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Currently, urban and industrial wastewater treatment plants (WWTP) are mainly
focused on the reduction of biological oxygen demand and sometimes on the removal of
nutrients such as nitrogen and phosphorus. However, there are microorganisms that
interfere with the process. In these environments, there is a large diversity of
microorganisms that have not been studied in detail and that could provide real and
practical solutions to the problems that could be caused by the wastewater treatment
process. Among such microorganisms, Gram-positive actinomycete bacteria are of
special interest, since they are known for producing secondary metabolites, chemically
diverse compounds with a wide range of biological activities and for their capacity to
degrade recalcitrant pollutants. Three different media were chosen to isolate
actinomycetes from twenty eight wastewater treatment plants (WWTPs) in Spain. A
total of 189 activated sludge samples were collected. 126 strains were isolated and
identified to belong to one suborder, i.e., Corynebacterineae, and seven genera, i.e.,
Corynebacterium, Dietzia, Gordonia, Mycobacterium, Rhodococcus, Tsukamurella and
Williamsia. Furthermore, 71 strains were capable of biodegrading at least one toxic
product, and that 27 of them amplified for catA gene. The results of this study allow to
understand the complexity of the foaming forming populations and it shows that
WWTPs can be a good source of microorganisms with many potential applications,
such as bioremediation or biodegradation of toxic compounds, such as phenol or

naphthalene.

Keywords WWTP, actinomycete, activated sludge, mycolata, 16S rRNA gene sequencing, phenol and

naphthalene biodegradation

Introduction

The term biodiversity often evokes the image of ecosystems where plant and animal
species abound, such as rainforests. However, the organisms that have greater biological
and functional biodiversity on our planet are microorganisms (Oren, 2004; Schleifer,
2004; Gonzélez Pastor, 2010). The fact that there is a wide variety of microorganisms
and that many of them have been studied in some detail, opens the possibility to
undertake a study for their use in the industry. In this regard, microorganisms belonging
to the class Actinobacteria (Gram positive bacteria with a high content of G +C)
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generically known as Actinomycetes, are distinguished by their ability to produce
significant active compounds (Stackebrandt et al., 1997) and by their various
biotechnological applications (Bull et al., 2000).

Activated sludge process is a common aerobic treatment used to reduce the amount of
organic matter from wastewater by using microorganisms (Pal et al., 2014), although it
poses some problems, being the foaming the most important one. Foaming is a
worldwide phenomenon (Wanner et al., 1998; Tandoi et al., 2006) and the greatest
problem in solid separation in the activated sludge process (Wang et al., 2015). There is
a need to identify the species present in the activated sludge basins to get a better
understanding of which are the microorganisms that generate this foam and how to
solve it. Foaming is originated in the aeration tanks and it proceeds from the
combination of air bubbles, (bio)surfactants and a high presence of hydrophobic
filamentous and possibly non-filamentous bacteria (Frigon et al., 2006; Petrovski et al.,
2011). Activated sludge foams are characterised by the formation of thick, stable
brown-coloured scums which float on the surface of aeration basins and secondary
clarifiers in activated sludge sewage treatment plants (Sodell and Seviour, 1990),
varying in thickness from a few centimeters to over a meter (de los Reyes, 2010).
Filamentous foams cause a variety of operational problems in activated sludge plants,
such as the reduction of effluent quality and the loss of biomass (Sodell and Seviour,
1990), and may represent a public health hazard because of the spread of pathogens
through the creation of aerosols. Engineering solutions require an understanding of both
the taxonomic diversity and ecology of the casual organisms (Goodfellow et al., 1998).
The occurrence of foam is usually associated with members of the Mycolata, mycolic
acid-containing actinomycetes (Sodell and Seviour, 1998; Goodfellow et al., 1996;
Seviour et al., 2008) -being Gordonia amarae the first filamentous bacterium isolated
from foams (Lechevalier and Lechevalier, 1974) and the best-known foam former
because of its high frecuency and abundance in foaming wastewater treatment plants
(WWTPs) (de los Reyes, 2010)- and Microthrix parvicella, a gram-positive
nonbranched filamentous bacterium (Sodell and Seviour, 1990; Blackall et al., 1995).
Mycolata are members of the order Actinomycetales in the phylum Actinobacteria
(Dworkin et al., 2006). The mycolata isolates in pure culture from foams have been
identified as members of the families Corynebacteriaceae, Dietziaceae,
Mycobacteriaceae (Mycobacterium and Amycolicicoccus), Nocardiaceae (Gordonia,
Millisia, Nocardia, Rhodococcus, Skermania and Williamsia), Segniliparaceae and
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Tsukamurellaceae (Stackebrandt et al., 1997; Zhi et al., 2009). Mycolic acid-containing
microorganisms have hydrophobic cell surfaces, a property which has been related to
the presence of free long-chain mycolic acids and when present in sufficient numbers
they render hydrophobic flocs and hence amenable to the attachment of air bubbles. The
air bubble-floc aggregates are less dense than water and float to the surface of activated
sludge where they accumulate as foam (Goodfellow et al., 1996; Bendinger et al.,
1995). Traditionally, filamentous bacteria in activated sludge have been identified by
conventional light microscopy using the descriptions given by Eikelboom (2000) or
Jenkins et al. (2004). Currently the taxonomy of mycolata has been revolutionised by
the application of modern taxonomic methods (Erhart et al., 1997; Blackall et al., 1998;
Marsh et al., 1998; Shen et al., 2007). A positive aspect of the microorganisms
belonging to the suborder Corynebacterineae is their metabolic versatility and their
ability to degrade toxic compounds (Bell et al., 1998; Arenskétter et al., 2004; Larkin et
al., 2005), being Rhodococcus and Gordonia the main genera used to eliminate them
(Flavio et al., 1999), since they use many metabolic pathways to degrade them,
including the catechol cleavage activity (Vesely et al., 2007; Min et al., 2009; Matera et
al., 2010). The catA gene encodes catecol 1,2-dioxygenase and it is involved in the first
step of the catalysis of the aromatic ring, carrying out the opening of the ring by means
of an ortho-cleavage process (Vesely et al., 2007; Shen et al., 2009).

In Spain sludge foaming is also one of the main problems in WWTPs, although its
significance in activated-sludge plants is not well understood and a detailed research on
the filamentous bacteria present in such foams has not been implemented yet. Therefore,
the main aim of the present study is to determine the taxonomic diversity of mycolic
acid-containing actinomycetes. The second aim is to find isolates which are capable of
degrading oil derivatives such as phenol and naphthalene because these products are the

most common products in the industrial and domestic WWTPs studied.

Materials and methods

Collection of foam samples

The sampled WWTPs were located in different provinces (Alicante, Cadiz, Castelldn

and Valencia) in Spain. Samples were collected from 28 WWTPs, all of which were
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suffering at the time from foaming problems caused by the mycolata. The phenol and
naphthalene (detection of the products was performed by the WWTPs staff ) were
common products in the biological reactor of the WWTPs located in Cadiz. The

samples were stored at 4°C for no more than 48 h prior to the selective isolation.

Selective isolation

Ten-fold dilutions of foam samples were made and plated in triplicate onto modified
Czapeck medium supplemented with nalidixic acid (Goodfellow et al., 1996), Sauton
medium and GYEA medium. After 7, 14 and 21 days plates were checked for rough,
wrinkled, dry colonies, with or without aerial mycelium. The isolates were subjected to
Gram and acid-fast staining. The organisms that showed a thin, branched filament with
a tendency to fragment into bacillary and coccoid forms were isolated in pure culture on
yeast extract-malt extract agar (ISP medium 2) (Shirling and Gottlieb, 1966) and
incubated for 2-3 weeks at 28°C. Then, the pure cultures were preserved in 20% (w/v)
sterile glycerol solution (Wellington and Williams, 1978) at -80°C for long term
maintenance and on glucose-yeast extract agar at 4°C (Gordon and Mihm, 1962).

Morphological analysis

Macroscopic -based on the appearance of isolated colonies- and microscopic -to verify
that the strains had the typical nocardioform morphology- observations were made. A
morphological study was performed with reference strains belonging to the suborder
Corynebacterineae, provided by the Coleccion Espafiola de Cultivos Tipo - CECT and
the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH - DSMZ
(Corynebacterium xerosis CECT 4160, Gordonia alkanivorans CECT 7017, Gordonia
amarae CECT 5704, Gordonia paraffinivorans DSMZ 44604, Mycobacterium phlei
CECT 3009, Nocardia asteroides CECT 3051, Nocardia brasiliensis CECT 3052,
Rhodococcus phenolicus DSMZ 44812, Rhodococcus rhodochrous CECT 5749,
Tsukamurela spumae DSMZ 44113 and Williamsia maris DSMZ 45037). All strains
were plated onto ISP medium 2 and incubated for 5-10 days at 28°C. Finally, catalase
test was performed.

Chemotaxonomic analysis
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For chemotaxonomic analysis strains were grown on ISP medium 2 for 14 days at 28°C.
For the mycolic acids extraction (Hamid et al., 1993), one loopful of fresh biomass was
suspended in 1 ml of Tetrabutylammonium hydroxide (TBAH) containing 100 mg of
glass beads (<106 um diameter, Sigma-Aldrich, USA).The suspension was
homogenised in a vortex for 30 sec and then placed in a multi-block heater at 100°C for
4 h. After centrifugation (4000 rpm for 5 min), the supernatant was transferred to a new
cryotube and 1 ml of dichloromethane and 25 pl of iodomethane were added. After
homogenization (40 rpm for 30 min) and centrifugation (2000 rpm for 3 min) the lower
layer was transferred to a new microtube, left to dryness in a multi-block heater at 55°C,
and 75 pl of petroleum ether added to reconstitute the hydrolysate for the thin-layer
chromatography analyses.10 ul of each sample were employed in the Thin-Layer
Cromatography (TLC) aluminium cellulose sheets (Merck, USA) in petroleum
ether/acetone (95:5, v/v) until the solvent front was ~1 cm from the top of the plate.
Plates were air-dried, sprayed with phosphomolybdic acid (5%, w/v) (Sigma-Aldrich,
USA) and heated at 100°C for 5 min for visualization of mycolic acid spots. The
extraction of diaminopimelic acid (A2pm) was detected using Staneck and Roberts
(1974) procedure. Two loopfuls of fresh biomass were suspended in 500 pl of HCI 6N
containing 100 mg of glass beads (<106 um diameter; Sigma—Aldrich, USA). The
suspension was homogenised in a vortex for 5 min at 4000 rpm and then placed in an
multi-block heater at 100°C for 4 h. After centrifugation (4000 rpm for 5 min), the
supernatant was transferred to a new microtube, left to dryness in a multi-block heater at
100°C, and 500 ul of distilled water added. The suspension was homogenised in a
vortex for 30 seconds. After new centrifugation (4000 rpm for 5 min), the supernatant
was transferred to a new Eppendorf tube, left to dryness in a multi-block heater at
100°C, and 75 pl of distilled water added to reconstitute the hydrolysate for the thin-
layer chromatography analyses. 3 ul of each sample were employed in the TLC on glass
cellulose sheets (Merck, USA) in methanol/distilled water/6M HClI/pyridine
(32:10,4:1,6:4 v/v) until the solvent front was ~2 cm from the top of the plate. To
visualize diaminopimelic acid (DAP) spots, plates were air-dried, sprayed with freshly
prepared ninhidrine in acetone solution (0.2%, w/v) and heated at 100°C for 5-10 min.
For the whole cell sugar extraction (Hasegawa et al., 1983), one loopful of fresh
biomass were suspended in 0,1 ml of HCI 0.25N. The suspension was autoclaved for 15
min at 121°C. 3 ul of each sample were employed in the TLC on cellulose sheets
(Merck, USA) in n-butanol/distilled water/pyridine/toluene (10:6:6:1 v/v) until the
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solvent front was ~1 cm from the top of the plate. After that, the TLC on cellulose
sheets (Merck, USA) for 2 h. Plates were sprayed with aniline phthalate reagent
(Sigma—Aldrich, USA) and heat at 100°C for 4 min.

Phenotypic tests

Micromorphological properties of the isolated strains grown in ISP medium 2 were
determined by Gram-staining and acid fast staining reaction. Strains were also examined
for a wide range of phenotypic properties using standard procedures (Goodfellow,
1971). Aerial spore-mass colour was determined on the cultures used for morphological
examination. Colours were matched to one of the seven colour wheels of Tresner and
Backus (Tresner and Backus, 1963) using the methods of Shirling and Gottlieb (1966).
Substrate mycelial pigments were observed after 14 days on ISP medium 2. Tolerance
to temperature was tested using ISP medium 2. Growth at 28°C and 37°C was controlled
after 7 and 14 days, but also after 4 weeks at 10°C. The physiological properties were
determined by using tests to determine the hydrolysis of complex substrates (Gordon
and Mihm, 1957; Gordon, 1967) as well as tests to determine carbon source utilization
according to Yassin et al. (Yassin et al., 1995). The degradation of aesculin (0.1%, w/v)
was carried out following the procedures of Williams et al. (1983) and examined after 7,
14 and 21 days; blackening on the test media indicated a positive result. The
degradation of tyrosine (0.5%, w/v) was detected into GYEA medium after 7, 14 and 21
days; clearing of the insoluble compound from under and around areas of growth was
scored as positive. Urea was performed in test tubes and incubated for 24-48 h at 37°C;
when the media turn to red-pink colour indicated a positive result. The ability of the
tested strains to use eight carbon compounds (D+lactose, D+maltose, D-arabinose,
D+fructose, D-galactose, D-glucose, D-mannitol and meso-inositol) was examined on
Stevenson's basal medium (Stevenson, 1967). Carbon sources were added at 1.0%
(w/v). Strains were also tested for their ability to use three nitrogen sources at 0.1%,
w/v. The Stevenson’s basal media was supplemented with either L-alanine, L-histidine
or L-proline. Growth of all tests was scored after 7, 14 and 21 days by comparing test

plates with both negative and positive controls.

DNA extraction and PCR amplification of the 16S rRNA gene
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Total genomic DNA from pure culture colonies was extracted using the Gen Elute
Bacterial Genomic DNA kit (Sigma-Aldrich, USA) and subjected to PCR amplification
with primers 27f and 1492r (Lane, 1991). Reactions were performed in a final volume
of 25 ul containing 0.2 mM of each of the four dNTPs (Ecogen, Spain), 0.4 uM of
primer 27f and primer 1492r, 1 ul of extracted DNA, 1.5 mM MgCl,, and 1.25U
BioTag DNA Polymerase (Ecogen, Spain) with 1x reaction buffer [10x buffer:
160 mM (NH4)2SOs, 670 mM Tris-HCI  (pH 8.8 at 25°C), 0.1% Tween-20].
Amplification was performed in a PTC-100 Peltier Thermal Cycler as follows: after an
initial denaturation step (95°C, 5 min), 30 cycles of denaturation (95°C, 1 min),
annealing (55°C, 1 min), and extension (72°C, 1 min), followed by a final extension
(72°C, 10 min). PCR products were analyzed by electrophoresis at 90 V for 1 h through
1.2% (w/v) SeaKem LE agarose (FMC Bioproducts, Denmark) in TAE 1X buffer and
visualized under UV illumination after staining with etidium bromide. The expected
molecular weight of the amplicons was confirmed by comparison to the GeneRuler 100-
bp DNA Ladder Plus (MBI, Fermentas, Burlington, Canada). The PCR product was
purified with the Gen Elute PCR Clean-up Kit (Sigma-Aldrich, USA) and sequenced
with the same sets of primers. The 16S rRNA gene sequences were manually assembled
from the combination of separate fragments generated with forward and reverse
sequencing primers using the PHYDIT program (Chun, 1995). Isolates were classified
to the genus level based on 16S rRNA similarity data. The sequences were
presumptively identified using the BLAST (Basic Local Alignment Tool) option of the
GenBank web site (http://www.ncbi.nlm.nih.gov/). The almost complete sequences
were aligned manually against sequences of references strains of the genus of the
suborder Corynebacterineae. Phylogenetic trees were inferred using the neighbour-
joining (Saitou and Nei, 1987) tree-making algorithm from the TREECON software
suite programs (Van de Peer and de Watcher, 1994) and evolutionary distances matrices
were generated for the neighbour-joining method, as described by Jukes and Cantor
(Juker and Cantor, 1969). The topologies of the resultant unrooted trees were evaluated
in a bootstrap analysis (Felsenstein, 1993) based on 1.000 resamplings of the neighbour-
joining dataset using the PHYLIP package (Phylogenetic Inference Package), version
3.5¢.

Biodegradation tests
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The pollutants chosen to conduct the biodegradation tests were phenol and naphthalene.
This choice was made mainly as they were the toxic compounds with the most impact
on the industrial WWTPs studied. Three culture mediums were used. These were the
M9 medium (Okoh et al., 2001), the BHM medium (Rhefuss and Urban, 2005) and the
MSM medium (Aufrett et al., 2009). Firstly a prior acclimatization of the
microorganisms was conducted. For this, the strains were grown in the three culture
mediums supplemented with 0.1% (w/v) glucose as the only carbon source and
incubated for 14 days at 28°C. Later on, these strains were grown in the same culture
mediums but this time supplemented with phenol and naphthalene at 0.1% (w/v). They
were incubated at 28°C for 14 and 21 days. The strains grown in the three culture

mediums supplemented with glucose were positive controls.

Gene catA molecular detection

Gene catA is involved in the first step of the catalysis in the hydrocarbon aromatic ring.
The detection of the gene cathecol 1,2-dioxeganese was achieved through the
amplification via PCR of mentioned gene. In this case, the primers C120f y C120r
(Shen et al., 2009) were used. Reactions were performed in a final volume of 25 pl
containing 0.2 mM of each of the four dNTPs (Ecogen, Spain), 0.4 uM of primer C120f
and primer C120r, 0.5 to 1 pl extracted DNA, 1.5 mM MgCl, and 1.25 U EcoTaq DNA
Polymerase (Ecogen, Spain) with 1x reaction buffer [10x buffer: 160 mM (NHa4)2SOs4,
670 mM Tris-HCI, 0.1 % Tween-20]. Amplification was performed in a PTC-100
Peltier Thermal Cycler as follows: after an initial denaturation step (95°C, 5 min), 30
cycles of denaturation (95°C, 30 sec), annealing (66°C, 45 sec) and extension (72°C, 1
min), followed by a final extension (72°C, 7 min). PCR products were analyzed by
electrophoresis at 90 V for 1 h through 1.2% (w/v) SeaKem LE agarose (FMC
Bioproducts, Denmark) in TAE 1X buffer and visualized under UV illumination after
staining with etidium bromide. The expected molecular weight of the amplicons was
confirmed by comparison to the GeneRuler 100-bp DNA Ladder Plus (MBI Fermentas;
Burlington, Canada). The PCR product was purified with the Gen Elute PCR Clean-up
kit (Sigma) and sequenced with the same sets of primers. The catA gene was
presumptively identified using the program BLAST (Basic Local Alignment Tool)
option of the GenBank web site (http://www.ncbi.nIm.nih.gov/).
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Results and discussion

Isolation of nocardioform actinomycetes from foam samples. Morphological and

chemotaxonomic analysis

A total of 126 actinomycete strains were isolated and purified from the isolation plates.
They all were filamentous, cocci or irregular rods, Gram positive and catalase positive
bacteria. Mucosal colonies had usually cocci morphologies and rough or dull colonies
had usually rod morphologies, occasionally with well developed branches in right angle.
All the strains contained mycolic acid, meso-diaminopimelic acid as cell wall
diaminoacid and arabinose and galactose as whole-cell organism hydrolysates (wall
chemotype IV sensu Lechevalier and Lechevalier, 1970) (Fig. 1, Fig. 2 and Fig. 3),

therefore all the isolates were well-defined in the suborder Corynebacterineae.

Identification of nocardioform actinomycetes

Comparison of the nearly complete 16S rRNA nucleotide sequences from the isolated
strains with corresponding nucleotides sequences of representative’s of the suborder
Corynebacterineae (Stackebrandt et al., 1997; Zhi et al., 2009) confirmed that the
isolates belong to the following genera (supporting material Table Si: Genbank
accession numbers): Corynebacterium - 2 strains, Dietzia - 2 strains , Gordonia - 79
strains, Mycobacterium - 17 strains, Rhodococcus - 9 strains, Tsukamurella - 16 strains
and Williamsia - 1 strain (supporting material — Figures F1 to F7). From all the isolates
investigated in this work, the most abundant belonged to the genus Gordonia (62.7%),
the genus Mycobacterium was the second in abundance (13.49%), followed by
Tsukamurella (12.69%) and Rhodococcus (7.14%). Less genera abundant were
Corynebacterium (1.59%), Dietzia (1.59%) and Williamsia (0.79%). The isolated
strains, based on the results of the nucleotide similarity matrices (supporting material —
Tables S2 to Ss) belonged to the species Corynebacterium freneyi (1 strain),
Corynebacterium variabilis (1 strain), Dietzia maris (1 strain), Dietzia cercidiphylli (1
strain), Gordonia alkanivorans (2 strains), Gordonia amarae (22 strains), Gordonia
araii (3 strains), Gordonia bronchialis (2 strains), Gordonia cholesterolivorans (1

strain), Gordonia effusa (1 strain), Gordonia hydrophobica (9 strains), Gordonia

10
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malaquae (12 strains), Gordonia paraffinivorans (6 strains), Gordonia
polyisoprenivorans (6 strains), Gordonia rhizosfera (1 strain), Gordonia sputi (11
strains), Gordonia terrae (3 strains), Mycobacterium austroafricanum (3 strains),
Mycobacterium fallax (1 strain), Mycobacterium mageritense (1 strain), Mycobacterium
smegmatis (8 strains), Mycobacterium vaccae (2 strains), Mycobacterium vanbaalenii (2
strains), Rhodococcus ruber (3 strains), Rhodococcus rhodochrous (1 strain),
Rhodococcus zopfii (5 strains), Tsukamurella pseudospumae (10 strains), Tsukamurella
pulmonis (1 strain), Tsukamurella spumae (3 strains), Tsukamurella tyrosinosolvens (2
strains) and Williamsia muralis (1 strain). In all cases, the nucleotide sequences
similarity values among the isolated strains and type strains were between 97.47% and
100% (Table 1). From the beginning of the 90s, the limit for considering two species as
identical was 97% or more. However, a study carried out by Stackebrandt and Ebers
(2006) showed that this value was not ideal and it was increased to percentages between
98.7% and 99% because rates lower than 98.5% of nucleotide similarity corresponded
to rates lower than 70 % in DNA:DNA hybridization. This is the case of D1.2
(Rhodococcus rhodochrous), CS10.1 (Gordonia hydrophobica) and QB19.1 (Gordonia
araii) isolates, with nucleotide similarity percentages of 97.78%, 97.47% and 97.93%,
respectively. Therefore different phenotypic tests should be performed.

This study shows that not only typical genera and species of activated sludge, such as
Gordonia amarae (Goodfellow et al., 1994; Klatte et al., 1994) or Tsukamurella
spumae (Nam et al., 2003) were identified, but also others that had not been found to
date in these environments such as Williamsia muralis (Kampfer et al., 1999) or human
pathogens such as Dietzia maris (Pidoux et al., 2001), Gordonia bronchialis
(Tsukamura, 1971), Gordonia terrae (Pham et al., 2003) Tsukamurella pulmonis or the
six environmental Mycobacterium species. This indicates that there is still much to
study in the microbiological process of wastewater treatment since, traditionally,
microorganisms that interfere in the process, especially biological foams producers,
have been limited to poorly defined groups. This is the case of morphologies observed
in plants with foam problems referred to as Gordonia amarae like Organism -GALO-
(formerly Nocardia amarae like Organism - NALO) without specifying which
particular species were responsible. It should be noted that the foam production ability
of a microorganism, in our case the mycolata, depends on the abundance and the
hydrophobicity of the microorganism. This hydrophobicity is determined by mycolic
acids present in all species within the group of mycolata. These compounds vary in
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length and complexity presenting different patterns of branching, since the longer the
carbon chains, the higher hydrophobicity to the microorganism. In this sense, species
containing shorter mycolic acids chains belong to the genus Corynebacterium (22C -
36C) and Dietzia (34C - 38C) while species with longer and more complex mycolic
acids chains belong to the genus Mycobacterium (60C - 90C) and Tsukamurella (62C -
78C). This indicates that we are overlooking two mycolata genera with high
hydrophobicity (Mycobacterium and Tsukamurella) and therefore with high ability to
produce foams. In the present study it has been demonstrated that both genera represent
approximately the 26% of the total found genera, so it is relevant to emphasize that

Tsukamurella and Mycobacterium genera have a great importance in Spanish WWTPs.

Phenotypic tests

A total of 17 phenotypic tests were performed, as described above. This supported the
earlier results obtained in genotypic and chemotaxonomic characterization. Due to the
high volume of isolates, we decided to make a representative selection that included all
genera and species that were genotypic and chemotaxonomically characterized. These
phenotypic tests help us to make a difference between species that are very close or that
could be considered as new species, because the percentage of similarity obtained
creates some doubts, as in the case discussed in the previous section for the strains D1.2
CS10.1 and QB19.1. Generally these tests do not differ greatly between species of the
same genus, however, there are always certain tests that provide differentiating elements
that can help to improve the characterization of the isolate compared to the
phylogenetically closer reference species. However, these are supporting data (not
definitive), since the DNA:DNA hybridization and other confirmatory tests such as
menaquinones, fatty acids, API-ZYM strip or other tests should be performed in order
to differentiate much more clearly our isolates from the species in question. Once the
different phenotypic tests were performed, it was checked that all isolates (except for
isolates D1.2, CS10.1 and QB19.1) belong to the species obtained in the genotype
characterization, since no significant differences in their results were found. For the 3
isolates discussed above, differences can be seen in relation to the closest reference
species, which together with the low percentage of nucleotide similarity suggests that

possible new species could be considered, in the absence of conducting confirmatory
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tests such as DNA: DNA hybridization, polar lipids, predominant menaquinones and

fatty acids.

Biodegradation and gene catA molecular detection tests

Biodegradation tests showed that 71 of the 126 strains were capable of degrading at
least one toxic product. The best naphthalene degraders (41 strains) were the Dietzia,
Gordonia, Mycobacterium, Rhodococcus and Tsukamurella strains. For phenol, the best
degrading strains (3 strains) were the Rhodococcus ones (Fig. 4 and Fig. 5). We have
isolated three species, Gordonia alkanivorans, Gordonia paraffinivorans and Gordonia
polyisoprenivorans with potential applications in the biodegradation of paraffin, alkanes
and polyisoprene. The genus Gordonia has attracted much interest due to its ability to
degrade xenobiotics and environmental pollutants as well as to transform or synthesize
possible useful compounds (Arenskotter et al., 2004). As it can be seen in Table So, the
isolates from Gordonia alkanivorans and Gordonia polyisoprenivorans are able to
degradate naphthalene. The catA gene, which encodes catechol 1,2-dioxygenase, were
detected in 27 strains, belonging to Dietzia, Gordonia, Rhodococcus and Williamsia
genera (Table 2). The detection of the amplified fragments was achieved via
electrophoresis in the agarose gel at 1,2% (Fig. 6). This result was confirmed using
BLAST for these isolates with a percentage of nucleotide similarity between 99% and
100%. It must be highlighhted that the number of strains emphasized for gene catA does
not correspond to the number of strains obtained in the biodegradation trials. This could
be due to the isolated strains that proved positive in the trials presenting catabolic routes
differing from those of catechol 1,2-dioxygenase, to mutations that had not permitted
the correct hybridization of the primers or to horizontal transfers of gene catA (Tansics
et al., 2008).

Conclusions

To our knowledge, this is the first study about the diversity of mycolata and their
biodegradation capacity in WWTPs in Spain. We have isolated 31 different species of
mycolata from 28 activated sludge plants, being Gordonia genus the most important one

regarding the number of identified isolates. However, species belonging to the genera

13



437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468

Rhodococcus, Tsukamurella or Mycobacterium have also been founded, bringing to
light that other important genera can also been considered in the formation process of
the foaming. Therefore, this result shows a high diversity of mycolata in WWTPs of
Spain. The results also show the presence of mycolata species not related with activated
sludge process such as Gordonia sputi, Gordonia polyisoprenivorans, Tsukamurella
tyrosinosolvens or Williamsia muralis. Furthermore, 71 strains were capable of
biodegrading at least one toxic product, and that 27 of them amplified for catA gene. In
conclusion, that is why the importance of this work is double; on the one hand,
understanding the complexity of the foaming forming populations and, on the other
hand , the fact that WWTPs can be a good source of microorganisms with many

potential applications, such as bioremediation and biodegradation.

Acknowledgements

This work was supported by grants from the Entidad de Saneamiento de Aguas de la
Comunidad Valenciana and Conselleria de Educacion y Ciencia de la Generalitat

Valenciana.

References

Arenskotter M, Broker D and Steinbiichel A. Biology of the metabolically diverse
genus Gordonia. Appl Environ Microb 2004; 70:3195-3204.

Aufrett M, Labbe D, Thouand G, Greer CW and Fayolle F. Degradation of a mixture of
hydrocarbons, gasoline and diesel oil additives by Rhodococcus aetherivorans and
Rhodococcus wratislaviensis. Environ Microbiol 2009; 75:7774-7782.

Bell KS, Philp JC, Aw DWJ and Cristofi N. The genus Rhodococcus. J Appl Microbiol
1998; 85:195-210.

Bendinger B, Rainey FA, Kroppenstedt RM, Moormann M and Klatte S. Gordonia
hydrophobica sp. nov., isolated from biofilters from waste gas treatment. Int J Syst
Bacteriol 1995; 45:544-548.

Blackall LL, Barker SC and Hugenholtz P. Phylogenetic analysis and taxonomic history

of Nocardia pinensis and Nocardia amarae. Syst Appl Microbiol 1995; 17:519-525.

14



469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501

Blackall LL, Burrell PC, William H, Bradford D, Bond PL and Hugenholtz P. The use
of 16S rDNA clone libraries to describe the microbial diversity of activated sludge
communities. Water Sci Technol 1998; 37:451-454.

Bull AT, Ward AC and Goodfellow M. Search and Discovery Strategies for
Biotechnology: the Paradigm Shift. Microbiol Mol Biol R 2000; 64:573-606.

de los Reyes FL. Foaming In: Microbial Ecology of Activated Sludge. London: IWA
Publishing, 2010, 215-258.

Chun, J. Computer-assisted classification and identification of actinomycetes. PhD
thesis, University of Newcastle, Newcastle upon Tyne, UK. 1995.

Dworkin M, Falkow S, Rosenberg E, Schleifer K and Stackebrandt E. The Prokaryotes,
a handbook on the biology of Bacteria. Third edition. Volume 3: Archaea. Bacteria:
Firmicutes, Actinomycetes. Ed. Springer. 2006.

Eikelooom DH. Process Control of Activated Sludge Plants by Microscopic
Investigation. London: IWA Publishing, 2000.

Erhart R, Bradford D, Seviour RJ, Amann R and Blackall LL. Development and use of
fluorescent in situ hybridization probes for the detection and identification of
‘Microthrix parvicella’ in activated sludge. Syst Appl Microbiol 1997; 20:310-318.

Felsenstein J. PHYLIP (Phylogenetic Inference Package), version 3.5¢. Department of
Genetics, University of Washington, Seattle, USA, 1993.

Flavio B, Leonardo F and Zachia M. Production of biosurfactant by hydrocarbon
degrading Rhodococcus ruber and Rhodococcus erythropolis. Revista de
Microbiologia 1999; 30:3.

Frigon D, Michael Guthrie R, Timothy Bachman G, Royer J, Bailey B and Raskin L.
Long-term analysis of a full-scale activated sludge wastewater treatment system
exhibiting seasonal biological foaming. Water Res 2006; 40:990-1008.

Gonzélez Pastor JE. La invisible diversidad microbiana. Proteccion de ambientes
acuaticos por su interés microbiolégico. Notes d"Aigua Agbar. Documentos de
divulgacién de la Fundacion Agbar, 2010.

Goodfellow M. Numerical taxonomy of some nocardioform bacteria. J Gen Microbiol
1971; 69:33-80.

Goodfellow M, Chun J, Stubbs S, and Tobill AS. Transfer of Nocardia amarae
Lechevalier and Lechevalier 1974 to the genus Gordona as Gordona amarae comb.
nov. Lett Appl Microbiol 1994; 19:401-405.

15



502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535

Goodfellow M, Davenport R, Stainsby FM and Curtis T. Actinomycete diversity
associated with foaming in activated sludge plants. J Ind Microbiol 1996; 17:268-
280.

Goodfellow M, Stainsby FM, Davenport R, Chun J and Curtis T. Activated sludge
foaming: The true extent of actinomycete diversity. Water Sci Technol 1998; 37:511-
519.

Gordon RE and Mihm JM. A comparative study of some strains received as nocardiae.
J Bacteriol 1957: 73: 15.

Gordon RE and Mihm JM. Identification of Nocardia caviae (Erikson) nov. comb.
Annals of the New York Academy of Science 1962; 98:628-636.

Gordon RE. The taxonomy of soil bacteria. In: The Ecology of Soil Bacteria. Edited by
T. R. G. Gray and D. Parkinson. Liverpool: Liverpool University Press, 1967, 293-
321.

Hamid ME, Minnikin DE, Goodfellow M and Ridell M. Thin-layer chromatographic
analysis of glycolipids and mycolic acids from Mycobacterium farcinogenes,
Mycobacterium senegalense and related taxa. Zentralblatt fir Bakteriologie 1993;
279:354-367.

Hasegawa T, Takezawa M. and Tanida S. A rapid analysis for chemical grouping of
aerobic actinomycetes. J Gen Appl Microbiol 1983; 329:1319-1322.

Jenkins D, Richard MG and Daigger GT. 2004. Manual on the causes and control of
activated sludge bulking, foaming and other solids separation problems. 3" ed. IWA
Publising, London, 1983.

Jukes TH and Cantor CR. Evolution of protein molecules. In Munro HN, editor,
Mammalian Protein Metabolism, Academic Press, New York, 1969, 21-132.

Ké&mpfer P, Andersson MA, Rainey FA, Kroppenstedt RM and Salkinoja-Salonen M.
Williamsia muralis gen. nov., sp. nov., isolated from the indoor environment of a
children’s day care centre. Int J Syst Bacteriol 1999; 49:681-687.

Klatte S, Rainey FA and Kroppenstedt RM. Transfer of Rhdococcus aichiensis
Tsukamura 1982 and Nocardia amarae Lechevalier and Lechevalier 1974 to the
genus Gordona as Gordona aichiensis comb. nov. and Gordona amarae comb. nov.
Int J Syst Bacteriol 1994; 44:769-773.

Lane DJ. 16S/23S rRNA sequencing. In: E. Stackebrandt, M. Goodfellow (Eds.),
Nucleic Acid Techniques in Bacterial Systematics. Academic Press, Chichester,
1991, 115-148.

16



536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569

Larkin MJ, Kulakov LA and Allen CC. Biodegradation and Rhodococcus—masters of
catabolic versatility. Curr Opin Biotech 2005; 16: 282-290.

Lechevalier HA and Lechevalier MP. Chemical composition as a criterion in the
classification of aerobic actinomycetes. Int J Syst Bacteriol 1970 ; 20:435-443.

Lechevalier MP and Lechevalier, H. Nocardia amarae sp. nov., an actinomycete
common in foaming activated sludge. Int J Syst Bacteriol 1974; 24:278-288.

Marsh TL, Liu WT, Forney LJ and Cheng H. Beginning a molecular analysis of the
eukaryal community in activated sludge. Water Sci Technol 1998; 37:455-460.

Matera I, Feraroni M, Kolomytseva M, Golovleva L, Scozzafava A and Briganti F.
Catechol 1,2-dioxygenase from the Gram-positive Rhodococcus opacus 1CP:
Quantitative structure/activity relationship and the crustal structures of native
enzyme and catechols adducts. J Struct Biol 2010; 170:548-564.

Min G, Yuan Q, Jiti Z, Ang L and Uddin S. Characterizatioon of cathecol 1,2-
dioxygenase from cell extracts of Sphingomonas xenophaga QY. Sci China Ser B
2009; 52-615-620.

Nam SW, Chun J, Kim S, Kim W, Zakrzewska-Czerwiska J and Goodfellow M.
Tsukamurella spumae sp. nov., a novel actinomycete associated with foaming in
activated sludge plants. Syst Appl Microbiol 2003; 26:367-375.

Okoh A, Ajisebutu G, Babalola G, Trejo MR. Potential of Burkholderia cepacia RQ1 in
the biodegradation of heavy crude oil. Int Microbiol 2001; 4:83-87.

Oren A. Prokaryote diversity and taxonomy: current status and future challenges.
Philosophical Transactions of The Royal Society, 2004, 623-638.

Pal P, Khairnar K and Paunikar WN. Causes and remediesform filamentous foaming in
activated sludge treatment plant. Global Nest Journal 2014; 16:1-11.

Petrovski S et al. An examination of the mechanisms for stable foam formation in
activated sludge systems. Water Res 2011; 45:2146-2154.

Pham SA, Dé I, Rolston KV, Tarrand JJ and Han XY. Catheter related bacteremia
caused by the nocardioform actinomycete Gordonia terrae. Clin Infect Dis 2003;
36:524-527.

Pidoux O, Argenson JN, Jacomo V and Drancourt M. Molecular identification of a
Dietzia maris hip prosthesis infection isolate. J Clin Microbiol 2001 ; 39:2634-2636.

Rhefuss M, Urban J. Rhodococcus phenolicus sp. nov., a novel bioprocessor isolated
actinomycete with the ability to degrade chlorobenzene, dichlorobenzene and phenol
as sole carbon source. Syst Appl Microbiol 2005;28:695-701.

17



570
571
572
573
574
575
576
S77
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

Saitou N and Nei M. The neighbour-joining method: a new method for reconstructing
phylogenetic trees. Mol Biol Evol 1987; 4:406-425.

Schleifer KH. Microbial Diversity: Facts, Problems and Prospects. Syst Appl Micraobiol
2004; 27:3-9.

Seviour RJ, Kragelund C, Kong Y, Eales K, Nielsen JL and Nielsen PH. Ecophysiology
of the Actinobacteria in activated sludge systems. Anton Leeuw Int J G 2008; 94:21-
33.

Shen FT, Huang HR, Arun A, Lu HL, Lin TC, Rekha P and Young CC. Detection of
filamentous genus Gordonia in foam samples using genus-specific primers combined
with PCR-denaturing gradient gel electrophoresis analysis. Can J Microbiol 2007,
53:768-774.

Shen FT, Lin JL, Huang CC, Ho YN, Arun AB, Young LS and Young CC. Molecular
detection and phylogenetic analysis of the catechol 1,2-dioxygenase gene from
Gordonia spp. Syst Appl Microbiol 2009; 32:291-300.

Shirling EB and Gottlieb D. Methods for characterisation of Streptomyces species. Int J
Syst Bacteriol 1966: 16:317-327.

Soddell JA and Seviour RJ. Microbiology of foaming in activated sludge plants. J Appl
Bacteriol 1990; 69:145-176.

Soddell JA and Seviour RJ. Numerical taxonomy of Skermania piniformis and related
isolates from activated sludge. J Appl Microbiol 1998; 84:272-284.

Stackebrandt E, Rainey FA and Ward-Rainey NL. Proposal for a new hierarchic
classification system, Actinobacteria classis nov. Int J Syst Bacteriol 1997; 47:479-
491.

Stackebrandt E and Ebers J. Taxonomic parameters revisited: tarnished gold standars.
Microbiology Today 2006; 33:152-155.

Staneck JL and Roberts GD. Simplified approach to identification of aerobic
actinomycetes by thin-layer chromatography. Appl Microbiol 1974; 28:226-231.

Stevenson JL. Utilization of aromatic hydrocarbons by Arthrobacter spp. Can J
Microbiol 1967; 13:205-211.

Tandoi V, Jenkins D and Wanner J. Activated Sludge Separation Problems. In: IWA
Publishing, London, 2006.

Tansics A, Szoboszlay S, Kriszt B, Kukolya J, Baka E, Mérialigeti K and Révesz S.
Applicability of the functional gene catechol 1,2-dioxygenase as a biomarker in the

18



603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633

detection of BTEX-degrading Rhodococcus species. J Appl Microbiol 2008;
105:1026-1033.

Tresner HD and Backus EJ. System of color wheels for streptomycete taxonomy. Appl
Microbiol 1963; 11:335-338.

Tsukamura, M. 1971. Proposal of a new genus, Gordona, for slightly acid-fast
organisms occurring in sputa of patients with pulmonary disease and in soil. Journal
of General Microbiology. 68, 15 - 26.

Van de Peer Y and De Wachter R. TREECON for Windows: a software package for the
construction and drawing of evolutionary trees for the Microsoft windows
environment. Comput Appl Biosci 1994; 10:569-570.

Vesely M, Knoppova M, Nesvera J and Patek M. Analysis of catRABC operon for
catechol degradation from phenol-degrading Rhodococcus erytropolis. Appl Gen Mol
Biotech 2007; 76:159-68.

Wang, P., Yu, Z., Zhao, J. and Zhang, H. 2015. Seasonal changes in bacterial
communities cause foaming in a wastewater treatment plant. Microb Ecol. DOI
10.1007/s00248-015-0700-x.

Wanner J, Ruzickova I, Jetmarova P, Krhutkova O and Paraniakova J. A national
survey of activated sludge separation problems in the Czech Republic: filaments, floc
characteristics and activated sludge metabolic properties. Water Sci Technol 1998;
37:271-279.

Wellington EMH and Williams ST. Preservation of actinomycete inoculum in frozen
glycerol. Microbiol Lett 1978; 6:151-157.

Williams ST, Goodfellow M, Alderson G, Wellington EMH, Sneath PHA and Sackin
MJ. Numerical classification of Streptomyces and related genera. J Gen Microbiol
1983; 129:1743-1813.

Yassin AF, Rainey FA, Brzezinka H, Burghardt J, Lee HJ and Schaal KP. Tsukamurella
inchonensis sp. nov. Int J Syst Bacteriol 1995; 45:522-527.

Zhi XY, Li WJ and Stackebrandt E. And update of the structure and 16S rRNA gene
sequence-based definition of higher ranks of the class Actinobacteria, with the
proposal of two new suborders and four new families and emended descriptions of
the existing higher taxa. Int J Syst Evol Microbiol 2009; 59:589-608.

19



