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a b s t r a c t

Fungi are eco-friendly agents and significant contributors to the various functions of activated sludge 
and can be as efficient as bacteria in the removal of organic matters from wastewater; however, how 
the types of wastewater and operating conditions affect the fungal communities are remained unex-
plored compared to bacteria. In this study, a culture-dependent method was used to assess the fun-
gal diversity in three full-scale plants treating petrochemical, acrylonitrile butadiene styrene (ABS) 
resin manufacturing and municipal waste waters. Moreover, some physiochemical factors and oper-
ational parameters were determined. A total of 256 strains belonging to nine genera of Penicillium, 
Chrysosporium, Aspergillus, Trichoderma, Trichothecium, Cladosporium, Fusarium, Acremonium, and Geo-
trichum were isolated. Among them, Geotrichum, Cladosporium, Aspergillus, Penicillium, Chrysosporium 
and Trichoderma were the most frequent populations isolated from the wastewater treatment plants 
(WWTPs). The results indicated that the types of wastewater, as well as the operating conditions are 
the important factors influencing fungal community structure and abundance.
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1. Introduction

Biological treatment using activated sludge process 
is widely used to reduce organic constituents from both 
municipal and industrial waste waters [1–6]. There are 
many parameters affecting the performance of activated 
sludge process including the nature of wastewater contam-
inants, environmental conditions and microbial communi-
ties, interactions, and functions within the bioreactor [7–9].

A wide range of microorganisms including bacteria, 
fungi, protozoa, and algae play a key role in degrading 
organic contaminants in biological treatment process [10–12]. 
An environmentally friendly, cost-effective and high effi-
cient reduction of organic contaminants is achievable using 
microorganisms especially bacteria and fungi in the biologi-
cal wastewater treatment systems [13]. Although bacteria are 
the main members of the activated sludge, there are some 
advantages that make fungi as prior as other microorgan-
isms. These organisms do not grow fast like bacteria, but 
they adapt to the environment more easily and are capable to 
grow in extreme conditions in light of the nutrient deficiency, 
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low pH, high salinity, high chemical oxygen demand (COD), 
etc. [10,14,15]. Like bacteria, fungi play an important role in 
the degradation of complex and toxic substances and reduc-
tion of organic matters [11,16,17]. However, fungal commu-
nity structure and functions in the activated sludge have so 
far been neglected compared to bacteria [18]. Therefore, it is 
necessary to identify the dynamics of the fungal communi-
ties residing in the activated sludge to obtain essential infor-
mation about their use in wastewater treatment.

Isolation and identification of fungal strains from indus-
trial and municipal wastewater treatment plants (WWTPs), 
and contaminated soil/sediment samples have been well 
documented in the literature [1,19–22]. On the other hand, bio-
degradation potential of specific contaminants such as phe-
nolic compounds [17,19,23], petroleum hydrocarbons [7,24] 
and polycyclic aromatic hydrocarbons (PAHs) [21,23,25] 
have been studied using various fungal strains. Since, there is 
no comparative study in the literature about fungal commu-
nities involved in activated sludge treating petrochemical, 
acrylonitrile butadiene styrene (ABS) and municipal waste 
waters, this study was conducted to describe and compare 
the distribution of fungi in the monitored full-scale WWTPs. 
Other aims of this study were the characterization of the 
waste waters and the influence of operating conditions on 
fungal diversity and abundance in the studied WWTPs.

2. Materials and methods

2.1. Description of WWTPs 

This study was carried out at a petrochemical (PWWTP), 
an ABS resin manufacturing (ABS-WWTP), and a municipal 
(MWWTP) wastewater treatment plants operated in Tabriz, 
Iran. The summary of design characteristics of the plants is 
presented in Table 1.

The PWWTP is designed to treat wastewater generated 
from industries including polymeric and non-polymeric 
units, and ABS effluents (after pretreatment at ABS-WWTP) 
within the petrochemical complex. The plant consists of 
screens, API separator, equalization basin, coagulation and 
flocculation, dissolved air floatation (DAF) system, aeration 
tanks (conventional extended aeration), primary clarifier, 
coagulation and secondary clarifier along with the filtra-
tion units. The ABS-WWTP also operates to pretreat the 
ABS effluents, and the out stream of the plant flows to the 
PWWTP. This plant comprises of fine screens, grit chambers, 
equalization basin, DAF system, aeration tanks (conven-
tional activated sludge) and clarifiers. Finally, the MWWTP 
is designed to treat municipal wastewater of Tabriz city, and 
consists of coarse screens, grit chambers, primary clarifiers, 
aeration tanks (conventional activated sludge), final clarifi-

ers, and disinfection units. The schematic flow diagrams of 
evaluated WWTPs are illustrated in Fig. 1.

2.2. Chemicals

Bacteriological grade sabouraud dextrose agar (SDA), 
rose bengal agar (RBA), and reasoner’s 2A agar (R2A) were 
purchased from Merck and Hi-Media Companies. All other 
materials used for chemical and biochemical analysis were 
analytical grade and obtained from the Merck.

2.3. Sample collection and analytical procedures

Samples were collected during six campaigns from the 
June, 2014 to February, 2015. During this time, 12-h compos-
ite samples were taken from the inlet and outlet of WWTPs 
as well as the inlet and outlet of biological units then pre-
served in 4°C until measurements which were done as per 
the standard procedures [26]. At each sampling run, one 
liter of suspended activated sludge was taken under aseptic 
conditions in sterile 1500 mL glass bottles from the desired 
points of aeration tanks and kept on ice during transporta-
tion to the laboratory intended for microbiological analysis. 

Dissolved oxygen (DO), temperature and pH were 
measured in-situ by DO-meter (Aqualytic AL20OXi), and 
Microprocessor pH-meter (EDT-RE-357), respectively. The 
wastewater key parameters including COD, biochemical 
oxygen demand (BOD5), total suspended solids (TSS), phos-
phate (PO4

3–), ammonia-N, nitrate, oil and grease, phenol, 
cyanide, mixed liquor suspended solids (MLSS), mixed 
liquor volatile suspended solids (MLVSS), and sludge vol-
ume index (SVI) were measured based on the standard 
methods for the examination of water and wastewater [26].

2.4. Isolation and identification of microbial community

Sample suspensions were prepared by homogeniz-
ing 10 mL of each sample in 90 mL of phosphate buffer 
solution (8 g NaCl, 0.2 g KCl, 3.53 g Na2HPO4·12H2O and 
0.27 g KH2PO4, in 1 L of distilled water; pH 7.2), and seri-
ally diluted (6-fold) in the same phosphate buffer solution. 
The fungi were grown using 2 culture media including SDA 
and RBA. To prevent the bacterial growth, 0.1 g/L chloram-
phenicol was added to the RBA and SDA media. The cul-
tures were incubated for 7 d at 25°C. After the incubation 
period, colonies were selected from the cultivated plates 
and then transferred to the SDA medium to obtain pure 
cultures. Fungi were identified according to the general 
principles of fungal classification using slide culture and 
lactophenol cotton blue (LPCB) staining followed by the 

Table 1
Summary of the design parameters of WWTPs

WWTP name Process type Type of reactor Nominal capacity (m3/d) HRT*  
(Aeration unit) (h)Min Max

PWWTP Extended aeration Plug flow 4800 5520 27.5
ABS-WWTP Complete mix CMAS** 800 1000 22.5
MWWTP Complete mix CMAS 129600 216000 4–8
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macro and micro-examination of morphological characters 
[27]. Bacteria were cultured in the R2A medium at 30°C and 
counted after 2–7 d of incubation [28].

2.5. Determination of fungal diversity

The fungal community diversity in each WWTPs was 
analyzed using Shannon diversity index (H), by the follow-
ing equation [29]:
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where H is the index of species diversity, S is the number 
of species encountered, ni/N is the proportion of the entire 
population that is made up by species i, and ∑ is the sum 
from species 1 to species S.

3. Results and discussion

3.1. Characteristics of WWTPs

Statistical analysis of data obtained from the measure-
ments is presented in Table 2. Unlike the MWWTP, high 
standard deviations in the influent parameters of PWWTP 
and ABS-WWTP indicated the high variability of both 
industrial waste waters. On the other hand, a look at the 
BOD5/COD ratio in the influents (0.73, 0.58 and 1.6 for 
PWWTP, ABS-WWTP and MWWTP, respectively) indicates 
higher biodegradability of municipal wastewater than both 
industrial ones [30]. Taking into account the influent COD 
values in WWTPs, both petrochemical and ABS resin man-
ufacturing wastewater are classified as medium polluted 
industrial waste waters [31], and similarly, the municipal 
wastewater is classified as medium polluted municipal 
waste water [30].

Fig. 1. Flow diagrams of the studied WWTPs: (A) PWWTP; (B) ABS-WWTP; and (C) MWWTP.
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3.2. Fungal abundance in WWTPs

The total number of microorganisms enumerated by 
counting colony-forming units (cfu) is presented in Table 3. 
The results indicated that the total number of cultivable 
bacteria and fungi were in the ranges of 107 to 108 and 103 to 
104 per mL of activated sludge, respectively, which were in 
compliance with the most enumeration results of bacteria 
and fungi in typical activated sludge systems [32]. More-

over, the highest values of bacteria and fungi were observed 
in MWWTP, and the total numbers of both bacteria and 
fungi were slightly similar in PWWTP and ABS-WWTP. In 
all plants, bacteria were the dominant population and the 
ratio of fungi to bacteria was significantly low, especially in 
the case of ABS-WWTP. 

No significant difference was found in the total number 
of fungi counted on SDA and RBA media (data not shown). 
Shokrollahzadeh et al. [1], reported the total number of fungi 

Table 2
Statistics of the influent and effluent data

N PWWTP ABS-WWTP MWWTP

Influent

COD (mg/L) 23 1320 ± 230 (1060, 1558) 1345 ± 415 (900, 1720) 500 ± 26 (470, 540)
BOD5 (mg/L) 23 967 ± 491 (460, 1440) 783 ± 389 (430, 1200) 308 ± 23 (260, 340)
pH 23 7.98 ± 1.45 (6.59, 10.03) 6.37 ± 0.16 (6.19, 6.47) 8.08 ± 0.08 (7.93, 8.25)
Temperature (ºC) 23 33.6 ± 1.1 (31.6, 35.0) 34.3 ± 0.8 (33.6, 35.4) 22.9 ± 2.3 (18.8, 25.5)
TSS (mg/L) 22 227 ± 174 (72, 477) 637 ± 147 (520, 850) 323 ± 25.5 (295, 390)
NH3-N (mg/L) 23 9.1 ± 6.9 (1.7, 15.4) 52.2 ± 25.6 (29.5, 79.4) 47.8 ± 2.6 (44.5, 51.0)
NO3

– (mg/L) 23 4.26 ± 0.87 (3.40, 5.45) 89.3 ± 32.0 (44.0, 115.2) 2.92 ± 0.44 (2.53, 3.53)
PO4

3– (mg/L) 23 10.1 ± 6.6 (2.3, 18.3) 25.4 ± 17.7 (0.8, 46.0) 19.3 ± 0.7 (18.2, 20.1)
Oil (mg/L) 14 41.5 ± 8.2 (34.0, 53.0) – 24.2 ± 2.5 (20.0, 26.0)
Phenol (mg/L) 14 5.9 ± 2.2 (2.6, 7.2) – –
CN– (µg/L) 14 3.78 ± 1.98 (1.30, 6.10) 12.28 ± 1.96 (9.80, 14.60) –

Effluent

COD (mg/L) 23 100 ± 13 (88, 118) 260 ± 46 (220, 310) 39.5 ± 7.0 (30, 52)
BOD5 (mg/l) 23 54 ± 23 (37, 81) 55.7 ± 32.9 (20.1, 85.3) 25.2 ± 4.3 (20, 35)
pH 23 7.67 ± 0.76 (6.70, 8.48) 7.06 ± 0.55 (6.43, 7.38) 7.40 ± 0.13 (7.25, 7.69)
Temperature (ºC) 23 27.9 ± 0.8 (26.4, 29.5) 28.8 ± 0.9 (27.9, 29.9) 23.2 ± 2.5 (19, 26)
TSS (mg/L) 22 4 ±1 (3, 5) 282 ± 151 (180, 456) 25.8 ± 3.7 (22, 33)
NH3-N (mg/L) 23 0.8 ± 0.5 (0.1, 1.2) 32.6 ± 21.5 (1.7, 74.5) 2.0 ± 0.6 (1.4, 2.8)
NO3

– (mg/L) 23 10.1 ± 2.9 (7.2, 13.6) 218 ± 120 (118, 388) 15.3 ± 0.7 (14.4, 16.0)
PO4

3– (mg/L) 23 3.7 ± 3.1 (0.9, 8.0) 11.2 ± 8.8 (1.1, 25.6) 10.8 ± 0.7 (9.8, 11.7)
Oil (mg/L) 14 12.0 ± 4.9 (8.0, 19.0) – 4.1 ± 2.3 (2.0, 7.3)
Phenol (mg/L) 14 0.01 ± 0.01 (0.01, 0.02) – –
CN– (µg/L) 14 1.00 ± 0.71 (0.10, 1.80) 3.57 ± 1.27 (2.60, 5.00) –

Bioreactor influent

COD (mg/L) 12 415 ± 134 (280, 580) 639 ± 256 (350, 840) 305 ± 11 (286, 330)
BOD5 (mg/L) 12 175 ± 91 (70, 231) 237 ± 47 (200, 290) 191 ± 10 (175, 210)
Phenol (mg/L) 12 4.87 ± 1.68 (2.60, 6.57) – –
CN– (µg/L) 12 – 5.77 ± 0.76 (4.90, 6.30) –

Bioreactor effluent

COD (mg/L) 12 260 ± 67 (193, 350) 283 ± 54 (211, 351) 61.2 ± 7.6 (49.0, 77.0)
BOD5 (mg/L) 12 94 ± 53 (60, 155) 86 ± 41 (30.6, 102.0) 36.2 ± 8.1 (27.1, 51.2)
pH 12 7.36 ± 0.46 (6.77, 7.81) 7.23 ± 0.61 (6.5, 7.83) 7.51 ± 0.17 (7.25, 7.77)
NH3-N (mg/L) 12 1.31 ± 0.35 (1.01, 1.74) 51.5 ± 46.5 (0.9, 92.5) 2.0 ± 0.6 (1.4, 2.8)
NO3

– (mg/L) 12 12.3 ± 5.3 (6.7, 18.1) 176 ± 131 (122, 301) 15.3 ± 0.7 (14.4, 16.0)
PO4

3– (mg/L) 12 4.79 ± 3.58 (1.10, 9.60) 17.36 ± 16.17 (0.87, 33.20) 10.8 ± 0.7 (9.8, 11.7)
Phenol (mg/L) 12 0.02 ± 0.01 (0.01, 0.03) – –

CN– (µg/L) 12 – 4.61 ± 1.15 (3.25, 5.45) –

Data are expressed as mean ± S.D. (min, max).
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in the biological reactor treating petrochemical wastewater 
in the range of 102–104 cfu/mg, and the maximum number of 
aerobic heterotrophic bacteria about 108 cfu/mg. In another 
study, Yang et al. [10], described the abundance and diver-
sity of yeasts and other microorganisms in WWTPs. They 
found that the fungi to bacteria ratios in biopharmaceutical, 
municipal and paper making WWTPs were 1:9 103 to 1:6 105, 
1:8 102 to 1:5 103 and 1:1 103, respectively.

It has been proved that the type of wastewater, oper-
ational parameters (such as pH, DO, temperature), and 
the specific environmental conditions exert more influ-
ence on the composition, diversity, and abundance of 
microbial communities in biological wastewater treat-
ment systems [10]. Table 4 summarizes the operational 
parameters of the studied biological reactors. In general, 
the fungi prefer low pH values, aerobic conditions, and 
temperature of 25–30°C [33]. As shown in this table, DO, 
pH and temperature values in activated sludge reac-
tors are favorable for growth and sporulation of fungal 
and yeast communities. Taking into account the opera-
tional data, all the WWTPs are worked in the absolute 
aerobic conditions (1.7–3.9 mg/L) with the temperature 
and pH contents within the optimal ranges for fungal 
growth (23–30°C and 6.5–7.5, respectively). However, 
the high fungi to bacteria ratio (1:3 103) were observed in 
PWWTP. Considering DO and pH values, the activated 
sludge of PWWTP is the most favorable environment for 
fungal growth compared to the others. DO is one of the 
most important parameters which can strongly affect the 
growth and sporulation of fungal and yeast communi-
ties. Yang et al. [10], found that the number of yeasts and 

the ratio of yeasts to total microorganisms in semi-aero-
bic reactors were higher than anaerobic reactors. As well, 
like other microorganisms, fungi and yeasts are pro-
foundly affected by the pH value. At pH > 9.0, microbial 
activity is inhibited whereas at pH < 6.5, fungi dominate 
over the bacteria in the competition for the substrate [16]. 
Blagodatskaya and Anderson [34], proved that fungi to 
bacteria ratio increased as the pH value decreased.

Overall, the above-mentioned parameters might not 
have considerable influence on the abundance and diver-
sity of fungal communities among the WWTPs because 
of the negligible difference in their values. So, the type of 
wastewater seems to be the most important factor which 
can strongly affect the diversity and abundance of fungal 
communities within the treatment systems. Comparing the 
treatment plants, the PWWTP receives a high variety of 
inlet streams (e.g. oily wastewater, saline wastewater, rain-
water, etc.) comprising various types of recalcitrant organic 
compounds which can affect the abundance of the micro-
bial population. The ABS resin wastewater was usually 
characterized by high concentrations of COD, total Kjeldahl 
nitrogen (TKN), total nitrogen (TN) and total phosphorus 
(TP). In addition, the presence of toxic and refractory com-
pounds such as aromatics may inhibit growth and sporu-
lation of some fungal species and form the specific fungal 
community structure [35,36]. Finally, the MWWTP receives 
a high volume of domestic wastewater rich in organic mate-
rials and nutrients compared to PWWTP and ABS-WWTP 
which provides favorable conditions for microorganisms 
(bacteria, fungi, yeast, etc.) as indicated by the high number 
of bacteria and fungi (Table 3).

Table 4
Operational parameters of biological units

Parameter Unit Measured data Design criteria [30]

PWWTP ABS-WWTP MWWTP

DO mg/L 3.9 ± 0.4 3.1 ± 0.5 1.7 ± 0.1
pH – 6.5 ± 1.4 7.1 ± 0.1 7.5 ± 0.2
Temperature ºC 30.3 ± 0.9 31.2 ± 2.8 23.0 ± 2.3
HRT h 20.6 19.4 4.0–6.0 20–30
SRT* d 39.3 21.2 8.0 20–40
SVI mL/g 127.0 ± 11.0 276.5 ± 42.0 99.6 ± 17.7
MLSS mg/L 1463 ± 203 1816 ± 236 2012 ± 284 2000–5000
MLVSS mg/L 1294 ± 175 1408 ± 191 1663 ± 288
F/M** kg BOD/kg MLVSS.d 0.14 0.15 0.12 0.04–0.10
OLR*** kg BOD/m3.d 0.1 0.2 0.1–0.3
RAS**** % of influent 98.5 99.1 75.0 50–150

Table 3
Microbial concentrations in the activated sludge

Activated sludge  
sample

Bacteria plate count  
(cfu/mL)

Fungi plate count  
(cfu/mL)

Fungi to bacteria 
plate count ratio

PWWTP (1.20 ± 0.48) × 107 (3.60 ± 0.52) × 103 1 : 3 × 103

ABS-WWTP (1.90 ± 0.26) × 107 (2.40 ± 0.30) × 103 1 : 8 × 103

MWWTP (5.30 ± 0.77) × 108 (1.10 ± 0.37) × 104 1 : 5 × 104
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3.3. Characterization of fungal species

The diversity of fungal species in WWTPs was presented 
in Table 5. Based on the culture-dependent method, a total 
of 256 strains were isolated, purified and identified. All iso-
lated strains were identified based on their growth, color 
and morphological characters. The strains have belonged to 
nine genera of Penicillium, Chrysosporium, Aspergillus, Trich-
oderma, Trichothecium, Cladosporium, Fusarium, Geotrichum, 
and Acremonium. The results of the comparative analysis 
showed that the most common fungal species belonged to 
genus Geotrichum, Cladosporium, Aspergillus, and Penicillium. 
All isolated fungi were filamentous (non-filamentous fungi 
were not detected) in the activated sludge samples. The 
increase in the number of filamentous organisms (bacteria 
and fungi) in the activated sludge systems can influence the 
settle ability and compatibility of the sludge, and subse-
quently affect the SVI. In general, SVI is used to determine 
the settling ability of the activated sludge. A sludge with the 
SVI < 80 has good settling properties while the high SVI (> 
150) indicates settling problems and possibly bulking [16]. 
According to the Table 4, all the studied samples have SVI 
values higher than the optimum value of 80 (especially in 
the case of ABS-WWTP), which can partly be attributed to 
the presence of filamentous organisms. It has previously 
been proved that the SVI increases when the number of fil-
amentous microorganisms increase in the biological reactor 
[37,38].

As mentioned before, the type of wastewater and oper-
ating conditions over the biological reactor can greatly influ-
ence the fungal distribution. Compared to the ABS-WWTP 
and MWWTP, the PWWTP receives various high concen-
trated waste streams which may promote the growth and 
sporulation of fungi and yeasts. According to Table 5, the 
highest diversity of fungal species was detected in PWWTP 
as indicated by the high Shannon diversity index (H = 2.56). 
A total of 85 and 3 fungal and yeast strains, respectively, 
belonging to 10 genera were isolated from the PWWTP. 
Geotrichum sp. was the most abundant genus in PWWTP 
and constituting 43.2% of all detected genera, followed by 
Chrysosporium sp. (17%), Cladosporium sp. (11.4%) and Trich-
oderma sp. (6.82%). These isolated strains represented about 

78.4% of the total cultivable population of fungi in the acti-
vated sludge. In other studies, Geotrichum sp. and Tricho-
derma sp. were isolated from the activated sludge treating 
petrochemical wastewater [1,39].

The ABS-WWTP receives difficult wastewater stream 
containing many recalcitrant and toxic substances such as 
acrylonitrile, styrene, cyanide, etc., which form a special-
ized environment for the microorganisms to grow. It is clear 
from Table 5 that the fungal diversity was quite low in the 
activated sludge samples of ABS-WWTP compared to the 
PWWTP, as the Shannon index was 1.57. In ABS-WWTP, 
the population of Aspergillus sp. was predominant (63% of 
the total isolates), followed by Cladosporium sp. (21%) and 
Trichoderma sp. (8.8%). These groups occupied 95% of the 
total isolated fungal communities in ABS-WWTP. The gen-
era of Penicillium and Chrysosporium were in low frequency 
in the ABS-WWTP (both were 3.5%). To our knowledge, 
no study has been found regarding the isolation of these 
strains from the ABS-WWTPs, however, degradation of 
styrene and cyanide (as important compounds present in 
the ABS wastewater) by different strains of Aspergillus have 
been documented in the previous studies [40–42].

A total of 113 fungal species representing 4 genera were 
collected from the activated sludge samples of the MWWTP 
(Table 5). The MWWTP showed the lowest fungal diversity 
among the studied WWTPs but the Shannon index calcu-
lated for this plant (H = 1.95) was relatively higher than 
that of the ABS-WWTP, which is because of the higher fun-
gal strains present in MWWTP compared to ABS-WWTP. 
Geotrichum sp. was found to be the most common occur-
rence genus of samples (36.3% of the total count of fungi) 
in MWWTP. Aspergillus sp. occupied the second place in 
the case of the number of isolation matching 23.9% of total 
fungi. Cladosporium sp. and Penicillium sp. occupied the third 
and fourth position constituting 21.2 and 18.6% of the total 
isolates, respectively. These results were fully in line with 
the results reported in the previous studies [43–46]. Evans 
and Seviour [35], investigated the biodiversity of fungal 
communities in samples collected from the municipal and 
industrial WWTPs using a culture-independent method. 
They found the considerable differences of fungal biodiver-
sity in the treatment plants. This may be explained mainly 

Table 5
Diversity structure of fungal species

Fungus PWWTP ABS-WWTP MWWTP

No. of isolates % of total 
isolates

No. of isolates % of total 
isolates

No. of isolates % of total 
isolates

Penicillium sp. 5 5.7 2 3.5 21 18.6
Chrysosporium sp. 15 17 2 3.5 – –
Aspergillus sp. 6 6.8 36 63.2 27 23.9
Trichoderma sp. 6 6.8 6 8.8 – –
Trichothecium sp. 2 2.3 – – – –
Cladosporium sp. 10 11.4 12 21.1 24 21.2
Fusarium spp. 1 1.1 – – – –
Acremonium sp. 2 2.3 – – – –
Geotrichum sp. 38 43.2 – – 41 36.3
Total 85 100 58 100 113 100
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due to the differences in the composition of waste waters 
which form a special fungal community structure [47].

In general, the isolated fungi from WWTPs were Geo-
trichum, Cladosporium, Aspergillus, Penicillium, Chrysosporium, 
and Trichoderma. Among them, some species have been pre-
viously isolated from various wastewater treatment sys-
tems [43,46,48–50]. Geotrichum sp. was the most abundant 
and the most commonly distributed fungi (approximately 
> 40%) in both PWWTP and MWWTP however, it was not 
isolated from the activated sludge samples of ABS-WWTP. 
Geotrichum sp. is a ubiquitous filamentous yeast-like fungus 
found worldwide in the soil, water, and air samples. It was 
frequently detected as the most abundant fungal species in 
many activated sludge systems [45]. Geotrichum sp. were 
noted to be the effective degraders of petroleum compounds 
[51]. During the warm period (25°C), Geotrichum has a short 
doubling time (7 to 8 hours) to compete with zoogleal bacteria 
with a doubling time of 10 to 25 h so, its growth is intensified 
at high concentrations of BOD5 (> 280 mg/L) [16].

Aspergillus sp. was observed in high frequency in the 
ABS-WWTP and occupied the fourth and second positions 
in the petrochemical and municipal WWTPs, respectively. 
Aspergillus sp. is tolerant to high temperature while, pH 
values in the range of 4 to 8 have little effect on its growth 
[52,53]. Therefore, the studied petrochemical and ABS waste 
waters are favorable environments for growth and spore 
germination of Aspergillus sp. due to the relatively high 
temperature (~31°C) and optimal pH value (6–7). Fungi 
belonging to these genera have been found to be responsi-
ble for degrading a wide range of contaminants in the pet-
rochemical and petroleum effluents. To date, degradation 
of the starch-graft-acrylonitrile copolymer, phenol, refinery 
effluent and petroleum hydrocarbons by Aspergillus Niger 
[17,24,54], aliphatic and aromatic hydrocarbons by Asper-
gillus terreus [55], and phenol by immobilized Aspergillus 
fumigatus in batch and packed bed reactors [23] have been 
documented in the ligterature.

Cladosporium sp. was detected in moderate frequency 
at all WWTPs, with recoveries of 21% from the both ABS-
WWTP and MWWTP as well as 11.4% from PWWTP. Clad-
osporium species are ubiquitous worldwide and commonly 
isolated from the soil and organic matters. Salvo et al. [56], 
reported Cladosporium as an abundant genus in sediments 
impacted by PAHs. In another study, Li et al. [57], reported 
the great ability of genus Cladosporium in degradation of 
diesel oil with a real reduction ratio of up to 34% after 5 
days. Penicillium sp. was isolated in low frequency from the 
PWWTP and ABS-WWTP and in moderate frequency from 
the MWWTP. In fact, the cool and moderate climates are 
desirable for Penicillium species and they grow very well at 
18 to 25°C, whereas, most bacteria grow better at a higher 
temperature of 30 to 38°C. Kacprzak et al. [44], found that 
Penicillium species occupied about 50% of all existing fungal 
communities in wastewater sludge. The genus Chrysospo-
rium was the second most common fungi isolated from the 
PWWTP. Various species of Chrysosporium have been for-
merly isolated from the wastewater and activated sludge 
samples [45,58]. Trichoderma sp. was observed in low fre-
quency and comprised about 7 and 9% of all fungal commu-
nities isolated from PWWTP and ABS-WWTP, respectively. 
The distribution of Trichoderma species in the wastewater 
and activated sludge samples have been reported in many 

related studies [43,49,59] however, this genus was not 
detected in the MWWTP sludge samples. Verma et al. [60], 
found that Trichoderma species were capable of producing 
laccase enzyme, with the potential for degradation of toxic 
organic compounds. Acremonium, Trichothecium, and Fusar-
ium were isolated in rare frequencies from the PWWTP and 
they were not detected in any activated sludge samples col-
lected from the both MWWTP and ABS-WWTP. 

In summary, as compared with bacteria, fungi are rarely 
found as dominant groups of microorganisms in the acti-
vated sludge systems. However, in some specific envi-
ronments such as toxic or highly acidic conditions, cold 
temperatures, and nitrogen-deficient conditions, fungi 
grow well in competition with bacteria [35,61]. Moreover, in 
some hazardous waste waters such as hospital waste waters 
containing high concentrations of antibiotics which can 
affect the bacterial activity, fungal treatment is confirmed as 
a promising technology considering the high degradation 
potential of fungi against hazardous and recalcitrant com-
pounds [62]. Therefore, further studies on the capabilities 
of isolated fungal communities in degradation and detox-
ification of hazardous pollutants will be helpful to deepen 
scientific understanding of the biological treatment of diffi-
cult wastewaters.

4. Conclusions

In this research, the abundant and diverse fungal com-
munities were studied in three full-scale activated sludge 
systems. The results showed considerable differences in 
fungal biodiversity of the treatment plants which may be 
due to the existence of a wide variety of compounds in the 
influents and also operational parameters of the plants. The 
members of the fungal communities were assigned to 256 
strains and nine genera. Among them, 85 strains were iso-
lated from the PWWTP, 58 strains from the ABS-WWTP and 
113 strains from the MWWTP samples. The most-frequently 
isolated fungi from the studied WWTPs have belonged to 
the genera Geotrichum, Cladosporium, Aspergillus, Penicil-
lium, and Trichoderma.

This study, for the first time, evaluated the fungal pop-
ulation diversity and structure in a petrochemical and an 
ABS resin manufacturing WWTP using the culture-depen-
dent method. The findings will surely enhance our under-
standing in relation to the fungal communities existing in 
the activated sludge. As with bacteria, fungi and yeasts are 
eco-friendly agents and can naturally develop modified 
metabolism to deal with the environmental contaminants. 
Therefore, extensive studies are needed to investigate fun-
gal species and their functions in the biological wastewater 
treatment systems.
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