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Abstract Myrothecium verrucaria is a nondermatophy-
tic Wlamentous fungus able to grow and to produce keratin-
ase in submerged (93.0 § 19 U/ml) and solid state
(98.8 § 7.9 U/ml) cultures in which poultry feather powder
(PFP) is the only substrate. The purpose of the present work
was to verify how diVerent carbon and nitrogen sources can
inXuence the production of keratinase by this fungus. Addi-
tion of carbohydrates, such as glucose and sucrose, caused
only slight improvements in keratinase production, but the
addition of starch caused a signiWcant improvement
(135.0 § 25 U/ml). The highest levels of keratinase activ-
ity, however, were obtained by supplementing the PFP
cultures with cassava bagasse, 168.0 § 28 U/ml and
189.0 § 26 U/ml in submerged and solid state cultures,
respectively. Contrarily, the supplementation of PFP
medium with organic or inorganic nitrogen sources, such as
casein, soy bean protein, gelatin, ammonium nitrate and
alanine, decreased the production of keratinase in both
types of cultures (around 20 U/ml), showing that the pro-
duction of keratinase by M. verrucaria is repressed by
nitrogen sources. The results obtained in this work suggest
that the association of the two residues PFP plus cassava
bagasse could be an excellent option as a cheap culture
medium for the production of keratinase in submerged and
solid state cultures.
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Introduction

The major component of poultry feathers is keratin, an
insoluble structural protein rich in �-helical coils linked
through cystine bridges. The structural rigidity of this pro-
tein makes feathers to accumulate in large quantities as
wastes of commercial poultry processing. Since poultry
feathers contain a great deal of potentially useful proteins
and amino acids applicable for cheap animal feedstuVs,
there have been many eVorts to reuse the keratinous bio-
materials [24, 27]. Conventionally, feather waste is used
on a limited basis as a dietary protein supplement for ani-
mal feedstuVs after hydrothermal processing. However,
hydrothermal treatment has limitations because of its poor
digestive ability, the loss of nutritionally essential amino
acids such as methionine, lysine and tryptophan, and the
formation of non-nutritive amino acids such as lysinoala-
nine and lanthionine [6]. Enzymatic degradation of kera-
tin could be an option to obtain amino acids and peptides
from poultry feathers, but the structure of keratins makes
their hydrolysis by common proteases, such as pepsin and
papain, very diYcult. However, there is a group of proteo-
lytic enzymes which are able to hydrolyze insoluble kera-
tins more eYciently than other proteases. These proteases
are called keratinases (EC 3.4.99.11) and are produced by
some insects and especially by microorganisms, bacteria
and fungi. Among fungi, keratinolytic activity from der-
matophytes has received more attention due to medical
and veterinary implications [28, 37]. Although some
nondermatophytic fungi have already been described
[1, 2, 10, 14, 15, 19, 21, 33], for biotechnological
purposes, bacterial keratinases have been received more
attention, particularly those produced by Bacillus [5, 13,
20, 36]. Keratinolytic enzymes Wnd use in environment
friendly biotechnological processes that use keratin-containing
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wastes from poultry industry [16, 29]. Moreover, these
enzymes could be interesting for pharmaceutical and
cosmetic industries [13].

The production of keratinases by microorganisms can be
aVected by several factors, such as temperature, pH and the
nature of carbon and nitrogen sources present in the
medium [16]. Most of keratinolytic organisms are able to
grow and to produce keratinase using keratin as the sole
carbon and nitrogen source. Substrate induction is the
major regulatory mechanism, although a few constitutive
keratinases have also been reported [12, 20]. Simple sugars,
such as glucose, have been reported to suppress the synthe-
sis of keratinase [33], but in some organisms the opposite
was found [2, 8, 36]. Concerning the use of nitrogen
sources diVerent from keratin, an inductive eVect of soy-
bean meal has been reported to occur [14]. However, most
reports describe a partial or complete repressive eVect of
the supplementation of cultures with small nitrogen mole-
cules [8, 19, 36].

Myrothecium verrucaria (Albertini and Schwein)
Ditmar:Fr, is a Wlamentous fungus commonly found in soil
and plant substrates worldwide. It has been proposed as a
bioherbicide against a wide range of economically impor-
tant weed species in agronomic, pasture and horticultural
systems [4]. Recently, we described for the Wrst time that
M. verrucaria possesses the ability of completely disinte-
grate poultry feather when this material was oVered as the
only carbon and nitrogen sources to the fungus in sub-
merged cultures [23]. Its culture Wltrates presented an ele-
vated eYciency to degrade poultry feather meal liberating
amino acids and soluble peptides. It showed a real capabil-
ity to hydrolyse �-keratin, without necessity of any addi-
tional chemical or enzymatic reduction of disulphide bonds.
Little information is available about the factors that control
the synthesis and release of keratinases by M. verrucaria.
These factors vary considerably from organism to organ-
ism, so that the study on the nutritional and environmental
factors controlling the keratinase production in this potent
strain of fungi is of high interest. The objective of this study
was, thus, to evaluate the inXuence of diVerent carbon and
nitrogen sources on the production of keratinase by
M. verrucaria in both submerged and solid state cultures.

Materials and methods

Microorganism

Myrothecium verrucaria (Albertini and Schwein) Ditmar:Fr
CCT 1886 was obtained from the Collection Culture of the
Fundação André Tosello, Campinas, SP, Brazil, and was
maintained on potato dextrose agar at 4°C. The conidial
suspensions were prepared by adding 10 ml of sterilized

water to slant cultures and the surface was gently rubbed
with a sterilized wire loop.

Pretreatment of the feathers

Poultry feathers were supplied by a local industry. Freshly
plucked wet feathers were washed extensively with water
and detergent. Wet feathers were dried in a ventilated oven
at 40°C for 72 h. The feathers were then milled in a ball
mill and passed through a small-mesh grid to remove
coarse particles. This material was designated as poultry
feather powder (PFP).

Culture conditions

M. verrucaria was cultivated in submerged and solid state
conditions. In submerged cultures, 1 £ 109 spores were
transferred to 250 ml Erlenmeyer Xasks containing 50 ml of
mineral media plus PFP at 1.0% as substrate. The mineral
solution contained per liter: KH2PO4 1.0 g; MgSO4 · 7H2O
2.0 g; CaCl2 1.0 g; yeast extract 1 g. The medium was pre-
viously sterilized by autoclaving at 121°C for 15 min. The
cultures were incubated at 28°C on a rotary shaker at
120 rpm. At periodic intervals, the cultures were Wltered
through Whatman No. 1 Wlter paper to retain insoluble
materials, and centrifuged (5,000 g for 10 min at 4°C). The
supernatants were used as sources of keratinases.

On solid state conditions, the experiments were carried
out in Xasks containing 2 g of solid substrate (dry basis)
and mineral solution to obtain the same concentration of
salts described in “Culture conditions”. The initial moisture
contents (IMC) of 65, 70, 75 and 80% (w/w) were obtained
by adding corresponding amounts of distilled water. The
media were sterilized by autoclaving at 121°C for 15 min
and then inoculated with 109 spores from the spore suspen-
sions. Incubation was carried out at 28°C for 4 days. To
extract the enzyme a volume of 25 ml of distilled water was
added to Xasks containing the fermented solids. The mix-
tures were then mechanically stirred at 130 rpm at 10°C for
1 h. The mixtures were Wrstly Wltered through gaze and the
Wltrates were centrifuged (5,000g for 10 min). The superna-
tants were used as sources of keratinases.

Determination of keratinase activity

The protease activity of the culture supernatants was
assayed as keratinase activity using PFP as substrate [26].
The reaction mixture containing 10 mg of substrate, 1.0 ml
of borate buVer (100 mM, pH 9.0), and 1.0 ml of a suitable
diluted culture supernatant (crude keratinase) was incu-
bated under agitation using a stirring bar for 1 h at 40°C.
The reaction was stopped by boiling and the mixture was
Wltered through Wlter paper. The amount of tyrosine
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released was estimated by Lowry’s method using a tyrosine
standard curve. One unit of enzyme activity was deWned as
the amount of enzyme producing 1 �g of tyrosine/min.

Degradation of feather powder by the crude enzyme

The cell free crude keratinases were obtained from 4 day-
old submerged and solid state cultures developed in PFP
medium supplemented or not with diVerent carbon and
nitrogen sources. Culture supernatant (1.0 ml) was added to
100 mg of feather meal in 4.0 ml of 0.1 M borate buVer, pH
8.5 and maintained in a shaking water bath (35°C) at
130 rpm for 8 h. Sodium azide (1.0 mM) was added to
avoid contamination. Controls of keratinous materials were
done under the same conditions using culture Wltrate previ-
ously boiled for 5 min. The dry weight of the remaining
feather meal was determined on membrane Wlters (pore
size, 0.2 �m) after drying at 60°C for 12 h. Feather degra-
dation was determined by subtracting the weight of feather
meal before hydrolysis with treatment from the weight of
the residue after degradation.

Determination of pH

The pH of cell free samples was determined by using an
electronic probe (Tecnal Tec-2 pH Meter).

Statistical analysis

All analyses were performed at least in triplicate. The
data were expressed as means plus standard deviations.
The statistical analyses were performed using Student’s
t-test, ANOVA and Pearson’s correlation (r). DiVerences
between means at the 5% (P < 0.05) level were considered
signiWcant.

Results

M. verrucaria is able to grow using PFP as its sole sources
of carbon and nitrogen (PFP medium). Under submerged
conditions, the culture supernatants presented a keratinase
activity of 93.0 § 19 U/ml (Fig. 1). Addition of carbohy-
drates such as glucose, and sucrose improved only slightly
the production of enzyme. The addition of starch, however,
signiWcantly improved the production of keratinase
(135.0 § 25 U/ml). The highest level of keratinase activity
was obtained with the supplementation of cultures with cas-
sava bagasse (168.0 § 28 U/ml). Contrarily, the supple-
mentation of PFP medium with organic or inorganic
nitrogen sources (casein, soy bean protein, gelatin, alanine
and ammonium nitrate drastically decreased the production
of keratinase to values around 20 U/ml.

Figure 2 shows typical time courses for keratinase pro-
duction in submerged cultures in PFP medium and PMP
medium supplemented with carbon and nitrogen sources.
The addition of glucose and cassava bagasse improved the
production of keratinase, but it did not reduce the time nec-
essary (4 days) for attaining maximal keratinase produc-
tion. However, in comparison with literature reports, the
cultivation time of 4 days is very short.

The supplementation with organic and inorganic nitro-
gen sources (gelatin, alanine and ammonium nitrate) alone
or in association with carbon sources strongly repressed the
production of keratinase. Due to the fact that it was impos-
sible to separate the fungal biomass from the residual
feather in the media, the fungal biomass production was not
determined gravimetrically. However, visual inspection
revealed that in PFP medium and in glucose or cassava
bagasse supplemented medium, keratin was almost com-
pletely degraded, whereas in nitrogen supplemented
medium the insoluble substrate was still present after
6 days of cultivation.

Figure 3 shows the pH changes during the fermentation.
In all cultures, the increases in keratinolytic activity were
associated to pH increases. This was probably due to the

Fig. 1 InXuence of supplementation of PFP medium with carbon and
nitrogen sources on the production of keratinase by M. verrucaria in
submerged cultures. The cultures were developed at 28°C and 120 rpm
for 4 days using poultry feather meal at 1% as substrate. The PFP
medium was additionally supplemented with glucose 1% (PFP + G),
maltose 1% (PFP + M), sucrose 1% (PFP + S), starch 1% (PFP + Sta),
cassava bagasse 1% (PFP + CB), casein 1% (PFP + Cas), soy bean
protein 1% (PFP + soy bean), gelatin 0.2% (PFP + gel), alanine 0.1%
(PFP + Ala) and ammonium nitrate 5 mM (PFP + NH4NO3)
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accumulation of ammonium ions, the products of deamina-
tion. The supplementation of cultures with 5 mM NH4NO3

caused a signiWcant increase of pH (P < 0.05), while sup-
plementation with glucose caused a signiWcant (P < 0.05)
decrease of pH solely at the beginning of the fermentation
(one day-cultures). The latter is probably due to the fast
degradation of glucose to organic acids. For all other condi-
tions similar pH changes were found during the whole
cultivation time.

Figure 4 shows the production of keratinase in solid state
cultures. The best results were obtained by using an initial
moisture content of 70–75%. For the latter it was obtained
an activity of 98.8 § 7.9 U/ml. Here also, supplementation
of the medium with glucose slightly improved the produc-
tion of keratinase while cassava bagasse caused a signiW-
cant (P < 0.05) improvement in the enzyme production,
reaching 189.0 § 26 U/ml. The supplementation of the
medium with a nitrogen source alone or in association with
a carbon source (cassava bagasse or glucose) suppressed
keratinase production in descending order as follows:
alanine > NH4NO3 > soy bean protein.

DiVerent culture supernatants of both types of cultures
(submerged and solid state) were used as sources of crude

keratinase to degrade feather powder. A good correlation
(r = 0.856) between enzyme activity and keratin degrada-
tion was observed (Fig. 5).

Discussion

It is currently considered that the complete degradation of
keratin is a complex event where, in association with extra-
cellular keratinase, several other factors, most of them
intracellular, are probably involved [16]. Enzymatic or
chemical reducing agents in form of disulWde reductases,
sulWte, thiosulfate or cellular membrane potential may play
a signiWcant role in the degradation of this insoluble protein
[3, 13, 18, 32, 38]. In addition to this, the initial attack by
keratinases and disulWde reductases must allow other less
speciWc proteases to act, resulting in an extensive keratin
hydrolysis [5]. Although the capability of M. verrucaria to
produce chemical and/or enzymatic reducing agents, and
the roles of these reducing agents in the fungal capability to
degrade poultry feathers have not yet conveniently evalu-
ate, the results of the present work clearly demonstrate that
M. verrucaria keratinase is able to hydrolyze feather pow-
der. A good correlation was obtained between keratinase

Fig. 2 Time course of the production of keratinase by M. verrucaria
developed in submerged cultures. The cultures were developed at 28°C
and 120 rpm using PFP or PFP supplemented with diVerent carbon and
nitrogen sources
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activity and in vitro degradation of feather powder, inde-
pendent of the type of cultivation used to obtain the enzyme
or the additional carbon and nitrogen in the culture
medium.

The results presented in this work also show that it is
possible to improve the production of keratinase by
M. verrucaria by supplementing the PFP medium with an
additional source of carbon. The supplementation of
medium with a nitrogen sources, on the other hand, had a
negative eVect on the production of enzyme. Similar results
were obtained for other keratinase producing fungi and bac-
teria, including Chrysosporium georgiae [8], and Bacillus
pumillis [36]. However, these eVects are not common for
all microorganisms. For example, the supplementation of
the culture medium with both, carbon and nitrogen sources
had a positive eVect on the production of keratinase by
Scopulariopsis brevicaulis [1], while in cultures of Tricho-
phyton simii, exogenous sugars suppressed keratinase
production [34].

Microbial growth and metabolism inevitably lead to
changes in the hydrogen ion balance and hence, in the pH
of the culture medium. In this study the highest production
of keratinase occurred between the fourth and sixth days of
cultivation, when the pH of the cultures had attained values
between 7.0 and 7.5. Considering that the pH of the
cultures supplemented with a nitrogen source was not sig-
niWcantly diVerent from that of the cultures without supple-
mentation or supplemented with carbon sources, it is
reasonable to conclude that the drastic reduction in the
keratinase production was due, or at least overwhelmingly
due, to catabolite repression by the nitrogen sources and not
to alterations of medium pH.

Keratinase has been produced under submerged shaking
conditions, except for a few thermophilic bacteria [11, 25, 31]
and fungi [17, 35] for which static submerged fermentation
has been reported. The use of solid state fermentation is
much less common [7, 9]. It should be recalled that, with
M. verrucaria, elevated levels of keratinase were obtained
in both submerged and solid sate cultures. Considering this
point, the known advantages of the solid state cultures such
as simplicity, lower production costs and low waste water
output [22] make it interesting to optimize the production
of keratinase in this type of culture. The association of
feather and cassava bagasse, two cheap and readily avail-
able substrates, could result in a substantial reduction in
the costs of enzyme production. Like poultry-processing
plants, which create a serious disposal problem leading to
environmental pollution due to the large amount of feathers
that are produced and accumulated locally, in Brazil, cas-
sava bagasse is a problem for the starch industry, because it
has an elevated percentage of water, which makes drying
and transportation very expensive. Several processes have
been developed that use cassava bagasse for the production

Fig. 4 Production of keratinase by M. verrucaria in solid state cul-
tures. The cultures were developed at 28°C for 4 days with diVerent
initial moisture content (IMC). The PFP medium was supplemented
with glucose 1% (G), soy bean protein 1% (soy bean), cassava bagasse
1% (CB), alanine 0.1% (Ala) and ammonium nitrate 5 mM (NH4NO3)
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Fig. 5 In vitro degradation of poultry feather meal by crude
M. verrucaria keratinase. One milliliter of culture supernatants (from
submerged and solid state cultures) was added to 100 mg of feather
meal in 4.0 ml of 0.1 M borate buVer, pH 8.5 and maintained in a shak-
ing water bath (35°C) at 130 rpm for 8 h. Controls of keratinous mate-
rials were done in the same conditions using culture Wltrate previously
boiled for 5 min. The dry weight of the remaining feather meal was
determined on membrane Wlters (pore size, 0.2 �m) after drying at
60°C for 12 h. Feather degradation was determined by subtracting the
weight of feather meal before hydrolysis with treatment from the
weight of the residue after the degradation
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of bulk chemicals and value-added Wne products such as
ethanol, single-cell protein (SCP), mushrooms, enzymes,
organic acids, amino acids and biologically active second-
ary metabolites [30]. Its use as a substrate in association
with feather powder for keratinase production would be an
additional destination for this troublesome by-product of
the cassava-processing industry.

The identiWcation and characterization of new nonder-
matophytic fungal species able to degrade keratin may help
us to understand the role of fungi in the degradation of
complex keratinous substrates in nature. In addition to this,
the ability of the M. verrucaria to grow and to produce
appreciable levels of keratinase using feathers and cassava
bagasse as substrates could be potentially useful for the
development of biotechnological methods aiming to obtain
useful hydrolysis products from feathers.
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