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Chapter -1

INTRODUCTION

Fungi are ubiquitous in natural environments and important in industrial processes. A
range of morphologies are found from unicellular yeasts to npalghic and
filamentous fungi, many of which have complex macroscopic fruiting bodies. Their
most important roles are as decomposers of organic matendgh concomitant
nutrient cycling, apathogens and symbionts of animals and plants and as spoilage
organisms of natural and synthetic materials like wood, paint, leather, food and

fabrics.

The fungi are utilized as producers of economically important substances, e.g.
ethanol, citric acid, aiiiotics, polysaccharides, enzymes and vitamins. The study of
the interaction between toxic metals and fungi has long been of scientific interest.
This is because metal toxicity has been, and remains the basis of many fungicidal
preparations used in the ool of plant pathogens and to preserve natural and
synthetic materials Horsfall, 1956; Ross, 1976 Early work often had a
phytopathological perspective relatingttee assessment of toxicityspmers, 1961
Subsequenbbservations on the ability ofrfigi to resist and adapt to toxic metkdd

to further work on the physiological, bi@hemical and genetical explanations for
these phenomenaghida, 1965; Ross, 1975; Gadd 198paResearch has been
stimulated particularly by the continuous refinemenbiochemical and molecular
techniques and by the general appreciation of filamentous fungi and yeasts as model
eukaryotic cells systems. In an environmental context, accelerating pollution of the
natural environment by toxic metals, metalloids, radioneslidand organo
metal(loid)s have also led to increased interest because of the ubiquitous and
sometimes dominant presence of fungi in mptdluted habitatstheir uptake and
translocation of toxic metals and radionuclides to fruit bodies of edible &nththe
significance of mycorrhizal fungi in polluted habita@add, 1986a; Brown & Hall,

1990. While amelioration of metal phytotoxicity by mycorrhizal fungi is relevant to
land reclamationolpaert & van Assche, 198Y, another area of applied interést

the use of fungal (and other microbial) biomass for the detoxification of
metal/radionuclidecontaining industrial effluents Gadd, 1986b, 1990a, 1992a
2010.
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Physicachemical, biochemical and genetical aspects of cellular interactions are
included manly with reference to 'microfungi' and yeasts, though mention is also
made for mycorrhizas and macrofungi in polluted habitats. Biotechnological
discussion relates only to the use of fungal biomass and products for environmental
protection. Several impamt topics such as the roles of essential metal ions in fungal
metabolism and differentiation(Jones & Gadd, 199) yeast flocculation
(Kuriyama, et al., 199J), iron acquisition and functiod\(inkelmann, et al., 1987;
Winkelmann, 1992, interactions of mels with lichens Nieboer, et al., 1978;
Nash, 1990 and (organo)metatcontaining fungicides and their effectSqoney &
Wuertz, 1989 are not covered in detail.

1.2 Essentiality of metals

Metals are directly and/or indirectly involved in all aspects of fungawth,
metabolism and differentiation. While many metals are essential, e.g. K, Na, Mg, Ca,
Mn, Fe, Cu, Zn, Co and Ni, many others have no apparent essential function, e.g. Rb,
Cs, Al, Cd, Ag, Au, Hg and Pb. However, all these elements can interadiuvwial

cells andcanbe accumulated by physiahemical mechanisms and transport systems

of varying specificity Gadd, 1988. Most essential and inessential metals exhibit
toxicity above a certain concentration, which vary depending on the organism, the
physico chemical properties of the metal and environmental factors. This may
necessitate expression of a detoxification mechanism if the organism is to survive
(Fig. 1). Although the connotations of toxicity and bioaccumulatoe most often
linked with inessential metals, the potential toxicity of many essential metals should
not be overlooked. A good example is provided by calcium, an important intracellular
second messenger in fungal growth and differentiation, which can also be highly toxic
within cells owing to precipitation of phosphates. Fungi, like other eukaryotic cells,
maintain cytosolic free Gaat around 0 1 pM by means of a variety of transport
systems located on the plasma and vacuolar membranes which effect influx/efflux and
vacuolar compamentation; cytosolic free Gamay also be modulated by interaction
with calciumbinding proteins Nliller, et al., 1990; Gadd & Brunton, 1992. Many
attempts have been made to define metals in relation to biological effects using their
physical, chemicahnd biological properties. Metals and metalloids can be considered

to include all the elements except the nobleegaand H, B, C, N, 0.

2
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Fungus

Metal Environment

Fig.1.1 Diagrammatic representation of metahgal interactions.

The metals are broadly classified as type A, typanB transition metal. The details

are given in Table 1.

Table 11 Classification of metal ions

Type-A metal cations Transition metal cations Type-B metal cations

Electron configuration of 1-9 outer shell electrons Electron number corresponds to
inert gas Ni*, Pd’ and Pt" (10 or 12
outer shell electrons)
Not spherically symmetric Low electronegativity
Low polarizability High polarizability
‘Hard spheres’ 'Soft spheres’
(H"), Li*, Na®, K*, Be**, V¥, Cr*', Mn*', Fe*', Co*", Cu", Ag', Au”, Ga',
Mg®, Ca®, Sr*, Al*, Sc*, Ni*', Cu®, Ti*, V**, Cr™, Zn*, Cd**, Hg", Pb*, Sn*,
La¥, Si**, Ti**, Zr**, Th" Mn*, Fe*, Co*' T#, Au®, In*, Bi*

Borderline metal ions do not show a clear preference for the above irelaig

donor atoms and ligands, affinities which depend on a variety of fatttrite 'type

A' metal ions are sharply separated from borderline metals, the distinction between
'type-B' and borderline categories is not so clear. Among borderline metabidny, p e

Boécharacter increases in the order:
Mn?*< Zrn*'< Ni*'< F€* Co*'< Cd'< CU'< P

Metal ions compete with Hor sites on ligands and’Hhay, in fact, be regarded as a
borderline ion Nieboer & Richardson, 198(). An increase in acidity will therefore
result in protonation of the ligand anion and an increase in the costoemtof the

free metal ion Klughes & Poole, 1991 The above classifications of metals may be
useful in defining or predicting certain interactions with organisms, as well as in
assessing metal speciation in environmental samples or growth niedjhes &

Poole, 199] Other definitions may be based on toxicity and environmental impact
although this can be highly variable and dependent on, e.g. the organism, element,

speciation, concentration, physichemical factors and anthropogenic activities

3
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(Babich & Stotzky, 1980 Gadd, 19900. In fungi, metal effects can vary between
organisms, strains, the stage of growth and even different vegetative and reproductive
forms of the same organisrGddd & Mowll, 1985; Sabie & Gadd, 199). A given
organism may exhibiseveral mechanisms by which potentially toxic metal species
are detoxified, both dependent and independent of metabolism and all affected by
environmental factors. Furthermore, other elements not considered to be true metals
according to chemical definitie may have some metallic properties and exhibit
varying degrees of toxicity as well as accumulation by fungi. These include
metalloids, and the actinides and lanthanides, e.g. uranium and thorium. The alkali
metals are not usually included in discussiams metal toxicity but nevertheless
exhibit a dramatic range of biological properties as exemplified hyNig+ and C5

as respectively representing an essentiattogit, an essential but potentialigxic,

and an inessential potentialigxic metal ion.Caesium, and many actinides, are of
current concern because of environmental contamination, accumulation by the biota,
including fungi, and transfer to other organisms including hum@aslq, 19923.
Current definitions of the term 'heavy metal' are paldidy variable. These are often
defined as a group of approximately 65 metallic elements, of density greater than 5,
with the general ability to exert toxic effects on microbial and other life foGaslq

& Griffiths, 1978; Nieboer & Richardson, 1980. A further complication is that
'heavy elements' may be defined as Pb, As, Cd, Hg, Sb, Se, TI, In, Bi, and Te
(Fergusson, 199D This is again a diverse group and, in fact, As, Sb, Bi, Se and Te
have elemental structures more typical of non metadsglisson,1990; Morgan &
Stumm, 199). Organometallic compounds, simply defined as a compound
containing at least one metrbon bond Thayer, 1988, frequently exhibit
enhanced toxicity, hendbey areusal as fungicides. When such compounds contain
metaloid elements, the term orgamoetalloid may be used. Such substances should
also be included in discussions of metal interactions with fungi because of their
significance as environmental pollutarged as fungicides anlso because some

may be synthesized biyingi as a result of exposure to and transformatiothef

‘parental’ metal species.

The present study was planned to isolate and characterize metal tolerant fungal strains
from metal contaminated natural sites and alsassess their possible utility in

soil/waste water/industrial effluent bioremediation.

4
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REVIEW OF LITERATURE

2.1 Metals toxicity of fungi

Toxic metals can exert harmful effecfgincipally as a result of their strong
coordinating abilities@chiai, 1987. Toxic effects include the blocking of functional
groups of biologically important molecules (e.g. enzymes and transport systems for
essential nutrients and ions), the displacen@nd/or substitution of essential metal
ions from biomolecules and functional cellular units, conformational modification,
denaturation and inactivation of enzymes and disruption of cellular and organelles
membrane integrity@chiai, 1987. Because of #awide spectrum of potentially toxic
interactions between metals and fungi, almost every aspect of their metabolism,
growth and differentiation may be affected, depending on the organism, metal species
and concentration and physichemical factorsGadd, 1986a,c; Gadd & White,

19899. Thus, toxic symptoms may vary widely between different fungi and for
different metal species. A prerequisite for direct toxic interactions is contact between
the active metal species and cellular compon@aésld & White, 1989a). The cell
membrane is an obvious initial site of action for a toxic metal species and membrane
damage can result in loss of mobile cellular solutes, e. aid increased
permeability of the cell to external materiaNofris & Kelly, 1977; Kuypers &
Roomans, 1979; Mowll & Gadd, 1983; White & Gadd, 1987 a, b; Laurence, et

al., 1989. Indirect mechanisms of metal toxicity may involve free radicals, which are
deleterious to cells as they can take part in chain reactions which involve the
breakdown of mlogical macromolecules. Consequently, aerobic organisms possess
protective enzymes such as superoxide dismutases, which are metalloenzymes
containing either Mn, Fe or Cu/ZG(eco et al., 1999 which eliminate the radicals
produced by normal metabolisrilajor targets in cells are membranes, where lipid
peroxidation, whereby the alkyl chains of lipids are converted to peroxyalkyl radicals
and fatty acid hydroperoxides, is initiatedMghlhorn, 1986). Lipid-soluble
complexes of transition elements such as(lfemay undergo the Fenton reaction
[(1), (2)] with the hydroperoxides and accelerate this prockksCord & Day,

1978.

Fe? + H,0,-* Fe** +OH+0OH (1)
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Ox+ Fé+ 0> O+ FE* (2)

Complexes and free ions of these cations may also undergo this reaciquewus
solution. In animal systems, metal ions such a& Hedt*, PiF* and Ad* induce free
radical toxicity as a result of their reactions with thiols or enzymes which normally
protect against these reactive specMshlhorn, 1986). A little work on ths aspect

has been carried out with fungi except foCandSaccharomyces cerevisié@reco

et al., 1990.

Organometallic compounds are of increasing environmental significance because of
their use in the chemical and petroleum industries and as bioCQdggnometals are
generally more toxic towards fungi than corresponding free metal ions and the
toxicity of their compounds varies with the number and with the identity of the
organic groupgBlunden, et al., 1984; Cooney & Wuertz, 1989 Major effects of
organotins and organoleads are disruption of mitochondrial membranes and action as
C1-/OH- ionophores. In this way, they depolarize electrochemical gradients and
consequently interfere with energy conservatiBiunden et al., 1984; Cooney &
Wuertz, 1989. In fact, organotirresistant mutants of. cerevisiaecan exhibit
increased respiration rateBypont et al., 1990 and modification of the organotin
binding site on the inner mitochondrial membrabancashire & Griffiths, 1975).
Organometals may als@aohage membranes by the production of free radicals since
the carbormetal bond readily reacts with available radicals to produce peroxyalkyl
radicals which can result in lipid peroxidatidd€hlhorn, 1986). The organometallic
compounds may also exert ardigtive effect on cell membranes and cause a loss of
K* (Cooney et al., 1989

2.2 Resistance and tolerance

Fungal survival in the presence of toxic metals mainly depends on intrinsic
biochemical and structural properties, physiological and/or genetic adaptation
including morphological changes and environmental modification of metal speciation,
availability andtoxicity The relative importance of each often been difficult to
determing(Gadd & Griffiths, 1978; Gadd, 1990 b, 1992 h Arbitrary terms such as

' resistance ' and ' tolerance ' which are used rather loosely and often interchangeably
in the literature & generally based on the ability to grow on a certain metal

concentration in laboratory medidrévors, et al.,, 1986; Gadd, 1992b,)c It is
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probably more appropriate to define 'resistance' as the ability of an organism to
survive metal toxicity by meand @ mechanism produced in direct response to the
metal species concerned, e.g. synthesis of metallothioneingylotaynyl peptides
(Mehra & Winge, 1991). 'Metal tolerance' may be defined as the ability of an
organism to survive metal toxicity by means oftrinsic properties and/or
environmental modification of toxicityGadd, 1992b, §. Intrinsic properties that can
determine survival include possession of impermeable pigmented cell walls,
extracellular polysaccharide and metabolite excretion, espeuwiakye this leads to
detoxification of the metal species by binding or precipitati@add, 1990b).
However, in many cases distinctions are difficult because of the involvement of
several direct and indirect physicbemical and biological mechanisms invgual in

field and laboratory. Biological mechanisms implicated in fungal survival (as distinct
from environmental modification of toxicity) include extracellular precipitation,
complexation and crystallization, transformation of metal species by, edatiox,
reduction, methylation and dealkylation, biosorption to cell walls, pigments and
extracellular polysaccharide, decreased transport or impermeability, efflux,
intracellular compartmentation and precipitation and/or sequest(&igpn2.1) (Ross,

1975; Gadd & Griffiths, 1978; Gadd, 1988, 1990a, b, 1992ac; Brown & Hall,

1990; Mehra & Winge, 199). A particular organism may directly and/or indirectly
rely on several survival strategies. For example, metallothionein synthesis is a
mechanism of Ci resistance inSaccharomyces cerevisiget CU#* binding or
precipitation around the cell wall and intracellular transport are also components of
the total cellular respons&édd & White, 19899. Fungus specieSunninghamella
eleganshas great ability to @aumulate phosphorus in the form of poly phosphate
(Lima et al.,, 2003 to metabolize xenobiotic recalcitrant substances such as PAH
(Cerniglia, 1997); azodyes used in textile industrnfibrosio and Takaki, 2004);
Oxidation of dibenzothiophené&s¢hlenk, et d., 1994); biotransformation of drugs
(Zhang et al,. 199); as well as able to tolerate and remove cadmilumg et al,.

2013. Detailed accounts of metal resistance and tolerance of fungi can be found
elsewhereRoss, 1975; Gadd, 1986a, 1990b, 199261Q Mehra & Winge, 1991).
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m"

|
v

Environmental factors
(physico-chemical and biologically derived)
|

!

Extracellular fungal products
(e.g. polysaccharide, melanin and other pigments, siderophores
organic acids, other metabolites and gases, e.g. H,S)

l

Cell wall components
(e.g. structural components, melanin and other pigments,
wall and cell surface associated enzymes)

A\

Plasma membrane
(transport processeas including influx, efflux, exchange phenomena and
alterations in membrane permeability

) ) I
Cytosol Vacuole Other
organelles

(metaliothioneins, {compartmentation, Mitochondria?
metal y-glutamyl peptides, precipitation, {oxidative
other proteins, peptides, polyphosphate, detoxification)
and amino acids, ransport across Endoplasmic
precipitation, tonoplast) raticulum
transformations) {metalloid
reduction)

Fig. 2.1 Diagrammatic representation of metal interactions with fungi. The metal
species are represented in cationic form. All the interactions shown may be involved

in fungal survival and/or metal detoxification.
2.3Environmental influence on heavy metal toxicity towards fungi

The physicechemical properties of a given environment or growth medium determine
metal speciation and therefore biological availability and toxicity as well as other
essential and inessentimetalorganism interactions. Where such factors as pH, Eh,
the presence of other anions and cations, particulate and soluble organic matter, and
clay minerals decrease biological availabiktyd toxicity may be reduceddadd &
Griffiths, 1978). It is therefore clear that the concentration of free metal ion, defined

as pM =-log [M] (Hughes & Poole, 199), may be an important consideration in
many cases, although toxicity may still be exerted by many inorganic and organic

metal complexes in the absermfedree metal cations, M
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In simple terms, if excess metal ion (M) is in the presence of a strongly binding ligand
(L), [Mfred = [Miotal - [Ltotal- If the ligand is in excess, and unprotonateds ML +
L, [ML] ~[M {] and the pM may be calculated:

Ky =[MLY[M] [L] = [M J/[M] [L -M{],
PM =-log [M] = log K; + log ([L1-Ma]/ [M4]).

If the ligand is protonated, the calculation becomes Lt = ML +L+Hil+H. H.L
(Hughes & Poole, 1991 In relation to the complex situation which occurs in the
environment andin growth media, the multiplicity of metdigand binding

interactions that can occur may mean that calculation of pM is not possible.

The pH can affect metdlingal responses by effects on metal speciation and mobility
and indirectly by influencing otheaspects of cell physiology and metabolism.
Increasing pH can result in the formation and precipitation of metal hydroxides or
oxides. In aqueous solution, divalent metal cations form multiple hydroxylated
species, some forming precipitateSo(lins & Stotzky, 1989; Hughes & Poole,
1991).

At higher pH values, some precipitatesdissolve giving anionic hydroxometallate
complexes, e.g. Zn(Okf) (Hughes & Poole, 1991 The pH values at which
hydroxylated species form varies between different metdlbe different
hydroxylated forms possess differetxicities Collins & Stotzky, 1989. The

formation of hydrolysis products may also favour biosorption.

Though @creasing pH may increase the concentration of free metal ions in solution
as mentioned previously, "Hnay compete with metal ions for cellular binding sites
and reduce potential interactions with cells. External pH may also affect the
speciation of metabinding ligands and therefore metal complexation. Many toxic
interactions of heavy metals with fungadlls can be interpreted in termsedfect of

pH on metal speciation and availabilitNgwby & Gadd, 1986; Gadd, 1986a
Fungaal toxicity of Cd may increase with increasing pH. A reduction in metal toxicity
at low pH may result from Hcompetition and also pH effects on intracellular uptake.
This has been described for those fungi, €gnicillium ochrochloron that are
capable of growing in saturated Cu2Md high concentrations of other heavy metal

salts Gadd et al., 1984 W.ith increasing pH intracellular Cu accumulation
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dramatically increased iR. ochrochloronand at pH 6 and above this fungus was
sensitive to quite low concentrations of @Ga@dd & White, 1989).

Oxidationreduction potential (Eh) may affect heavy metal availgiaind toxicity. In

a reducing environment (negative Eh), insoluble metal sulphides may form which
exhibit little or no toxicity Sulphide precipitation is a detoxification mechanism
found in several fungi (see later). Thg fBay also effect speciation,ge chromium
exists as Cf or Cr* depending on the ECr®* exhibits the greater toxicity towards

hyphal growth and sporulation in several fur@ollins & Stotzky, 1989.

Inorganic anions may affect toxicity by forming inorganic complexes, as mentioned
previously and by precipitation ofGadd & Griffiths, 1978). Increasing C] for
example, decreased Cd toxicity towards several filamentous fungi, possibly as a result
of the formation of negative G@l coordination complexesBébich & Stotzky,

1982; Colins & Stotzky, 1989. Other cations may affect fungitoxicity of heavy
metals by competing for binding sites on cell surfaces including membranes and for
transport mechanisms. Heavy metal toxicity towards fungi was also reduced in hard
water an effect attouted to C@ (Babich & Stotzky, 1981. Many heavy metal salts

are of low solubility, e.g. sulphides and phosphates,tlaackforereadily precipitate

out of solution. Silver chloride is highly insoluble and the concentration of free Ag+
in solution may b negligible in many cases, particularly in growth metiaghes &

Poole, 1991

Clay minerals can adsorb heavy metal cations and reduce their potential toxicity
(Gadd & Griffiths, 1978; Babich & Stotzky, 1980). In general, minerals with a high
Cation Exchange Capacity (CEC) are more effective in reducing toxicity than
minerals with a lower CE@@bich & Stotzky, 1977a, b; Bewley & Stotzky, 1983
Montmorillonite was more effective than kaolinite, with a lower CEC, in protecting
fungi from Cd, Ni and Pb tacity (Babich & Stotzky, 1978, 1979, 1982 Such
effectsarealso being influenced by soil pkCéllins & Stotzky, 1989.

Dissolved and particulate organic matter in the environment, and in growth media,
can influence metal toxicity by complexation anddaiy, generally reducing toxicity.

Examples of such organic materials include natural and synthetic chelating agents,
including plant, fungal and other microbial exudates and metabolites, humic acids and

soil colloids, and soluble organic chemicals andtares. It is commonly observed

11
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that metal toxicity towards fungi is reduced in complex media compared to simple
defined mediaand such effectsare also being influenced by pH for the reasons
outlined previouslyGadd & Griffiths, 1978; Collins & Stotzky, 1989).

2.4Fungi in polluted habitats

A range of fungi from all major taxonomic groups may be found in rpetiflited
habitats and the ability to survive and grow in the presence of potentially toxic
concentrations is frequently encounter&bgs, 1975;Gadd, 1986a; Baldi, et al.,

1990; Turnau, 199). In general terms, toxic metals are believed to affect fungal
populations by reducing abundance and species diversity and selecting for a
resistant/tolerant populatioB@bich & Stotzky, 1985; Duxbury, 198%. However,

the effect of toxic metals on microbial abundance in natural habitats varies with the
metal species and organisms present and with environmental faGads (&
Griffiths, 1978; Duxbury, 1985).

General reductions in fungal numbers have often beg&d in soils polluted with Cu,

Cd, Pb, As and ZrBabich & Stotzky, 1985. Along a steep gradient of Cu and Zn in

soil towards a brass mill, fungal biomass decreased by M6o¥tidren, et al., 1983

while fungal numbers were reduced in glucespplemeted soil by Cd or Zn, the
former metal being of greater toxicityBéwley & Stotzky, 1983. However,
numerical estimates alone which have binltinadequacies may provide little
meaningful information unless possible changes in fungal groups and spexies ar
considered. There is evidence that such changes can occur in response to metal

exposure

In Cu and Znpolluted soil, Geomyces arbecilomyces spand some sterile forms
increased with increasing pollution, whereRenicilium and Oidiodendron sp
declired at polluted sites Nordgren et al., 1983. Trichocladium asperum,
Trichoderma hamatum, Zygorrhynchus moelkmd Chrysosporium pannorumwere
isolated more frequently from an organomercuti@ated golf green than from
untreated locations, whereas Clmaeium, Fusarium, Penicilliumand Paecilomyces
sp. were greatly reducedWilliams & Pugh, 1975. Several other studies have
indicated sensitivity ofPenicillium sp towards heavy metalsD(xbury, 1985).
However, some of the best examples of microbial metatance are also found in

the genusPenicillium which underlines the fact that metal responses may be strain
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specific. As noted abovd?. ochrochloroncan grow in saturated Cug@nd it is
frequently isolated from industrial effluentStokes & Lindsay, 1979 whereasP.
lilacinum comprised 23% of all fungi isolated from soil polluted by mine drainage
(Tatsuyama et al., 197% In soil polluted with cadmium dus$trobilurus tenacellys
Mycena ammoniaca, Auriscalpium vulgaead Armillaria lutea were the most

common Basidiomycete3 ¢rnau, 1991).

Heavy metal pollution of plant surfaces is wide spread and while there may be
significant decrease in total microbial numbers (including bacteria) on phylloplanes,
numbers of filamentous fungi and npigmented yasts are generally little affected
(Bewley, 1979, 1980; Bewley & Campbell, 1980; Mowll & Gadd, 198%@nd if
metatsupplemented isolation media are used only fungi may be isolBtl€y,
1980. On polluted oak leave&ureobasidium pullulanand Cladosporium spwere

the most numerous organisms and a greater proportion were-taletaht when
compared with control isolatéBewley & Campbell, 1978; Bewley, 1980 In fact,
numbers ofA. pullulansshowed a good positive correlation with lead cotregions,
whether derived from industrial or vehicular sources and it often became the dominant
organism, in some cases comprising up téo3f the leaf surface population on a
numerical basisBewley & Campbell, 1980; Mowll & Gadd, 1985. However,
adaptabn was unnecessary for growth Af pullulanson polluted leaf surfaces and

the ability to tolerate high concentrations of lead occurred in isolates from the
unpolluted siteGadd, 1984; Mowll & Gadd, 1985.

In contrast, the numbers of the ballistosppreducing yeastSporobolomyces roseus
and heterotrophic bacteria were very low or absent from polluted samples while
numbers ofS. roseushowed a significant negative correlation with increasing lead
concentrationsMowll & Gadd, 1985). Smith (1977)alsostudied the effect of heavy
metals on phylloplane fungi and found tiatreobasidium pullulans, Epicoccum sp.
and Phialophora verrucosawere tolerant, Gnomia platani, Cladosporiumand
Pleurophomella sp.were of intermediate tolerance whilBestalotiopsis and
Chaetomiunsp. were sensitive. Mercutplerant fungi have been isolated from the
surfaces of seeds treated with mercury compounds. These iner@aophora
avenae, Penicillium crustosum, Cladosporium cladosporoides, Syncephalastrum

racemosunandUlocladium atrum(Ross & Old, 1973; Greenaway, et al., 1974
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It seems therefore that elevated concentrations of heavy metals can affect the
gualitative and quantitative composition of fungal populations though it must be
stressed that it may be difficult teeparate metal effects from those of other
environmental components. Phylloplane mycoflora may be subject to the influence of
other potential toxicants, e.g. §@Babich & Stotzky, 1980, while polluted soils

may be nutrienpoor, of variable pH and als@wtain additional toxicantsGadd &
Griffiths, 1978). These factors may affect fungal populations. Furthermore, there are
well known difficulties in obtaining meaningful assessments of fungal numbers and
diversity which cannot be ignored. Despite thigsitess apparent that certain fungi
can exhibit considerable tolerance towards toxic metals and can become dominant
microorganisms in some polluted habitats. However, while species diversity may be
reduced in certain cases, resistance/tolerance can beiteshby fungi from both
polluted and no#polluted habitats. Fungal numbers were reduced and there were
alterations in species composition in polluted soil near a zinc smétstaf &
Lechevalier, 1975. However, there was little difference in the zioletance of fungi
isolated from either site and most could exhibi#Bgrowth at 70ppm Zn**. At
control sites, Zrtolerant genera includd8dellospora, VerticilliumandPaecilomyces

with Penicillium, TorulaandAureobasidiunat polluted sites. In anothstudy, fungal
populations in soil contaminated with Ni, Cnh, Fe and Co were not significantly
different from those at control site§réedman & Hutchinson, 198(). Cu and
Nitolerant fungi (defined as being capable of growth at approximately 16 nf1 Cu
and/orNi?") were isolated from both control and contaminated sites, the predominant
genera being Penicillium (60%) followed by Trichoderma, Rhodotorula,
Oidiodendron, Mortierellaand Mucor. Examination of microfungi isolated from
unpolluted and coppgolluted forest soil confirmed that species from the polluted
site were usually coppé¢olerant although there was little evidence for adaptation in
isolates from sites with short or long histories of pollutidmngbrant, Baath &
Nordgren, 1987. Such studies indate that in many cases survival must be
dependent on intrinsic properties of the organisms rather than adpative changes
(which are generally studied under laboratory conditions) and phgsemical
properties of that environment. These will include clesngssociated with the metal
pollution, which may modulate toxicity and affect species composiGaual(, 1986a,
1990Dh.
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2.5 Interactions between toxic metals and fungi
In general, microbe mediated metal removal or recovery from contaminated

site/reservaimay involve the following pathways:

a) Metal cations may bind on cell surface (biosorptiomithin the cell wall

(bioaccumulation) and in turn, metal uptake is augmented through
microprecipitation;

b) Metal ions may be actively translocated inside the cedugh metal binding
proteins;

c) Metal precipitation may occur when heavy metals react with excellular

polymers or with anions (e.g. sulphide or phosphate) produced by microbes;

d) Metal volatilization through enzyme mediated biotransformation (Fig. 2.2).

Metalkbinding
M2+ proteins

M2 M-CHs

w Metal
Enzymatic precipitation M (ox)
transformations
Mo Mfred)
M(red) M (ox) MHPO, H-S
/ +M \
MS
MHPO:

Fig. 2.2.Mechanisms of heavy metal uptake on microbial surface
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2.5.1 Extracellular precipitation and complexation

Many extracellular fungal products can complex or precipitate heavy metals. Citric
acid can be anfiicient metation chelator and oxalic acid can interact with metal ions

to form insoluble oxalate crystals around cell walls and in the external

Table 2.1 Macromolecular constituents of fungal cell walls (adapted fReherdy,
1990

Skeletal elements

Chitin: f-1-4-linked homopolymer of N-acetyl-p-glucosamine
f-glucans: fA-1,3-glucan homopolymer comprised of D-glucose units
with #-1,3 and fg-1,6-glucosidic bonds (R-glucan)
Cellulose: fA-1,4-linked homopolymer of glucose
Matrix components
a-glucan: a-1,3-homopolymer of glucose (S-glucan)

z-1,3- and «-1,4-linked glucan (nigeran)
Glycoproteins
Mannoproteins
Miscellaneous components

Chitosan: f-1,4-polymer of p-glucosamine
p-galactosamine polymers

Polyuronides

Melanins

Lipids

medium Murphy & Levy, 1983; Sutter, et al, 1988 The production of K5 by
yeasts can result in precipitation of metals as insoluble sulphides predominately in and
around cell walls Ashida, et al, 1963; Minney & Quirk, 1985. For strains ofS.
cerevisiaegrowing on a copercontaining medium, resultant colonies may appear
dark in colour owing to formation of copper sulphidesiiida et al., 1963. Iron is of
fundamental importance to living cells and many filamentous fungi and yeasts release
high affinity Febinding molecles called siderophorefMinkelmann et al., 1987;
Winkelmann, 1992. The externallyformed Béchelates may subsequently be taken

up into the cellRaymond, et al, 1984; Adjimani & Emery, 1987. In several fungi,

the excretion of such irebinding molecule is markedly stimulated by Fe deficiency
and such compounds may also bind @djifnani & Emer y, 1987%. Debaryomyces
hansenii produced riboflavin or a related compound when grown irddfesient
media or in the presence of copper, cobalt and zinc. Potgoioigranalysis showed

that the pigment was capable ofFeinding Gadd & Edwards, 198§.

2.5.2 Metal binding to cell walls

The wall is the first cellular site of interaction with metal species and metal removal

from solution may be rapid although rates will depend on factors such as type of
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metal ion and biomass, concentration of metal and environmental factors.
Metabolism independent association of metal species to fungal walls may include ion
exchange, adsorption, complexation, precipitation and crystallizadohef et al.,

1992. 'Biosorption' is a term that is frequently used to describe sucidinested
physicechemia@l interactions between metals (including radionuclide) species and
microbial biomass particularly in a biotechnological conte@humate &
Strandberg, 1985.

The fungal cell wall thus has important protective properties and so may act as a
barrier, contolling the uptake of solutes into the cell including potentially toxic metal
species Gadd & Griffiths, 1980 a; Gadd, 1986a, b; Ono, et al, 19§8and also
indirectly affecing the intracellular ionic composition bestriction ofcellular water
(Peberdy, ©90). The wall is mainly composed of polysaccharides, some of which
may have associated protein, with other components including lipids and melanins
(Table 2.2).All flamentous fungi, with the exception of the Oomycetes, contain
chitin with (1-3)-fl-glucan as skeletal components. Ti@omycetestogether with
Hyphochytridiomycetes possess cellulosic walek{erby, 1990. In yeasts, skeletal
components consist of Q)-fl-D-glucans with (16)-,8-linkages at branch points, the
degree of branching determiningrystallinity Bartnicki-Garcia, 1973. Matrix
components in yeasts comprise a manmarein complex, while (B)-cc-glucan
normally occurring at the outer surface of the wall, is the major matrix polymer in
filamentous fungi Peberdy, 1990. Heterogeneas glycoproteins are also found in
filamentous fungal wallsReberdy, 1990.

It is clear, therefore, that metal biosorption in fungal cell walls may be complex,
involving different components and mechanisms, and variable depending on wall
structure and aoposition, the later itself being affected by the presence of toxic
metals Gadd & Griffiths, 1980a; Newby & Gadd, 1987; Venkateswerlu &
Stotzky, 1989; Venkateswerlu, et al, 1999 A variety of potential sites may be
involved in metal sequestration incladi carboxyl, amine, hydroxyl, phosphate and
sulphydryl groups although their relative significance is usually difficult to resolve
(Strandberg, et al, 198). However, primary interactions probably involve binding to
carboxyl and phosphate groups which nb@yenhanced by electrostatic attraction to
other negatively charged functional groupbol§in, et al, 1990. Metabolism
independent biosorption is frequently rapid and unaffected over moderate ranges of
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temperature, e.g.-80 °C (Norris & Kelly, 1977; De Rome & Gadd, 1987a, b;
Junghans & Straube, 199). In Rhizopus arrhizysbiosorption was related to ionic
radius for, e.g. L¥, Mn?*, CU#*, zn**, Cd*, B, HE™, PF*, UO,*" and Ag+, but not
Cr** or the alkali metal cations, Na&K*, Cs and RB, whichwere not taken up by the
cell walls (Tobin, et al, 1984. Low external pH often decreases biosorption of, e.g.,
cuw’, cd*, zr**, Mn** and C&" (Fuhrmann & Rothstein, 1968; Paton & Budd,
1972; Roomans et al., 1979; Gadd & Mowll, 1985; De Rome & Gadd, 1987 b;
Venkateswerlu & Stotzky, 1989; Gadd, 1990awhile other anions and cations may
have the same effect by, e.g. precipitation by phosphates, and removal of metal from
solution or by competition for binding sites, e.g., M¢C&*, zn**, C#* and Mrf*
(Tobin, et al, 1987, 1988; Gadd, 199)paThe later effects may be dependent on the
relative concentrations and chemical behaviour of the different metal species present.
Biomass concentration may also effect fungal biosorption. At a given equilibrium
concentation, the uptake of metals when expressed on a unit dry weight or cell basis,
is generally greater at lower cell densities than at high dtas, €t al, 1975; De
Rome & Gadd, 1987a; Junghans & Straube, 1991Since growth conditions affect
the structue and composition of fungal cell walls, their manipulation offers potential
for biosorbency for specific purpose¥olesky, 1990. Chitin and chitosan have
received attention as significant melébsorbing substances in cell walls of fungi.
Chitin is a pdymer of NacetytD-glucosamine; chitosan is deacetylated chitin
(Volesky, 1990. A variety of metal ions are readily bound by chitin although alkali
metals, NH*, C&* and Md" are not sequesteretlgzzarelli, et al, 198§. In R.
arrhizus coordination ofuranium to the amine nitrogen of chitin and simultaneous
adsorption in the cell wall chitin structure are followed by slower precipitation of
uranyl hydroxide Tsezos & Volesky, 1982a Accumulation of hydrolysis products
continues until final equilibrium(Tsezos, 1988 The mechanism of thorium
deposition involved localization at the outer region of the wallRinarrhizus
Coordination to amine nitrogen still occurred but the hydrolysis &f fBhTh(OH), at
pH 4 resulted in deposition at the chitin sagaThe formation of hydrolysis products
favours biosorptionat pH .2Where TH" is the main thorium speciedower
biosorption occurred with a general dispersal of*Tthrough the wall Tsezos &
Volesky, 1982 h. The chitinchitosan content of fungal wallvaries between species,
e.g.Neurospora crassé26 % of the wall dry weight) anR. nigricans(53 Go), and
this may change during growtivdlesky, 1990. Purified chitin and chitosan
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derivatives may also have a biosorptive ability although this mayfloemced by the
extraction method employed. Isolated chitin frdR arrhizus showed decreased
uranium biosorption in comparison with intact bioma3sefos, 1986 Chitin
phosphate and chitosan phosphate were able to remove metal and actinide species
from solution, both substances showing a markedly greater affinity fof'tfan
other metal species including €uCc*, Cd*, Mn** zn** Mg®*, Ni** and C&"
(Sakaguchi & Nakajima, 1983. Nonphosphorylated chitin and chitosan were not
efficient biosorbents(Sakaguchi & Nakajima, 1982) Insoluble chitosaglucan
complexes and glucans possessing amorosugar acid groups frorAspergillus
niger exhibit biosorptive properties and may efficiently remove transition metal ions
from solution Muzzarelli et al., 1986). Synthesized chitosan derivatives, e.g[2N

(1,2 dihydroxyethyl)tetrehydrofuryl] chitosan, can remove uranium from brines at
an order of magnitude greater than the intact bioma$s afrhizus(Muzzarelli et

al., 1986; Macaskie & Dean, 1990a Hydroxide treatment of fungi to expose

chitin/chitosan, may also improve biosorptive abilitsé(es & Sagar, 90).

Melanins are important fungal pigments which enhance the survival of many species
in response to environmental stre@el( & Wheeler, 1989. Fungal melanins are
located in and/or exterior to cell walls where they may appear as eleeinge
deposits and granules on electron micrographs. These granules may be released into
the external medium and be termed 'extracellular melanin’, althougis thenerally

of identical composition to walssociated melanin. 'Extracellular melanins' are more
correctly defined as melanins synthesized exterior to cells by secretion of phenol
oxidases which oxidize phenolics or secretion of phenols that aregsense
oxidized Bell & Wheeler, 1986. Fungal phenolic polymers and melanins contain
phenolic units, peptides, carbohydrates, aliphatic hydrocarbons and fatty acids and
therefore possess many potential mbéiatling sites $aizJimenez & Shafizadeh,

1984 Senesi, et al, 1987; Sakaguchi & Nakajima, 1987 Oxygenrcontaining
groups in these substances, including carboxyl, phenolic and alcoholic hydroxyl,
carbonyl and methoxyl groups may be particularly important in metal binGiadd,

1989. The order of biding ability of fungal phenolic polymers and melanins
followed the sequence Cu > Ca > Mg > Zuifino & Martin, 1977).

A variety of melanin types occur in fungi. Although it is apparent that many fungi can
form extracellular DOPA (3:dlihydroxyphenylalaime)melanin via tyrosinase
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mediated oxidation of tyrosine, there is still no firm evidence for the existence of
DOPA- melanin in fungal cell wallsBell & Wheeler, 198§. Melanins in cell walls

of Basidiomycetes are derived froragiutaminyt3,4-dihydroxylkenzene (GDHB) or
catechol. In Ascomycetes and Deuteromycetes, wall melanins are generally
synthesized by the pentaketide pathway via-dih§droxynaphthalene (DHN) as the
immediate precursor. Other extracellular dark pigments may be referred to as
'hetergeneous’ melanindBéll & Wheeler, 1986. A variety of heavy metals can
induce or accelerate melanin production in fungi and melanized cell forms, e.g.
chlamydospores, can have high capacities to adsorb metals with virtually all the metal
being located ithe cell wall Mowll and Gadd, 1984. Melanin fromAureobasidium
pullulanscan bind significant amounts of Ewand F&" (Gadd, 1984; Senesi et al.,
1987; Gadd & De Rome, 198Bas well as organometallic compounds, e.g. tributyltin
chloride Gadd, 1990.

25.3 Transport of toxic metal cations

The plasma and vacuolar membranes are the main transport membranes of fungi and
the basic energetics as well as detailed kinetic analysis have been established for a
variety of solutes, particularly carbon andftrogen sourcesSanders, 1988, 1990

Most work on metal ion transport in fungi has concernéaud CA" largely because

of their great importance in fungal growth, metabolism and differentiation. The
transport of toxic metal species is still poorly ar&tood. Transport systems in fungal

(and plant) cell membranes are usually classed as either carrier or channel systems. In
the formerthe conformational changes in the transport protein are believed to result in
alternate exposure of the transport bilgdsite(s) on each side of the membrane.
Carriers include all metabolicaliyoupled and Mgradient driven transport systems.
Fluxes through such systems saturate with respect to ligand concentration and if a
current is carried with respect to the membrpne t e n t i Sarders, 399p) lon (
channels are a class of proteins that function as gated pores in the plasma membrane
allowing the flow of ions down electrical and/or chemical gradieGiss(in et al.,

1986. Channels have higher turnover rates thariera; 1 s* compared to 1 S

! respectively $anders, 1990 To date, the main primary transport systems which
have been characterized in fungi derive energy from ATP hydrolysis and puimp H
electrogenically from the cytosol, creating a transmembralectrochemical H

gr adi et nedatiee- &nd alkaline inside. Such an electrochemical gradient
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(exg® has an el ectrical c omp o n,a chemical t h e m
componenandt he pH gradient (e&pH) whi chlrvear e i n-
the transport of ionizable substances across membranes. Such secondary- gradient
coupled transport systems exist for a variety of inorganic and organic solutes which
are energized by coupling with passive reflux 6f proton and solute fluxes may be

in the same (symport) or opposing (antiport) directions (Sanders, 1990). In fungi and
yeasts, three main classes of-Humping ATPases have been identified in
mitochondrial, vacuolar and plasma membrarg@srrano, 1984, 198pbthough it is

now suggested #i transport ATPases include a“GATPase located on the
endoplasmic reticulum3offeau et al., 199D The main function of the mitochondrial
ATPase is ATP synthesis via the mitochondrial respiratory chain. It is the plasma
membrane and vacuolar ATPasdsatt are associated with ion transport and
intracellular compartmentation and regulation of intracellular pehés & Gadd,

1990. The transport of monovalent cations is linked to the action of the plasma
membrane FATPase that expels protons creating thieansmembrane

el ectrochemi cal uf) previously describadd Kumipott in fuegi O
appears to be electrically coupled with® Hfflux. Under usual cellular and
environmental conditions, Hs extruded in an apparent 1: 1 ratio t6 uptake with

H+ able to be extruded against 50: 1 concentration gradients and K+ to be taken up
against 1000:1 such gradienBofst-Pauwels, 1981 However, it is now known that
under K-deficiency, K influx may be coupled with Hinflux in a H-K* symport
system. It has been suggested that observations of stoichiométif échange

arise because the"Hhump maintains electroneutrality during Kptake by efflux of

one equivalent of Hper equivalent of charge flow mediated by symp&anders,

1988); the net inflow of positive charge is approximately twice the neuptake
(Rodriguez-Navarro et al 1986. One kind of K uniport is via channels in the fungal
plasma membraneGlstin et al.,, 1986. Since such channels are not active at the
hyperopaéirizing (negative) potentials found in intact cells, their physiological role is
unclear Sanders, 1988 It now appears that the plasma membrar@aaicharomyces
cerevisiaemay have at least 2 classes Gfs€lective channels, the first of which is
voltage gated Gustin et al., 1989 and the second possibly operated via second

messengers and sensitive to blocking by divalent catitens de Mortel et al, 1990.
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Potentially toxic metal ions, e.g. €uCd”*, Ni**, Cd*, Mn**, mercurials and other
organomadllic compounds, can inhibit the yeast plasma membrane ATPase by means
of various binding interactions, both specific and 4specific Ochiai, 1987; White

& Gadd, 1987 a, . Such deleterious effects lead to a reduced ability in maintenance
of the electrohemical gradients described. Foi Efflux, heavy metal inhibition
generally increased with increasing metal concentration with a toxicity sequence of
Cd* > CU* > Ni** > Zr?* > C*, Mn**. These metals also inhibited Kptake with a
toxicity sequence foCd?* > CU** > Ni** > C&*, Mn** > zn?*. K* uptake was
considerably more affected by these metals than Waeffldx which suggested that

the inhibition of K uptake was not solely a result of inhibition of the ATPase and
other factors such d@acreased membrane permeability td tay have contributed
(White & Gadd, 1987 a, §).

Many divalent cations, such as KMgCé&*, Cu*, Zrn** and Mrf*, which are essential

for growth and metabolism need to be accumulated from the external environment.
Howeve, above certain concentrations, many are toxic and may cause impairment of
cell metabolism including ionic nutrition and ultimately cell death. Inessential metals
may also be accumulated, e.g*Cand Hg". Some divalent cations, such asCGand

Mg®*, may enterS. cerevisiaeas lowaffinity substrates of the monovalent cation
transport system but this is probably of little significance in relation to the systems

that will now be described.

In filamentous fungi and yeasts, enedgpendent transport ofany divalent cations

has been demonstrated, the apparent affinity series beifig ®g*, Zré* > Mn?* >

Ni?* > c&" > S (Fuhrmann & Rothstein, 1969. However, differences in
accumulation may not be due to differences in affinities for the transpohtamem

as some reductions in the net rate of'@Gad Sf* uptake, for example, may be due to
increased leakage or efflux of these cations. In addition, depending on the metal and
its concentration, there may be effects on the structural integrity of ¢émebrane
(Gadd & Mowll, 1983; White & Gadd, 19879. As with monovalent cations, uptake

of divalent cations is inhibited or halted by metabolic inhibitors, low temperatures and
the absence of energyelding substratesGadd & White, 1989 a; Sabie & Gadd,
1990; Starling & Ross, 1990. It follows that uptake thus depends on the metabolic
state of the cell and may vary with different growth media and conditions. For
maximal uptake rates, cells require adequafeaKd phosphateF(ghrmann &
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Rothstein, 1968; Okordkov et al., 1975; Roomans et al., 19Y@nd the phosphate
requirement may be indirect and related to the energetic state of the cell as shown for
Mn?* (Borst-Pauwels, 1981

Divalent cation transport is dependent on plasma membra#d Rase activity and
similar affinity sequence of divalent cations for stimulation of the ATPase as for
transport has been demonstratedhfmann & Rothstein, 1968. Diethylstilboestrol
(DES) is an effective in vitro and in vivo inhibitor of the plasma membrahe H
ATPase (Bavman et al., 1978; Serrano, 1985) and also inhibits the uptake of divalent
cations Borst-Pauwels, 1981; White & Gadd, 1987a However, a direct role of the
H*- ATPase has been discounted for several reasons. Initial transport rate$"of Mn
and Sf' in S. cerevisiaewere similar, yet Mfi" strongly stimulated the plasma
membrane HATPase whereas 8r had no effect Roomans et al., 1979;
Nieuwenhuis, et al, 198)L Even though influx rates of these two ions were similar,
much more MA" was subsequently accutated than Si which suggested efflux
systems and vacuolar Kfh compartmentalization Nieuwenhuis et al., 198}
Calcium ions enter cells via ligand or voltaggted channels. These are membrane
proteins which, when in the open position, allow passive of C&" down the

el ectrochemi coed™ (Miller atdal., e1990)., Infliee ©fOCE" may be
difficult to distinguish because of its enerdgpendent accumulation in fungal

vacuoles Eilam et al., 1985 &

It appears that the major role of thegha membrane HATPase in the uptake of
divalent cations igo energizethe cell membrane by creating the electrochemical
gradient previously mentioned. Transport depends on the membrane potential
(Boutry, et al, 1977; Borst Pauwels, 1981; Eilam & Chernchovsky, 1987; White

& Gadd, 1987a; Budd, 1988, 1989and uptake is inhibited by substances, such as
protonophoric uncouplers and high concentrations of exterhaWKich depolarize

the cell membraneRpomans et al., 1979; Borbolla & Pena, 1980; Gadd & Wie,

1989 3. Conversely, divalent cation uptake may be enhanced under conditions where
the membrane potential is increased, e.g. by enhancetfl (Eilam, 1984; Eilam,

et al, 1985 b; Gadd & Mowll, 1985; Eilam & Cherni chovsky, 1987. For S.
cerevisia treated with high concentrations of ATPase inhibitors, e.g. DCCD, the
resulting hyperpolarization of the membrane caused increaséd uptake. The
increase in A3f bal anced the decrydase
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remained almost consta(iilam, et al 1984 . However, changes in
account for glucosstimulated C& influx in this yeast with intracellular acidification

also being involved Hilam, et al, 199Q. Furthermore, it should be stressed that
inhibitor studies shouldebtreated with caution since the enhancement Tfuitake

in yeast induced by several plasma membrane ATPase inhibitors was due to increased
cation permeability of the membrane rather than hyperpolariza@iorsttPauwels,

1988. Similar conditions may gy to interactions of yeast with those metal cations

or xenobiotics which are potentially toxic and induce éfflux (Gadd & Mowll,

1983; Gadd, 1986 a, c; Theuvenet et al., 1987; BofBauwels, 1988; Belde et al.,

1988.

2.5.4Intracellular fate of toxic metals
Metal-binding proteins and peptides of filamentous fungi and yeasts

Metalbinding proteins are important in the modulation of intracellular concentrations
of both potentiallytoxic and essential metal ions. The sujaenily of proteins called
metalbthioneins, first discovered in mammalian systems, may achieve these roles by
binding metal ions to cysteine thiolate grouptaiher, 1986. It is nav clear that a
variety of metabinding polypeptides are found in animals, plants and fungi and there
has been some progress in devising a coherent nomenclaRaasé€r, 1990.
Polypeptides are designated 'metallothioneins’ if they have properties which include
low molecular mass, high metal content, high cysteine (Cys) content, lack aromatic
amino acids andistidine, possess abundant €¢s Cys sequences (where X is an
amino acid other than Cys), spectroscopic properties characteristic of metal thiolates,
and metathiolate clusters, alire thecharacteristis of equine renal metallothionein.

Sub division imo three classes has been recommen@adger, 1990:

Class I: Polypeptides with locations of cysteine closely related to those in equine renal

metallothionein.

Class Il Polypeptides with locations of cysteine only distantly related to those in

equine real metallothionein.
Class IlI: Atypical, nortranslationally synthesized metal thiolate polypeptides.

Class | includes most vertebrate forms as well as some fungal metallothioneins, e.qg.

those ofNeurospora crassand Agaricus bisporusLerch & Beltramini, 1983;
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Munger & Lerch, 1985). Class Il metallothioneins are found Baccharomyces
cerevisiag(Steffens, 199 Algae, plants and certain fungi, eSghizosaccharomyces
pombeand Candida glabrataproduce class Il metallothioneifRauser, 1990. The
lastoccur as metabinding complexes which behave like entities of relative molecular
mass 10003800 in gel filtration Rauser, 1990. However, these complexes are
aggregates of a heterogeneous group of polypeptides for which no single name is
suitable. In lis article, the term metatgiutamyl peptide will be used\(inge et al.,

1989 although, in the context of plants, this may be inappropriate because of the

diversity of yglutamyl di and tripeptides which may occuiRguser, 1990.

Metallothioneins arsmall, cysteingich polypeptides that can bind essential metals,

e.g. Cu and Zn, as well as inessential metals such as Cd.

Copper resistance i8. cerevisiaecan be mediated by the induction of a 6573 Da
cysteinerich protein, coppemetallothionein (CtMT) (Hamer, 1986; Butt &
Ecker, 1987; Fogel, et al, 1988 This protein normally functions to maintain low
concentrations of intracellular copper ions and thus prevent futile transcription of the
CUPL1 structural gené\fright, et al, 1988. Although yeast mtallothionein can also

bind Cd and Zn in vitro, it is not transcriptionally induced by these ions and
apparently does not protect against th&ut{ et al., 1984; Winge et al., 1985 S.
cerevisiaecontains a single GMT gene which is present in the CURLtus located

on chromosome VIlIKogel & Welch, 1982; Karin et al., 1984 CoppefresistantS.
cerevisiaestrains (CUP1r) contain-24 or more copies of the CUP1 locus, which are
randomly repeated, and may gr &ogel,dMeichme di a
& Karin, 1983; Karin et al., 1984). Coppersensitive strains (cufldo not grow at
concentrat i orBatt &Eckeér, 19%7). @oktinufus subculture of S.
cerevisiae in the presence of increasing copper concentrations can select fer hyper
resistam strains YWhite & Gadd, 1986) which appear disomic for chromosome VIII.
The disomic chromosomes exhibit differential patterns of CUP1 gene amplification
which indicates that the copper resistance mechanism involves not only amplification
of the CUP1 locuson the chromosomes but also disomy or aneuploidy of
chromosome VIII Fogel et al., 1983; Butt & Ecker, 198y The DNA fragments of

the CUP1 locus that confer copper resistance have been clbogdl (& Welch,
1982Henderson, et al, 198p and has shownevidence that the CUP1 locus was

present as multiple copies in CUP1 strambich was obtained after restriction
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enzyme analysis of the cloned DNBuUit & Ecker, 1987; Fogel et al., 1988 The

basic repeating unit 'CUPL1 locus' is composed-0fkb DNA fragmeats containing,

with respect to restriction enzymes, a unique Xba | site and two sites for Kpn | and
Sau3A. The full nucleotide sequence of the QURus has been determinfédarin

et al., 1984) Copper resistance . Servicalepends on amplification ahe CUP1
locus @utt & Ecker, 1987; Fogel et al., 1988 In simple terms, the gene
amplification model suggests that because of the proposed homology of DNA
sequences at the junction of CUP1 repeats, one or more units are looped out. If the
loop is repliated, the copy number increases (amplification) but if the loop is
degraded, the copy number decreases (deamplificaft@ge( et al., 1983; Butt &
Ecker, 1987; Fogel et al., 198. For more precise accounts of this model, readers
should consult theetailed reviews availabléiamer, et al, 1985; Thiele & Hamer,

1986; Hamer, 1986; Butt & Ecker, 1987; Fogel et al., 1988t should be noted that
Cu-MT is not directly involved in Cti uptake inS. cerevisiagLin & Kosman,

1990).

The mechanism by whicbopper ions induce transcription of the-8I gene has
received detailed attentioiflfiele & Hamer, 198&6; Butt & Ecker, 1987; Thiele,

1988; Fust et al., 1988; Rurst & Hamer, 1989; Culotta et al., 1989; Welch et al.,
1989; Hu, et al, 199D It is now knavn that a transcting regulatory protein,
encoded by the ACE1 locu$Hiele, 1988; Furst et al., 198Band also known as the
CUP2 locus (Welch et al., 1989; Buchman et al., 1989) activates transcription of the
Cu-MT gene in response to excess copper ifeerd ions Hu et al., 1990. Although

the ACEL gene is constitutively expressed in the absence or presence of copper, the
apoprotein cannot bind DNA=(rrst et al., 1988. However, in the presence of Cu (I)

[or Ag ()], the amineterminal portion of the SE1 protein (amino acids-122)
undergoes a conformational change which allows the protein specifically to bind to
the CUP1 upstream activator sequence (UAS)<t et al., 1988; Huibregtse, et al,
1989. This metaldependent DNAinding domain is rich incysteines and basic
amino acids and bears structural similarities to yeadtTutself (Furst et al., 1988;

Furst & Hamer, 1989; Hu et al., 1990; Dameron et al., 19911t is proposed that

the cysteine residues of ACE1 form a palyclear Cu(idS core inwhich cysteine
thiolates coordinate multiple Cu(i) ions and Cu(i) ions which are bound by multiple

sulphur bondsHu et al., 1990. Wrapping the protein around this Cufi)scaffold
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would lead to the formation of positively charged loop structures thgicstelated
specifically to bind DNA and activate transcriptidru(st et al., 1988. It therefore
appears that the role of Cu in yeasti@T regulation is to allow ACEL to bind to the
control sequences of the metallothionein gene (Fig. 28)dt al., 190); the Cu
cluster organizes and stabilizes the conformation of theriinal domain of ACEI

for specific DNA binding Dameron et al., 1991
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Fig. 2.3 Metalloregulation of the CUP1 locus 8accharomyces cerevisiae

The CuACE1l metalloprotein complex interacts with upstream sequences from the
CUP1 coding sequences and facilitates transcription of the MT gene with the CUP1
locus. Translation of the MT mRNA yields MT protein which acts to regulate the

cytosolic concenation of copper ions (modified aftbtehra & Winge, 1991).
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y-Glu-Cys-Gly
(glutathione)

(y-Glu-Cys);-Gly
(y-glutamylcysteinyl);-glycine

Fig. 2.4 Structures of glutathione and the meialding polypeptide, ¢
glutamylcysteinyl)3glycine. Peptide bonds between glutamate and cysteine utilize
the side chain, og-carboxylate of glmate (outlined) rather than the@boxylate
characteristic of proteins whose synthesis is ribosome dependent (modified after
Steffens, 199D

This metalregulated system provides a powerful tool in biotechnology. Metal
regulated DNA sequences are a#fit elements for heterologous gene expression and

a variety of proteins have been expressed in the CUP1 expression system including
human serum albumin, human ubiquitin gelBecoli galk gene and human hepatitis
virus antigen Gorman et al., 1986; Butt & Ecker, 1987. Yeast CuMT may also be

of potential in metal recovery since it can bind other metals besides Cu, e.g. Cd, Zn,
Ag, Co and Au, although these metals do not induce MT synthHesis & Ecker,

1987. The CuMT gene has also been used to transform brewing strairs. of
cerevisiag which are not very amenable to classical genetic studies and copper
selection has proved a useful tool for the genetical manipulation of such strains and
product improvemen(Butt et al., 1984; 1988; Henderson et al., 1985; Butt &
Ecker, 1987. When CUP1 was cloned into Escherichia coli, the bacterial cells
acquired a new inducible ability to sequester toxic metals by metallothionein

synthesisBerka et al., 1988.
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It shoud be mentioned that a @dsistant strain ofS. cerevisiaesynthesized a
cytoplasmic Cebinding protein when grown in Gecbntaining mediumJoho, et al,

1985 a; Joho, et al, 1985)b This protein (9kDa) exhibits the characteristics of a
metallothionein, bi@g rich in cysteine (18 mol%) and having a high Cd content (63
tg Cd (mg proteind). There was a high similarity in amino acid composition between
Cd and CuMT of S. cerevisiadlnouhe et al., 1989). The eMdT of Cd- resistantS.
cerevisiaeis also encded by the CUP1 gene and transcription of the CUP1 gene
occurs in the absence of added metal ions unlike the inducible transcription in-the Cu
resistant strain. Cadmium and copper further increase the rate of transcription of the
CUP1 gene in the Crksisant strain Tohoyama et al., 199

The similarity in structure between glutathione argliytamyl peptides indicates that
biosynthesis of these peptides shares common features with that of glutathione
(Steffens, 1999pand in fact they may be viewed aselam polymers of the-glutamyt
cysteine (yGlu-Cys) portion of glutathioneGrill et al., 1989). Because of the
repetitive yglutamic acid bonds, they cannot be regarded as primary gene products
and must be formed by a ribosomedependent enzyme reacti@Steffens, 199p

(Fig. 2.4). Linkage of glutathione metabolism with that efglutamyl peptides has
been kinetically demonstrated in viv@r{ll, et al, 1987; Steffens, 199Dand also by

using mutants of S. pombe which lacked the glutathione biosynteeiymes, vy
glutamylcysteine synthetase and glutathione synthetase. These were unable to
synthesise glutathione or-ylu-Cys)nGly peptides and were hypersensitive to Cd
(Mutoh & Hayashi, 1988). This work provided the first genetical evidence that y
glutamyl peptides were essential for -@etoxification and clearly demonstrated
biochemical linkage with glutathione metabolism. It is now known thgliutamyl
peptides are synthesized by the enzyrgtuyamyt cysteine dipeptidyl transpeptidase
(‘phytocheléin synthase’). This catalyses the transfer of theglytamylcysteine
dipeptide moiety of glutathione to an acceptor glutathione molecule or a growing
chain of (yGlu-Cys)nGly oligomers, thus synthesizing melahding yglutamyl
peptides Grill et al., 1989. The primary reaction can be expressed:

(y-Glu-Cys) Gly + (yGlu-Cys) Gly —
(y-Glu-Cys),,,Gly+ Gly.

n+l

Cd?* is the best activator of the enzyme followed by A8j**, PIf*, zn’*, CU#*, H"
and AJ and it appears that the reaction producglitamyl peptide) chelates the
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activating metal ions thus terminatitite reaction Grill et al., 1989; Loeffler et al.,
1989. In celifree systems ofS. pombge an additional pathway has also been
discovered which involves yEC polymerization from (yE@nd glutathione to
(YEC)+1 followed by addition of glycine with gluthione synthetaseHgyashi et al.,
1991).

The originally discovered two-glutamyl peptides 5. pombgcadystin A and B (n =

2 and 3, respectively), were synthesized in response ¥o(Mdrasugi, et al 1981)
though other metals including €uPE*, Zr** and Ag were also effectiveGill et

al., 1987 Hayashi, et al., 1988 a situation analogous to that in vascular plants
(Hayashi et al., 1988; Rauser, 1990 However, the greatest amount of peptide
synthesis occurs with Cd and it seems larger pepbdes Cd more strongly than
smaller onesHayashi et al., 1986, 1988 WhenS. pombavas exposed to Cu(ii), a
Cuy-glutamyl peptide was synthesized similar in structure to they-Gldtamyl
peptide (Reese et al., 1988). However, only oney@ilutamyl pepide complex
which did not contain labile sulphur was observed; the metal was bound as Cu(i)
(Reese et al., 1998

Cadmium induced (but not coppenduced) y glutamyl peptides contain labile
sulphur. Cadmium stimulates the production fir5S. pombeard Candida glabrata

and a portion of this may be incorporated within the-y@dutamyl peptide
complexes Kehra et al., 1988; Reese & Winge, 1988; Winge et al., 1989 he
sulphide content is dependent on growth conditions and incubation time and
concentrabns of $, ranging from 0.1 to 1.5 mol (mol peptidk) have been
demonstratedWinge et al., 1989. Incorporation of sulphide enhances the stability
and metal content of the peptide complex (the molar sulphide: cadmium ratios ranged
from < 0 06 in low slphide forms to 0.8 in high sulphide forms) and this enhanced
stability may increase the efficacy of the complex in maintaining a low intracellular
concentration of Cd (Winge et al., 1989. Complexes with a S: Cd ratio of 0.7
contain a 20 A diameter CdSystallite coated with the-glutamyl peptides. These
complexes are quantum particles exhibiting slependent electronic states
(Dameron et al., 1991), a feature of relevance to solid state physics since the
crystallites exhibit properties analogoughose of semiconductor clusteB3ameron

et al., 1989. The extracellular and celdssociated CdS colloid formed by interaction

of Cd** with S* may also contribute to Gtidetoxification.
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Candida (Torulopsis) glabratés unique in expressing both metdHionein and y
glutamyl peptide synthesis for metal detoxification in a mgbaicific manner
(Mehra et al., 1988, 1992a, b C. glabratasynthesizes two distinct MT polypeptides

in response to copper which exhibit repeats of theXC{ys sequence, comman
mammalian MT, and coordinates copper in Gti{iplate clusters. The cysteine
content of the two molecules is 30 molR cerevisia€uw-MT = 22 mol %;N. crassa
Cu-MT = 28 mol %) with the copper content being between 10 and 13 mol per mol
protein foreach (Mehra et al., 1988). Two metallothionein genes-[(Mid MT-II)

from C. glabratahave been cloned and sequenced. The former is present as a single
copy but multiple () and tandemly arranged copies of one-Mgene are present

in different strais. C. glabratastrains hyperesistant to Cu showed further stable
chromosomal amplification (>30 copies) of the MTgene Mehra, Garey &
Winge, 1990. Both genes were inducible by Ag but not by Cd, the later reducing
amounts of both M3 and MT-Il mMRNAs (Mehra et al., 1989. One MTII gene,
designated MTll, was amplified in several witype strains ofC. glabratawhile
another MFIy,, occurs as a single copMéhra et al., 1990. The amplified Ml

gene contains autonomously replicating sequencBSjAMehra et al., 1992 h. The
Cdy-glutamyl peptide ofC. glabratahas n = 2 whereas peptides with n = 3 and 4 are
more common irs. pombeand plantsGrill et al., 1987; Reese et al., 1988Thus,C.
glabratacan utilize two types of regulatory metaihding molecules and the affinity
and/or coordination preference of the molecules may determine whether MT or y
glutamyl peptides are synthesizédiehra et al., 1988, 1992a, b

The fungal vacuole is highly imp@ant organelle with functions including
macromolecular degradation, storage of metabolites and cytosolic ion and pH
homeostasisWiemken, Schellenberg & Urech, 1979; Davis, 1986; Wada et al.,
1987; Jones & Gadd, 1990 It is often considered analogous tte tmammalian
lysosome because hydrolytic enzymes are contained in an acidic compartment
although it has greater similarity to vacuoles of plant c&iatile, 1978; Achstetter

& Wolf, 1975; Klionsky, et al, 1990Q.

A vacuolar ATPase has been identified evexral fungi, notablyS. cerevisiae, S.
carlsbergensisand N. crassa(Okorokov et al., 1985; Bowman & Bowman, 1986;
Anraku et al., 1989 and is differentiated from mitochondrial and plasma membrane
ATPases by means of pH optima, subunit composition andtgte, and inhibitor
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sensitivity Klionsky et al., 1990. The vacuolar ATPase utilizes the energy arising
from ATP hydrolysis to pump Hinto the vacuole resulting in the generation of an
electrochemical proton gradient of about 180 mV acrossv#ueiolar membrane
(tonoplast)Kakinuma, et al, 1981; Bowman & Bowman, 198p In the presence of

an energy source, a pH gradient 6b-QV5 units can be generated across the
tonoplast (vacuolar pH generally ~pH &@pofes & Gadd, 199) and a membrane
potential of ~75 mV has been recorded 8r cerevisia@and 2540 mV forN. crassa
(Klionsky et al., 199Q. The electrochemical proton gradient energizes transport of
monovalent and divalent cations as well as other substances including basic amino
acids into the vacue (Jones & Gadd, 1990; (Klionsky et al., 1990 The main
mechanism of transport appears to be proton antiport, although there is some evidence
of a pyrophosphatase activity $ carlsbergensiwhich may be responsible for a;PP
dependent pH gradienkKlf onsky et al., 199D The gradients of pH and electrical
potential difference across the tonoplast may be regulated through the interactions of a
membrane potentiaependent cation channeWéda et al., 1987; Bertyl &
Slayman, 1990, chloride transport sy@ms Wada, et al, 198% and the vacuolar
ATPase itselfAnraku et al., 1989.

The fungal vacuole has an important role in the regulation of the cytosolic
concentrations of metal ions, both for essential metabolic functions and the
detoxification of potetially-toxic metal ions. Many ions, including inorganic
phosphate (Pand monovalent and divalent metal cations, are preferentially located in
vacuoles ©Qhsumi, et al, 1988. Ratios of [total ion]: [cytosolic ion] may be 4 for K+,
4-28 for Mg, > 70 forMn?* and 10 for C#& (Lichko, et al, 1982; Jones & Gadd,
1990. The mechanism of ion transport across the tonoplast is bptiporters and in

S. carlsbergensiapparent Km values for the transport of Gaig?*, Mn**, Zr#* and

Pi are 004, 03, 08,-055017 and 15 mm, respectively. It is assumed that transport
proceeds until cytosolic concentrations of ions approach these valkesokov et

al., 1985. These ionic substrates can stimulate vacuolar ATPase ac®kbtrgkov,

1985 although it is noteworththat activity is inhibited by free Mg at 0405 mm
(Borst-Pauwels & Peters, 198)l Localization of metal ions in the vacuole enables
low cytosolic concentrations of, for example,’C# be maintained Ghsumi &
Anraku, 1983; Eilam et al., 1985 a, b;Okorokov et al., 1985; Eilam &
Chernichovsky, 1987; Cornelius & Nakashima, 1987; Ohsumi et al., 1988
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Cytosolic concentrations of M§and Mrf" may remain relatively constant, even
under considerable environmental perturbatidrishko et al., 1982; Kihn, et al,
1988. There is further evidence for compartmentation of Z8¢** and iron in yeast
vacuoles, which may contribute to tolerant behavidvhife & Gadd, 1986, 1987a;
Raguzzi, et al, 1988 Mutants ofS. cerevisiaalefective in vacuolar function we
sensitive to CH and other toxic metals . Polyphosphates, the only inorganic
macromolecular anion found in the vacuole, have an important role in maintaining
ionic compartmentation and their biosynthesis accompanies vacuolar accumulation of
Mg®* or Mn?* (Okorokov et al., 1977, et al, 1980; Lichko et al., 1982; Okorokov et

al., 1983 a, b; Miller, 1984; Kihn et al., 1988 The significance of polyphosphate
granules as a store for divalent cations has long been appredeatedat et al.,
1979; Roomans, 180). In S. cerevisiagvacuolar inclusions of G&polyphosphate
complexes vary with the amount of available polyphospf@atesumi et al., 1983
although this was not the sole mechanism df @eapping' in the vacuoleOhsumi

& Anraku, 1983). Vacuolar ZA* has also been associated with polyphosphate bodies
in yeast Bilinski & Miller, 1983 ) while intravacuolar deposits have also been
observed in yeast grown in the presence of thoriGad@ & White, 1989b). In the
absence of an energy source, precipitaidnMn®* within yeast cells has been
demonstrated usinglectronSpin Resonance (ESR) spectroscopyhh et al., 1988.

2.6 Metal transformations

Fungi, as well as other microorganisms, can effect chemical transformations of metals
by oxidation, reductionmethylation and dealkylatiorGadd, 1992 a. Although in
contrast to bacteria detailed information is not available in several areas for fungi.
Some enzymatic metal transformations may be involved in survival since certain
transformed metal species arsdéoxic and/or more volatile than the original species.
Plasmidmediated reduction of H§to Hg® is a weklcharacterized bacterial metal
resistance system and there is only a limited amount of evidence for an analogous
process in filamentous fungi andagts Yonk & Sijpesteijn, 1973; Brunker &

Bott, 1974; Yannai, et al, 1991 Other reductions carried out by fungi include Ag+

to metallic Ag°® which is deposited in and around céflei@ans et al., 1990 and the
reduction of Cu (ii) to Cu (i) by cell walhssociated materials iDebaryomyces
hansenii(Wakatsuki, et al, 1988; Wakatsuki et al., 1991 a,)b A coppefreducing
enzyme, copper reductase, catalyses Cu (ll) reduction of Cu (I) with NADH or
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NADPH as e donor Vakatsuki et al., 1991 a, b Thelocation of copper reductase
appears to batthe cell wall and this process may have a role in regulation of copper
uptake Wakatsuki et al., 1991 ). Fungal reductions of metalloids include reduction

of tellurite to elemental tellurium, which can appeara black deposit, located in the
endoplasmic reticulumQorfield & Smith, 1970; Smith, 1974 and the reduction of
selenate or selenite to form amorphous selenium which imparts a red colour to fungal

colonies owing to depositigorimarily in walls and meraranes Konetzka, 1977.

Methylation of Hg and other metals and metalloids can be catalyzed by several fungi
and may be viewed as a detoxification mechanism since methylated species are
usually more volatile and may be lost from the environmieswidner, 1971; Yannai

et al., 1991; Gadd, 1992a,)b There isa general agreement that methylation of'Hg
involves methy cobalamin (vitamin B12)Graig, 1986; Thayer, 1988.

Biomethylation of As by transfer of carbonium ions EH from S
adenosylmethionine (SAMhas also been demonstratédhayer, 1984, 1989;
Andreae, 1986. Original work by Challenger (1945) first demonstrated that
trimethylarsine could be produced by several fungi from arsenite. Biomethylation of
Se appears to be by an analogous mechanishatmt arsenic and several fungi can
produce organoselenium compounds, e.g. dimethylselenide from inorganic selenium
ones Chau & Wong, 1986; Thayer, 1988; ThompsotEagle, et al, 1989 Certain

fungi may be capable giroducingvolatile dimethyl telluridefrom tellurium salts
(Konetzka, 1977; Chau & Wong, 198F Apart from these examples, fungal
involvement in the methylation of other metals and metalloids has not been examined
in detail. Organometallic compounds (which contain at least one-gatadn bod)

arise in the environment naturally, by abiotic and biotic means, and because of
accidental and deliberate introduction. The later mainly results from the use of several
organometallic and organometalloid compounds as biocides, e.g. organoarsenicals,
organomercurials and organotin€réig, 1986; Thayer, 1988; Cooney & Wuertz,

1989. Degradation involves the breaking of the m&abonds though detailed
information about such processes is rather sparse for fungi. It should be noted that
metalC bonds can é disrupted by physiechemical means, although fungal activity
may enhance the conditions necessary for abiotic attack by, e.g. alteration of pH or
metabolite excretion. Organotin degradation involves sequential removal of organic

groups from the tin atoma process generally resulting in a decrease in toxicity
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(Blunden & Chapman, 1986) Degradation of tributyltin oxide and tributyltin
naphthenate, used as wood preservatives, can be achieved by fungal action
Breakdown products incled mono and dibutyltirs Barug, 1981; Orsler &
Holland, 1982. Organomercurials may be detoxified by organomercury lyase, the
resulting HG" being then reduced to Figoy mercuric reductaseTézuka &
Takasaki, 1989 a similar mechanism that found in bacteria. Trimethyl leadb&an
degraded byPhaeolus schweinitzia process with implications for fungdieatment

of wastes lacaskie & Dean, 1990

2.7 Accumulation of metals by macrofungi

Elevated concentrations of heavy metals and radio nuclides often occur in the fruiting
bodies of basidiomycete fungi when growing in polluted environmeBtewn &

Hall, 1990. This phenomenon is, as yet, poorly understood at the physiological level
but is of significance because of the widespread consumption of edible wild fungi in
many countms. In general, higher concentrations of Pb, Cd, Zn and Hg are found in
macrofungi from urban or industrial areas although there are differences in uptake
abilities between different species and different meteyge(, 1980; Bressa, et al,
1988; Lepsova &Mejstrik, 1989; Brown & Hall, 1990). Cadmium appears to be
accumulated to quite high values in macrofungi, averaging around 5* v
though concentrations of up to 40 ug d. wt have been recorde®yrne, et al,

1976. Average concentrations of AGu, Hg, Mn, Se and Zn in a range of up to 27
species were 1, 50, 2, 3, 30, 15 and 1d4y{d. wt respectively Byrne et al., 1976.
However, a wide range of accumulation values can occur depending on the species
and location of growth Caps of Laccaria amethystina exhibited total As
concentrations of 10800 pg ¢' d. wt (Stijve, et al, 1990; Byrne et al., 199).
Dimethylarsinic acid was a major arsenic compound in cap extracts, providing
tentative evidence for biomethylation of this elemeByrfie et d., 199).
Accumulation of 110Ag and 203Hg was studied Agaricus bisporusand
concentration factors (metal concentration in mushroom:metal concentration in
substrate) were found to be up to 40 and 37 respectively, with the highest Ag and Hg
contents recwled being 167 and 75 g'gl.wt respectively. Silveprotein complexes
were isolated which possibly corresponded with metallothioneins or analogous metal

binding proteingByrne et al, 1990.

2.8 Biotechnological aspects of fungal metal accumulation
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Fungi, in common with other microbial groups, can accumulate metals and
radionuclides from their external environment by means of the physhemical and
biological mechanisms already discussed. Living and dead cells are capable of metal/
radionuclide removalrom solution as well as excreted or derived products, e.g. cell
wall constituents, pigments, polysaccharides, proteins and sideropGeed, (1988;

Pighi, et al, 1989; Siegel, et al, 1990The removal ofradionuclides, metal or
organanetal(loid) specig, compounds or particulates from solution by microbial
biomass is now often referred to as 'biosorption’, particularly where predominant
interactions are physiechemical. Biosorption is an area of increasing
biotechnological interest since the removapofentially toxic and/or valuable metals

and radionuclides from contaminated effluents can be used to detoxify them prior to
environmental discharge. Furthermore, appropriate treatment of loaded biomass can
enable recovery of valuable metals for recyclorgfurther containment of highly

toxic and/or radioactive species. Detailed reviews of this research area are available
(Table 2.2) Gadd, 1988, 1990a, 1992 a).b

Although the basic features of metal accumulation are common to most microbial
groups, fulgi possess a number of unique attributes which reflect their morphological
and physiological diversity. The majority of fungi exhibit a filamentous or hyphal

growth form which enables efficient colonization of substrate.

Table 2.2Some examples of metal and actinide accumulation by fungi
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Uptake
Organism Element (%, dry weight)
Phoma sp. Silver 2
Penicillivvm sp. Uranium 8-17
Rhizopus arvhizus Copper 1-6
Cadmium 3
L.ead 10-4
Uranium 19-5
Thorium 18-5
"Thorium+ 116
Silver 5-4
Mercury 5-8
Aspergillus niger Thorium 18-5
Thorium+ 13-8
Uranium 21-5
Saccharomyces Uranium 10-15
cevewvisiae Thorium+ 12
Zinc 0-5
Yeast (14 strains) Silver 0-05—-1
Yeast (4 strains) Copper 0-05-0-2

As described previously, a variety of mechanisms occur in fungal cells for the
removal of metals and radionuclides from solution. These mechanisms range from
physicachemical interactions, sucls adsorption, to processes dependent on cell
metabolism, such as intracellular accumulation or extracellular precipitation of metals
as a result of excreted metabolites.idt therefore assumedthat there may be
considerable differences in the mechanismsolved, depending on whether
organisms are living or dead and, if living, whether growth takes place.

Metal uptake by living fungi can often be divided into two main phases. The first,
which can also occur with dead cells, is often rapid, metabeafidependent binding

to cell walls and other external surfaces; the second is edeggndent intracellular
uptake across the cell membraisdzos, et al, 1986; Gadd, 1986a, b, 1988; Huang

et al., 1990. In some cases, particularly where toxicity is evidertacellular uptake

may not be linked with metabolism but may be a consequence of increased membrane
permeability and resultant exposure of mdialding sites within the cell. These
phases of uptake may not be clearly seen in all organisms. For cadanuclides,

e.g. actinides, it appears that accumulation may primarily be a result of physico
chemical interactions with cell walls with little or no intracellular uptake whereas with

others, e.g. caesium, most accumulation is intracellular. In groveltg, either or

37



Chapter - 2

both phases of uptake may be obscured by additional aspects of metabolism, e.g.
extracellular products which m&grm complex or precipitate metals outside the cells.

Various treatments may be employed to increase the capacity of fungads for

metal and/or radionuclide adsorption. Certain killing treatments may increase the
adsorption capacity and powdering of dried biomass exposes additional binding sites
(Tobin et al., 1984. Detergent treatment has also been used to increase dwtygap

of fungal biomass for adsorption, since this can result in disruption of cell
components, such as membranes, and expose a wider variety of potential binding
sites. Detergent treatment Bknicillium spinulosungreatly improved removal of

CU** from sdution especially at high GiiconcentrationsRoss & Townsley, 198p
Detergents also increased uptake of thorium Saccharomyces cerevisiaand
Rhizopus arrhizysalthough the effect was not as significant asHorspinulosum
(Gadd & White, 19899. However, the conditions for thorium uptake (in 1 M HNO

were markedly different. It was likely that the biomass was already substantially
permeabilized prior to detergent treatment.9n cerevisiag uranium uptake was
increased by HCHO and HgQlStrandberg et al., 198) again probably because of
increased cell permeability.

In some circumstances, fungi can adsorb insoluble metal compounds, e.g. sulphides,
and this may represent another area of potential biotechnological application.
Aspergillus nigeroxidized copper, lead and zinc sulphides to sulphates, the sulphide
particles in the medium being adsorbed on to mycelial surfAvasyright et al,

1986. Mucor flavuscould adsorb lead sulphide, zinc dust and Fe¢@dghre’) from

acid mine drainageSingleton et. al., 1990. A. niger, Fusarium solanand P.
notatumcould also remove ochre from solution but not as efficientiiaglavus
(Wainwright, et al, 1986). Intact, fresh mycelium was best for adsorption at 25°C;
the presence of a carbon source wasecessary. WheM. flavuswas grown with

PbS for 25 d, it converted small particles of the compound to a &énd even
suspension which was then completely adsorbed afteiathright, et al, 1986).
Magnetiteloaded fungal biomass was susceptibleatonagnetic field which has
implications for removal of biomass from solutioWdinwright et al., 1990; Dauer

& Dunlop, 1991).

Metabolismdependent intracellular uptake or transport of metal ions into cells may
be a slower process than adsorption andhgited by low temperatures, the absence
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of an energy source (e.g. glucose) and by glucose analogues, metabolic inhibitors and
uncouplerqRoss, 1977; Norris & Kelly, 1977, 1979; BorsPauwels, 1981; Gadd,
19864, b; Starling & Ross, 1990 In certain fung especially yeasts, greater amounts

of metal may be accumulated by such a process, in conjunction with internal
sequestration than by metaboligmidependent processeRdss, 1977; Norris &

Kelly, 1977, 1979. Many metals are essential for fungal growtld anetabolism, e.g.

Cu, Fe, Zn, Co and Mn, and all organisms must have the ability to accumulate these
intracellularly from low external concentrations so that physiological needs are
satisfied. However, at the relatively high concentrations of metalsdmngly used in

uptake studies, energiependent intracellular uptake may be difficult to characterize
and may not be as significant a component of total uptake as general biosorption. This
is particularly true for filamentous fungGadd & White, 1985; Gadd, et al, 1987.

For such organisms, most published work suggests that general metabolism
independent processes such as adsorption and complexation make up the majority of
total metal uptake by the biomasPuddridge & Wainwright, 1980; Ross &
Townsley, 186). For uranium and thorium, it appears that little or none may enter
cells Shumate & Strandberg, 198% although little detailed work on living cells has

been carried out. However, yeasts may exhibit intracellular uptake of thadGadd (

& White, 1989b). These organisms as well as other fungi may also precipitate metals
around the cells as a result of metabolic processes and are capable of synthesizing

intracellular metabinding proteins.

In actively growing fungal cultures, the phases of adsorptionraratellular uptake

may be obscured by changes in the physiology and morphology of the fungus and the
physical and chemical properties of the growth mediGadd, 19863. A frequently
observed phenomenon is that metal uptake by growing batch culturesxisah
during the lag period or early stages of growth and declines as the culture reaches the
stationary phase. This has been shown for coppeAarabasidium pullulangGadd

& Giriffiths, 1980b), Debaryomyces hansen(Wakatsuki et al., 1979 and P.
spinulosum, A. nigerand Trichoderma viride(Townsley & Ross, 1985, 1986;
Townsley, Ross & Atkins, 1986 Changes in the kinetics of €uuptake byA.
pullulanswere related to the fall in medium pH during growth and the alleviation of
CU" toxicity at low pH (Gadd & Griffiths, 1980b). However, for several

filamentous fungi reduction of pH of the medium was not the only factor responsible
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for reduced Cti uptake. A reduction could occur before any significant drop in the
pH and in the media where the pH was maintained atTa®risley & Ross, 1985,
1986. Explanations for this include alterations in cell wall composition during growth
and/or the release mhetabolites, e.g. citric acid, that can control metal availability
(Townsley & Ross, 1985, 19§6Complexation may be involved in uptake and may
partly explain the differences in uptake capacities observed betweegrowimg and
growing fungal culturesTownsley & Ross, 1986 Candida utilisexhibits cyclical
accumulation of Zfi in batch culture with the highest uptake during the lag period
and late exponential phase; it was suggested that there was regulatidii tzake

in this organism Failla & Weinberg, 1977. At low (10 nM) external Mf
concentrations, intracellular [Mf] remained relatively constant in batch cultures of
C. utilis and there appeared to be a specific, high affinity’’Mransport system
(Parkin & Ross, 1986 a, b.

As mentionedoreviously, many fungi have the ability to tolerate high concentrations
of potentially toxic metals which may be useful when employing living cells in
recovery systems. However, tolerance may be related to decreased intracellular uptake
and/or impermeabily of the cells toward metal ionsGadd, 1986 & A close
connection between intracellular uptake and toxicity of Cu, Cd and Zn has been
shown inS. cerevisiadRoss, 1977; Ross & Walsh, 1981; Gadd & Mowll, 1983;
Mowll & Gadd, 1983; Joho etal., 1983, 1985ab; Gadd etal., 1984b; White &
Gadd, 198§. Melanized chlamydospores & pullulansare impermeable to heavy
metals and more tolerant than hyaline cell typ8add, 1984; Mowll & Gadd,

1984). In contrast to the above examples, a-fdsistant mutant of. cerevisiae
accumulated more manganese than the sensitive parental strain, peszatdgult of

an efficient internal sequestration system of greater efficiency in the resistant strain
(Bianchi et al., 1981 a, b

Where a reduction in intracellular @ occurs at low external pH, a corresponding
reduction in toxicity may also take place. ochrochloroncan grow in saturated
CuSQ at pH 0 32-0 , but i s s ehMrearheutality@Gadd &White, x 1 0
19895. For P. ochrochloron a constant rateof Cu2+ uptake occurs above
approximately 16 mm at low pHbut at pH 6 and above uptake markedly increases
and is concomitant with toxicity§add & White, 1985).

2.9 Metal removal by inducing, excreted or derived biomolecules

40



Chapter - 2

Some metabequestering bioolecules may be induced by the presence of certain
metals, e.g. metallothioneins and phytochelatins or by deprivation of an essential
metal ion, e.g. F&, leading to siderophore productidRaymond et al., 198% Other
molecules with significant metalinding abilities may be overproduced as a result of
exposure to potentially toxic metal concentrations, e.g. fungal melaGadd(
1986a, 1988 However, the majority of methlinding biomolecules found in fungi

are synthesized or excreted as a result ofmial’ growth and/or are important
structural components, particularly in cell walldacaskie & Dean, 1990a Metat
binding by such compounds may be fortuitous and relative efficiencies may largely
depend on the metal species present and the chemicat raatd reactivity of the
metal binding ligands presen{dlesky, 1990; Tsezos, 1990; Tsezos et al., 1986
should be noted that the macromolecular composition of a given fungal species can be
altered by cultural and genetic manipulations and there uergity in chemical
composition, particularly in relation to cell walls. As described earlier, many fungi
have a high chitin content in cell walls and this polymer @fddtyl glucosamine is a
highly effective metal and radiamuclide biosorbentTsezos, 986, 1990; Macaskie

& Dean, 19903. For uranium, rapid coordination to the amine nitrogen of chitin and
simultaneous adsorption in the cell wall chitin structure are followed by slower
precipitation of uranyl hydroxide. Accumulation of hydrolysis produmstinues

until a final equilibrium is achieved. Chitosan and other chitin derivatives also have
significant biosorptive capabilityTeezos, 1986 Other biomolecules of probable
interest from fungi include phenolic polymers, melanins, mannans, phosphemsann
other polysaccharides, proteins (including metallothioneins and other-nedaig
proteins) and externaHgxcreted metabinding molecules, including siderophores,
and citric and oxalic acid$5@add, 1986 a, 1990 a)

2.10 Metal recovery

Biotechnological exploitation of metal accumulation by microbial biomass, including
fungi, may depend on the ease of metal recovery for subsequent reclamation,
containment and biosorbent regeneratidisegos, 1984, 1986, 1990; et al 1989;
Volesky, 1990; Gad & White, 1992). The means of metal recovery may depend on
the ease of removal from the biomass which in turn can depend on the metal species
involved and the mechanism of accumulation. Metabolristiependent biosorption is
frequently reversible by nedestructive methods whereas enedgpendent
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intracellular accumulation and compartmentatixamding to induced proteins etare

often irreversibleand require destructive recovery@add, 198§. The later may be
achieved by incineration or dissolution strong acids or alkalisBfierley et al.,
1985. Most work has concentrated on rnd@structive desorption which should
ideally be highly efficient, economical and result in minimal damage to the
biosorbent. Dilute mineral acids (~ 0 1 M), e.g. HIN®ICI or H,SOy, can be
effective for the removal of heavy metals and radionuclides from fungal biomass
(Tsezos et al., 1987although at higher concentrations (> 1 M) or with prolonged
exposure there may be irreversible damage which reduces the potential ohtlag<i

to be reusedTsezos, 198y Organic complexing agents may be effective, although
relatively expensive, desorbers without affecting integrity of the biomass. EDTA
treatment may also be useful in distinguishing surface complex formation from

intracellular, unexchangeable met&4dlun et al., 1983; Tsezos et al., 1987

Carbonates and/or bicarbonates are efficient desorption agents with potential for
cheap, nondestructive metal recovery. Of several elution systems examined for
uranium desorption frorR. arrhizus,NaHCG; exhibited> 90 % efficiency of removal

and high uranium concentration factofs€zos, 198y The solid: liquid ratios can
exceed 120:1 (mg:ml) for a 1 M NaHG@®6polution with eluate uranium concentrations

of at least 198 x 104 mg 11 (Tsezos, 1981 The solid:liquid (S/L) ratio, i.e. the ratio

of weight of loaded biomass to the eluant volume required for complete recovery,
needs to be maximized in any recovery process in order to yield an eluate of minimal

volume yet containing the highgsossible metal concentratiofsezos, 199D
2.11Biosorption of meals and radionuclides by fungal biomass

In a recent study bivishra and Malik (2012) the effectiveness of fungal isolates,
Aspergillus lentulus(FJ 172995) for concurrent removal of tagametals like
chromium, copper and lead from industrial effluent was examined. They inferred that
Cr, Cu, Pb, and Ni toleramtspergillus lentulusccumulated a significant amount of
each metal. The removal metals from synthetic solutions showed thelikemt’*
(100%) > Cr¥* (*79%) > CU* (78%) > NF* (42%) after 5 days. When the same
fungal strain was used to treat the multiple metal contagielectroplating effluent

the metal concentrations declined by 71%, 56%, and 100% for Cr, Cu and Pb
respedtely within 11 daysCongeevaram et al 200¢oncluded in another study that
mainly pH was attributed to organism specific physiology of biosorption. Many
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species of fungi have been reviewed Wang and Chen (2009) whose biomass
adsorbed considerable amoohheavy metals (Table 2.3).

Table 2.3 Biosorption by fungal biomass (mg§

Fungal species Metal ions

Aspergillus niger, Mucor rouxii & Au

Rhizopus arrhizus

Penicillium spp. Ag, Cu, Cd, Pb

Penicillium, Aspergillus, Trichodermg Pb, Cu, Cd, Zn

Rhizopus, Mucoif-usarium spp Th. U. Cs. La

Phanerochete chrysoporium Cd, Pb, Cu

Source:Wang & Chen (2009)

Radionuclide uptake has been examined in a range of filamentous fungi and yeasts,
mainly from the perspective of environmental biotechnology andlewthe
mechanism(s) involved in uptake may vary between different elements and species,
actinide accumulation appears mainly to comprise metabatidapendent
biosorption Tobin et al., 1984. The main site of actinide uptake is the cell wall
(Weidemann et al.,, 1981; Tsezos et al., 1986; Volesky, 1990although
permeabilization of cells with carbonates or detergents can increase uptake, indicating
that intracellular sites are also capable of binding me@igid & White, 19899.

The mechanism of biosoiph varies between elements. Both adsorption and
precipitation of hydrolysis products occurs with uranidregzos & Volesky, 1982 )

while coordination with cell wall nitrogen was the main mechanism for thorium
(Tsezos & Volesky, 1982 b, Tsezos, 1983reipitation or crystallization of
radionuclides within or on cell walls may also be involved in some circumstances
(Galun et al., 1987.
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In S. cerevisiaeuranium was deposited as a layer of nedéke fibrils on the cell
walls reaching up to 80 of the dry weight of individual cellsStrandberg et al.,
1981). Such precipitation has also been observed for thorligazps, 1986; Gadd &
White, 1989 a, h. Under some conditions thorium may also accumulate
intracellularly inS. cerevisiaavith preferential localization in the vacuoléddd &
White, 19899.

Biosorption of uranium and thorium can be affected by the external pH. Initial rates of
uranium uptake by yeast increase above i (3trandberg et al., 198). At pH

values below 2, the predominant species is O but, at greater pH values
hydrolysis products include (UR(OH)**, UO,(OH)+ and (UQ)s(OH)*. The
resulting reduction in solubility favours biosorptiomsézos & Volesky, 1982 a,
1983. Similar phenomena occur with thamuwhere at pH values below 2, “fhis

the main species present. At higher pH values Th{SHind other productsre
formed which are absorbed more efficiently than*TtTsezos & Volesky, 1982b

Most previous studies on thorium biosorption have beenuwed at pH ranges
above 2. This is representative of many natural waters but certain industrial process
streams containing actinide elements are extremely acidic (pH < 1). Furthermore,
other cations like B4, which may be present in waste liquors, careriiere with
actinide uptake. Consequently, if biomass is used to remove actinides from these
waste streams, it must be capable of performing at pH values <1 and in the presence
of potentially competing chemical components. Despite these difficulties,absm
from several fungal species removes thorium from solution in 1 M £1k8 01

(Gadd & White, 1989 a, b; White & Gadd, 187). Thorium uptake was altered by

the biomass concentration, the uptake per unit biomass being reduced at high biomass
concentratios. Thorium uptake was also increased by detergent pretreatment and in
the case of filamentous fungi varied with culture conditions. This implies that the
characteristics of thorium uptake by fungal biomass can be manipulated to achieve
optimal performancdy these or similar mean&4add & White, 1989h). Strains of

fungi which gave the best performance as thorium biosorbents in batch culture under
acidic conditions were examined in several bioreactor configuratidfistd &

Gadd, 198B7). Static or stirredbed bioreactors removed thorium unsatisfactorily
probably because of poor mixing. However, adliftireactor removed approximately

90-95% of the thorium supplied over extended time periods. This type of reactor
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provided efficient circulation and effectivwntact between the thorium solution and

the fungal biomass. Of the species tesfednigerandR. arrhizus used as mycelial
pellets, were the most effective with loading capacities of approximately 116 and 138
mg g'd.wt at an inflow concentration ofrBm thorium (as nitrate). The efficiency of
thorium biosorption byA. niger was markedly reduced by other inorganic solutes
while thorium uptake byR. arrhizuswas relatively unaffected. Adift bioreactors
containing biomass dR. arrhizuscould remove tbrium from acidic solution (1 M
HNO3) over a wide range of initial concentrations ®ImM) (White & Gadd,

1987). Thus, biosorption using fungal biomass is a technically feasible method for the
removal of thorium from acidic solutions similar to those emtered in industrial
process streams. However, the practicality of this approach is very much dependent
on economic considerations. The availability of waste biomass or cheap growth
substrates may favour such a process while others, such as the nemtbfimghand
transport of a bulky biosorbent or the need forstia propagation, would mitigate
against it. The balance of these factors may only be determined in individual cases by

detailed costing.

Das et al, (2008 made a review on biosorption leéavy metals by various microbes

of which filamenobussoil fungi made a crucial role as biosorbent.

A summarized version of the lsorptivecapacity of various metals by fungadecies

are given in Table 2.4

Table 2.4 The biosorptive capacity of varbus fungal organisms

Biomasstype Metal Biosorption | Reference
capacity

(mg/q)
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Aspergillus sydoni Cr(VI) 1.76 Kumaretal. (2008)
Aspergillus niger Cr(VI) 3.1 Mungasavallietal. (2007)
Aspergillus niger Pb 32.60 Dursun(2006)
Aspergillus niger Cu 15.6 Dursunetal. (2003a)
Aspergillus niger Pb 34.4 Dursunetal. (2003a)
Aspergillus niger Pb 93 Spanelovatal. (2003)
Aspergillus niger Cu 9.53 Dursunetal. (2003b)
Aspergillus niger Pb 2.25 Kapooretal. (1999)
Aspergillus niger Cd 1.31 Kapooretal. (1999)
Aspergillus niger Cu 0.75 Kapooretal. (1999)
Aspergillus niger Ni 1.75 Kapoor et al. (1999)
Aspergillus niger Cu 23.62 Mukhopadhyayetal. (2007)
Aspergillus niger Cu 28.7 Dursun(2006)
Aspergillus niger Cr(VI) 117.33 Khambhatyetal. (2009)
Aspergillus terreus Pb 201.1 KogejandPavko(2001)
Aspergillus terreus Cu 1601 180 Gulatietal. (2002)
Candidasp. Cu 4.8 DonmezandAksu (1999)
Kluyveromyces marxianus| Cu 6.44 DonmezandAksu (1999)
Lentinus sajorcaju Cr(VI) 191.24 Bayramogluetal. (2005)
Mucor hiemalis Cr(VI) 53.5 Tewarietal. (2005)
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Mucor rouxii Cd 20.31 Yan andViraraghavarn(2008
)

Mucor rouxii Zn 53.85 Yan andViraraghavan2008
)

Mucor rouxii Pb 53.75 Yan andViraraghavar(2008
)

Mucor rouxii Ni 20.49 Yan and Viraraghavan
(2008

Neurospora crassa Pb 49.1 Kiran et al. (2005)

Neurospora crassa Cu 12.3 Kiran et al. (2005)

Penicillium simplicissium | Cd 52.50 Fan et al. (2008)

Penicillium simplicissium | Zn 65.60 Fan et al. (2008)

Penicillium simplicissium | Pb 76.90 Fan et al. (2008)

Penicillium canescens Cd 102.7 Say et al. (2003b)

Penicillium canescens Pb 213.2 Say et al. (2003b)

Penicillium canescens Hg 54.8 Say et al. (2003b)

Penicillium chrysogenum | Ni 82.5 Su et al. (2006)

Penicillium chrysogenum | Cd 210.2 Deng and Ting (2005b)

Penicillium chrysogenum | Cu 108.3 Deng and Ting (2005b)

Penicillium chrysogenum | Cu 92 Deng and Ting (2005a)

Penicillium chrysogenum | Pb 204 Deng and Ting (2005a)

Penicillium chrysogenum | Ni 55 Dengand Ting (2005a)
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Penicillium chrysogenum | Ni 260 Tan et al(2004)
Penicillium chrysogenum | Cr(Ill) 18.6 Tan and Cheng (2003)
Penicillium chrysogenum | Ni 13.2 Tan and Cheng (2003)
Penicillium chrysogenum | Zn 6.8 Tan and Cheng (2003)
Penicilliumchrysogenum | Pb 96 Skowronski et al(2001)
Penicillium chrysogenum | Cd 21.5 Skowronski et al. (2001)
Penicillium chrysogenum | Zn 13 Skowronski et al. (2001)
Penicillium chrysogenum | Cu 11.7 Skowronski et al(2001)
Penicillium italicum Cu 0.4i2 Ahluwaliaand Goyal (2007)
Penicillium italicum Zn 0.2 Ahluwalia and Goyal (2007)
Penicillium purpurogenum | Cr(VI) 36.5 Say et al. (2004)
Penicillium purpurogenum | Cd 110.4 Say et al. (2003a)
Penicillium purpurogenum | Pb 252.8 Say et al(2003a)
Penicilliumpurpurogenum | Hg 70.4 Say et al. (2003a)
Penicillium purpurogenum | As 35.6 Say et al. (2003a)
Phanerochaete Pb 419.4 Kogej and Pavko (2001)
chrysosporium

Phanerochaete Cu 20.23 Say et al. (2001)
chrysosporium

Rhizopus nigricans Pb 403.2 Say et al. (2001)
Rhizopus arrhizus Cu 10.8 Dursun et al. (2003b)
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Rhizopus arrhizus Cr(VI) 78 Aksu and Balibek (2007)
Saccharomyces cerevisiae| Pb 211.2 Say et al. (2001)
Saccharomyces cerevisiae| Cu 7.11 Donmez and Aksu (1999)
Saccharomyces cerevisiae| Pb 79.2 Al-Sarajet al. (1999)
Saccharomyces cerevisiae| Cu 6.4 Al-Saraj et al. (1999)
Saccharomyces cerevisiae| Zn 23.4 Al-Saraj et al. (1999)
Saccharomyces cerevisiae| Hg 64.2 Al-Saraj et al. (1999)
Saccharomyces cerevisiae| Co 9.9 Al-Saraj et al. (1999)
Saccharomyceserevisiae | Ni 8 Al-Saraj et al. (1999)
Saccharomyces cerevisiae| Cd 35.558.4 Park et al. (2003)
Saccharomyces cerevisiae| Cr(VI) 32.6 Ozer and Ozer (2003)
Saccharomyces cerevisiae| Ni 46.3 Ozer and Ozer (2003)
Saccharomyces cerevisiae| Pb 270.3 Ozer andOzer (2003)
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AIMS AND OBJECTIVES

During the last decades, extensive attention has been paid on the management of
environmental pollution caused by hazardous materials such as heavyametal
complex organic molecules. Decontamination of such toxicants from the soil, water
around the industrial area, waste dumps and similar contaminated sites has been a
challenge for a long time. A number of methods have been developed for the removal
of heavy metals from liquid wastes/contaminated site lechates such as precipitation,
evaporation, electroplating, ion exchange, membrane processes etc. All these methods
have several disadvantages such as unpredictable metal ion removal, high reagent
requiremety generation of toxic sludge etc. Microbial treatment specially the use of
fungi and bacteria provide an innovative biotechnological approach for much better

cleanup process of contaminated sites/materials/environment.

The present study shall thereforethegeted at identifying the mechanism by which

the mycoflora develop tolerance against the toxic heavy metals, so that the same
could be applied in removing the metal contaminants from the soil by the way of
bioremediation. In general fungi shall natlyade viewed with greater potentialities
because of their aggressive growth, greater biomass production and extensive hypal

richness in soil.
These prime objectives are as followings:

1 To understand the nature of toxicity induced by various toxic metatoibn

fungi;
1 To study the role of soil component on bioavailability in fungal system;

1 To evaluate the metahetal interaction and its biotic effect with respect to

fungal system;

1 To understand the mechanism of taletolerance and removal by selected

fungi.
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MATERIALS AND METHODS

4.1 Sampling of soill

Soil samples were collected from four {m@lected contaminated sites along with a
control (comparatively nenontaminated) site in and aroumblkata city during
20052007. The sites are as follows:

0) Waste dumping site of Dhapa areas of Kolkata;

(i) Tannery waste dump sites along Eastern Metropolitan Bypass areas of
Kolkata;

(i)  Contaminated site within the area of Central Bus Terminus, Esplanade
Area,Kolkata ;

(iv) Waste dump sites within the premises of Calcutta Medical College

Hospital, Kolkata;

(v)  Victoria Memorial Monument premises, Kolkata as +womtaminated

control site.

Each site has known metal contaminants as per previous report. 100gms of surface
sal was collected aseptically in poly bag and were store€2@t C before further

analysis.
4.2 Isolation of metal resistant microorganisms

Fungal strains were isolated from soil using conventional dilution plate culture
techniques. One gm of pmeeightedsoil was suspended in 10ml of sterilized distilled
water and then serially diluted to 3 @ilution and 1ml of such dilutant was plated in
sterile petridish containing piated media. The soil dilutant was spread over the
plate and incubated at 282Qfor six days. Three fungal media viz. Potato Dextrose

Agar, Malt agar and Czapek dox Agar were used for this purpose.
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4.3 Media compositions

Potato Dextrose (PD) Agar was prepausthg 250gms of potato boiled in 100ml of
distilled water for 30 minutes aritde filtrate was mixed with 2gms of dextrose and 20

gms of agar powder per liter.

Malt Agar medium was preparedth mixture of malt extract and agar powder 15gms
per liter. Identically Czapekdox (CD) medium was prepared (glucgga, NaNQ i
2.5gm, KCI-0.5gm, MgSQ@,7H,O -0.5gm, FeS®i 0.5gm, ZnSQ@, 7H,O i 0.5gm,
KH,PO, 7 1gm and agar powder 15gms per lite&xPHA, 1992).

4.4 Standard plate counts

Heterotrophic plate counts were done Pour Plate Method after incubation for 48
hours in plate count agdAPHA, 1992). Samples were seridiluted with sterilized
distilled water for getting appropriate counts. All microbiological operations were
done asepticallyFinally to isolatethe preliminarymetal resistant fungal strains
isolated fromthe samplingsites mediumin respective platesereadded with50 ppm

of metals like arsenic, cadmium and chromium
4.5Isolation of pure cultures

In nature, microbial populations do not segregate themselves by genomic or specific
identities but exist in coherent mixe of all existing types. In the laboratory this

mixed population needs to be separated into pure cultures. As the pure cultures
contain only one specific type of organism, these are very much suitable for study of

their properties.

By the strealplate dlution technique.e. by spreading a loopful of culture over the
surface of a agar plate and incubating, pure cultures were obtained by identifying and
culturing distinct single colonies with sufficient distance from other colonies
(Trivedy and Goel, 1984.
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4.6 Maintenance of cultures

Media used in preservation, regular maintenance and in experiments (if not

mentioned otherwise) are as mentioned above.

Fungal cultures were incubated at 28+2°C (as this temperature is prevalent in this
country) (if not stated otherwise) and then after proper growth preserved under
refrigeration of 4°C in appropriate nutrient media slants and stabs as stock cultures.

Sub-culturing was done at regular intervals to maintain purity of cultures.

The fungal strains were istdml in metal amended slants for further studies.
Morphological, physiological and biochemical characteristics of the isolated fungal

species was given in table 4.1

Table 4.1 Morphological and biochemical characteristics of the isolated fungal

species
SI.No. | Parameters
1 Colony colour
2 Conidial shape
3 Vesicle shape
4 Sterigmata number and position
5 Conidiospore colour
6 Identification of fungal strains
7 Optimization of pH and temperature on heavymetal removal
8 Heavymetal tolerance assay
9 Antibiotic sensitivity assay
10 Cross metal resistance assay
11 Metal biosorption studies
12 Assay of metallothionein proteins
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4.7 Selection of tolerant strains

For determining metal tolerance limit of these fungal strains, the strains were allowed
to grow in Czapek dox agar media incorporating different metal concentration. After
incubating for appropriate periods, tolerant strains were detected and identified by

visible prominence of growthe colony formation and size.
4. 8Heavy metal analysis of contaminated soil

Each soil sample (1gm) was taken in the digestion tube (100ml) with addition of 10ml
of HNO;, HCIO, (1:2) solution and heated in sand bath until clear solutvas
developedThe sdutions were filtered through Watman Nol filter paper and volume
was made up t®0ml by adding distilledvater. Each soil sample was digested
triplicate for analysis ofantaminated heavy metal content separately. Blank (control)
samples contained 10ml bINO3;, HCIO, (1:2) solutionwere also digested and those
were diluted in the same way for comparison. Finally all metal analysis (Arsenic,
Chromium and Cadmium) were pemieced by using Atomic Absorption
Spectrophotometer with flow injection hydride generation (Perkin EImer Analyst 400)
(APHA, 1998.

4.9ldentification of fungi

Isolated fungal culture strains were identified on basis of macroscopic (colony
character, morphobyy, colour, texture, shape, diameter and appearance of colony)
and microscopic (septation in mycelium, presence of specific reproductive structures,
shape and structure of conidia and conidiospore etc) characteristic using fungal
identification manualsThorn and Raper, 1945 Domsch et al, 1980 Ellis and

Ellis, 1992 Zafar et al., 2006.

4.10Growth optimization of media, pH and temperature

Isolated stins were grown in sterilized Czaplek broth medium for establishment
of the optimum temperature, pHat supports the exuberant growth of those species.
The pH of the medium was adjusted using dilutel HCNaOH. The temperature
ranges were varied fronb2C- 35°C, and pH was from 3 to 9.

54



Chapter -4

The fungal strains were inoculated into a series of 250ml| coffasids containing

varied concentration of each pselected metal (arsenic, chromium and cadmium) in
CDB medium. The pH was varied from 3 to 9 (3, 5, 7 and 9). The pH of the medium
was adjusted using dilute (N/10) HCI or NaOH. For optimization of temperatu
against each pH the representative culture was incubated at different temperatures (25
to 35C). Fungal biomass of each flask was harvested and weight was measured
separately. The residual heavy metal of CD broth medium was also examined. Based
upon tle heavy metal removal and biomass data, the optimal pH and temperature

were determinedRujol et al., 1997.
4.11 Antibiotic sensitivity test

Antibiotic (antifungal) sensitivity of each metal tolerant fungal strains was also
measured using the same cupagtiamethod described earlid?jol et al., 1997. The

antibiotics used for this assay weétgstatin GriseofulvinandKanamycin
4.12Heavy metal tolerance assessment

To explore the tolerance of the isolates to the heavy metals, the fungal strains were
exposed to varying concentrations of heavy metal in Czapmkbroth. To each
freshly prepared growth medium, selected metal was amended with concentration
which varied between 50ppm to 5000ppm. After 6 days of incubation, the extents of
colony growth (in dieneter) was compared with the control (i.e. growth of fungi in
medium without metal). All the experiments were carried out in triplicate

(Congeevaramet al.,2007).
4.13Cross metal resistance assay

Cross heavy metal resistance of the fungal isolates wasmieed by conventional

cup assay methodbar et al., 2009. Selected metal tolerant fungal strains were
grown separately inCzapekdox agar medium supplemented with diverse
concentration (sulethal to lethal) of each heavy metal separately. Then cups we
prepared where various other metallic solutions (50ppm to 500ppm) were poured. For

each test triplicates were made and incubated for 6 days. Zone of inhibition of fungal
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growth around the cup was examined and measured in terms of MIC in each case

separeely.
4.14 Metal toxicity of the fungal isolates

The effect of heavy metals on the growth of the fungal isolates was determined
separately by inoculating the isolatesOmapekdox broth medium supplemented with
preselected metal concentration (dethal concentration) of each heavy metal against
each fungal isolates were done separately. These inoculated flasks were incubated in
shakerincubator at 28+ . Control were maintained and consisted of inoculated
medium without the supplementation of heawgtah The weight of fungal mycelium

were taken at regular intervals (3, 6, 9 and 12 days) for study the growth responses

against the metal concentratidiiugal et al.,2012)

4.15 Metalremoval by selected strains

To studymetalremoval capacity of selected fungi, the strains were gro\s0 in
ml. Czapek Dox broth (pH)Zontaining20 ppm, 100ppm and 1000ppm of respective
metal solution (arsenic, chromium and cadmiuiie cultures were incubated in
28+2°Cin a shaker incubator. gontrol set was maintained side by side. The removal
percentage was determined in 3, 6 and 9 days intérialinocula were 2 ml. of fresh
spore suspension of inoculum strength5x4 10° c.f.u/ml. For detemination of
residualmetal in the filtrate, tte filtrate (passed through O0.2Milipore filter) was
taken out and residuahetal estimation was dondy AAS(Perkin Elmer model
Analyst 400) Ahmed et al, 2006.

4.16Metal biosorption by fungal biomass

2gms of each wet weight from the fungal biomasss timarvested in previous
experiment were washed with clean distilled water and then homogenized for 15 min
in a blender. The biomass was then digested with HMRCI mixture (1:2) solution

in digestion flask as mentioned earlier and further cell wall bduealvy metals
(arsenic, chromium and cadmium) were measured separately using Atomic
Absorption Spectrometer(AAS). Control set was maintained using non metal tolerant
species. The metal absorption capacity of chitosan was also measured for comparison

in thesame wayAhmed et al 2009.
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The metal adsorption by the dead fungal biomass was also studied tisidgy8
grown 2gms of oven dried fungal mat in 50ml of different concentration of metal
solution with continuous shaking. After 3days the fungal biomass heaivested
through centrifugation. The bioadsorption capacity dead fungal biomass was
measured by AAS after digestioAimed et al 2009.

4.17 Metal adsorption by Chitosan

To study the bioadsorption of metals by chitosa@pm and 10@pm of metal
concentration were prepared for chromium, cadmium and arsenic respeclively
metal solutions wer@repared formstandard solutions of Chromium (10@pm),
Arsenic (1000ppm) and Cadmium (100ppm) (Merck Germany 50 ml of solution

of each medl concentration were taken and 500 mg of chitosan was added {Sigma
Aldrich). Then the mixture was continuously stirred using magnetic stirrer for 6 hours
at room temperature (3C). After that the solution was filtered and the filtrate was
measured by Atmic Absorption Spectroscopy assisted with FIAS (Perkin Elmer
Model Analyst 400). The test was performed in varying pH to analyse the relation of

metal accumulation by chitosan against different(kewandi et al, 2011)
4.18Assay of metallothionein proein

Spore suspension of wild non metal tolerant and metal tolerant fungal strains (test
organisms) were inoculated in Czagek broth medium supplemented with sub
lethal concentration of respective heavy metal and allowed to incubate in a shaker at
28+2°C for 96 hours. The mycelium was then harvested washed thricevith
distilled water under aseptic conditions. The excess water was blotted off and
preserved at20°C for preparation of cell free extract of each strain separately. For
each experiment triate was run in aseptic way. Metallothionein was measured
according to the method &firarengo et al. (1997) In the preparation of sample,
mycelium of both wild (non metal tolerant) and metal tolerattain were
homogenized separately in a mixture 6f5 mol I* sucrose, 0.02 mol*ltris-HCI

buffer (pH 8.6) with added 6x10mol I leupeptine, 5x1® mol I* phenyl methyl

sul phonyl fluoride (PMSF) ansercaptoethanplrao t e o |
reducing agent. The homogenate was then ¢egéil at 30000xg for 20mins to

obtain the supernatant containing metallothionein. The collected supernatant was then
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treated with ethanelchloroform as described kgimura et al., (1979) 1.05 ml of
cold(2°C) absol ute et han owereadded togllyseot of onflofc h| or
supernatanfThe samples were then centrifuged at 6000x g for 18 atif-4° C. The

coll ected supernatant was combined with
subsequently with three volume of cold ethanol. The sam@eemaintained ai 20°

C for 1 h and centrifuged in a swinging rotor at 6000x g for 10 min. The pellets
containing metallothionein was then washed with 87 % ethanol and 1 % chloroforms

in homogenizing buffer, centrifuged at 6000x g for 10 min and dried undegeit

stream. The pellets wereseu s pended i n 15 0)asdsubdequéntly ( 0. 2!
150m HCI (1N) containing EDTA (0.004 mol™®) and 4.2 ml NaCl (2 mol¥)

containing 5,5dithiobis-2-nitrobenzoic acid (DTMB) (4.3x THmol I'") buffered with

0.2mol I'* Na-Phosphate (pH 8) were added . The mixture was finally centrifuged at

300 for 5 mins. The absorbance of supernatant was measured
spectrophotometrically at 412 nm. The metallothionein concentration was estimated

considering reduced glutathion®8$H) as reference standgRhl et al, 2005).
4.19Scanning ElectronMicroscopiq SEM) study

The mycelium of metal tolerant fungal strains and their respectivesivéldhswere
washed with buffer and dehydrated in a series of ethanol water solution, (30 &td

90% ethanol, 5 minutes each) and dried at a critical point undep at@Osphere for

30 minutes. Then mounting was made on aluminium stubs, and mycelium was coated
with 90A° thick gold palladium coating in a polaron Sc 7640 Sputter coate for 30 min.
Coated mycelium were viewed atKl8 with Scanning Electron Microscopy (IB2 lon
Coater HITACHI S530) Mishra et al., 2013.
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RESULTS

Urban environment particularly soil is highly contaminated with toxic metals and
organicpollutants. Mycoflora (fungi) of such contaminated soil plays a crucial role in
soil decontamination. In the present study a detailed analysis of soil of contaminated
sites were made, followed by isolation and characterisation of tolerant fungal strains.

These strains will be useful for soil decontamination in near future.
5.1  Soil analysis

The soilsamples were collected from different waste dumping sites along with the
non-polluted sites around Kolkata. In general the concentration of heavy metal is high
in waste dumping sites. The soil samples were collected in three replicates from five
different sites. The pH of the soil was neutral to alkaline. The fungal growth and
metal absorption of fungi is dependent on pH of the medium. As there was no waste
dumpingon sampling site 5, it was treated as control zone. Thus except sampling site
5 all the other sampling sites contained high concentration of Chromium and
Cadmium. Chromium content was highest-@m00 ppm) in sampling site 1 and
lowest (1620 ppm) in samjuhg site 5. Arsenic was found in only sampling site 1 but

it was in significant amount. As per World Health Organisation (WHO) guideline the
maximum permissible limit of Arsenic in drinking water is 10ug/L, whereas the
sampling site 1 contains2.5 ppm ofarsenic. All the five sampling sites contain high
amount of Lead which ranges from highest- 30 ppm (Sampling site 1) to lowest
1.0-1.12ppm (Sampling site 5). All the five sampling sites also contained high amount
of Nickel. Among them sampling site cbntained the highest amount {8% ppm).

The texture of the soil was loamy to clay loamy, only the soil of sampling site 4 was
sandy loamy. The cation content of the soil was from moderate to high. The
maximum amount of Cais 3.0 Meg/L and maximum amount of Mgs 9.0 Meq/L.

As the sampling site 1 contains the highest amount of heavy metal it indicates that this
dumping site received a large amount of waste material. Thus, these results indicated
an increased content of teatially toxic metal in the soil, which might exert selection
pressure on microbial community including fungi. Long term exposure of microbial
community in these heavy metal contaminated soils might have built some tolerant

mechanism among those microangans. As soil is a heterogeneous system an array
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of reactions can occur. Thus the tolerance and absorption capacity of heavy metals by
microbes including bacteria and fungi depends on a number of factors which include
pH, EC, The
physicochemical characters of the soils of five sampling sites are given in table 5.1.

soil cations, anions, textureand other chemical characters.

Table 5.1 Soil characteristics of the sampling sites

Sl. Soll Dhapa Tannery Central Calcutta Victoria
No. | Parameters | Dumping waste, Bus Medical Memorial
site EM Terminus, | College & (Site 5)
(Site 1) Bypass | Esplanade | Hospital
(Site 2) (Site 3) (Site 4)
1 pH 1.37.7 6.87.2 7.58.0 7.2-7.5 7.07.3
2 EC (dsSm?) 1.70 1.50 1.85 1.70 2.0
Ca++
3 (Meq/L) 1.7 1.3 2.0 3.0 2.0
Mg++
4 (Meg/L) 55 4.5 7.0 9.0 7.0
5 | Hardness | 5, 130 150 160 80
(mg/gm)
6 Texture Loamy Clay Loamy Sandy Clay
loam Loam Loam
7 Cr (ppm) 50-5400 | 1506400 3050 20-:50 10-20
8 Cd (pm) 1.06.5 2.08.5 1.52.5 1.02.5 0.50.9
9 As (ppm) 1.02.5 BDL BDL BDL BDL
10 Pb ppm) 8.5-230 5.7-8.9 2.33.5 2.84.0 1.01.2
11 Ni (ppm) 3557 5.7-8.9 2.335 2.84.0 1.02.1

5.2 Isolation of Fungal strainsfrom contaminated Sol

Almost 30 different fungal strains were isolated from soil sample§ivef different

sites of Kolkata. The strains were characterised considering different Morphological

& Biochemical charactersThe detailed morphological characters and biochemical

characters are given in Table 5.2.
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Table 5.2 Morphological and biochemical characteristics of the isolated fungal

species

Paramete Isolated Fungal strains
I's

AsAl [ AsA2 | AsA3 | AsA4 | AsA5 | AsBl | AsB2 | AsB3 [ AsB4 | AsB5

Colony Dark Brown | Black | Green | White | Pale Green | Black | Black | Black

colour brown green

Conidial Globo | Spheri | Club Globo | Banana| Club Globo | Spheri | Club Club
shape us cal shape | us shape | shape | us cal shape | shape
Vesicle Globo | Lanceo| Globo | Globo | septate | Globo | Globo | Globo | Globo | Globou
shape us late us us us us us us S
Sterigmata| Many, | Upper | 2/3 Many, | - 2/3 Many, | Upper | 2/3 2/3 part
number Entire | part of| part of| Entire part of| Entire | part of| part of | of

and surface| vesicle | vesicle | surface vesicle | surface| vesicle | vesicle | vesicle
position

Conidiosp | Brown | Brown | Black | Brown | Black | Black | Brown | Black | Black | Black
ore colour

Identificati | Asperg | Asperg | Asperg | Penicil | Fusari | Penicil | Asperg| Asperg| Asperg| Aspergi
on of | illus illus illus lin um lin illus illus illus llus
fungal Sp.1 Sp.2 Sp.3 Sp.1 Sp.1 Sp.2 Sp.4 niger Sp.5 Sp.6
strains

Optimizati | 6.5 7.0 6.8 7.0 7.2 6.5 7.0 6.8 7.0 7.2
on of pH

Optimizati | 28 30 28 30 32 30 28 30 25 32
on of
temp (°C)

Heavy As As As As As As As As As As
metal
tolerance
assay

Antibiotic | + + + + - - - + + R
sensitivity
assay

Cross Cr,Cd|Cr,Cd|Cr,Cd|Cr,Cd|Cr,Cd |Cr,Cd |Cr,Cd|Cr,Cd | Cr,Cd | Cr, Cd
metal
resistance
assay

Metal yes Yes Yes yes Yes Yes yes Yes Yes Yes
biosorptio
n studies

Strain No 1 2 3 4 5 6 7 8 9 10
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Table5.2Cont é.
Sl. | Paramet Isolated Fungal strains
No. | ers
AsC1l | AsC2 | AsC3 | AsC4 AsC5 | CrTW | CrTW | CrTW | CrTW | CrTW
1 2 3 4 5
1 Colony Pale Black | Black | Green | Grey Dark Green | Green | Brown | Black
colour green brown
2 Conidial | Globo | Spheri | Club Globo | Elongat| Club Globo | Spheri | Club Club
shape us cal shape | us ed shape | us cal shape | shape
3 Vesicle Globo | Lance | Globo | Globo | - Globo | Globo | Globo | Globo | Globou
shape us olate us us us us us us S
4 Sterigmat| Many, | Upper | 2/3 Entire | - Upper | Many, | Upper | 2/3 1/2 part
a number | Entire | part of | part of | surface part of | Entire | part of | part of | of
and surface| vesicle | vesicle vesicle | surface| vesicle | vesicle | vesicle
position
5 Conidios | Brown | Black | Black | Brown | Dark Black | Brown | Greeni | Black | Black
pore sh
colour
6 Identifica | Asperg | Asperg | Asperg| Penicil | Fusari | Asperg | Asperg | Penicil | Asperg| Aspergi
tion of illus illus illus lium um illus illus lium illus llus
fungal flavus | Sp.7 Sp.8 Sp.3 Sp.2 niger | Sp.8 Sp.4 Sp.8 Sp.9
strains
7 Optimizat| 6.5 7.0 6.8 7.0 7.2 6.5 7.0 6.8 7.0 7.2
ion of pH
8 Optimizat| 30 30 28 30 32 30 28 30 25 32
ion of
temperatu
re
9 Heavy As As As As As As As As As As
metal
tolerance
assay
10 | Antibioti | + + + + - - - + + -
c
sensitivit
y assay
11 | Cross Cr,Cd [Cr,Cd | Cr,Cd|Cr,Cd | Cr,Cd [ As,Cd|As,Cd| As,Cd | As, Cd | As, Cd
metal
resistance
assay
12 | Metal yes Yes Yes yes Yes Yes yes Yes Yes Yes
biosorpti
on
studies
Strain No | 11 12 13 14 15 16 17 18 19 20
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Table5.2Cont é.
Sl. | Paramet Isolated Fungal strains
No ers
CrEsp | CrEsp | CrEsp | CrM1 [ CrM2 CdEP | CdEP| CdEP2 | CdEP| CdEP
1 2 3 1 3 4
1 Colony Dark Brown | Black | White | Green | Brown | Green| Black Black | Black
colour brown
2 Conidial | Globo [ Spheri | Club Banana| Globous| Club Globo | Spherical Club | Club
shape us cal shape | shape shape | us shape| shape
3 Vesicle Globo | Lance | Globo | Septate| Globous| Globoug Globo | Globous| Globo| Globo
shape us olate us us us us
4 Sterigmat | Entire | Upper | 1/2 - Many, | 2/3 part| Entire | Upper | 2/3 2/3
a number | surface| part of | part of Entire | of surfacq part of | part of| part of
and vesicle | vesicle surface | vesicle vesicle | vesiclg vesicle
position
5 Conidios | Brown | Deep | Black | Grey Brown | Deep Brown| Black Black | Black
pore brown brown
colour
6 Identifica | Asperg | Asperg| Asperg| Fusariu| Penicilli | Aspergil Asperd Aspergill| Asper| Asperd
tion of illus illus illus m Sp.3 | um Sp.5| lus illus us niger | gillus | illus
fungal Sp.10 | Sp.11 | Sp.12 flavus | Sp.13 Sp.14| Sp.15
strains
7 Optimizat | 6.5 7.0 6.8 7.2 7.0 7.0 7.0 6.8 7.0 7.2
ion of pH
8 Optimizat | 28 30 28 32 30 30 28 30 25 32
ion of
temperatu
re
9 Heavy Cr Cr Cr Cr Cr Cd Cd Cd Cd Cd
metal
tolerance
assay
10 | Antibioti | + + + - + - - + + -
c
sensitivit
y assay
11 | Cross As,Cd [ As,Cd | As,Cd | As,Cd | As,Cd | Cr,As | Cr, As| Cr, As | Cr, As| Cr, As
metal
resistance)
assay
12 | Metal yes Yes Yes Yes yes Yes yes Yes Yes | Yes
biosorpti
on
studies
Strain No | 21 22 23 24 25 26 27 28 29 30
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Among the aforementioned thirty strains, five strains were selected depending on the

metal tolerance capacity for further detailed study.
5.3 Identification of selectedstrain

Amongst the five fungal strains selected, two strains were selected against arsenic,
two strains against chromium and one strain against cadnfiwm.arsenic tolerant
strains AC1 (solatedfrom Dhapa soil) and\sB3 were commoron these four sites,

so we have carried out all our experiments with these two strains. The strains were
identified asAspergillus flavugAsC1) andAspergillusniger (AsB3) considering their
colony colar, colony shape, conidiospore colp@nd microscopiccharactersetc.

Two strans CrTW1 and CrTW3 were selected against chromium which were
identified asAspergillusniger andPenicilliumsp respectively. One strain CdEP was
selected against cadmium which was identifiedsgergillus flavus(Table 5.3; Fig
5.1-5.5)

Table 5.3Morphological charactersof selectedstrain

Strain Id Strain Name Colony Character

AsC1 Aspergillusflavus | Pale greemrolony, brown
spore

AsB3 Aspergillus niger | Black colony, Black spore

CrTw1 Aspergillus niger | Dark brown colonyBlack
spore

CrTw3 Penicilliumsp. Greencolony, Greenish
spore

CdEP Aspergillus flavus | Brown colony, Deep brown
spore
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Fig. 5.1 Microphotograph of AsC1 Fig. 5.2 Microphotograph of AsB3

100 pm.

Fig. 5.3 Microphotograph of CrTW1 Fig. 5.4 Microphotograph of CrTW3

Fig. 5.5 Microphotograph of CdEP
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5.4 Optimization of pH and Temperature on growth of selected fungal strains

Temperature and pH are two important factors for optimum growtangfal strains.

The growth of the studied fungal strains were measured againstdifferent pHQpH 3
in medium.Withthe increase in pH from 3 to 7 the biomass yield was found to
enhance irall the cases and beinthe maximumat pH 7 Further increase in pH
causeda decreasean biomass(Table 5.4). Thus, all the fungal strains showed
optimum growth at neutral pH. The pH content of the soil of the sampling sites were

also more over neutral.

Table- 5.4 Effectof pH for growth of isolated fungal strains (in terms of mycelia
weight after 6days of incubation

Strain Name Mycelial weight(g) (Mean £SD)

pH 3 pH 5 pH 7 pH 9
AsC1 (Aspergillus flavu}s 1.3+0.2 1.57+0.3 | 1.89+0.52| 1.26+0.63
AsB3 (Aspergillus niger) 1.5+0.78 1.87+0.54| 2.1+0.21 | 1.7+£0.45
CrTW1 (Aspergillus niger) 1.22+0.18 | 1.60t0.28| 1.76+0.25| 1.44+0.22
CrTW3 (Penicilliumsp) 1.25%0.4 1.62t0.34| 1.78+0.36| 1.5+0.24
CdEP( Aspergillus flavug 1.350.4 1.66t0.32 | 1.80+0.25| 1.56+0.42

Similarly to optimise the temperatufer maximum mycelial growth, the fungal
strains were incubated in different temperature (25, 30 & 35 °C) and in suitable
medium. The maximum mycelial weighias obtained a80°C temperature in all the
cases (Table 55The effects oftemperatureon fungi arerelated to the chemical
reactions within the fungal cells. For optimum growth, temperature must be in a range
that allows the most efficient progression of the chemical reactions necessary for
growth. As temperatures progress above the optimum temper#teregghemical

reactions occur less efficiently, and growth slolwsmperature 30°C and pH [@oth
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further experiments were carried out maintaining these growth conditions.

Table-5.5 Effectof temperature for growth of isolated fungal strains (in terms of

mycelial weight after 6days of incubation

Strain Name Mycelial weight(g) (Mean +SD)
Temperature- | Temperature- | Temperature-
25°C 30°C 35°C

AsC1 (Aspergillus flavus 1.15+0.25 1.95+0.45 1.01+0.32
AsB3 (Aspergillus niger) 1.3+0.20 2.01+0.35 1.69+0.56
CrTW1 (Aspergillus niger) 1.26:0.12 1.68t0.24 1.56+0.25
CrTW3 (Penicilliumsp) 1.16+0.18 1.72+0.36 1.58+0.16
CdEP( Aspergillus flavug 1.22+0.14 1.86+0.33 1.70+0.45

5.5Antibiotic sensitivity test

An antibiotic sensitivity (or susceptibility) tegtasdone to choose the antibiotic that
would be most effective against the specific typesnadroorganism. Some types of
bacteria or fungus are resistant to certain antibiotics because of differences in their
genetic material The objective of laboratory testing witntibioticswasto obtain
reproducible indications of the susceptibilitytbé fungalisolaesto an agenin vitro.

This is also important from clinical point of view.

Three differenfungal antibiotics (Nystatin, Griseofulvin and Kanamycin) were used
to evaluate the antibiotic sensitivity thfesefive fungalstrains(Table5.6). AsB3 was

found to be more resistant towards Griseofuhand Kanamycin than AC1, while
against Nystatin both the strains showed similar range of toler&wcelarly the
chromium resistant fungal strains CrTW1 and CrTW3 were also found more resistant

to antibidic Griseofulvin and Kanamycin CdEP strain was more susceptible to all
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the three antibiotics. The antibiotic Nystatin was more effective to all the tested fungal

strains tharGriseofulvin and Kanamycin .

Table: 5.6 Antibiotic sensitivity test with thefungal strains

Strains Antibiotics
Nystatin Griseofulvin Kanamycin
Maximum | Minimum | Maximum | Minimum | Maximum | Minimum
growing | inhibitory | growing inhibitory | growing inhibitory
conc. conc. conc.ppm) | conc. conc.ppm) | conc.
(ppm) (MIC) (MIC) (MIC)
(Ppm) (Ppm) (Ppm)
AsC1 60 80 60 80 60 80
AsB3 60 80 80 100 80 100
CrTw1 40 60 80 100 80 100
CrTW3 20 40 80 100 80 100
CdEP 60 80 60 80 40 60

5.6 Metal TolerancelLevel

Fungal survival in presence tfetoxic metals mainly depends on ing&ic
biochemical and strtiaral properties, physiological and/or genetical adaptation,
including morphological changes, anenvironmental modification of metal
speciation, availability and toxicityThe relative importance of each often
becomesdifficult to determineMetal resistance mearthe ability of an organism
to survive metal toxicithy means of a ethanism produced in direetsponse

to the metal species concerned and metal tolenarage be defined adghe
ability of an orgarsm tosurvive metal toxicity bymeans of intrinsic proper
ties and/or environmealt modification of toxicity.Microbes can tolerate high
metal concentration either by binding the metal on their cell wall or bynadating

it in the cytosol.

In this studyall the five fungus were isolated from urban contaminated sites, thus they

can tolerate high amount of heavy metals. As from the result of maximum tolerance
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level it was revealed that the minimum metal toleranceeotration is 1000 ppm and

the maximum tolerance level is 2000 ppm. Among the two arsenic tolerant fungi
AsC1 can tolerate higher amount of arsenic up to 2000 ppm. Whereas AsB3 can
tolerate arsenic up to 1000 ppm. Both the two strains CrTW1 and CrT\W8leeate
chromium up to 1300 ppm. Whereas CdEP stain can tolerate cadmium up to 1200
ppm. (Table 5.7)

Table 5.7 MetalTolerance Level (MTL) study

Sl. No. | Strains Metals Concentration in ppm
1 AsC1 Arsenic 2000
2 AsB3 Arsenic 1000
3 CrTwi Chromium 1300
4 CrTW3 Chromium 1300
5 CdEP Cadmium 1200

5.7Cross Metal Tolerance

As mentioned previously, many fungi have the ability to tolerate high
concentrations of potentially toxic metals which may be useful when employing
living cells in recovery systemd:urther these metals were tested for cross metal
tolerance. Each strain showed high tolerance level for other metals too. AsC1 which
showed highest tolerance level of 2500 ppm for arsenic, also showed high tolerance
level for chromium (1000 ppm) followed by lead, cadmium and zinc. It showed less
tolerancelevel for mercury. Among all the metals every strain showed less tolerance
level for mercury. Apart from arsenic, AsB3 strain showed highest tolerance level for
chromium, followed by zinc, lead, and cadmium. For CdEP strain apart from
cadmium it showed pghest tolerance level for chromium followed by zinc, arsenic,
and lead. Both the strain CrTW1 and CrTW3 showed highest tolerance level for zinc,
followed by arsenic and cadmium. These two strains CrTW1 and CrTW3 showed less

tolerance level for other metadgpart from chromium in comparison to other fungal
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strains.As all heavy metals have similar toxic mechanism thus multiple tolerances are
common phenomena amg heavy metal tolerant fungi. In this study the fungal

isolatesthusshowed multiple toleranasgpacity (Table 5.8, Fig 5.6, 5.7).

Table 5. 8Cross metal resistance

Strains MIC in ppm
As Cd Pb Hg Zn Cr
AsC1 2500 500 700 55 650 1000
AsB3 1200 450 625 60 750 900
CdEp 1000 | 1500 450 50 1000 1050
CrTwil 500 350 250 60 1200 1500
CrTw3 450 300 200 60 1100 1150
2500 -
é 2000 -
S m AsCl
% 1500 - 7
= m AsB3
(]
£ 1000 - CdEp
T‘; m CrTwl
2 500 - I h l = CrTw3
0 + T .I T "I T v
As Cd Pb Hg Zn Cr

Heavy Metal

Fig. 5.6 Cross metal tolerance by fungal strains
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Fig. 5.7 Inhibition zone by metal

5.8 Growth responseof fungal strain in different metal concentration

The growth response of A4Qvas tested against different deséarsenic and one set

was kept as control. The growth in the control set was higher than in any arsenic
treatedset Among different arsenic treated dose which ranges from ppodto
2500ppmthe strainshowedhighest growth rate against 20pPpm. But at2500ppm

dose its growthwas ceasd. In relation toincubation time the growth of the strain
decreaseg with incubation time. It reveals that the metal str@ssreasedwith

incubation timeBut in case othe control set the growth lsamestable(Fig. 58).

1.8 ~
—~ 1.6 -
§ 14
8 1.2 -
) —&— control
S 14
“26 08 - —- 1000 ppm
% 0.6 1 #1500 ppm
g 0.4 - —<— 2000 ppm
0.2 7 —¥— 2500 ppm
O T T T 1
3rdday 6thday 9thday 12thday

Fig. 5.8 Growth response of AsC1 in different doses of arsenic
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The strain AsB3 showed maximum growth against 1500 ppm and minimum growth
against 2000 ppm arsenic. The growth of the strain decreased with incubation time.
The growth rate was ceased at™@ay in metal treated media. Thus the metal dose
imposing stress on the fungal strain af @2y at 2500ppm. The growth in the control

set was normal with incubation time (5.9).

1.8 -
1.6 -
5 1.4 -
o 1.2 —4— control
©
9 1- —- 500 ppm
2 0.8 1
5 Y 1000 ppm
5 06° — 1500 ppm
o 0 4 -
s —#—2000 ppm
0.2 1
0 T T T |
3rdday 6thday 9thday 12thday

Fig. 5.9Growth responseof AsB3in different doses of arsenic

The strain CrTW1 showed highest growth against 1500 ppm and showed lowest
growth at 2000 ppm. The growth of the strain first increased ufl a9 against all
the treated doses of chromium but after that trevth decreased at T2day of

incubation time. The growth in the control set became stagnant aftét tteey 9
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1.8 1

1.6 1
£
o 14 -
£
o 1.2 —4&— control
O
% 1 - —- 500 ppm
- 0.8 - —A— 1000 ppm
5 067 —%= 1500 ppm
9 04
s —%#=2000 ppm

0.2 1

0 T T T 1
3rd day 6th day 9th day 12th day

Fig. 5.10Growth responseof CrTW1 in different doses of chromium

The strain CrTW3 showed highest growth at 1p@dn and lowest growth at 2000
ppm. The strain showed highest growth &id@y after that its growth was ceased. In
the control set the growth however became stable dttdag (Fig. 5.11).

1.8 -

1.6 -

1.4 -
IS
o
c 1.2 1
oo == control
?_,; 1 - =-500 ppm
1S
5 0.8 - ==e=1000 ppm
% =>=1500 ppm
2 0.6 —#=2000 ppm

0.4 -

0.2

O T T T 1
3rd day 6th day 9th day 12th day

Fig. 5.11Growth responseof CrTW3 in different doses of chromium
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The strain CAEP showed highest growth for 1000 ppm and minimum growth for 2000
ppm. The growth ceased after th® @ay. The growth was however normal for
thecontrol set (Fig. 5.12).

1.6
E 14
(@]
£ 12
iy —— control
g 17
> =500 ppm
E 08- oP
o 1000 ppm
£ 06 PP
2 —— 1500 ppm
3 0.4 -
3 —¥—=2000 ppm
< g2 - pp
0 T T T |
3rdday 6thday 9thday 12thday

Fig. 5.12Growth responseof CdEP in different doses of cadmium
5.9 Test for metal removalin vitro

To study themetal removal capacitythe selected fungal strains were grown in
Czapddox broth (25ml) withrespective metatoncentration 20, 100 and 10ppm

for 3, 6 and 9 dayandwith continuous shaking incubation at 30°C at pH 7. Fungal
biomass was harvested by filtration through 0.22u Millipore filter and the residual
metal concentrations of the brotiasmeasured anthe percentage of metal removal

was then calculated.

The stain AsC1l showed highest metal removal capacity at 100ppm. The metal
removal capacity decreased at 1000 ppm. The metal removal capacity of AsC1 strain
increased with incubation time but goes on saturation after a certai(Ttabke 5.9;

Fig. 5.13. The percentage of arsenic removal increased in AsB3 strain with

increasing incubation time. The strain AsB3 showed highest arsenic removal against
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100 ppm dose of treated arsenic. The percentage of arsenic removal decreased at 1000
ppm dose of treated arselficable 5.10;Fig. 5.14).

Thus for both the strain (AsC1 and AsB3) the arsenic stress occured at 1000 ppm of
arsenic treated concentratiddoth the strain showed their maximum removdlog?

75%) efficiency when grown in 1@pm concentration oérsenic.In cae of both the
strainthe maximum removal efficacywasobtained athe 6™ day of incubationWith

further increase in incubation time (i.e fronf' @ay to 9" day), saturation was
observed in removal efficacylhe results also depicted that AC1 is capableof
removing more arsenic tharsB3 strain(Table 5.9& 5.10;Fig. 5.13 & 5.14.

Table 5.9Arsenic removal by AsC1 strain (Aspergillusflavus )

Days of
As in media incubation Removal % SD
3rd day 65.0 2.2
20ppm 6th day 70.0 4.3
9th day 70.1 3.6
3rd day 73.1 3.5
10Qppm 6th day 76.0 4.2
9th day 76.1 2.9
3rd day 50.0 6.4
100Qopm 6th day 55.0 3.8
9th day 55.2 5.7
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As removal % of AsC1

' ' ' ' ' l ' " re' %

3rd day| 6th day| 9th day| 3rd day| 6th day| 9th day| 3rd day| 6th day| 9th day

©
>
S
S
)
S
-
o
=S

20 ppm 100 ppm 1000 ppm

As Concentration

Fig. 5.13 Arsenic removal by AsCXtrain

Table 5.10Arsenic removalby AsB3 strain (Aspergillus niger )

Days of
As in media incubation removal % SD
3rd day 60 5.3
20ppm 6th day 65 3.2
9th day 65.2 6.2
3rd day 65 2.5
100ppm 6th day 70 55
9th day 70.3 4.7
3rd day 50 4.4
100Qopm 6th day 54 6.6
o9th day 55 4.8
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As removal % of AsB3

' ' ' ' ' ' ' 'rem' |

3rd day | 6th day | 9th day | 3rd day | 6th day|9th day|3rd day|6th day|9th day

20 ppm 100 ppm 1000 ppm
As Concentration

Fig. 5.14 Arsenic removal by AsB3 strain

Thestrain CrTW1 showed increased metal removal capacity against 20 ppm dose of
treated chromium concentration. With further increase in treated dose of Chromium
the metal removal capacity decreased. It exhibited highest metal removal capacity
(76.2%) againsR0 ppm of treated concentration &t @y of incubation. The metal
removal capacity also increased with increasing incubation time but afté? tay 6

it reached a saturation point and further increase did not occur with increase in
incubation timgTale 5.11;Fig. 5.15.

The other chromium tolerant strain CrTW3 also showed maximum metal removal
capacity at 20 ppm of treated chromium concentration. The metal removal capacity
increased (51.4%) and came to a stable poirff da9 of incubation again€0 ppm

of treated chromium dose. The metal removal ability of the strain decreased at 1000
ppm of treated concentration at th€ @ay. But after that the percentage of metal
removal slowly increased and again came to a saturation poinf aa of
incubation. In case of every treated concentration there is a significant increase in
metal removal percentage from tH&d@ay of incubation to the'Bday of incubation.
(Table 5.12Fig. 5.16
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Thus both the straishowedhighest metal removal capacity at @0mof chromium
concentrationand at the 9" day of incubation. Chromium removal percentage
decrease at 1000ppm of treated concentration for both the strain and their metal
removal capacity alsgot saturated aftethe 6th day (Table 5.11& 5.12;Fig. 5.15

& 5.16).

Table 5.11Chromium removal (%) of CrTW1 strain (Aspergillusniger)

Days of
Cr in media incubation removal % SD
3rd day 63.5 3.2
20ppm 6th day 74.8 2.3
9th day 76.2 2.6
3rd day 44.6 4.5
10Qppm 6th day 62.4 5.1
9th day 65.5 2.9
3rd day 36.2 5.6
100Qopm 6th day 47.6 4.8
9th day 48.4 4.7
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Fig. 5.15Chromium removal by CrTW1 strain

Table 5.12Chromium removal by CrTW3 strain (Penicillium sp.)

Crin media | Days of incubation | removal % SD
3rd day 40.6 6.2

20ppm 6th day 48.8 7.2
9th day 51.4 4.6

3rd day 25.8 4.5

100ppm 6th day 28.5 5.8
9th day 29.2 6.9

3rd day 16.4 5.6

100Qpm 6th day 22.6 8.4
9th day 22.2 7.2

79



Chapter -5

Cr removal % of CrTW3
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Fig. 5.16Chromium removal by CrTW3 strain

The fungal strain CdEP used for removal of cadmium from different concentration of
cadmium containing medium in different incubation timénatitro condition. It had
demonstrated utmost (67.2%) cadmium removal percentage against 20 ppm of treated
cadmium concentration at " day of incubation time. It exhibits decreased metal
removal percentage at 1000ppm of treated concentration. A significant increase in
metal removal percentage from tH& @ay of incubation to the"bday of incubation

took place butafter that with the increase in incubation time the metal removal

capacity attained saturatighable 5.13Fig. 5.17).
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Table 5.13Cadmium removal by CdEP strain (Aspergillusflavus)

-5

20

10

20 ppm

100 ppm
Cd Concentration

Days of
Cd in media incubation removal % SD
3rd day 53.6 6.2
20ppm 6th day 64.9 4.3
9th day 67.2 2.6
3rd day 42.6 5.5
100ppm 6th day 52.5 4.1
9th day 55.5 3.9
3rd day 33.2 3.6
100pm 6th day 46.6 4.2
9th day 48.2 7.4
Cd removal % of CdEP
80 -
70 -
60 -
Tg 50 -
5 40 -
;\E : I | | I I I I I
0 -

3rd day| 6th day| 9th day 3rd daA 6th day‘ 9th day| 3rd day 6th day 9th da

1000 ppm

Fig. 5.17Cadmium removal by CdEP strain
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5.10 Metal accumulation by live fungaimycelium

The bioaccumulation of metal was measured in the fungal mycelium after treatment
with different concentrations (20, 100 and 1000ppm) of metal with different
incubation period (3, 6 and 9 days). The live fungal mat could also accumulate metal
from the metal containing broth.

The bioaccumulation capacity of AsC1 strain increased with incubation time up to the
6" day. After 6" day the accumulation capacity became stable and did not increase

significantly. It also increased with the increase iated dose of arsenic (Fig. 5.18).

The bioaccumulation capacity of AsB3 strain increased with the increase in arsenic
dose. The strain showed highest accumulation capacity &fay6of incubation and

after that the accumulation capacity ceased (Fi)5.

700 -
600 -
500 -
400 -

B 3rd day
B 6th day
9th day

300 -
200 -

100 -

e

20 ppm 100 ppm 1000 ppm

Accumulated Arsenic (ppm)

Treated dose

Fig. 5.18Accumulation of Arsenic by live fungalmycelium of AsC1
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Fig. 5.19Accumulation of Arsenic by live fungalmycelium of AsB3

The bioaccumulation capacity of the strain CrTW1 increasid the increase in
chromium dose. The accumulation capacity increased tillfriag of incubation and

after that the accumulation capacity ceased'atsy of incubation (Fig. 5.20).
The strain CrTW3 exhibited highest level of accumulation at thea§ of incubation

and at § day the accumulation capacity came to a stable point. The accumulation

capacity increased with increasing metal dose (Fig. 5.21).
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Fig. 5.20Accumulation of Chromium by live fungal mycelium of CrTW1
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Fig. 5.21Accumulation of Chromium by live fungal mycelium of CrTW3
The bioaccumulation of the cadmium by the fungal strain CdEP was measured
applying different metal concentration against incubation time. The strain CdEP

84



Chapter -5

showed maximum accumulation capacity at th® @ay of incubation. The

accumulation capacity increased with increasing cadmium concentration (Fig. 5.22).
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o
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Fig. 5.22Accumulation of Cadmium by live fungal mycelium of CdEP

In actively growing fungal cultures, the phases of adsorption and intracellular
uptake may be hidden by changes in the physiology and morphology of the
fungus and the physical and chemical properties of the growth medium
frequently observed phenomenon is thite metal uptake by growing batch
cultures is maximal during the lag period or early stages of growth and
declines as the culture reaches the stationary phiags.in this study when all the

stran reached at thé"®ay of incubation, the accumulation capacity declined.
5.11 Metal uptake by dead fungalmycelium

The metal biding capacity of the fung&iomass permits the removal of toxmetals
through biosorption onto dead and inactive furlgaimassAdsorptive pollutants like
metals and dyes can be removed by living microorganisms, but can also be removed
by dead biological materglIn this studythe dead mycelial mass afl the strains

were treated with three different des# metal conentration(20,100 and 1000ppm)
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and the accumulation was observed after3™ day of incubationwith continuous
shaking(Fig. 5.23).
Among the two strains AsC1 and AsB3, AsC1 exhibited higher arsenic accumulation.

The proportion of adsorption of AsC1 stralecreased with increase in treated dose of

arsenic.
700 -
600 -
£ = AsC1
2 500 -
S H AsB3
® 400 -
=5
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)
S 300 A
I
[&]
S
@ 200 A
<
100
o -
20 ppm 100 ppm 1000 ppm
Treated dose

Fig. 5.23Arsenic accumulationin dead mycelium of AsC1 and AsB3 strain

Between the two chromium tolerant strains CrTW1 exhibited proportionate
adsorption in dead myceligith a consistently increasing rate while comparing with
CrTW3. (Fig. 5.24). The proportionate adsorption of both the strains decreased with

the increase in chromium treated dose.
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Fig. 5.24 Accumulation of chromium by dead mycelium of CrTW1 and CrTW3

strain

The strain CdEP showed maximum proportionate adsorption capacity against 20 ppm
dose of cadmium. But the proportionate adsorption decreased against 100 ppm and

1000 ppm of treated cadmium concentration. (Fig. 5.25).
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Fig. 5.25Accumulation of Cadmium by deadmycelium of CdEP strain

All the fungal strains showed more or less maximum accumulation when exposed to

20 ppm of metal concentration. The accumulation capacity decreased with increase in
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treatment dose and at certain dose it became saturatedomipéex phenomenon of
bioaccumulatiorwasbased on active metabolic transpaere asbiosorption by
dead biomass (or by some molecules and/or their active gragzsg)assive and
t ¢the biosbrizent and adkofbate. i t y 6

occuredpr i marily due

5.12 Metal adsorption by chitosan
The chitosan used in this work was derivemin crabshells. Two concentrations (20
ppm and 100 ppm) of each metal had been studied for chitosan. The pH was varied to

analyse the relation between pH and metal adsorption by chitosan (Table 14, 15, 16).

Table 5.14Adsorption of Arsenic in Chitosan

Total Total As after pH Total Total As after
_chron_1i%1m ad_dition of chromium in ad.dition of
in or_|g|nal chitosan original chitosan
solution _
solution

20 ppm 11.74 ppm 6 100 ppm 67.12 ppm

20 ppm 15.98 ppm 4 100 ppm 83.32 ppm

20 ppm 18.17 ppm 2 100 ppm 93.39 ppm
Table 5.15Adsorption of Chromium in Chitosan
Total Total Cr after pH Total chromium | Total Cr after
chromium | addition of in original | addition of
in original | chitosan solution chitosan
solution

20 ppm 13.67 ppm 6 100 ppm 82.12 ppm

20 ppm 15.67 ppm 4 100 ppm 87.98 ppm

20 ppm 18.89 ppm 2 100 ppm 92.76 ppm
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Table 5.16 Adsorption of Cadmium by Chitosan

Total Total Cd after pH Total chromium | Total Cd after
chromium | addition of in original | addition of
in original | chitosan solution chitosan
solution
20 ppm 14.72 ppm 6 100 ppm 74.12 ppm
20 ppm 16.92 ppm 4 100 ppm 86.32 ppm
20 ppm 19.19 ppm 2 100 ppm 91.39 ppm

For all the metals, thenetal adsorption increasesth increasing pH Minimum
adsorption was observed at pH 2 for all the metal. For all the tinetaddsorption
capacity increased with increase in pH. At 20 ppm of treated concentration chitosan
absorbed highest level of cadmium but at 100 ppm chitosan adsorbed highest level of

arsenic.

5.13 Analysis of Metallothionein

The Metallothionein areawrally occurring metabinding peptidesvhich plays an
important role in metal accumulation. Metallothione{(iMTs) and polychelatins

are the main metaequestering molecules used by cells to immobilise metal ions
offering selective, highaffinity binding sites Over expression of this peptide
indicates metal accumulation in the microbial cell. From this study it is depicted that
after exposure to metal concentration the expression of metallothionein increased. In
compare to control sethé metallothionein increased in a significant amount. Hence it
is proved that these cells not only bind metals in their cell wall but also accumulates
metal intracellularly. The present study have further revealed that the
metallothioneirproduction vas induced in presence of metal in all the five stram a
hence it could be recommended as a biomarkexposing heavy metals like

arsenic, chromium and cadmium(Table 5.17; Fig. 5.26).
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Table 5.17Estimation of Metallothionein in metal treated and control strains

SI. No [ Strain Strain Name Metal Metallothionein

ID Concentration Concentration(ug/qg)

Control Metal

treated

1 AsC1 | Aspergillus flavus 2000 12.17 16.52

2 AsB3 | Aspergillus. niger 1000 11.30 18.37

3 CrTW1 [ Aspergillus. niger 1300 10.09 17.34

4 CrTW3 | Penicilliumsp. 1300 12.34 16.98
5 CdEP | Aspergillus. flavus 1200 15.66 18.874

25 -
= Control

m Metal treated

= = N
o a1 o
1 1 1

Metallothionein amount in ug/gm

(93]
1

ASC1 ASB3 CrTwi CrTw3 CdEP

Fig. 5.2 Metallothionein activity of the studied fungal strains
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5.14 Scanning Electron Microscopy(SEM) study of thefungal isolates

Scanningelectron micrographs were recorded usingaodtwarecontrolled digital
scanning electron microscopéhe SEM images of the samples were recorded to
study thesurface morphology. The SEM images of finegal strains with and without
treatmentof the metal concentration are shown in figures (Bi@7 1 5.31) An
examination of the SENhicrographs revealed the presence of many poresraatl
openings on the biosorbent surfaafter metal treatmenThe morphology was also
damaged in many cases afteetal treatmentA comparison ofthese micrographs
before and after adsorption revealed ghresence ofsignificant change in the

morphology of thesurface regarding the biosorbent

Scanning Electron Microscopy (SEM) study of the fungal strains treatidnvatal
and those without metal showd significant morphologicaldifferences From the
figures it is revealed that all the straiwere damaged due to metal exposUree
mycelial deformities, reduction of conidial vesicle and conidiamna coiling of the
hyphae werelearly found in metal treated aneomparing to the control on&ig.
5.2771 5.31). Breakage of hyphae, shrinkage of cell was also observed. The holes in

the cell wall were a significant observation.
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AsC1-2000-treated-1000x

AsC1-Control-1500x

Fig. 5.27Morphological changes in Arsenidreated fungal strain(AsC1) observed
using Scanning Electron Microscopy (SEM)

AsB3-1000-Treated-1000x

AsB3-Control-1500x

Fig. 5.28Morphological changes in Arsenidreated fungal strain(AsB3) observed
using Scanning Electron Microscopy (SEM)
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CrTW1-Con-1000x CrTWI1-1000-Treated_ 1000x

Fig. 5.29 Morph ological changes in Chromiumtreated fungal strain(CrTW1)
observedusing Scanning Electron Microscopy (SEM)

CrTW3-Con-1500x CrTW3-2000-treated-1500x

Fig. 5.30 Morphological changes in Chromium treated fungal strain(CrTW3)

observedusing Scanning Electron Microscopy (SEM)
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CdEp-Con-1500x CdEP1000-Treated_ 1500x

Fig. 5.31 Morphological changes in Cadmium treated fungal strain(CdEP)
observedusing Scanning Electron Microscopy (SEM)
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DISCUSSION

Heavy metal toxicity is an alarming probleim the recentera. The study of the
interaction between toxic metals and fungi hlgays remain acientific interest. The
observations on the ability of fungi to resist and adapt to toxic metals stimulated
further work on the physiological, bichemical and geneticaxplanations for these
phenomendGadd, 1993. In fungi the metal toxicity may depend on the strain and
different stages of its growth. The detoxification mechanism of heavy metal also
varies from strain to strain. The survival of fungi in the presenceetél depends on
several factors like intrinsic biochemical and morphological properties, physiological

and genetical adaptation.

Microbial populations irmetal polluted environments adapt to toxic concentrations of
heavy metaland become metal resistgifrasenjit and Sumathi, 200%. Exposure

of microorganismsto heavy metals can lead to physiological adaptation or the
selection of mutantsDonmez and Aksu, 2001; Italiano et al., 20Q9and such
changes may be associated with increased metal accumwati@orption capacity
(Villegas et al., 2008 In this study five fungal strains were selected from a number
of fungal isolates depending on their metal tolerance capacity from the urban
contaminated soils around Kolkata cifyhe pH of the soil was neutrto alkaline.

The fungal growth and metal absorption of fungi is dependent on pH of the medium.
These soils contained significant amount heavy metals (Cd, As, Cr, Pb, Ni). Thus it
was assumed that the fungal strains would be tolerant to high concentrfatieavy
metals. It has been reported that a number of fungi from all taxonomic groups may be
found in metal polluted soils and they possessed the ability to survive in that
environment by detoxification of the metéiRoss, 1975; Gadd, 1986a; Baldi,
Vaughan & Olson, 1990; Turnau, 1991).Usually metal toxicity reduces the
abundance of fungal population and thus only the metal tolerant species survive
(Babich & Stotzky, 1985; Duxbury, 1985).In this studyall the selected five fungal
strains could resist and tolerate different heavy metals up to a certain range. The strain
AsC1 could tolerate arsenic concentration up to 2000ppm and AsB3 strain could
tolerate arsenic up to 1000 ppm. The strain CrTW1 and Gridsuld tolerate
chromium up to 1300ppm. The strain CdEP could tolerate cadmium up to 1200ppm.
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These studies revealed that all the strains could tolerate high level of respective heavy

metals. Thus they may possess some mechanism for metal tolerance.

The fungal strains were identified asspergillus flavugAsC1), Aspergillus niger
(AsB3), Aspergillus niger(CrTw1), Penicillium sp. CrTw3) andAspergillus flavus
(CdEP) considering their morphological and microscopic characters. The suitable
media, pH, inchation temperature and timeere selected for the studied fungal
strains according to their growth features. Temperature and pH are the two main
environmental factors for fungal growth and sporulatidtelfra and Jaitly, 1995.

The temperature can reaclpaint where growth stops and cell components begin to

be actually damaged by the heat. Enzymes are proteins that change structurally when
heated to their limit of tolerance. Likewise, membranes, which contain lipids, change
in structure and their functioof protecting and regulating the internal environment of

the cell becomes compromisd¢amil et. al, 20117).

The antibiotic (Nystatin, Griseofulvin and Kanamycin) sensitivity test of the studied
fungi shown resistance to certain variable concentratiofsom MIC test the
antibiotic Nystatin showetb be more effective to all the tested fungal strains than
Griseofulvin and Kanamycin which have importance from clinical point of view.
Rambali et al, (2001)studied the susceptibility testing of pathogenicgiuwith

intraconazole.

The fungal strains which are resistant to arsenic can also tolerate other heavy metals
like Cd, Cr, Pb, Zn. This indicates that all the strains are positive for cross metal
tolerance test and they posses multi metal tolerancetgctiius the detoxification
mechanism of the fungal strains are not metal specific but for only one metal it
showed maximum amount of tolerance limit. In this study the specific metal was
chosen for specific strains. Like arsenic was chosen for AsC1, ASB®&mium for
CrTW1 and CrTW3; and Cadmium for CdEMetals are directly and/or indirectly
involved in all aspects of fungal growth, metabolism and differentiathrile many
metals are essenti@.g. K, Na, Mg, Ca, Mn, Fe, Cu, Zn, (¥i etc.) ,many ohers

have no apparent essential functigng. Rb, Cs, Al, Cd, Ag, Au, HgPb etc.)
However, all these elements can interact with fungal cellcantle accumulated by
physicachemical mechanisms and transport systems of varying specifgagd

1988.
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The fungal strains could grow in respective metal containing media. All the strains
were also grown without metal as control set. In the presence of metal the strains
could grow up to a certain concentration but beyond that concentration their growth
deaeased. All the strains weggown n metal treated concentration up b @ay of
incubation and after that their growth ceased, where as in the control set the growth
achieved a stable state. Both the strain AsC1 and AsB3 showed highest growth at
1500ppn. The two strains which were treated against chromium also showed highest
growth against 1500ppm. The strain CdEP showed highest growth against 1000ppm
dose of cadmium concentration. Thus all the selected strains exhibited high growth
rate against theseeatals up to a certain range, which proves that they can tolerate the
toxic effect of the metal. The metal can bind the cell wall or may accumulate within
the cytosol.The growth rate and biomass production of microorganisms is highly
affectedby metal ionconcentration. Often, growth rate and biomass production is
inversely proportional to the toxicity of the heavy metals. It decreasesneréasing

toxic metal concentration in the growth mediudcikel & Ersan (2010) also
reported that with the increageNi(ll) ion concettrations in the rangei ®0ppm the
specific growthrates of R. delemardecreased significantlyln tolerant strains,
complex regulatory networks exist that ensutet the metabolic costs die heavy

metal response are kept at a miamm without compromisinghe detoxification
processBellion et al., 2009. The change in growth parametarealso dependent on

the nature ofmetal presenDursun et al. (2003b)observed the growth @&spergillus
nigerin presence of Cu(ll), Pb(ll), ar@r(VI) ions. Maximum biomass productidoy

A. nigerhad been reported in absence of metal ions while the gmaghnhibited by

all concentrations of Cr(VI) testeth this study the strains were tested against that

particular metal which it can tolerad¢ its highest amount.

These fungal strains can ke@cumulate heavy metal from the respective medium.
Bioaccumulation includes both bamsorption and biabsorption. Bieadsorption
involves the attachment of metal on the cell wale wall is the firstellular site of
interaction with metal species and metal removal from solution may be rapid although
rates will depend on factors such as type of metal ion and biomass, concentration of

metal and environmental factors.

The metal removal capacities ofl dhe strain were high. The metal removal

percentage ranged from 30% to 76%. The metal removal percentage of strain AsB3
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ranged from 50% to 70%. The highest metal removal percentage showed by AsC1l
was 76% and the lowest was 50%. The metal removing pageeribr the strain
CrTW1 ranged from 36% to 76.2% and for CrTW3 ranged from 22% to 51%. The
metal removing capacity of CdEP ranged from 33% to 67%. Among all the five
strains the strain CrTW3 showed lowest metal removing capacity. These results
indicated bhat all the five fungal strain could accumulate metal from the metal treated
broth thus resulting removal of the metal from the media. These kind of fungal strains
thus can be effective for the remediation of metal contaminated water and soil. Metal
tolerance property was reported froRenicilium genus Gadd et al, 1984a, Gadd

and White, 1985. The metal removal capacity may depend on a number of factors
such as metal ion, environmental factor, and concentration of rAdtiadad et al.
(2006)studied the biosorption by metal tolerd@gpergillus nigermandPenicilliumsp.

and concluded that fungi of metal contaminated soil have high level of metal
tolerance and biosorption properties.

The bioaccumulation capacity was also tested with live funggcelium. These
processes include both bkéolsorption and biabsoprtion. All the strains can
accumulate metal up to"&days of incubation after that the accumulation capacity
become stagnant. Thus the strains can accumulate metal up to a certaindime a

showed tolerance but after that the strain succumbs to the toxicity.

After uptake of the metal the cell wall is the first space where the metal interacts. The
metal biosorption in the fungal cell wall may be complex, involving different
compositions andhechanisms. The uptake of metal by cell wall is variable depending
on the wall structure. Chitin and chitosin have received attention as metal sorbing
components of the cell wall. While studying the metatdmsorption capacity of the
dead fungal mycelim in this case, it is found, that in all the fungal strains the metal
accumulation by fungal mycellium decreased with increase in treated metal dose.
Among the two strains AsCl and AsB3, AsB3 strain showed highest arsenic
accumulation. Among the chromiurolérant strains CrTW3 strain showed highest
accumulation. The strain CdEP can accumulate significant amount of cadmium in the
dead mycelium. Thus among the five fungal strains, AsB3 strain can accumulate

highest metal in the cell wall.

Chitosan is a goodource for adsorption of heavy metahitosan is a biopolymer,

which is extracted from anstacean shells or from fundaibmass.The high poosity
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of this natural polymeresults in novel bindingroperties for metal ion sucas
cadmium, coper, lead, meury andchromiumetc Chitosanoccur naturally in the
environment in large quantitiesnd run second in ahdance to cellulose. It has an
amine functional grup which is strongly reactivevith metal ions.Considerable
research has beelone on the uptakef metal cations by chitosamhe amine groups
on chitosan bind metal cations at pH close to neusdalow pH, chitosan is more
protonated and theref@iit is able to bind anions by electrostatic attracti@nibal,
2009). In this study chitosan coulddsorb significant amount of metal from metal
treated solution. The adsorption capacity decreased with decrease in pH. At low pH
i.e, pH2 chitosan could adsorb lowest amount of all three metaldovh pH the
amine group get protated. That means chitosgat positively charged. Chromium
cadmium and arsenic ions aatso positively charged. As a resudtpulsive forces
occur between thmetal iors and ditosan instead of attractiomherefore atow pH

arsenic, chromium and cadmium uptake wilreduced

The metallothionein protein was estimated to analyse the bioaccumulation of metal.
Metallothionein is a peptide which plays an important role in metal accumulation.
MTs have been found throughatie animal kingdom, in higher plants, in eukaryotic
microorganisms, ahin many prokaryotes. MTs habeen divided into three daes
based on their structuralmilarities Class I, 1l and II with multiple isoforms within

each class. MT and MT-Il are ubiquitously expressednd are stress inducible
(Thirumoorthy et al., 2003. The amino acid sequees of MTs from many
mammalian sources reveal that all contairppoximately 61 aminoacids of
remarkably simér composition. More importanthall contain 20 cysteineesidues

that remain invarianalong the mino acid squence. All cysteines are knowin
participate in the codrnation of 7 mol of Cd or zin€¢Zn) per mol of MT(K&agi &

Vallee, 1960; Klaassen, et al1999. Coordination of these cysteimesidues results

in a high binding affinity for Znand Cd(Curtis et al., 1999. The increase in
metallothionein content reveals the accumulation of the metal. In this study all the
five strains showed increased amount of metallothionein content in comparison to the
control set. The strain CAEP showed highesbwamh of metallothionein followed by
AsB3 strains. According to previous results we have seen that AsB3 and CdEP strain
could accumulate high amount of metal among the five strains, thus the

metallothionein level of these two strains were also high amanfivi strains.
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The microbes which can resist metal go through a range of morphological and ultra
structural changes. After intake of the metal, the toxic metal ion form complexes with
cellular membrane. This causes the loss of its integrity and impairsnttion.
(Yilmazer and Saracoglu, 2009) It was reported that the morphology and
physiology of the cell changes with increased concentration of rfutabiloniz et

al., 2002) In case of fungi, mycelia become short, dense, and brokémeimetal
treded strains incomparisonto the controlstrains. mproved aggregation of the
fungal hyphae can be o the morphological strategies in response to toxic metals
(Gadd, 2007%. Due to aggregation of hyphae the exposed surface area reduces and
facilitates gh local concentrations of extracellular products (organic acids and
siderophores), metal precipitating agents, polysaccharides and pigments with metal
binding abilities Baldriah, 2003; Dutton and Enans, 1996 Twisting andlooping

of individual hyphaeand formation of intertwined hyphal strands response to
cadmium stresd {lly et al., 1992) and decreased overall mycéliangth in response

to Cd and Cu stress has been reporad(, 200). Saccharomyces cerevisiae and
Aureobasidium pullulans emplaiifferent mechanisms to overcome Pb toxicity as the
former accumulatesPb inside the cells while the later displays extracellular
sequestrationScanning Electron Microscopy reveals tbanhcomitant with the Pb(ll)
accumulation, the cell surface & ceevisiaebecame rough and the amounts of
potassium, phosphorus and sulphur onceilesurface decreasefiuh et al., 1998 In
Taiwan one study was carried out with effect of Cu (1) and Zn (II) on grewthcell
morphology of Thraustochytridsisolated from fallen mangrove leavef.in et
al.2010. Schizochytriuntells exposed te32 ppm concentration showefibrmation

of holes in the cell wall, shrinkage and general deformation otdhestructure as
depicted by light and scanning electron micrographendtilvery high concentrations
(>250 ppm) cell lysis resulting in leakage otllular content was observeBlaratelli

et al. (2007)investigated morphological andtra structural changes Raracoccus

sp. DE2007 strain isolated from Bbllutedsite. The &M image revealed that cells
were more deformed antad a higher tendency to aggregate. Pagacoccussp.
DE2007 strain isable to capture lead extracellularly in its EPS envelopes, but does
not bioaccumulatentracellularly. Still increase in number aftracellular vesicles

was noticeable in presence of lead. This could be related to an increase in the
synthesis of lipid compounds that play an important role as a carbon reserve

microorganisms under stress conditions such as the exposure tonietasgy In this
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study when the strains were exposed to high concentration of metal for a certain
period of incubation time the Scanning Electron Microscopy study revealed
morphological changes. The cells were deformed, the breakage of hyphae was
observed. Fonations of holes in the cell wall, shrinked and wrinkled surface were
also depicted from the SEM analysis. Major holes in the cell wall were observed in

Penicillumsp. (CrTW3) strain.

The five strains were identified mostly forrspergillius genus and ondrom
Penicilllium genus. AsC1 was identified Aspergillus flavusAsB3 was identified as
Aspergillus niger CrTW1 asAspergillus niger CrTw3 asPenicillium sp. and CdEP
was identified a#\spergillus flavusPreviously several study reported various strains
from Aspergillusand Penicillium genus as heavy metal tolerant fungiu et al.
(2009 reportedAspergillus flavusas copper and Zinc resistant strains which can
tolerate copper up to 400 ppm and zinc up8@® ppm.Ezzouhri et al. (2009
reported bothAspergillus and Penicillium strains as lead, copper and chromium
resistant straind?arameswari et al.(2010 reportedAspergillus nigeras Cr and Ni
resistant fungal straifCongeevaram et al. (2007solated some strains, in which €r
resistantAspergillussp. andMicrococcussp. survived ta maximum level of 10000
ppm.Valix et al. (2001)achieved nickel toleranca up to 200Qppm by Aspergillus
foetidus and Penicillium simplicissimumon solid media through step wise
acclimatization.Thus it is evident from the previous study thedpergillus and
Penicillium genus had adapted to toxic effects of heavy metals and developed heavy

metal resistant mechanism.

The use of microorganism in heavy metal remigalishas attracted a special attention

in recent decadedn the recat years extensive research addvelopment has
occurred on biological methods, which have been considasedn ecdriendly
alternative for remediationf heavy metal contaminatiolNewvertheless, a large pool

of these studies have investigated microbyatems such as fungi, bacteria, and algae
as adsorbing agents for remowdlheavy metalsMunoz et al., 2006; PenaCastro,

2004). Briefly, biosorption studies involving easily availallead ofive biomassare

a suitabldow-costapproach to treat heavy metal pollution. In this study all the strains
can tolerate high amount of heavy metal. The strains can grow in the metal containing
media up to a certain period of incubation time. Bb#hdead and the live mycelia of

all the strains can accumulate metal from metal containing media.
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Biosroption is a new and less expensive method for removal of heavy metals. Among
biosorbents, attempts have been made to use fungal biomass for thel @Enheaxy

metals. These strains could be helpful to build a metal removal strategy but more
intensive study is needed on the mechanism of metal absorption by the cell wall and

cytosol.
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CONCLUSION

Heavy metal pollutiorhas been a serious environmental thodahe recent era. Use

of wastewater in agriculture has increasedthe recent years due to inherent
treatment capacity of soil and high contents of major micronutrients in it. However,
wastewser, particularly from industriegontains high concentratisof heavy metals

which enter into human beings and animals through food chain. Therefore, it is
desirable to remove these heavy metals from wastewater through low cost technology
before itis used in agriculture. Physicahemical methods such as reverse osmosis,
solvent extraction, lime coagulation ion exchange and chemical precipitation for
removal of heavy metals from wastewater are very expensive and these do not remove
heavy metals from wastvater up tothe desiredlevel. Microorganisms including

fungi have been reported to exclude heavy metals from wastewater through
bioaccumulation and biosorption at low cost andammecofriendly way. Microbial
population in metal adapted environment turietal defence mechanism and adapt to
toxic concentration of heavy metal and ultimately became metal resiBiffetent
species ofAspergillushave been reported as efficiatromium and nickel reducers

(Gopalan & Veeramani, 1994)

Biological mechanisms implicated in fungal survival (as distinct from
environmental modifiation of toxicity) includeextracellular precipitatign
complexation and crystaation, transformationof metal species byxidation,
reduction, nethylation and dealkylatiorhiosorption to cell walls, gments and
extracellular polysaccharide, deased transport or impernaldy, efflux,
intracellular compartmentation amiecipitation and/or sequestratiofiRoss, 1975;
Gadd & Griffiths, 1978; Gadd, 1988, 1990a, b, 1992a Brown & Hall,
1990; Mehra & Winge, 1991). A particular organism may directly and/or
indirectly rely on several survival strategies. For example, metallothionein
synthesis is a mecham of CUd" resistance inSaccharomyceserevisiae yet
CU* binding or precipitation around the cell wall and intracellular transport are
also components of the total cellular respornGad@ & White, 19893. In this
study detailed m@alysis have been done with the tolerance and bioaccumulation

capacity of five fungal strains.
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The major findings of these studies are:

1 Five fungal strains were isolated namely AsC1, AsB3, CrTW1, CrTW3 and
CdEP out of total screening 30 fungal isolatédl. these strains could
accumulate high amount of heavy metals. AsC1 and AsB3 were tested against
arsenic, CdEP strain for cadmium tolerance, CrTW1 and CrTW3 for
chromium.

1 AsC1 and CdEP were identified Aspergillusflavus AsB3 and CrTW1 were
identifiedasAspergillus niger andCrTW3 was identified aBenicilliumsp.

1 The optimum pH and temperature has been analysed for the five strains. At pH
7 and at a temperature of°80all the further experiments were carried out.

1 From the antibiotic test it was found that the antibiotic Nystatin was more
effective to all the tested fungal strains tl@amseofulvinandKanamycin

1 All the fungal strains could tolerate high level of metal concentration. AsC1
could tolerate arsenic up 2000 ppm, AsB3 could tolerate arsenic upto 1000
ppm. CrTW1 and CrTW3 could tolerate chromium up to 1300 ppm. CdEP
could tolerate cadmium upto 1200 ppm.

1 All the fungal strains could accumulate other metals like lead, mercury, Zinc.
The strains tested f@arsenic could also tolerate cadmium and chromium with
the other metals.

1 The strain AsC1 showed highest growth against 2000 ppm dose of treated
arsenic up to the™day of incubation. The strain AsB3 showed highest
growth against 1500 ppm dose of treh@senic up to ®day. The strain
CrTW1 and CrTW3 showed highest growth at 1500 ppm dose of treated
chromium up to §day. The strain CAEP showed highest growth against 1000
ppm dose of treated cadmium. All the strains showed growth up tdttiay9
and after that their growth ceased.

1 The metal removal capacity of all the strains was high. The metal removal
percentage ranged from 30% to 80%. The metal removal percentage of strain
AsB3 ranged from 50% to 70%. The strain AsCl showed highest metal
removal percentage with 76% and lowest with 50%. The metal removing
percentage for CrTW1 ranged from 36% to 76% and for CrTW3 ranged from
22% to 51%. The metal removing capacity of CdEP ranged from 33% to 67%.
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1 The metal bioaccumulation was also tested in the mhat of the fungal
strains. All the strains could accumulate considerable concentration of metal.
All the strains accumulated metal up to tffeday of incubation and after that
the accumulation capacity became stagnant.

1 For all the fungal strains the naétaccumulation by the cell wall decreased
with increase in treated metal dose. Among the two strains AsC1 and AsB3,
AsB3 strain showed maximum metal accumulation by the cell wall. Among
the chromium tolerant strains CrTW3 strain showed maximum metal
accunulation by the cell wall. The strain CdEP can also accumulate
cosiderably high level of metal in the cell walhe metal absorption capacity
by chitosan was also tested. Chitosanld adsorb metal to a significant level,
but the metal accumulation capgcdecrease with decreasen pH. At low
pH2 chitosan dsorbed least amount of metal.

1 The metallothionin expression also increased upon metal exposure. The
content of metallothionin increaséo a significant level in comparison to the
control set for evgrmetal.

1 The morphological changes have been observed in the five fungal strains by
Scanning Electron Microscopy. Shrinkage of cell, breakage of hyphae,
mycelial deformities, reduction of conidial vessegre clearly shown in
metal treated fungal strains

Filamentous fungi are employed farmentation industries to generate diverse
metabolites for examplantibiotics, enzymes, etc. The fungi showed a great
attraction for metal ions as compared to other microbes. These can gather metals
by means of biological and physiochemical mechanisms from theernal
environment (Cabuk et al., 2004 Preetha & Viruthagiri, 2005). All the
filamentous fungicontainsmall quantity of protein, large amounts of polymer of
N-acetyl, chitin and chitosan, and deacetylaggatosamineon their cell wall.
Therefore, largenumberof potential binding sites are showed by free by,
amineand carboxylgroups. The amine group containing nitrogen atom and the
hydroxyl group containing oxygen atom hatkee ability to bind a proton or a

metal ion
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The knowledge of present investigation will provide information about heavy
metal biosorption by filamentous fungus. This high absorption capaciiyngf
made them well suited for removal of heavy mepaesent in very low or diluted
concentration fronpolluted water, bioleaching, bioremediation of polluted sites
and effluent treatments. The information of present study will be helpful for
further assessment and management of natural biosorbent (fungus) which could
serve as an economicallyiable resoure while treating industrial effluents
containng toxic heavy metal ionsin this study these five strains were been
proved as efficient metal detoxification agent as they have achieved multi lethal
tolerance capacity and thus they can well grow in mulliupel environment.

This study will provide ample opportunity for field application after pilot trail in

near future.
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Abstract: Today arsenic is causing an alarming global problem due to its toxicity and day by day this
problem will amplify if necessary actions are not taken. In this paper we have isolatedsewic resistant
fungal strains (Aspergillus flavus and A. niger) from sqgmo#luted sites of Kolkata. These two strains are
capable of removing 5096 % of arsenic from different arsenic enriched medium, simultaneously also tolerant
to different other havy metals (Cd, Pb, Hg, Zn and Cr). In near future these tolerant fungal species could be
used in remediation of Arsersmd other metapollution to some extent.

Key words:Arsenic, Aspergillus flavus & A.niger, Bioremediation

l. Introduction

Development in terms of globalization and industrial expansion, heavy metal/metalloid pollution is
attaining an alarming problenirsenic(As) pollution (a semi metallic element; metalloid) is one of the most
concerned topic in recent years, as Arseniknigwn to be a dangerous toxin that can lead to death when
exposed to a large amounts. Arsenic , an ubiquitous metalloid found in groundwater due to its association with
rocks, sediments and soils as well as industrial discharges and pesticide usentédriling the food chain
through drinking water, crops and vegetables andeslifferentserioushealth problems.

Conventional physical and chemical methods for treating this harmful arsenic are inefficient, costly and
not ecofriendly. So a global thist was felt in searching of an alternative. Hence bioremediation is attaining an
important procedure for abatement of metal pollution due to its low cost and high efficacy. Eafieal et
al.[1] reported that among different algal strain blue greeal algecieOscillatoria- Lyngbyamixed culture
showed maximum efficiency in removing 64% Arsenic (V) and 60% Arsenic(lll) after 21 days incubation from
0.1 mg/l arsenic (Ill) enriched mediurBimilarly bacterial cultures also efficient in arsenic remogateported
by a group of researcher$ely investigated As(V) reduction characteristics of two different bacteria named
Pseudomonas stuzeaind Bacillus cereusand found 500ppb As(V) was completely reduced to As(lll) by
Bacillus cereusandPseudomonas dteriin 114h and 120h respectively[2]. Among different microorganisms
used in bioremediation fungi are considered as most effective species for metal removal from metal
contaminated sites due to their survibility in higher concentration of mé&widene for internal absorption
and the mechanism used By nigerto detoxify environmental copper and zinc has been observed by earlier
researchers [3Potential of filamentous fungi in bioremediation of heavy metals containing industrial effluents
and wastevaters has been increasingly reported from different parts of the [4¢Bl6,7].

As far Kolkata is significantly lesarsenic contaminateareg sowe isolated fungal strains from some
pollution stressed sites around peri urban areas of Kolkata. Oonpatteas to screen out some Arsenic tolerant
fungal strains which could be used in remediation of arsenic pollution to some extent in near future.

Il. Materials and Methods:

2.1 Isolation of fungal strains:
Fungal strains were isolated from soils of five difiet sites of Kolkata; namely

(vi) Waste dumping site of Dhapa areas of Kolkata;

(vii) Tannery waste dump sites along Eastern metropolitan bypass areas of Kolkata;

(viii) Contaminated site within the area of Central Bus terminus, Esplanade area, Kolkata ;

(ix) Waste dump sitewithin the premises of Calcutta medical college hospital, Kolkata.
The fungal strains were isolated through standard dilution plating methods [8] in &ex(@&D) agar media.
Identically Czapecdox medium was prepared (gluc@ggn, NaNQ i 2.5gm, KCI-0.5gm, MgSQ,7H,0 -
0.5gm, FeSQi 0.5gm, ZnSQ 7H,O i 0.5gm, KHPO, i 1gm and agar powder 15gms per liter). (APHA,
1992)

The species were purified by streaking repeatedly on the same medium and were identified on basis of
macroscopic (colony character, moopdgy, colour, texture, shape, diameter and appearance of colony) and
microscopic (septation in mycelium, presence of specific reproductive structures, shape and structure of conidia
and conidiospore etc) characteristic using fungal identification majajaQj.
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2.2 Growth optimization

Isolated strains were grown in sterilized CD broth medium for establishment of the optimum
temperature, pH that supports the exuberant growth of those sgdwesH of the medium was adjusted using
dilute HCL or NaOH. Theemperature ranges were varied from 2080°C, and pH was from 3 to 9.

2.3 Antibiotic sensitivity Assessment
Antibiotic (antifungal) sensitivity of each metal tolerant fungal strains were measured using cup assay
method [11]. The antibiotics used forgtassay were Nystatin, Griseofulvin and Kanamycin.

2.4 Arsenic and another heavy metal tolerance assessment:

To explore the tolerance of the isolates to the As, each freshly prepared growth medium were amended
with selected metal concentrations variesrfroOmgL’ to 5000mgL*. After 5 days of incubation, the extent of
colony growth (in diameter) were compared with the control one (i.e. growth of fungi in medium without
metal). All the experiments were carried out in triplicate

For other heavy metals (C&b, Hg, Cr and Zn) resistance of the fungal isolates were determined by
conventional cup assay methbtl]. Selected metal tolerant fungal strains were grown separately in CD medium
supplemented with diverse concentration ¢&thal to lethal) of each heg metal separately. Then cups were
poured with various other metallic solutions (Cd, Pb, Hg, Cr and Zn). For each test triplicates were made and
incubated for 5days. Zone of inhibition of fungal growth around the cup was examined and measured in each
caseseparately

2.5 Arsenic Removal potential of isolated strains

To study the arsenic removal capacity the selected fungal strains were grown in Czapec Dox broth
(25ml) with Sodium arsenite (NaAsOconcentration 20, 100 and 1000 ppm for 3, 6 and 9 days wit
continuous shaking incubation 30°C and pH 7Fungal biomass was harvested by filtration through 0.22u
Millipore filter and the residual arsenic concentration of the broth was measureeH&+AAS (Perkin EImer
Analyst400) following standard procedar All results are represented as the mean of triplicates.

M. Results and Discussion:

Almost twenty different fungal strains were isolated from soil samples of four different sites of
Kolkata. Twoarsenic tolerant strains ASCInd ASB3 (isolatedfrom Dhapa soilwere more arsenic resistant
than other eighteen specieso we have carried out all our experiments with these two strains. The strains were
identified asAspergillus flavus(ASC1) andA.niger (ASB3) considering their colony color, colprshape,
conidiospore color etc.
With increase in pH from 3 to 7 the biomass yield was found to enhance in both cases (ASC1 and ASB3) being
maximum at pH 7, further increase in pH caused decrease in biomass. Similarly maximum mycelial weight were
obtainedat 30°C temperature in both cases (Table 1 & Tahléemperature 30°C and pH 7 ,both these
physical condition showed maximum growth in terms of mytelgight so all further experiments were carried
out maintaining thesegrowth conditions.

Table-1 Optimisation of pH for growth of two isolated fungi (in terms of mycelia weight) after 5days of

incubation
Strain Name Mycelial weight(g) (Mean +SD)
pH 3 pH5 pH 7 pH9
ASC1 (Aspergillus flavus) 1.3+0.2 1.57+0.3 1.89+0.52 1.26+0.63
ASB3 (A.niger) 1.5+0.78 1.87+0.54 2.1+0.21 1.7+£0.45

Table-2 Optimisation of temperature for growth of two isolated fungi(in terms of mycelia weight) after
5days of incubation

Strain Name Mycelial weight(g) (Mean +SD)
Temp.20°C Temp.30°C Temp.40°C
ASC1 (Aspergillusflavus) 1.15+0.25 1.95+0.45 1.01+0.32
ASB3 (A.niger) 1.3+0.20 2.01+0.35 1.69+0.56

Three different antibiotics (Nystatin, Griseofulvin and Kanamycin) were used to evaluate the antibiotic
sensitivity of those two strains. ASB3 is found to be more resistant towards Griseofulvin and Kanamycin than
ASC1, while against Nystatin both the stashowed similar range of tolerar(@able 3).
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Table 3 Antibiotic sensitivity assessment of both isolated strains

Strains Antibiotics
Nystatin Griseofulvin Kanamycin

Maximum Minimum Maximum Minimum Maximum Minimum
growing inhibitory growing inhibitory growing inhibitory
concentration | concentration | concentration concentration concentration concentration
(ppm) (MIC) (ppm) | (ppm) (MIC) (ppm) (ppm) (MIC) (ppm)

AsC1 60 80 60 80 60 80

AsB3 60 80 80 100 80 100

Our results depict that ASC1 is more arsenic tolerant than ASB3inasium Inhibitory Concentration (MIC)
of arsenic forASC1lwas estimatedb be around 2000 ppm, where as for ASB3 it is 1200ppm. Similarly ASC1
is found to be resistant against Cd, Pb @ndwhile ASB3 is resistant for Hg, and Zn ( Table 4)

Table-4 Metal tolerance assessment of isolated strains

Strain Name Minimum Inhibitory Concentration ( MIC) in ppm
As Cd Pb Hg Zn Cr
ASC1 2000 500 700 55 650 1000
(Aspergillus flavus)
ASB3(A. niger) 1200 450 625 60 750 900

Similar trend of results were obtained by Gautam et al.[12] where they reported maximum growth of fungi at
neutral range of pH. It is reported that temperature is considered as the most important growth factor for fungi
[13]. Our results are in tune witlné work of Santos & Linardi [14] who have reported earlier that common
incubation temperature for the growth of fungi suchhasiger, Fusariumsp., Penicillium sp. andGraphium

sp. was takeas30°C. Actually this range of temperatures that encourage growth makes this isolate suitable for
use in bioremediation in tropical climates.

Our results depicted that ASC1 is capable of removing more arsenic than ASB3 (Fig 1 & Fig2). In case
of both the sains maximum removal efficacy were obtained %déy of incubation, with further increase in
incubation time (i.e from '6day to 9" day) a saturation wasbservedin removal efficacy for both of the
casefi.e. for both strains)Both the strains showeheir maximum removal7Q%- 76%) efficiency when grown
in 100ppm concentration of ArseniEurther increase in metal concentration i.e from 100ppm to 100@ppm
significant decrease in removal percentage noticed

Bhar et al.[4] worked witlAspergillus,Rhizopus and Penicilliuto show the rate of removal of As(l11)
and As(V) by above mentioned fungal strains and they f®erdcilliumwith maximum removal efficiency and
removal increases with increase of time interval which coincides with our resiligith increasing incubation
time (3% day to 6" day) arsenic removal efficacies also enhanced upto a saturationtirag(9
Ridvan et al.[15] also worked witRenicillium purpurogenunto show bioadsorbtion capacity of heavy metal
Pb, Cd, As and Hg arfdund metal accumulation Pb(11)>Cd(I1)>Hg(I1)>As(lII)

Fig-1 Arsenic removal (%) of ASC1(A. flavus) from 20ppm,100ppm and 1000ppm Arsenic enriched
media after 3¢ day, 6"day and 9" day of incubation period
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