a 107°

logarithmically growing cultures of A. flos—aquae as

M Cu(NO,), addition to

rl

observed by light microscopy

a) Typical chain formations

b) Change - accompanying 0D drop
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Ly

debris became more pronounced. When normal growth resumed,
small chains of algal cells initially predominated. Eventually,

the cultures became indistinguishable from the control.

5

A 10" °M Cu(N04), addition to A. flos-aguae cultures

at an advanced stage in growth did nof result in an 0D drop
and growth confinued (Table 3). No lag period was evident
following the addition and little if any Cu was associated
with the cells (Table 2). |

Disruption of algal chains, cellular clumping, and
decreases in (D/650 were also observed when 10_uM Cu(N03)2

additions were made to logarithmically growing as well as to

older cultures of A. flos-aquae (Figure 8 and Table 3). Growth,

however, did not resume after the 0D dropped.

Thus, cellular lysis occurred when 1071 or 107°M

Cu(N03)2 was added to growing cultures of A. flos-aquae. In

the former case, all the cells lysed. In the latter case,
because some cells remained intact and viable, normal growth

eventuélly resumed. Part.of the. extended lag periecd. ..

5

when A. flos-aguae is grown in the presence of 10 °M Cu(N03)2

is possibly also due to lysis. The similar Cu-cell association
and subsequent Cu dislodgement from the cell fraction when
Cu is initially present in the growth medium and when Cu is

added during algal growth, tends to support this.
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TABLE 3

The effect of the addition of Cu(N03)2 on older cultures of
A. flos-aquae (Monitored by 0D/650)

Time after HM Control growth 10y Cu(ND,), 107°M ngkos)Q
addition addition addition™
{(days) .

o 1.100 1.100 1.100
: 1.265 1.090 1.220
1.360 0,345 1.340
12 1.425 0.705 1.395
16 ' 1.500 0.420 1.420
29 : 1.620 0.360% ' 1.490

*0D continued dropping and evenfually levelled off at 0.250
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FIGURE 8

~

The effect of the addition of 107"

cultures of A. flos-aquae

M Cu(N03)2 to growing




O.D. (650 nm)
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o—=a Control
10°*M Cu addition ot —>
o—& Cu added at O7 OD
O0——0 Cu added at .29 OD |
&a—=a Cu added at .51 OD ‘L
«—4a Cu added ot 74 OD

1 1 i L 5 1 1 1 1

i 1 1
2 4 6 8 10 12 4.16 1B 20 22 24

Time (days)
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Since more lysis and a shorter recovery time was evident

b

when Cu was added to the more advanced cuitures, it seems

plausible that the more resistant cells of the population

#*

. remain and eventually grow. If this were true, the new popu--
lation would be somewhat more Qu‘resistant than the initial
population. However, preliminary experiments fend to indicate
that this is not the case (Personal communications with G.
Murray).

The same lytic'response was not seen in older cultures

of A. flos-aquae. In facf,'the cultures did not seem to be

affected by sublethal Cu additions. These results are under-.
standable 1f extracellular compounds are being produced by the
alga. It is not an uncommdn phenomenon for algae to produce

such substances only at certain stages of growth (FOGG, 1966).

In an attempt to show that A. flos-aquae secretes HM-
binding material sometime during normal growth, studies were

carried out using a cupric-ion specific electrode.

3. Cuz.+ binding capacity of supernatant fractions from
growing cultures

The first problem encountered wh attempting to do
binding studieé in microbial growth media is that tﬁéﬁgggia
tend to bind substantial amounts of HM ioﬂs‘(RAMAMOORTHY and
KUSHNER, 1975). This is evident even in a defined algal

medium containing low concentrations of nutrients. No free

-
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Cu2+ was detectable in G0 medium when 10_l1l

. M Cu(NO,), was
added (Table 4). It was thus necessary to devise a growth

medium which bound little cu’t

but which still allowed for
good algal growth.
Since both citrate and EDTA are knoﬁn HM chelators,
an attempt was made to 16wer the ébncentration of these sub-l
stances in the G0 medium. A five-fold decrease of both allowed
for good algal érowth. However, only a slight.decrease in
the medium;s binding capacity was observed. A ten-fold decrease
gave the same results. A deletion of phosphate was then
attempted and some success in decredsing the binding capacity
was achieved. Eventually, all the components of the GO medium
were diluted except for the frace elements (Table 5). This
modified medium, termed 'dilute G0 medium', bound only 20

percent of the added 107 %

M Cu(NOa)z_‘LTable 4). Furthermore,
A. flos-aquae grew moderately well in it (Figure 9).
P

Complications may also arise in interpreting HM binding

-

results obtained with growing cultures. In determining the
HM~binding capacity of a culture, i% is neceé;ary to consider
the decreased binding capacity of the medium dué to solute .
utilization by the alga during growth, the possible increased
binding capacity due to algal secretions as well as the possible

increased binding due to increased algal numbers (McKENZIE,

1977). The situatioh with respect to algal secretions can be
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TABLE

Cu2+ binding capacity of the supernatant of A. flos-aguae
cultures grown in dilute

GO medium

Sample 0D pH pM Cugi@bound*
. ~ \ ~
G0 medium - 7.08 100
*¥pilute GO - 6.98 20
medium
Dilute GO 0 time: 5.94 31
medium plus .005
A. flos-aquae
. .195 7.08 22
e . 305 7.26 3y
540 7.35 43
.550 7.40 66
.590 7.51 78

%107 Cu(NO,), .was added to 25 ml samples of supernatant

** Refer to Figure 5 for composition of this Medium.

W
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TABLE 5§

~,

-

Solute cogzza%rﬂs}ons in dilute GOnmedium

Solute \g

Concentration (mM)

dilute GO GO -
KZHPDH .3H20 B .00k ';175
‘MgS0,, .7H,0 .031 .305
Clé.Clz .02 243
Na2C03 0 .189
Na EDTA .003 .030
Citric aﬁid/Ferric.citrate .003 / .003 .029 / .028
Trace metals ' standard

standard*

*According to Stanier et al., 1971.



FIGURE 9

Growth of A. flos-aquae in dilute GO medium

o
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made .clearer if the last Variable is eliminated,

A

i.e. the. binding capacity.of the supernatant is measured as -

opposed to ‘the binding capacity of the whole culture; Deflnlte

-

. conclusions in this case, however, can only be drawn when the
F i
binding capacity of the supernatant'under consideration is
equal to or higher than that of the uninnoculated medium.

The bihding.capacity of the supernatant of A. flos-aquae

cultures growing in‘dilhte GO medium-fluctuated in the initial

stages of. 1og growth (Table 4). No definite trend was observed, how-

0.540), when
P

ever, until the late. log phase:was reached (OD/ 658 =
8

the binding increased substantially over that of~the contfr

e ‘ Thﬁs, it seéms_that A. flos-aquae produced extracellular
HM-binding materials during the late stages of growth in . o
diluxg‘GO medium. Quite probably a similar phenomenon océurs
during natural growth.;.However, this caﬁnof,be‘sfated
conclusively since growth stops in dilute GO medium due to
.a nutritional 1imitation, i.e. gﬂphosphate addition to stationary
cultures in dilute GO medium stimulated gro%th (Figure 10).
wﬁifron'(lges) suggests that nutritional limitations may be
a poséiblg, but as yet‘unpfoven, factor influencing the

1

production of extrégellular substances.

.
hl .
L "

(
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FIGURE 10

The addition of 107 °M K,HPO, ,to stationary cultures

A. flos-aquae grown -in dilute GO medium

.g&
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Ankistrodesmus braunii s

1. The effect of Cu and Cd on growth

When A. braunii was grown in the presence of increasing
concentrations of Cu or‘Cd, its growth rate progressively
Eecreased (Figure 11 and 12). Although 10""M of either HM
‘appeared to have little effect on growth, higﬁer concentrations

"M cd or 107%M cu growth®ceased.

were inhibitory. In 10~
Growth inhibition also oecurred when IOfSM Cu(NO05),
was added to growing cultures of A. braunii (Figure 13). It is

noteworthy here that in contrast to A. flos-aquae cultures,

cellular lysis was not observed, and inhibition seeﬁed to be

the same at all levels of éwowth._-Thus, cultufg'age is not

a factor affecting the algal response to IO#SM Cu.
Aliquots_oflthe”cultures gfown in the presence of Cu(NOé)2

or Cd(N03)2,and then transferred into fresh medium, without

any HM additions, showed normal growth. The alga did not

incur any permanent damage when grown in the presence of the

HMs. Aliquots from those HM cultures in which no growth was .

evide id not grow in the  fresh medium when transferred after

11 d4dys of exposure. -~

HM association with the algal cells was probably res-

. ponsible for the pattern of growth exhibited by A. brauniil

cultures exposed to el and ca.. Consequently, the association -

of HMs with the c¢ell and supernatant fractions of cultures

>

grown in different HM concentrations was -examined.

e
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FIGURE 11

Growth of A. braunii in media, gbntaining different concentrations
Ap
of Cu(N03)2

A
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FIGURE 12

Growth of A. braunii in media containing different concentrations
of Cd(N03)2
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FIGURE 13

M Cu(NOé)2 addition to growing“cultures

of A. braunii ‘ .

A
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-2, The distribution of Cu and Cd between the cell and

supernatant fractions

The amount of Cu associated with the cells was deter-

mined during algal growth in the presence of 1075, 1074 and
-4

"100 M Cu(NO,), (0.06, 0.64, and 6.35 ppm Cu respectively).

As the number of cells of A. braunii increased during
growth in the presence of 0.64 and 6.35 ppm of cu’t , the
amount of Cu associated with the cells increased (Table 6).

More Cu2+ was associated with the same number of cells when

the alga was grown\in medium containing 6.35 ppm Cu than when

the aiga was grown il the. presence of 0.64 ppm Cu. The per-
cdntage of the Cu assocjated with the cells, however, was.
approximately twice as/great when growth occurred at the lower
concentration of Cu.

When the alga grew in the presence of 0.06 ppm Cu, the
Cu found in the cells initially increased (Table 6). Eventually,
all of the Cu became associated with the cells.

Using the relationship between 0D/ 650 and cell number
(Figure.1lu4), the amount of Cu present in the cells was con-
verted to the amount of Cu present per cell at each 0D.

The same amount of Cu was found to be associated per cell -

6.81 x 10-8pg, throughout the growth of A. braunii in .

LS WIS
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. TABLE 6
The distribution of Cu between the algal cells and the ¢

supernatant of cultures of A. braunii grown in the presence
of 0.06, 0.64 and 6.35 ppm Cu )

Initial Cu 0D @ Amount of Cu - Total Cu recovery
concentration (650 nm) in mg/1 as % . a :
in growth _ CELL SUPERNATANT CELLS SUPERNATANT

medium : ’ -

’ o . i} "

0.06 ppm 075 .02 .03 40 60 83<;"
. .105° - .03 .° .03 50 50 100

490 .06 0 §g0 0 100
.570 .06 0 oo 0 100
.BL0 .06 0 100 0 100
.960 .07 0 100 0 100
0.64 ppm .055 .03 .62 L 96 102
. .100 .05 .55 8 . 92 94
. 185 .10 .55 .18 85 102
L400 .20 40 33 T 87 9y .
490 .23 41 36 BY - 100
.610 27 .40 40 60 105
. Bu0 .36 .34 51 49 109
. 950 Luh .24 65 35 106
6.35 ppm ™ .022 0. 05 6.20 0.5 _  99.5 98
.030 0.07 6.00 1 99 96
LU50 0.99 5.13 16 8L | 96
.580 1.28 4,90 21 w 79 , 97
..B50 1.31 ‘4,46 22 78 91
.B0OO 1.80 3.55 28 72 100
/

e
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FIGURE 14

'lThe relationship between the cell number and the 0D/650

of growing cultures of A, braunii¥

. *The same relétionship was obtained for A. braunii cultures .
grown in the presence of (635, .64 opr .08 ppm) Cu or
(1.12 or .11 ppm) Cd.
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medium containinghs 35 ppm-Cu (Table 7., A simildr- phenomenon

was observed when A braun11 was grown in th€ presence of - ,
v ' —
0.64 ppm Cu. The absolute value per cell in this case, hoWever,

‘was lower -~ being 1.47 x 10~° pg (Table 7.
~

‘Inltlally, a value around 0.90 x 10 -8 ug Cu per cell .
was obtalned for the alga grown in the presence of 0.06 ppm

Cu (Table 7) However, as the cell number 1ncreased without

a concomltant 1ncrease in the Cu aSSﬂC1ated with the cells,

the Cu was diluted .out.
These results tend to p01nt to a relatlonshlp between o

the initial amount of Cu, present in the growth medlum;

the amount of Cu per cell. 'In other w;rds, the Cu blnd'ng

. v

capacity (absorptlon and/or adsorptlon) of A. braun11 cells

seems te be dependent on the total Cu .concentration in the

culture

An initial increase in the cell associated Cd, followed

-]

by a. decrease, was ev1dent 1n A, braun11 cultures grow1ng in

o

/tbe ﬁresence of 0. 11 PpPM cd (Table B) The concentration of .
0 & i
¥ \ tbe Cd\pér‘cell howeVer, progre331ve1y decreased as growth

proceeded (Table 9), When the concentratlon of- Cd in cells ' ' o

of. A braunll cultures grow1ng in the presence of 1.12 ppm
Cd was determlned, an increase accomgahylng growth was

observed (Table 8). However, once agaln on'a per cell ba51s,

2 \
. . L. . . . ’ -
. ! - EY
. o P . .
. . - .
.
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TABLE 7 ;
. , . |
The amount of Cu present perLcell during growth of A, braunll , !
in the presence of 0,06, 0.64 and 6.35 ppm Cu. . i
Initial Cu 0D - pe Cu (x-1078) Means <+ . Standard error i
concentration (650 nm) per cell ' - 1 l
in growth i
medium ‘ = i
i |
i
'0.06 ppm 075 0.83 i
.105., « 0.90 ;
) 49D 0.38 : i
.570 0.33 | :
L640 . 0.29 , ;
. 960 .0.02 . ¢ :
0.64 ppm- .055 ' 1.2 ° S }
. .100 1.56 . :
.185 . 1.59 i
500 1.56 ) . ' %
L4390 1,47 , . !
.610 '1.38 ’ i
L840 1.34 . 3 '
.950 1.45 ‘ .47 -+ 0.08
6.35 ppm 2022 6.86 ' - i
~ .030- 6.88 i . :
0450 > 6.88 - - )
.580 { . 6.90 , L
.650 6.30 ' L : 1
.800 - | W™ 7.03 .. 6.81/ » 0.17
[ LI /‘\/
. o /N
. i -
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TABLE 8

(S

The distribution of Cd between the algal cells and the supernatant
of cultures of A. braunii growp in the presence of 0.11 and

1,12 ppm -Cd.

-

3 ¢
Initial- Cd oD Amount of cd Total Cd Recovery
concentration (650 nm) in mg/1 as % = as % .
in growth CELL SUPERNATANT- CELL SUPERNATANT
medium ' .
0.11 ppm 75 04 . . .09 31 69 118
. ’ . 2107 .10, .02 83 - 17 109
.360 .12 .01 92 , 8 118,
| 790 .08 * .02 80 Y. 20 .91
.650 .07 .05 58 42 ) 109
1.050 .07 .03 “70 30 ' 100
¥ -
1.12 ppm -.205 .35 .53 4o 60 79
' .385 .35 .55 39 61 81
.860 47 > .83 . 52 48 81,
.1.100 .76 .15 8L 16 - . 89
A e ) L

B
)

3
il

R, ey Ly
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cd decreased (Table 9). Such a tendency has previously been’
observed with Cd, in algal cultures (COSSA 1976 CONWAY, 1978).
A suggestlon was made thaf the trend may be a result of chela-

tion by extracellular metabolltes.
’ Perhaps HM-binding, metabolltes are released by A.
braunii. In an attempt to determlne whether this alga secreted
extracellular colloidal substances when grown in the presence

of HMs, the supernatant fractions of such algal cultures were

examined further.

3. . The distribution of Cu and cd between colloidal ,soluble,
cell wall and cytoplasmic fractions

\

&

When the'supernatants of algal cultures grown in the

presence of HMs were_centrifuged for 1 hr at 100, 000 g, DO

pellets were observed. Furthermore, the- same amount of Cu |

and Cd was present in the solub}é*%ractlons as in the initial
supernatants of the cultures. jThis tends to indicate that : .

no ‘substantial amount of extracellular HM binding particles

were produced by A. braunii at the growth stages examined.
!

The HMS associated with algal cells durlng growth in
the presence of HMs are found in both the cell wall and:
-

cytoplasmic fractions of lysed cells (Table'io). Since

“the cell wall and_cytoplasmic fraction distr%bution is similar

o b Tl

- B -
[EPDRRIRCOR T v
. .

I
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TABLE 9 - ' \

The amount of Cd present per cell during growth‘of A. braunii -
in the presence of 0.11 and 1.12 ppm of Cd

L4

Initial ¢d ' OD pg Cd (x 1033) ,
concentration (650 nm) per cell ‘ ,

in growth ‘
i med%}m/ﬁfﬁ-ﬁsx

1.67 :
1.49 ;
1,04 ' ‘ g
2, 0.51 g
‘ - 0.34 _— ‘

0.21

5.30 X
. 2.85 :
v 1.71 S
2.18 ..
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The distribution of HMs in the cytoplasmic and cell wall fractions¥ -
of A. braunii cells grown in the presence of Cu or Cd o

-

S

-

-

LOPNFIREEFIPNCE bl

HM oD HM Total " Amount of HM present in:.
(650 nm) concentration amount of cell wall ~ cytoplasmic
in whole HM present fraction fraction
culture in céll Cin mg/l as % in mg/Ix as %
" (mg/1) fraction K
' {(mg/1)
— - ,

Cu 0610 © 0.6% -, 0.27 .08 33 - .16 - 67
0.465 6.35 : 0.99 - .25 32 ' .54 BB
0.480 6.35 : 2. 09 .21 26, ., .60 74

) 0.570 6.35 . 1.27 .56 45 .68 - 55

a .

cd 0.195 - 1.12 0.35 .11 34 .22 66
\3

v 0.235 1.12 ' 0.40 L1 29 .26 . 71

- 0.800 1.12 |  0.45 .15 33 .30 . 67

Mean + standard,

33tL ' 6744
ernror - : — .

. .
4
. & .
. . -
- .
.
. - -

2

~
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regaédless of the HM used, the concentrat}on of the HM and

~

the stage of algal growth, it is possible that some type of:

cellular equilibrium process is functioning.

7
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B. COMPETITION STUDIES

It is known from the numerous studies done on HM
pollution in aquatic systems (OTTAWA RIVER PROJECT REPORT NO.
2, 1974; KRENKEL, 1975) that HMs are partitioned ameng the
three major compartments.of such ecesystems' - namely among
the water, sediment:and biota. Most.of these investigatione,
however, concentrated on only one or two compartments at a
time. Recently, two multi-compartmental studies were reported
(STOKES and SZOKALO, 1977; RAMAMOORTHY et al., 1977). The

ﬁofmer study investigated the-mobilization of Cu and Ni from

.sed%ment by a floating plant whereas the latter dealt with A

. the distribution of Hg in bacteria, sediment and water. Using

-

/’/—T——tB"?BE}HM ion accumulated by the sedlment was reached by 24 hrs

-

W

4
-

a similar method, as that outlihed by Ramamoorthy et al.

(1877), ﬁbe dlStPlb'tlon and 1nteract10n of Cd and Cu in rlver
[ T“\a/A/

wateﬁ; sedlment and /algae were examined.

h 3

1. HMs added to river water

2+ 2+ was added to Ottawa River

-

When elthen Ccda or Cu
water (characteristies shown in Table 11), it was taken up
?.

by both the algal and sediment compartments In the case of

Cd2+' the A flos-aquae compartment steadily accum%;ated the

metal ion over a 72 hr perlod A steady state, aﬂ’determlned

.by the ratio of the HM 1on ‘accumulated by the(azgal compartment

(Table 12 -'1I). The A. braun11 compartment also accumulated

f!1~ ," ' \\kj.. | ‘Zg .
V2 .
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- e, o
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\ Al
2+

Cd and reached a steady state within the same time interval

(Table 12 ~ II}..

When accumulation was calculated on a dry weight basis,

he}
the A. flos-aquae compartment accumulated 31 times more Cd2+

than the sediment whereas the 'A. braunil compartment accumulated

13 times more Cdz*%han_the sediment (Figuré 15).

Similar results were obtained when Cu(NU3)2 was added
to the water compartment. Accumulation of cu’t by the algal
and sedim;;% compartments reached a steady state after 12 hrs

(Table 13), On a‘dry. weight basis, the A. flos-aquae compart-

ment accumulated 16 times and the A. braunii compartment

2+

- : 3
8.5 times more Cu than the sediment (Figure 16).

Some HM losses were observed during the experiments
(Table 12 and 13). Since no HMs were found associated with
the dialysis sacs, HM adsorpinn to the walls‘of the 'river -
wa{er'.container' prﬂbably accounted for the losses.

Because the sacs containing either the.seqiment or- the
algée also coﬁtainéd diéti;led.water, sécs containing only
distiiied water were inq}udeda as controls, in the experiments.
These controls, removed after 72 hrs, showed insignificant

accumulation of HMs. . .

-

. Prior to HM analysis, routine microscopic examinations

> -

were performed on algal samplés removed from the dialysing

‘system. In samples of A. flos-aguae examined after 12 hrs

of exposure to river water containing pmeCuz*ior Cd2+

?

- ”

-~ . . 3

i ——
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N \ )
FIGURE 15 __,/&

The accumulation of C 2+ from river water, by algal and s
sediment compartments '

i
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from river water, by algal and
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cellular debris was interspersed with single' cells and cellular

clumps. Few chains were eviaent. Subsequent examinations
‘revealed more déﬁris and progressively fewer whole cells.
Furtﬁermore, between 12 and 24% hrs, a blue-green color
appeared in the algal dialysis sacs. This pigmentation was
probably due to phycocyanin release upon “cell lysis. Although
a quantative éxaminatioﬁ of lysis was not carried ouf, it

" was noted that complete lysis of A. flos-aquae samples did

) . LB
not occur within 72 hrs. Since 72 hr control sacs of A. flos-

aquae placed into river water without any HM additions did not

2+

lyse, the presence of the'Cu2+“and Cd was responsible for

the phenomenon.
No lysis was observgg}in microscopic examinations of

-

. A. braunii cells. In fact, such light microscopic investig-

ations at 1000 x magnification, did not reveal any cellular

perturbations whatsoever.

These results tend to indicate that A. braunii and/or

extracellular substances produced by this alga, competed very
well with the sediment in accumulating cu?’t  and Cd2+ from

the water column. The A. flos-aquae results, however, point

to a somewhat different situation. Initial accumulaﬁign of
: Cu2+ and Cdz*ﬁy the' algal compartment was probably due to the
cells and/or extracellular compounds. Once lysis began, the

wide variety of released substances remaining in the 6,000 mwt

——esema, 3
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cut-off dialysis sacs wererprobably aisd responsible for HM
accumulation. HMs are kqown té interact 'with electron donating
atoms (ifeth,O, S,P) as well as with w - electron donating

. systems {(i.e. aromatic riﬁés).a Thus,'proteiné, nucleic acids -
and prophyrins -- just to mention a few organic substances -

are candidates for complex forﬁatibn‘(SAXBY, 1969; MARTELL,
1971). '

2. HM loaded onto the sediment

The sediment from the Ottawa River bed‘contained no
detectable Cd and 50.6 t 0.5‘ppm Cu (an average of five
samples). It was loaded with 100 ppm Cd2+.—- as opposed-to a
lower'cqncentration of the HM - in order to héve high Cd
detection during the experimehts. On the other hand, as a
substantial amount of Cu was naturally present in the sediment,
emphasis was placed on maintaining the natural Cu concentration.
The possibility, however, existed that:the natural Cu was
irreversibly bound and/or sorbed to.crystallinellattices, sul-
fides ana/or organic coﬁpounds CJONASSON,'ISTD). Therefore,

2%

1 ppm Cu was loaded onto the sediment.

Samples of the loaded sediment were analysed. The average:

Cu concentration of five loaded samples was 51.5 4 0.6 ppm
&

whereas five Cd-loaded samples averaged 87.5 % 1.0 ppm Cd.

Sorption to the gla.ss container during loading probably

accounted for the Cd loss since no significant amounts of Cd

4 N . 3

PR
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were founéxin the water of the post~loading wash.

. _ +
-

_ The algal compartments accumulated substantial amounts

of the HMs when the source compartment of the metal ion was Y

the sediment. The A. flos-aquae compartment'accumulated 20 Fg »

of Cu per g dry weight. whereas- the A.braunii ‘compartment accumu-

lated 7 Mg per g dry weight over a 72 hr period (fﬁgure 17).

Cd accumulation was- similar to Cu accumulation - 20 pg per g

dry weight of A.‘flos—aduae and 8 Pglﬁer g dry weight of A.
braunii(FiguPe 18). |

Since the amount of HM lost was within the experimental
error of the amount inifially present in the éediﬁent,.the
'sediment did not show any prog;essive decrease in its HM con-
tent. The water showed a negligible accumulation of Cu and Cd
during the expgpiments (Figure 16 and 17) as well as during con-

trol studies when only loaded sediment samplés were placed in

the water column.

No algal lysis was observed colorimetrically or micro-

scopically throughout these experimerts.

»

These experiments showed that the two algae and/or t
extracellﬁlar compounds produced by them, mobilized sediment
bound HMs. In terms of efficiendy, however, the A. flos-aguae

&
compartment accumulated more HMs. One physical factor. which

could account for this observation is the larger surface area

of A. flos-aquae per g dry weight.

Since large masses of A. flos-aquae and A. braunii

| | /.

g



" FPIGURE 17

#

The accumulation of sediment-bound Cu by algal compartmentS‘
and river water
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s FIGURE 18 o

The accimulation of sediment-bound Cd by algal compartments
and river water '
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(a#d/op extracellular substances produced by these algae)

-

mobilized sediment-bound HMs, the questioﬁ was raised of

!
s
;

L . -
whether this type of mobilization.could occur during algal

growth.'

-y

3. Growth of algae in the presence of sediment ' A

Both A. braunii and A, flos-aquae grew when 2 g of

natural or loaded (100 ppm Cu2+'of Cd24h) sediment were
LY ' '

present in the culture medium. The growth rate of the formef
alga was the same as the control in all cases (Figure-19)
whereas that of the latter was always lower (Figure 20). The

1

slowest rate was observed when A. flos-aquae was grown with-

Cd-loaded sediment.

-

Although one cannot conclude.that growth inhibition ‘
i N -9 . o

in the presence of non-loaded. sediment was a result of the !
naturally present Cu in the sediment, the further decreéses . !

in the growth raté,when A.- flos-aquae was cultured in the

presence of_ loaded sediment can be attributed to the HMs.
! : e

L. Competition during growth-

" AAS analyses at various stages of A. braunii growth in
the pre;ence of non-loaded and Cu-}oaded sediment revealed
that Cu was mobiiized from the sediment. A substantial amount
of this Cu was founa to "be associated withgthe algal cells ' \

(Table 14). Although a progressive increase was seen in.

-

Y S
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" FIGURE 19
Growth of A. braunii in the presence of segdiment. )
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. FIGURE 20
. Growth of A.. flos-aguae in the presence of sediment.
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J
TABLE 14 ' ~
; S .
HMs- in the supernatant and associated with A. braunii cells
during algal growth in the pfesence of sediment. . -
. HM Time 0D/ HM associated with®
Sediment analysed (days) 650 Supernatant A, braunii
~ ¥ =% e
*' , 100 ml 100 ml g dry
cg}ture culture weight
Non-loaded Cu 2 050 7 0.10 0 0
(natural) 5 ©,500 0.30 0.15 4.80
' 7 . 720 0.50 " 0.20 L. ub
13 1.020 0.50 1.00 15.72
17 1.150 0.50 1.20 16.74
Cu-loaded Cu 1 ©.005 0.05 0 0
3 .220 0.05 0.30 21.89
. 5 550  0.20 1.20 27.65
12 . 990 0.70 2,30 37.30
17 1.105 - 1.00 2.80 40. 64
Cd-loaded = Cd 3 215 0 0.05 3.73
| 5 . . 545 0 0.70 20.59
7 . 790 0 1.80 36.51
10 . 960 0 l1.u40 - 23.37
17 1.155 0

1.80 v25.00

* .
Values were corrected for controls(Table 186),
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~

bot@;cases, as growth'proceeded, more Cu was cell associated
when growth occurred in the presence of Cu-loaded sediments -
40,64 Pg per g¢ dry weight was ;zzamulated in comparison.to

| 16.74 Fé per g dry weight in non-locaded sediment. .M;ré Cu
was also present in the supernatant (1.00 pg per culture com-

pared to 0.50 pg per culture).

Mobilization.of Cd during A. braunii growth also

occurred. The cells accumulated Cd until a maximum of 3&.5i
Pg/g dry weight’was'réaChed. This was followed by-a dgsorption.
Cd was not detected in the supernatant during algal growth;
in_tﬁe presence of Cd-loaded sediment.

When A. flos-agquae was grown in the presence of Cd-

loaded sediment, mobilized Cd was also accumulated by the alga
(Table 15). However, some Cd was found in the supernétant.

On the other hand, mobilized Cu was 100§Fed predominantly in
thé supernatant. Furthermore, substantial amounts became
evident only late in the érowth 6f the algal éultﬁres. As with

A. braunii cultures., more Cu was mobilized from the Cu-

loaded sediment than the unloaded sediment - 3,40 and 1.60
'Fg/ culture respectively.

No significant decreases were observed in the HM con-’
tent of the sediment during these experiments. This is under-
standable since the values of the HM losses were within the
experimental error of the initial values - 153 + 1.5 ﬁpm.Cu-

and 87.5 + 1.0 ppm Cd.

S SRS
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. TABLE 15

HMs in the supernatant and associated with A, flés-aquae

N

cells duézgéwalgal'growth in the presence of sediment.

" HM ~ Time 0D/ HM associated with#*
Sediment analysed (days) 650 Supernatant A. flos-aduae
, S ey . b/ ke
. 100 ml 100 ml g dry
culture culture weight
Non-loaded Cu 9 ~.100 0.10
" (natural) 12 .180  0.50
20 .545 0,50 0.05 2.26
32 760 1.50 0.10  3.25
‘Cu-loaded . Cu 10 .120  0.05 - O 0
: 19 .330 0.10 0.05  3.73
25 .500 2.50  0.10 4.93
35 .650 3.30 0.10 3.80
Cd-loaded ca 10 110 0.05 0 0
15 .200 0.20 0.15 18.52
. 20 .340  0.%0 | 0.50 36.23
' 25 .u50 0.50 0.90 4G .45
35 .635  0.80 1.50 58.37

%Values were corrected for controls (Table 16).

3
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#

TABLE 16

rd

HMs present in Chlamydomonas and GO0 growth media after

exposure to sediment.

Medium Sediment HM Exposure HM present in:
-analysed time pg/100 ml
{days) medium
Chlamydomonas v Non- Cu o2 0.05
' ' loaded 5 0.05
.- 7 .0.05
13 0.10
17 0.10
Cu- Cu 1 0.25
loaded 3 0.25
5 0.35
12 0.60
17 0.55
Cd- cd 3 0.50
loaded 5 0.50
A 7 0.50
10 0.45
17 0.60
GO Non- Cu 9 0.25
loaded 12 0.30
20 0.35%
32 0.30
- Cu- Cu 10 0.45
loaded ‘19 0.55
' 25 0.50
35 0.65
Cd- . Cd 10 . 0.25
loaded 15 0.30
i 20 0.50
25 " 0.35
. 35 0.70

3
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Thus, algal groﬁth in the presence of sediment in-

stigated HM mobilization. A. braunii .was able to accumulate

Cu and’Cd. Cells of A. flos-aquae accumulated Cd but little

4

Cu. Since substantial amounts of Cu were located in the

supernatant of A. flos-aquae cultures at late stages of growth,

it is possible that extracellular secretions are accumulﬁting
the HM and playing a significant role in the mobilization of

Cu.

[P APPSR



GENERAL DISCUSSION AND CONCLUSIONS

Both accumulation of HMs and decreases in growth rates
are commonly reported responses of algae to HMs (HUTCHINSON
and STOKES, 1975; -CONWAY, 1978; SUNDA and GUILLARD, 1876).

These responses were observed when A. braunii was grown in

the presence of Cu and Cd nitrate. The growth rate of the
alga progresiively decreased as the Cu concentration in the
SN 7 e,
medium increased from 107 M to 10 *M. At a 10" °M concentration

of Cu, growth was complefely inhibited. imilarly a decrease
in growth rate a;companied_increases iéCZii\EE concentration
between 107'M to 10™°M whereas 10”'M and 18™°M of the HM
stopped growth. |

Although accumulétion of both Cd'and Cd occurred under
culture conditiéns, é.differentpatt%rqlwas exhibited.for each
HM. With A. brauhii an initial a'ccun{ulatio'n of Cd per cell,

followed by a decrease occurred, a. pattern previously docu-

mented in the literature for Cd accumulation by Asterionella

formosa (CONWAY, 1978) and Phaeodactylum tricornutum (COSSA,

1976). On the other hand, the pattern of Cu accumulation

by A. braunii seems to be peculiar to this alga. When
-5

grown in the presence of 10™*M or 1075 Cu(N03)2, the amount
of Cu per cell remained constant throughout growth. The
absolute amount bound, however, inereased when the cells

were grown with the higher Cu concentration. At a 10-SM
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concentgation of Cu, the Cu associated per cell seemed to
be“éonstant. Once all the Cu was accumulated from the medium,
a concomitant déérease per cell was, of course, obséerved as
growth proceeded. ' | | s

In spite of the different pattern of accumulation

displayed by A. braunii for :Cu and cd, the distribution of the

cell associated HM.bétween the cell envelope and its contents
was the same for both HMs. Approximately one-third of  the
cell-associated HM 'was bound to the cell wall fraction whereas

two-thirds were associated with the cytoplasmic fraction.

It is noteworthy here that this distribution ratio has been

previously reportéd for Cd in anofher alga - Asterionella
-fﬁrmosé (CONWAY, 1978). Thus, the distribut;on does not seem
to be a species-specific ﬁhenomenon. It shoﬁld also be men-
tioned that even though Cu and Cd show the samé'distributioh,'
this.cannot be generalized to includ? all HMs. For example,

although Cd was distributed in a 30:60 ratio in A. formosa

cells, the distribution of arsenic was cbmplete}y different
(CONWAY, 1978).
When experiments were performed in which 10~ °M Cu(NO,),

was added to growing cultures of A. braunii, the algae

responded in the same manner as it did when Cu was present
throughout growth, i.e. a decrease in growth rate. In contrast,
lysis was observed when Cu gdditions were made_%o logarithmicf
ally growing cultures of A. flos~aquae.' Lysis was followed by

\ - -
normal growth when lO_SM Cu(N03)2 additions were made whereas
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- growth did not resume after lO_HM édditions. Precisely what
is happening in the former caée is not clear. Since a selection
of moYe resistant vegetative cells does not seem to be occurrlng,
1t is possible that akinetes or spores are respon81ble for

the phenomenon observed. Akinetes are_Known to be present'in

a member of blue green: algae, ipéluding Anabaena cylindrica. Fupther-

more , akinetes hgve been shown to be very resistant although
the exact nature and extent of their resistance is not, as

yet, clear (WOLK, 1873).

Even though the presence of akinetes in A. flos-aquae

has not been documented in the literatube, it is quite possible
that this alga produces apores when nitrogen is not directly
available in the growth medium. These may have been overlooked
under the light microscope and noted as“slightiy larger'

vegetative cells. This is not unlikely since Anabaena cylindrica

spores pogssess the same pigmentation as the vegetative cells

(WOLK and SIMON, 1969).

AAS studies revealed that no Cu was associated with

-5

A, flbs-aquae cells whén normal growth resumed after 10 °M

Cu additions. No. Cu became cell associated when the same

additions were made to late log phase cultures. Thus, A. flos-
aguae does not accumulate Cu present in'the.growth nedium.
Furthermore, the Cu is probably complexed with organic com- o
pounds, i.e. perhaps the lysate in the former case and

extracellular secretlons in the latter case, thus making it
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non-toxic and allowing for normaligrowth.

It is generally believed that HM organic compleXxes
are less toxic to phytoplankton than the ionic forms of HMq.
For example, it 'is demonstrated by Sunda and éuillard (1976) .

that the growph rates of Thala881031ra_pseudonana

“

cand Nannochlorls atomus were adversely affected by 1ncreases

in cupric ion activity as opposed to 1ncreases in the total
Cu concentration in the growth media. Cupric ion activity was
varied during these expériments by the usé of the chelator
trishyd?oxymethylamino methane and by pH adjusfments.
Naturally préduced chelators have also been shown to

reduce HM toxicity to algae. Organic-matter excreted by

Nitzschia palea in résponse to the_présence of Cu in its growth
medium, was thought to complex with the HM. Tﬂis, supposedly,
allowed for the resumption of normal growth after an extended

lag period (STEEMAN NIELSEN and WIUM-ANDERSEN, 1971). Extra-

cellular polypeptides of Anabaena cylindrica,produced con-
comitantly with the growthlof healthy cells,lhave'bean ghown
+to reduce the toxicify of Cu éulfatg to the alga. The p}esence
6f these excretions allowed for algal growth in the presenee

of higher Cu concentrations (FOGG and WESTLAKE, 1955).

Using a Cu2+ specific electrode, Cu-binding substances

were shown to be produced by A. flos-aquae during Tate stages

of groﬁth in dilute medium. Since it is likely thét this

alga secretes abundant polysaccharides'(WANG and TISCHER, 1973)

PRI A2

T e e
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1

and probably polypeptides (FOGG and WESTﬁAKE; 1955) and other
organic compounds (FOGG, 1966) it is still uncertain which.
. substance plays the major roie in HM binding. ‘Sfudies of
natural waters have revealed that hydrpxamatés can be major
.Fe (and HM) biﬁding-subétances (MURPHY et al., 1976) whereas
‘electrode stﬁdies have implicated a substrdte of less than
500 mwt = (McKENZIE, 1977). .

Further studies sﬁouid _ be undertakén to determine,
in more detail, the morphology aﬁd/or éorphological changes
in A. flos-aquae cells exposed to HMs. Although preliminary

M or 107'M

light mieroscopy studies have revealed that 10~

Cu additions to A. flos-aguae cultures tend to disrupt algal

chains, induce clumping, and cause lysis, electron microscopic

obervations would be more revealing. e

In this study, pure culture experiments were succeedeq
by more environmentally oriented work. Althoughinformation.
from these simulated aquatic system studies is not directly
applicable to nature, the results can be useful ih predicting -
‘outcomes of HM stresses imposed on natural systems.

‘One aim of these studies.was to determine the éompétition
between algae ané sediment for, Cu and Cd presént in water.
A. braunii competed extremely well with clay sgdiment-in |

2% 2+

accuﬁulating both Cu’ Fnd Cd from river water. (From the

-

result of the culture studies, it . seems reasonable to assume
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that most, if not ali, accumulation was carried out by ‘the

alga itself as opposed to secreted substances). The algal
accumulation was substantially largér”fhan that of the sedimenﬁ
even though the surface to véiume ratio of the sediment was
greater. Thus, surface adsorption was probably not the only
mode of accumulation by the alga. In fact, it was shown iﬁ the
culture stpdiés that HMs are found in the cytoplasmic fraction
of cells grown in the presence of Hﬁs.

In contrast to accumulation, lysis was seen when A.

flos-aguae was exposed to .l ppm Cu or Cd in the water com-

partment. Since lysis was not -evident when the alga was

exposed to HMs from loaded sediment {(low HM levels in tﬁe water

compartment), it was probably caused by the high congentration
d dirept availability of the HM in the water compartment
during the above experiment.

Since the conditions of the abové competition experiments

were the same for both algae, one can conclude that this

strain of A. braunii is more resistant to HMs than A. flos-

aguaeﬂ This could be due to the fact that A. flos-aguae has
been kept in cultdre in the laboratory for a number of years

whereas A. braunii was freshly isolated from theipolluted’

Ottawa River. Laboratory cultures of Scenedesmus acuminatus

and Chlorella vulgaris havé been shown to be less Cu resistant

"than currently isolated (from polluted Sudbury lakes) counter-

parts ~Scenedesmus: acutoformis and Chlorella fusca (STOKES et
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S
al, 1973)- On the other hand, the difference in sensitivity
could be due to the inherent characteristics of A. braunii -

r

and A. flos-aquae. A suggestlon has been made by Whltton (1973)

after evaluatiﬁg a number of studies, that blue-green algae

may be generally more sensitive to HMs tha&-green algae.
Competition between algae and sediment for HMs was >

also examined from a different angle. Once accumulated by the

sedi%ent, HMs cannot be considered totally immobilized. " Physical

factors, such as acidification of waters by, for example,

sulfur dioxide (802) solution from industfial sources, can

induce HM solubilization. In fact, HM:extractions from sediment

rely on this principle. In addition,; to acid-mediated release

of HMs from sediment, other types of mobilization can also occur.

In the smmulated aquatlc system A. braunii and A flos-aqguae

compartments were able to moblllze Cu and Cd from the sediment
and accumulate the HMs. This was not carried out by dlrect
algal sedlment contact Slncethe two compartments.weré'sPatially
separated durlng the experlments. Consequently, water was
the medium of transport even though it did not o
accumulate - substantial amounts of the HMs.

Mobilization and accumulaticn of HMs by biological
matepial from sediment in laboratory aquarla has been shown to
occur. The bacterium, Pseudomonas fluorescens,accumulated

: 4
- substantial amounts of Hg from sediment (RAMAMOORTHY et al.,

1977).. Salvina natans, a floating aquatic fern, also accumulated
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HMs from sediment, i.e. Ni and Cu., TFurthermore, the accumulation .
- . . \ -

tended to increade the movement of the HMs into the water com-

partﬁent from the sediment (STOKES and SZOKALO, 1977).

\\\ ~ Mobilization and accumulation of Cu and Cd was also
obser§ed during A. braunii growth in the presence of sediment
(HM loaded andqnatural); AAS studies on the algal fraction

\of the culture showed that most of the moblllzed Cu and all of-

the Cd was associated with the algal cells. Slmllarly, A.

flos-aquae cells mobilized and accumulated some Cd from the

sedlment However, the supernatant accumulated most of the
moblllzed Cu from natural and Cu leiged‘sedlments This was

particularly evident during late/érowth and statlonary phases.

It would seem that in the case\vf A. flos-aquae growth extra-

cellular organic chelators produced by the alga are faczlltatlng
HM mobilization from the sediment. It has previously .been
shown that organic chelators, i.e: NTAs-and EDTA, can influence

the mobilization of HMs siich as Pb and Z%\into water from

contaminated sediments (BARCIA et al., 1973). 3

" Possible implications for higher trophic levels=exist

as a consequence of HM accumulatioh by algal cells and their 5
. : _ ‘ ) r
extracellular compounds. Accumulation of Cu and Cd from

natural waters and/or from sediments may occur in edible
. €

algae, such as A, braunii. (Generally; algae,’except

N N - .
Cyanophyta, smaller than 50 pm are considered peadily edibge

. : .
BRIAND and McCAULEY, 1978). This initial accumulation could



then result in the biological magnifiéation 6f these HMs up
the food chain. Filter feeders such as small crustacea and
larvae of invertebrateé and fisheé‘may be initially involved

- . .

in the magnification. Such zooplankton in turn may be consumed

by surface fish. Eventually, if the HMPconcentrat'ons do not
result in the mortality of the consumer organism .e. ‘HMs have
been shown to be extremely toxic for some fre water fish
species such as trout (BALL, 1967) at leést, under iaboratory
conditions;T\higher levels may reach man. For example, Cd
levels above the average value termed acceptable in foodstuffs
(0 05 Pg/g wet wt. - FRIBERG et al., ;\HM) have been found

in some edible fish of the Laurentian Great Lakes (LUCAS et
al, 1970), i.e. 0.094 pg/g wet wt.

. Accumulation of HMs by extracellular compounds of algae

ay possibly also result in biomagnification. Fogg (1966)

mentions that ofganic matter released by algae has been shown

to be an adequate food.source for Artemia salina (BAYLOR and

SUT LIFFE, 1963). The. brine shrimp, in turn, is a food source
of mATy zaoplankton.~' _

The question of Qhether Cd blomagnlflcaflgh occufs is
still controversiall Friberg et al. (1974) contend that therg.
is little evidence in support of Cd concentration in aquatic
food chains when: data from various studies on different

tpophic levels is considered. However, King (1977) has shown

that in fact a biomagnification can occur. Little information

™~
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is available on Cu biomagnification with the exception of one
long term study (TING anﬁ DEVEGA, 1967). Conséquently, studies
inasimulated aquatic system involving a number of different

trophic levels could be useful in determining to what extent

Cu and Cd biomagnification can occur.
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