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Abstract: Filamentous microorganisms from lab-scale SBR
were identified by conventional light microscopy, based on their
morphological features, and by fluorescence in situ hybridiza-
tion (FISH). The study revealed that the conventional method
is not reliable because the results of Gram and Neisser stain-
ing may vary and morphotypes Haliscomenobacter hydrossis and
type 0092 can be easily confused. Surveys of filamentous bacte-
ria, which are identified as morphotypes, could give misleading
or incorrect results. That is why such data should be interpreted
with caution and has to be verified using culture-independent
methods. Not only can FISH confirm the results of identifica-
tion by conventional light microscopy, but it may also contradict
preliminary classification based on morphological characteristics
and staining properties.

1. Introduction

Lack of general solutions to the sludge bulking problem induces research on the iden-
tity of filamentous bacteria responsible for this phenomenon. Identification keys were
developed to classify these bacteria to morphotypes (Eikelboom, 2000; Cenens et al.,
2002b,a; Contreras et al., 2004). Despite several limitations, this systematic tool al-
lows identification of filaments with relative confidence (Martins et al., 2004). Not
many specific problems with misidentification have been described in detail, although
the risk of inaccuracy of ’traditional’ methods is commonly known. Conventional
identification of filamentous bacteria hidden inside sludge flocs is difficult. Isolation
can be made using micromanipulators which enable the selection of dominating fila-
ments from activated sludge, but it requires specialized and expensive equipment and
often an additional pretreatment of sludge (Snaidr et al., 2002; Kocwa-Haluch and
Woźniakiewicz, 2011). The conventional light microscopy method is based on mor-
phological features of the filaments, results of the sulphur deposit test (S-test) and
Gram and Neisser staining. These characteristics may vary somewhat and depend
on the environmental conditions. Some morphotypes are strongly related to each
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other or may even have different growth forms within the same species. Kanagawa
et al. (2000) concluded that a morphotype might include several species, which can
be distinguished from one another only by application of specific oligoprobes. Rapid
screening with conventional light microscopy and confirmation or contradiction of
results using fluorescence in situ hybridization (FISH) is recommended. Also other
techniques, like Q-PCR or DNA-chips can be used to monitor microbial populations in
WWTPs (Eikelboom and Geurkink, 2002). Molecular methods can be used to correct
identification of filamentous bacteria and should be applied along with conventional
light microscopy to choose the right strategy for sludge bulking control (Martins et al.,
2004).

2. Methods

Methods included operation of the reactor and preparing synthetic wastewater. Con-
ventional microscopic analysis and observations using molecular method fluorescence
in situ hybridization were also carried out.

2.1. Reactor operation and wastewater

A lab-scale sequencing batch reactor (SBR) with a working volume of 6.9 l (Muszyński
et al., 2013) was inoculated with activated sludge from a full-scale WWTP. It was
operated for over 6 months. The SBR cycle consisted of an aerobic period of 315 min
(including 14 min of filling), a settling period of 32 min and a decantation period (half
of the working volume) of 12 min. This resulted in a 6 h cycle and a hydraulic retention
time (HRT) of 12 h. The feed to the SBR was similar to the synthetic medium used
by (Muszyński et al., 2013), but concentrations of K2HPO4 and KH2PO4 were limited
to 23.4 and 3.42 mg/l, respectively.

2.2. Microscopic analysis

Visual characterization of sludge samples and identification to morphotype were per-
formed using Nikon Eclipse 80i microscope. Microscopic observations of wet mount
preparations, Gram and Neisser staining, and the sulphur deposit test were performed
according to Eikelboom (2000). Identification to morphotype was carried out accord-
ing to keys (Eikelboom, 2000) and was based on eleven morphological features of
the filaments: shape and length, diameter, motility, presence of branching, attached
growth of other bacteria to the filaments, (visible or not visible) septa between ad-
joining cells, shape of cells, presence of sheath, and sulphur granules.

FISH analyses were carried out according to Nielsen et al. (2009). The 6-Fam la-
beled general EUBmix probe (equimolar mixture of EUB338, EUB338II, and
EUB338III) was used to target the entire bacterial community. Filamentous bac-
teria were identified with a selection of 4 oligoprobes: CFXmix (equimolar concen-
tration of GNSB-941 and CFX1223 probes, targeting phylum Chloroflexi), CLX197
(types 0092 in phylum Chloroflexi), G123T (Thiothrix eikelboomii, T. nivea, T. un-
zii, T. fructosivorans, T. defluvii, Eikelboom type 021N group I, II, III) and HHY654
(Haliscomenobacter hydrossis). The specific probes were labeled with Cy3. Probes
were selected based on the results of the conventional light microscopy identification.
Hierarchical approach was used for Chloroflexi, i.e. the more general probe was ap-
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plied first and then the more specific one – CFXmix followed by CLX197. Detailed
information about the probes used is given in probe (Loy et al., 2003).

3. Results of conventional identification

Four main morphotypes were detected in sludge samples based on microscopic obser-
vations:

• needle-like, straight or slightly bent filaments of variable length and diameter
of 0.65 µm, protruding from flocs, not branched, immobile. The filaments did
not contain granules and had no attached growth, the septa and sheath were
not clearly visible;

• long filaments, 1.5 µm in diameter, with visible refractive S granules present
both before and after S-test;

• long, slightly bent and sometimes twisted filaments, 0.9 µm in diameter, with
visible disc shaped cells;

• large (diameter > 2 µm), motile filaments with S granules.

All filaments were Gram negative, Neisser staining gave negative result for morpho-
types (2),(3) and (4), but positive for (1).

Morphotype (1) matched two descriptions in the keys – type 0092 and partially
Haliscomenobacter hydrossis (Eikelboom, 2000; Jenkins et al., 2004). Neisser staining
was repeated directly after the aeration stage and gave the same grey-blue positive
result, clearly suggesting type 0092 identity. Also the diameter of the filaments indi-
cated rather type 0092, which may vary from 0.5 to 0.7 µm in width (for H. hydrossis
0.3 – 0.5 µm).

Morphotype (2) had robust, bent filaments without the sheath, observed mainly in
the water phase between the flocs. Listed morphological characteristics were typical
for Type 021N, including sulphur-storing species – Thiothrix. These filaments usually
have a diameter of 1.2 – 1.5 µm, however thicker species have been observed as well.
Most species are Gram and Neisser negative (Eikelboom, 2000; Jenkins et al., 2004).
Based on the keys this morphotype was identified as Thiothrix/021N.

Morphotype (3) with coiled and twisted filaments and discoid cells matched mor-
photype Nostocoida limicola. These filaments vary from 0.8 to 1.3 µm in diameter.
These bacteria have no sheath, attached growth nor granules (but sulphur storing was
occasionally observed). Gram and Neisser staining give variable results (Eikelboom,
2000; Jenkins et al., 2004).

Morphotype (4) presented characteristic flexing and gliding motions, therefore it
was identified as Beggiatoa sp. These Gram and Neisser negative filaments were large
(longer than 100 µm, 2 µm in diameter), straight, softly curved, and they protruded
from flocs. Cells were rectangular but their shape was masked by intracellular sulphur
granules. No attached growth, branching or sheath was observed.

Identification of filamentous bacteria based on conventional light microscopy is rel-
atively quick and often useful; however, it has serious limitations. Some morphotypes,
like Sphaerotilus natans and type 0092, can change their morphology in response to
environmental conditions (Richard et al., 1985; Buali and Horan, 1989; Seviour et al.,
1997). Filamentous bacteria, which present the same morphological features and
which are classified as a single morphotype, may vary considerably in their physiology
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(a) (b)

Fig. 1. FISH micrographs showing the same field of view. Chloroflexi was targeted by
CFXmix probe (left micrograph); all bacteria were detected by EUBmix probe
(right micrograph). Scale bar represents 10 µm and refers to both micrographs.

and taxonomy (Seviour and Blackall, 1999; Tandoi, 2002). Morphotype N. limicola
affiliates to at least four different bacterial phyla and includes species from Acti-
nobacteria, Alphaproteobacteria (e.g. Meganema perideroedes), Gammaproteobacte-
ria (Thiothrix ) and some Defluviicoccus, Firmicutes, Planctomycetes and Chloroflexi
(Martins et al., 2004; Nielsen et al., 2009). Therefore we decided to verify the results
of our identification by a more reliable method – FISH. It was revealed that the acti-
vated sludge was co-dominated by 3 phylogenetic groups of filamentous bacteria: H.
hydrosis, Thiothrix/021N and long and thick filaments, unidentified by probes used
in this survey (morhotypes (1), (2) and (4), respectively). Morphotype (3) was not
tested by FISH due to its high phylogenetic diversity.

4. Results of molecular identification

Despite the preliminary classification of morphotype (1) as type 0092, which was
based on its morphological features according to Eikelboom (2000) and Jenkins et al.
(2004) methodologies, FISH ruled out the presence of type 0092 in sludge samples.

Not only did CLX197 probe not hybridize with any filament, but a whole phylum
Chloroflexi (probe CFXmix) was uncommon and it was represented by thin filaments
which were found only occasionally inside the flocs (Fig. 1). Filaments from type 0092
have far different morphological characteristics; they hybridize with specific CLX197
probe only, but not with EUBmix probes. Application of probe HHY654 revealed
that morphotype (1) turned out to be H. hydrossis (Fig. 2).

Morphotype (4) which was not identified by FISH, belonged probably to Beggiatoa.
Its filaments were thicker than those of Thiothrix/021N. However, no probes are
available for Beggiatoa in activated sludge, so it hybridized only with EUBmix probe
(Fig. 3).
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5. Discussion

As we have showed, equivocal results of Gram and Neisser staining can be critical
disadvantages of conventional light microscopy. The results of staining can vary de-

Fig. 2. FISH micrograph showing H. hydrossis detected with probe HHY654 (Cy3;
red) and other bacteria in the activated sludge, targeted by EUBmix probe
(6-Fam; green). Scale bar represents 10 µm.

Fig. 3. FISH micrograph showing Thiothrix/021N detected with probe G123T (Cy3;
red) and other bacteria in the activated sludge, targeted by EUBmix probe
(6-Fam; green). Scale bar represents 10 µm.
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pending on the composition of wastewater and the age of bacteria cells. We reclassified
morphotype (1) from H. hydrossis to type 0092 based on the Neisser staining results,
which were typical for the latter, because Candidatus ’N. limicola’ (Tetrasphaera
spp.) and type 0092 are the only filamentous bacteria staining entirely lilac/grey-
blue (Seviour and Nielsen, 2010). Molecular methods, like FISH, can easily verify
and confirm or contradict preliminary classification to morphotype, as it was in the
case of type 0092 in this survey. Each filamentous morphotype often includes more
than one species, therefore, it is highly recommended to apply FISH or other molecu-
lar techniques along with more traditional examination methods, which are based on
conventional light microscopy (Nielsen et al., 2009).

Similar research on identity of filamentous microorganisms, but in industrial
WWTPs, was carried out by Eikelboom and Geurkink (2002). The authors also
used conventional light microscopy and FISH methods in an EU-sponsored project
being a part of MACOBS (Monitoring and Control of Bulking Sludge through Molec-
ular Probe Assays). Morphotypes N. limicola, Thiothrix, H.hydrossis and type 0092
were identified, but the authors pointed out that some morphotypes were strongly
related to each other. Therefore, they recommended further research with molecular
techniques.

This survey shows unreliability of conventional light microscopy methods and con-
firms the opinion that only a few filaments can be easily identified based on their
morphological features. Traditional examination methods could give misleading or
incorrect results and, therefore, much of the early published surveys on filamentous
bacteria in activated sludge is of little interest. There are no obvious relations be-
tween morphology and phylogenetic identity of these bacteria, so earlier data should
be used and interpreted with caution (Martins et al., 2004; Nielsen et al., 2009).

6. Conclusions

A population of filamentous bacteria was investigated by conventional light microscopy
and FISH. The conclusions are:

• preliminary selection of oligoprobes, based on conventional light microscopy,
should be made with caution;

• conventional light microscopy method is subjective and to a great extent de-
pends on experience of a researcher;

• morphotypes H. hydrossis and type 0092 can be easily confused with each other;
• not only can FISH confirm the results of identification, but it may also contradict

preliminary classification to a morphotype;
• previous surveys on filamentous bacteria identified to morphotypes could be

misleading or incorrect, these data should be used and interpreted with caution.
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Cenens, C., R. Jenné and J. F. Van Impe (2002a), ‘Evaluation of different shape
parameters to distinguish between flocs and filaments in activated sludge images’,
Water Science & Technology pp. 85–91.

Contreras, E. M., L. Giannuzzi and N. E. Zaritzky (2004), ‘Use of image analysis in
the study of competition between non-filamentous and filamentous bacteria’, Water
Research pp. 2621–2630.

Eikelboom, D. H. (2000), Process control of activated sludge plants by microscopic
investigation., IWA Publishing, London.

Eikelboom, D. H. and B. Geurkink (2002), ‘Filamentous micro-organisms observed in
industrial activated sludge plants. water science and technology’, p. 535–542.

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

Kanagawa, T., Y. Kamagata, S. Aruga, T. Kohno, M. Horn and M. Wagner (2000),
‘Phylogenetic analysis of and oligonucleotide probe development for eikelboom type
021n filamentous bacteria isolated from bulking activated sludge.’, Applied Envi-
ronmental Microbiology p. 5043–5052.

Kocwa-Haluch, R. and T. Woźniakiewicz (2011), ‘Analiza mikroskopowa osadu czyn-
nego i jej rola w kontroli procesu technologicznego oczyszczania ścieków.’, Cza-
sopismo Techniczne. Środowisko. pp. 141–162.

Loy, A., M. Horn and M. Wagner (2003), ‘Probebase: an online resource for rRNA-
targeted oligonucleotide probes.’, Nucleic Acids Res. p. 514–516.

Martins, A. M.P., J. J. Heijnen and M. C.M. Van Loosdrecht (2004), ‘Filamentous
bulking sludge-a critical review.’, Water Research p. 793–817.

Muszyński, Adam, Maria Łebkowska, Agnieszka Tabernacka and Aleksandra
Miłobędzka (2013), ‘From macro to lab-scale: Changes in bacterial community
led to deterioration of ebpr in lab reactor.’, Central European Journal of Biology
p. 130–142.

Nielsen, P. H., C. Kragelund, R. J. Seviour and J. L. Nielsen (2009), ‘Identity and
ecophysiology of filamentous bacteria in activated sludge.’, FEMS Microbiol Rev.
pp. 969–998.

Richard, M.G., O. Hao and D. Jenkins (1985), ‘Growth kinetics of sphaerotilus species
and their significance in activated sludge bulking.’, J Water Pollut Control Fed
p. 68–81.

Seviour, E.M., L.L. Blackall, C. Christensson, P. Hugenholtz, M.A. Cunningham and
B. Bradford (1997), ‘J appl microb’, The filamentous morphotype Eikelboom type
1863 is not a single genetic entity. pp. 411–421.

Seviour, R.J. and L.L. Blackall (1999), The microbiology of activated sludge., Dor-
drecht: Kluwer Academic Publishers.

Seviour, R.J. and P.H. Nielsen (2010), Methods for the examination and characteri-
zation of the activated sludge community. In: Microbial ecology of activated sludge
(Seviour R.J., Nielsen P.H. Eds.), IWA Publishing, London.

Snaidr, J., C. Beimfohr, C. Levantesi, S. Rossetti, J. van der Waarde, B. Geurkink, D.
Eikelboom, M. Lemaitre and V. Tandoi (2002), ‘Phylogenetic analysis and in situ
identification of “nostocoida limicola” – like filamentous bacteria in activated sludge
from industrial wastewater treatment plants’, Water Sci. Technol. pp. 99–104.

Tandoi, V. (2002), IWA. Microorganisms in activated sludge and biofilm processes III.
In: Selected Proceedings of the Third IWA International Specialized Conference on
Microorganisms in Activated sludge and Biofilm Processe, IWA Publishing, London.


	Introduction
	Methods
	Reactor operation and wastewater
	Microscopic analysis

	Results of conventional identification
	Results of molecular identification
	Discussion
	Conclusions

