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ABSTRACT

Heavy metal toxicity was monitored in filamentous fungi by
observing the effects of incorporating metal salts in a solid glucose
mineral salts (GMS) medium on fungal colony extension. Copper, cadmium
and zinc toxicity to PcrucllUum apinulouun, TMc.hod.Mma vIMde. and
AApeAgizilli n-igM was investigated by monitoring the effects of added

metal on biomass production when supplemented in a liquid GMS medium.

Metal accumulation was determined in actively growing mycelium in
GMS medium initially buffered at pH 5.5 with 50.0 mM MES containing added
metal at non-toxic concentrations. Accumulation of metals appeared to be
maximal during the lag phase of growth. This was followed by an apparent
reduction in mycelial metal during the linear growth phase. Exponential
growth was not observed. The medium pH at inoculation was critical for

effective metal uptake.

Metal uptake by non-growing fungal suspensions was Investigated by
harvesting mycelium in mid-linear growth phase and resuspending in 50.0 mM
MES buffer (pH 5.5) containing added metal. Uptake was initially rapid
indicating wall binding. No energy dependence was demonstrated in subsequent
metal uptake. Similar uptake patterns were observed for mycelium in the
presence and absence of 10.0 mM glucose, in the presence of 1.0 mM sodium
azide, under anaerobic incubation and also in isolated cell walls. Only
incubation at 4 C reduced metal accumulation. Two possible metal binding
sites were implicated in Pcruclttiim iphruloiwm and these were shown to be
non-specific for copper. Electron spin resonance measurements on copper
loaded biomass indicated copper coordination to either 4 nitrogen or
2 nitrogen and 2 oxygen atoms. The evidence suggested that metal
accumulation in filamentous fungi under the experimental conditions
employed was a physical process, possibly by adsorption initially onto the

cell wall, followed by internalisation by diffusion.
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1. GENERAL INTRODUCTION

The essential elements of protoplasm circulate in the biosphere from
environment to organism and back again in biogeochemical element cycles.
Since organisms are constructed of elements it follows that they are
indispensible in element cycling and it is becoming apparent that micro-
organisms in particular are the major exponents of mineral turnover.
According to Trudinger it al (1979), the influential role of microbes in
chemical cycling can be attributed to an active involvement of elemental
metabolism, and a passive role whereby element mobilisation in an
ecosystem is an indirect result of microbial habitation in terms of redox
changes, pH changes, organic material utilisation and production, weathering

and other secondary physical and chemical means.

The primary involvement of microbes in biogeochemical cycling is as
a result of metabolic processes. This involvement can be classified as
one involving redox reactions, or one involving those reactions which
result in phenomena such as biomethylation or alkylation. Many of these
metabolic changes in the elemental state however, are dependent on the
metal being accumulated and the main objective of this study was to examine
the phenomenon of heavy metal accumulation specifically in filamentous

fungi .

There has been a recent surge in interest in the area of metal
accumulation in microbes, partly because of the improvement in the
sensitivity of analytical instruments for metal determinations, but more
importantly, because of the increased awareness of metal pollution and
the possibilities of metal recovery from aqueous effluents containing

soluble metallic residues at low concentrations.



The economic and political significance of metal accumulation by
microorganisms has been realised relatively recently with the discovery
that they can extract metals from very dilute aqueous solutions and can
therefore act as biosorbents. According to Lundgren and Malouf (1983),
in the last 40 years metal consumption in the world as a whole has
escalated dramatically with the result that many metals have become scarce.
With the rise in the industrial use of metals there has been a concomitant
increase in the discharge of toxic metals into the environment, through
metal-laden industrial effluents reaching sewage systems, agricultural run
off, atmospheric contamination from fossil fuel burning, mine waste drainage,
radioactive fuel processing and automobile exhaust systems. There are
recommendations set out by the World Health Organisation for limits in
metal release into the environment and this should result in increasingly
stringent legislation. However, conventional techniques for metal
recovery prior to discharge such as precipitation, ion exchange, electrolysis,
evaporative-distillation, liquid-liquid extraction and solvent extraction
(Flett and Pearson, 1975) are likely to become prohibitively expensive and
inefficient at the new thresholds and it appears that the capacity of
microbes for metal accumulation from very dilute solutions may be applicable
to this problem. The attractive idea of treating metal bearing wastes with
waste biomass from microbial processes has been proposed (Tsezos and Volesky,

1981; Tsezos, 1983).

On an academic level, there is a substantial body of literature
devoted to the relationships between metals and bacteria, algae and yeasts
with reference to toxicity, resistance and accumulation and transport, but
comparative information for filamentous fungi is much more fragmented.

The few reports which are available are often contradictory, particularly

when reference is made to the involvement of metabolic energy in metal



uptake although these are usually in different experimental systems (Paton
and Budd, 1972; Somers, 1963; Horikoshi eX at, 1981). Also, most reports
for metal uptake in fungi are for non-growing biomass (Budd, 1969, 1975, 1979;
Paton and Budd, 1972 and Schneider and Lindberg, 1983). Furthermore, almost
all reported work has been performed using a limited number of fungal species.
For example there is a great deal of information available for Ne.OCO4mo-ipoAa
vcuinizcta (Budd, 1969, 1975, 1979; Paton and Budd, 1972) and for
NeuAOipoAa CAdiia. (Somers, 1963; Slayman and Tatum, 1964; Slayman and
Slayman, 1970; Venkateswerlu and Sivarama Sastry, 1970, 1973, 1979;

Sivarama Sastry <X at, 1962; Maruthi Mohan and Sivarama Sastry, 1983;
Maruthi Mohan et at, 1984; Schneider and Lindberg, 1983). Most reports

are also for a single metal. It seems also that a large proportion

of the work on heavy metals and fungi has been carried out using spores

in which the effects of metals on germination were studied (Miller

and McCallan, 1957; Parry and Wood, 1958; Somers, 1961, 1963, 1966;

Lowry QX at, 1957; Okamoto QX at, 1977). Although toxicity assessment in
terms of spore germination is reasonably effective for fungicide screening,
it Is not necessarily applicable to evaluating toxicity in vegetative
mycelium since spores are likely to be physiologically quite different.

For this reason toxicity tests on vegetative mycelium need to be performed
prior to accumulation studies iIn vegetative mycelium. It appears that most
of the literature supports the view that there is a great deal of confusion
about the association of heavy metals with filamentous fungal cells. This

project attempted to clarify some of the ambiguity surrounding this area.

One of the initial aims of the project was to define and employ a
simple, quick and effective technique for screening metal toxicity in
filamentous fungi so that a working system for comparativity could be

established using three fungi and three metals for the rest of the project.



The three fungi and the three metals used were selected from this primary
study of the effects of five metals on the growth of seven filamentous
fungi in solid medium. The three fungi, PentciUMm AptnuZoMim,
TAtchodeAma OAJude and KipeAgUAu, ntgeA were chosen after consideration
of their growth and sporulation characteristics in solid medium with regard
to their responses to the presence of added metal and their relative ease
of handling. The three metals, copper, cadmium and zinc were chosen for
study at non-toxic concentrations. All three metals have ecological

significance and differ in their toxic effects to fungi.

Copper is of interest since it is an essential element (Bowen, 1966)
and is transported into fungal cells, but at elevated concentrations causes
a toxic effect at the cell surface either by membrane damage or interference
with membrane transport and normal membrane activities (Ross, 1975). Zinc
is also of interest because it is an essential element (Bowen, 1966) yet it
is relatively non-toxic, reputedly exerting its effect by creating a
cellular magnesium deficiency (Adiga et at, 1961; Laborey and Lavollay,
1973). Cadmium on the other hand, has not been reported to be an essential

element and appears to be very toxic.

The three metals are of interest ecologically iIn terms of their
fungicidal activities and in terms of pollution. Tolerance to copper in
PoAam. 6pp. has been reported by Levi (1969), inphyiatoApoAa obtuAa to
copper in Bordeaux mixture (Taylor, 1953) and similarly in Ph.ytophth.OAa
In&eAtanA (Horsfall, 1956). Massie et at, (1968) reported tolerance of

ScZeAottivta homeOCOApa Bennett to a cadmium-containing fungicide.

There are numerous reports for anthropogenic deposition of copper into

the environment (Babich and Stotzky, 1983). Similarly, cadmium emission has



recently been quantified in Europe (Nordberg, 1974; Hutton, 1983a,

1983b; Taylor, 1983). Zinc also, is emitted by industrial and domestic
activity and has an adverse effect on the activity, ecology and
population dynamics of microbiota (Babich and Stotzky, 1974). The study
of copper, cadmium and zinc in terms of toxicity and uptake in fungi

is justifiable because of their wide ranging effects on microorganisms

and their ecological significance.

To facilitate metal accumulation experiments, there was the apparent
need to separate biomass from metal containing medium and since this was
impractical using solid medium, further experimentation was performed
using liquid medium. The objective then was to assess the growth
parameters in the liquid medium and this required the formulation of a

standard inoculum and inoculation procedures.

In developing the experimental procedures for metal accumulation
monitoring in growing fungi, a method for estimating the degree of metal
complexing was necessary and this was established using electrochemical
techniques. Fortunately, there did not appear to be a major complexing
problem in this medium which had been specifically designed for metal
uptake studies. Complexing has previously been reported to be a serious
complicating factor in metal accumulation studies because it renders
metal 1ions biologically unavailable for uptake, and this therefore
influences metal toxicity as well as the quantitative amount of metal

accumulated. The relevant literature is reviewed in chapter 2.

The rationale for using growing fungi initially for metal accumulation
studies was based on a number of factors. Primarily, the aim was to observe

uptake in growing fungal cultures since most of the published work has



been performed using non-growing suspensions of fungi. There is however,
very little evidence to suggest that quantitative accumulation is the

same iIn the two systems, or even that the accumulation is uniform with
time in growing cultures throughout the growth cycle. It appears that

the only reports available for growing uptake are those of Shatzman and
Kosman (1978) using Vadylium dojr\daoido.i and copper, Venkateswerlu and Sivarama
Sastry (1979) using MeuaoipoHa cAOAia and cobalt, Failla and Weinberg
(1977) using Candida, u tilii and zinc, and of Gadd and Griffiths (1978b)
using copper and Auxe.obaiidium pullularli. The report by Shatzman and
Kosman (1978) was mainly concerned with the utilisation of copper and

its role in the biosynthesis of copper-containing proteins, but the authors
did investigate copper uptake by growing cells of Vactyliwn dindaolAii.
Cobalt uptake by N@UAOIpOAa CJIOiia was limited to an investigation of
accumulation over a 2 hour period in toxic levels of the metal. The

other two citations refer to organisms which are either not filamentous
{Candida u tilii) or polymorphic {Avaeabaiidium pullularli). Using three
metals and three fungi introduced a comparative angle to the work. It is
worthy of note also that most of the reports in the literature tend to
concentrate either on metal toxicity or on accumulation, when using non-
growing suspensions of biomass for the uptake studies, and so it has been
difficult in the past to relate metal accumulation to toxicity (i.e. when
monitoring the effect on growth) even though the two parameters are likely
to be related. By using growing cultures however, this allowed the author

to observe toxicity and metal accumulation concurrently.



2. DETERMINATION OF HEAVY METAL TOXICITY IN SOLID MEDIUM.

2.1. Introduction.

It is well established that the physiological role of some heavy
metals such as copper, manganese and zinc is essential for microbial
growth (Bowen, 1966), yet at elevated concentrations the same metals often
become toxic. As a consequence of this essentiality, the implication is
that the heavy metals are in some way internalised. It is also well known
that heavy metal resistance can be acquired by microorganisms, so it is
clear that there could be an intimate relationship between metal toxicity,
resistance and uptake of the metal. Simple and definitive techniques are

required to monitor each of these parameters.

One method for illustrating the effect of zinc, lead and cadmium on
leaf surface microflora composition has been demonstrated by monitoring
the number of recognisably different colonies of bacteria, yeasts and
fungi on control leaves artificially treated with metal salts (Gingell
ei at, 1976), Similar work has been reported by Bewley (1978, 1980) who
used this technique as well as direct observations of the effects of
heavy metals on fungal hyphae extension, on leaf surfaces. A great deal
of work has appeared in the literature describing evaluations of metal
toxicity to fungi on solid medium based on the effects of metals on mycelial
proliferation. The effects of copper salts on the mycelial growth of
wood-rotting fungi have been demonstrated using agar spot-plate cultures
(Keino, 1950). Misra and Singh (1970) have used metal supplemented agar
plates to determine the fungitoxicity of copper fungicides to AZteAnOAta
te.nu.ti and Hetmtnthoipo\tum oKyzae. Fungitoxicity of zinc in pablum extract
agar was reported for a number of soil microfungi isolated from soil in the

vicinity of a zinc smelter in Pennsylvania, based on the effects of zinc



on colony extenion (Jordan and Lechevalier, 1975). The value of the
technique has been emphasised by Babich and Stotzky who have employed the
plate method to demonstrate the toxicity of cadmium to a number of
microorganisms (Babich and Stotzky, 1977a, 1977b, 1982), zinc toxicity
(Babich and Stotzky, 1978), manganese toxicity (Babich and Stotzky, 1981)
and the synergistic effects of copper and nickel to microbes (Babich and
Stotzky 1983). Chromium toxicity has also been reported by Babich dt aZ
(1982b) as has the comparative toxicity of nickel to selected microbes
(Babich dt at, 1982a). The effects of combinations of simulated acid rain
and cadmium or zinc on microbial activity in soil has been reported by

Bewley and Stotzky (1983).

The first section of this study aims to demonstrate the degree of
toxicity of cobalt, manganese, copper, cadmium and zinc to seven filamentous
fungi. The metals were selected on the basis of their reputed toxic effects,
to obtain a series of metals ranging in their effects from relatively
inocuous to severely toxic. The fungi used were selected after consideration
of parameters such as growth rates, sporulation ability and ease of

handling.

By using different types of solid medium or by supplementing the
medium with various substances, the plate method can be used to demonstrate
the influence of medium design on metal toxicity by virtue of the complexing
capacity of many medium constituents. A brewing yeast was found to be
unaffected by 40 pg ml copper in a malt wort molasses fermentation but
copper was toxic at 1-2 pg ml 1 in a mineral salts medium (White and Munns,
1951). Mediation of copper toxicity to AdnobaatdA aeAogdndi was attributed
to complexing by yeast extract and cysteine by Macloed dt at (1967).

Steeraann Nielsen and Kamp-Nielsen (1970), suggested that pronounced copper



toxicity at a level of 5 x 10 3pg_ml1 to Chlo*Ma pyAino-idoia was due
to an absence of complexing agents in the medium. Ramamoorthy and
Kushner (1975), reported that 160.0 pg ml 1 mercury were required in their
complex medium before ionic mercury was detectable. At 2.0bg ml"1 mercury,
only 2 x 10_3 Pg ml_l was actually present in the ionic form. Babich and
Stotzky (1977b), also reported that the addition of certain clay minerals

to soil provided protection against the fungistatic effects of cadmium.

The objective of the second part of this section on metal toxicity
in solid media was to determine the influence of the medium constituents
of two different types of medium on cadmium toxicity. One of the media
used was a glucose mineral salts medium (GMS) which was relatively free of
complexing agents, the other was that employed by Babich and Stotzky
(1977a) containing mycological peptone. Complexing of added metal results
in mitigation of toxicity because of the reduced biological availability
of the metal and consequential reduced uptake. This is important in terms
of medium design for subsequent experiments which investigate metal

accumulation.

It is worthy of mention here that fungi were isolated from non-polluted
environments since reports in the literature suggest that resistance to
metals may result from exposure to metal and there are some suggestions
that this may be due to reduced metal uptake (Basu eX al, 1955; Starkey
and Waksman, 1943). This would obviously have serious implications for
metal uptake studies so the problem was avoided by using fungi isolated

from non-polluted areas only.



2.2. Materials and Methods

2.2.1. 1Isolation of Fungal Cultures

A number of filamentous fungi were isolated from soil, rotting
vegetation and the atmosphere in the vicinity of Keele University.
Isolation from rotting vegetation and the atmosphere were carried out
using isolation agar plates. Malt extract agar (MEA) (Oxoid), and Czapek®s
Dox (Oxoid) were used as isolation media. To prevent overgrowth by
phycomycetes the media were supplemented with Rose Bengal (1:30 000
dilution), and bacterial growth was suppressed by the addition of

streptomcycin (30.0 pg ml *).

For isolation of soil fungi 1.0 g of soil was suspended in 15.0 ml
sterile carboxy methyl cellulose and shaken with glass beads to produce
a fine soil suspension. 1.0 ml of this suspension was added to
100.0 ml molten tap water agar (TWA) (Oxoid). After thorough mixing
10.0 ml of the soil tap water agar mixture were poured onto isolation

agar plates as a thin even layer.

Isolation medium
Thin layer of TWA

plus soil suspension.

All isolation plates were incubated at 25° C for 1 to 2 weeks. After
incubation fungal colonies were selected for purification and further study.
Purification of isolates was performed by repeated subculturing onto fresh
MEA or Czapek®"s Dox. As a precaution all moulds were grown for a period
of 10 days on MEA amended with penicillin at a concentration of

500 units ml to prevent bacterial contamination.
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After purification the

examination of the characteristic reproductive structures.

and thin-agar-film techniques were employed for the

procedure using MEA and TWA.

a. Drop-slide technique.

MEA/TWA allowed to set.

Drop bissected.

Fungal plug placed between the
2 halves of the drop and covered

with a coverslip.

(f=D

Incubation in moist Petri dish

at 25°C for 12-36 h.

Microscopic examination.

Twelve fungi were successfully isolated,

isolates were identified by microscopic

The drop-slide

identification

b. Thin-agar-film technique.

MEA/TWA allowed to set.

Coverslip placed on

Fungal plug placed adjacent to thin

agar film.

Incubation in moist Petri dish

at 25 C for 12-36 h.

Microscopic examination.

purified and identified. These

included: VzvUzAJUUixm ipimiloium, AipvigMui nlugnA T>Uehodvma. ovUAo.,

FuiatUim ip.,

fioiern, ThamntcUum ip., Mucoa ip.,

Maintenance of the fungal

Eotny&Li ip., klteAnanUa ip., Vzncbiyphion ip., TfUchothzcUum
RfUzopui ip. and MofuU&aMa ip.

isolates was carried out on potato dextrose agar

slopes at 4 C with repeated subculturing every 3 months.

n



Chemicals.

All the Chemicals employed in this study were of AnalaR or best
available grade. Malt extract agar and Czapek®"s Dox agar were purchased
from Oxoid Ltd., Wade Road, Baskingstoke, Hampshire, England., and all the
other chemicals were obtained from either BDH Chemicals Ltd., Poole,

England., or the Sigma Chemical Company Ltd., Poole, England.

Fresh stock metal solutions were prepared for each experiment in
either distilled HMO or IM HC1l. Metal chloride salts were used in all
experiments unless otherwise stated.

Filters.

Filters used for harvesting mycelium were either Millipore HAWP
(pore size 0.45 pM, 47 mm. diameter) or Whatman 541 fast ashless filters
(7 cm. diameter).

Experimental pH.

The experimental pH for all work was 5.5 unless otherwise stated.

12



2.2.2. Toxicity tests on solid medium.

Metal toxicity was evaluated by monitoring the effects of added
metal on radial colony extension on plates. Toxicity tests were carried
out on a solidified glucose mineral salts medium. The medium composition
per litre was as follows: Magnesium glycerophosphate (C3H7MgOGP.2H20)
0.5g., (NHANSON 2.0g., KC1 0.5g., CaCl~.6170 0.25g., 2 (N-Morpholino) -
ethane sulphonic acid (MES buffer) 9.76g., glucose 20.0g. 0.1ml of the
trace element solution and 1.0ml of the vitamin solution were added per
litre also (See appendix for composition). Agar (Oxoid No. 3) was added
to a final concentration of 1.2% and the pH was adjusted to 5.5 using
saturated KOH. pH 5.5 was used to ensure that the added metals were
freely available in the ionic form and not hydroxylated as occurs at

alkaline pHs.

IM solutions of copper, cadmium, cobalt, manganese and zinc were
prepared in sterile distilled water from chloride salts of the metals.
After fTilter sterilising dilution series were prepared in the range 1-10 ™M.
Appropriate additions of the metal salt were made to molten GMS medium
to achieve final concentrations of 10, 100, 1000 and 10 000 pM. For ease
of comparison with the literature it was decided to convert the metal
concentrations to pg ml units and these represent the following
concentrations respectively for copper, cadmium, zinc, manganese and
cobalt: Copper 0.63, 6.3, 63.5, 635.0 pg mI*"1,
cadmium 1.12, 11.2, 112.0, 1120.0 pg ml 1, zinc 0.65, 6.5, 65.0, 650.0 pg ml"1,

manganese 0.55, 5.5, 55.0, 550.0 pg ml"1 and cobalt 0.59,5.9, 59.0, 590.0 pgml"

Seven fungi including P. ¢(plnuloutm, A. nig&i, T. vvUde., FiUCUuwn
«ip., BoftiytLi ip., MucoA ip. and T"u.chothe.CAwn Koieum were grown on GMS

for several days at 25 C. Three replicate plates were inoculated with

13



Swa diameter discs of mycelium for each of the metal concentrations.

The discs were placed centrally with fungal growth down to minimise
sporulation and growth from the original GMS disc. Plates were incubated
at 25 C until the colonies approached the edge of the plates. The

experiment was performed in duplicate.

Growth was monitored for a minimum period of 3 days for fast
growing fungi such as MuCO4. ip., or for upto 20 days for the slower
growing fungi such as T. tiOAeum. The linear growth rate was established
by measuring radial extension in 3 planes every 24h. and a mean growth
rate was calculated in mm day . Growth rates in the presence of added
metal were compared to control plates with no added metal and the results
are presented graphically as a plot of the percentage of the control

growth rate for metal addition, against concentration of added metal.

Toxicity tests on 2 different types of solid medium.

Cadmium toxicity was determined using the mycelial extension
technique on solidified GMS medium and on the medium used by Babich and
Stotzky (1977a) in the concentration range 1-1000 jig ml*1. The Babich
and Stotzky medium composition per litre was as follows: MgSO”™.71170 0.5¢g.,
KH2P°4 NaCl 0.5g., Mycological peptone 10g., glucose 20g.,

agar 15g9. The pH was adjusted to 5.9.

Four fungi including P. T. vinidz, A. ruge/i and
4p. were grown on GMS medium for several days at 25°C. Three
replicate plates of each medium were inoculated with 5nm discs of mycelium
for each metal concentration and incubated for several days at 25°C.
Growth was monitored in 3 directions and a comparison was made between

the 2 media to determine If medium constituents such as mycological peptone

14



influenced metal availability and subsequent toxicity. By using percentage
values of the control growth rates in the absence of added metal the
complication caused by the inherent differences in growth rates on the

2 different media was avoided. The experiment was repeated for copper

and with T. ViSuAt.

15



2.3. Results.
2.3.1. Toxicity tests on solid medium

Colony growth of all 7 fungi was typically linear in terms of
radial extension. The variability iIn growth rates between the fungi is
shown in table 2.3.1. For metal treated fungi, colony linear extension was
expressed as a percentage of the control growth rate (no added metal) of
the fungus in question on solid medium and plotted against added metal
concentration. The effect of copper, cadmium, zinc, manganese and cobalt
on growth is illustrated for P. ipZnuZoium, T. vinUAc, A. rugeA,
BotliytZi ip,, Macon, ip., Fuicuuum ip., and TnAchoihccAun noieum in
figures 2.3. 1-5. Radial extension of all metal treated fungal colonies
was linear in terms of expansion across the surface of the plate
expressed in units of mm day under all treatment conditions and in

control plates.

Copper
The degree of copper toxicity to the fungi was variable. T. oVUAc

was notably resistant to copper in comparison with the other fungi showing

slight inhibition at 63.5 pg ml and producing about 30% of the control

growth rate even at 635.0 pg ml . On the other hand T. KOieum appeared

to be particularly susceptible to copper since 6.35 pg ml’'1 was about 45%
inhibitory, and 90% inhibitory at 63.5 pg ml*1 Cu++. [Inhibition was
complete at 635.0 pg ml 1 for A. nZgeA, BoftiytLi ip., Mucon ip.,

FuiaAAum 4p ., and T. H.oiwm. Vcru.ciZLiim ipZnaZoium and T. \ZaaAc were
able to grow at about 28% and 30% of the controls at 635.0 pg mI"1.

The concentrations of copper which caused incipient (initial) and total
inhibition of growth were variable between fungi. For example, A. nig&i

did not grow at 635.0 pg ml but at 6.35 pg ml 1 showed greater growth

at about 80% of the control than did P. ipZmioium (i.e. at about 64%

16



of the control) which exhibited 28% of the control fungus at 635 vigml"1.
Many more examples of this phenomenon were apparent. Copper was generally

very toxic.

Cadmium.

Again the toxicity of this metal to fungi was variable. The
most resistant fungus, as observed with copper, appeared to be
TfiLchodefima VVU.de which exhibited about 55% growth as compared to
controls at 112.0 pg ml“1 Cd++ and 10% at 1120.0 pg ml*1. There
was a degree of inhibitions ranging from 80% for FuiafiLum ip. to
10% for T. VLAxde. at concentrations as low as 1.12 pg ml~1.
FuiVuum ip. and T. fioieum were generally the two most susceptible
fungi to cadmium. Slight growth was observed for T. vLfiLde,

P. ipLvuiLoium and A. yilgefi at 1120.0 pg ml 1 but this concentration

was completely inhibitory for 8otfiytli ip., MUCCfi ip., FuiafiLum ip.

and T. fioileum. As with copper, the concentration of cadmium which
caused incipient inhibition was not correlated with the concentration
which caused total inhibition of growth between different fungi.

Cadmium was much more toxic than copper to most of the fungi tested
under the conditions used experimentally, as shown by the fact that

the range of inhibition was much narrower than that shown with the other

metals.

Zinc.

Zinc apppeared to be generally less toxic than either copper or
cadmium. PenlLcX6.tlum ipLmloiunlwas apparently the most resistant fungus
tested at the higher concentration of 650.0 pg ml"1l and showed about 77%
of the control growth at this level of added zinc. TfiLchodefana vLfu.de

17



Fungus Growth rate (nm day

Micca ip. 115
TAlchodeAma viIAlde. 10.5
FuiaAlum ip. 5.7
BotAytii ip. 55
PencLtllum iplnuloium. 35
AipeAglZlui nlgeA. 2.2
TAlchethedum Aoieum. T.5
Table. 2.3.1.

Linear growth rates of filamentous fungi on solidified Glucose

Mineral Salts (GMS) medium.



also showed about 40% of the control growth at 650.0 yg ml*1_ FuiaSujum ip.
appeared to be inhibited by 30% at 0.65 yg ml“1 and 23% at 6.5 ygml*1, but
was affected to a lesser degree at 65.0 yg ml“1 with 40% inhibition than
was T. KOimm which only exhibited 21% of the control at the higher
concentration. 650.0 yg ml 1 was completely toxic to FuiaAAlun ip.,

T. KOiQum, BotfiytZi ip., tUucoA ip. and A. nZge/i, The phycomycete Muco- ip.
was apparently stimulated by low zinc concentrations showing 35% stimulation
at 0.65 yg ml and 36% at 6.5 yg ml although 18% inhibition was

recorded at 65.0 yg ml 1.

Manganese.

Manganese appeared to be a relatively non-toxic metal showing a
maximum of 10% inhibition at 0.55 yg mI Mn++. T. sioieum exhibited a
certain degree of susceptibility to manganese with 30% inhibition at
55ygml , 30% at 55 yg ml 1 and total inhibition at 550.0 yg mlI“1.
It is noteworthy that at 550.0 yg ml 1 manganese exhibited a wide range
of effects from total inhibition for MadOA ip. and T. tioieum, 80%
inhibition for FaiiVuirn ip., 33%, 22% and 18% inhibition for BotlijtLi ip.,
P. ip-inuZoium and T. vViZde. respectively, and an apparent stimulation of
21% for A. YigeA. This was the most wide ranging series of effects for
any of the metals tried. Manganese was also the only metal which had no
inhibitory effect on a fungus at the highest concentration tested. As
with the other metals tested there appeared to be no clear correlation
with the manganese concentration which was initially toxic and that which
caused more serious inhibition of growth between different organisms.
Manganese was the least effective metal tested overall in terms of growth

inhibition.
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FiQUAZA ZA 1-SHeavy metal toxicity to filamentous fungi on solid medium.

Linear extension

& control)

FiguAZ 2.3.1.

e P. ApinatoAum.
0 T. vifiidz.

1 A *UOM..

da Botnytu ip.
A Macoli 4p.

~ FuAciAiwn ip.

OT. sioazim.

copper concentration (Jigml 1).

Linear extension

& control)
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Linear extension

@ control)

Linear extension

@ control)

Heavy metal toxicity to filamentous fungi on solid medium.
e, P. iplnatoium; o, T. vixidz; m, A nigeA; a, BotAytLi ip.;

Micoa ip.; a, Fuicuuum ip.; 0, TAichothecium Aoieum.
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Cobalt.

Cobalt, like manganese, appeared to be a relatively inocuous metal

showing little toxicity upto 59.0 yg ml *W*_ With the exception of

FuicvUum ip .which showed 30% of control growth at 59.0 yg ml~1, the

other fungi tested were not inhibited by more than 25% at this

concentration. At 590.0 yg ml'1 however, all fungi were severely

restricted in growth except for T. virUde which exhibited about 38%

control growth and V. ipIlmloivm, which appeared to be the most resistant

fungus, showing 70% of the control growth. FtliarUum ip. was stimulated

by 0.59 and 5.9 yg ml Co by 12 and 10% respectively. At 59.0 yg ml'1

however, Fuiaruum ip. was the most susceptible fungus tested and this

confirms the lack of correlation between metal concentrations at which

metal toxicity is Tfirst observed and those at which inhibition of growth

is more serious for other fungi.

The general toxicity series for the metals tested was

Cd > Cu > Zn = Co > Mn +. The seven fungi were generally variable

in response to the metals but T. vlfu.de. often demonstrated a higher degree

of resistance whilst T. rioieum and FuiarUwn ip. were usually susceptible.

Toxicity tests on 2 different types of solid medium,

figures 2.3. 6-9 illustrate the effect of cadmium on surface growth

when added to GMS medium and the medium of Babich and Stotzky (1977a), of

P. iplmloim, T. vVude, A. yUgeA and Botnytli ip. in an attempt to

elucidate the influence of medium components on metal availability and

toxicity. There appeared to be no difference in cadmium toxicity to

T. vlru.de in the range of cadmium concentrations from 1-1000 yg mI"1 on

the 2 media used, but toxicity to P. ipirmZoium at 1.0 and 10.0 yg ml'1

and to Bot/iytii ip. at 10.0 yg ml' 1 Cd++ appeared to be less severe on



the Babich and Stotzky medium than on the GMS medium, Figure 2.3. 10

shows the effect of copper on the growth of T. Vv-iA™dz on the same 2 media,

Copper appeared to be more toxic at 63.5 pg ml”1 Cu++ on the GMS medium.
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Linear extension

Added cadmium (pgml *)

P. ip-Lruloium.

Linear extension

@ control)

T. viAide..

Linear extension

% control)

A. niaeA.

Linear extension

Added cadmium (pg-ml )
Bosujtll, Ay.

Linear extension

& control)

T. VviAside..

PIguA&A 2.3.6-10.
Cadmium and copper toxicity to
filamentous fungi on 2 types of
solid medium based on inhibition

of colony linear extension.

e , Cadmium in ©1S medium.

A > Cadmium in Babich & Stotzky
med fum.

O , Copper in GMS medium .

¢ , Coppper in Babich & Stotzky

medium.



2.4. Discussion.

Although the growth rates of the 7 fungi tested varied substantially,
the rates of colony extension were linear. The observed growth of the
surface colonies on solid medium was typical of growth of filamentous
fungi on solid substrates, since it is generally accepted that fungal
hyphae grow at a constant rate. According to Trinci (1971), growth rate
is linear and depends on the width of the peripheral portion of growth

where hyphal growth is exponential and about equal to the specific growth

rate.

In this section a rapid and effective technique was used for

monitoring the effects of heavy metals on mycelial growth of filamentous

fungi. The technique is of particular interest when screening tests are

performed on a number of metals and several fungi. Unfortunately, the

method was not universally applicable to all fungi since problems were

encountered during the study with fungi that sporulated profusely, or
produced irregularly shaped colonies. There is also the difficulty of

metal complexing agents in the medium with special reference here to the
agar complement. Furthermore, attempts to relate metal toxicity to
accumulation on plates is very difficult because of the problems in
separating mycelium from medium for subsequent metal analysis of the
hyphae although Gadd (1983), has approached the problem with a degree of
success. This author added metal salts to wells in the agar and monitored
inhibition zones. However, differential toxicities of copper, cadmium,
zinc, manganese and cobalt were clearly demonstrated in this study and some

observations on fungal resistance were made, even though there are

limitations of the method.
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The pH of the medium was 5.5 to ensure that most of the added metal
existed predominantly as the free divalent cation. Cadmium for example,
forms CdOH at pH 7.5 and CdCOH”™ at 9 (Babich and Stotzky, 1977a), so

pH is clearly of great importance in metal availability.

Manganese appeared to be the least toxic metal tested overall and
indeed was stimulatory with A. rugeA. Zinc and cobalt were also
relatively inocuous and variable in their effects on fungal growth but,
these were generally moderate. Copper was very toxic to most of the
fungi tested but cadmium proved to be the most effective in inhibiting

fungal growth.

Copper.
Although copper was demonstrated to be very toxic to most of the
fungi tested in this study, typically showing deleterious effects at
6.35 to 63.5 yg ml 1 T. \i-Oudz was able to tolerate 63.5 and 635.0 ygml=1Cu++.
It is interesting that this fungus grew rapidly at a rate of 10.5 mm day”1

in controls.

There is little data available on plate toxicity in the literature
for copper, but Babich and Stotzky (1983), reported that copper elicited
toxicity to AjpeAgiUilA CLVAp&& at 100.0 yg ml1"1 Cu++. By comparison,
the strain of A. YiigeA used in this study showed slight susceptibility to
copper at 0.635 yg ml 1 and was seriously affected by copper at 63.5 yg ml”1
shown by an inhibition of growth over controls amounting to about 45%.
Misra and Singh (1971), showed that copper, in the form of copper
containing fungicides such as Bordeaux Mixture, Blitox 50 and Fytolan was
variable in its effects on surface growth of fungi. Helinth.O{pofUjum

OAyza& was less susceptible to copper than KLteAncVujl. tzmuci, as shown by
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the fact that a higher copper concentration was required in
HeAn-Lnthoipotuum OHijzail to achieve the ED50 parameters shown by
MXeAnaJua. tenUAA. The authors attributed this to the fact that

H. OAyzae is a virulent pathogen whereas A. temiAA is saprophytic or
weakly pathogenic. On the other hand, the data of Smith (1977)
supported the suggestion that there is no correlation between saprophytic
and parasitic activity and sensitivity to trace metals in vitro, in

either plate testing using a solidified medium or in liquid culture.
Unfortunately, Misra and Singh (1971) applied copper in dosages of yg cm"2
it is difficult to make direct comparisons with the data obtained in

SO

this study.

Cadmium.
Cadmium was the most toxic metal tested iIn this study, often

becoming toxic at 1.12 ug ml 1 Cd . TLuchodeAma viAude showed the

greatest degree of tolerance at 112.0 ug ml'1l Cd++.

According to Babich and Stotzky (1977a),, 22 fungi could be

categorised as sensitive, moderately resistant and resistant in their

responses to cadmium. It is noteworthy that the authors classed T. VAlude

as resistant and A. ncgeA as moderately resistant and this is in

agreement with the results obtained in this study. The strain of T. tM/u.de

used by Babich and Stotzky showed 22% growth over the control at

10.0 Ug ml 1 Cd++ (Babich and Stotzky, 1977a, 1977b) and 26% growth as
compared to controls at added cadmium concentrations of 25.0 yg ml'1
(Babich and Stotzky, 1982). For the strain of T. VAlude used in this
study, 60% of the control growth rate was achieved at 11.2 yg ml'1l and
55% at 112.0 yg ml 1 so the “Keele®" strain appeared to be rather more
resistant. The strain of A. rugeA used by Babich and Stotzky showed

reduced growth at 10.0 yg ml Cd and was completely inhibited at

27



100.0 pg mlI 1 (Babich and Stotzky, 1977a, 1977b), and was inhibited by
17% at 25.0 pg ml"1 (Babich and Stotzky, 1982). In the strain used in
this study growth was inhibited by 33% at 11.2 pg ml"1 and 85% at
112.0 pg ml so this 1is in good agreement with published results.
Other studies (Doyle zJ] aZ, 1975), showed that growth of A. nJgzA was

initially reduced at 10.0 Vg ml in heart-infusion broth and totally

inhibited at 80.0 pg ml 1.

The very toxic nature of cadmium was also indicated by Babich and

Stotzky (1977a, 1977b) in that the exponential growth rates were reduced

by as little as 0.5 pg ml 1 cd++ in KgnobaztznjJum twmzia.cl.zm, and Uozan.dla

Con.aZLl.na. Other studies have shown increases in generation time of
Eizh.znA.zhJa ZOZJ) at 0.34 pg ml 1 Cd++ (Mitra Zt aZ, 1975). Although
this data for organisms other than filamentous fungi is not directly

comparable, it is interesting that in this study low cadmium levels of

1.12 pg ml 1 inhibited Euiandum ip. and T. noizum by 80% and 62%
respectively. Work by Babich and Stotzky (1977a, 1977b), suggested that
only 2 fungi were inhibited by 1.0 pg ml*1 Cd++ and this was by 8% in the

case of PznJzJZZ)jM vzAmizuZatwn and Botn.ytli zJnzAza. AwizobaijcLlum
paZZuZani was significantly inhibited by 2.2 pg ml*1 Cd++ as was
PzitaZotiopili ip. and PZzunophomzzZZa ip. (Smith, 1977), and Chaztomiwn ip.

by 1.5 pg mlI 1 Cd Cadmium toxicity to AuAZObaildlum puZZuZani was also

reported by Gadd (1983).

Zinc.
Zinc is a metal generally considered to be low in toxicity to fungi

(Somers, 1961). Whilst zinc is an essential metal required for the

activity of zinc containing enzymes such as glyceraldehyde 3-phosphatase,

cysteine desulphydrase and aldolase it appears to be moderately toxic.
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A degree of resistance was demonstrated in P. iplnuloium and T. viAlde

at 650.0 yg ml 1, and macoli ip. appeared to be stimulated at 0.65 and

6.5 ygml 1. Zinc reputedly inhibits respiration (Nickerson, 1946) and
growth of fungi (Smith, 1977). Work by Smith (1977), indicated that

linear growth of ChaeXomlum ip. was suppressed by 130.0 yg ml*1 as was
CladoipoAium ip. ; and Ghomonici platani, Eplcoccum ip. and PleuAophomella ip.

were inhibited by 265.0 yg ml*1 Zn++*

Babich and Stotzky (1978) showed that zinc at concentrations at up
to 65.0 yg ml 1 did not affect fungi but 650.0 yg ml*1 reduced mycelial
growth of PuioAlm iolanl, CunninghameUa echlnulata, A. nigeA, T. olulde
and completely inhibited Rhlzopui iolanl. Growth of A. nigeA was
inhibited by 50/ at650.0yg ml at pH 5.6, but the strain used in this
study was completely inhibited at 650.0 yg mI*1. Other work on zinc
toxicity (Babich and Stotzky, 1983) based on CO” output showed that zinc
had no effect on the lag period of A. nlgeA when added to soil at pH 4.9
or acidified to pH 3.2. Addition of 10 000 yg ml"1Zn++ to soil at both
these pH values resulted in increasing the lagperiod by 1 day.
Acidifying to pH 2.8 resulted in a 2 day extension of lag. The effect of
soil on reducing the toxicity of zinc 1is apparent here since
1000.0 yg ml did not affect growth but in Sabouraud dextrose agar it
was 50/ toxic at 650.0 yg ml . The role of pH is also of importance.
Jordan and Lechevalier (1975) showed that most fungi isolated in the
vicinity of a zinc smelter could tolerate fairly high doses of zinc.
Although minimum toxic levels ranged from 6.5 to 130.0 yg ml"1, most of
the fungi tested were capable of tolerating at least45.5yg ml land
exhibited 50% of the normal growth rate at this zinc level. This is in
fair agreement with the zinc toxicity levels at 65.0 yg ml 1 as shown in

this study.



Manganese.

Manganese appeared to be a fairly non toxic metal except at elevated
concentrations of 55.0 pg mI 1 Mn and above for most fungi, although
there was a certain amount of variability. TAJjC.hotheCMm Aoieim was
particularly susceptible to manganese showing toxic effects at
55 pg mi . Manganese has been reported to be essential for the growth
of A. ntgeA by Kisser et al (1980), and its main role is as an activator

phosphate transferases and decarboxylases.

AGP2AQLZEVA MQQIi was stimulated by manganese at concentrations
greater than 0.55 yg ml up to 550.0 yg mI . Babich and Stotzky (1981),
reported that AtpeAglihu COnoldeA was stimulated by 10, 50 and
100 yg ml 1 which is in good agreement with the results of this study.
Smith (1977) also observed that growth of AutLZobcLAidmm puthitanA was
promoted in the presence of 8.3 pg mI"1 Mn++. Stimulation of growth by
low concentrations of metal ions has also been shown for copper and
PcnictttMm 0chAochl0AONn by Stokes and Lindsay (1979), and for cadmium
in ScytattdMm ip., Pytlviim ip. and Victyuchui ip. (Duddridge and
Wainwright, 1980). Low cadmium concentrations also stimulated
Lactobacittui actdoplvitui and Stxeptococcui ;aecaZti (Doyle et at, 1975).
This phenomenon has been termed the Arndt-Schulz law of metal
stimulation (Lamanna and Mallette, 1953) and has been interpreted as a
requirement for more metal than is afforded by the normal micronutrient
levels in the media, or alternatively, it may be that the metal causes an
increase in cell membrane permeability which allows for a freer flow of
nutrients into the cell, with a concomitant 1increase in metabolic
activity. Smith (1977) interpreted growth stimulation in his linear

extension experiments as a result of the anionic fraction of the metal

nitrate supplement and not of the presence of the cation. In this study,
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the author used chloride salts as the anionic fraction but according to
Babich and Stotzky (1978) the influence of chlorides can be variable.
These authors reported that the toxicity of zinc to fungi, bacteria and
coliphages was unaffected, lessened or increased by the presence of high
concentrations of NaCl. The increased toxicity of zinc in organisms
where toxicity of zinc was elevated iIn the presence of high concentrations
of NaCl, was not a result of a synergistic interaction between Zn++ and
elevated osmotic pressures, but of the formation of complex anionic Zn-ClI
species that exerted greater toxicities than did cationic Zn++
Conversely, in organisms where zinc toxicity was reduced, the decrease
in zinc toxicity with increasing concentrations of NaCl probably
reflected the decrease in the levels of Zn , due to the formation of

Zn-Cl species, which was less inhibitory to these microbes than was Zn++.

Smith (1977), designated manganese as one of the broadest spectrum
growth suppressors for urban-tree phylloplane fungi. Babich and Stotzky
(1981) reported that fungi exhibited a wide range of sensitivities to
manganese. For example, Sc.opuZcuUop.it!> bntulcauZUi and AipeAgttZui
giguntcui showed incipient inhibition at 100.0 pg ml"1. AipeAgZZZui
rugeA, T. virUde. and P. vcAmZcuZcUum were inhibited at 500.0 pg mI"1
whilst a CcphaloipoAiim ip. grew at up to 1000.0 pg ml™1 and AipeAgliiui
cZavatui was unaffected even at 2000.0 pg ml 1 Mn++. The results of this
study show,some agreement with the data of Babich and Stotzky (1980).
The strain of T. vtitdc used in this study was inhibited by 10% at
549.0 pg ml and this is in agreement with the value of 500.0 pg ml 1
as reported by Babich and Stotzky for incipient inhibition. However,
the strain of A. nZgcA used in this study showed no inhibition even at
549.0 pg ml 1 and this probably reflects strain variation between the

two isolates used in the different laboratories. Smith (1977)

31



demonstrated that manganese toxicity in phylloplane fungi such as
Gnhomonta ptatani, PtmAophomelta ip. and AllAzobaitdtum puttutam became
apparent at 469.0 yg ml Mn and inhibition was more severe or complete
at 1311.0 yg ml 1. Some of the fungi used in this study, for example
FuiOAtum ip., MucoA ip. and T.AOieum appeared to be more susceptible to
manganese than in other published work but this may have been due to
factors such as design of the medium, that is, in terms of the presence
of components which could potentially complex added metals or of the
working pH. Alternatively, strain variation may have influenced results

which could account for anomalies between laboratories.

Cobalt.

Cobalt appeared to be an inocuous metal in terms of fungal toxicity
and only at concentrations of 590.0 yg ml 1 was it appreciably effective
in reducing surface mycelial growth with the exception of Fuia/uwn ip.

to which it was toxic at 59.0 yg ml * Co++.

There appears to be no relevant information in the literature on
cobalt toxicity on solid medium. Toxicity data is available however, for
cobalt in liquid medium with NeuAoipOAa CAOiia (Sivarama Sastry eX at
1962; Padmanabhan and Sarma, 1966 and Venkateswerlu and Sivarama
Sastry, 1970). From these investigations and earlier work by Healy zt at
(1955), cobalt toxicity has been elucidated with regard to the influence

++ ++
and Mg . The toxicity of cobalt was considerably enhanced by

o£]Te+
decreasing the normally high magnesium concentration in the medium.

Reversal of cobalt toxicity was possible with iron and magnesium, the
reversal by magnesium being due to a suppression of the uptake of the

toxic metal. Control of cobalt uptake was not apparent when iron was

the counteracting metal. Cobalt toxicity itself in this fungus, may be
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due to iron deficiency (Healy <U al, 1955; Adiga dZ at, 1961) or may
be a result of interference with mycelial haem synthesis (Padmanabhan

and Sarma, 1966).

Toxicity tests on 2 types of solid medium.

Although there appeared to be no difference in cadmium toxicity
to T. v-OIMId and A. niQdfL on the 2 media used, toxicity to P. ip-inu&0Oium
at 1.0 and 10.0 pg ml 1 Cd and to Bo&iytib ip. at 10.0 pg mI”1
appeared to be less severe on the medium used by Babich and Stotzky
(1977a), than on the GMS medium. This could indicate that at low
cadmium levels, some of the metal was unavailable due to complexing to
components in the Babich and Stotzky medium and thus toxicity of the
metal was reduced. Variation in the response of the different fungi may
be related to their scavenging abilities or competitiveness for metal
ions. A consideration of the medium constituents shows that the Babich
and Stotzky medium contains potential complexing agents in the form of
mycological peptone (%) and the presence of inorganic phosphate may

also lead to some precipitation of the added metal.

lon specific electrodes have been used by Ramamoorthy and Kushner
(1975) to study binding of Hg++, Pb++, Cu++ and Cd++ to bacterial growth
media and media components such as yeast extract, peptone, tryptone,
proteose peptone and casamino acids. They showed that all media and
constituents bound large amounts of mercury, copper and lead but not
cadmium. In this study copper toxicity was less severe at 63.5 pg ml”1 Cu++
in T. v-Oudd. in the Babich and Stotzky medium than on the GMS medium and
the results for cadmium were variable for different fungi. Ramamoorthy
and Kushner (1975) showed that the affinity of the medium components for

cations varied with the metal iIn question but in general the Irving-Willians
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series for cation affinity to organic ligands was followed with

++ ++ ++ ++
Hg >> Pb >> Cu >> Cd (Irving and Williams, 1948). The effects
of complexing of cadmium did not appear to be very serious in this

study, and this may be explained at least in part by the suggestion that
cadmium does not seem to be complexed to such a great extent because

of its low chelate stability constant. Fungi may have a high affinity

for cadmium and this should also be considered in this respect.



3. GROWTH OF FUNGI IN LIQUID CULTURE
3.1. Introduction.

As a prerequisite to metal toxicity testing and accumulation
experiments in liquid medium, it was considered necessary to assess
fungal growth parameters in liquid agitated culture. Although much of
the work on fungitoxicity of metal ions has been carried out on solid
medium or in liquid medium but with the use of spores as inoculum,
fewer workers have attempted to standardise a fragmented mycelium
inoculum. The latter technique was considered to be preferable however,
since interpretation of experiments which utilise spore inocula are
often complicated by the effects of metal ions on spore germination.
The aim of this section was to develop a standard inoculum preparation
and inoculation technique using mycelial fragments, and to develop a
method for estimating the mid-period of the rapid growth phase

reproducibly.

3.2. Materials and Methods.
3.2.1. Development of standard inoculum.

Three fungi were selected on the basis of their responses to heavy
metals, reproducibility of growth patterns and ease of handling. The
chosen fungi incorporated a range of tolerances to copper, cadmium and
zinc, had high growth rates with reasonably reproducible growth curves,
and were easy to handle in terms of mycelium fragmentation and spore
production for subculturing purposes. The identification of the fungi
employed was confirmed by the Commonwealth Mycological Institute as
Pzn*c<cttuim ¢p.inuf,oium Thom, A-ipeAg-iddui nigeA van T”eghem and

TAiahodeAma viAide. PeAA.
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Initially, 100nl GMS medium contained in a 250ml Ehrlenmyer flask
were inoculated with a 5mm diameter plug for each fungus from GMS plates.
These were incubated for a period of 5 days with shaking at 200 rpm, at
25 C. After the 5 day incubation period, the single mass of culture was
decanted into a sterile blender flask (MSE Atomix) and fragmented at full
speed for up to 2 minutes, with water cooling every 30 seconds to prevent
heating of the culture. During the fragmentation procedure, portions of
the culture were periodically removed for microscopic examination to
ensure adequate breakage and to monitor hyphae fracture, so that excessive
debris production could be avoided. Two minutes appeared to be the most
suitable blending time to achieve adequate breakage of the hyphae. The
density of the fragment suspension was adjusted with sterile GMS medium
so that a 1 in 20 dilution of the fragment suspension produced a reading
of 0.50 absorbance units (1cm light path)at 650nm on a spectrophotometer
(Pye Unicam SP6-400). The fragment suspension was then reinoculated
into GMS medium, initially using 5.0 ml of the inoculum for 100 ml of
the medium. Determination of the optimum inoculum size is dealt with
in the next section. After 60 hours of incubation at 25°C with shaking
at 200 rpm, subculturing was carried out into GMS medium using the
aforementioned techniques for the inoculum preparation. Fungi were

routinely subcultured 2 or 3 times before proceeding to experimental work.

Ne2-2, Determination of optimum inoculum density for 100 mI GMS medium.
Thirty 250 ml Ehrlenmyer flasks containing 100 ml GMS medium were
inoculated with 1.0 ml of a P. ;pimto&um fragment suspension prepared
as previously described. Twenty seven of the inoculated flasks were
incubated in an orbital shaker at 25°C. The contents of the 3 remaining

flasks were collected by filtration using Millipore filters which had

been dried for 18 hours at 105°C before weighing. The filtered fungal
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material was then washed by rinsing twice with 100 ml distilled water.

The Ffilter plus filtered material was then redried at 105°C for 18 hours
and the dry weight of the fungal material obtained. At 12 hour intervals,
3 replicate flasks were selected randomly from the orbital shaker and the
contents collected by filtration. (At low culture density Millipore
filters were used and at higher culture densities Whatman 541 filters were
employed). Mycelial dry weights were obtained at the time of inoculation
and at 12 hour intervals throughout the growth cycle. Growth was typically
complete within 96 hours. Growth curves were constructed by plotting

dry weight increase against time of incubation. The procedure was then
repeated but using 2.0 and 5.0 ml inoculum to determine the optimum
inoculum size for adequate and reproducible growth. The experiment was
then repeated for T. Yallido, and A. wlg& . The dry weight curves are

shown in Figures 3.3.1a, Ib and Ic and 1.0 ml inoculum volume appeared to
be appropriate and was used in all further experiments. It is worthy of
note here that growth during the rapid period of proliferation appeared
to be linear with time and exponential growth was not observed.

Hereafter, all references to the rapid phase of growth will be termed

linear growth.

3*2.3. Prediction of mid-linear growth phase of cultures.

To enable subculturing using mid-linear fungal cultures it was
necessary to be able to predict when a particular culture was in this
phase of growth. For each of three fungi growth curves were plotted using
the 1.0 ml inoculum density and the period of mid-linear phase was
estimated at 48-60 hours for all the fungi tested in the GMS medium

under standard incubation conditions. (See Figures 3.3.l1la, Ib and Ic).
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3.2.4. Summary of standard techniques for inoculum preparation, inoculation

and incubation.

Actively growing cultures in mid-linear phase were subcultured twice

in GMS medium prior to experimentation. Mid-linear phase fragmented

mycelium was prepared by homogenising cultures at full speed for 2 minutes,

with periodic cooling and microscopic examination. The optical density
of the fragment suspension was adjusted so that a 1 in 20 dilution with
fresh GMS medium produced a reading of 0.50 absorbance units at a 1 cm
path length. 1.0 ml of this suspension was routinely inoculated into

100 ml GMS medium and incubated for ﬂ)le required growth period at 25°C

with shaking at 200 rpm on an orbital shaker.
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3.3. Results
3.3.1. Determination of optimum inoculum density for 100 ml GMS medium.

The effects of varying inoculum size on dry weight curves for
P. bpiw.lobu.rn, T. \uAide. and A. nigeA are shown in Figures 3.3.l1la, lb and Ic
The most appropriate inoculum size was found to be 1.0 ml for the 100 ml
GMS medium volume. Although 2.0 ml inoculum showed little difference
in overall culture characteristics, the smallest feasible inoculum was
chosen for subsequent use. The use of 5.0 ml inoculum resulted in slight
increases iIn biomass production which appeard to be quite significant in
the case of P. bpi.rnloMm. The growth rate during the period of rapid

growth appeared to be linear and not exponential.

373,27 Description of growth morphologies of fungi in liquid agitated
cul ture .
a. Pznicittium bviruiobum.
After 2 minutes of homogenisation in the blender, fragments of
mycelium were produced which exhibited a small degree of branching.
Blending for a period in excess of 2 minutes resulted in a loss of

viability of the fragments.

A 1% inoculum level always resulted in pelleted growth. The pellets,
which were white in appearance, seemed to be of a non-coagulating type,
uniformly 2 to 2.5 mm in diameter by mid-linear phase and consisted of
a tightly packed centre surrounded by a layer of dense filamentous hyphae.
By mid-linear phase small fragments were observed to break from the pellets
and these remained discrete. Loose filamentous growth was never observed
in this fungus at pH 5.5 and no pigmentation was ever apparent in

submerged culture.
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It is important to note that the appearance of the cultures grown
in flasks was similar to that of batch grown cultures in the stirred-tank
fermenter (see chapter 7) at pH 5.5 except that there was more evidence
of fragment breakage from the pellets. At pH 3.5, (fermenter cultures)
pellets were not so compact and were smaller in diameter (about 1 mm),
and pellet breakage seemed more significant. At pH 2.0 (fermenter

cultures) growth was diffuse, often pulp-like and filamentous.

As shown in Figure 3.3.1la, the lag period in the flask batch culture
lasted from 0-24 hours, linear growth from 24-72 hours, and stationary
phase from 72-84 hours onwards. Fermenter cultures showed a similar
growth pattern (see chapter 7), Dry weight increase appeared to be
linear during the 24-60 hour period of growth. Maximal dry weights
achieved were about 6-8 mg dry weight ml 1 GMS medium in both flask

cultures (pH 5.5) and fermenter cultures at pH 5.5, 3.5 and 2.0.

Some variation in apparent growth rate basedon dry weight determinations
was observed between different batches of cultures inoculated from different
starter cultures. This was probably a reflection of the difficulty
encountered 1In preparing a standard inoculum although all reasonable
precautions were taken. Also it became apparent that fewer large pellets
showed an overall slower culture growth than did a larger nuiaber of
smaller pellets and the number of pellets depended on the state of the
fragment inoculum, so great care was required in standardisation. Even
so, some variation occurred. Fortunately, variation between cultures
in the same batch was less of a problem but nevertheless was occasionally

present.
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The effect of inoculum size on subsequent dry weight increase

during liquid culture of P. 6pinuloim, T. vjAjde. and A. rugen.

Dry wt (mgml ™)

FlguAe 3.3.1a

0, 1.0ml inoculum
1, 2.0ml inoculum
A ) 5.0ml inoculum

(for 100ml GMS).

Dry wt
(mgnmi ~)

Fjgusie 3.3.1b

Dry wt
(mgml 1)

Figure 3.3.1c
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b. TAichodMma vitiidz.
The 2 minute blending procedure for T. vVujdn produced fragments in
which no branching was apparent. Reasonable growth could be achieved even

if the blending was extended to 4 minutes.

In flask culture at pH 5.5 using a 1% inoculation density and
standard incubation, the fungus always appeared to be morphologically
diffuse, often pulp-like and filamentous. A small proportion of the
culture (about 5%) appeared to consist of agglomerations of mycelium with
hard packed centres so that the mycelium did not represent a homogeneous
suspension with respect to the medium. Overall, the culture was
filamentous and diffuse. The mycelium, which was white in appearance,
seemed to be morphologically similar at pH 5.5, 3.5 and 2.0 when grown

in the stirred-tank fermenter, and when grown in flasks (pH 5.5).

The lag period lasted for 12-24 hours, linear growth 36-60 hours
and the onset of stationary phase occurred by about 72 hours. The growth
curve is illustrated in Figure 3.3.1b. As with P. ip-imtoitum, growth
rates appeared to be somewhat variable between different batches of culture
when inoculated from different starter cultures, but significant variation
between cultures within a batch was not observed. Maximal dry weight
production was approximately 8 mg dry weight ml 1 GMS medium under all
the conditions tested (i.e. flask and fermenter cultures at all tested

pH values).

c. Kkip&Aci-iLLuU ruge/i.
Fragments produced after 2 minutes of homogenisation were branched.
The original starter culuture pellets from which the pellets were produced

appeared to be harder and more compact than those of P. (p-inLLtoilM. This
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resulted in the production of larger fragments for A. nige/i than with
P. Ap-inu-toium using the same blending duration. Blending for a period in

excess bf 2 minutes significantly reduced viability of the fragments.

A 1% inoculation density at pH 5.5 under standard incubation
conditions produced cultures consisting of often variably sized pellets
probably due to coagulation of fragments. The number of pellets per
culture was usually visibly fewer than with P. AptnaZoium cultures.

The number of pellets produced depended on the inoculum size, and an
inoculum volume of less than 1.0 ml resulted in a culture consisting of a
small number of very large agglomerated pellets, and this appeared to
result in poor biomass productivity. The pellets produced were typically
very dense and tightly packed, 1-4 mm in diameter with the majority
spherical in shape, although often undefineable shapes were present.

Loose filamentous growth was never observed at pH 5.5. Consistency of
pellet sizes was more apparent in the fermenter cultures with pellets
typically ranging from 0.5-2.0 mm in diameter, but they were very compact.
Occasionally, rudimentary reproductive structures were observed in
submerged cultures which were never apparent in P. ip-Lru-toMM or T. viftAde..
In all cultures the mycelium was initially white in appearance, but by the
middle of the linear phase of growth the mycelium exhibited orange
pigmentation, presumably due to the formation of carotenoid compounds.
Incubation at pH 2.0 in the fermenter, produced mycelium which was diffuse

but pigmentation was still observed.

As shown in Figure 3.3.1c, the growth rate was generally slower than
for P. ipU.nllZoium and T. v-UL-idz often with a longer lag period of 24-36 hours .
This was probably due to coagulation of fragments at the time of

inoculation so that fewer, larger pellets were produced, and hence the
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rate of biomass production was reduced. The final culture density

achieved was about 6.0 mg dry weight ml"1 GMS medium but varied in the
range 4 to9.0mg ml 1 depending on the pellet morphology. Linear phase

lasted from 36-84 hours after inoculation but again was rather more

variable than with either of the other two fungi tested because of the

heterogeneity in pelleting.
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3.4. Discussion.

Growth of fungi in liquid culture.

Quantitative growth data for a large range of fungi iIn submerged
agitated culture is not available. The three basic phases of the
idealised growth curve, lag, exponential and stationary phase as described
by Pirt and Callow (1960) for homogeneous submerged mould cultures, were
not recognisable in the fungi used iIn this study. In these studies
using P. (pZnuZo6iM, T. VAluxia and A. VtigoA, exponential phase was not
observed, and a linear increase iIn biomass was apparent during the rapid
phase of growth under the growth conditions used. This pattern of growth
is similar to that reported for FuiCVuum iolcLni in an aerated medium
(Cochrane, 1958), and is most likely to be due to the fact that the
mycelium was not homogeneously dispersed in the medium because of pellet
formation in P. iplmloium and A. rugeA, or mycelial agglomeration in

T. vvudz.

The phenomenon of fungal growth being limited to the terminal parts
of hyphae in surface colony culture is probably applicable to pelleted
growth also, except that the latter occurs in three dimensions. The
spherical shape implies that growth of the composite hyphae making up a
pellet is uniform and if the hyphal extension is linear, then the pellet
radius should increase linearly with time. Trinci (1970), found that
the radii of AipeAg”ctiui miduZani pellets increased in accordance with
the linear law. Emerson (1950) showed that the cube root of the volume
or mass of W(UIAoApoAa. ip . pellets increased linearly with time and indeed,
this was found to be true for P. (p4HUZOMM and A. nigQA (data not shown).
This cube root law has also been shown by Trinci (1970). Obviously, the
technique of volume measurement of biomass pellets was unsuitable for

T. v-Uude. which produced filamentous growth. For this reason it was
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preferred to use dry weight increase as a parameter for monitoring of
growth in submerged culture. This was also suitable for following the
progress of fermenter cultures. For all the fungi tested in this
investigation, lag phase was followed by the usual period of rapid

growth which will be referred to as linear phase hereafter.

Variation in the growth rates in liquid culture between batches
was undoubtedly caused by the variable inoculum and hence the pelleting
characteristics, but standardisation of a mechanical destruction technique
is clearly difficult. Although the fragment suspension was prepared in
a standard way and the optical density adjusted prior to inoculation,
these precautions could not take account of differences in fragment size,
fragment numbers and fragment viability between different inoculum
preparations. One of the main problems with the technique was that
inevitably mycelial debris was produced during hyphal breakage, and this
was difficult to quantify in relation to the viable component of the
inoculum. Plate counting techniques were avoided for a number of reasons;
one important point is that plate counting would not provide meaningful
data on the amount of mycelial debris because the method monitors living
material and does not take account of the fact that part of a fragment
might be viable with residual dead cell material attached as a result of
wall fracturing. Thus, this would not help in assessing the degree of
debris reliably. Another point is that a wholly viable fragment may not
necessarily behave in the same way as a fragment which consists almost
totally of dead material, so plate counting was considered to be
inappropriate in this context. One further point is that any data
obtained using plate counting would be retrospective, and therefore
would not be particularly useful in monitoring viability of inocula.

Furthermore, a methylene blue dye exclusion test used as a rapid colorimetric
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viability test as reported by Bonora and Mares (1982) for single celled
eucaryotic microorganisms, proved to be totally unsatisfactory for fragment
viability testing because of the variable non-viable component of viable
fragments which complicated results. The non-viable portion of fragments
resulted from cell wall fracture thus producing fragments containing

some viable cells together with some damaged wall material.

There is little information in the literature on the effects of
blending cultures since conventially processes involving filamentous
fungi have used spores as inocula. The use of mycelial fragments as
typical vegetative material was thought to be preferable to the use of
spores and this is supported by the work of Savage and Vander Brook
(1946) which showed that the Tfermentation properties of viable fragments
of a blended culture of PenACAILLum chAy.ioge.num were normal. The authors
were able to produce a blended culture with an increase in the number of
viable growth centres with little or no injury to their growth or
fermentative capacities. The objectives of this project were to
investigate the effects of heavy metals in terms of toxicity and metal
accumulation specifically on vegetative cells. Thus, a vegetative
inoculum had to be employed since the influence of heavy metals on spore

germination could give rise to ambiguous results.

As reported iIn the results section, inoculation of GMS medium with
a 1% inoculum charge of fragmented mid-linear phase culture led to the
production of different morphological growth characteristics for the
three fungi. PenicALUum ipAnuZoium always produced pelleted growth at
pH 5.5 which appeared to be non-coagulative and the pellets were uniform
in their size characteristics. TALchodeAmCL OAAule always produced loose

filamentous growth and A. nAgeA usually produced a mostly pelleted
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culture with often variably sized units. According to Pirt (1975)
little is known about the factors which determine whether or not mycelium

will develop in the stromatic or pelleted form.

It is likely that inoculum size is important in determining

patterns of pelleting, and it is generally recognised that high

concentrations of propagules lead to filamentous growth and low concentrations

lead to pelleted growth as reported for P. ChAyiogemm (Camici, et at, 1952)

Galbraith and Smith (1969) reported that pellets of A. nigeA were formed

from agglomerates of upto several hundred spores and that the number of

spores per pellet depended on pH. For hyphal units, pelleting will

depend on the interaction of hyphae at an early stage of growth and this

prevents pellet formation in non-coagulating cultures. For coagulating

forms such as A. rugeA, pellets are formed at all spore concentrations,

and this was confirmed for fragments in the strain used in this study

which showed no morphology changes at the different inoculum levels of

1, 2 and 5%.

In a useful review article by Metz and Kossen (1977) the effects

of agitation, pH, 02 tension and medium viscosity on pellet formation are

discussed. The accepted view on agitation is that the greater the

agitation the smaller and more compact are the pellets if they are formed.

In the experiments carried out in the fermenter with electronic

pH control (chapter 7) it is worthy of note that, although at pH 5.5 both

p. ip-inutoium and A. rugeA produced pelleted growth, this was not so

distinct at pH 3.5, and at pH 2.0 both organisms produced filamentous

growth. It is interesting that Galbraith and Smith (1969) working with

A. rugeA reported that at pH 5.5 coagulation and pellet formation was very
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pronounced whereas at pH 2.0 there was no evidence of coagulation.
Intermediate pH produced very small pellets. They reported that pH

had some effect on the spore surface properties and this may also be true
for hyphal fragments. The surface charge of the spore is reportedly
negative overall (Douglas eX at, 1959), but Galbraith and Smith (1969)
suggest that pH does not markedly affect this, and that it is more

likely that cell wall protein and carbohydrate constituents are
significantly influenced by pH. Metz and Kossen (1977) cited pH effects
reported for P. ChAyiogenum by Pirt and Callow, (1959). In P. Cfoiy&og<>nm
at pH 6, Ffilamentous growth occurred and at higher pH values pellet
formation took place. It is also noteworthy that Galbraith and Smith (1969)
reported that changing the pH from 4.5 to 2.1 had no effect on dry weight
increase in A. ntgeA and on the rates of glucose and ammonia uptake.

pH appeared to have no effect on biomass productivity in this study.
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4. DETERMINATION OF HEAVY METAL TOXICITY IN LIQUID MEDIUM.
4.1. Introduction.

The primary objective was to determine the levels of metal which could
be added to liquid medium without causing severe toxic effects. An
effective rapid screening technique was employed in section 2 of this
study for evaluating toxicity of heavy metals in solid medium to fungi.
However, the method is unsuitable for studying metal uptake in solid
medium because of the difficulty in separating the mycelium from the medium
for metal analysis. For this reason toxicity tests in liquid medium
were also performed, so that metal uptake in fungi growing in liquid
medium could be monitored, at selected metal concentrations which were not
seriously inhibitory to growth. Another aim was to determine if there was
any relationship between quantitative metal uptake and growth inhibition

in p. ¢pinuloiLun, T. vVudz. and A. nigun..

The metals chosen for study were selected because of their differences
in fungitoxicity based on observations from section 2 and also because of
their reputed ecological importance as discussed in the general

introduction.

The literature on metal toxicity in solid medium has already been
discussed but it is relevant here also. There has however, been a great
deal of work carried out on metal toxicity in liquid medium both in
relation to spores and mycelium, mainly because of the importance of
heavy metals in fungicides. Uptake of metals, toxicity, inhibition of
germination and antidoting has been extensively investigated with regard
to conidia as discussed iIn the general introduction. Toxicity of heavy

metals to fungal mycelia has also been studied in the last decade but to

a lesser degree.
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Parry and Wood (1958) reported toxicity tests using BotAytii ctnviza.
with copper sulphate and phenyl mercuric acetate in liquid media. The
toxicity of high concentrations of zinc has been reported by a number of
workers. Adiga it aZ (1961) demonstrated zinc toxicity in A. ntgeA.

The effects of zinc on NiIUAOApoACL CAQiia were demonstrated by Sivarama
Sastry it at (1962)and on A. ntgiA by Laborey and Lavollay (1973).

Paton and Budd (1972) indicated that zinc inhibited growth of WiOiOimo&poAa.
vaAZn”icta. by 90% at6500 pg ml Zn .Chandra and Banerjee (1973) reported
that Tfu.ihoph.yton AubAum was very sensitive to the action of lead, copper
and cadmium and toxic effects of zinc were also noted. The effects of
iron, zinc, manganese and copper on CiphaZothictum Aoiium causing pink

rot of apple was reported by Thind and Madan (1975). Okamoto and Fuwa
(1974) reported copper toxicity for P. ochAochZoAon, P. chAyioginum and

A. ntgiA. Dwivedi and Pandey (1977) reported toxic effects of iron, zinc,
manganese and copper for six soil microfungi in liquid culture. Smith
(1977) reported that there was considerable variation in growth inhibition
in urban—tree phylloplane fungi in the presence of cadmium, copper,
manganese, aluminium, chromium, nickel, 1iron, lead, sodium and zinc.

The addition of lead and cadmium to media supporting aquatic fungi resulted

n inhibitory effects, while zinc at relatively higher concentrations

showed no effect on growth (Duddridge and Wainwright, 1979). Inhibition
of growth of P. OihAOihZoAon at elevated copper concentrations was
reported by Stokes and Lindsay (1979). Toxicity of copper in HiUAoipoAa.
CSULbia, and the alleviation of toxicity by iron and manganese has been

reported by Venkateswerlu and Sivarama Sastry (1979).

Although toxicity assessment in terms of spore germination is

reasonably effective for fungicide screening it is not necessarily applicable
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to evaluating toxicity to vegetative mycelia, since spores are likely to
be different physiologically to mycelia. Clearly, care has to be taken in
relating the published effects of metals in fungi, particularly if
comparisons between spore and vegetative material are to be made because
of different media used, fungal strains tXc.., and tests really need to

be carried out prior to an uptake study under one®"s own experimental
conditions, until a single standardised toxicity test is devised and

accepted for general use.
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4.3. Resultsm

Copper.

The results for copper toxicity are shown in Figures 4.3.1a, lb and lc.
Copper became toxic at 6.35 pg ml 1 Cu++ and was totally inhibitory at
63.5 and 635.0 pg ml to P. Ap-iruiZo-ium. The response of T. o-iA-ide was
similar to that of P. ip-Lm.Zoium except that there appeared to be slight
growth at 63.5 pg ml and the inhibitionat 6.35 pg ml was not so
significant. A6peAg-Uhu> nigeA was unaffected by copper upto 6.35 pg ml-1
and slight growth was observed at 63.5 pg ml~1. kt>peAglliZiXI> rUgeA
appeared to be the most tolerant fungus tested with respect to copper in
liquid medium. This 1is in contrast to the situation on solid medium where
T. v-Oude demonstrated the highest degree of resistance. Copper toxicity
in liquid GMS medium was similar to that on solid medium in the case of
P. -ip-LnuZoium. However, copper was more toxic by a factor of ten to
T. vvUde in liquid GMS medium and also it was more toxic to A. n-igeA

in liquid medium.

Cadmium.

The results for cadmium toxicity are illustrated in Figures 2a, 2b
and 2c. Cadmium was severely toxic to P. ;pZmloiunl at 1.12 pg mlI"1 Cd++
with only 15% of the control dry weight being achieved after 80 hours at
incubation. TAlchodeAma o-tA-ide on the other hand, appeared to be much more
tolerant to cadmium than P. /p-inutoMun with toxicity not becoming apparent
until the cadmium concentration in the medium was 112.0 pg ml 1 Cd++.
Furthermore, there was still some slight growth at 1120.0 pg ml 1.
AApeAg-tZZui n-LgeA showed an intermediate response with cadmium showing
toxic effects at 11.2 pg ml 1 Cd . The reduction in growth observed at
11.2 pg ml 1 was very significant however, and no increase in biomass was

seen at cadmium concentrations of 112.0 and 1120.0 pg ml 1. Toxicity of
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cadmium to T. \)WA<L was similar on solid and in liquid GMS medium.
Cadmium however was more toxic to P. ipAnutoMWi by a factor of ten

in liquid GMS and a similar effect was seen with A. yilLgufi.

zZinc .

The results for =zinc toxicity are illustrated in Figures 4.3.3a,
3b and 3c. Zinc only became severely toxic to P. ip-inutouun at
650.0 ug ml Zn , although there was a slight reduction in growth rate
at 65.0 Mg ml . Zinc appeared to be slightly more toxic to T.v-OUdi
than to P. ip-inuZoium with 100% inhibition occurring at 650.0 Mg ml "1.
Zinc was most toxic to A. nlgeA at 65.0 Mg ml"1 in comparison to
P. ipinaloiim and T. vvdde.. At 650.0 Mg ml~1, zinc was 100% inhibitory
to A. nigeA. There appeared to be little difference between the levels
of toxicity to the three fungi tested when the zinc was iIncorporated into

the liquid or solid GMS medium.

When the metals were added to the liquid GMS medium prior to
inoculation, A. nigeA appeared to be the most resistant fungus to copper,
whilst T. vvUdz showed most resistance to the presence of cadmium.
Pznic~cttcwn iplmlooum however, was notably susceptible to cadmium.

With the exception of T. VtAidl cadmium appeared to be the most toxic metal
tested with all 3 fungi used. The exception for T. vvude. was that copper
appeared to be more toxic than cadmium since a relatively high degree of
tolerance was demonstrated with T. vinjjde. for cadmium. Copper showed an
intermediate level of toxicity whilst zinc was relatively non-toxic overall.
The three fungi showed different sensitivity series for the metals tested.
The toxicity series for P. ;pimloAum was Cd > Cu > Zn; for T.viAAdz

Cu >Cd > Zn and for A. nigeA Cd > Cu > Zn.
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iguaM 4.3.2a,2b,2c.

Effect of cadmium concentration on fungal pjomass

production in liquid culture.

Dry wt F-cguAa 4.3.2a
(mg ml )
= Control
A 0.11 yg;ml ~Cd++
01.12 pgml>1Cd++
® 11.2 pgml  Cd++
0O 112.0pgml ~Cd++
* 1120 pgml " 1Cd++
P. ¢pLruloium.
Dry wt
(mg ml )
HgAe 4.3.2b
T. vviide..
Time (h)
Dry wt
(mg ml
FIQUAZ 4.3.2¢

A. nigeA.



Effect of cadmium concentration on fungal biomass

production in liquid culture.
FiM/tE6 4.3.2a,2b,2c

Dry wt FIQUAZ 4.3.2a

(mg ml )
« Control

a 0.11 yg;ml”1Cd++
0o 1.12 pgml Cd++
m 11.2 pgml Cd++
0 112.0pg mI_1Cd++
A 1120 pgml_1Cd++

P. 4p~Lmto-ium.

Dry wt
(mg ml )

F-tguAe 4.3.2c

A. nigeA.



Effect of zinc concentration on fungal biomass

production in liquid culture.
UAM -3-3a,3b,3c.

Dry wt

(mg ml 1) Flgue. 4.3.3a

(]

Control

0 065 pgml ~
m 6.5 pgml

0 65.0pgml ~
a 650.0 pg m1

P. ¢pinuloAum.

Figure. 4.3.3b

T. vlAidz.

Time (h).



4_4._ Discussion.

In liquid medium copper appeared to be very toxic to P. ApinuZoAum
with inhibitory effects initially occurring at 6.35 yg ml”1 Cu++ and
inhibition being complete at 63.5 yg ml 1. TAichodeA/na. oiAide was
similar in its response to copper. KApeAgiUZmA nigeA appeared to be very
slightly more resistant than the other 2 fungi tested showing no appreciable
effect at 6.35 yg ml 1. It is interesting that copper appeared to be more
toxic to T. viAide. and A. nigeA in liquid medium than on solid medium
although there was no appreciable difference in relative toxicities for
P. ApZnuZoAum. This peculiarity may be related to copper complexing
effects by the agar complement in the solid medium which may reduce the
availability of metal to 7. VviAide and A. nigeA. It may also be possible
that P. ApinuZoAum is a more efficient scavenger for metal than either of
the other 2 fungi in such a way that the organism can compete with the
agar for added metal . One other possible explanation could be that it
is just not feasible to relate toxicity in liquid medium where the toxicant
is ambient, to toxicity in aerial mycelium (surface growth on plates)
where there is less contact with the metal ion and translocation effects

may be operative.

There are some conflicting reports in the literature on this matter.
Parry and Wood (1958) reported that toxicity of copper was lower iIn agar
media than in liquid media. Growth in 300.0 yg ml 1 Cu++ only occurred
at the air-medium interface so a proportion of the mycelium was in fact
aerial. Chandra and Banerjee (1973) also reported that TAiohophyton AubAum
only grew as a surface culture in liquid medium amended with 8.0 yg ml 1 Cu++
which appeared to be the minimum inhibitory concentration. This is about
the same degree of toxicity as observed in this study. For liquid culture

toxicity tests, Smith (1977), showed that copper caused no significant
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growth suppression at 8.7 yg mI"1 in A. pultulam, Chactomium ip
Epicoccum ipGnomonia platane or Putaliotiopiii ip., on solid

medium however, although the degree of toxicity for ChaeXomium ip,

was similar at 8.7 yg ml Cu , in the case of EpicOCCim ip, copper

was less inhibitory on solid medium only causing growth reduction at

18.0 yg ml Cu . This may be expected since the agar present in the
medium could complex the added copper, reduce its availability and hence
reduce its toxicity to the fungus. Alternatively, it may be a
characteristic of aerial mycelial growth in that there is less contact
with the medium and therefore the fungus may seem more resistant as a
consequence of the metal not being translocated along the hyphae. It is
interesting to note that Stokes and Lindsay (1979) showed that dry weight
production in O, 50.0, 100.0 and 1000,0 yg ml Cu was improved for

P. odnKochloKon under conditions of agitated incubation and submerged
culture, and uptake of copper was lower than in the static cultures which
exhibited surface growth. This lower uptake of copper in shaken culture
would explain the increased dry weight production, although one might have
expected shaking to increase copper uptake due to improved contact with
the copper containing medium. It would be difficult to explain however,
how increased contact with the ambient medium containing copper in liquid
agitated cultures, resulted in a lower copper accumulation, than in surface
growing colonies which have less contact with the medium. One possible
explanation is that the physiology and metabolism of the fungus is
different under the two incubation conditions such that increased medium
contact results in reduced copper transport. It may be that as a
consequence of better medium contact (and therefore of better contact
with the copper), copper transport is more finely controlled. In this
study using P. ipineloiam, T. oixidc and A. nigeA, the majority of the

metal and fungus combinations showed that metal toxicity was more severe
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in submerged culture in liquid medium, than in surface colonies on solid
medium. This suggests that more metal is accumulated under shaking
conditions, but it must be remembered that there was the probability of
reduced copper availability in solid medium owing to complexing by agar.
Surface growth of the P. OchA.OChloAon as observed by Stokes and Lindsay
(1979) occurred on liquid medium in the form of a pellicle, and not on an
agar-solidified version of their medium, so the experimental conditions

were not directly comparable to this study.

It is worthy of note here that Smith (1977) observed no stimulatory
effects of metals in liquid culture although it was a common feature on
solid medium. A parallel situation was observed in this study with the
three fungi used, and this also may bear some relation to possible

physiological differences in submerged and aerial mycelium.

Further work has been reported on mycelial copper toxicity to a
number of organisms, but care has to be taken in making direct comparisons
with the results observed in this study because of the different
experimental conditions under which the trials were performed, in terms
of medium, strains of organisms, the origin of the fungi used eZc.

In particular, care has to be taken when making comparisons with data

obtained on resistant organisms such as P. OchtlOC.kioA.on.

Okamoto and Fuwa (1974) reported that P. OchAOchZoAon grew well in
saturated copper sulphate whereas A. nZgeA was inhibited by 200.0 pg ml ~ Cu++
and P. chAyicge.nam by 100.0 pg ml \ These latter two organisms appeared
to be less susceptible to the presence of copper than the three fungi
studied under the conditions of this investigation, but careful consideration

of the experimental conditions of these workers, reveals that the pH



at which the tests were performed was 4.0. This may explain the lower
toxicity of the copper than was observed with the Keele strains of

P. iplmtoium, A. ntgeA and T. vtntde at pH 5.5, which would result in
greater copper uptake since there would be less competition for binding
sites because of the lower concentration of H+ ions at this pH. The
extreme resistance of P. OchAochtoAon was demonstrated by growing at
concentrations of copper up to 10 pg ml 1 Cu in the medium (Okamoto,

et at 1977).

Copper toxicity levels for various fungi, which were in reasonable
agreement with the levels observed in this study, were reported by Thind
and Mira Madan (1975). The authors reported that Ce.phatothzc.tjrn AOieum
grew at upto 10.0 pg ml Cu and total inhibition occurred at 100.0 pg ml"1
at pH 6.0. Stimulation was apparent at 1.0 pg ml"1. Dwivedi and Pandey
(1977) also showed that concentrations of copper in excess of 5.0 pg ml"1
inhibited most of the fungi he tested. Venkateswerlu and Sivarama Sastry
(1979) showed that copper was 50% inhibitory at 5.0 pg mI"1 to NeuAoipoAa
CAObia on a nitrate medium. Earlier work however, had shown that
80.0 pg ml Cu was 50% inhibitory on a normal nitrogen medium which
contained ammonium tartrate and 0.52% ammonium nitrate (Sivarama Sastry
et at, 1962, Venkateswerlu and Sivarama Sastry, 1973) which represents
a 16 fold decrease in toxicity over the nitrate medium (0.52% sodium
nitrate as the sole nitrogen source). The enhanced toxicity in the sodium
nitrate medium was apparently related to a decrease in nitrite reductase
activity. The N source in the GMS medium used in this study was amnonium
sulphate, but the levels of copper toxicity were similar to those with
sodium nitrate as the N source as reported by Venkateswerlu and Sivarama
Sastry (1979). Gadd and Griffiths (1978b) reported that a sensitive

strain of AuA.eobaitdtjrn puttutani was completely inhibited by
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130.0-540.0 ug ml Cu , although a tolerant strain grew at these levels

although 50% cell death occurred.

The results of this study showed that cadmium was severely toxic at
concentrations as low as 1.12 ug ml 1 Cd++ to P. iptnutoium whereas the
fungus T. otA-idi demonstrated a degree of resistance, growing well at
112.0 ug ml and some growth was apparent even at 1120.0 ug ml="1.
However, a doubling of the lag period was apparent at the higher
concentration. AipeAg-cttui ntgeA by comparison was intermediate in terms
of susceptibility to cadmium. Cadmium was more toxic in liquid medium to
P. ¢ptmiZoMim and A. ntgeA than in solid medium but the level of
inhibition was similar under both conditions for T. \)-Oude. According
to the Irving-Williams series for stability of chelates (lrving and
Williams, 1948) complexing of cadmium should not have been a serious
problem, but care should be taken when attempting to extrapolate data
on stability constants for metal complexes with oxine, dithizone and
various other substances as reported by the authors, to conditions in
microbial growth media which can be continually modified by the presence

of metabolising microorganisms.

Cadmium has been found to be a severely toxic metal by many other
workers. Abelson and Aldous (1950) showed that toxicity to EiC.hzAtc.hta.
COLL occurred in the range 0-20.0 ug ml"1 Cd++ but the inhibition was
reduced by the presence of magnesium at all concentrations upto
200.0 Ug ml 1 Mg . Chandra and Banerjee (1973) showed that the minimum
inhibitory concentration for cadmium to Txyc.hoph.yton AabAum was 15.0 ug ml~1,
but growth occurred only at the medium air interface with no submerged
mycelium. This degree of susceptibility appeared to be similar to that

exhibited by A. ntgZA as observed in this study. Smith (1977) showed
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that dry weights of fungi were reduced in comparison to controls in the
presence of 1.5 pg ml 1 Cd+ for CkaeXomtum ip., and Pzitatotiopiti ip.
Although cadmium was toxic in plate culture at 1.5 pg ml”1 to

ChaeXomtum ip., A. pultutani was susceptible only at 2.2 pg mI”1, and most
of the other fungi were unaffected by this level of cadmium in the
solidified medium. Cadmium then, was less toxic in solid medium
according to the data of Smith. Levels of toxicity at 1.5 pg ml”1 are
similar to the response of P. iptnutoium at 1.12 pg mI”1 in this study.
Duddridge and Wainwright (1980) showed that cadmium was toxic to three
aquatic fungi, ScytaLidtum ip., Pytklum ip. and Victyuchui ip. at

2.5 and 5.0 pg ml Cd . Cadmium is clearly a very toxic metal to most
fungi. At the opposite end of the spectrum is P. OchAOChLOAon which was
capable of tolerating 1000.0 pg ml 1 although it was totally inhibited

at 20 000.0 pg ml (Okamoto, Ct at 1977). It is interesting though

that the authors reported that spore germination was only inhibited at
20 000.0 pg ml 1 in this fungus. Miller and McCallan, (1957) reported
that exposure of the spores of NeuAOipoAa ittophita, MonLLcnta ;AucXtcota
or A. ntgcA van Tieghem to cadmium at a concentration of

5-40 000.0 pg of Cd per g of spores, for 0.02 hours and 2.08 hours had
little effect on spore germination. Only after 20-25 hours of exposure

to the metal was there significant inhibition of germination.

Zinc appeared to be the least toxic metal in this study. Toxicity to
P. iptnutoium and T. \UAtde. was elicited at 650.0 pg ml 1 Zn++ although
A. ntgeA appeared to be quite susceptible showing about 40% inhibition
at 65.0 pg ml 1 and total inhibition at 650.0 pg ml 1. Zinc toxicity was
marginally greater in liquid medium than in the solidified version.
The variability in metal toxicity to the three fungi tested in the two

types of medium suggests that these differences are more a function of the



different metal properties such as charge characteristics and ionic radii,
and not so much due to the submerged versus aerial mycelial growth forms.
For example, copper toxicity was more severe on solid medium to T. vvUda,
but cadmium and zinc toxicity were essentially similar on the two media for
this fungus. On the other hand, toxicity of copper to P. AptmitoAum was
similar in both media, but cadmium was more toxic in the liquid GMS

medium to this fungus. Thus there appears to be no clear relationship
between the toxicity of the three metals studied and the type of fungal

growth resulting from surface or submerged culture.

The relative toxicity of zinc to different fungi reported in the
literature is difficult to compare with the results in this study mainly
because there is no standard toxicity test medium. Problems are encountered
in comparing zinc toxicity in medium containing variable amounts of
magnesium, since this cation is intimately associated with the effects
of zinc. Adiga eX at (1961) and Laborey and Lavollay (1973) have reported
that zinc toxicity in A. nigeA manifests itself as a magnesium deficiency.
Laborey and Lavollay (1977) showed that Cd++ toxicity was related to
magnesium presence but they also implicated Ca++ in this phenomenon.

In the presence of high concentrations of magnesium, the toxicity of
cadmium was strongly reduced by calcium in A. ntgeA. Similar effects
were noted for A. ntgeA with interaction of cadmium, zinc and magnesium.

Zinc toxicity was antagonised by the presence of magnesium.

Sivarama Sastry eX at (1962), investigated the effects of increasing
the concentrations of zinc in a normal and minimal magnesium medium and
found that in medium containing 49.3 yg ml"1 Mg++ (normal) 200.0 yg ml*1 Zn++
could be tolerated by NeuAOipora CAa&ia (although there was 40.8%

inhibition of growth). In a medium containing only 5.0 yg ml 1 Mg++
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(minimal) a mere 25.0 pg ml 1 Zn++ caused a 41.95% inhibition of growth.
Thus reducing the magnesium content of the medium by a factor of 10,
caused an 8 fold increase in zinc toxicity. Although Fe++ also reduced
zinc toxicity, it did not reduce uptake of the metal as occurred with
magnesium. For the purpose of comparison, the magnesium content of the
GMS medium used in this study was 52.75 pg ml . The degree of zinc
toxicity on the GMS medium was not high, certainly not apparent at

25.0 pg ml Zn , and this may be due to the normal magnesium content
as shown by Sivarama Sastry et al, (1962). Abelson and Aldous (1950)
also reported enhanced zinc toxicity at 2.0 pg mI"1 to EicheAlchla eoli

in medium deficient In magnesium.

NeocoimoipoAa vailnfieeta appeared to tolerate higher zinc
concentrations than any of the fungi in this investigation since it grew
as well in 650.0 pg ml 1 Zn as in control flasks with 1.625 pg ml 1
and toxicity was only apparent at 6500.0 pg ml 1 as shown by a 90%
reduction in growth by Paton and Budd,(1972). Thind and Mira Madan (1975)
also reported that Ce.phcU.othecwm SiOieum mycelium and sporulation was

stimulated at upto 200.0 pg mlI 1 with only slight inhibition at

400.0 pg ml . Snith (1977) reported that zinc was toxic to Epteoccum ip -,
vhumonia platani and Peitalotcopili ip. at 130.0 pg ml in liquid media
but not to AuAeobailcUum pullularli. On plates however, this level of

zinc was toxic to A. pullularli and 265.0 pg mI"1 Zn++ was toxic to
Epieoecum ip. Duddridge and Wainwright (1980) showed that zinc had no
effect at 0-10.0 pg ml 1 on 3 aquatic fungi and that there was no
relationship to the amount of carbon or nitrogen in the medium. Zinc

uptake was reduced however, in the medium containing low C and N.

According to Okamoto et al (1977), zinc was very inocuous to P. och/ioehloxon

and spore germination wasnot inhibited at 10 000.0 pg ml 1 Zn++.



The authors were not able to establish the toxicity limit. Mycelial growth
however, was slightly reduced at 1000.0 pg ml"1 but at 100 000.0 pg ml~’1
inhibition still amounted to only 50%. Miller and McCallan (1957)

showed also that zinc on short exposure to spores, including those of

A. Yltgeli had no effect on germination. Even at a zinc loading of

100 000.0 pg g spores, 25.4 hours of exposure only caused 27% inhibition

of germination of NeuAO&poAa iltopivilta spores.

The general toxicity series for the metals used in this study for
P. 4plnuloium and A. ntgeA with Cd > Cu > Zn, and for T. vinidi with
Cu > Cd > Zn, agrees well with the general pattern observed by Horsfall
(1956), who reported the following series in order of decreasing toxicity:
Ag >Hg >Cu >Cd >Cr >Ni >Pb >Co > Zn > Fe > Ca.
The series published by Bedford (1936), for KtXcAYWujX tcmvii, and
Eotxyta, i$abac is similar except for lead and nickel. Treen-Sears ct at
(1984) reported the following series for R/t-tZ0pud javantcui:
Cu >Co > Ni >Mn > Mb. Zinc had no effect on growth.
For P. OchA.OCktoAon, Okamoto Ct at (1977) reported the following toxicity
series:
Hg >Ni >T1 >Co >Cr >Cd, >Pb, >Fe >Mn, >2Zn & Cu. It is apparent
that there are some major differences when highly resistant atypical
organisms are studied. Obviously, there does appear to be a trend for
normally susceptible fungi to metals, but the usefulness of these
toxicity series is limited since they are dependent on many factors
related to the metal, the fungus and the environment. Toxicity tests
do however serve a useful purpose as a prerequisite to metal accumulation
studies, and can sometimes be used to relate metal resistance to metal
uptake characteristics of particular fungi. The next section of this

investigation was a study of metal accumulation.
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The authors were not able to establish the toxicity limit. Mycelial growth
however, was slightly reduced at 1000.0 Ug ml"1 but at 100 000.0 Mg ml-1
inhibition still amounted to only 50%. Miller and McCallan (1957)

showed also that zinc on short exposure to spores, including those of

A. nigzA had no effect on germination. Even at a zinc loading of

100 000.0 pg g spores, 25.4 hours of exposure only caused 27% inhibition

of germination of UzuAO-ipoAa i-Uoplvita spores.

The general toxicity series for the metals used in this study for
P. €pImloMm and A. nlgzA with Cd > Cu > Zn, and for T. \JVUdz with
Cu > Cd > Zn, agrees well with the general pattern observed by Horsfall
(1956), who reported the following series in order of decreasing toxicity:
Ag >Hg >Cu >Cd >Cr >Ni >Pb > Co >2Zn > Fe > Ca.
The series published by Bedford (1936), for MtZAnaXia tznwts and
Bofriytu (,abaz is similar except for lead and nickel. Treen-Sears Zt at
(1984) reported the following series for Hktzopui javantauA:
Cu >Co > Ni >Mn >Mb. Zinc had no effect on growth.
For P. ozhAochtoAOn, Okamoto zt at (1977) reported the following toxicity
series:
Hy >Ni >T1 >Co >Cr >Cd, >Pb, >Fe >Mn, > 2Zn & Cu. It is apparent
that there are some major differences when highly resistant atypical
organisms are studied. Obviously, there does appear to be a trend for
normally susceptible fungi to metals, but the usefulness of these
toxicity series is limited since they are dependent on many factors
related to the metal, the fungus and the environment. Toxicity tests
do however serve a useful purpose as a prerequisite to metal accumulation
studies, and can sometimes be used to relate metal resistance to metal
uptake characteristics of particular fungi. The next section of this

investigation was a study of metal accumulation.



5. DEVELOPMENT OF EXPERIMENTAL PROCEDURES FOR METAL ACCUMULATION

EXPERIMENTS USING ACTIVELY GROWING FUNGI .

5.1. Preliminary experiments.

A number of preliminary procedural checks were performed prior to
metal accumulation experiments and these will be described initially.
These include the monitoring of metal retention by experimental apparatus
and filters, an evaluation of metal complexing capability by medium
constituents and metabolic products of the fungi secreted during growth
which would affect metal availability, and an evaluation of the influence

of the MES buffer on metal accumulation.

5.1.1. Glassware preparation.

All analytical and sampling glassware was soaked for 24 hours in
DECON detergent (2%). After rinsing in deionised water the glassware
was soaked in 21 reagent grade HC1 for a further 24 hours and then rinsed

with either deionised or distilled water.

5.1.2. Metal retention of experimental sampling apparatus.

Apparatus such as plastic centrifuge tubes and glassware was checked
for metal retaining qualities. The apparatus under investigation was
first filled with a metal chloride solution (copper, cadmium or zinc)
at concentrations of 1.0, 10.0 and 100.0 pg ml ~ metal prepared in either
4% HNSO™, distilled HM or GMS medium. The centrifuge tubes and
glassware were sealed with parafilm to prevent evaporation and left to
stand at room temperature for the duration of the experiment. Total
metal content of the solutions was assayed after 0, 24 and 96 hours by
atomic absorption spectrophotometry (AAS) to monitor for losses due to
absorption to plastic or glass. No detectable loss was observed in

centrifuge tubes, sample collecting flasks or in volumetric flasks



after the 96 hours duration of the experiment, as a further check the
apparatus was washed in 10% and no metal was detectable in these

rinses as established by AAS.

5.1.3. An evaluation of metal content of filters and their metal retaining

capac ities.

The digestion procedure used for filters was as described in
procedure B of the analytical methods committee (1967). Millipore
filters were dried overnight at 105°C, cooled in a desiccator and
weighed. Each filter was then placed in a separate flask containing
1.0 ml cone H2SO™(AnalaR grade) and heated to 400°C on a heating block
until charred. At this point 2.0 ml of 50% 272 added dropwise to
the flask after removal from the heating block. The samples were then
reheated until all the HZO/ had boiled off and the cone HZSO21 fumed.
Further additions of 272 were ma<ie if there was any evidence of residual
yellow colouration due to organics presence. The process was repeated
until the acid was colourless. After cooling, the sample vessel was
rinsed down with distilled 70 and the contents transferred to appropriate
volumetric flasks and made up to volume with distilled H*. The use of
this digestion technique enabled total metal content of the samples to
be established. The samples were analysed for copper, cadmium and zinc
using AAS to determine the basal metal content of the filters. The
procedure was repeated for the Whatman 541 filters. The Millipore
filters contained no detectable copper or cadmium, but contained
0.1 pg Zn g filter. Paper filters contained 0.48, 0.03 and 0.65 pg g *

dry weight copper, cadmium and zinc respectively.

As well as investigating the basal metal contents of the filters,

the ability of the filters to retain metal from filtered solutions was



monitored. 100 ml volumes of 1.0, 10.0 and 100.0 ug ml"1 solutions of
copper, cadmium and zinc chloride were prepared and filtered through
individual Millipore and Whatman 541 filters. The filters were then
washed vigourously by filtering a further 500 ml distilled H20. They
were then dried at 105°C overnight and weighed and subsequently digested
and assayed for metal as previously described. No copper or cadmium was
retained by Millipore filters but they did absorb zinc from the 100.0 ug ml
solution to attain a final total content of 0.86 ug Zn++ g"1 filter.
Whatman 541 filters retained no metal from the solution containing

1.6 ug ml_1 copper, cadmium or zinc, but absorbed zinc to attain a total
content of 1.09 and 1.33 ug Zn g filter from solutions of 10.0 and
100.0 ug ml Zn respectively. They also absorbed copper to attain

a final copper loading of 0.59 and 0.62 ug Cu++ g 1 filter from

10.0 and 100.0 ug ml Cu solutions respectively. Cadmium was retained
from a 100.0 ug ml Cd solution resulting in a concentration of

0.05 ug Cd g dry weight of the filter. As a consequence of the high
metal retaining characteristics of the paper filters, the use of Whatman
541 filters was restricted, and only Millipore filters were employed with
metal concentrations upto 15.0 ug ml 1 metal. Paper filters where used,
were not digested. Instead, the mycelium was scraped from them and used

directly in the metal analyses. The filters were then discarded.



5.2. Preliminary experiments.
Electrochemical and voltammetric analysis for the determination of
complexation capacities of medium constituents and spent medium.

5.2.1. Introduction.

Electrode measurements involve electron transfer which is the
measured parameter. Each oxidatxon state of a metal has a characteristic
electron transfer reaction which occurs at specific electrode potentials.
If there is more than one oxidation state of the metal ion, these can
therefore be distinguished by electrochemical techniques. Since
electrochemical measurements are restricted to soluble species of a known
oxidation state, they provide information on the distribution of species

within a particular solution. (Bond, 1980).

Two direct methods for determining the degree of metal complexation
to medium constituents were employed, direct current polarography (DCP),
and anodic stripping voltammetry (ASV). These techniques provide a
quantitative measurement of the free electroactive metal ion in terms of
the polarographic wave height or peak height, relative to standard wave
heights produced by standard additions so that a standard curve can be
constructed by plotting wave height against added metal concentration.

The techniques also provide the possibility for a qualitative evaluation
of complex formation, reversibility and irreversibility, complex
stability and ion spéciation by virtue of half-wave potential shifts

and the degree and direction of the shift.

Non-reversible complexes are characterised by a reduction in wave
height and a shift in half-wave potential, the bigger the shift in the
half-wave potential, the more stable is the complex, since more energy

rs required to bring about the reduction or oxidation of the electoactive



species. Reversibility of complexes can be demonstrated by utilising the

cylic scanning capability of most modern machines.

5.2.2. Materials and Methods.

5.2.2.1_Medium constituent complexing capacity and spent medium analysis.
Samples of MES buffer, magnesium glycerophosphate, (NHMNINSON, at

the same concentrations as in the normal medium were prepared and supplemented

with copper chloride to obtain a final concentration of 2.5 pg ml"1 Cu++

in 50 ml volumetric flasks made up with 10 M NaCl (AnalaR grade) solution

as the supporting electrolyte, and adjusted to pH 5.5 with saturated KOH.

A control 2.5 pg ml 1 Cu sample was prepared consisting of copper chloride

and 10_3 M NaCl only, again adjusted to pH 5.5 with saturated KOH or

strong HC1.

Similarly, samples containing the metabolic inhibitors sodium
azide, 2,4 dinitrophenol (2,4 DNP) and sodium monoiodoacetate were
prepared in the supporting electrolyte, to a final concentration of
1.0 mM. The sodium azide and 2,4 DNP were adjusted to pH 5.5, the
monoiodoacetate was adjusted to pH 4.0. Again, the final copper

concentration was 2,5 pg ml”1.

Samples of spent medium obtained from mid linear growth phase
cultures of P. ¢(pj.nuZo-6uin, T. VZA-cdc. and A. nZgeA were readjusted to
pH 5.5, and copper chloride and AnalaR NaCl was added to obtain a final
concentration of 2.5 P9 ml_l and 10_3 M respectively. Similar samples

were prepared for Zn and Cd at 2.5 pg ml 1 concentrations.

Sampled DCP using a dropping mercury electrode (DME) was performed

on a 174A EG and G PARC Polarographic Analyser connected to a static



mercury dropping electrode (SMDE). The initial potential was set at
-1.0 V to include the redox potentials for all 3 metals during a scan at
a rate of 50 mV sec 1 in the positive direction. The current range of

0.5 pA was found to be the most appropriate in this operation mode.
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5.2.2.2. Complexing capacity of spent medium during the growth of fungi.
Since mid-linear phase spent medium appeared to cause some
reduction in the availability of added metals, it was decided to monitor
the complexing of metals throughout the growth of the fungus to determine
if complexing could be related to the presence of secreted metabolites in

the medium.

This section of the work was performed on a Metrohm 663 VA Stand
with a static mercury drop electrode (SVMDE) coupled to a Metrohm 626
Polarecord analyser. Deoxygenation was carried out with oxygen-free-

nitrogen.

A series of replicate flasks containing 100 ml GMS medium were
inoculated in the standard manner using P. ripj.nLiZoium initially. At the
time of inoculation and at every subsequent 24 hours during the growth
cycle, 2 replicate flasks were selected and the mycelium collected by
filtration and then discarded. 20 ml of the filtrate was used in the

polarographic analysis. The sample was deaerated and then supplemented



with either copper, cadmium or zinc chloride solutions to obtain final

concentrations of 2.5 pg ml metal. Anodic stripping voltammetry (ASV)

was performed by employing a hanging mercury drop with linear sweep on

differential pulse mode 50. The scan rate used was 10 mV sec’l and

the current range was 5.0 pA. For copper estimations, the initial

potential was set at -0.40 V for cadmium at -0.80 V and for zinc it was

set at -1.20 V. Scanning was carried out in the positive direction, with

redox potentials occurring for copper at 0V, for cadmium at -0.56 V and

for zinc at -0.98V. The procedure was repeated for T. VAlvide. and A. nigeA

and the results are illustrated in figures 5.2.3.4. to 11 and

Table 5.2.3.1a and b.

5.2.2.3. The effect of pH on half wave potentials and peak height in
voltammetric traces.

As a control for the experiment on complexing capacity of spent
medium during the growth cycle it was considered necessary to check that
pH modifications did not influence the polarographic waves obtained in
the experiment. ASV runs in the positive direction were performed on
fresh GMS medium and 10_'3 M NaCl with added metal at a concentration
of 2.5 pgml 1 at pH 5.5 and 2.0. Any alteration in the wave parameters
at the two pHs would indicate that chemical modifications in the
electrolyte had occurred and this would render estimations of complexing
very difficult. If on the other hand, no changes were apparent in the
waves at the two pHs, then any alteration in the peak characteristics
must have been due to an actual change in the medium brought about by

fungal metabolism.



5.2.3. Results.

5.2.3.1. Medium constituent complexing capacity and spent medium analysis.
Figure 5.2.3.1. shows the DC polarographic waves for copper added

at 2.5 pg ml_l to control flasks (electrolyte only as 10 ’ NaCl), 50.0 mM

MES buffer, magnesium glycerophosphate and (NH") SO all prepared in

10_3 M NaCl as the supporting electrolyte. The identical traces showing

the same half wave potential and wave height suggest that there is no

complexing of copper by these medium constituents.

Figure 5.2.3.2. shows the DC polarographic wave for copper added
at 2.5 pg ml 1 to control flasks (electrolyte only), and also the waves
produced when metabolic inhibitors were added to the supporting
electrolyte containing copper. The traces demonstrate that 1.0 mM
monoiodoacetate had no effect on the half wave potential or peak height
although 2,4 DNP slightly reduced the half wave potential (slight shift
in the positive direction), and also increased the wave height slightly.
The most dramatic effect was seen with the addition of sodium azide to a
final concentration of 1.0 mM. The azide caused a reduction in wave
height by about 50% and also the half wave potential was shifted in the
negative direction indicating a more negative redox potential for the
copper which 1is attributable to the formation of a copper complex with

the azide.

Figure 5.2.3.3. illustrates the DC polarographic waves for copper
added at 2.5 pg ml to control flasks and to spent medium of mid linear
cultures of P. &plnufo&lun T. and A. rulgeSl. Complexing of the
copper 1is clearly demonstrated in all cases as shown by the significant

modifications in the polarogram parameters.
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FeguAz  5.2.3.1.

Medium constituent polarographic traces for copper.
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F-GUAE 5.2.3.2.

Polarographic traces for 2.5 pg ml"1 copper
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figuAd 5.2.3.3.

Polarographie traces for 2.5 pg ml®"1 copper prepared

collected at mid-linear phase of growth.

Control
sPent medium P.ip~nuZoAum
Spent mediun A. ni.gdA

Spent medium T. v-iAAde.
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5.2.3.2. Complexing capacity of spent medium during the growth of fungi.
Figure 5.2.3.4. shows the polarogram for GMS medium containing
2.5yg ml 1 Cu++. Figures 5.2.3.5-7 show the effect of increasing the

growth time in GMS medium (24, 48 and 72 hours) on the ASV waves produced

when copper was added at a concentration of 2.5 yg mlI"1. Figures 5.2.3.8-11

show results for cadmium and figures 5.2.3.12-15 for zinc. The figures
illustrated are for growth medium which had supported the growth of

P. ipZnuZoium, and although not shown diagrammatically, the effects
were identical for T. vitude. and A. nZgeA, and the effects after

72 hours of growth are shown in Tables 5.2.3.1a and Ib for all three fungi.

In Figures 5.2.3.4_-7 it can be seen that with increasing time
of support of growth for P. ipZmZo&um, the ASV peak for copper at
2.5 yg ml appeared to be modified especially at pH 5.5. At this pH,
the half wave potential was shifted in the negative direction and there
was a reduction in peak height as a consequence of microbial growth.
At pH 2.0 however, there was no shift in the half wave potential and only
a slight reduction iIn peak height was recorded. It seems that copper

was complexed at the higher pH of 5.5 but not at 2.0.

In Figures 5.2.3.8-11 it can be seen that with increasing time
of growth in the GMS medium with P. 4pZnu.Zo.iim, this resulted in
modifications of the ASV peak for cadmium but more so at pH 2.0 than at
5.5. At pH 5.5, there was no effect on the half wave potential and peak
height. At pH 2.0, there was a shift in the half wave potential in the
positive direction with a concomitant reduction in peak height. In the
case of cadmium, it seems that complexing effects were more important
at the lower pH of 2.0 and this may be of some importance in the
availability of cadmium at mid-linear phase of growth when the pH

i® reduced to 2.0.
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Figures 5.2,3.12-15 illustrate that increasing the period of

growth time in the GMS medium using P. ;plmlobum, resulted in

modifications of the ASV peak for zinc at 2.5 pg ml*"1, but as with cadmium,

the effect was more marked at pH 2.0 than at pH 5.5. This is interesting
because of the chemical similarity of zinc and cadmium. At pH 5.5,

there was a slight shift to the right (positive direction) in the half
wave potential and a reduction in peak height. At pH 2.0 there was a
more dramatic shift to the right (positive direction) in the half wave
potential and a bigger reduction in peak height, particularly after

72 hours of growth. Zinc availability may therefore be affected by

pH reductions to 2.0 during growth.

In Tables 5.2.3.1a and Ib it can be seen that the modifying
capacity in respect of the medium of all three fungi tested appeared to
be similar, in that spent medium from the 3 fungi produced similar
changes in the half wave potential shifts and peak height reductions for
the ASV peaks produced for 2.5 pg ml 1 copper, cadmium and zinc prepared

in spent medium which had supported growth for 72 hours.

5.2.3.3. The effect of pH on wave characteristics in voltammetric traces.
In Figures 5.2.3.16-18 it is shown that for copper, cadmium and

zinc reductions in pH from 5.5 to 2.0 in 10_3 M NaCl and fresh GMS medium,

resulted in no modifications in the half wave potentials and peak heights

for ASV traces produced at 2.5 pg ml 1 metal concentration.
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Complexing capacity of spent medium during the growth of fungi.
ASV waves for 2.5pgml 1 copper prepared in spent medium after supporting

growth of P. ip-inuloium.

-0.3v +0.15V
GMS controls showing same wave No change in waves after supporting
parameters at pH 5.5 and 2.0. growth for 24 h, pH 5.5 and 2.0.
-0.3v +0.15V
Half wave potential shift to left(-ve) As 48 h, but also slight reduction in

at pH 5.5 with reduction in peak ht. peak ht. at pH 2.0.



Complexing capacity of spent medium during the growth of fungi- ASV

-1
for 2.5 pg ml cadmium prepared in spent medium after supporting growth.

GMS controls showing same wave No change in waves after supporting
parameters at pH 5.5 and 2.0. growth for 24 h. at pH 5.5 or 2.0
"°-85v -0.35v -0.85V -0.35Vv

No change at pH 5.5 but slight right(+)As 48 h. but further reduction i

shift in half wave potential and peak ht. at pH 2.0.

reduced peak ht. at pH 2.0.
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-1
ASV waves for 2.5ugml zinc prepared in spent medium after supporting fungal

growth.

-1.2v -0.8v -1.2v -0.8v
GMS controls showing same wave No change in waves after supporting
parameters at pH 5.5 and 2.0. growth for 24 h. at pH 5.5 and 2.0.
figuAz 5.2.3.14 FxflaAe 5.2.3.15
48 h. 72 h.

-l.2v -0.8V

Half wave potential shifts to rightW Half wave potential shifts to right (+ve) at
at pH 5.5 and 2.0 and reductions in pH 5.5 and 2.0 with peak ht. reductions.

Peak ht. Shift most marked at pH 2.0. Most dramatic at pH 2.0.
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Table. 5.2.3.1a and 1b

Wave pattern modifications produced from 2.5 ug ml”1 metal solutions

prepared in spent medium utilised for fungal

Fungus

P. ipImloMm

T. olrudz
A. rugeA
Fungus

P. ipirulosum

T. olAlde

A. nlgeA

Metal

Cu++

Cd++

Zn++

Cu++
Cd++

++
zn

++
Cu

Cd

1

.Zn

Metal

Cu++

Cd++

Zn++

Cu++

Cd

zZn

Cu++

Cd++

Zn++

Half wave shift.

pH 5.5

- shift

No change

SI. + shift
SI. - shift
No change

+ shift

- shift

No change

+ shift

Half wave shift.

pH 2.0

No change

+ shift

+ shift

No change

+ shift
+ shift

No change

* shift

+ shift

growth for 72.hours.

Peak ht.

Reduced

No change

Reduced

Reduced
SI. red.

Reduced

SI. red.
Sl. red.

Reduced

Peak ht.

SI. reduced
Reduced

Reduced

Sl. reduced
Reduced

Reduced

SI. reduced
Reduced

Reduced



5.2.4. Discussion

At pH 5.5 there appeared to be some complexing of copper by

substances accumulating as a result of fungal growth. At this pH there

appeared to be little complexing of cadmium, although the zinc peak

suffered a shift in the half wave potential in the positive direction and

a reduction in wave height, suggesting that fungal growth had some influence
on the chemistry of zinc in the GMS medium, perhaps producing complexes

with different groups from those complexing copper.

At pH 2.0 copper did not appear to be complexed, although the
half wave potential for cadmium and zinc were shifted in the positive
direction. The results for copper were as expected with the spent
It was

medium causing some complexation at pH 5.5 but not at pH 2.0.

however surprising, to find that cadmium and zinc were affected in some way

at pH 2.0 and this is very difficult to explain. The fact that cadmium
and zinc were influenced by low pH in this way may affect the
availability of these metals in the GMS medium at the mid-linear stage of

growth when the pH of the medium is reduced to about 2.0.

As a check that pH itself did not cause alterations in the
characteristics of the waves, voltammetric runs were performed at pH 5.5
and 2.0 on lO-3 M NaCl and fresh GMS medium which had not supported the
growth of fungi. The rationale was that if the waves produced at the
different pH values on these media were the same, the alterations in the
waves in spent medium must have been due to a modification of the medium
as a result of microbial growth, and not as a consequence of some
chemical peculiarity of the electrochemical technique. In fact lowering
the pH in these two systems (fresh GMS and NaCl), had no effect on the

ASV traces so this appears to confirm that cadmium and zinc are in some way
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TabZe. 5.2.3.1a and Ib
Wave pattern modifications produced from 2.5 ug ml”1 metal solutions

prepared in spent medium utilised for fungal growth for 72 hours.

Fungus Metal Half wave shift. Peak ht.
pH 5.5
P. ApZnuloium Cu++ - shift Reduced
Cd++ No change No change
Zn++ SI. + shift Reduced
T. viAide Cu++ SI. - shift Reduc ed
Cd++ No change SI. red.
++
Zn + shift Reduced
. ++
A. nigeA Cu shift Sl. red.
++
Cd No change Sl. red.
++
.Zn + shift Reduced
Fungus Metal Half wave shift. Peak ht.
pH 2.0
P. ApZmtoAum Cu++ No change S1. reduced
Cd++ + shift Reduced
Zn++ + shift Reduced
T. v-Oude. Cu++ No change SI. reduced
++
Cd + shift Reduc ed
++
Zn + shift Reduced
A. nigeA Cu++ No change SI. reduced
Cd++ * shift Reduced
Zn++ + shift Reduced
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5.2.4. Discussion

At pH 5.5 there appeared to be some complexing of copper by
substances accumulating as a result of fungal growth. At this pH there
appeared to be little complexing of cadmium, although the zinc peak
suffered a shift in the half wave potential in the positive direction and
a reduction in wave height, suggesting that fungal growth had some influence
on the chemistry of zinc in the GMS medium, perhaps producing complexes

with different groups from those complexing copper.

At pH 2.0 copper did not appear to be complexed, although the
half wave potential for cadmium and zinc were shifted in the positive
direction. The results for copper were as expected with the spent
medium causing some complexation at pH 5.5 but not at pH 2.0. It was
however surprising, to find that cadmium and zinc were affected iIn some way
at pH 2.0 and this is very difficult to explain. The fact that cadmium
and zinc were influenced by low pH in this way may affect the
availability of these metals iIn the GMS medium at the mid-linear stage of

growth when the pH of the medium is reduced to about 2.0.

As a check that pH itself did not cause alterations in the
characteristics of the waves, voltammetric runs were performed at pH 5.5
and 2.0 on 10-3 M NaCl and fresh GMS medium which had not supported the
growth of fungi. The rationale was that iIf the waves produced at the
different pH values on these media were the same, the alterations in the
waves in spent medium must have been due to a modification of the medium
as a result of microbial growth, and not as a consequence of some
chemical peculiarity of the electrochemical technique. In fact lowering
the pH in these two systems (fresh GMS and NaCl), had no effect on the

ASV traces so this appears to confirm that cadmium and zinc are in some way
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coraplexed at pH 2.0 as a consequence of microbial modification of

the medium. Copper on the other hand, was complexed at pH 5.5 and

not at pH 2.0. Therefore, it seems that in the experiments which
investigate metal accumulation (nhext section) in actively growing

fungi where the pH during growth falls to 2.0 in mid-linear phase of
growth, copper availability ought to be increased at the lower pH,

but in the case of cadmium and zinc there may be some detrimental

change in availability possibly due to complexing to fungal metabolites.
This does not of course necessarily mean that the fungi cannot compete
with other complexing agents for metal ions and actually still

accumulate metal.



5.3. Preliminary experiments
An evaluation of the efficiency of MES buffer and determination
of its possible utilisation.
The objective of this investigation was to monitor the
effectiveness of the buffering capacity of the MES buffer at various

concentrations and to determine if the buffer is metabolised.

5.3.1. Materials and Methods.
5.3.1.1. Effect of MES concentration on pH profiles during active growth
of PdrucUJUu.m jum.
One litre Erhlenmyer flasks containing 400 ml GMS medium were
prepared and inoculated with 4.0 ml of a fragment suspension of
P. ¢pinu-Coium to assess the concentration of MES buffer required to
maintain the pH at 5.5 during the growth of the fungus. Each
experimental flask was prepared in triplicate and contained either

50.0, 100.0, 250.0 or 500.0 mM MES buffer.

Incubation was at 25°C with shaking. Every 12 hours for
60 hours of incubation, samples were removed in triplicate from the
flasks. At the early stages of growth 50 ml samples were necessary
because of the low density of culture, but as the biomass density
increased, progressively smaller samples were taken. The samples
were collected by filtration and the filtrate retained for pH
measurements. Figure 5.3.2.1. shows the effect of MES concentration

on the maintenance of initial pH with time in culture.

5.3.1.2. Determination of MES buffer utilisation by actively growing
V<i\ruxLUJLium 1 ipA.nutoium.
Two batches of 3, 1 litre flasks containing 400 ml GMS medium

were prepared, one batch containing 5.0 mg ml * glucose and the other
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batch containing 10.0 mg ml 1 glucose. The objective of this experiment
was to grow theP. iplmloAum until the added glucose became limiting,
and then to determine by means of a dry weight plot if the MES was
utilised as a substrate which ought to be depicted by a biphasic

growth curve.

Each set of 3 flasks was inoculated and incubated as described
previously, and sampled every 12 hours for dry weight determinations.
Figures 5.3.2.2a and 2b illustrate dry weight increase with time for
the two glucose concentrations, superimposed on plots for glucose
utilisation. A glucose assay kit (Sigma reagent kit No. 15 UV) was

used for glucose concentration determinations in the spent medium.

5.3.1.3. Glucose assay.

The glucose contents of the spent medium were assayed by
employing a spectrophotometrie technique based on the conversion of
glucose to glucose 6-P by ATP in the presence of hexokinase, coupled
with the subsequent reduction of NADP to NADPH. NADPH absorbs strongly
at 340 nM whilst NADP does not absorb at this wavelength. Thus, the
reaction can be followed by monitoring the change in absorbance at
340 nM since the formation of NADPH is directly proportional to the

glucose concentration.

The assay solution was used at 25°C for glucose estimations.
A 1:10 dilution of the spent medium using distilled H"O was carried out
to enable measurements to be made in the appropriate glucose
concentration range. After thorough mixing, 3.0 ml of the assay
solution were pipetted into a cuvette and the background absorbance

measured at 340 nM using distilled 70 as the blanking solution, in a
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Pye Unicam Spectrophotometer (Model SP6-400). 0.02 ml of the diluted
spent medium were added to the assay solution in the cuvette and carefully
mixed. The absorbance was read at completion of the conversion of

NADP to NADPH. The glucose concentration was calculated by subtraction
of initial from the final absorbance reading and multiplying by a
conversion factor.

( (Final-initial absorbance) x 4400).

5.3.2. Results.
5.3.2.1. Effect of MES concentration on pH profiles during active growth
of Piru/-LtLum ip~inaloium.

Figure 5.3.2.1. shows that MES at all concentrations tested
maintained the pH at 5.5 throughout the inoculation procedure (this
included the addition of 100.0 pL of the metal salt prepared in
1.0 M HC1l), and for the first 24 hours of growth. By 36 hours however,
the pH had fallen to around 5.0 in the presence of 50.0 and 100.0 mM
MES and by 48 hours the pH was between 2.0 and 2.5. The MES
concentrations of 250.0 and 500.0 mM appeared to be capable of
satisfactorily maintaining the pH at 5.5 for 36 hours, after which the
pH dropped to 5.0 in both cases by 48 hours of growth. 500.0 mM
MES was the only concentration which was able to maintain the pH
above 5.0 for the duration of the growth cycle. 250.0 mM MES was
able to maintain the pH at 5.0 until late linear phase, after which

the pH dropped to 3.8 after 60 hours of growth.

250.0 and 500.0 mM MES concentrations were considered to be
impractical for extended usage because of the prohibitive costs involved.
It was subsequently demonstrated that the pH at inoculation is crucial
for metal uptake as shown by experiments with electronic pH control
In a fermenter and this will be discussed in Chapter 7. It was decided

to use 50.0 mM MES to ensure that the pH was maintained at 5.5 during
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the inoculation procedure, since pH control during later stages of

growth did not appear to be very important in metal uptake.

5.3.2.2. Determination of MES buffer utilisation by actively growing

Peyyuc.-LLIMm Api.nuloium.

Figures 5.3.2.2a and 2b show the relationship between glucose
utilisation from an initial concentration of 5.0 mg ml"1 and 10.0 mg ml*"1
respectively, and biomass production in the presence of 50.0 mM MES.
Biomass production ceased in both cases after glucose depletion and
there appeared to be no evidence of a biphasic growth curve. It appears
therefore, that the MES was not utilised for biomass production after

the glucose had been metabolised.
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Time (h).
fiQUILZ 5.3.2.1.
Influence of MES concentration on the buffering of medium pH during

growth of P. iplmloiwm in GMS medium.

= i 50.0 nM MES

0> 100.0 mM MES
> 250.0 mM MES

*, 500.0 mM MES
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Glucose utilisation and biomass production by P. ip-LhuZoium from

initial glucose levels of 5 and 10 mg ml”1 in the presence of 50.0 mM MES

*.

»

Biomass production (mg ml

~y;
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).

8.0

F-iguAe. 5.3.2.2b

Initial
4.0
glucose

10.0 mg Y

2.0

Medium glucose content (mg ml *).



6. METAL ACCUMULATION IN ACTIVELY GROWING FUNGI.
6.1. Introduction.

The relationship between metal transport and fungal growth has
received very little attention. Jennings (1976) considered the
relationship between the rates of uptake or efflux which are measured
in resting mycelium and those which are present in growing mycelium,
to be initially the most important question. The problem is that flux
measurements have to be performed on non-growing mycelium since the
measurements of metal concentrations are difficult to relate to a
dynamic system. In fact most metal uptake studies are carried out on
resting mycelium, usually on resting exponential phase material, but
it is difficult to say for certain that comparisons of metal uptake
at this phase, between different organisms, 1is necessarily an accurate
representation of the truesituation for metal uptake for the whole of
the growth cycle. Also there appears to have been no comparative
study of uptake of metals in a large number of filamentous fungi or
of a variety of metals at a number of concentrations. Thus, a coherent
body of information has not been obtained under standardised conditions

to enable genuine comparisons to be made.

The toxicity experiments have so far indicated a range of
differential toxicities of metals and a range of tolerances of fungi
to the metals. It may well be that there is an intimate relationship
between metal toxicity and the quantitative amount of metal accumulated,
and this can best be investigated by performing a comparative study to
determine whether or not a relationship is consistent for all fungi.
The use of growing cells is more applicable than non-growing cells in
this respect, since it is easier to estimate the effects of toxic

metals on growing cells than on non-growing cells by observing the
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effects of metals on fungal growth. It is unlikely that resistance
would be conferred on all fungi by virtue of a reduction in metal
uptake, but it is certainly a possible mechanism for tolerance of high
concentrations of metal. This type of resistance has been reported by
Chopra (1971, 1975) for cadmium resistance of Sta.phyloe.ocaui auAeui
and for PzruxUtttumand AipeAgtitui ip. which can survive in saturated

copper sulphate (Basu et at, 1955; Starkey and Waksman, 1943).

The importance of studying metal uptake in growing organisms
has been reported by a limited number of workers. Copper uptake has
been studied in Eichzatohta cotl by Baldry and Dean (1980b) and the
authors showed thatthe stage of growth had a profound effect on metal
uptake. One reporthas appeared in the literature for metal uptake
in a growing yeast culture. Zinc accumulation in CandMla uZLtti has
been studied by Failla and Weinberg (1977) and the authors reported
that uptake was cyclic in terms of the growth cycle. Metal uptake in
Eugtzna ip. occurred specifically in lag-phase (Kempner and Miller, 1972).
Gadd and Griffiths (1978b) reported that copper uptake in the
polymorphic fungus AuAZObaitcUum puttutani peaked in lag-phase and

declined in exponential phase.

There is a limited number of reports for metal uptake in
growing filamentous fungi. Copper uptake has been studied in
P. oehAoohtoaon (Stokes and Lindsay, 1979), and in Vactyttum dzndtSioidzi
(Shatzman and Kosman, 1978). Magnesium uptake has been studied in
NeuAoipoaa CAOiia (viotti Zt at, 1971). All the authors reported that
uptake was influenced in some way by the stage of growth of the fungus
under iInvestigation. Venkateswerlu and Sivarama Sastry (1970) have

shown energy dependent cobalt uptake in growing suspensions of
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NeuAQipo™a CAOAia over a 2 hour incubation period. The authors however

chose to perform the experiments at toxic concentrations of the metal.

The primary objective of this section of the study was to carry
out a comparative study of copper, cadmium and zinc accumulation in
P. ¢(pimtoium, T. vVude. and A. nigzA at a range of metal concentrations,

throughout the growth cycle. Another aim was to investigate quantitative

uptake in relation to toxicity, to determine if there was a possible

trend towards metal exclusion iIn fungi which appeared to show tolerance.
It is important to note however, that organisms were not isolated

specifically for their resistance to metals.
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6.2. Materials and Methods.

Copper, cadmium and zinc accumulation in actively growing
cultures of P. ;pinulo&um, T. vInMz and A. rugeA was monitored by
incorporating metal chloride salts into the GMS growth medium prior
to inoculation. Metal uptake was measured during the growth of the

organisms tested.

6.2.1. Experimental procedure for metal accumulation study.

For each experimental run of one metal at a single concentration
with one fungus, batches of 72 replicate Ehrlenmyer 250 ml flasks
containing 100 ml GMS medium at pH 5.5 were used for the growth of the
organisms. Sixty of these experimental flasks were supplemented with
appropriate volumes of filter sterilised metal chloride salt prepared
in 1 M HC1 to obtain final concentrations of 1.0, 2.5, 5.0, 7.5, 10.0
and 15.0 pg ml 1 copper and cadmium, and 1.0, 5.0, 10.0, 20.0, 35.0
and 50.0 pg ml zinc. The volume of metal chloride added was 0.1 ml
to prevent excessive volume changes in the medium. MES buffer was
employed throughout these experiments at a concentration of 50.0 mM.
The metal concentrations chosen for iInvestigation were either non-toxic
(zinc) or toxic but non-lethal (copper and cadmium) as previously
demonstrated in toxicity tests in liquid and solid GMS medium.

Zinc was used at the higher concentrations because it was relatively

non-toxic.

The remaining 12 flasks served as control flasks and had no
metal addition. All flasks were equilibriated to 25°C before they were
inoculated. The flasks were inoculated simultaneously using 1.0 ml
of a fungal fragment suspension prepared from an actively growing
culture which had been subcultured twice. |Incubation was at 25°C with

shaking at 200 rpm in an orbital shaker.
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By sampling periodically throughout the growth of the cultures
for all the fungi, metals and metal concentrations tested, and monitoring
dry weight increases in controls and in metal supplemented cultures, an

estimation of the effect of metal type and concentration on growth could

be established whilst simultaneously quantitatively determining the amount

of metal bound to the fungus or accumulated at specific phases of growth.
The experiment was performed for all three metals at the specified
concentrations with the three fungi P. ¢plnuloium, T. viAlde. and

A. nigeA.

6.2.2. Sampling procedure.

At 12 hour intervals throughout the growth cycle of the fungi,
aminimum of 5 replicate cultures were randomly selected from the 60
experimental flasks and 2 from the control flask series. It is worthy
of note here, that one sample constituted a whole culture and 5 replicate
samples were therefore 5 individual but identically prepared cultures.
The biomass was separated from the growth medium by filtration onto
preweighed Millipore filters when the fungal density was low, or by
centrifugation at 4000 rpm when the density was high. Two, 100 ml
washings with distilled H"O were carried out for each sample.
Centrifuged fungal material was placed in preweighed acid washed
100 ml conical flasks. Each biomass sample was then dried at 105°C

for 18 hours and reweighed for dry weight determinations.

Initial samples at time O hours actually represented samples
taken after 10 minutes after inoculation. Each sample for O hour
sampling was staggered by 4 minutes at the inoculation procedure to
allow time for filter sampling. The spent medium from the samples

was also retained for analysis for metal content and for pH monitoring.
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This procedure was partly precautionary in that spent medium metal and
the metal content of the complementary fungal sample was used to
ensure that metal removal from the system was due to accumulation by
the fungus only, and not lost in other ways such adsorption to
glassware. These measurements also confirmed that the effective
concentration of the added metal did not increase due to evaporation
of water from the medium during incubation. In addition to this,
spent medium metal analysis provided a direct method of measuring metal
removal from the growth medium and was therefore a useful indicator
of metal removal and possible consequential metal limitation. This
was particularly important at the low metal concentrations with
effective metal accumulating fungi (e.g- 1.0 yg ml 1 Cu++ and

P. ip-LmiZoAum). By taking pH measurements information was provided
about buffer effectiveness and possible reductions in metal

availability during experiments due to pH alterations during growth.

6.2.3. Sample digestion and metal analysis.

The sample digestion method used was the H2S°47H2°2 tec’™n:*due

as described in procedure B of the Analytical Methods Committee (1967).

Sample digestion was as described iIn section 5.1.3. (Page 69).

After digesting, samples were assayed immediately for total
metal content by atomic absorption spectrophotometry (AAS) on a
Perkin Elmer Atomic Absorption Spectrophotometer model 280 using 4%
~N2®®4 as a blank solution. Standard metal solutions were prepared in
N HASON cases< Copper and cadmium weredetermined in the range
0-2.0 yg mI \ and zinc in the range 0-1.0 yg ml ~ since in these
ranges the relationship between metal concentration and absorbance

is linear.
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The spent medium samples which had been stored at 2°C were
assayed directly by AAS using GMS medium as a blank. This blank GMS
medium was normal GMS mediim but without the added complement of the
trace element solution. It is perhaps worthy of note here that the
contribution of the medium trace metal solution to the total copper
and zinc contents in flasks with added metal was very small.

The contribution of copper from the added trace metal solution was
not measureable on the AAS but a concentration of 0.17 pg ml** Zn++
was detectable in control flasks due to the zinc content of the
medium. These were regarded as negligible in comparison to the
concentrations of added metal. There was no cadmium present in the

trace element solution.

6-2.4. Influence of MES buffer on metal accumulation in actively
growing fungi.

The influence of 50.0 mM MES on metal accumulation in growing
fungi was determined by comparing uptake in buffered and unbuffered
systems. Thirty replicate flasks each containing 100 ml GMS medium
were prepared. A further batch of 30 flasks containing 100 ml GMS
medium minus the MES buffer were prepared. Each set of flasks was
adjusted to pH 5.5 before the addition of 0.1 ml of 10™ pg ml * Cd++
dissolved in 1 M HC1 to produce a final concentration of 100.0 pg ml * Cd++
The buffered flasks remained at pH 5.5 whilst in the unbuffered flasks
the pH fell to 3.2 on addition of the metal. All the flasks were then
inoculated with T. vVuAe. in the standard way and incubated under
standard conditions. Three replicate flasks were periodically removed
from the shaker upto 144 hours of incubation and the biomass collected
by filtration or centrifugation and then washed in distilled ~O.

Dry weights of the samples were obtained. Metal analysis was performed
to determine the cadmium contents of the mycelium and the pH was monitored

°f the spent medium immediately after sampling.
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6.3. Results.

"% Metsl accumu 1ation).)_ dry W3|8HE Qﬂ& pH pFO’II:\i Fes during growth

Figures 6.3.1.-45 show similar patterns for copper, cadmium

and zinc accumulation for all the concentrations tested with P. tplmtotum,

T. vvude. and A. rUgeA. The reduction in pH of the GMS medium during

growth of the fungi was directly proportional to the density of

biomass produced. The drop in pH to 2.0 was reproducible for all three

fungi by the mid-late linear phase of growth.

Accumulation of copper, cadmium and zinc at all the

concentrations tested with the three fungi appeared to be maximal £

during the lag phase of growth. The pH at this time was maintained

at 5.5. Following the high initial metal content there was an apparent

dilution of metal on a per cell basis during the linear phase of

growth which was initially very rapid as linear growth proceeded

suggesting that immediately after lag phase metal uptake was much j

slower or had ceased. Although there was a reduction in pH to about

2.0 during mid-late linear phase, the rapid fall in metal content *
/

occurred before this, during the end of the lag phase and early

linear phase. Therefore, the reduction in pH was unlikely to be a

significant factor in this metal reduction phenomenon since the pH was

normally above 5.0 at the time it occurred.

At very low metal concentrations it is possible that there

was total removal of metal from the system and that this could account

for the rapid reduction in metal content of the mycelium as growth

proceeded. This is possible in the case of P. bpinulobum and copper

addition at the low concentrations due to the effective copper-removing
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capability of the fungus (about 85% copper removal from 1.0 yg ml~’1
added copper). Cadmium and zinc removal on the other hand by the
in most cases, but the reduction phenomenon

three fungi was negligible

was demonstrated in all cases suggesting that the reduction was not a

result of metal limitation by depletion from the medium as a

consequence of fungal accumulation.

Key for figures 6.3.1 to 6,3,45.

« , mycelial metal content (yg g’1 dry weight).
A , pH.

m , dry weight (mg mlI*"1).
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63.1.-3

Copper uptake from 1.0 pg ml-1 Cu++ amended

by P

Copper content

(g g

dry wt)

in GMS medium

Tm»irude. t A nigeA.

"Dry wt
-mgmi
figuAZ 6.3.1
P. iplmloium.
Dry wt
(mg -ml *)

figufiz 6.3.2.

T. vvildz.

pH

figure. 6.3.3.

A. nige/L.

-1
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f-ajule. 6.3.4.

P. apinuZoiuni

figuAz 6.3.5.

T. wU.de.

PH

F-cQuAi 6.3.6.

A. hnigeA
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UAZA 6.3.

Copper uptake from 5.0 pg ml”1 Cu++ amended in GMS medium
by P. ¢(P'LnuZzo&um, T. \>IxUe & A. nigex.

Copper content

FjguXe 6.3.7.

P. AplnuloAum.

Time (h)
Copper content
(ugg dry wb) PH
tlguAe 6.3.8.
T. Yjju.de.
Copper content Time (h)
(g g dry wt)
Dry wt
(g nl 1)
Vjgaxe 6.3.9.
A. nigex.
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uAti 6

Copper uptake from 7.5 pg ml*1 Cu++ amended jn GMS med ium

by P. ¢(pinuZoium, T.

Copper content

(pgg 1 dry wt)

vifude & A. nigeA.

pH

5.0

m4.0

FlguAe 6.3.10

- 3.0
- 2.0

-1.0

P. ipinulo&um.

pH

n5.0

—

-4.0
FiguAe 6.3.11
u3.0

-mln

-2.0

-1.0

aia™

. v¢fude..

‘Hyyr.n

FiguAe 6.3.12

-2.0

. 1.0

A. rugefi.
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Copper uptake from 10.0 ug ml"1 Cu++ amended in GMS medium
by P. Ap+nuloAum, T. vvUde. i A. nlgeA.

Copper content
(ug g 1dry wt)
HouXIA 6 PH

FiguAe 6.3.13

P. Ap-inuZoAum.

FZguAZ 6.3.14

T. WuAd.

Copper content

(ug g dry wt)

Dry wt
(mg ml 1) po

Figure 6.3.15

A. nigHA
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Zinc uptake from 10 pg ml®"1 Zn++ amended
by P. AptmUoAum, T. vlruAe. & A. hlgqa.
Zinc content

in GMS medium

PH

F-igum 6.3.16

P. Ap-inuZoium.
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figiHU 6

Zinc uptake from 5.0 pg ml 1 Zn++ amended in GMS medium

by P. ipinuloium, T.

Zinc content

vvudo. i A. ncgeA.
PH
figuAZ 6.3.17
3.0
P. bpimlomn.
pH
TiguAe. 6.3.18
T. vi/udz.
Dry wt
-1, PH
7.0
-5.0 FlguAz 6.3.19
u3.0
-1.0
A. rugeA.
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Zinc uptake from 10.0 pg ml"™1 Zn++ amended

by P. ¢(piwl.obum, T. vitide, i A. nigeA.
Zinc content
(pg g 1 dry wt) Dry wt
X (g ml-1)
figuAlb 6.3.20-22
2000 .A \ / 7.0
¢ \ \ T
1000 \ _ 4_ ma
3.0
_ _ - o o e N 1'0
12 24 36 48 60 72 84 96 108
Zinc content
Time ()
(bg g 1 dry wt) Dry wt
7.0
2000 \ I
V
1000 50
\ -
1.0
12 24 36 48 60 72 84 96
Time (h)
Dry wt
Zinc content (mg mI 1)
(bg g 1 dry wt)
7.0
2000 -
5.0
1000 3.0
0' 1.0
12 24 36 48 60 72 84 96 108

in GMS medium

pH

FiguAe. 6.3.20
P. ¢pimiobum.
FiguAe. 6.3.21
3.0
1.0
T. vinidi.
4.0

FiguAe. 6.3.22

A. nigeA.
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The effect of pH on the half wave potential and peak height in ASV

(Scans in positive direction).

modifications with changes

Ftive 5.2.3.17.

ASV waves for 2.5pg:ml*1l Cd++ in
-3
0O M NaCl and fresh GMS medium

at PH 5.5 and 2.0. No change in the

ale characteristics were observed with pH.
85
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Zinc uptake from 20.0 pg ml-1 Zn++ amended in GMS medium
by P. ;pdmlotum, T. virude. & A. nigeA.

figwMA 5.3.23-25 Dry wt
(mg m % PH

Zinc content

7.0 5.0
4.0

5.0 FlguAe. 6.3.23
- 3.0
3.0 - 2.0
1.0 = 1.0

P. ip~nuloium.

pH
5.0

4.0

TIQUAZ 6.3.24
- 3.0

- 2.0

1.0

T. vvudz.

pH
5.0

4.0
F-tguAe 6.3.25

.3.0
.2.0

1.0

A. ncgeA

Time (h)
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Zinc uptake from 35.0 pg ml”1 Zn++ amended
by P. ¢pimlotum, T. vviide & A.

Zinc content

(ug g 1 dry wt)
figuAM 6

Zinc content

(ug g 1 dry wt)

Time (h)

112

nigeA.

Dry wt

Dry wt

PH

5.0

4.0

3.0

2.0

1.0

pH

5.0

4.0

3.0

2.0

1.0

pH

5.0

4.0

3.0

2.0

1.0

in GMS medium

FiguAe. 6.3.26

P. Ap-Lru-igviim.

F-LguAe 6.3.27

T. vvu.de..

F-t"im 6.3.28

A.

nigeA.
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Zinc uptake from 50.0 yg ml
by T.VVvLdi

FiQUHH 6.3.29

Zinc content

(&g g 1dry wt)

113

Zn++ amended

Dry wt
(ng ml )

in GMS medium

T. Vi/uA<L.
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Cadmium uptake from 1.0.ug ml"1 Cd++ amended
by V. ¢plnuloium, T. vi>Udz & A.

Cadmium content

Qig g dry wo)
JJutEa 6.3.30-32

114

nigeA.

Dry wt
(mg ml 1)

5.0

2.0

1.0

in GMS medium

PH
5.0
4.0
figuA& 6.3.30
3.0
« 2.0
«1.0
P. ¢plnuloMim.
pH
5.0
4.0
FiguAe. 6.3.31
n3.0
. 2.0
1.0
T. vlALdz.
PH
-5.0
-4.0
figuAH 6.3.32
- 3.0
-2.0
-1.0

A. nigeA.
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Cadmium uptake from 2.5 pg ml*1 Cd++ amended

by P. ¢pinuloium, T. virUdz & A. nigzA.

iyuuM 6,3.33-35

Cadmium content

115

PH

5.0

4.0

3.0

2.0

1.0

Dry wt
pH
150

140

-30

. 2.0

ml.0

Time (h)

Dry wt

in GMS medium

FHguAz 6.3.33

P. ip-inuZoium.

ViguAz 6.3.34

T. vjjvidz.
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Cadmium uptake from 5.0 yg ml'"1 Cd++ amended in CMS medium
by P. ¢pZmloiujn, T. v-cfUde. i A. nigeA.

Cadmium content

(g g dry wb
figuAM i -3-36-38

Cadmium content

Cadmium content

Dry wt
F-tguAe 6.3.36
P. ¢pinuloium.
Dry wt
1,
pH
F-cguAe 6.3.37
T. u-tAcde.
Time ()
7.0 4.0
tiguAe. 6.3.38
1.0
A. nigeA.
Time (h)
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Cadmium uptake from 7.5 pg ml"1 Cd++ gmended
by P. ipimloium, T. viAvie. i A. nigeA.

Cadmium content

(g g 1 dry wb) Dry wt

Dry wt
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in GMS medium

FIQUAZ 6.3.39

P. OpAmIOMM.

PH

F¢;guAe 6.3.40

T. vvUde..

F¢QuAi 6.3.41

A. rUgeA.
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Cadmium uptake from 10.0 yg ml™1 Cd++ amended in CMS medium
by P. ¢(p-imZoAum, T. vvude i A. yUge/1.

Cadmium content

(g g 1 dry wt)

fiuali 6

Cadmium content

(kg g 1 dry wt)

Cadmium content

(g g 1 dry wt)

118

PH
2.0
FcguAe 6.3.42
1.0
p. ipimiloiim.
Time (h)
Dry wt
(mg ml 1)
7.0
5-0 PlguAe 6.3.43
3.0
1.0 T. vvu.de.
Time ()
Dry wt
(mg mlI 1)
7.0
5.0 PiguAe 6.3.44
3.0
1.0
A. nigeA.
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Cadmium uptake from
by P. ¢pi.nuZoAu.rn,

Figute 6.3.45

Cadmium content

15.0 ug ml' 1 Cd++ amended in GMS medium

Dry wt

Py
-5.0

-1.0

P. ApinuZoAum.
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6.3.2. Mid linear phase metal contents of actively growing fungi.

Table 6.3.1. 1illustrates that copper accumulation appeared to
be greatest in P. 1ipCHUZoiutn with a mid-linear phase copper content of
2758.8 (+ 177.0) pg Cu g * dry weight of the fungus accumulated from a
GMS medium with copper added to a final concentration of 10.0 pg ml -
The copper contents of P. ipZmloMim at mid-linear phase were proportional
to the concentration of added copper in the medium, but not directly, as
shown by an appreciable rise in copper content at 7.5 and 10.0 pg mI"1 Cu++
and this may be related to the fact that copper started to exert toxic
effects at these concentrations. Thus, copper levels may have been
elevated due to cell membrane damage and subsequent binding of copper to

cellular constituents.

Uptake of copper in T. v-iAtdz was similar to that for P. ipinaZoium
at 1.0 pg ml 1 with copper contents at 151.6 (x 10.2) and 172.9 (* 10.2)
pg g dry weight respectively. At copper concentrations of 2.5 pg ml 1
and above the metal content of T. VAAcdd was significantly lower than in
P. ip-inu.toiim. There appeared to be no proportionality in the amount of
copper accumulated with concentration, for example, at 1.0 pg ml 1 Cu++
more copper was accumulated than at 2.5 pg ml 1 (151.6 to 97.9 pg g 1
dry weight) and at 5.0 pg ml 1 Cu more copper was accumulated than at
7.5 and 10.0 pg ml 1 Cu . The amount of copper accumulated from 1.0 and
10.0 pg ml (151.6 and 201.3 pg g dry weight respectively) was

similar, in contrast to the situation with P. ip-tnuZoAum.

AipeAg-LZZai rugeA accumulated less copper from equivalent
concentrations than did P. 1SpZnuZoAum at all the copper levels tested
but the comparison with T. V¥m (L was not so simple. At 1.0 pg ml 1 Cu
A. nZge/L accumulated less copper than did T. VAALdz but at 2.5, 7.5 and

i
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Table 6.3.1.
Copper, cadmium and zinc contents of P. ¢pj.nulo.ium, T. vVu.de. and A. nlgeA

when grown in GMS medium with added metal, at mid-linear phase of growth.

Metal ~ Metal concentratior pycelial metal content in mid-linear phase

@ug .miI*1) (yg g 1 dry wt).

1.0 172.9 (*10.2) 151.6 (*10.2) 82.2 (£2.1)

2.5 470.8 (*22.1) 97.9 (*3.3) 151.0 (9.1)
Copper 5.0 527.6 (*19.1) 329.6 (*9.2) 181.0 (#18.1)

7.5 1123.0 (*88.5) 219.6 (*19.6) 421.8 (*44.3)

10.0 2758.8 (*177.0) 201.3 (*14.1) 360.6 (+28.8)

10 141 7 (*4 5)

5.0 199.7 (*12.5) 216.5 (*8.7) 142.4 (*2.7)

10.0 266.0 (*12.3) 310.9 (*11.4) 207.6 (*3.6)
Zinc

20.0 521.8 (*19.3) 275.1 (*10.4) 452.6 (*13.8)

35.0 756.8 (*19.7) 552.0 (*22.0) 808.9 (*13.3)

50.0 713.3 (*59.8)

1.0 74.1 (*1.8) 12.8 (*0.7) 34.1 (*0.8)

2.5 91.9 (*2.3) 31.4 (*2.2) 69.3 (%1.4)

5.0 212.4 (-12.6) 54.1 (*3.3) 126.6 (*2.7)
Cadmium

7.5 230.4 (*17.7) 100.7 (*3.7) 156.4 (*3.0)

10.0 514.4 (*93.0) 112.6 (*6.0) 224.4 (*6.8)

15.0 743.1 (*133.6)

P. ¢pZnuZoium T. vvU.de A. nZgeA
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10.0 yg ml the situation was reversed. This may have been in part
dLE tO the fact that A nZgeA showed an increasing metal content with
IncreaSIng metal concentration (except at 10.0 yg ml"T Cu++), whereas

T. vifude. showed no clear relationship.

Zinc accumulation in P ipZnuZo-ium was concentration dependent
with a zinc content of 143.2 (* 4.5) yg g”1 dry weight at 1.0 yg ml"1 Zn++
reaching 756.8 (* 19.7) yg g 1 dry weight at 35.0 yg ml”1 added zinc.
Even when considering the differences iIn atomic weights, zinc uptake
appears to be lower than copper at most concentrations on a molar basis.
Zinc uptake was lower in T. v-cAide than in P ¢pimZoMm  at 20.0 and
35.0yg ml 1 Zn but slightly greater at 5.0 and 10.0 yg ml 1. It is
interesting that at the higher concentrations, T. vVZAZde accumulated
|eSS zinc than P ¢(pZnuZoium, but zinc was more toxic to T. VZAZde.
kipeAg-cZZIli nZgeA accumulated least zinc from 5.0 and 10.0 yg ml 1 Zn++
of the three fungi tested although the differences were small. At 20.0
and 35.0 yg ml 1 added zinc, metal accumulation was similar in

P. ZnuZoAum and A nZgeA.

PenictZZZum ApZnuZoAum accumulated more cadmium than did A nZgeA
and T WIZAe with A nZgeA acquiring intermediate mycelial cadmium
contents. For the three fungi tested cadmium uptake was generally lower
than copper and zinc even when the differences in atomic weights have
been accounted for. For all three fungi, cadmium uptake was concentration
dependent. Interestingly, cadmium was severly toxic to P ¢pZnu.Zoil.m and
this fungus accumulated more cadmium than either of the other two
fungi tested. TAZchodeAma vZAZde accumulated the least cadmium and was

notably tolerant of added cadmium upto 112.0 yg ml 1 Cd



6.3.3. Influence of MES buffer on metal accumulation in actively growing
TnlJjahodeAma \jyiidn.
On metal addition (0.1 ml in 1.0M HC1l into 100 ml GMS medium)
the buffered system containing 50.0 mM MES in the GMS medium remained
at pH 5.5 whereas in the system with no MES buffer the pH immediately
fell to 3.5. (Figures 6.3.46 and 6.3.47). Concomitant with this
reduction in pH the cadmium accumulation in lag phase was reduced from
14 083.0 pg g 1 dry weight to 4761.0 pg g 1 dry weight. The growth in
the unbuffered system was slightly quicker than in the buffered system
but this was probably due to the smaller metal loading, and consequential
smaller toxic effects. In both cases, pH reductions with growth were
directly proportional to biomass production, dropping to 2.0 by the end of
linear growth. The typical metal reductions at lag and early linear phase

were observed in both systems.

The mid-linear phase cadmium contents for the buffered and unbuffered
systems were 921.4 and 132.1 pg g dry weight respectively, so reducing
the pH initially did seem to have an effect on subsequent metal content in
mid-linear phase. However, by the end of the growth cycle these values
were 502.9 and 549.9 pg g ™ dry weight respectively. Initial pH clearly

influences cadmium accumulation in shake flasks.
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Cd++uptake

(g g 1dry wt)

Cd  uptake

b) unbuffered

Cadmium uptake from 100.0 pg ml"1 by T. VviAidi in

a) buffered and b) unbuffered GMS.

- Cd control uptake

m biomass production

* pH
HtQUAe. 6.3.46
@ry wt
mg ml-1)
(Dry wt
mg ml )
pH
5.0
VIUA<L 6.3.47
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6.4. Discussion.
The metal uptake profiles throughout the growth of the three
fungi indicated that accumulation was dependent on the growth stage of

the fungus, and the metal type and also the exogenous metal concentration.

The range of uptake capacity of the fungi was diverse ranging from
23 212.1 pg g 1 dry weight in P. ;plmloimm incubated with 10.0 pg mI"1 Cu++
after 24 hours of growth which was the highest accumulation recorded
representing 2.32% dry weight of the fungus, to 5.5 jig g”1 dry weight for
cadmium accumulation in T. \JViAjdz growing in the presence of
1.0 pg ml Cd which was the lowest recorded representing 0.0055%
dry weight of the fungus. These metal loading values are iIn agreement
with the data of Baldry and Dean, (1980djwhere uptake of copper as %
dry weight accounted for 0.05 to 0.2% of the fungal dry weight for the
moulds tested. Uptake of copper was as high as 0.5% of dry weight in
bacteria. The variation in metal uptake of the three fungi in this study
could be related to differences in cell wall architecture and/or components,
metal uptake mechanisms and intracellular binding proteins, and the
variation is likely to be genetic and not adaptive since the strains used
were isolated from unpolluted environments and all apparent differences
would be inherent. Maximum metal uptake by baker®s yeast was 0.16% of
the dry weight of the organisms (Lange de la Camp and Steinmann, 1953),
by fuicvujim oxy&ponum, 1.85% (Hartman, 1976); by a Sce.nedeAmiU 6p.,
1.1% (Stokes, 1975); by SacdWiomyceA CeAeVAl>ixie, 1% (Kikuchi, 1964) and

by BaiuzZZILi megaXeAxum, 0.0152% (Krueger and Kolodziej, 1976).

The levels of metal accumulated in the three fungi of this study
was often concentration dependent although this was variable. Baldry and

Dean (1980c)have reported similar dependences on the concentration of metal
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present. The uptake of copper by a heavy metal resistant strain of
Penicitlium oc.hn.oc.hlonon usually increased as the copper concentration

in the medium was increased up to 1000.0 pg mI"1. At the higher
concentrations however, it remained constant at 0.1% of the dry weight
(Okamoto et. otf 1977). Bedford (1936) also found that the copper content
of a resistant Pe.nic.iLtiu.rn ip. did not vary from 6% when the copper

content of the medium was above 2000.0 pg ml 1.

The most interesting phenomenon of the heavy metal accumulation
studies in growing cultures was the reduction in mycelial metal content
observed in early linear phase of growth. There are a number of possible
explanations for this result but it is unlikely that any one of them
could be wholly responsible for the apparent reduction of biomass metal

content.

The nature of the inoculum preparation was brutal and almost
certainly resulted in a loss of viability of a proportion of the mycelium,
although this was difficult to quantify. The debris produced in the
homogenising procedure may account for the rapid and extensive initial

accumulation.

It is possible that binding of metals by dead cells contributed
to initial high metal content since at the higher concentrations tested
the dilution effect seemed often to be more prominent. This could
possibly be explained by an initial elevated cell death rate, leading to
the higher initial metal content. At the lower metal concentrations,

cell death would not be so significant and indeed the reduction in biomass

loading was not so apparent.
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Another possible explanation for the reduction of metal content
in early linear phase was limitation of metal availability during the
growth of the fungi either by removal as a result of fungal accumulation,
complexing by medium constituents or released metabolites, or perhaps by

pH effects.

It is unlikely that metal removal from the medium could account
for reduction in bound metal since only a very small proportion of the
metal is removed by lag phase material because of the low density of
biomass present in the culture at this stage. However, when the fungal
density increased to the linear phase levels, metal removal was quite
significant, particularly at the low metal concentrations when effective
metal accumulating fungi were tested. For example, P. (pZmZoium
removed about 70% of the copper from the medium containing 1.0 pg ml ~ Cu++.
Typical amounts of metal removed however amounted to 10-25% only, so in
most cases substantial amounts of residual metal were present in the medium
even at the end of linear phase. However, the pattern of metal
accumulation was similar to that reported by Shatzman and Kosman (1978)
for the fungal V&ctyiMun dzndAo-ideA, in which copper accumulation

experiments were performed in copper deficient medium.

Complexing to medium constituents was not a problem as shown by
the polarographic studies so this could not have led to a reduction in
metal availability. Particular care was taken over the choice of buffer.
Tris buffer binds copper, as does citrate. Inorganic phosphate buffers
often result in precipitation of metals (Baldry and Dean, 1980b). MES
buffer was chosen since according to Good Ht di, (1966), it buffers well
at pH 5.5 and binds very little copper. Other medium constituents were

shown to be of little or no significance in metal complexing as



demonstrated using polarography. Medium and complexing problems have
been discussed elsewhere in the literature (Ramamoorthy and Kushner, 1975;
Duddridge and Wainwright, 1980; Gadd and Griffiths, 1978a). Complexing by
metabolites assumed to be present in spent medium did occur with respect
to certain metals at various pHs as shown by the polarographic studies.
Copper was complexed at pH 5.5 by the spent medium but not at pH 2.0.
Therefore, at mid linear phase when the pH dropped to 2.0 copper
availability in terms of complexing should not have been a problem.
Cadmium and zinc on the other hand, did show signs of complexing at
pH 2.0 which is both surprising and difficult to explain. Control
experiments iIn which the pH was modified in GMS and 10’3 M NaCl suggested
that pH did not in fact influence the parameters of the polarographic
and voltammetric waves so suggesting that this was a real effect and
that the medium had in some way been affected such that the cadmium
and zinc was complexed at pH 2.0 and not at 5.5. The important point
to remember is that complexing was not apparently a problem at the time
of the dilution so this does not explain the phenomenon. The fact
that the dilution effect was bigger at the higher metal concentrations
where one might expect complexing to be less significant anyway, tends
to refute the idea that complexing could account for the dilution effects
in mycelial metal contents.

One possible explanation for the reduction in mycelial copper
during growth could have been the effect of pH since it is well known
that pH reductions cause a reduction in metal uptake and this is discussed
in the next section. By the time of mid-linear phase, the medium pH
had fallen from 5.5 to 2.0, and this lower pH would certainly constrain
further metal uptake in linear phase although it is unlikely that the
reduction in metal loading could have been caused singly by the pH fall
because they occurred at different times of the growth cycle. The
reduction in metal content was apparent before there was a significant

fall in pH.
128

1>IVHS|-| ALISYIAINN 3



The role of pH in metal accumulation was studied further using
automated pH control and this is reported in the next section. The problem
was investigated in this section of the work, though with limited success,
by eliminating MES buffer from the medium so that buffering capacity of
the normal medium could be evaluated and correlated with metal uptake.

By omitting the MES it was clear that pH did have a role to play in
cadmium uptake from 100.0 yg ml 1 cadmium by T. VituAz. In the unbuffered
system on addition of the metal (in 1.0 M HC1) the pH immediately Tfell

to 3.5 whereas in the buffered system it fell only to 5.4. The drop in
pH of the unbuffered system resulted in a 66% reduction in cadmium uptake
in lag phase. Mid-linear phase cadmium levels were also reduced in the
unbuffered system by 85% but by stationary phase the metal content of the
mycelium in both systems was similar (602.9 and 549.9 yg g'"* for the
buffered and unbuffered systems respectively). Clearly, the initial
cadmium uptake was influenced by pH which in turn had an effect on the
mid-linear phase metal content. The similar levels at stationary phase
probably represent the complement of metal which is either most tightly
bound on the cell wall or intracellular, and did not appear to be
affected by an initial reduction in metal uptake. The reduction in metal
binding effect was observed irrespective of the pH, although reducing the
pH caused a smdller reduction. It seems therefore that there must have
been some overriding factor in the metal reduction effect, although the

influence of pH may be of some significance.

The metal reduction effect reported by Gadd and Griffiths (1978b)
in Aulieobcu>lcUum puliu.Zaru> in copper uptake studies was attributed to
reductions in pH with growth of a copper-tolerant strain.At 127-508 ugml ~Cif+
uptake by the tolerant strain was maximal in lag phase and declined in

exponential phase. Since only 4% of the added metal was removed there
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vesno limitation in copper availability. Gadd and Griffiths (1978b)
concluded that reduced uptake in the tolerant strain conferred resistance
upon it when compared to the higher levels of uptake in the sensitive
strain. According to Gadd and Griffiths (1980), the tolerance of the

same resistant strain was apparently due to a pH reduction from 4.5 to
3.5. This pH reduction caused a smaller metal uptake so that exponential
growth resumed, but this would have the same effect in the sensitive
strain, If it had grown and released H 1ions into the medium. The most
likely reason for tolerance was an initial lower capacity for copper uptake
so that growth could proceed, H+ ions would be produced and released into
the medium, hence detoxifying the copper by reducing the possibility for
uptake. On the other hand, the sensitive strain accumulated more copper
initially and was therefore inhibited. It is interesting that T. viAide.
used in this study accumulated low metal levels in general, and was

particularly resistant to cadmium.

Another possible explanation for the decreased metal binding
phenomenon is that there may have been a physiological change in the
fungus during lag phase in response to the high levels of mycelial metal,
which could have resulted in the much slower subsequent uptake during
linear phase. This change could be structural although this is unlikely,
or perhaps electrical as a result of a change in surface potential.

There is very little information on the surface charge of fungal mycelial
surfaces although there have been electrophoretic studies on bacteria,

yeasts and fungal spores (work cited by Douglas, zt at, 1959).

Failla and Weinberg (1977) reported that zinc accumulation by
the yeast Cand-ida ufLtt& was high during lag and late exponential phase,

but negligible in early exponential and stationary phase. These authors

130



suggested the possibility of a regulatory process for zinc uptake which
could account for these results. The reduction in intracellular zinc
during early exponential phase could not be explained by an efflux
system, and neither was there a limitation in metal availability.

Also the phenomenon did not appear to be related to medium changes during
growth. The authors concluded that zinc accumulation was dependent on
the zinc status of the yeast and commented that it was not obvious why
there should be an energy and temperature dependent active transport
system for zinc. Although the authors suggested that the stringent
control of zinc uptake was possibly related to post-exponential phase
events such as secondary metabolism and differentiation, neither the

mechanism nor the function was elucidated.

Further reports for metal accumulation have appeared for
actively growing microorganisms which show the metal reduction phenomenon,
but there still appears to be no adequate explanation. It is interesting
that a metal reduction effect was reported by Baldry and Dean (1980b), for
EiClwUd.kia. doti growing in the presence of copper at 5.0 yg mI"1 Cu++,

but quite different characteristics in the pattern of growth and accumulation

were observed for the bacterium when compared to the results for the
filamentous fungi studied in this investigation. Copper uptake increased
at the end of exponential phase and passed through a sharp maximum in the
succeeding deceleration phase and settled in stationary phase at a level
of one-quarter of the maximum value. The same pattern was observed

at different copper concentrations and for five organisms. The authors
did report that at the metal reduction stage, the pH was reduced from
7.0 to 5.0, but by maintaining the pH at 5.0 using an autotitrator this

did not keep the copper at its maximum value of 0.20% dry weight with

topper added at 5.0 jigml 1. No explanation was offered for the observation.
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Failla and Weinberg (1977) showed that there was no zinc
uptake by the yeast CayidZclo. uZcZci in early exponential phase. Stokes
and Lindsay (1979) reported two different uptake patterns for copper in
P mm odnAOdhloHon which depended on the stage of growth when the
copper was added in the range 10-5000.0 yg mI”’1 Cu++. When the fungus
was grown for 7 days, then the copper added, a maximum uptake was
achieved at day 1 with 4 x 105yg g 1 from 5000.0 yg ml"1 Cu++.

The metal content of the fungus then decreased with time upto day 14.
Uptake was concentration dependent. When the fungus was inoculated
directly into the copper containing medium, the uptake appeared to
increase with time and the highest concentration factor was at day 7.
However, the uptake in the first system was more efficient with a
concentration factor of 4000 at day 7 from 100.0 yg ml 1 Cu++, whereas

in the second situation it was only 28.5. These patterns of accumulation
are dissimilar to the uptake profiles demonstrated for the fungi used

in this study, but P. OchAoch£o/LOn is atypical anyway in its degree of

metal tolerance.

One other explanation for the reduction in metal content during
linear phase in the fungi used in this study, is the possibility that
an efflux system was operative. This theory was dismissed by Failla and
Weinberg (1977) in C. utiJLLi for zinc accumulation, and there appeared
to be no significant increases in the residual metal levels in the medium
with the growth of P. ;pLnuZoilLLm, T, Ve I*A<l and A. tlLgeA. Although in
most cases any increase in residual metal would be small, it ought to have

been measureable in the examples where dramatic reductions were apparent.

Although the function of these patterns of accumulation are

unknown it is possible that high initial uptake is a scavenging mechanism
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resulting in high metal concentrations localised outside the cell,
perhaps on the cell wall. It may then be possible for the fungus to
release the ions from their bound locality and this may result in
internalisation either by diffusion or an active mechanism. Released

H 1dons may well be involved in releasing cations from the binding sites
so that diffusion could occur along a concentration gradient, from a
high concentration in the vicinity of the cell membrane to a lower
intracellular concentration. In Acktya ip. Le John it at (1974)
reported that Ca stored in the cell wall complex using a glycopeptide
as a vehicle for this function was released by N0 (substituted)-adenine
(cytokinins). Release of Calcium was cytokinin dependent. Not only
cytokinins were able to release the Ca when the physiological state
of the cell demanded this, but also benzimidazole and adenine derivatives,
nucleotides, nucleosides and methyl zanthines were among more than 40
agents tested. It is possible that similar mechanisms operate for heavy
metal release from the cell wall, and H 1ions would seem to be a
reasonable candidate. Uptake of metals by non-growing suspensions would
help to elucidate whether or not there is an active system involved for
heavy metal uptake in the filamentous fungi tested in this study and

this will be discussed in a later section.

The mid-linear phase metal contents of the three fungi tested
with the three metals at various concentrations indicated that accumulation
was concentration dependent. In T. VVudi and A ntgiA though, maximum
uptake seemed to occur at moderate copper concentrations. There appeared
to be great variability in the capacity for metal accumulation between

different fungi and different metals.
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Copper uptake by P. <pZnuZoium was markedly greater than in
either of the other fungi tested, particularly at 7.5 and 10.0 pg ml~"1
added copper. It may be that copper caused an increased cell permeability
at these elevated concentrations, especially since P. iplmioium was
very susceptible to copper toxicity, so the high levels of binding could
have been due to binding to intracellular proteins for example. On the
other hand, the cell wall binding sites in P. ipZnuZoium may have had a
higher affinity for copper than the sites in the other fungi, or perhaps
were of different composition or structural architecture. It could also
be that the fungi were different in terms of their apparent ratio of
cell wall binding to intracellular uptake, and it may be that fungi
with a high metal uptake capacity have a greater capacity for cell wall
adsorptive uptake. There is also the possibility that localisation
onto organelles or specific proteins once the metals have been internalised
could account for differences in uptake. The influence of charge on
uptake is also significant and this may be influenced by medium pH.
Obviously, the metals themselves are iImportant in determining uptake
since charge characteristics, ionic size parameters zltc. are almost
certainly involved. Differences in metal accumulation are apparent
and could depend on one or many of the above factors but the fact that

variability occurs supports the view that comparative studies are necessary.

There does not appear to be any clear relationship between
quantitative metal uptake and the degree of toxicity. In the case of
copper, toxicity was similar to all fungi, yet uptake was dramatically
greater in P. ipLnuZoium. In the case of cadmium however, P. ip-LnuZo,Um
was very susceptible and accumulated more cadmium than T. ViA-ide. or
A. nige/i. TA-LchodeAma v-tA-idi accumulated least cadmium and demonstrated

a fair degree of tolerance to the metal. AipeAg-LZZui nZgeA accumulated
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an intermediate amount of cadmium and showed intermediate toxicity
responses. Toxic responses to cadmium then, do appear to depend on the
amount of the metal accumulated. Zinc was relatively non-toxic to all
fungi and the differences in accumulation were not very dramatic. It is
possible that relationships between uptake and toxicity hold for
non-essential elements but more studies would be required before any

firm conclusions could be drawn.

The quantities of metal accumulated compare favourably with
levels of uptake reported in the literature for actively growing fungi.
Duddridge and Wainwright (1980) reported slightly higher levels of
cadmium and zinc accumulated in Pythmm 4p., Vtctyuchui 4p. and a
ScytatLd-lwn ip. than observed in this study but they were of the same
order of magnitude. Interestingly, copper accumulation from
10.0 pg ml 1 in P. iptmtoAum at a level of 2758.8 pg g-1 dry weight
is in fairly close agreement with the figure reported for P. OChfl.OChton.on
of 3450.0 pg g dry weight (Stokes and Lindsay, 1979). The importance
of strain variation here is emphasised, by the fact that Okamoto Ct at,
(1977) reported an accumulation of a modest 250.0 pg g ”~ dry weight for
the same organism in a medium containing 10.0 pg ml * Cu++. Cadmium and
zinc accumulation in P. ochflochtoflon was lower than in P. 4ptnutoium
as reported by Okamoto et at, (1977). Baldry and Dean (1980a)reported
data showing variation in terms of metal uptake between PcntctttMun

species and two strains of P. 4ptmtoMim.

It is clear that metal uptake is dependent on the precise
experimental conditions in terms of medium, metal and fungal physiology.
The next section of the study is concerned with the influence of pH on
metal uptake in growing Tfungi comparing buffered systems with experiments

In fermenters with electronic pH control.

135



7. THE EFFECT OF pH ON HEAVY METAL ACCUMULATION AND TOXICITY.
7.1. Introduction.

The influence of pH on heavy metal availability and therefore on
uptake and toxicity iIn microorganisms 1is critical. At acidic pH, metals
are generally regarded as free cations but as the pH becomes alkaline,
hydroxide and oxide precipitates are formed which render the metal
unavailable to microbes. There are many reports in the literature on
the effects of pH on metal uptake and toxicity in bacteria, algae,
protozoa, yeasts and filamentous fungi and it is apparent that the role
of pH in metal accumulation is quite variable. Most of the published
work however, supports the view that there is usually a pH optimum for
metal accumulation with reduced uptake if the pH is adjusted in the

alkaline or acid direction.

A number of acidophilic bacteria of the FWIObac.itlu.6-TkiobaclJlui
group were isolated from acid drainage from a copper mine by Ehrlich (1963)
and the author proposed that the resistance was due to decreased uptake
of copper at low pH. Further information in bacterial studies has been
reported by Babich and Stotzky (1977) who showed that cadmium toxicity
was pH dependent for a number of bacteria, whilst Brock (1969) suggested
that metal resistance in acidophilic bacteria was due to competition for
metal binding sites by H 1ions and this would consequently cause a

reduction in metal 1ion uptake.

Information on algal metal accumulation has been supplied by
Hart and Scaife (1977) who reported that growth inhibition of the alga
CktoHeLCa pyH.in.04jd.Oia. was more pronounced at pH 7 than 8 suggesting that
cadmium removal from the medium and its deposition in the algal cells

was pH dependent. Bennett (1969) reported that there was prolific
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growth of algae in acid mine streams whilst Ehrlich (1963) isolated
protozoa from an acid mine stream containing copper. Norberg and
Persson (1984) also showed reduced copper and cadmium uptake by the

bacterium Zoogloza. xamigeAa with low pH.

The role of pH in metal accumulation in yeasts has also received
some attention. The relationship between pH and copper availability
has been investigated by Avakyan (1971) using Candida utZ&Lb. The
influence of pH was demonstrated by the fact that complexes with amino
acids were less toxic at pH values of 7 than at lower pH values. The
direct relationship between pH and metal uptake in yeasts has been
illustrated by a number of workers including Fuhrmann and Rothstein (1968)
investigating nickel uptake in Sa.cdiaAomyc.Zb CZAZoXblaz, Okorokov eX al
(1979) working on manganese uptake by S. CZAZO-ibZaz and Fuhrmann (1974)
studying uptake of manganese in S. CZAZvLbZaz where the workers showed
that the pH value for optimum uptake was between 5 and 7.0. The rate of
zinc uptake by C. uXXLcb decreased with increasing pH between 4.8 and
8.2 (Failla zX at, 1976). Calcium uptake by SacchaAomyczb pombz and
ecalcium and strontium uptake by S. CZAZO-Lbiaz increased markedly with
increasing pH upto 8.0 (Boutry zX at 1977, Roomans zt at 1979) and decreased

again at higher pH values (Boutry zt at, 1977).

There are also a large number of publications on the effects
of pH on metal uptake in filamentous fungi. Decreased uptake of copper
by fungi at low pH has been noted by Horsfall (1956) who suggested that
this could be important in determining tolerant behaviour to copper
containing fungicides. Many other workers have also reported that low
pH apparently reduces uptake and/or toxicity of a number of metals in

various fungi (Bedford, 1936; Sato, 1939; Starkey and Waksman, 1943;
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Lowry dX at, 1957; Young, 1961; Levi, 1969; Venkateswerlu and Sivarama
Sastry, 1970; Le John eX at, 1974; Singh, 1977; Shumate dX olL, 1978 and
Gadd and Griffiths, 1980). A more detailed study was carried out by
Starkey (1973) using the fungus ScyXaZAcUwn ip. and 11 other fungi.
The fungus grew at pH 0.3 to 2.0 in the presence of 63550.0 pg ml*"1
added copper but was sensitive to 2.54 pg ml"1 near neutrality.
hipcAgtXiui nigeA, Vcniccti-um notaXwm and TAXckodeAma honing-i tolerated
to 2542.0 pg ml at pH 2.0 to 7.0. The critical pH range for
copper was reported as being between 4.2 and 5.0 and the author
suggested that above this pH copper penetrated the cells, below it uptake
was reduced or ceases. Ashida (1965) attributed this resistance to
reduction of cell permeability and the production of copper binding
compounds such as cysteine and a change in enzymatic activities. An
alternative explanation for this phenomenon has been tendered by
Okamoto eX aZ, (1977) with the author postulating that reduction of
copper uptake was due to competition with H+ ions and this was the

mechanism conferring resistance on the fungus PcnicZLLiwn OchA.oakioA.on.

The biology of a copper swamp has been studied and soil fungi
were isolated by Kendrick (1962). Also a brown fungus was isolated from
acid soil and from acid solutions in an industrial plant and a uranium
mine (Sigler and Carmichael, 1974). The fungus was characterised as
a new ScytCLIddium ip., and the resistance to the metal was undoubtedly
due to the low pH. Similarly, ScytaiXd-ium ip. isolated from soil and
extremely acid and high salt concentration tolerant was reported by

Gould, eX al, (1974).

According to Babich and Stotzky (1977a and 1977b) cadmium toxicity

was potentiated at pH 8 or 9 to \ipeAg-Liiui nigeA, TAXckodeAma oiAide
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and RKIZOpUA Atctoni”™eA using plate-testing techniques. It is interesting

to note that Stokes and Lindsay (1979) reported that copper uptake in
PzntcAtlIAWNn OChAOC.ktoA.on and subsequent concentration in the fungus
showed no correlation with pH over the range 4.5 to 6.5. Babich and
Stotzky (1981) showed that there was no consistent trend in the effect

of pH on manganese toxicity to fungi.

The importance of the role of pH in metal uptake in fungal
material employed as biosorbents for removing metals from solutions,
has been emphasised by a number of workers. In two U.S. Patents
(Drobot (1981) 4,293,333 and Drobot and Lechavelier (1981), 4,293,334),
a process was described for recovering metal in insoluble form from an
aqueous medium wherein the pH was maintained in the range 1 -3
(claim 14), for recovery of base and precious metals. This seems rather
low in the light of other relevant available information but it is
likely to be a representative value of many typical industrial effluents.
An operational pH of 6.5 was employed by Muzzarelli Ct out (1980) for
the recovery of copper and mercury using columns of chitosan-glucan
prepared from AApeAgiltuA ntgeA, although this pH is approaching the
value where copper may precipitate. Biosorption of uranium and thorium
by RktzopxA aAAktZliA was markedly affected by solution pH (Tsezos and
Volesky, 1981, 1982a, 1982b and Tsezos, 1983). In general, lower
biosorptive uptake was exhibited by the fungus at pH 2.0 than at pH
4.0, and no discernible difference in uptake was observed between pH 4
and 5.0 which was optimal for metal recovery. Tobin <t ajt (1984),
reported that the biosorbent capacity of R. OAAktzuA biomass was
markedly pH dependent. This was explained in terms of the effect of pH
on metal absorption sites in the biomass containing phosphate,

oarboxylate and other functional groups.
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Although there is a battery of information in general terms on
the effects of pH on metal uptake and toxicity in fungi, there appears
to be no comparable metal uptake data between different experimental
situations with respect to pH and growth. During the growth of the
fungus, the pH was reduced (as was observed in the flask cultures),
but in stirred-tank fermenter cultures the pH was maintained at the
initial pH electronically. Although Gadd and Griffiths (1980) reported
that pH fell during the growth of a copper-tolerant strain of AuAe.obad;d;um
iXi-LGiZayH, and that this appeared to be involved with copper tolerance
due to reduced copper uptake, the authors did not attempt to maintain
the pH at the initial level of 4.5 to 4.7 for comparison in parallel

studies.

There is no indication in the literature on whether or not
optimum pH is critical for metal uptake throughout the growth cycle or
merely at specific periods such as lag phase, exponential or stationary
phase in growing cultures. By comparing mid-linear phase material of
growing fungi under flask conditions (i.e. with pH fall from 5.5 to
2.0 during growth), and of fungi grown with electronically maintained
pH at 5.5 throughout the growth cycle in a stirred-tank fermenter, it
ought to be possible to determine if subsequent metal loading in linear
phase depends on the initial pH only, or a constant pH during growth.

Further information could be obtained by investigating lag phase biomass.

The aim of this section of the project was to obtain data on the
influence of pH on metal contents at various stages of fungal growth in
the stirred-tank fermenter, so that comparisons could be made with the
results obtained using flask cultures (see preceding section) where the
pH was reduced during growth. In this way, the period of crucial pH

control for optimun metal uptake in terms of the fungal growth cycle

could be established.
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7.2. Materials and Methods.
7.2.1. Operation of stirred-tank fermenter.

The stirred-tank fermenter was an LH Engineering fermenter,

type CC 1500 with a working volume of 1800 ml. Temperature was maintained

at 25 C, pH at 5.5 = 0.1 unit, aeration rate at 2 litres per minute and

agitation at 1000 rev min , [Inoculum was prepared as previously described

for flask cultures and 20.0 ml of inoculum was injected into the vessel.
Dissolved oxygen levels did not appear to fall below 75% by late linear
phase, when measurement became impossible due to fungal accretion onto

the oxygen electrode. Growth medium used was GMS but without the

complement of MES buffer.

7.2.2. Sampling of fungal mycelium.

Samples, usually 25-100.0 ml depending on the mycelial density
were collected in triplicate in sterile universal bottles at appropriate
time intervals. The cells were separated by filtration onto Whatman 541

or Millipore filters. Filtered cells were washed with 200 ml distilled

Relatively large samples in triplicate were required to obtain
significant amounts of material for weighing and metal analysis,
particularly at the early stages of growth, and this resulted in
considerable volume changes as growth proceeded. For this reason
experimental runs were often repeated several times under identical
conditions to obtain a sufficient number of samples at each time
interval so that growth curves or metal uptake profiles could be
constructed from the composite data. It was considered unsatisfactory
to reduce the working volume from 1800 ml to below 1500 ml. For this
reason much of the comparative data obtained from the fermenter initially
was at mid-linear phase only.
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7.2.3. Mid-linear phase determination.

Samples were collected at various time intervals and the mycelium
separated from the GMS medium (minus MES buffer) by filtration. Cells
were dried and weighed and the filtrates were retained for glucose assay.
The glucose assay was described previously in section 5.2.1.3. The
relationship between dry weight and glucose utilisation is presented
graphically for experiments using either vortex or baffled mixing of the

fungal culture.

7.2.4. Metal uptake by growing cultures in the fermenter.

Mid-linear phase metal content determinations.

Copper uptake was determined in P. IfU.nu.idm by incubating
cells in GMS medium containing 1.0, 2.5 or 5.0 pg ml"1 Cu++ in the
fermenter vessel. The temperature was maintained at 25°C and the pH
was held at either 5.5, 3.5 or 2.0 + 0.1 units by automatic addition
of 2M HNON or 2 M KOH. Control experiments had no added copper.
Three, 100 ml samples were collected at mid linear phase and copper
determinations performed as described previously on the mycelium.
Similar experiments were performed for zinc and cadmium at 2.5 pg ml”1
concentration with P. ipinuioium. The experiments at 2.5 pg ml"1 were

replicated at least 3 times and in some cases 5 times.

Ne2*5 Lag phase metal content determinations.

To determine accurately the influence of pH on lag phase
accumulation, separate studies had to be performed because of the large
sample volumes required at this stage of growth since the mycelial
density was very low. The inoculation and incubation procedure was
as described earlier but three 250 ml samples were collected after
24 hours and analysed for metal content.
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7.2.6. Uptake profile throughout the growth cycle.

The quantitative metal uptake during the whole of the fungal
growth cycle was obtained from composite data of 4 runs because of the
difficulty encountered in collecting large samples. Experimental runs
were performed in duplicate and samples collected at 12, 24, and 36 hours
of incubation, and then duplicated reruns were carried out and the
cells sampled at 36, 48, 60, 72 and 84 hours. There appeared to be no
difficulty in expressing the data as a single run and the results are
graphically presented using the composite data. All three fungi were

tested with each of the three metals.

7.2.7. Evaluation of copper toxicity in fermenter experiments.
Inaseparate study copper toxicity was determined at pH 5.5, 3.5

and 2.0 using 1.0, 2.5 and 5.0 pg ml Cu . Composite data prepared as

described in the previous subsection was used to illustrate the effect

of copper on fungal growth at the various pH values.
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7.3. Results.

7.3.1. Mid-linear phase determination.

Vortex mixing was found to be the most suitable agitating mechanism
in terms of reproducibility of results because of the problems of
accretion in the baffled system which caused difficulty in obtaining
representative samples of the culture. Mid-linear phase was estimated
to occur at a glucose concentration of 10 g litre"” iIn the vortex

mixing system. The results are presented graphically in Figure 7.3.1a and Ib.

7.3.2. Metal uptake by growing cultures in the fermenter.

Mid-linear phase metal content determinations.

The uptake of copper from the trace solution (i.e. controls)
ranged from 8.6 to 12.4 pg g * dry weight of the fungus in the fermenter
cultures and was 15.3 pg g ™ dry weight in the flask cultures. This
variation is very likely to be a reflection of the difficulty in
analysing the very low metal contents in the control cultures which
were assayed at the limits of detection of the atomic absorption

spec trophotometer.

IMvHaIT AL SHAAIN

The effect of pH on mid-linear phase copper contents of P. ip-Lnulo&um
is shown in Table 7.3.1a. There appeared to be a marked effect on copper
content when the pH was reduced from 5.5 to 3.5 and 2.0 with copper
additions at 1.0, 2.5 and 5.0 pg ml Cu . This data was necessarily
produced from single runs in the fermenter because of the typical long
down-time associated with batch runs in fermenters. For this reason
the standard errors quoted are for samples of a single run and not for
separate experiments. The reduction in pH from 5.5 to 3.5 resulted in
a fall in copper content of 10%, 26% and 38% over the contents at the

higher pH of 5.5 at added copper concentrations of 1.0, 2.5 and 5.0 pg ml ~"Cu++
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respectively. A reduction in pH from 5.5 to 2.0 at the same respective
copper concentrations resulted in a bigger decrease in copper content as

compared to the mycelial contents at pH 5.5 of 56%, 82% and 65%.

Also illustrated in Table 7.3.1a is the comparison of mycelial
copper contents of fungi grown in shake flasks where the initial pH of
5.5 fell during growth to 2.0, with stirred-tank fermenter cultures
where the pH was maintained at 5.5 throughout growth. It is noteworthy
that at 1.0 and 2.5 yg ml added copper, uptake appeared to be higher
in the shake flask cultures. At 5.0 yg ml 1 Cu++ copper levels at
mid-linear phase were higher in the fermenter system but not greatly so.
A fall in pH during growth seemed to have little effect on mid-linear
phase mycelial copper contents, but the initial pH appeared to be more

critical.

It Is iInteresting that zinc uptake from the trace metal solution
which was determined in samples from the fermenter to demonstrate the
significance of pH, if any, on trace uptake, appeared to be unaffected
by the pH. The results for zinc uptake from the trace solution are
illustrated in Table 7.3.1b and it appears that reducing the pH from
5.5 to 2.0 had no appreciable effect on the mid-linear phase metal
content, even though mycelial contents at the higher levels of added

metal were influenced by pH, as shown in Table 7.3.2b.

Since it was considered desirable to have statistical proof

that pH at the initial time of inoculation was important for mid-linear

phase metal loading, the experiments were replicated at metal concentrations

of 2.5 yg ml ~ regardless of the lengthy down-times. Tables 7.3.2a,

2b and 2c illustrate the effect of pH on copper, cadmium and zinc uptake
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from added levels of the metal of 2.5 yg ml”1 by P. ;pimtoium. On
reducing the pH from 5.5 to 3.5 copper contents were reduced by 26% and
zinc was reduced by 16%. The mid-linear phase cadmium content appeared
to be reduced much more significantly by this pH change with a decrease
of 59%. On reducing the pH from 5.5 to 2.0 mycelial metal contents
were reduced by 82%, 45% and 64% for copper, zinc and cadmium
respectively. Interestingly, the uptake of metal from the trace
solution did not appear to be affected by these pH changes. Although
the reduction in pH from 5.5 to 3.5 is indicated as producing a
statistically significant (p * 0.025) change in the amount of copper
uptake from the trace solution after cadmium addition (Table 7.3.2.c¢),
this is likely to be a peculiarity of the statistical process due to the
small sample (3 replicate runs) and the coincidental small standard
error obtained in this case. The statement that the copper content is
significantly different is probably invalid in this instance and the
copper uptake from the trace solution could be said to be constant

irrespective of pH change.

7.3.3. Lag phase metal content metal determintions.

The mid-linear phase metal contents of fungi were not affected
by a reduction in pH late in the growth cycle but were greatly influenced
by the initial pH value. Table 7.3.3. illustrates the influence of pH
on lag phase accumulation in flask cultures and stirred-tank fermenter
cultures. Although there was no significant difference in copper contents
at pH 5.5 in either system in lag or mid-linear phase, by reducing the
initial pH to 2.0 there appeared to be a dramatic reduction of copper
content in lag phase mycelium in the fermenter from
2983.5 (= 311.3) yg g 1 dry weight to 82.4 (x 5.7) yg g 1 dry weight

of the fungus. This was accompanied by the fall in mid-linear copper
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from added levels of the metal of 2.5 yg ml 1 by P. ipinutoAum. On
reducing the pH from 5.5 to 3.5 copper contents were reduced by 26% and
zinc was reduced by 16%. The mid-linear phase cadmium content appeared
to be reduced much more significantly by this pH change with a decrease
of 59%. On reducing the pH from 5.5 to 2.0 mycelial metal contents
were reduced by 82%, 45% and 64% for copper, zinc and cadmium
respectively. Interestingly, the uptake of metal from the trace
solution did not appear to be affected by these pH changes. Although
the reduction in pH from 5.5 to 3.5 is indicated as producing a
statistically significant (p = 0.025) change in the amount of copper
uptake from the trace solution after cadmium addition (Table 7.3.2.c),
this is likely to be a peculiarity of the statistical process due to the
small sample (3 replicate runs) and the coincidental small standard
error obtained in this case. The statement that the copper content is
significantly different is probably invalid in this instance and the
copper uptake from the trace solution could be said to be constant

irrespective of pH change.

7.3.3. Lag phase metal content metal determintions.

The mid-linear phase metal contents of fungi were not affected
by a reduction in pH late in the growth cycle but were greatly influenced
by the initial pH value. Table 7.3.3. illustrates the influence of pH
on lag phase accumulation in flask cultures and stirred-tank fermenter
cultures. Although there was no significant difference in copper contents
at pH 5.5 in either system in lag or mid-linear phase, by reducing the
initial pH to 2.0 there appeared to be a dramatic reduction of copper
content iIn lag phase mycelium in the fermenter from
2983.5 (= 311.3) yg g N dry weight to 82.4 (x 5.7) yg g ~dry weight

of the fungus. This was accompanied by the fall in mid-linear copper
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7.3.1a 6 Ib. Glucose utilisation by P. iplnmloi,um and biomass production

during batch culture

glucose utilisati

in a fermenter with vortex and baffled mixing.

glucose (glitre *)

F-tgiVie 7.3.1a

Vortex

mixing

glucose (glitre *)

tlgusie. 7.3.1b

Baffled

mixing
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content as already described. Clearly, initial culture pH was critical
for uptake of metal in lag phase and this appears to influence the

metal content of mid-linear phase mycelium.

7.3.4. Uptake profile throughout the growth cycle.

The metal uptake profiles for copper, cadmium and zinc
accumulation in P. ;plmloMm, T. vvudo. and A. nigeA are shown in
Figures 7.3.2-10. When these profiles for maintained pH during the
whole of the growth cycle at pH 5.5 are compared to the plots for the
shake flask cultures (Figures 6.3.1-45)there is apparently little
difference in the pattern of accumulation or the quantitative amount
of metal taken up. There appeared to be a high initial accumulation,
followed by a period of rapid reduction in metal content in lag or
early linear phase as was observed in the shake flask cultures. Fungal
mid-linear phase metal contents were similar in both systems for all

the metals and fungi tested.

7.3.5. Evaluation of copper toxicity iIn fermenter experiments.

By observing the effects of added copper at 1.0, 2.5 and
5.0 pg ml on dry weight production of P. ;ptnuZoium at pH 5.5, 3.5
and 2.0, the influence of pH on copper toxicity could be evaluated.
Figures 7.3.11-13 show the effects of copper addition at these various
pH levels when compared to control growth curves grown in GMS with
no added copper. At pH 5.5, 1.0 and 2.5 pg ml ~ Cu++ increased the
lag period by 12 hours and 5.0 pg ml ~ Cu by 24 hours and in the
latter case the growth rate appeared to be slowed down also. At
pH 3.5, 1.0 pg ml ~ Cu++ had no effect on growth but 2.5 and
5.0 pg ml *Cu++ slightly increased the lag period. At pH 2.0,

1-0 pg ml* Cu had no effect on growth but 2.5 and 5.0 pg ml “Cu++
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increased the lag period. The growth rate was also reduced at pH 2.0

in the presence of 5.0 yg ml ~ Cu++.

Clearly, copper was more toxic at pH 5.5 than at pH 3.5 or
2.0 and this was almost certainly due to reduced uptake as demonstrated
in the earlier subsections of this chapter. It should be remembered
however, that the morphology of the fungus was modified by altering

the pH as described and discussed in section 3 of the study.
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Table 7.3.1a.
Comparison of copper uptake by growing cultures of P. iplruloim in
batch flask culture and in batch fermenter culture from 1.0, 2.5 and

5.0pgml 1 copper and the effect of pH on uptake.

Added Cu 1.0 2.5 5.0

@ml )

Experimental Copper uptake Copper uptake Copper uptake
L , -1

conditions Mg g dry w)  (pg g 1 dry wb) (pg g 1 dry wt)

Flask culture 173.0 -10.2 470.8 *22.1 527.6 *19.1

pH 5.5

Fermenter 131.2 *4.2 413.9 *13.4 596.5 *7.4

pH 5.5

Fermenter 117.5 *1.5 304.5 *8.3 368.4 *12.9

pH 3.5

Fermenter 57.7 *1.3 76.4 *4.1 207.8 *11.1

pH 2.0

Flask results are mean values of at least 10 replicates (* S.E. of mean).
Fermenter results are values for single experiments (* S.E of mean of

samples from the single run.)

Table 7.3.1b.

Effect of pH on zinc uptake from trace solution in GMS medium.

Added Cu++ 1.0 2.5 5.0
(pgml 1)

Experimental Zinc uptake Zinc uptake Zinc uptake
conditions Pg g » (pg g 1) (pg g 1)
Fermenter 108.3 *5.2 109.0 *3.1 102.4 *2.0
pH 5.5

Fermenter 101.4 *4.7 122.5 *3.8 100.5 *4.0
pH 3.5

Fermenter 100.2 -2.0 118.3 *8.6 109.3 *1.4
pH 2.0
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Tabled 7.3.2a, 2b and 2c.

Effect of pH on mid linear mycelium copper, zinc and cadmium contents

of growing cultures of P. iplnulobum in GMS medium amended with

25pg™l N metal, and the effect on the uptake of copper and zinc from

the trace metal solution during fermenter batch culture.

rMs medium amended with 2,5i%g.ml * copper

pH  Cu++ uptake from added

++_ -1
Cu (yg g dry wt).

5.5 413.9 (*13.4)
3.5 304.5 (*8.3)
2.0 *76.4 (*4.1)

Zn uptake from trace

solution(yg g * dry wt) Table 7.3.2a

109.9 (#3.1)
122.5 (*3.8)
118.3 (*8.6)

Results based on the mean of 5 replicate runs (- S.E. of the mean).

* Significantly different Po.025.5.5

GMS medium amended with 2.5ijgml ~ zinc.

PH Zn++ uptake from added
++ *1 -
Zn (yo g dry wt).

5.5 190.3 (*13.1)
3.5 *160.4 (*2.3)
2.0 *105.6 (*7.7)

++
Cu uptake from trace

solutioniug, g dry wt)
Table 7.3.2b
16.5 (*1.8)

13.9 (*1.6)
18.0 (*1.0)

Results based on the mean of 3 replicate runs (* S.E. of the mean).

«

Significantly different pg g2~ j »

GMS medium amended with 2.51|gml * cadmium.

PH Cd uptake from added
Cd (digg * dry wt)

5.5 401.7 (*19.2)
3.5 *166.0 (*4.3)
2.0 *144.4 (*5.5)

++
Cu++ uptake from trace Zn uptake from trace

solution(yg g * dry wt) solution(yg g dry wt)

21.4 (*2.0) 76.6 (*4.3)
*20.3 (*0.1) 79.5 (*5.6)
19.4 (*0.3) 102.8 (*0.9)

Results based on the mean of 3 replicate runs (* S.E. of the mean).

Significantly different Pg *5 3 3
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Table. 7.3.3.
Influence of initial culture pH on copper uptake by P. ¢plnuloium
from 2_5ifgml ~Cu in batch flask cultures and in fermenter

batch cultures.

++ ++ N
Cu uptake by lag- Cu uptake by mid-
phase culture. linear phase culture.
Cpg g 1 dry wt.) (pg g 1 dry wt.)

Flask culture

3625.7 (*72.7) 470.8 (#22.1)

Initial pH 5.5

Fermenter culture

2983.5 (#311.3) 413.9 (#13.4)
Initial pH 5.5
Fermenter culture
82.4 (#5.7) 76.4 (#4.1)

Initial pH 2.0

Values indicated for flask cultures atlagphase are means based on
at least 5 replicate flasks (t S.E. ofthemean).

Values indicated for flask cultures atmid linear phase are mean
values based on at least 10 replicate flasks (¢ S.E. of the mean).
Results for batch cultures grown in the fermenter are based on the
mean of 2 replicate runs for the lag values, and 5 replicate runs

for the mid-linear values.
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att uptake

at pH 5.5.

- , copper content;
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dry wt.

Dry wt(mg ml

J4.5

m3.0

1.5

Time ()

)

Fguxz 7.3.2.

F,gum 7.3.3.
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Cadmium uptake

Cadmium uptake

(Pgg 1 dry wt)

T. viAide..

2-5pg ml * at pH 5.5.

Dry wt(mg ml 1)

4.5

3.0

FIQuAzZ 7.3.5.
1.5

Time (h)
Dry wt(mg ,ml

3.0

TIquAZ 7.3.6.

1.5

Time (h)

Dry wt (mgtnl_l)

FHouAz 7.3.7.

cadmium content; a, dry weight.
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Zinc content

Zinc content

Zinc content

(vg g 1 dry wt)

A. nigeA
fi&UAtb J.3.8-10 Zinc uptake

Dry wt(mg ml )

figuAe. 7.3.8.

1.5

Dry wt(mg ml )

Tigu-Hz 7.3.9.

1.5

Dry wt (ng ml _l)

FiguAz 7.3.10
1.5

in the stirred-tank fermenter from 2.5pgml *

at pH 5.5. e, zinc content; m, dry weight.
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igiviu 7.3-11-13.

Dry wt(mg ml

Dry wt(mg ml

< 1 Control; o> I.Opgjnl’_ICu++; O, 2.5ygm1”

Effect of pH on copper toxicity in P. 4pinulo6um in

batch culture in the stirred-tank fermenter.

)
FtquAz 7.3.12
pH 3.5

1)
FQUHL 7.3.13
pH 2.0

1 +
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7.4. Discussion.

As shown by the mid-linear phase copper uptake levels
(Table 7.3.1) in the fermenter with maintained pH, uptake of the metal
was pH dependent since copper loading was reduced as the pH was lowered
at 1.0, 2.5 and 5.0 pg ml added copper. It is interesting though
that the uptake of zinc in the same system from the trace element
solution was not pH dependent and this is difficult to explain.
The pH dependence appeared to be based on the metal status of the medium,
that is, when the metal was present in trace amounts there appeared to
be no pH dependence whilst in the relatively higher concentrations
uptake was dependent on pH. It is possible that the scavenging mechanism
at trace concentrations is very efficient and because of the essentiality
of copper, the uptake was so effective that it was independent of pH.
This may be related to possible differing efficiencies of a number of
binding sites; at low concentrations a high affinity binding site may
be operational which is independent of pH, perhaps because it is
specific for metallic ions. At higher metal concentrations, a low
affinity binding site may be operational which could be pH dependent
due to a lack of specificity for metal ions in that it could also bind
H+ ions when present at high concentrations at low pH. It is
interesting to speculate on the mechanism of essential metal uptake from
trace amounts in acidophilic organisms. In these cases also, the
mechanism for metal scavenging must be very effective and may resemble
the proposed high affinity binding system. As shown in Tables 7.3.2a,
2b and 2c. the situation was similar for zinc and cadmium at
2.5 pg ml ™ as for copper in that uptake was pH dependent. In virtually
all the cases though, the complementary metals present in the trace

metal solution were unaffected by pH changes.
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Also shown in Table 7.3.1. is the effect of falling pH during
growth on mid-linear phase metal levels compared to those at pH 5.5
when maintained throughout the growth cycle in the fermenter studies.
The fall in pH during growth produced similar mid-linear phase copper
loadings as in the fermenter cultures. This implies that there is very
little uptake during linear phase and that the metal taken up in lag
phase iIs not apparently removed by the presence of high ambient
concentratfbns of H+ ions. It is possible that mid-linear phase is
more important for consistent regulation of internalisation of metal
from its location possibly on the cell wall, rather than de. novo uptake

onto the fungus at this stage.

The uptake of metals in lag phase (Table 7.8.3.), was very pH
dependent so it is clear from this data that it is the initial pH which
is responsible for influencing lag phase metal loading and this in
turn affects mid-linear phase metal contents, implying that there was
not much uptake in linear phase. The fall in pH during growth though,
did not affect metal loading in mid-linear phase as demonstrated by the
similarity of mid-linear phase metal contents at pH 5.5 reducing to 2.0
in linear phase (flask cultures) and maintained pH of 5.5 (fermenter
cultures). The metal loading during the whole of the growth cycle
(Figures 7.3.2-10) produced from composite data in the fermenter was
very similar to that obtained in the flask cultures so this confirms
the view that the initial pH is crucial and that pH during the later

stages of growth is not so important.

The effect of initial pH on uptake was reflected in the effect
of pH on copper toxicity (Figures 7.3.11-13). A lower initial pH,

producing a smaller metal accumulation, resulted in decreased metal
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toxicity to the fungus. Gadd and Griffiths (1980) reported that
decreasing the pH from 4.5 to 3.2 reduced copper uptake in a tolerant
and a sensitive strain of AuAzobaA-idMun puttuZanA, but the apparent
toxicity in percentage terms was less in the tolerant strain due to

a lower inherent uptake capacity of the fungus. For the tolerant
strain in copper free medium, the pH fell during growth from 4.7 to
2.2, In copper containing medium supporting the tolerant strain the
pH fell from 4.5 to 2.2 but at a slower rate. This is not particularly
surprising since the growth of the fungus was retarded. For the
sensitive strain, in copper free medium, the pH fell from 4.7 to 2.1

as with the tolerant strain, but in copper containing medium it was
reduced by a mere 0.5 units to 4.0, but obviously this is a direct
result of the inhibition of growth and therefore the fungus could not
probably produce and release protons. When the initial pH was 3.2,
there was the typical fall in pH with the sensitive strain indicating
reduced metal uptake at the lower pH. If the authors had attempted

to maintain the pH at the initial level, the resistance in the tolerant
strain would have been demonstrated without the added complication of
the continuously falling pH value with its concomitant reduction in

metal uptake.

There are a number of explanations in the literature on how
pH affects metal accumulation in fungi, but it should be remembered that
the morphology of the experimental fungi can be quite different at
various pH values, often with pelleting occurring at the higher pH values
There may be changes in cell wall architecture or of wall components
at the various pH values and there is almost certainly an electrical
charge change in the cell wall, which may in fact account for the changes

in pelleting characteristics. For the yeast CandZclLa. lit-iZiA Khovrychev
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eX aX (1976) reported that at a growth inhibiting pH value of 2.35
leading to a decrease in the population density, the total amino

acid content was practically unchanged compared with pH 4.5 but the
amounts of glutamate and asparate in the cell decreased. Since glutamate
was reduced this also led to a reduction in the amount of arginine
since glutamate is an arginine precursor. However, according to
Khovrychev eX aX (1978), specific inhibition of protein or RNA
synthesis did not occur when the pH of the medium was low. Pirt and
Callow (1959) demonstrated an increase in length of hyphae of
P&ruc-IXXMim ChAy60gznum with decrease in pH from 7.4 to 6.0 which they
interpreted as an increase in the resistance of the cells to shear
effects with decrease in pH value. This hypothesis implies that the
cell wall structure or composition depends on the pH of the environment
during growth. Douglas zX aX (1959) reported the electrophoretic
mobilities for spores of fu6aAMlrn 6o0Zoni, Alac00 Oamanncanu.6, BocXXXu.6
6u.btiti6, PznXoXiXMim C.yc.Xopjiim and P. 6pXnuXo6um, over the pH range
1.3 to 12.7 in media of ionic strength 0.05 and at 25°C. Electrophoretically
the spores of the 4 fungi were clearly differentiated from one another
and this may be important in the diverse quantitative uptake capacities
of different organisms. Concerning the chemical nature of the fungal
spore surfaces, It was possible to make suggestions by comparison with
the equivalent mobilities against pH curves for model particles such as
polysaccharide, peptide and lipid. On this basis, the two PznicXXXXum
6pzc-cZ6, appeared to have wax or lipid surfaces, possibly with a
polysaccharide component in the case of P. 6pXnuXo6um. The curves for
fuiOJujum 60Zone and MucOA. AOmannLOnu6 suggested quite different
surfaces from the two Pz.nicXZCXum 6pZCXZ6. Mobility steps were
apparent at pH 2-4 suggesting COOH groups. Norris (1976) reported that

electrophoretic studies showed an electronegative charge at low pH
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resulting from the dissociation of all surface acidic groups such as
carboxyl and phosphoryl. Norris reported that although the functional
groups were protonated, the conditions favoured metal-functional group
complex formation. It is unfortunate that similar data is not available
for whole mycelia instead of spores but technical difficulties may

militate against this.

Some information on the chemical effects of pH alterations on
cell walls is also available. According to Tsezos and Volesky (1982a)
the decrease in total uranium uptake by Rhizopui MAbizui was
attributable to a number of factors dependent on pH since the solution
pH affected three parameters. The first parameter was hydrolysis of
the chitin amine. Low pH increases HMO concentration and therefore
intensifies the competition between H"O and uranium ions for the
chitin complexation sites. The second parameter was uranium adsorption,
which is a process which depends significantly on the physical and
chemical characteristics of the adsorbate. At pH below 2.5, uranium
exists as UC™ , whereas at pH values greater than 2.5 it hydrolyses
extensively. Hydrolysis is accompanied by significant reduction in
solubility and lower solubility promotes adsorption. Therefore high pH
increases adsorption. The third parameter was reported as being

hydrolysis of the uranium-chitin complex.

According to Gale and Wixson (1979), carboxyl groups typically
found in pectin, and other related polysaccharides which are normal
constituents of plant cell walls, carboxyl groups of dicarboxylic amino
acids present in proteins and polypeptide complexes, carboxyl groups of
fatty acids, the phosphate groups of nucleic acids phospholipids,

lipoproteins, and some polysaccharides, sulphydryl and organo sulphate
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groups all provide ample anionic sites at physiological pH. Chelate

stability, and the ability to displace other cations, 1is partly a function

of ionic radius. Effective 1ionic radius in turn, Iis determined partly

by the natural tendency of strongly charged substances to become hydrated

by building up concentric layers of polarised water molecules. The
extent of hydration appears to be related to charge density and this

is affected by pH and ionic strengh of the medium. These physical
factors and the presence of organic ligands, manifest themselves in the
ultimate process of cation exchange among the available anionic sites
so obviously the effect of pH on metal uptake is a very complicated

phenomenon.

The influence of pH on metal binding sites in R. aMhA7ili has
been discussed by Tobin <t al (1984). At pH 4.0 the primary amines
would be positively charged and therefore not be expected to interact
with cations. Many of the carboxylate groups would be neutral;
however, the H 1ions could be displaced relatively easily by the metal
ions. The uptake of the uranyl ion was lower at pH 2.5 than at 3.5,
which is consistent with competition for binding sites with protons.
Most of the phosphate groups present as mono and diesters would have
a negative charge above pH 3.0 and therefore would be strongly involved
m metal binding. Hydroxyl and amide functional groups are very weak
bases and could only form weak bonds with the metals. It is likely
the authors suggested, that most of the metal binding sites contain
carboxylate or phosphate ligands or both. These primary bonds may be
augmented by association with other groups including hydroxyl groups.
IT the uptake was due to electrostatic attraction of the solvated ions,
then the most important groups at pH 4 would be the phosphates since

they would be negatively charged at this pH.
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It is not clear how the effect of pH could influence the
mycelial metal reduction at early linear phase observed in this study

since there appeared to be no effect of pH on total mid-linear phase

loading. It is possible that H 1ions could be intimately and significantly

involved in internalisation processes such as displacing metal ions from
the cell wall in ion exchange processes where the H+ ion is in a
relatively high concentration, and the metal ions were localised on the
cell wall during lag phase. As the fungus grows and metabolises it could
produce H 1ions and this could conceivably displace bound metal ions and
therefore influence total metal loading. The fact that there appeared
to be no difference in mid-linear phase loading with maintained or
falling pH, implies however, that the H+ ions did not reduce the total
loading in mid-linear phase although they may still have been involved
in the displacement of metal ions which could then be internalised.
Although the total loading was not affected in this study by the pH drop,
there is evidence in the literature that H+ ions can indeed displace
metal ions from microbial cells. Blocking of metal binding sites by

H+ ?i#ons would explain the observation of Douglas zX at (1959) in that
reducing the pH from 5.5 to 2.0 caused a reduction in the electrophoretic
mobility to the anode for all the organisms he tested, that is, the
surface charge became less negative and this would result in reduced
metal binding. It is likely that high metal ion binding in lag phase
would also affect the surface charge in a similar way and reduce further
binding in linear phase as a consequence. Both H+ and metal ions are
probably involved in this reduced metal binding during linear phase.
Other workers including Marquis zX olL (1973) have reported that in
Stxzptoc.occxii spec.ies cell walls have a tendency to bind H+ ions over

metal ions. Treen-Sears zX all (1984) suggested that mycelium of

R. QOihXziU> sequestered essential metals, thereby making them unavailable
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for growth. However, as the pH dropped during the period of acid
production, metal displacement occurred and continued slow growth

was observed. This would be expected since biosorption in RlvLzopui ip.

is an i1on-exchange-complexation phenomenon and is pH dependent (Treen-Sears
&t aX, in press). This agrees with the suggestions for H+ ions in metal
uptake in this study. Useful information on the effects of H+ efflux

on metal displacement and internalisation could be obtained by monitoring
metal loading on the internal and external portions of the fungus

whilst measuring H efflux in growing cultures. This would however be
technically very difficult due to the problems of making flux

measurements on dynamic systems and the difficulties of separating

external and internal uptake since most chelating substances used to
quantify external removable metal do not necessarily remove tightly

bound metal and may also disturb internal ionic metal status. There is
also the problem of heterogeneity of portions of the hyphae in growing
mycelium, for instance, the actively growing tip is very likely to be

quite distinct from the older parts of the mycelium in terms of components,
architecture and metal uptake systems. Useful information could be
obtained on internal and external metal uptake by looking at the effects
of pH on metal uptake by isolated protoplasts and cell walls. The merits

of these techniques are discussed in a later section.

Although not strictly comparable to divalent cation uptake, it
is Interesting that monovalent cation influx such as that of potassium
in NeUOipofLld_ ip. is accompanied either by the efflux of sodium and
hydrogen ions during net transport, or by efflux of potassium ions during
steady state exchange. According to Slayman and Slayman (1970) at low
extracellular pHs such as 4.6, net uptake of potassium was a simple

exponential process obeying Michael is kinetics. At high pH however,
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(8-9), potassium uptake became considerably more complex, and could be
resolved into two distinct components. The so called fast component
(time constant 1.2 minutes) was matched quantitatively by a rapid loss
of sodium attributable to ion exchange within the cell wall. The slower
component (10.9 minute time constant) was thought to be a carrier
mediated mechanism. The fast component including the exchange of ions
may well be a similar process to that occurring in lag phase in this

study in growing fungi.

It is clear that further information on various aspects of metal
uptake in P. ipinuloium, T. vOiddz and A. nigeA is required and one
important factor is localisation on the cell wall for example,
particularly in lag phase. It would also be very useful to know how
many binding sites in the cell wall are present, since the possibility
of pH affecting a low affinity binding site only, would imply that there
is more than one site available. Kinetic analysis of the initial
binding would also be of use here. Also the mechanism of internalisation
requires elucidation to determine if there is any metabolic involvement.
Protons could of course be involved in delocalising metal ions from the
cell wall independent of internalisation. These factors will be

investigated in the subsequent sections of this study.
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8. HEAVY METAL ACCUMULATION BY NON"GROWING SUSPENSION OF FILAMENTOUS

FUNGI .
8.1.1. General Introduction

In the preceding sections of this study some interesting aspects
of quantitative metal accumulation have been demonstrated in growing
filamentous fungi. Unfortunately, metal transport processes in growing
cells are masked by the growth kinetics of the organism, and hence it is
impossible to perform flux measurements on dynamic systems. Also
experiments designed to monitor transport in filamentous fungi which
involve temperature effects, a variety of substrates and metabolic
inhibitors, militate against the measurement of metal transport in
growing mycelium, since these treatments in themselves would affect the
metabolic activity of the cell, and hence modify the metal transport
system if energy was involved. Thus, the use of non-growing suspensions

of fungi simplifies the study of transport processes.

Most workers investigating metal uptake in non-growing suspensions
have shown by kinetic analysis that uptake is a multiphasic system,
involving wall binding components, usually as a prerequisite to intracellular
accumulation, which in some cases has been shown to be energy dependent.
Wakatsuki zt aZ (1979) have demonstrated the uptake parameters for copper
in the yeast VzbaAyomyzzA ka.nl>ZnLi over a 120 minute incubation period.
According to these authors a biphasic uptake system involving rapid binding
onto the cell wall was followed by intracellular transport in this yeast.
However, the data of Ross (1977) shows that exposure of a non-growing
suspension of cells of ScLCZkaxomyczi ZZAZvli(CLZ to 1.02 yg ml 1 copper
resulted in 90% loss of viability within 10 minutes. It is likely therefore
that the high concentration of copper 6.35 pg ml ~ used by Wakatsuki zt al

(1979) would have resulted in substantial cell death. Some of the
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experiments of Wakatsuki It at (1979) were carried out in 0.9% NaCl.

It is conceivable that the toxicity of copper was reduced by the formation
of Cu-Cl complexes. Reduced toxicity of zinc (Babich and Stotzky, 1978)
and cadmium (Babich and Stotzky, 1982) as a result of Zn-Cl or Cd-CI
complexes has been reported but data is not available for copper. As
Wakatsuki It at (1979) do not give data on cell viability, their data

must be treated with caution.

Schneider and Lindberg (1983) showed that zinc uptake in NILAO-IpcSia.
was a biphasic uptake process with an initial rapid phase which lasted for
1 minute and was followed by a slower mechanism which was linear for at
least 10 minutes. Budd (1969) showed that K+ uptake in NIOQOIhoiposia-
va&tn”icta was dependent on metabolic energy and kinetic analysis showed
that there were two Kkinetically distinct uptake mechanisms for K+ (Budd,1975).
Hidd (1979) reported similar mechanisms for Mg++ uptake in the same fungus.
Paton and Budd (1972) showed that zinc uptake was also a biphasic process
in Ni.CC.Qhogoo>ia vatiMictu, with the internalisation phase being energy
dependent. Le John it at (1974) investigated non-growing intact cell
suspensions for calcium transport studies and the influence of cytokinins
and sulphydryl group reacting agents in hihtya ¢p. Again uptake was
dependent on two components, with a low molecular weight calcium binding
glycopeptide in the cell wall being involved in the initial uptake phase
mechanism, and a calcium uptake component associated with the cell membrane

as the second uptake phase.

The study of metal uptake in non-growing cells is justifiable also

with regard to the recent resurgence in interest iIn the possibility of using
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non-growing cells for metal recovery from industrial effluents containing
low levels of metallic residues. Many industrial effluents contain toxic
substances other than metals which would preclude the use of growing cells
for the treatment of many metalliferous effluents. The use of suspensions
of fungi has received a lot of study for metal recovery purposes perhaps

due to their relative ease of handling when compared to bacteria.

Tsezos and Volesky (1981, 1982a, 1982b) and Tsezos (1983) have
used suspensions of RhXzopui (ZAAhXzui to demonstrate uranium and thorium
uptake by the fungal material. Using various techniques such as X-ray
energy dispersion analysis, electron microscopy and infra red spectroscopy
and by producing adsorption isotherm plots, the authors reported that
uranium uptake was a three phase uptake system whilst that for thorium

was a two phase system.

Tobin eX aX (1984) using R. (WihXzu.4 produced a biosorbent material
from 70h old cells by washing and grinding them and then resuspending the
productt in metal solutions including La* 't , Mn" , Cu++, zn'" , cd™ , TN ,
m§2 and AgJr . This material, although not i|§tntact, appeared to behave
in some respects as a non-growing suspension of biomass. Muzzarelli eX at
(1980) have produced biosorbents from AdpeA.gXClu.-i nXgeA by manufacturing
metal sequestering columns of chitosan-glucan polymer extracts. Treen-Sears
eX aC (1984) have also used formulations of broken portions of mycelium of
Rkizopui javanXcui and they showed that the status of the growing mycelium
prior to these treatments was important. For example, the eventual metal
uptake capacity of the suspended mycelial material was improved by adding
mineral salts to the medium once growth had commenced. Galun eX aX (1983)

studied the uptake of uranium by suspension of PenXc.'iXXXuin dXg”~XaXwn, and

demonstrated its inhibition by iron (Galun eX aX 1984). They further
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emphasised the potential for metal recovery by fungal suspensions by
recycling the material after removing uranium from preloaded biomass with
alkali carbonates, EDTA, ammonia and organic acids. Suspensions of various
fungi were used by Drobot (1981) (U.S. Patent 4,293,333) to recover a range
of metals from aqueous solvents. The author suggested that growth could

be promoted in the effluent by the addition of nutrients to the contacting
solution including oils, alcohols, citric acid, ammonium salts, amino acids
and a co-precipitate of calcium carbonate and calcium citrate to provide
inorganic carbonate and organic nutrients. Alternatively the author
suggested that non-growing biomass could be added directly to the effluent
to effect metal recovery. In either case the growth status of the fungi
used in these trials was not easy to determine from the information
provided by the author. Drobot and Lechavelier (1981) (U.S. Patent 4,293,334)
suggested that metals could be recovered from aqueous solutions with killed

fungi .

The primary objective of studying metal uptake in non-growing
cell suspensions, was to investigate the metal transport process with
particular emphasis on elucidating the role of the metabolism, if any, by
observing the effects of the presence of metabolic iInhibitors, the presence
and absence of glucose and the influence of temperature on metal uptake.
Further, these studies were designed to investigate the role of the cell
wall in metal uptake in non-growing cells by studying competitive uptake
with other divalent cations, by observing uptake by cell wall and chemically
modified cell wall preparations, and by studying initial binding kinetics.
Information on the molecular relationships of metals with non-growing
fungal cells was obtained by performing electron spin resonance (ESR)
measurements on metal loaded fungal cells. This work is included in the
appendix.
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METAL ACCUMULATION BY NON-GROWING SUSPENSIONS OF FILAMENTOUS FUNGI

METABOLIC DEPENDENCE AND CELL WALL INVOLVEMENT.

8.1.2. Introduction.

There appears to be little information in the literature on metal
localisation in filamentous fungi and that which is available has typically
been obtained by one of two reported techniques. The first technique
relies on the fact that heavy metals are electron dense and can therefore
be detected by electron microscopic techniques. Lindegren dt at (1972)
reported that copper used as a stain in electron microscopy studies
appeared to attach to the nuclei and chromosomes in yeasts. Precipitation
of mercury in electron dense bodies has been noted in the hyphae of
CklyiOiporuM pannOAum (Williams and Pugh, 1974). Similarly, Paton and
Ridd (1972) have demonstrated electron dense bodies in Weoco4mo4poAk

\JOitn"dC.ta after growth in zinc containing medium.

NDAL

The other technique has been used to determine the amounts of
metal which is desorbable from the fungus and therefore assumed to be
located on the outside of the cell. Non-desorbable metal is that which

is either tightly bound or internalised.

Paton and Budd (1972) have determined the amount of zinc which is
desorbable from We.ocodmo.4poA.il \)CU>StdCta after zinc accumulation from
zinc containing medium. This removable zinc was attributed to surface
binding of zinc which the author®s termed phase 1 uptake. Horikoshi dt at
(1981) have reported that most of the absorbed uranium on actinomycetes
was released by washing the organisms with an EDTA solution, suggesting
that the accumulation of uranium depended on physico-chemical adsorption

at the cell surface, rather than on biological activity, and that uranium
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is coupled to the cells by ligands which were easily substituted with

EDTA. Venkateswerlu and Sivarama Sastry (1970) reported that the maximal
amount of Co leached out by EDTA from mycelia that had taken up cobalt
was about 30%, was rapid and largely completed within 30 minutes. The
authors suggested that loss of intracellular Co++ due to the flotation of
mycelium in EDTA was quite small and that it was probable that the Co++
leached out by EDTA was predominantly surface bound metal ion. The elution
of toxic cations was studied by Lowry i at (1957) from ascospores of
WeuAO<6po/ia <p. and the authors showed that ATP, dihydroxyphenyl alanine

and EDTA were the most successful. They suggested that since cations are
restricted to the exterior of dormant ascospores, the adsorption sites on
the surface of the cell can serve as a reservoir of ions which can penetrate
the cell as soon as germination of the cell begins. Tests of the relative
efficiency of various washing treatments (water, 0.1N HC1, non radioactive
CusSo”, 0.1% cetyltrimethyl-ammonium bromide and IX 10 ~ M EDTA) in

removing the copper from NmHOApona cAabia and AttiAnaAML tim Ib spores
showed that the two fungal species differed (Somers, 1963). The copper
binding sites on A. tirutb were much more accessible to exchange and
chelation than those on N. cAabba. The exchangeable copper has fungistatic
properties since Muller and Biedermann (1952) have shown that the
germination of copper treated spores of \ttiAnaAta tinutb can be restored
by EDTA treatment. Galun it al (1983) have shown that uranium adsorbed

in a precultured mycelial biomass was 94 to 99% extractable by alkali
carbonates, whilst the amount removable by EDTA was only 61%. Norberg and
Persson (1984) also reported similar release of metals from flocculated
particles of Zoogtoia Kamtgi/ia using acid treatments and investigated the
possibility of recycling desorbed biomass. It is interesting that according
to Galun it at (1984), the effectiveness of fungi as extractants was

concentration dependent but after the initial EDTA treatment, the capacity
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for adsorbing uranium from UONCIN increased markedly. On the other hand,
Schneider and Lindberg (1983) reported that uptake of zinc by NeusiOAposul
CAOiia was inhibited by a previous exposure to 0.1 mM EDTA and the
authors suggested that the EDTA caused a loss of a required protein.
Similarly, Somers (1966) reported that W. csiaiia conidia which were
briefly washed in a non-toxic concentration of hydrochloric a?id and then
reincubated with solutions of copper sulphate accumulated less metal and
were also less susceptible to copper. This was attributed to copper

exclusion due to the binding of hydrogen ions to the superficial cation

receptor sites.

In this study, it was decided to investigate the role of the cell
wall in metal accumulation by apportioning uptake into desorbable and
non-desorbable uptake, using EDTA as the desorbent. The mechanism of
internalisation was investigated by attempting to demonstrate metabolic
inhibitors and

dependence by observing the effects of glucose, metabolic

temperature reduction on metal accumulation.

The metabolic dependence of metal uptake has been reviewed for
the yeasts by Borst Pauwels (1981). Glucose appears to stimulate copper
uptake in SacckasiomyeeA ceAevl&iae (Ross, 1977), zinc uptake in Candida

iititu (Failla and Weinberg, 1977), zinc uptake by Saccka/iomyceA ceSLCV-i&iae

(Ponta and Broda, 1970) and cadmium and cobalt uptake in S. cesicv-i&iae
(Norris and Kelly, 1977). According to Paton and Budd (1972), in the
filamentous fungus bleocOAmMoiposia uaS-iniecta, glucose inhibited phase 2
uptake from 65 yg ml at all concentrations tested from 0.1 mM to 90.0 mM
during 20 minutes. Phase 2 uptake was that which was energy dependent.
Inhibition was curvilinear with respect to glucose concentration and

amounted to 46% at90.0mM glucose. Treating the mycelium for 15 minutes



in 1.0 mM glucose inhibited subsequent phase 2 uptake by 18%, but

interestingly, if 5.0 mM phosphate at pH 6.5 was also present during the

incubation, this inhibition fell to 10% (Paton and Budd, 1972). It is also

of interest that Rothstein et at (1985) reported that 25% of the added

manganese to fresh baker®"s yeast was surface bound in less than 3 minutes,

regardless of glucose additions to the medium. However, iIn the presence

of phosphate and glucose, there was, iIn addition to the surface binding,

a continuous absorbtion of manganese which was markedly stimulated by K+.

Metabolic inhibitors appear to affect the two phases of uptake in

different ways. Somers (1963) used two techniques to determine the effect

of respiratory inhibitors and thiol reagents on copper uptake by

NcuAOBpoAa CA&BA& conidia. Both methods (see discussion for details)

showed that whilst these agents reduced copper uptake, the mechanism was

unaffected by the uncoupler of oxidative phosphorylation, 2-4 dinitrophenol

(ONP). Paton and &idd (1972) demonstrated that in phase 1 of zinc uptake
in Mcocoimipo™a. VOAtn~ecta. (i.e. surface binding) there was no effect on
adding NaN”, but phase 2 (energy dependent uptake) was stongly inhibited
though not completely at 0.1 and 1.0 mM NaN® and this was not fully

reversible. Norris and Kelly (1977) demonstrated the effect of CCCP on

metal cation accumulation in S. caicvtivvi. Surface binding was independent

of the uncoupler but the intracellular accumulation was depressed by CCCP.

It is worthy of note that Schneider and Lindberg (1983) showed that both the

rapid and slow phases of zinc accumulation in N. CliOA;a were inhibited with

azide but this may have been as a result of complexing of zinc by the azide.
Le John at at (1977) reported that Ca++ transport was insensitive to
metabolic inhibitors. Horikoshi at at (1981) showed that the uptake of

uranium by Kc.tLnomyc.iu, tcvohjj, and Sticptomycu, vvUdochn.omoge.nu> was



not affected by a 30 minute treatment with DNP or NaN3 and uptake

attributed to a non-metabolic process.

The effects of temperature on metal uptake have been shown to be
similar to the effects of metabolic inhibitors. The uptake of heavy metals
in relation to temperature has been studied in SacchaAOmycei c.eAex)-Little.
and Pieudomonoi aeAugtnoia by Shumate et at (1978). These authors showed
that metal uptake was temperature dependent and that there was an optimum
temperature for metal uptake. Zinc accumulation and the influence of
temperature has been demonstrated in C. utiLLi (Failla and Weinberg, 1977).
Also effects of temperature have been demonstrated in S. C-iAeuZitae for
copper uptake (Ross, 1977) and in S. eeAevtiiae for zinc uptake (Ponta and
Broda, 1970). Similar dependencies for cadmium uptake have been shown in
the alga ChZoAeZZa pyAenoiddia by Hart and Scaife (1977) and in lichens by

Beckett and Brown (1984).

The effect of temperature has been studied for Cd++ uptake in
AdnZya ip. (he John et at, 1974) and for Cd++ uptake in AuAejObaiidZum
piMula.ru, (Gadd and Mowll, 1983). Also the influence of temperature has
been demonstrated for Zn++ uptake in NeocoimoipoAa vaitn”~eata (Paton and
Budd, 1972), for Cu++ uptake in A. nigeA, PenZcZZZZum gZaucum and
VematZim puZZula.nl, (Sato, 1939), and for thorium and uranium uptake in
PhZzopui OAAhZzui (Tsezos and Volesky, 1981, 1982a, 1982b and Tsezos, 1983).
The importance of temperature in commercial recovery of platinum, iridium,
ruthenium, rhodium, gold, 1iron, zinc, copper, aluminium and nickel in
CZadoiponZum ip., PenZxUZZZum ip. and 2 black fungi has been emphasised
in twoU.S. patents (Drobot 1981, Drobot and Lechavelier, 1981).

The effect of temperature on zinc uptake in A. nigeA has been studied
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(Babich and Stotzky, 1978) and on copper and mercury uptake by a chitin-

chitosan complex of A. rtfgw (Muzzarelli <U at, 1980). The influence of

temperature on metal uptake in P. iplnhuloium, T. vVudz and A. ntgeA

was investigated to elucidate the effect of temperature on metal uptake

with particular emphasis on whether metabolic energy was involved in uptake

by non-growing cell suspensions.

Similarly, the effects of anaerobic incubation on metal uptake

have been investigated with regard to distinguishing metabolic uptake from

passive uptake, but there appear to be some conflicting reports in the

literature. Ponta and Broda (1970) showed that zinc uptake into the

interior of the cell in S. CVLZvh,ixe. did not strongly depend on the

presence of air, but this is not surprising since under conditions of low

oxygen tension, energy would be derived from glucose fermentation.

Energy dependent zinc uptake would be more dependent on the glucose

concentration. Baldry and Dean (1980b)reported that copper uptake during

batch culture of E&C.heJUC.hla C.oLi was reduced under conditions of oxygen

shortage. Other reports however, contradict this and Somers (1963)

showed that the uptake of copper by conidia of W. ¢JUUAa was 25% greater

in a N2 atmosphere than under standard aerobic incubation. In NeocoAmoipo/ui

niecta Paton and Budd (1972) showed that although anaerobiosis had no

effect on surface binding of zinc initially, after 3 hours of anaerobic

incubation subsequent surface binding was reduced by 25 to 30%. Normal

aeration caused the amount of surface bound uptake to increase slightly.

This implies that the binding sites are metabolically turned over.

Anaerobiosis produced the strongest inhibition of phase 2 (energy dependent)

zinc uptake, amounting to 88% after 2 hours. However, in this case, uptake

was fully restored on returning to aerobic conditions, even after 230 minutes

°f anaerobiosis. According to McBrien (1980), the toxicity of copper is
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substantially greater when the metal ion is applied to cells under anoxic

conditions. The increase in toxicity occurs because Cu(ll) is reduced to
Cu(l) which is stable under anoxia and is more toxic than the oxidised

species, and not because of increased uptake under anaerobic conditions.
According to Mc Brien, anoxic potentiation has been observed in mammalian

cells in tissue culture, in bacterial, algal, fungal and in yeast cells.

The main objective of this section of the work was to determine
if there was any metabolic dependence in metal uptake in non-growing
suspensions of filamentous fungi. Another aim was to determine if the
cell wall was involved in localisation of metals in fungi, and to attempt
to quantify metal internalisation using desorption techniques. The
rationale was that over a 2 hour incubation period, if the metal was
intracellularly accumulated, the proportion of non-desorbable metal ought

to increase and the proportion of desorbable metal would decrease.
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8.2. Materials and Method«
8.2.1. DEVELOPMENT OF EXPERIMENTAL PROCEDURES
8.2.1.1. Preparation of non-growing fungal suspension.

The aim was to produce a standard slurry of uniform consistency of
mid-linear phase fungus of known water content, in which the density of
mycelium was such that typically less than 10-15% metal removal occurred

from experimental metal solutions in uptake trials.

Following 2 subcultures in 100 ml GMS medium, a series of 1 litre
flasks containing 400 ml GMS medium was inoculated with 10 ml of mid-linear
phase fragmented culture. The inoculum density was higher than for normal
culturing to achieve a dens.er culture consisting of smaller mycelial units.
Cultures grown in this way reached mid-linear phase after 48 hours of

standard incubation.

After 48 hours of growth, the cultures were filtered and washed
with 2 X 100 ml distilled H™. The mycelium obtained from 2 cultures was
bulked by resuspending the contents of the 2 flasks in 400 ml 50.0 mM
MES (pH 5.5) at 25°C and reincubated for a period of time; this iIncubation
period was normally 30 minutes to allow equilibriation, but when starved
cultures were required this period was extended to 12 hours. After these
periods, the filtering and washing procedure was repeated to remove any
metabolites which may have been released during the incubation. Resuspending

in fresh MES produced a mycelial slurry which was ready for use.

8.2.1.2. Liquid content of slurry.
The liquid content of the mycelial slurry had to be determined

prior to addition to metal solutions so that corrections in the metal

concentrations could be made.
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25 ml samples of the suspension were collected and filtered to
apparent dryness and the filtrate was retained. The volume of the
filtrate was measured to determine the liquid content of the 25 ml volumes
of slurry. The resulting volume was used to calculate the additional
aqueous content of the experimental uptake flasks when 5.0 ml of the slurry
was added to 100 ml volume of MES plus metal solution. Before addition of
the fungal suspension, appropriate adjustments of the volume of metal
solutions added were made to correct for the extra liquid content. 5.0 ml
of the fungal suspension typically was suspended in 3.5 ml water for all
fungi tested (i.e. 70% water). It should be remembered that this water
content does not relate to the actual water content of the fungal protoplasm,

it refers only to the water involved in suspending the fungal pellets.

8.2.1.3. Effect of culture age on copper uptake by Pen-iaillium spinulosum.

Separate unstarved mycelial suspensions were prepared from actively
growing P. cultures at 36, 48 and 60 hours of growth after
inoculation so that mycelium in early, mid and late linear phase was obtained.
In this way the effect of culture age on copper uptake could be investigated.
To twelve, 250 ml conical flasks containing 100 ml 50.0 mM MES (pH 5.5) plus
10.0 mM glucose and supplemented with copper chloride to a final
concentration of 2.5 ygml 1, 5 ml aliquots of the 36 hour fungal suspension
were added and incubated at 25°C with shaking at 200 rpm. After 5, 30, 60
and 120 minutes of incubation, 3 flasks were selected and the mycelium
collected for copper analysis. Similarly, copper uptake profiles were

obtained for the 48 and 60 hour old mycelium.

8.2.1.4 . Determination of the optimum desorbing medium for recovering
accumulated metal from metal loaded biomass.

The aim of these experiments was to determine the most efficient

desorption medium for removing metal from metal-loaded biomass. By



investigating desorption after 5 minutes and 2 hours incubation 1in metal,
should be possible to determine whether or not metal is internalised over
2 hours and to what extent. That is, if metal is internalised in 2 hours,
then a smaller percentage of total metal should be recoverable than would

be the case for the 5 minute incubation.

An unstarved mycelial slurry was prepared as described previously
and 5 ml were added to each of thirty 250 ml conical flasks containing
50.0 mM MES with added copper to a final concentration of 2.5 pg ml_1
(corrected for the mycelial slurry water content) at pH 5.5. All flasks
were incubated at 25°C with shaking at 200 rpm. Batches of 3 replicate
flasks were used for each treatment with a 4 minute stagger between batches

to facilitate management of sampling.

After 5 minute and 2 hour incubations in copper, the batches of
copper loaded mycelium were separated from the copper solution by
filtration. The samples were washed with 200 ml of distilled H"O and
split into 2 portions. One portion of each of the 3 replicate samples
for both incubation times were placed in preweighed collection flasks for
dry weight and copper determinations. The remaining portion of each of the
3 replicate samples was placed in one of 5 desorption media. The desorption
media used were distilled H20, basal GMS medium at pH 5.5, 50.0 mM MES
plus 1.0 mM EDTA at pH 5.5, phthalate buffer at pH 4.0 and basal medium
plus 1.0 mM EDTA at pH 5.5. These were incubated in the standard way for
15 minutes. The biomass was then filtered and the dry weights and copper
contents determined. Potassium contents of each sample were monitored
to check for membrane damage caused by EDTA. The dilutions necessary for
% measurements were made in a 1000.0 yo ml“I lanthanum chloride solution

to prevent interference in A_A.S. determinations. The experiment was

repeated for cadmium and zinc.



8-2-1-5. Det evminati.cyi of optimum EDTA concentration and treatment time

for copper desorption from P. iy-imitoum.

The aim of these experiments was to determine the most appropriate
concentration of EDTA for copper desorption from copper loaded biomass and
to determine the optimum desorbing time. 24 portions of unstarved copper
loaded P. i,pimloi>um were prepared using the aforementioned method. Copper
loading was carried out using a 30 minute incubation in 2.5 pg ml”1 Cu++
solution. Three biomass samples were used directly for dry weight determinations
and copper content analyses. Three replicate portions from the 21 remaining,
were used for each EDTA treatment. 15 minute incubation treatments were
carried out in 50.0 mM MES at pH 5.5 containing 0.1, 0.25, 0.5, 1.0, 2.5
and 5.0 mM EDTA and also in 1.0 mM EDTA alone, after which the mycelium was
collected for dry weight determination and copper analysis. The experiment
was then repeated using 50.0 mM MES containing 1.0 mM EDTA but with 5, 10,
15, 20, 30 and 40 minute desorption times to determine the optimum desorption

period.

Effect of starvation on copper uptake from 5.0 ug ml'1l Copper by

PzrUciZUwn

The aim was to determine the effect of varying lengths of starvation
on subsequent metal uptake capacity and also to determine the effect of
starvation on desorption of accumulated copper. Three replicate 1 litre
Ehrlenmyer flasks containing 400 ml of a dense suspension of P. ;p/Lnatoium
in 50.0 mM MES were prepared and incubated in the normal way. After 1, 2,

6, 12, 24, 48 and 96 hours of incubation, 10 ml of the starving culture
were withdrawn from each of the 3 replicate flasks and suspended in 3
separate 250 ml Ehrlenmyer flasks containing 100 ml 50.0 mM MES (pH 5.5)
to which had been added copper chloride to a final concentration of 5.0 pg ml~*

(corrected). The 3 replicates were then incubated for 2 hours. The copper
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loaded biomass was then filtered and washed with 200 ml distilled H20 .
Half the samples were used directly for dry weight determinations and
copper analyses, whilst the other portions of the samples were resuspended
in desorption medium and then analysed. All subsequent experiments utilised

unstarved mycelium unless otherwise stated.

8,2>1"7, Effect of glucose concentration on copper uptake from
~Ne0 Ug ml copper by a non-growing suspension of

VznA.cjl2.ium ipinuioiim.

The aim of the experiment was to determine if glucose at a range
of concentrations from 0.55 to 111.11 mM influenced copper uptake by a
non-growing 12 hour starved culture of P. ipimloium. To each of eighteen
250 mlI Ehrlenmyer flasks containing 100 ml 50.0 mM MES (pH 5.5) plus
varying amounts of glucose and containing copper at 5.0 jgml®1, was
added 5.0 ml of the fungal slurry. MES containing copper but no glucose
was used in control flasks. Batches of 3 replicate flasks at each glucose

concentration were employed. The suspensions were incubated for 2 hours in

the copper solutions and then analysed for copper. All subsequent experiments,
including ones which investigated the effects of glucose on metal uptake,
utilised unstarved mycelium since the presence of glucose did not appear to

enhance uptake in starved mycelium.

8,2,1>8* Effect of anion component on zinc and copper uptake by non-growing
V.ZIU.QsU<Um iainuioium from 5.0 ue ml 1 metal in 50.0 mM MES anH

GMS medium.

The objective of this experiment was to determine whether the
anionic component of added metal salts (chloride or sulphate) had any
influence on the quantitative uptake of the metal cation both in MES and
in GMS medium. An unstarved mycelial suspension was prepared. Twelve 250 ml
Ehrlenmyer flasks containing 100 ml 50.0 mM MES (pH 5.5) plus 10.0 mM glucose

and twelve containing 100 ml GMS medium were supplemented with metal
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solutions to produce final concentrations of 5.0 ug ml1”1 Cu++ or Zn"/.
Batches of 3 replicate flasks of MES and 3 of GMS medium were supplemented
with zinc sulphate. Further batches of 3 replicate flasks for each medium
were prepared using zinc chloride, copper sulphate and copper chloride.

To each batch of triplicate flasks, 5.0 ml of the mycelial suspension was
added and these were incubated under standard conditions for 2 hours.

The biomass was filtered and analysed for metal using AAS.

8.2.1.9. Effect of metabolic inhibitors on copper uptake from 2.5 ug ml"1
by Pznic-cLt-uim ip-cnuioiutn with preincubation with inhibitor and

simultaneous incubation with inhibitor and copper.

The aim of the experiment was to determine the effect of metabolic
inhibitors on copper uptake, when fungi were preincubated in the presence
of the metabolic inhibitor and when the metabolic inhibitor was included
in the experimental flask. 600 ml of a P. -@'CnufoAutn slurry were prepared.
200 ml of this suspension were used for the preincubation experiments,

200 ml for controls with no inhibitor treatment and 200 ml for the u

simultaneous copper and metabolic inhibitor experiments.

To each of twelve 250 ml Ehrlenmyer flasks containing 9.9.0; ml
50.0 mM MES at pH 5.5 plus 10.0 mM glucose, was added 1.0 ml of a 100.0 mM
solution of sodium monoiodoacetate to produce a final concentration of
1.0 mM inhibitor. The pH was adjusted to 3.5 with concentrated HC1l.
Twelve flasks containing 1.0 mM 2,4 DNP and 1.0 mM azide were also prepared
but adjusted to pH 5.5. 5.0 ml of the fungal slurry were added and
incubated for 30 minutes under standard conditions. After the 30 minute
incubation in the presence of inhibitor the mycelium was filtered and washed

with distilled H.0 and resuspended in further flasks containing 100 ml MES



50.0 mM, pH 5.5) at pH 5.5 plus 10.0 mM glucose containing 2.5 Ug ml ~ copper.
p p p g g ¢] PP

After 5, 30, 60 and 120 minutes of incubation, 3 replicate flasks for each
inhibitor were selected and the biomass analysed for copper. To 12 control
flasks with no inhibitor added, and 12 flasks with MES plus glucose plus
each inhibitor (pH 5.5) for simultaneous metal and inhibitor treatment all
containing 2.5 yg ml copper, were added 5.0 ml aliquots of the fungal
suspension and these were incubated under standard conditions. Sampling
was carried out after 5, 30, 60 and 120 minutes for controls and flasks
containing inhibitor. The copper and K contents for all samples were

determined .

8.2.1.10 Demonstration of the effectiveness of the metabolic inhibitors

used by measurement of oxygen uptake using an oxygen electrode.

The effectiveness of the metabolic inhibitors used in this study
was checked using a Rank oxygen electrode connected to an M.S_.E. Spectroplus
oxygen meter with a recorder attachment. The Spectroplus was set to zero
by adding sodium dithionite after electrode preparation and connection and
this represented 0% saturation. Water was passed through the electrode

jJacket at 25°C.

3.0 ml distilled water were added to the reaction chamber.
Spectroplus was then adjusted to 100%. Operation of the electrode was
checked by adding sodium dithionite after which a reading of 0-5% saturation
was obtained within 30 seconds. After these operational checks, the contents

of the reaction chamber were aspirated and the chamber rinsed with distilled

3.0 ml of a medium containing 1.0 mM glucose and 0.05 M KI—!Z_PQ4 at

pH 5.5 were placed in the reaction chamber. This was mixed to achieve 100%
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saturation. Ten pellets of mid-linear phase P. ip+nuioium were carefully
suspended in the medium in the chamber and readings were taken immediately
for G2 uptake. The amount of biomass added was approximately 0.05% W/v,
When the trace showed 50% 02 utilisation, 3.0 pL of a 1.0 M sodium
monoiodoacetate solution were added to produce a final concentration of
1.0 mM. The effect on oxygen uptake was monitored. The experiment was
repeated at pH 5.5 with monoiodoacetate added at 5.0, 10.0 and 50.0 mM
concentrations. The experiment was also repeated for T. v-ifiUdz and

A. nigeA using 1.0 mM monoiodoacetate at pH 3.5. The effectiveness of

2,4 DNP and sodium azide in inhibiting oxygen uptake was also investigated.
Since the azide was so effective at 1.0 mM concentration this was used

in the majority of subsequent inhibitor experiments.

8-2-1-11 Resuspension of experimental mycelium in GMS medium and K*

loss measurements as biomass viability checks.

The objective of this work was to ensure that fungi were not
killed by incubation in 2.5 pg ml metal by resuspending in GMS medium
and monitoring growth and also by monitoring K+ loss during the experiment.
A slurry of mid-linear phase P. ;pinuZoium was prepared. 5.0 ml aliquots
were added to fifteen 250 ml Ehrlenmyer flasks containing 100 ml 50.0 mM
MES at pH 5.5 supplemented with copper chloride to a final concentration
of 2.5 pg ml . After 5, 30, 60, 120 and 360 minutes of incubation in the
copper solution, 3 replicate flasks were selected and the mycelium harvested
by filtration. To maintain sterility, all filtration was carried out in
a laminar flow cabinet using sterilised Buchner equipment and sterilised
Whatman 541 filters. Half the mycelium of each of the 3 samples was
retained for metal analysis whilst the remaining portions were resuspended
in 400 ml GMS medium and reincubated. Metal loaded mycelium was added to

the GMS medium to form a suspension of approximately 0.1% W/v. The
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resuspended mycelium was sampled at 0, 6, 12 and 24 hours after inoculation
to monitor dry weight increase.

+
K contents were measured for all samples simultaneously to the
copper analyses. The procedure was repeated for T. \)VuAz and A. viigeA

and also for all three experimental fungi with 2.5 pg ml"1 cadmium.



8.3. Results.

8.3.1. Development of experimental procedures.

8.3.1.1. Effect of culture age on copper uptake by P&yuc-LLtium ¢;ptnuto-ium.
Figure 8.3.1.1, shows the effect of culture age on copper uptake
by P. ¢pinutoMm from a 50.0 mM MES solution containing 2.5 pg ml"1 Cu++
(pH 5.5). It is clear that the younger the original culture is, the higher
is the subsequent accumulation under non-growing conditions. 48 hours was
chosen as the ideal culture age for all further experiments since at this

time the yield of biomass was reasonably adequate.

Norberg and Persson (1983) showed that cadmium and copper removal
from solution by ZoogtotM tiamtgeAa reached a maximum when the cultures were
6 to 8 days old. On the other hand, Horikoshi it at (1981) showed that
uranium uptake in StfliptomyiU \)VLLdOihA.omogini& did not change

significantly with the age of the culture.

8.3.1.2. Determination of the optimum desorption medium for removing

accumulated metal from PiviLiiZLum iptmtoium.

The results are shown in Figure 8.3.1.2. For both 5 minute and
2 hour incubations in copper the subsequent desorption of the loaded
copper appeared to be similar indicating that very little of the accumulated
metal was internalised over the 5 minute to 2 hour incubation period. There

was no apparent difference for copper, cadmium or zinc.

Distilled H™O alone proved to be unsatisfactory as a desorbent
whilst basal medium pH 5.5, 50.0 mM MES plus 1.0 mM EDTA pH 5.5, phthalate

buffer pH 4.0 and basal medium plus 1.0 mM EDTA pH 5.5, gave similar results
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Time (min)

Fuuwte 8.3.1.1.

Effect of culture age on copper uptake by non growing suspensions
of P. ipinuloAum suspended in 50mM MES containing 2.5vigTol * Cu++.
A > 36h culture; O, 48h culture; O , 60h culture.
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Figuaz 8.3.1.2.

Determination of the optimum desorbing medium for copper, cadmium and

zinc after uptake by P. ¢plhulol>M from 50mM MES containing 2.5yg .mlI"

metal with 5 minute and 2 hour
~ desorbed

Copper - 5 min incubation
% desorbed

Zinc. 5 min incubation
% desorbed

Cadmium.

incubations in the metal solution.

Cu desorbed

% K loss

2 hour incubation

% Zn desorbed

% K loss

2 hour incubation

[::] % Cd desorbed

% K loss

1. distilled water; 2, Basal GMS medium; 3, 50 mM MES plus 1 mM EDTA;

4> Phthalate buffer pH 4.0; 5, Basal GMS medium plus 1 mM EDTA.
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with copper desorption values between 60 and 80%. 50.0 mM MES plus 1.0 mM
EDTA adjusted to pH 5.5 was chosen for all subsequent work since it achieved
good levels of desorption whilst K+ losses of less than 7% were routinely
recorded, (Typically K loss was substantially less than this value).

The indication was that cell membrane damage was minimal.

8.3.1.3. Determination of optimum EDTA concentration for copper desorption

from Pznle.'LLtuim ip-Lmlo&um.

The results are illustrated in Figure 8.3.1.3. 0.1 and 0.25 mM
EDTA desorbed only 27 and 45% of the total copper respectively and were
considered unsatisfactory. 0.5, 1.0, 2.5 and 5.0 mM removed between
60 and 70% of the preloaded copper. 1.0 mM was chosen as the optimum
concentration for subsequent experiments since it achieved a high level
of desorption with minimal K+ loss. 1.0 mM EDTA alone achieved almost
the same degree of copper removal as 50.0 mM MES plus 1 mM EDTA but the K+

loss associated with the 1.0 mM EDTA treatment was slightly larger.

8.3.1.4. Determination of optimum time in 1 mM EDTA for desorption of

accumulated copper in PeinAXi-LLtuun 1 ip-im.loAu.m.

The results are shown in Table 8.3.1.1. After the loading of
P. ipimtoMun pellets with copper by incubation for 30 minutes in 2.5 pg mlI”~
the minimum time of desorption treatment in 50.0 mM MES plus 1.0 mM EDTA to
achieve over 70% copper removal was 15 minutes. Although 20 and 30 minute
treatments produced slightly improved levels of desorption, 15 minutes was
the time used in all experiments because of the increased risk of greater

K losses with extended incubations in EDTA.
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FigiOie s8.3.1.3.

Determination of optimum EDTA concentration for desorption of

accumulated copper from P. &plmlo&um after 30 minute incubation

in 2.5pg ml

Cu . (15 minute desorption treatment in EDTA).

Copper desorption

+
K loss

o

90

80

70

60

40

30

20

10

% Cu desorption

% K loss

0.1 0.25 0.5 1.0 2.5 5.0 1.0

EDTA (MW) EDTA (mM)
(+50mM MES) (alone)

Table. 8.3.1.1.

Determination of optimum time in ImM EDTA for desorption of

accumulated copper from P. AplnaloilM after 30 minute incubation

Time in EDTA

m 5 To 15 20 30 40~

J Cu desorbed 44.1 60.3 73.9 76.2 75.0 71.2
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8,3,1°5, Effect of starvation on subsequent copper uptake from 5.0 pg ml*1

by a non-growing suspension of Pe.nicXttuLm ¢;pimlojum

Figure 8.3.1.4. shows the effect of prestarvation on subsequent
copper uptake from 5.0 pg ml"™1 Cu++ over a 2 hour incubation period.
There appeared to be a slight increase in the subsequent copper uptakes
after 1, 2, 4, 6 and 12 hour starves in 50.0 mM MES (pH 5.5). On
increasing the starvation time from 12 to 24 hours there was a dramatic
reduction in the capability of the fungus to accumulate copper and this
trend was also evident after 48 and 96 hours of starvation. 12 hours
was the maximum starvation period used In experiments since
discolouration of mycelium occurred after 24 hours. Also after 24 hours
the ease with which mycelium could be handled became progressively worse,

particularly with regard to filtering.

Table 8.3.1.2. shows that the proportion of non-desorbable copper
altered with the degree of starvation over the 96 hour period of starvation.
The percentage of desorbable copper increased when the starvation was
extended from 1 to 2 hours, perhaps indicating that the fungus was

increasingly unable to internalise copper after 1 hour of starvation.

8.3.1.6. Effect of glucose concentration on copper uptake from
5.0 pg ml copper by a non-growing suspension of

Pmle.-AtLiun ¢p-cHullcauin.

Figure 8.3.1.5. shows the effect of glucose concentration on
copper uptake by a 12 hour starved non-growing suspension of P. ;piruZoMim.
Glucose did not appear to increase the amount of copper
accumulated in starved cultures. In fact there appeared to be

a slight reduction in uptake for the addition of 0.55 nM glucose, but
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Figufie. 8.3.1.4.

Effect of starvation time in 50mM MES on subsequent Cu++ uptake

from 5ygml Cu by P. iplmloium over a 2 hour incubation period.

++
Cu uptake

Total Cu

Non desorbable Cu

Starvation time in MES (h)

Table. 8.3.1.2.

Effect of starvation time
accumulation by P. ¢plnuloium over a 2 hour incubation period.

in 50mM MES on subsequent Cu++ desorption after

Cu

Starvation time (h) 1 2 4 6 12 24 48 96

1 Bu desorptfon 42.7 59.4 63.1 59.3 47.7 67.3 65.9 67.9
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Copper uptake
(yg g 1 dry wt).

glucose concentration (mV)

FiguAe. 8.3.1.5.
Effect of glucose concentration on copper uptake from 50mM MES containing

5.0ug ml Cu by a non growing suspension of P. ;piwZoiwn.
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there was no further reduction upto the highest glucose concentration tested
at 111.11 mM. Glucose was normally present in uptake flasks at a

concentration of 10.0 mM for all subsequent experiments.

8.3.1.7. Influence of anionic component of Zn++ and Cu++ salts used in
zinc and copper uptake experiments from 5.0 pg ml * using

VznAcjlLLum ¢p-inutoMm.

The histogram shown in Figure 8.3.1.6 shows that there was no clear
difference in cation accumulation from the metal salt whether the salt
was of the chloride or the sulphate form. This was the case in GMS medium
and 50.0 mM MES although it is interesting to note that lower copper and
zinc accumulation occurred in the GMS medium than in the MES and this is
almost certainly due to competition by other cations such as Mg++ and Ca++.

(Mg++ was present in the medium at 52.75 pg ml 1 and Ca++ at 45.74 pg ml1"1.)

The fact that the anionic component of the copper salt had no effect
on copper accunulation was in agreement with the results reported by Baldry
and Dean (1980b) for copper and the bacterium EicheA-LC-lvia. c.oLZ. The
bacterium grew without a lag in the presence of 10.0 pg ml 1 Cu++ Iirrespective
of whether the copper was added as cupric acetate, cupric chloride, cupric
nitrate or cupric sulphate. Since the copper salts are fully ionised in
solution it would be expected that there would be little difference in
copper uptake from alternative copper salts. This evidence however, appears
to be in direct conflict with the data of Bedford (1936), which suggested
that for a PdnZcclZMjun ip. which was capable of growth in Czapek®s Dox
liquid medium saturated with cupric sulphate, was inhibited at concentrations
of 10000.0, 6000.0 and 1500.0 pg ml 1 Cu when the copper was added as

cupric nitrate, cupric chloride or cupric acetate respectively. It should



Metal content

(ug g 1 dry wt).

Sulphate

Chloride

ZINC COPPER

F-tgute 8.3.1.6.

Effect of the anionic component of the metal salt used in zinc and
copper uptake experiments with non-growing suspensions of P. ;pintli-Oilun
suspended in 50mM MES or GMS medium supplemented with metal sulphate

or chloride to obtain a final metal conentration of 5.0pgml
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be noted that these were far from physiological concentrations and also the
fungus used by Bedford was atypical in terms of its apparent copper resistance,
so these results may be anomalous. It is interesting that although the
presence of nitrate in the medium had no effect on copper uptake in E. cott,
the presence of CI in the suspending medium depressed the copper uptake
(Baldry and Dean, 1980c"). The toxicity of zinc to fungi, bacteria and
coliphages was unaffected, lessened or increased by the addition of high
concentrations of NaCl (Babich and Stotzky, 1978). The formation of a
complex anionic Zn-Cl species exerted greater toxicity in some organisms,
although in other organisms this may have resulted in reduced toxicity due
to an apparent decrease ?h Zn++ concentration. Babich and Stotzky (1982)
also reported that the toxicity of cadmium to fungi decreased as the CI
concentration of seawater was increased, indicating lower toxicity of

Cd-Cl complexes than of Cd++. It is interesting that Nickerson (1946)
reported that a 65.4 yg ml ~ concentration of zinc as ZnC”™ or ZniNOM
reduced the respiration of mycelial mats of Trichophyton Mbfium to an
equivalent extent. However, a 1124.0 yg ml concentration of cadmium as
CdCI™ reduced, but as CdSO™ increased, respiration of the fungus. It seems
that the response of organisms to the anionic component of a metal salt is

variable.

8.3.1.8. The effect of metabolic inhibitors on copper uptake from
2.5 yg ml * copper by a non-growing suspension of PcntctiZtwi

(ptwZouum.

Figures 8.3.1.7a, 7b, 7c, show that preincubation for 30 minutes
m 1.0 mM monoiodoacetate, 2,4 DNP and sodiun azide had little effect on
subsequent copper uptake from 2.5 yg ml * Cu++ by P. &ptnuZo&um. This

suggests that the proportion of uptake of copper which is due to metabolic
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(QUAZA 8.3.1.7a,b,c.
The effect of metabolic inhibitors on copper uptake from

2.5 pgml 1 Cu++ by non-growing P. ¢pinuloium under preincubation with
inhibitor and simultaneous incubation of P. 1 bpjnutoiim with inhibitor

and copper .

Fru-te 8.3.1.7a

Monoiodoacetate.

Copper uptake
(g g 1 dry wb).

F;gu/ie. 8.3.1.7b

2,4 DNP

Copper uptake
(g g9 dry wt).

FIQUAZ 8.3.1.7c

Sodium azide.

-iControls with no inhibitor treatment; O solid line represents
preincubation with monoiodoacetate; broken line represents simultaneous

incubation with monoiodoacetate and copper; 0,2,4 DNP; ~ , sodium azide.
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energy is negligible. There appeared to be a slight reduction in copper
uptake when the fungus was iIncubated in copper and raonoiodoacetate
simultaneously. For 2,4 DNP the reduction was more clear. In the case of
simultaneous azide and copper incubation, there was a marked reduction in
apparent copper accumulation and this could be explained by the complexing
ability of azide as observed in the polarographic studies. All subsequent
experiments designed to study the effects of metabolic inhibitors on metal
uptake were carried out by preincubating the fungus in inhibitor followed

by a thorough washing prior to incubation in metal solution.

8.3.1.9. Demonstration of the effectiveness of the metabolic inhibitors used.

Table 8.3.1.3. shows the results for the demonstration of the
effectiveness of the metabolic inhibitors used in this study. Oxygen uptake
by P. Ap-cnuZoAutn was inhibited by 36.8% with 1.0 mM monoiodoacetate at
pH 5.5. At pH 3.5, inhibition was improved at 55.6% and subsequent
preincubations with monoiodoacetate were performed at this reduced pH.
Increasing the monoiodoacetate concentration at pH 5.5 to 5.0 mM produced
71.6% inhibition of oxygen uptake but further increases in inhibitor
concentration upto 50.0 mM had little effect on oxygen uptake. In the
presence of 1.0 mM azide, oxygen uptake was reduced by 96.1% in P. Ap-inuZoAum
and this inhibitor was chosen for most subsequent studies. 2,4 DNP also
appeared to cause iInhibition of oxygen uptake although this is difficult

to explain since uncouplers characteristically stimulate oxygen uptake.

TnldinodeMma. vdAlde. appeared to be more sensitive to 1.0 mM
monoiodoacetate at pH 5.5 and 3.5 than was P. Ap-imZoAum with oxygen uptake
being inhibited by 43.8 and 100% at the two respective pH values. The

azide proved to be less effective with T. vJMIxie. than with P. ApinaZoAum
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Table 8.3.1.3.

Effect of metabolic inhibitors on oxygen uptake

I Experimental condition

iplnuloMim control pH 5.5

¢pINuUIOMun + ImM iodoacetate pH 5.5

¢plnutoMim + 5mM  iodoacetate pH 5.5

¢plnuloium + 10mM iodoacetate pH 5.5

¢plnulo&um + 50mM  iodoacetate pH 5.5

iplmlo&um + ImM iodoacetate pH 3.5

¢plnuloim  control pH 5.5

iplnuloMim + ImM azide pH 5.5

iplnulo&um control pH 5.5

¢pimloium + ImM 2,4 DNP pH 5.5
iplmloium + 5mM 2,4 DNP pH 5.5

vVu.de
vVu.de
vVu.de

vifuAe
vvu.de
vVu.de
Wilde
Wilde

nigeA
nigeA

nigeA.
nigeA

control pH 5.5
+ ImM iodoacetate pH 3.5
+ 5mM iodoacetate pH 3.5

control pH 5.5
+ ImM azide pH 5.5

+

2mM azide pH 5.5
+ 5mM azide pH 5.5
+ IOmM azide pH 5.5

control pH 3.5
+ ImM iodoacetate pH 3.5

control pH 5.5
+ imM azide pH 5.5

Oxygen uptake
o~ o, meﬂ[ &O

0.0272
0.0172
0.0077
0.0079
0.0058
0.0121

0.0330
0.0013

0.0309
0.0129
0.0071

0.0430
0.0242
0.0000

0.0455
0.0125
0.0085
0.0061
0.0000

0.0294
0.0199

0.0302
0.0038

content of air saturated H20 at 760 mm Hg pressure

is 0.258 uMol 02 mI"1 H20 at 25°C.
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in filamentous fungi.

inhibition

02 uptake

36.8
71.6
70.9
78.7
55.6

96.1

58.3
77.1

43.8
100.0

72.6
81.3
86.5
100.0

32.3

87.4



however, with oxygen uptake inhibitions of 72.6 and 96.1% respectively

at 1.0 mM concentrations of inhibitor. 10.0 IV azide was completely
inhibitory to T. \J-Ouxld, 1.0 mM azide was found to be more effective in
inhibiting oxygen uptake than was 1.0 mM monoiodoacetate with A. vilg&i,
Both inhibitors were slightly less effective with A. nigeA than with

P. ip-inuioium. 1.0 mM azide was used in all comparative studies of the
effect of metabolic inhibitors on metal uptake, and was used in the manner

described for preincubation.

8.3.1.10. Monitoring of fungal viability and K* loss checks.

Figure 8.3.1.8a shows that copper loaded biomass was capable of
immediate growth when resuspended in fresh GMS medium after 6 hour
incubations in 2.5 pg ml ~Cu . K contents appeared to be variable for

the 3 fungi. There appeared to be no viability loss.

Figure 8.3.1.8b shows the effect of cadmium loading on the subsequent
growth of the 3 fungi after 6 hour incubations in 2.5 pg ml * Cd++. On
resuspension in the GMS medium A. nig&l and T. v-Ol-Lde. showed a slight lag
before linear growth was apparent. pZWLculLlLiwn 1 bpiNUio&um, which was
susceptible to the presence of cadmium, demonstrated a 12 hour lag before
growth proceeded. K+ contents were less variable than with the copper
loading experiment. There appeared to be no appreciable K+ loss from

p. ipZntlioium in the presence of cadmium over the 6 hour incubation period.
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F-6juAe 8.3.1.8a

Relative mycelial K contents during copper uptake from 2.5 mlI"1 Cu++

by fungi and growth of copper
medium after copper treatment.

loaded biomass when resuspended in GMS

Closed symbol solid line represents copper uptake.

broken line represents K+ content.

Closed symbol
increase in GMS.

Open symbol solid line represents dry wt.
5,P. ¢plnLuioium; $ T. vvUde.; ~ A. nlgeA.
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F-tguAe 8.3.1.8b

Relative mycelial K contents during cadmium uptake from 2.5pg ml”1 Cd++

by fungi and growth of cadmium loaded biomass when resuspended in GMS
medium after cadmium treatment.
Cadmium content
12 24

Time in MES + Cd++
Time in GMS medium

(min)
Q)

Closed symbol solid line represents cadmium uptake.
Closed symbol broken line represents K content.
Open symbol solid line represents dry wt. increase in GMS.

S i P-iplnuioium} o » T. v-tAtde; a » A. nigeA.
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8.2.2. Materials and Methods.

8.2.2.1. EFFECT OF GLUCOSE, METABOLIC INHIBITORS AND TEMPERATURE ON

METAL UPTAKE IN NON-GROWING FUNGAL SUSPENSIONS.

To elucidate the mechanism of mycelial uptake, the influence
of glucose, metabolic inhibitors and temperature on total and non-desorbable
metal uptake was iInvestigated. A fungal slurry of mid-linear phase,
unstarved mycelium was prepared and used to determine the uptake of copper,
cadmium and zinc from 2.5 yg ml ~ solutions. Unstarved cultures were used
in glucose experiments since the starving procedure appeared to increase
metal uptake slightly (Section 8.3.1.5). Starving would also introduce an
age difference between mycelium used in studies on the effect of glucose,
and those experiments investigating the influence of temperature and metabolic
inhibitors on metal uptake. Uptake over 2 hour incubation periods was

compared in the following situations:

i. Metal contained in 50.0 mM MES only at 25 C at pH 5.5.
ii. Metal contained in 50.0 mM plus 10.0 mM glucose at pH 5.5.
iii. Metal contained in 50.0 mM MES plus 10.0 mM glucose using fungal

material which had been preincubated in metabolic inhibitor (pH 5.5).
iv. Metal contained in 50.0 mM MES at 4 C at pH 5.5.

Fungal density was adjusted to prevent metal removal from

experimental solutions in excess of 10%.

i. The uptake of copper from a 50.0 mM MES solution at pH 5.5 containing
2.5 yg ml ~ Cu++ was determined over a 2 hour period. Batches of 15 suspensions
of P. (p4jnuZ0ium were incubated at 25 C with shaking at 200 rpm for 1, 5, 30,
60 and 120 minutes. Three replicate batches of fungal suspensions were
employed per time period. At the end of the incubation period the fungal
samples were collected by filtration and washed. Half of each sample was
analysed directly for copper and K content whilst copper was desorbed from

the remaining portion of each sample under the standard conditions. Uptake

was expressed in yg g » dry weight for each incubation period. Plots of

uptake against time for total metal and non-desorbable metal contents were
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constructed to demonstrate metal uptake profiles. The experiment was

repeated for cadmium and zinc using T. vvUde. and A. nigeA.

ii) The effect of glucose on copper uptake by non-growing suspensions
was determined by repeating the procedure as in (i) above but using 50.0 MM

MES plus 10.0 mM glucose.

i) The effect of metabolic inhibitors on metal uptake was determined
by preincubating fungal material in 50.0 mM MES containing 1.0 mM sodium
azide at pH 5.5 for 30 minutes. After the preincubation period, the
mycelium was filtered and washed with distilled H™0 and resuspended in
50.0 mM MES plus 10.0 mM glucose containing the metal supplement and the
procedure for determining metal uptake was repeated as in (i)- All 3 fungi
were tested with copper, cadmium and zinc using azide, but the effects

of monoiodoacetate and 2,4 DNP were also investigated using various fungus
and metal combinations. Monoiodoacetate preincubation was carried out at

pH 3.5.

iv) The influence of temperature on metal uptake was investigated

using the procedure as outlined in (i) except the experimental temperature
was 4°C instead of 25°C. The experiment was performed for all 3 fungi with
copper, cadmium and zinc at 2.5 yg ml metal concentrations. A detailed
investigation of the effect of temperature on copper uptake in P. (,pAnWI'Oium

was carried out as described in the next section.

8.2.2.2. Effect of anaerobiosis on metal uptake by non-growing suspensions

of fungi.

By incubating non-growing fungi under aerobic and anaerobic

conditions, the influence of aerobic metabolism on metal uptake could be
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established. By replacing metal loaded fungi which had been iIncubated
anaerobically, into an aerobic environment, the effect of aerobic metabolic

processes on prior loading could be monitored.

20 ml of a suspension of pP. ip-imiZoium were added to eight, 1 litre
flasks containing 400 ml of 50.0 mM MES. These were incubated at 25°C with
shaking, but 4 of the flasks were aerated using a filtered air stream whilst
4 were incubated anaerobically by bubbling 0"free through the suspension.
After a 30 minute equilibriation period, copper chloride was added to
produce a final concentration of 2.5 yg ml * Cu++. After 5, 30, 60 and
120 minute periods of incubation three, 125 ml samples of suspension were
taken from the anaerobic and aerobic flasks. The mycelium was collected
by filtration. The samples were split for direct analysis of total copper

and for non-desorbable copper content measurements.

In a separate 1 litre flask, the effect of 1 hour incubation under
anaerobic conditions in the presence of metal, followed by 1 hour aerobic
incubation on copper uptake after 2 hours was investigated. The suspension
was pre-equilibriated for 30 minutes prior to metal addition. The flask
was then incubated anaerobically for 1 hour followed by aerobic incubation
for 1 hour, and the mycelium was then harvested for copper and K analysis.
As a viability check, small amounts of mycelium (about 20 pellets) were
harvested from the anaerobic flasks after the 2 hour incubations and
resuspended in 3 separate flasks of fresh GMS medium. These were incubated
under standard conditions for 36 hours and the subsequent growth was
monitored periodically by determining dry weight production. All experiments
were performed in duplicate and repeated using cadmium and zinc. Zinc was

also tested with T. VAllide. and cadmium with A. rugeA.
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8.3.2. Results.
8.3.2.1. EFFECT OF GLUCOSE, METABOLIC INHIBITORS AND TEMPERATURE ON METAL
UPTAKE IN NON-GROWING FUNGAL SUSPENSIONS. INVESTIGATION OF

METABOLIC INVOLVEMENT.

Metal accumulation in 50.0 nM MES at 25°C.

The metal uptake profile for unstarved mid-linear phase
fungi suspended in 50.0 mM MES containing 2.5 pg ml ™ metal at pH 5.5 was
similar for copper, cadmium and zinc and for P. ip-LnutO-ium, T. v-iA-ide. and

A nige/L as shown in Figures 8.3.2.1-9.

Uptake appeared to be initially rapid over the first 5 minutes of
incubation, typically accounting for about 50% of the total uptake after
2 hours of incubation in the metal solution. The rate of metal accumulation
slowed over the remainder of the experimental period and in most cases
uptake appeared to be complete within 1 hour. There was little or no

further accumulation between 1 and 2 hours of incubation.

The profile for non-desorbable metal followed a similar pattern
as shown in Figures 8.3.2.1-9 and the data presented in Table 8.3.2.1a
shows that the non-desorbable metal accounted for a proportion of the total
metal accumulated over the incubation period ranging from 11.1% for
P. ¢pimtoium and cadmium, to 90.6% for A. nige/i and zinc. There was no
clear pattern of differing proportions of non-desorbable metal between
5 minute and 2 hour incubations. Therefore, no firm conclusions can be

drawn about the progress of metal internalisation.

Metal accumulation in 50.0 mM MES plus 10 mM glucose at 25 C.

Also shown in Figures 8.3.3.1-9 are the uptake profiles for

unstarved fungi in 50.0 nil MES plus 10.0 mM glucose at 25°C. It appeared that
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the uptake profiles obtained were identical to those for controls in MES
only for all the metal and fungus combinations tested. Glucose appeared
to have little effect on the quantitative uptake of metal over the 2 hour
incubation period. Similarly, non-desorbable metal uptake

(Figures 8.3.2.1-9) was not very different from control non-desorbable
values and was variable, accounting for 16.8 to 79.6% of the total metal

content as shown in Table 8.3.2-16.

The effect of glucose on modifying the proportion of non-desorbable
metal between 5 minute and 2 hour incubations in the metal solution was
inconsistent, so it is difficult to draw conclusions about the effect of

glucose on metal internalisation.

Metal accumulation in 50.0 mM MES after preincubation in 1.0 mM

azide (25°C).

The results are illustrated in Figures 8.3.2.1-9. Copper uptake
and cadmium uptake was reduced by preincubation in 1.0 mM azide in
P. ¢pinuZoium and T.” vi/iidt respectively. With these exceptions there was
little difference between uptake in control flasks and accumulation of total
and non-desorbable metal following preincubation in inhibitor for any of
the other metal fungus combinations. Non-desorbable metal contents accounted
for about the same proportions of total metal accumulated as in controls
(data presented in Table 8.3.2.1c), but the inherent variability made
comparisons impossible. The reduction in the uptake of cadmium after
preincubation in the inhibitor by T. MAX-idu was accompanied by a reduction
in the amount of non-desorbable metal accumulated. Other metabolic inhibitors,
including 2,4 DNP and monoiodoacetate had no effect on subsequent metal

uptake as shown in Figures 8.3.2.10a-h.
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Metal accumulation in 50.0 mM MES at 4°C.

Also shown in Figures 8.3.2.1-9 are the effects of lowering the
incubation temperature from 25°C to 4°C . This resulted in a reduction in
metal accumulation in the systems tested without exception. Although the
pattern of uptake was similar to that obtained for controls at 25°C, the
quantitative reduction in total metal accumulation was typically around

50%. In all cases, initial binding was reduced also.

There was no obvious increase in the proportion of non-desorbable
metal content as compared to controls (Figures 8.3.2.1-9) after 5 minute
and 2 hour incubations. This is also illustrated in Table 8.3.2.1d.

The indication is that temperature has no defineable influence on the

amount of metal internalised under the conditions of these experiments.
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Hou>iz 8.3.2.1
Copper uptake from MES containing 2.5yg ml * Cu by a non’growing

suspension of P. Ap-inu-tOAum under various incubation conditions.

Copper uptake

o

MES only at 25°C.

>

MES plus ImM sodium azide.
« MES plus 10mM glucose.
m MES only at A°C.

Upper figure represents total copper accumulated, lower non-desorbable
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figuxe 8.3.2.2.
++
Copper uptake from 50 mM MES containing 2.5 pgml Cu by a

non growing suspension of T. v-Uu.de. under various conditions.

Copper uptake
(pg g 1 dry wt.)

Time (@M
0 50 mM MES only at 25°C
A 50 mM MES plus 1 mM sodium azide
« 50 niM MES plus 10 mM glucose
m 50 mM MES only at 4°C
Upper figure represents total copper accumulated.

Lower figure represents non-desorbable copper.



FIgQUuAt 8.3.2.3.
Copper uptake from 50 mM MES containing 2.5ugml * Cu++ by a non-

growing suspension of A. nigeA under various conditions.

Copper uptake
o g 1dry wt).

A 50 mM MES plus 1 mM sodium azide.
« 50 mM MES plus 10 mM glucose.

m 50 mM MES only at 4°C.

Upper figures total copper

Lower figures non*desorbable copper.
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Figre 8.3.2.4.
Cadmium uptake from 50 mM MES containing 2.5ygml Cd by a non-

growing suspension of P. ip-inuZoAum under various conditions.

Cadmium content

Time (m).



figusie. 8.3.2.5.
Cadmium uptake from 50 mM MES containing 2.5pg ml * Cd++ by a non-

growing suspension of T. wi/ftofe under various conditions.

Cadmium content

0 50 mM MES only at 25°C.

~ B0 mM MES plus ImM sodium azide
® 50 mM MES plus 10 mM glucose.

m 50 mM MES only at 4°C.

Upper figures total cadmium.

Lowver figures non-desorbable cadmium.
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figrle. 8.3.2.6.

Cadmium uptake from 50 mM MES containing 2.5pgjnl * Cd++ by a non-

growing suspension of \ipiAg”~ctiai YUjgtA under various conditions.

Cadmium uptake

(ug g 1dry wt>

0 50 mM MES only at 25°C.

~ 50 mM MES plus 1 mM sodium azide.
® 50 mM MES plus 10 mM glucose.

m 50 mM MES only at 4°C.

Upper figures total cadmium.

Lowver figures non-desorbable cadmium.
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FiguAe 8.3.2.7.

Zinc uptake from 50 mM MES containing 2.5pgml

zn

by a non-

growing suspension of P. i>pZvutOMm under various conditions.

Zinc content

(pg g 1dry wt)

A 50 mM MES plus 1 mM sodium azide
« 50 mM MES plus 10 mM glucose

m 50 mM MES only at 4°C.

Upper curves total zinc

Lower figures non-desorbable zinc.

215



Fquiz 4. 3.2.8.
Zinc uptake from 50 mM MES containing 2.5iig,ml Zn by a non-

growing suspension of T. MVUAI under various conditions.

Zinc uptake

(g g dry wt)

0 50 mM MES only at 25°C

A 50 raM MES plus 1 mM sodium azide
® 50 mM MES plus 10 mM glucose

m 50 MM MES only at 4°C.

Upper figures total zinc uptake

Lower figures non-desorbable zinc uptake.
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Fujuke 8.3.2.9.
Zinc uptake from 50 mM MES containing 2.5ugml Zn by a non-

growing suspension of AipeAg-LLtlIIA VWUQQA under various conditions.

Zinc uptake

(ugg 1 dry wt)

0 50 MM MES only at 25°C

A 50 MM MES plus 1 mM sodium azide

« 50 mM MES plus 10 mM glucose

m 50 mM MES only at A°C

Upper curves represent total zinc uptake

Lower curves represent non-desorbable zinc uptake.
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Figude. 8.3.2.10a-h.

Effect of metabolic iInhibitor pretreatment on subsequent heavy metal

uptake by suspensions of non-growing filamentous fungi.

a. Copper uptake by p. Ap-inuicAum from 50.0mM MES containing 2.5 pg ml 1 Cu++.
o , control; O , preincubation in 1.0mM monoiddoacetate.

- 1 ++
b. Copper uptake by p. ApcnuWCOAUm from 50.0mM MES containing 1.0 Pg ml Cu

o , control; = , preincubation in 1.0mM 2_4DNP
“1 ++

Cadmium uptake by p. Ap-inuZoAum from 50.0mM MES containing 2.5 pg ml Cd
o , control; O , preincubation on 1.0mM monoiodoacetate.
ladmium uptake by p. Ap-imZoAum from 10.0 pg ml 1 Cd++ in
o , control; o , preincubation in 1.0mM monoiodacetate.
Zinc uptake by p. Ap-tmig@gdM from 50.0mM MES conta#ining 5.0 pg ml“1 Zn++ .
o , control; m , preincubation in 1.0mM 2,4 DNP.
£. Zinc uptake by P. &WNUmuZo&im from 50.0mM MES contaiihing 10.0 yg mI“l Zn++
o , control; o preincubation in monoiodoacetate. (1.0mM).
“1 ++

Copper uptake by T. VVlidEi from 50.0mM MES containing 2.5 pp ml Cu .

o , control; o preincubation in 1.0mM monoiodoacetate;

2,4 DNP.
. oo “1 ++
h. Copper uptake by A. nigzA from 50.0mM MES containing 5.0 pg ml Cu .

o , control; o , 1.OmM monoiodoacetate preincubation treatment.
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Tablii 8.3.2.1a-d Proportions of non-desorbable metal after 5 minute
and 2 hour incubations in metal solutions under

various incubation conditions.
Table 8.3.2.1a. Controls (50.0 mM MES only at 25°C).

Incubation 5 min Cu 2 hr Cu 5 min Cd 2 hour Cd 5 min Zn 2 hr Zn
Time

Proportion metal desorbed %)
P. &lnuloium 35.0 41.0 21.4 11.1 45.5 45.1
T. virude 35.8 54.2 46.9 44.3 44.6 44.4
A nigex 58.1 4421 19.7 44.7 90.6 66.3

Table 8.3.2.1b 50.0 mM MES plus 10.0 mM glucose.

++ ++ ++ ++ _ ++ ++
Incubation 5 min Cu 2 hr Cu 5 min Cd 2 hr Cd 5 min Zn 2 hr Zn
Time

Proportion metal desorbed )
P. iplmloiuun 32.6 52.9 39.6 17.0 50.8 31.3
T. viilde 53.9 58.4 59.5 79.6 56.4 66.92
A nlgea 51.0 44.9 16.8 43.1 65.9 62.5

Table 8.3.2.1e. 50.0 mM MES plus 1.0 mM sodium azide.

++
Incubation 5 min Cu 2 hr Cu 5 min Cd 2 hr Cd 5 min Zn 2 hr Zn

Time

Proportion metal desorbed (D)
P. iplmloium 40.9 30.5 73.0 12.7 32 0 34 .9
T. vlaide 40.6 42 .1 43.4 65.10 777 53 .3
A nlgea 34.6 53.7 27.2 42.4 79 0 60 .1

Table 8.3.2.1d . 50 O mM MES only at 4°C

++ ++ - ++ ++ - ++ ++
Incubation 5 min Cu 2 hr Cu 5 min Cd 2 hr Cd 5 min Zn 2 hr Zn
Time

Proportion metal Desorbed (D]
p- iplnulo-ium 512 27.5 33.5 19.4 83 9 40 .10
T- vlalde 34.6 52.9 63.3 52.4 60 7 54 .5
A. nigeA 57.7 40.4 14.1 50.2 63 2 78 .2
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8.3.2.2. Quantitative uptake of metal in growing and non-growing cells.

A comparison of non-growing biomass and actively growing biomass
metal accumulation capacities reveals a marked difference between the two
systems. The data presented in Table 8.3.2.2. shows that non-growing
suspensions of mid-linear phase fungal material were able to accumulate
significantly greater quantities of metal ion than were actively growing

cultures in mid-linear phase.

The values in Table 8.3.2.2. show the apparent differences in
accumulation from 2.5 pg ml ~ for copper and cadmium. There is no data
available for zinc at 2.5 pg ml ~ for actively growing mycelium, but
comparison with data for uptake from 5.0 pg ml 1 zinc with growing
material and 2.5 pg ml ~ zinc for non-growing suspensions, demonstrates

that there is a greater affinity for zinc in the non-growing biomass.

The data for T. ViA-ide. and cadmium is particularly noteworthy
with growing material capable of accumulating 31.A (x 2.2) pg g dry
weight whilst similar, but non-growing suspensions of the biomass achieved
a final cadmium content of 2727.4 (x 57.1) pg 9 dry weight after 2 hour
incubations in the metal solution. pH reductions in mid-linear phases of
growing suspensions may be responsible at least in part for these differenc
in metal uptake, although it is likely also that physiological differences

in the fungi are involved.
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Tabze 8.3.2.2.
Comparison of metal accumulation from 2.5pg:ml

fungi iIn mid-linear phase and non-growing suspensions of mid-linear

phase fungi.

Fungus.

P. ¢pZnuZoium.

Cu++ uptake (yg 9 *»)

actively growing

470.8 (*22.1)

cu’ uptake(yg g l)

non growing

2388.6 (*42.2)

T. vVude. 97.9 (*3.3) 1439.1 (*149.1)
A nige/i. 151.0 (*9.1) 1844.2 (*104.7)
- ++ “1
' uptake(ug g l') Zn  uptake (pg g )5

Fungus. actively growing non growing

P. ipZmZoAum.

*199.7 (*12.5)

1303.8 (*82.0)

T. vvu.de.. *216.5 (*8.7) 647.2 (*31.7)
A nige/L. *142.4 (-2.7) 835.9 (*35.0)
++ —— “1
Cd++ uptake(pg g 1) Cd  uptake(jig 9 )S

Fungus. actively growing non growing
P. &pimZoMm. 91.9 (*2.3) 1434.8 (*27.7)
T. vvudi. 31.4 (*2.2) 2727.4 (*57.1)
A ncgeA. 69.3 (*1.4) 766.5 (*28.4)

by actively growing

Data for growing mycelium is based on a minimum of 5 replicate cultures.
Data for non-growing mycelium is based on 3 replicate samples and duplicated.

* Uptake from 5.0jig ml ~Zn in GMS medium.
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8.3.2.3. Effect of anaerobiosis on metal uptake by non-growing suspensions

of biomass.

The effect of anaerobic incubation in the presence of metal is
illustrated in Figures 8.3.2.11-15. Copper, cadmium and zinc accumulation
are presented for P. ip-Lrutoiim, cadmium for A. nigeA and zinc for

T. v<Aid&.

The uptake pattern was typical with rapid accumulation over the
first 5 minutes followed a period of decelerating uptake upto 2 hours.
Total and non-desorbable metal content of all fungi was elevated by
anaerobic incubation. 1 hour incubation under anaerobic conditions, followed
by 1 hour incubation under normal aeration resulted iIn an increase in metal
content over controls incubated aerobically throughout the incubation
period after 1 hour, and this was reduced to a value approximating to
control values after the second period of aerobic incubation, Non-desorbable

metal showed a similar pattern.

Figures 8.3.2.16-20 show the growth of metal loaded biomass after
incubation under anaerobic conditions when washed and resuspended in fresh
GMS medium. There appeared to be no adverse effect on the growth
characteristics of the fungi tested after metal-loading in anaerobic

conditions.
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Figult 8.3.2.11.
Copper uptake from 50mM MES containing 2.5ug ml * Cu++ by a non-growing
suspension of P. /pinutobunn under aerobic and anaerobic (2 free

bubbling) incubation at 25°C.

Copper uptake

0 Total Cu++ uptake under aerobic incubation.

0 Total Cu uptake under anaerobic incubation.

< Non-desorbable Cu++ content after aerobic uptake and ImM EDTA treatment.
m Non-desorbable Cu++ content after anaerobic uptake and ImM EDTA treatment
A Total Cu++ content after uptake for Ih under anaerobic iIncubation o

followed by Ih incubation under normal aeration# Non-desorbable Cu <« A <
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figuAZ 8.3.2.12.

Zinc uptake from 50mM MES containing 5.0 pg ml ~ Zn

by a non-growing

suspension of P. &pLnuZo&um under aerobic and anaerobic (0" free

bubbling)

0
0

Total Zn uptake under aerobic

Total Zn uptake under anaerobic

incubation at 25°C.

incubation.

incubation.

Non-desorbable zn++ content after aerobic uptake and ImM EDTA treatment.
Non-desorbable zn++ content afer anaerobic uptake and ImM EDTA treatment

Total Zn++ content after uptake for 1 h under anaerobic incubation ++

followed by Ih

incubation under normal
225

aeration.

Non-desorbable Zn

. A



FiguAe. 8.3.2.13.

Cadmium uptake from 50mM MES containing 2.5 pg ml * Cd++ by a non-growing
suspension of A. nigeA under aerobic and anaerobic (0~ free N bubbling)

incubation at 25°C.

Cadmium content

(g g 1 dry wt)

Time (M)
0 Total Cd uptake under aerobic incubation.

Total Cd++ uptake under anaerobic incubation.
< Non-desorbable Cd content after aerobic uptake and ImM EDTA treatment.
Non-desorbable Cd++ content after anaerobic uptake and ImM EDTA treatment
A Total Cd++ content after uptake for lh under anaerobic incubation
followed by Ih incubation under normal aeration. Non-desorbable Cd++, A
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F-cgo/ie 8.3.2.14.

Cadmium uptake from 50mMMES containing 2.5 pg ml ~ Cd++ by a non-growing
suspension of P. ¢p-cnuzoiu.ru under aerobic and anaerobic (0. free N_ bubbling)
N N

. o
incubation at 25 C.

Cadmium content

Time (M)
0 Total Cd uptake under aerobic incubation.
O Total Cd uptake under anaerobic incubation.
e Non-desorbable Cd++ content after aerobic uptake and ImM EDTA treatment.
1 Non-desorbable Cd++ content after anaerobic uptake and ImM EDTA treatment.
A Total Cd content after uptake for Ih under anaerobic incubation

followed by Ih incubation under normal aeration. Non-desorbable Cd , A -
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F-ujure 8.3.2.15.

Zinc uptake from 50mM MES containing 2.5 pg ml Zn by a non-growing
suspension of T. Vv*OUjde. under aerobic and anaerobic (0™ free N™ bubbling)

incubation at 25°C .

Zinc uptake

(g g 1 dry wt)

0 Total Zn++ uptake under aerobic incubation.

Total Zn++ uptake under anaerobic incubation.

Non-desorbable Zn++ content after aerobic uptake and InM EDTA treatment.
Non-desorbable Zn content after anaerobic uptake and ImM EDTA treatment.
Total Zn++ content after uptake for lh under anaerobic iIncubation

followed by lh incubation under normal aeration. Non-desorbable zn , A
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FiguAti 8.3.2.16-20

Dry wt (9)

Dry wt (@)

Dry wt (@)
Graphs to show biomass growth
after 2 hours in anaerobic conditions
with 2.5 ng ml ~ metal salt when
resuspended in GMS medium.

A voigia ca**
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8.4. Discussion.

The pattern of metal uptake in unstarved non-growing cells
(Figures 8.3.2.1-9) was similar to those described by other workers
using non-growing mycelium over short incubation periods (Paton and Budd,
1972). The described pattern was also similar for other organisms
(Ponta and Broda, 1970; Horikoshi dX at, 1981; Norris and Kelly, 1977

and Wakatsuki &X at, 1979) and in fungal conidia (Somers, 1963).

Over the initial 5 minutes, uptake appeared to be very rapid for
all the metals tested in all 3 fungi and it is likely that this period
represented surface binding by adsorption to binding sites. The rate of
uptake decreased over the subsequent 50 minutes upto 1 hour with little
or no further uptake upto 2 hours of incubation. There appeared to be
some degree of batch variation in terms of quantitative metal uptake
between experiments, although this was not observed within experiments.
This was almost certainly due to slight physiological differences in
fungi between different suspension preparations. This pattern of
accumulation was identical 1in controls, in fungi treated with metabolic
inhibitors, in cells with additional glucose and in cells in which
incubation was carried out at reduced temperature. The decrease in rate of
uptake after 5 minutes may be indicative of an internalisation process which
could be active or passive. The various treatments set out to determine
which of the two possible mechanisms was operative under the conditions of

these experiments.

Most workers have reported that the initial binding in fungi is
a process of adsorption (Lowry iX at, 1957; Budd, 1969, 1975,

1979; Paton and Budd, 1972). This has also been reported to be the case
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specifically in yeasts (Ponta and Broda, 1970; Failla and Weinberg, 1977;
Norris and Kelly, 1977 and Wakatsuki at at,1979). Somers (1963) reported
that the uptake of copper by conidia of NeuAoipoAa CACUia was initially

an ion-exchange reaction which was followed by permeation throughout the
cell but there was no evidence of an adsorption process. The slower phase
of uptake has been reported to have metabolic dependence in fungi (Budd,
1969, 1975, 1979; Paton and Budd, 1972) and in yeasts (Ponta and Broda, 1970;
Failla and Weinberg, 1977; Norris and Kelly, 1977). It should be mentioned
that the profile for non-desorbable metal was similar to the profiles for total
metal uptake in all cases. Desorption data results have to be interpreted
cautiously because it is difficult to determine the exact location from
where the metal was originally desorbed. The metal is likely to be easily
desorbed from low affinity sites on the cell wall, such as the additional
adsorption sites reported for uranium and thorium in R. OAJIhAZU6 by

Tsezos and Volesky (1982a, 1982b). Desorption of tightly bound metal ions
on the other hand, is likely to be much more difficult, such as for example,
those ions involved in the formation of coordination and nucleation sites
(Tsezos and Volesky, 1982b), Also the amount of metal which is removable
may very well depend on the initial ambient metal concentration. For example,
at low metal concentrations high affinity binding sites may be involved
whereas at higher concentrations these and other lower affinity sites may

be involved as reported by Budd (1975, 1979) for filamentous fungi and by
Rothstein and Hayes (1956) for yeasts. It is likely that metal desorption
from high affinity sites is much less effective than from low affinity
binding sites. It is also possible that highly effective chelating agents
such as EDTA may remove intracellular metal, although an attempt was made

to monitor this by checking for K+ losses from the cell. K+ losses ranged
from O to 15% over the 15 minute incubation in EDTA and these losses were

probably due to the EDTA causing membrane leakiness. Also during incubation
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in the presence of metal 1ion exchange mechanisms can occur whereby K+ ions
are exchanged for metal ions. K exchange and efflux iIn response to metal
uptake for the purpose of maintaining electroneutrality, has been reported
by a number of workers. According to Okamoto <U at (1977) K+ increased
in mycelium of P&ntCAttiwn OchAOchtofiovi at toxic nickel levels, whereas at
high concentrations of copper and zinc, there was a marked reduction in
cellular K content. Most reports however, have been for yeasts, and K+
exchange for metal ions has been observed for cobalt uptake (Fuhrmann and
Rothstein, 1968j Fuhrmann, 1973j Norris and Kelly, 1977) and manganese
uptake (Okorokov at at, 1979). Lichko at at (1980)have shown that
manganese accumulation into vauoles was accompanied by a decrease in
vacuolar K concentration. In S. (LQJVIvtbtae., but not in SposioboZonufcab
JIOAQILA,  Mowll and Gadd (1983) showed that K was lost due to membrane
damage in réponse to zinc uptake. Passow eX at (1961) also discussed K+

loss from erythrocytes after lead accumulation.

It was initially proposed by the author that metal desorption as a
proportion of total metal uptake ought to become less significant as metal
was internalised because the ever increasing amount of intracellular metal
should not be desorbable, so the proportion of cell wall associated metal
should become less significant. However, the results in Tables 8.3.2.1a, Ib,
Ic and Id suggest that there was no consistent trend in the amounts of metal
desorbable after 5 minute and 2 hour incubations for control cultures, those
treated with glucose, metabolic inhibitors and a reduced temperature. This
may be due to a lack of sensitivity of the technique since the amount of
internal metal may be quite small after 2 hours of incubation although if
one takes account of the desorption data, the amount of non-desorbable
metal (and therefore possibly internal metal) did range from 11.1 to 90.6%.

Although as already mentioned, this may be due in part to tightly bound
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metal, but it is not possible to speculate confidently on the variability
of the tightness of binding and the degree of internalisation in different

fungi.

The overall results from the investigation of metabolic dependence
suggested that there was little or no active uptake of metallic cations

under the conditions of these experiments.

The design of the experiments should have produced results similar
to those reported by Paton and Budd (1972) since the experimental conditions
were very similar. Paton and Budd (1972) monitored zinc uptake from
6.5 yg ml zinc by non-growing suspensions of NaocOMOAposia. vcu>-Ln”eXa.
These authors were able to show that zinc uptake was a two-stage process.
Phase 1 was believed to represent adsorption to negatively charged groups in
the hyphal surface-membrane whilst phase 2 appeared to be a more slowly
established process of transport into the cytoplasm. Phase 1 showed no
metabolic dependence and was not influenced by low temperature, NaN" or
anaerobiosis but was reduced in the presence of various other divalent
cations. Phase 2 on the other hand was strongly inhibited by low
temperature, NaN™ and anaerobiosisand exhibited carrier-type kinetics.

Paton and Budd used pH 6.5 as their experimental pH as opposed to 5.5, but

this is unlikely to havecaused the dramatic differences observed.

It is worthy of note that Venkateswerlu and Sivarama Sastry (1970)
showed energy dependent uptake of cobalt in preformed, washed and resuspended
growing mycelium of NeuAOiposia CACLSia. These authors stated that they chose
to carry out uptake experiments at 200.0 yg ml ~ cobalt because the metal
was toxic to preformed mycelium at this concentration. The mycelia though
were still viable after 2 hours of incubation. These authors showed that

both surface binding and overall uptake were temperature dependent.
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Transport of cobalt was depressed by azide, dinitrophenol and fluoride.

No account was taken of possible interference of growth Kkinetics.

It is interesting that the work of Somers (1963) showed that in
contrast to these results, in ascospores of WeUuAOApPOACL CAaiia uptake was
almost totally by an energy independent system. The uptake of copper from
19.0 yg ml copper was dependent on temperature and an activation energy
suggestive of a physical uptake mechanism was calculated. Other cations
were able to compete for the metal binding sites at the fungal surface.
Respiratory inhibitors and thiol reagents were able to reduce the uptake
of copper whilst the mechanism was unaffected by 2,4 DNP. The reaction of
iodoacetate with cellular sulphydryl groups blocked these sites to copper

binding. Anaerobic incubation increased copper uptake by 25%.

It is clear that although the experimental conditions and the
physiological states of the fungi were similar to those employed by Paton
and Budd (1972, the energy dependent phase 2 zinc uptake shown in
Nzocoimoipofia vcu>4n{ieeXa was not reproducible in P. ipi-wloMm, T. vvUde.
or A. nigeA. Similarly, copper and cadmium uptake was not by an energy
dependent mechanism in these three fungi. On the other hand, the
characteristics of metal uptake in this study appeared to show some
similarity to the patterns of uptake demonstrated for ascospores of W. CACLbia

by Somers (1963) when these cells were subjected to copper solutions.

The presence of glucose did not appear to have any marked effect
on metal uptake in any of the fungi tested over the 2 hour incubation period.
The rationale of the experiments was that iIf there was an energy dependent

uptake system, then total uptake ought to be enhanced in the presence of

glucose. IT on the other hand, there had been a reduction of metal uptake
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in the presence of glucose, this could have been indicative of a metabolic
efflux system or of competition for uptake of the metal by glucose. It is
likely that the binding of metal to the cell surface accounted for a very
large proportion of the total uptake which could have masked any metabolic

uptake.

It is interesting though that in NeocOimoipoAa. vaAcn”ecXa,
glucose inhibited energy dependent phase 2 uptake of zinc from a solution
containing 65.4 pg ml at all the glucose concentrations tested from
0.1 mM to 90.0 mM over a 20 minute period. Inhibiton was curvilinear with
respect to glucose and amounted to 46% at 90.0 mM glucose (Baton and Budd,
1972), In P. Aptnufo6u/n, it is interesting that the presence of glucose
caused slight reductions in copper uptake from 10.0 pg ml"™1 ranging from
7.6% to 13.9% at 5.6 mM and 27.7 raM glucose respectively (section 8.2.1.7).
It appears that glucose either competes for uptake under these conditions,
or is involved in promoting a metabolic efflux system. In fact Paton and
Budd (1972) reported that preincubating in glucose at 1.0 nI) concentration
reduced subsequent phase 2 binding by 18%, which is of the same order as the

reduction observed in this study.

The expected result of glucose stimulation of metal uptake has been

observed in yeast studies.

In Sac.chtVLOmyc.eA ce/ICVAA-Lae Ross (1977) reported a dramatic
enhancement of copper uptake in the presence of 10.0 mM glucose so that
70% of the available copper was removed by the experimental cells in
10 minutes from 1.02 pg ml 1 copper. Omission of the glucose reduced copper
binding to less than 20% in 60 minutes. With the enhancement of uptake there
was a concomitant increase in toxicity. Ross (1977) concluded that copper

uptake was energy dependent since the conditions that favoured fermentation

caused an increase in copper uptake.
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Failla and Weinberg (1977) suggested that removal of glucose from
the medium caused an overall reduction of total zinc uptake in
Candida U.titll,. For stationary phase cells, the authors showed that non-growing
cells from a low glucose culture were far less able to accumulate zinc than
normally grown cells. Addition of glucose to cells that had been in
stationary phase for 24 hours grown on 16.5 or 5.5 mM glucose, caused
increases in accunulation of 180 and 11% respectively. This indicated
that although glucose limitation caused a decrease in the quantitative amount
of zinc accumulated and that glucose was able to stimulate uptake, energy
status was not the only factor involved. The authors hypothesised that the
zinc status of the cells controlled the quantity of metal that could be

accumulated subsequently and that glucose was a mediator.

The metabolic inhibitor studies on metal uptake demonstrated slight
reductions in metal uptake in some cases after preincubation in 1.0 mM
azide. This tends to support the argument that most of the metal is located
on the cell wall. The fact that preincubation in monoiodoacetate or
2,4 DNP had no significant effect in reducing total uptake or that azide
reduced copper and zinc uptake in P. (pi.nui.06um and cadmium in T. ViAidz
by a small amount only, suggests that there was either no metabolic uptake
or that the metabolic uptake was so small that it was masked by the major
proportion of uptake onto the cell wall which is not an energy dependent
process. It is interesting that simultaneous incubation of the metal with
azide caused a marked reduction in metal uptake and the results from the
polarographic studies suggest that this was as a result of metal

coraplexation by the azide.

In contrast to these findings, Paton and Budd (1972) reported that

although phase 1 binding was unaffected by sodium azide treatment, phhse 2



uptake was severely inhibited in the presence of metabolic inhibitors.

Also the effect of 0.1 mM NaN® did not appear to be Ffully reversible.

Somers (1963) studied the effects of seven metabolic inhibitors
on copper uptake by conidia of NeuAOipoda CAOAAa. He first preincubated
cells in inhibitor, then added metal, whilst in another set of experiments
he added inhibitor and metal concurrently. In the first type of experiment
the complication of reaction between copper and the inhibitor was avoided.
Both sets bf experiments showed that respiratory inhibitors and thiol
reagents reduced the copper uptake by 2 to 36% whilst 2,4 DNP did not
affect the uptake mechanism. Preincubation in inhibitor was the most
effective method of iInhibiting uptake using monoiodoacetate, resulting in
31% inhibition as opposed to 11% inhibition when copper and monoiodoacetate
were added simultaneously. Monoiodoacetate and p-chloromercuribenzoate
were assumed to block copper binding by reaction with cellular sulphydryl
groups. The results of Somers suggest that in NeuAOipoAa cAxliia. conidia,

a small proportion of copper uptake is linked to respiration.

According to Somers (1963), sodium azide had no effect on copper uptake

on preincubation of the conidia in the inhibitor. Azide only became
effective in reducing uptake when the metal and inhibitor were applied
simultaneously, but this was probably due to complexing. In this study
though preincubation in sodium azide reduced metal uptake slightly. In
general the small levels of inhibition shown by Somers are in agreement
with the results observed in this study, indicating that most of the uptake
in V. CAOAAa conidia and the mycelium of the fungi used in this study, was

due to surface binding.

In a study of cobalt uptake in growing cells of W. CAdiiCi over

a 2 hour incubation period, Venkateswerlu and Sivarama Sastry (1970) were
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able to demonstrate that about 40% of the total uptake was rapid surface
binding. The authors showed that azide, DNP and fluoride inhibited uptake
by about 50%. According to Tissieres eZ al (1953), azide inhibited
respiratory metabolism by 50%. The results obtained using the oxygen
electrode (section 8.2.1.10) suggested that 1.0 mM azide was more effective
than this, with 72.6, 87.4 and 96.1% inhibition of oxygen uptake in

T. ViA-idi., A. nZtjeA and P. (pZnuZoium respectively. In the study of
Venkateswerlu and Sivarama Sastry (1970) short term uptake (20 minutes)

was inhibited by 19, 5 and 6% by azide, 2,4 DNP and fluoride respectively.
This could have been caused by complexation of the metal or by competition
for binding sites between the metal and inhibitor. The small degrees of
inhibition observed could suggest that uptake in the fungi in this study
was mostly due to surface binding. Thus, the inhibitors affected primarily
the transport of cobalt into the mycelial cells and not surface binding.

A value of 40% for surface binding of cobalt uptake was obtained by
extrapolating from a time course experiment and occurred in 20 minutes
(EDTA desorption studies showed 30% surface binding). The authors must have
assumed that there was no further binding after this period. It may be of
some significance that the authors used 200.0 yg ml * Co++ which was chosen
for its toxicity, and therefore the results obtained are not likely to be

typical for normal uptake processes.

In growing cells of Va.eZyZZum dejndKO.ide}>, Shatzman and Kosman (1978)
reported that 2,4 DNP and CN did not inhibit copper uptake and thus ascribed
uptake to an energy-independent process. Growing material however, is

likely to produce complicated results because the model is a dynamic one.

The results of anaerobic incubation under deoxygenated N,, was
rather surprising in that there was a 20 to 30% increase iIn total metal

uptake over the 2 to 3 hour incubation period, even though there appeared



to be no loss of viability. This increase in total uptake was paralleled
by an increase in non-desorbable uptake presumed to represent intracellular
uptake over the control cultures incubated under standard aeration. These
findings may support the idea that a metabolic efflux system is operational
under aerobic conditions, since under anaerobic incubation, when the

efflux system would be inhibited, the total and intracellular metal levels
increased. Another possible explanation is that under anaerobic incubation
the fungus could produce a metabolite which could bind metal in excess of
the normal amounts, and this might account for the higher apparent uptake.
Also the proportion of wall bound component (desorbable metal) was usually
lower under anaerobic incubation than under aerobic incubation possibly
suggesting that under anaerobic conditions, the internal metal proportion
increased, perhaps again implying that there was an inoperable efflux system

under anaerobic incubation.

When the fungi were incubated anaerobically for 60 minutes in the
presence of the metals and then reaerated for a further 60 minutes, it is
interesting that the total and non-desorbable metal content of the fungi
started to decrease. This again may be indicative of a metabolic efflux
system which operates under aerobic conditions. If metabolites were
produced under anaerobic conditions (which could possibly bind metal),
the metal would be likely to remain at the same level on reaeration until
it was eventually delocalised and pumped out of the cell. It is
interesting though that the decline in metal on reaeration was so rapid,
suggesting that the effect may have been a chemical one, perhaps involving
oxidation state changes. There appears to be no data available on different

binding potentials of the various oxidation states of copper.

Paton and Budd (1972) demonstrated the opposite response to an
anaerobic atmosphere for phase 2 uptake in the fungus Neoco&moApoAa

va.Adniec.ta. Although there was no effect on phase 1 uptake, zinc
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accumulation in phase 2 was inhibited by 88% after 2 hours of anaerobiosis
but uptake was fully restored after returning to aerobic conditions even
after 230 minutes of anaerobic incubation. Clearly, zinc uptake in this
organism is dependent on metabolism, and yet in P. 4p.inuZodum and T. ViAAjde.
zinc uptake was stimulated by anoxic conditions. It is interesting that

in N. CARA&tl conidia, copper uptake under anaerobic incubation was increased,
(Somers, 1963) as in this study, whilst in N&oc.OimoipofUl VOi-tnec-ta phase 1

binding was unaffected by anoxia.

The results obtained iIn this work are in agreement with the data
of Somers (1963), which showed that for copper uptake in conidia of N.CAaiia
there was a 25% increase in total uptake after 30 minutes in an atmosphere
of 02 free from a copper solution containing 17.0 pg ml ~ copper. This
was similar to the situation reported by Hassal (1962) who found that copper
was taken up by ChtoA-iLtd vxiQOfl> to a greater extent under anaerobic
conditions. Somers (1963) postulated that sites were available under
anaerobic conditions for copper binding which were more easily oxidised.
According to McBrien (1980), of the two copper species Cu+ and Cu++, Cu+
is unstable in aqueous solutions in the presence of oxygen or oxidising
metal ions such as Fe+ + and is rapidly oxidised to Cu +. In a variety of
different types of cell, for example in algae (McBrien and Hassall, 1965,
1967) and bacteria (Beswick eX at, 1976), the toxic effects of copper were
greater when the 1ions were applied in anoxic conditions than under aerobic
conditions. The increased toxicity was due to the fact that Cu+ was

substantially more toxic than Cu++.

Reducing the temperature to 4°C in all cases reduced total and
non-desorbable metal uptake. The rapid binding phase over 5 minutes

appeared to be slightly reduced as well as the slower uptake phase upto 2 hours.
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Paton and Budd (1972) reported that reducing the incubation
temperature from 25 C to 3 C reduced phase 1 zinc uptake in Ne.OCOimoipo'ia
vai-Lnfccta by 3.6%. This finding is in contrast to the result demonstrated
in this study where surface binding appeared to be reduced at decreased
temperature. Paton and Ilkidd (1972) also showed that phase 2 energy
dependent zinc uptake was significantly reduced by 69.1% and 73.5% after

60 minutes and 2 hours incubation at 3°C.

In Hi. C>WXiiCL conidia, there appeared to be a definite temperature
dependence for copper binding (Somers 1963). Venkateswerlu and Sivarama
Sastry (1970) also showed that surface binding of cobalt to growing cells of
hi. CAa.iia was directly proportional to temperature increase. Also Tsezos
and Volesky (1981) showed that the uptake capacity of Rkizopui CVIAlvizui
was influenced by temperature, in that a temperature increase favoured

uptake of Uranium and Thorium.

Muzzarelli eX al (1980) reported that the efficiency of copper
and mercuric ion adsorption by a chitosan-glucan complex from A6peAgXtZu6

rugeA was more efficient at 60 than at 20°C.

Beckett and Brown (1984) reported that in experiments lasting
30 minutes, extracellular cadmium uptake in the lichen PdZXxgeAa hoMzonXalU.6,
increased with iIncreasing temperature in the range 0 to 30°C. Clearly,

temperature effects are very important in physical metal uptake processes.

It is worth noting here that active phases of metal uptake in fungi
showed temperature dependence also (Paton and Budd, 1972; Venkateswerlu
and Sivarama Sastry, 1970), in lichens (Beckett and Brown, 1984) and in
yeasts (Ponta and Broda, 1970; Norris and Kelly, 1977; Failla and Weinberg, 1977;

and Ross, 1977).
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The results of this section of the study do seem to indicate that
uptake iIn non-growing suspensions of mycelium is not primarily an energy
dependent system, although as already mentioned, it may be that a small
proportion of the total uptake was active, but was masked by the wall
binding component. The likelihood is though, that uptake occurs by an
initial process of adsorption followed by an internalisation process which
is either active (not demonstrated in this study) or passive, for example,

a process of diffusion. It iIs possible that uptake is more easily shown to
be metabolically dependent in growing cultures. It would seem feasible to
the author, that lag phase growing cultures and non-growing mid-linear

phase mycelium take up metal predominantly by adsorption, thus resulting in
the similar quantitative metal contents. It is possible that there may be
a metabolic uptake process in growing mycelium during linear phase, which

is inducible under conditions of low metal status. It would seem extravagant
to expend energy on metal accumulation during linear phase, when an adequate
supply of metal 1ions could be afforded by a slow diffusive process. This
could occur from a location where metal 1ions are in high concentration in
the vicinity of the cell membrane, perhaps having been released from the
cell wall by protons. This could be a credible mechanism for metal uptake
when there is a high content of metal localised on the cell wall, and since
the ions are required in very small amounts anyway. Somers (1963) commented
that the copper taken up by spores is trapped at cell sites so there would
be no need to invoke an active transport mechanism for metal ion accumulation.
Metabolic dependence could be important however, when there is no ion store
on the cell wall perhaps in very young mycelium for example, or under
conditions of metal limitation or in acidic environments. The recent use

of protoplasts of fungal cells for metal uptake studies (Gadd it at, 1984)
could provide additional evidence for this hypothesis by determining whether
or not protoplasts can accumulate metals actively in the absence of a cell

wall, and therefore in the absence of an ion reservoir. Great care is
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required when interpreting results for protoplast metal uptake because of the
possibility of exposure of previously hidden binding sites, and also the

fact that cell wall regeneration begins almost immediately (Dooijewaard-
kloosterziel zt at, 1973). One area of further investigation of great
interest and potential usefulness may be to study the cell wall-less mutant
of UzuAObpoAa. CACLiia (Emmerson, 1963) to investigate further the role of the
cell wall -in Section 13 in this study deals with the role of the cell

wall in metal uptake by fungi.

The applicability of metabolic dependence studies depends on the
proportion of metal uptake that is actually energy dependent. It is
difficult to demonstrate the role of metabolism in systems where most of
the uptake seems to be a physical process which masks all other possible

processes as has been observed in P. ;p~nuZoium, T. vVudz and A. nigzA.

Paton and Budd (1972) were fortunate to have chosen a system to
study with an easily recognisable metabolic phase of transport into the
cell and have been able to develop an idea of the proportion of metal on the
cell wall. Somers (1963) on the other hand, was not able to demonstrate
a very high degree of metabolic dependence but regarded a small proportion
of the uptake to the internal part of the cell as energy dependent. The
majority of the copper in the conidia of N. CACU&L was surface bound,
Somers (1963) whilst in the growing mycelium of the same fungus, only 40%
of cell cobalt was bound on the cell wall in 2 hours (Venkateswerlu and
Sivarama Sastry 1970). This may reflect structural differences between
spores and mycelium and also whether the mycelium is growing or not, as
well as strain variation. In fact Somers (1963) reported that cell walls
of Pznic-cttium ;taLicum were particularly effective in accumulating copper

whilst the walls of N. CAOLESN showed a relatively low affinity. Morphological



differences in terms of wall structure are also implicated by the fact that
in ktt&inOAAA. fenu-LI>, 96% of the adsorbed copper was removed by EDTA whilst
in N. CAO44a this figure was only 33%. It is interesting that Gadd and
Griffiths (1978a) stated that in most organisms studied, the amount of metal
bound by surfaces was insignificant when compared to the amounts that can
be taken up by energy requiring processes. The authors cannot have given
adequate consideration to the report of Somers (1963). It is noteworthy
that more recently, Horikoshi OA & (1981) dismissed any form of energy
dependent uptake and suggested that uranium uptake in actinomycetes was

almost wholly attributable to surface adsorption.

It appeared that on comparing mid linear phase metal uptake of
growing suspensions with non-growing (mid linear phase) suspensions of
mycelium, that there was a marked difference between the two systems.

(Table 8.3.2.2.). In the non-growing suspensions of fungi significantly
greater quantities of metal were accumulated than would have been anticipated
from the results using growing mycelium. This was particularly notable in
the case of T. \)<OuAe. which accumulated 31.4 pg g ~ dry weight cadmium in
the growing state and 2727.4 pg g ™ dry weight in the non-growing state from
2.5 pg ml ~ cadmium. It would be interesting to speculate on the
possibility that the non-growing mycelium behaved like the lag-phase material
of a growing suspension, where the accumulation was very high. One

possible explanation for the higher accumulation in non-growing suspensions
is that there is no competition for binding sites in these experiments whilst
in the growing mycelium there is likely to be competition from other metallic
cations present in the growth medium as trace elements. If this were the
case though, one might not expect to observe high lag phase metal levels,

and it is doubtful whether the amount of competing cation could account for
the discrepancy of this magnitude. More data on competition is presented

in chapter 11.
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9. EFFECT OF TEMPERATURE ON COPPER UPTAKE FROM 2.5 Mr ml*"1 Cu**

BY NON-GROWING Pzn”ciJLtium ip-Lnutoum .

9.1. Introduction.

Biological phenomena are exceedingly complex and involve
temperature dependent physical and chemical phenomena. Whether these
are chemical or physical, they depend on molecular activities which in
turn are influenced by temperature (Hoar, 1975). For descriptive
purposes, the value can be useful as the critical thermal increment.
In general, values associated with physical processes such as
diffusion are less than 1.5, whilst thermochemical (enzymatic) reactions

range from 2.0 to 3.0.

The effect of temperature on biological reactions is also

described by the Arrhenius equation:

Where k is the reaction velocity constant, T is the absolute

temperature, R is the gas constant and A is the Arrhenius constant.

According to Hoar (1975), the value of the Arrhenius constant A
for many biological processes falls between 1 and 25 Kcals mol ~ and can
be referred to as the apparent activation energy. Arrhenius introduced the
hypothesis of an activated state. According to this theory all elementary
rate processes (diffusion, solubility, adsorption itc..) can be considered
unstable equilibria between reactants, iIn the normal state and in an
activated state. The A constant then, represents the energy which molecules

in their initial state must acquire before they can participate in a
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reaction. It is the energy of activation for the particular process and
remains constant over a limited temperature range. Generally, low A values
of 1 to 5 Reals mol 1 define physical processes, and higher values upto

25 Reals mol 1 are active processes.

Borst Pauwels (1981) has calculated Arrhenius constants for the
data of Ponta and Broda (1970) who worked on zinc uptake in
SacdiaA.omyc.eA CCAeviAlae and reported a figure of 15 Reals mol"1. Similarly
for the data of Norris and Relly (1977) he reported a value of 15 Reals mol 1
for cobalt uptake. For manganese uptake an activation energy of 18 Reals mol™1
was found (Fuhrmann, 1974). These authors reported that uptake of these
metals was an active process and the calculated Arrhenius constants confirm
this. An Arrhenius constant of 10.5 Reals mol 1 was calculated for copper
uptake by spores of NeuAOApOAa CAOAia by Somers (1963), but the author
suggested that this was rather high for a simple exchange process and he
cited the work of Danielli (1958) which indicated that even higher temperature

coefficients for passive diffusion processes were possible.

In the preceding section, it was reported that lowering
incubation temperature resulted in a reduction in total metal uptake
throughout the uptake profile. The aim of this investigation was to
determine if any metabolic dependence could be established by appraising
Q10 values and Arrhenius constants for metal uptake after short incubations
(presumed mostly adsorption) and longer incubations (presumed adsorption and

some internalisation).

9.2. Materials and Methods.

The uptake of copper from 2.5 yg ml 1 Cu in 50.0 mM MES buffer,

pH 5.5 plus 10.0 mM glucose by P. ¢pinutoAum was investigated at 5, 15, 25,
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35 and 45 C over an incubation period of 60 minutes. Samples were harvested
in triplicate at 1, 5, 10, 20, 30, 40, 50 and 60 minutes of standard
incubation to monitor the effect of temperature on uptake against time.

QJO va”ues were calculated from rate plots for each incubation time, the
rationale being that short incubation uptakes would provide values
indicative of passive processes and the longer incubation time uptake

values would be suggestive of metabolic processes, if metabolic energy was
involved in the uptake of copper. A similar experimental rationale was
proposed for calculated values of activation energies obtained from the

same data.

9.3. Results.

The influence of temperature on copper uptake by non-growing
suspensions of P. ¢pj.nu.lobm is depicted in Figures 9.3.l1a, Ib and Ic.
Uptake profiles at 5, 15, 25, 35 and 45°C are shown in Figures 9.3.1a and
the typical pattern of rapid initial accumulation followed by slower uptake

is illustrated for all the temperatures tested.

Figure 9.3.1b shows that the rate of copper uptake after each
time period was directly proportional to the incubation temperature. Q
values of 1.1 to 1.3 indicate that the uptake was a physical process and

that there was apparently no metabolic involvement.

Figure 9.3.1c is an Arrhenius plot of the data and activation
energies calculated for the various periods of uptake suggest that uptake
occurred by a physical process. Calculated activation energies were 2.94,
3-36, 4.07, 4.62 and 5.33 Kcals mol ~ after 1, 5, 20, 30 and 60 minutes of
incubation respectively. An Arrhenius constant of 6.51 Kcals mol ~ was
calculated for the 60 minute incubation period which had been corrected

for the initial period of rapid accumulation (i.e. 5 minutes).
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Fzgul1z 9.3.1a Effect of temperature on quantitative copper uptake by

non-growing suspensions of P .ApZnuZoAum from 50mM MES containing
“1 ++
2.5m1 Cu in the temperature range 5-45QC.

Copper uptake

Figure 9.3 .lIbEffect of temperature on copper uptake rate by P .1 ApZnuZoAuin.

(Experimental conditions as above).

Copper uptake rate
(vgg “min 1)
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Logg_a UPtake rate.
(pg ;min )

Fgatie 9.3.1c

Arrhenius plots for copper uptake by non growing suspensions of
P. ¢pinuZoium from 50mM MES containing 2.5pgjnl * Cu at pH 5.5.

o > uptake over 1 min.; e , uptake over 5 min.;

o , uptake over 20 min.; m , uptake over 30 min.;

* , uptake over 60 min.; O , uptake over 60 min corrected for
initial adsorptive uptake during the first 5 min. of incubation.
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Log.. Uptake rate.
10 -1
(yg smin )

F-UJUAe 9.3.1c

Arrhenius plots for copper uptake by non growing suspensions of

P. ipinuloilim from 50mM MES containing 2.5ygml®1 Cu++ at pH 5.5.

o i uptake over 1 min.; < , uptake over 5 min.;

, uptake over 20 min.; m , uptake over 30 min.;

A , uptake over 60 min.; $ , uptake over 60 min corrected for

al adsorptive uptake during the first 5 min. of incubation.
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9.4. Discussion.

In P. ¢(plnuto6um Qlq values were calculated for all incubation
times ranging from 1 to 60 minutes and ranged from 1.1 to 1.3. In general
QM0 va*ues f°r diffusion and other physical processes are less than 1.5 so
it seems that there was little demonstrable metabolic dependence in copper

uptake under the conditions of these experiments.

Venkateswerlu and Sivarama Sastry (1970) showed that cobalt
uptake was temperature dependent in W. CACU>ia and they claimed that the
Q10 values were very different for the 2 hour and 20 minute incubations.
These were calculated as 180 pg Co++ g"1 and 30 pg Co++ g"1 dry weight
respectively. According to the authors then, it seemed that the initial
binding phase although dependent on temperature, was not so markedly
affected as the longer incubation. The authors suggested that the evidence
supports the theory of a 2 phase uptake process, with the second phase being
metabolically mediated. The actual Qlg values, calculated from the data
of Venkateswerlu and Sivarama and Sastry (1970) (by the author) appear to
be 1.15 and 1.10 pg min 1 after 2 hours and 20 minutes in the cobalt
solution. There does not appear to be any evidence for metabolic uptake
m respect of the temperature data. Ponta and Broda (1970) reported Q
values of 2 to 2.7 for zinc uptake in S. CWLMI&lae. which is more suggestive

of an active system.

In the range 5 to 45 C, P, Apcwi20AUifn shewed temperature
dependence and by plotting log uptake rate (pg min“l) against 1/1 b X 105
abs
a straight line relationship was produced. From this Arrhenius plot,

activation energies for the various incubation times were calculated. For

the total copper uptake these ranged from 2.94 after 1 minute to 5.33 Reals mol
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after 60 minutes of incubation. The total uptake after 60 minutes was

corrected for the adsorption by subtracting the 5 minute uptake value and an

activation energy of 6.51 Kcals mol was determined. These values are all

indicative of a physical process of copper uptake but the fact that the

figure increased with incubation time suggests that there is an energy

barrier following the initial adsorption process and this could be

represented by the physical barrier of the cell membrane. All the values

appear to be rather low in comparison to the value of 10.5 Kcals mol*1 for

copper uptake in N. CAOA&a. conidia as reported by Somers (1963), but he

suggests that this value is very high. The range of activation energies for

biological processes and enzymatic reactions is 1 to 25 Kcals mol"1 and

physical processes such as diffusion and adsorption are typically at the
lower end (Hoar, 1975). Higher temperature coefficients for passive

diffusion processes than the value reported by Somers (1963) have also been

reported by Danielli (1958). The values obtained for P. ¢pZnuZoium all

fall below the calculated values for active uptake as reported by Borst

Pauwels (1981) for yeast divalent cation uptake. For zinc uptake the

activation energy was 15 Kcals mol 1 in S. ceAev-U,-tae (Ponta and Broda, 1970),
for cobalt 15 Kcals mol 1 in S. ceAivZ&Za.i (Norris and Kelly, 1977), and

for manganese 18 Kcals mol 1 (Fuhrmann, 1974).



after 60 minutes of incubation. The total uptake after 60 minutes was
corrected for the adsorption by subtracting the 5 minute uptake value and an
activation energy of 6.51 Kcals mol 1 was determined. These values are all
indicative of a physical process of copper uptake but the fact that the
figure increased with incubation time suggests that there is an energy
barrier following the initial adsorption process and this could be
represented by the physical barrier of the cell membrane. All the values
appear to be rather low in comparison to the value of 10.5 Reals mol"1 for
copper uptake in H. CtICLIACL conidia as reported by Somers (1963), but he
suggests that this value 1is very high. The range of activation energies for
biological processes and enzymatic reactions is 1 to 25 Kcals mol"1 and
physical processes such as diffusion and adsorption are typically at the
lower end (Hoar, 1975). Higher temperature coefficients for passive
diffusion processes than the value reported by Somers (1963) have also been
reported by Danielli (1958). The values obtained for P. ¢pinu.-Coium all

fall below the calculated values for active uptake as reported by Borst
Pauwels (1981) for yeast divalent cation uptake. For zinc uptake the
activation energy was 15 Kcals mol 1 in S. cefev-tA-uxe. (Ponta and Broda, 1970),
for cobalt 15 Kcals mol 1 in S. ceAZV-iiiaz (Norris and Kelly, 1977), and

for manganese 18 Kcals mol 1 (Fuhrmann, 1974).
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10. COPPER UPTAKE BY HEAT-KILLED CELLS OF Pe.nL(UZE.uurl ip-LruZoAum.

10.1 Introduction.

In the light of the results of the preceding sections which have
demonstrated that metal uptake does not occur by a metabolically mediated
process, It was decided to investigate the metal uptake properties of

heat-killed mycelium.

10.2 Method.

A mycelial slurry was prepared in the usual way and split into 2
portions. One portion was incubated at 25 C whilst the remaining portion
was heated at 85 C for 2 hours. The mycelium from both suspensions was
harvested and washed with distilled H20. To each of twelve, 250 ml
Ehrlenmyer flasks containing 100 mlI 50.0 mM MES plus 10.0 mM glucose plus
copper at a final concentration of 2.5 yg ml 1 Cu++, was added a 5.0 ml
aliquot of the heat-killed mycelium. To a further batch of identical
flasks, living non-growing mycelium was added. Flasks were then incubated
and the mycelium harvested from triplicate flasks after 1, 30, 60 and 120
minutes of incubation. The copper loaded heat-killed and living mycelium

was then analysed for copper content by AAS.

10*3 Results m

Mycelium of P. ¢p-LmZoium which had been heat-killed by a 2 hour
incubation at 85°C showed the typical uptake profile with 2.5 yg ml * Cu++.
When compared to the uptake in control mycelium (Figure 10.3.1.), it is
apparent that the heat-killed mycelium had a much higher capacity for

copper, particularly during the period of rapid binding. Initial binding
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of the heat-killed mycelium exhibited a 9 fold increase in affinity of the
mycelium for copper and this was probably as a result of the destruction
of cell membranes allowing for a free flow of cations into the cell and
consequential binding to intracellular debris. After 2 hours of
incubation, the heat-killed mycelium had accumulated 2.5 times the amount

of copper accumulated in control biomass.

10.4 Discussion.

It was apparent that heat-killed mycelium of P. ipj-nu.icHV had
a higher affinity for copper than did living mycelium. It should be noted
however, that the killed mycelium aggregated and was difficult to handle
and this caused problems with rinsing. Although extra care was taken
with the rinsing procedure it is nevertheless conceiveable that some
copper was not thoroughly washed free and this could have manifested

itself in the higher apparent copper binding.

With the help of an enrichment culture, Chiu (1972) isolated a
fungal culture from sewage which could accumulate uranium from solution.
Uranium was taken up by living as well as dead mycelia. Horikoshi eX di
(1981) showed that heat-killed actinomycete cells had the same uranium
uptake capacity as living cells. Similarly, Lowry eX al (1957) reported
that 15 minute boiling of NeuAOipoAd teXA.dipeAmd ascospores had no effect
on silver, uranium, copper, thorium and aluminium uptake. The uptake of
copper, uranium, manganese and cadmium was increased in microalgae by
boiling cells in water for upto 20 minutes (Horikoshi eX di, 1977). In
ChZoAeLid AegutcUuii (Horikoshi eX at, 1981) the amount of uranium taken up
by heat-killed cells was 4 times that taken up by living cells. Other
workers have shown increased metal uptake by killed cells. Ponta and Broda

(1970) demonstrated increased uptake of zinc in SAdC.chtxAOWI/ce-i CHA<L\)iijd<L,
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Cu content of mycelium

W g 1dry wt.)

Time (mins)

HguAe. 10.3.1.
Effect of heat killing on copper uptake from MES at pH 5.5 supplemented
with 2.5pg ml"1 Cu++ by P. ¢poiuto&um. e _control mycelium at 25°C;

o ymycelium heated at 85°C prior to incubation with copper.
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whilst Galun it aZ (1983) reported increased uptake of uranium in Pin-icitZ-ium
d'iQ'LtflZujn. Tsezos and Volesky (1981) reported that disrupted cells of
RhZzoptli (VUlhizui accumulated 10% more uranium than whole cells. On the
other hand, Duddridge and Wainwright (1980) reported that heat-killing
actually reduced the uptake capacity of a number of metals in Pythium ip.,
Sc.ytaZzZcUum ip. and a V-LcZyuchui ip. and the authors ascribed this to

an alteration or destruction by heat, of some metal binding ligands present
on the fungus cell wall. Somers (1963) however, commented that the
denatured protein of dead boiled cells was a better copper complexing

agent than was native protein.

The importance of improved biosorptive capacity of killed cells was
emphasised in a U.S. patent (Drobot and Lechavelier, 1981) for a metal
recovery process. The inventors suggested that the fungi were to be killed
in the process of the invention, by heating in an aqueous medium in the range

85 to 150°C.

The fact that dead cells can accumulate metals to a high degree
implies that the phenomenon may be associated with the cell wall, and for
this reason, and the fact that the cell wall seems to be closely involved
in metal uptake in whole cells (growing and non-growing), chapter 13 of this
investigation was devoted to a study of copper uptake by a cell wall
preparation of P. ipimZoiim and chemically modified cell walls of the

same fungus.



11. COMPETITION EXPERIMENTS FOR COPPER UPTAKE BY VtrujlMZm ipinutoiwn.

11.1. Introduction.

The effects of competing cations on metal uptake in microorganisms
has received a great deal of attention and much of the recent work in
relation to algae, protozoa and bacteria has been reviewed by Gadd and
Griffiths (1978a) and by Babich and Stotzky (1980). The effects of
competition by metals for yeast cation uptakehave been reviewed by
Borst Pauwels (1981). However, all three reviews require updating and

the inclusion of some notable omissions.

Studies on the effects of competing cations on metal uptake can
be organised into a number of categories. One area of study has been
directed towards an understanding of binding to the surface of cells, and
particularly towards understanding the specificity of binding sites. These
effects of competing cations can normally be subdivided into a) those which
reduce uptake or b) those which enhance uptake by additive or synergistic
mechanisms. Another area of study has concentrated on the effects of
competing cations on metal internalisation and again there are reports of
stimulatory and inhibitory effects. Much of the interest has been related

to cation relationships in toxicity studies.

Lowry eX aZ (1957) showed that copper could be displaced from the
surface of NeuAOipo~Ul teXAaipeAma. ascospores by Na+, K+, Mg++ and Ca++.
The consequence was that the spores which had previously been prevented
from germinating because of the presence of a copper coating, germinated
successfully. Rothstein eX at (1958) showed that the uptake mechanism for
Mg++ and Mn++ in SacchaSlomycZA ceAivZ&Za.f, was highly selective as compared

to Ca++, Sr++ and UO2++, whereas the binding affinity was greatest for



U02 with little discrimination between Mg++, Cu++, Mn++ and Sr++. In
contrast to surface bound cations which were completely exchangeable, the
absorbed cations were not exchangeable. Somers (1963) reported that

+ ++ ++

K , Mg and Ca were able to compete for binding sites on conidia of
NexiAOipOdd CAdiid, and that the degree of competition depended on the
concentration and valency of the ions. Paton and Budd (1972) showed that
phase 1 zinc uptake (surface binding) in WZOCOAMOApoAd Vditn~ectd decreased
in the presence of equimolar concentrations of Cu++ and UO2++ by 70%.
Cobalt, Mn , Ni and Mg decreased zinc uptake by upto 39% but iron
actually increased uptake by 12%. Budd (1979) demonstrated that a 10 fold
excess of radioactive Mg reduced the adsorption of non-radioactive Mg
and that Ca , Zn and Mn occupied Mg binding sites. Doyle eX dt (1980)
observed the displacement of Mn from the cell wall of BacXttui ¢ubtciXi

. A+ ++ ++ ++ S+ ++

by Ni ,Ca ,Mg , La and Li . The Mn was present on the cell wall
at near saturation levels. Tsezos and Volesky (1982a) showed that Zn++ and
Fe depressed UC2++ uptake by RhXzopui dAAhczu-6 but there was no effect

on Th uptake (Tsezos and Volesky, 1982b). Tsezos (1983) indicated that
increasing the concentration of the co-ion (Zn++, Cu++ or Fe++) from 100.0
to 1000.0 pg mlI \ decreased U>2++ uptake by chitin by upto 39%, and that
iron was the most effective ion in this role. Galun eX dt (1984) reported
that ferric chloride interferes with U0O2 uptake from uranyl chloride by
PzntcuttAJUm dtgtXdXum. Nickel, Cu , Zn , Cd and Pb  failed to approach
the activity of the Fe+++ ion. The authors attributed this to the fact

that the iron was trivalent and the other ions were divalent. The
difference in effects could not be explained in terms of variation in

ionic radii since the U(VI) oxo-ion 1is very large. Beckett and Brown (1984)
showed that cadmium uptake in the lichen PetXtQGAd pKdiXtxXdXd was

inhibited by monovalent cations. Cadmium uptake appeared to be stimulated by

Cu++ and there seemed to be no distinction between extra and intracellular

uptake iIn this respect.
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Abelson and Aldous (1950) indicated that the toxicity of Ni++, Co++, Cd++,
Zn and Mn to E6ch.vUc.hta colLL, AeAobacteA aziogznu, Tomtopitf, utile&
and A. nigeA was influenced by the Mg++ level in the medium. Low Mg++
levels led to increased toxicity. Budd (1979) reported that total K+
transport in Niocoimo&pofui VO&tntficta was decreased by half in 5 fold gxcess

++ .
of Ru , and was unaffected by 100 fold excess of Na . Copper and MgJr

+
had no intermediate effect. Paton and Budd (1972) showed that energy
dependent uptake of zinc was decreased by 80% by UO2++. Copper, Ni++ and

Co were less inhibitory and Fe and Fe stimulated uptake by 40%.

Budd (1979) showed that at 10 fold molar excess of K+ and Cat++ there was

no effect on Mg transport in the same fungus, but Mn++ and Zn++ were
inhibitory. Venkateswerlu and Sivarama Sastry (1970) showed that cobalt
uptake by NiuAQipoAa CACLiia was influenced by Mg++. A Co++/Mg++ weight

ratio of 1:2 reversed cobalt toxicity and Mg++ severely depressed Co++
uptake. It was suggested that the system that transports Mg++ was also
involved with Co uptake. According to Laborey & Lavollay (1973) the
toxicity of cadmium to A. VUQQA resulted from antagonism with zinc and
magnesium. According to Failla it at (1976), Zn++ uptake in Candida utilih
was not related to the general cation uptake system reported by Rothstein it at
(1958), and zinc uptake occurred by a specific energy-dependent pathway, and
was unaffected by several other cations but inhibited by cadmium. Failla and
Weinberg (1977) showed that the presence of 0.2 mM Cu++, Mn++, Fe++ or

Co had no effect on zinc uptake, but in 0.2 mM Cd , Zn uptake was

only 17% of the control uptake. The zinc status had no effect on iron

uptake however. Laborey and Lavollay (1977), showed that Ca had an
antitoxic effect towards Cd++. In the presence of high concentrations of
Mg++, the toxicity of Cd++ was nullified by Ca+ , and this was related

to the control of ion penetration. Norris and Kelly (1977) showed that

Co++ and Cd++ appeared to be accumulated via a general cation uptake system



in SacchoAomycu cvw iuae, with limited specificity related to ionic

radii of the cations. Okamoto at at (1977) reported that in PcntclLttm

OChA.OChtOA.On there appeared to be a marked reduction in the cellular

contents of K+ and Mg++ when Cu++ and Zn++ were present in higher

concentrations in the medium. Baldry and Dean (1980b) showed that the

a dition of Fe and Al to a medium supporting E. colt prevented Cu++

accumulation, and although less active than Fe+++ or Al+++ in this respect,

other trivalent cations were effective in reducing Cu++ uptake. Divalent

cations were much less effective and Na+ and K+ had a negligible effect.

Enhancement of metal uptake in response to the presence of

interacting cations has been reported by a number of workers. Gesswagner and

Altmann (1967) showed that the Zn content of S. CeACOt&tae. cells was

increased specifically by Cu whilst Mn content was unaffected. This

was attributed to an increase iIn -SH groups and amino groups in the yeast

cell. According to Fuhrmann and Rothstein (1968), Co++ enhanced Zn++

uptake, and Zn enhanced Co uptake, whereas Ca++ inhibited both Zn++

g 4% # ++
and Co uptake. According to Norris and Kelly (1979) Cu caused a seven

fold increase in the initial uptake of Ma++ and doubled the uptake of Ni++

in S. ceAevtitne.. The total final metal content of the cells was the same
however. Babich and Stotzky (1983) showed a synergistic interaction

between Ni and Cu++ although the mechanism was not elucidated.

The aim of this section of the study was to demonstrate the
influence of the cationic constituents of the CMS medium on metal uptake in

non-growing suspensions of fungi. Also the uptake of copper by non-growing

p* ¢ptnuloium was to be investigated in the presence of competing cations
over a 2 hour incubation period. In this way the effects of the presence
of co-ions on adsorptive and total copper uptake could be determined, in

terms of possible stimulatory or inhibitory effects.
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11.2. Materials and Methods.

U -2,1- Comparison of copper uptake from GMS medium and 50.0 nM MES.

5.0 ml aliquots of a mycelial suspension of P. ipZnuZo-ium were
added to twelve 250 ml Ehrlenmyer flasks containing 100 ml GMS medium or
50.0 mM MES adjusted to pH 5.5 containing 2.5 ug ml*1 Cu++. The flasks
were incubated under standard conditions and the mycelium harvested from
3 replicate flasks after 5, 30, 60, 120 and 360 minutes of incubation.
Copper analyses were then carried out. The experiment was then repeated for

T. vinidz and A. nigeA

11.2.2. Effect of medium constituents on copper uptake.

Since the apparent uptake in medium was lower than in MES buffer,
the effect of individual medium components on copper uptake by P. ipZnu.Zo.ium
trom a 5.0 [o]s} ml™ " cu’’ was investigated. Copper content of mycelium
was assayed after 5, 60, 120 and 360 minutes of incubation in various
solutions containing Cu . Three replicate samples at each time interval
were employed. The solutions used were (NHMNINSON, 50.0 mM MES pH 5.5, and
50.0 mM MES plus magnesium glycerophosphate at the normal GMS medium
concentrations. A further experiment was performed which compared the
influence of 50.0 mM MES pH 5.5, 50.0 mM MES plus magnesium glycerophosphate

and 50.0 MM MES pH 5.5 plus double the normal complement of magnesium

glycerophosphate.

11.2.3. Copper uptake in the presence of competing cations at 1.0 mM

concentrations.

The aim was to investigate the influence of competing cations at
1.0 mM concentrations on copper uptake from 2.5 pg ml Cu (pH 5.5) by
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P. ipluulcMun to determine the degree of specificity, if any, of binding.
The cations employed were manganese, magnesium, cobalt and zinc.

Copper uptake experiments were performed as described above in 50.0 mM
MES pH 5.5 containing 2.5 Mg ml Cu and also in the same but containing
1.0 MM magnesium, manganese, cobalt or zinc. Standard incubation
techniques were employed throughout. The uptake of copper and the
competing ion was monitored as wasK loss. The percentage of control
copper uptake was calculated for each competing cation at 1 minute and

2 hour incubation periods.

11.3. Results.

11.3.1. Comparison of copper uptake from GMS medium and 50.0 mM MES
Figures 11.3.1a, 1Ib, Ic illustrate the uptake of copper when added

to 50.0 mM MES or GMS medium at pH 5.5 to a final concentration of

2.5 Mg ml_1 by p. ¢pinutoium, T. vlrude. and A. rugen. Although all three

fungi demonstrated the typical uptake pattern in both the MES and the GMS

it was apparent that accumulation was much more efficient in MES. GMS

medium appeared to cause a reduction in uptake of about 50% over the

6 hour incubation period.

11.3.2. Effect of medium constituents on copper uptake.

The effect of (NHMINSON and magnesium glycerophosphate on copper
uptake in p. ¢pcnuZoium is illustrated in Figure 11.3.2. The uptake of
copper in control mycelium suspended in 50.0 mM MES pH 5.5 showed the
typical accumulation pattern. Mycelium suspended in (NHAMSON plus
50.0 mM MES resulted in levels of copper accumulation which were not
greatly different to the uptake in control mycelium. Copper accumulation

in magnesium glycerophosphate plus 50.0 mM MES pH 5.5 and double-strength
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magnesium glycerophosphate plus 50.0 mM MES pH 5.5 was reduced however.
Double strength magnesium glycerophosphate resulted in a greater reduction

of copper uptake than did the normal strength magnesium glycerophosphate.

Since maghesium glycerophosphate was not responsible for
complexing metals as demonstrated in the polarography section (5), the
depressed copper contents of mycelia suspened in this solution must have

been due to competition for binding sites with the magnesium ions.

11.3.3. Copper uptake in the presence of competing cations at 1,0 mM

concentrations.

The competitive effect of manganese, magnesium, cobalt and zinc
at 1.0 mM concentration on the uptake of copper from 2.5 yg ml 1 Cu++ by

P. Apinuto&um is illustrated in Figure 11.3.3. and Table 11.3.1.

All four competing cations reduced copper uptake and this was
most significant at the early stages of uptake. Zinc inhibited uptake
by 51.7% after 1 minute, magnesium by 41.8%, manganese by 40.9% and
cobalt by 38.4%. After 2 hours of incubation however, the competitive
effects of the manganese, magnesium and cobalt were less significant in
reducing uptake with inhibition amounting to around 10% of the uptake
shown by controls. Magnesium however, inhibited copper uptake by 23.5%

even after 2 hours of incubation.

11.4. Discussion.

The reduction in copper binding and uptake over the 6 hour
incubation period in P. ipinuZoium, T. \-cAAde and A. nujeli (Figures 11.3.la,lb,lc

m GMS medium as opposed to MES could be explained in terms of complexing
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FZguAe 11.3. Ia, Ib, Ic.
Copper uptake by non growing fungi suspended in

50.0 mM MES containing 2.5 yg ml ~ Cu++.

Copper uptake
Oig g 1 dry wt)

Copper uptake
-1 \
ug’'g dry wt>

Wg g dry wt)

Fungal suspension in 50 mM MES pH 5.5 « m A

GMS medium and

FZguAe. 11.3.1a

P. ¢pZnutoium

FZguAe. 11.3.1b

T. vinldn

Fungal suspension in GMS medium pH 5.50 O A
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Figu-ie 11.3.2.
The influence of medium constituents on copper accumulation by

non-growing suspensions of P. ;p-inuloMm from 5.0pg ml~1Cu++.

++
Cu content

e , control uptake in 50mM MES only.
m , 50mM MES plus ammonium sulphate.
A, 50mM MES plus magnesium glycerophosphate.

A, 50mM MES plus double-strength magnesium glycerophosphate.



copper uptake

pa 11.3.3. Copper uptake from 2.5ygcnl
cations at ImM concentration. < _control

only; e plus ImM manganese;

Competing cation

a mw) 1 min. incubation. incubation.

@ control) & control)
Control 100.0 100.0
manganese 59.1 90.9
magnes ium 58.2 76.5
cobalt 61.6 91.6
zinc 48.3 91.4

11.3.1. Copper uptake by P (p-inuZoMim in the presence of competing

cations expressed as a percentage of control uptake

only.

Copper uptake after
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of copper by medium constituents. This hypothesis can be disregarded
however, since the polarographic studies indicated that the medium

constituents were not involved in metal complexing (see section 5).

A more likely explanation could be that competition for binding
sites with other cations present in the GMS medium may have been responsible
for the reduced copper binding. The reduction was quite marked though,
but this is not surprising since the magnesium content of the medium was
52.75 vig ml medium and the calcium content was 45.75 yg ml so these
concentrations were significantly higher than the added copper concentration
of 2.5 jig ml . There may well have been another factor involved in the
reduced binding in growth medium, and this could be related to growth itself,
particularly after 6 hours of incubation since proliferation in the GMS
medium could have resumed. The results shown in Figure 11.3.2. however,
support the view that the medium cationic components do compete with copper
for binding and uptake. Ammonium sulphate incubation did not reduce copper
uptake, but the presence of the magnesium glycerophosphate effectively

reduced the amount of copper accumulated.

The reduction of copper uptake after 1 minute in the presence of
competing cations (Figure 11.3.3) was almost certainly due to the competitive
effects of the added ions for the copper binding sites, suggesting that
they are not specific for copper. In the light of this, it is difficult
to explain the high affinity for copper of growing cells of P. ¢p-outfoiiwi,
if the binding sites show no specificity for copper. The fact that the
apparent inhibition of copper uptake was lower after a longer period of
incubation may have been a result of internalisation of metal. Loss of
viability and subsequent binding to intracellular components does not

explain the reduction iIn inhibition with extended incubation since there
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appeared to be no reduction in viability and no appreciable K+ loss. It

is interesting that Mg was the most inhibitory metal after 2 hours of
incubation, so the relative affinities of the ligands for Cu++ and Mg++

must have been similar. Reduction in copper accumulation in the presence

of other divalent cations 1is in agreement with the findings of other workers
in a number of types of microorganisms (Lowry it at, 1957; Somers, 1963;

Okamoto it at, 1977; Wakatsuki it at, 1979; Baldry and Dean, 19800).

According to Babich and Stotzky (1980), there is little
information on the mechanisms whereby one heavy metal increases or
decreases the toxicity of a second heavy metal. The authors suggest that
the antagonistic interactions may result from competition between the metals
for common sites at the cell surface. Another mechanism of antagonism
between heavy metals may involve the sorption of one heavy metal to the
amorphous complex of the other heavy metal. In amphibian and mammalian
cells, different heavy metals bind to specific ionogenic sites on the surface
of the cells. Synergistic interactions between heavy metals on microbial
cells may result from the adsorption of both metals to the surface of the
cell, with the adsorption of one metal increasing the permeability of the

cell membrane to the second metal.

Competition of copper uptake with other divalent cations has
highlighted the significance of the cell wall in initial non-specific
binding of copper in P. ipthutOMun. The next chapter investigates the

kinetics of the initial binding.
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12. KINETIC ANALYSIS OF INITIAL BINDING OF COPPER TO

Pe.ntc.littum ipinuloium.

12.1. Introduction.

There have been numerous reports on kinetic analysis of metal
uptake in most types of microorganisms but general consideration has
been almost exclusively directed towards the energy-dependent uptake
system (Venkateswerlu and Sivarama Sastry, 1970; Ponta and Broda, 1970;
Budd, 1969, 1975, 1979; Paton and Budd, 1972; Norris and Kelly, 1977;
Failla and Weinberg, 1977 and Shumate it at, 1978, 1980). There has been
relatively little work carried out on the kinetics of surface binding,
although some workers have indicated that uptake of metals usually occurs
with a primary initial binding phase. Paton and Budd (1972) reported that
zinc uptake in WioaoimoipoAa vaAtniicta was a two phase process with the
first phase believed to represent adsorption to negatively charged groups
in the hyphal surface membrane. The kinetics of K adsorption have been
studied in the same fungus by Budd (1975) over the initial contact time of
0 to 12 minutes, and the authors reported that adsorption of K+ could be

attributed to two distinct K binding entities at the mycelial surface.

Adsorption is commonly observed during cation uptake in fungi
(Rothstein and Hayes, 1956; Budd and Harley, 1962; Ponta and Broda, 1970;
Paton and Budd, 1972) as in other organisms, but according to Budd (1975),
it is less conspicuous with the monovalent cations than with divalent or
polyvalent cations. Adsorption of K+ was observed in yeast (Rothstein and
Hayes, 1956), where it displaced Mn from one of the two binding sites
for this ion. The association constant calculated for their data was

very close to that for site 2 in Ne.OC.O&moipoAO. vaitniiCta. (Budd, 1975).
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In Nm\OipoAa ;p. K+ adsorption at pH 5.8 involved a single binding site
(Slayman and Slayman, 1970), so it is clear that there is a lot of diversity

in the surface binding properties of filamentous fungi.

Wakatsuki dX dZ (1979) reported that double reciprocal plots
of the uptake velocity of copper against copper concentration produced
straight lines between 0.64 pg ml 1 Cu++ and 6.40 pg ml“1, but two lines
were observed between 0.64 and 315.0 Ug ml"1 Cu++. Although these results
are for total uptake over a 60 minute incubation period, the results showed
(according to the authors) that copper bound to defined sites having a
high affinity for copper at low concentrations, whilst at high
concentrations copper bound to not only the sites having a high copper
affinity but also to the various sites having lower affinities. The
authors suggested that the uptake velocity of copper may be dependent on
the efficiency of the formation of stable complexes of copper at the cell
surface and that it may depend on the number of copper binding sites and
the molecular forms of the copper compounds. In fact though, at
315.0 pg ml Cu it is likely that cell membrane damage would have occurred

and that binding would be to intracellular components as well as surface

groups.

Since a large amount of metal has been shown to bind to the cell
wall of fungi in this study, the objective of this section of the work
was to investigate surface binding and to determine the numher of
operational binding sites for copper in the wall of P. ;p-inuitoium at
various copper concentrations, so that the binding properties reported by

other workers in various fungi could be evaluated.
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12.2. Materials and Methods.
12-2.1. Determination of linear uptake during initial binding.

A mycelial slurry was prepared as previously described using the
fungus P. ipZnutoium. Flasks containing 1.0, 2.5, 5.0, 7.5 and
10.0 Ug ml Cu in 100 ml, 50.0 mM MES pH 5.5 were prepared and
equilibriated to 25 C. The copper concentrations had been corrected for

the water content of the slurry.

Five ml of the slurry were drawn into a wide-tipped syringe and
rapidly discharged into the copper solutions. The procedure was
performed in triplicate. Incubation was carried out (with shaking)
for 10, 20, 30, 45, 60, 120, 180, 240 and 300 seconds after which the
fungal material was separated from the copper solution by rapid vacuum
filtration (3 seconds for 105 ml of filtrate) onto Whatman 541 filters.
The mycelium was then collected for dry weight and copper content

determinations after immediate washing with 200 ml distilled H20.

12.2.2. Determination of initial binding Kinetics.

The uptake of copper over the first minute of incubation appeared
to be a linear process in the copper concentration range 1.0-10.0 Ug ml ~.
The above experiments were repeated in the range 1.0 - 250.0 Ug ml ~ Cu++
over a 10 second incubation period to enable kinetic analysis over a wide
concentration range. Michaelis Menten (B vs F) Lineweaver Burke

(1/B vs I/F) and Scatchard (Bézvs B) plots of the data were constructed.

270



12.3. Results.

12.3.1. Determination of the linear uptake phase of initial binding.

Figure 12.3.1. 1illustrates the time course of copper binding to
P. ¢(pj-mitoAum over a 5 minute incubation period in the concentration range
1.0 to 10.0 pg ml Cu . Copper uptake over the whole of the incubation
period was concentration dependent with the amount of metal bound increasing
with the higher metal concentrations. The maximum rate of uptake was
clearly in the first 10 seconds of incubation. It was not possible to
quantify the rate of uptake in contacting periods of less than 10 seconds
for practical reasons, but it is likely that the copper binding was

instantaneous.

The amount of copper bound for the first 60 seconds of incubation
at all the copper concentrations tested was virtually linear. The uptake
over the subsequent 2 to 5 minutes of incubation was fairly linear, but
the rates of uptake over this period of incubation were slower than during
the first minute. The difference in rates between the incubation times
0-1 minute and 2-5 minutes increased as the metal concentration increased,
and this appeared to be due to faster binding rates during the first
minute, as the metal concentration increased. The rates of uptake appeared
to be similar at all the metal concentrations tested over the latter 2 to 5

minutes of incubation.

12.3.2. Determination of initial binding kinetics.

Figures 12.3.2a, b, c, d, e, f, illustrate the binding kinetics
of copper after a 10 second incubation period. Figure 12.3.2a shows a

Michaelis Menton plot for copper uptake in the concentration range
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F-cguAe 12.3.1.
Effect of copper concentration on initial copper binding by

P. ipinuloilM in the range 1-10.0 pgml 'Tu+ over 5 minutes
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FIQUKHA 12.3.2a, 2b, 2c.
Copper uptake Kkinetics

in the concentration
range 1.0-10.0 pg ml 1 in

Pe.ru.e.-ilZuun Apimiioium

Figure. 2a

Michaelis-Menten plot.

)

Figiole 2c

Scatchard plot.

F = copper concentration (pg ml

B = copper bound (pg g * sec *)

F = free copper concentration
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1.0-10.0 Mg ml Cu , and it is clear that the fungus did not saturate
even at the highest concentration and that the uptake rate varied in a
directly proportional manner with concentration. Transformation of the
data into the form of a Lineweaver-Burke plot is shown in Figure 12.3.2b,
and the lack of a single straight line is suggestive of a binding process
involving more than one binding site in this concentration range. This
was confirmed by further transformation of the data into the form of a
Scatchard plot (Figure 12.3.2c) and again two binding sites are indicated.
The Kj (dissociation constant) of the binding site operational between
1.0 and 5.0 pg ml ~ Cu was 0.30 Mg ml ~ Cu and the Bmax (maximum
binding capacity) was 55.0 pg g * dry wt sec and this represents a
relatively high affinity binding site when compared to the same
parameters calculated for the uptake data obtained in the copper

concentration range 5.0 to 50.0 yg ml * Cu++.

Figure 12.3.2d illustrates the Michaelis Menten plot for
5.0 to 250.0 Mg mlI ~ Cu and saturation occurred at about 50.0 Mg ml ~ Cu
The Lineweaver-Burke and Scatchard plots (Figures 12.3.2e and f respectively)
are indicative of a single binding species in the concentration range
5.0 to 50.0 ug mI ~ Cu and a Kd of 122.0 Mg ml ~ and a Bmax of
300.0 yg g "sec * was calculated from the plots. Clearly, this binding
site has a much lower affinity than the site which was operational at

1.0 to 5.0 Mg ml * Cu++, although both binding entities may be functional

at higher metal concentrations.
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12.4. Discussion.

Most of the increase in copper binding to P. ¢p-inufoium with
increasing copper concentration appeared to occur in the first minute of
incubation so clearly the initial adsorptive process was concentration

dependent (Figure 12.3.1).

The binding kinetic data in the copper concentration range
1.0 to 5.0 pg mlI * Cu was indicative of a two binding site system present
in the cell wall of P. ¢p-LviuZoilUin. These findings bear some resemblance
to the results reported for Mg++ adsorption in N&OCO6moipoAa uad™.H|$ec-ta
(Budd, 1979), in that the presence of two mycelial surface species binding
Mg++ with different affinities were indicated in this fungus. These
sites were also non-specific for Mg and probably represented general
cation exchange sites. This is supported by the observation that Mg++
adsorption involved exchange for both K+ and H+ ions. Interestingly,
in this study it appeared that binding sites for copper also were not
specific in P. ipNnuZoMun as shown by the competition studies.
Two K adsorption sites also exist in N. Vdi-LnMiXlta. (Budd, 1975).
The relative and absolute abundances for K+, Zn++ and Mg++ binding
sites did not agree well in W. \JCU>LnecXa, and the authors suggested
that it is likely that the supply of a given binding species at the mycelial
surface varies with the growth conditions. This type of variation in the
supply of binding species under different growth conditions might explain
however the reduced metal uptake in linear phase of actively growing fungi.

The physiological role of cation adsorption has received little attention.

Budd (1975) reported interesting anomalous results for K+ binding

to the two binding sites. Adsorption of K+ to site 2 (predominantly at
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high KC1 concentrations) was easily and completely reversible, whereas
adsorption to site 1 (predominantly at low KC1l concentrations) was not.
Similarly, the contrasting effects of dinitrophenol on adsorption indicated
that site 1 only was sensitive to the inhibitor. It would be interesting
to speculate on the possibility of a metabolic dependence of binding to

high affinity sites in P. ;pinuZoAum, but this is unlikely.

The importance of the cell wall in metal uptake has been further
emphasised in this section of the study with particular reference to the
role of initial binding. The following chapter attempts to elucidate
the role of the cell wall in binding with regard to cell wall components,
especially chitin, by comparing uptake of metal by commercial chitin with

isolated purified cell walls of fungi, and chemically modified cell walls.

277



13. INVESTIGATION OF THE BINDING CONSTITUENTS OF THE CELL WALL

OF Pzntztittum ipinatoium.

13.1. Introduction.

The significance of the cell wall in metal binding has been
demonstrated and this final section was designed to investigate the
cell wall binding constituents with reference to copper and

P. ipinutoium.

The major sites of copper binding and the chemical basis for
selectivity by the P. ipinutoium cell wall was studied by comparing the
uptake of copper by pure cell wall, chitin and various chemically
modified cell wall preparations. There appears to be little information
in the literature on chemical modification of isolated fungal cell walls
although there have been a number of studies of metal uptake in fragments
of mycelium (Tobin zt at, 1984; Treen-Sears Zt at, 1984) which had been
dried and ground prior to metal uptake studies, and also in chitin and
cell walls of Rhizopui aAAhizu.-i (Tsezos and Volesky, 1981, 1982a, 1982b;
Tsezos, 1983), and in a chitin-chitosan complex of AipeAgittui nigzA.
(Muzzarelli zt at, 1980). There has been a much more intensive
investigation of metal binding to cell walls of bacteria, and of techniques
of chemical modification of bacterial cell walls with particular emphasis
on the genus Bazittui (Beveridge and Murray, 1976, 1980; Doyle Zt at, 1980;

Beveridge zt at, 1982) and in Staphytococcui auAZUi (Cutinelli and

Galdiero, 1967).
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13.2. Materials and Methods.

13,2,1, Comparison of copper uptake by a cell wall preparation of

PEKI*CC™tH™tmn ip~huZoium and commercial chitin.

The technique used for this part of the study was a modification
of techniques after Bartnicki-Garcia and Nickerson (1961), Rizza and
Kornfeld (1969) and Novaes-Ledieu and Garcia-Mendoza (1981). A cell
wall preparation of mid linear phase mycelium of P. (pZmto&um was
employed in this study. The cell walls were prepared in the following way:
Ten, 400 ml volume mid-linear phase cultures at 4 C were decanted separately
into an Atomix blender flask (MSE) and homogenised for 2 minutes at full
speed. Care was taken at all times to maintain the preparation below
10 C to prevent enzymic degradation of the cell walls. The hyphal suspension
was then submitted to the action of a Braun cell disintegrator (B. Braun
Apparatebau, Melsungen, Germany) with glass beads (0.45-0.50 mm in
diameter) for 3 minutes at full speed with frequent cooling with liquid
carbon dioxide. The procedure was continued until complete disruption

was apparent by phase contrast microscopic examination.

The homogenates were decanted to separate the glass beads and the
disrupted cell suspension centrifuged at 400 g for 5 minutes. The
supernatant was discarded. The cell walls were then purified by washing at
least 5 times using mechanical wrist-action shaking for 30 minutes in each
of the following solutions: 10% sucrose, 1.0 M NaCl, 2% sodium lauryl
sulphate. The cell walls were further treated with 15 washings in cold
distilled 10 and recovered by centrifugation. Hyphal cell walls appeared
to be free from cytoplasmic material when stained with methylene blue and
observed with phase contrast microscopy. No extinction was detectable in

the distilled H™O supernatants at 260 and 280 nm indicating that there
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was no cytoplasmic contamination. The cell walls were then lyophilised and

stored at room temperature.

To compare metal adsorption by the cell wall preparation and
chitin, 0.01% suspensions of the cell wall, commercial crude chitin,
and commercial purified chitin (Sigma chemical corporation), were
prepared in 50.0 mM MES buffer adjusted to pH 5.5. Small volumes of
copper chloride were added to produce final concentrations of

"1 ++
2.5 yg ml Cu

For each preparation, batches of 12 suspensions were incubated
at 25°C with shaking for 1, 5, 30 and 60 minutes. Three replicate
batches of suspensions were employed for each time period. At the end
of the incubation period, the samples were collected by Millipore
filtration and washed with distilled H. Dry weights were obtained
and copper analysis was carried out by AAS. Copper contents of untreated

suspensions were determined. The purified chitin contained no copper.

13.2.2. Copper uptake by a preparation of VirU.CAZLum ;p-Lmiioium cell
wall and by chemically modified cell walls from 50.0 mM MES

containing 2.5 Pg ml ~ Cu++.

The same cell wall preparation was used as iIn the above procedure.
Four portions of Ig of the cell walls were modified using the following

methods after Doyle eX aZ , (1980).

13.2.2a. Amino acetylation was performed by the addition of 100.0 pL
quantities of acetic anhydride to 40 ml of a well stirred wall suspension

(7.5 mg cell wall per ml distilled H20) in a 50% saturated sodium acetate
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solution. The anhydride (total volume of 1200 ml) was added at
12 minute intervals with continuous shaking of the suspension.
The acetylated wall was then centrifuged, washed with cold distilled
H20 and resuspended in 1.0 M hydroxylamine at pH 8.0, to effect the
removal of O-acetyl groups. The amino-acetylated wall was then
rewashed after filtration and stored at 4°C until used.

0

+ H
cell WaII—NH.3 + °AC CH3 cell wall -NH-C-CH.
0

3

acetic anhydride

13.2.2b. Succinylation of cell walls was carried out by adding 300 mg
solid succinic anhydride to 40 ml of a cell wall suspension in 1.0 M
sodium carbonate at pH 8.0. The anhydride was added at 10 minute
intervals in 30 mg quantities. The modified walls were then treated with
1.0 M hydroxylamine at pH 8.0 as for the acetylated cell walls, washed
and stored at 4°C. Succinic anhydride treatment introduces a further
negative charge into the cell wall by reducing the numbers of positive

amino groups by binding to them.

cell wall-NH cell waII—NH—l—CHZ—CHZ—C—O

succinic anhydride

13.2.2c. The bulky trinitrobenzenesulphonic acid (TNBS) was introduced
into the amino groups of the cell wall using the following procedure.

To 40 ml of a wall suspension in 4% (wt/vol) sodium bicarbonate solution
at pH 7.9, was added a 4.0 ml sample of TNBS (2 mg ml in distilled H20).
The addition of TNBS was performed 3 times at intervals of 30 minutes

with continuous shaking at 200 rpm. The modified walls were then washed
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with distilled H20 and stored at 4°C.

> cell wall-HN

TNBS

13.2.2d. The carbodiimide-nucleophile reaction with carboxyl groups

was used to alter the negative groups in the cell wall. 300 mg of
cell wall were suspended in 20 ml of 1.0 M ethylenediamine. The water
soluble carbodiimide, l-ethyl-3,3-dimethyl amino propyl-carbodiimide
was added to the suspensions to a final concentration of 1.0 M. All
suspensions were prepared in 0.2 M CaCl2 at pH 4.75 which acted as a
weak buffer. Maintenance of pH at 4.75 was carried out by the addition
of dilute HC1. After the pH was stabilised, incubation was carried out
for a further 2 hours with shaking. The walls were then centrifuged
with 0.1 M sodium acetate at pH 5.0 and then with distilled ~O.

The modified walls were stored at 4°C until used.

.0 carbodiimide vy 2

cell wall-cf + NH_-CH_-CH_-NH_, -——————————- > cell wall"c'CH2"CH2' NH3

0- 2 2 2 2
ethylened iamine
Copper uptake by 0.01% suspenisons of untreated cell walls
(controls) and modified cell walls was compared over a 2 hour incubation
period. The effect of ligand modification on subsequent copper uptake

is shown in the results section. Modification of whole cells was

attempted butmycelial agglomeration led to major difficulties iIn copper

treatments so the procedure was abandoned.
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13.3. Results.

Figure 13.3.1. illustrates the uptake profile for a crude
preparation of commercially available chitin, a preparation of pure
commercial chitin and of a purified cell wall preparation of P. Ap-LyuZo&um,
and for comparison the uptake profile for the intact non-growing mycelium
is also indicated. The uptake by the crude chitin was clearly much
greater than the pure chitin or purified cell wall preparation and this
was probably due to constituent differences particularly of possible
protein inclusions and other substances which could bind metal in the
crude chitin. The pure chitin accumulated relatively similar amounts
of copper to the purified cell wall preparation, but the initial uptake
was more pronounced in the pure chitin. It is possible that this was
a result of the different physical nature of the two preparations.

It is iInteresting that when compared to the intact mycelium uptake,

the cell wall uptake constituted about 25-30% of the intact mycelium
copper levels. Although the crude chitin accumulated copper more

rapidly than the intact cells, the final levels of copper after 60 minutes

of incubation appeared to be very similar.

Figure 13.3.2. shows the uptake profiles over a 2 hour incubation
period in 2.5 pg ml ~ Cu of a cell wall preparation of P. ip-cniZoimn

and of chemically modified cell walls.

Ethylenediamine treatment and TNBS treatment increased the uptake
of copper over the first hour of iIncubation, but there was little
discernible difference in copper loadings between these treatments and

the control untreated cell wall after 2 hours of incubation. Acetic
anhydride treatment dramatically increased copper binding by four fold

after 1 minute of contact with copper, but the final increase after the
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Copper uptake
(g g 1 dry wt)

Time (m).

Figure. 13.3.1.

Copper uptake from 2.5yg ml ~ Cu by a crude preparation of chitin ,o0
a preparation of pure chitin, a ; and by a cell-wall preparation of

P. ipinutOAum. O. Initial copper contents

Copper uptake by intact cells for comparison, =
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Copper uptake
(g g 1dry wt)

tiguAi 13.3.2.
Copper uptake from 50mM MES containing 2.5pg,ml * Cu++ by a preparation
of cell-walls of P. ¢(pinutoium and by chemically modified cell-walls.

=, control cell-walls; d, cell-walls treated with trinitrobenzene-
sulfonic acid (TNBS); o, ethylenediamine treatment; m, treatment with

acetic anhydride; A, modification with succinic anhydride.
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whole of the 2 hour incubation was about 1.75 fold over the control cell
walls. The most marked increase in cell wall binding was brought about
by treating the cell wall preparation with succinic anhydride and this
resulted in a five fold increase in copper uptake over controls after
1 minute of contact with the copper solution, and an eventual three fold

increase after 2 hours of incubation.

13.4 Discussion

The fact that the crude chitin accumulated more copper than
any of the other prepared biosorbents was probably due to contaminating
protein moieties and other binding agents. The purified cell wall
preparation accumulated similar amounts of metal as did the pure chitin.
It is interesting that when compared to the intact mycelium copper uptake,
the uptake by the purified cell wall represented a 25-30% proportion
of the uptake shown by intact cells. This would imply that the amount
of metal which would normally be desorbable from the mycelium would be
around 25% assuming that all the bound metal could be released. The
desorption data however, suggested that 59-65% of the total copper

accumulated was desorbable from non-growing mycelium of P. ;pZnuZoAum.

Any interpretation of purified cell wall data has to be
approached with caution since there is the possibility that extra,
previously unexposed binding sites could be revealed. It would also
be difficult to estimate the possible consequences of the purification
treatments, particularly with reference here to the detergent washing
which would almost certainly result in a protein loss. Examination
of uptake characteristics of KOH extracted cells would provide useful
information on the role of protein in total uptake. It is difficult to

explain the fact that the initial binding figure in the cell walls, was
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only about 25% of the total copper uptake in whole cells, since one
might expect that the initial binding would be similar in both the cell
wall preparation and in the intact mycelium (after 1 minute, for example).
Also one might expect that the major difference in metal contents of
cell walls and intact cells would only occur after extended periods of
incubation (for example, 1 hour), after which time the metal could have
been internalised into the intact mycelium, so accounting for the
ultimately higher uptake in the whole cells. The results could perhaps
be explained in terms of the intact cells having a higher affinity for
metal then purified cell walls and this could be due to the loss of
binding substances in the cell wall matrix which resulted in the lower

binding.

The effects of chemical modification of cell walls for

P. ipZmZoiwn is in general agreement with the information reported by
Doyle it aZ (1980) for cell walls of the bacterium BacZZZui iubtZZZe.
Succinic anhydride treatment introduces an extra negative charge into
the cell wall and the authors reported that this resulted in an increase
in the number of binding sites for Mn although there was no change
in the affinity between the metal and the ligand. In the case of copper
and the fungus P. (pZnuZoMtm, succinic anhydride treatment also resulted
in a dramatic increase in binding of the metal. Acetic anhydride
treatment introduces acetyl groups and reduces the number of ammonium
groups in B. iubtZiZ4 walls and Doyle it dZ (1980) reported that this
resulted in an increase in the number of binding sites for Mn++, Cat++ and

+ \ ++ +
Na and increased the affinity for Mn and Na . Similarly, copper
binding was enhanced in P. ipZruZoium after modification using acetic

anhydride. TNBS modification introduces a bulky group into the cell

wall thereby reducing the number of ammonium groups. According to
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Doyle zi al (1980), this increased the number of binding sites for Ca++
+ # ++ R

and Na . The affinity for Ca was decreased whilst for Na there was
an increase iIn affinity. There was no effect on the number of binding
sites for MnJrJr although there was an increase in affinity. The authors
attributed this to the possibility that ammonium ions were acting as
competitive counter ions. In the case of P. bplvulobum, this treatment
had little effect on overall Cu binding although initial binding was
elevated to twice the control binding level. Ethylenediamine treatment
results in the replacement of carboxyl groups with positive charges.
This resulted in decreasing the number of binding sites and the affinity

for metals in B. @bllllb, 1In the P. bplnulobum cell wall, this treatment

appeared to have little effect on copper loading.

Doyle (Lt al (1980) summarised their findings by suggesting that
carboxyl and amino groups were important in regulating interaction
between cations and cell walls. The major disagreement with the
ethylenediamine treatment may suggest that carboxyl groups are not so
significant in fungal cell walls, although this is rather unlikely.

It may well be that in this case, the chemical modification was
unsuccessful, particularly when one considers the dissimilarity of
fungal and bacterial cell walls. Unfortunately, in the case of copper
uptake and P. OpZnLitoium, there is no available evidence to confirm

the effectiveness of the chemical treatments, and this would constitute
a basis for further investigation of these phenomena. The agreement
with some of the data of Doyle dX alL (1980), who did experimentally
confirm the modifications, may suggest by analogy that the fungal cell

walls were similarly modified.

It is interesting that Doyle dX aZ (1980) suggested that the

metals were binding to the same sites on the cell wall, and this would
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agree with the results obtained in the competition experiments by this
author in the fungus P. ipXnuXo-ium. Doyle eX al (1980) reported that
an explanation for the striking differences in affinities between the
metals and the cell walls is lacking, although they suggest that the
spatial arrangement of amino acids may be a factor in controlling the
strength of the metal ion-cell wall-ligand interactions. Clearly, more
research is required into the structural components of cell walls so
that the role of the cell wall in metal uptake at the ionic level can

be understood. Initial studies using electron spin resonance techniques
may be of particular importance in this respect and more attention should
be directed towards this. Preliminary studies of this nature have

been carried out in a collaborative study using electron spin resonance

(ESR) and these are reported in the Appendix.
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14. GENERAL DISCUSSION.

The toxicity tests on solid and liquid medium have indicated that
there was no correlation between metal essentiality and the degree of
toxicity which the metal elicited in this study. Whilst zinc and manganese
for example were relatively non-toxic, copper was extremely effective in
inhibiting fungal growth, and yet all three metals were essential elements,
(Bowen, 1966). Cadmium on the other hand, was the most toxic metal tested
on both solid and liquid medium and 1is not reported to be an essential

element.

The essentiality of copper appears to be due to the requirement of
certain enzymes for this ion since enhanced protein levels and acid
phosphatase activity have been observed at optimum copper levels. Jones
and Greenfield (1984) reviewed the toxic effects of copper to yeasts and
suggested that the fungitoxic effects are directed towards two primary
cellular sites; the first effect was reported as being directed at soluble
enzymes whereby specific metabolic lesions are produced at inhibitory
copper concentrations. The second site of action was shown to be at the
membrane. At very high copper concentrations, irreversible membrane
damage occurs which results in accelerated viability loss. Toxicity appears
to be due to effects on soluble enzymes and interference with essential
element transport, for example, magnesium transport. Zinc is an essential
element (Bowen, 1966) and its role is in the maintenance of activity of a
host of zinc containing enzymes. It enhances riboflavin synthesis, activates
acid and alkaline phosphatases and generally increases the protein content
of cells. Toxic concentrations influence a whole range of membrane functions

by subtle interactions leading to deoptimisation of membrane performance.
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The toxicity tests on solid medium were of limited application
because of the difficulties in medium separation for uptake studies and
also because of the possible complexation problems caused by agar.
The technique did at least serve however, to provide the author with rapid
preliminary information on toxicity for a fairly large number of metals and
fungi. Whilst cadmium was the most toxic metal tested, copper was very
toxic, zinc and cobalt were moderate (but variable), and manganese was
relatively non-toxic. The following toxicity series was proposed:
For VirviC-litum iptnuZoium and KipeAgUZiU nigeA Cd++» Cu++»Zn++ and for
T'uchodeAma. vvude. Cu++>> Cd++» Zn++. The results obtained in the solid
and liquid media agreed well considering the presence of the agar complement
in the solid medium. Also though, the results were complicated by the
difference in hyphal morphology observed on the two media. In liquid medium
the hyphae were fully submerged whilst in the solid medium part of the
mycelium was aerial and this may have led to differences in hyphal morphology
and as a consequence the behaviour of the fungus may have been different
in the two systems. As discussed in chapter 4, the toxicity series obtained
was in agreement with the data of Bedford (1936), Horsfall (1956), Okamoto
it dt (1977) and Treen-Sears <t <xt (1984). Whilst there appears to be a
general trend for fungitoxicity of metal ions, the usefulness of these
toxicity series is limited because they are dependent on many factors which
can influence metal binding. These factors could include the environment
with respect to pH and temperature but also the organism itself can influence
the metal binding. For example, metals could be complexed by secreted
metabolites in the medium as well as being affected by pH changes. Thus
m metal binding and uptake, and hence in toxicity, the organic ligand-metal
relationship is very dependent on the environmental conditions and can

therefore be very variable.
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Passow it at (1961), suggested that the relative affinities of
heavy metals for ligands such as -OH”~OOH,-SO”, -SH, -NH -imidazole should
permit predictions concerning the sites of heavy metal action on living
cells. This may be true under standardised uniform conditions and indeed,
heavy metals are bound by amines or simple amino acids in the following
order of decreasing affinity under certain conditions: Hg++ > Cu++ > Ni** >
Pb > Zn > Co++ > Cd++ > Mn++ > Mg++ > Ca++ > Ba++. Similarly, the
affinity towards COO groups can be represented by Cu++ > Ni++ > Zn++ >

++ ++ ++ ++ ++ )
Co > Mn > Mg > Ca > Ba Passow It at (1961).

It would be an elegant procedure if one could reliably apply these
methods in order to relate a toxicity series for metals to relative
affinities for ligands in fungi, to enable prediction of binding sites and
sites of toxic action, but given the number of problems, this would be
very difficult to achieve, particularly since no one has attempted to
define standard working conditions. The first problem would be in defining
the participation of hydroxyl groups of water in complex formation, which
would obviously influence the electrochemical properties of the metal.

The second difficulty would be that all biological ligands contain dissociable
protons so there is an apparent competition for binding sites, and this is
further complicated by surface charges and a general requirement for
electroneutrality in the ambient medium. The contribution of the cell wall
has been demonstrated by monitoring metal uptake iIn isolated cell walls

but it is not clear if the composition or the architecture of the cell wall
remains constant throughout the growth cycle. Temperature, pH, interference
from other cations, and the physiological state of the organism can

influence metal binding affinities as demonstrated in this study, so an
attempt to relate these factors to produce a general series of toxicity to

microorganisms would seem to be rather iInappropriate.
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Many workers have attempted to explain the differential toxicities
of metals to microorganisms. Somers (1966) discussed the role of metals
in terms of toxicity at various regions of the cell; at the outside of the cell
membrane, at the cell membrane and within the protoplast. Somers (1961)
showed that for 24 metal cations directed against KttoXmnJux. tim.L6 and
bo&njtAlt fiabae. their ED” values conformed to an exponential relationship
with electronegativity. Bowen (1966) has confirmed that there is some
correlation between electronegativity, insolubility of sulphides and
stability of chelates. This author also reported that although a toxicity
series for metals can be demonstrated in fungi and plants, there is no

single fungitoxicity series.

There are indications in the literature that there is an interaction
of metals in terms of uptake and subsequent toxicity of metals with
similar ionic radii. Norris and Kelly (1977) suggested that the stronger
interaction between cadmium and calcium than with cadmium and manganese
was due to the similarity of the ionic radii of cadmium and calcium (0.097
and 0.099 nM respectively). (The crystal 1ionic radius of manganese is
0.080 nM for comparison). Further work by Norris and Kelly (1979) showed
that zinc uptake by the yeast CundlL-ida was inhibited slightly more
by cadmium than by calcium and this may be due to chemical similarity of
cadmium and zinc. Tobin 4 at (1984), have reported that RkLzopu.6 OAlihlzu.t>
adsorbed a variety of metal cations and the amount of metal taken up was
directly related to the ionic radii of La+++, Mn++, Cu++, Zn++, Cd++, Hg++,

Pb , Ag+ and UO2++.

Thus the ionic characteristics of metals seem to influence where
they bind and the degree of binding and perhaps this could be related to
uptake and toxicity of heavy metals. Abelson and Aldous (1950) however,

suggested that if one attempted to enlarge upon the qualitative agreement
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between the physical-chemical binding of cations and toxicity, a number of
difficulties would appear. Firstly, organisms do not constitute reversible
chemical systems, secondly, in a non-equilibrium system, mobility and reaction
rates are the governing factors and thirdly, binding of cations can occur

at a number of sites.

It has been recognised that microorganisms can develop adaptive
resistance in response to gradually increasing metal concentrations,
but in addition, organisms can also be isolated that exhibit high levels
of genetic resistance against some metal 1ions in their naturally
occurring state. Many mechanisms of resistance are however demonstrated

by microorganisms.

Microbial hydrogen sulphide production often has significant
effects on metal toxicity since most heavy metals form insoluble sulphides
with I"S. For example, copper precipitation has been observed in PoXMI
vaUZZantAA. (Levi, 1969), and it is possible that this may have been
copper sulphide. Binding of metals by organic substances present in the
microbial environment can influence metal toxicity. In A. nZgeX a lead
chelate complex with DL-cysteine has been shown to produce pronounced
swellings in the mycelium. As fungal growth proceeded, the lead chelate
decomposed forming free Pb++ ions which in turn formed chelates with
citric acid produced by the fungus (Zlochevskaya, 1968). Oxalic acid
production has been linked with copper tolerance of several species of
PoxZa. (Levi, 1969). Crystals produced by PoXAM. monXxe.oZcL growing on a
copper containing medium were shown to be copper oxalate. Reduced metal
toxicity has also been observed in the fungus EndothML PODX0baX&Cd which
can produce oxalic acid (Englander and Corden, 1971). Intracellular

organic substances such as sulphydryl compounds have been implicated in
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mercury complexing in a mercury tolerant strain of A. nigeA (Ashworth
and Amin, 1964). In some cases the resistance against metal ions is
manifested by a reduced uptake of the ion. Bacterial resistance to some
heavy metals can be controlled by genes as extrachromosomal resistance
(R) factors or plasmids and in StayhZ C.OC.GIIA aufeUuA, the mechanism of
cadmium resistance results from a permeability change in the cells, so
that resistant cells containing the plasmid do not accumulate cadmium
(Chopra, 1971, 1975). There 1is no evidence for plasmid mediated metal
resistance in fungi however. At high metal concentrations, intracellular
precipitation of metals can occur which results in a detoxification of
the metal due to compartmentalisation. For example, electron dense
bodies, presumed to contain zinc have been observed in NIOCOAmoAPOAa

caAtimec.ta after growth in zinc containing medium (Paton and Budd, 1972).

The toxicity tests provided the author with an idea of acceptable
working levels of metals to enable accumulation studies at non-toxic
concentrations. The procedures highlighted fungi which had reliable
growth parameters and also demonstrated degrees of metal tolerance.

The toxicity study was a useful and important prerequisite to uptake

studies.

The results of the accumulation experiments in growing fungi
with relation to toxicity, did not however provide the author with clear
evidence to support a defined relationship between quantitative metal
uptake and the degree of toxicity shown by that metal. For example,
copper toxicity was similar in p. AptnuZoAum, T. oVuxle. and A. ntgeA,
yet uptake of copper was dramatically greater in p. AptnuZoAum than in
either of the other fungi. On the other hand, in the presence of cadmium,

P. AptnuZoAum was the most susceptible fungus and accumulated more of this
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metal than did 1. VWuAz or A wigeA. TfiidwdeAma \)VUAl which accumulated
least cadmium, was the most resistant fungus tested. Zinc was relatively
non toxic to all fungi and differences in accumulation were relatively
small. More comparative data of this sort is required before firm

conclusions can be drawn on this phenomenon.

The pattern of metal accumulation in growing filamentous fungi
was interesting, but the function of a process whereby uptake is initially
high in lag phase followed by a period of reduced metal uptake on a per
cell basis in linear phase is difficult to speculate on. It might be
expected that metal requirements would be high during the periods of
rapid growth, but in fact metal loadings appeared to be reduced at this
time. The most likely explanation is that in fungi a scavenging mechanism
may operate initially, which could result in high metal concentrations
localised in the vicinity of the cell membrane. The evidence from the isolated
cell wall metal uptake studies, adsorption kinetics studies and the
electron spin resonance work has indicated that this localisation is
most likely to be on the cell wall. From consideration of the results
of the studies designed to elucidate metabolic involvement in metal uptake,
it appeared that at least under the conditions in which the experiments
were performed, the localised metals were not internalised by an energy
dependent mechanism. This is in agreement with the data of some workers,
whilst it is in dispute with some evidence of other workers, and this is
discussed in the relevant chapters. The variability in the requirement
for energy for metal uptake observed by researchers, is very likely to be
as a result of differing conditions used in various laboratories and
of the choice of species of fungus studied. The active zinc uptake in
Neacoimo&poAa. vCL&in™ecta. as reported by Paton and Budd (1972) could not
be demonstrated in this study even though the experimental conditions,

except for a difference in pH, were as similar as practically possible. This
supports the 1idea that the variation is a characteristic of the fungi themselves.
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The fact that in growing cultures the pH was difficult to maintain
in buffered systems, led the author to believe that pH may have been
influential in the metal reduction phenomenon in linear phase of growing
cultures. In fact the fermenter studies which utilised electronically
maintained pH, showed that it was only the initial pH which was critical
for metal-loading in lag phase and that this loading in turn influenced
linear phase metal contents. The pH effect in lag phase was probably
by virtue of competition for binding sites by divalent cations and protons
and this is suggestive of a physical, probably adsorptive process for

initial metal binding.

The mechanism by which the localised metals are transposed from
the cell wall to the internal portion of the cell can only be speculated
on from the data available from this study, but there is circumstantial
evidence for an involvement of pH. It appears that energy is not
involved, so it is possible that metal ions are displaced from their
location on the cell wall by a gradually increasing concentration of H+
ions due to metabolic activities, resulting in the formation of a concentration
gradient of metallic cations outside the cell membrane, with a high
concentration outside the cell and a lower one in the cytoplasm. This
could possibly allow internalisation of metal by a process of diffusion.
The results from the experiments designed to observe the effects of
temperature on uptake, tend to suggest that this could be the case
because of the low activation energy of uptake which was observed. The
intracellular requirement for metal is very small anyway, so under
conditions in which a concentration gradient can be set up, it is possible
that a mechanism of this type could fulfill the cation requirement.

Under conditions of metal limitation where a gradient may not be possible,
an energy dependent process may then be involved. Further studies should
consider the uptake of metals from much lower metal concentrations in an
attempt to promote a possible metabolic uptake system.
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It is unfortunate that the data from the two experimental situations
(i.e. growing and non-growing cells) have to be combined in order to
produce a working hypothesis for metal uptake. As a result of the
difficulties of making uptake measurements in a dynamic growing system,
and of performing metabolic inhibitor and temperature studies on growing
cells, some of the information has to be gleened from experiments involving
non-growing cell suspensions. On the other hand, toxicity tests are more
appropriate on growing mycelium, although one might argue that toxicity
tests might be better applied at the biochemical level since the effect
of metals on growth is a rather indirect way of observing metal toxicity.
One problematic feature of combining the results obtained from two
experimental systems is the assumption that the metal uptake process is
the same in both. This assumption is confounded however, by the fact
that there was a large discrepancy in the quantitative amount of metal
accumulated in the two systems, so although there appeared to be no
metabolic involvement in metal uptake in non-growing cells, it would be
dangerous to suggest that this would necessarily also be the case for
growing fungi. The implication in the past has been that one could
extrapolate results from non-growing cells and apply them to the
situation where cells are growing. The evidence presented by the
author however, indicates that this extrapolation is not necessarily

appropriate under all circumstances.

The role of the cell wall in uptake has been indicated in this
study but there is very little information on metal uptake by isolated
protoplasts, except for a recent report by Gadd zX aZ (1984). There are
no reports showing that an active transport system is present in isolated
fungal protoplasts. Active uptake in protoplasts should not be regarded
as the mechanism which is necessarily operational under all conditions

anyway. Obviously, an isolated protoplast, just as an isolated cell wall,
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is likely to produce atypical results because of the exposure of previously
unexposed binding sites, but even so, information from an isolated cell
wall and its complementary protoplast would be of enormous value. This
would be particularly interesting if one could demonstrate active uptake

in protoplasts from a fungus, which when intact did not show any metabolic
involvement in metal uptake because of the presence of a reservoir of

metal ions on the cell wall. Furthermore, the ultimate aim ought to be

to study metal uptake In a regenerating protoplast in an attempt to

relate metal uptake with the formation and incorporation of quantifiable

cell wall components.

The influence of pH in metal displacement from the cell wall and
subsequent internalisation, could further be investigated by monitoring
metal loading on the internal and external portions of the fungus whilst
measuring H efflux in growing fungal cultures. This could be approached
by separating the two systems (i.e. the cell wall component and the
protoplast), although again the same complications of non-physiological
conditions manifest themselves. Progress in studies of metal accumulation
by growing cells could be achieved by observing the phenomenon in
continuous culture, where at least growth is relatively uniform and

balanced, in contrast to the batch culture system.

The results of this study indicate some of the characteristics
of metal accumulation in filamentous fungi in growing cultures, but there
are still many problems to be solved, with special reference here to the
mechanisms of uptake. Once the quantitative metal accumulation has been
investigated, researchers would then be able to approach the problem of
measuring iInflux or transport into the cell in growing cells. Although
Jennings (1976) has outlined some preliminary ideas for studying glucose

transport in growing fungi, much more information is required for other
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nutrients including metals. Jennings (1969) provided equations for plant
cells relating growth to transport and the same author (1976) suggested

that adaptation of these equations for the growth of fungal cells might
form the basis of a theoretical approach to transport in growing Filamentous

fungi .

Apart from the academic requirement for further information in
the area of metal accumulation in fungi, it is likely there will be
increased pressure from water authorities, conservation groups and
eventually the hydrometallurgical industries, for the development of better
metal recovery processes possibly exploiting microorganisms. Filamentous
fungi in particular may be of some interest because of their ease of

handling.

By comparing quantitative metal uptake in non-growing biomass
and growing mycelium it became clear that it would not be feasible to
use growing cells in metal recovery systems because of the reduction in
binding of metal in linear phase of growth. This problem, and the
fact that difficutlies would be encountered in treating highly toxic
effluents would constrain the use of a self regenerating system in many
applications. It would seem sensible to make use of the finding that
non-growing cells achieved superior metal contents to growing mycelium,
and it is conceivable that waste biomass from other commercial activities

exploiting fungi could be used directly for effluent treatments.

There is enormous scope for further research in this area in
terms of optimisation of metal sequestering with regard to temperature, pH,
and the physiological state of the fungus eXc.. Also work needs directing

towards improving the specificity of biosorbents for certain metals,
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including precious or radioactive metals, in mixed effluents. Furthermore,

the role of other effluent components such as other metals, acids, solvents,

chelating agents, solids, detergents eic. needs to be thoroughly investigated

in relation to the efficiency of metal recovery processes. Basic academic

research into the phenomenon of heavy metal accumulation and transport
in microorganisms could facilitate the development and application of

efficient microbial metal recovery processes in industry.
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15. Appendix.

Electron spin resonance measurements on copper loaded

PznZcZZLiim ip-umiam

15.1. Introduction.

Some information on the functional groups involved in copper
binding has been obtained in this study, and by using electron spin
resonance (ESR) techniques,, information on copper coordination to

specific functional groups can be obtained.

The structural implications derived from the analysis of
electron paramagnetic resonance (EPR) spectra of natural and artificial
copper proteins have been investigated by Peisach and Blumberg (1974) and
these authors presented a method of relating chemical structure of the
protein to the EPR parameters A and g. The chemical state of copper in
CInZotieZZa. ~.iguZaA-cS has been investigated using EPR by Nakajima 2t aZ
(1977, 1981), and the authors reported that the A and g parameters of
the cupric ion suggested that the ion was tetragonally coordinated by two
nitrogen and two oxygen atoms. Tsezos (1983) reported that an ionic copper
(11) chitin complex was detectable in Rh-tzopoi OAAhZzui, The A and g
parameters of the EPR spectrum suggested that the ligands were coordinated
via at least two oxygen atoms and one nitrogen was involved with the
chitin-metal coordination, and an axially symmetrical copper (11) complex
with chitin, through an amine nitrogen has been suggested by Mattar and
Tsezos (unpublished). In an electron spin resonance survey of fungal
phenolic polymers and melanins, Saiz-Jimenez and Shafizadeh (1984) found
that the phenolic polymers from Ep-ccoccutn puApudACand Pzn-if.-ctZAum

Aun-icuZoitm displayed hyperfine splitting, indicating the presence of
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transition metal bonding. The copper complex ESR parameters were similar
to those reported for mixed complexes of copper, bipyridyl and dicarboxylic
acids, suggesting that nitrogen containing groups from the proteinaceous

moiety were involved in the process.
15.2. Materials and Methods.

Dr. J.B. Raynor of the Chemistry Department, University of
Leicester, is gratefully acknowledged for his kind assistance in

performing and analysing ESR measurements of copper loaded biomass.

PZn-ic-Ltidun\ ¢p-cmiioiujn was loaded with copper from a 2.5 yg ml ~ Cu
solution in 50.0 mM MES pH 5.5 and lyophilised. Operation temperature was
140°C, microwave power 15 d B 61 mW, field modulation intensity
10 GPP' gain 5 x 10 with a time constant of 1 second. The field intensity
had a mid range of 3100 G, a scan range of 1000 G and a scan time of

200 seconds.
15.3. Results.

The ESR spectrum of copper loaded P. ipumlLoHlun is shown in
Figure 15.3.1. The spectrum shows the typical Cu signal. From the g and
A values (g = 2.051, 9, = 2.002, g, = 2.240 and A = 184 X 1074 cm_l)
the copper can be ascribed to type 2 (non-blue). Also it is not apparently
bonded to sulphur, and it is likely that it is bonded to 4 nitrogen or
2 nitrogen and 2 oxygen atoms in the equatorial plane. There was no

evidence of dimer formation. The sharp and symmetric line in the higher

field (3400G) is probably that of free radicals such as quinones.
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Ftgule 15.3.1.

Electron Spin Resonance spectrum for copper loaded P. ip-iruito.ium biomass.

2700 2900 3100 3300 3500

Temperature 140 K., Microwave power 15 dB 61 mW. , Field modulation intensity
100G ., Gain 5 X 10, Time constant 1 second, Field intensity mid range

3100 G, field intensity scan range 1000 G, Scan time 200 seconds.
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Discussion.

The results obtained from the ESR studies are in good agreement
with those for copper binding in ChtoKetta titguZaSiti (Nakajima et at, 1977,
1981), in Phtzopui OAAhtzuZ> (Tsezos, 1983) and in phenolic polymers

produced by PintcUttium ;untcutoAum (Saiz-Jimenez and Shafizadeh, 1984).

The ESR spectrum of copper ions in P. iptnutoMun has the g
anisotrophy and the hyperfine structure of the copper nucleus, coordinated
to either 4 nitrogens or 2 nitrogens and 2 oxygens in the equatorial plane
as suggested by the relationship of the gZ and AZ values by extrapolation
from results for naturally occurring copper proteins (Peisach and Blumberg,
1974). On the basis of chemical and physical evidence other than ESR,
it has been suggested that a ligand to the metal in P&eiLdomonai fituosiMCini
and in parsley plastocyanin is a sulphur atom (Finazzi-Agro Zt at, 1970).
There does not appear to be any sulphur involvement in P. ;p<yiuto&uun

however.

The parameters for P.iptnuto.&u>n copper binding are remarkably
similar to those for PotypoAllA vM-itCOtoA laccase and for human
ceruloplasmin, suggesting that the coordination geometry may be similar.
Electron spin resonance spectra of two phenolic polymers studied by
Saiz-Jimenez and Shafizadeh (1984), showed resonance with parameters
g 2.256 to 2.267 and 2.067 to 2.069 and A of 168 to 170 and this could have
arisen from a copper protein of the laccase type. Laccases oxidise and

polymerise phenols to produce phenolic polymers and melanins.

According to Peisach and Blumberg (1974), it is usually found that

the ligands binding copper are arranged in a distorted octahedral



environment about the metal ion with 4 ligands, disposed in an approximate
plane including the copper ion, lying close to the copper and thus strongly
bonded. The other two ligands are arranged on a straight line including

the copper and perpendicular to the plane.

When interpreting ESR data, it must be noted that the ESR of the
copper is governed by the chemical nature and charge state of the close
lying ligand atoms to the metal atom. Further information on the
coordination of copper in fungal cell walls ought to be obtainable from
ESR measurements. Information for binding of Cu (1) could be gained
from experiments designed to measure Cu (11) by ESR and total copper bound
by AAS. There is clearly scope for further use of ESR studies in
attempting to relate copper toxicity to its valence state and likely

different quantitative accumulation patterns.

306



REFERENCES

ABELSON, P._H. and ALDOUS, E. (1950). Ilon antagonisms in microorganisms:
interference of normal magnesium metabolism by nickel, cobalt,
cadmium, zinc and manganese. Journal Bacteriology 60, 401-413.

ADIGA, P.R., SIVARAMA SASTRY, K. , VENKATASU BRAMANYAN, V. and SARMA, P.S.
(1961). Interrelationships in trace element metabolism in
Aipergltlu-i, niger. Biochemical Journal 81, 545-550.

ANALYTICAL METHODS COMMITTEE (1967). The use of 50% hydrogen peroxide
for the destruction of organic matter. The Analy&t 92, 403-407.

ASHIDA, J. (1965). Adaptation of fungi to metal toxicants. Annual
Review of Phytopathology 3, 153-174.

ASHWORTH, L.J. and AMIN, J.V. (1964). A mechanism for mercury tolerance
in fungi. Phytopathology 54, 1459-1463.

AVAKYAN, Z.A. (1971). Comparative toxicity of free ions and complexes
of copper and amino acids to Candida utlH i. Microbiology 40,
363-368.

BABICH, H. and STOTZKY, G. (1974). Air pollution and microbial ecology.
CRC Critical Reviews In Environmental Control 4, 353-421.

BABICH, H. and STOTZKY, G. (1977a). Sensitivity of various bacteria,
including actinomycetes and fungi to cadmium and the influence
of pH on sensitivity. Applied and Environmental Microbiology 2.(3),
681-695.

BABICH, H. and STOTZKY, G. (1977b) Effect of cadmium on fungi and on
interactions between fungi and bacteria in soil: Influence of
clay minerals and pH. Applied and Environmental Microbiology 33 (5),
1059-1066 .

BABICH, H. and STOTZKY, G. (1978). Toxicity of zinc to fungi, bacteria
and coliphages: Influence of chloride ions. Applied and

Environmental Microbiology 36 (6), 906-914.

307



BABICH, H. and STOTZKY, G. (1980). Environmental factors that influence
the toxicity of heavy metal and gaseous pollutants to microorganisms.
CRC Critical Reviews in Microbiology 8, 99-145.

BABICH, H. and STOTZKY, G. (1981). Manganese toxicity to fungi: Influence
of pH. Bulletin o% Environmental Contamination and Toxicology 27,
474-480.

BABICH, H. and STOTZKY, G. (1982). |Influence of chloride ions on the
toxicity of cadmium to fungi. Zentralblatt fiuea Bakteriologie,
Hygiene 1. Original Abitract.

BABICH, H. and STOTZKY, G. (1983). Synergism between nickel and copper
in their toxicity to microbes: mediation by pH. Ecotoxicology
and Environmental Safety 576-587.

BABICH, H., GAMBA-VITALO, C. and STOTZKY, G. (1982a) Comparative toxicity
of nickel to mycelial proliferation and spore formation of
selected fungi. Archives o$ Environmental Contamination and
Toxicology 11, 465-468.

BABICH, H., SCHIFFENBAUER, . and STOTZKY, G. (1982b). Comparative
toxicity of trivalent and hexavalent chromium to fungi.

Bulletin ofi Environmental Contamination and Toxicology, 28,452-459.

BALDRY, M.G.C. and DEAN, A.C.R. (1980a). Copper accumulation by bacteria,
moulds and yeasts. MicrobioS 29, 7-14.

BALDRY, M.G.C. and DEAN, A.C.R. (1980b). Copper accumulation by
Escherichia coli strain FE 12/5. 1. Uptake during batch culture.
Microbios Letters 15, 83-87.

BALDRY, M.G.C. and DEAN, A.C.R. (1980c). Copper accumulation by
Escherichia coli strain FE 12/5. 2. Uptake by resting organisms.
Microbios Letters 15\ 105-111.

BARTNICKI-GARCIA, S., AND NICKERSON, W.J. (1962). Isolation, composition
and structure of cell walls of filamentious and yeast-like forms

of Mucor rouxii. Biochimica et Biophysica Acta 58, 102-119.

308



BASU, S_.N., BOSE, R.G. and BHATTA-CHARYYA, J.P. (1955). Some physiological
studies on a copper tolerant PznLzLttLwn species. JouAnat Ofj
Scizntt~tz and Induit/UxxL RzAzanzh. 14c, 46-53.

BECKETT, R.P. and BROWN, D.H. (1984). The control of cadmium uptake
in the lichen genus PzttigzAa. JouAnat ExpzAmzntal Botany
35 (156), 1071-1082.

BEDFORD, C.L. (1936). Morphological and physiological studies upon a
PzniZAttAUm species tolerant to saturated copper sulphate.
IzntAatbtatt ;ueA BatctzAtotogtz and PaAaAttznkundz 11 94, 102-112.

BENNETT, H.D. (1969). Algae in relation to mine water CaAtanza 34,
306-328.

BESWICK, P.H., HALL, G.H., HOOK, A.J., LITTLE, K., McBRIEN, D.C.H., and LOTT,
K.A_K., (1976). Copper toxicity : evidence for the conversion of
cupric to cuprous copper An VAVO under anaerobic conditions.
Cln.zmtjzo-BLolog<.Cjat IntzAacttonA 14 : 347-356.

BEVERIDGE, T.J. and MURRAY, R.G.E. (1976). Uptake and retention of
metals by cell walls of BacttZui AubttttA. JouAnat 06 BaztzAtotogy
127, 1502-1518.

BEVERIDGE, T.J. and MURRAY, R.G.E. (1980). Sites and metal deposition
in the cell wall of Bacttiai mbtUUA. Journal o Bxctz/itotogy
141, 876-887.

BEVERIDGE, T.J., FORSBERG, C.W. and DOYLE, R.J. (1982). Major sites of
metal binding in BacilhiA ttzhznioAmLA walls. JouAnat 0K Bac.tzALotogy
150, 1438-1448.

BEWLEY, R.J.F. (1978). Effect of zinc, lead and cadmium pollution on the
leaf surface microflora of LoZaluii pzZAznnz L. JouAnat ofi GznzAat
UtcAobiotogy 110, 255-261.

BEWLEY, R.J.F. (1980). Effects of heavy metal pollution on oak leaf

microorganisms. hpptXzd and EnvLAonmzntat MtcAobtotogy 40 (6), 1053-1059.

309



BEWLEY, R.J.F. and STOTZKY, G. (1983). Effects of combinations of
simulated acid rain and cadmium or zinc on microbial activity in
soil. Environmental Research :n, 332-339.

BOND, A_M. (1980) in Modern Polarographic Methods in Analytical Chemistry.
M. Dekker Incorporated.

BONORA, A. and MORES, D. (1982). A simple colorimetric method for
detecting cell viability in cultures of eukaryotic microorganisms.
Current Microbiology 7, 217-222.

BORST-PAUWELS, G.W.F.H. (1981). lon transport in yeasts. Bioclnimica
it Biophysica Acta 650, 88-127.

BOUTRY, M., FOURY, F. and GOFFEALJ, A. (1977). Energy-dependent uptake
of calcium by the yeast Schizosaccharomyces pombe.

Biochimica et Biophysica Acta 464, 602-612.

BOWEN, H.J.M. (1966) in Trace dementi, in Biochemistry. Academic Press,
New York.

BROCK, T.D. (1969) in M-CCA.Ob-taf Grouith. Cambridge University Press, p.27.

BUDD, K. (1969). Potassium transport in non-growing mycelium of
Neocosmospora vasinfecta. Journal of, General Microbiology 59, 229-238.

budd, K. (1975). Potassium fluxes in hleocosmospora vasinfecta.
Journal of General Microbiology 90, 311-320

BUDD, K. (1979). Magnesium uptake in Neocosmospora vasinfecta.
Canadian Journal of Botany 51, 491-496.

BUDD, K. and HARLEY, J.L. (1962). The uptake & assimilation of ammonia by
Neocosmospora vasinfecta. New Phytologist 61 138 and 244.

CAMICI, L., SERMANTI, G. and CHAIN, E.B. (1952). Observations on
Penicillium chrysogenum in submerged culture. Bulletin of the

World Health Organisation 6, 265-276.

CHANDRA, A._K. and BANERJEE, A.B. (1973). Effect of metal ions on

Trichophyton rubriun culture. Proceedings of the Indian National

Sciences Academy 40 (1), 113-118.

310



CHIU, Y.S. (1972). T"Recovery of heavy metals by microbes™ in Ph.V. thesis,
University of Western Ontario, London, Ontario.

CHOPRA, 1. (1971). Decreased uptake of cadmium by a resistant strain of
Staphylococcia aureus. JouAnal o$ General Microbiology 63, 265-267

CHOPRA, 1. (1975). Mechanism of plasmid mediated resistance to cadmium in
Staphylococcia aureus. Antimicrobial Agents and Chemotherapy 8-14.

COCHRANE, V.W. (1958) in Physiology 0fa ungl. John Wiley and Sons,

New York p.6

CUTINELLI, C. and GALDIERO, F. (1967). lon binding properties of the
cell wall of Staphylococcus aureus. Journal o& Molecular Biology
95, 2022-2023.

DANIELLI, J.F. (1958). Surface chemistry of cell membranes. In "Surface
phenomena In chemistry and biology" p.246. Edited by J.F. Danielli,
K.G.A. Bankhurst and A.C. Riddiford. London: Pergamon Press.

DOOIJEWAARD-KLOOSTERZIEL A_M.P., SIETSMA, J.H. and WOUTERS, J.T.M. (1973).
Formation and regeneration of Geotrlchum candcdum protoplasts.
Journal of General Microbiology 74, 205-207.

DOUGLAS, H.W., COLLINS, A_E. and PARKINSON, D. (1959). Electric charge
and other surface properties of some fungal spores. Blochimlca et
Blophysica Acta 33, 535-538.

DOYLE, J.J., MARSHALL, R.T. and PFANDER, W.H. (1975). Effects of cadmium
on the growth and uptake of cadmium by microorganisms.

Applied microbiology 29, (4), 562-564.

DOYLE, R.J., MATTHEWS, T.H. and STREIPS, V_N. (1980). Chemical basis for
selectivity of metal ions by the Bacillus SubtlllS cell wall.
Journal oi Bacteriology 143, 471-480.

DROBOT, W. (1981). Microbiological recovery of metals. U.S. Patent 4, 293,333

DROBOT, W. and LECHAVELIER, H.A. (1981). Recovery of metals,

U.S. Patent 4, 293, 334.

311



DUDDRIDGE, J.E. and WAINWRIGHT, M. (1980). Heavy metal accumulation by
aquatic fungi and reduction in viability of GammaAUA puZex fed
cadmium contaminated mycelium. {dateA ReAeaAch 14 (11), 1605-1611.

DWIVEDI, R.S. and PANDEY, B.N. (1977). Effect of trace elements on
growth of some soil fungi. Acta Botanlca Indlca 62-65.

EHRLICH, H.L. (1963). Microorganisms in acid drainage from a copper mine.
Journal. 0& BacteAloZogy 86, 350-353.

EMMERSON, S. (1950). The growth phase in NeuAOApOAa corresponding to
the logarithmic phase in unicellular organisms. JouAnaZ 0&
BacteAloZogy 60, 221-223.

EMMERSON,S. (1963). Slime: a plasmodioid variant of NeuAOApo™ia CHOAAa.
Genetlca 34, 162-182.

ENGLANDER, C.M. and CORDEN, M.E. (1971). Stimulation of mycelial growth
of EndothZa paAOAltica by heavy metals.

FAILLA, M.L. (1977). Zinc: functions and transport in microorganisms.
In: MICAOOAganlAmAand MIneAalA. Edited by Weinberg, E.D. New York:
Marcel Decker.

FAILLA, M.L., BENEDICT, C.D. and WEINBERG, E.D. (1976). Accumulation and
storage of Zn++ by Candida utlZIA. JouAnaZ o0& GeneAaZ MIcAobloZogy
94, 23-26.

FAILLA, M.L. and WEINBERG, E.D. (1977). Cyclic accumulation of zinc by
Candida atlili during growth in batch cultures. JouAnaZ 0
G&neAaZ MlIcAobloZogy 99, 85-97.

FINAZZI-AGRO, A., ROTILIO, G., AVIGLIANO, L., GUERRIERI, P., BOFFI, V. and
MONDOVI, B. (1970). Environment of copper in PieudomonaA ;ZuOAeACCnA
Azurin: Fluorometric approach. Blocheml&tAy 9, 2009-2014.

FUHRMANN, G.F. (1973). Dependence of divalent cation transport on
ATP in yeast. Ex.peAlentla 29, 742.

FUHRMANN, G.F., (1974). Relation between divalent cation transport and
divalent cation activated ATPase in yeast plasma membranes.

ExpeAlentla 30, 686.
312



FUHRMANN, G.F and Rothstein, A. (1968). Biochimica et Biophysica Acta

GADD, G.M., (1983). The use of solid medium to study effects of cadmium,
copper and zinc on yeasts and yeast-like fungi: applicability and
limitations. JouAnaZ AppZZed Bacte/UoZogy 54, 57-62.

GADD, G.M., STEWARD, A., WHITE, C. and MOWLL, J.L. (1984). Copper uptake
by whole cells and protoplasts of a wild-type and copper-resistant
strain of SacclnaAomyc.eA ceAeoZAZjae. FEMS Microbiology Letters 24,
231-234.

GADD, G.M. and GRIFFITHS, A.J. (1978a). Microorganisms and heavy metal
toxicity. MZcAobZaZ EcoZogy 4, 303-317.

GADD, G.M. and GRIFFITHS, A.J. (1978b). Copper tolerance of AuAeobaAZduZm
patZuZanA. MZcAobZoA ZeZteAA 6, 117-124.

GADD, G.M. and GRIFFITHS, A.J. (1980). Influence of pH on toxicity and
uptake of copper in Au.AeobaAidu.im puzZZuZanA. TAamactZonA o0& the
EniZiAh. MycoZogZcaZ SocZety 75 (1), 91-96.

GALBRAITH, J.C. and SMITH, J.E. (1969). Filamentous growth of
AApeAgZZZuA nigeA in submerged shake culture. TAanAactZonA 0 the
BAiZZih MycoZogZcaZ SocZety 52 (2), 237-246.

GALE, N.L. and WIXSON, B.G. (1979). Removal of heavy metals from
industrial effluents by algae. SympoAZwn Zn SZoZogZcaZ RecoveAy da
metaZi ¢Aom waite voateA. VeveZopmentA Zn InduAtAZaZ MZcAobZoZogy
20, 259-273.

GALUN, H., KELLER, P., FELDSTEIN, M., GALUN, E., SIEGEL, S. and
SIEGEL, B. (1983). Recovery of uranium (VI) from solution using
fungi Il. Release from uranium loaded PenZcAZZMim ip. biomass.
MateA, AZa and SoZZ PoZZutZon 20, 277-285.

GALUN, M., KELLER, P., MALKI, D., FELDSTEIN, M., GALUN, E., SIEGEL, S.
and SIEGEL, B. (1984). Removal of uranium (VI) from solution by
fungal biomass: inhibition by ir<sn. illateA, KZa and SoZZ PoZZuZZon

21, 411-414.

313



GESSWAGNER, D. and ALTMANN, H. (1967). Uber die Aufnahme von Metallionen
durch Hefe. SlatunuicAien ;chasten 5d, 147.

GINGELL, S.H., CAMPBELL, R. and MARTIN, M.H. (1976). The effect of
zinc, lead and cadmium pollution on the leaf surface microflora.
Eyvjln.ome.ntaZ PotZutZon. 25-37.

GOOD, N.E., WINGET, G.D., WINTER, W., CONNILLY, T.W., IZAWA, S. and
SINGH, R_.M.M. (1966). Hydrogen ion buffers for biological research.
Bloehemtitay 5\ 467-477.

GOULD, W.D., FUJIKAWA, J.1. and COOK, F.D. (1974). A soil fungus tolerant
to extreme acidity and high salt concentrations. CanadZan JouAnaZ
% MZeAobZotogy 20 1023-1025.

HART, B.A. and SCAIFE, B.D. (1977). Toxicity and bioaccumulation of
cadmium in ChZoAeZZa pyAenoZdo&a. Enojnomental Reieasieh 14, 40-413.

HARTMAN, L.M. (1976). Fungal flora of the soil as conditioned by varying
concentrations of heavy metals. VZiieAtat-coni kbitnacti InteA.natj.onaz
37, 2041.

HASSAL, K.A. (1962). A specific effect of copper on the respiration of
ChZonezZa. vutganZzi. Natone, London. 193, 90.

HEALY, W.B., CHENG, S. and McELROY, W.D. (1955). Metal toxicity and iron
deficiency effects on enzymes in NeuA.OApona. knchZoeis ofa BZoehemZ&tny
and. BZophyiZe*, 54, 206-214.

HOAR, W.S. (1975). GenenaZ and CompanatZve Pky&Zotogy. Prentice Hall, Inc.
Englewood Cliffs, New Jersey.

HORIKOSHI, T., NAKAJIMA, A., SAKAGUCHI, T. (1977). Studies on the
accumulation of heavy metal elements in biological systems I1Il.
Concentration of copper ion by ChZoAeZZa cells pretreated with
metabolic inhibitors or heating. JouAyiaZ 0& kgnZcuZZuAaZ and

Chemieat SoeZety of> Japan ¢1, 583-589.

314



HORIKOSHI, T., NATAJIMA, A. and SAKAGUCHI, T. (1981). Studies on the
accumulation of heavy metal elements in biological systems.
European JouAnaZ of AppZted MZcAobioZogy and BZotechnoZogy.
12, 90-96.

HORSFALL, J.G. (1956). Principles of fungicidal action. Waltham,
Massachusetts: Chronica Botanica.

HUTTON, M. (1983). Sources of cadmium in the environment. EcotoxicoZogy
and EnvironmentaZ Safety 1, 25-32.

HUTTON, M. (1983). Sources of cadmium in Europe, inputs to agricultural
land and implications for crop uptake and dietary exposure.
Proceeding* of Heavy MetaZi In the Environment _1, 430-433.

IRVING, H. and WILLIAMS, R.J.P. (1948). Order of stability of metal
complexes. Nature 162, 746-747.

JENNINGS, D.H. (1969). The physiology of the uptake of ions by the
growing plant cell. In, EcoZogicaZ a*pecti of the mineraZ nutrition
of pZant*. Edited by, I.H. Rorison. 261-279. Oxford. Blackwell
Scientific Publications.

JENNINGS, D.H. (1976). Transport and translocation in filamentous fungi.
In, The PZtamentiou* FungZ VoZ. Il. Bio*ynthe*i& and UetaboZi*m.
Edited by Smith, J.E. and Berry, D.R., 32-64, London: Edward Arnold.

JONES, R.P. and Greenfield, P.F. (1984). A review of yeast 1ionic
nutrition Part 1: Growth and fermentation requirements. Proce**
Biochemi&try (April, 1984) 48-60.

JORDAN, M.J. and LECHEVALIER, M.P. (1975). Effects of zinc smelter
emissions on forest soil microflora. Canadian JournaZ o
MicAobZoZogy 21, 1855-1865.

KEINO, K. (1950). Effects of copper salts upon the mycelial growth of
wood destroying fungi (I). On the formation of nthe accumulating zone

of copper oxalate. BuZZetcn of the Government Eore&t ExperZmentaZ

Station, Tokyo. 44, 71-90.

315



KEMPNER, E.S. and MILLER, J.H. (1972). The molecular biology of
Eugt6.no. gOOctLci. VII. Inorganic requirements for a minimum
culture medium. JouAnaZ PAotozootogy 19, 343-346.

KENDRICK, W.B. (1962). Soil fungi of a copper swamp. Conadton JouAnat
o; UtcAobtotogy 8, 639-647.

KHOVRYCHEV, M.P., ANDREEVA, E.A., LIROVA, S.A., GOLUBOVICH, V.N.,
ROMAZKOVA, V.A., RYACHUK, V.A. and FEDOROVICH, R.M. (1976).
Influence of H , OH , Cu and Ag on the amino acid composition
of cells of a chemostat culture of Candido uttttb. UtkAobtoZogtya
4b (3), 437-439.

KHOVRYCHEV, M_P., KOOLEV, P.N. and BULGAKOVA, V.G. (1978). Effects of
copper ions and unfavourable pH on protein and RNA synthesis by
Condtdo uttit&. MikAobZoZogZya 47 (3), 442-445.

KIKUCHI, T. (1964). Comparison of original and secondarily developed
copper resistance of yeast strains. Bot.ontc.ot Magoztne., Tokyo
77, 395-402.

KISSER, M., KUBICEK, C.P. and ROHR, M. (1980). Influence of manganese
on morphology and cell wall composition of AipeAg-cZZui ntgSA
during citric acid fermentation. AAchtva 0 MtcAobtotogy
128, 26-33.

KRUEGER, W.B. and KOLODZIEJ, B.J. (1976). Measurement of cellular copper
levels in BodZZui megatSAtum during exponential growth and
sporulation. M'LCAobtoi 17, 141-147.

LABOREY, F. and LAVOLLAY, M.J. (1973). Sur la nature des antagonisms
responsables de 1"interaction des ions magnesium, cadmium et zinc
dans la croissance d "AipeAg-iZZu; nigeA. Compta Acndui hcbdomadotAa

da ¢conca de t'acodante da ctcnca. SeAte. V 276, 529-532.

316



LABOREY, F. and LAVOLLAY, M.J. (1977). Sur l1l"antitoxicite du calcium et
due magnesium a I"egard du cadmium dans la crossance d'AiperglUui
nlger. Compter rendui hebdomadalru du ;eance-i de. I'academie
du idencU. Serle V (Paris) 284, 639-642.

LAMANNA, C. and MALLETTE, M.F. (1953). Badlc bacteriology its biological
and chemical background page 677. Williams and Wilkins.
Baltimore,Maryland, U.S._A.

LANGE-DE LA CAMP, M. and STEINMANN, W. (1953). Accumulation of heavy metals
in microorganisms. Archlvu Ofa Microbiology 19, 87-106.

LE JOHN, M.B., CAMERON, L.E., STEVENSON, R.M. and MEVSER, R.V. (1974).
Influence of cytokinins and sulphydryl group reacting agents on
calcium transport in fungi. Journal Biological Chemistry
299, (13), 4016-4020.

LEVI, M_.P., (1969). The mechanism of action of copper-chrome-arsinate
preservatives against wood destroying fungi. Brltuh Wood Producers
Association Annual Convention page 113.

LICHKO, L.P., OKOROKOV, L.A. and KULAIEV, 1.S. (1980). Role of
Vacuolar ion pool in Saccharonycu caolsbergensls: potasium
efflux from vaccules is coupled with manganese or magnesium influx.
Journal Bacteriology 144, 666-671.

LINDEGREN, C.C., BEMILLER, R.M., LIU, K.C. and LINDEGREN, G. (1972).
Staining yeast cells for electron microscopy by growth in copper
containing nutrient broth. Antonie van Leeuwenhoek Journal of
Microbiology and Serology 38, 17-26.

LOWRY, R.J., SUSSMAN, A.S. and BOVENLER, B. von (1957). Physiology of the
cell surface of SleuTospora ascospores 111 Distinction between the

adsorptive and entrance phases of cation uptake. Mycologla

49, 609-622.

317



LUNDGREN, D.G. and MALOUF, E.E. (1983). Microbial extraction and
concentration of metals in Advance* Zn BiotechnoZogZcaZ pAoceAeA f.
Editors: MIZRAHI, A, and VANWEZEL, L. Alan R, Liss Incorporated,
150, 5th Avenue, New York, U.S.A. pages 223-251.

MACLEOD, R.A. , KUO, S.C. and GELINAS, R. (1967). Metabolic injury to
bacteria Il. Metabolic injury by distilled water or copper in
the plating diluent. JouAnaZ oA BacteAZoZogy, 93, 961-969.

MARQUIS, R.E., PORTERFIELD, N. , and MATSUMURA, P. (1973). Acid-base
titration of StAeptococcuA Ap. and the physical status of
intracellular ions. JouAnaZ BacteAZoZogy, 114, 491-498.

MARUTHI MOHAN, P. and SIVARAMA SASTRY, K. (1983) Interrelationships in
trace-element metabolism in metal toxicities in metal resistant
strains of hleuAOApoAa cAaAAa- Biochemical JouAnaZ 212, 205-210.

MARUTHI MOHAN, P., PRATAP RUDRA, M.P. and SIVARAMA SASTRY, K. (1984).
Nickel transport in nickel resistant strains of NeuAoApOAa.
CuAAent MZcAobZoZogy 10, 125-128.

MASSIE, L.B., COLE, H. and DURCH, J. (1968). Pathogen variation in
relation to disease severity and control of AcleAotinla doZZaAApot
of turfgrass by fungicides. PhytopathoZogy, 58, 1616-1619.

MATTAR, S. and TSEZOS, M. The Analysis of Chitin-Copper Electron
Paramagnetic Reasonance Spectra through Computer Simulation
(unpublished).

McBRIEN, D.C.H. (1980). Anaerobic potentiation of copper toxicity and
some environmental considerations. ExceApta medZca - Biological
roles of copper, 301-318.

McBRIEN, D.G.H. and HASSALL, K.A. (1965). Loss OfF cell potassium by
ChZoaeZZa vuzga/UA after contact with toxic amounts of copper

sulphate. Plant PhyAloZogy, KIji, 1059-1065.

318



McBRIEN, D.C.H. and HASSALL, K.A. (1967). The effect of toxic doses of
copper upon respiration, photosynthesis and growth of Chlcrella
vulgaris. Plant Physiology 20, 113-117.

METZ, B, and KOSSEN, N.W.F. (1977). Biotechnology review: the growth
of moulds in the form of pellets; a literature review.
Biotechnology and Bioengineering JJ), 781-799.

MILLER, P.L. and McCALLAN, S.E.A. (1957). Toxic action of metal ions to
fungal spores. Agalc.ultuA.al and Pood Chemistry 5 (2), 116-122.

MISRA, A.P. and SINGH, T.B. (1971). Fungi toxicity of certain copper
and organic fungicides to mycelial growth of Klternarla tenuis and
HelmInthosporhum oryzae.Indian Journal 0% Mycology and Plant
Pathology | 60-63.

MITRA, R.S., GRAY, R_M., CHIN, B. and BERNSTEIN, I.A. (1975). Molecular
mechanisms of accomodation in Escherichia coll to toxic levels of
cadmium. Journal ofi Bacteriology 121 (3), 1180-1188.

MOWLL, J.L. and GADD, G.-M. (1983). Zinc uptake and toxicity in the Yeasts
Sporobolomyces roseus and Saccharonyces cerevislae. Journal of
General Microbiology 129, 3421-3425.

MULLER, E. and BIEDERMANN, W. (1952). Toxic action of metal ions to
fungal spores. Kgrlc.ultuA.al and jood chemistry ), 116-122.

MUZZARELLI, R.A_A_., TANYANI, F., SCARPINI, G. and TUCCI, E. (1980).
Removal and recovery of cupric and mercuric ions from solutions using
chitosan-glucan from Kspergdlus nlger. Journal ofa Applced
Biochemistry 2, 54-59.

NAKAJIMA, A., HORIKOSHI, T. and SAKAGUCHI, T. (1977). The chemical state
of copper accumulated in Chlorella regularls. Journal ofi
Agricultural Society o& Japan 51, 507-511.

NAKAJIMA, A., HORIKOSHI, T. and SAKAGUCHI, T. (1981). Distribution and
chemical state of heavy metal ions absorbed by Chlorella cells.

Biological Chemistry 45 (4), 903-908.

319



NICKERSON, W.J. (1946). Inhibition of fungus respiration: a metabolic
bio-assay method. Science 103, 484.

NORDBERG, G.F. (1974). Health hazards of environmental cadmium pollution.
AmcAican BZoZogiit (), 58-66.

NORDBERG, A.B. and PERSSON, H. (1984). Accumulation of heavy metals by
ZoogZoea AamigzAa. BZotcchnoZogy and BZocngZmeA-ing 26, 239-246.

NORRIS, P.R. (1976). Accumulation of metals by microorganisms.
PhD thziZi,. University of Warwick, U.K.

NORRIS, P.R. and KELLY, D.P, (1977). Accumulation of cadmium and cobalt
by SacchaAomyca ceAcoZ&Zac. JouAnai ofi GecneAaZ UZcAobZoZogy
99, 317-324.

NORRIS, P.R. and KELLY, D.P. (1979). Accumulation of metals by bacteria
and yeasts. VcveZopmenti Zn Indui&UaZ Macaobiology 20, 299-308.

NOVAES-LED IEU, M. and GARCIA MENDOZA, C. (1981). The cell walls of
AQOA-tCITA bZipoAui and kgoAAICUU, campeAtAti fruiting body hyphae.
Canadian Jounnaz MZcAobZoZogy 27, 779-787.

OKAMOTO, K. and FUWA, K. (1974). Copper tolerance of a new strain of
PcnZcAlZium ochAockioAon. KgAicxiZXuAaZ and Baological ChmibtAy
38 (7), 1405-1406.

OKAMOTO, K., SUZUKI, M., FUKAMI, M. , TODA, S., and FUWA_K (1977).
Uptake of heavy metals by a copper tolerant fungus PcnACAIIAUM
ochAochZoAon. AgAlcuZtuAaZ and Biological Chmi&tAy 41 (1), 17-22.

OKOROKOV, L.A., KADOMTSEVA, V.M. and TITOVSKY, B.l. (1979). Transport
of Manganese into SacchaAomyccA ccACol&iac, Folia Macaobiologica
24, 240-246.

PADMANABHAN, G. and SARMA, P.S. (1966). Cobalt toxicity and iron
metabolism in N&UAOApPOAa caaaaa. Biochemical JouAnaZ 98, 330-334.

PARRY, K.E. and WOOD, R.K.S. (1958). The adaptation of fungi to
fungicides: adaptation to copper and mercury salts. AnnaZ& 0(

AppZZed Biology 46 (3), 446-456.

320



PASSOW, H., ROTHSTEIN, A. and CLARKSON, T.W. (1961). The general
pharmacology of the heavy metals. Pharmacological PevieuiA
n, 185-224.

PATON, W.H.N. and BUDD, K. (1972). Zinc uptake in Uzoco-imoipoAa vaiinfiecta.
JouAnal 06 GzneAal MicAobiology T2> 174-184.

PEISACH, J. and BLUMBERG, W.E. (1974). Structural implications derived
from the analysis of electron paramagnetic reasonance spectra of
neutral and artificial copper proteins. AAchivZA ofi SiocherniiiAy
and Biophyiici 165, 691-708.

PIRT, S.J. (1975). PAinciplzi, micAobz and cell cultivation. Blackwell
Scientific Publications ISBN 0632 08150 3, Oxford.

PIRT, S.J. and CALLOW, D.S. (1959). Continuous flow culture of the
filamentous mould PcnicilHum chAyiogznum and the control of its
morphology. Natu/ie. 184, 307-310.

PIRT, S.J. and cALLOW, D.S. (1960). studies of the growth of P. chAyiogcnum
in continuous flow culture with reference to penicillin production.
Journal oi Applied Bacte/iiology 23, 87

PONTA, H. and BRODA, E. (1970). Mechanismen der Aufnahme von Zink durch
Backerhefe. Planta (Berlin) 93, 18-26.

RABANUS, A. (1939). Uber die Saure produktion von pilzen und deren
einfluss auf die wirkung ion Holzschitzmitteln. MllcilungCA dzi
Vzut&chzn FoA&tveAzim ¢3, 77-89

RAMAMOORTHY, S. and KUSHNER, D.J. (1975). Binding of mercuric and other
heavy metal ions by microbial growth media. MicAobial Ecology
2, 162-176.

R1ZZA, V. and KORNFELD, J.M. (1969). Components of conidial and hyphal

walls of Pzntcillim chAyiogcnum. JouAnal o Gznznal MicAobiology

58, 307-315.

321



ROOMANS, G.M., THEUVENET, AP.R. van den BERG, T.P.R. and BORST
PAUWELS, G.W.F_.H. (1979). Kinetics of Ca++ and Sr++ uptake by
yeast, effects of pH, cations and phosphate. Blochimlca Riophyilca
Aeta 551, 187-196.

ROSS, 1.S. (1975). Some effects of heavy metals on fungal cells.
Transaction* the British Mycologlcal Society 64, 175-193.

ROSS, 1.S. (1977). Effect of glucose on copper uptake and toxicity in
Saccharomyces cereolsiae. Transactions da the British Mycologlcal
Society 69 (1), 77-81.

ROTHSTEIN, A. and HAYES, A.D. (1956). The relationship of the cell surface
to metabolism XIIl. The cation-binding properties of the yeast
cell-surface. Archlve* of Biochemistry and Biophysics 63. 87-99.

ROTHSTEIN, A., HAYES, A., JENNINGS, D., HOOPER, D. (1958). The active
transport of magnesium and manganese into the yeast cell.

Journal. 06 General Physiology 41 (3), 585-594.

SAIZ-JIMENEZ, C. and SHAFIZADEH, F. (1984). |Iron and copper binding by
fungal phenolic polymers: an electron spin reasonance study.
Current Microbiology 10 (5), 281-285.

SATO, T. (1939). Studies upon moulds growing in high concentrations of copper
sulphate. Journal o6 the Agricultural Society o& Japan 17, 359-369.

SAVAGE, G.M. and VANDER BROOK, H.J. (1946). The fermentation of the
mycelium of Penlcllllum notatum and PenlcMIlum chrysogenum by a
high speed blender and the evaluation of blended seed. Journal Ofa
Bacteriology 52, 385-391.

SCHNEIDER, R.P. and LINDBERG, R.A. (1983). Regulation of zinc uptake of
Heurospora crassa. Abstracts ofi the Annual Meeting ofi the American
Society ¢(OA Microbiology 83 (0). 83rd annual meeting, New Orleans,
L.A., U.S.A.

SHATZMAN, A_R. and KOSMAN, D.J. (1978). The utilisation of copper and
its role in the biosynthesis of copper containing proteins in the

fungus Vactyllwn dendroldes. Blochlmlca et Blophyslca Acta 544,

163-179.
322



SHUMATE, S.E. (1l), STRANDBERG, G.W. and PARROTT, J.R. (1978).

Biological removal of metal ions from aqueous process streams.
Bloteclmology and BloenglneeAlng Synpoilum 8, 13-20.

SHUMATE, S.E., STRANDBERG, G.W., McWHIRTER, D.A., PARROTT, J.R.,

BOGACKI, G.M. and LOCKE, B.R. (1980). Separation of heavy metals
from aqueous solutions using “biosorbents”™ - development of
contacting devices for uranium removal. 8totechnology and
Bioengineering Synpo&iwn 10, 27-34.

SIGLER, L. and CARMICHAEL, J.W. (1974). A new acidophilic Sc.ytatid.iwn -ip.
Canadian Journal o& Microbiology 20, 267-269.

SINGH, N. (1977). Effect of pH on the tolerance of Penieltltum nigricanA
to copper and other heavy metals. Mycologia 750-755.

SIVARAMA SASTRY, K., ADIGA, P.R., VENKATASUBRAMANYAM, V. and SARMA, P.S.
(1962a) . Interrelationships in trace element metabolism in metal
toxicities in Neuroipora crania. Biochemical Journal £5, 486-491.

SLAYMAN, C.W. and TATUM, E.L. (1964). Potassium transport in Neuroipora ¢p.
I. Intracellular sodium and potassium concentrations and cation
requirements for growth. Blochimlca ct Biophy&Ilca Acta 88, 578-592.

SLAYMAN, C.W. and SLAYMAN C.L. (1970). Potassium transport in Neuroipora ip.
Evidence for a multisite carrier at high pH. Journal of General
Phyiialogy ~5, 758-786.

SMITH, W.H. (21977). |Influence of heavy metal leaf contaminants on the
In vitro growth of urban-tree phylloplane fungi. Microbial
Ecology 3, 231-239.

SOMERS, E. (1961). The fungi toxicity of metal ions. Annali Ofs Applied
Biology 99, 246-253.

SOMERS, E. (1963). The uptake of copper by fungal cells. Annali 0&

Applied Biology &I, 425-437.

323



SOMERS, E. (1966). The sites of reaction of fungicides in spores.

In The Fungu-6 SpoAe. Editors: Madelin, M.F., Butterworth, London,
England:, page 299.

STARKEY, R.L. (1973). Effect of pH on toxicity of copper to ScytazZdZum 6p.
a copper tolerant fungus and some other fungi. JouAnoZ 0& GeneAaZ
MZcAobZoZogy 78, 217-225.

STARKEY, R.L. and WAKSMAN, S.A. (1943). Fungi tolerant to extreme
acidity and high concentrations of copper sulphate. JouAnaZ ofa
BacteAZoZogy 45, 509-519.

STEEMANN NIELSEN, E. and KAMP-NIELSEN, L. (1970). Influence of
deleterious concentrations of copper on the growth of ChZoAeZta
pyAe.noZdo6a. Phy6ZoZogZcaZ PZantaAum 22, 1121-1133.

STOKES, P. (1975). Uptake and accumulation of copper and nickel by
metal tolerant strains of Scenede6bmv6 6p. Verhandlingen International
Verein Limol 1j), 2128-2137.

STOKES, P.M. and LINDSAY, J.E. (1979). Copper tolerance and accumulation
in PenzZczzZZum OchAO-chZoAon from copper-plating solution.
MycoZogZa 71.. 796-806.

TAYLOR, D. (1983). The significance of the accumulation of cadmium by
aquatic organisms. EcoZoxZcoZogy and EnvZAonmentaZ Safety 7, 43-52.

TYALOR, J. (1953). The effect of continual use of certain fungicides on
Phy6aZo6poAa obtu6a. PhytopathoZogy 43, 268-270.

THIND, K.S. and MADAN, M. (1975). The effect of various trace elements
on the growth and sporulation of CephdZothecZum Aoseum ooAda
causing pink rot of apple [MdZ4u6 6yZve6ZAA6 rnxZZ). PAoceedZngb6 da
the IndZan hlatZonaZ SeZence6 Academy 45 (13), 22-28.

TISSIERES, A., MITCHELL, M.K. and HOSKINS, F _A. (1953). Studies on the
respiratory system of the Poky strain of NeuAoepoAa. JouAnaZ 0$

BZoZogZcaZ ChemZ6tAy 205, 423-433.

324



TOBIN, J.M., COOPER, D.G. and NEUFELD, R.J. (1984). Uptake of metal ions
by RhizopuA aMlruzu-i> biomass. Applied Environmental Microbiology
47, 821-824.

TOURNAEU, D.L. (1978). [Inhibition of sclerotial foraation of Aclerotium
rolMAii by cadmium. Mycologix 70, 849-852.

TREEN-SEARS, M. , MARTIN, S.M. and VOLESKY, B. (1984). Propagation of
RhizopuA javanicuA biosorbent. Applied and Environmental
Microbiology 48 (1), 137-141.

TRINCI, A_.P.J. (1970). Kinetics of apical and lateral branching in
\ApergilluA nidulanA and Ge.otfiickm lactiA. Tn.anAaati.onA the.
British Mmycrological Society 55, 17-28.

TRINCI, A.P.J. (1971). Influence of the width of the peripheral growth
zone on the radial growth rate of fungal colonies on solid media.
JouA.no! oi(GeneraI Microbiology 67, 325-344.

TRUDINGER, P.A., SWAINE, D.J. and SKYRING, G.W. (1979). General
considerations in biogeochemical cycling of mineral-forming elements,
in Biogeochemical Cycling 04 Mineral Forming Elements.

Editors: Trudinger, P.A. and Swaine, D.J., Elsevier, New York,
U.S.A. page 1.

TSEZOS, M., (1983). The role of chitin in uranium adsorption by RhizopuA
aAA.hizuA. Biotechnology and Bioengineering 25, 2025-2040.

TSEZOS, M. and VOLESKY, B. (1981). Biosorption of uranium and thorium.
Biotechnology and Bioengineering 23, 583-604.

TSEZOS, M. and VOLESKY, B. (1982a). The mechanism of uranium biosorption
by RhizopuA arihizuA. Biotechnology and Bioengineering 24, 385-401.

TSEZOS, M. and VOLESKY, B. (1982b). The mechanism of thorium biosorption

by RhizopuA arrhizuA. Biotechnology and Bioengineering 29, 955-969.

325



VENKAITESWERLU, G. and SIVARAMA SASTRY, K. (1970). The mechanism of
uptake of cobalt ions by Neuro*pora craAAa. Biochemical Journal
118, 497-503.

VENKATESWERLU, G. and SIVARAMA SASTRY, K. (1973). Interelationships
in trace element metabolism in metal toxicities in a cobalt
resistant strain of NeuroApora craAAa. Biochemical Journal
132, 673-680.

VENKATESWERLU, G. and SIVARMA SASTRY, K. (1979). Studies on copper
toxicity in NeuroApora craAAa. Indian Journal of Biochemistry
16, 84-87.

VIOTTI, A., BAGNI, N., STURAMI, E., ALBERGHINA, F.A_M. (1971).
Magnesium and polyamine levels in NeuroApora craAAa mycelia.
Blochimica el BicphyAica Acta 244, 329-337.

WAKATSUKI, T., IMAHARA, H. KITAMURA, T. and TANAKA, H. (1979).

On the absorption of copper into yeast cell. AQA.icjullu.Ajal
Biological Chemistry A3 (8), 1687-1692.

WHITE, J. and MUNNS, D.J. (1951). |Inhibitory effect of common elements
towards yeast growth. Journal O the Institute of Brewing
57, 175-179.

WILLIAMS, J. and PUGH, G.J.F. (1974). Resistance of ChryAOAporum
pannorum to an organomercury fungicide. TAanAOCtiOnA ofa the
British Mtycologlcal Society 64, 255-263.

YOUNG, G.Y. (1961). Copper tolerance of some wood-rotting fungi.
United Statu Department o& Agriculture Forest Service,

Forest Product* Laboratory Report Humber 2223.

ZLOCHEVSKAYA, 1.V. (1968). Toxic effect of a lead complex with

D.L. - cysteine on Aspergdlus niger. Microbiology 37, 709-714.

326



	etheses coversheet 2017.pdf
	356547.pdf

