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abstract

Mutants of Anacgstis nidulans tolerant to high levels of Co, Ni,

Cu, 2n and Cd were obtained by repeated subculturing at strongly
inhibitory levels of metal. For insfance, the level of Zn at which
strong inhibition occurred was raised from 1.45 to 16.5 mg l“1 Zn after
75 subcultures. Isolates resistant to 5.0 mg l-1 Zn and 12.0 mg l-1 Zn
maintained their resistance for at least 72 cell generations in the
absence of Zn, though there was subsequently an increased lag during the
first subculture back to high Zn levels. This and plating experiments
indicaﬁe that the strains are mutants. Assays of cross-resistance of
each of the five types of mutant were made to the other four metals. In
most cases changes in cross-resistance were only slight, with about
equal numbers of examples of increased and decreased resistance. Examples
of marked changes were increased Co-resistance of a Cd-tolerant strain
and decreased Cd—resistance of a Ni-tolerant strain, The environmental
factors influencing toxicity were investigated for Cu, 2Zn and Cd.
Increases in Ca, Mn, Fe and P reduced Zn toxicity to both wild-type and
Zn-tolerant strains, but the two differed in their response to pH.
Effects on morphology were evident at high metal levels with all strains.
In'most cases increased levels of metal led to the formation of_filaments,
but with Cu subspherical structures sometimes made up most of the
population, Uptake from media enriched 0.1 and 1.0 mg 1_1_Zn was similar
in both wild-type and Zn-tl12.0, whether judged by total Zn accumulated
or by that remaining after EDTA washes.

Isolates from high Zn sites were found in general to tolerate
considerably higher levels of Zn than laboratory research strains
(presumably isolated from environments not enriched with zZn). A comparison
of the influence of 2Zn on nitrogen fixation by a strain from low zinc site
(Anabaena cylindrica) and éne from a high 2n site (Calothrix D184) showed
only a slight difference when Zn was first added, but a préﬁéhhcéﬁ»éfigct

after 24 h. ' L
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ABBREV IATIONS

oC degrees Celcius
d day
EDTA ethylenediminetetra-acetic acid (disodium salt)

gramme
h hour
1 litre
M molar
mg milligramme
min minute
ml millilitre
Hg microgramme
HMm micrometer
n number of measurements
nm nanometer
s.d. standard deviation
u.v. ultra-violet
b4 mean value
filtrable capable of passing through filter
non-filtrable incapable of passing through filter
NTG N-methyl-N'-nitro-N-nitroscguanidine
T.I.C. Tolerance Index Concentration (see p.,62)
HEPES N-2-hydroxyethylpiperazine-N'~2-ethanesulphonic acid
P.A.R. Photosynthetic'aétive radiation between 400 - 700 nm
lux Photometric measurements of illuminance

(one lumen m %)

Zn-t5.0 Anacystis nidulans tolerant to 5.0 mg l—1 Zn
Zn-t12.0 " " " " 12.0 mg 17} zn
Co-t1.8 " " " "1.8mg 17} co
Ni-t1.0 " " " " 1.0 mg 17! N
Cu-t0.5 " " " " 0.5 mg l—1 Cu

Cd—tz.o " n " L1} 2.0 mg l—l Cd
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CHAPTER 1

INTRODUCTION

1.1 Occurrence of blue-green algae in environment rich in

heavy metals

Blue-green algae are widespread and sometimes abundant in many
different types of environment (Fogg 1973). They are also present in
many habitats which are polluted with organic wastes (Palmer 1969) or
heavy metals (Whitton 1980). Examples are widespread in Europe, U.S.A.
and elsewhere of rivers and streams which are contaminated with zinc
as a result of mining activities (Whitton 1980). For instance streams
in north Wales draining old lead mine tivs and carrying levels of zinc
greater than about 1.5 mg l~1 Zn were reported by Whitton
(1970b) to have a very reduced flora. At one silted site there were
only three species of algae, among them the blue-green alga Lyngbya sp.
Gale et al. (1973) reported that in some polluted streams in the New
Lead Belt region of southeastern Missouri, algal growth developed to
such an extent as to cause problems. Besides Oscillatoria the
following were found to contribute to these problems: (Cladophora,
Mougeotia, Zygnema, Spirogyra. Whitton (1980) reported from the same
area that in June 1977 among flocs in heavily contaminated streams
below the gmelter at Glover, phormidium and sheathed, very narrow forms
of Oscillatoriacea were important. Oscillatoria was also found by
Trollope and Evans (1976) in freshwater (1.96 mg l_1 Zn) near a zinc
smelting waste in the lower Swansea valley, Wales. 1In some seepages
and springs with very high zinc levels at Elvins Tailings, Old Lead
Belt, Missouri, an especially characteristic community occurs in
seepages below old tips with pH values within or near the 6.5 to 7.0

ranges. The dominants, Plectonema and the protonema of Dicranella varia,
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were the same, and associated species quite similar to those at other sites
with elevated zinc both in Eurove and the U.S.A. (Whitton 1980). Phormidium
autumnale has been recorded from the Riou Mort, France with 15.7

mg l—1 Zn at pH 6.7. In a stream of the Northern Pennine Orefield

showing a gradient of zinc (30 to !.5 mg l-l filtrable 2Zn) Plectonema
gracillimum was recorded for over two vears among the algal species

near the top of this gradient. While non-heterocystous blue-green

algae are widespread in streams with high Zn levels, the only published
record for a heterocystous one from such an environment involves

Nodularia spumigena (Gopal et al. 1975); this covers moist soil near

the effluent of a zinc smelter at Debari, India. Waste waters from

the smelter were shown to be toxic to other heterocystous blue-green

algae held in laboratory culture (Tolypothrix tenuis, Calothrix

brevissima, Anabaena doliolum, Fischerella muscicola). The non-
heterocystous blue~green alga Plectonema boryanum taken from the same

site was extremely tolerant to Zn (Rana et al. 1971). Anabaena, Nostoc

and Scytonema are abundant on high copper soils in Zimbabwe (Wild 1968} .

1.2 Laboratory tolerance and toxicity

It has long been recognised that high concentrations of heavy
metals such as Zn, Cu and Cd may prove toxic to aquatic plants and
animals. A large body of literature exists concerning the toxicity of
various metals to various organisms including algae (Whitton and Say
1975). The following brief review concentrates on the tolerance and
toxicity of metals to algae, particularly blue-green, an aspect that
has received less attention than for example, the toxicity of heavy
metals to fish.

Many laboratory studies have been carried out on the toxicity of

different heavy metals to different species of algae., A large number
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of these studies have been concerned with the possible uses of algae
as monitors of pollution, or with the toxic effects of metal-
containing algicides (Whitton and Say 197%5).

Several workers have used selected species of algae to assess
the influence of one or more metals under controlled conditions in
the laboratory. The species used, which are frequently obtained from
culture collections, are therefore being used as bicassay organisms.
For example Bartlett et al. (1974) found that algicidal concentrations
of Cu, Zn and Cd for Selenastrum capricornutum were (0.3 mg l—l,

0.7 mg l_1 and 0.65 mg l*1 regpectively. Rachlin and Farran (1974)
demonstrated that a concentraticon cf 2 - 4 mg 1 Zn brought about 50%
reduction in the growth rate of Chlorella vulgaris within 96 hours.

In a rather similar study, Malanchuk and Gruendling (1973) estimated
the EDSO (median effective dose causing 50% reduction of 14CO2 fixation)
of Pb for four species of algae. This concentration lay within the
range 15 - 18 mg 1_1 Pb for species of Anabaena, Chlamydomonas and
Navicula, but was only 5 mg 17! for cosmarium sp.

Only a few other workers have attempted to compare the sensitivity
of different groups of algae to heavy metals. Whitton (1970Db) carried
out a laboratory study of the toxicity of Cu, Zn and Pb to 37 species
of green algae. Microspora and Ulothrix tended to be resgistant to all
three metals, whilst Oedogonium spp. tended to be relatively sensitive.
Zygnemales were on the whole intermediate in their resistance to Cu
and Pb, but showed a wide range of resistance to Pb. On the basis of
this study, he concluded the tclerance of algae to one heavy metal or
another varies from species to species. Such variation is sometimes
evident among algae belonging to the same class and even in the .same

family. This confirmed the results of Velichko (1968) who showed that

0.05 mg l—1 Zn had practically no effect on reducing the cell -numbers
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, , . . -1
of Microcystis aeruginosa, while 0.1 and 0.2 mg 1 zn reduced the cell
numbers by 2.3x and 25x respectively, while at the same time respiration

and photosynthesis were inhibited completely. On the other hand, 0.2 mg 1_1 Zn

-1

had approximately the same »ffcct on M. nulverea as 0.5 mg 1 7 2n
did on M. aeruginosa. A clear algicidal effect on the former was

c -1 - e S ,
present only at 0.5 wmg 1 Zn and 1.0 mg 1 Zzn inhibits vhotosynthesis and
respiration completely. Rana and Kumar (1974b)used bioassay techniques

to evaluate the toxicity of a Zn-containing effluent (from a smelter)

to ten species of algae. The results suggested that Chlorella vulgaris,
Scenedesmus sp. and Plectonema boryanum were relatively tolerant to

Zn, whilst Anacystis nidulans, Oscillatcria sp. and Nodularia spumigena
were relatively sensitive, Overnell (1976) used the production of
oxygen to measure the inhibitory effects of heavy metals on photo-
synthesis in seven species of marine algae. Of these, Phaeodactylum
tricornutum and Dunaliella tertiolecta were found to be most sensitive
to Zn,Cu, Cd and Hg.

It is not the purpose of the present section to consider the
present knowledge of the biochemical effects of toxic or non-toxic
concentrations of heavy metals. Say (1977) has reviewed such aspects
for Zn. Say also reviewed the methods employed by different workers
to assess the toxicity of metals, and noted that in several cases the
effects of metal have beén quantified by the degree of inhibition of a
particular metabolic process. For algae, such processes include the
production of chlorophyll a (Hargreaves and Whitton 1976), the rate of
respiration (Velichko 1968), the rate of acetylene reduction or
nitrogenase activity (Horne and Goldman 1974; Henriksson and Dasilva
1978; Delmotte 1980) and specific photosynthetic reactions (Overnell

1975; De Fillipis and Pallaghy 1976a; Delmotte 1980).
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In addition to biochemical considerations, several workers
have made observations on the effect of lethal or sub-lethal concen-
trations of heavy metals on the growth rate or morphology of different
species of algae. Thus Bartlett et al. (1974) found that the most
noticeable effect of sub-lethal concentrations of Zn, Cu, C4d on
Selenastrum capricornutum was an extension of the‘lag phase of growth

in culture. Similarly Rosko and Rachlin (1977) found that concen-

1 1

trations of 0.32 mg l_1 Cu, 2.4 mg l—1 Hg, 0.32 mg 1 cd, 7.5 mg 1
Zn and 32.0 mg l_1 Pb extended the lag phase for Chlorella vulgaris
to 28, 17, 11, 7 and 3 days respectively. 1In addition they observed
that these concentrations led to decreases in thé.mean size of the
control cells by about B84% after 33 days. Some stqdies have also
demonstrated the advefse effects of metal toxicants on the cell
division and morphology of algae. For instance Say et al. (1977)
observed an increased frequency of geniculation in filaments of some populations
of Hormidium rivulare. Recently Cu and Zn have been found to increése

the chain length of the marine diatom Thalassiosira aestivalis, and

to inhibit the normal separation of cells (Thomas et al. 1980).

1.21 Is zinc essential for growth?'

A Zn requirement for normal plant growth was first recognised in
the late ninteenth century, but acceptance of this element as an
essential plant nutrient did not occur ﬁntil the early 1930's.
Relatively few studies have been conducted to determine the requirement
of zinc to pure cuitures of algae. The reason has been due largely to
difficulty in developing satisfactory synthetic growth media low gﬁough
in Zn to demonstrate its requirement (Coleman et al. 1971). The amount
of Zn required by most organisms is so small that it is f:equéntly

supplied in considerable part by the incidental iﬁpurities included in

the culture medium.




112 years have passed since Raulin (1869) discovered the role of
Zn as a nutrient for the fungus Aspergillus niger. The association of
metals with proteins has been recognised and their essential function
in the action of many enzymes has been repeatedly demonstrated (Vallee
1962). However no such critical research has been reported for Zn in
algae. The earliest demonstration of a requirement in algae was
probably for the green alga Stichococcus bacillaris (Eilers 1926). He
gave no details of the experiment or critical level of Zn required.
Arnon (1958) stated in a review article that Anabaena cylindrica requires
a 'micro' level of zinc in the medium for growth; the research was carried
out in his own laboratory, but no experimental details were given, Coleman
et al. (1971) found that the optimum growth (dry weight) of Pediastrum
tetras and Fuglena viridis occurred at 4.2 mg l—1 Zn, while that of
Chlorella vulgaris occurred at 18.03 mg l—l Zn. Rana and Kumar (1974b)
observed that increases in Zn in the medium initially increased the growth
of Plectonema boryanum, but as the concentration exceeded 0.5 mg l_1 growth

was retarded,

1.22 Effect of zinc on nitrogen fixation

Little seems to be known about the effects of metals on nitrogen
fixation by blue-green algae. Observation at many field sites polluted
by Zn have shown that most, if not all, blue-green algae are non-
heterocystous types such as Phormidium, Oscillatoria, Lyngbya and
Plectonema. The only heterocystous blue~-green alga found at a Zn
smelter site was Nodularia spumigena (Gopal et al, 1975). Acetylene
reduction assays were carried out by Whitton (1980) both in the
laboratory and field, on a Plectonema mat collected from the Harz.
Although a strain of Plectonema was used for the first demonstration of
nitrogen fixation by a non-heterocystous filamentous blue-green algae

(Stewart and Lex 1970) there was no indication of nitregenase activity
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in the Harz material. The addition of Cu at 0.005 - 1 mg l_1
depressed nitrogen fixation by Aphanizomenon and Anabaena in Clear
Lake, California (Horne and Goldman 1974; Elder and Horne 12878).
However 0.002 mg l_-1 Cu stimulated nitrogen fixation. Inhibition of
nitrogen fixation might be a secondary effect, caused by a decrease

in the enerqy supply to heterocysts, with subsequent breakdown in

the removal of oxygen from heterocysts and inactivation of nitrogenase.
A recent detailed laboratory study was carried out by Henriksson

and Dasilva (1978), who found that 0.005 - 0.025 mg l—l Zn stimulated
nitrogen fixation by Nostoc muscorum, Nostoc sp., Chlorogloea fritschii and
Westiellopsis sp. At concentraticns above this, however, there was
inhibition. This inhibition may be due to the particular sensitivity
to the metal of the nitrogenase enzyme or some other feature of the

nitrogen fixers.

1.3 Adaptation

An altered response to a heavy metal may occur through modifica-
tion of the cells themselves, either phenotypic or genotypic. Wwhere
mutation and selection is involved it is assumed that mutant cells
{i.e. mutants with a genetically determined increase in metal resis-
tance) are always present in the cell population but in extremely low
numbers. Upon addition of the appropriate metal the majority of cells
are killed or inhibited while the mutant cells grow out, ultimately
becoming the predominant cell type. In this kind of variation the
modification is permanent i.e. resistance is maintained even when cells
are passed through non-metal containing media. In most reported cases
of the development of heavy metal resistance it is difficult to decide
whether phenotypic adaptation or mutation is involved. This is

particularly so where resistant strains have been obtained by




successive transfer into media containing increasing concentrations

of the metal. Golomzik and Ivanov (1964) used this method to obtain
cultures of Thiobacillus ferrooxidans which oxidized ferrous iron in
the presence of very high concentrations of ferrous iron and copper
more rapidly than cells of the original population. Similarly strains
of Proteus have been obtained by successive transfer which are
resistant to 150 mg lh1 cobalt, a concentration which completely
inhibits the parent strains. It has already been reviewed by Ashida
(1965) that, bacteria, fungi and yeast are capable of forming
populations which are more tolerant to heavy metals after exposure

for many passages through media with metal concentrates which partially
inhibit growth of inoculants.

Blue-green algae are comparatively new to genetical research.
Until about a decade and a half ago nothing was known about their
mutagenicity, recombination or genetic systems. A few years later,
research has not only established the existence of genetic recombin-
ation in some cyanophytes but alsoc shown that these prokaryotes are
no different from other living corganisms in their response to

mutational stimuli (Ladha and Kumar 1978).

1.31 Antibiotics

Although antibiotic and drug resistant mutants have been reported
in blue-green algae, especially Anacystis nidulans, Kumar {1964) and
Singh and Sinha (1965) selected strains by successive subcultures in
liquid media containing increasing concentrations of the antibiotics
penicillin and streptomycin. These antibiotic-resistant traits were
fully stable even after several subcultures in antibiotic-free medium
(Kumar 1964; Gupta and Kumar 1970). With the advent of plating

techniques (Van Baalen 1965), successful clonal isolation has been




made both after spontanecus screening and after exposure to mutagens.
However Ladha and Kumar (1978) pointed out that the efficacy of
cloning on agar needs to be considered carefully; it may not be fully
justified to regard all cclonies developing on an agar plate as
strictly clonal, for the chances are that at least some colonies would

have developed from two or more cells, rather than single cells.

1.32 Morphological mutants

Many workers have isolated filamentous mutants of the unicellular
Anacystis nidulans (see Ladha and Kumar 1978). These mutants are of
two basic types: (i) filaments having cross-walls and (ii) filaments
without cross-walls, Both types can be stable without having altered
growth rate; however they show changes in colony morphology. 1In the
second class of mutants, filaments may be gquite long, up to 100 times
longer than normal, without exhibiting any discontinuity in the
photosynthetic lamellae throughout the length of the filament

(Kunisawa and Cohen-Bazire 1970).

1.33 Metals

A relatively large number of mutant strains of blue-green algae
have been isolated, but almost all those relating to mineral nutrition
or toxicity involve nitrogen assimilation pathways (Ladha and Kumar
1978). A recent study by Singh et al. (1978) deals with the heavy
metals W and Cr. Spontaneous mutants of Nostoc muscorum grown 1in
the presence of these elements not only tolerated them but required
them for growth with N2 or NO3 as the nitrogen source, In contrast,

attempts by Sarma (1979) to produce spontaneous mutants of Anacystis

nidulans resistant to Cu proved unsuccessful,

29,
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1.4 Factors influencing the toxicity of metals

The response of a particular organism to a particular metal may
be altered in a number of ways. These include modification of the
environment of the organism or of the organism itself by adaptation
or mutation (Sadler and Trudinger 1967). Overnell (1976) noted that
the addition of EDTA is usually necessary to prevent the precipitation
of trace nutrients such as iron, but it may swamp the effects of small
quantities of added heavy metals. Studies of the effect of EDTA on the
Zn toxicity to blue-green algae are rare but Stokes and Hutchinson
(1976) quoted from a study by Hall (1974) that EDTA increases
Fe availability, while decreasing Zn togicity to Microcystis. Say et al.
(1977) found that raising the level of EDTA from 5 - 20 mg l—1 had a

marked effect, increasing the resistance ' 2Zn of Hormidium rivulare.

There is also information on the effect of EDTA in reducing Cu toxicity,
as a result of the fact that Cu is widely used for controlling algal
blooms. Fogg and Westlake (1955) found extracellular "polypeptide"”
reduced Cu toxicity to Anabaena cylindrica. Studies with physiologically
distinct populations of Aphanizomenon (Horne and Goldman 1974) have
shown that the toxic effects of up to 70 ug l_1 Cu were removed if EDTA
is mixed with Cu a few minutes before addition to the lake water, but
not when EDTA is added simultaneously. Feuillade and Feuillade (1977)
reported that EDTA feduced the lethal action of Cu to Oscillatoria
rubescens. BAmong the factors which have been mentioned as reducing

Zn toxicity, the one quoted the most often is the hardness of the water.
For instance, it seems widely accepted that Zn is almost always less
toxic to fish in hard than in soft waters (Mount 1966). Laboratory

studies of bacteria (Abelson and Aldous 1950) indicated that toxic
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effects of Ni, Co, Cd, Z2n and Mn to Escherichia coll were decreased
with a high Mg content in the medium. Haavik (1976) demonstrated
that amounts of Mn, Fe, Co, Ni and Cu inhibitory to Bacillus
licheniformis could be antagonised by the addition of Mg (1 g l—l)

in the medium, although toxic concentrations of Zn and Cd were

reduced less effectively. However Break et al. (1976) noted that Zn

toxicity to four species of algae Phaeodactylum tricornutum,

Skeletonema costatum, Thalissiosira pseudonana, Amphidinium carteri

was reduced by elevated concentrations of Mg. They suggested that

this might indicate a common route for divalent metal ions entering

algal cells. 1In an investigation of the green alga Hormidium,

Say and Whitton (1977) found that both Mg and Ca reduced the toxicity

of Zn. This effect was marked with two Zn-tolerant populations of

Hormidium rivulare; the effect of Mg was greater than that of Ca at

lower concentrations but the influence of Ca increased over a much

greater range of concentrations. The influence of Mg was relatively ‘
small to the Zn-sensitive populaticn in agreement with the ‘
observations of Harding and Whitton (1976) on Stigeoclonum tenue.

In contrast Gachter (1976) found that the concentration of Ca did not |
appear to affect the toxicity of Zn, Pb, Hg or Cu to natural populations
of phytoplankton. Among algae the further factors which seem to have

no clear antagonism to Zn toxicity are Na and Cl (Hormidium rivulare:
Say and whitton 1977; Stigeoclonum tenue: Harding and Whitton 1977).

The situation is further complicated by the fact that antagonism can
occur not only between heavy metals and essential elements as previously
discussed, but also among heavy metals themselves. For instance, in

the case of fish, both field and laboratory studies have shown that
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the concentrations of other metals may influence the toxicity of any
particular metal. Examples are known of antagonistic and synergistic
interactions (Jones 1964). 1In laboratory studies of Anabaena
Inaequalis, Stratton and Corke (1979) found that the response towards
combinations of Hg II and Cd or Ni and Cd resulting in either
synergism or antagonism towards growth, depended upon the actual metal
combinations used. When the pairs of metals Hg II and Cd or Ni and Cd
were used at a sublethal concentration and incorporated simultaneously,
they interacted synergistically and antagonistically in their effect
on growth rate, respectively. Cd has also been found to reduce the
inhibition of growth of Selenastrum capricornutum by Cu (Bartlett et al.
1974) ., Say and Whitton (1977) found that the toxic effects of Cd and
Zn are synergistic toward the growth of Hormidium rivulare, thus
resembling the response found by Hutchinson and Czyrska (1972) for
Lemna valdiviana. Any level of Cd above 0.01 mg l—1 must be suspected
of producing a significant increase in the toxicity to Hormidium of
any Zn present. Cu and Ni interact synergistically towards the growth
of some green algae, thle Se antagonize Cd toxicity (Hutchinson 1973).

In a detailed laboratory study, Nakano et al..(1978) found
antagonistic action between Zn and Cd to Euglena gracilis. 1In the
presence of 20 mg l~1 Cd, the generation time in Zn-free medium of
57 h was reduced to 27 h after addition of 2 mg l-] Zn. This is in
agreement with Falchuk et al. (1975) who found 2Zn reduced Cd toxicity
to Euglena gracilis; it also agrees with results by Pakalne et al.
(1970) and Upitis et al. (19273), who found that Zn protects Chlorella
against Cd toxicity.

Studies of vascular plants show that high concentrations of soil

phosphate antagonize the toxicity of Zn. Direct experimental evidence




for this has been obtained for Thlaspi al pestre ssp. calaminare

(Ernst 1974). Rana and Kumar (19742) studied the influence of phosphate
and nitrate on Zn toxicity to the blue-green alga Plectonema boryanum
as well as the green alga Chlorella vulgaris. Relatively high concen-
gration of phosphate, but not nitrate, improved the growth of both
algae and protected them against Zn toxicity. These results are in
apparent contrast to those of Green et al. (1975), who reported that

Zn toxicity to the green alga Selenastrum capricornutum was not affected
significantly by low PO4—P in range of 0.047 mg l_1 to 0.93 mg l_l.
Phosphate also reduced Zn toxicity to green algae, Hormidium rivulare
(say et al. 1976; Say and Whitton 1977) and Stigeoclonum tenue (Harding
1978) . Sulphate had no detectable influence in reducing Zn toxicity to
Hormidium rivulare (Say and Whitton 1977).

Hydrogen ion concentrations may play a determinant role in affect-
ing Zn toxicity to the algae. Most of the experimental studies reported
in the literature on the influence of pH on 2Zn toxicity have so far
been concentrated on green algae. For instance, Harding and Whitton
(1977) reported an obvious decrease in Zn toxicity to a Zn-tolerant
population of Stigeoclonum tenue with a rise in pH from 6.1 to 7.6,
but a similar response was scarcely detectable with a Zn-sensitive
population. The influence of pH on Hormidium rivulare contrasts with
that on Stigeoclonum. With both the Zn-sensitive and Zn-tolerant
populations of Hormidium rivulare isolated from a reach with a mean
field pH of 4.4 and 6.8, respectively the toxicity of Zn decreased with
a fall in pH between 8 - 3 (Say and Whitton 1977), agreeing with the
observations of Hargreaves and Whitton (1977) who showed that the
toxicity of Zn to Normidium rivulare isolated from a stream at pH 3.1,
increased over the range of pH 3.5 - pH 7.0. The toxicity of Cu was

found to be pH-dependent; pH may algo play a role in reducing Cd
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toxicity. For instance, Hart and Scaife (1977) found that Cd inhibited
the growth of the green alga Chlorella pyrenoidosa, the extent of

inhibition being more pronounced at pH 7.0 than at pH 8.0.

1.5 Accumulation of metals

Freshwater algae exposed to Zn concentrations above "normal'
background levels have the ability and tendency to accumulate Zn, as
shown experimentally (Coleman et al. 1971) and in the field (Trollope
and Evans 1876). It is clear that freshwater algae can be very
significant environmental factors in the uptake and movement of Zn in
freshwater systems. In water near Zn smelting wastes in the Lower
Swansea Valley, with 1.96 mg l_1 zZn, a bloom of Oscillatoria accumulated
1.8 Mg zZn g-1 dry weight (Trollope and Evans 1976). Studies in Strother
Creek, Missouri, with 0.041 mg l_1 Zzn (not filtered), 0.026 mg 1-1 Zn
(filtered), showed that two Oscillatoria samples found by Jennett et al.
(1980) concentrated 3260 pg zn g_1 dry weight and 4030 j.3 Zn g"1 dry
weight, respectively. The authors reported a lower concentration factor
for Cd by blue-green algae; three young cultures of Nostoc muscorum,
Nostoc sp. and Schizothrix calcicola did not remove Cd significantly at
any pH, while only one green alga Mougeotia showed such negative results.
They suggested that green algae appear to be much more efficient at
accumulating Cd than the blue-greens,

Laboratory studies on Zn uptake and accumulation have been made on
vascular plants (Adams et al. 1973; Mathys 1980), bryophytes (Pickering
and Puia 1969) and green algae (Coleman et al. 1971; Wixson and Gale
1975; Whitton and Say 1975). Few accounts for blue-green algae have been
reported. Sparling (1968) found in laboratory studies that Gloeocapsa sp.
Nostoc muscorum, Anacystis nidulans and Merismopedia sp. all took up a

éignificant amount of zn, Cu, ¢d and Ni from solution, enough to
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influence the metal balance in natural waters. In a study of metal
uptake by Anacystis nidulans, Katagiri (1975) found that a logarithm-
ically grown culture exposed to 0.5 mg l_1 Cd for 24 h accumulated
1.5 mg 1—1 Cd. However Cd uptake was pH dependent, more Cd being
accumulated at pH 7.0 than at pH 8.0. Jones et al. (1978) found a
considerable variation in Zn and Cd accumulation between strains of
blue-green algae, after they had been grown in medium containing

-1 -1
74 pg 1 Zzn and 20 pg 1 Cd, as shown below:

ng gt gy we g7l g

Anabaena cylindrica 93 1.5

Anabaena variablis 48 2.3

Anacystis nidulans 81 2.3

Chlorogloea fritschii 109 2.9

Nostoc muscorum 479 9.1
1.0 Aims

Blue-green algae are often the dominant organisms at moist sites
combining high levels of Zn with high pH. Laboratory studies have
.confirmed that the strains present are highly resistant to 2n. The
question arises as to how easy it is for strains lacking resistance to
develop it? A relatively large number of mutant strains of blue-green
algae have been isolated, but so far not ones resistant to heavy metals
(1.33). On the other hand there are several reports in the literature
showing a large number of Anacystis nidulans mutants resistant to drugs.

As a result of reviewing the above literatﬁre, it was planned to
attempt to isolate strains of A. nidulans resistant to Co, Ni,

Cu, Zn and Cd and make an account of the properties of these strains.
It seemed logical prior to the start of these experiments to investigate

the effect of these metals on the growth and morphology of this strain.
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Many reports in the literature have shown that the behaviour of metals
may be influenced by other factors (section 1.4) so experiments were
also planned to determine the effects of such factors on metal toxicity
to A. nidulans. Experiments were also planned to determine the extent

to which A. nidulans can accumulate 2n.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Culture technigues

2.11 Cleaning of glassware
Glassware was washed with distilled water, socaked for at least
24 h in 10% Analar HCl (earlier experiments) or 2% Analar HNO3 (Later

experiments), rinsed in distilled water, and dried at 1OSOC.

2.12 Culture vessels

The culture vessels for maintenance of stock cultures or preparing
inocula in liquid medium were 100 ml and 250 ml Pyrex conical flasks.
For toxicity experiments, 50 ml boiling tubes were used. Plastic
disposable sterilised petri dishes were used for solid media.

Good quality cotton wool was used for plugging the conical flasks.
Morton closures (Bellco stainless steel) or Axa closures {Axa Ltd)

were used for routine toxicity tests for which many tubes were required.

2.13 Sterilization
All flasks and tubes containing medium were sterilized by auto-

2; 15 1b in—z) for 15 min. The medium was

claving at 121% (10 KN m
allowed to stand overnight before inoculation to allow requilibration
with the atmosphere; if the medium was to be stored longer than this
it was kept in the dark in order to protect EDTA-metal chelates against
photo-deterioration.

In media with high phosphate, calcium or zinc, these were auto-
claved separately and added aseptically to each tube or flask, to avoid
precipitation. In media containing certain organic compounds or

antibiotics which might be heat sensitive the filter procedure in

2.91 (iii) was used.
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2.2 Media
2.21 Mineral nutrients

Tables 2.1 (p. 3¢ ) and 2.2 (p. 40) show the composition of the
media and the salts used in their preparation. The percentages of Zn

present in these salts as impurities are given in Table 2.3 (p. 41 ).
All salts were prepared in high concentrations, from Analar products

in deionized distilled water and stored at 4°C in the dark. In

studies of Zn toxicity to Anacystis nidulans a medium (ACM) was used
derived from medium 'C' of Kratz and Myers (1955). The modification
was performed as follows: the level of phosphate was reduced by a
factor of 100 (tc 1.78 mg 1 P); Zn was omitted from the microelement
stock leaving about 0.04 mg l—1 Zn derived as contaminants. Analysis
of stock solution show that the amount of Zn as impurities of chemicals
is 0.024 mg l_l. The rest of Zn may perhaps come from glassware, and
deionized water; the level of chelating agent was relatively low, with
0.5 mg 17 = 0.0017 mM) EDTA; pH was buffered at 7.0 # 0.15 with HEPES,
using NaOH to make the initial pH adjustment.

Two different media were used for culturing strains isolated from

high Zn sites; both contain low levels of phosphate:

(i) Chu 10D + N medium is described by Sinclair and Whitton 1977:
as Chu 10-D)}, but the version used here was buffered at a lower pH
value. The nitrate~free version (Chu 10-N) was made by supplying Ca

as CaClZ.

(i1) ADM medium is a modification of the medium of Allen and Arnon
-1
(1955), with phosphate reduced to (0.445 mg 1 P); the level of Fe
-1
and chelating agent was reduced by a factor of 2 (to 2 mg 1 Fe;

10 mg 17! (= 0.034 mM) EDTA) |

Both media were buffered at pH 7.0 with 1200 mg 1 ' (= 5.04 mM) HEPES.
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Composition of media (mg 1
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Table 2.1 of salts)
salts ADM Allen and Chu 10-D ACM Kratz and
Arnon (1955) Myers (1955)
KNO3 - - - 500 1000
Ca(NO3)2.4H20 - - 40 - 25
K2HPO4 2.5 348.9 - 10 1000
KH_P - - - -
5 04 8.0
MgSO4.7H20 200 246.5 25.0 250 250
Na25103.5H2O - ~- 11.0 - -
NaCl 230 233.8 - 23 -
- - () - -
Na2HCO3 16.0
CaC12.2H7O 66.2 73.5 - 19.86 -
FeCl3.6H20 9.7 ? 2.42 9.7 -
NazEDTA.2H20 25.4 ? 3.17 0.635 -
Na citrate.2H7O - - - - 165
Fe2(SO4)3.6H20 - - - - 4.0
MnC12.4H20 - - 0.05 1.81 1.81
2 — — _
MnSO4.4H20 0.5 2.03
NaMoO4.2H20 0.19 0.15 0.007 0.027 0.017
ZnSO4.7H20 0.05 0.22 0.056 - 0.222
CuSO4.5H20 0.02 0.08 0.019 0.08 0.08
CoCl2.6H20 0.01 - - - -
CoSO4.7H20 - - 0.01 0.04 -
H3BO3 0.5 2.86 0.72 2.86 2.86
N - . - - -
H4VO3 0.02
N . - . - - -
aZWO4 2H20 0.018
i .7 .01 . - - -
N:LSO4 HZO 0 0.045
Cr(SO4)3.K250424H2O - 0.96 - - -
pH 7.0 ? 2-7.5 7.0 7.5-7.8




Table 2.2 Composition of media (mg 1_1 of elements)

element ADM (~N) Allen and Chu 10-D ACM Kratz and
Arnon (1955) Myers (1955)
N - - - 69.29 -
P 0.445 61.9 1.78 1.78 177.8
S 26.0 32.0 3.25 32.52 4.23
Cl 171.4 177.3 - 28.018 -
Na 90.5 92.0 8.44 10.62 -
K 112.2 156 2.24 - 835.6
Ca 18.1 20 9.77 5.45 -
Mg 19.7 24.3 2.47 24.65 24,65
Si - - 2.50 - -
Fe 2.0 4.0 0.5 2.0 0.86
Mn 0.12 0.5 0.012 0.5 0.5
Mo 0.08 0.1 0.0025 0.01 0.01
Zn - 0.05 0.012 - 0.05
Cu 0.005 0.02 0.005 0.02 0.02
Co 0.0005 0.01 0.002 0.008 0.008
0.09 0.05 0.125 0.50 0.50
0.004 0.01 - - -
0.005 0.01 - - -
Ni 0.002 0.01 - - -
Cr 0.001 0.01 - - -
EDTA 10.0 ? 2.47 0.5 -
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-1
Table 2.3 Amount of zinc as impurities in the stock (mg 1 )

Zn (mg 1—1) Zzn (mg l—l)
in stock in medium
from stock
K2HPO4 0.18 0,000072
MgSO4,7H20 0.08 0.0004
NaCl 0.072 0.,000096
CaClz.ZHzo 0.08 0.0008
KNO3 0.64 0.0168
Fe.EDTA 0.40 0.0002
EDTA 0,008 -
HEPES 0.003 0.0016
Trace-element 0.08 0.0008
NaOH 0.24 0.0024
Total 0.024
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2.22 Buffer

Attempts were made to increase the buffering capacity of media.
HEPES at 1200 mg 170 (= 5.04 mM) and 600 mg 171 (= 2.52 mM) were shown
to restrict pH variations within 0.15 and 0.25 pH units, respectively,
over a 10 day period without affecting the growth of Anacystis nidulans
(Table 5.26). HEPES was chosen as a buffering agent on the basis of
the results of Ggod et al. (1966). They reported that HEPES has a
negligible binding capacity for the metals Mg, Ca, Mn and Cu. They
calculated the approximate values for the metal-buffer binding constants,
from the displacement of the pH titration curve in the presence of an
equivalent of the chloride salt of the metal in question. Smith and
Foy (1974) chose HEPES as a buffer for freshwater algal media because
of its favourable PKa of 7.55 and the negligible metal binding capacity
reported by Good et al.; no further experimental studies were made.

In a comparison of the effects of HEPES, EDTA and TES
(N-Tris (hydroxymethyl)-methyl-2-aminomethanesulphonic acid) on the
toxicity of Cd to Daphnia, Tevlin (19783) found that in contrast to
EDTA and TES, 0.001 M and 0.002 M HEPES did not reduce toxicity. He
related this to the absence cof Cd complexing by HEPES.

It was realized at a late stage of the present studies that, in
spite of the previous reports, HEPES is in fact likely to act as a
chelating agent. The studies of Good et al. did not investigate all
the possible ways this molecule can act as a chelating agent (M. Kilner,
pers, comm.). The situation is complicated because both EDTA and
HEPES were present simultaneously in the medium, with EDTA known to
act as a strong chelating agent. The levels of EDTA and HEPES used
for various experiments are given in Table 2.4,

HEPES was added to the medium before autoclaving and adjusting
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the pH. In some cases the pH of the medium was adjusted after auto-
claving to its normal value by the aseptic addition of 0.2 N NaOH to
each flask or tube. pH values were measured using a model 7050

(Electronic Instruments Ltd) pH meter.

2,23 Chelating agent

0.5 mg l_] EDTA (ethylenediaminetetra-acetic acid, disodium salt)
was added to the medium.

An experiment was carried out to measure the influence of EDTA
on the solubility of Zn. 1In samples which had been passed through
glassfibre filters, the level of Zn increased with increasing EDTA

(Table 2.5).

2.24 Materials used for toxicity tests

Addition of metals

zinc: added to culture medium as ZnSO4,7H20 from a 1000 mg l_1 Zn

stock solution in deionized distilled water.

copper: added to culture medium as CuSO4.7H20 from a 1000 mg l_1

stock solution in deionized water.

cadmium: added to the cultures as CdSO4.8H20 from a 1000 mg l_1

stock solution in deionized water.

Addition of other selected cations and anions

A list of other metals whose toxicity was compared with that of
Zn, together with the factors whose influence on Zn-toxicity was studied,
is given in Table 2.6, together with the substances added to the medium to
bring about required changes., The basal media lacking particular ions

required as controls were obtained by substituting complementary salts,
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Table 2.6 Factors influencing Zn-toxicity

salt used as a source for

46.

complementary
salt used if

factors element
omitted
toxicity test basal medium
Na NaCl NaCl -
Mg MgC12.2H20 and MgSO MgSO4.7H20 Nast4
Cl NacCl NaCl -
1 ]
K KC KNO3 and K2PPO4 EzNSBOand
2 4
Ca CaC12.2H20 CaC12.2H20 -
Mn MDLL2.4H20 MnCl2.4H20 -
Fe FeClq.6H20 Fe.EDTA NazEDTA
Ni NiCl _.6H_O - -
* PR
C .7H.O .7
e} COSO4 H2 COSO4 HZO
. O . N O
Cu CuSO4 5H2 CuSO4 5H2O a28 4
Zn ZnSO .7H.O Z .7H Na_SO
ns 4 H2 nSO4 20 a2 4
.8 -
cd CdSO4 H2O
Hg HgCl2 -
P Pb (N -
b b ( 03)2
NO.,-N KNO KN KC1l
3 3 3 <
PO,-P HPO K
4 K2 4 2HPO4 KCl
50,-S Na, SO MgSO4.7H2O MgCl2.2H20
EDTA EDTA Fe .EDTA

Cl._.
Fe 3 6H20
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Addition of antibiotics

penicillin-G: supplied as benzyl penicillin scdium salt (Sigma Products,

-1
1663 units mg ).
-1
polymixin B: supplied as the sulphate (Sigma Products, 7700 mg ).

streptomycin: supplied as sulphate with 3.0 H_O per mole (Sigma Products

2
: -1
745 units mg ).
Stock sclutions were prepared in deionized distilled water,
sterilized by filtration (2.91 (iii)) and appropriate dilutions were
added to cold, sterile medium. Sterile solutions of these antibiotics

were stored at 4OC in the dark.

2.3 Subculturing

Subculturing was carried out with standard aseptic techniques, the
subculturing process taking place in a horizontal laminar flow cabinet
(confirming to B.S. 5295 class 1). This takes in air at the top through
a filter which firstly removes *he large particles and then passes the
air through a high efficiency particulate air filter, out horizontally
across the work surface in a laminar flow pattern. On the day of sub-
culturing, the inoculum material was checked microscopically for con-
tamination and in addition four petri dishes, each with a different
bacterial test medium (2.423), were plated with a suspension of the

Anacystis nidulans before being used as the inoculum for the experiment.

2.31 Liquid
No difficulty was found in obtaining a uniform inoculum of
Anacystis nidulans due to the fact that typically the alga does not clump and

suspends homocgeneously. Experiments were commenced with a density of
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(see R 52)

5 -1 ) . .

2 x 10 units ml ./ All toxicity tests were carried out in 10 ml of
experimental sterilized medium in boiling tubes. 1In some cases when
chlorophyll a was used as a growth criterion, or in the case of metal

uptake, 50 ml medium was used in a 100 ml conical flask.

2.32 Solid

In order to obtain individual colonies, Anacystis was plated on
to an agar surface. For this purpose, both low concentrations of agar
{15 W/V: Allen 1968) and EDTA (instead of citrate as a chelating agent:
Van Baalen 1965) were used.

The agar was mixed with the mineral medium before autoclaving.
The inoculum was spread on the surface of the plates with an alcohol

sterilised glass spréading rod.

2.33 Incubation and light source

Experiments were carried out either in a growth room or a tank
of water with a shaking mechanism. Attempts to increase metal resistance
and stock cultures were made in standing culture in the thermostatically
controlled growth room maintained at 32OC. The cultures were shaken
by hand once a day. Some other standing experiments were carried out
in a 250C room. Inocula for experiments and toxicity tests were grown
in a thermostatically controlled tank of distilled water maintained
at 32OC. A shaking mechanism moved the vessels through a horizontal
distance of 33 mm about 72 times per minute. The flasks were illuminated
continuously from beneath with warm white fluorescent tubes., The level
of radiation at the surface of vessels was found to vary between different
areas in the tank, particularly at the edges; it was however more or less
constant in the middle of the tank, so to avoid these wvariations, no

experimental vessel was incubated near the edges. In addition each




vessel was moved around daily. Tubes were held at a slanted angle

in a wire cage in order to provide the circulation of media during
shaking. Photosynthetic active radiation as measured by a Macam
Quantum/Radiometer/Photometer Model ¢ 10! (Macam Photometrics Ltd) and
light intensity as measured with an EEL lightmaster photometer (Evans

Electroselenium Ltd) are summarized below:

growth chamber source of position of UE m_2 s_l lux
fluorescent illumination
light
32°C growth room white above 25- 40 2000-2500
25°C growth room white above 25- 40 2000-2500
shaking tank warm white below 120-155 3000-4500
shaking tank warm white below 75- 95 2500-3000

with wire cage

Light measurements by two methods not necessarily made at same time

2.4 Algal cultures

2.41 oOrigins ”j

Anacystis nidulans was obtained from the Cambridge Culture Collection
cf Algae and Protozoa (1405/1); it has a Durham ref. no. 33A. It is the
strain first characterized by Kratz and Myers (1955)and is considered
identical to Synechococcus sp. PCC 6301, ATCC 27144 (Rippka et al. 1979).
Anacystis nidulans was chosen because it is the blue green alga which has
been most used both for experimental studies in general and studies of
mutation in particular.

Details of other strains from culture collections and ones isolated

from sites with elevated Zn are given in Table 2.7.

2.42 Isolation and purification
Algae were isolated by plating; the initial dried sample collected
by Dr B. A. Whitton was sprinkled directly onto agar. ACM medium was

used for Synechococcus,. Gloeothece-and Phormidium, while ChulO-D was
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Table 2.7 Sources of cultures
organism Durham source whether  whether
cul ture no. axenic clonal
low Zn
Anabaena cylindrica 2 Cambridge 1403/22 + +
Aphanothece castagnel 551 G. A. Codd, Dundee
Calothrix membranacea 179 Cambridge 1401/1 +
C. parietina 550 Sand Sike, Enaland + +
{Zn, X 0.069 =
0.006: Halmes and
Whitton, in press)
high Zn
Calothrix sp. 184 from Zn tank + +
(Sinclair and Whitton
1977); subcultured
at 8 mg 171 zn
Calothrix sp. 473 "La Croisette + +
Ruisseau", Rhone
Valley, France
= Durham code 3027-50
{stream dry, but
sediments with
elevated zinc)
Gloeothece sp. 562 Elvins pond, Missouri
{(zn, c. 8 mg -1,
Whitton et al.. in
press)
Phormidium autumnale 475 Riou Mort, France +
= Durham ccde 3010-98
(Zn, c. 16 mg 1~
Phormidium sp. 476 R. Etherow tributary +
England (Zn, c.
15 mg 17t Harding
et al., in press)
Synechococcus sp. 561 Elvins pond, Missouri

(Zn, c. 8 mg 1-1,
Whitton et al., in
press)
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used for all Calothrix strains, with the exception that for Calothrix

D 473, 0.5 mg 1 Ni was added (Ni apparently favoured healthy growth
of Calothrix D 473 on initial isolation, though later experiments have
failed to show this). Cycloheximide was added to the media to give

a concentration of about 10 ug ml . For agar media, the cycloheximide
was dissolved in distilled water, and 0.1 ml of the solution pipetted
on the top of the algal growth on the agar surface. Cycloheximide is
active against a wide range of fungi, yeasts, and most eukaryotic algae,

but is inactive against most bacteria (Kapoor and Sharma 1979). Blue-

green algae are tolerant, at least in low concentrations.

2.421 Physical

Isolation was carried out by successive transfer on agar plates.
This method had the advantage thatgliding tended to separate new areas of
growth from the original, contaminated inoculum. Areas containing the
required algae could then be cut out and transferred for further subculture.
It was normally possible to establish unialgal cultures after repeated sub-
cultures. Clonal and bacteria-free cultures of three strains of Calothrix
were successfully established after many transfers as follows. Algae
from a young, vigorously growing culture were inoculated onto the middle
of an agar plate, and incubated under normal growth conditions. After a
week or so, there was usually a zone of hormogonia around the inoculum,
sufficiently well separated for individuals to be nicked off. A suitable
area for hormogonia was located by using a binocular dissecting microscope,
and a single hormogonium was picked off using a very fiﬁe needle, and
transferred to a fresh agar plate. After successive transfers on agar,
a hormogonium was transferred to fresh liquid medium. When yisible growth

was well established, the alga was tested for bacterial contamination.
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2.422 Antibiotics
Attempts to obtain axenic cultures of Phormidium and Calothrix
by means of exposure to various antibiotics mixtures based on some

work by Droop (1367) were unsuccessful.

2.423 Tests of purity of the cultures

Tests have been made with the following media:

(i) beef peptone agar
{(ii) malt extract agar
(1iii) vyeast extract agar
(iv) nutrient broth
(v) 88T
The composition of those media was described by Hoshaw and Rosowski
(1973). The most efficient medium found was the usual algal growth
medium, supplemented with 0.02% casamino acid (Bacto-Difco) and 2%

glucose and solidified by addition of 1% (W/V) agar.

2.5 Preparation of alga for assay

2.51 Estimation of growth
2.511 Unit counts and estimation of cell length

Most unit counts were carried out using a haemocytometer 0.1 mm
deep (Improved Neubaur ruling) with cover glasses. After about 5 min
settling time, nearly all the units were in focus. In most samples
Anacystis nidulans did not exist as single cells, but as a mixture of
rods, filaments and sometimes subspherical shapes. The term 'unit' is
used here to cover the range of morphologies seen with the light micro-
scope, including rods of various lengths, filaments apparently made up
of closely attached rods, filaments without obvious cellular divisions

and subspherical structures.
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Most measurements of the units were made using an X40 objective
lens and eye-piece of X10 magnification, with an X2 magnification lens
in the light path. With this system the smallest eye-piece graticule

unit of 0.01 mm was equivalent to 1.5 um.

2.512 Extraction and estimation of pigments

(i) Chlorophyll a

The algal suspensions were made up to the original volume with
distilled water, and were harvested by vacuum filﬁration through Whatman
GF/F glass-fibre paper (2.91 (i)). The alga and the soivent (95% methanol)
were then placed in 30 ml McCartney bottles and incubated for 10 min in a
darkened water bath at 7OOC, and then refiltered. The final filtrate was
made up to a standard volume. The chlorophyll peaks were read immediately
after extraction using an ultra violet-visible spectrophotometer (Perkin-
Elmer 402). Absorntion spectra were read at 665 nm and corrected for
turbidity by subtracting the absorbance at 750 nm. Extracts were then
acidified by adding one dropof IN Analar HCl in the optical cell carefully
mixed in with a pasteur pipette; the absorbance at 665 nm was then read again;

Neutralization of the extracts with magnesium carbonate was not used
because neutralization by magnesium carbonate on absorption spectra shows
no effect (Marker 1972).

Chlorophyll a was calculated from the formula given by Marker (1972),
but here a different "acid factor" has been derived, This formula can
be written as follows:

\Y
chl a (ug/sample) = 2.61 (A - Aa) x T X 13.1

Ab = absorbance at 665 nmbbefore acidification

Aa = absorbance at 665 nm after acidification

v = volume of extract (ml)

1 = light path of optical cell (cm)

13.1 = constant, assuming a specific absorption coefficient of

- -1
Chl a in 95% methanol of 76.07 1 g ! cm

2.61 = constant derived from an acid factor of (x 1.60 + 0.2)
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The acid factor was calculated from 12 samples of the Anacystis
nidulans. In the case of Calothrix D184 and Anabaena cylindrica
an experimental maximum acid factor of 1.8 was determined. It was

calculated according to the method of Marker (1972):

absorbance at 665 nm before acidification
absorbance at 665 nm after acidification

using the mean of acid factor, a constant of 2.61 and 2.28 were
derived for use in the Chl a equation. This constant was derived

as follows:

_ acid factor B 1.62 _
constant = = factor -1 1.62 -1~ °-o1

(i1) Phycocyanin

The lysozyme technique to be described below was employed
successfully. A range of physical techniques were tried:
sonication, mortar and pestle with acid washed sand,
rapid repeated freezing and thawing in the presence of 0.05 M phosphate,
use of liquid nitrogen. All were not efficient in releasing
phycocyanin completely. Comparisons are given in Table 2.8.

Lysozyme extraction was originally based on work by Crespi et al.
(1962). The alga was collected from growing cultures bv centrifugation
for 30 min at3000 x g. The supernatant was discarded; the residue was
washed twice with distilled water. Prior to phycocyanin extraction,
chl a was extracted first with 80% acetone and discarded (in this
experiment only, because methanol was found to effect phycocyanin
extraction). If chl a was required for comparison, the sample was
divided into two 25 ml aliquots; one was used for chl a extraction
(using 95% methanol), and the second was used for phycocyanin. The

algal pellet, which was blue in colour, was incubated with 1 mg 1
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Table 2.8 Comparison between methods used for phycocyanin extraction
from Anacystis nidulans. Lysozyme experiments carried out

in dark at ZSOC; pH 6.8.

method % control
1) lysozyme incubated for 96 h 100
2) 1lysozyme incubated for 96 h 100

+ 30 minutes sonication

3) lysozyme incubated for 48 h 96.7
4) lysozyme incubated for 36 h 81.2
5) lysozyme incubated for 24 h 70.9
6) lysozyme incubated for 12 h 35.4
7) sonication for 60 min 71;6
8) sonication for 4% min 62.0
9) sonication for 30 min | 45.8
10} acid-washed sand extraction 14.6

using mortar and pestle

11) freezing and thawing with liquid 35.6
nitrogen
12) in vivo (no step for any 21.5

extraction)
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lysozyme (muramidase, mucépeptide N-acetylmuramoylhydrolase;
E.C., No. 3.2.1.17) in 0.05 M phosphate buffer, at pH 6.8, incubatedv
at 250C in the dark. At intervals, the tubes were
moved from the dark, centrifuged for about 10 min (to facilitate
filtration), and then filtered through glass-fibre paper and the solution
made up to a standard volume with 0.05 M phosphate buffer. It was found
that phycocyanin started to degrade within 5 days after it had been
released; it produced an odcur resulting from lysozyme deterioration;
addition of NaCl or incubation at 4OC helped to control this problem.
Comparisons are given in Table 2.9.

The absorption peaks of phycocyanin were read directly at 618 nm.
The concentration of phycocyanin was calculated from the following
equation in which correction is made for chlorophyll absorption

(Myers and Kratz, 1955):

Ob phycocyanin = 1.016618 - 0.203 00677

percent phycocyanin was then determined by dividing the correct absorptioh
of 618 nm by 0.073, the extension coefficient of Craig and Carr (1968).

These values were then normalised to a mg dry weight alga basis.

2.513 Dry weight

Algal material was separated from the growth medium by centrifugation
for 30 min at3(0( x g, in acid washed centrifuged tubes, washed thrice
with EDTA, for accumulation experiments. The liquid was decanted off and
kept for further analysis. The washed algal pellet was transferred.to
acid-washed snap-top glass vials (previously dried at 105°C) and dried
for 48 h at 105°C. On removal from the oven, the vials were placed
immediafely in a desiccator to prevent absorption of water as they cooled
to ambient temperature. For accumulation studies (Chapter 6) the alga
was weighed together with the Nuclepore filter (Filters without alga

were shown to have areasonably corstant dry weight, After drying
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at 105°C for 48 h, % = 3.2 mg + 0.068, n = 20.).
2.514 Turbidity

In applying this method it is necessary that the cultures are
well shaken and evenly distributed. For this reason a Vortex stirrer
(Griffin) was used. Factors such as precipitation of the medium, air
bubbles, contamination of the algal suspension With bacteria can
interfere with the results. Precautions were taken to avoid these
factors. Clean tubes of uniform diameter were washed with distilled
water after each single reading; blanks were used for botﬁ autoclaved
and non-autoclaved media for individual sample. The deflection caused by
the test tube and media, which was estimated before the culture started,
was subtracted from the actual reading. High turbidity was found at
higher concentrations of phosphate, calcium, manganese or zinc in
autoclaved media. Comparisons are given in Tables 10a and 10b. The alga was
checked at the end of each experiment to be sure no bécterial con-
tamination had occurred. Measurements were made with a Unigalvo
Nephelometer (Evans Electroselenium Ltd). The sample was illuminated
with a light source, of the same colour as that of the sample by using
a OGRI filter and photoelectric detector with a readout device to
indicate the intensity of scattered light.

A standard reproducible calibration curve was preparé% (Pig 2.1)
showing the relationship between population density and
turbidity scales on the nephelometer. The plot was linear up to
’1.6 X 108 units ml_1 for the wild-type andyp to 7 x 107 units rnl—1
for the Zn-tolerant strains. 1In all cases of doubt a direct count was

also made, using a haemocytometer.

2.52 Techniques used for comparison of toxicities
Estimates of toxicity to a particular strain were made in batch

cultures on growth, lag and in some cases final yield.




Table

2.10b,

Influence of Ca as CaCl,

on turbidity of ACM medium

2
(see 2.514).
-1 Ca (mg 1—1)
Zn {(mg 1 )
0 2.5 5.0 10 20 40 80 160 320
0 .0 2.0 2.2 5 2.5 2.6 2.8 3.4 3.5
1.0 .0 2.0 2.5 5 2.5 2.5 2.8 3.4 3.5
.5 .0 2.2 2.6 8 2.5 2.8 2.8 3.6 3.6
2.0 .0 4.0 4.0 0O 4.5 4.6 4.5 4.5 4.8
2.5 .5 4.7 4.8 6 4.7 4.8 4.8 6.0 6.0
3.0 .0 5.5 5.6 8 5.7 5.7 5.8 6.2 6,2
3.5 .0 6.0 5.8 0 6.2 6.2 6.2 6.4 6.6
4.0 .0 7.0 7.2 o 7.0 7.0 7.5 7.5 7.5
4.5 .2 7.5 7.5 6 7.6 7.8 7.6 8.1 8.2
5.0 .5 8.0 8.2 1 8.5 8.6 8.5 9.0 9.5
Table 2.10a.Influence of Mn as MnCl2 on turbidity of ACM medium
(see 2.514).
Mn (mg 1-1)
Zn (mg 1—1)
0 0.05 0.10 O. 1.0 1.5 2.5 5 10 15 20
0 1.2 2.0 2.0 2. 2.0 3.0 3.0 4.0 5!0 5.0 6.0
1.0 1.2 2.0 2.0 2. 2.5 3.0 3.0 4.0 5.0 5.0 6.0
1.5 1.5 2.0 2.5 3. 3.0 3.0 4.0 4.0 5.0 5.0 6.0
2.0 1.6 4.0 4.0 4. 4.0 4.0 5.0 5.0 6.0 6.0 7.0
2.5 1.8 4.5 4.0 5. 4.0 4,0 5.0 5.0 6.0 7.0 7.0
3.0 2.5 5.0 5.2 5. 5.6 5.6 6.0 6.0 7.0 7.4 7.5
3.5 3.0 5.0 5.0 6. 6.5 6.5 6.5 6.6 7.0 7.4 7.4
4.0 3.5 6.0 6.0 6. 6.6 6.6 6.5 6,7 7.4 7.6 7.8
4.5 4.0 6.2 6.5 6, 6.6 6,6 6.5 7,2 7.8 8.0 8.0
5.0 4.6 6.5 6.5 6. 6.6 6.6 6;5_ 8.0 8.0 8,0 8.0

59.
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A series of growth curves was made for different metal levels
and data from these were used to plot a further graph from which the

various indices of toxicity could be estimated.

(i) Toxicity based on growth rate is expressed as that concentration
of metal leading to a 50% reduction in rate of exponential growth as
compared with a control grown in basal medium. In most cases part of
the growth curve was in fact exponential, but when this was not so, an
estimate of the fastest growth obtained was used for the present

calculation,

(ii) Toxicity based on lag is expressed as the concentration of
metal leading to an increased lag (as compared with that of the
control) equal to the doubling time during exponential growth of the

control.

(iii) Toxicity based on final yield is expressed as the concentration
of metal permitting 12.5% of the yield obtained with the control.
(In practice, yield was estimated as the number of units x mean length
of units; this neglects possible changes in cell diameter.)

Other potentially ambiguous terms needed tc summarize the results

are defined as follows. A strongly inhibitory level of a toxic

agent refers to that level which just permits detectablé growth; a
slightly higher level kills all cells unless mutation occurs. BAn
estimate of the strongly inhibitory level can only be approximate, but
provides a much quicker means of making a comparison than the time

consuming methods described above. Resistant and tolerant are used

in the manner adopted by many workers on higher plants. A resistant
organism is one which can withstand relatively high levels of a

potentially toxic agent, whatever the mechanism by which it does thig;
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a tolerant strain is one which survives higher levels due to genetic

differences from other strains.

(iv) T.I.C. (Tolerance Index Concentration). The assay was a
refinement of that described by Whitton (197Ca). Growth in the flasks
or tubes was compared visually on days 2, 4, 6, 8 both against
preserved replicates of the original inocula and also with each tube
one against the other. Observations were recorded on each occasion

as follows:

I Maximum concentration of metal causing no lag in algal growth
II Maximum concentration of metal causing inhibition
IIT Maximum concentration of which alga is alive

v Maximum concentration of metal required to kill alga

1/
The Tolerance Index Concentration was calculated as = (I. II. III. IV) /4
2.6 Production of resistant Anacystis strains
2.61 NTG

The procedure was based on work of Kumar (1968), with antibiotics,
In preparation for this experiment, exponential grown units were
harvested by Millipore filtration, washed with M/20 Tris-maleic buffer
of pH 8.0, and suspended in 20 ml of Tris-maleic buffer (mixture of
Tris + maleic acid, pH 5.0). Aliquots of 0.2 ml from appropriately
diluted suspensions were spread on agar plates, solidified by
(1% W/V) agar, to serve as controls. Freshly prepared N-methyl-N'-
nitro-N-nitrosoguanidine in Tris-maleic buffer (pH 5.0) was added
into the remaining suspension to obtain a final NTG concentration of
about 400 ug mlhl. The reaction mixture was shaken for some time
after mixing. One ml aliquots were withdrawn after time intervals

between 0 - 60 minutes, then the units were washed twice with sterile




ACM (pH 7.0) on Millipore filters. The washed units were then
suspended in ACM medium to obtain the same unit concentration as in
untreated controls, and 0.2 ml aliquots spread on agar plates. All
plates were sealed with parafilm and incubated at 32°C for 10 days.
They were then overlaid with a thin layer of agar (0.7 W/V) contain-

ing different Zn concentrations (2 up to 12 mg l_l).

2.62 Serial subculture

see 3.2
2.7 Study of environmental factors
2.71 Factors influencing toxicity

During the studies outlined below, the addition of the salts of
the ions, whose effect upon toxicity were being tested, caused
simultaneous addition of varying levels of Na, Cl or SO4. A series
of toxicity tests were therefore performed upon Anacystis nidulans
with varying levels of NaCl or Na2504 in the medium.

The initial pH in all experiments testing these factors was kept
within limits 7.0 £ 0.1 pH units using NaOH to make the adjustment,
except on study of effect of ﬁa on toxicity, when KOH was used. For

practical purposes the experimental procedure for investigation of

each factor affecting metal toxicity was varied slightly.

(i) Zn toxicity: inocula for each factor tested were obtained from
cultures incubated in a medium containing a very low level of that
factor (i.e. if the factor to be tested was Mg, the algal stock was
incubated in a medium with 0.25 mg l—1 Mg for 24 - 48 h prior to
inoculation). For studies on the effect of phosphate, cultures to be

used as inocula for the standard toxicity tests were incubated in

63,
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phosphate~-free medium for four days prior to the experiment. Two
other experiments were carried out to demonstrate the effect or

organic phosphate on Zn-toxjicity. Sterilized /Q*glycerophosphate

and & -D glucose-l-phosphate (Sigma products) were added to sterile
medium after autoclaving to provide the same level of P as in inorganic

phosphate tested.

(1i) Cu toxicity: The procedure used for Cu closely followed that of
Zn but due to the greater toxicity found with Cu a lower range of levels
was used in the assay. Addition of Cu at the concentrations used

caused no shift in the pH of ACM medium.

(iii) gg‘éoxicitx: As with Cu, the procedure closely followed that
used with 2Zn, but again a lower range of Cd concentrations was used.

No pH shift was encountered.

2.72 Inocuium size

The size of the inoculum on Zn-toxicity was tested only for the
wild-type. The investigations were carried out by using a series of
dilutions of algal suspension, with sterilised ACM medium as diluent.
Both chl a and unit counts were used as criteria for groﬁth. The

final units ml_1 in each vessel at the beginning of culture were 104,

105, 106, and 107 units m.'L_1

2.73 Factors influencing Zn solubility

pPH The experiment was. carried out simultaneously to investigate
the effects of various pH levels, on both the toxicity and the
solubility of Zn. Four replicates in 100 ml flasks were set up at
different pH levels, increasing by 0.5 units in the range 6.0 to 8.0,
at six levels of 2Zn, range 1 - 10 mg 1’1. The medium was buffered and
adjusted to the required pH, using 0,2 N NaoH er 0.2 N HCl, The flasks

were incubated under the same conditions as used for the actual asgay.
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After a period of time each flask was filtered and the level of Zn
was measured. The critical range of pH for significant precipitation
of filtered Zn in ACM medium was pH 6.5 - 8.0. The results are given

in Table 2.11.

EDTA: see (2.23)
Calcium The procedure was repeated with four Ca levels. Changes
in the level of Ca in the range 5 - 100 mg.l—1 has a very slight effect

on the level of filtrable Zn in ACM medium (Table 2.12).

Phosphate The experiment was performed simultaneously with the
investigation of the effect of different concentrations of phosphate on
the Zn toxicity. A white to yellowish precipitate appeared in most
high phosphate concentratiqns with Zn at above 5 mg 1-1; this
precipitate may perhaps be due to the white Zn-phosphate precipitate

Zn3.(PO4)2 which is insoluble in water:

3ZnSO4.7H2O + 21(23904——) Zn3(PO4)2 + 21<:2so4 + 32304 + 7320

This precipitate was not vigible i1f the phosphate was added after
autoclaving. Comparisons of autoclaved and non—autoclaQed media are
given in Table 2.14. Samples were analysed for Zn, indicating that
70 - 75% of Zn was in solution after filtration in non-autoclaved

medium in a comparison of that 46 - 50% in autoclaved medium.

2.8 Experimental procedure for accumulation studies

2.81 EDTA washing

In a preliminary experiment it was found that 40 mg l—1 EDTA
was the most efficient level for removing all the absorbed 2Zn from.
the 'surface of the cells. Comparisons are given in Table 2.15.

An uptake experiment was carried out, in which Anacystis nidulans




66.

Table 2.11 1Influence of pH on zinc solubility on ACM medium
(10 mg l~1 EDTA + HEPES : Table 2.2); medium autoclaved
and then left to stand for 24 h before experiment.

(See also Tables 2.5, 2.12, 2.13, 2.14).

original % Zn measured after filtration
Zn (mg 17 h pH values

6.0 6.5 7.0 7.5 8.0

1.0 99 99 100 94 90

2.0 100 100 99 88 72

4.0 97 90 68 55 38

6.0 95 88 56 42 24

8.0 93 85 50 34 18

10.0 90 78 46 26 10
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Table 2.14 Influence of autoclaving and non-autoclaving on
zn solubility in ACD medium (pH 7.0 + HEPES + 10 mg 7
EDTA: Table 2.2); medium autoclaved and left to stand for
24 h before experiment. (See also Tables 2.5, 2.11, 2.12,
2.13, 2.14).
% Zn measure % Zn measure
original after filtration before filtration
Zn (mg lml) non- non-
autoclaved autoclaved autoclaved autoclaved
1.0 100 * 3.8 100 * 2.6 100.1 ¥ 4.2 9g + 8.2
2.0 99 * 1.5 98 + 2.6 100.5 ¢ 2.5 100 + 1.6
3.0 80 + 2.4 95 + 3.7 100 + 7.5 97 + 4.4
4.0 68 + 1.7 94 + 2.5 100.3 ¢ 7.6 100 £ 2.5
5.0 57 &+ 4.7 77 + 5.6 100 + 2.0 100 + 9.6
6.0 58 + 4.7 84 + 1.3 89 + 1.1 100 + 1.4
7.0 51 + 1.3 77 + 8.2 99 + 1.3 99 £ 1.5
8.0 50 + 4.7 69 + B.2 99 + 2.8 98 + 1.3
9.0 50 + 4.7 66 + 1.4 99 + 1.8 100 + 1.3
10.0 46 + 4.7 65 t 8.2 98 + 4.3 99 + 9.6
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Table 2.15 Influence of EDTA (pH 5.4) on removal of Zn from Anacystis
nidulans; alga stirved for 5 min in contact with 10 ml of
EDTA at 4OC, then collected by centrifugation.
time EDTA -Zn left Zn washed dry weight Kg Zn g—1
(ad) (mg 171 in the media with EDTA (mg 17 %) dry weight
(mg 171 (mg 171)

0 0 0.41 30 19400

2 0.40 52 11360

4 0.45 96 6072.9

6 0.39 174 3030

0 0.5 0.41 0.12 36 12638

2 0.39 0.14 52 8884.6

4 0.39 0.09 94 5691.5
6 0.38 0.10 178 2520.2

0 5 0.38 0.33 32 11625

2 0.38 0.28 50 6720

4 0.36 0.16 100 4120

6 0.37 0.14 172 2427

0 10 0.38 0.37 32 8375

2 0.40 0.32 50 6320

4 0.40 0.26 98 3440

6 0.39 0.21 172 2213.5

0 20 0.38 0.40 32 6812.5

2 0.39 0.35 52 4923

4 0.40 0.26 100 3250

6 0.39 0.22 170 2026.3

0 40 0.40 0.58 30 400

2 0.37 0.60 ' 56 446 .43
4 0.38 0.54 96 ©645.8
6 0.38 0.48 174 701.03
0 80 0.40 0.58 30 366.6

2 0.38 0.56 50 480

4 0.38 0.60 98 489.8
6 0.37 0.56 176 494 .74
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cells which had taken up Zn were suspended in 40 mg l-1 EDTA (pH 5.4).
The algal cells were stirred for 5 min in contact with measured
volume of EDTA at 4OC, by using a vortex stirrer. The cells were
.collected by centrifugation with cooling using a MSE MISTRAL 4 1
centrifuge. The procedure was repeated twice or sometimes thrice,

the supernants being decanted each time into acid washed snap-top
vials and stored in a refrigerator, with a drop of Aristar HNO_ until

3

analysis (usually within the period of the experiment).

2.82 Acid digestion

All samples of the alga were dried for 48 h at 1OSOC in acia
washed snép-top glass vials and cooled in a desiccator. Digestion in 1 ml
boiling AristarHNO3 was then carried out in the same vials for about
20 min, in which clear solutioﬁ was nearly formed. Digest solutions
were made up to 5 ml in volume in acid washed volumetric flask with
deionized distilled water, stored in the same vials.

The reason for all the steps of digestion being in the same vial

was to aveoid any chance of cross contamination of Zn from one container

to another. Three blanks were included@ with each new batch of digests:

(i) boiling Aristar HNO, only in snap-top vials;

3

(ii) deionised distilled waterg

(iii) filter digested with boiling Aristar HNO3.

2.9 Specialized techniques

2.91 Filtration

Three types of filtration were used:

(i) Filtration through Whatman GF/C or GF/F glass-fibre paper mounted into
sintered glass discs of ultra-fine porosity, with a suitable holder,
filtered, under pressure or partial vacuum. It is the simplest method

and efficient for pigment extraction,
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(ii) Filtration using a range of membrane pore sizes (0.22 um,
0.45 um Millipore filters, 0.2 um Nuclepore filter) and Whatman GF/C
glass~-fibre paper was tested for wmetal analysis. Acid washed dis-
posable plastic syringes were used to pass medium or sample through
the filter, with 20 ml of deionized distilled water being through
and discarded, before the collection of sample in acid washed snap-

top vials.

(iii) Aseptic filtration technique was based on (ii}. After mount-
ing a filter with small pore size (usually 0.22 um Millipore) in
Swinnex plastic holder, the whole item was autoclaved. Sterilized
disposable plastic syringes were used. The filtered sample was

collected in a sterile empty flask.

2.92 Atomic absorption spectrophotometer

The analysis of metal ions in solution was determined by the
flame Atomic Absorption Spectrophotometer (Perkin-Elmer 403)., The
agueous samples are converted into their atomic vapour by aspiration
into a flame through which is passed a beam of light energy of the
same element being determined.

The atoms in the flame absorb energy from the beam and this
absorption is related quantitatively to the concentration of the
metal ions present in the sample.

Standard solutions were included at the beginning and end of a
run and also periodically during longer runs. A blank was run

normally between each sample or standard to verify baseline stability.

2.93 Acetylene reduction assays
Axenic cultures of Calothrix D 184 from the high zinc site and

Anabaena cylindrica from an environment lacking Zn-enrichment were
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used--in acetylene reduction studies. The algaewere maintained.in

liquid medium (ADM, nitrogen-free); 8.0 mg .'L—l Zn was included in the
medium for Calothrix D184. All experiments were incubated in a shaking
tank maintained at 25°C and with an illumination about 120-155 uEm-2 s_l/
3000 - 4500 lux (see 2.33). BAlgae in the exponential growth phase were
used in all experiments and Zn was added as ZnSO4.7H2O.

Nitrogenase activity was assayed using the acetylene reduction
technique discussed by Hardy et al. (1973). Both algae were centrifuged
under axenic conditions and the supernatant decanted; the algal pellet -
was then washed twice with ADM and the suspension homogenized by
passing the algae gently two or three times through a sterilized
syringe. A standard volume of each alga was re-suspended in fresh ADM
medium with the reguired concentrations of zinc. The algae were
incubated for 24 h, and sampled at 2 hourly intervals. Zerxoc time and
dark controls were included in all assays. Aliquots (2 ml) of algae
were placed in 7 ml serum bottles and then sealed with perforated
serum cap fitted with rubber liners. 1 ml acetylene (BOC) was injected
through the serum liner with a syringe. Another syringe was used to
equalize the pressure by venting through the liner. The serum bottles
were shaken well to aid the dissolving of the gases prior to placing
in a shaking tank maintained at 25°C with a 120-155 LEm s /

3000 - 4500 lux. Five replicates were used in each case. The béttles
were incubated for 90 minutes after the addition of acetylene., At the
end of the experimental period, gas samples were removed with multiple-
sample vacutainer needles (Becton and Dickinson Ltd) and stored in
non-silicone coated, 5 ml draw vacutainers (Becton and Dickinson Ltd,

A3206, formula 134).

A gas sample (1 ml) from the sealed vacutaiger was injected into
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a Varian Aerograph series 1200 gas chromatograph equipped with a
hydrogen flame ionization detector, and a "Poropak" R (100/120 mesh)
1/8 inch by 6 feet (ca 3.0 mm x 1.7 m), stainless steel column. The
operating conditions were as follows: detector temperature 1SOOC;
column temperature 4OOC; hydrogen flame rate 30 ml min_l; air 300 ml
min  ; and nitrogen 30 ml min-l. Ethylene peaks were identified on
recorder traces by the retention time and quantified with standard
curves. The chromatograph was calibrated using dilutions of high
purity ethylene (99.9% Air Products Ltd) prepared using a Hamilton
gas syringe. Aliquots of the standards including blanks, were
injected into the serum bottles containing an equivalent liquid phase,
and incubated along with the experiment. At the end of the experiment
the standards were evacuated using vacutainers and then run through
the gas chromatograph. In this way any deviation in the draw of a
batch of vacutainers is eliminated.

The results of the acetylene reduction assays were expressed as

-1

the nMC2H4 produced ug chl a—1 min .
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CHAPTER 3

PRODUCTION OF RESISTANT STRAINS OF ANACYSTIS NIDULANS

3.1 Introduction

A relatively large number of antibiotic and drug-tolerant mutants
have been isclated in blue-green algae, especially Anacystis nidulans
(section 1.3). On the other hand no such metal tolerant strains have

been reported.

3.2 NTG
The use of NTG as a mutagenic agent {(section 2.6) failed to lead
to any detectable increase in the rate of mutation for Zn tolerance.
. , . 8 , .
NTG also failed to lead to detectable mutation (1 in 5 x 10 units) in

cultures lacking Zn enrichment.

3.3 Serial subculturing

3.31 Metals

It proved easy to increase the resistance of Anacystis to all five
heavy metals studied (Co, Ni, Cu, Zn, Cd) by repeated subcultures being
made from a strongly inhibitory level to a level just lethal to (wild-
type) Anacystis. Four flasks were used for each subculture i.e.
inoculum = 2 x 107 units. In any flask of the latter showing growth
at least one flask each time was used as an inoculum for further
serials subculture. In instances where more than one of the flasks
showed growth, the culture was chosen which grew most rapidly. The
process was repeated many times, leading to gradually increasing
'strongly inhibitory' levels. For instance, the level of Zn at which
strong inhibition occurred was raised from 1.45 to 16.5 mg l—1 after

75 subcultures {(Table 3.1). The lag period in most cases was very




Table 3.1

Resistance obtained

{sc far) on repeated subculture of

Anacystis nidulans to progressively higher metal

concentrations.

i.e. inoculum =

(Four flasks used for each subculture

-

/

2 x 10 units)

metal| no. subcultures strongly inhibitory level of metal (mg l_l)
wild-type most tolerant
strain

Co 25 0.32 2.45

Zn 25 1.45 5.5

" 75 " 16.5

Ni 25 0.16 1.30

Cu 25 0.15 0.55

cd 25 0.55 2.5
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long, sometimes more than 48 h between each subculture, but it was
shorted by repeated subculturing at least six times at that level
which caused the lag.

Details of the maximum resistance obtained are given in Table 3.1
and the rate at which resistance %6 Zn was obtained is shown in

Fig. 3.1. Colony formation on agar with different levels of Zn

(Table 4.2) showed that the acquisition of increased resistance was

due to the production of mutants.

The first mutants isolated from a wild-type population in response
to strongly inhibitory 2Zn had an increase in tolerance, based on the
criterion of exponential growth, of about 0.25 mg 1—1 Zn. The mutants
correspond to those regarded as spontaneous elsewhere in the blué-green
algal literature, but critical experiments did not rule out the
possibility that Zn itself has a role as a mutagenic agent. It
proved impossible to demonstrate the presence of mutants when making
subcultures from medium lacking Zn enrichment. Subcultures of 20
“flasks each with 5 x 106 units froﬁ alga grown in 2Zn-free mediﬁm to
a level just lethal to (wild-type) Anacgstis, failed to lead to any
increase in the rate of 'spontaneous' mutationi(l in 1 x 108 units)
for Zn-tolerance.

All the metal—tolerant strains still grow well in_basal medium.
There was no indication that they now require higher levels of these
metals for optimum growth. Only very slight changes were detectable
in the lag, exponential growth rate and yield as compared with the

wild-type. Two of the mutants with high tolerance for Zn
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(Zn-t5.0, Zn-t12.0 mg 1_1) and one for each of the other metals were
chosen for comparative studies.

The comparative response of the various strains to a particular
metal was in general quite similar whether judged by growth rate,
lag, or yield (Table 3.2); with the criteria used (2.52), the effect
on yield was greatest. It can be seen from Table 3.2 that the partially
subjective estimates of 'strongly inhibitory' growth are quite similar
to the objective estimates of toxicity based on a 50% reduction in
growth rate for four of the six mutants. Individual growth curves for
tolerant strains are qgiven below; those for wild-type Anacystis are

included in Secticn 4.

Co-t1.8 Fig. 3.2 and Table A3.1

Ni-t1.0 3.3 A3.2
Cu-t0.5 3.4 A3.3
Zn-t5.0 3.5 A3.4
Zn-t12.0 3.6 A3.5
cd-t2.0 3.7 A3.6

Stability of Zn-resistance

Strains of Anacystis resistant to 5.0 and 12.0 mg l_1 Zn were
subcultured in the absence of the metal for 72 and 96 generations
respectively, and then inoculated into their respective Zn medium.
Growth curves are shown in Figs 3.8 and 3.9, while the results are
summarized in Table 3.3. These growth curves may be compared with
those in Figs 3.5 and 3.6, in which algae were subcultured from a
strongly inhibitory level of Zn. - The Zn-t5.0 and Zn-t12.0 strains
grew exponentially after a lag of about 24 and 48 h, respectively.

This suggests that resistance to Zn is a stable trait.




Table 3.2 Tolerance of mutants used for experiments to the metals

used in their isolation. (For details of assays, see

Materials and Methods)

strain

toxic concentration of metal

(mg l_l) according to different criteria

Co-t1.8

Bi-t-1.0

Cu-t0.5

Zn-t5.0

Zn-t-12.0

Cd-t2.0

lag growth yvield

1.9 1.1 0.30
0.95 0.82 0.20
0.35 0.45 0.12
4.1 4.8 4.0
8.8 11.2 6.0

80.
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Fig. 3.4 1Influence of Cu on growth of Cu-t0.5; inoculum was

taken from strongly inhibitory levels of Cu.
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Fig. 3.5 1Influence of Zn on growth of Zn-t5.0; inoculum was

taken from strongly inhibitory level of Zn.
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Fig. 3.6 Influence of Zn on growth of Zn-t12.0; inoculum was
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Fig. 3.7 Influence of Cd on growth of Cd-t2.0; inoculum was

taken from strongly inhibitory level of Cd.
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Fig. 3.9  1Influence of 2Zn on growth of Zn-t12.0, grown for

96 cell generations in basal medium.
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3.32 Antibiotics

A similar procedure was used to isolate strains tolerant to

-1 . -1 . ,

3mg 1 streptomycin, and 1.25 mg 1 penicillin; this took about 4
and 11 subcultures respectively. At these concentrations the
resistant strains did however show a 50% reduction in growth rate.
The presence of Zn at a sub-inhibitory level did not lead to any
. . 8 .
increase in the rate of 'spontaneous' mutation (1 in 1 x 10~ units)

for resistance to either antibiotic.

3.4 Morphology

Morphological changes were noted at the higher concentrations
of metals and in some cases there was considerable diversity within
a single flask. The changes were not followed in detail but represen-
tative forms are shown in Fig. 3.10. No marked difference in cell
length were observed in wild-type with any metal up to the sixth day
after inoculation. In older cultures, however, the average cell length
of metal-treated alga was slightly greater than that of the control, and
at the strongly inhibitory level of Cu, subspherical units were often
formed. The Co, Ni, Zn and Cd-tolerant strains in general showed a
similar behaviour when grown in the absence of metal, although the
average length of the units of both Zn-t 5.0 and Zn-t 12.0 was greater.
At the levels of metals sub-inhibitory for each of these strains,
filaments were produced, occasionally reaching 100 x original length
in Zn-t 5.0 and Zn-t 12.0. Cytological studies were not made to
establish the extent to which these were truly multicellular or only
coenocytic like the mutants described by Kunisawa and Cohen-Bazire (1970).
The distribution of these units in the flasks at various intervals during
growth (in batch culture) are given in Figs 3.11, 3.12, 3.13 and

Tables A3.7, A3.8, A3.9.
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The morphological response to Cu was different. Inhibitory
levels of Cu, the wild-type, Cu-t 0.5 and both Zn-tolerant strains
all formed many subspherical units, quite different in shape from the
normal rods. 1In most cases the populations were markedly heterogeneous,
with rods about 3.2 um to 6.3 um, subspherical units, and filaments
about 30 pym to 100 um, but at least in the case of Cu-t 0.5 the sub-
spherical units often formed the bulk of the population. Although
unequivocal evidence was not obtained, it is almost certain that the
units were capable of growth in this form. A subspherical form
similar to those found at high levels of Cu was noted also with
Co~t 1.8 grown at high Co levels, but here these units formed less

than 1% of the population.
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CHAPTER 4

TOLERANCE AND TOXICITY STUDIES ON ANACYSTIS NIDULANS STRAINS

4.1 Metals

Comparative studies were made of the relative toxicity of Co, Ni,
Cu, Zn, Cd, Hg and Pb to Anacystis nidulans strains, namely wild-type,
Co-t1.8, Ni-t1.0, Cu-t0.5, Zn~t5.0, Zn-t12.0 and Cd-t2.0. Toxicity
tests were performed under controlled laboratory conditions using
growth rate and sometimes also lag (section 2.52) as indication of
responses,

The influence of each metal on the growth of all various strains
(wild-type, Co-t1.8, Ni-t1.0, Cu-t0.5, 2n-t5.0, Zn-t12.0 and Cd-t2.0)
is shown in a series of figures.

Two sources of inoculum were used for each metal investigated:

a) from basal medium; b) from strongly inhibitory level of mgtal at

T
which strain was adapted.

4,11 Cobalt The influence of variation in level of environmental Co

on the growth of wild-type Fig. 4.1 a, b Table A4.1
Ni-t1.0 4.2 a, b " 24,2
Cu-t0.5 4.3 a, b " A4.3
Zn-t5.0 4.4 a, b " A4.4
Zn-t12.0 4.5 a, b " A4.5
Cd-t2.0 4.6 a, b " Ad.6

4,12 Nickel wild-type 4,7 a, b " A4.,7
Co-t1.8 4.8 a, b " A4.8
Cu-t0.5 4.9 a, b " A4.9
Zn-t5.0 4.10 a, b " A4.10
Zn-t12.0 4,11 a, b " A4, 11

Cd-t2.0 4.12 a, b " A4.12
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4.13 Copper wild-type Fig. 4.13 a, b Table 24,13
Co-tl1.8 4.14 a, b " a4.14
Ni-t1.0 4.15 a, b " A4.15
Zn-t5.0 4.16 a, b " Ad. 16
Zn-t12.0 4,17 a, b " nd.17
Cd-t5.0 4,18 a, b " 24.18
4.14 Zinc wild-type 4.19 a, b " Ad4.19
Co-t1.8 4,20 a, b " A4.20
Ni-t1.0 4,21 a, b " a4.21
Cu-t0.5 4,22 a, b " A4.22
Cd-t2.0 4.23 a, b " 24.23
4.15 Cadmium wild-type 4.24 a, b " A4.24
Co-tl1.8 4,25 a, b " A4.25
Ni-t1.0 4,26 a, b " A4.26
cu-t0.5 4.27 a, b " a4.27
Zn-t5.0 4.28 a, b " A4.28
Zn-t12.0 4,29 a, b " A4.29

Influence of Zn on growth of wild-type and Zn-t12.0 are given later
in Figs 6.1 and 6.2 respectively; dry weight was used as a growth

criterion.

4.16 Mercury and lead Two further metals, Hg and Pb, althouéh not

used for the majority of studies were tested for their toxicity to the
wild-type (Figs 4.30, 4.31: Table A4.30, A4.31) respectively. A
marked influence of Hg was noted at very low concentrations; for
instance the alga was killed at 0.06 mg l_l Hg; in contrast Pb was not
toxic at levels up to 30 mg l—1 Pb.

The data for cross-resistance of strains tolerant to one particular

metal to the other four metals are summarized later {(Table 8.1).-
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d comparison was made of the toxicity of Zn to Anacystis in
liquid and in agar. As a preliminary experiment showed that the
colony formation on plates was dependent on the growth stage of the
alga (Table 4.1), units were taken from growth stage B. The alga was
slightly less tolerant to Zn in liquid ﬁhan with agar. For instance,
in liquid the alga was inhibited strongly at 1.5 mg l—1 Zn and died
at 1.75 mg 1—1 Zn; in solid medium, the comparative values were
2.25 mg 1—1 Zn and 2.5 mg l'-1 Zn, respectively. The full results are
given in Table 4.2.

A comparison was also made of the toxicity of Zn to Anacystis in
liquid shaking (Fig. 3.6) and standing cultures (Fig. 4.32). The
alga had mainly the same tolerance to Zn in liquid in both conditions,
except that, shaking culture was faster than standing culture. The
generation time of shaking culture was 9.7 h in comparison to that of

16.5 h in standing culture.

Summary to 4.1

The results present thus far indicate marked differences in the
toxicity of metals to.the test Anacystis strains (Table 4.3). Exposure
of a culture to a particular metal often led to a slight increase in
tolerance to that metal during the next subculture, even without mutation.
In the case of wild-type slight decreases in lag were noted with all
seven metals and increases in growth rate with Co and Zn. All metals
exhibited similar inhibitory effects with increasing concentrations.

These included the depression of growth rate, increasing lag, some
morphological changes in units, and eventually death. In general the

order of metal toxicity for each strain from the previous results are:




Table 4.1 1Influence of growth stage on colony-forming ability
of wild-type Anacystis nidulans on 1% agar plates; n = 5.
growth population units colonies s.d. %
stage density of per per recovery
original plate plate
cultures
(units ml1™")
5
young alga 2.0 x 10 20 19.5 + 1.3 97.5
(lag phase)
increasing 5.2 x 106 50 51.5 + 3.4 103
growth rate
exponential 9.6 x 107 100 88.7 + 5.6 88.7
pPhase
old culture 1.8 x 108 180 125 + 4.6 69.4
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Wild-type Hg> Ni> Cu> Co> Cd> Zn> Pb
Co-t1.8 Cu>» Ni » Cd> 2Zn
Ni-t1.0 Cu>» Cd> Co> Zn
Cu-t0.5 Ni> Cd> Co> Zn
Zn-t5.0 Ni = Cu> Co> Cd
Zn-t12.0 Ni> Cu> Co>» d
Cd-t2.0 Ni> Cu> Co> Zn
4.2 Antibiotics

A brief attempt was made to compare the toxic effects of three
antibiotics, penicillin, polymyxin and streptomycin on the growth of
wild-type, 2Zn-t5.0 and Zn-tl2.0 Anacystis strains. It was clear
from the results (Table 4.4) that relatively low concentrations of
antibiotics were toxic to all the Anacystis strains tested. The wild-

type was however in each case more sensitive.

4.3 NTG

The growth response of wild-type Anacystis to NTG (Fig 4.33)
differed according to whether population density or Chl a was used as
a criterion of growth. The reduction in growth was more pronounced
in the latter; for instance at 2.0 mg l—l_NTG, the cells still divided,
and gave a slightly longer unit (4 x 106 unit ml) than untreated alga,
while chl a was reduced to about 0.5 mg l—l. The colour of the algal

suspension at higher NTG levels was pale yellow.

4.4 Pigment composition

During the routine experimental studies, no shifts in the
absorption maxima of the methanol extractions (430 nm, 665 nm) were

observed as a result of treatment with the heavy metals. There was
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Table 4.4 Comparison of response of wild-type and Zn-tolerant strains

to penicillin, polymixin and streptomycin. Toxicity estimated

as concentration leading to a 50% reduction in growth rate.

strain toxic agent
penicillin polymixin streptomycin
(ug ml_l) {(ng ml_l) (kg ml-l)
wild-type 0.01 0.01 0.01
Zn-t5.0 0.06 0.065 0.06
Zn-t12.0 0.08 0.058 0.06

Table 4.5 Comparison of Chl a content per unit length of alga ‘

in Zn-treated cultures;

n

= 8.

strains Chi a (mg 1l )

X s.d.
wild-type 3.41 + 0.65
Zn-t5.0 2.86 + 0.52
Zn-t12.0 2.65 + 0.48
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however apparently a decrease in chl a content per unit length of alga
in Zn~treated cultures (Table 4.5)., In addition no changes in phyco:
chl a ratio were observed as a result of Zn-treatment. 1In Cd-treated
alga, however, visual changes in the colour of the alga were obvious
in earlier stages of growth. The cultures became an intense blue
colour; these later reverted to green. This sequence took place
immediately at lower Cd levels (0.005 mg 1_1) but at higher levels
{0.25 mg 1—1) there was an initial period when they remained green
(i.e. green ->blue~>green). Pigment extracts (Fig. 4.34; Table A4.32)
confirmed that these changes were the result of marked differences in

phyco:chl a ratio.

4.5 Zn requirement for growth

An experiment was designed to determine the minimum and maximum
concentrations of Zn for the optimum growth of wild-type and two
Zn-tolerant strains of Anacystis (Fig. 4.35). The lowest possible
level of Zn obtained in ACM meéium was 0.04 mg l_l,‘dérived as
contaminants (section 2.2)., This experiment failed to demonstrate

\any stimulation of growth either at that minimum concentration tested,
0,04 mg l—1 Zn, or at maximum concentrations up to 1.0 mg l—1 Zn,
Increasing toxicity however developed for wild-type at increasing

concentrations of Zn above 0.5 mg l-{
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CHAPTER 5

ENVIRONMENTAL FACTORS AFFECTING TOXICITY OF METALS

TO ANACYSTIS STRAINS

5.1 Introduction

It seemed probable from a knowledge of the literature (see 1.3)
that the toxicity of metals in the field and laboratory may be reduced
by the concentration of other substances present. In order to
establish clearly what influence, if any, other factors had upon the
toxicity of Zn, Cu and Cd in the laboratory, a series of experiments
were performed upon Anacystis. In order to investigate whether the
effects differed between strains with varying genetic tolerances to
metals, all the experiments were performed simultaneously on cultured
material of wild-type and two Zn-tolerant strains (Zn-t5.0; Zn-t12.0),
and on Cu-tolerant strain (Cu-t.0.5). Most of the results are
summarized in Tables 5.1 and 5.2; data indicating no detectable
influence on growth or toxicity are given in Appendix A5. Assays
were carried out both in basal medium and in the sub-inhibitory level
of the metal under test. The results are based on turbidimetric
measurements, converted to units rnl—1 X 107 (section 2.514); other

experimental methods are given in sections 2.2, 2.3

5.2 Influence of complementary cations and anionsg

In order to test the effects of other element addition to basal
medium on metal toxicity, it is necessary to add salts, which lead

+ + -
to the addition of further ion. As far as possible Na , X , C1 and

SO4 were used as complementary ions. Preliminary tests were there-

fore carried out on the influence of NaCl, KC1l and Nazso4 on metal

toxicity.
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Table 5.2

Reduced toxicity

tested, based on entries

least two scores.

Cu

Cu

n

Zn

n

cd

Increased toxicity

on

on

on

on

on

on

wild-type
Cu-t0.5
wild-type
Zn-t5.0
Zn-t12.0

wild-type

Zn on Zn-t5.0

Zn on Zn-t12.0

Cd on wild-type

Mg

Mg

Ca

Ca

Ca

Ni

Zn

in Table 5.1 differing by at

Mn

Mn

Mn

Fe

Fe

Fe

Fe

Fe

Fe

pH

Key environmental factors changing toxicity of metals
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Na (2.5 - 300 mg l—l) led to no detectable change in the toxicity
of Cu or Cd to wild-type (Table 5.1), of Zn to Zn-tolerant or of Cu
to Cu~-tolerant strain. Na at higher concentrations did however
decrease the toxicity of Zn to wild-type stiain (Table 5.3). This
influence can not be due to increasing Cl levels in the medium, since
addition of similar levels of Cl as KCl proved no response (Table 5.4).

Variation in the levels of K (5 - 500 mg l—l) as KCl had neo
detectable effect upon any of the strains tested; examples are given
(Tables A5.2, A5.3). SO4*S (2.5 - 320 mg 1—1) had no detectable
effect on growth of any strain tested in metal-free medium. 504—8
had also no detectable effect on the toxicity of Zn to either wild-
type or the two Zn-tolerant strains, of Cu to wild-type or Cu-t0.5
(Table 5.1). On the other hand there was a slight increase in the

toxicity of Cd to wild-type (Table 5.5) when SO4—S concentrations

-1
were increased from 2.5 - 320 mg 1 °,

5.3 Influence of major cations

Magnesium

This inhibited growth of the wild-type and Cu-t0.5 Anacystis
slightly in basal medium at concentrations above 160 mg 1_1 Mg,
although the two Zn-tolerant strains were not affected (Table 5.1).
The influence of Mg (0.25 - 200 mg l_l) on the toxicity of Zn to
wild-type and the two Zn-tolerant strains is shown in Tables 5.6,
5.7, 5.8. There was a detectable increase in tolerance of the wild-
type up to 2.5 mg 1_1 Mg (Table 5.9), but little change took place at
higher concentrations. 1In the two Zn-tolerant strains, the toxicity
was slightly lower at higher concentrations. Mg had no detectable

effect on Cu toxicity to either wild-type (Table 5.10) or Cu-t0.5
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Zzn {(mg 1 ) Na (mg 1

2.5 5 10 20 30 40 50 100 200 300
0.04 . 7.2 7.2 7.3 7.5 7.5 8.2 85 8.6 838 8.8
0.25 7.0 7.0 7.2 7.4 7.4 8.2 8.4 8.6 8.8 8.9
0.50 | 6.4 6.5 7.0 7.5 7.4 8.1 8.0 8.4 8.8 8.8
0.75 52 5.5 5.8 6.6 6.8 7.7 7.8 8.2 8.6 8.7
1.0 3.4 4.1 5.4 5.7 6.0 7.5 7.8 8.2 8.4 8.6
1.25 2.5 2.4 3.2 3.6 5.2 7.2 7.5 7.8 7.9 8.1
1.5 a a a a 0.77 0.45 4.2. 6.9 7.1 7.4
2.0 a a a a d a 2.5 3.2 3.6 4.6

Table 5.4 Influence of Cl as KCl on Zn toxicity to wild-type

. . , . -1
Anacystis; the results based on units ml x 10 ;

age of the alga 5 days; d = died.

1

Zn (mg 1 ) Cl (mg 17

10 20 40 100 200
.04 9.2 9.6 9.4 9.6 9.4
0.10 9.6 9.5 9.5 9.8 9.4
0.25 9.4 8.6 9.5 9.7 9.4
0.50 8.5 8.5 8.4 8.7 8.4
0.75 7.8 7.6 7.8 7.5 7.7
1.0 7.7 7.4 7.4 7.4 7.6
1.25 7.5 7.2 7.2 7.2 7.5
1.50 0.05 0.02 0.03 0.04 0.04

2.0 d d d d d




Table 5.5 1Influence of SO4—S on Cd toxicity to wild-type Anacystis;
-1 7
the results based on units ml ~ x 10 ; age of the alga
5 days; d = died.
-1 -
Ccd (mg 1 ) SO4~S {mg 1 )
2.5 5.0 10 20 40 80 160 320
0.04 8.6 8.6 8.2 8.6 8.4 8.8 8.4 8.2
0.15 7.0 6.8 7.0 7.0 6.5 5.6 4.4 4.2
0.30 4.8 4.8 4.6 4.4 4.5 3.8 3.0 3.2
0.45 4.2 4.4 4.2 3.8 3.4 3.2 2.8 2.6
0.60 2.5 2.8 3.4 2.0 1.2 1.4 1.3 1.2
0.90 d d d d d d d d
1.20 d d d d a d d d
Table 5.6 Influence of Mg on Zn toxicity to wild-type Anacystis;
-1 7
(high Mg levels); the results based on units ml x 10 ;
age of the alga 5 days; d = died.
__1 -—
Zzn (mg 1 ) Mg (mg 1 )
2.5 5 10 20 40 80 100 200
0.04 9.1 9.3 9.7 9.5 9.5 9.3 8.4 0.05
0.25 8.9 9.4 9.3 9.5 9.8 9.2 7.8 0.05
0.50 8.8 9.2 9.3 9.4 9.6 9.2 7.8 0.05
0.75 8.7 9.2 8.8 9.2 9.4 9.1 7.6 5.0
1.0 8.7 8.8 8.7 8.2 9.2 8.8 7.4 4.6
1.25 7.6 8.2 8.12 8.1 8.6 8.6 7.0 4.6
1.50 d 0.26 d 0.13 d d 0.07 da
2.0 d d d d d d d d

141,




142,
Table 5.7 1Influence of Mg on Zn toxicity to zZn-t5.0 Anacystis;
) -1 7 .
the results based on units ml x 10 ; age of the alga

5 days; d = died.

- -1
zn {(mg 1 1) Mg (mg 1 )
1.0 2.5 5 10 20 40 80 150 200
0.04 8.2 8.0 8.3 8.0 8.2 B.3 8.4 8.2 8.2
2 7.6 7.6 7.8 7.8 7.8 7.8 8.0 7.8 7.6
4 5.4 5.2 5.4 5.4 5.5 5.4 5.6 5.5 5.4
5 1.4 1.8 2.0 1.8 2.2 2.8 3.4 4.2 4.4
6 d d d d d d 0.05 3.2 3.2
8 d d d d d a d 0.05 0.05
10 d d 4 d o] d d d d

Table 5.8 1Influence of Mg on Zn toxicity to Zn-ti12.0 Anacystis;
. -1 7
the results based on units ml x 10 ; age of the alga

5 days; d = died.

Zn (mg l—l) Mg (mg l—l)

2.5 5 10 20 40 80 160 200

0.04 7.8 8.3 8.0 8.2 8.3 8.4 8.2 8.2

4.0 7.6 7.8 7.8 7.8 8.0 8.0 7.8 7.6

8.0 5.2 6.4 6.5 6.6 6.4 6.5 6.6 6.8
10.0 4.8 5.4 5.8 5.4 5.8 5.4 5.8 6.0
12.0 2.2 2.3 2.6 3.2 3.6 3.8 4.5 4.6
16.0 d d 4 d da 0.5 3.2 3.2
20.0 d d d a d d 0.5 0.5
24.0 d a d d d d a a




143,

Table 5.9 1Influence of Mg on Zn toxicity to wild-type Anacystis;
{low Mg levels); the results based on units ml_1 X 1ﬁ7;
age of the alga 5 days; d = died

Zn (mg lhl) Mg (mg 1 )

0.25 0.5 0.75 1.0 1.25 1.5 .75 .0
0.04 8.5 8.8 9.4 9.5 9.2 9.4 .5 .4
0.25 8.5 8.6 9.0 9.2 8.8 9.0 .3 .4
0.5 7.5 8.8 8.8 8.5 8.6 8.6 .6 .8
0.75 7.4 7.6 7.5 7.8 8.5 8.6 .4 .5
1.0 6.4 7.2 7.1 7.6 7.2 7.8 .8 .7
1.25 0.4 C.6 0.8 1.6 3.4 4.5 .5 .8
1.5 0.05 0.05 0.05 0.05 0.06 0.05 .04 .05
2.0 d d d d d d d d

Table 5.10 1Influence of Mg on Cu toxicity to wild-type Anacystis;
the results based on units ml”1 X 107; age of the alga
5 days; d = died.

Cu {mg 1_1) Mg (mg 1)

0.25 2.5 5 10 20 40 80 160 200
0 7.5 8.0 8.0 10 10 6.5 7.0 4.0 2
0.02 6.3 7.2 5.8 7.0 6.3 5.8 4.6 1.6 1.4
0.04 5.0 6.0 6.0 5.4 5.0 3.6 2.1 0.65 d
0.08 2.3 2.4 2.6 2.4 2.3 1.5 0.8 0.03 a
0.10 0.62 0.72 0.71 0.65 0.71 0.32 0.06 d d
0.16 0.05 0.06 0.04 0.05 0.06 0.04 d d d
0.20 0.02 a d d d d d d d
0.24 d d a d d d d d a
0.30 d a d d d d d a d
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strain (Table 5.11). The influence of Mg on Cd toxicity to wild-type
was similar to that of Zn, i.e. a slight increase in tolerance up to
2.5 mg 17! Mg (Table 5.12).

Calcium

An increase in Ca from 2.5 to 200 mg l—1 brought about a slight
increase in the growth of Anacystis strains in basal medium. The
influence of Ca on Zn toxicity to wild-type and the two Zn-tolerant
strains is shown in Figs 5.1, 5.2, 5.3; Tables A5.4, A5.5, A5.6. A
marked ameliorating effect was evident in all strains up to the
highest level (200 mg l—1 Ca) investigated, even allowing for the fact
that Ca has some effect in basal medium. The response cf wild-type
and Zn-tolerant strains was similar. Increasing Ca caused a slight
increase in tolerance of Cu to wild-type and Cu-t0.5. It was more
pronounced to wild-type (Table 5.13) than Cu-t0.5 (Table 5.14). The
influence of increasing Ca on the tolerance of Cd to wild-type is shown
in Fig. 5.4; Table A5.7. A marked increase in tolerance of alga was
found as the Ca was increased from 2.5 to 200 mg 1_1.

Manganese

Mn (0.05 - 20 mg l—l) had no detectable effect upon the growth of
wild-type in basal medium, while a slight decrease in the growth of
the two Zn-tolerant strains occurred. The influence of increasing
Mn on Zn toxicity to the wild-type and Zn-tolerant strains differed.
In the case of wild-type increasing Mn up to 20 mg 1—1 reduced the
toxicity of Zn (Table 5.15), while in the case of the Zn-tolerant
strains, increase in tolerance was found as Mn was increased from
0.05 to 5.0 mg 17! (Figs 5.5, 5.6; Tables A5.8, A5.9). The effect
was more pronounced on Zn-t5.0 than the Zn-t12.0 strain. Mn had
negligible effect on Cu toxicity to either wild-type or Cu-t0.5. On
the other hand increased Mn caused a very slight decrease in Cd

toxicity to wild-type (Table 5.16).
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Table 5.11 Influence of Mg on Cu toxicity to Cu-t0.5 Anacystis;
the results based on units ml—1 X 107; age of the alga
5 days; d = died.
Cu {(mg lvl) Mg (mg 1~1)
0.25 2.5 5 1o 20 490 80 160
0] 6.2 5.8 5.0 6.3 5.8 6.0 6.2 3.0
0.2 6.0 3.6 4.1 5.0 3.0 4.6 5.0 1.0
0.4 3.6 2.5 3.5 4.8 4.6 4.8 4.8 0.6
0.5 0.4 0.4 0.3 0.3 0.88 1.0 3.6 0.02
0.6 d d a a d 0.08 0.2 d
0.8 d d d d d d 0.04 d
1.0 d d d d d a d d
1.5 d d d d d d d d
Table 5.12 Influence of Mg on Cd toxicity to wild-type Anacystis;
the results based on units ml_1 X 107; age of the alga
5 days; d = died,
Ccad (mg 1—1) Mg (mg l_l)
0.25 2.5 10 20 40 80 100 200
0 9.8 9.6 9.2 9. 2.0 0.4 7.5 4.0 0.05
0.15 7.8 7.6 7.8 7 6.4 6.6 5.0 3.2 1.8
0.30 5.0 4.8 4.9 4 4,8 4.8 4.1 0,03 d
0.45 4.5 4.4 4.5 4 4.2 4,0 3.2 0.04 d
0.60 3.8 3.6 3.2 2. 3.0 3.2 2.3 0.05 d
0.9 a a4 a a a a a d d
1.2 d d d d d d d d d
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Table 5.13 Influence of Ca on Cu toxicity to wild-type Anacystis;
- 7
the results based on units ml ! x 107 ; age of the alga
5 days; d = died.
-1 -1
Cu (mg 1 ) Ca (mg 1 7)
2.5 5 10 20 40 80 160 200
0.0 7.2 7.4 8.1 9.0 9.3 10.2 10.4 10.6
0.02 2.4 6.3 7.0 7.2 8.0 10 8.8 8.8
0.04 1.3 5.0 5.8 6.0 7.3 8.0 8.0 8.1
0.08 0.6 2.3 2.3 4.2 6.8 8.0 7.5 7.4
0.10 0.42 0.71 0.72 1.3 6.2 6.8 7.1 7.0
0.16 d 0.06 0.06 0.86 2.0 6.0 7.0 6.8
0.20 d d d 0.06 1.0 6.1 5.8 6.1
0.24 d d d d 0.45 3.4 4.6 5.2
0.30 d d d d d 0.03 0.02 0.4
Table 5.14 1Influence of Ca on Cu toxicity to Cu-t0.5 Anacustis;
the results based on units ml_1 X 107; age of the alga
5 days; d = died.
- -1
Cu (mg 1 ) Ca (mg 1l )
2.5 5 10 20 40 80 160 200
0.0 4.0 4.0 5.2 .6 6.0 6.3 8.8 9.4
0.2 2.2 2.3 3.4 .8 3.6 4.4 6.5 8.6
0.4 0.8 1.0 2.6 .2 4.2 4.6 5.2 6.3
0.5 0.07 0.85 2.1 .4 3.6 3.0 6.0 6.2
0.6 d d 0.03 38 1.8 0.8 0.45 0.50
0.8 d d d .02 0.66 d d d
1.0 d d d d 0.52 d a d
1.5 d d d d 0.45 d d a
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Table 5.15% 1Influence of Mn on Zn toxicity to wild-type Anacystis;
the results based on units ml—l X 107; age of the alga
5 days; d = died,
-1 -1
zn (mg 1 7) Mn (mg 1 7)
0.05 0.10 0.5 1.0 1.5 2.5 5 10 15 20
0.04 8.8 2.9 8.8 8.9 8.8 8.4 8.4 8.6 8.0 8.6
0.25 8.9 8.8 8.6 8.7 8.8 8.3 8.2 8.4 8.3 8.8
0.50 8.7 8.8 8.5 8.6 8.7 8.2 8.0 8.5 8.4 8.8
0.75 8.0 7.9 8.0 8.3 8.5 8.0 8.2 8.6 8.4 8.6
1.0 8.2 8.3 7.9 3.3 8.0 8.1 7.8 8.5 8.3 8.5
1.25 7.6 7.1 7.2 8.0 8.0 7.7 7.8 7.6 7.9 7.5
1.5 0.05 0.05 0.06 0.04 0.05 0.40 7.7 7.6 7.6 7.8
2.0 d d d a d 0.60 7.6 7.7 7.5 7.5
Table 5.16 1Influence of Mn on Cd toxicity to wild-type Anacystis;

/
the results based on units ml x 10 ; age of the alga

I

days; d

died.

cd (mg l-1 Mn (mg 1 )
0.05 0.10 0.50 1.0 2.5 5.0 10 20
0.0 9.8 9.0 8.8 8.8 8.6 8.4 3.6 8.2
0.15 8.4 8.0 7.6 7.5 6.6 6.2 5.6 5.1
0.30 5.6 5.4 5.4 5.5 5.2 4.8 4.5 3.5
0.45 4.8 4.6 4.5 4.4 4.2 3.8 3.5 3.2
0.60 1.2 1.8 1.5 1.6 1.2 1.3 1.4 1.5
0.90 d d ad d d d d d
1.20 d d d da d d d d
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Iron
This caused a slight decrease in the growth of Anacustis strains
in basal medium with increasing concentrations from 0.05 te 20 ma 1 °
; - ng -1 o
{Table 5.1}. The influence of Fe (0.05 - 20 mg 1 ) on Zn toxicity
to wild-type and Zn-tolerant strains is summarized in Table 5.2. Slight

decreases in the toxicity were evident, the effect being more pronounced
with the wild-type (Takle 5.17). Fe also brought about a slight
decrease in Cu toxicity to both wild-type (Table A5.12) and Cu-t0.5
strains (Table A5.12), and decrease in Cd toxicity to wild-type

(Table H.18).

N
.
Ba

Influence of major anions

Phosphate-P

It was evident that increasing PO4—P from 1.75 mg l_1 to
112 mg l—l had a slight influence on the growth rate of all strains
tested in basal medium. The influence of PO4—P on Zn toxicity on
wild-type and the two Zn-tolerant strains was very similar. Both
showed a marked 7Zn tolerance at higher P concentrations (Figs 5.7,
5.8, 5.9; Tables A5.14, A5.15, A5.16). A&An investigation on the
influence of PO4—P on the toxicity of Zn to wild-type was carried out
using both PO4—P—starved inocula {Table 5.1%a) and PO4—P-rich inocula
(Table 5.19bh}; a very slight difference in toxicity occurred. The
influence of PO4—P was tested also by introducing the PO4—P later,
i.e. 10 min after contact of the inoculum with Zn in the medium. The
results (Table 5.20) show that 904—P introduced after algal
inoculations had much less effect in reducing Zn toxicity, in
comparison to phosphate introduced before inoculation (Table 5.19).
The influence of PO,-P on the toxicity of Cu to wild-type and Cu-t(.5

4

was moderate {Tables 5.21, 5.22) while it had a marked effect on




Table 5.17 influence of FPe on 7Zn toxiclty to wild-type Anacystis;
the results based on units mlﬂl X 107, age of the alga
S odaye; 1= died.
Zn (mg 1"1_) | Fe (ng 1
0.05 0.10 0.50 1.0 1.5 2.5 5 10 15 20
.04 5.5 7.6 7.8 7.8 7.8 7.8 6.2 6.5 5.2 4.8
0.25 5.8 7.6 8.0 7.8 7.8 7.9 6.8 6.3 5.4 5.2
0.50 5.6 7.5 7.5 7.5 7.6 7.6 6.8 6.5 5.3 5.1
0.75 5.4 7.2 7.5 7.4 7.5 7.7 6.9 £.0 5.0 4.6
1.0 5.2 6.4 7.3 7.3 7.4 7.5 6.8 5.8 4.8 4.3
1.25 a 0.3 D0.40 4.2 6.5 6.8 4.01 5.6 4.6 4.2
1.5 d d a d 0.05 0D.06 0.05 5.2 3.8 4.1
2.0 d a d d d a d 4.6 3.5 2.8
Table 5.18 Influence of Fe on Cd toxicity to wild-type Anacystis;
the results based on units ml = x 107; age of the alga
5 days; 4 = died
Cd (mg l_l) Fe (mg 1'1)
0.05 0.10 .50 1.0 2.5 5.0 10 20
0.0 8.5 g.8 8.8 8.9 9.2 9.4 7.4 6.8
0.15 6.6 7.8 7.6 7.6 7.8 7.5 6.0 1.4
0.30 3.8 4.2 1.5 4.5 4.8 4.5 4.2 0.05
0.45 2.1 3.8 4.4 4.5 4.2 4.4 3.0 0.04
0.60 0.05 1.4 2.5 2.6 2.8 3.2 1.5 0.05
0.90 d d d d d d d d
1.2 d a d d d a d d
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Table 5.19(a)
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Influence of PO4—P on Zn toxicity to wild-type Anacystis;

1

starved inoculum; the results based on units ml x 10 ;

age of the alga 5 days; d = died.

Zzn (mg 1 ) PO4—P {mg 1—1)

1.75 .5 14 28 56 112
0.04 8.4 .6 8.8 9.6 to. 9.8 9.6
0.5 8.2 3 8.4 9.2 9. 9.3 9.4
1.0 6.4 .8 7.0 8.0 8. 8.5 8.6
1.25 4.4 .8 5.5 7.6 7. 8.1 8.0
1.5 0.06 .32 2.1 4.6 8. 7.8 7.8
2.0 d d 1.4 5. 7.2 7.8
3.0 d d d d 4. 6.8 7.0
4.0 d d d d 1. 4.8 6.8

Table 5.19(b) Influence of PO4~P on Zn toxicity to wild-type Anacystis;

rich inoculum; the results based on units ml~

age of the alga 5 days; 4 = died.

7
1)(10;

Zn (mg 1 ) PO4—P (mg 1 )
1.75 .5 7 14 28 56 112
0.04 8.4 .6 8.8 8.4 9.2 11.0 10.0
0.5 8.0 .5 8.6 9.2 8.5 9.8 9.6
1.0 6.4 .8 7.0 7.8 8.4 8.8 9.2
1.25 4.8 .0 5.5 7.6 8.2 8.6 9.0
1.5 0.50 .4 4.2 7.0 8.0 8.3 8.8
2.0 d d . 4.2 5.6 7.4 8.4
3.0 d d d 4.8 6.2 8.0
3.5 d a d d 5.4 8.0
4.0 d da d d d 7.5




Table 5.20 1Influence of PO4-P on Zn toxicity to wild-type Anacystis;

(PO4—P was introduced after algal inoculation and contact

7

: -1
with Zn for 10 min.); the results based on units ml x 10 ;

age of the alga 5 days; d = died.

Zn {mg ]~1) PO4_P {me 1—1)

VAN [ /0 11 s Hhes 117
0.04 8.0 9.6 9.6 9.8 9.0 , 9.8 9.8
0.5 4.5 5.2 6.0 6.5 6.8 7.2 7.8
0.75 1.8 1.8 4,8 4.8 5.2 7.2 7.8
1.0 a a a a 2.4 7.3 8.0
1.25 d d d d 1.8 7.1 7.2
1.5 d d d d d 6.2 7.2
2.0 d d d d d 5.4 6.8
3.0 d d d d d 2.6 7.0

Table 5.21 Influence of PO, -P on Cu toxicity to wild-tyve Anacystis;
. -1 7
the results based on units ml x 10 ; age of the alga

5 days; 4 = died.

cu (mg 17 PO -P (mg 1 )

1.75 3.5 7 14 28 56 112
0 7.2 7.4 8.1 9.0 9.3 10 10
0.02 6.4 6.5 7.2 7.8 8.1 8.6 9.0
0.04 4.8 5.0 6.0 6.8 8.0 8.2 8.8
0.08 2.2 2.4 2.5 5.0 7.3 8.2 8.0
0.10 0.72 0.85 0.70 1.6 7.0 7.8 7.5
0.16 0.06 0.05 0.06 0.7 6.8 7.1 7.6
0.20 a a a 0.06 6.2 7.0 5.6
0.24 a a a 0.05 2.0 2.6 3.1
0.30 a a a a a 0.02 0.02




Table 5.22 Influence of PO4—P on Cu toxicity to Cu-t0.5 Anacystis;
- 7
the results based on units ml ! x 10 ; age of the alga

5 days; d = died.

- -1
Cu (mg 1 1) PO4-P (mg 1 )

1.75 3.5 7 14 28 56 112

0.0 5.0 5.2 6.2 6.3 6.0 8.0 3.6
0.2 3.0 3.4 4.5 6.8 6.2 6.4 2.5
0.4 1.5 2.0 3.6 4.2 5.4 6.0 0.7
0.5 0.52 1.2 5.5 3.1 3.2 1.5 0.02
0.6 d d d d 0.64 0.38 d
0.8 d d d d 0.24 0.05 d
1.0 d d d d d d d

1.5 d d d d d d d
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reducing Cd toxicity to wild-type (Fig 5.10; Table AS5.17).
Two quantitative experiments (Based on Chl a and units ml~1)
were carried out to demonstrate the effect of organic phosphate on
Zn toxicity. Firstly it was shown that‘/;-glycerophosphate
(Tables 5.23 a, b) and 0<—D—glucose—l—phospha£e (Tables 5.24 a, b)
can act as a P source for Anacystis. At lower levels of P ( £ 14 mg l_l)
these sources of phosphate led to slightly slower growth rates than
inorganic phosphate, but at > 28 mg l_1 P there was no detectable
difference in growth rate. In contrast however the two organic phosphate
had much less effect in reducing Zn toxicity (Tables 5.23 a, b;5.24 a, b).
Nitrate-N
A slight effect upon growth of differing NO3—N levels was evident
in metal-free controls The influence of increasing NOB—N concentrations
(from 10 to 400 mg lml) on the tolerance of Zn to the wild-type (Table A5.18)and
two Zn-tolerant strains and Cu tc wild-type and Cu-t0.5 was very

similar. A slight decrease in the toxicity was found in all cases.

NOB—N caused a slight reduction in toxicity of Cd to wild-type

(Table 5.25).

5.5 Influence of organic compounds

Experiments were carried out to investigate the influence of
EDTA on Zn, Cu and Cd toxicity to all Anacystis strains and of HEPES

on Zn toxicity to wild-type.

EDTA

EDTA (0.5 - 32 mg 171 = 0.0017 - 0.11 mM) led to marked reduction
in the toxicity in all cases (Figs 5.11, 5.12, 5.13, 5.14; Tables A5.19,
A5. 20, A521 , A5.22). For instance in the case of Zn or Cd toxicity
to wild-type Anacystis, the presence of 32 mg l_1 EDTA, led the alga to

-1 -
grow at 2.0 mg 1 Zn or 0.45 mg 1 ! Cd, similarly to the control.



Table 5.,23a
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Influence of PO4—P (as /?~glycerophosphate) on Zn toxicity

. , -1
to wild-type Anacystis; units ml was used as a growth

criterion.
-1 -1
Zn (mg 1 ) PO4—P (mg 1 )
1.75 3.5 7 14 28 56 112
0.04 6.2 7.6 7.6 8.2 9.4 9.8 9.5
0.5 d d a a 4.2 4.8 7.8
1.0 d d d d 4 d d
1.25 d d d d d d a
1.5 d d d d d d d
2.0 d d Ad d d d d
3.0 d d d d d ad d
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Table 5.24a 1Influence of PO4—P ( & -D glucose-l-phosphate)

on Zn toxicity to wild-type Anacystis; units ml_l

was used as a growth criterion,

Zn (mg 1 ) PO4—P (mg l—l)

1.75 3.5 7 14 28 56 112
0.04 6.0 7.4 7.6 8.2 10.0 9.8 9.6
0.5 d 4.0 5.3 6.4 7.4 7.8 8.0
1.0 d d d d d d a
1.25 d ad d a d d d
1.5 d d a d d d d
2.0 d 4 d d d d d
3.0 d d a d d d d
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Table 2.25 1Influence of NO

163,

3-N on Cd toxicity to wild-type Anacystis;

the results based on unitsg ml—1 X 107; age of the alga

5 days; d = died.

- -1

Ccd (mg 1 1) NOB—N (mg 1 7)
10 20 40 50 100 200 400
0 .8 4, 4,2 7.8 8.6 8.8 8.8 8.8
0.15 .4 2. 2.8 6.5 7.4 7.8 7.8 7.5
0.30 .05 2, 2.4 4.2 6.1 5.4 5.4 5.9
0.45 d d 3.4 4.2 3.8 3.6 4.2
0.6 d d d 1.6 1.4 1.5 1.5
0.9 d d d d d d d
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HEPES

HEPES (0 - 1200 mg l_l =0 - 5.04 mM) led to a slight decrease
in the toxicity of Zn to wild-type Anacystis (Table 5.26).

In the absence of HEPES there were marked rises in the pH of the
medium and at 300 mg 1_1 HEPES, rises of up to 0.8 units. As a rise
in pH leads to a decrease in Zn toxicity to wild-type (section 5.7),
increased buffering would be expected tc lead to increased toxicity.
The slight changes in toxicity observed with increasing HEPES can
therefore not be explained by the poor buffering at lower pH values
and it 1s concluded that they are a direct effect of the HEPES

molecule, presumably due to chelation (section 8.31).

5.6 Influence of other heavy metals

Increasing levels of other heavy metals such as Ni, Cu, Hg and
Pb all led to increased toxicity of Zn (Tables 5.27, 5.28, 5.29, 5.30)
and of Cd to wild-type (Tables 5.31, 5,32, 5.33, 5.34). The influence
of Zn on the toxicity of Cd was tested using either Chl a or population
density as criteria of growth. A marked increase in toclerance of Cd

by the wild-type with increasing 2n from 0.04 to 1.0 mg l_1 {(Fig. 5.15

-

Tablesd5. 23, A5.24) and by the Zn-t5.0 strain (Fig. 5.16; Tables A5.25,
A5.26)., In contrast Cd brought about no detectable change in the

toxicity of Zn to either strain.

5.7 Influence of pH

In basal medium growth of all three strains was less at pH 6.0
and 6.5 than 7.0, 7.5 and 8.0; this effect was mcre proncunced for
the wild-type. The influence of pH on the toxicity of Zn to wild-type
(Fig. 5.17; Table A5.27) shows that a marked decrease in toxicity

occurred when the pH was raised from 6.5 to 8.0. 1In contrast a similar

166.
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Table 5.27 Influence of Ni on Zn toxicity to wild-type Anacystis;
the results based on units ml—1 X 107; age of the alga
5 days; d = died.
-1 . -1 v
zn (mg 1 ) Ni (mg 1 ™)
0 0.02 0.04 0.08 0.10 0.2 0.24
0.04 9.6 9.2 9.5 9.4 9.1 7.3 4.2
0.25 9.4 9.0 9.2 9.2 8.8 6.2 3.4
0.50 2.4 9.1 8.8 8.6 8.8 5.8 2.3
0.75 9.2 8.8 8.6 7.2 6.3 4.4 d
1.0 9.0 7.9 6.4 4.8 3.6 2.8 d
1.25 8.0 6.8 5.2 2.8 2.6 1.8 d
1.50 3.5 2.4 1.6 d d d d

Table 5.28 1Influence of Cu on Zn toxicity to wild-type Anacystis;

. -1
the results based on units ml X 107; age of the alga

5 days; d = died,

- -1
Zn {mg 1 1) Cu {mg 1l ")
0 0.02 0.04 0.06 0.08 0.10 0.16 0.20
0.04 9.6 9.2 9.5 9.2 8.8 8.8 4.6 2.5
0.25 8.2 9.0 9.4 9.6 8.6 7.8 1.8 d
0.50 9.2 8.6 8.2 8.2 8.0 4.4 d a
0.75 9.4 8.2 7.8 4.8 2.8 2.1 d d
1.0 9.0 8.8 5.8 2.2 d d d d
1.25 8.0 8.0 3.6 a d d d d
1.50 3.2 2.5 1.8 0.8 a d a d



Table 5.29 Influence of Hg on Zn toxicity to wild-type Anacystis;
the results based on units ml = x 107; age of the alga
5 days; 4 = died.
zn (mg 171 Hg (mg 10
0] 0.02 0.04 0.08 0.10 0.20 0.22 0.24
0.04 9.2 8.8 8.4 7.5 6.2 1.6 0.10 d
0.25 9.5 8.8 8.0 7.4 6.5 1.8 d d
0.50 9.4 9.0 7.8 7.0 5.2 1.5 d d
0.75 9.0 8.8 6.8 6.8 4.6 a d d
1.0 8.8 7.8 6.5 5.5 4.8 d d d
1.25 7.8 7.2 6.0 4.2 2.6 d d a
1.50 3.1 2.7 1.4 d d d d d
Table 5.30 Influence of Pb on Zn toxicity to wild-type Anacystis;
the results based on units ml~l X 107; age of the alga
5 days; d = died.
zZn {(mg l~1 Pb (mg 1_1)
0 1 2 5 10 20 40
0.04 9.3 9.5 9.4 9.3 9.2 8.5 1.2
0.25 9.5 9.4 9.3 9.2 8.8 8.6 0.70
0.50 9.5 9.3 9.2 9.3 8.0 6.5 d
0.75 9.0 3.0 9.1 9.2 7.8 5.2 d
1.0 9.1 8.8 8.8 8.4 6.8 4.3 d
1.25 7.8 .7.5 7.1 6.4 4.2 d d
1.50 3.2 2.6 1.8 1.5 d d d

169.




Table 5.31

170,

Influence of Ni on Cd toxicity to wild-type Anacystis;
: -1 7
the results based on units ml x 10 ; age of the alga

5 days; d = died.

_ -1
cd (mg 1 1) Ni (mg 1 7)

Table 5.32

.05

.10

.40

.60

0 0.02 0.04 0.08 0.10 0,20 0.24

Influence of Cu on Cd toxicity to wild-type Anacystis;

-1 7
the results based on units ml x 10 ; age of the alga

5 days; d = died.

-1 -
cd (mg 1 ™) cu {(mg 1 1)

0.10%

0.20

0 0.02 0.04 0.06 0.08 0.10 0.16 0.20
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Table 5.33 Influence of Hg on Cd toxicity to wild-type Anacystis;
} -1 7
the results based on units ml x 10 ; age of the alga

5 days; 4 = died.

cd (mg 1) Hg (mg 170

! 0 0.02 0.04 0.10 0.15 0.20 0.22 0.24

0 9.3 8.7 8.5 7.6 5.8 1.8 0.2 d
0.05 9.4 8.2 8.2 7.4 5.8 2.1 0.1 d
0.10 8.7 7.4 6.8 5.5 4.2 1.5 0.08 d
0.20 8.8 7.6 6.2 5.2 3.1 2.2 d d
'O 40 6.8 5.8 5.6 3.4 2.2 1.5 d d
0.60 0.08 d d d d d d d

Table 5.34 Influence of Pb on Cd toxicity to wild-type Anacystis;

the results based on units m]__1 X 107; age of the alga

5 days; d = died.

cd (mg 1) Pb (mg 1)

0 1 2 5 10 20 40
0 9.3 9.4 9.4 9.3 9.3 8.6 1.3
0.05 9.5 9.2 9.0 9.2 8.8 7.2 4
0.10 8.8 8.8 7.8 7.8 6.2 4.4 4
0.20 8.7 8.6 7.8 7.2 5.8 3.5 d
0.40 7.2 6.8 5.2 3.8 2.3 d d
0.60 0.06 4 a a a a 4
0.80 d d a a d d a
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rise in pH led to increased Zn toxicity to the two Zn-tolerant
strains (Figs 5.18, 5.19; Table A5.28, A5.29). 1In the case of both
wild=-type and Cu-t0.5 strains, pH had no detectable influence on the
Cu toxicity. An increasing pH value between 6.0 and 8.0 caused a
marked decrease in the toxicity of Cd to the wild-type (Fig. 5.20;

Table A5.30).

5.8 Influence of inoculum size

The inoculum size was increased from 2 x 104 units ml_1 to
2 x 107 units for wild-type Anacystis to see what is the influence
of inoculum size on Zn toxicity. The results (Fig. 5.21; Table A5.31,
A5.32) confirm that the size of inoculum chosen (2 x 105 units ml-l)
is the most suitable. Use of a larger inoculum led to reduced toxicity

and erratic results.
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Fig. 5,19 1Influence of PH on Zn toxicity to Zn-t12.0 Anacystis

strain.
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CHAPTER 6

Accumulation of zinc by Anacystis nidulans

6.1 Introduction

An investigation was carried out to compare Zn accumulation by
wild-type and Zn-tolerant Anacystis strains. These algae were
subjected to various levels of Zn (0.1, 1.0 mg l_1 for wild-tyve;

0.1, 1.0 and 10.0 mg 17 for zn-t12.0) for periods up to 192 h, but
otherwise standard growth conditions were used (section 2.33; p. 48).
Growth curves for both algae are shown in Figs 6.1 and 6.2, with dry
weight used as a growth criterion. These curves may be compared

with Figs 4.19 and 3.9 in which population density was used as a
growth criterion. The experiments were repeated twice. Comparisons
were made first to study the ability of wild-type and Zn-t5.0
Anacystis strains to accumulate environmental Zn, using centrifugation
(section 2.513) to separate the alga from the medium. The second
experiment was gquite similar, but compared wild-type and Zn-t12.0
strains and used the filtration (section 2.9(ii)) to harvest the alga.
Because both experiments led to similar results, only the latter will
be discussed here. Inocula were grown with as low a level of Zn as
possible in the medium (0.04 mg 1_1; see 2,2)., The inocula for wild-
type and Zn-t12.0 had 7.5 and 12.5 pug Zn g_1 dry weight, respectively.
There was no satisfactory technique to separate the actual level of Zn
associated with alga from that due to precipitation. (In addition to
removal of Zn by the alga and consequent lowering of the overall Zn

level, changes in CO, during the growth of alga may influence this

2
precipitation.) The results are summarized in two ways:

(1) Zn in alga plus filter.

(i1} As (i) less value obtained from filter used as a control.
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The "true" value of Zn associated with alga must lie between these
two extremes. The level of Zn associated with a Nuclepore filter
through which 0.1, 1.0 and 10.0 mg l_l Zn, followed by EDTA washes,
had been passed were (0.008, 0.008 and 0.022 mg l_1 Zn, respectively;
unwashed filters were 0.016, 0.026 and 0.89 mg 1—1, respectively.

The physical adsorption of Zn onto the cell surface, was examined

by washing with 40 mg 1 © EDTA (= 0.138 mM; Table 2.15). At the
beginning of the experiments it was thought that 3x EDTA washes might
be enough to release all the Zn adsorbed. It was later realized that

these were not enough for the higher Zn concentrations.

6.2 Influence of culture density on removal of Zn from medium

An experiment was initiated to determine whether the initial
culture density affected the amount of 2n removed from the medium
over a short period of time (30 minutes). Cultures in which initial
units ml~' were 0, 4 x 10°%, 6 x 10°, 8 x 10%, 10 x 10°, 20 x 10°,

30 % 106, 40 x 106 and 50 x 106 were exposed to 0.1, 0.5, 1.0 and

1.5 mg l—1 Zn. The amounts of Zn remaining in the medium are given

in Table 6.1. The percentage of Zn removed from the medium rises

slightly with increased population density. For instance at 1.5 mg l-1 Zn,
12% Zn removed by 4 x 1O6 units ml_1 while 22.6% was removed by

50 x 106 units ml-1

6.3 Influence of environmental Zn concentration on Zn

accumulation by Anacystis nidulans

The total Zn accumulation and accumulation ratio by two Anacystis
nidulans strains subjected to various environmental Zn concentrations
is given in Tables 6.2, 6.3, 6.4, 6.5, 6.6, A6.1 and A6.2. The growth
of both strains in medium containing 0.1 and 1.0 mg l_1 Zn for wild-

type and 0.1, 1.0 and 10.0 ng 17! Zn for zn-t12.0 are shown in Figs 6.1
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Tabhle 6.1 Influence of culture density on removal of Zn from

culture medium over a short period of time (30 minutes)

initial Zn population density Zn left in medium
(mg 1_1) units ml‘-1 {mg 1_1)
0.10 0.0 0.10
0.50 0.0 0.48
1.0 0.0 0.84
1.5 0.0 1.32
6
0.10 4 % 106 0.093
0.50 4 x 106 0.48
1.0 4 x 1O6 0.85
1.5 4 x 10 1.30
6
0.10 6 x 106 0.09
0.50 6 x 106 0.46
1.0 6 x 106 0.88
1.5 6 x 10 1.26
6
0.10 8 x 106 0.09
0.50 8 x 106 0.48
1.0 8 x 106 0.86
1.5 8 x 10 1.27
6
0.10 10 x 1O6 0.083
0.50 10 x 106 0.45
1.0 10 x 106 0.87
1.5 10 x 10 1.28
6
0.10 20 x 106 0.080
0.50 20 x 106 0.45
1.0 20 x 106 0.86
1.5 20 x 10 1.25
-6
0.10C 30 x 1u6 0.080
0.50 30 x 106 0.46
1.0 30 x 106 0.84
1.5 30 x 10 1.22
6
0,10 40 x 106 0.080
0.50 40 x 106 0.45
1.0 40 x 106 0.84
1.5 40 x 10 1.20
0.10 50 x 102 0,072
0.50 50 x 106 0.45
1.0 50 x 106 0.85
1.5 50 x 10 1.18
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and 6.2, respectively. These show a similar growth pattern for
each alga; the maximum growth rate occurred during the first few
days of inoculation, then growth rate levelled-off with increased
incubation time. There was a linear relationship between the
logarithm of the Zn eomposition of the alga and the dry weight of the
culture over the whole 192 h periods (Figs 6.3, 6.4). The amount of
Zn in the alga increases with increasing Zn in the medium (Figs 6.3,
6.4). The ratio between that taken up at (initial) 10 mg l.1 Zn
and that at (initial) 1 mg l_1 Zn is about 5,0 over the whole growth
period (Fig. 6.4). The ratio between that taken up at (initial)
1 mg l_1 Zn and {initial) 0.1 mg l-_1 Zn changes during growth,
presumably at least partly because there is a greater change in
environmental Zn during batch culture starting with 0.1 mg l—1 Zn
(Tables 6.2, 6.3).

Correlation coefficients were calculated for both strains with
y = logarithm pg Zn g—1 dry weight; x = dry weight (mg l-l), the
results are included with Figs 6.3, 6.4, 6.5 and 6.6. Anomalous
correlation coefficients were obtained when no allowance was made for

the presence of Zn in the filter.

6.4 Release of Zn from Anacystis by washing with EDTA

The total amount of Zn associated with wild-type and Zn-t12.0
Anacystis, without EDTA washes during the growth in batch culture are
shown in Figs 6.5 and 6.6. These Figs may be compared with those in
Figs 6.3 and 6.4, in which alga were washed with EDTA, and details of
the results are given in Tables A6.1 andA6.2. These results suggest
that the initial high Zn uptake observed, may be due to Zn only

loosely associated with the cells.
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CHAPTER 7

STUDIES ON ZINC RESISTANCE OF STRAINS ISOLATED FROM ZINC POLLUTED STTES

7.1 Introduction

Blue—-green algae .are the dominants of some sites with elevated
zinc, the organisms present usually being narrow forms of Plectonema
{section 1.1). The purpose of the present chapter is to summarize
the features of examples of species which are tolerant to high levels

of zinc.

7.2 Origins, isolaticn and culture

Clonal strains isolated from sites with elevated zinc, in
England, France and U.S.A. (Table 2.7 ) were obtained by plating.

Two different media were required for culture (see 2.21).

7.3 Toxicity of Zn and Cd under standard conditions

The studies reported in this section were planned to determine
the laboratory responses to Zn of isclates from sites with elevated
zinc. Strains from presumed low zinc sites were included as ‘“controls™.
Isolates were first tested for sensitivity to Zn using the assay whose
results summarized as a Tolerance Index Concentration (T.I.C.see
section 2.52) . Isolates from high 2n sites, in general, tolerated
considerably higher levels cof Zn than the "control" strains (Table 7.1).

The situation is however not completely clear cut:

(1) Calothrix D 473 was isolated from a dry stream with sediments
-1
relatively rich in Zn (€210 um fraction : 540 pg g Zn), yet was

relatively sensitive in laboratory assay.

(ii) The results obtained with Synechococcus D 561 were variable but

in all cases the strain was much more sensitive than Gloeothece D 562
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isolated from the same sample.

(iii) Calothrix D 550 was relatively Zn-resistant although it comes
from a site with low Zn levels. The alga had been isolated by '
physical means and subcultured in a medium with 0.04 mg l_1 Zn until
the time of assay, so presumably Zn-resistance can not have been
enhanced during isolation of the strain.

In all four instances where the alga was assayed in the presence
and absence of combined nitrogen, it was more sensitive under the
latter conditions. The difference in response was due not only to a
decreased growth rate, but at least for Anabaena cylindrica and
Calothrix membranacea also to the alga being killed at lower concen-
trations of 2n. The influence of Zn on the growth rate of Calothrix
D 184, both in the presence and absence of combined nitrogen is shown
in Fig. 7.1. The alga was more sensitive under the latter conditions.

One strain, Phormidium autumnale D 475, was chosen for detailed

investigation. It was selected because of easy growth in BCM medium,

the one used for all major experiments, and because of a slightly faster growth
rates than other strains i.e. Calothrix D 184, Calothrix membranacea D179,
Calothrix D 473, and Phormidium sp. D 476. The alga was tested for

its sensitivity both to Zn and Cd, the two metals to which all the algal
populations had been exposed in the field to some extent. The

influence of Zn on the growth of Phormidium D 475 using chl a as a

growth criterion is shown in Fig. 7.2. The alga tolerated up to

25 mg l_1 Zzn. The influence of Cd on growth is shown in Fig. 7.3.

The alga tolerated up to 0.8 mg l_1 Cd, At these concentrations of 2Zn

and Cd, there was a lag of about 6 days.
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Fig. 7.1 1Influence of Zn on growth of Calothrix D184, in the

presence and absence of combined nitrogen.
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7.4 Factors influencing toxicity

A comparison was made of the influence of environmental factors
upon 7Zn and Cd toxicity to a strain isolated from a high Zn site

(Phormidium autumnale D 475) and a "control" strain (Anacystis nidulans):

(1) Ca A moderate effect upon the growth of alga at different Ca
levels (5 - 200 mg l_l) was evident in the metal-free controls. The
influence of Ca on the toxicity of Zn is given in Table 7.2. A marked
ameliorating effect occurred up to the highest level (200 mg l_1 Ca)
investigated. Increasing Ca caused a similar increase in tolerance

to Cd (Table 7.3).
(1) EDTA caused marked decreases in toxicity in all cases.

(iii) PO4—P A slight decrease upon the growth of alga occurred in

basal medium at > 56 mg l—1 PO4—P. The influence of PO4—P on the

toxicity of both zZn and Cd is shown in Tables 7.4, 7.5. A similar
decrease on the toxicity of Zn and Cd was evident in all cases up to

-1
28 mg 1 PO4—P.

(iv) pH Only very slight growth of the alga occurred at pH 7.0
in controls in Zn-free medium. A moderate decrease in the toxicity
of Zn occurred when the pH was raised from @.5 to 8.0, (Table 7.6),
but Cd-toxicity was slightly affected by a similar rise in pH (Table

7.7 .

(v) Zn and Cd interaction The influence of Zn on the toxicity of

Cd, using chl a as a criterion of growth is shown in Table 7.8. &
marked increase in the tolerance of Cd, occurred with increasing Zn
concentrations. 1In contrast Cd brought about no detectable chan@e in

the toxicity of Zn.
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7.5 Nitrogen fixation

In view of the fact that non-heterocystous forms occurred
widely at higher levels of Zn in the field (section 1.2), while
heterocystous forms were rare, it seemed possible that Zn might
interfere with nitrogen fixation. On the basis of sensitivity of
the algae to growth in combined nitrogen-free medium at different
levels of Zn, a laboratory assay was carried out using two
heterocystous forms, Anabaena cylindrica and Calothrix D 184 to establish
the effect of Zn on nitrogenase activity, using the acetylene reduction
assay (section 2.9) as indicator. The comparison is made on a strain
from a presumed low Zn site ( Anabaena cylindrica) and from a high Zn
site (Calothrix D 184).

The results are summarized in Table 7.9. It can be seen that
while Anabaena'cglindrica is only slightly more sensitive than Calothrix
D 184 when Zn is first added, the effect is pronounced 24 h after the
addition of the Zn. For instance, at 5 mg 1_1 Zn, the rate of acetylene

reduction was 0.003 and 0.016 nmol C2H4 Hg chl a_1 min.—1 for Anabaena

and Calothrix respectively.
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CHAPTER 8

DISCUSSION

8.1 Production of resistant strains

It is evident that for Anacystis nidulans the development of
tolerance to any one particular heavy metal takes place easily, but
that this does not confer general resistance to all metals. Marked
changes in resistance to metals other than the one used to 'develop'
tolerance were few and there were as many examples of a decrease as of
an increase in resistance (Table 8.1). Only in the case of the Cd-
tolerant strain taken from a Cd-rich medium was there increased
resistance to all the other four metals (Table 8.1). Most field sites
associated with heavy metal mining activities are contaminated
simultaneously by several metals, so any blue-green alga behaving in a
similar manner to A. nidulans would need to acquire separate mechanisms
of tolerance for each metal. Presumably this makes evolution of
tolerant populations considerably more difficult than if only one
metal was present at elevated levels. The conditions required in
culture of gradually increasing strongly inhibitory levels are however
likely to be fulfilled at many field sites, such as the surroundings
of mine wastes. Typically, a wide range of micro-habitats with
differing metal levels occurs at such sites. At least under laboratory
conditions, strains of A. nidulans can grow at comparatively high levels
of metals with only slight changes in lag, exponential growth rate and
final yield (Table 3.2). The resistant strains obtained by training
with these metals do not lose their resistance by subculturing without
metal. When culturing in the presence of a metal is repeated, the

resistance of the culture becomes more stable. Repetition of training
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cultures presumably eliminates sensitive units and thus renders the
resistant population stable. The level of resistance to Zn of both
Zn-t5.0 and 2Zn-tl12.0 tolerant strains did not change during long term
subculturing, 72 and 96 generations respectively (Table 3.3) at a low
concentration of zn (0,04 mg l-l). The fact that resistance is not
lost even after several subcultures of the resistant strains in metal-
free media strongly suggests that these strains are mutant strains
(section 1.3).

The uses of strongly inhibitory levels of metal was suggested
earlier for producing Cu-resistant strains of fungi and yeasts by
{(Ashida 1965}, who concluded that "in successful laboratory training
for adaptation to metal toxicants fungi are usually exposed for many
passages to the toxicants at concentrations which partially inhibit
the growth of inoculants", In addition DE Fillippis and Pallaghy
(197&) were able to develop Zn and Hg II resistance in the Emerson
strain of Chlorella under laboratory culturing conditions by maintaining
cells in the exponential phase of growth while exposing them to sub-
lethal concentration of either Zn or Hg II. The lack of mutants tolerant
to Cu reported previously (Sarma 1979) may perhaps have been due to
cultures not being made from strongly inhibitory levels of metals.
The reason why such levels of metals are needed to isolate metal tolerant
mutants are not clear. As mentioned above for Zn, a possible specific
role of the metal cannot be excluded, but a more likely explanation is
that the mutation rate is greatly increased in the slower growing cultures
containing many filaments or sub-spherical structures. Nevertheless there
was apparently no increased rate of mutation for antibiotic resistance
(Section 3.32). A further explanation may be that units growing in a
strongly inhibitory level of metal have already undergone phenotypic
adaptation for partial resistance ﬁo that metal. In basal medium any mutant,
which is poteﬁtially capable of growing at a higher level of metal than that

possible for the wild-type, will not have undergone such phenotypic




209,

adaptation. Only a mutant acquiring in one step a particularly
large increase in resistance will grow on transfer from basal medium
to a potentially inhibitory level of metal. This last seems plausible
for an element like Zn where there is a distinct difference in the
lag shown by the wild-type according to whether or not the culture was
grown previously at a strongly inhibitory level.

The present results fit in with Ashida's (1965) conclusions for
bacteria, filamentous fungi and yeasts that resistance to some
organic toxicants and antibiotics may develop more readily than to
metal toxicants. In the present study with A. nidulans, it was found
that none of the metal-resistant strains isolated after at least 25
subcultures had increased in tolerance by a factor greater than 10
times that of the wild-type (Table 3.1 ). In contrast, strains of
A. nidulans resistant to 3 mg l—l streptomycin (300 x wild-type), and
1.25 mg 1_1 penicillin (125 x wild-type) were isolated after 4 and 7
subcultures into a medium with strongly inhibitory levels of streptomycin
and penicillin respectively. These results suggest a similar behaviour
to that recorded by Kumar (1964) who isolated A. nidulans tolerant to
50 mg l—1 streptomycin (50,000 x wild-type) and 8 mg 1_1 penicillin
(400 x wild~-type) after 15 and 10 serial subcultures, respectively.

The production of filamentous forms following treatment of
A. nidulans with heavy metals, was similar to that reported with
mutagenic or other toxic agents (section 1.32). The metal-induced
resistant strains of A. nidulans showed profuse filamentation during
growth in this metal supplemented medium, no such effect was
obtained in the wild-type strain. Cytological studies were not made to
establish the extent to which these filaments were truly multicellular
or only coenocytic like the mutants described in Kunisawa and Cohn-

Bazire (1970). Sarma (1979) sudgested that formation of long
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filamentous cells by A. nidulans after exposure to Cu might be due
to the Cu sorbed to the cell walls interfering in some way with cell
division.

In the present study an initial morphological response to Cu was
the formation of sub-spherical units quite different in shape from
the normal rods (Fig. 3,10). This observation is similar to that
reported earlier by Sadler and Trudinger (1967) for Pseudomonas. At
sub-lethal concentrations of Cu, morphological changes took place by
conversion of bacterial rods into spherical forms. In the case of
A. nidulans, filamentous structures did eventually dominate in
cultures of the Cu-resistant strain.

The possibility that metal treatment, in addition to leading to
the selection of mutations of the wild-type for metal-resistance,
might also have selected for other mutations from rods to filaments
can not be ruled out. However the filamentation process was
reversible, i.e. all the metal-tolerant strains showed normal rod
shaped units when grown in the absence of metal, although the average

length of the units of Zn-t12.0 strain was greater (Fig.3,10, 3.11).

8.2 Laboratory tolerance and toxicity

All the heavy metals whose influence was tested on the growth of
A. nidulans were found to be more toxic than Zn to all the strains
tested (section 4.1 ); Cu was found in general to be the most toxic to
both wild-type and metal-tolerant strains. These results confirm the
observations on filamentous green algae made by Whitton (19702). where
Cu was demonstrated to be more toxic than Zn. The results of Sparling
(1968) contrast with the observations of other workers in that Zn and

Cu each had the same effect on the total growth of A nidulans. Up to

-1
5.0 mg 1 of both metals stimulated growth. 1In addition the present
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results for Pb agree with those of Whitton (1970a) in that when Pb is
added as (Pb(NO3)2),it is much less toxic than 2Zn; however under these

circumstances little of Pb is in solution. Davies et al. (1976)
found that Pb was highly toxic to rainbow trout and the toxicity
was more pronounced in soft than hard water.
The tolerance of A. nidulans to various metals appears in

general to be considerably less than éxhibited by the green algae
(section 1.2). Rana and Kumar (1974b) demonstrated that A. nidulans,
Oscillatoria sp. and Arthrospira jenneri were all very sensitive to
Zn, while Chlorella vulgaris and Scenedesmus sp. were highly tolerant,
growing in 25 and 30 mg l--1 Zn, respectively. Katagiri (1975) found
that 0.10 mg l_1 Cd caused a 50% reduction in the growth rate of
A. nidulans. In contrast, Chlorella sp. required more than 0.5 mg l—1
Cd to inhibit the growth rate by a similar amount (Hart and Scaife
1977). The maximum and median tolerance limits of some blue and green
algae to Cuy and Zn found by Rana and Kumar (1974n) (calculated from
copper sulphate quoted by the authors) are given below (Table 8.2) :
Table B.2 Tolerance to Cu and Zn of species studied by Rana and Kumar (1974).

maximum tolerance median tolerance

o (mg 171) (mg 171)
Cu Zn Cu 7Zn

Anacystis nidulans 0.4 1.5 0.16 1.0
Oscillatoria sp. 0.4 1.0 0.2 0.5
Arthrospira jenneri 0.4 1.5 0.16 0.4
Plectonema boryanum 3.98 30 0.16 10
Nodularia spumigena 0.279 2.0 0.2 0.7
Anabaena doliolum 0.2 1.0 - -
Fischerella muscicola 0.2 1.0 - -
Chlorella vulgaris 2.0 25 1.0 5.0
Scenedesmus sp. 3.2 30 1.6 5.0
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Sparling's (1968) results are surprising in that A, nidulans was
reported to require 5 mg l_1 Zn for 50% reduction of the total growth.
His results contrast with the much greater sensitivity found in the
present study (Table 8.1). Rama and Kumar (1974b) reported that

A. nidulans is very sensitive to high concentrations of Zn, any
increase in the‘concentrations beyond that of basal medium (presumably
about 0.05 mg l"1 Zn) had a growth retarding effect. Their results are
similar to those of Katagiri (1975) who found that A. nidulans cultures
with 0.001 and 0.01 mg l—1 Zn had doubling times of 8 h, whereas in the
presence of 0.1 and 1.0 mg 1_1 Zn, they had doubling times of 10 and

15 h, respectively. 1In comparison the present study found 0.04 mg l—1 Zn
led to a doubling time of 8.2 h, and 0.5 and 1.0 mg 1_1 Zn to doubling

times of 11.6 h and 15 h, respectively.

Zinc requirement The failure to demonstrate a requirement for Zn

in the growth of either wild-type or Zn-tolerant A. nidulans strains

may be due to the fact that the level of Zn in the medium was not
reduced below 0.04 mg 1_1, the level derived as contaminants from other
chemicals (Table 2.3), beside glassware and deionized water. A survey
of the literature (section 1.21) summarized in Table 8.3 shows that the
amount of Zn required by most organisms for their optimum growth is very
small. This contrasts with the results of Coleman et al. (1971) where
Chlorella vulgaris required 18.03 mg l—1 Zn for optimum growth. The
results of Lange (1971) are anomalous. Although most workers who have
investigated micronutrient requirements have found it impossible to detect
levels of ang 1 ug 1—1, Lange reported addition of 0.08 ug 1"1 Zn to
filtered Lake Erie water enhanced the growth of 15 cultures of Anabaena

cirinalis, and Nostoc muscorum in at least 3 and 5 instances respectively.
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8.3 Environmental factors influencing metal-toxicity to

Anacystis nidulans strains

The results presented in Chapter 5 show clearly that several
environmental factors have a marked influence on the toxicity of the
three metals tested (2Zn, Cu, Cd), but in each case the factors differ
(Table 5.2). 1In view of the large literature on environmental effects
on metal toxicity (section 1.4) only a few comparative comments will
be made. Many of the effects are similar to those reported for other
organisms. For instance, the marked influence of EDTA and PO4—P in
reducing Zn-toxicity is found also in many eukaryotic plants
(Whitton 1980). Phosphate also reduced the toxicity of Zn to
Plectonema boryanum (Rana and Kumar 1974p),while nitrate had little
effect on reducing Zn-toxicity, thus resembling the preéent results
for A. nidulans. A possible explanation of these results may be that
Zn and phosphate, but not nitrate, enter the cells at the same site
thus interfering with each other during uptake by algae. This
interference of phosphate and Zn with the entry of each other across
the cell membrane previously suggested by Rana and Kumar (1974a) may be

supported by the results in Table 5.21. When phosphate was introduced

after inoculation, it had much less effect in reducing Zn-toxicity

than if introduced together with Zn. Recently Rigby et al. (1980) found
that zn inhibited phosphate uptake by Synechococcus leopoliensis, while
other cations (except Mg) stimulated it. It is therefore possible that
some of the observed effects of metals on Zn toxicity reported in
Chapter 5 may be due fto indirect effects on phosphate uptake in addition
to direct cation competition. Both Ca and Mg reduced the toxicity of

Zn and Cd to A. nidulans inmost cases. With the two Zn~tolerant strains,
the effect of Mg was greater at several lower concentrations than that

of Ca, but the influence of Ca increased over a much greater range of
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concentrations. The greater influence of Mg in reducing Zn toxicity

to tolerant rather than sensitive strains has been reported for the

green algae, Hormidium rivulare (Say and Whitton 1977) and Stigeoclonum
tenue (Harding and Whitton 1977). The effectiveness of Ca at higher
levels in reducing the toxicity of Zn and Cd to both wild-type and
tolerant strains would fit the hypothesis that a mechanism exists whereby
the Zn is initially bound passively. With such a mechanism, Ca might
compete with Zn for these sites, It is Qéll documented that the presence
of Ca around roots may greatly reduce heavy metal toxicity (Wyn-Jones and
Lunt 1967)., The effect of Mg could be by way of the same process,
particularly since this element shares some similar ionic properties

with Zn. The lack of any influence of Mg and the only slight effect of
Ca on Cu-toxicity is surprising. The éxplanation may perhaps lie in the

release of a strong Cu complexing agent, such as has been shown for

Anabaena flos-aquae (McKnight and Morel 1979). 1In contrast to Anacystis
nidulans, Mg antagonizes Cu-toxicity to Bacillus licheniforme more than
Zn or Cd-toxicity (Haavik 1976).

Comparison of the results of the toxicity tests with observations
on the growth of A. nidulans in a metal-free medium, but with a similar
concentration of ions, ghowed that Mgf Ca, Fe and PO4-P had quite
a different influence on antagonism than on growth. The difference is
most obvious for Mg and Fe, where raising the concentrations from 0.25
to 160 mg l_1 and 0.5 to 20 mg l_1 respectively, brought about an
increased antagonism to the toxicity of Zn, Tables 5.6, 5.17, at the
éame time causing a marked reduction in total gfowth of wild-~type.

This is similar to the results of Harding -and Whitton (1977) for
Stigeoclonum tenue in which Mg had a quite different influence on
antagonism than on growth. The present results on the influence of Pe
on the toxicity of Cu to A. nidulans contrast with those of Steeman

Nielsen and Kamp-Nielsen (1970) on Chlorella pyrenoidesa, In the
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latter Fe detoxified the, effect of Cu at the concentrations used in
growth medium (6 ug l_1 Fe), but it had no effect on Cu toxicity to
Anacystis nidulans. SteemamnNielsen and Kamp-Nielsen suggested that
their results might be due to the presence of ferrous chloride, which
in alkaline solution forms negatively charged colloids capable of
adsorbing cations or positively charged complexes. Greene et al, (1975)
suggested that the protection of Selenastrum capricornutum from the
toxic effects of Zn ions by Na, Mg, Ca and P was due largely to
increases in ionic strength. They further suggested that the formation
of an 'ion pair' between Zn and such ions might lower the availability
of Zn to the alga. This does not fit with the present results for
Anacystis nidulans (Tables 5.1; A5.2, A5.4, AS5.6) or for Stigeoclonum
tenue (Harding and Whitton 1977); in both cases some ions (e.g. K+, Cl-,

SO4 and to some extent Na+) had no detectable effect on toxicity even

at very high concentrations. The behaviour of Anacystis nidulans in

mixed solutions of Zn and Cd also differs markedly from some other organisms.
For Bacillus subtilis ssp. niger, Pseudomonas sp. (Pickett and Dean 1979)
and Hormidium rivulare (Say and Whitton 1977) 2Zn and Cd are synergistic

in their toxic effects. On the other hand Zn reduces markedly C4d

toxicity to wild-type Anacystis nidulans (Fig. 5.15; Table A5.25)

and probably also the two Zn-tolerant strains (Fig. 5.16; Table A5.26);
similarly the presence of Cd appears to-reduce Zn toxicity to the
Cd-tolerant mutant (Table 8.1) thus resembling the results of Nakano et al.
(1979) for Euglena gracilis and of Pickett and Dean (1976) for Klebsiella
(Aerobacter) aerogenes, in which an antagonistic interaction occurred
between Zn and Cd. The remaindervof the data in Table 5.1 indicate that
the toxic effect of Zn with other heavy metals was additive or perhaps

sometimes synergistic (e.g. Cu) in their action (Tables 5.28, 5.32).
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The influence of pH on 2n toxicity differed between wild-type
and the two Zn-tolerant strains (Figs 5.17, 5.18, 5.19). A rise in
pH however brought about a marked reduction in Zn and Cd toxicity to
Wild-type (Figs 5,17, 5.20) while the same rise in pH caused increase
in Zn toxicity to the Zn-tolerant strains (Figs 5.16, 5.19). An
increase in pH over the range 6.5 to 8.0 leads to increased precipi-
tation, so this alone might perhaps explain the decreased toxicity
found with the wild~type; it obviously can not explain the increased
toxicity found with the other two strains. The observation that a
rise in pH over the range pH 6.5 to 8.0 led to a decrease in the
toxicity of Zn contrasts with some observationé in the literature
(section 1.4). Mount (1966) showed that a rise in pH led to an
increase in Zn toxicity to fathead minnow. Hargreaves and Whitton
(1976) demonstrated that rises in pH above 3.0 led to an increase in
the toxicity of Zn to a population of Hormidium rivulare isolated
from a stream at pH 3.1. Say and Whitton (1977) confirmed that rises
in pH from pH 3.0 to pH 8.0 led to an increase in the toxicity of Zn
to Zn-sensitive and Zn-tolerant populations of Hormidium rivulare.

On the other hand the present results are confirmed by the results of
Katagiri (1975) for Anacystis nidulans and Hart and Scaife (1977) for
Chlorella pyrenoidosa; in both cases a rise in pH between 7 and 8
reduced the toxicity of Cd. Rises in pH also reduced the toxicity of
Zn to both Zn-sensitive and Zn-tolerant populations of Stigeoclonum
tenue, but this effect was more markea with the latter (Harding and
Whitton 1977). There was no influence of éH on the toxicity of Cu to

either wild-type or Cu-t5.0 tolerant strains of A. nidulans.

8.31 Organic compounds in the medium
A major problem in any heavy metal toxicity investigation is to

understand the influence of factors ether than the particular one
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under study. This is particularly so when the metal levels are low

and toxic effects could easily be masked. Of the inorganic synthetic
me@fa' available in the literature ACM has been formulated specifically
for Anacystis nidulans. This medium includes EDTA as a chelating
agent. Since EDTA is known to form complexes with (presumably all)
metal ions, ion toxicity is likely to be reduced. It was not possible
to exclude EDTA completely from the medium, but its level was kept as
low as possible.

The lower: level of phosphate in the medium led to increased
need to buffer the pH. Of the common buffers used in freshwater
cultures most are known tc possess some complexing ability, or to be
unsuitable for some other reason such as being toxic, precipitation on
autoclaving, or being used up by algae as essential nutrients
(Smith and Foy 1974). HEPES was chosen as a buffering agent before it
was realized that this too can act as a chelating agent (section 2.22).
The present work showed slight changes in the toxicity of 2Zn to wild-
type A. nidulans with increasipg‘levels of HEPES (Table 5.26)
which can not be explained by the poor buffering with the lower levels
of HEPES; they are presumably a direct effect of chelating by the
HEPES molecule. The situation is slightly complicated because both
EDTA and HEPES were present simultaneously in the medium, with EDTA
known to act as a strong chelating agent. The influence of HEPES in
the absence of EDTA has not so far been gtudied. However the levels

of EDTA and HEPES used for various experiments were given in Table 2.4.

8.4 Accumulation of Zn by Anacystis nidulans
Anacystis nidulans cultures are capébie ofﬁaccumulating high
concentrations of Zn and there is little indication that resistant

strains accumulate different amounts of zinc compared with the wild-type.




219,

For instance wild-type and Zn-t12.0 strains grown in batch culture
with 1.0 mg l—1 Zn eventually accumulate 1605 and 1792 ug Zn g—1
dry weight, respectively (Tables 6.2 and 6.4); respective accumulation
ratios are 2866 and 4074. The initial high Zn uptake is mostly
removed by EDTA washes (section 6.3), suggesting that this Zn is only
loosely associated with the cells. At later stages in growth only a
small éercentage of the Zn is removable with EDTA, indicating that
its accumulation is associated with growth of the alga. With increasing
Zn in the medium, increased Zn is accumulated by the alga. With the
Zn-t12.0 strain the proportional increase iﬁ old cultures is about the
same between 0.1 and 1 mg l—1 Zn as between 1 and 10 mg l—1 Zn. For
instance at a growth stage with 300 mg 1—1 dry weight (Fig. 6.4) there
is a 4.8-fold increase in algal 2Zn for a 10-fold increase in environ-
mental Zn,

No investigation was carried out to study the effect of other
factors on Zn accumulation by A. nidulans, but Katagiri (1975)
found that Cd accumulation is pH dependent, more accumulation occurring
at neutral pH than at more alkaline values. A similar observation
has been made with Chlorella (Hart and Scaife 1977). This phenomenon
may be related to the fact that solubility of metal is reduced at
more alkaline conditions; the Cd may be present in a form which

cannot be transported by the cell.

8.5 Tolerance and adaptation shown by field material
It is clear that some blue-green algae are capable of resisting
very high levels of Zn. At least in streams these are usually very

narrow forms which can often be referred to Plectonema (section 1.1).
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Members of Chlorococcales may also be present, and, although usually
small-celled, larger forms may occur. Laboratory assays (Table 7.4 )
have shown that most isolates from high Zn sites are adapted forms,
being more tolerant of high Zn levels than most isolates from sites
lacking Zn-enrichment, thus resembling observations for Stigeoclonum
tenue (Harding and Whitton 1977) and Hormidium rivulare (Say and
Whitton 1977). However the results of Calothrix D 473 and Calothrix
parietina D 550 did not fit with the other results. Although
Calothrix D 473 was isolated from sediments relatively rich in 2n, it
was relatively sensitive in the laboratory assay. A possible
explanation is that the site is highly calcareous, a factor reducing
the toxicity of Zn to most organisms (section 1.4). C. parietina D 550
was relatively Zn-resistant although it comes from a site with low Zn
levels (Table 2.7 ). It is difficult to suggest any explanation. The
alga was isolated by physical means and subcultured in a medium with
0.04 mg l_1 Zn until the time of assay. A study was carried out by
Stokes et al. (1973) on the heavy metal tolerance of algae from contaminated
lakes in the Sudbury mining area of Ontario. Whilst not giving clear
evidence for genetic adaptation of species of Chlorella vulgaris and
Scenedesmus acuminatus to the toxicity of Cu and Ni, it did show that
strains isolated from contaminated lakes were more tolerant than closely
related laboratory strains of species in the same genera. In discussing
their results, Stokes et al. postuléte that the two genera may be
inherently more adaptable to the toxic effect of the metals than most.
other algae.

In spite of observations such as thesg, Whitton and Say (1975)
conclude that it seems probable that not all algae growing in high

concentrations of heavy metals in the field have developed special
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tolerance to the particular metal(s). As the number of species of
algae which can grow in non-polluted streams is so large, several
species may exist which may possess the capacity to grow in elevated
concentrations of metal 'by accident' and that might be what happened

with Calothrix parietina D 550.

8.51 Nitrogen fixation

There are two possible explanations for the possible absence of
nitrogen fixation in streams with levels of 2n above 10 mg 1_1, and
its rarity (judged by frequency of heterocystous organisms (Whitton
1380)) at slightly lower levels. It may be due simply to these
environments carrying sufficient combined nitrogen that potential
nitrogen fixers have no selective advantage. On the other hand it may
be due to the particular sensitivity to Zn of nitrogenase or some other
feature of the nitrogen fixers. The greater sensitivity of strains
when grown in the absence of combined nitrogen rather than its
presence (Table 7.! ) suggests that the second explanation may be
important. Nevertheless it can not be the sole reason because
Calothrix D 184 is capable of growing in a medium free of combined

nitrogen (Fig. 7.1 ), yet with a Zn level higher than yet recorded in

the field for a nitrogen-fixing blue-green alga.

8.6 Concluding remarks

The occurrence of blue-green algae at sites polluted by heavy
metals was reviewed at the beginning ofvthis thesis., During the present
study it has been shown that Anacystis nidulans can adapt to the heavy
metals Co, Ni, Cu, 2Zn and Cd, after repeated subculture in the presence
of these respective metals.ArﬁghL7-inhibitory level of metals was essential
for obtaining these adaptations, It thus seems likely that such adaptation

can take place quite easily in nature where a wide range of metal levels
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are likely to occur within one region such as the vicinity of a mine.

It is to be hoped that further work, using a range of laboratory

strqins}and both liquid and solid media, may lead to a more complete

gnd;rstanding of adaptation for heavy metal resistance by blue-green

f;lgae. )

| The indication that factors such as Ca, Mg and P04—P play a role

in reducing metal toxicity to A; nidulans fits the hypothesis

that more than one tolerance mechanism may be present and shows how

complicated the situation may be in the field. A passive binding of

Zn to exchange sites in the region of the cell wall might be

subjected to competition from other ions such as Ca and Mg. From the

morphological observations on A. nidulans strains it was

possible only to speculate how the 2Zn sorbed to the cell walls may

interfere in some way, such as with cell division, leading to the

production of filamentous or sub-spherical forms. It is clear that more

detailed study of the morphology of A. nidulans would help

clarify the possible role of Zn in producing morphological changes.

Other studies which would help understanding of the influence of Zn

are ones using 65Zn to follow up the accumulation work reported here.
While most of the experiments reported here were performed with

laboratory cultures, some toxicity tests were carried out on algae

isolated from high Zn sites. These algae still showed high Zn

tolerance in the laboratory after isolation. 'The fact that non-

heterocystous forms of blue~green algae occurred at higher levels of

Z2n in the field than did heterocystous forms also requires further

study to see if Zn inhibits nitrogen fixation directly.
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SUMMARY

(i) Relatively low concentrations of heavy metals inhibited the
growth of Anacystis nidulans. The maximum concentrationé of Co, Ni,

Cu, Zn and Cd tolerated by wild-type alga,as judged by the levels of
metals proving strongly inhibitory, were 0.32, 0.16, 0.15, 1.5 and 0.55
mg 1, respectively. In concentrations ¢ 0.5 mg l_1 Zn, growth was

almost the same as in control, both as regards the length of the lag

phase and the final population density.

(ii) Wild-type Anacystis nidulans was found also to be very sensitive
to low concentrations of antibiotics, inhibition of growth occurring

-1
at 0.01 pg ml of penicillin, polymyxin or streptomycin, as judged

by the concentration leading to a 50% reduction in growth rate.

{iii) Mutants of Anacystis nidulans tolerant to high levels of Co, Ni,
Cu, Zn or Cd were obtained by repeated subculturing at strongly in-
hibitory levels of metals. For instance the level of Zn at which strong
inhibition occurred was raised from 1.45 to 16.5 mg 1—1 Zn after 75
subcultures. For Co, Ni, Cu or Cd the levels were raised to 2.45, 1.30,
0.55 and 2.5 mg l_l,respectively,after 25 subcultures. The comparative
response of various strains to a particular metal was in general quite

similar whether judged by growth rate, lag or yield

(iv) Colony formation on agar with different levels of Zn showed that
the acquisition of increased resistance was due to the production of

mutants.

The mutants correspond to
those regarded as spontaneous elsewhere in the blue-green algal
literature, but critical experiments were not made to rule out the

possibility that Zn itself has a role as a mutagenic agent.
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(v) It proved impossible to demonstrate tlRpresence of mutants

when making subcultures from medium lacking Zn-enrichment. On the
other hand the presence of sub-inhibitory Zn did not lead to any
increase in the rate of 'spontaneous' mutation for penicillin or
streptomycin tolerance. The use of NTG (N-methyl-N'-nitro-N-
nitrosoguanidine) as a mutagenic agent failed to lead to any detectable
increase in the rate of mutation for Zn-tolerance. NTG also failed to
lead to detectable mutation (1 in 5 x 108 units) in cultures lacking

Zn-enrichment.

(vi) All the metal tolerant strains still grew well in basal medium.
There was no indication that they now required higher levels of these
metals for optimum growth; only very slight changes were detectable in

the lag, exponential growth rate and yield as compared with the wild-

type.

(vii) Two of the mutants with high tolerance for Zn and one for each of
the other metals were chosen for comparative studies., Assays of cross-
resistance of each of the five types of mutant were made to other four
metals. In most cases changes in cross-resistance were only slight,
with about equal numbers of examples of increased and decreased
resistance. Examples of marked changes were increased Co-resistance

of a Cd-tolerant strain, and decreased Cd-resistance of a Ni-tolerant

strain.

(viii) The influence was tested of a range of factors on the toxicity of
Cu, Zn and C4 to the wild-type, of Zn to two Zn-tolerant strains, and of
Cu to a Cu-tolerant strain. K (5 - 500 mg 17}) and ¢l (10 - 200 mg 1Y) had
no detectable effect. HEPES N-2 hydroxyethylpiperazine-N'-2-ethanesulphonic
acid (0.3 - 1.2 mg 1—1) led to slight reduction in Zn toxicity to wild-type;

not surprisingly, EDTA caused a marked reduction in toxicity in all cases.
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Increasing levels of Cu, Cd and Hg all led to an increased toxicity,
the effects of concentrations of the individual metals apparently
being additive rather than synergistic. Increases in Ca, Mn, Fe,

Mg and P reduced 2n toxicity to both wild-type and Zn-tolerant strains,
but the strains differed in their response to pH. With the wild-type

@ rise in pH (6.0 - 8.0) brought about major reductions in toxicity,

while that rise brought about an increase in the toxicity to

Zn-tolerant strains.

(ix) The responses of Zn-t5.0 and Zn-tl12.0 strains to penicillin,
polymyxin and streptomycin were also tested. In every case there
was a slight increase in resistance to about 6x the level tolerated

by wild-type.

(%) Morphological changes were noted at the higher levels of
metals and in some cases there was considerable diversity within a

single flask. At the level of metals sub-inhibitory for each of

these strains filaments were produced. The morphological response
to Cu was different. At inhibitory levels of Cu, wild-type,

Cu-t0.5 and Zn-t5.0 all formed many sub-spherical units. A further
marked change took place with Cu-t0.5 during subcultures 22 to 25.
Although there was no detectable change in the Cu-tolerance of the
population as a whole, the subspherical structure became replaced
completely by filaments. Subspherical structures similar to those
found at high jevels of Cu were also noted with Co-tl1.8 grown at high

Co levels, but here these units formed less than 1% of the population.

(x1) No big shifts in absorption maxima of pigments between mutants
and wild-type were observed, but particularly at intermediate Cd-

concentrations, there was a marked increase in the relative phycocyanin
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content of wild-type Anacystis nidulans. Phycocyanin was not

observed at any concentrations of Cd in the growth of Cd-tolerant

strains.

. -1 . :
(xii) The Zn concentrations in the alga (ug g dry weight) increased
with increased Zn in the medium and generally also with the age of

the culture.

{(xiii) A resistant strain of Anacystis (Zn-t12.0) took up approximately
the same amount of Zn as wild-type from environmental concentrations at

which they both grew (0.1 and 1.0 mg l-~1 Zn) .

(xiv)ﬁdgae isolated from high concentrations of Zn in the field

had in general a much greater resistance to the metal than ones

growing in lower concentrations or obtained from algal culture collections.
The situation is however not completely clear-cut, because one isolate

of Calothrix (C. parietina D 550) from a low Zn site showed considerable

Zn resistance.

(xv) A laboratory comparison was made of the influence of Zn on nitrogen
fixation from a strain from a presumed low Zn site (Anabaena cylindrica)
and one from a high Zn site (Calothrix D 184) shows that the former was
only slightly more sensitive than Calothrix when Zn was first added.

The effect was however pronounced 24 h later.
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Table A3.1

Influence of Co on the growth of Co-tl.8

-
Source of inoculum
! time from strongly irhibitory level of metal
[o(h)
-1
Co (mg 1L )}
0 0.3 0.6 1.2 1.8
5
0 2x105 2xlo0 2x105 2x105 2x105
26 7.5x10° 6.3x10° 4x10° 3.2x10° 2.5x10°
48 3. 2x10° 2.8x10° 1.8x10° 8x10° 4x10°
7
72 2.5x10 2.2x107 1.3x107 2.5x106 1.3x106
7 7
96 1x108 8x10 5x10 8xlO6 3.2x106
8
120 | 1.3x10 1x108 8x107 1.8x107 5.6x106
|
: 8
144 , 1.6x10 l.loxlo8 lxIO8 3.2x107 l.loxlo7
% 8 7
|
168 1.8xl0 1.6x108 l.lxlO8 | 5x10 2x107
|
Table A3.2 1Influence of Ni on the growth of Ni-tl.0
r7 Source of inoculum
time from ctrorgly inhibitory level of metal
fh)
-1
Ni fmg 1 )
0 0.2 0.4 0.8 1.0
0 2x10° 2x10° 2x10° 2x10° 2x10°
2 8x10° 6.3x10° 5x10° 3.6x10° 2.8x10°
48 5. 6x10° 4. 5x10° 2. 5x10° 1.4x10° 6.3x10°
7 7 7 6 6
12 3.2x10 2.2x10 1xlo 5.6x10 2.95xl0
8 7 ) 7 7 6
96 lxl0 5.6x10 3.2x10 l.8xlo 8x10
8 8 7 7
120 1.4x10 1x10 5x107 3.2x10 1.8xl0
8 7
144 1.6x10° 1.1x10 6.3x10’ 4.5x10" 2.8x10
7
168 I.leos 1.3x108 8x10 S.bxlo7 6x107

.
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Table A3.3 1Influence of Cu on growth of Cu-t0.5

245,
r Source of inoculum
Cime from strongly inhibitory level of metal
(h)
Cu ’mg l-l)
0 0.1 0.2 0.4 0.5
0 2x10° 2x10° 2x10° 2x10° 2x10°
24 8x105 | 7.1x105 5x105 3.2x105 2.5x105
48 6.3x106 5.6x106 3.2x106 I.Ale6 1x106
72 1.2x10" | 2.5x10” | texto’ | 6.3x10° | 2.8x10°
96 1x10® 8x10’ s.6xlo’ | 2xl0’ 8x10°
120 1.6x108 l.'JxlO8 8x107 3.2x107 1.6x107
144 1.6x108 1.3x108 lxlo8 5x107 2.5x107
168 1.8x10B l.&xlO8 1x108 5,6)(107 3.2xlO7
!
Table A3.4 Influence of Zn on the growth of Zn-t5.0
Source of inoculum
basal medium strongly inhibitory level of metal at which
time (h) adapted
Zn ‘mg l-l) Zn mg 1-1)
0.04 2.0 4.0 5.0 0.04 2.0 4.0 5.0 6.0
0 ato” | 2x10® | axi0® | ax0° | 210® | ax10® | 210® | 2x10° | 2x10”
24 2x10° | 8x10° | 2.5x10° | L.1x10° | 2x10° | L.8x10® | 3.2x10° | 2x10° | 2x10’
48 1.1x107 6x106 &xlOS l.lbxlO5 1.8x107 l.6x107 5.6x106 lxlO6 2x105
72 1x108 6.2x107 3.2x106 l.lx106 8x107 6.3x107 3.6x107 8x106 2.5x105
96 AxlO8 1.1x108 2.2x107 sx10° 2.2x108 2x108 lx108 3.2xlO7 3.6x105
120 5x108 3x108 7.1x107 lxlO7 3.6x108 3.2x108 l.bxl()8 5.6x107 5.6x105
144 S.3x108 &xlO8 l.6x108 &x107 S.lxlo8 loxlO8 l.BxlO8 6.3x107 Bxl()5
168 5.6x108 A.leO8 l.leO8 bx107 5.6x108 A.SXIOB 2x108 leo7 1.1x106
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Table A3.5 Influence of Zn op the growth of zZn-t12.0
Source of inoculum
time (h) basal medium atrongly inhibitory level of metal at which adapted
-1 -1
In (mg 1 ) Zn ‘mg I )
0.04 4 8 10 i1l 12 Q.04 4 8 10 11 12
5 5
0 2x10° 2x10 2x10° 2x10° 2x10° 2x10° 2x10° 2x10° 2x10° 210° 2x10° 2x10
24 1x10® s.6x1o” | 3.2x10° | 2x10° 2x10° 2x10° Laxio® { 6.2x10% | 1.8x10° | 1.4x10% | 1.6x10° | 1. 1x10]
6 6 6 5
48 7.1x10% | 3.2x10% | 1.6x10% | 5.6x20° | 3.6x10% | 2.5x10° | 5.1x10° | 2x10° 4.2x10° | 3.2x10° | 1.4210° | 1.1x10
7 7 6 6 6
72 1.8x10° | 1xlo 4xlo 1.axto” | 1axte® | axio® 2.2x10° | 2x10 s.1x10® | 1.6x10° | 1.4x10% | 5.1xl0
7 7 6 6
96 2.8x10 1.8x10 Bxloﬁ 3.Zx106 1.8xl10 7.1.)t1()5 5.1x107 4x107 2.5):].07 1.6x107 5.61106 1.3x10
7 7 7 6 7
120 6.3x10° | 4x10 1.8x10" | s5.6x10% | 3.extc® | L.exio® | sxio’ 8x10’ s.6xio’ | 4.2x10” | 1.exto’ | 2x10°
7 ) 7 7 7 6 8 7 6
lat 8x10 6.3x10 3.2x10 1.4x10 8)(1()6 4x10 1.,6)(1.08 1.1»)(].08 1xl0 7.1x10 3.21107 6.3x10
8 7 7 7 7 7
168 Laxto® | 11x10® | 8,800’ | s.2x10" | 3.2x10" | 1.omto’ | 1.6x10% | 1.5x10% | 1.1x10% | 1x10® 7.1x10” | 2.3x10
Table A3.6 Influence of Cd ongrowthof Cd-t2.0
|
} Source of inoculum
!
: time from strongly inhibitory level of metal
L h)
i
| cd (mg 17h
|
1
! 0.0 0.5 Lo L.5 2.5
f
o 2x10° 2x10° 210° 2x10° 2210°
i - -
24 1x10® 7.1x10° 5x10° 3.6x10° 2.8x10°
;
a8 1 1.3x0° 8x10® 5. 6x10° 2. 5x10° 8x10°
! !
4+
‘ 7
72| 3.exio’ 2.5x20° | 1.4xlo 5.6x10° i.8x10°
| |
. 7 7 7 6
9% | tx10® 7.1x10 3.6x10 1.3x10 3.2x10
i 7 7
120 ' 1.3x10° 8xlo’ 5x10 2.2xl0 8x10°
7 7 7
164 1.4x10® txt0® 6.3x10 3.2x10 1.4x10
|
' 7 ? 7
L6 1.8x10° 1.1x10 7.1x10 4x10 2.5x10
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Table A3.8 1Influence of Zn a-d time of harvesting in batch culture

on length of Zn-t5.0; inoculum was taken from basal medium.

time Zn_1 length classes of cells
(h) (mg 1 )

9 12.0 12< 24 24< 36 36 48
24 0.04 84.6 + 10  15.4 + 3.2
1.0 83.6% 6.6 16.4 + 3.3
2.0 78 & 9.2 22 % 4.8
3.0  66.7 + 14  33.3 & 7.8
4.0  27.4 % 72.6 £ 16.9
5.0 16.2 + 4.5 83.8 & 13.6
48 0.04 79.3 & 8.5 20.7 + 4.3
1.0 71.2 + 10.4 28.8 + 5.4
2.0 64 £ 13.1 36 t 8.0
3.0 52.7 £+ 8.2 47.3 + 12.8
4.0 32.3 % 9.3 67.7 + 15.1
5.0 25,6 & 6.4 74.4  12.2
9  0-04 65.4 + 10  34.6 £ 10 0
1.0 42.7+ 9  57.3 % 9.8 0
2.0 25.6 & 6.2 74.4 x 12.4 0
3.0 24.7 £ 6.8 75.3 t 14.8 0
4.0 21,7t 5.5 59.7 + 12.5 18.6 % 3.2
5.0 11.7 £ 3.8 63.1 + 10.8 25.2 t 3.5
192 0.04 61.6+ 7.2 38.4 + 8.4 0
1.0 33.6 & 6.5 46 + 12.5 20.4 # 3.2
2.0 17.4+ 3.6 52 % 17.2 30.6 + 6.6
3.0 5.7+ 1.4 48 + 11.8 46.3 & 1.5
4.0 0 45 £ 14.1 42.5 + 3.4 13.5 t 4.2
5.0 0 +13.7 47.6 + 5.4 12.4 ¢ 3.7

40




Table A3.9
time Zn_
(h) (mg 1
24 0.04
1.0
2.0
3.0
4.0
5.0
48 0.04
1.0
2.0
3.0
4.0
5.0
96 0.04
1.0
2.0
3.0
4.0
5.0
192 0.04
1.0
2.0
3.0
4.0
5.0

Influence of Zn and time of harvesting in batch culture
on length of Zn-t5.0; inoculum was taken from strongly

inhibitory
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Table

AL L

Influence of Co on the growth

of wild-type

Source of inoculum

time bapal medium strongly inhibitory level of metal
1Y)
Co {ng l-l) Co img l-l)
] 0.02 0.04 0.08 0.1 0.16 0.2 0.32 (4] 0.02 0.04 Q.08 Q.10 0.l 0.2 0.4
[v] 2:10s 2:105 2110S 2xlo5 2110S 2x105 2xlO5 2;105 2;105 leo5 2!105 leO5 leO5 21)05. leU5 leos
2e | 13010807 1210516, 30105 . 3x103] 3. 6x107 | 2x10%  |2mi0® 2x10° [ix1o® |7.1x10%{s.exio®juxtc® |3.2x10%) 3. 2x10% 3. 2010%) 3. 2x10°
- 5 6., 6 6 6. 5 s s 5
o8 | 8x10® |s.1x10%]3.6x10%] 1.8x10%] 1.1x10% 5. 6x10%]3. 6x10°| 2. 3x10%| 7. 1x10% | 5x10°  |2.5x10%{1.6x10°|8x10” |5.1x10%| 4x10” [3.2xl0
72 | 2.2x10" | 2x10”  |ex10® |6.3x105]ax10® [1x10® |6.3x10%|ax10® [2.sw10”|1.8x10%]1x10” |[5.6x10°%|2.8x10% 1x10° |7.1x10%]5.1x107
96 | 9x10’ |6.3x107|2. 5x107] 2x107 [ 1.1m107|2.5%10%|1x10® |5.1x10%|7.1x10" 5. 2x10" |3. 251007 1. 8x107 | Bx20® | 3.2x10%| 1.6x20% 7. x10®
120 | 1.3x10% 8x10” |6.3x107|3.6x107| 22107 [ax10® |3.6x10%]6.3x10% 1. 6x10%|1x10® }5.1x107[3. 20107 | 1. 6x107| 7. 1x10%| 4x10® |1 .8x10°
1o | 1.6x108]1.3x108] 8x10” |5.6x1073. 22107 |6, 3x108|1.8x108x10® [2x10® [1.3x10®|exio” |5.1x107|2.5x107] 1x10” |3.6x10% 2.5x10f
168 | 2.5x10%11 62108  1x108 |6.3x107 anto? l1x10” |3.2x10%]1.3x10%| 2. 5x108 |1 . 8x108]1 . 3x10% ] Bx10” |4 sx10”] 1.8x107[9x10® |3.6x10f
Teble A4.2 Influence of Co on the growth of Ni-tl.¢
Source of inoeulum
basal medium etrongly tnhibitory level of metal at which
time (h) adapted
co (mg 171 Co (mg 1™})
0 005 o1 | 0.2 | 04 | 0.6 | 0.8 o [owos { ot | 02! 0.6 | o.6
o {210’ [2x10° |2x10° [2x10® |2m10® |2x10® [2x10% [2x10° [2m10% [2210% |2x10® |2m10® |2x10®
2% 1.3210%| 810> [6.3x10%]5.6x10%(ax10® |2x10® |1.8210%]1. 12108 1x10® |7.1m10%]4x10% |2.5x10%1.8e205
68 | Lixlo ) ax10® |ax10® |3.2x10%]1.3x10% 3. 26103 1. 6x10%| 1. 1x10 | Bx105 |3 6x10%| 1x10® |4.sx10%]1. 310"
72 | sx10” [a.sato”[1.6x107| 1xr0” |2.5x10%3.6x10%{ 1x10® |3.6m107|2. 52107 1at0” |3, 2m10%) a0’ |2e10%
96 | 8xto” |7.1x107|axt0” [2.3x10"|4x10® |6.3x20%1. 3m10%|1x10® |6.3x107] 2. 5x107] 6. 3x10%] 1. m10® 3.6110°
120 f L6x10®f 1.3x10%[8x107 [6.3x107[8x10® |1x10® |1.8x10%]1.6x10%|8m107 |3.6x10"|1.8x107) 2. 5x10°] sx10°
16 | 2.5x10% 1.6x10%(1.1x10%{ 8x10” | 1.62107|2.5x10%| 2010° 2. 5x10%] 1. 3x10%6. 32107 | 3. 6x107] 5. 61| 7. a1
168 | 3.2010% 2.5010%] 1 Am10%] 1. 3210%| 2. Bx107| 5. 6m10% |am10®  |2.8x10%| 1. 8x10%]8x10” . 5w107|1. 3x10" 1z10®




Tahle AG. 3

(ntluence ot Co on the growth of Cu-t0.5

Source of inoculum

tioe ‘h) basal medium strongly inhibitory level of metal ro which adapted
Co (mg l-l) Co (mg l~l)
o 0.05 0.1 0.2 0.4 0.6 o] 0.05 0.1 0.2 0.4 0.6
0 10° axto’ 2x10° x10° 2x10° 2x10° 2xic’ 2x10° 2x10° 2x10° 2x10° 2x10°
24 1x10° 7.1x10° | 4.5x10° | 3.2x10° | 2.5x10% | 2.3x10° | 1x10° 8x10° ex1o® | 2.5x10° | 2x10° 1.4x107]
48 o.3x10° | 3.2x10% | 1x10° s.6xl0’ | 4xlo’ 2.5m10° | 6.3x10° | 3.2x10° | 1x10® 4xlo’ 2.5x10° | 1.axto’
72 1210 | L.sxio” | ax10® 2x10° 8x10° 3.ex10” | 3.2x107 | 1.8x10” | 3.2x10° | 8x10® | 3.2x10° | 1.4x107
96 Lanto® | 1amto® | 1axto” | e.sxio® | 1exto® | s ax10” | ixto® 5.1x10” | 6.3x10° | 1.axio® | sxio® d
120 2.5x10f | w10 2.sx10] | 13m0 | 2.5m00° | 7.1x10” | 1oexio® | iaio® L.ax10” | 2.5m10° | sx10® s
™ 3.2x10% | 2.5x20% | swio” axta’ 6.3x10° | 1.3x10% | 1.8x20% | t.ax1c® | 3.2x107 | sx10® 1.4x10® 4
168 .exto® | 2.5x10% | 8xio’ axto’ ixto’ 2x10® 1ex10® | 1.exto® | 3.6x10" | 8x1c® 2.5x10° 4
Table A4 4 (nfluence of Co on the growth of Zn-t5%.0
Source of inoculum
time (h) basal medium strongly inhibitory lewel of metal at which adapted
Co tmg 171) co (ag 171y
0 0.05 0.1 0.2 0.3 Q.4 0 0,05 0.1 0.2 0.3 0.4
o Laxio® | 1.8x10° | 1.8x20° | 1.8x10° | 1.8x10° | 1.8x10® | 2x10° x10° mio® | 2m10® 10’ 2x10°
24 lxlo6 leo5 I.xloj 3.6)(105 was 1.8:105 lxlO(> 5.6x105 Axl()5 3.1:105 2.5);105 25105
48 ax10®  [2.8x10% | 1.3x10% | 810> | 2.5x20° | 1.8x10% | 8x10® | 2.5x10% | 1.3x10% | ex10® | 3.6x10% | 2.5x107
72 3.3x107 1.3x107 6.3);1()6 J.leo6 lx106 2::1()5 2.8)(107 l.2x107 6.3)(106 2.8xlo6 lxlo6 leOs
96 Laxto® | ax10 1.8x10” | 1x10’ 2.5x10° | ax10” 1x10? 6.3x00” | 2.5x10” | 1.1s10” | 2.5x10% | 1.3x109
120 Laxto® | sx10” | s.oxto” | 2.5x10” | 6.3x10° | 1x10® | L.owio® | ixio® | a.seio’ | 3.1x10” | ax1o® | 2.8xicS
144 2x108 1,3;:108 8x107 lcx107 l.lxlo7 l.tn(l()6 2)(108 1.6)tl.0B Bxl()7 4.5:107 1.81:107 10.5:10q
168 1axi0® | toexto® | 1xio® | oxio” | Loexio” | 2.5x10° | 2.8x10% | 1.ax10® | 1210° | 6.3x20 | 2.5x10” | 7.1xl0




Table A4.5

{nfluence of Cu on the growth of Zn-ti2.0

Source of inooulum
time (h} basal medium strongly inhibitory level of meral at which adapred
Co (mg Y Co (g 1~
T
Q 0.C5 0.10 0.20 0.30 Q.40 Y 0.05 6. 10 0.20 0.30 0.60
) 2x10° 10 10 w10’ 210 210’ wio’ 10’ w10’ 10’ x10° 2x10°
24 14nx106 leo5 A.leos bxlo5 2.5x105 leo5 l.()xlUb 5:hxl05 142x105 Z.leo5 Exlos l.ﬂxl\lS
48 taxio” | 2.5x10% | 1.8x10® | 9x10° 2.5x20° | 2x10” vaxto’ | 13xie® | ixie® asxi0” | 2.8x10° | 1.8x107)
72 ax10’ Laxto’ | 6.3x10° | 2x10° ax10’ 2x10” axio’ ax10” 2.5%20% | 6.3x10° | 4. ix10” | 2.5x107
96 1x10° axto’ 2.5%10" | 4x1o® 6. 3x10° | 2.8x10° | 1x10® 3.2x10” | 6.3x00® | fax1o® | ixte® 2.8x10"
8 7 7 6 6 5 8 7 i o 6 5
120 1.8x10 6.3x10 4x10 8x10 Ix10 3.6x10 1.8x10 5x10 1.1x10 2.8x10 1.4x10 2.8xi0
144 2.5x10% | 9x10’ 6.3x10’ | 1.3x10" | 2x10® ax10” 2.6x10% | 6.3x107 | 20’ ax1c® 2.8x10° | 0. 107
168 2.8x10° | 1x0® | axio’ 2107 2.6x10% | 6.3x10° | 3.2x10% | 1x1a® axie’ Loxnd | oaxic” 1axle?
Table A4.6 Influence of Co on the growth of Cd-t2.0
Source of inoculum
time (h) bagsal medium strongly inhibitory level of metal at which adapted
Co (mg 1-1) Co (mg l-l)
(4] 0.2 0.4 0.6 0.8 4] 0.2 0.4 C.6 0.8 1.0 1.5
o 210 x10° 2x10° 2x10° x10° 2x10° 2x10° i’ 10’ 2x10° 210’ 2xl0’
2 1.3x10° | 9xlo’ s5.6x10° | 3.6x10” | 1.8x10° | 1x10° ix10® | sxio’ 6.3x10° | 4xlo’ 2.5x10° | 1x10°
48 L.3xio’ | 8.8x10% | 2.5x10° | 8x10° 2.5x10° | L.ax1o’ | 1o’ | &.5x10® | 3.2x10% | 9x10” 2.5x10° d
72 3.2x10" | 2.5x107 | 8xlo® Loaxio® | 3.2x10° | 3.2x107 | axio’ 1.8x10 | 8xlo® 1.6x10% | axi0® d
96 8x10’ sx10 2.5x10" | 2.8x10% | 5.6x10° | 9xi0’ s.6xto’ | axto 2.5x10" | 3.2x10% | 7.1x10° 4
120 1.3x0® | 7.1x10” | ax10’ 6.3x10% | 1.3x10° | 1.6x10® | ex10’ s.6x107 | 4xlo’ sx10® 1.3x10° d
164 Lax1o® | 1.ix10® | 6.3x107 | t.3x10” | 1.ex20® | 1.8x10® | 1x10® sxlo’ s.exio’ | 1.3x1d | 1.ex1o® d
16R Z.Bx108 l,]xloa 8!)07 1.6110/ lx106 2.5x108 l.bxloﬂ 8xl07 b.)x107 2.5x107 2.5:106 d
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Table A4 .9

{nfluence of Ni on the growth ot Cu-te.S

Source of inoculum

basal medium strongly inhibitory level of metail at which
adapted
time h}
-1
Ni g 177) NL omg L
o 0.05 0.1 0.15 0.2 o 0.05 01 a.1s 0.2
< < 5 5 5 5
o i’ 2x10° 210” x10° e’ mle’ 2x10 2x10 210 1o
5 6 5 5 5 5
24 l.lxl(l" 6)4])(105 l.xlo7 j.2x105 2!1(‘5 1xlo 7.1xlo 4xto 2.5x10 2xlo0
7 6 6 5 5
48 lxl(vl &xth lxl()b /.lxl(i5 2.5x105 Ixl0 9. 1x10 2xt0 Bxl0 2.9xi0
7 ? b b . b
72 3oexto’ | ixlo’ 32xio® | Loxta? | exio® 3.axio’ | 2.5xi0 | o.sxto® | 205x10® | 32x10
5 8 7 7 b 5
96 1xi0® s.ox10” | s.exto® | s.ax10® | 7.1x10% | ixto SxL0 L.ex10’ | 5xl0 4xto
L) 8 7 7 7 5
120 Loaxie® | 6 oaxia’ | 1oexto’ | &oaxte® | 1xlo 1.8x10® | sxlo 2.5%10” | Ixio 4.2x10
o 7 8 8 7 7 5
144 2.5x10° | 8xla’ 2.5x00" | Ixio Lexto® | 3.2x10% | 1lex10® | axio Lixia’ | 6.3xl0
7 8 8 7 ? L]
168 3.x10° | 1x10® 3exlo’ | Lxlo | 2.sx10% | 3.2x10° | 1.8x10° | 6.3x10" | 2.5xt0 | 1.lxlo
Table A4.10 Influence of Ni on the growth of Zn-t5.0
Scurce of inoculum
time ‘h} basal medium strongly inhibitory level of metal at which adapted
-1 -
Ni{ (mg 1 7) Ni (mg |
Q C.035 0.1 0.2 417 0.22 0.25 Q I 0.05 0.1 0.2 0.22 Q.25
f
0 2x105 2x105 leO5 2x105 2x105 2x10S 2x105 j 2x105 leo5 leoj 21105 leo5
6 5
% 1x10 5.6x10° | 4x10° 2.5x10° | 1.8x10° | 1.6x10% | 1x10® 8x10° 4xi0° 2.5x10° | 1.8x10° | 1.8x107
t 7
48 8x10° 2.8x10% | 7.1x20° | 3.2x20° | 2.5x10° | 1.8x10° | 1m0 3.6x10° | 8x10° 3.6x10° | 1.8x10° d
7 7 5 5 7 7 5
72 3.6x10” | L.ax1o’ | 2.8x10% | 6.3x10° | 4.5x10° | 2x10® 4x10 Laxio’| 2x10° | s.8x10® | z.sx10° d
s
96 lxloe 2.8x107 leo6 1.3x10 Bxle 2.5x105 1x10B le()7 3.lx106 leos 3.Zx105 d
7 3 6 8
120 t.ex10® | sxio” | 1.3x10” | 2.5x10% | 1.3x10° | 3.6x10° | 1.8x10® | 4.5x207 | 7.2010° | 1.6x10° | 4xic® d
8 6 6 8
144 x10 gxio’ | 1.8x107 | 3.6x10° | 1.8x10° | 4.5x10° | 2.6x10° | 6.3x107 | L.sx10” | 2.5x10° | 7.1x10% | 4
8 7 6 6 5 8
168 3ox10” | L3x10® | 3.6x10” | 6.3x10° | 2.5x10° | 7.1x10° | 3.1x10% | 1x10® | 3.2x107 | 5.1x10° | 8r10® g




255,
Table A4.1! Influence of NI on the growth of Zn-t12.0
Source of {noculum
strongly inhibitory level of metal at
time (h) basal medium which adapted
-1 -1
Ni (mg 1 ) Ni (mg 1 )
[d] 0.05 0.10 0.15 0.2 0 0.05 0.10 0.15 0.2
0 wi0® | w10’ | 20’ ato® | 2xto® 10 | 2m10® | m10® | o’ | axto®
% 1.8x10% | 6.3x10° | 3.6x10 | 2.5x10° | t.8x10° | 1.8x10% | s.sx10” | 2.5x10% | 1.8x10% | 1.1x10°
7
48 1.3x40 A.leoﬁ ExlO5 lelO5 1,8x105 l.lxlOZ 4!(106 3.6x105 2,5)(105 1.0!105
72 4xio’ axlo® 2.5x10% | Bxlo’ x10” | axio’ 7axio® | 1oxie® | sawte® ] e
8 ? 7 6
96 Ixlo 2.5xl0 6A5x106 1.8x106 2x105 leO8 1.8xlo 2xlo kxlO5 d
7 7
120 1.8x10" | axio’ Loaxto” | 2.8x10® | 3.exi0® | 1oex10® | 3.exio’ | axio® 5.6x10° d
7 7
144 2.BK108 643xlﬂl L.Axlo A4lxlﬂé S'GKKOS 2.5!108 ¥x10 SAéxlbb lxlob d
7
168 3.x108 | 1xie® sax10” | 6310 | 1xa0® | 2.mx10® | toax10® | 1akto’ | 1.6x10® 4
Table A4.!2? Influeace of Ni on the growth of €Cd-t2.0
Source of inoculum
time (h) basal medium strongly inhibitory level of metal at which adapted
-1 -1
Ni (mg 1 ) Ni (mg 1 )
[ T
(4] 0.05 0.10 0.15 0.2 0.25 4] i 0.05 0.1 0.2 .25 0.3
+
5 ; 5 5 5 S 5
[« 2x105 2x105 2x105 leO5 leO5 leO5 2x10° i 2x10) 2x16 2xlo x10 2x10
3 b 3 5 5 5 5
2 1x10® | oxlo® | 6.3x10° | axto® | 2.5x10° | ixi0’ 1.3x10% | #xio s.6x10” | 5.6x10° | 2.5x10° | 1.8xl0
— :
7 o LB £ 9
48 lxlO7 S.bx106 41106 1.3x106 2.5x105 1‘Zx105 L.8xl10 6.3x10 4xi0 210 5x10 1.8xl10
& 7 7 7 7
72 3‘2x107 1.6x107 8.8x106 2.5x10b 3.2xlO5 d ].bxlU/ 2.8x10 L.8xl0 ixio 9xl05 2.5x105
8 7 7 7 5
%6 lxloB 6x107 l.6x107 7.1x106 7.lx105 d ixlo 5.6xL0 4xl0 1.6x10 l.6xlob 4xl10
8 7 7
120 L.8xto® | 8xlo” | ext0’ - | L.exlo’ | 1.3x10° a Lexto® | 1.1x10% | exlo 2.8x10” | 2.5x10% | sxlo®
7 8 7
144 2.5x10% | 1.6x10% | 8x10 y.6xto’ | 2.5x10® d 25208 | 1.axio® | 1x10® 4xto ax1o” 7.1x10%
., 8 8
168 J.ZXIOB 1.8x108 lxlOB 5x10 3.6)().0(7 d 3.2xl0 1.3xlo l 141xl08 S.bx107 b.]xlOb lxlﬂﬁ
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Teble A 4.15 Influence of Cu on the growth of Ni-tl.o
Source of fnoculum
basal medium strongly inhibitory level of metal at which
cime (h) adapted
Cu {(mg l_‘) Cu (mg l-l)
0 0.05 0.10 0.15 0.20 8] 0.05 0.lo 0.15 0.20
o 2x10° mio’ 210 10> | 210 | 2xi0° 2x10° w0’ | 10> | o
2 Lo | sx10® sx1o” 2axto® | 2.2x10° | taxto® | 6.3x10% | 3.ex10® | 2.5x20% | @
48 10’ 3.6x10° | tx10® 2.5x10° | t.8wi0® | 1.1xl0” | 2.8x10% | 4.sxi0® | 1.6mi0® | &
72 axto’ 13x10” | 2.5x10% | axto® | Laxio® | 3.6x10” | 6.3x10° | axio® Laxlo® | d
96 1x108 2.5x107 | 5.6x10% | 3.2x10% | 1.6x105 | ex10’ 1xlo’ 1.ox10® | 1.3x10° 4
120 1.8x10% | sxao” Lixlo’ | 8x10° | 3.2x10° | 1.3x20% | 1.4x10” | 1.6x10% | 1.8x10° | 4
144 a10® | sxio” | 2.5x10” | 1.6x10® | ax10® | z.8x10% | 3.6x10” | 2.5x10% | 2.5x10® | 4
168 3.6x10® | 1ax10® | 3exid? | 3.2x10° | 6.3x20° | 3.2x10% | 6.3x007 | ax1c® | 2.5m10° | ¢
Tabie A4.16 Iafluence of Cu on the growth of Zn-t5.0
Source of inoculum
time (h) bagal medium strongly inhibitory level of metal at which adapted
Cu (mg 1Y) cu (mg 171
0 0.05 0.1 0.2 0.25 0.3 0 0.05 0.1 0.2 0.25- | 0.3
0 2x10° wio® | 2x10° | 2x10® 2m10° w10’ | ax10® | 2x10® | 10 | 2x10® | 2x10® | 2xi0®
2 1ax10® | 7x10° s 6x10% | 2.5x10° | L.7x10% | 1.7x10° | 1x10® | 6.5x10° | 2.5x10° | 2x10° | 2x10° 1.5x107
48 Loxto] | 7.9x10° | 2x10® | 3.2x10° | 1.7x10% | 1.ox10® | #x1o® | 3m10® | w.sxio® | 3.1x10° | 2x10® a
72 axto” | 2x10 ex10® | 4.6x10° | 2.8x10° a 2.8x107 | 1.ex10” | 1.3x00% | sxr0® | 2.zx10% | 4
96 x10® 1e® | 2x10’ 1x10° 5.6x10° d 1x10® | axto’ | 6.smi0® | x10® | 2.8x10’ | 6
120 2.5x10% | 2x10® 7x10’ 2.8x10% | 1.6x10° 4 1.6x10% | 8x10’ 1xlo’ 1.7210% | 6.3x10° | 4
166 3.2m0® | 2.5x10% 11.2m10® | 8x10® 3x10® d 2x10° x1e® | z.5x10” | 4x10® | sato’ ¢
168 3.2m0% | 3.200% | 1.6x10% | 2x107 5.6x10° d 2.8x20% | 1.6x10% | a.5x10” | 7.1510% | 1.1x10° ¢




Table A4.17

Influence ot Cu on the growth of Zp-tl2

Source of inoculum
vasal medium gtrongly inhibitory level of metal at which
vime f(hi adapted
-1 1 \
Cu (mg | ) Cu tmg t
[ 0.05 0.10 W Q.20 0.25 [0} 0.05 o0.lo 0.20 a.25
0 210° i’ 10° 10’ 2x10° 2x10° xi0° w10’ PNTS l0®
2 Lox1o® | 8xio® | 4x10® 2.5x10° | 1.8x10° | 8xio® Sxlo 2.5x0° | it 1x10°
48 1x10’ s.ex20® | 1.3x10° | 2.8x00% | 2x10® 1x10 3.2x00° | b.3x10° | 1xl0” a
72 2.5x10" | 9xio® 310 | uxio® 2.5410° | 2xl0 sx10° toxto® | 1o | g
96 1x10® 0’ axto? | axio? 4xlo’ sxio’ Laxto” | saxto® | 2.5x16° | @
120 l.bxloa J.6x107 I,}xlﬂl Z.Bxlub BxlOS l.lOa J.bxlﬂ’ HxlUb 4x1&5 4
144 2.ex10% | 6.3x107 | 2.5x107 | sxt0® Laxto® | 1sxao® | 53107 | Laxio’ | sxio® d
168 Z.Bxlo8 9x107 4.5x107 l.Ax107 leO6 2x10B 8xlO7 2x107 1.31106 d
Table A4.18 Influence of Cu on the growth of Cd-tl0
Source of inoculum
time {(h) basal medium strongly inhibitory level of metal at which adapted
cu (mg 17h) o oy 1TH
T
0 0.05 0.1 0.15 0.2 0.25 0.05 0.1 015 0.2 0.25 0.3
\] 2x105 2x105 2x105 2x105 2x105 ZXIOS 2)(10S leos 2x10S le()5 ZXIOS leU5
2 ox10° sxlc> 3.2x10° | 2.5x10° | 1.8x10° | 1.2x10® | 9x10” 5.6x10” | 4x10’ 2.8x10° | 2xt0” i’
48 1)(107 6.3x106 1.31(106 LxlO5 1.3x105 d 1x107 Axlob leob 9x105 4.5x105 2.5x105
72 s.axto’ | axte’ | axie® | a0’ | 2.sx10° 4 3.2x10" | 2axi0” | 6.3x10% | 2.5m10% | 1.3x10° | 1.8x107
96 8.8x107 6.3x107 9x106 2.2:106 loxlo5 d IXIOB leO7 leO7 5.1:106 3.2x106 3.2)([05
120 1.8x10® | 1.3x20% | 2.8210 | ax10® | 8x10® 4 1.8x10° | ox10’ | 4x10’ | 9x10® | 4.5x10° | 3.6x10)
144 3.2x108 2x108 hxlo7 8x106 l.lxlo6 d Z.Bx108 l.ﬁxlo8 6.)x107 1.61l07 8.8:106 b.}xlos
168 3.2x108 2.5)(108 9x107 21107 l.kxlob d 3.2x108 leos lxloa 2.8xl07 l.3x107 K.leob
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Table A4.19 Influence of Zn on the growth of wild-type
Source of inoculum
) basal medium strongly inhibitory level of metal
time (h)
Zn ‘mg Y Zn ‘mg 1™h
0.04 0.5 1.0 1.2 1.5 1.75 0.06 0.5 1.0 1.25 1.5 1.75
0 2x10° 2x10° w10” 2x10° 2x10° m10° 2x10” 2x10° 10° 2m10° 2x10° 2x10°
2 sxto® 7.5x10% | 4x10® sxlo® Lsxta® | Losxio® | 1.exto® | oxio® 6.3x10° | 5. txto” | 3.2410° | 1.8x107
48 8x10’ 6x10’ axi0’ 710 | 1. 2xt0’ s 1xto’ 6.310% | 3.2x10% | 1.8x10° | mxi0® 2.2x107
72 ax10® 1oaxto® | 1xie® Laxio’ | 7.1x10° 4 s.ixto’ | 2.2x10° | 1.exto | ex10® 1.6x10% | 5.1x10)
96 sxi0® 2x10® Laxto® | 2.8x107 | 2.2x10% 4 2x10® 8x10’ s.exto’ | 3.26107 | ex10® | sx10®
120 s.6x10% | 2.5x10% | 1.3x20% | 4.5x10” | 5.6x10° d axto® Laxae® | 1oxio® | axio” | axi0® | 1.exto®
146 6.3x10° | 2.8x10% | 1.6x10% | 6.3x10" | 1x10’ d s.1x10% | 2.5x10® | 1.6x10® | 1x10® 16xto’ | 2.1x107
168 7.9x10% | 3.2:0% | 1.8a10® | saro’ 'Laato” 4 7.1x10% | 326108 | 1osxio® [ 1. 1x10® | 2.5x10” | 4xto®
Table A4.20 Influence of Zn on the growth of Co-tl.»
Source of inoculum
time (h) basal medium ;;:;‘[‘Z(‘jy inhibitery level of metal at which
Zn (mg h o fmg 174
0.04 0.5 1.0 1.5 2.0 0.04 0.5 1.0 1.25 1.5
o 2x10° 2x10° 2x10° 2xl0’ x10° 2x10° 2x10° 2x10° 2x10° 2x10°
24 l.lxlO6 l.lxlO6 5x105 Z.leO5 lxlO5 l.OxlOb lxlOb lcxlO5 2‘5x10S lxl05
48 1.3x10” | sxio® 1x10® 3.2x10” | 8al0® Laxio’ | a.sx10® | 8xio® 2.5x10° | 1x10°
72 4.5x10" | 2x10’ 3.6x10° | sx1o’ d 3.6x10” | 1.exlo’ | 1.1x10° | 3.2x10° d
96 Laxto® | soixao’ | 7.1x10° | 8x10? d ixto? 3.0x10” | 2.5x10% | ax10 o
120 L.8x10® | sxio’ 1.8x10” | 1.ox10® d 1.8x10° | 8x10’ s.exto® | axlo? 4
146 3.2x10% | 1.3x10® | 3.6x10” | 2.5x10° d 3.2x10% | 1.ex10® | 6.3x10° | ix10® 4
168 3.6x10® | 1.6x20® | 4xto’ 3.2x10° d soxto® | 2.8xi0® | 1x10’ Coan® d
]
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Table A4.21 Intluence of Zn on the growth of Ni-el. 0
Source of inoculum
basal medium stroongly inhibitory level of metal
cime (h) at which adapted
o (mg 1) Zn (mg 1
]
0,06 0.5 1o 1.5 0.04 0.5 L.0 1.5
o 2x10° PT 2x10” 2x10° 2x10° 2x10° 2x10° 2x10°
24 Loaxio® | 8xlo® | axio® | 2.5x10° | 1.3x10° | s.ex10® | ax10® | 2.5x10°
48 1xl0’ sxio® 1.3x10° | ax10’ Laxio’ | 3.2x10% | 9x10’ 210>
72 4ooxlo’ | axio’ 2.5%10° | 6.3x10° | 4.6x10 | 9x10® 2x10° 1.8x10°
96 tx10® sxle’ s.oxl0® | 8x10° 1xto® Loxto” | 3.6x10® | 2.5x10°
(20 paxto® | oxio’ Lo’ | 1.3x10° | 1.8x10% | 2.8x10” | 7.1x10° | 4x10°
144 2.5x10% | 1.3x10% | 2x10” 1.8x10° | 2.5x10% | 4x10’ 2.5x10" | 8x10°
168 3.2x10° | 2x10% 3.0x10” | 2.5x10° nggbxlos 8x10’ 4.s5x10” | 1.1x10°
Table A4.22 iInfluence of Zn on the growth of Cu-t0.5
Source of inoculum
basal medium strongly inhibitory level of metal to which
time (h) adapted
Zn (mg h Zn (mg 1'1)
0.04 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.2 1.5
0 2x10° 2x10° 2x10° 2x10° 2x10° x10° 2x10° 2x10° 2x10° 2x10°
2 1x10° 7.1x10° | 4.5x10° | 2.5x10° | 1.6x10° | 1x10° 5.6x10° | 2.5x10° | 1.8x10” | 1.6x10°
48 6.3x10% | 5.1x10% | ix10® 3.6x10° | 1.8x10° | 6.3x10° | 3.2x10% | s.1x10® | 2.5x10° | 1.8x10°
72 3.2x10" | 2xl0’ 4.5x10° | 6.3x10° | 2.5x10° | 3.2xi0’ | 1.3xi0’ | ixto® 3.6x10° | 2x10°
96 ix10® s.exlo’ | 1.3x10” | 1x10® | 3.6xt0” | 1x10® | 3.6xi0’ | 2x10° 5.6x10° | 2.5x10°
120 1.3x10° | 8x10’ Bx10’ 2x10® | 6.3x10° | 1.6x10® | 6.3x10" | 3.6x10°% | 7.1x10° | 3.2x10°
144 1.6x10® | 1x10® 1x10% | 3.6x10° | 8x10° 1.8x10% | 7.1x10” | 6.3x10% | 1x10® | 3.6x10°
168 t.8x10® |, 1.9x10% | 1.1x10°% | 6.3x10°% | 1.6x10% | 1.8x10® | 1x10® | 1x10] | 1.6x10® | 5.1x10°




Table A4.23

Influence of Zn on the growth of Cd-t2.0

Source of inoculum

time (b} basal medium strongly inhibitory level of metal ar which adapted
a1 -
Zn (mg 1 ) Zn {mg |
0.06 0.5 1.0 1.5 2.0 0.04 1.0 1.5 2.0 2.5 3.0 3
0 leo5 leo5 leo5 leo5 2):105 leoS leO5 leo5 leo5 2x10S len5 leoS
b
26 1x10 6.3x10° | 3.6x10° | 2.5x10° | 1.8x107 | 8x10® 5.6x10° | 4xio” 4xlo® 2.8x10° | 2.5x10° | 1.8x107
7
48 1.3x10’ | sx10® sx10° 2.5x10° | 1.8x10° | 1x10’ 6.3x10% | 3.2x10% | 2.5x10% | 8x10® | ax10® 3.2x10°
7 7 7
72 3.2x10” | 2xlo 1x10® 4.5%10° | 1.8x10° | 2.8x10 | 2xl0’ 8xi0® axto® 1.6x10% | 8x10° 3. 2m10”
7 7
96 8x10 5x10 3.2x10% | 6.3x10° d 8x10’ a.sx10” | 2.5x107 | 1.3x10” | 3.6x20° | 1.8x10° | 4. 5x107
8 7 .
120 1.3x10° | 8xto 5.6x10% | 1.3x10° 4 1.ax10® | 1x20® a.5x10” | 2.8x107 | ixto’ ax10® 8x10°
8 8 7
144 Lex10 | 1.3x10° | 1xl0 2.5x10° 4 axto® 1.ax10% | 8x10’ s.ex1o’ | 1.8x10° | 8.8x10% | 1.3x109
8 8 7
168 2.8x10° | 1.5x10% | 1.8x10" | ax10® 4 2.8x10% | t.ax10® | 1x10® 7.xi0” | 2.6x10” | 1.3xt0” | L.8xlo
Table A4.24 Influence of Cd on the growth of wild-type
Source of inoculum
T
time ‘h) basal medium strongly inhibitory level of metal
:
-1 | -1
Cd (mg 1 ) Cd (mg 1 "}
T i
s} .15 0.3 1 0.35 0.4 0.5 0.6 0 0.15 0.3 0.35 | 0.4 0.5 . 0.6
0 2x10° | 2x10° | 2x10° | 2x10° | 2x10% | 2x10° | 2x10° | 2x10° | 2x10° | 2x10% | 2x10° | 2x10% | 2x10° | 2x10°
o 2x10° {1.6x10%]6.3x10°| 2x10°  {1.8x10%{1.6x10%]1.6x10°|1.8x10%] 1. 3x10%|8x10° ¢ !13.2x10° 2.5x10% 2. 5x10°
i
b 48 3.6x107 [2.1x10 |1x10® 12.5x10°}2. 1x10% 2x10% 11.8x10%}1.8x107 {1.3x10" [1.8x10°] ¢ l8x10® |5.1x10°3.2x10°
? 7
72 Lexto® |1.4x10%]2.8x10%] 5. 6x10” |ax10” 12.8x10%|2.5x10°[7.1x10 |4.5x10" {5.1x10%] 4  [1.8x10%] 1x10° |5.6x10°
S :
96 2.8x10% [2.2x10%(1.4x107 4. 5x10%| 3. 2x10%] 1. 8x10%] 1x10°  [1.6x10%|1x10® [1.4x10 g |3.6x10% 2x10% {9x10’
7
120 3.6x10% [2.5x10%]2.5x107 1. 1x10" |6.3x10%(ax10® |2x10® [2.2x10%|1.6x10%]3. 6x10 d |5 6x10%) 3. 2x10% 1. 6x10°
7
16 {ax10®  [2.8x10%]4.5x107 11 6x107 [Bx10® |5.6x10%]3.2x10%] 2. 8x10% |2x10% |7.1x10 ¢ |1.1x10”|6.3x10% 2. 5x10°
I
|
7 8
. 188 s.1x10® |2.8x10%] 7.1x107 |2 8210711 ax10” | Bx10®  {ax10® |4.2x10%]2.5x10%(8. 22107 @ |2.2x107| 1. 3x10"! 5. 6x10°
| t




Table A4.25 Influence nf Cd on the growth of Co-tl.8

262.

Source of inoculum

time (h) basal medjum strongly inhibitory level of metal at which adapted
Cd (mg 1Y cd (Qg h
o 0.05 0.10 0.2 0.3 0.4 0 0.05 0.1 0.5 0.2 0.3
0 x10° w0’ | axo’ w10° | 2x10° | 2x10° 2x10° w1’ | 2x10° 2x10° 2x10° 2x10°
24 Lax1e® | 7.1x10%] 4.5x10° | 3.2x20% | 2.5x10° | 2.5x10% | exi0® | axio® | 2.5x10° | 2.2x10° | 2.2x10° | 4
48 8x10° sx10® Loxto® | 1x10® | s.1x10% | 2.5x10° | sx10® | 2x10® | 6.3x10% | 2.5x10° | 2.5610° | @
72 aooxto’ | 1.3x107 | 6.910% | 2.5x10% | 8x10® | 2.5x10° | 2.8x107 | 7.1x10% | 1.8x10% | 6.3x10° | 2.5x10° [ 4
96 1x16° 2.5x10" | U.3x10” | s.ex10® | 2x10® | ax10° ie1e® | 210’ | 3.6x10® | t.8x10® | ax1o® 4
120 1oex10® | 6.3x10” | 2.5%107 | 1.3x10 | ax10® | 6.3x10% | 1.4x10° | 3.6x107 | 6.3x10% | 2.5210% | 8x10’ d
144 2x10° 1x10® | a.5x10’ | 1.8x10" | 6.3x10° | 1x10® 1.8x10% | s.x10” | 1.3x107 | 5.1x10% | 1.4m0® | @
168 2.1x10% | 1.3x108 | 6.3%107 | 2.8x107 | 1.4x10” | 2.6x10% | ax10° | 6.3w10” | 2s10” | 7.1m10® | 3e2xie® | @
Table A4.24 [nfluence of Cd on the growth of Ni-cl.0
Source of inoculum
time (h) basal medium strongly inhibitory level of metal at which adapted
cd (mg 1 cd (mg Y
(¢ 0.05 0.10 0.15 0.20 0.25 4] 0.05 Q.10 Q.15 0.20 0.25
0 leo5 2x105 leo5 2x105 ZxLO5 2x105 21105 2x105 21105 2:105 21105 Zx).OS
24 1x10° | s.1x10” | 3.2x10° | 3.2x10° | 3.2x10° d 8xl0° | 6.3x10° | 3.2x10° | 2.5x10° | 2x10° d
48 6.3x10° | 2.8x10% | 1x10® | 4x10® | 3.6x10° d 6.3x10% | 1.6x10% | 8x10® | 6.3x10° | 2.8x10° | @
72 1exto’ | xto’ | 3.5x10% | ax10® | axio® d 3.2x10” | 6.3x10°% | 2.5x10° | ex10® | a.smic®|
96 8x107 3.2x107 lxlO7 1.8x106 6.3x105 d lxloe 1.61107 6.3:106 1.3x106 Bxlo5 d
120 Laxto® | 6.3x10” | 2mt0” | 2.8x10° | ix10® 4 1.ax10? | axio’ toaxto’ | 2.5x10% | 1lex1o® ] @
164 1.extof | 8x1o’ s.2x10” | 5.6x10® | 1.8x10° a am10® | s.exto’ | 2.5x10° | s.6x10® | 2.5x10° 4
168 axao® 1o | axto’ | 1xto” | 3.2x10% d 2.5x10% | 7.1x10” | 3.6x007 | Laxio’ | 3.2x10® | @




Table A4.27

Influence of Cd on the growth of Cu-t0.5

263,

Source of inoculum

basal medium strongly inhibitory level of metal to which
time (h) adapted
-1 4 (mg 17H
Cd (mg 1 ) C mg
o] 0.05 0.10 0.20 0.40 Q.60 4] 0.05 0.10 0.15 0.20
5 5 5 5 5
0 w10° | 20’ | 2x10® | mi0® | 20’ | 2xlo 2x10 2x10 2x10 2x10 2x10
6 5 5 5 5 5 6 5 2.5x10° | 2x10° 1.6x10°
24 ixio 6.3xl0 5.1xlo 3.6x10 2.5xl0 2.5xl0 Lxlo 4xli0 .5x10 x .
6 6 6 6 5 5| 6. 9m10° 6 | 7.1x10° | 3.6x10° | 2.0x107
48 6.3x10 3.6x10 2x10 1x10 5.6x10 2.8x10 6.3x10 Ixio .1x10 . 6x .
3 7 6 b 6 5 8 7 6 10° 3.2x107
96 1x10 2xl0 8xlo 5.1x10 1.6x10 6.3x10 Ix10 2x10 4x10 Lxl0 .
8 7 7 ? 6 6 8 7 1 2.5x10° | 4x10°
120 1.3x10 4x10 1.3x10 ixl0 4.5x10 1xi0 1.6x10 4x10 6.3xl0 .5xlo X
8 7 7 7 6 6 8 7 6 6xl 6 7.1 105
144 1.6x10 8xlo 2.5x10 1.6xl10 8x10 1.6x10 1.8xl10 6.3x10 8xlo 3.6x10 dx
6 8 7 7 6 6
168 1.83(108 lxlO8 3.6x107 leO7 4.3)(106 2x10 1.8xlo 7.1x10 2xl10 6.3x10 1xl0 J
Table A4.28 1Influence of Cd on the growth of Zn-t5.0
Source of inoculum
time (h) basal medium strongly inhibitory level of metsl at which adapted
-1 -1
Cd (mg L ) Cd (mg 1 )
o} 0.2 0.3 0.4 0.5 0 0.2 0.3 0.4 0.5 0.6 0.8 1.0
5
0 2)(105 21(105 2x105 leOS 2x10 2):105 2):105 2)!105 21:1.05 2x105 2!105 2)(1.05 21].05
6
24 ixlo lu:l()5 l.8x105 1.8):105 1.8:105 9x105 7.1.:10S hxlOs 3.2!105 2.8:105 2.5!105 21105 1.8:105
48 8x10® |1.3x10%)2.5x10%| 1.6x10°| 1.8x10°] 5. 1x10%] 2.8x10%] 1x10® |sx10® |ax10® |exi0® |3.2x10%1.8x10°
72 4.5%107 |3.6x10%] 3. 2x10%) 1.8x10°] 1.8x10%] 3. 6x107 | 1. 6x10" | 4m10® |1.3x10% 8x10° |5.6x10%]4x10” | 2x10°
6
96 l.)(lo8 8x10 BxlOS 2.5x10 1.81(105 l.xlO8 5.6)(107 1..6!‘107 3.6){106 2.51106 11106 5x105 3.6!105
8 ’ 8
120 1.6x10 1.8x107 1.3x106 lmlo5 2.6)(105 1.8x10 11(1.08 lox107 Bxl.O6 5.6:106 3.2x106 1.31(].06 leO5
8 7
144 2x10 4x10 l,6x106 6.3)(1.0S 2.8)(105 2.0xIOB 1.6):1023 8x107 2.5x107 l.bxlo’ 5.6x106 2.81].06 8:105.
a 7
168 3.2x10 [6.3x10 3.6x106 l.lx106 3.6:105 3.2)(].08 1.(”(108 l)(lO8 3.6x107 2.51107 l.8xlo7 5.6x106 l.6x106




Table A4.29

Influence of Cd on the growth of Zn-t12.0

264,

Source of inoculum

time (h) basal medium strongly inhibitory level of metal at which adapted
cd (mg 17 cd (mg 171
0 0.2 | 0.3 | 0.6 | 0.5 0 0.2 | 0.3 | 06 | 0.5 | 0.6 | 0.8 ] 1.0
o | 2x10° l2x10° l2x10® l2x10® |2x10° |2x10° |2x10° [2x10° |2x10® |2x10® |2x10® [2x10® |2x10’
2 | 1.0x10%6.3x10°) 3. 2x10° | 1,8x10°| 1. 8x10° | 1.0x10%) 6. 3x10% | 4x10° | 3.6x107|3.2x10%}2, 5x10°] 2x10° |1.8x10°
48 1.3x107 | 1.8x10%] 4x10%  11.8x10%] 1.8x10%|1.1x107| 2.5%10%[ 1.3x10%) 8x10° |4.5x10°|4x10° |2.8x10°]1.8x10°
72 axt0” 16.3x10%0 5. 6x10°|1.8x10% 1.8x10% [ax107 |8x10® |3.6x10"|2.5x10° |8x10® |5.6x10%] 4x10® |2.5x10°
96 110 11.3x107{1.3x10%] 3. 6x107] 1.8x10° |1x10® |2.8x107|1x10’ |6.3x10%]2.5x10°%|1.4x10%| 8x10° |3.2x10°
120 1.8x10813.2x107] 2, 5x10% | 1x10® | 2.5x10°|1.8x10%]8x107 |2.8x107|1.3x10" |6.3x10%|3. 2x10%| 1. 8x120%] 4x10°
144 f 2.8x105 (7. 1x107 | 3. 2x10% 1. 6x10%) 2. 8x10° |3, 2x10%] 1. 4x10%| sw10”  |2.8x107 |1.3x107]5. 6x10%] 2.8x10%) 6. 3x10°
- 1
168 3.2x108i1x108 8x106 2.8x106 h.5x105[3.2x108 2x108 8x107 51107 2.8x107 8x106 41106 Lx106
S : ‘
Table A4.30 Influence of Hg on the growth of wild-type
Source of imoculum
time (h) basal medium
Hg (umg Y
o] 0.01 0.02 0.03 0.04 0.05 0.06
0 2x10° 2x10° 2x10° 2100 | 2x10° | 2x10° | 2x10°
2% 8x10° | 6.3x10° | 4.5x10° | 3.2x10° | 2x10° | L.ex10® | «
48 6.3x10° | 3.6x10% | 1.8x10° | 3.6x10% | 2.5x10° | 1.3x10° | 4
72 3.2x10° | 2xlo’ | 4xio® 5.1x10° | 2.6x10° | 1x10® d
96 x10® | s.1x10” | txlo’ 1.3x10% | 3.2x10° | 1.3x10° | @
120 Laxto? | 7.2x10” | 1.ax10” | 2.5x10° | 6.3x10° | 3.6x10% | 4
144 1.exto® | oxto’ | 2«10’ | a.5x10® | 1x10® | 6.3x10% | 4
168 2x108 x10® | 2.5x20” | 7.1x10% | 2x10° 1.3x10% | 4
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Table A4.32 Pigment changes during growth of wild-type
Anacystis at different Cd concentrations.
-1
time Cd mg 1 dry w chl a phyco. % chl a % phyco. phyco: chl a
(days) (mg 1 ") (mg 171 (mg 171) dry wt dry wt  (by dry wt.)
0 0.0 20 0.20 ND 1.0 ND ND
0.05 20 0.20 ND 1.0 ND ND
0.15 20 0.20 ND 1.0 ND ND
0.25 20 0.20 ND 1.0 ND ND
2 0 80 0.83 0.33 1.04 0.42 0.40
0.05 80 0.70 0.67 0.88 0.84 0.96
0.15 25 0.24 ND 0.96 ND ND
0.25 20 0.18 ND 0.96 ND ND
4 0.0 130 1.26 0.91 0.97 0.70 0.72
0.05 116 1.39 2.25 1.20 1.93 1.60
0.15 60 0.28 C.17 0.47 0.28 0.61
0.25 55 0.28 0.15 0.51 0.27 0.53
6 0.0 180 1.81 1.25 1.0 0.70 0.70
0.05 182 0.83 4.1 0.46 2.23 5.0
0.15 120 0.83 1. 0.70 0.84 1.2
0.25 130 0.70 0.91 0.54 1.15
8 0.0 216 2.22 1.75 1.03 0.81 0.78
0.05 222 0.56 4.3 0.25 1.95 7.68
0.15 142 1.39 2.57 0.98 1.80 1.85
0.25 136 1.11 2.45 0.82 1.80 2.21
10 0.0 224 2.36 2.5 1.05 1.11 1.06
0.05 200 1.53 2.22 0.77 1.11 1.45
0.15 180 1.67 4.10 0.93 2.23 2.46
0.25 180 1.53 3.76 0.85 2.10 2.47
12 0.0 240 2.10 2.67 0.88 1.11 1.27
0.05 228 1.95 2.80 0.85 1.23 1.43
0.15 200 1.95 5.57 0.98 2.78 2.96
0.25 196 1.67 5.45 0.85 2.78 3.26
14 0.0 256 2.26 2.60 0.88 1.0 1.15
0.05 248 1.98 2.73 0.80 1.1 1.38
0.15 225 1.82 6.0 0.81 2.67 3.36
0.25 225 1.76 6.10 0.78 2.70 3.47
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Table A5.1 1Influence d Na on Cd toxicity to wild-type Anacystis.
-1 -1
Cd (mg 1 i Na (mg 1 )
2.5 5 10 20 40 50 100 200 300
0 8.0 B.6 8.6 8.6 8.6 8.8 8.2 8.5 8.6
0.15 5.8 6.8 6.4 6.4 6.6 6.4 6.2 6.6 6.5
0.30 5.4 5.4 5.5 5.2 5.6 5.1 5.4 5.5 5.4
0.45 .3 4.2 4.4 4.3 4.6 4.3 4.6 4.6 4.4
0.6 1.3 1.5 1.3 1.4 2.8 1.6 1.6 1.5 1.6
0.9 d d d d d d d
Table A5.2 Influence of K on Zn toxicity to wild-type Anacystis.
-1 -1
Zn (mg 1 7) K (mg1l ")
5 10 20 40 80 100 200 300 400 500
0.04 8.8 8.6 8.5 8.4 8.5 8.2 8.1 8.2 8.2 8.1
0.10 8.8 8.7 8.4 8.4 8.6 8.2 8.0 8.2 8.1 8.0
0.20 8.8 8.7 8.4 8.5 8.4 8.0 8.0 8.2 8.0 8.1
0.40 8.6 8.7 8.6 8.2 8.4 8.4 8.2 7.8 7.4 7.5
0.60 8.5 8.6 8.3 8.0 8.5 8.0 8.1 7.6 7.6 7.1
0.70 8.4 8.2 7.8 7.7 7.8 7.5 7.4 7.4 7.6 7.2
0.80 8.4 7.6 7.6 7.5 7.5 7.2 7.4 7.6 7.0 7.2
1.0 8.2 7.4 7.2 7.6 7.5 7.2 7.2 7.5 7.2 7.0
1.25 7.8 7.1 7.0 7.5 7.5 6.8 6.8 6.8 7.0 6.9
1.50 0.3 0.3 0.24 0.06 0.07 0.05 0.06 0.03 0.06 0.04
1.75 d d d d d d d d d d
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Table A5.3 Influence of K on Cd toxicity to wild-type Anacystis.
-1 -1
cd (mg 1 ) K (mg 1 )
5 10 20 40 80 100 200 300 400 500
0 .04 9.2 8.8 8.8 8.7 8.6 8.8 8.8 8.8 8.8 8.8
0.15 8.4 8.2 8.2 8.0 7.8 7.8 7.6 7.4 7.5 7.5
0.30 5.4 5.2 5.5 5.6 5.4 5.4 5.2 5.0 5.1 5.2
0.45 4.4 4.5 4.8 4.2 4.2 3.8 3.6 3.2 3.2 3.2
0.60 1.5 1.8 1.8 1.4 1.6 1.4 1.5 1.4 1.4 1.4
0.90 d d d d d d d d d d
Table A5.4 1Influence of Ca on Zn toxicity to wild-type Anacystis.
.1 -1
Zn {(mg L ) Ca (mg 1 )
2.5 5 10 20 40 80 100 200
0.04 7.5 .9 8.5 8.8 9.4 10.6 10.7 1t.6
0.25 7.8 .9 8.4 8.6 9.2 10.6 10.8 11.2
0.50 7.8 .8 8.4 8.5 8.9 10.2 10.4 10.6
0.75 7.5 .6 7.8 8.2 8.9 9.3 10.2 10.4
1.0 7.4 .5 7.7 8.0 8.5 9.3 9.6 10.4
1.25 6.0 .0 7.4 7.5 8.3 9.4 9.6 9.8
1.50 0.05 .4 0.66 4.3 6.2 7.7 7.8 8.2
2.0 d d 0.05 3.7 5.6 6.7 6.8 7.1
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Table A5.5 Influence of Ca on Zn toxicity to Zn-t5.0 Anacystis.
-1 -1
Zn (mg 1 ) Ca (mg L )
2.5 5 10 20 40 80 100 200
0.04 8.2 8.3 8.4 8.6 8.8 9.0 9.2 9.4
2 7.8 8.0 8.1 8.2 8.5 8.4 8.6 8.7
4 4.6 5.8 7.5 7.8 8.2 8.0 8.5 8.5 .
5 2.8 3.5 4.0 6.8 7.5 8.2 8.2 8.4
6 d d d 4.8 5.2 8.0 8.0 8.3
8 d d d 0.05 2.3 7.5 7.5 8.0
10 d d d d d 6.8 6.8 8.0
12 d ad d d d 5.6 5.6 7.8

Table A5.6 Influence of Ca on Zn toxicity to Zn-tl2.0 Anacystisf

Zn (mg l_l) Ca (wg l_l)

5 5 10 20 40 80 160 320
0.04 2 8.3 8.4 8.6 8. 9.0 9.2 9.4
4 .8 8.0 8.0 8.2 8. 8.4 8.6 8.8
8 .6 5.8 7.5 7.8 8. 8.0 8.5 8.5
10 .8 4.8 5.0 6.8 7. 8.2 8.2 8.4
12 .2 3.6 4,2 4.8 5. 8.0 8.0 8.3
16 d d d 0.05 2, 7.5 7.5 8.0
20 d d d d d 6.8 6.8 8.0
24 d d d d d 5.6 5.6 7.8
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Table A5.7 Influence of Ca on Cd toxicity to wild-type Anacystis.

1 1

cd (mg 1 ) Ca (mg 1 )

2.5 5 10 20 40 80 100 200
0 8.0 8.8 8.8 8.8 8.4 8.8 8.8 9.4
0.3 4.8 5.4 6.8 8.4 8.0 8.8 9.0 9.6
0.45 4.0 4.2 4.0 5.4 5.4 5.8 6.0 6.4
0.6 1.8 3.0 4.6 4.6 4.8 4.8 4.8 5.4
0.9 d 2.0 3.0 3.2 3.6 4.2 4.4 4.8
1.2 a a a 1.8 2.1 4.0 4.2 4.5

Table A5.8 Influence of Mn on Zn toxicity to Zn-t5.0 Anacystis.

- -1
zn (mg 1 1) Mn (mg 1 ")

0.05 0.10 0.50 1.0 2.5 5 10 20

0.04 8.3 8.3 8.4 8.5 8.6 8.5 8.0 7.2
2 8.4 8.3 8.4 8.5 8.6 7.0 6.2 3.0
4 5.8 5.8 5.7 7.0 8.0 6.8 4.3 d
5 3.4 3.5 3.4 4.8 7.2 6.2 d a
) d d a 3.4 6.8 5.6 d a
8 d d d 3.4 6.0 3.8 a d
10 d d 4 3.2 4.2 3.7 d d

12 da - d d 1.8 2.1 1.6 d d




Table A5,9 1Influence of Mn on Zn toxicity to Zn-tl2.0 Anacystis.

Zn (mg 1-12; Mn (mg 1-1)
£
0.05 0.1 0.5 1.0 2.5 5 10 20
0.04 8.3 8.3 8.4 8.5 86 8.5 7.8 7.0
4 8.4 83 8.4 8.5 8.6 7. 6.2 3.0
8 5.8 5.8 5.7 7.0 8.0 6.8 4.5 d
10 3.4 3,5 3.4 4.8 7.2 6. d d
12 d 2.4 3.2 3.4 6.4 5. d d
16 d d d 3.4 6.0 3. d d
20 d d d 3.2 4.2 3. d d
24 d d d 1.8 2.1 1. d d

Table A5.10 Influence of Fe on Zn toxicity to Zn-t5.0 Anacystis

-1
results based on units ml

X 107; age of the alga 5 days-

d = died.
Zn (mg 1-1) Fe (mg 1-1)
0.05 0.1 0.5 1.0 2.5 5 10 20
0.04 5.4 7.5 7.6 7.6 7.8 7.0 6.5 5.0
2 5.8 7.4 7.3 7.2 7.1 7.0 6.2 4.8
4 5.6 7.2 7.0 7.2 7.0 6.8 6.0 4.5
5 5.2 6.4 7.3 7.2 6.8 6.2 5.1 4.0
6 d d d 3.1 4.1 3.8 3.6
8 d d d d 2.6 3.4 3.2
10 d d d d d 2.2 1.8
12 d d d d d d d
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Table A5.11 Influence of Fe on Zn toxicity to Zn-tl2.0 Anacystis-

- 7
results based on units ml 1 x 10" ; age of the alga 5 days;

d = died.
Zn (mg 1_1) Fe (mg 1-1)

0.05 0.1 0.5 1.0 2.5 5 10 20

0.04 5.4 7.5 7.6 7.6 7.8 7.0 6.2 5.1
4 5.8 7.4 7.5 7.5 7.3 6.8 5.8 4.6

8 5.6 7.3 7.3 7.4 7.0 6.4 5.4 4.5
10 5.2 7.2 7.2 7.2 6.8 4.1 3.8 3.2
12 5.0 6.8 7.0 7.0 3.2 2.6 3.4 3.2
le d d d d d d 2.2 1.8
20 d d d d d d 1.2 d
24 d d d d d d d d

Table A5.12 Influence of Fe on Cu toxicity to wild-type Anacystis
the results based on units ml—1 X 107; age of the

alga 5 days; d = died.

Cu ’mg 1—1) Fe (mg 1—1)

0.05 0.10 0.50 1.0 2.5 5 10 20
0.C 5.5 7.6 7.8 7.8 7.8 6.9 6.5 4.8
0.02 5.8 7.6 8.0 7.8 7.8 6.8 6.3 5.2
0.04 4.8 5.0 5.2 5.6 5.8 5.2 5.0 5.0
0.08 2.5 2.5 2.8 3.8 4.0 5.0 5.1 4.8
0.10 0.85 0.85 1.3 1.8 3.6 4.0 4.5 4.2
0.16 0.06 0.06 1.0 1.2 1.2 1.4 2.3 3.8
0.20 d d d d d d d d
0.24 d d d d d d d d




Table A5.13 Influence of Fe on Cu toxicity to Cu-t0.5 Anacystis.

results based on units ml-1 X 107; age of the alga 5
days; d = died
Cu (ug 171) Fe (mg 1_1)
0.05 0.10 0.50 1.0 2.5 5 10 20

0.0 5.6 7.8 7.8 7.6 7.8 6.9 6.5 5.0
0.2 6.0 5.6 6.2 6.5 6.2 6.0 6.3 5.0
0.4 0.8 1.0 3.6 3.2 4.2 4,6 4.0 3.8
0.5 0.07 0.8 2.1 3.4 3.6 3.0 3.2 3.4
0.6 d d 0.05 0.38 1.8 1.2 0.45 0.5
0.8 d d d 0.02 0.66 0.8 d d
1.0 d d d d 0.52 0.6 d d
1.5 d d d d 0.45 d d d

Table A5, 14

zn (mg 17 0) PO,-P (mg 17
0.88 1.75 3.5 14 28 56 112
0.04 6.5 7.8 .5 8. 9.4 9.5 10.0 10.2
0.5 5.9 7.6 .6 9.6 9.6 10.0 10.0
1.0 5.7 7.4 .4 8. 9.3 9.2 9.6 9.8
1.5 3.6 7.4 20 7. 8.2 8.6 9.2 9.4
2.0 0.4 7.4 6 7. 7.9 8.2 8.8 9.1
2.5 a 6.8 .2 7.8 7.8 8.5 8.6
3.0 a 6.8 .2 7.5 7.4 8.4 8.4
3.5 a a .5 7.2 7.2 7.8 7.8
4.0 a d .8 6.8 7.0 7.6 7.6
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Influence of PO4—P on Zn toxicity to wild-type Anacystis.
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Table A5.15 Influence of PO4-P on Zn toxicity to Zn-t5.0 Anacystis.

zn (mg 17 PO, -P (mg 1™

1.75 3.5 7 14 28 56 112
0.04 §.8 8.8 9.6 9.5 9.8 10.0 10.2
2 g.8 8.8 9.6 9.5 9.8 10.0 10.2
4 5.8 6.2 8.6 9.0 9.4 9.5 9.2
5 4.2 4.8 6.4 8.1 9.0 9.4 9.4
6 d 3.2 5.5 8.0 8.8 9.4 9.5
8 d a4 4.5 8.0 8.6 9.2 9.2
10 d d 2.3 7.8 8.0 8.4 8.6
12 d rdj. a 4.3 7.8 8.0 8.4

Table A5.16 Influence of P - P on Zn toxicity to Zn-tl2.0 Anacystis.

Zn (mg l—l) POA- P (mg 1‘1)
1.75 3.5 7.0 14 28 56 112
0.04 8.8 8.8 9.6 9.8 9.8 10.0 10.0
4 8.8 8.8 9.6 9.5 9.8 10.0 10.2
8 5.8 5.2 8.6 9.0 9.0 9.5 9.6
10 4,2 4.8 6.4 8.0 9.0 9.4 9.6
12 3.5 4,2 5.5 8.0 8.5 9.4 9.5
16 d d 4.5 8.0 8.6 9.2 9.2
20 d d 2.6 7.5 8.0 8.4 8.6
2 d d d 4.0 6.8 7.8 8.0




Zn

Table A5.17

cd (mg 1
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Influence of PO,-P on Cd toxicity to wild-type Anacystis.

4

-1
PO4—P (mg 1 )

0.90

1.20

Table A5.18

(mg 1 7)

1.75 3.5 7 14 28 56 112

Influence of NOB—N on Zn toxicity to wild-type Anacystis.

-1
NO3—N (mg 1 )

0.04

0.50

0.75

2.0

1 2.5 5 10 20 40 50 100 200

2.5 2.8 6.8 7.5 7.6 8.2 8.13 8.9 8.8

d d 6.6 7.5 7.5 8.3 8.2 8.3 8.4
d d 5.4 7.4 7.4 7.8 8.4 8.5 8.3
d d 4.8 7.0 7.2 7.7 8.0 8.5 8.6
d d 3.6 6.2 6.8 7.1 7.2 7.8 7.8
d d d 5.4 5.6 6.5 6.8 7.7 7.4
d d 0.04 0.05 0.06 0.04 0.06 0.04 0.05
d d d d d d d d d

400




Table A5.19
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Influence of EDTA on Zn toxicity to wild-type Anacystis.

Zn (mg l—l) EDTA (mg 1)
5 2 16 32 64
0.04 4 8.8 9.0 9. 3.6 9.9 10.2
0.5 2 8.6 8.8 8. 8.8 8.6 9.0
1.0 4 7.1 B.2 8. 8.4 8.7 9.0
1.25 5 4.8 5.6 8. 8.3 8.7 9.0
1.5 .50 0.86 3.8 8. 8.2 8.2 8.8
2.0 d a 8. 8.2 8.0 8.4
3.0 d d 3. 6.5 7.8 8.0
4.0 d d 4.5 7.5 8.2
6.0 d 4 d 5.4 6.2
8.0 d d d 3.6 5.6

Table A5.20

Zn (mg 1) EDTA (mg 1)
0.5 1.0 2 4 8 16 32
0.04 8.0 8.0 8.2 .4 8.8 8.8 8.8
2 7.8 7.6 7.8 .8 8.8 8.8 8.8
4 5.2 6.4 7.4 .4 8.0 8.1 8.1
5 4.6 5.4 6.2 .3 8.0 8.1 8.2
6 d 0.05 0.04 .4 6.5 7.2 7.4
8 d d d .2 4.8 7.3 7.5
10 d d d .08 4.5 7.2 7.3
12 d d d 3.6 6.4 7.4
14 d d d 2.5 3.8 6.4
16 d d d d 1.6 4.0
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Table A5.21 Influence of EDTA on Zn toxicity to Zn-tl2.0 Anacystis.

- -1
Zn (mg 1 1) EDTA (mg 1 )
0.5 2.0 & 8 16 32 64

0.04 9.8 10.4 9.6 9.6 9.6 10.4 11.2
6.0 9.2 9.2 9.3 9.5 10.0 9.8 9.6
12.0 5.6 6.6 7.1 7.8 8.2 8.5 8.8
15,0 d d 4 1.5 6.5 8.8 8.5
18.0 d d d d 5.8 8.8 8.4
21.0 d d d d 2.5 4.5 6.2
24.0 d d d d d 1.3 4.8

Table A5.22 1Influence of EDTA on Cd toxicity to wild-type Anacystis.

Cd (mg l—l) EDTA (mg 1—1)

0.5 2.0 4.0 8.0 16.0 32.0
C 9 8.8 9 9.2 9.0 9.0
0.15 6.4 8.0 8.6 8.2 8.8 9.4
0.30 4.5 6.2 8.6 8.8 8.6 8.6
0.45 4.2 4.5 8.0 8.2 8.8 8.8
0.60 3.0 3.4 4.4 8.0 8.6 8.2
0.90 d d 3.6 8.0 8.0 8.2
1.2 d a 2.8 6.4 7.4 8.0
1.50 d d 1.2 6.5 7.5 8.0




Table A5.23 Influence of Zn on Cd toxicity to wild-type Anacystis;

. -1
units ml was used as a growth criterion.

cd (mg 17 h Zn (mg 1°V)

0.04 0.2 0.4 6 0.8 1.
0 8.6 8.7 8.9 0 8.3 8.
0.15 3.7 8.2 8.8 6 8.3 4.
0.24 4.1 8.9 8.5 7 8.7 a
0.30 3.8 8.2 8.5 1 8.5 a
0.36 3.3 8.1 8.0 0 6.2 a
0.42 a 8.6 8.3 .2 a a

Table A5.24 Influence of Zn on

chl a was used as

Cd toxicity to wild-type Anacystis;

a growth criterion.

cd (mg 17 zn (mg 1 h
0.04 0.2 0.4 0.6 0.8 1.0
0 0.68 0.74 0.57 0.68 0.78 0.68
0.15 0.34 0.68 0.78 0.78 0.78 0.68
0.24 0.24 0.85 0.57 0.78 0.57 0.40
0.30 0.18 0.78 0.68 0.92 0.57  ND*
0.36 0.23 0.78 0.78 0.57 0.46  ND*
0.42 ND* 0.68 0.57 0.46 0.57  ND*

278.




Table A5.25

Anacystis;

Influence of low Zn levels on Cd toxicity to Zn-t5.0

1

279.

chl a was used as a growth criterion,

1

cd (mg 1) Zn (mg 1)

0. 04 0.25 0.5 1.0
0 2.14 2.21 1.92 2.21
0.15 2.14 1.91 1.71 1.71
0.30 2.14 1.88 1.71 1.85
0.45 2.14 1.71 1.71 1.71
0.60 1.85 1.71 1.71 1.71
0.75 1.14 1.57 1.77 1.71
0.90 1.14 1.43 1.78 1.87
1.05 1.07 1.14 1.71 1.07
1.20 ND 1.14 1.86 1.43
1.35 ND ND ND 1.43

Table A5.26 Influence of high Zn levels on Cd toxicity to Zn-t5.0

Anacystis; chl a was used as a growthcrterion.

cd (mg l—l) Zn (mg 1_1)
0.04 2.5 .0 7.5 10 12.5
0 1.21 1.14 .92 0.14 d da
0.10 1.20 0.71 .71 0.14 d d
0.20 1.21 0.85 .71 0.14 d d
0.30 1.14 0.85 .76 do d d
0.40 1.20 0.85 .71 a d d
0.50 1.21 0.94 .87 d d d
0.60 1.12 0.71 .71 d d d
0.70 1.14 0.93 .71 a d d
0.80 1.14 0.93 .78 d d d
1.0 0.57 0.93 .88 a d d
1.2 ND 0.87 .86 d d d
1.4 ND 0.57 .57 d d d
1.6 ND 0.28 .57 d d d




Table A5,27

Influence of pH on Zn toxicity to wild-type Anacystis.

zn (mg 1) pH

6.0 .5 7.0 7.5
0.04 3.2 .6 8.6 8.8
0.25 2.4 .8 7.8 8.5
0.50 1.5 .6 7.5 8.5
0.75 0.6 .5 7.4 8.5
1.0 a .8 7.2 8.2
1.25 a .5 6.8 7.2
1.5 a 0.60 6.8
2.0 a d 6.5
2.5 a d 2.7

Table A5.28

Influence of pH on %n toxicity to Zn-t5.0 Anacystis.

Zn (mg 1—1) pH

6.0 6 7.0 7. 8.0
0.04 6.4 7 8.0 8. 8.0
2 6.2 7 7.7 7. 7.4
4 4.8 5 5.3 4. 4.8
5 4.5 4 3.4 2. d
6 4.2 4 d d d
8 1.2 3 d d d
10 d d a d d

280,




Table A5.29 Tnfluence of pH on Zn toxicity to Zn-tl2.0 Anacystis

Zn (mg 1-1) pH

6.0 6.5 7.0 7.5 8.0

0.04 5.5 7.0 7.4 7.2 7.2

4 4.2 6.3 6.7 4.7 4,7

6 2.6 5.8 6.4 3.2 3.2

8 1.0 5.4 6.0 1.8 1.8
12 d 5.0 2.0 0.05 0.05

16 d 4,3 d d d

20 d 2.0 d d d

24 d d d d d

Table A5.30 Influence of pH on Cd toxicity to wild-type

Anacystis.
-1
cd (mg 1 ) pH

6.0 6.5 7.0 7.5 8.0
0.04 3.5 5.8 8.8 9.5 10.2
0.15 d 0.8 6.4 8.8 9.4
0.30 d 0.03 4.2 8.4 8.5
0.45 d d 3.8 8.6 8.6
0.6 d d 3.2 6.2 7.2
0.9 d d d 5.8 6.2
1.2 d d d 4.5 5.8
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Table A5.31 Influence of inoculum size on Zn toxicity to wild-type

Anacystis
-1 , -1
Zn (mg 1 ) Inoculum size (units ml )
2xlO4 leO5 2x106 2x107
0.04 6.8x107 8.4x107 12.2x107 12.5x108
0.5 5.4x107 8.5x107 9.2x107 10.4x108
7
1.0 3.6x107 6.Z+x107 8.8xl10 9.8x108
1.25 1.8x107 1.8x107 6.5x107 7.8x108
1.5 d d d 4.0x108
2.0 d d d d

Table A5.32 Influence of inoculum size on Zn toxicity to wild-type

Anacystis
-1 ) -1
Zn (mg 1 ) Inoculum size (chl amg 1 7)
0.001 0.01 0.10 1.0
0.04 1.3+0.0 1.38+0.07  1.67+0.07  2.30+0.18
0.5 1.1440.0  1.2140.12  1.4440.17  1.83+0.14
1.0 0.75+0.15 0.75+0.12 1.36+0.07 1.40+0.06
1.25 0.25+0.03  0.28+0.04 0.88+0.08  1.35+0.08
1.5 d d  0.35:0,005 0.85+0.12
2.0 d d d d
3.0 d d d d
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