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Abstract The influence of a single addition of sewage
sludges to soils on the composition of fungal communi-
ties, soil pH (physical factor) and presence of Eschericha
coli (sanitary factor) during 1 year was studied. Only the
pH of soil treated with limed sewage sludge increased
significantly from 7.01 to 7.58 after 3 months. E. coli was
still present in soil 1 year after application of sewage
sludge. Fungal numbers increased in the sewage-sludge-
treated soil up to 6 months after application (maximum
value was 7.5 times that of the control) and then
decreased to reach values comparable to those of the
control. Treated soils showed different fungal communi-
ties to the control with presence of keratinolytic fungi
(Sporothrix schenckii, Microsporum sp.), yeasts (Geotri-
chum candidum, Candida sp., Rhodotorula sp. Crypto-
coccus sp.), and other potential pathogenic fungi
(Aspergillus niger, Fusarium solani). The results indicate
that fungi belonging to the genus Candida could be used
as specific indicator organisms of the sanitary condition
of soils treated with sewage sludge.

Keywords Sewage sludge fertilization - Soil - Fungal
communities - pH - Escherichia coli

Introduction

Sewage sludges produced in wastewater treatment are
currently applied to arable soil as alternatives to mineral
fertilizers. Indeed they are a source of organic matter,
macro- and microelements, having beneficial effects on
the soil biota. However, different pollutants—such as
salts, heavy metals, PAH or pathogenic viruses, bacteria,
fungi and protozoa—may accumulate in treated soils and
cause a potential risk to soil quality, productivity and
finally human safety in the long term.
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Doran and Parkin (1994) defined soil quality as “The
capacity of soil to function within ecosystem boundaries
to sustain biological productivity, maintain environmental
quality, and promote plant and animal health”. Micro-
organisms living in soil are one of the most important
factors responsible for many of the soil transformations
such as decomposing organic litter or respiration. Chang-
es in soil biological characteristics may be sensible
indicators of soil quality, since they are more dynamic
and even more sensitive than physical and chemical
properties. The impact of sewage sludge application on
soil properties such as organic matter accumulation,
enzyme activity, microbial biomass or microbial activity
has been widely studied (Chander and Brookes 1991;
Fliessbach et al. 1994; Johansson et al. 1999; Lima et al.
1996). Soil pH is one of the most known physical
indicators, which controls speeds and direction of
biological processes. The presence of E. coli has been
taken as an indication of fecal contamination. Scarce
information is available on the effects of sewage sludge
addition on the structure of fungal communities of soil.

The objective of this study was to evaluate how a 1-
year application of sewage sludge to soil affected the
structure of soil fungal communities, soil pH (physical
factor) and survival of E. coli (sanitary factor).

Materials and methods
The soil and sewage sludge characteristics

Samples of sewage sludge were collected from four wastewater
treatment plants (Poland) representing different sewage treatment
technologies. The soil used in the experiment was clay loam
surface- (0-20 cm) sampled from a park. Visible pieces of plant
materials, stones and visible soil fauna were picked out and then the
soil was sieved (<2 mm). The following physico-chemical prop-
erties for selected soil and sewage sludge were analysed: humidity
by the gravimetric method, pH in H,O by the pycnometric method,
total N by the Kjeldahl method, total P and total Fe by the
spectrophotometric method, S and C by coulometric analysis, and
Ca, Mg and K by GFAAS. Biological analyses (coliforms,
Clostridium perfringens, total bacteria at 22°C and total fungi)
were carried out according to Polish standards.
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Experimental design

The sewage sludge and soil were mixed in plastic containers
(15 dm’) at the volume ratio 1:3 (sewage sludge:soil), as
recommended by the Institute of Environmental Protection (War-
saw). The following treatments were carried out: (1) controlled soil;
(2) soil + lagooned (for around 12 months) sewage sludge from
Czgstochowa-Dzbow treatment plant; (3) soil + lagooned (for
around 2 years) sewage sludge form Herby treatment plant; (4) soil
+ lagooned (for around 3 years) sewage sludge from Lubliniec
treatment plant; (5) soil + no-limed dewatered fresh sewage sludge
form Wtoctawek treatment plant; (6) soil + limed dewatered fresh
sewage sludge from Wtoctawek treatment plant. Each treatment
was replicated four times. The experiment started on 10 April 2001.
The containers were kept under field conditions for 12 months.

Soil sampling and analysis

Samples were taken every 3 months (central month of each season
of the year). The pH was measured by pycnometric method using a
soil/water ratio of 1/2.5. The presence of E. coli was detected as
reported by the Countryside Hygiene Institute in Lublin, Poland.
Fungi were counted using the serial dilution method. Soil (10 g wet
weight) was treated with 95 ml 0.1% sodium pyrophosphate and
9 ml of this suspension was transferred to tubes containing 9 ml
same solution. Aliquots of the suspensions were transferred to petri
dishes using pour plates with the medium described by Martin
(1950). Aliquots of medium contained a mixture of penicillin and
streptomycin (0.1 pug/ml) and Bengal rose (70 pg/ml). Plates were
cultivated for 14 day at 25°C. Enumeration (colony forming units:
CFU) and identification of isolates were carried out as reported by
Gams et al. (1980).

Statistical analysis

The results presented in the tables and on the figures are arithmetic
means. The significance of differences between the different
combinations was tested by one-way ANOVA, using Tukey’s ¢ test.
The structure and relationships among fungal communities were
displayed as a dendrogram by the weighted pair-group method
using arithmetic averages (WPGMA). All statistical calculations
were performed using the statistical computer program STATIS-
TICA, version 5.0.

Results

The studied sewage sludges contained a higher proportion
of organic matter and plant nutrients, such as N, P and K,
and higher amounts of total bacteria and fungi compared
to soil. The sanitary factors, i.e. the coliforms and
Clostridium perfringens, were detected in the studied
sewage sludge but not in the soil (Table 1).

Generally, soil pH was not significantly changed by
the treatment with sewage sludge (Table 2). Only the
limed sewage sludge significantly increased the pH value
(to 7.55) respective to the value of the control soil. The
value was still significantly higher after 1 year.

E. coli was not detected in the control soil (Table 3),
but it was isolated from all studied combinations
during the experiment, with the exception of treat-
ment 2; the bacterium was not detected at the end of
incubation.

Table 1 Physico-chemical and microbial characteristic of soil and sludge samples

Parameters Soil Sewage sludge
Herby Lubliniec Dzbow Wtoctawek

Non-limed limed
Humidity [%] 19.8 63.5 84.8 76.1 88.3 80.4
Organic matter [% d.w.] 4.7 52.6 51.4 52.7 55.4 68.4
pH (H,0O) 6.9 6.9 6.1 6.9 7.0 7.5
N [% d.w.] 0.5 3.0 3.8 4.3 3.7 3.1
P [% d.w.] 0.7 1.1 1.6 2.3 1.4 1.3
Ca [% d.w.] 2.64 - - - - 20.5
Mg [mg k%’l] 4,320 3,380 6,930 5,010 7,490 8,700
K [mg kg™'] 503 4,970 2,650 6,420 2,070 2,220
Fe [mg kg''] 1,980 26,230 17,520 10,620 3,990 4,490
S [% d.w.] - 1.4 1.5 0.9 2.7 2.7
C[% d.w.] 17.8 25.5 30.3 28.4 26.3 27.1
Coliforms - 103-10* 104-107 10 104107 103
Clostridium perfringens - 104-107 107 104-107 104-107 10102
Total bacteria at 22°C 250x10* 2,500x10% 670x10* 560x10* 355x10° 220x10*
Total fungi 18.6x103 150x10° 320%x10° 300103 240%x10° 280x10°

Table 2 Changes in soil pH

e Number of the
after sewage sludge application.

Time of isolation (season of the year)

Summer 2001

Autumn 2001 Winter 2001/2002 Spring 2002

Significant differences between combination

mean values are indicated by

different letters [least signifi- I—control 7.01 a

cant difference (LSD), P <0.05, 2 6.89 ab

n =3] 3 6.92 a
4 7.00 a
5 6.99 a
6 7.55b

7.03 a 7.04 a 7.05 a
7.00 a 7.03 a 7.04 a
6.98 a 6.98 a 6.98 a
7.06 a 7.08 a 7.09 a
7.05 a 7.06 a 7.07 a
7.13 ab 7.18 ab 7.28 b




Table 3 Survival of Escherichia coli in the treatment samples

Number of the Time of isolation

combination - -
Summer Autumn Winter Spring

1—control - - - -
+ + + -

3 + + + +

4 + + + +

5 + + + +

6 + + + +

120

100

80

60

CFU x 1.000

40

O summer
W auumn
o winter

20

O spring

5(nodimed) 6 (kmed)

The number of combination

Fig. 1 The mean values [colony-forming units (CFU) x10%/g] of
fungal communities. Significant differences between mean values
are indicated by different letters [least significant difference (LSD),
P <0.05, n =10]

The effect of application of sewage sludge on the total
number of fungi is presented in Fig. 1. After 3 months
(isolation-VII 2001) the mean number of propagules
increased in the studied combinations ranging from
21.4x10® CFU/g (combination 2) to 70.5x10° CFU/g
(combination 3) as compared to the control (19.1x10°)
CFU/g, but only in two cases were the values of CFU
significantly different with respect to those of the control.
After 6 months in all sewage-sludge-treated soils the
number of isolates was significantly higher than that of
the control (10.5x10° CFU/g), ranging from 20.75x10
to 79.5x10° CFU/g. During winter, isolation totals of
the colony forming units of fungi in combination
2 (13.9x10° CFU/g), 3 (17.2x10° CFU/g) and 6
(19.4x10° CFU/g) were smaller than the value of the
control (19.7><103 CFU/g), but this difference was not
significant. Only the value of combination 5 was signif-
icantly higher than that of the control. After 1 year of the
experiment the CFU value of almost all treated soils was
comparable to that (37.7x10® CFU/g) of the control. The
number of propagules in combination 3 (40.2x103 CFU/g)
and 5 (49.7x10° CFU/g) was higher and all other cases
lower (only combination 6 showed a significant differ-
ence) than in the control.

The most common species of fungi recorded in each
sample are shown in Tables 4, 5, 6, and 7. Saprophytic

Doratomyces microsporum
Trichoderma atroviridae
Cladosporium cladosporioides
Humicola grisea

Candida sp. 1
Penicillium janthinellum

Alternaria alternata
Penicillium lividum

Chrysosporium parvum
Fusarium sp. 1

Peniclillium communae
Penicillium waksmanii
Geotrichum candidum
Coniothyrium fuckelii

Mucor hiemalis

Cladosporium cladosporioides

Trichoderma atroviridae
Sclerophoma pythiophilla

Geotrichum candidum
Doratomyces microsporus
Microsporum sp. 1

Penicillium nigricans
Candida sp. 2

Alternaria alternata
Penicillium cansescens
Candida sp. 1
Acremonium kiliense
Nectria dittissima

Trichophyton sp. 1

Paecilomyces marquandii
Sclerophoma pythiophilla
Phialophora sp. 1
Geotrichum candidum
Verticillium sp. 1
Candida sp. 1

Penicillium communae

Sporothrix schenckii
Phoma sp. 1

Alternaria alternata

Mucor hiemalis
Humicola grisea

Doratomyces microsporus

Phoma sp. 1
Coniothyrium fuckelii

Penicillium communae

Humicola grisea
Humicola fuscoatra
Mucor hiemalis

No sporulating
Penicillium nigricans
Dematiaceae sp. 2
Verticillium sp. 2

Doratomyces microsporus
Penicillium communae

Geotrichum candidum

Mucor hiemalis

Absidia glauca
Trichoderma harzianum
Trichoderma viridae
Trichoderma atroviridae
Penicillium canescens
Candida albicans

Table 4 The members of fungal communities isolated from the control soil (no. /) and sewage-sludge-treated soils (no. 2-6) 3 months after sludge application (summer 2001)

Number of the combination
Paecilomyces marquandii
Doratomyces microsporus
Sclerophoma pythiophila
Nectria dittissima

Geotrichum candidum
Alternaria tenuissima
Coniothyrium fuckelii
Oidiodendron griseum

Penicillium nigricans
Acremonium sp. 1

Verticillium sp. 1
Fusarium solani
Ulocladium sp.1
Saccharomyces sp. 1

1—control
Dematiaceae
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Fig. 2 The divergences (%) among fungal communities in control
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suoneuiquod suoljeuiquiod

Divergence (%)

soil (no. /) and sewage-sludge-treated soils (no. 2—6) 12 months

after sludge application
fungi, yeasts, keratinolytic and potential pathogenic fungi

Fig. 3 The divergences (%) among fungal communities in control
prevailed in the sewage-sludge-treated soils. Altogether
60 species were noted. In control soil different species
from the genera Penicillium, Verticillium, Trichoderma,

Mucor, Fusarium, Chrysosporium, Paecilomyces, and

Mortierella were isolated frequently. However only in

Figures 2 and 3 show the difference between fungal
communities of control and treated soils. The structures of

sewage-sludge-treated soils were the yeasts (belonged to
the genera Geotrichum, Candida, Rhodotorula, Crypto-
the fungal communities of the treated soils can be

coccus) and typical dermatophytes (Microsporum spp. or

Trichophyton spp.) found.
separated from that of the control throughout the exper-

imental period; mean divergences among fungal commu-

nities of treated soils were smaller (21-67% in first
isolation and 15-79% in last isolation) than the diver-
gence between control and treated soil communities

(almost 100%).
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Discussion

The pH of soil affects several soil properties (Paul and
Clark 1998). The Polish Decree of the Minister of
Environment of 1 August 2002 on the matter of municipal
sewage sludges recommends monitoring pH in sewage-
sludge-treated soils. We observed some changes in pH of
treated soils; however this effect did not persist for long.
Only in the case of limed sewage sludge application did
the soil show a significantly higher pH value after
12 months. However, higher pH values of treated soils
were not connected with an increase or decrease in the
number of fungal populations. The similar pH value of the
soil used (6.9) and sewage sludge (6.9-7.5) could
probably explain the fact that in our studies the pH of
soil was not affected by sewage sludge treatment.

The presence of coliform bacteria has been taken as an
indication of fecal contamination in different environ-
ments, and thus of a health hazard. The survival of E. coli
depends on several physical soil properties such as
texture, aeration, temperature, moisture or permeation.
(Cools. et al. 2001). Cools et al. (2001) showed that
bacterium reached the detection limit at day 80, under
optimal conditions of 5°C and 100% FC (field capacity).
On the other hand, E. coli can be detected in soil in low
amounts up to 250 days after manuring (unpublished
data). Our investigations demonstrated that E. coli could
survive well in soil over the longer period of 365 days.

The number of microscopic fungi in sewage sludge is
usually very high. The number of colonies from sewage
sludges in our investigations ranged from 43x10%/g dry
solids to 182x10%g dry solids, as has been reported
previously (Stanczyk-Mazanek and Kacprzak 2001).
Microscopic fungi play an essential role in the decompo-
sition of sludge organic matter under low water content
and good aeration conditions (Ulfig et al. 1996). In the
present study colony-forming units of fungal populations
were increased by the addition of sewage sludge
confirming results obtained by Lima et al. (1996) and
Pascula et al. (2000). The maximum value was observed
6 months after the application (maximum value was 7.5
times that of the control) and then colony- forming units
decreased with time to values comparable with those of
the control. Brendecke et al. (1993) observed that a soil
treated with sewage sludge for 4 years did not show any
variation in fungal counts compared to the control, and
the authors concluded that there was neither inhibition nor
stimulation. The short-term increase in fungal population
as a function of sewage sludge addition may be explained
by the presence of easily degradable organic components
(proteins, lipids or carbohydrates) detected in organic
residues which are necessary for fungal growth.

It is generally accepted that fungi grow better in
slightly acid conditions, commonly at pH 5-7 (Cooke and
Rayner 1984). The fungi occurring in acidic forest soils
are tolerant of low pH (Marnka et al. 1987), despite the
fact that low pH is connected with low levels of N and
poor growth of the mycelium (Devévre et al. 1996). It is
known that soil fungi belonging to the genera Trichoder-

ma (Weindling and Fawcett 1936) or Penicillium (New-
sham et al. 1995) show higher activity in an acidic
environment. However, soils acidified below pH 3.5
reduced or completely inhibited the growth of Aspergillus
sp., Trichoderma sp., and Penicillium sp. (Bewley and
Stozky 1983). Ulfig et al. (1996) paid special attention to
the influence of pH on the distribution of keratinolitic
fungi in sewage sludge. However in the present investi-
gations we did not detect any correlation between soil pH
and number of fungal colony units or occurrence of
specific species. Kennedy and Papendick (1995) proved
that micro-organisms are very sensitive indicators of
changes in soil quality. According to Schnaak et al.
(1997) use of sewage sludge for agricultural purposes
may significantly change soil metabolism, as a conse-
quence of damage sustained by the soil fungi. Our data
confirm that sewage sludge application introduced fungal
populations not present in soil. The control soil was richer
in Penicillium, Verticillium, Mucor, Mortierella, Fusar-
ium, Geotrichum and Trichoderma flora than treated soils.
Soil amendment with sewage sludge increased the
Trichoderma population (known as the biocontrol agent
against plant diseases). The treatment of soil with fresh,
limed and logooned sewage sludge caused the long-term
survival of human pathogenic fungi (for example Candi-
da, Trichophyton, Microsporon or Rhodotorula) which
were still present 12 months after the soil amendment.
Thus, sewage sludge may also be an important cause of
soil pollution. The clinical importance of Candida is
increasing (Chabasse 1994), because besides dermato-
phytes it has been implicated as the primary agent of
mycotic lesions like onychomycosis. The level of Can-
dida albicans is closely and significantly related to the
numbers of fecal coliforms in sea water and it has been
proposed as a microbiological indicator of soil quality by
Mendes et al. (1998).

In conclusion, the fungal population of sewage-sludge-
treated soils can be changed by the treatment and
pathogenic fungi, such as Candida or Trichophyton, can
live in the soil for at least 1 year. These results confirm
the necessity of a careful application of sewage sludge to
soil. The fungal pathogens can get into the food chain,
and can also be deleterious for the environment.
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