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Bulking and foaming of activated sludge are related to excessive proliferation of a specific group of activated sludge biocenosis — filamentous bacteria.

The research was carried out to compare filamentous bacteria populations in foam and activated sludge in a full-scale municipal wastewater treatment
plant located near Warsaw (Poland). Fluorescent in situ hybridization (FISH) — a quantitative, culture-independent, molecular method was applied
to evaluate the structure of filamentous populations. Activated sludge and foam were examined for the abundance of eleven groups of these microor-

ganisms, which occur in wastewater treatment plants in Europe. Filamentous bacteria constituted 18% and 24% of all bacteria detected in sludge

and foam, respectively. The structures of filamentous bacteria populations in sludge and foam were different, although the same bacteria were found
in both types of samples. The most abundant filaments belonged to phylum Chloroflexi (targeted by the CFXmix probe) and genus Microthrix (targeted
by the MPAmix probe) in sludge and foam, respectively. The third significantly abundant bacteria was Haliscomenobacter hydrossis (targeted by

HHYG654).
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Introduction

Activated sludge is a microbiological structure consisting
of a mixed consortium of micro- and macro-organisms that
remove inorganic and organic contaminants from waste-
water. Typical biomass contains about 95% of bacteria and
5% of higher organisms, such as protozoa, micrometazoa
and lower invertebrates. The activated sludge process relies
on the growth of floc-forming bacteria which biodegrade
the organic material contained in wastewater. These bacte-
ria, together with the protozoa, are able to flocculate and
settle down, leaving a clarified supernatant and a thickened
sludge for recycling.

Filamentous bacteria constitute a significant part of the
biomass in activated sludge, often more than 25% of all
bacteria [1]. They serve as a sort of backbone for the flocs
which become stronger and more resistant to tearing.
Moreover, filaments adsorb pollutants contained in waste-
water, oxidize them and decompose complex compounds
to simpler substances, which can already be used as sub-
strates for other bacteria. On the other hand, an excessive
growth of certain groups of filamentous bacteria changes
the structure of flocs in activated sludge and results in bulk-
ing and foaming [2,3,4].

Filamentous bulking and foaming of activated sludge
is a common problem in wastewater treatment plants
(WWTPs). Bulking impairs flocculating and settling prop-
erties of flocs in the secondary clarifier, making solid par-
ticles get into treated wastewater [5,6,7]. Foaming is usually
caused by Candidatus ‘Microthrix parvicella’ [8] and My-

colata [9] and occurs mainly in municipal and industrial
wastewater treatment plants without nutrient removal [10].
In Poland, activated sludge bulking coincided with high
abundance of bacteria from genus Microthrix [11].

In this study these two phenomena were observed si-
multaneously in one WWTP and filamentous bacteria re-
sponsible for them were investigated and compared to each
other. The study presents a new approach to research on
activated sludge by using molecular methods, it also pro-
vides information about the abundance of specific bacteria
in sludge and foam, which is not feasible to be obtained by
conventional methods.

Materials and methods

Sampling

Activated sludge and foam were sampled from an aerobic
tank and a secondary clarifier, respectively, then kept below
4°C until fixed properly for FISH analyses [12].

WWTPs data

The WWTP had an anoxic and an aerobic (AO) reactor
type, biological N-removal (nitrification and denitrifica-
tion). The plant’s designed size was 83 000 population
equivalents (PE), while the actual size is 99 000 PE. The
fraction of industrial contribution (mainly slaughterhouse
and dairy wastewater) to the organic matter in the influent
was 20-25% (expressed as COD). To improve phosphorus
elimination, iron based coagulants (PIX) were dosed when
necessary. Operational problems connected with settling of
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the activated sludge were reported, they included both poor
settling and foaming on secondary clarifiers.

Fluorescent iz situ hybridization identification

FISH analyses were carried out according to Nielsen ez 4.
[12]. The selection of probes was based on the recently de-
signed probes for filamentous bacteria detected in activated
sludge plants [13,14]. The 6-Fam labelled general EUBmix
probe (equimolar mixture of EUB338, EUB338II, and
EUB338III) was used as universal probe to target the great
majority of bacterial community. Filamentous bacteria were
identified with CFXmix (equimolar concentration of
GNSB-941 and CFX1223 probes, targeting phylum Chlo-
roflexi), CFX197 (Type 0092 in phylum Chloroflexi),
T0803 and CHL1851 (Types 0803 and 1851, respectively,
in phylum Chloroflexi), MPAmix (equimolar concentration
of MPA645, MPA223 and MPAGO, targeting Candidatus
‘Microthrix parvicella®’ and Candidatus ‘M. calida’), HHY654
(Haliscomenobacter hydrossis), Myc657 (Mycobacterium sub-
division mycolata), Spinl449 (Skermania piniformis),
Gor596 (family Gordonia), Curvi997 (Types 1701 and
0041/0675 of Curvibacter spp.), TM7905 (Type 0041/
0675 in Candidate division TM7), G123T (Thiothrix eikel-
boomii, 1. nivea, T unzii, T. fructosivorans, I defluvii, Eikel-
boom Type 021N group I, II, IIT). The specific probes were
labelled with Cy3. Detailed information about the probes
used is given in probeBase [15].

Quantification of filamentous bacteria

Twenty separate images for each probe were captured with
a Nikon Eclipse 50i microscope. Quantification procedures
were performed similar to Muszyriski ez a/. [16] and Miel-
czarek et al. [14]. The biovolume of bacteria, relative to the
pixel area of the cells positive for the specific probe, was
evaluated by image analysis using Image] software [17].
The percentage abundance of a specific bacteria (in % of
EUBmix probe) was calculated as a mean of 20 independ-
ent measurements. The standard error of the mean (SE)
was calculated as a standard deviation of the percentage
abundance of the specific bacteria divided by a square root
of 20 (number of measurements).

Results and Discussion

Over 30 different morphotypes have been found in acti-
vated sludge in various wastewater treatment plants [2,3,
18,19]. In plants with enhanced biological phosphorus re-
moval investigated by Nielsen ez a/. [1] the most abundant
filamentous bacteria belonged to phylum Chloroflexi and
TM?7, genera Curvibacter, Haliscomenobacter, Microthrix
and Mycolata.

Filamentous bacteria were abundant in all samples and
constituted 18% and 24 % of all bacteria identified by the
EUBmix probe in sludge and foam, respectively. Filaments
were more abundant in foam, whereas average abundance
in sludge was lower than mean percentages (28+3%) ob-

tained for Polish WWTPs with nutrients removal [20] or
for Danish plants (24-28%), analyzed by Nielsen ez a/. [1]
and Mielczarek et al.[14].

The same three main groups of filamentous bacteria
(Chloroflexi, Microthrix and Haliscomenobacter hydrossis)
were detected both in foam and sludge samples. Although
filamentous populations were the same, their relative abun-
dance was different (Figure 1). Previous research, carried
out by Mifobedzka and Muszyniski [20], Nielsen ez a/. [1]
and Mielczarek ez al. [14], showed that the most abundant
filamentous bacteria in sludge in Polish and Danish
WWTPs also belonged to phylum Chloroflexi and genus
Microthrix. Those two groups of bacteria occurred most
frequently during bulking of activated sludge in systems
treating primarily municipal wastewater [21].

Chloroflexi was the most abundant filament in sludge
(10+3% of all bacteria; 57% of all filamentous bacteria
(Figures 1 and 2). Bacteria from this phylum are important
protein-hydrolyzing organisms, they excrete exoenzymes
like esterase, phosphatase, glucuronidase, galactosidase,
chitinase, and protease which help them utilize polysaccha-
rides, proteins, and other complex macromolecules. Usu-
ally, these filaments do not cause serious operational
problems because they are hidden inside flocs. However,
sometimes they can form open structures in flocs, which
results in deterioration of sludge settling properties. Mor-
photypes 0041, 0092, 0803, 1701, 1851, and Nostocoida
limicola are embraced by Chloroflexi. Some of them - mor-
photypes 0041, 1851 and 1701 are covered by epiphytic
Epiflobacter [1].
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Figure 1. Differences in relative abundance of the filamen-

tous bacteria identified in activated sludge and foam in
the tested WWTP
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Phylum Chloroflexi was further investigated with hier-
archical approach, probes T0803, CHL1851 and CFX197
were used to determine abundance of morphotypes 0803,
1851 and 0092, respectively. Type 1851 was not abundant
in the tested WWTT, morphotype 0092 accounted for 1%
of the whole population of Chloroflexi both in sludge and
foam, while Type 0803 constituted 5% and 1% in sludge
and foam, respectively.

Type 0803, common in municipal WWTPs, may create
the open-floc structures or rosettes. It may result in deteri-
oration of settling properties of the sludge, especially when
these bacteria extensively proliferate during winter. How-
ever, these straight filaments usually occur inside flocs
[2,3,6].

Type 0092 of Chloroflexi constitutes on average 3-4%
of all bacteria in activated sludge [6,14]. However, it was
less abundant in sludge and foam of the tested WWTP and
did not exceed 1%.

Despite the accuracy of the FISH method allowing to
find bacteria not only from type or family, but also partic-
ular species, there are still no specific probes for all bacterial
species existing in activated sludge (about one third of
Chloroflexi cannot be identified beyond phylum level) [14].
In our study we were not able to differentiate 40% and
50% of Chloroflexi in sludge and foam, respectively.

Microthrix was the dominating filamentous bacteria in
foam (18+3% of all bacteria; 78% of all filamentous bac-
teria) (Figures 1 and 3), it also co-dominated in sludge
(6+2% of all bacteria; 35% of all filamentous bacteria). Mi-
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Figure 2. The composition of filamentous bacteria popu-
lation in activated sludge of the tested WWTP determined
by quantitative FISH

crothrix can express high levels of lipases and esterase and
grow only on lipids and long-chain fatty acids. What is
more, under anaerobic conditions they can store these sub-
strates as lipidic inclusion, which can be utilized for growth
under aerobic or anoxic conditions. All these uncommon
metabolic characteristics predestinate them to compete
with other bacteria. They have a hydrophobic surface and
therefore they very often form stable foam on surface of ac-
tivated sludge tanks [1].

Significant contribution to overall filamentous commu-
nity in sludge and foam was also made by H. hydrossis —
9% and 4% (Figure 1), which corresponds to 2% (Figure
2) and 1 % (Figure 3) of all bacteria, respectively. Similar
results were obtained in Danish WWTPs, on average 1,9%
of all bacteria. These needle-like, thin filaments from phy-
lum Bacteroidetes are commonly present in low numbers
(occasionally abundant), usually in biological WWTPs
with nutrients removal.

TM7, Mycolata, family Gordonia and Skermania pini-
formis, Curvibacter (Types 1701 and 0041/0675), Thio-
thrix/021N have not been found in the tested WWTTP.

The filamentous bacteria in plants with enhanced bio-
logical phosphorus removal are adapted to decompose and
consume macromolecules. Some of them, like Microthrix,
are extremely specialized in substrate consumption, but
others do not present such specialism.

How to control growth of detected filamentous bacte-
ria? Most obvious, but also usually not possible solution to
limit proliferation Microthrix, is the elimination of lipids
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Figure 3. The composition of filamentous bacteria popu-
lation in foam of the tested WWTP determined by quanti-
tative FISH
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from influent. A more frequently used method is treatment
with aluminium-based specific chemicals targeting the
physiology of Microthrix [22]. Another technique to ex-
clude filaments using macromolecules can be to switch to
more soluble substrates. Elimination of polysaccharides
from the influent is a way to control Haliscomenobacter.
However, many species from Chloroflexi degrade complex
macromolecules (essential in activated sludge biostructure)
and are very difficult to be selectively removed [1].

Conclusions

Populations of filamentous bacteria causing bulking and
foaming in the same WWTP were investigated with quan-
titative FISH:

1. Filaments constituted significant fractions of bacteria
in sludge and foam and accounted for, on average, 18%
and 24% of all bacteria, respectively.

2. The structure of filamentous bacteria populations in
sludge and foam was different.

3. The most abundant filamentous bacteria in sludge and
foam belonged to phylum Chloroflexi (CFXmix) and
genus Microthrix (MPAmix), respectively.

Bibliography

[1] Nielsen, P H., Mielczarek, A. T., Kragelund, C., Nielsen, J. L.,
Saunders, A. M., Kong, Y., Hansen, A. A., Vollertsen J. “A con-
ceptual ecosystem model of microbial communities in en-
hanced biological phosphorus removal plants.” Water research,
44(17) (2010): 5070 — 5088.

[2] Eikelboom D.H. “Process control of activated sludge plants by
microscopic investigation.” London, I'WA Publishing, 2000.

[3] Jenkins D., Richard M., Daigger G. ,Manual on the causes and
control of activated sludge bulking, foaming and other solids
separation problems.” London, IWA Publishing, CRC Press,
2004.

[4]  Seviour, R.J. “The current taxonomic status of the filamentous
bacteria found in activated sludge plants.” In: “Microbial ecol-
ogy of activated sludge” (Seviour R.J., Nielsen PH., Eds.), pp.
169-190. London, IWA Publishing, 2009.

[5] Kragelund C., Levantesi C., Borger A., Thelen K., Eikelboom
D., Thandoi V., Kong Y., van der Waarde J., Krooneman J.,
Rossetti J., Thomsen T.R., Nielsen PR. “Identity, abundance
and ecophysiology of filamentous Chloroflexi species present
in activated sludge treatment plants.” FEMS Microbiology
Ecology 59 (2007a): 671-682.

[6] Kragelund C., Thomsen T.R., Mielczarek A.T., Nielsen PH.
“Eikelboom’s morphotype 0803 in activated sludge belongs to
the genus Caldilinea in the phylum Chloroflexi.” FEMS Mi-
crobiology Ecology 76 (2011): 451-462.

[71 Miura, Y., Watanabe, Y., Okabe, S. “Significance of Chloroflexi
in performance of submerged membrane bioreactors (MBR)
treating municipal wastewater.” Environmental Science and

Technology 41 (22) (2007): 7787 - 7794.

[8] Blackall L.L., Parlett J.H., Hayward A.C., Minnikin D.E.,
Greenfield PE and Harbers A.E. “Nocardia pinensis sp.nov. an
actinomycete found in activated sludge foams in Australia.” J.
Gen. Microbiol. 135 (1989): 1547-1558.

[9] Soddell J.A., Seviour R.J., Blackall L.L., Hugenholtz P. “New
foam-forming nocardioforms found in activated sludge.” Water
Sci. Technol. 37 (1998): 495-502.

[10] Kragelund, C., Remesova, Z., Nielsen, J. L., Thomsen, T. R,,
Eales, K., Seviour, R., Wanner, J., Nielsen PH. “Ecophysiology
of mycolic acid-containing Actinobacteria (Mycolata) in acti-
vated sludge foams.” FEMS Microbiology Ecology, 61(1)
(2007b): 174-84.

[11] Fiatkowska E., Fyda J., Pajdak-Stos A., Wiackowski K. “Osad
czynny: biologia i analiza mikroskopowa.” Poland, Seidel i Przy-
wecki, 2010.

[12] Nielsen PH., Daims H., Lemmer H. (eds.) “FISH Handbook
for Biological Wastewater Treatment. London”. IWA Publish-
ing, 2009a.

[13] Nielsen PH., Kragelund C., Seviour R.]., Nielsen J.L. “Identity
and ecophysiology of filamentous bacteria in activated sludge.”
FEMS Microbiol Rev. 33(2009b): 969-998.

[14] Mielczarek, A. T, Kragelund, C., Eriksen, L. S., & Nielsen, P.
H. “Population dynamics of filamentous bacteria in Danish
wastewater treatment plants with nutrient removal.” Wazer re-
search, 46(12) (2012): 3781-3795.

[15] Loy, A., Horn, M., Wagner, M.: “ProbeBase: an online resource
for rRNA-targeted oligonucleotide probes.” Nucleic Acids Res.,
31(2003): 514-516.

[16] Muszyniski, A., Lebkowska, M., Tabernacka, A., Milobedzka,
A. “From macro to lab-scale: Changes in bacterial community
led to deterioration of EBPR in lab reactor.” Central European
Journal of Biology, 8(2) (2012): 130-142.

[17] Collins T.J.: “Image] for microscopy.” Biotechniques, 43
(2007): 25-30.

[18] Eikelboom D.H. “Identification and Control of Filamentous
Microorganisms in Industrial Wastewater Treatment Plants.”
London, IWA Publishing, 2006.

[19] Eikelboom D., Geurkink B. “Filamentous microorganisms ob-
served in industrial activated sludge plants.” Water Science and
Technology 46(1-2) (2002): 535 - 542.

[20] Milobedzka, A., Muszytiski, A., “Filamentous Bacteria in Polish
Full-scale Wastewater Treatment Plants with Nutrients Re-
moval”. In: Proceedings of the IWA 6th Eastern European
Young Water Professionals Conference ‘East Meets West', Is-
tanbul (2014): 903-912.

[21] Wanner J., Kragelund C., Nielsen P. H. “Microbiology of bulk-
ing.” In: “Microbial ecology of activated sludge” (Seviour R.].,
Nielsen PH., Eds.). London IWA Publishing, 2009, p 191-
214.

[22] Nielsen, P. H., Kragelund, C., Nielsen, J. L., Tiro, S., Lebek,
M., Rosenwinkel, K.-H., Gessesse, A. “Control of Microthrix
parvicella in activated sludge plants by dosage of polyalu-
minium salts: possible mechanisms.” Acta Hydro- chim. Hy-
drobiol. 33 (2005): 255-261.

Received: 1 January 2015
Received in revised form: 6 October 2015
Accepted: 21 October 2015

(2]
o
O
C
.9
O
2]
O
—
c
o
S
c
o
.t
>
c
LLl




