
Introduction

Sewage sludge contains high quantities of keratinous
substrata (mainly hair) of human and animal origin. Ac-
cording to the Majchrowicz and Dominik definition [1],
keratinolytic fungi are specialized in decomposition of
keratin, being the main component of these substrata.
Keratinophilic fungi accompany keratinolytic fungi, uti-
lizing non-protein components of the substrata or the
products of keratin decomposition. Favorable environ-
mental conditions imply the abundant growth of kerati-
nolytic and keratinophilic fungi on keratinous substrata
in sewage sludge. This allowed studying different rela-
tionships between the fungi and environmental factors.
Theoretically, all keratinolytic fungi possess potentially
pathogenic properties to humans and animals [2]. Indeed,

many mycoses with keratinolytic and also keratinophilic
fungi as causative agents have been reported [3]. There-
fore, studies of the factors influencing the fungi in
sewage sludge and sludge-amended soils are also of epi-
demiological significance.

Keratinolytic and keratinophilic fungi inhabit sewage
sludge in extreme abundance [3, 4]. Recent studies [5]
have demonstrated that many environmental factors such
as pH, temperature, ammonium nitrogen, proteolytic ac-
tivity, organic carbon and total nitrogen, C: N ratio, total
sulfur, C:S ratio, available phosphorus and particle size
distribution, affected keratinolytic and keratinophilic
fungi in sewage sludge. Among the factors, pH was found
to be one of the most important affecting fungal popula-
tions. However, statistical relationships found in the
quoted studies have to be confirmed under model condi-
tions. Therefore, this study aimed to determine the influ-
ence of sewage sludge alkalization and acidification on
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Abstract

This study aimed to determine the influence of sewage sludge alkalization and acidification on the
qualitative and quantitative composition of keratinolytic and keratinophilic fungi in a model experiment.
The sludge was alkalized to pH 9 with 0.5N NaOH, 0.5N KOH, 0.5N NH

4
OH or with 2% burnt lime

mixed with powdered limestone (20g CaO + 5g CaCO
3
), and acidified to pH 4 with 0.5N HCl, 0.5N HNO

3

or 0.5N H
2
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4
. The sludge with unmodified pH (6.5) served as control. The hair baiting method with four

incubation temperatures (23, 29, 33, and 37°C) was used to examine fungi. The sludge alkalization with
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of view.
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the composition of keratinolytic and keratinophilic fungi
in a model experiment.

Material and Methods

Sewage sludge from the Bytom-Miechowice waste-
water treatment plant was used for this experiment. It was
the excess sludge, after extended aeration (without pri-
mary settling tank) and the integrated biological C and N
removal process in the Biomix system, dewatered by cen-
trifuging, and piled with plant residues for 1-2 years. The
sludge was sampled using a metal spade disinfected with
60% ethyl alcohol. About 200 kg of sludge was collected
in plastic barrels disinfected in the same way. The sludge
was taken from a pile at different depths (from the sur-
face to the bottom of the pile), cleaned from stones and
larger particles, crumbled, and delivered to the laborato-
ry within 2-5 hours. The sludge was then being dried in
open air for 4-7 days. The sludge was continuously crum-
bled and mixed during drying. The dried and mixed
sludge was sieved through a 3 mm diameter net and thor-
oughly mixed again. This sludge was used in model ex-
periments. Physico-chemical characteristics of the sludge
were presented elsewhere [5].

The sludge pH in H
2
O was 6.5. This pH was modified

to 4 and 9, using inorganic acid and alkali solutions. Prior
to the final experiment, several preliminary experiments
were performed to determine acid and alkali concentra-
tions that did not destroy keratinolytic mycoflora and did
not exceed final sludge moisture of 50%. Sludge buffer-
ing curves were also determined. Finally, the sludge was
alkalized with 0.5N NaOH, 0.5N KOH, 0.5N NH

4
OH or

with 2% burnt lime mixed with powdered limestone (20g
CaO + 5g CaCO

3
). Subsequently, the sludge was acidi-

fied with 0.5N solutions of HCl, HNO
3

or H
2
SO

4
. Both

the sludge acidification and alkalization were performed
carefully as follows: acid and alkali solutions were being
added to the sludge with small portions and continuous
mixing. The entire procedure lasted for 3-4 hours, with
continuous pH control. Sludge pH was measured with an
electrometric method. The sludge with unmodified pH
was used as control.

Keratinolytic and keratinophilic fungi were examined
in the sludge using a modified hair baiting method [6].
Petri dishes were filled with 40 g of sludge and covered
with 0.4 g of detergent-defatted, fine cut, and autoclaved
children hair each. The dishes were incubated in the dark
at 23, 29, 33 and 37°C for four months. Ten dishes re-
sponded to each temperature and combination of the ex-
periment. During incubation, stable moisture conditions
(ca. 50%) were maintained by adding sterilized redis-
tilled water to the dishes. After 1, 2, 3 and 4 months of
incubation, microscopic observations of hair and inocu-
lations of hair attacked by fungi on Sabouraud 1:10 +
mineral salts (TK medium) [7], supplemented with chlo-
ramphenicol (100 mg/l) and actidione (500 mg/l) were
performed. The inoculated TK dishes were incubated at

23 and 37°C for 10 days. The rule was accepted that the
growth of a given species on hair, confirmed by its
growth on TK medium with antibiotics meant the appear-
ance of the species in a given Petri dish. The fungal
growth indices were as follows: number of appearances;
isolation frequency (number of Petri dishes positive for
fungal growth*100/total number of Petri dishes set up);
number of species; and WW index – appearance number
increase index.

The WW index reflects the increase of fungal appear-
ance number on hair during a 4-month incubation period.
This increase was described with the power function Y =
XWW, in which X is the incubation time (0, 1, 2, 3 and 4
months)/maximal incubation time (4 months) ratio; Y is
the number of appearances after a given incubation
month/number of appearances after 4 months ratio
(SP

m
/SP

4
); and WW is the appearance number increase

index for a 4-month incubation period. The model is based
on the assumption that fungi observed on hair once are
present there to the end of a 4-month incubation period.
With some exceptions, for instance, in the case of fungal
death on hair due to the impact of toxic factors, observa-
tions have confirmed the assumption. The WW index val-
ues range between 0.02 and 40. The faster increase of fun-
gal appearance number, the lower WW index. High WW
index values may testify to inhibition of fungal growth on
hair. The WW index can be used in relation to keratinolyt-
ic fungi, whose growth on hair is characterized by quanti-
tative succession. Keratinophilic fungi were present on
hair from the beginning to the end of the experiment and
could not be described with a simple power function.

Pure fungal strains were identified to the species level
based on macro- and micromorphological characteristics
and using selected taxonomic monographs [8-12]. The in
vitro hair degradation test was that of Ulfig et al. [13].

After the experiment, sludge pH was measured in
three Petri dishes for each combination and incubation
temperature. Before the pH measurement, sludge from
each Petri dish was thoroughly mixed in a plastic con-
tainer.

Results

Results on the influence of sewage sludge alkaliza-
tion and acidification on keratinolytic and keratinophilic
fungi are presented in Tables 1 and 2, respectively.

Altogether, 464 keratinolytic fungi appearances be-
longing to at least 12 species were observed in the sludge
(Table 1). The Chrysosporium anamorph of Aphanoas-

cus clathratus (22.2%) with its teleomorph Aphanoascus

clathratus (2.8%), Microsporum gypseum (20.3%),
Chrysosporium keratinophilum (12.9%) with its teleo-
morph Aphanoascus keratinophilus (1.9%), and Tri-

chophyton terrestre (10.1%) with its teleomorph Arthro-

derma quadrifidum (8.2%) prevailed in the sludge. Other
keratinolytic species occurred in the sludge with frequen-
cies <10%.
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Altogether, 273 keratinophilic fungi appearances be-
longing to 16 species were observed in the sludge (Table
2). Verticillium lecani (51.6%), Paecilomyces lilacinus

(16.1%), and Penicillium janthinellum (10.3%) prevailed
in the sludge. Other keratinophilic species occurred in the
sludge with frequencies <10%.

In relation to the control sludge, the sludge alkaliza-
tion with 0.5N KOH, 0.5N NaOH or 2% CaO+CaCO

3
in-

creased the number of keratinolytic fungi appearances
and their isolation frequency, and decreased the WW
index. Subsequently, the sludge alkalization with 0.5N
NH

4
OH increased the number of keratinolytic fungi ap-

pearances and their WW index but decreased the isola-
tion frequency. The best growth of keratinolytic fungi
was observed in the ammonia water-alkalized sludge.
The sludge alkalization considerably restricted the
growth of keratinophilic fungi as indicated by lower val-
ues of growth indices.

In relation to the control sludge, the sludge acidifi-
cation with 0.5N H

2
SO

4
or HCl caused considerable in-

hibition of the keratinolytic fungi growth. The decrease
of fungal growth indices, i.e. the number of appearances,

isolation frequency, and the number of species indicated
this. The WW index value of the H

2
SO

4
-acidified sludge

was close to that of the control sludge. However, a con-
siderable retardation of the appearance number increase
was observed during the HCl-acidified sludge incuba-
tion (WW index = 2.93). The sludge acidification with
0.5N H

2
NO

3
eliminated keratinolytic fungi. Subsequent-

ly, in relation to the control the sludge acidification with
0.5N HCl or HNO

3
caused better growth of ker-

atinophilic fungi. The increase of the number of appear-
ances and the isolation frequency expressed this. How-
ever, the number of keratinophilic species was lower in
acidified sludges than in the control sludge. The sludge
acidification with 0.5N H

2
SO

4
eliminated keratinophilic

fungi.
The inhibition of the keratinolytic fungi growth due

to sludge acidification was observed at all temperatures.
Subsequently, the stimulation of fungal growth due to
the sludge alkalization was best observed at 23 and
29°C.

The composition of keratinolytic and keratinophilic
fungi changed due to the sludge alkalization and acidifi-
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cation. The most important changes concerned Chrysospo-

rium keratinophilum (teleomorph Aphanoascus ker-

atinophilus) and the Chrysosporium anamorph of
Aphanoascus reticulisporus/fulvescens (teleomorph
Aphanoascus reticulisporus) at four incubation tempera-
tures. The number of Chrysosporium keratinophilum ap-
pearances at four temperatures is illustrated in Figure 1.
Chrysosporium keratinophilum occurred in the NaOH-al-
kalized sludge, with a considerable number of appear-
ances, at 29 and 33°C, whereas the fungus prevailed in the
ammonia water-alkalized sludge at 23 and 29°C. In the
lime-alkalized sludge and the ammonia water-alkalized
sludge, considerable numbers of the Chrysosporium

anamorph of Aphanoascus reticulisporus/fulvescens ap-
pearances were observed at 23/33°C and 23/29°C, respec-
tively. Subsequently, keratinophilic Paecilomyces lilaci-

nus and Penicillium janthinellum displayed better growth
in acidified sludges.

During a 4-month incubation, the alkalized-sludge pH
decreased to 5.3-6.2 and the acidified-sludge pH in-
creased to 5.3-5.8. The control sludge underwent sponta-
neous acidification, from 6.5 at the beginning to 5.2 at
the end of the experiment.

650 Ulfig K.

Table 2. The influence of sludge alkalization (to pH 9) and acidification (to pH 4) on keratinophilic fungi.

Fig. 1. The number of Chrysosporium keratinophilum (teleo-
morph Aphanoascus keratinophilus) appearances in acidified
(to pH 4) and alkalized (to pH 9) sludges and in the control
sludge at four incubation temperatures.



Discussion

Geophilic dermatophytes and most other keratinolyt-
ic fungi prefer neutral and alkaline environments [14-18].
In a survey of these fungi in sewage sludge, Ulfig [5]
used statistical methods for data interpretation and con-
firmed these preferences. In comparison with acidic
sludges and pH 4-acidified sludges, much higher quanti-
ties of fungal appearances in alkaline sludges and pH 9-
alkalized sludges are, therefore, understandable and
agree with the quoted literature data. It is also known that
keratinolytic fungi tolerate wide pH ranges. The experi-
ment also confirmed this phenomenon. However, many
keratinophilic fungi prefer acidic pH. For instance, pro-
teolytic enzymes of Penicillium janthinellum show the
highest activity at acidic pH [19]. The optimal pH for As-

pergillus fumigatus ranges between 5.9-6.8 [20, 21], al-
though the fungus also produces alkaline proteases [22].
Thus, the good growth of many keratinophilic fungi in
acidified sludges also agrees with literature data.

Studies of keratinolytic fungi in soils with high car-
bonate content were carried out by Chmel et al. [23] and
Chmel and Vláèilíková [24]. In recent studies, Ko-
rni³³owicz [25] and Korni³³owicz-Kowalska and Bohacz
[26] demonstrated that carbonate-rich soils favored the
incidence of Chrysosporium tuberculatum and some
other species from the genus Chrysosporium. In contrast,
the growth of geophilic dermatophytes, mainly Tri-

chophyton ajelloi, was found to be weak in these soils. In
the present study, the sludge alkalization with
CaO+CaCO

3
, and also with KOH, NaOH or NH

4
OH,

considerably increased the number of keratinolytic fungi
appearances. In all alkalized sludges, many similarities
in fungal qualitative and quantitative compositions were
observed. However, considerable differences also were
found. Chrysosporium keratinophilum prevailed in
NH

4
OH- and NaOH-alkalized sludges, while the

Chrysosporium anamorph of Aphanoascus

reticulisporus/fulvescens occurred with high frequencies
in CaO+CaCO

3
- or NH

4
OH-alkalized sludges.

Ammonium was added to the sludge directly with
ammonia water or was released, with characteristic odor,
during sludge alkalization with the other alkali solutions.
Morel and Guckert [27] also observed ammonium release
during sludge liming. During the already quoted study,
Ulfig [5] found a positive correlation between
Chrysosporium keratinophilum and ammonium concen-
tration in different sludges. Finally, ammonium toxicity
to many organisms, including fungal plant pathogens,
was demonstrated [28-30]. On the basis of the experi-
ment and literature data, it can be suggested that pH as-
sociated with ammonium action causes essential changes
in fungal population in sewage sludge. This important
suggestion has to be confirmed in further model experi-
mentation.

The sludge acidification with sulfuric acid eliminated
keratinophilic fungi, while the sludge acidification with
nitric acid eliminated keratinolytic fungi. Lilly and Bar-

nett [31] already mentioned the antifungal properties of
sulfuric acid at pH 4. Subsequently, Kobuz [32] and Be-
wley and Stotzky [33] demonstrated the inhibition or
elimination of many soil microorganisms, including
fungi, by sulfur and simulated acid rains. In newer stud-
ies, toxic, carcinogenic and teratogenic properties of sul-
furic acid were reported [28]. It has also been found that
keratin decomposition by keratinolytic fungi leads to the
accumulation of sulfates in the medium [34] and that sul-
fates are the best inorganic sulfur source for these fungi
[35]. It can be suggested, therefore, that the survival of
keratinolytic fungi in the sulfuric acid-acidified sludge
resulted from their resistance to sulfates higher than that
of keratinophilic fungi.

Toxic, carcinogenic and teratogenic properties of ni-
tric acid were also demonstrated [28]. No data on the tox-
icity of nitric acid to keratinolytic and keratinophilic
fungi have been found in available literature. However,
it has been found that, in contrast to keratinophilic fungi,
keratinolytic fungi do not assimilate, or badly assimilate,
nitrates [11, 36]. It can be suggested, therefore, that the
elimination of keratinolytic fungi from the nitric acid-
acidified sludge resulted from their resistance to nitrates
lower than that of keratinophilic fungi. Studies on the in-
fluence of sulfates and nitrates on keratinolytic and ker-
atinophilic fungi should be continued.

Special attention should be paid to the epidemiologi-
cal aspect of the incidence of keratinolytic and ker-
atinophilic fungi in sewage sludge and sludge-amended
soils. In keratinolytic and keratinophilic fungi, many
species with potential pathogenic properties to animals,
including humans have been found [2]. Liming is a fre-
quent method used for improvement of soil properties and
productivity. Low lime quantities applied in agriculture
increase the number of keratinolytic fungi but decrease
the number of keratinophilic ones. This could increase the
risk of skin mycoses to farmers and other persons when
contacted with limed soil. This suggestion agrees with that
of Œpiewak [37]. According to the author, mycoses are the
most prevalent diseases in farmers (possibly present in
over 20% of the farmer population), and soil is one of the
fungal infection sources. Liming is also often used for
sewage sludge hygienization, with higher lime quantities
allowing to reach pH>12 for at least 2 hours. High pH is
the major factor of pathogen inactivation and destruction.
However, the heat generated and ammonia released in the
lime-sludge mixture also contribute to the process [38-
40]. The influence of sludge hygienization by liming on
keratinolytic and keratinophilic fungi has not yet been
studied. Attention should also be paid to potential conse-
quences of sludge and sludge-amended soil acidification.
In the present study, sludge acidification with HNO

3
and

HCl led to the abundant growth of Paecilomyces lilacinus

and Penicillium janthinellum. The two species are infre-
quent causative agents of mycoses in humans [2]. How-
ever, studies should be conducted to elucidate whether
sludge or sludge-soil mixture acidification always results
in such a “safe” fungal population. 
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