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Summary
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Most important pieces of knowledge on physiology related to keratinolytic ability
of dermatophytes and related keratinophilic fungi are summarized. Research into
carbon, nitrogen and sulphur metabolism, protease, lipase and esterase production is reviewed.
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The physiology of keratinophilic fungi has received relatively little attention, particularly over the last two
decades. Relevant results are divided among a great many
papers, often dealing primarily with other topics.
Moreover, the vast majority of studies were concerned
only with the keratinophilic fungi which are important for
medicine, viz. the dermatophytes.
In this review I will summarize the most important
information in a generalized form but will not describe the
original data. Due to limited space, the scope of the paper
is restricted to those aspects of physiology which are related to keratinolytic ability, which is the most important
characteristic of keratinophilic fungi. For this reason,
some traditional aspects of physiology, e.g. the use of
sugars, the effect of growth factors, the production of antibiotics and aspects of pathogenicity in dermatophytes had
to be omitted.
The term “keratinophilic fungi” is used for all
fungi for which keratinized substrates are the natural habitat and “keratinolytic fungi” for fungi in which the degradation of native hard keratin has been experimentally
proven. The letters T, M and E are abbreviations for the
generic names of dermatophytes Trichophyton,
Microsporum and Epidermophyton.

Carbon metabolism
Keratinophilic fungi are adapted to the utilization
of proteins as the main or sole source of nutrition. These
fungi tend to utilize amino acids, peptides and proteins as
carbon sources even in the presence of sugars (see section
entitled ‘Sources and metabolism of nitrogen’). In contrast, their ability to utilize polysaccharides and lipids is
somewhat reduced.
Philpot [1] was unable to demonstrate the hydrolysis of starch by means of plate tests on 22 species of der-
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matophytes; dextrin was just a bad carbon source. Calvo
et al. [2] found amylase in only 3 out of 23 strains of
T. mentagrophytes. However, other authors have described starch utilization and amylase production [3-6].
Ziegler & Böhme [4] concluded that amylolytic ability
was in dermatophytes, in comparison to the common soil
fungi, rather rudimentary and typical were great differences among various species and strains. Polyfructosan inulin was not utilized as carbon source either in
dermatophytes [4] or Scopulariopsis brevicaulis [7].
Native cellulose and its soluble derivatives and products
like cellophane cannot be hydrolyzed by keratinophilic
fungi, and the same is true for pectins [4]. As for the utilization of simple sugars, the studies [1] revealed no special
feature to distinguish keratinophiles from other groups of
fungi.
Because keratinized tissues can be relatively rich in
lipids, some authors have studied the utilization of lipids
as nutrients. Böhme [8] reported the ability of M. gypseum
to grow on 10 emulgated lipids in the presence of glutamic acid as a source of nitrogen. Growth was best on
oleum pedum tauri and wool fat followed by Tween 60
and Tween 20. Lipids extracted from “vernix caseosa” on
the skin of neonates could also be used [9]. Hellgren and
Vincent [10] found olive oil to be the best lipid C source
for four species of dermatophytes. Tween 60 (polyoxyethylenesorbitan monostearate) was hydrolyzed better
than Tween 80 (oleate). Tween 40 (palmitate) and Tween
20 (laurate) were very poor C sources and tributyrin was
never utilized. The utilization of some other lipids was
also studied [11-14]. In summary, dermatophytes can use
common lipids as sources of carbon, but their lipolytic
activity is only moderate to weak. It must also be remembered that the hydrolysis of lipids releases free fatty acids,
many of which inhibit the growth of dermatophytes [15].

Sources and metabolism of nitrogen
Keratinophilic fungi are rather exceptional among
fungi in that they can use proteins as a sole source of carbon and nitrogen. Proteinaceous substrates contain a relative excess of nitrogen over carbon. They have up to 16%
N, whereas in dry weight of dermatophyte mycelia it is
only 5% to 6% [16]. In a similar way to other proteindegrading microorganisms, keratinophilic fungi get rid of
excess nitrogen by intensive deamination and ammonia
production. This causes the well-known tendency of keratinophilic fungi to alkalinize when they grow on media
that contain proteins, peptides and/or amino acids.
Denaturation by alkali represents a part of the biochemical
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mechanism of keratinolysis (see section entitled ‘Keratin
degradation’). In cultures on media with various proteins,
peptides and amino acids, the pH of the cultivation fluid is
commonly around 8 [16-21]; in cultures on keratin it may
exceed 9 (see below). Any further increases in pH are
limited by the volatility of ammonia, which escapes from
alkaline solutions in gaseous form.
Deamination in the mycelium is performed by
L-amino acid oxidases. These enzymes convert amino
acids into keto (oxo) acids and ammonia. Oxygen consumption in the deamination process obviously makes the
keratin degradation by fungi depend very much on aeration. As reported by Refai and Rieth [22], dermatophyte
strains growing submersedly in liquid cultures alkalinized
the medium only slightly. L-amino acid oxidases were
demonstrated in the mycelium of dermatophytes [23] but
they were not studied in detail. The deamination of cleavage products of proteins also takes place extracellularly
in the medium, as shown by the fact that the production of
ammonia and the rise in pH continue in the cultivation
fluid after the mycelium has been removed. Actively
secreted enzymes or enzymes released on autolysis of
older hyphae may be involved. Although keratinolytic
fungi often create an alkaline milieu around their mycelia,
their pH optimum is near-neutral. In cultures on liquid
media the growth of dermatophytes was optimum in pH
6.5 to 7 [16,24-26] and the same is probably true for all
keratinophilic fungi. These fungi are therefore rather more
alkalitolerant than alkaliphilic. In media which are rich in
sugars they can even acidify the medium up to pH 4.
However, this inhibits further growth [21,27]. In buffered
media the dermatophytes grow well only in pH 6 to 7.5
but in nonbuffered media they can start growing in a
broad range of pH 4 to 11 [19,25,28].
The dermatophytes are adapted to the use of proteins, peptides and amino acids as the sources of carbon.
The above compounds are utilized preferentially from the
medium even in the presence of glucose [16,19,24,29,30].
This results in a transient excess of nitrogen leading to
deamination, production of ammonia, and a rise in the pH
of the medium. As soon as peptides and/or amino acids
are consumed, the fungus utilizes glucose together with
NH4+ ions. Consequently the pH of the cultivation fluid
decreases and its fall to below the initial value coincides
with the end of the exponential growth phase. A renewed
increase in pH is frequently observed in autolysis, and this
is again accompanied by the production of ammonia.
Whereas keratinophilic fungi in nature are, by
competing microorganisms, limited to the decomposition
of keratinaceous substrates, in culture they can utilize
other scleroproteins (e.g. collagen and elastin) and many
soluble proteins. Proteins may serve as the sole sources of
organic nutrition. Supplementation with glucose,
however, always accelerates the growth and increases the
maximum dry mass. The presence of sugars improves the
C:N ratio and may also prevent over-alkalinization of the
medium. Products of partial protein hydrolysis like peptone or casein hydrolyzate are very good sources of nutrition. They support excellent growth in the presence of
glucose and may also be used as sole nutrients.
A great many authors have studied using amino
acids as sources of nitrogen, mostly with glucose as the
carbon source [7,25,31-42]. Individual amino acids were
suitable not because of their abundance in keratin but of
their position in the metabolic pathways. The best N sources were glutamic acid and glutamine and the members of
urea cycle arginine, ornithine and citrulline. The utilization of asparagine, proline, serine, alanine, glycine, histidine and tyrosine was moderate and varied widely

between species and strains. Amino acids with an extraordinary structure which were isolated in the metabolic
pathways as tryptophan, valine, isoleucine and phenylalanine were poor nitrogen sources. The sulphur amino acids,
methionine and cysteine, were not widely utilized. Good
sources of nitrogen also served as the only sources of C
and N, but growth was always better in the presence of
well-utilizable sugars. Mixtures of 3 to 5 amino acids
usually supported better growth than any compound used
alone.
Urea can be utilized as a source of nitrogen and
supports moderate to good growth [11,25,43-46]. Growth
on media with urea and the increase in pH of the medium
due to the production of ammonia is usually taken as
proof of urea utilization and urease production. The
results of this “urease test” vary considerably among species of dermatophytes, however. These differences are
used in species diagnostics, particularly for distinguishing
urease-positive T. mentagrophytes from the low producer
of urease, T. rubrum [1,43-45].
Inorganic compounds have been known for a long
time to be poor sources of nitrogen for dermatophytes.
This holds fully true for nitrate and nitrite, which enable
hardly any growth [1,11,25,35,42]. Accordingly, CzapekDox agar containing sodium nitrate is quite unsuitable for
these fungi [2]. Ammonium salts can be utilized depending on the compound and concentration. With ammonium sulphate or nitrate the consumption of ammonium
ions causes a strong acidification of the medium and inhibits growth. However, with ammonium phosphate or tartrate and/or buffering of the medium, the growth can be
moderate to good [1,11,16,25,35,40,46,47]. It is not
known whether the limited use of inorganic N sources is
common to all keratinophilic fungi. In a keratinolytic
strain of Scopulariopsis brevicaulis not only ammonium
ions but also nitrate and nitrite were as good as glutamic
acid as sources of nitrogen [7].

Sources and metabolism of sulphur
The metabolism of sulphur is very important in
keratinophilic fungi, because keratin is a sulphur-rich
substrate and numerous disulphide bridges are the main
source of its high resistance.
Stahl et al. [48] have already reported that cysteine, cystine, methionine and inorganic sulphate can serve
as sources of sulphur for the growth of M. gypseum.
Kunert [49] studied 10 inorganic sources of sulphur in the
same dermatophyte. The best sources were sodium sulphate and sulphite, but pyrosulphite, persulphate and dithionite were also good. Growth on thiosulphate and
tetrathionate was poorer and sulphamate did not serve as a
source. Sodium sulphide (1mM) strongly inhibited
growth, which only began after a long time lag.
Sulphur amino acids have been studied mainly just
as sources of nitrogen, usually in glucose-containing
media [35,38,48,50-55]. Methionine was a very bad source of nitrogen for the dermatophytes. Although in concentrations of up to 1 mM it can be a good source of sulphur,
in higher concentrations it is strongly inhibitory
[48,50,53,56]. Free cysteine is also a bad source of nitrogen and can inhibit growth when added to an otherwise
suitable medium. This effect, observed in concentrations
above ca. 2 mM, is probably due to the reactivity of the
sulphydryl group and its capacity to reduce. In media supplemented with cysteine, morphogenetic effects and even
growth in the form of yeast-like cells were described
[51,57]. These effects were probably caused by a decrease
in the redox potential of the medium.
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Kunert [58] investigated 19 sulphur-containing
amino acids and their derivatives as sources of sulphur for
M. gypseum. The best sources were substances known as
intermediates of sulphur metabolism or those which occur
in natural substrates of dermatophytes, viz. cystine, cysteine, glutathione, cysteic and cysteinesulphinic acids, Ssulphocysteine, lanthionine, taurine and also
serine-O-sulphate. Methionine, methionine sulphone and
the remaining compounds were moderate to poor sources
and S-carboxymethyl cysteine was not utilized at all.
Eleven organic sulphur compounds not related to amino
acids were poor sulphur sources at best.
The majority of papers on the sulphur metabolism
of keratinophilic fungi have dealt with the metabolism of
cystine. This compound is a good source of sulphur, but
poor as the sole source of nitrogen, because of its quite
unsuitable elemental composition, C:N:S ratio [59] and
the fact that strongly acidic substances are produced
during its metabolism (see below). When added to a suitable medium, cystine is usually inhibitory. In concentrations higher than ca. 1 mM (0.24 mg/ml) it can cause a
prolongation of the lag phase, a delay in growth and a
decrease in maximum mycelial dry weight [46,59-61].
However, these effects are not so great on rich media,
especially on those which contain proteins [48,50,51,54,
55,60,62,63].
Poor growth on many cystine-containing media is
not due to an inability of keratinophilic fungi to metabolize cystine. On the contrary, cystine is taken up rapidly
from the medium even in the presence of better nutrients.
An excess of sulphur in this compound is eliminated as
inorganic sulphate excreted into the medium. The oxidation of cystine sulphur to sulphate has been described
repeatedly [20,21,27,46,48,54-56,59-68]. It has been confirmed that keratinophilic fungi are adapted to the metabolization of cystine, which proceeds even in the presence of
more suitable nutrients. Cystine is used not only as a source of sulphur but also as a source of carbon and nitrogen.
A large excess of sulphur (the S content of cystine is
26.7%, while that of dermatophyte dry mycelium only 0.5
to 1.2%, [59]) is eliminated by oxidation to inorganic
sulphate excreted into the cultivation fluid. In this way, up
to 90% of the original organic sulphur can be converted to
sulphate in the medium. Sulphate excretion counteracts an
overalkalinization of the environment during growth on
substrates which are rich in nitrogen.
In the 1970s we found in our laboratory that dermatophytes growing on media containing free cystine produce not only sulphate, but also the lower oxidation
product - sulphite [64,65,69]. Free sulphite was found in
some cultures in concentrations of up to 1mg/ml (as
Na2SO3 [65]). However, in most experiments sulphite was
found in a bound form. The “bound sulphite” was in fact
S-sulphocysteine, which originates in neutral to alkaline
solutions by the reaction of sulphite with the cystine
remaining in the medium:
cys-SS-cys + HSO3cystine
sulphite

cys-SH + cys-SSO3cysteine
S-sulphocysteine

(the “sulphitolysis” [70,71]). Sulphite can be liberated from S-sulphocysteine by cyanide according to the
following equation:
cys-SSO3- + CN-

cys-SCN + SO32-

This reaction was used to determine both free and
combined S-sulphocysteine [72].
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In experiments with 16 species of dermatophytes
and 10 keratinophilic fungi from soil [21,27], the main
product of cystine sulphur oxidation was sulphate.
However, sulphite was also always produced. Sulphite
formation was highest when growth began and on poor
media; on media with rapid growth, sulphate was predominant. Sulphite was usually present in the bound form
and free sulphite was only found after consumption of
cystine from the medium or when sulphitolysis was inhibited by an acidification of the culture fluid. During the
growth on wool extract containing cystine combined in
proteins, both sulphate and sulphite were also released
into the medium [62]. A comparison of various dermatophyte species [20,21] led to the conclusion that general
features of cystine metabolism are the same in the whole
group. In obligate parasites with limited growth in culture,
the oxidation of cystine was, however, slower and/or
incomplete. Ten keratinophilic fungi from soil utilized
cystine also as a source of carbon and nitrogen in the way
that dermatophytes did. However, the differences among
individual species were greater in this rather heterogeneous group [27,63].
Of 30 nonkeratinophilic fungi from different taxonomical and ecological groups, 19 showed some ability to
utilize cystine not only as a source of sulphur but also as a
source of carbon and nitrogen and six strains consumed all
the cystine present [67]. Excess sulphur was again excreted into the medium as sulphate and/or sulphite. The use
of cystine as a C and N source is therefore not limited to
keratinophilic fungi, but in nonkeratinophiles this ability
is, on average, much less developed.
Kunert [56,73] investigated the metabolization of a
further 10 sulphur amino acids and their derivatives,
which were added to the glucose-arginine medium in concentrations of 2.5 or 5 mM (depending on the sulphur content). All compounds were at least partially taken up by
the strain of M. gypseum and obviously utilized as sources
of S, C and N. Except for methionine and its sulphone, the
excess sulphur was oxidized by the mycelium and excreted as sulphate or sulphite. The rate and completeness of
oxidation was, however, very different in individual compounds. With cysteinesulphinic acid, S-sulphocysteine,
djenkolic acid and cysteic acid metabolization was fast
and complete. On the other hand, serine-O-sulphate, taurine, lanthionine and particularly homocystine were oxidized only slowly and incompletely and after a long
adaptation. In the concentrations used, all compounds
more or less inhibited growth. Serine sulphate and particularly methionine and methionine sulphone markedly
inhibited the growth and development of cultures. In the
last two compounds the excess sulphur was not eliminated
by oxidation but by demethiolation, which produced
methanthiol and related volatile substances.
Kunert and Trüper [74] tried to elucidate the intracellular pathway of cystine catabolism in dermatophytes.
Experiments with labelled (35S) cystine indicated that cystine is first reduced to cysteine and then oxidized by cysteine dioxygenase to cysteinesulphinic acid. This acid is
de- or trans-aminated to sulphinyl pyruvate, which
decomposes spontaneously to pyruvate and sulphite. Most
of the latter is further oxidized to sulphate. Cysteinesulphinic acid is also partly converted to taurine which
accumulates in the mycelium. Taken together, the pathway of cyst(e)ine catabolism in M. gypseum did not differ
substantially from that described in other microorganisms
and in animals.
For the role of sulphur (cystine) metabolism in
keratin degradation, see section entitled ‘Keratin degradation’.
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Extracellular enzymes
Of extracellular enzymes of keratinophilic fungi
only the proteases and lipases of dermatophytes were studied in greater detail.

Proteases
The production of secreted proteolytic enzymes
was recognized in dermatophytes over a century ago and
it has since been described in scores of papers. This
review is only able to present a short overview with selected references.
Proteases are released from the mycelium on most
cultivation media. The highest activities are always found
on media containing proteins, particularly different forms
of keratin. The regulation of the synthesis and secretion of
proteases is far from clear and this is partly due to the presence of a number of differently regulated enzymes. Some
enzymes are secreted constitutively on media without proteins, particularly when the growth begins [24,75,76]. In
T. rubrum a constitutive production was also found in the
stationary phase [77]. In contrast, in the exponential phase
the derepression by the lack of C, N or S sources is probably decisive [76,77]. Accordingly, a repression by suitable sources of carbon and nitrogen (glucose, amino acids)
was described [29,76,78-80]. However, ammonium ions
do not cause any repression. This is regarded as an adaptation to proteolysis in the presence of deamination and
ammonia production [78]. In addition to the regulation by
repression and derepression, proteins act as inducers and
increase the proteolytic activity severalfold [29,60,76,
79,81].
As suggested in many papers, keratinolytic fungi
produce a complex of proteolytic enzymes [78,82-89].
In T. rubrum, for example, electrophoresis indicated the
presence of enzymes with molecular weights of 25, 31,
45, 53, 71, 93 and 124 kDa; three of them were purified to
homogeneity [76,84,90]. However, in no fungus can a
complete inventory of extracellular proteases be presented.
Proteolytic enzymes of keratinophilic fungi have a
broad range of specificity. They can hydrolyze a great
many soluble proteins (e.g. casein, gelatin, serum albumin, egg albumin, hemoglobin, myoglobin, cytochrome c)
and insoluble proteins (keratin, elastin, collagen, fibrin,
laminin, fibronectin etc.). This broad specificity was also
demonstrated by studies with low-molecular synthetic
substrates [14,76,79,84,86,91-97]. The often described
hydrolysis of elastin and collagen [78,79,84,89-91,98101] is probably only a consequence of the broad specificity of cleavage and does not prove the presence of
specialized elastases and collagenases in keratinophilic
fungi.
Extracellular enzymes of dermatophytes and soil
inhabiting keratinophilic fungi belong to neutral or alkaline proteases. Their optimum pH on various proteins are in
the 6 to 9 pH range; with insoluble proteins and particularly keratin, the values usually approach the upper limit.
In exceptional cases, optimum values of pH 9 to 10 were
found even on soluble proteins [81,92,102]. On the other
hand, Tsuboi et al. [85,86] and Qin et al. [103] isolated an
enzyme from T. mentagrophytes which attacked human
callus optimally at pH 4.5. This enzyme was, however,
sensitive to inhibitors of serine proteases and therefore
cannot be categorized as an “acid” (aspartyl) protease.
Nearly 20 proteases of keratinophilic fungi were
purified to homogeneity [82-84,90,93,94,102-114].
However, their classification within the international system of enzymes remains mostly uncertain. According to
their characteristics (e.g. the alkaline optimum pH) the

proteases of dermatophytes were described first as trypsin-like and later (according to their specificity) as chymotrypsin-like. Recently purified enzymes are mostly
sensitive to class-specific inhibitors of serine proteases.
They are often also inhibited by chelating agents (e.g.
EDTA), which may be due to the sequestration of Ca2+
ions. Calcium ions are frequently bound by serine proteases and increase their activity and stability. Many fungal
proteases belong to the class of metalloproteases and consequently, the production of metalloenzymes is also
highly probable in keratinophilic fungi. Recent studies
have revealed that many fungal “chymotrypsin-like” or
“elastase-like” enzymes are in fact members of the subtilisin subfamily of serine proteases [115]. Whether this is
also true for enzymes of keratinophiles must be tested in
future by molecular genetic studies of their genes.
The secretion of cysteine proteases has not yet
been proven with certainty. Inhibitory effects of
sulphydryl agents on several enzymes [94,98,104,116]
may be due to the blocking of essential cysteines outside
the active centre. No aspartyl (“acid”) proteases have been
found, which corresponds to the alkalinization tendency
of keratinophilic fungi.
In many studies of proteolytic enzymes of keratinophiles, the hydrolysis of keratinaceous substrates was
also investigated. The measure of keratinolytic activity
was usually the release of soluble proteins, peptides and
amino acids from these substrates [17,30,78,91,92,103,
105,107,117-131]. To attain a measurable activity the
substrate had to be ground or cut to pieces. The most
easily accessible substrate was soft keratin (e.g. human
plantar callus) which is, however, attacked also by nonspecific proteases [132,133]. In hard keratins the rate of
hydrolysis corresponds roughly to the “hardness” i.e. cystine content. Nails, feather or wool are therefore cleaved
more easily than human hair. Among mammalian hairs,
those with a large medulla are least resistant. In rodents’
hair the preferentially hydrolyzed part is medulla, which is
not a true keratin. The most popular method for estimating
keratinolytic activity, using cut guinea pig hair [105] therefore has some drawbacks. Finely cut human hair is a
suitable substrate but the measurable activity could be
very low. The use of soluble products of keratin extraction
e.g. cytokeratins of callus [84,134,135] or other soluble
and reprecipitated derivatives [123,136,137] cannot be
recommended, since they are devoid of the resistance to
proteolysis of the native solid keratin. Enzymes with keratinolytic activity were also isolated from non-dermatophytes like Scopulariopsis brevicaulis [111] and even from
two members of Mucorales [109]. Their basic characteristics were quite similar to those of dermatophyte serine
proteases.
It is questionable whether the term “keratinase” is
appropriate for the proteases of keratinophilic fungi. The
latter enzymes surpass the nonspecific proteases (trypsin,
papain) in their activity against keratinaceous substrates
[105,117,119,124,138]. However, their effect typically
declines over time and may even cease [83,117,124,
134,139,140]. In hard keratins, the loss in weight does not
exceed the content of non-keratins (5 to 10%) and keratin
particles have never been completely dissolved. Complete
degradation of the hard keratin is possible only after its
denaturation by splitting the disulphide bonds (see section
entitled ‘Keratin degradation’). Because the proteases of
keratinolytic fungi alone are unable to digest the native
hard keratin, the term “keratinase” is rather misleading, as
stated also by Takiuchi et al. [107]. In any case, it should
not be used automatically for any protease isolated from a
keratino-philic fungus.
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In dermatophytes the secretion of proteases into the
tissue of the host in the parasitic phase was also investigated. The presence of the above enzymes in the surroundings of hyphae that penetrate the host skin was
demonstrated by immunohistochemical methods
[110,141-143]. No clear positive correlation was found
between proteolytic activity and pathogenicity or virulence. Non-pathogenic, soil keratinophilic fungi were as good
producers of proteases as dermatophytes. Moreover, in
dermatophytes the proteolytic and keratinolytic activities
were not lower in opportunistic species as compared to
obligate parasites [14,78,79,135,144-146]. However,
some authors did find differences in proteolytic activity
among strains isolated from different types of lesions
[101,144,147-150]. Strains from acute, inflamed and deep
lesions were usually more proteolytic in vitro.

Lipases and esterases
In dermatophytes, the production of lipases and
esterases was demonstrated by plate tests and diagnostic
kits [2,14,135,146,151] as well as on liquid media. The
most thorough studies are those of Böhme [8,9,152-154],
Hellgren & Vincent [10,155] and Das & Banerjee [12].
The best natural substrates for secreted lipases were olive
oil and oleum pedum tauri. Triolein and Tweens (particularly Tweens 60 and 80) were also hydrolyzed. Cleaving
tributyrin [8,153] indicated the presence of esterases and
the activity of phospholipase A (hydrolyzing lecithin) was
also demonstrated [12,13,135,156]. Brasch and Zaldua
[14] included Scopulariopsis brevicaulis in their study;
the production of lipases in this fungus was poorer than in
dermatophytes. There are usually great differences in
lipolytic activity between various species and strains of
dermatophytes. T. rubrum seems to be particularly weak
in this respect [10,154]. Lipases and phospholipases are
not only produced on media containing lipids but also on
media with keratin (human hair, callus) [14] and even on
Sabouraud glucose-peptone broth (phospholipase A) [12].

Other enzymes
The dermatophytes produce an extracellular phosphatase with a broad specificity and optimum pH around
8.7 [14,96,97,119,157]. The enzyme is probably secreted
constitutively as it was found also on media containing
inorganic phosphate. For the production of amylase, see
section entitled ‘Carbon metabolism’ (utilization of
starch). In experiments using diagnostic kits for semiquantitative determination of enzymic activities
[14,96,97], the presence of various extracellular glycosidases was demonstrated. However, their role in the use of
glycides as nutrients has yet to be described.

Keratin degradation
The light and electron microscopic studies into the
micromorphology of keratin degradation by fungi concluded that degradation is an enzymic process. Many authors
then investigated the physiology and biochemistry of
keratinolysis in cultures of keratinophilic fungi on keratinaceous substrates in liquid media [7,17,30,48,59,60,64,
72,80,92,117,120-123,126-131, 139,140,158-174]. The
most frequently used substrates were human hair and
sheep wool, but hair from guinea pigs and other mammals, feather, ground horn and hoof, human plantar callus
and even snake skin [131] were also used. Keratin was
sterilized by mild autoclaving or by ethylene oxide, and
also but less often by organic solvents, solutions of antibiotics or by “tyndalization”. In the author’s experience a
number of sterilization methods produce similar results,
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provided there is no serious denaturation, which can be
caused by prolonged autoclaving or autoclaving the substrate immersed in a liquid medium. Fine grinding and particularly ball milling the keratinaceous substrates also
cause denaturation [139]. Partially denatured substrate is
degraded faster and specialized structures such as “perforating organs” or “boring hyphae” become rare or disappear (Kunert, nonpublished data). Defatting keratinaceous
substrates by organic solvents removes inhibitory components of sebum but may damage the structure of the tissue.
Keratinophilic fungi can grow on keratinaceous
substrates in distilled water, but grow better in solutions
of salts. Decomposition is particularly stimulated by inorganic phosphate (0.05 to 0.1%). Small concentrations
(0.1%) of glucose and also supplementation with amino
acids, peptone or yeast extract may accelerate the beginnings of growth. Higher concentrations of soluble
nutrients, however, inhibit the attack on the substrate
[126,140,145,158,161,162,164,171,172]. Since mycelium
and the remaining insoluble substrate cannot be separated,
quantitative measurement of keratin degradation poses a
problem. Usually only the loss of “total dry weight” (keratin + mycelium) is given. Ziegler and Böhme [158] calculated the net loss of weight of the substrate by the
“economic coefficient” of 3.5 (1 mg mycelial dry weight
formed from 3.5 mg digested substrate). Chesters and
Mathison [140] dissolved the attacked substrate in hot
NaOH and measured the residual dry weight (alkali-insoluble remnants of mycelial cell walls). For the conversion
of residual dry weight to the original one, coefficients
estimated by further experiments were used. As the solubility of mycelia in alkali changes substantially with age,
even this method must be regarded an approximation.
In cultures on keratin in a liquid medium the digestion of 30% to 50% of the substrate is common even with
hard keratin and losses of total dry weight surpassing 80%
were recorded. Microscopic observation usually showed
that large parts of the substrate had been completely
digested. The limits of degradation are therefore not due
to the presence of a fraction of the substrate not accessible
to the fungus, but rather to the accumulation of metabolites and/or consumption of some nutrients in older cultures. In weakly keratinolytic fungi the degradation does not
usually exceed 40% even after 8 and more weeks. With
losses of weight below 20% the fungus may not be truly
keratinolytic and may digest only non-keratins, representing 5% to 10% even of the hard keratins. The rate and
completeness of the degradation is, of course, dependent
on the kind of substrate and correspond roughly to its
hardness, viz. cystine content. Human and also dog, horse
and cattle hairs are therefore attacked more slowly than
rodents’ hair, sheep wool or feather. Nail and horn are little resistant. Soft keratin (e.g. callus) contains large
amounts of non-keratins and is attacked and degraded also
by non-keratinolytic fungi.
The results of the studies cited above suggest that
strongly keratinolytic fungi, weakly keratinolytic fungi
and those digesting obviously only non-keratins do not
represent clearly separated groups. Evidently keratinolytic
strains were found not only among members of the order
Onygenales, but also in other taxonomic groups, even in
the Mucorales [30,109,111,127,129,131,172]. It is conceivable that moderately and negligibly keratinolytic
strains exist within one species. In Scopulariopsis brevicaulis, for example, some authors described a keratinolytic ability [7,111,128,145,172] while others could not
find it [167,175].
Intensity of keratin degradation in liquid media is
correlated to some extent with its micromorphology.

82
Fungi forming numerous perforating organs usually cause
a fast substrate degradation. However, some strains attacking the substrate from the surface without perforating
organs may also cause high losses of substrate dry weight.
Species forming only long and thin “boring hyphae” are
poor decomposers, whereas wide (swollen) boring hyphae
suggest a stronger keratinolytic ability [167; see also 176].
Keratin degradation in a liquid medium is accompanied by the release of cleavage products into the cultivation fluid. Peptides with molecular weights of 1 to 2
kDa are the prevalent fraction, but free amino acids and
high molecular proteins are also present [166]. The concentration of all products of protein hydrolysis may reach
hundreds of micrograms per ml, but it is only weakly
correlated with the degree of substrate degradation [167].
Even poorly keratinolytic fungi may accumulate high
amounts of peptidic compounds in the medium. A better
indicator of keratinolysis is the rise in pH, reflecting the
utilization of keratin proteins, deamination, and ammonia
production (see section entitled ‘Sources and metabolism
of nitrogen’). All keratinolytic microorganisms raise the
pH to at least 8 [177]. In cultures of keratinolytic fungi on
keratin the pH usually peaks at 8 to 9; values exceeding
10 were exceptionally reported [140]. However, the meaning of pH values is lessened by the volatility of ammonia
that sets an upper pH limit common to all fungi.
In the cultivation fluid sulphur-containing metabolites are also accumulated. Keratin is very rich in sulphur
(ca. 0.5% in soft keratins and up to 4% in the hard tissues). Excess sulphur is eliminated by oxidation to sulphate excreted into the culture fluid [48,59,60,68,72,92,
128-131,145,162,167,169]. Concentrations exceeding
1 mg/ml (as Na2SO4) were measured. Sulphate is a final
and rather inert metabolite and its concentration in the
medium is a good measure of substrate degradation attained [167]. Inorganic thiosulphate was found in the
medium by some authors [128-131] by a colorimetric
method, but its presence could not be demonstrated by
analytical isotachophoresis [68]. A positive interference
with the colorimetric method thus cannot be excluded.
In comparison with sulphate the concentrations of
organic sulphur compounds are relatively low. The main
fraction is represented by cystine- and S-sulphocysteinecontaining peptides [166]. Published data on the content
of cysteine (thiols) in the cultivation fluid are rather contradictory. Whereas some authors measured tens of micrograms per ml cysteine [122,127-130,160,164] others could
find only small to trace amounts of thiols [48,68,72,92,
130,158,162,163,165,167-170]. It must be borne in mind
that thiols including cysteine are, in an alkaline milieu,
easily reoxidized by air oxygen to disulphides.
As already discussed in the previous chapter, the
effect of proteolytic enzymes (“keratinases”) on native
hard keratin is rather limited and keratinolysis cannot be
regarded as a purely proteolytic attack. In other keratinolytic organisms, as, for example, wool-eating larvae of
some insects [178] or streptomycetes [68,179] it was revealed that prior to proteolysis the substrate is denatured by
the reduction of disulphide bridges. However, in keratinolytic fungi the reduction of keratin by extracellular
enzymes and/or by the excretion of thiols could not be
demonstrated. Similarly, the alkalinization of the medium,
regarded as the main denaturing factor by Chesters &
Mathison [140] and Ziegler & Böhme [16] is alone probably not sufficient for rendering hard keratin cleavable
by fungal proteases [124].
As discussed in section entitled ‘Sources and metabolism of sulphur’, keratinolytic fungi oxidize cystine

sulphur not only to sulphate, but also to sulphite that
reacts with cystine giving rise to cysteine and S-sulphocysteine. Since sulphitolysis of disulphide bridges
takes place also in cystine combined in proteins including
keratin, another hypothesis on the biochemical mechanism
of keratin degradation by fungi was presented [64]. This
hypothesis postulates that sulphitolysis is the key reaction
of keratinolysis. Fungi excrete sulphite and ammonia and,
in an alkaline milieu, they cleave disulphide bonds of the
substrate by sulphite. In this way the substrate is gradually
denatured and rendered susceptible to the attack by fungal
proteases. Further investigations lend support to the above
hypothesis. S-sulpho groups (R-SSO 3H) were demonstrated in human hairs attacked by M. gypseum in vitro by
means of histochemical methods [69] and their presence
in the degraded substrate confirmed later by other authors
[168,171,173,180]. The main product of sulphitolysis,
S-sulphocysteine, was found in the cultivation fluid of
cultures of keratinolytic fungi on keratin as free and also
combined in peptides [68,72,166,167,181]. In older cultures, as much as 80% of organic sulphur in the cultivation
fluid was present as S-sulphocysteine [72]. Concentrations
of S-sulphocysteine correlated at the same time with the
degree of substrate degradation attained by various fungi
[167] and in fungi without a keratinolytic ability the signs
of sulphitolysis were also missing [167,171,173]. It was
also demonstrated that sulphite strongly stimulated the
proteases of M. gypseum in the hydrolysis of wool keratin.
Sulphitolyzed sheep wool could be completely solubilized
by the above enzymes [125].
Experimental data thus confirmed the hypothesis
on sulphitolysis as the key reaction of keratinolysis in
fungi. Keratin degradation is therefore most probably the
result of the action of three factors: deamination (creating
an alkaline environment needed for substrate swelling,
sulphitolysis and proteolytic attack), sulphitolysis (denaturing the substrate by removing its disulphide bridges) and
proteolysis (cleaving the denatured substrate to soluble
products). These factors are at least partially present also
in non-keratinolytic fungi, but only in keratinolytic species they were developed to an extreme and were concerted in action. For more details on biochemical aspects of
keratinolysis the reader is referred to a recent review
[182].
In dermatophytes, keratinolytic abilities were compared in species differing in the degree of adaptation to
parasitism [120,145,158,161,167]. The results revealed
that many obligate parasites (particularly the anthropophilic species) degraded the hard keratin rather slowly. This
is, however, probably caused only by their overall slow
growth and poor metabolic performance in vitro. It is
generally accepted that the ability to decompose keratin of
the epidermis and its adnexes and to utilize it as a main
source of nutrition is a precondition of parasitism in the
keratinized tissues of the host. However, there are many
strongly keratinolytic fungi (including some members of
the dermatophyte genera Microsporum and Trichophyton)
that are almost never found as parasites. In the parasitic
species, keratinolytic ability must be therefore accompanied by other adaptations to conditions prevailing in the
epidermis. The fungus here encounters supraoptimal temperature, low water potential, microaerobic conditions,
carbon dioxide production, components of sweat and
sebum and what is the most important, the factors of nonspecific and specific immunity that encompass even the
dead layers on the body surface. Presumed adaptations
and virulence factors of dermatophytes remain, however,
little understood [see 183-186].
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