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ABSTRACT 
 

The biological phosphorus removal (EBPR) process relies mainly on polyphosphate 

accumulating organisms (PAOs). Nowadays their characterization still remains a 

challenge due to the complexity of wastewater communities and the lack of a single 

methodology that accurately identifies and quantifies these organisms. Fluorescence in 

situ hybridization enables identification/quantification of specific targeted groups, 

whereas next sequencing generation techniques provide a broader taxonomic overview of 

the microbial community. However, across literature there are significant discrepancies 

between these methodologies results, highlighting the need of a systematic approach 

reliable for PAO characterization.  

In this study three bacteria genera exhibiting PAO phenotype are evaluated. The three 

show differences in their relative abundances comparison, being Ca. Accumulibacter the 

most divergent (abundances <1% in FISH vs. >28% in NGS). 
 

 

Keywords: Enhanced biological phosphorus removal (EBPR), Polyphosphate-

accumulating organisms (PAO) Ca. Accumulibacter, FISH, diversity.
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1. INTRODUCTION 
Phosphorus (P) is a vital nutrient for all living organisms, but its cycle has been largely 

altered by human activities, resulting in increasing concerns about its supplies (Liu et al., 

2016). It is a limited and non-renewable source, and it is estimated that the main source 

of P could be depleted in the next 50-100 years (Cordell et al., 2009) .  

Moreover, since it is a key nutrient that stimulates the growth of algae and other 

photosynthetic microorganisms, it must be removed from wastewater to avoid 

eutrophication in aquatic water systems (Oehmen et al., 2007). To prevent eutrophication, 

regulatory limits have been established for the quantity of P present in the effluent of 

wastewater treatment plants (WWTPs) discharged into water bodies (Ruiz-Haddad et al., 

2024). For example, the European Environment Agency requires an 80% reduction in P 

release or a limit of 1-2 mg L-1 in the effluent of WWTPs (European Environment Agency, 

2019). The European directive for wastewater treatment is currently being reviewed, the 

limits for P concentration in the effluent will be more stringent for certain specific areas 

(European Parliament, 2024).  

 This scenario explains why the effort of recovering P from wastewater is increasing 

exponentially. Wastewater contains a lot of phosphorus, which can be recovered. Only 

accounting human excreta, it is estimated to contain 3-4 million metric tons of P per year 

(Mihelcic et al., 2011; Nagy et al., 2019). Among that, urine contains a high concentration 

of P (Illakwahhi et al., 2024); it was reported that recovering P from domestic wastewater 

could meet 15-20% of the global demand for P (Nagy et al., 2019). 

Nowadays P removal from wastewater is often achieved by implementing the enhanced 

biological phosphorus removal (EBPR) process. It is the most cost-effective, efficient and 

sustainable method for P removal from wastewater (Kulakovskaya et al., 2012; Pepin & 
Wood, 1986; Seviour et al., 2003). EBPR promotes the removal of P from wastewater 

without the need for chemical precipitants. This process modifies the activated sludge 

process by recirculating sludge through anaerobic and aerobic conditions (Barnard, 

1975). The P-rich biomass can be used directly as a fertilizer or the P can be released as 

orthophosphate and precipitated in form of struvite or vivianite (Yuan et al., 2012).  

The success of EBPR system relies on the activity of a specialized group of 

microorganisms known as polyphosphate-accumulating organisms (PAO). These bacteria 

have the ability to take up and store P as intracellular polyphosphate granules (Cyprowski 

et al., 2018). Under anaerobic conditions, PAO can take up carbon sources such as volatile 

fatty acids (VFAs) and store them as carbon polymers (poly-β-

hydroxyalkanoates)(Oehmen et al., 2007). The energy to store this polymer is obtained 

from the hydrolysis of polyphosphate (poly-P) and glycogen. The phosphate 

concentration in the liquid media increases during the anaerobic phase because of poly-P 

hydrolysis. During the aerobic (and/or anoxic) phase, the stored PHA is consumed, 

generating energy for growth, uptake of orthophosphate and replenishment of glycogen 
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pool (Zhou et al., 2010).  Although this is the model metabolism for PAO not all of them 

exhibit the same behavior. For example, no PHA or glycogen have been identified in situ 

in Tetrasphaera (Fernando et al., 2019). 

 

Figure 1. Schematic representation of PAO metabolism. 

Activated sludge in the EBPR process comprises thousands of bacterial species, but to 

date only few genera have been recognized as PAO (Petriglieri, Petersen, et al., 2022). 

Among the reported PAO (Fig. 1), Candidatus Accumulibacter, Tetrasphaera and 

Candidatus Dechloromonas were identified as the most significant PAO (Dueholm et al., 

2022a). Besides these taxa, other putative PAO are being considered, for example, the 

genera of filamentous bacteria, Thiothrix can store polyphosphate (Wanner et al., 1987) 

and Rubio-Rincón et al., 2017 stated that it could behave like PAO with a mixotrophic 

metabolism. There is a range of genera related with PAO activity, but, genome coverage 

is poor for all them except for Ca. Accumulibacter (Nielsen et al., 2019a) and their 

phylogeny has constantly been reviewed. The role and significance of the majority  of 

EBPR related taxa are still to be defined (Rey-Martínez et al., 2019). Figure 2 displays a 

taxonomic classification of organisms exhibiting PAO phenotype. 

Ca. Accumulibacter was the first microorganism identified as PAO, and it is the most 

studied one. Later on, it was classified into two types I or II (and 9 clades)(Ruiz-Haddad 

et al., 2024). On the other hand, Tetrasphaera genus has been recently reclassified, and 

some species have been moved to the genus Phyciococcus, Knoellia, Ca. 

Phosphoribacter, Ca. Lutibacillus (Nouioui et al., 2018; Ruiz-Haddad et al., 2024). 

Among these, Ca. Phosphoribacter has been described as a dominant PAO in EBPR 

wastewater treatment worldwide (Singleton et al., 2022) (green lines in Fig. 2 represent 

all the taxa previously categorizes as Tetrasphaera). Besides, Dechloromonas has been 

recently renamed Azonexus. This genre exhibits a very similar physiology to Ca. 

Accumulibacter, having dynamic levels of poly-P, glycogen and PHA (Petriglieri et al., 

2021).  
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Figure 2. Taxonomic classification of organisms displaying PAO activity.  Extracted from (Ruiz-Haddad et al., 2024). 

In the EBPR process, glycogen-accumulating organisms (GAO) have been traditionally 

considered potential competitors to PAOs. These organisms are also able to proliferate 

under alternating anaerobic and aerobic conditions but, unlike PAO, GAO store carbon 

as intracellular glycogen without contributing to P removal (Mino et al., 1995; Oehmen 

et al., 2007). Extensive research has focused on trying to reduce GAO presence in EBPR 

systems and finding the optimal conditions that favors PAO over GAO (Lopez-Vazquez 

et al., 2009; Tayà et al., 2013). However, full-scale systems are more complex 

environments and many of the proposed PAO and GAO organisms are not even present 



  
 

or only present in low abundances (Stokholm-Bjerregaard et al., 2017a). In full-scale 

EBPR systems GAO don’t appear to be a real problem (Nielsen et al., 2019a).  

The characterization of PAO organisms is challenging. Wastewater contains complex and 

diverse microbial communities, making PAO identification and quantification difficult. 

Traditionally, microbial wastewater communities have been studied using fluorescence in 

situ hybridization (FISH), a technique that provides valuable insights into the spatial 

organization and allows the identification and quantification of the relative abundance of 

specific microbial groups.  However, this technique has limitations when assessing the 

broader microbial community. In any case, the democratization of metagenomics has 

opened a new paradigm in the study of these communities. In contrast to FISH,  the 

advantage of next-generation sequencing (NGS), such as 16S rRNA sequencing, is its 

ability to capture a wider microbial diversity. Unlike FISH, metagenomics offers a 

culture-independent analysis of the entire microbial community, enabling the 

identification and characterization of a wild range of microorganisms, both abundant and 

rare. One key advantage of metagenomics is that it does not require prior knowledge of 

the microorganisms present, eliminating the need to design experiments around pre-

selected probes.  The combination of both techniques is commonly employed in 

microbiological studies. However, there is extensive literature highlighting notable 

differences in species resolution between the two methods. The techniques can yield 

differing microbial compositions, not only in relative abundance but also in the presence 

or absence of certain taxa The reasons for these discrepancies remain unclear, but they 

are likely due to a combination of factors inherent to both techniques. 

The main goal of this work is to study a PAO-enriched population under the novel 

configuration EBPR + Sludge Side Stream Fermenter using two complementary 

molecular techniques. To achieve this, a comprehensive bibliographic review will be 

conducted to understand the differences between the methodologies and to develop 

hypotheses regarding the potential causes of these differences. The bacterial population 

under study will be characterized using Illumina sequencing, with a detailed analysis of 

the bioinformatics steps involved. Simultaneously, the population will be studied through 

FISH. Finally, a comparative analysis of both outcomes will be performed to identify key 

differences, and guidelines will be proposed to improve the characterization of PAO-

enriched populations for future applications. 

 

2. MATERIALS AND METHODS 
 

2.1 Plant operation 

The samples analyzed in this work were extracted from a pilot plant with an A2/O 

configuration operating for simultaneous carbon, N and P removal. The research was 

focused on tracking the organisms able to remove P, but removing N is also essential in 

waste-water treatment. 
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The continuous A2/O configuration is composed of an anaerobic reactor, where P is 

released and PAO growth is favored, an anoxic reactor, where denitrification occurs and 

finally the aerobic reactor where nitrifying bacteria oxidize ammonia and P is 

accumulated by PAO.  

A modification of the conventional A2/O was conducted (S2EBPR) (Fig. 3). A side stream 

fermenter was added to the external recirculation. That way there is less/no-direct 

dependence on inlet VFA, it mitigates the effect of excessive nitrate and favors PAO over 

GAO. 

 

Figure 3. Scheme of the S2EBPR process. 

 

2.2 Sampling 

To perform this study 10 activated sludge samples were collected from the pilot plant. 

The samples were collected during different operation periods and under diverse 

conditions, as indicated in table 1. 

Table 1. Samples parameters of this study obtained from the pilot plant 

Sample ID Wwtype Reactor 

P 

influent 

P 

reactor 

(mg/l) 

P 

effluent 

(mg/L) 

Ammonia 

influent  

(mg/l) 

Nitrate 

effluent 

(mg/l) 

Nitrite  

effluent 

(mg/l) 

COD 

influent 

(mg/l) 

HRT 

SSF 

C800-AER1 real AER 5.53 0.14 0.16 76.5 18.1 1.1 808 2.5 

C800-AER2 real AER 5.52 0.19 0.16 58.4 3.31 1.46 776 2.5 

C800-AER3 real AER 6.67 0.09 0.17 60 15.09 1.28 791 2.5 

C800-SSSF1 real SSSF 5.53 58.56 0.16 76.5 18.1 1.1 808 2.5 

C800-SSSF2 real SSSF 5.52 62.69 0.16 58.4 3.31 1.46 776 2.5 

C800-SSSF3 real SSSF 6.67 52.14 0.17 60 15.09 1.28 791 2.5 

AER-1d synthetic AER 11 0.21 0.09 43 7.96 0 650 1 

AER-2-5d synthetic AER 10 0.32 0.21 40 10.57 0 600 2.5 

SSF-1d synthetic SSSF 11 67 0.09 43 7.96 0 650 1 

SSF-2-5d synthetic SSSF 10 210.6 0.21 40 10.57 0 600 2.5 
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2.3  luores ent in situ hy ridization (  S )  

FISH technique is a commonly used method to identify PAO in WWTP. It can be used to 

measure the relative bio abundance of the microbial community. Furthermore, since it 

maintains the morphology of the cells, it is possible to observe it and have information 

on the spatial distribution and the equivalent biovolume (Nielsen et al., 2009). It allows 

single cell level identification. 

FISH involves annealing of DNA or RNA probes attached to a fluorescent reporter 

molecule with specific target sequence of sample DNA, which can be followed under 

fluorescence microscopy (Shakoori, 2017). The detection target is 16S rRNA, the 

component of the small subunit of procaryotic ribosomes that targets the sequence Shine-

Dalgarmo. The 16S RNAr gene is widespread used in bacteria phylogenetic studies 

because the sequence is highly conserved among different procaryotic groups  (Abellan 

et al., 2021).  

The probes used consist of short DNA sequences (15-25nt) that are designed to hybridize 

their complementary target sequence on the rRNA structures in the target cell. From the 

composition of the probe, it is possible to design it to specifically target a narrow 

phylogenetic group (down to the species level) or any other higher phylogenetic 

hierarchical. No probes will hybridize to those cells without target sequences. Cells 

containing the target sequence will on the other hand retain the hybridized probe and due 

to the large number of ribosomes within active cells thus become fluorescently labeled 

(Nielsen et al., 2009). Quantitative FISH (qFISH) can be performed, biovolume fractions 

of individual taxa are calculated as a percentage area of the total biovolume, hybridizing 

generic bacterial probes (EUBmix probes), that also hybridize with the specific taxa 

probe. 

A typical flowchart for FISH in activated sludge is shown in Fig. 4 extracted from Nielsen 

et al., 2009. The procedure includes sampling, possible pretreatment, fixation, possible 

enzyme treatment, hybridization, epifluorescence microscopy, and possible image 

analysis.  
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Figure 4. Schematic illustration of the FISH procedure, extracted from Nielsen et al., 2009. 

Probe selection 

The selection of probes (Table 2) was guided by the preliminary results from the Illumina 

analysis. Due to time constraints, it was not possible to evaluate all putative PAO. Instead, 

the most abundant ones (based on preliminary Illumina results) were prioritized, as they 

were the most likely to produce a detectable signal under the microscope. 

Traditionally, three FISH probes (PAOmix, a combination of PAO462, PAO651, and 

PAO846) have been used to detect PAO. It was considered the most sensitive and specific 

probe for targeting Ca. Accumulibacter (Crocetti et al., 2000; Ruiz-Haddad et al., 2024). 

However, later research revealed that PAOmix is inadequate to specifically distinguish 

Ca. Accumulibacter from other phylogenetically related taxa. For example, it targets 

GAO species from the genus Propionivibrio (Albertsen et al., 2016a). This unspecific 

hybridization can lead to overestimated abundances. It is recommended to employ 

PAO651 alone to ensure accuracy (Albertsen et al., 2016a).  

In 2007, BET135 became the first FISH probe for Dechloromonas detection (Kong et al., 

2007). BET135 targets Azonexus phosphoritropha and Dech443 targets Azonexus 

phosphorivorans with good specificity and coverage (Petriglieri et al., 2021). The 

combination of these two probes covers the genera diversity (Mcilroy et al., 2016). 

However, these FISH probes are not species-specific and may hybridize with other 

Dechloromonas species not associated with PAO activity (Ruiz-Haddad et al., 2024). 

As for Thiothrix, probe G123T targets a wide range of the isolated taxa; it was designed 

to specifically hybridize to a signature region on the 16S rRNA of all 

recognized Thiothrix species (Kanagawa et al., 2000). 
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Table 2. FISH probes used 

 

 

In order to be able to observe the probes, they need to be labelled with fluorochrome. The 

selection of fluorochrome is important and several factors must be considered.  Firstly, 

the fluorochromes chosen have to match the excitation wavelengths of the lasers in the 

microscope. In addition, when using multiple probes, the emission spectra has to be 

different to avoid spectral overlapping. Furthermore, the extinction coefficient is another 

important factor, it is a measure of how strongly a fluorochrome absorbs light at a given 

wavelength. The larger the extinction coefficients are, the stronger signals can be obtained 

(Daims et al., 2019), which is especially crucial when the fluorescence signals are low. 

The selected fluorochromes, characteristics and their spectral profiles are shown in table 

3 and figure 5, respectively.  

 

Figure 5. Spectral Profiles of Fluorochromes obtained with Fluorescence SpectraViewer 

Table 3. Spectral properties of Alexa Fluor dyes (Termofisher) 

Flurochrome Colour Max 

Excitation 

(nm) 

Max Emission 

(nm) 

Extinction 

coeficient (M–

1cm–1) 

Alexa Fluor 

488 

Green 495 519 71,000 

Probe Target group Sequence (5'-3') FA 

(%) 

Fluorochrome 

5'  

EUB338 

(EUBmix) 

All bacteria GCTGCCTCCCGTAGGAGT 60 Alexa fluor 488 

EUB338 II 

(EUBmix) 

All bacteria GCAGCCACCCGTAGGTGT 60 Alexa fluor 488 

EUB338 III 

(EUBmix) 

All bacteria GCTGCCACCCGTAGGTGT 60 Alexa fluor 488 

PAO651 Ca. Accumulibacter CCCTCTGCCAAACTCCAG 35 Alexa fluor 647 

Bet135 Ca. Azonexus 

phosphoritropha 

(former  

Dechloromonas) 

ACGTTATCCCCCACTCAATGG 45 Alexa Fluor 

594 

Dech443 Ca. Azonexus 

phosphorivorans 

(former  

Dechloromonas) 

ACCCATGCATTTTCTTCCCGG 35 Alexa Fluor 

594 

G123T Thiothrix CCT TCC GAT CTC TAT GCA 40 Alexa fluor 555 
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Alexa Fluor 

555 

Yellow-Orange 555 565 155,000 

Alexa Fluor 

594 

Orange-Red 590 617 92,000 

Alexa Fluor 

647 

Far-red 650 668 270,000 

 

FISH protocol 

The following protocol was adapted with minimum changes from Daims et al., 2019. 

1. Sample collection and fixation 

The samples were collected from the pilot plant. Two of the samples from table 1 were 

evaluated: C800-SSSF1 and SSS-2,5 (distinguished by the type of wastewater) (the 

fixation was performed for all the samples indicated in table 1). 

The microbial biomass was fixed by adding 3 volumes of 4% PFA solution to one volume 

of sample, and held at 4ºC for 1-3 hours. The samples were centrifuged at 5000 g and the 

fixative was removed. Afterwards, the cells were washed twice with 1M PBS. For each 

wash the samples were centrifuged and the supernatant removed. Finally, the cells were 

resuspended 1 mL of a solution containing 0,5 ml of 1M PBS and 0,5 mL of ice-cold 

ethanol. The fixed samples can be stored at -20ºC for several months.  

2. Sample preparation and immobilization on glass slides 

The stored sample were applied directly to the pretreated silanized slides. Silanized slides 

are used to enhance the cellular adhesion to the slide Surface. The silanization treatment 

creates covalent bonds between the slide and the cellular structures, ensuring that samples 

will remain in place throughout the procedure.  

Of each sample, 3 preparations were made. First slide with two separated drops of 20 μl 

(sample type A), second slide with 50 μl of extended sample (sample type B), and third 

slide with 100 μl of extended sample diluted 1:10 with MiliQ water (sample type C). The 

side of the pipette tip was used to spread out the sample. 

The samples were dried at 37ºC for 20 minutes. The dried biomass was covered with a 

thin layer of agarose to avoid loss of biomass during subsequent steps. The slides were 

dipped into warm dissolved agarose (0,5%) and cooled horizontally on ice.  

3. Dehydration 

Dehydration of the immobilized sample removes water in order to increase the resolution 

during microscopy. Serial treatments with increasing ethanol concentration efficiently 

remove the water from the sample. The slides were dipped in a container with 50% 

ethanol for 3 minutes, followed by 3 min in 80% ethanol and by 3 min in 96% ethanol. 

The slides were allowed to air dry. 

4. Permeabilization by enzymatic treatment 
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Some cell types require additional treatment by enzymes or chemicals for sufficient 

permeabilization over the cell wall. Since the nature of our microorganisms was diverse, 

lysozyme treatment was applied. Other enzymatic or chemical treatments can be applied, 

e.g. protease K, mutanolsyn, acid, achromopeptidase... But digestion with enzymes, too 

long incubations or treatment with too harsh chemicals is critical and will cause lysis of 

some more sensitive cells. So it is often incompatible to access multiple organisms in 

complex environments. Therefore, the gentlest treatment was chosen. 

Lysozime was dissolved to a final concentration of 10mg/mL in 0,05M EDTA, 0,1M Tris-

HCl. 10–15 mL of cold lysozyme preparation per slide were applied. The slides were 

placed in a horizontal position, in a 50 mL Falcon tube, containing tissue paper moistened 

with dH2O. The slides were incubated for ~ 40 min (10–60 min) at 37ºC. Thes slides were 

washed three times in dH2O, then once in absolute ethanol, and air-dried. 

5. Hybridization 

2 mL of hybridization buffer for each percentage of formamide were prepared. 

Formamide concentration modulates the stringency of the hybridization step. Probes 

requiring different formamide concentrations cannot be applied together. Subsequent 

hybridizations must be done starting with the highest formamide concentration.  

Regarding table 1 hybridization buffer was prepared at 40 and 60% of FA.  

Table 4. Buffers composition 

Buffer type FA % FA (μl) Mili-Q 

(μl) 

5M 

NaCl 

(μl) 

1 M 

TrisHcl 

(μl) 

10% 

SDS 

(μl) 

0.5M 

EDTA 

(μl) 

Hybridization 40 800 800 360 40 2 - 

Hybridization 60 1,200 400 360 40 2 - 

Washing 40 - - 460 1,000 50 500 

 

8 μl of hybridization buffer were transferred onto the slide. 1 μl of each gene probe (work 

solution 50ng/ μl) were added and carefully mixed with the hybridization buffer. When 

more than one gene probe is added the quantity remains the same, 1 μl each probe per 

slide.  

The slides were placed horizontally into a 50 mL falcon tube with a piece of tissue 

moistened with MiliQ water. The tubes were placed in the hybridization oven at 46ºC for 

2 hours (minimum time required of 1½ hours). 

During hybridization washing buffer was prepared. The same washing buffer was used 

for the two washing steps (FA 40%). The buffer was prepared in a 50 mL polyethylene 

tube (x20 times table 3 composition) and preheated at 46ºC.  

A few millimeters of the preheated washing buffer were poured over the sample to replace 

the hybridization buffer (must be carried out in the fume hood to avoid toxic formamide 

fumes). The slides were transferred into a recipient covered with washing buffer and 

incubated 15min at 46ºC.  
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The slides were removed from the washing buffer, dipped in cold MiliQwater and air-

dried.  

Finally, an antibleaching agent (ProLong Gold Antifade) was added directly to the 

samples, extended, and covered with a cover glass.  

6. Microscope observation and quantification 

A Zeiss LSM980 confocal microscope was used for biomass observation. To perform a 

preliminary assessment of the samples, z-stacks images were taken (different z depths for 

the same x/y plane). For taxa quantification, 20-30 images were taken for each A 

preparation by moving the slide in the x/y dimensions and randomly adjusting the focal 

plane of the microscope in the z dimension. The magnification used was low, 63x with a 

1.5x zoom, to capture enough biomass per image and improve statistical accuracy.  

Image analysis was performed with daime (Daims et al., 2006), a program developed 

specially for analyzing microbial cell images obtained with fluorescence labeling 

techniques. The images are segmented to distinguish cells from background prior to the 

biovolume fraction measurement. Biovolume fraction is calculated as follows, being  𝐴𝑃 

the area of probe-target population and 𝐴𝐵 the area of all bacteria, measured in n pairs. 

∑ 𝐴𝑖
𝑃𝑛

𝑖=1

∑ 𝐴𝑖
𝐵𝑛

𝑖=1

 

 

2.   e t generation sequen ing 

NGS involves parallel processing of millions of fragments DNA/RNA simultaneously 

generating an enormous volume of data in a relatively economic way (Hu et al., 2021).  

There are different sequencing platform technologies, however, Illumina is one of the 

more used NGS methods. The Illumina sequencing platform works as follows (Fig. 6) 

(adapted from  oung &  illung, 2020). The first step is library preparation, DNA is 

denaturized into 200-700 bp fragments and the adapters are ligated to the DNA fragments. 

Then the key step is cluster amplification: 

3 The DNA fragments are added to a flow cell and the adapters bind to their 

complementary oligos, that way DNA fragments attach. 

4 The reverse strand of the DNA is synthesized, the double strand is denaturized, and 

the original strand is eliminated, leaving the complementary stand attached to the flow 

cell.  

5 The strands are amplified through bridge amplification. The ssDNA folds over 

forming a bridge and the complementary strand is synthesized. The bridge is 

denaturized leaving two ssDNA bind to the platform.  

6 The cycle is repeated many times simultaneously for millions of clusters. The result 

is clonal amplification of the original fragments. The added nucleotides are labelled 

with a chemically cleavable fluorescent group at the 3’-OH end, allowing only single 
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base incorporation in each cycle. After each round of amplification lasers are passed 

over the flow cell to activate the fluorescence (which is detected and recorded). This 

process generates a sufficiently strong signal for detection during sequencing. 

7 Reverse fragments are eliminated leaving only forward strands to ensure that all the 

reads come from the same direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6. Illumina next- generation sequencing, modified from (Young & 

Gillung, 2020). 
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The DNA was extracted following the DNA Isolation Plus kit protocol (Norgen Biotek). 

The extracted DNA was quantified by a DNA NanoDrop 1000 Spectrophotometer 

(Waltham, MA, USA), and analyzed by the “Genomic and Bioinformatics service center” 

at Autonomous university of Barcelona (Barcelona, Spain). 

The DNA was amplified using the V3-V4 16S region with the following primer 

sequences: forward 5'CCTACGGGNGGCWGCAG3' and Reverse 

5'GACTACHVGGGTATCTAATCC3'. The amplified product of the first PCR was 

purified using CleanNGS magnetic beads, which remove excess primers, nucleotides, and 

other impurities. Samples were indexed in a second PCR round using the IDT for Illumina 

DNA/RNA UD Indexes and purified using magnetic beads. Indexing allows multiplexing 

of samples during sequencing by tagging each library with a unique identifier. The library 

amplicon size was checked before and after indexing using the Agilent 2100 Bioanalyzer. 

This step ensures that the library meets size requirements for sequencing. The Illumina 

MiSeq platform was used to sequence the V3-V4 16S libraries with the MiSeq reagent 

kit v2 at 2x250 bp (both ends of DNA fragments are sequenced). The 16S Metagenomics 

App (Basespace, Illumina) was used to perform taxonomic classification of 16S rRNA 

targeted amplicon reads using the RefSeq RDP 16S v3 database. This database allows 

accurate identification and classification of bacterial and archaeal taxa. The use of this 

database is the default for the SGIEB service; however, a subsequent analysis was 

performed, as indicated in the following section. 

 

Bioinformatics reanalysis 

The raw sequencing data was requested to SGiEB to perform a bioinformatic reanalysis. 

The raw sequencing data obtained from Illumina consisted of paired-end reads: forward 

(R1) and reverse (R2). These reads undergo a series of preprocessing and analytical steps 

to ensure the reliability of downstream analyses and to characterize microbial 

communities effectively. 

The first step involved assessing the quality profiles of the forward and reverse reads. 

Quality profiles provide a visual representation of sequencing accuracy across the length 

of the reads, highlighting regions of lower confidence. This informs the trimming and 

filtering criteria applied in subsequent quality control. During quality control, sequences 

were filtered to remove artifacts and trimmed to retain only high-quality regions. The 

forward and reverse reads were shortened to 240 and 160 nucleotides, respectively. Reads 

with undetermined bases or excessive errors were discarded, and those with diminishing 

quality toward their ends were truncated. These filtering steps significantly reduced the 

number of reads, but the retained data was of much higher quality, enhancing analytical 

accuracy. 

Once quality filtering was completed, the forward and reverse reads were merged to 

reconstruct longer, contiguous sequences. This merging relies on sufficient overlap 

between paired reads, ensuring that the resulting sequences are both accurate and 
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representative of the original amplicons. Unique sequences from each sample were then 

compiled into an OTU table, which records the abundance of each sequence across all 

samples. A critical step in this process is the identification and removal of chimeric 

sequences, which are artifacts generated during PCR amplification. Chimeras arise when 

partially extended DNA strands bind to templates from different sequences and are 

subsequently extended, creating artificial hybrids. Removing these sequences ensures that 

the dataset accurately reflects the true microbial community (Smyth et al., 2010). 

After the refinement of the sequences, taxonomic assignment was performed using the 

MIDAS database (Microbial Database for Activated Sludge). This specialized database 

focuses on microorganisms found in WWTP. It provides amplicon sequence variant-

resolved, full-length 16S rRNA gene references with comprehensive taxonomic 

classification from domain to species level, enabling precise identification of community 

members (Dueholm et al., 2022b, 2024). 

The processed data was then integrated into a single phyloseq object, a structure that 

facilitates downstream ecological and statistical analyses. This object combines three key 

components: the OTU table, which captures the abundance of each sequence; the 

taxonomy table, which maps sequences to their taxonomic classifications; and data 

obtained from the monitoring pilot plant, such as experimental conditions or operational 

parameters. 

To evaluate sequencing depth and ensure adequate sampling effort, rarefaction curves 

were generated. These curves show how species richness increases with the number of 

reads sequenced. When the curve plateaus, it indicates that the sampling effort has 

sufficiently captured the diversity within the sample, minimizing the risk of 

underestimating richness. 

Diversity was assessed at multiple levels. Alpha diversity, which measures the diversity 

within individual samples, is quantified using indices such as Shannon (Shannon, 1948) 

and Simpson (Simpson, 1949). The Shannon index measures diversity, considering both 

richness and evenness of abundances, making it more sensitive to the presence of rare 

species. Simpson index measures the probability that two individuals randomly selected 

from the sample will belong to the same species. To examine differences between 

microbial communities, beta diversity was analyzed using Non-metric Multidimensional 

Scaling (NMDS). This technique visualizes the relationships between samples based on 

the Bray-Curtis dissimilarity index (Bray & Curtis, 1957), which calculates compositional 

differences by considering the relative abundances of species. This index reflects the 

proportion of the total species abundances in which the two plots differ (Ri otta & 
Podani, 2017).  

Finally, the relative abundance of taxa was calculated and visualized to explore 

community composition. Bar plots are often used to represent the proportions of different 

taxa across samples. By summarizing data at various taxonomic levels, such as phylum, 

genus, or species, these visualizations provide insights into the dominant members of the 

community and their shifts under different conditions. 
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3. RESULTS  

3.1   S   hara terization 

The six FISH preparations were observed under the CLSM. For quantitative FISH, a 

general probe set targeting all bacteria is used in combination with probes targeting the 

taxa of interest. Only the A sample types (unextended drops of drops of 20 μ directly 

placed on the slildel) were used for quantification. The A preparations were thicker and, 

thus, better for quantification since the fluoresce signal was stronger, and possible bias 

for single cell falling was lower (Daims et al., 2019). The results obtained after image 

processing and abundance quantification for both samples are shown in table 5. The 

detection of the genus-specific probe was positive in both samples. An example image is 

illustrated in figure 7, where it can be identified the presence of both Thiothrix and Ca. 

Accumulibacter.  

Azonexus was not clearly detected. The fluorescence signal of its specific probe presented 

interferences and had a background signal. This signal was eliminated with image 

processing. In any case, Azonexus exhibited low abundances in both samples. Thiothrix 

abundances were significantly different, being more abundant in C800-SSSF1. As for Ca. 

Accumulibacter, it seems to be a dominant genus in both microbial communities.  

 

Table 5. Relative abundances of target organisms (FISH-technique) 

 Genus relative abundance (%) 

Sample Ca. Accumulibacter Thiothrix Azonexus 

SSSF-2,5 28.8 0.1 0.3 

C800-SSSF1 38.5 5.9 0.7 
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Figure 7. Z-stack image of C800-SSSF1 sample. All bacteria are depicted in blue, Ca. Accumulibacter in orange and 

Thiothrix in green (no presence of Azonexus in this plane). 

3.2  llumina  

This section describes the results from the Illumina analysis performed by SGiEB. The 

bar plots in figure 8 shows the relative abundance of the genera with a relative abundance 

higher than 1%.  

The sample C800-SSSF1 is dominated by Thiothrix (8,27%), the already mentioned 

filamentous putative PAO genus. The genus Defluviicoccus is also abundant (6%). It is 

considered a GAO (Wong &  iu, 2007) and they are capable to reduce nitrate to nitrite 

(Bessarab et al., 2022) and therefore assist other denitrifying populations (Maszenan et 

al., 2022). Azospira is related to N metabolism, it can use nitrate as electron acceptor. 

Nitrospira are the most common and abundant NOB in wastewater treatment systems 

(Daims et al., 2001) Thauera is abundant in denitrifying activated sludges (Morgan-

Sagastume et al., 2008) and can use nitrate, nitrite or oxygen as electron acceptors 

(Thomsen et al., 2007). The genus Halomonas has been described as a putative PAO with 

a similar physiology to the Accumulibacter (Nguyen et al., 2012). The also described 

PAO Dechloromonas (now Azonexus) is also present with 1.82% of abundance (Azoneus 

appears as a different taxa with 0.82%, making it a 2.64%). The genera Allochromatium, 

Litorilinea, Ohtaekwangia, Thiocapsa, Prosthecobacter, Rhodopirellula, Luteibacter, 

Chiayiivirga and Gimesia have not been described as relevant for wastewater treatment 

and their role in the systems haven’t been assessed yet (Dueholm et al., 2024).   

The sample SSSF-2,5 is dominated by Chiayiivirga (25.88%) a relatively new genus 

found in WWTP (Dueholm et al., 2022a). Neither Chiayiivirga nor Parasegetibacter have 

their metabolism described. Azospira (4.80%) and Nitrospira (3.33%) are also present in 

this sample. Bacteroides are anaerobic fermentative organisms abundant in the gut and 

are during the activated sludge process is shown to decrease its presence (Niestępski et 
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al., 2020). Propionivibrio has an important role in wastewater systems, with a large 

present in EBPR systems, some species of the genus are considered novel GAO 

(Albertsen et al., 2016b). Labrenzia, Aquabacterium, Francisella, Rubrivivax have not 

been described as relevant for wastewater treatment and their role in the systems haven’t 

been assessed (Dueholm et al., 2024). Neither Pseudacidovorax or Ohtaekwangia appear 

in MIDAS data base.  

As for PAO microorganisms, the Illumina sequencing shows the presence of Azonexus 

(and Dechloromonas, now considered Azonexus) with a 2.67% of relative abundance. 

Thiothrix, is also present with a 0.34% of relative abundance.  

Surprisingly, the results from Illumina analysis performed by SGiEB showed no presence 

of Ca. Accumulibacter, the already described PAO model organism. The other common 

PAO, Tetrasphaera, was not observed either. Apart from this absence, many taxa were 

labelled as unidentified, which was undesired. This highlights the importance of using a 

suitable database. In the light of these results, a reanalysis of the raw data was performed 

using the MiDAS database, as described in the previous section. The MiDAS database 

was developed specifically from samples obtained in WWTP and has become the 

preferred database in many wastewater studies since its development. It serves as the 

reference database of microbes from WWTP across the world, covering a wider taxa 

variability present in WWTP and including uncultured environmental taxa (Dueholm et 

al., 2022a).   
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3.3  llumina reanalysis 

The results obtained from the Illumina sequencing reanalysis differ from the ones 

obtained from SGiEB. The same samples were analyzed and obtained relative abundance 

plots for the ones with abundances larger than 1% (Fig. 9).  

In the case of C800-SSSF1, Ca. Competibacter was the most abundant genus (13.15%) 

and has a behavior consistent with the GAO phenotype (Kong et al., 2006). Thiothrix is 

the second most abundant genus (6.96%), followed again by Defluviicoccus (4.04%). 

Azospira (2.66%) and Nitrospira (1.45%) are also detected. Neither of the other most 

abundant genera (presented in figure 9) match with the ones presented in figure 8. 

Azonexus (1,12%) was also detected in the original analysis. Ca. Accumulibacter was 

detected with a low abundance 0.25%.  

As for SSSF-2,5d according to the reanalysis the sample is dominated by Ca. 

Contendobacter (33.63%), part from the originally described genus Ca. Competibacter, 

this genera’s behavior is consistent with the GAO phenotype (McIlroy et al., 2014). This 

finding is more consistent than the Chiayiivirga dominance reported in the SGiEB results. 

Figure 8. Relative genus abundance (Illumina technique) 
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Azospira (7.41%), Neochlamydia (2,28%) and Nistrospira (1.57%) are also detected in 

this analysis. Neither of the other most abundant genera are coincident. Azonexus was 

detected with 0.72% of abundance, similar to Ca. Accumulibacter with a 0.72%. Thiothrix 

presence is much lower than in the other sample, with just 0,72% detected. 

 

From the rarefaction curves obtained (Fig. 10), we can assume that the sequencing depth 

was sufficient to capture most of the microbial diversity in the samples since they reach 

a plateau. The samples with higher curves have greater species richness: C800-AER2 and 

C800-SSSF1. The samples with higher sample size are the ones of the system fed with 

real wastewater.  

Figure 9. Relative genus abundance (Illumina reanalysis) 
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From the alpha diversity across samples the most obvious result is that both Shannon and 

Simpson indices consistently indicate higher microbial diversity in the samples obtained 

from reactors operated with real wastewater (Fig. 11). This finding suggests that real 

wastewater provides a more complex and diverse range of substrates, which can foster 

the growth of a wider variety of taxa and enhance microbial niche diversity. This trend is 

supported by the rarefaction curves.  This result is expected, as real wastewater typically 

contains a heterogeneous mix of organic and inorganic compounds, trace elements and 

microbial presence from various sources.  

 

 

Figure 11. Alpha diversity across samples, AER and SSSF are samples from the S2EBPR plant, original is from the 

conventional A2/O.  

 

C800 SSS 2

  R 2,5d

Figure 10. Rarefaction curves representing the species richness as a function of sequencing depth for 

different samples. The X-axis shows the sample size (number of sequences), and the Y-axis indicates 

the number of observed species (OTUs). 
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The non-metric multidimensional scaling (NMDS) analysis was used to evaluate the 

influence of different parameters on bacterial community composition (Fig. 12). From the 

monitoring parameters of the pilot plant (presented in table 1), the following were 

selected: reactor sampled (aerobic or SSSF, both from the S2EBPR plant), wastewater 

type (real or synthetic), COD in the influent and phosphorus concentration in the sampled 

reactor. The polygons in the NMDS plot connect groups with a similar variable value: 

non-continuous variables have defined polygons.  

The results show no significant differences between bacterial communities across reactor 

type. The biomass is recirculated between reactors, which prevents the development of 

independent microbial communities. Although the SSSF was operated with a longer 

retention time (HRT=2.5d for most samples, as shown in table 1) compared to the 

mainstream (HRT=1d), this difference does not appear enough to modulate the bacterial 

community. It is likely that a larger increase in HRT in the SSSF could be a factor 

modulating the development of distinct microbial communities (but this is not proved in 

this study). In contrast, there are clear dissimilarities in relation to the type of wastewater, 

suggesting that the source of wastewater influences the microbial community 

composition.  

When analyzing another important parameter, i.e. influent COD, we observe that samples 

with high COD levels (red) are separated from those with lower COD (blue). This 

suggests that COD concentration has an influence on the microbial composition.  There 

is not an aggrupation pattern based on the phosphorus level.  P concentration in the 

sampled reactor doesn’t seem to generate differences between bacterial communities in 

this study. Again, it is plausible that the residence time is not different enough to modulate 

the bacterial composition and create distinct communities between reactors. 
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Figure 12. NDMS plots for selected monitoring parametes: reactor type, wwtype, COD concentration in the influent, 

P concentration in the sampled reactor. 

4. DISCUSSION 
The results from the two rRNA 16s analyses performed differed significantly, mainly due 

to the database employed (differences in the top 20 most abundant genus across samples 

are shown in figure 13). In wastewater research, the most used database is MiDAS 

(Dueholm et al., 2022a). This is the reference database because it was specifically 

developed using data from WWTP. In contrast, the RefSeq RDP database is a more 

generic database and therefore lacks coverage of many organisms that are critical to 

wastewater treatment process. Moreover, MiDAS has a more up-to-date and dynamic 

taxonomy of wastewater related microorganisms, which is continuously undergoing 

reclassifications. A key factor contributing to the observed differences is the variability in 

the reference sequences for the 16S rRNA gene across databases. If a genus is represented 

by only a limited number of sequences in a database, the classification algorithm may 

misassign reads to an incorrect taxon due to insufficient reference diversity 

The bioinformatic methods used can also introduce variability. When creating the analysis 

pipelines, quality control filters are applied to the raw sequence data. These filtering steps 

can impact the pool of retained sequences and consequently alter the downstream 

taxonomic assignment and abundance estimations.  To control and minimize this 
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variability, it is essential to standardize the bioinformatic workflow by using consistent 

quality thresholds, trimming parameters, and taxonomic databases across all samples. It 

is also important to use the same pipeline when the objective is to compare datasets, 

reducing bias introduced by methodological differences. 

 

There is not a strong distribution pattern from the PAO phenotype abundances across 

samples (Fig. 14). The only significant difference is the diminution of the putative PAO 

Figure 13. Bar plots showing the comparison between the TOP 20 most abundant genus of the samples;  obtained by 
the SGiEB (top) and obtained with the data reanalysis (bottom). 
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Thiothrix with the increase of HRT. According to the results obtained Thiothrix’s 

abundance goes from 7.62% and 7.88% in AER-1d and SSSF-1d respectively, to 0.47% 

and 0.41% in AER-2,5d and SSSF-2,5d respectively. This result is coincident with 

Valverde-Pérez et al. findings. 

 

 

Figure 14. PAO phenotype abundances across samples 

The overall look of the samples revealed some interesting insights. Azospira is largely 

abundant in synthetic wastewater samples (ranging from 7.42 to 28%) whilst on real 

wastewater samples it does not exceed the 6% in any of the samples. A similar pattern is 

found for Ca_Contendobacter. Meanwhile the other dominant GAO has an opposite 

distribution being dominant in the real wastewater samples. These differences between 

the microbial composition should be considered, as laboratory conditions often fail to 

replicate the heterogeneity and variability of real wastewater, potentially influencing the 

microbial community and dynamics. Thus, relying exclusively on synthetic wastewater 

experiments might lead to misinterpretations when extrapolating findings to full-scale 

wastewater treatment processes.   

According to table 1, the EBPR process had good performance and the P concentration 

in the effluent was less than 0.20 mg/L in all the samples, indicating effective P removal. 

However, it is complex to make statements on the identity and contribution of PAO taxa. 

The results of the taxa abundances obtained with the two methods are not coincident and 

need to be discussed. Ca. Accumulibacter, Azonexus (former Ca. Dechloromonas), and 

Tetrasphaera are considered the most important PAOs, primarily due to their high 

frequencies and abundance in a global sampling of WWTPs (Dueholm et al., 2022a; 

Nielsen et al., 2019b). However, nor Tetraspahera (or Ca. Phosphoribacter) were detected 

and Ca. Accumulibacter is the least abundant PAO in all samples (according to rRNA 16S 

analysis).  

In this study, Ca. Accumulibacter had a median read abundance of 0.25% and 0.72% for 

C800-SSSF1 and SSSF-2,5 respectively (for Illumina analysis).  An extensive study to 
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assess PAO involved in EBPR systems (Stokholm-Bjerregaard et al., 2017b), found that 

Ca. Accumulibacter abundance ranged between 0.30 and 1.10% (with a 0.50% mean), 

which is consistent with our samples, with a 0.49% mean. However, this contrasts with 

previous FISH-based studies, such as Mielczarek et al., (2013), which evaluated the same 

Danish plants and reported abundances ranging from  3–8%. Similarly, Stokholm-

Bjerregaard et al., (2017b) and; Ziliani et al., (2023) also observed higher values using 

FISH. When comparing the two methodologies used in this study, the pattern coincides, 

Ca. Accumulibacter abundances are much higher for FISH-quantification (28.8 and 

38.5%).  Rubio-Rincón et al., (2019) recently obtained large discrepancies on the genus 

using both methods, reporting a 60% bioabundance for FISH, while for 16s rRNA it was 

undetected, emphasizing the need of technique validation. A suitable explanation could 

be the lack of probe specificity, that remains present even though not using PAO mix as 

suggested (Albertsen et al., 2016a). In addition, as previously described, FISH detects 

rRNA 16S; larger bacteria contain more ribosomes, which results into a stronger 

fluorescence signal and, consequently, higher abundances in quantitative FISH. 

Therefore, for Ca. Accumulibacter, which presents cell volumes larger than the average 

(9.20 ± 2.4 μm3) (Fernando et al., 2019), and so larger ribosome number, it could end up 

overestimating its presence. Petriglieri et al., (2022) also reported differences (minor than 

the presented in this study) between the two methods and attributed it to the extraction 

efficiency, primer bias and 16S rRNA gene copy number and cell size. Ca. 

Accumulibacter has between 1-2 copies of the 16S rRNA gene, which could lead to an 

underestimation in Illumina results.   

The former Dechloromonas was also assessed in the same extensive study, with an 

average of 1.7% abundance (Stokholm-Bjerregaard et al., 2017b)., which is consistent 

with our sample mean of 2%. Contrary to the situation with the previous PAO, this genus 

appears to be slightly overestimated by amplicon sequencing (Ahn et al., 2007; Mcilroy 

et al., 2011; Stokholm-Bjerregaard et al., 2017b). Our results reflect this tendency with a 

0.30 and 0.70% abundance (table 5).  

Thiotrix can be easily distinguished in the images due to its filamentous nature. Its size is 

variable between 0.60-2.50 μm. We can observe the characteristic microtubular sheath 

covering a line of cells (Kawasaki et al., 2017). The results obtained are the most 

consistent with Illumina analysis. Besides better probe specificity, software segmentation 

could have worked better since the nature of its morphology was outstanding.  

Another bias introduced in this study is that biomass fixation was only performed for 

gram negative bacteria. Although the majority of bacteria in wastewater treatment are 

gram negative (and thus include the targeted genera), groups such as Actinobacteria or 

Firmicutes are gram positive, and consequently, not effectively fixed, leading to 

underrepresentation in the FISH quantification.  As a result, the relative abundances of 

the targeted genera obtained may be biased. The traditional FISH technique has been 

proven by many authors to have limitations and biased results, as presented also in this 

study. These limitations include limited phylogenetic resolution difficulty to visualize 

certain taxa (for example populations with low ribosome number) (Engelberts et al., 
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2024) and, in many occasions, low specificity probes, among others. Petriglieri, et al. 

(2022), highlighted the need to reevaluate and develop more specific Ca. Accumulibacter 

probes. However, in addition to the other bottlenecks, the design and optimization of new 

probes is time consuming and difficult to cope with the huge microbial diversity present 

in wastewater.  

CARD-FISH is an interesting and widely adopted technique to address fluorescence 

signal intensity limitations (Pernthaler et al., 2002; Wilhartitz et al., 2007). Probes 

labelled with horseradish peroxidase (HRP) catalyze the deposition of fluorescently 

labelled tyramides in the target cell, increasing sensitivity up to 41 times over traditional 

FISH (Hoshino et al., 2008). But this technique does not resolve the low specificity 

problem and the labor-intensive nature of FISH methods.  

An interesting alternative is GenomeFISH, genome-based fluorescence in situ 

hybridization. This technique uses single cell genomes obtained from environmental and 

clinical samples, which are amplified, fragmented, labelled, and hybridized to visualize 

the target microorganism in situ. By changing the target site it overcomes the limitations 

of traditional FISH and increases sensitivity and specificity (Engelberts et al., 2024).  

5. CONCLUSIONS 
Accurate identification is crucial for understanding microbial ecology, dynamics, and 

interactions in WWTPs. The high heterogeneity of the samples introduces several critical 

steps that can influence the final results of both techniques. Due to the diverse bacterial 

composition, optimizing a single protocol that performs equally well for all bacterial 

phyla is challenging, as the groups may respond differently to procedural step. 

From this study we can conclude FISH combined with advanced techniques (e.g., 

genomics, proteomics) is essential for studying microbial populations and their roles. 

Both techniques have drawbacks and the combination of both provides complementary 

information. For quantification purposes, Illumina sequencing appears to be more reliable 

as it has less critical steps. Development of more specific FISH probes is needed for 

quantification purposes. Exploring alternative binding sites could also be an alternative 

approach for future studies. 

In addition, wastewater type seems to be the most influent factor in shaping microbial 

communities among the parameters analyzed in this work. 
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