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Abstract  20 

In this study, 16S rRNA gene amplicon sequencing was performed to identify bulking 21 

filamentous bacteria in an industrial wastewater treatment plant, that threats effluents of 22 

bioethanol production process from cereal cooking. The presence of Pseudonocardia sp. 23 

was confirmed by comparing the 16SrRNA of the most abundantly amplified sequence 24 

(OTU; 12.35%) with corresponding nucleotides present in two genomic databases. The 25 

Pseudonocardia species identified was closely related to Pseudonocardia spinosa.  Over 26 

50 different types of filamentous microorganisms have been found to cause problems 27 

with bulking and foaming but Pseudonocardia has, until now,  not been described to be 28 

among them. In addition, the 16S rRNA dataset was analyzed to reveal bacterial 29 

community composition during sludge bulking.. Candidatus Competibacter was 30 

identified as the second most abundant sequence (OUT, 10.04%). Comparative data 31 

from samples obtained before and after appearance of Pseudonocardia suggests, that a 32 

decrease in nutrients could be one of the main factors affecting sludge bulking 33 

generated by this species. The outcomes of this study are expected to provide an 34 

important insight into the role of Pseudonocardia in bulking in industrial wastewater 35 

treatment plants.  36 
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Introduction  44 

Excessive growth of filamentous bacteria, bulking and foaming, is a a primary concern 45 

in aerobic wastewater treatment plants (WWTPs), since they produce poor sludge 46 

settleability, resulting ineffluents of low quality and increased costs due to loss of 47 

suspended solids (van der Waarde et al. 2002; Martins et al. 2014).  More than 30 48 

different filamentous bacteria morphotypes have been found in activated sludge systems 49 

of WWTPs receiving domestic wastewater and additional 40 morphotypes have been 50 

found in industrial WWTPs (Eikelboom 2006; Guo and Zhang 2012).  51 

Bulking filamentous bacteria are phylogenetically very diverse.. Members of 52 

Actinobacteria such as Candidatus Microthrix parvicella and Tetrasphaera were often 53 

found to be the causative organisms of sludge bulking, in treatment plant surveys 54 

conducted around the world (Martins et al. 2004; Seviour et al. 2008). In addition to 55 

Actinobacteria, members of Proteobacteria such as Meganema perideroedes, Thiothrix 56 

eikelboomii and type 021N bacteria (Vervaeren et al. 2005; Thomsen et al. 2006; 57 

Nielsen et al. 2009) were involved in bulking episodes. Other filamentous members in 58 

the phylum Chloroflexi, such as Candidatus Amarolinea and Kouleothrix,  have 59 

occasionally been associated with bulking incidences (Nittami et al. 2019; Nierychlo et 60 

al. 2019). Moreover, the filamentous species Haliscomenobacter hydrossis 61 

(Bacteroidetes) and Trichococcus (Nostocoida limicola I) (Firmicutes) may also impact 62 

biomass settling properties (Kragelund et al. 2008). In fact, different types of 63 

filamentous bacteria may exist in WWTPs with or without obvious sludge bulking 64 

properties. However, Pseudonocardia sp. (non-mycolata branching Actinobacteria) has 65 

not considered among the different bulking and foaming filamentous bacteria described 66 

above. Nocardioform actinomycetes are comprised of different subgroups such as 67 
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mycolic acid-containing (mycolata) foaming bacteria, Pseudonocardia sp. and related 68 

genera. 69 

The identification of bulking filamentous bacteria has relied heavily on classification 70 

keys that are based on their morphological characteristics and specific staining reactions 71 

(Eikelboom 2000; Jenkins et al. 2004). However, the identification with these methods 72 

is limited because a filamentous morphotype can correspond to different taxonomic 73 

phyla. For this reason, it has been recommended that fluorescence in situ hybridization 74 

(FISH) or other molecular technique, be utlized (Mielczarek et al. 2012). In recent 75 

years, next generation sequencing (NGS) has become a popular method because it 76 

specifically can provide detailed information on microbial community composition (Ye 77 

and Zhang 2013). Few studies using NGS have been performed to investigate the 78 

changes in bacterial and filamentous bacterial communities in activated sludge systems 79 

treating industrial wastewater (Guo and Zhang 2012; Dunkel et al. 2018). Reliable 80 

identification of bulking bacteria represents the first step in developing effective and 81 

specific control strategies to help mitigate disturbances in activated sludge systems 82 

(Dunkel et al. 2018). 83 

In the present study, NGS and FISH techniques, were used in conjunction to detect 84 

and identify Pseudonocardia as a potential bulking branched filamentous 85 

Actinobacteria in an industrial WWTP. The overall goal of this study is to provide 86 

valuable information on bulking in full-scale industrial WWTP that treat effluents of 87 

bioethanol production process from cereal cooking. 88 

We selected an industrial WWTP located in Galicia (Spain) as case study of 89 

Pseudonocardia sp. bulking. Two activated sludge samples from an aerated biological 90 

reactor, were collected in February 2015 and February 2016. 91 
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 92 

Materials and methods  93 

Wastewater Treatment PlantP description and sample collection   94 

The investigated WWTP is a full-scale plant located in Galicia (Spain) which consists 95 

of a conventional anaerobic/anoxic/aerobic (A2/O) system. This industrial WWTP treats 96 

400 m3 d-1 of effluents from the production of bioethanol from cereal cooking and boiler 97 

cleaning. The operational conditions of the WWTP are shown in Table 1. The operating 98 

parameters of the WWTP were a very low organic loading rate (F/M ratio) and a high 99 

mixed liquor suspended solids concentration (MLSS). These operational conditions 100 

were applied to avoid possible toxic effects that can easily appear in bioethanol 101 

production residues, 102 

Two activated sludge samples were collected from the aeration tank at different times: 103 

February 2015 (S1), and February 2016 (S2). The samples were kept in a portable 104 

icebox while being transported to the laboratory. A number of  parameters such as total 105 

suspended solids (TSS), total nitrogen (TN), total phosphorus (TP), mixed liquor 106 

suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS), sludge 107 

volume index (SVI) and V30 were measured according to Standard Methods (APHA 108 

2005). 109 

Identification by morphological observation and staining   110 

The samples S1 (without bulking) and S2 (with bulking), which came from mixed 111 

liquor from the aeration tank, were used for microscopic observation using a Nikon 112 

E200 microscope. Filamentous bacteria were identified by phase contrast microscopy, 113 

based on their morphological features and several staining techniques (Gram stain and 114 
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Neisser stain) (Eikelboom 2000; Jenkins et al. 2004).  115 

Filamentous bacteria were quantified using the subjective scale of abundance (FI, 116 

filament index) proposed by Jenkins et al. (2004). The FI ranges from 0 (no filaments) 117 

to 6 (excessive filaments). The filaments (m mL-1) were also counted following the total 118 

filament length (TFL) method of Salvadó (2016).  Pseudonocardia filamentous 119 

branching from sample S2 was also examined using a JEOL JSM5410 (JEOL Ltd., 120 

Tokyo, Japan) scanning electron microscope operating at 20 kv as previously described 121 

(Alonso et al. 2009). Sample S2 was also examined using an Olympus BX50 122 

microscope equipped with Nomarski interference contrast (DIC). 123 

Determination of filamentous bacteria using FISH  124 

The list of oligonucleotide probes applied and respective formamide (FA) 125 

concentrations are shown in Supplementary Table S1. For Gram-positive cells 126 

(Microthrix and filamentous branched filaments), a pre-treatment with mutanolysin was 127 

applied. Following dehydration in 50%, 80% and absolute ethanol for 3 min each, 10 µl 128 

of mutanolysin (5000 U mL-1) (Sigma, St. Louis, MO, USA) were applied to each well 129 

and incubated at 37º C for 20 min in a humid chamber as described in Schuppler et al. 130 

(1998). Subsequently, another dehydration series with ethanol was applied. All 131 

hybridizations were carried out at 46 ºC in a humid chamber for 2 hours. Following 132 

hybridization, excess probes were washed off with standard wash buffer at 48 ºC for 15 133 

min (Manz et al. 1992). Hybridized samples were examined using an epifluorescence 134 

microscope (Olympus BX50).  135 

DNA extraction and PCR-based Illumina sequencing  136 

DNA from AS S2 sample was extracted in duplicates, as previously described (Luján-137 
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Facundo et al. 2018), using a commercial kit (FastDNA® SPIN kit for soil, MP 138 

Biomedicals, OH, USA). DNA concentration was measured using Qubit® dsDNA BR 139 

Assay Kit (Molecular probes, Eugene, OR, USA) and DNA 260/280 ratio was measured 140 

using the NanoDrop ND-1000 UV/Vis spectrophotometer (NanoDrop Technologies, 141 

DE, USA). The hypervariable V3–V4 regions of bacterial 16S rRNA gene were 142 

amplified by Fundación FISABIO sequencing service (Valencia, Spain) using the 143 

primers PRO341F and PRO805R (Takahashi et al. 2014). The subsequent amplicon 144 

sequencing on the Illumina Miseq platform was also performed by Fundación FISABIO 145 

sequencing service (Valencia, Spain) using a 2 × 300 nucleotide paired-end reads 146 

protocol. 147 

Bioinformatics analysis of Illumina-generated amplicons 148 

Raw Illumina sequences were analysed using Quantitative Insights Into Microbial 149 

Ecology (QIIME™) software package version 1.8.0 (Caporaso et al. 2010). Forward 150 

and reverse reads were joined and then checked for chimeras using usearch61 algorithm 151 

(Edgar 2010) against SILVA v123 ribosomal database (Quast et al. 2013). The 152 

remaining sequences were clustered at 97% similarity into OTUs (Operational 153 

Taxonomic Units) using the denovo OTU clustering script. The most abundant sequence 154 

of each OTU was picked as its representative, and was used for taxonomic assignment 155 

against SILVA 123 ribosomal database (Quast et al. 2013) at 97% identity (3% cut-off 156 

level) using default parameters. 157 

Sequences of the most abundant OTUs (>0.5%) were also classified at genus level 158 

against EzBiocloud 1.5 database (Yoon et al. 2017). Park et al (2012) proposed that 159 

NGS results should be analysed by at least two databases. 160 

Phylogenetic analyses  161 

http://qiime.org/
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The 16S rDNA OTU1 nucleotide sequence (GBS16) has been deposited in GenBank 162 

under accession no. KY213842. The GBS16 sequence was aligned manually against 163 

sequences of reference strains of the genus Pseudonocardia. A phylogenetic tree was 164 

inferred using the neighbour-joining tree-making algorithm from the TREECON 165 

software suite programs (Van de Peer and de Watcher 1994) and evolutionary distances 166 

matrixes were generated by the neighbour-joining method (Saitou and Nei 1987). The 167 

topologies of the phylogenetic tree were evaluated in a bootstrap analysis based on 168 

1.000 replicates (Felsenstein 1993).  169 

 170 

Results and discussion 171 

Morphological identification of filamentous bacteria. 172 

The identification of the dominating filamentous species/types was performed with 173 

traditional methods based on their morphological characteristics and staining properties. 174 

The filamentous bacteria identified in sample S1 were Haliscomenobacter (FI 5), type 175 

0803 (FI 3) and Microthrix (FI 2). The dominant filamentous bacteria (FI 6) in S2 176 

formed an extensively branched structure (Fig. 1a) and were Gram positive (Fig. 1b), 177 

and Neisser negative. Gram positive filaments aregenerally poorly represented in 178 

industrial WWTPs in contrast to their frequent dominance in domestic WWTPs 179 

(Wanner et al. 2010). Other filamentous bacteria found in sample S2 were 180 

Haliscomenobacter hydrossis (FI 5), type 1702 (FI 2) and type 021N (FI 1). 181 

Identification and abundance of filamentous bacteria with FISH 182 

The identity of the filamentous bacteria in sample S2 was further analyzed by FISH 183 

using a selection of probes. Using probe HGC1156 targeting Actinobacteria (Fig. 1c) 184 
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and probe Pse631 mix targeting Pseudonocardia (Fig. 1d), a fluorescent signal of 185 

branched filamentous bacteria was detected in sample S2 (FI 6). Other types of 186 

filamentous bacteria found in sample S2 by FISH were Haliscomenobacter-like 187 

filaments (probe SAP309) (Saprospiraceae) (FI 5) (Fig. S1a and S1b), Microthrix (FI 1) 188 

(Fig S1c) and type 0803 (Calidilinea, phylum Chloroflexi) (FI 3) (Fig. S1e and S1f). 189 

The identity of the most abundant filamentous Bacteroidetes with Haliscomenobacter 190 

morphology could be detected with probe SAP309. Haliscomenobacter abundance data 191 

(FI 5) were similar to morphological identification and FISH techniques.  192 

Haliscomenobacter has been detected worldwide in activated sludge samples because of 193 

its easily recognizable morphological appearance as a rigid straight filament and is 194 

rarely considered responsible for bulking (Kragelund et al. 2008). Filamentous members 195 

of the Chloroflexi phylum are frequently observed in activated sludge and contribute to 196 

the overall filament index number (Kragelund et al. 2006).  197 

 198 

Identification of branching filamentous bulking bacteria by NGS 199 

Comparison of the 16S rRNA nucleotide sequence from OTU1, the most abundant 200 

retrieved sequence, with corresponding nucleotides sequences of representatives of the 201 

genus Pseudonocardia confirmed that OTU1 (GBS16, Genbank accession no. 202 

KY213842) belongs to the genus Pseudonocardia and it is closely related to 203 

Pseudonocardia spinosa (Fig. 2). The genus currently encompasses 61 recognized 204 

species (http://www.bacterio.net/pseudonocardia.html). Single strains representing new 205 

Pseudonocardia species have been previously isolated from contaminated industrial 206 

sludge (Mahendra and Alvarez-Cohen 2005; Cuesta et al. 2013). 207 

Filamentous bacterial abundance could be determined by the total filament length 208 

http://www.bacterio.net/pseudonocardia.html


 10 

(TFL) or by subjective scorings of filament levels (FI) and the sludge volume index 209 

(SVI) (Nittami et al. 2017). When there is an increase in the number of filamentous 210 

organisms, the SVI increases proportionally to TFL (Salvadó 2016).  The comparative 211 

analytical data before and after the appearance of bulking are shown in Table 1. The 212 

sludge settleability was categorized as “no bulking” in sample S1. However, sample S2 213 

suffered from bulking (SVI 176 mL g-1), using as reference value SVI > 150 mL g -1 214 

(Jenkins et al. 1993). The Pseudonocardia filaments increased from 69.3 (sample S1) to 215 

356 m mL-1 (sample S2) interfering with the compaction of the activated sludge and 216 

therefore increasing the SVI. Important characteristics of Pseudonocardia are its 217 

mycelial shape and its cell size. Increasing its concentration, the species can drive the 218 

decrease in the settleability of the sludge. In this study, Pseudonocardia bulking was 219 

found to interfere with the compaction of the activated sludge and affected the activated 220 

sludge solids separation in the secondary clarifier. 221 

Factors such as water temperature, dissolved oxygen, sludge retention time, pH, 222 

influent quality, sludge loading rate and nutrients ratio are responsible for filamentous 223 

sludge bulking (Zhang et al. 2019). The most important differences between samples S1 224 

and S2 were a significant decrease in nutrients (P and N) when Pseudonocardia sp. 225 

filaments were dominant (sample S2). Thus, nutritional deficiency could be one of the 226 

main factors affecting sludge bulking generated by Pseudonocardia sp., as suggested by 227 

Szeinbaum and Erijman (2007). 228 

 229 

Bulking bacteria community composition 230 

A total of 76,594 sequences were generated after amplicon sequencing in Illumina 231 

MiSeq for the sample S2 (A2O system) (February 2016), with75,604 sequences 232 
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remaining after chimeric sequences were removed. The total numbers of OTUs were 233 

1,178, which were classified into different bacterial and archaeal taxonomic levels 234 

(from phylum to species). In our study 1.17% of OTUs were not assigned to any 235 

taxonomic level when clustering against Silva v123 database (Table 2). Bulking 236 

bacteria profile described at a similarity cutoff of 97% at phylum level is shown in 237 

Table 2. There were 26 phyla assigned against Silva v123 (Table 2). The phyla 238 

Proteobacteria, Actinobacteria and Bacteroidetes were the most abundant, thus 239 

representing 75.01% of the total population. Proteobacteria was the predominant 240 

phylum in sample S2, accounting for 39.88% of total effective bacterial sequences in 241 

the present study. In municipal WWTPs, the phylum Proteobacteria has been found to 242 

be dominant (Zhang et al. 2012; Hu et al. 2012). The other dominant phyla in sample S2 243 

were Actinobacteria (18.72 %) and Bacteroidetes (16.41%). The phyla Chloroflexi 244 

(7.46%), Planctomycetes (5.58%), Cyanobacteria (3.95%), Verrumicrobia (3.08%) and 245 

Acidobacteria (1.02%) were also abundant. Bacteroidetes were found to be important in 246 

degradation of particulate organic matter (Capello et al. 2016). Wang et al. (2016) found 247 

that Actinobacteria was dominant in a municipal WWTP with a conventional A2/O 248 

system where excessive sludge bulking occurred.  Chloroflexi is a normal member of 249 

the activated sludge microbial community (Kragelund et al. 2006). Cyanobacteria in 250 

biological systems may produce toxic or antibacterial compounds that may affect 251 

bacterial communities and thus the efficiency of the treatment (Martins et al., 2011).  252 

The remaining phyla showed abundances of <1%. 253 

Among Proteobacteria, Gammaproteobacteria accounted for 18.90% of total 254 

effective sequences. Alphaproteobacteria was also dominant among Proteobacteria 255 

(14.76%) (Fig. 3). The class Betaproteobacteria had a lower abundance in sample S2 256 

(5.05%). In municipal WTP, Betaproteobacteria is the most abundant class, largely 257 
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responsible for organic and nutrient removal (Cydzik-Kwiatkowska and Zielinska 258 

2016). The classes Actinobacteria (16,91%), Sphingobacteria (11,53%) and Caldilineae 259 

(5,81%) were also abundant. These classes are considered key bacterial groups highly 260 

represented in activated sludge samples of domestic and industrial WWTPs (Ju and 261 

Zhang 2015).  262 

In sample S2, 190 genera with a relative abundance higher than 0.001% were 263 

identified (Table 2). The higher number of genus-level OTUs corresponded to the 264 

phylum Proteobacteria (95 genera), followed by the phyla Bacteroidetes (22 genera) 265 

and Firmicutes (22 genera). In a recent Illumina MiSeq-based study of 13 municipal 266 

WWTP across Denmark, it was shown that the plants contained a core community of 63 267 

abundant genus-level OTUs (Saunders et al. 2016). According to Zhou et al. (2010), 268 

influent composition, operational parameters and environmental conditions influenced 269 

the microbial community structure in WWTP. 270 

OTUs 1 to 23 represented 79.00% of the obtained sequences. These OTUs were also 271 

identified at genus level according to the online EzBioCloud 1.5 database (Table 3). The 272 

OTUs (abundance >0.5%) identified at genus level in sample S2 were: OTU1, OTU2, 273 

OTU3, OTU5, OTU9, OTU10, OTU11, OTU15, OTU21, OTU22 and OTU23 (Table  274 

3). These OTUs represented 51.74% of the obtained sequences, more detailed 275 

information can be found in Table 3. The most abundant phylotype (OTU1) was 276 

Pseudonocardia, representing 12.35% of the total population (Table 2). 277 

Pseudonocardia sp. strains which are widely distributed are nocardioform 278 

actinomycetes that are abundant in many environments, such as activated sludge, soils, 279 

plant tissues and marine sediments, and are known to degrade a wide range of pollutants 280 

(Vainberg et al. 2006; Zhang et al. 2014). Significant contribution to the overall 281 
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filamentous bacteria community in sludge was made by OTU3 (Saprospiraceae, 282 

9.28%). Needle-like thin filaments identified with FISH (probe 283 

SAP309,Saprospiraceae) were also ranked as abundant (FI 5). Zhang et al. (2019) 284 

found that the relative abundance of Saprospiraceae was the highest  in oxidation 285 

ditcheswith long sludge retention time. The family Saprospiraceae includes the genera 286 

Phaeodactylibacter, Saprospira, Haliscomenobacter, Lewinella, Portibacter, 287 

Aureispira and Rubidimonas (Chen et al., 2014). Members of this family are considered 288 

to be important members of the bacterial community involved in ecophysiological 289 

activities in a variety of natural environments (Xia et al., 2008). Chloroflexi filamentous 290 

bacteria detected at genus level were Litorilinea (0.28%)  (Anaerolineaceae) and 291 

Ornatolinea (0.003%) (Caldilineacaeae). The family Caldilineaeceae in sample S2 was 292 

represented by 24 OTUs (abundance 5.81%).  Type 0803 and genus Caldilinea (class 293 

Caldilineae) are represented by many sequences in different activated sludge clone 294 

libraries (Bjornsson et al., 2002). Chloroflexi filaments identified with the CFXmix 295 

probe were ranked as abundant (FI 4) with FISH. Filamentous members of the 296 

Chloroflexi phylum are frequently observed in activated sludge and contribute to the 297 

overall filament index number (Kragelund et al. 2006). Relative abundances (< 0.5%) of 298 

other filamentous bacteria were: Candidatus Microthrix (0.18%), Candidatus 299 

Alysiosphaera (0.12%) (Nostocoida limicola II), Leptothrix (0.001%), Type 1863 300 

referred to Chryseobacterium (0.001%) and Acinetobacter (0.005%). Guo and Zhang 301 

(2012) found bulking filamentous bacteria ranging from 1.86% to 8.99% in sludge 302 

samples from 14 WWTPs. In many industrial sludge samples, large populations of 2-4 303 

filamentous species were simultaneously present (Eikelboom and Geurkink 2002).  304 

Potentially functional groups of bacteria were also identified. Heterotrophic 305 

glycogen accumulating organisms (GAO) accounting for 10.94% were identified as 306 
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Candidatus Competibacter (OTU2). The microbial community structure of bulking 307 

sludge showed low relative abundance of nitrifiers with more abundance of denitrifiers. 308 

Denitrifiers were represented by OTU11 (2.74%), OTU3 (1.43%) and OTU15 (1.20%) 309 

(Paracoccus), and OTU22 (Hyphomicrobium zarvazinii) (0.68%). Some denitrifiers 310 

were assigned to different genera based on two databases used. OTU3 (5.12%) was 311 

assigned to Nitratireductor with Silva v123 and Mesorhizobium with EzBioCloud 1.5. 312 

The average relative abundance of nitrifying bacteria was 0.01% for ammonia-oxidizing 313 

bacteria (Nitrosomonas and Nitrosococcus) and 0.004% for nitrite-oxidizing bacteria 314 

(Nitrolancea). The lower relative abundance of nitrifiers in the bioethanol WWTP 315 

indicates higher sensitivity to toxic compounds from the bioethanol production process 316 

than to denitrifiers. Nitrifying bacteria are well known for their slow growth rate and 317 

high sensitivity to inhibitory compounds and environmental factors. 318 

 319 

Conclusion 320 

This study provides an important insight into the role of Pseudonocardia in bulking of 321 

industrial WWTPs. Fluorescent in situ hybridization and 16S rRNA amplicon 322 

sequencing results have demonstrated that sludge bulking is produced by 323 

Pseudonocardia filaments. The added value of NGS was in the accurate identification 324 

of filaments and abundance detection, thus allowing the assessment of the relationship 325 

between filament growth, chemical parameters and process condition at the community 326 

scale.  327 
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 503 

 504 

Table 1. Comparative analytical results obtained at the study before  505 

                 and after the appearance of Pseudonocardia bulking 506 

 507 

 

Parametera 

Aeration tank 

Sample S1 

Without bulking 

Sample S2 

With bulking 

TN (mg L-1) 10.35   4.32 

TP (mg L-1) 4.59   0.38 

MLSS (mg L-1) 6757   5243 

F/M ratio (kg BOD5 kg MLVSS-1 d-

1) 

0.049 0.047 

MLVSS (mg L-1) 5879 5033 

V30 743   923 

SVI (mL g-1) 110   176 

Filamentous   count (m mL-1) 69.3   356 

aTN; total nitrogen; TP, total phosphorus; MLSS, mixed liquor suspended solids; F/M ratio, food 508 

to microorganism ratio; MLVSS, mixed liquor volatile suspended solids; V30, volume of the 509 

settled sludge after30 minutes; SVI, Sludge Volume Index. 510 

 511 

 512 
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 513 

 514 

 515 

Table 2 Phyla and genera assigned against Silva 123 database 516 

            Phylum  

 

Abundance 

relative 

%  

Number 

of 

Genera 

 

Most abundant Genus 

Abundance 

relative  

% 

Proteobacteria 39.875 95 Candidatus Competibacter 10.984 

Actinobacteria 18.724 15 Pseudonocardia 12.411 

Bacteroidetes 16.413 22 Phaeodactylibacter 9.455 

Chloroflexi 7.455 5 Litorilinea 0.280 

Planctomycetes 5.580 4 Planctomyces 0.192 

Cyanobacteria 3.947 NAa   

Verrucomicrobia 3.082 4 Opitutus 0.784 

Acidobacteria 1.020 5 Candidatus Solibacter 0.431 

Gemmatimonadetes 0.770 NA   

Firmicutes 0.667 22 Acetobacterium 0.161 

Latescibacteria_WS3 0.299 NA   

Spirochaetae 0.245 5 Spirochaeta 0.201 

Hydrogenedentes_NKB19 0.243 NA   

Chlorobi 0.152 1 Ignavibacterium 0.001 

Deinococcus-Thermus 0.118 1 Truepera 0.118 

Gracilibacteria 0.071 NA   

Saccharibacteria_TM7 0.054 NA   

Parcubacteria_OD1 0.026 NA   

TM6 0.017 NA   

Synergistetes 0.015 1 Thermovirga 0.001 

Chlamydiae 0.011 2 Candidatus Protochlamydia 0.005 

Tenericutes 0.009 1 Acholeplasma 0.007 

Microgenomates_OP11 0.001 NA   

Fibrobacteres 0.001 NA   

Omnitrophica_OP3 0.001 NA   

Euryarchaeota  0.036 7 Methanobrevibacter 0.012 
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Unassigned; Other 1.168    

 517 

aNA: Not assigned to genus level 518 

 519 

Table 3 Closest similarity to the genera level (bold letter) against EzBioCloud 1.5 and 520 

Silva 123 databases. OTUs 1 to 23 (abundance >0.5%) represented 76.79% of obtained 521 

sequences  522 

 

OTU 

numbera 

 

Size 

(bp) 

Silvab 

Relative 

abundance  

% 

 

EzBioCloud 1.5 

closest similarityc 

 

Silva123 database 

closest similarity 

1 446 12.35 Pseudonocardiad Pseudonocardia 

2 465 10.94 Plasticicumulans Candidatus Competibacter 

3 460 9.28 Saprospiraceae Phaeodactylibacter 

4 465 7.16 Xhantomonadaceae Xhantomonadaceae 

5 440 5.12 Mesorhizobium Nitratireductor 

6 463 4.60 Phycisphaerae Phycisphaerae 

7 443 3.93 Cyanobacteria Obscuribacterales 

8 456 3.72 Caldilineaceae Caldilineaceae 

9 449 3.48 Rudaeicoccus Dermacoccaceae 

10 465 3.28 Aquabacterium Comamonadaceae 

11 440 2.74 Paracoccus Rhodobacteraceae 

12 460 1.90 Flavobacteriales Flavobacteriales 

13 440 1.43 Rhodobacteraceae Paracoccus 

14 441 1.40 Caldilineaceae Caldilineaceae 

15 465 1.20 Hydromonas Neisseiraceae 

16 464 1.08 Chthoniobacterales Chthoniobacteraceae 

17 460 1.00 Flavobacteriales Bacteroidetes 

18 440 0.79 Rhodobacteraceae Rhodobacteraceae 

19 464 0.79 Pedosphaera Verrumicrobia 

20 460 0.79 Sphingobacteria Sphingobacteriales 

21 464 0.71 Opitutus Opitutus 

22 440 0.68 Hyphomicrobium zavarnii Hyphomicrobium 

23 441 0.53 Ilumatobacter Acidimicrobiaceae 

aOTUs number in Supplementary Table S1 523 
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bOTUs relative abundance in Supplementary Table S1 524 
csequence similarity to reference sequences: species (x ≥ 97%), genus (97> x ≥94.5%), 525 
family (94.5> x ≥86.5%), order (86.5> x ≥82%), class (82> x ≥78.5%), and phylum 526 

(78.5> x≥75%).  527 
dOTUs identified at genus level are indicated in bold letter and represented 51.74% of 528 
relative abundance 529 
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 530 

0.02 

A. orientalis IMSNU 20058T (AJ400711) 

P. mongoliensis NBRC 105885T (AB521671) 

P. endophytica DSM 44969T (DQ887489) 

P. sediminis DSM 45779T (KF564279) 

P. parietis DSM 45256T (FM863703) 

P. tetrahydrofuranoxydans DSM 44239T (AJ249200) 

P. adelaidensis DSM 45352T (FJ805427) 

P. aurantiaca DSM 44773T (AF056707) 

P. chloroethenivorans DSM 44698T (AF454510) 

P. nantongensis KCTC 29053T (JQ819252) 
P. kongjuensis DSM 44525T (AJ252833) 

P. ailaonensis DSM 44979T (DQ344632) 

P. antarctica DSM44749T (AJ576010) 

P. zijingensis JCM 11117T (EU722520) 

P. yuanmonensis JCM 18055T (JN656709) 

P. thermophile DSM 43832T (EF588218) 

P. spinosispora JCM 11935T (AJ249206) 

P. salamisensis DSM 45717T (JQ864427) 

P. babensis NBRC 105793T (AB514449) 

P. cypriaca DSM 45511T (HQ157191) 
P. hierapolitana DSM 45671T (JN989288) 

P. kunmingensis DSM 45301T (FJ817377) 
P. sichuanensis KCTC 19781T (HM153789) 

P. khuvsgulensis NBRCT 105886 (AB521672) 
P. rhizophila DSM 45381T (GU322368) 
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P. asaccharolytica DSM 44247T (Y08536) 
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P. artemisiae DSM 45313T (GU227146) 
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 P. oroxyli DSM 44984T (DQ343154) 
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P. kujensis DSM 45670T (JN989287)  
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P. carboxydivorans JCM 14827T (EF114314) 

P. nitrificans IFAM 379T (X55609) 
 P. tropica DSM 45199T (GQ906587) 

P. antitumoralis DSM 45322T (JN204514) 
P. ammonioxydans JCM 12462T (AY500143) 

P. autotrophica DSM 535T (AJ252824) 
P. compacta DSM 43592T (AJ252825) 

P. hydrocarbonoxydans DSM 43281T (AJ252826) 
P. sulfidoxydans DSM 44248T (Y08537) 

P. benzenivorans DSM 44703T (AJ556156) 
P. dioxanivorans DSM 44775T (AY340622) 
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Fig. 2 Neighbor-joining tree based on nearly complete 16S rRNA gene sequences 531 

showing relationships between OTU1 (Genbank accession number KY213842) and the 532 

related Pseudonocardia type strains. Asterisks indicate branches of the tree that were 533 

also recovered using the maximum-parsimony tree-making algorithms. Numbers at the 534 

nodes indicate the levels of bootstrap support based on a neighbor-joining analysis of 535 

1,000 resampled datasets; only values above 50% are given. The scale bar indicates 0.02 536 

substitutions per nucleotide position. 537 
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 552 

          Fig. 3 Microbial community at the class level in activated sludge sample S2 553 
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Table S1 List of rRNA-targeted oligonucleotide probes with corresponding specificity 559 

and recommended formamide (FA) concentration  560 

Probe name Sequence (5´-3´)      Target FA 

(%) 

Reference 

EUB 338I 

EUB338II 

EUB338III 

EUB338IV 

GCTGCCTCCCGTAGGAGT 

GCAGCCACCCGTAGGTGT 

GCTGCCACCCGTAGGTGT 

GCAGCCTCCCGTAGGAGT 

Bacteria 

Planctomycetes 

Verrumicrobiales 

 

0-50 

 

Amann et al. 1990 

Daims et al. 1999 

Daims et al. 1999 

Schmid et al. 2005 

HGC1156 CGAGTTGACCCCGGCAGT Actinobacteriab 20 Erhart et al. 1997 

GNSB941 

CFX1223 

AAACCACACGCTCCGCT 

CCATTGTAGCGTGTGTGTMG   

Chloroflexi 35 Gich et al. 2001 

Bjornsson et al. 2002 Chloroflexi 

Pse631-C AGTCATGCCCGTATCGACCGCA Pseudonocardia 25 Li et al. 2018 

Pse631-G AGTGATGCCCGTATCGACCGCA Pseudonocardia 25 Li et al. 2018 

SAP309 TCTCAGTACCCGTGTGGG Saprospiraceae 25 Schauer and Hahn 

2005 

T0803-0654 

T0803ind-0642 b  

ACACC CTCTCACYRCCT 

CTGCCTCAAGCTACTCAG 

Type 0803 

Type 0803 

30 

30 

Kragelund et al. 2011 

Kragelund et al. 2011 

CFX67ab, c   

CFX67bb 

TTCCGAAGATCAGGTTCG 

TTCCGAAGATTAGGTTCG 

Type 0914 

Type 0914 

35 

35 

Speirs et al. (2011) 

Speirs et al. (2011) 

CFX197 c 

CFX223 b   

TCCCGGAGCGCCTGAACT 

GGTGCTGGCTCCTCCCAG 

Type 0092 

Type 0092 

40 

35 

Speirs et al. (2009) 

Speirs et al. (2009) 

aEUB338I, EUB338II, EUB338III, and EUB338IV were used as a mixture probe 561 

(EUBmix). GNSB941and CFX1223 were used as a mixture probe (CFXmix). 562 

GNSB941and CFX1223 were used as a mixture probe (CFXmix) 563 

bHelper probes are required for the application 564 
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cCompetitor probes are required for the application  565 

 566 

References 567 

Amann RI, Binder BJ, Olson RJ, Chisholm SW, Devereux R, Sthal DA (1990) 568 

Combination of 16S rRNA-targeted oligonucleotide probes with flow cytometry 569 

for analyzing mixed microbial populations. Appl. Environ. Microbiol. 56:1919-570 

1925. 571 

Bjornsson L, Hugenholtz P, Tyson GW, Blackall LL (2002) Filamentous Chloroflexi 572 

(green non-sulfur bacteria) are abundant in wastewater treatment processes with 573 

biological nutrient removal. Microbiology 148:2309-2318. 574 

Daims H, Bruhl A, Amann R, Scheiler KH, Wagner M (1990) The domain-specific 575 

probe EUB338 is insufficient for the detection of all Bacteria: development and 576 

evaluation of a more comprehensive probe set. Syst. Appl. Microbiol. 22:434-444. 577 

Erhart R (1997)  In situ Analyse mikrobieller Biozönosen in 578 

Abwasserreinigungsanlagen. Munich. Technische Universität München. 579 

Gich F, García-Gil J, Overmann J (2001) Previously unknown and phylogenetically 580 

diverse members of the green nonsulfur bacteria are indigenous to freshwater lakes. 581 

Arch. Microbiol. 177:1-10. 582 

Kragelund C, Thomsen TR, Mielczarek AT, Nielsen PH (2011) Eikelboom’s 583 

morphotype 0803 in activated sludge belongs to the genus Caldilinea in the 584 

phylum Chloroflexi. FEMS Microbiol. Ecol. 76:451-462. 585 

Li M, Yang Y, He Y, Mathieu J, Yu C, Li Q, Alvarez PJ (2018) Detection and cell 586 

sorting of Pseudonocardia species by fluorescence in situ hybridization and flow 587 



 32 

cytometry using 16S reran-targeted oligonucleotides. Appl. Microbiol. Biotechnol. 588 

102:3375-3386. 589 

Schauer M, Hahn MW (2005) Diversity and phylogenetic affiliations of 590 

morphologically conspicuous large filamentous bacteria occurring in the pelagic 591 

zones of a broad spectrum of freshwater habitats. Appl. Environ. Microbiol. 592 

71:1931-1940. 593 

Schmid MC, Maas B, Dapena A, van de Pas-Schoonen K, van de Vossenber J, Kartal B, 594 

van Niftrik L, Schmidt I, Cirpus I, Kuenen JG, Wagner M, Sinninghe JS, Kuypers 595 

M, Revsbech NP, Mendez R, Jetten MSM, Strous M (2005) Biomarkers for in situ 596 

detection of anaerobic ammonium-oxidizing (anammox) bacteria. Appl. Environ. 597 

Microbiol. 71:1677-1684. 598 

Speirs L, Nittami T, McIlroy S., Schroeder S, Seviour RJ (2009) Filamentous bacterium 599 

Eikelboom type 0092 in activated sludge plants in Australia is a member of the 600 

phylum Chloroflexi. Appl. Environ. Microbiol. 75:2446-2452. 601 

Speirs L, McIlroy S, Petrvski S, Seviour RJ (2011) The activated sludge bulking 602 

filamentous Eikelboom morphotype 0914 is a member of Chloroflexi. Environ. 603 

Microbiol. Rep. 3:159-165. 604 

  605 



 33 

 606 

                                  607 

 608 
 609 

Fig. S1 Identification of filamentous bacteria using FISH 1000X, (a) 610 

Haliscomenobacter red filaments, probe SAP 309, (b) Same field, 611 

Haliscomenobacter orange filaments, probes EUB mix + SAP309, (c) Microthrix 612 

red filament probe,  probe mPAll1410, (d) Chloroflexi red filaments, probe 613 

GNSB941/CFX1223 mix, (e) Type 0803 (Caldilineaceae) red filaments, probe 614 

0803-0654 (f) Same field, Type 0803 (Caldilineaceae) orange filaments, probes 615 

EUB mix + 0803-0654. 616 
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