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The effects of sublethal additions of mercuric <chloride
Cleve grown in ammonium-limited chemostats and batch cultures.

In the short-term Hg exposure {up to 5 hours), unexposed
chemostat effluents were simultaneously perturbed with
S p# NH4C1 and Hg concentrations ranging from 0.04 to 5,53
ny HgClZ. In the long-term Hg exposure (679.5 hours), anmo-
niumfstarved effluents were only perturbed with 5 pM NH4C1..

In the short-term Hq exposure, when the effluent from the
chemostat culture was starved for 1.5 hours, Hg decreased the
affinity for the substrate (increased Ks value) and +the rate
of ammonium assimilation or the internally controlled uptake
rate, vimax" When the effluent was starved for 30 hours, only
vi was reduced, . These effects occurred between 1.84 and

max

3.68, and at 0.18 nM HgCl, in effluents starved for 1.5 and 30

2
hcurs, respectively., The maximum rate of uptake, Vs, was not
depressed., .

In the long-term Hg expogure, at least 0.37 nH HgCl2
decreased the specific growth vrate and the maximum cell
density, while the chlorophyll a per cell increased. A period
of population decline was followed by resumption of qrowth..
Morphological alterations were observed before and after the

recovery. .

In the 1long-term experiment, six days of continual
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exposure to 0,37 nH HgCl2 gradually increased the Ks value

without affecting Vs and Vi «. The results from exposure to

max
3.68 nH HgClé were similar to the short-term Hgqg exposure,
since both the substrate affinity (Ks value) - and the

assimilatory rate (Vi were ippaired. In addition, the

max)
maximal uptake rate, Vs, was also reduced after exposure %o
3.68 ni chlz for six days in the long-term experiment, After
resumption of growth in the Hg-treated cultures, when a new
steady-state was established, the affinity:for the substrate
and assimilatory rates increased in phase D (day 23) compared
to phase 4 (day 6)..

The recovery of growth and nutrient uptake rates in phase
D, may have been partially mediated by the acquisition of Hg
tolerance and the appearance of cells of a different stage of
the sexual life cycle, as suggested by, differences in cell
size and chemical composition,

An attempt was made to determine whether a short-term
physioloqical response (Hg induction of metallothionein syn-
thesis) <could be respohsihle for the recovery.. The 250 nnm
absorbance profile, of nutrient-saturated cultures exposed for
90 to 116 hours to sublethal concentrations of mercury, showed
nc large absorbance peak in the medium molecular weight pool,
corresponding to metallothionein, as it occurs in animals
exposed to heavy metals. .

The intracellular distribution and levels of Cu, Zn, and
Hg in S. costatum, grown in nutrient-saturated batch cultures,

were affected by 0.37 nM chlz., A concentration equal to or
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greater than 1,84 nM HgCl_, reduced the growth rate and cell

2
density, possibly due to the accumulation of Hg in the high

m.w. pool. Exposure to 1,84 nM HgCl prior to a second

2 .
addition of 5.53 nM reduced Hg levels in tha high m.u. pool,
UOpon Hg exposure, Zn levels decreasea in the "high and 1low
m.w, fractions but gradually increased in the nmediunm
mﬁw.,ﬁool.‘ Copper slightly increased in the high m.w. pool
but remained constant in the medium and low m,w. pools, in
relation to total intracellular levels. High levels of Cu and
Zn in the low m.w., pool suggests that a substance of a lower
m.¥w., than usually reported for metallothionein, .may be

involved in the storage and detoxification of heavy metals in

S. costatum, .

— = ————

Thesis Supervisor
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CHAPTER I

INTRODUCTION -

Section 1. . Environmental Impacts,-Distribution and- Concentra-

tion of Merc

=

H .

During the 1950?'s and 1960's, several dramatic declines
in wildlife populations occurred due to the ingestion of
mercurials,  For example, secad-eating and piscivorous birds
declined in Sweden.,  In Yugoslavia, Iraqg, Pakistan and
Guatemala community poisoning outbreaks wefe caused by wheat-
dressed alkyl mercurial fungicides (Krenkel, 1973).  Disasters
at Minimata (1953) and Niigata (1965) are amongst the best
documented cases of human poisonings.

In Canada (1968-1969), high levels of Hg were found in
pheasants and partridges in the Prairies (Femreite, 1970). .
The axial mnmuscles of pike frcm the Saskatoon River contained
up to 10 mg-kg~1Hqg (Wobeser et- al., 1970). Consequently,
sport and commercial fisheries were closed in the Saskatoon
Biver network and parts of the Great Lakes, as well as hunting
in the P:airies., More than one million pounds of fish were
inciperated (2 0.5 mg-kg—1Hg in muscle tissue, Dept.,Fish._énd
Forestry, 1971).

Usually the major offenders of Hg pollution are; 1) the
chlor-alkali industry where inorganic Hqg is used in the

electrolytic preparation of chlorine - and caustic soda, and



2) metal recovery from Pb-Zn deposits, . Mercury is also used
in; 1) the fabrication of electrical and control instruments,
2) antiseptics and preservatives in pharmaceutical products
and paints, and 3) fungicides and slimicides in aqriculture
and the pulp industry.

The disclosure about mercury toxicity has 1led to a
general decline in the utilization and ccmmercial production
of mercurials and a strengthening of legislation on by-product
disposal‘and discharge, 1In spite of a reduced input intc the
environment, there are still important and inadeguately
guantified losses fronm anthropogénic sources, such as minihg
and smelting of Hg ores, combustion of fossil fuels and oils,
and improper waste disposal of sludges.

In the ocean, the primary sources of Hqg are; degassing of
the earth's crust, industrial pollution by atmospheric IFet
streams, precipitation, volcanism, and upvelling of deep water
{Gardner, 1975). Weathering, leaching of Hg=-containing soils
(Nelson et al., 1977), river transport to oceans = and
environmental fluxes influenced by man are less or as
important as the natural atmospheric translocation of Hg from
continents to oceans (Rice et al., 1973; Windom et al., 1975).

Due to differences in sampling, analytical techniques and
the short residence time o0of Hg in the mixed layer of the
ocean, it is difficult to generalize on Hg levels in different
vater bodies (Andren and Harriss, 1975; Gardner, 1975; Kuiper,
1976) . The lowest Hg levels reported ranged from 11.2 ng-1-—1

in the southern hemisphere to 33,5 ng-1-1 in the northern



hemisphere; the north eastern Atlantic coastal zone was an
anomaly having only 14,7 ng-.-1—! (Gardner, 1975). Unusually
high values of 364 pg.1—-1 occﬁrred in certain specific areas
(Rice et al., 1973; williams et -al., 1974). . Freshwater
streams ranged from 17 to 125 nqg-1—t Hg {Keckes and Miettenen,
1972; Krenkel, 1973), . In North Atlantic plankton, particulate
Hqg values ranged from 0.2 to 0.4 mg;l-i {dry weight) in
unpolluted areas, to 5.3 mg-1-* in coastal pélluted Waters., ,
Variations in Hg levels were nct correlated to species compo-
sition but to the distance from the pollution sources (Windom
et al., 1973)..

Even though background levels are low and may be of 1lit-
tle concern, health‘hazards are associéted with the ingestion
of Hg-contaminated foods, through magnified accumulaticn in
food chains (Cook, 1977)., The toxicity of Hg is due to its
affinity for thiols, selenols, phosphates, amino ahd carboxyl
terminal groups of amino acids and various cell compcnents
(Seyferth, 1978)..

Bioassays of single element toxicity performed jin situ- on
natural phytoplankton populations indicated that toxicity
thresholds were as follows: Hg <10 nM; Cu~ 100 nM; Pb, Cd, and
As{V)~ 300 nM; 2Zn~1nM; Ni, Co, Sb, Se, and As(III) > 1 pM
{Hollibaugh et al., unpublished wmanuscript). In Skeletonema-
costatum, comparable' reduction of cell division was obtained
with 5-10 pg-1—-1 Hg, 25-100 pg-1-t Ccd and 50-200 pg°1l-1 Cu

{Berland et al., 1977). In Chlorella pyranocidosa, Hg was more

inhibitory than Cu {Kamp-Nielsen, 1971) and Cu was more toxic



than Zn in Amphidinium carterae, Thalassi

S. costatum, and Phaeodactylum tricornutu

=

( Braek §§_ ..._l.. L

’

Section 2. Factors Ipnfluencing Mercury Toxicity-

2.1 Chemical Composition of Medium-

Heavy metal toxicity varies widely 'accordinq to expe-
rimental variables and conditions. The influence of various
factors affecting heavy metal toxicity on algae (Kamp;Nielsen,
1971; Hannan and Patouillet, 1972; Rice et-al., 1973), andv on
microorganisﬁs and invertebrates have been studied {Pyefinch
and Mott, 1548; Corner and Sparrow, 1956; Fitzgerald and
Faust, 1963; Wisely and Blick, 1966; Lewis et al., 1973;
Whitfield and Lewis, 1976; Gibson et al., 1975)..

'The sensitivity of a test organism in a pollution assay
is affected by: 1) physical factors such as light (Steemann
Nielsen and Wium-Andersen, 1971; Kamp-Nielsen, 1971; Overnell,
1576), teméerature (De Filippis and Pallaghy, 1976a; Blinn
et al., 1977; Knowles and Zingmark, 1978), salinity (Hunter,
1949), pH (Wisely and Blick, 1966), time and concentration of
exposure (Erickson, 1972; Zingmark and Miller, 1973); 2)
chemical factors such as the degtee”of chelation, and nutrient
- and dissolved oxygen concentrations (Corner and Sparrow, 1956;

Fitzgerald and Faust; 1963; McBrien and Hassal, 1967: Erickson



et al., 1970; Lewis et al., 1973; Nelson and Colwell, 1975;
Overnell, 1975a); and 3) biological factors such as size of
the inoculum {(Steemann Nielsen gt al., 1970; Shieh and Barber,
1872; Ben-Bassat and Mayer, 1975; Overnell, 1976) , and the
physiological state of cells (Gibson, 1972; Zingmark and
Miller, 1973).

0f all the potential factors capable of influencing metal
toxicity, the chemical composition of the growth medium can be
the most difficult factor to define and control, The choice
of an appropriate medium relies both on the specific requi-
rements of the test organisms and the type of study being
conducted, The inhibitory levels determined in chelator-rich
media cannot be compared to those found in chelator-free nmedia
{Jensen et al., 1976; Kayser, 1976; Overnell, 1976).

It is well established that the addition of natural and
synthetic chelating agents can complex trace metals (Gardiner,
1676) and 1influence their uptake (Cossa, 1976; Schulz-Baldes
and Lewin, 1976; George and Coombs, 1977)., Natural seawater
contains ~ undefined complexing agents such as humic and fulvic
acids (Singer, 1973) in different amounts.,. Lewis et al.,
(1971; 1973) found that EDTA-enriched natural seawater varied
in its ability to support growth of young stages of a copepod,
presumably because of the presence of natural complexing

agents, In cultures cf Fragilaria and Asterionella with soil

extract additions, mercurials were significantly 1less toxic
than in completely defined medium (Tompkins and Blinn, 1¢76).

The presence of deccmposed natural plankton and detritus



increased Cu tolerance in T. pseudonapa- (Erickson, 1972). The
absolute growth rates of marine phytoplankton were 1lower in
mid-wintgr seawater in spite of higher nutrient levels (Jensen
et g;.,l 1974), -Chelated iron counteracted the effects of Hg

on C. pyranoidosa {Kamp-Nielsen, 1971 and on three coastal

diatoms (Jensen et-al., 1976). The addition of EDTA increased

the tolerance of P. tricornutum, when the molar ratio of

EDTA : Cu >1 (Bentley-Nowat and Reid, 1977), and the growth
rates of T, , pseudonana which was previously"inhibited by Cu

(Erickson, 1972).. In Chlorella vulgaris- and Qocystis, EDTA
had both stimulatory and adverse effects (Fitzgerald and
Faust, 1963)., Although alkali ijons could alleviate Cu
toxicity (Overnell, 1975a), they failed to neutralize Hg
inhibition {(Steemann Nielsen and Wium-Andersen, 1971)..

Heavy metal toxicity was intimately connected with nutri-
tional stress in algae (Hannan and Patbuillet, 1972; Hannan et-
al., 1973) and in Daphnia (Winner et al., 1977). In nutrient
poor  waters, even 3.0 pg-1-1Hg arrested the growth of
Chlorella (Stokes et al., 1973). A toxic Hg threshold (60
g-l-1) was demonstrated for a summer phytoplankton assemblage
but not for the spring population {Blinn et-al., 1977), possi-
bly due to the combined effects of lower nutrient levels and
higher temperatures during the summer, Low nutrient levels
decreased the normal excretion rate of dissolved organiés
{Betz, 1977), thus resulting in an increase in Hg toxicitvy. .

These compounds may be involved in Hg volatilization {Ben-

Bassat and Mayer, 1977; 1978)..



2.2 speciation of Mercury-

In phytoplankton, organomercurials are more toxic +than

inorganic and elemental Hg,, The 14C uptake of Nitzschia-deli-

catissima was reduced by 50% with; 1 pg.1—%' phenyl mercuric
acetate (PMA); 0.5 pg-1—! methyl mercuric dicyanidiamide and
MEMMIt; and 10 pg-1—-% diphenyl mercury (Harriss et al.,, 1970;

White, 1970). The potassium content and Oz‘evolution of

D. tertiolecta- (Overnell, 1976) and the 1lipid synthesis in
freshwater algae (Matson g;-g;f, 1972) were more depressed by
methylmercury than chlé., Even though PMA was more toxic than
HgClz, the accumulation of Hq in the presence of PMA was less
than with chlz in chlorella  (De Filippis and Pallaghy,
1976a) , implying that toxicity is not always due to the lipoid
solubility of organomercurials, Cultures of aerobic hetero-
trophic bacteria were more resistant to PMA than chl2 {Nelson
and Colwell, 1975).  Hannan and Patouillet (1972) reported

that HgCl, was more toxic to various algae than dimethyl-

mercury. The 'ptimary'productivity of Fragilaria crotonensis-

and Asterionella formosa was more affected by Hg(N03)2 than

HgCl, (Blinn et al., 1977 . .

N-methylmercuric-1,2,3,6-tetrahydro-3,6-methano—3,u,5,6,7,7-
hexachlorophthaliamide.



Section 3, gccumulatién Q§'Metgl§m

———————

Some aspects of the exchange kinetics between metals and
algae have been elucidated (Glooschenko, 1969; Davies, 1974;
1976; Fujita and Hashizume, 1975).  Metal accumulation is
principally influenced by the species of the metal, the alga
and its physiologiéal state., The uptake varies as a function
of the time and concentration of exposure (Shieh and Barber,
18972; Davies, 1974%; Cossa, 1976). Mercury accumulaticn ¥as
greater in dividing than non-dividing cells (Burkett, 1975;
Richardson et al., 1975) and also greater in dead and moribund
cells than live cells probably due to the cessation of active
excretion of mercury (Fujita and Hashizume, 1975; Bentley-
Mowat and Reid, 1977).

Metal accumulation is usually‘accomplished in tvwo phases.
The first one consists of a Freundlich adsorption isotherm
which is immediate, rapid and passive, The metal adsorbs onto
cell surfaces until a definite number of sites are saturated
{Davies, 1974; 1976; Dolar et al., 1971). This adsorption
phase is followed by an active but slower uptake, during which
the metal is translocated across the cell membrane (Shieh and
Barbét, 1972;' Schulz-Baldes and Lewin, 1976).. This phase of
uptake was temperature dependent in gg;ggg;;§~(De‘Filippis and
Palléghy; 1976c). . During accumulation, a simultaneous
exchange of metals cccurs between algae and the medium (Ben-

Bassat and Mayer, 1977; 1978; Betz, 1977).. Excreted Hg can

either be inorganic (Betz, 1377) or organic, since Hg may be



released as a compound complexed with a natural metabolite,
capable of reducing Hg*2 to Hg®? (Ben-Bassat and Mavyer, 1%78).
The incorporaticn of metal into the cell is rapid.. In

Synedra ulna, Hg was deposited on thylakoid surfaces and then

transferred into the cytoplasn (Fujita g_-g;., 1977). 1In Apa-

cystis nidulans, Hg was associated with a phycocyvanin-rich
fraction and with 60,000, 180,000, and 230,000 m.w. fractions
derived from peripheral and intrinsic lamellar components
(Hémmans et al., 1976). In 2°3Hg-labelled plant tissues, Hg
granules were almost exclusively sequestered within nucleoli
and between spaces cccupied by chromatin (De Pilippis and

Pallaghy 1975).

Section 4, . Effects of Mercury-

The inhibitory levels of mercurials on algai growth {Ben-
Bassat et al., 1972; Hannan and Patouillet, 1972; Tompkins and
Blinn, 1976), photosynthesis and :esbiration {Zingmark and
Miller, 1973; De PFilippis and Pallaghy, 1976a) ha?e been
determined for a number of defined conditions, .

The effects‘of various mercurials on phytoplankton are
summarized in Table I, . In general, diatoms prove to be more
sensitive to heavy metals than dinoflagellates (Kayser, 1977)..
Out of seven species, S. costatum was especially sensitive to

Hg (Overnell, " 1976).. Gymnodinium splendens was the most

sensitive to Hg(CH

aCOO)2 followed by Scrippsiella faeroemse-

and Prorocentrum micans  (Kayser, 1976).  Freshwater




TABLE T,

10

Literature summary of the effects of mercurials on phytoplankton.

-+
CONCER~

TEST VORGANISM CELLULAR ESFECTS MERCULKTALS REMARKS
PROCIESSES R TRATIONS
(uM )
DIATOMS:
Asterionella formosa g.C, p. inh, EgCl, 0.921 batch Tompkins and Blinn, 1976.
" [ " 1.842 "
Fragilaria erotoven- " stim. " 0.134 "
815 " f. Inh. " 0.368 "
Cractoceroe 8p. g.T, inh, HgClz 0.368 batch Hannuan and Patouillet, 1972
Cyeloteilaz ep. " " " N "
Phaeccdactylum tricor- v " " " "
rutwn
Skeletonmema costatum g.r inh. Hg’;}.z J.002 chemostat Rice et al., 1973,
g.r. & P/S inh. HyCl, 0.018-C.037] batch Berland ¢t «l., 1977,
C:N ratio unchanged " " "
P/S 50 inh. H;;Cl2 2.500 bateh Overncll, 1976.
MNizapenia delicatis. P/S 50% inh MEsry ! 0.5 pg.f batch Hurriss of zl., 1970,
IR " 1 methyl di- 0.5 ' 24 h treatuwent
cyanidi-~
‘amide
W 1.0 0"
diphenyl Mg 0.0 "
DINOFLASELLATES:
‘un carierze g.r. | p.ich. HgCl, C.004 Zingmark and ¥iller, 1973.
G aolerdensg.v. & P/S £, inh. !g(Ciia.}:} 4 J.134-1.842 Lurbidoniat HKavser, 197¢.
(added once)
" b, © N 1522 "
" £, " " 0.368 [datly addition)
" "
" £, " .38 bt
DProrocentium micans  |g.r. & P/S p. irh Eg(:!1300)2 0.368 burbidovtat
(added once)
" £.0" " 1.842-3.682 ({daily additicn)
" 0. " ” 0.144-0.3568 "
" P " 9.568 bBatch
" b " “ o097 "
!
Seripstelia fagro- !
ange r. & P/S f. inh k’g(c.i5300), 3.683 T¥:
- (added onea)
b p. " " 1.842 N
" [ " 3.633 hatch
" P " 0.03¥--0.285] "
SATURAL POPULATICHS
Marine phytoplanktorn |prinurcy p. inh EgCl, 1.842 Keock and Musen, 1971,
productivity -
v/s 50% inh Rzl 0.004 Zingnark cad Miller, 1973,
B/S ink BgCl, 0.018 Xnauer av. .ivtin, 1972,
" «
netnwl Hg C.5 pg-l
North Sea czoastal :
plankton g.c p. inh }!gclz 0.906-0.018} tr st Kuiper, 1976.
ernclesure
Lake phytonlankten F/s 40% inh. 1-13312 G.221 in giin Siinn o «l.,1977.
enclocure
" '\.‘z " L1} 3.\‘183 "
" stim, " 0.048-0.107 "
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8.r.= growth rate; P/Se= photosyathesis;
1: this chemical is defined on page 7

Scenede gnug ap. g.T. inh, HgC12 batch Bringham and Kuhn, 1653,
8. dimorphus g.r. unchanged HgCl 0.037 -1 Maieida'et al., 1971,
" f. ink. | methyl HE 10 ug 1
Chlaz_rrddamqf.aa rein= g.T. f. iph, l-X;;CI2 7.366 batch, highly Ben-Bassrat et al., 1972.
hardtii chelated wedfum
§ Chlorella pyranoi- g.T. p. inh, HgCl 0.368~1.050 | batch Kamp-Nielsen, 1971.
Y. + 2
vaa ‘K efflux stlm, "
dark respi-] etinm. BgCl2 B0.000-~81.030! batch Shien and Barber, 1972.
ration
" inh, " 500.000
Chlorella (Emerson g8 T. unchanged HgCl2 1.000 batch De Filippis and Pallaghy,
strain) 1976a.
blomass stin. PMA 0.1 pM "
PAR stim, l-lgCl2 3..000 "
P/s p. inh. " " "
respiration] " » " "
DNA, RNA, " " "
protein | °tim.
B " PMA 0.1 pM "
" Dunaliella tertioleotd] B/S inh. HgC12 0.037-0.368 ! gemi-continuous Overnell, 1975a.
| . " " (cs,). ng 0.1-1.0 cultures, 10-15
+ Y32 U rin exposure
K efflux stim,
" " HgCl2 0.363-3.683
g.r. 84% 1nh. BgCl, 10.000 batch Davies, 1974; 1974,
HAPTOPHYTE
Tsochrysis galbana g." p. inh. " 7.500 "
" £, " 10,500 "

inh.= Inhibition; f.m full; p.= partial;

stim.a stioulatior
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phytoplankters are usually more tolerant thanm their marine
counterparts and nanoplankters are frequently the most resis-
tant., When Cu was added to a large ip situ- enclosure, large

centric diatoms (e.g., Chaetoceros) and dinoflagellates disap-

peared, whereas, microflagellates and pennate diatoms

(e.q9., N, delicatissima) survived and were responsible for the

—

recovery of productivity (Thomas and Seibert, 1977} ..

Teratological studies suggest that developing or metabo-
lically active stages are more susceptible to metal intox-
ication (Pyefinch and Mott, 1948; Wisely and Blick, 1966). 1In
poisoninq than 1logarithmically growing cells (Hammans et-
al.,1976), probably due to the presence of metabolites in the
growth medium. During the lag phase, the qr§wth medium is
conditioned by excretion from live cells and dissolved orga-
nics leaching from dead and moribund cells, These préducts
may either complex with toxic metallic ions or stimulate
volatilization (Zingmark and Miller, 1973; Davies, 1974; Kay-
ser, 1976; Ben-Bassat and Mayer, 1977;1978; Betz, 1977).
Mercury was leés toxic when added during‘the log phase than
concurrently with the inoculation of cells (Zingmark and
Miller, 1973).

The effects of mercurials on photosynthesis are species
specific,. Mercuric <chloride inhibited plastocvanin activity
in . isolated <chloroplasts (Kiminura and Katok, 1972) and

e e S e

et al., 1976). 1In Chlamydamonas reinhardtii, Hg interfered
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with PS I and PS II reactions (Overnell, 1975b). . Although S.
costatum was the most sensitive alga tested, 2.5 pM chl2
reduced photosynthesis by only S0% (Overnell, 1?76).,

An investigation on C. pyranoidosa-pointed to excretion

of potassium ions as a primary effect of Hqg poisoning (Kamp-
Neilsen, 1971). Sublethal 1levels of heavy metals caused
potassium leakage at concentrations similar to or greater than
those required for the inhibition of photosynthesis in
D. tertiolecta and R. tricornutum- (Overnell, 1975a; Davies,

1976). In Apnkistrodesmus bpraunii- and Euglena gracilis, Hg

inhibited galactosyl transferase activity, galactolipid and
chlorophyll syntheses {Matson et als., 1972).. The sanme

iphibition appeared to occur in Fragilaria and Asterionella-

species (Tompkins and Blinn, 1976).. Galactolipids are cne of
the major chloroplast lipids. . In Chlorella, chl2 stimulated
DNA and RNA syntheses while PMA initially decreased DNA, RNA
and protein syntheses. . Both mercurials had a similar effect
on biovolume and excretion (De Filippis and Pallaqhy, 1976a).
In S. .costatum, {(Berland et al., 1977) énd natural populations
{Thomas et al., 1977), the C:N ratio remained constant despite
a reduction in growth and photosynthesis.

In metal—ireated algae, morphological alterations have
occurred in P, tricornutum and Chlorella- {(Nuzzi, 1972), and in

— ——— i e saee S i o o

Thalassigsira-isolated from Hg-treated in situ- enclosures

{D. Seibert, personnal communication)., Ditylum brightwellii-
underwent osmotic disturbances resulting in considerable

swelling (Bentley-Mowat and Reid, 1977).  After 12-14 days of
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exposure to 50-100 pg-l—iﬁqclz, colonies of A.  formosa-
deviated from their normal ‘stellate confiquration tc form
large cylindrical stacks of up to 30 colonies, agglomerated by
mucilagenous secretions (Tompkins and Blinn, 1976)., Cell
vclumes of I, galbana almost doubled at 10,5 pH HgCl2 prcbhably
due to the impairment of wmethionine ¢rroduction, which is
involved in cell division {(Davies, 1974). The dinoflagellate,

S.. faeroense, responded to Hg(CH COO)2 by the bursting of

I ]
thecae, releasing of naked, motile cells, and formation of

vegetative resting stages (Kayser, 1976)..

Section 5.  Mercury Resistance-

The tolerance of certain algae to elevated metal levels
has been assessed in comparative studies (e.q., Bentley-Mowat
and Reid, 1977). Tolerance may be acquired by the development
of an exclusion mechanism (Davies, 1976), by volatilization of
Hg from the medium (Ben-Bassat and - Mavyer, 1975), or by an
acclimation response {Stokes et al., 1973; Stockner and Antia,

1976; Say et al., 1977).  Tolerance may also be innate, as

shown by Pediastrum boryanum-which could survive and reproduce
at 1 mg-1-1 chlzhin spite of a cellular concentration factor
of 1.77 x 10'¢ (Richardson et al., 1975). Differences in

threshold levels for F. crotonensis and A. formosa- correlated

with surface to volume ratios {Blinn et al., 1977). .
Tolerance to heavy metals can be acguired foliowinq

recovery from initial metal inhibition (Kamp-Nielsen, 1971;
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Ben-Bassat et al., 1972; Fujita and Hashizume, 1975; Davies,
1976; De Filippis and Pallaghy, 1976a; 1976b; Berland et al.,
1977) . .

Resistance due to volatilization of Hg is common in mi-

croorganisms. ., In Staphylococcus aureus- (¥eiss et -al., 1977),

Pseudomonas aeruginosa  and P. puteda- (Clark et al., 1977),
recovery from the initial inhibition of PMA was mediated by
the phenylmercuty hydrolysis of PMA to benzene and Hg#*2 and
the reduction of Hg+*2 to Hg?® by mercuric reductase followed by
a rapid volatilization of HgO from +the mediunm. The same
process may have occurred in Hg-resistant marine bacteria
(Nelson et al., 1973).. Volatilization was genetically
controlled in E. .¢coli and Asrqbacter gg;gggngg {Komura and Ka-
ziro, 1971; Summers and Lewis, 1973). Cells of Chlorella,
which became Hg-resistant, reestablished normal growth rates
and were more efficient in HqO volatilization than Hg-sen-
sitive cells (De Filippis and Pallaghy, 1976c). The cell ex-
tract fron Chlorella contained a natural, 1low molecular
weight, non-enzymatic, light-induced, reducing compound
capable of diffusing Hg9 from the spent medium (Ben-Bassat and
Mayer, 1977; 1978).. Pretreatment of Chlorella with 10-
20 p¥ chlz_prevegted DCMU inhibition of 1light-induced Hg©
volatilization due to competition between HgCl2 and DCMU,
while an uncoupler of PS I, methylamine, transiently sti-
muljated 0, evolution and volatilization (Ben-Bassat and

Mayer, 1978).
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Section 6., Assessment of Experimental Design-

o o— —— o,

Two basic experimental approaches have been used in
pcllution studies to determine the effects of pollutants.
Bioassay organisms have been exposed to acute (lethal) and
chronic (sublethal) levels'over short to long time periods. .

Batch «cultures have been intensively used and only a few
studies were conducted in natural aquatic systems in an att-
empt to  determine, the effects of pollutants on natural
populations (Kuiper, 1976; Blinn et al., 1977) and their
ecological repercussions (Dunstan and Menzel, 197%1; Gibson et
al., 1975; Grice et al., 1577 ..

With batch <cultures, all essential growth-promoting
elements and toxic substances are added at once and the
cultures grow 1logarithmically wuntil the exhaustion of
nutrients occurs,  Since the duration of the bioassay is
usually short, batch culture bioassays nay overestimate
toxicity., . The observed toxic levels may be misleadingly high
because the density and physiological state of the population
vary with the utilization of the most limiting nutrient.  For

example, tolerance to Cu varied by a factor of 30 in Nitzschi

palea grown in batch cultures {Steemann Nielsen and ®ium-
Andersen, 1971).

‘However, batch cultures are useful in estimating toxic

4

|

anges, screening for different mercurials (Harriss et al.,

-~

970; Nuzzi, 1972) or suitable test organisms (Overnell,

1976) , and determining the action of a +toxicant on various
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metabolic processes, .

A few studies have been done using continuous cultures
such as a turbidostat (Kayser, 1976), or a chemostat (Rice
et al., 1973). In the chemostat, algal gqrowth rate is
controlled by the rate of medium inflow or dilution rate
(Harrison et al., 1976). Cnltﬁre volume,‘cell density and
cellular chemical composition are relatively constant for a
specific dilution rate, Experimental time is theoretically
unlimited and variables, which make the assay more =sensitive,
are e€asily controllable (e.g., nutrients and mode of nmetal
exposure), . This technique is suitable for the maintenance of
nutrient—limited populations and may be more realistic than
batch cultures because phytoplankton of the upper photic =zone
are often nutrient-stressed, especially during the sunmmer
months, 1In the future, this mcde of culturing may prove more
useful in 'asseséingA and understanding the effects of lower

levels of metals. .

Section 7.. Purpose of this Study

D~ L

In general, there is a lack of research documenting the
effects of environmentally encountered mercury levels, More-
over, since most investigations have used concentrations of 3
to 6 orders of magnitude higher than the concentrations used
in this study, the short-term terminal rather than the 1long-
term subtle effects of mercury have been examined (Table I)..

In the paSt,' a 'myriédinof studies have determined the
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effects of mercurials oﬁ different cellular processes and/or
the effects of some factors influencing toxicity. A few
studies reported the effects of heavy metals on biomass
parameters in continuous cultures (Rice et al., 1973; Kayser,
1976; Bentley-Mowat and Reid, 1977) and some briefly related
tolerance to nutrients but under saturated conditions (Hannan
et al., 1973; Morel et al., 1978)..

‘Nutrient limitation can 1limit primary production and
under these cogditions of nutrient deficiency, chances of
survival will depend on the nutrient uptake kinetic responses
of the nutrient-stressed populations., The ability of a
species to increase the uptake affinity for the 1limiting
nutrient will favour the chances of successful interspecific
competition., However, the imposition of a secondary stress
(pollution) on a population that is already nutrient-stressed
may impair this competitive ability.,

Recovery in algae previously inhibited by heavy nmetals,
may be attributed to several factors. One possible reason for
the recovery from inhibition may be the producticn of
complexing agents such as metallothionein, . This was
investigated with different levels of mercury exposure.

Thus, 1t appears that this work is the first study which
documents the effects of long-term mercury exposures, at
nearly ecological 1levels, on nutrient-limited diatoms, qrown

in continuous cultures (chemostats). .
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CHAPTER IIX

i o i S o

Section 1, Introduction

Nutrient uptake kinetics in phytoplankton can be des-
cribed in terms of the following equation which is similar to
the Hichaelis-Menten egquation for enzyme kinetics:

{1) V = Vpax+*S (Ks & S§)—1

where V = rate of nutrient uptake (hr—1); Vmax = maximum rate
of uptake (hr—1); S = concentration of the limiting nutrient
{n¥), and Ks = half-saturation constant (uM), the value of S
when V = Vmax/2, Values of Ks are species specific and a low
Ks value indicates that a species has a high capacity or
affinity to take wup a 1limiting substrate across the cell
membrane, . Newer terminclogy associated with the disappearance
and the rate of uptake of +the 1limiting nutrient has been
described by Conway et al, (1976) and it is presented in the
following paragraphs. .

In nutrient-limited cultures, uptake and assimilaticn of
the 1limiting nutrient wusually occurs in 3 phases (Fig. 1). .
The first phase consists of a rapid rate or surge uptake, Vs,
which appears to represent the transport of the nutrient
across the cell membrane and into an internal pool.. It occurs

over the time period Ts, During the second phase, the rate of



20

Uptakz Rate (hr )

o
St Substrate (pm)

FIGURE 1. Nutrient uptake kinetic terminology. (A) The disappearance of the
limiting nutrient with time. (B) The rate of uptake of the limiting nutrient
as a function of the substrate. (From Conway et al., 1976). Symbols are defi-

ned in Section 2.1



21

uptake ,Vi, decreases as the internal pool becomes full. At
this point, the rate of assimilation of the limiting nutrient,
Vi, ({(the mobilization from the internal pool intc larger
molecules via assimilatory enzymes) becomes the rate limiting
step controlling the uptake rate, During the third phase, the
external substrate concentration is low., The internal pool,
containing the limiting nutrieht, becomes gradually depleted
as the rate of assimilation exceads the uptake rate, . In this
phase, the uptake‘rate, Ve, is under external control since it
is limited by the lowv external concentration of the 1limiting
nutrient in the medium., Thus, the three phases involved in
the translocation of the substrate across the cell nmenmbrane
are Vs, Vi and Ve, .

‘The substrate concentration at the juncture between the
two phases of uptake, Vi and Ve, is defined as St and
indicates the beginning of the next phase, Ve. During the
third phase of uptake, Ve may cease when the concentration of
the limiting nutrient is completely or partially depleted. In
the 1latter case, the residual concentration of the limiting
nutrient still remaining is defined as So. The actual half-
saturation constant ({actual Ks) is determined by adding the
apparent half-saturation constant (apparent Ks)  and the So
value. The apparent Ks is calculated by assuming that So = 0, .

In this study, Vmax was estimated’usinq Vs,, The value of
Vs, which represenfs only one datum point on the uptake
hyperbola (see dashed 1line in Fig., 1B), ©probably under-

estimates the true value of Vmax. The maximum assimilation
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rate, Vimaz’ was estimated by fitting an hyperbola toc the Ve

and vi data,

Section 2,  Materials and Methods

2.1 Inoculum

Chemostat cultures were inoculated with an unialgal
culture of gSkeletonema costatum- (Grev,) Cleve (Northwest

Pacific Culture Collection, #18, University of British Colum-

bia), isolated from Patricia Bay, British Columbia, Canada. .

2,2 Chemostat Cultures

All glassvare was autoclaved and culture mpedium was fil-
tered through . a 0,22 pm Millipore filter in an attempt to keep

bacteria at negligible levels. ' S. .costatum-was grown in ammo-

- Al e A o o

nium-limited chemostats in artificial seawater (Appendix A)
made from reagent grade salts and enriched with ccnstituents
of 'f' pedium (Appendix A). Concentrations (pM) of the major

nutrients in the inflow medium were: NH4C1, 10.0 (£/100);

Nazsios, 35.3 {£/3); KHZPQ*, 3.68 {£/20). Concentrations (nM)

of trace nmetals (f£/20) and vitamin (£/20) were: CuSO 3.93;

4:
ZnSO4= 7.65; CoC12-6H20= 4,39; Mncli UH20= 0.91;-Na2H004-2H20=
2.61 and vitamin B5,= 0,05 pgel—t, 1Iron and EDTA vwere added
as ferric sequestrene (1.17 uM)..

The chemostat system was previously described (Davis
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et al., 1973). Continuous cultures were grown in borosilic-

[+1]

te, 2 1 and 6 1 flat bottom boiling flasks (Pyrex) maintained
at 17 ¢ 0.5 °CcC, Flasks were not coated with silicone
{(Siliclad, Clay Adams) since preliminary results indicated
that adsorption of Hg onto walls was not decreased and no
silicate leached from the inner walls of the culture flasks,

The <cultures' were continuously stirred with teflon covered
magnetic stirring bars at 120 rpm and were maintained without
aeration to avoid volatilization., They were also under
continuous illumination ( 50 pE'm—2.s—1), Spectral distribu-
tion from daylight fluorescent lamps (Sylvannia Powertube, VHO
and Duro-Test, UHD) was corrected by using a 0.3 cm thick
Plexiglas sheet (# 2069 Rohm and Hass), in an attempt to
simulate 5 m underwater light under sunny conditions for the

Jerlov type 3 coastal water {(Holmes, 1957).

2.3 Analyses

Growth was monitored by following changes of in yivo

fluorescence using a Turner Model 111 fluorometer and of cell
density using an inverted light microscope. Length and- width
of cells were measured using an ocular micrometer, Nutrient
analyses were performed using a Technicon Autohnalyze;®.. The
ammonium method was basically that of Koroleff (1970) as
automated by Slawyk and MacIssac (1972). The methods for
silicate and phosphate followed the procedures of Armstrong et

al., (1967) and Murphy and Riley (1962), respectively. Both
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methods were automated by Hager et al., (1969)..

The 1¢C technique was used for measuring the rate of pho-
tosynthesis (Strickland and Parsons, 1972)., Five pnCi of
NaH“CO3 {New England Nuclear, Eoston) were added to 100 ml of
chemostat effluent, mixed, separated into two, 50 ml bottles
and incubated for 2 hours under original conditions.. No dark
incubation was conducted, Cells were collected onto a 25 mm
diameter 0.45 pm Millipore filter., Pilters were dissolved in
scintillation cocktail {Scintiverse, Fisher Scientific
Co. Ltd.,)  and counted for radioactivity with a Unilux III
Nuclear Ligquid Scintillation System, Nuclear Chicago. .

Chlorophyll a was determined by the +trichromatic method
{Strickland and Parsons, 1972). Two hundred and fifty ml of
chemostat effluent were filtered onto a glass fiber filter co-
vered with 1 ml of a saturated ﬂgcos solution. Pigments were
extracted for 20 hours in cold, dark corditions in 90% acet-
one, . Ceils Were homogenized, centrifuged and the absorbance
spectrumn (750, 665, 663, 645, 630 and 430 nm) of the
supernatants for chlorophylls, carotenoids and phaeophytins
were determined wusing a Perkin-Elmer Model 124D double beanm
spectrophotometer., Phaeophytin a was measured by adding 3
drops of 10% HC1l to the above supernatants and reading the
altsorbances at the same wavelenghts.

For the Hg analysis, 200 ml of effluent were filtered
onto a 47 mm diameter 0,45 pm Millipore filter. 6K Filters and
filtrates were analyzed for particulate and soluble Hg,

respectively, These Hg fractions were measured by a cold
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vapor method (Hatch and Ott, 1968) using a flameless atocmic
absorption spectrophotcmeter (Pharmacia U.V. Control and
Optical Umnits, Model 100) . Mercurials were oxidized via a
HZSQ4/KEnQ4/K25208 digestion and reduced by the reagent
(Nﬂqu)z-HZSO4+ NaCl, This was followed by +the addition of
SnS0, resulting in the release of elemental Hg vapour. . This
analytical technique does not differentiate between the
- various K species of 1inorganic and organic Hqg. The detection
limits of]the method were 0,18 to 5.52 nM Hg (0.05-1.50
pg.l1—-1), All reported H9g concentrations are a mean of
duplicate samples.

The concentration of HgCl during any time interval

2
{equation 2) and the average concentration during the entire

experiment (equation 3) were computed as follows:

(2) Coyu=10¢, e D -%

3) € = Y (Chsur- Cpn / D) (T-1)
wvhere n = number of time intervals; Ch4+y = concentration at
th+i(nﬂ); Ch = concentration at t, (nM); C, = added

concentration (nM); D = dilution rate (hr—!); t. 41 = tp = time
intervals between t WO additions (hr);  C = average
concentration (nM) during the entire experiment and T = tinme
of the entire experiment (679.5 hr). Since in these
calculations losses of Hg are only due to the dilution rate,
these calculated Hq concentrations are referred toc as the
'expected' Hg concentrations.

The specific growth rate (p) was computed dsinq the

following eguation {Davis et al., 1973):
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() p =D+ (I/t) 1n (x ,/%, )

where p = specific growth rate (hr-1); D mean dilution rate

n+y and x = cell densities at

times tn+1 and ty, (107 cells-.1-1)

over the time interval (hr—-1); x

Variations in the analyses used in these experiments are
presented in Table II. Subsamples of chemostat culture were
used to determine the standard deviation, except for the Hg

analyses.

2.4 Experimental Design.

Batch cultures were wused to determine the range of
sublethal concentrations of chlz capable of inhibiting the
growth rates of nutrient-saturated cultures, Prior to inocu-
lation, cells were centrifuged and resuspended in artificial
seavater to avoid a transfer of complexing agents into the
fresh nmedium, The medium was eanriched with ?f£/25' and the
source of nitrogen was nitrate,

In the short-term Hg-exposure, a 6 1 chemostat culture
was grown under ammcnium limitation with a dilution rate of
0.04 hr—1, The dilution rate was determined using the
following egquation:

(5) D = F.V—1
vhere F = flow rate {ml-hr—i) and V = volume of the culture
(ml). Chemostat samples were analyzed daily for fluorescence,
cell density and nutrient concentrations, A steady-state was

reached when no +trend in these parameters was observed for



TABLE I1. Standard deviation for analyses used in the short and long~-term

mercury exposure  experiments.

Parameter Mean a.d. Units . % n
measured
1 7 -1
Cell numbers 1.37 £ 0.33 10" cells-1 24 10
1% '
Fluorescence 45.59% 1.56 relative units 3 22
Chlorophyll a 22,19 * 2.85 pg chl 3'107 cellsn1 13 5
" 10* 18
7 -1 -1
5.09 * 0.30 pg €10  cells " hr 6 10
7% 390
Ammonium 2.0 £ 0.15 - ™ . 8 1C
—_ e X 2 A .
He analwusis, -]
particulate Hg 20.0 *1.20 ng 1 6 6
soluble 3.68 * 0.22 nM Hg 6 6

% - standard deviations eupressed as 1 fercentage of the mean

1: also see . standard deviations in Appendix B and Figure 3.

Z: used n/2 sets of standards done on different days. The standard
deviations were calculated and expressed as a percentage of the mean.
The iater percentage was converted into the units used for eaesh type

of analysis. The highest standard deviation (6%) was used in this table.

‘the standard deviation is expressed as a mean of the standard devia-

vion .of n/2 sets of duplicate measurements.
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several days,, Then 500 ml of chemostat effluent was ccllected
and simultaneously perturbed with 5 pM NH4C1 -and one of the
following concentrations of Hqclzz 0.37, 1.84, 3.68, or 5.53
nM. 1In an attempt to increase the toxic effect of HgC12 on
nutrient uptake, 1 1 of effluent was collected for 12 hours
and allowed to starve for 24 hours such that ihe average
starvation period was 30 hdurs., Then it was perturbed as
described above, with 5 p# NH4C1 and one of the following

concentrations of HgCl 0.18, 0.37, 1.84 or 3.68 nH,

27

Details of the batch mode perturbation technique have
been described (Caperon and Meyer, 1972). Basically, the
technigue consisted of guickly injecting HgCl, and NH,Cl si-
multaneously into the effluent and mixing thoroughly. .
Ammonium - determinations were made as frequently as every
6 minutes in order to <closely follow ‘the disappearance of
amnmonium from +the medium.  Phosphate and silicate were not
added along with ammonium since their concentrations in .the
chemostat effluent were sufficient +to ensure no limitation
during the perturbation experiment. From the experinments
using short-term Hqg exposure, it appeared that semi-continuous
aaditions of 3.68 nM chl2 over a long period of time could
affect ammonihm-limited cells, . In designing the long-term Hg
exposure experiment, a lower concentration was also.used in
case the effects of 3,68 nN chl2 Were too severe.

In the long-term experiment, a 6 1 chemostat culture
(D= 0.039 ¢+ 0.005 hr—t) was divided into three, 2 1 chemostat

cultures operating at the following nearly identical dilution
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rates: I= 0,041 ¢ 0,002 hr-!'; 1II= 0.040 £ 0.002 hr—1; 1II=
0.039 # 0.001 hr—1, These dilution rates were éhosen, such
that small variations in the dilution rate would not change
the concentration of ammonium in the culture nmediuam. The
original steady-state was maintained for another 2 days to
ensure that the cultures were not disturbed by the splitting
of the 6 1 chemostat culture, and fhen Hg additions were
started, For 30 days, cultures I and III were semi-conti-
nuously exposed to 0.37 and 3.68 nM chla, respectively. A

HgCl, reference solution (3.68 mM, or 1000 mgel—1, Fisher

2
Scientific Co. Ltd.) was diluted to form substock soluticns of
0.37 and 3.68 puM which were made fresh every fourth davy. 2
totallof two ml of each chlz substock was injected through
the inflow port of each chemostat cork., Generally, the
additions were made every 8 hours during the first 10 days and
every 12 hours for the rest of the experiment and- exceptions
are noted on Fig., .6 in section 2.3. The control, culture II,
received an equivalent volume of distilled deionized water.,

Chemostat effluent was collected for 12 hours, {i.e.,
starved for an average period of 6 hours), and used for 14C
uptake experiments, cell counting and Hg analysis. The
remaining effluent was used for a perturbation expériment
conducted S hours later, resulting in an a;erage cell
starvation period of 11 hours, Five hundred ml of effluent
were collected for chlorophyll a determination. .

Three perturbation experiments (chemostat effluents I,

II, and 1III) were performed simultaneously and nutrient con-
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centrations were determined every 6 minutes during the ipitial
18-30 minutes, and then every 18 minutes for the rest of the
perturbation experiment. .

The uptake kinetic parameters, apparent Ks and Vi7na1:were
computed using the equations outlined by Conway et al., (1976)

and statistically evaluated using the methodology of Cleland

(1967) .,

Section 3., Results

. o i . S e i

3.1 Results from some Preliminary Studies-

) — s s

The effects of Hg on S. costatum were first investigated

using nutrient-saturated batch culture assays to determine a
range of sublethal concentrations (Pig. 2). Additions of 0. 37

to 7.37 nM HgCl, gradually decreased the in vivo- fluorescence

2
while only 3.68 and 7.37 nM decreased the maximum growth rate

without inducing a lag period, After 88 hours of exposure to

HgCl final «cell densities were gradually reduced from 2,50

2’
to 0.30-107 cells-1-! over a sublethal concentration range of

" 0.37 to 7.37 nH chlz, respectively. .

3.2 Growth Phases during the Long-term- Mercury- Exposure -

The original data including dilution rate, in- vivo-
fluorescence, cell npumbers, specific qrowth rate, NH , +

effluent concentration, chlorophyll a, carotenoid:chlorophyll



3]

1000+

\\\

1001

Fivorometric Units

£

O 24 48 64 88
Time (hr)

FIGURE 2. Changes in in vivo fluerescence in nutrient-saturated batch
cultures exposed to the fellowing additions of HgClZ (mM): (O) 0.00;
(V) 0.37; (®) 0.93; (W) 1.84; (O)) 3.67 and (A) 7.37.
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4, photosynthetic rate, and cell dimensions are tabulated in
Appendix B.

Changes in biomass (in vivo fluorescence and cell
nunbers) of the 3 chemostat cultures are shown in Fig. 3.
Although both measurements display the same trend, in vivo-
. fluorescence was less variable than cell numbers. .

The growth of ammonium-limited S. costatum- during the
long-term exposure to sublethal doses of chl2 was divided
into four phases (Fig. 4). The duration of phases A and B
varied, whereas, phases C and D were similar in the three
chemostats. During phase A, +the control chemostat culture
{II) remained at the steady-state previously held by the
parent chemostat, except for a few days in phase A (Fig. 3).
The semi-continuous additidns”of“HgCl2 impaired the ability of
chemostat culture I and III cell populations to return tc the
original steady-state, In phase B, Hg-treated culture
populations drastically declined while the control suffered a
milder population loss due to changes in the life cycle; the
life cycle will be described 1latter, Cell densities of
cultures II, I, and III were reduced to 17.0, 3.0 and 0.09%,
respectively,' of their original densities.. During the
recovery period (phase C), cell densities rapidly increased.
In phase D, a new steady-state was established in all cultures
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36
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The effect of HgCl2 on specific growth rates is shown in
Fig. 4, On day 1, specific growth rates varied between
0.035 - 0,040 hr=! in all cultures but by day 6, a definite
trend of declining specific growth rate was set in all cul-
tures.  In chemostat III, a decrement in c21l division began
as early as day 3 and specific growth rates remained
undetectable from days 12 to 16. Cultures II and I sustained
a low specific growth rate during phase B, In phase C, cul-
tures II, I, and III successively recovered with specific
growth rates as high as 0,085, 0.077 and 0.135 hr—t?,
respectively, .and division rates up to 3 times per day..
Although these maxima occurred only one day, relatively high
specific growth rates wére maintained for 5, 7 and 11 days at

exposures of 0,00, 0,37 and 3.68 nM HgC1l respectively. New

27
steady-state growth rates resumed after approximately 20 days.

The amount of nitrogen per cell {pd  N<107 cells—1)
followed the oppcsite +tremd to cell density, As cell
densities and ammonium assimilation decreased, the nitrogen
per cell increased from about 1,7 in phase A, to 6.38, 25.03,
and 15.87 in cultures II, I, and III, respectively, at the end
of phase B,  During phase C, specific growth rates sharply
increased, and the nitrogen per cell conconitantly decreased
as the cultures became nitrogen-limited again. 1In phase D,

the nitrogen per cell for the control culture was 50% 1lower

than in phase A probably due to differences in cell volume and
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the amount of nitrogen per cell,

3.4 Effects of Mercury on Photosynthesis

Changes 1in chlorophyll a- and 14C uptake during phase A
are. presented in Fig.5. Chlorophyll a per cell increased with
time. The largest amounts were observed on day 8 (Fig. K 53&)..
During phase A, the average carotenoid : chlorophyll a ratios
vere 2;39, 2.17 and 2.04 for cultures II, I- and III,
respectively (Appendix A).. A pigment ratio of 2.39 was also
reported for ammonium-starved S. costatum- (Harrison et, al.,
1977).  Since direct chlorophyll a determinations were not
conducted after day 8, the chlordphyll a : fluorescence ratio
vas determined from values obtained in phase A and was used to
convert fluorescence readings to chlorophyll a. This ratio
wvas 0,33, 0,43 and 0.45 for éhemostats i1, I and III,
respectively., After 22-29 days, chlorophyll a- guotas in
chemostats II, I, and III were 1.41 ¢ 0.53, 2.17 + 0,54, and
2.33 ; 0.90 pg chl a+107 cells—!, respectively (Appendix B).
Values for phacophytin a were too variable to be used with
cbnfidence.;

The 14C uptake gradually decreased with time until day 5
{Fig. 5B).,. Between days 1 and 4, a 50% reduction in
photosynthesis occurred in chemostats II and III, while no
obvious trend was observed in chemostat I. oOn day 6, chemés—
tats II, I, and III achieved photosynthetic rates of 2.52,

5.39, and 4,54 pg C - 107 cells-t.hr-1, respectively. The
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photosynthetic assimilation rate was reduced to about the same-

value on day 6 for all treatments {(Fig. 5C).

3.5 Borphological Observations

During phases A and B, chains of 1 to 2, elongated,
curved and highly vacuolated cells, connected by short silica
rods, and cell clusters around 1lysed cells, were more
frequently observed in Hg-treated chemostats than in chemostat
culture I1I.

Statistical analyses, including the analysis of variance
and three a posteriori range tests (Duncan's multiple range
test, Newman-Keul's test and Tukey?!s test) were used 4ip an
attempt  to determine whether the effects of the tﬁree
treatments on cell dimensions were significantly different
from each other (0.00, 0.37 and 3.68 nM HgClz). Up to daf 5,
the cell dimensions in the three treatments were not signi-
ficantly different., During the later staqges of phase A, cells

exposed to 3.68 nM HQCl, were significantly longer than the

2
two other chemostat populations, In phases C and D, cells
were significantly shorter than in phase B in all chemostats.
Chemostat III cells were longer than cells of chemostats I and
II cells, the latter being statistically indistinguishable,
Scanning electron nmicrcgraphs revealed most of the
characteristics already observed with the inverted microsco-

pe, {€. 9., short silica rods).. oOnly in the Hq-treated

cultures, at the end of phase C, populations consisted of
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post-auxospore cells, {1-3%) and chains of 4 to 6 cells{1-8%)
connected with longer silica rods., Consequently, these
populations were more heterogeneous than the control,
Although no gametes and relatively few post-auxospore cells
were observed, synchronized sexual reproduction may have
occurred, due to the increased frequency of shorter cells
toward the end - of phase C in all cultures., The wide cells
which were formed during phase €, 4quickly became narrower
under ammonium-limited conditions in phase D, This may
explain the absence of these wide cells in chemostat culture

II since the cells were always under ammonium limitation. .

3.6 Mercury Analyses

Variations in +the expected total Hg concentrations in
culture I are shown in Fig. 6. Since the same pattern of Hg
fluctuations with time was observed for culture III, it was
not included in Fig. _ 6.  Expected total concentrations
(calculated using eguation 2) represent maximum Hg levels,
The accumulation or volatilization of Hg by the cells, the
adsorption onto frustules and inner walls of culture flasks
are not considered in these calculations.. Expected total
concentrations take into account only the changes in
concentrations as a result of the semi-coniinuous additions
and losses due to the dilution rate of the culture.. The
average expected total concentrations (calculated using

equation 3), in <cultures I and III, were 0.33 + 0.07 and
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FIGURE 6. Variations in the expected total mercury comcentrations in
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The average expected total concentration, which only takes into account
the mercury losses due to the dilution rate of the chemostat, was
0.33t0.07 nM HgClz. During the first ten days, the coacentration of the
addition was 0.12 nM HgCl2 except when (Q) 0.06 and (@) 0.24 were ad-
ded. The expected total concentrations of mercury between each addition
and the average expected concentration over the entire experiment were

calculated using equations 2 and 3, respectively.
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3.46 + 0,78 nM HgClZ, respectively for the entire experiment. .
Based on studies on Cu toxicity, (Sunda and Guillard, 1976),
it is possible that Hg toxicity may Le related to mercuric ion
activity.,  However, the present work deals with total Hg
concentrations, because there is no technique which directly
measures mercuric ion activity,

Table III shows that the concentration of particulate Hg
increased with concentration and time of Hg exposure, .
Particulate Hg values in cultures exposed to 0.37 and 3.68 nM
chlz, accounted for 22-58% and 15-41%, respectively, of the
total expecfed concentrations, 1In cultures I and III, most of
the soluble Hg could not be recovered, possibly due to the
analytical technique used. The small amounts of Hg din the
control cells were probably due to contamination from reagent
grade salts uéed in the ©preparation of the culture mediunm

(Table III). .

3.7 Short-term Nutrient Kinetics-

The nutrient uptake kinetic responses of cultures exposed
to sublethal doses of chlz, for 5 minutes to 5 hours, are
shown in Fig, 7., The values of the nutrient wuptake kinetic
parameters are presented in Table IV.
4+-1imited

S. costatup starved for 1,5 hours, occurred at a threshold

The effects of Hg on the uptake kinetics of NH

concentration between 1.84 and 3.68 nM HgCl_ (Table IV).,.  The

2

latter addition reduced vimax by 37% and increased Ks fron
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TABLE III. Concentrations of mercury in the long-term experiment. Filters
and filtrates from 200 ml of chemostat effluent were analyzed for particu-
late and soluble mercury, respectively. Each value is the mean of duplica-
tes. 'Measured' refers to values obtained fre¢m the mercury analysis.
'Expected total' refers to values obtained using equations 2 and 3, and
'expected soluble' refers to the difference between the total expectad and
measured particulate value. The percentage loss (¥ Loss) is the difference
between the 'expected' and 'measured' soluble Hg, divided by the 'expected'

soluble Hg, and multiplied by 100 . Atg = attog = 10’183.

CONTROL EXPOSED TO 0.37 nM * | EXPOSED TO 3.68 nM

DAY 2 4 6 ! 2 4 6 2 4 6
l

MEASURED:
Particulate Hg:
(atg',Cell_l) -~-= 0.91 1.61 2.45 5.16  7.56 | 8.32 33,46 207.93
(nM:) | -=== 0,07 0.11 0.07 G.18 0.11 | 0.52 1.36 1.18
Soluble Hg: (mM){ N.D. N.D. 0.181 0.33 N.D. N.D. 0.41 N.D. 0.55
EXPECTED:
Total Hg : (oM) 0.00 0.00 0.00| 0.33 0.32 0.40 | 3.46 3.32 3.24
Soluble Hg :(aM){ 0.00 0.00 0.00! 0.25 0.13 0.29 | 2.95 1.95 2.06
:Z_L_QS_S_:' ——— 1002 1007 86%  100% .732 i
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TABLE IV. Nutrient kinetic response to short-term mercury exposure. The
nutrient kinetic parameters are defined in section 1°of this chapter.The
Ks values are the actual Ke-=-apparent Ks + So. Values of the standard
erroe8 are shown for Vimax and Ks; the Vs values represent the average

uptake rate during the time period, Te, over which the surge uptake oc-

curs. N.D. = not detectable.

1.5 HOURS OF STARVATION

CONCENTRATION Vs_l Ts Vi_Tax Ks + So +
(nM ch12) ¢hr 7) ° (hr) (hr ) (pM NHA) (pM NHA)
0.00 0.44  0.26 0.178 % ©.017 0.27 % 0.13 ./ N.D.
0.37 ©0.50 0.26 0.148 * 0.006 0.21 ¢+ 0.05  N.D.
1.84 0.93 0.16 0.167 + 0.011 0.0l # 0.02  N.D.
3.68 0.45 0.26 0.112 + 0.004 1,11 # 0.07  1.08
5.53 1.89 0,06 0.117 + 0.005 0.85 + 0.07  0.83

30.0 HOURS OF STARVATION

CONCENTRATION ~ Vs_, Ts Vi max Ks So
(o HgCL))  (hr ")  (hr) (hr™ ) (pM NH,) (pb- NH, )
0.00 1.74 0.06 0.012 + 0.003 0.02 * 0.00  N.D.
0.18 0.46 0.26 0.070 + 0.010 0.51 *+ 0.29  0.32
0.37 2.18 0.06 0.060 + 0.000 0.54 + 0.11  0.50

1.84 0.55 0.26 0.050 + 0.000 0.00 % 0.03 N.D.
3.68 0.50 0.26 0.060 + 0.000 0.20 + 0.08 0.16

4
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0.28 to 1.11 pn NH4*., The increase in Ks was primarily due to
the cessation of uptake when 1,08 pM NH4C1 still remained in
the medium (Fig., 7A). . The Vs values were similar when all
values were calculated over the same time interval of 0. 26
hour. In NH4+-1imited effluents starved for 30 hours, Viwmx

was significantly reduced by exposure to a concentration as

low as 0.18 nH HgCl Increased time of starvation of NH,+~-

2° 4
limited chemostat effluents {(from 1.5 to 30 hours) resulted in
a decrease in the Ks value of the control cultures from 0.27
to 0.02 pM NH4Gl (Table IV). Since this latter value c¢f Ks
for the control culture was near the limits of detection, this
made it difficult to determine the effects of Hg exposure on
Ks. . _

/Short-term Hg exposure (1.50 hours of starvation) did
not appear to affect Vs (Table IV), since the mean uptake rate
over the concentration range from 0.00 to 5.53 nM HgCly was
0.51 + 0.06 hr—1 when the uptake was calculated at a 4time of
0.26 hruyvVariations in the Vs values refleét the difficulty in
making this measurement, However, both Nﬁ4* starvation and Hg
treatment resulted in a very sharp and reduced Ve reqion of
the uptake curve {Fig, 72 and C). . The So values (Table 1IV)
represent the amcunt of NH4+ remaining at the end of the
perturbation experiment wheﬁ Ve = 0 for 18 to 60 minutes,
However, on some occasions the uptake slowly resumed after a
few hours.

0Of secondary interest, is the effect of duraticn of

starvation of effluent from +the chemostat on the nutrient
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uptake response (Table V). When effluents were starved for 11
hours, Ks and St values decreased while Vi, _ remained
coﬁstant., This indicated that ammonium=-limited populations
responded to 11 hours of nitrogen deficiency by increasing
their affinity for the substrate. Between 11 to 30 hours, the
rate of mobilization of nitrogen from the internal nutrient
poocl into the assimilatory system was decreased..  Betuween 30

and 72 hours, ammonium deficiency had adverse effects on all

the phases of the nutrient uptake rates, .

3.8 Long-term Nutrient Kinetics

Nutrient uptake kinetic parameters measured during phases
A and D of the long-term Hg'exbosure are presented in Table
VI. In culture III, the nutrient kinetics deviated considera-
bly from the regqgular pattern as early as day 4, whereas
culture I showed significant deviations only by day 8
{Fig. 8).. Despite the preseﬁce of 1.3'§o 1.5 pH NH4C1 ih
culture I effluent, the spike addition of NH4+ resulted 4in a
normal value for Vs of 1,21 hr-t!, after which no significant
uptake took place for 7.1 hr {(Fig.8B, day 8).. However, in
culture III (day 6), the maximum recorded Vs was 0.7C hr—1, in
contrast to culture II (day 5) where a Vs of 1.19 hr—1 was
measured, These comparisons were made at a standard time
interval of 0.10 hour.

In general, during phase A in the Hg-treated cultures,

the Ve region of the uptake curve gradually became gentler



TABLE V. The effects of duration of starvation of chemostat effluent on the
nutrient uptake kinetics. The uptake kinetic parameters are defined in section

1 of this chapter. The Ks values are the actual Ks, where actual Ks = apparent

Ks + So; n. d. = not detectable,
STARVATION Vs Ts Vimax . Ks So Source
TIME ' '
-1 ‘ -1 + +
(hr) thr ) (hr) (hr ) (uM NHA)(pM NH4)
0.00 0.27 2.60 0.124 - 0.50  0.20  Conway and Har-
' rison, 1977
1.50 0.44 0.26 0.178 0.27 n. d. Table 1V
11.00 0.37 0.30 0.129 0.59 n. d. Tavle VI
30.00 1.74 0.06 0.102 0.02 n.d. Table IV
72.00 0.17 0.70 0.088 0.10 n. d Conway and Har-

rison, 1977
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TABLE VI. Nutrient uptake kinetic'response to the long-term mercury expos-
ure. The nutrient uptake kinetic parameters are defined in section 1 of
this chaptef. The Ks values are the actual Ks where actual Ks = apparenc
Ks + So. Values of standard errors are shown‘for Vi (Vi = Vimax) and
Ks. N.D. = not detectable.

The units of the nutrient uptake kinetic parameters are; l.

Vs = hr .
Ts= hr, Vi (Vi = Vi )= hr'l, Ks = uM NH4+, So = pM NH4+.
CHEMOSTAT CULTURE II (CONTROL)

DAYS 2 4 5 6 19 26

Vs  0.37 0.62 . 1.19 —— 0.94 0.38
“Ts  0.30 0.20 0.10 —— 0.10 0.30

Vi 0.129%.006 . 0.080+.003 0.145¢.009 - 0.129+.011 0.145+.006 0.129+.011
Ks  0.59 +.14 0.25 +.09 0.44 +.11  0.49 +.16 0.06 +.02 0.12 +.08
So  0.26 0.20 N.D. N.D. N.D. N.D.

| CHEMOSTAT CULTURE I (EXPOSURE TO 0.37 m HgCl,)

DAYS 2 4 5 6 19 23

Vs 0.28 0.31 0.28 0.99 1.62 0.48

Ts  0.50 0.30 0.60 0.10 0.10 0.20

Vi 8.104%.005 0.110%.017 0.186%.078 0.152%.024 0.122:.09 0.183+.009
Ks  0.18 .10 1.22 .57 0.03 *1.67 1.34 +.71  0.01 +.02 0.0l +.02
So 0.04 0.25 N.D. N.D, N.D. N.D.

CHEMOSTAT CULTURE ITT (EXPOSURE TO 3.68 n HgCl,)

DAYS 2 4 5 ‘ 6 23 26

Vs 0.37 0.54 0.63 0.70 0.58 0.30

Ts 0,40 0.20 0.20 0.10 0.20 0.20

vi 0.134%,007 0.123*.013 0.121*.020 0.061%.008 0.170+.007 0.105+.003
Xs 0.35 *.07 1.36 £.36 1.80 +.52 2.83 *,23 0.15%.03 0.05 *.02
So 0.04 0.63 0.85° 2.43 N.D. N.D.



52

~ 50O
el A
I 40 {ifcq
z ~oo
> N TT—
wvi 20¢% P %m%%
' o\ TPol o day 4 %%%Q
1.0 day 2 °\o \o____o ' “Q%
L Q0. o
00 ' &m _ co - Oy,

00 10 20 30 40 50 60 70 80 9.0

o
o
23
!,
/
3
>

S (UM NHJ)
N W
o ©O
f/ |

S
O

' .
1.0 7 : A“A~A‘A\ day 6
fay
I N T e
00 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Time (hr)

FIGURE 8. The disappearance of the substrate with time during a perturb-
ation experiment conducted on different days during phase A of the long-

term mercury exposure (nM HgClz) to (A) 3.68 (0), and (B) 0.37 (&),



53

5o-h_ A
:\vd'oﬂg‘(iz:"\a :
l\\ ~ o] n
ko] BN NG
2 2 Noc%
;; 20 5%¥%>6L S . cquqiL\
10 o ' e
0 , R oo Yo X o SIS X N, e SO : - :
0 10 20 30 4050 60 7.0 80 Q0
045 - Time (hr)
A B8
!‘ﬁ /
§ 010
<
X
Z
S
005
Q0 t ; + 4
00 1.0 20 30 40 5.0

S(PM NHZ)

FIGURE 9. (A) Disappearance of ammonium with time, after the addition of
5 uM NHA- on day 6 (phase A) of the long-term mercury exposure (nM HgCI?)
to (O) 0.00; (A) 0.37 and (0) 3.68 . These data were used to calcul -
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with duration ({(Fig., . 8) and concentration (Fig.. K 9) of Hg
exposure., This change was reflected by the increase in Ks
values or a loss of affinity for the substrate in culture III
{Table VI)., It appeared that Vs was also reduced in chemostat
culture III ccompared to the control culture II. .

In phase D, Hg-treated cultures had a higher Vivmix and
lower Ks (Fig. 10) than in phase & (PFig. 9). 1In the control,
Vi values were similar to values obtained in phase A but Ks

max
values were reduced in phase D (Table VI). .

Section 4, Discussion

Under ammonium limitation (e.g., in the control culture
I1I), the reduction in photosynthetic assimilation rate was due
to a decrease in photosynthesis and a slight dincrease in
chlorophyll a - per «cell,  Transient reductions in photosyn-
thesis have also been cbserved in oputrient-limited (Thonmas,
1875a; 1975b) and nutritionally perturbed natural
phytoplankton communities (Falkowski and Stone, 1975).  The
simultaneous effects of mercury and ammonium limitation (days
1 -5 in phase A and in phase D) resulted in a greater
enhancement of chlorophyll a- synthesis than under ammonium
limitation alone,  The small increase in photosynthetic

assimilation rate in mercury-treated cultures (day 6) was



55

0.185 r A
A A

015
> 0
< = -
N Q.10 o 5 o

008

L 1 1 ! - : 2
0.5 10 15 20 25 3.0 35 .40 4.5 50

S (BM NH,)

FIGURE 10. Ammonium uptake rates as a function of the substrate after

the recovery (phase D) from the long-term mercury exposure (uM HgClz) to

(O) 0.00; (A) 0.37 and (J) 3.68 .



56

probably due to the cessation of ammonium 1limitation, <since
the amcunt of nitrogen and chlorophyll a per cell increased in
spite of an increase in particulate mercury up to 207.93
atg.cell-1! (attog = 1018 g).

In phase D, in vivo fluorescence was comparable in all
treatments, In the ccntrol and mercury-treated cultures, cell
nunbers doubled and returned to their\original levels while
cell volume still increased upon nmercury exposure. If the
nitrogen and chlorophyll a per cell were expressed per unit of
cell volume, the values would appear to be similar among all
cultures,

The increase in chlorophyll a-content may be due to a
stimulation of synthesis, or to a duplication of organelles
without the formation of a new frustule, This would produce
elongated <cells of greater cellular content (e.g., DNA, RNA
and proteins), This has been observed in silicate-starved

Navicula pelliculosa {Coombs et al.,1967). Thus, mercury

might arrest cell division by interfering with the requlaticn

of the silicate metabolism.

4.2 Effects of Mercury on Growth Parameters-

P — —

The effect of mercury on biomass and nutrient kinetics
were proportional to the concentration of the additions {e.g.,
culture IIT was the first culture to be disturbed from its
steady-state), In culture III, high particulate mercury

values were reached sooner thanm in culture I {Table III).
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Periods of cell loss in oputrient-limited cultures have
been reported {Davis et-al., 1973).. As cells became narower
in all nutrient-limited <chemostat cultures, there was an
increased likelihood for the recurrence of sexual
reproduction, . Eo: a silicate-limited cultures of S, . costatum:
a decrease in cell density, an increase in the amount of ‘the
limitiqg nutrient per cell and the occurrence of wide, short
cells indicated that synchronized sexual reproduction occurred
{Pavis et al., 1973).. Similar observations were made for the
Hg-treated cultures, and to a very limited extent, in the
control culture, Additions of mercury, which resulted in the
earlier decline in cultures I and III populétions {phase 1),
did not appear to interfere with presumed sexual reproduction
processes (phase C) since resunption of growth occurred

simultaneously in all cultures.

4.3 Effects of Hercury on Nutrient Uptake Kinetics:

e e e e

In the short-term mercury exposure and in culture I, the
méximum rate of uptake, Vs, was not altered., In cultures I
and ITI (days 2 to 4), the actual Ks increased; indicating a
loss 1in the affinity for the substrate, whiie the maximunm
assimilatory rate, Vi

‘maxr’
actual Ks (apparent Ks + So) increased in «culture I, the

remained unchanged. Although, ‘the

apparent Ks values were reduced. In culture III, the apparent
Ks values were also reduced as well as the maximum uptake

rate, Vs, The enzymatic inhibition by heavy metals is usually
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classified as noncompetitive (Lehninger, 1975). Even though
uncompetitive and noncompetitive inhibition can result in a
decrease in Vimal or Vs, the additional decrease in the
apparent Ks values indicated that mercury uncompetitively
inhibifed the uptake in ammonium-limited cultures. Under
iong-term, low level {(0.37 nM chlz) exposure and under short-
term higher level {>1%1,84 nM Hqclz) exposure, the uptake rate
at low levels (estimated by st appeared to be more sensitive
than the initial uptake (Vs). Much higher levels of mercury
were required to decrease Vs or Vimax;. The reasons for the
greater sensitivity of the rate of uptake at 1low
concentrations are not clear, The reduction in Vs or Wgnax in
the long-term high level {3.68 nM chlz) exposure could be due
to the high affinity of mercurials for sulfhydryl groups,
resulting in the binding of some @mercuric ions c¢nto cell
menbrane enzymes (either enzymes involved in the hydrolysis of
ATP or carrier enzymes), Changes in nutrient kinetics fronm
the short-term experiment (1.5 hours of starvation), after the
recovery {phase D) in the long-term experiment, and changes in
cell morphology in culture III, suggest that +the threshold
concentration for recovery from mercury inhibition , occurred
between 1,84 and 3.68 nN Hqclz.,~The threshold <concentration
- where the first effect of mercury inhibition was observed on

nutrient uptake kinetics was reduced to 0.18 nM HqclZ by an

increased period (30 hours) of ammonium starvation.
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4,4 Recovery from Initial Mercury Inhibition-

Recovery from mercury inhibition in continuous (Fujita
and Hashizume, 1975; Kayser, 1976) and batch cultures
(De Filippis and Pallaghy, 1S76c; Berland et-al., 1977) are
known, They havas been attributed to mercury losses from the
medium (Davies, 1974) =either by volatilization when cell
densities are high or a decrease in particulate ﬁercuty
through an uptake exclusion mechanism(Ben-Bassat et al., 1972;
Ben-Bassat and Mayer, 1975; 1977; De Filippis and Pallaghy,
1S76b) . |

In phase C of the long-term mercury exposure, gqrowth
resumed when cell densities were minimum and possibly when
mercury particulate values were highest.. Greatest metal
accumulation occurred in mercury-resistant Chlorella- (De
Filippis and Pallaghy, 1976c), in Isochrysis galbana- and

Dunaliella - tertiolecta, after the initiation of a few cell

divisions (Davies, 1974). The increase in specific growth
rates in mercury-treated cultures was probably due to the
appearance of cells of a new life cycle stage with a different

cellular chemical composition (as seen from the nitrogen and
chlorophyll a content), In nutrient-limited diatoms, during
vegetative reproduction, changes in the cellular chemical com-
position, reduction in width and elongation of cells possibly
produced populations of different physiological stages.

Werner ({(1971) also found +that during cell diminution in

Coscinodiscus asteromphalus, changes in chemical composition



60

occurred and the sensitivity to metabolic inhibitors varied
with different 1life cycle stages or cell widths. .

After recovery, improvement of nutrient uptake (increase
in the affinity for the substrate and the rates of uptake)
occurred in the mercury-treated cultures.. The acquisition of
mercury-tolerance may be due to several factors. It could
have been acqguired from genetic recombinaticn, as a
consequence of sexual reproduction, Alternatively, scme or
all cells in phase C may alsc have developed a physiological
resistance upon mercury exposure, The selective pressure
operating on phase C cells may have resulted in the survival
of a few cells capable of coping with high external or
internal concentrations of Hg, and therefore growth during the
recovery phase would be initiated by these cells. Berland

et al., (1977) suggested that recovery may be due to a return

+
o

- the initial physiclogical state of the cells bLut no
suggestion‘of mechanism was given. The results from the long-
term mercury exposure in this study suggest that a change in
cell type may be as important as a pure physiological adapta-

tion mediated by a biochemical change in cell metabolism,

Losses were independent of the initial doses,  These
losses from the used nmedium were ©probably not due to
volatilization within the cultures, 1In continuous cultures,

the regulation of a constant volume inside the culture flasks
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depends on a constant air pressure in the dead air srpace. .
Consequently, the partial pressure' of mercury above the
surface of the medium, and the amount of Hqg adsorbed pnto the
walls and in the solution were probably at equilibrium. The
actual low recovery of soluble mercury may be due to the
presence of a heat-stable photosynthetic metabolite in the
used medium (Ben-Bassat and Mayer, 1977), responsible for the
reduction of Hg+*+2 to Hg® , Thus, the major loss may come fronm
the analytical procedures for mercury determinations.‘which
require heating of agueous samples at 95°C during 2 hours.

Therefore, the heat-stable photosynthetic metabolite would

enhance the rate of volatilization during the heating process,

4.6 Applications to the Natural Environment.

In natural waters, mercuric ion activity would ©probkably
be less than in the artificial seawater due to the presence of
unknown gquantities of natural complexing materials such as
detritus, dissolved organics., Therefore, total mercury
concentrations equivalent to those used in cultures may not
produce the same effects in natural seawater,

During periods of seasonal nutrient 1limitation, mercury
pcllution may seriously interfere with the competitive ability
of a diatom. Under nutrient-limited conditions, the ability
to take up the limiting nutrient is severely reduced (Ks value
is increased) by exposure to a secondary stress such as

mercury. This may result in a change in the dominant species
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or replacement by different algal groups such as flagellates

{Thomas and Seibert, 1977)..

4,7 Evaluation of Chemostat Studies

In this study, the use of chemostats in determining the
effects of nearly ecological total concentrations of mercury
on an unialgal population, already under a primary stress
{putrient limitaticn), has allowed a closer imitation of an
ecological situation than if batch cultures had been used.
Long-term, low level effects rather than short-term, high
level effects may simulate more closely the dispersal mode of
industrial pollutants into the natural environment, This
simulation is best achieved using continuous cultures,

The threshold concentration where the effeéts cccur, are
almost an order of magnitude lower in the long~-term ccmpared
to the short-term experiments, . It is for this reason that the
use of continuous cultures to determine threshold effects is
strongly urged., The noticeable changes in cell morphology and
physiology, during vegetative and especially dhring sexual
reproduction, tend to make diatoms unsuitable test organisms
for biocassays. From these experiments, the use of chemostat
cultures for pollution bioassay 1is considered as a refined
technique, , Since conditions which induce certain life cycle
stages in algae are ill-defined, +the suitability of the
chemostat in pollution studies could be improved by using

species which are less variable during their life cycle, .
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CHAPTER III

F Hg EXPOSUBRE ON INTRACELLULAR DISTRIBUTION OF Hq,-

@]
1C

+ AND Zn

Section 1. Introduction-

Repeated exposure of phytoplankton to trace elements may
increase tolerance {De Filippis and Pallaghy, 1976c), but it
is not known _whether a complexing agent such as
metallcthionein plays a role in this process, Metallothionein
is a low molecular weight (R.w.) protein (10,000) whose
synthesis is stimulated by exposure to heavy metals. This
protein can bind and detoxify heavy metals such as Ag, Cd and
Hg, It can also store Cu and Zn when they occur in excess of
the levels required for metallocenzymes (Bremmer and Davies,
1975 ; Brown and Chatel,1978). Deleterious effects may coccur
when the rate of heavy metal accumulation exceeds the rate of
metallothionein synthesis or its binding capacity (Winge
et al., 1973; Brown and Parsons, 1978)., Hence, heavy metals
such as C€d and Hg méy accurulate in the high m.w. pccl and
exert toxic effects by; 1) substituting fo: Cu and 2Zn in
metalloenzymes (Brown, 1977; Brown and Parsons, 1978), 2)
altering the quarternary or tertiary enzyme structure, or 3)
binding to aétive or other sites leading to conformational
changes.

Metallothionein has been ubiquitously found in 1land and
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marine animals {Piscator, 1964; Buhler and Kagi, 1974; Howard
and Nickless, 1977a; 1977b), but its presence in phytoplankton
remains to be clarified. McLean et al., (1972) may have found
a metallothionein-like fraction binding €4 and 2Zn in blue-
green algae, exposed to radioactive Cd.

The initiation of logarithmic growth in algae previously
inhibited by heavy metals may be attributed to several
factors., One possible reason for the recovery from inhibition
may be the production of complexing agents such as
metallothionein. .

The aim of this study was to investigate the possibility
of a short-ternm :biochemical adaptation in response to heavy
netal exposure in S. costatum and to determine whether
metallothionein would be responsible for sequestering heavy
metals and the subsequent recovery. The effects of Hqcl2 on
the intracellular 1levels and distribution of Cu and Zn are

also examined. .

Section 2., Haterials and Methcds

2.1 Batch Cultures-

Cultures of Skeletonema costatum were grown in artificial

seavwater (Davis et al., 1973) enriched with modifieg 1f/2?
. 5
medium {Appendix a)., Batch cultures Wwere grown in

borosilicate, 6 1 flat bottom boiling flasks continuously
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stirred at - 120 <trpm.. Growth was monitored by changes in in-
vivo fluorescence with a Turner Model 111 fluorometer and in

cell density usinq an inverted microscope, .

2,2 Experimental Conditions-

During the first 70 hours of the experiment, two unialgal
lcqg phase cultures were grcwn with no pre-exposure to Hg
{cultures A and B) while two other cultures {C and D) wére
exposed to 1.84 nn chlz; after 70 hours, one culture of each
subset (cultures B and D) was perturbed with 5.53 ni HgCl2
(Table VII),., Culture E was exposed to 0,37 nH Hqu2 over a

period of 116 hours (Table VII).

2.3 Analyses

Early stationary phase  cells Were harvested by
centrifugation for 6 wminutes at 650.-9 at 6°C in 50 ml
pclycarbonate test tubes. The cells from the control culture
Were harvestedi after 70 hours while the ceils from the Hg-
exposed cultures were harvested between 90 and 116 hours. The
cells remaining in the supernatants were collected onto a 0.45
pM Millipore filter, resuspended in artificial seawater and
recentrifuqed as above, |

One gram of cells (wet weight) was homogenized in 3ml of
0.9% NaCl for 5 wnminutes using a TRI-R STIR-R Model 563C
variable speed lab homogenizer at a speed setting of 4.5. The

homogenate wvas centrifuqged at 27,000-g for 10 minutes using a



TABLE VII. Exposure to different concentrations of HgC1

at different times during a batch culture experiment. 2

CONCENTRATION (nY HgCl,)
ADDED AT ’
TREATMENT 0.00 hr 70.00 hr
Culture A ~0.00 0.00
Culture B 0.00 5.53
Culture C 1.84 0.00
Culture D 1.84 5.53
Culture E 0.37 0.00

66
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Sorval Superspeed RC2-B automatic refrigerated centrifuge. .
The supernatant yas fractionated on a Sephadex G-75
{Pharmacia) column (9 X 60 cm) with 0.01 # NH4HC05 elution
buffer. Fractions of 2 ml were collected.

Ultraviolet absorbance was determined with a Perkin-Elmer
Model 124D double beam spectrophotometer.. Absorbances ét 250
and 280 nm determined the relative amount of metal-bound subs-
tances and aromatic amino acids, respectivelyf, Peaks vwere
identified as being in the position 6f the high (enzyme~-con-
taining) and low m.w. intracellular pool by comparing their
positions in relation to the medium m.w.. fractions 6btained
from naturally occurring duck liver metallothionein,  The
identification of metallothionein was done by comparing its
elution profile with thosa of Piscator (1964) and Leber (1974)
as described in Brown and Chatel (1978). . Copper and Zn levels
vere determined in each fraction using direct aspiration with
a Perkin-Elmer Model 306 flame atomic absorption
spectrophotometer with deuterium background correction., Total
mercury was measured by'a cold vapor method on the comnbined
fractions of each peak, utilizing a 30 cm cell (Pharmacia UV

Ccntrol and Optical Units Model 100).
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Section 3. Results

. oan e

3.1 Growth

At the beginning of the experiment, all cultures grew
exponentially (Fig.11). . Growth rate was unaffected by 0.37 nH
chl2 while concentrations equal to or qreater than 1.84 nM
Hqcl2 reduced if., After 70 hours, contrcl cultures (A and B)
had a growth rate of 1.92 + 0.37 divisions per day and the Hg-
exposed cultures (C and D) had a reduced growth rate of
1.31 £+ 0.27 divisions per day..  The cell densities in the pre-
exposed cultures (C and D) were reduced by 25% after 24 hours,
and by 55% after 46 hours of pre-exposure to 1.84 nH HgClZ.

3.2 Distribution of Hg, Cu and Zn

The 250 nm absorbance profile for all cultures (Fig.12)
shows the relative abundance of metal-bound substances, It
consisted of two major absorbance peaks, one in the high
m.w. pool {fractions 2 to 7) and a major peak in the low
m,w, pool ({fractions 12 to 20). In contrast to the absorbance
profiles of cytoplasmic fractiomss derived from animals exposed
to heavy metals, there was no large absorbance peak in the
medium m, w. pool. . |

The typical gel elution profile of a nutrient-saturated
culture exposed to 1.84 nH Hqclz {culture <€) is shown in

Fig. 13. . This profile was characterized by; 1) high levels of



69

200 -

n

»

5100 1
L 80
5 60f
s °L
S 40k
O —
3

20t

JAY

i i - i ] 1
1 2 3 4 5
- Time (Days)

FIGURE 11. Changes in the in vivo fluorescence in the following bafch
cultures: () culture A; (€) culture B; (ZX) culture C and (A) cul-
ture D. The time and concentration of mercury exposure areAgiven in
Table VIT. The arrow indicates the time(70 hours) at which the addi-

tion of 5.53 nM HgCl2 was made: to cultures B and D.
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FIGURE 13. The gel elution profile of the 280 nm absorbance and of
the amounts of Cu and Zn in intracellular pools of batch culture C,
initially‘exposed to 1.84 nM HgClz. I = high molecular weight pool;

IT = medium molecular weight pool, and III = low molecular weight pool.
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Cu and 2Zn in the low m.w. pool (III), 2) large amounts of Zn
and lesser amounts of Cu in the high m.w. pool (I), and 3)
smaller amounts of Cu and Zn in those fractions which may
correspond to the position of metallothionein (II) as
determined 4in previous studies (Bouqueqnéau et al., 1¢75).,

Gel elution profiles from other Hg exposures were similar in
shape but the 1level of nmetals in each peak varied (Table
VIiIii).

In all cultures, total intracellular Zn and Cu levels
decreased and increased, respectively, as a function of Hg
concentrations (Table VIII). . Total intracellular Zn decreased
by 38 to 50% due to Hg exposure. A decrease in Zn occurred in
the high and low m.w. fractions and a gradual increase of 2Zn
occurred in the medium m.w. fractions. K Total Cu increased by
20% in cultures B and D whiéh were perturbed with a highest
additions of HgCl2 (5;53 nM). Copper increased in the high
m.w. fractions, whereas Cu 1levels in the medium Me Wo .
fractions remained constant (ca. 12,5% of total intracellular
Cu). -

Total intracellular Hqg was only detectable in cultures B
and D which were perturbed by the highest additions of Hqclz
{5.53 nM)..  In culture B, 85% of the Hg appeared in the high
mB.¥W, pool,  Pre-exposure of 'S, costatum- to 1.84 nHM Hqcl2
(culture D) reduced total Hg levels by 75%‘when compared to
culture B which had no pre-exposure,, In culture D, all the
accumulated Hg was found over the high m.w.. pool.. Although-

Hg values for cultures A, C and E were lower than the Hg



TABLE VIII. Distribution of total Zn, Cu and Hg in the intracellular pools of nutrient-saturazted cells

with (cultures C, D and E) and without (cultures A and B) previous exposure to HgCl Time and concentra-

X
tion of HgCl2 exposure for the different cultures are given in Table VII. Data are the compilation of

metal levels (umole g~c'ells'_1 (wet weight)) from profiles such as in Fig. 13. XND = not detectable.

n (uﬁole-q cells™" Cu (nmcle.q ce‘LsJ> H2g  (mole -q cellsﬂ

TOTAL HIGE MNEDIUM LGW TCTLL HIGH ZDIUE LOY TCTAL HICH BEZDIUM LOW

TREATMENT uW ¥ HW Hu Md MW Y MW W
POCL POCL PCOL PGCCL  POSL B3OL BCOL  20GL rcel

CULTURE b L0231 ,0082 ND L0748 <274 L0322 .GZ5 233 KD G N2 N0
CCLTORE E .C136 .0065 ND . 0071 . 275 RIS L0328 . 157 ND uD ND ND
CULTCRE C .0115 0035 .0003 .0C7% . 253 ORY LD UD32 . 183 NG ND KD ¥D
CULTURE B L0184 ,0045 .CO11 .0GB7T . 328 o2 LG <286 .0i38 .C117 .0821 ND
CULTURE D L0130 .0GC35 .0017 .¢C72 . 326 .262 L0400 . 223 L3034 ,0034 XU ND

eL
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standards, a gualitative examination of the Hg analysis showed
that total intracellular Hg increased with Hg concentrations,
and the highest levels of Hg were found in the high m.w. pool

followed by the medium m.w. .fractions.

Section 4. Discussion-

Even though a concentration as low as 0.37 nH chlz
fajiled to reduce growth rates, it was sufficient to change the
levels and distribution of intracellular Cu and Zn in S. cQos-
tatum. The displacement of Zn by Hg on metallothionein has
also been observed by Kagi and Vallée (19690). . Displacement of
Zn and Cu by other heavy metals appears to be a general
characteristic of metal-induced binding proteins,

In S. costatum, more Cu than Zn occurred in the medium
m.w. . fractions, which is not typical of metallothioneins. .
This indicates that this protein may not play a major role in
the detoxification .of heavy metals. In ducks, when the high
m.¥. {enzyme-containing) pool was apparently 2Zn saturated,
excess Cu and 2Zn occurred in metallothionein (Brown and
Chatel, 1978). 1In Cd and Hg-induced thioneins in rat livers,
Zn appeared in approximately half the binding sites {#inge
et al., 1975), or in residual amounts with smalier»amounts of
Cu in animals (Kagi and Valléde, 1960).

In S. costatum, the decrease of total intracellular Zn at

any Hg concentration and of Hg upon Hg-preexposure may be

requlated by an exclusion mechanism. When +the freshwater
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green alga Chlorella was exposed to 2Zn, a temperature
sensitive component of the Zn uptake was inhibited and the
nunber of Zn exchange sites on the cell wall was reduced (De
Filippis and Pallaghy, 1976c).

At exposures equal to or greater than 1,84 nHM HquZ,
reduction of growth rates coincided with the detection of Hg
in the high m,w, ,pool., A similar pattern was also found in
chum salmon and a summer °*zocplankton' assemblage {Brown and
Parsons, 1978) when deleterious effects were observed.. 1In
animals, failure to detoxify heavy metals occurs as the rate
of bioaccumulation of these heavy metals exceeds the rate of
metallothionein synthesis or its binding capacity., The excess
of heavy metals then appears in the high m.w. pool with
simultaneously occurring pathological effects (Bouguegneau
et al., 1975; VYoshikawa, 1976; Brown and Parsons, 1$78).
Deleterious effects can be caused by the displacement of Cu
and 2Zn from metalloproteins by heavy metals rendering the
ptoteins non-functional ({(PFriedberg, 1974; Bremmer and Davies,
1875) ., Since elements of subgroups IIb (eqg. 2n, Cd and Hqg)
have a high binding affinity for sulfhydryl groups,
denaturation of protein at the tertiary and quarternary
structural levels could occur. .

The decrease of Zn in the high and low molecular weight
pools, accompanied by a simultaneous increase of Zn in the
medium m.w., pool was found in S. costatum in this study. .
This observation has also been reported for +the summer

'zooplankton?!, The medium m.w. pool in S, costatum does not

ey e e ooy e
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appear to be the main storage site for Cu and Zn., In S.

costatum approximately 70% and 60% of total Cu and 2n,
respectively vere found in the 1low m.w. pool 1like in
*zocplankton' and unlike higher organisms, . This pool may act
as a reservoir of Zn and possibly of Cu, for the enzymes in
the high m.w. pool, It may play a dominant role in the
metabolism and detoxification of trace metals when they are
present in excessive amounts, The low m,w. pool <contains
organics such as amino acids, nucleic acids, etc., which are
known as metal complexing agents, Zinc-taurine, Cu-taurine
and Cu-betaine homarine complexes were separated from heavy

metal exposed oysters, Ostrea edulis and Crassostrea gigos, in

which no evidence of animal-like metallothionein was found
(Howard and Nickless, 1977a; 1977b). .

In | summary, three observations indicate that
‘metallothionein in S.. costatum may not play as major a role
in the detoxification of Hg as in vertebrates; 1) the failure
to detect a major absorbance peak in the medium m.w. pool, 2)
£he greateriamount of Cu than Zn (about three fold) 4in the
medium m.w. fractions and, 3) the increase of Hg in the high
m.¥W. Ppool. Despite higher levels of Hg occurring in the high
m;w., pool, it is possible that the amino acids of +the 1low
HeWe pool may be involved in the detoxification c¢f lower Hg

levels or the acquisition of tolerance, .
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SUMMARY

The aim of this study was to examine the gqgrowth and
nutrient wuptake kinetic responses of an ammonium-limited

diatom during short or 1long-term exposures to sublethal
concentrations of HgClz. The cosmopolitan neritic centric

diatom Skeletonema costatum, which is a predominant species

during the vernal bloom, was used in these experiments,

To achieve this goal, two major steps were followed., At
first, a gross range of sublethal concentrations ¥as
determined wusing batch cultures enriched with '£/25? medium.’
Secondly, the effects of short-term mercury exposures on
ammonium-limited cells grown in chemostat cultures were
determined by simultaneously adding ammonium and one of the
sublethal concentrations of HgClz., Only concentrations egual
to or greater than 1.84 nM chlz decreased the assimilation

rate (Vlmar)

and the affinity for the substrate. 1In an
attempt to increase the sensitivity to a -Secondary stress
(Hg), weffluents from the chemostats were starved for an
average period of 30 hours. K These experiments indicated than
anmomium starvation lowered the threshold effect of Hqclz to
0.18 nH, .

The results of these first two steps provided useful
information in the designing of the long-term mercury exposure

experiment, In the latter experiment, two ammonium-linmited

chemostat cultures were exposed to 0.37 and 3.68 nH chlz.
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Mercury was semi-continuously added at reqular time intervals
during a period of 30 days., The lowest concentration used‘ in
this experiment did not decrease the maximum growth rates of
nutrient-saturated cultures ({cultures gqrown in *f/2' and
*£/25') nor did it affect the nutrient uptake kinétics of
ammonium-limited cultures in the short-term mercury exposure,

In this experiment, the imposition of 1long-term mercury
exposure on top of a primary stress {nutrient limitation),
affected the different phases of uptake and the gqrowth of
exposed populations, Decimation of +the populations in the
mercury-treated cultures resulted in conditions of nutrient
saturation, during which minimum cell densities occurred. . A
minor growth rate decline was observed in the control culture
but conditions of nutrient limitation were maintained. Growth
rates simultaneously resumed in all cultures implying thai
mercury additions did not interfere with the occurrence of
sexual reproduction in mercury-treated cultures, This period
of growth decline was followed by a return to a new steady-
state,

In the long-term exposure to 0,37 nM HgCl,, a decrease in

9
the affinity for the substrate (increase in Ks) occurred, The
maximum (Vs) and internally controlled (Vimax) rates of uptake
were not affected in the long-term exposures to 0.37 n# Hqclz
and in the short-term exposures up to 1,84 M HgClZ. Long-
term exposure to 3.68 1M Hqu2 decreased; 1) the substrate
affinity (increased Ks), 2) the initial rapid transport of the

substrate across the cell nmembrane at high (5 M NH4C1)
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nutrient levels, Vs, and 3) the internally contrclled
assimilatory rate, Vi gy

In general, mercury inhibition on the nutrient kinetics
of ammonium-limited cells appeared to be uncompetitive. .

During the new steady-state in Hg-treated cultures, the
affinity for the substrate (Ks), and the assimilatory rate
(vimar) of uptake were increased in phase D (day 23) compared
to phase A (day 6). Recovery appeared to be partial in the
chemostat exposed to 3.68 nM HgClz._ Improvement in nutrient
kinetics and <changes in cell morphology in all cultures
probably reflected the acquisition of mercury tolerance.
These changes vwere partially related to the appearance of
cells of a different life cycle stage.

An attempt was made +to determine whether a short-tern
physiological adaptation_(mercury induced synthesis of metal-
‘lothionein) could be responsible for the recovery through the
sequestration of heavy metals by intracellular complexing
agents, The failure to detect an ultra-violet absorbance peak
in the wmedium molecular weight pool, where metallothionein
usually occurs in animals exposed to heavy' metal and high
levels of Hg in the high w@.w. pool, suggested'that this
protein may not play a major role in the metabolism and
detoxification in short-term Hg exposure., 1In the long-ternm
mercury exposure, the absorbance and the metal profiles of
cells which recovered frcm mercury inhibition wére not
measured and therefore the role of metallothionein as a

detoxification protein could not be ascertained. .
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Conccomitantly, the effects of sublethal concentrations of
HgC12 {0.37 to 5,53 nH chlzy on the intracellular levels and
distribution of Hg, Cu and Zn was also examined using batch
cultures. Increasing mercury concentrations resulted in the
decrease and increase of intracellular levels of Zn and Cu,
respectively, as well as the increase of intracellular Hg.
Mercury concentrations equal to or higher than 1.84 nH
resulted in the accumulation of Hg in the high molecular
weight fractions which could be responsible for +the decrease
in gqrowth rates,, 1In cells pre-exposed to a lower mercury
concentration prior to the additionm of a second and higher
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was possibly due to the development of a physiological

adaptation, e.g9., an exclusion mechanism.
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APPENDIX A. Artificial Seawater Recipe

APPENDIX.B. Data derived from the long-term mercury exposure of
ammonium-limited S. costatum to 0.00, 0.37 and 3.68 nM HgClZ.
D = dilution rate (10~ 'hr_l); Fluor = in vivo fluorescence,
using door 3; Cell nd = cell numbers (10 7cells - 1_1); Cell
lenght (pm); p = specific growth rate (hr_l); Effl. = effluent
concentration of ammonium (pM); Q = the amount of nitrogen per
cell (uM N-IO7 cells )3 Chl a = the amount of chlorophyll a
per cell (pg chl gj107 cells_l); D430 : D665 = absorbance ratio
of carotenoid : chlorophyll a; Chla a* = estimated chlorophyll
a using the chlorophyll a ! fluoresence ratio obtained during

phase A; p./S.= photosynthetic rate (pe C-lO7 CEllS—l-hrnl).

floorescence values obtained using door 30.

3 1 " 1" 1" " 10-



ARTIFICIAL SEAWATER RECIFE

SALTS g:98.4 1= gt m.w.  CONCENTRATION (M)
NaF 0.25 ,00265 41.99  6.30 X 107
HyB04 220 . .23305  61.83 3.7 x 107
KBr 8.20 .08686 19.01  7.30 x 107
NaHCO, 16.40 17373 84,01 2.07 X 1073
Kc1  56.70 .60063  74.56  8.06 X 1072
Na350, 335.60 3.555 142.06  2.50 x 1072
NaCl 2003.0 21,218 58.44  3.63 X 107
STCl,- 61,0 2.00 02118 266.62  7.95 X 10°%
CaCly- 21,0 127.20 1.347 147.02  9.17 x 1072
MgCl,- 61150 906.90 9.607 203.31 4,73 x 1072

Ref: Keester et al., 1967

COMPOSITION OF 'f' MEDIUM

SALTS STOCK T.M. MIX F MIX % MEDIUM
SOLUTIONS (mg-171) (mg-1-1) (M)
(g:1-1) '
NaNOy 150.0 150.0 1.77 x 107
Na,$10, 30.0 " 3000 1.06 X 1074
KH,PO, 10.0 10.0 7.35 X 1077
cuso, 19.6 19.6 0.0196  7.85 X 10°°
Zns0,, 44.0 44.0 0.044 1.53 x 107/
CoCl,-6H,0 20.9 20.9 0.029  8.78 X 107°
MnCl, - 4H50 3.6 3.6 0.0036  1.82 X 107°
Na,Mo04 - 2H,0 12.6 12.6 0.012  s.2x 1078
Ferric
Sequestrene 10.0 10,000 10.0
By, 1.0 1.0 .001
Fe? 1.30 1,300 1.3 2.33 % 107°
EbTA? 8.72 8,720 8.72 2.34 % 107°

Ref: Guillard and Ryther, 1962; 2: McLachlan, 1973
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Chemostat Culture II (Control)

‘DAY D FLUOR. CELL NO. CELL LENGTH p EFFL, Q CHL,a D430:D665 CHL. a* P./S.
-0 3.60 23.9$0.9- 6.3720.42  15.9049.63

1 4,08 18.3:2.4 5.90%0.43 16.28%7.74 .035 1.24 4.58

2 4.09 15.5:0.1 5.88:0.10 16.7425.24 .048  0.00 1.70  0.83 3.18 1.02 3.37

3 4.00 17.8:0.3  9.32:0.63 21.4526.30 060 0,05~ 1.07 0.918 2.14 0.55 2.77

4 4.00 27.0:0.7 5.20$0.59 19.8048.46 .016 0.16 1.89 1.095 2,56 1.71 2.26

5 4,10 24.3%0.4 5.61%0.27  23.3819.39 046 0.00 i.78 1.459 2.25 1.43

6  4.36  27.5:1.4  7,22:0.45 18.40%6.94 .053  0.00  1.39 1.214 2.47 1.26 2.52

7 4.00 35.322.5 8,3920.04 19.9938.58 .048 1.249 1.98 1.39

8 3.90 28.122.5 7.07£1.63 17.13+8.97 .032 0,22 1,38 1.600 2.14 1.31

9 4.10 24.6%2.4  5,50%0.01 .030 1.48

10 3.97 29.710.6  3.00+0.69 .015 3.27

11 21.840.3 3.98:6.51. .052 1.81

12 3.96  21.8:1.5  3.14:0.22 .030 2.29

13 3.96 18.5:1.9  1.69:0.15 .014 3.61

14 3.80 17.020.7 1.48:0.43 .034  0.53 6.38 3.79

15

16 14.1¢1.7  1,26:0.03 3.69

17 3.96 20.7:0.8 2.51:0.40 16.37:5.51 .069  0.74 3.69 2.72

18 3.88 28.8t1.3  7.61£1.05 16.7117.00 .085  0.13 1.30 1.25

19 3.92 32.216.3 8.62:2.01 .044 1.2

20 3.92  32.5 9.5810.30 L0446 0.09 1.03 1.12

21 3.83  33.2#0.8 9.99%0.11  12.97%4.78 L0461 0.17 0.98 1.10

22 4.05  3B.9f1.4  164.44%0.63 .055  0.06 0.69 0.89

23 38.0$0.5  12.36%0.87 .034  0.00 0.61 1.01

24 40.3x1.3 . 12,4910.00 .040 1.06

25 3.70  40.01.3  6.53%1.33  14.8126.67 .035  0.00 0.87 2.02

26 39.6:0.5 10,0:0.86 L0346 0.43 1.00 1.31

27 3.94 37.041.8 B.93t1.66 .035 1.37

28 3.90  39.0 10.71£2.05 047 1.20

29 37.3#1.0  5.1610.97 .009 2.39



Chemostat Culture T "(Exposure to 0.37 nM HgClé)

DAY

P./S.

D  FLUCR. CELL NO.  CELL LENGTH p EFFL, Q  CHL.a D430:D665 CHL. at

0 3.70 23.8:0.4 5.90:0.36  15.9049.63 2.51

1 4.06 15.5:1.0 5.80:0.41 16.28%7.74  .038 0.9 2.41 175 s.17
2 4.38  14.0 2.9910.08  18.53#8.71  .017  0.00 1.722 1.29 .55 .16 419
3 4.20 16.3#0.7 5.2620.30  20.35.66 .066  0.05 3.33 1.34 1.55 2,03 5.09
4 4,10 10.120.9  3,9040.35 25.38410.70  .029 0.16 1.87  1.49 2.10 1.8l 2.99
5 4,40 15.820.5  3.0320.00  18.78.51 .032 3.60 1.53 1.45

6 4.09 ]9.4:0.9  2,08£0.24 26.07%11.96 .027 0.13 476 2.38 2.32 330 5.39
7 4.15  14.5$1.5  2.65%0.05  25.0412.60 .05l 2.03 2.53 3.18

8 3.90 11.2¢1.6 2.86 32.85£13.84  .043  0.93 3.17 3.3 2.06 3.20

9 4.20 8.1#1.1  1.13:0.02 .001 4.30

10 4.29  5.3:0.6  0.71%0.13 .023 4.95

11 4.30  1.840.8  0.81:0.07 .049 2.84

12 430 3.3:1.0  0.56:0.22 .028 1.40

13 4.30  1.920.7  0.25%0.14 .062 5.73

14 4.20 18.3 1.532 0.15 .021  6.27 25.03 5.50

15

16 42.716.87 0.84:0.02 11.37:6.77

17 4.00  10.1:2.5 1.420.21  13.3845.08  .062 2.26 5.53 3.13

18 4.18  28.0:0.4 3.2940.51 18.9229.65  .077 0.15 3.06 3.69

19 4.15 29.8:0.8  4.80:1.09 .057 2.69

20 4.01  32.5:1.8  8.46%0.46 L0664  0.10 1.17 1.67

21 4.04 32.1#3.0  5.6720.19 026 0.15 1.74 2.46

22 3.90  34.852.1  8.5541,03 057 0.0 1.16 1.77

23 39.151.6  8.87:0.67 041 0.00 1.13 1.91

26 41.222.2  9.43:0.52 .043 1.90

25 3.60 40.1:1.1 9.28:0.46 16.4716.31  .038 0.00  0.72 1.88

26 37.741.6  8.16:0.79 .033  0.09 1.21 2.01

27 4.13 36.5%2.1  6.08:0.34 .026 2.61

28 4.10  34.820.3  7.790.18 .054 1.94

29 38.540.5  4.99:0.59 .040 3.35
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- Chemostat Cultuore IIY (Exposure tc 3.68 nM HgClz)

DAY

D FLUOR. CELL NO. CELL LENGTH » EFFL. Q CHL. a D430:D665 CHL. a* p./S.
0 3.90 23.3 5.56$0.44  15.9049.63
1 3.95 5.68 16.28:7.74  .040 1.87  8.10
2 6.04 22.5:0.3 6.08£0.6  16.807.41  .043  0.00 1.76  0.71 3.20 4.51
3 4.00 15.710.5 5.57¢1.19 21.33#6,60  .037 0.06-  1.64  1.75 2.31 1.65  3.67
4 3.94 11.950.3  2.9720.27 34.76210.54 .014 0.16 1,77 1.72 2.49 1.26  2.02
5 3.90 15.8410.3 2.4520.12 29.51:11.22 .03l 4.43 1.85 1.79
6 4.09 12.7:0.5 1.32:0.23 28,23%9.70  .0l4 0.04 7.5 2.35 2.26 2.88  4.54
7 4.00 6.6£0.5  1.0620.46 35.37422.79  .031 3.96 1.88 .29
8 3.80 4.3:0.5  0.433 23.0845.60  .003 3.13 15.87" 4.92 1.70 2.78
9 3.90 3.5 0.18 8.0516.12 .001 0.63 4,43
10 4.06 2.5 8.67
11 3.90 15.5:0.42 0.0362
12 3.96  3.322.12  0.00252
13‘ 3.94  17.2%4.72
14 3.88 7.7:0.32 7.17
15
16 5.721.52
17 3.80 2.8:1.52  0.0167
18 3.90 5.0:1.4%2  0.046%0.011 .081  9.46 11.84
19 3.92  11.3:21.2°  0.076+0.005 .060
20 4.02  11.840.53 0.7520.16 135 4.99 6.70
21 3.81  53.3:0.4° 3.45:0.59  9,16:4.63 103 1.42 3.49
22 3.90  39.5t1.4  9.2340.3 .080 0.06 1.68 1.91
23 41.5t1.0  6.0020.26 .021 0.08 1.65 3.08
24 39.6%1.4  11.39+0.37 .066 1,55
25 3.60 39.60.5 4.30:0.83  22.019.28 .000 0.00.  2.33 4.11
26 33.451.0  6.96%0.25 .058  0.06 1.43 2.14
27 3.81  29.5$0.6 9.77%2.89 .024 1.35
28 3.90  30.2¢2.5 6.81%0,21 1.98
29 28.3£0.6  5.07:0.67 2.49




