
 

 

 
 

 

 

  

Operation of lab-scale reactors aimed at obtaining pure cultures of  

Candidatus Accumulibacter phosphatis. 

by 

Elienisse Rodríguez-Medina 

 

A thesis submitted in partial fulfillment 

 of the requirements for the degree of 

 

 

Masters of Engineering 

(Civil and Environmental Engineering) 

 

At the 

UNIVERSITY OF WISCONSIN-MADISON 

2013 

 

 

 

 

 



ii 

 

Table of Contents 

A. Introduction  ..…………………………………………………………………..…...……..1 

B. Background…………………………………………………………………………...……3 

       B1. Enhanced biological phosphorus removal…………………………………........……3 

       B2. EBPR microorganisms……………………………………………………...………..4 

       B3. ARISA………………………………………………………………………….……5 

C. Methods …...…………………………………………………………………………..…..7 

      C1. Biomass inoculation………………………………………………………………..…7   

      C2. Feed solution…………………………………………………………………….……7 

      C3. Reactors………………………………………………………………………….…..11 

      C4. Phosphate test…………………………………………………………………..……12 

      C5. DNA extraction………………………………………………………………….…..13 

      C6.Automatic ribosomal intergenic spacer analysis (ARISA)…………………………..14 

D. Results……………………………………………………………………………….……15 

  D1.   Reactors operated with ammonia…………………………………………….……15  

  D2. Reactors operated with ampicillin and excess heavy metals……………………..…19 

      D3. Reactors treated with excess of heavy metals…….…………………………………23 

      D4. Reactors with acriflavine and excess of heavy metals…………………….…….…..41 

E. Conclusion…………………………………………………………………………..…….44 

F. Acknowledgements……………………………………………………………………......45  

G. Appendix…………………………………………………………………………..…...…46  

H. Reference……………………………………………………………………………..…..50  

 



1 

 

 
 

A.  Introduction:  

 

Phosphate is an inorganic chemical essential for the life and growth of all organisms and it 

also plays an essential role in molecules such as DNA and RNA [1, 2]. Phosphate is often 

utilized to obtain phosphorus, which is used in agriculture as a fertilizer or in industries as a 

detergent [3]. However, the incremental use of phosphorus generates large amounts of 

phosphate wastes, which are released into water bodies, such as lakes and rivers. This high 

concentration of nutrients, also known as eutrophication, leads to the growth of 

cyanobacteria. Cyanobacteria or blue-green algae blooms can produce cyanotoxins, which 

can poison animals and humans. These blooms can also increase turbidity and endorse 

oxygen reduction on water leading to death of aquatic organisms such as fishes. The 

degradation of cyanobacteria also increases odors in water.  The eutrophication effect 

facilitates amphibian diseases and parasite infections, caused by the raise,  growth and 

reproduction of herbivorous snails, which host parasites [4]. 

 

Therefore, the removal of phosphate from water that contains high concentration levels of 

this nutrient is essential. The most common phosphate removal methods used in wastewater 

treatment plants are chemical precipitation and biological removal.  Chemical precipitation 

consists in the addition of flocculants such as aluminum chloride, ferric chloride, calcium 

hydroxide or others to water. This method is effective for phosphate removal, but there are 

some disadvantages. Appropriate storage and handling space is required due to the large 

volumes of chemicals used. The chemical volume also results in a higher operational cost. 

Effluent could have quality and quantity variation that affects the chemical dose required [3]. 
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The use of chemicals can increase the quantities of chemical sludge making it difficult to 

remove. The biological removal method most used is enhanced biological phosphorus 

removal (EBPR). This method consists on polyphosphate accumulating organisms (PAOs) 

that release phosphate anaerobically and then uptake phosphate aerobically. This 

accumulation occurred inside the microbial cells [5, 6].  

 

EBPR has been studied for a long time; the physiology of microorganisms performing EBPR 

is still poorly understood because it has not been possible to isolate microorganisms that 

performed the EBPR process. Several studies have shown that the primary polyphosphate 

accumulating organism responsible for EBPR is Candidatus ‘Accumulibacter phosphatis’ 

(CAP). This work will focus on various attempts to isolate CAP.  
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B. Background:  

 

B1. Enhanced biological phosphorus removal  

EBPR is a biological method utilized to remove phosphorus from wastewater treatment 

plants.   This task has become very important because in the United States more than 60% of 

the coastal rivers and bays are affected by nutrient pollution. Nutrient pollution is caused by 

excessive nutrient inputs into the water, which cause eutrophication. Phosphorus (P) is one of 

the compounds that contribute to eutrophication [7]. Phosphorus excess stimulates the growth 

of algae and other photosynthetic microorganisms such as cyanobacteria.  Cyanobacteria 

blooms can be toxic to animals and humans due to the liberation of toxins. Also, blooms can 

produce hypoxia leading to death of other living organisms in the water [4]. 

 

Previous studies have suggested several operational conditions for EBPR to be successful. It 

is recommended to start with an anaerobic reactor which should remain strictly anaerobic. 

This anaerobic reactor should have biomass rich in microorganisms and should receive the 

initial influent containing carbon and energy source. This biomass should be recycled from 

anaerobic to aerobic conditions.  Also, it is recommended to limit the nitrate concentration 

entering the anaerobic conditions due to denitrifying bacteria. Denitrifying bacteria could 

reduce the organic substrates that are available for PAOs. All these suggestions were 

developed without an understanding of the microbiological bases.  
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B2. EBPR microorganisms 

The group of microorganisms that are largely responsible for phosphorus removal in EBPR 

are known as polyphosphate accumulating organisms (PAOs)[8]. Based on lab-scale and 

some full-scale acetate-fed EBPR reactors, the principal PAO found is Candidatus 

Accumulibacter phosphatis [9, 10] 

 

CAP is currently an uncultured bacterium. However, phylogenic and metagenomic studies 

have provided useful information into the scientific classification and potential metabolic 

pathways involved in phosphorus removal. In the case of scientific classification, the phylum 

and class of the bacteria are the Proteobacteria and Betaproteobacteria, respectively.  In 

addition, the phylogeny of polyphosphate kinase genes suggests that the Candidatus 

Accumulibacter linage is comprised of two types, and each type contains a number of 

coherent clades which are Clades IA and IIA. [9, 11] 

 

For the potential metabolic pathways several empirical models have been described. The 

studies have been performed based on measuring the chemical transformation in the liquid 

and biomass. Studies have reported that the favorable carbon sources for EBPR are acetate 

and propionate.[12] However, the majority of the studies on the metabolism of the EBPR 

microorganisms have been performed with acetate. This is because acetate is more than 50% 

of the volatile fatty acids present in wastewater treatment plants. [13]  

 

There has been consistency in the metabolism of the PAO at anaerobic and aerobic phases 

described in different studies. The models agree that the carbon source is taken in the 
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anaerobic phase. In the case of acetate as carbon source poly-β-hydroxybutyrate (PHB) is 

synthesized and with propionate poly-β-hydroxy-2-methylvalerate and poly-β-

hydroxyvalerate are produced. These compounds are generally referred to as poly-β-

hydroxyalkanoate (PHA). The polyphosphate concentration will decrease in the cell, but will 

increase the phosphate concentration levels at the water after anaerobic treatment. Then, 

without any organic compounds in the liquid, the bacteria enter the aerobic phase. During 

this phase, PAOs utilize the stored PHA as carbon and energy sources for growth. As a 

result, phosphate concentration in the wastewater treatment plant will decrease and the 

intercellular concentration will increase.[4, 8, 12, 14, 15] 

 

In the case of the mechanistic model of synthesis of PHA, different processes have been 

reported.  One of the methods was first suggested by Comeau and Wentzel which proposes 

the operation of the TCA cycle. The other method was suggested by Mino, who proposed the 

involvement of glycogen in the EBPR cycle. From those two methods the most favored is the 

glycogen [4, 12, 14, 15]. 

 

B3. ARISA 

Molecular biology techniques, such as DNA fingerprinting, can be utilized for describing 

bacterial communities by analyzing genetic information [16]. One DNA fingerprinting 

technique is rRNA intergenic spacer analysis (RISA).  This method involves the DNA 

amplification of the bacterial community through polymerase chain reaction (PCR).  The 

amplified intergenic region is between the 16S and 23S rRNA subunits in the rRNA operon.  

This region could be selected by using an oligonucleotide primer with target in those genes 
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which displays heterogeneity in length and nucleotide sequence which are used to distinguish 

bacterial strains. The PCR product is electrophoresed in a polyacrylamide gel, and the DNA 

is visualized by silver staining. The DNA bands in the gel provide a community-specific 

profile that corresponds to an organism. However this method has some disadvantage such as 

need of large amount of PCR products. The limitations of the existing methodology led to the 

development of Automated Approach for Ribosomal Intergenic spacer analysis (ARISA). 

ARISA, as well as RISA, have the amplification of DNA through PCR. However, the PCR is 

conducted with a fluorescence tagged oligonucleotide primer. The fluorescent DNA 

fragments are laser detected. [17, 18] 

 

ARISA could be utilized to determinate the presence of CAP population. CAP is 

characterized by two peaks, representing the fragment sizes. In the case of Clades IIA and IA 

the ARISA peaks are 801 base pair (bp) and 819bp, respectively. [19] 
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C. Materials and Methods:  

 

C1. Biomass inoculation   

 

 

Figure 1: Lab-scale sequencing batch reactor performing EBPR process 

 

The biomass used for each of the experiments was obtained from a lab-scale sequencing 

batch reactor (SBR) performing the EBPR process and operated by Ben Oyserman 

(McMahon group). This reactor is shown in Figure 1. This 2-liter reactor was operated with 4 

cycles per day. Each cycle consisted of 130 min anaerobic phase, 190 min aerobic phase, and 

80 minutes settling/decanting phase.  

 

C2. Feed solution  

 

Two different feed solutions were prepared, one for the anaerobic stage of incubation and the 

other one for the aerobic incubation. Before preparing the feed solution, trace element and 
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iron solutions were prepared. The trace elements solution contained (per liter): 0.075g KI, 

0.23g CuCl2∙2H2O, 0.26g CoCl2∙6H2O, 0.29g Na2MoO4∙2H2O, 0.30g H3BO3, 1.38g 

MnSO4H2O, and 2.24 g ZnSO4∙7H2O. The iron solution was prepared using 11.606 g FeSO-

4∙7H2O and 10 mL of 10% by volume HCl per liter.  Then, three stocks were prepared. Stock 

1 contained 116.7g KCl and 118.9g NH4Cl; Stock 2 contained 14.4g MgSO4∙7H20, 150 mL 

iron solution, and 250 mL 10% HCl per liter; and Stock 3 contained 116g CaCl2∙2H2O  and 

465g MgCl2∙6H2O per liter. Stocks 1, 2, 3, and the iron solution were stored in room 

temperature. The Trace Elements solution and the allylthiourea solution were stored in 4°C. 

 

Using these stocks, two stocks B and two stocks A were prepared. One stock A and one stock 

B were prepared for anaerobic feed and the other two for aerobic feed.  Both Stock B 

solutions contained 20 mL Stock 1, 10 mL Stock 2, 10 mL Stock 3, 2.08 mL trace elements 

solution, and 6.84 mL of 14 g/L allylthiourea per liter. But, the anaerobic stock B contained 

0.623 g NaH2PO4∙H2O while the aerobic Stock B contained 9.26 g NaH2PO4∙H2O per liter. 

Both Stocks A solutions contained 0.431 g yeast extract and 1.55 g cassamino acids per liter. 

In addition, the anaerobic Stock A solution contained 21.24 g CH3COONa∙3H2O. Both Stock 

A solutions were transferred to plastic laboratory bottles and stored in -20°C to eliminate 

bacterial growth.  However, both Stock B solutions were stored in 4°C. 

 

After all these stocks were prepared, the actual feed solution was made with 10 mL Stock A 

and 50 mL Stock B per liter. The pH of the feed solution was adjusted to 7. Afterwards, the 

media was autoclaved and stored at 4ºC. 
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The media was adjusted through the experiments. The different changes were the following: 

 

Case #1: 

Feed solution prepared as previously describe with no change.  

 

Case #2: 

The nitrogen source was removed from the feed solution. To accomplish this, Stock 1 was 

prepared by only adding 116.7g/L KCl. Also, in trace elements solution, 10X of cobalt was 

added for have a final concentration in solution feed of 47μg/L Co. In addition, a stock 

solution of ampicillin was prepared for feed solution to have 50 mg/L.   

 

Case #3 

Stock 1 and Trace Elements solution were prepared as in Case #2. However, other stock 

solution with a concentration of 100mg/L of cobalt was prepared. This stock was use for 

produced a 94μg/L concentration of cobalt in the feed solution. In addition, a stock solution 

of ampicillin was prepared for feed solution to have 75 mg/L.  

 

Case #4 

Stock 1 and Trace Elements solution were prepared as in Case #2. As well, three stock 

solutions were prepared. Stock a, b and c with 100mg/L of cobalt, zinc and cooper 

respectively.  Those stocks were used for the final feed solution to have concentrations of 47, 

70 or 94μg/L of Cu, Zn or Cu.   
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Case #5 

Everything was prepared as in Case #4 except that stock of copper was not utilized. The 

stocks of cobalt and zinc were used to add 141 or 1410µg/L of Zn or Co in the final feed 

solution. Also, other two stocks solutions were prepared. One of the stock solutions was of 

10g/L of acriflavine. This stock solution was used for have 5mg/L of acriflavine in the final 

feed solution. The other was with 100mg/L of cadmium for obtained 200μg/L of cadmium in 

final feed solution.  
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C3. Reactors  

 

The reactors used in this research were OptiCell culturing chambers (Nunc OptiCell Nalge 

Nunc International, Rochester, NY), which could decrease contamination risk and are easy to 

manage. The OptiCell consist of two parallel gas permeable polystyrene membranes that are 

75µm thick. The membranes are attached with a frame that contains two ports. These ports 

facilitate the addition of biomass and the exchange of feed solution.  

 

Each reactor is set up by adding 10mL of biomass obtained from the reactor described in 

section C1. This biomass was obtained at the end of anaerobic or aerobic phase. Also, 10 mL 

of feed solution were added through one of the ports of OptiCell chambers by using OptiCell 

syringe tips (Nunc OptiCell Nalge Nunc International, Rochester, NY). The feed solution, 

which is detailed in section C2, was changed depending on the cultivation phase and type of 

study.  

 

To change the feed solutions during a cycle the reactors were manually shaken and placed in 

a diagonal position in a OptiCell rack. This helped to accumulate the biomass in the bottom 

of the reactor and in the opposite side of the ports. After 15-20 minutes, 10 mL of air were 

added through the top port without removing the diagonal position of the reactors. Through 

the bottom port the feed solution was removed with a syringe, trying not to take any of the 

settled biomass. Once the solution was removed, 10 mL of new solution was added through 

the top port and the accumulated air was removed. Subsequently, the reactors were manually 

shaken.    



12 

 

 

Reactors were operated using a 24-hour cycle. Each cycle consisted of 19 hours anaerobic 

phase and 5 hours aerobic phase, unless otherwise indicated. To simulate aerobic condition 

the reactors were cultivated with the appropriate feed solution. Oxygen addition was not 

necessary as the reactors were gas permeable. However, to simulate anaerobic condition the 

reactors were placed in a GasPakTM EZ anaerobe container system (Becton, Dickinson and 

company, Sparks, MD).  This system is a sealable plastic bag containing a sachet. This sachet 

consists of inorganic carbonate, activated carbon, ascorbic acid and water. The sachet 

activates with oxygen exposure and reduces the oxygen concentration in the plastic bag. 

Moreover, the inorganic carbonate produces carbon dioxide. To ensure reactors were in 

anaerobic conditions, the system had an indicator. This indicator, composed of methylene 

blue solution, turns white in the absence of oxygen and blue in the presence of oxygen.  [19] 

 

C4. Phosphate test 

For phosphate concentration tests, 10mL of media was obtained from the OptiCell reactors. 

The sample was then filtered using 0.22µm nitrocellulose membrane filter (Millipore 

Corporation, Billerica, MA). A 1:50 dilution with deionized water was performed, and then, 

phosphate concentrations were measured using the PhosVer® 3 phosphate reagent (HACH 

Company, Loveland, CO) protocol. In this protocol, 5 mL of sample is mixed with 4 mL of 

deionized water, a bag of PhosVer is added, and then, absorbance at 890 nm is measured 

with Genesys 20 spectrophotometer (Thermo Electron Corporation, Waltham, 

Massachusetts)  
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C5. DNA extraction 

To remove biomass for DNA extraction, 10mL of air were added to the reactors, and then, 

the biomass in the reactors was allowed to settled for approximately 15 minutes.  Half of the 

liquid media was removed, and then, 0.5 to 1.0 mL of media with biomass was collected for 

DNA extraction. Genomic DNA was extracted using ZR Soil Microbe DNA Miniprep kit 

(Zymo Research Corporation, Irvine, CA) following the manufacturer's protocol.  The 

concentration of extracted DNA was measured using a NanoDrop 2000 UV-Vis 

spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA) 

 

C6. Automatic ribosomal intergenic spacer analysis (ARISA) 

The DNA extracted was PCR amplified following ARISA protocols. The PCR master mix 

was prepared by mixing 12.5µL of RNAase free water, 5µL of 5X Taq Polymerase buffer, 

2.25µL of 25mM MgCl2, 1µL of 10mM dNTP, 1µL of primers 10µM, 0.25µL of Taq 

Polymerase and 2µL of DNA template. The primers were 1406F, 5’-

TGYACACACCGCCCGT-3’ (universal, 16S rRNA gene), and 23Sr, 5’ -

GGGTTBCCCCATTCRG-3’ (bacterial –specific, 23S rRNA gene). The primer 1406F was 

5’end labeled with the phosphoramidite dye 5-FAM. The amplification consisted of an initial 

step at 94ºC for 2 minutes, denaturation step at 94ºC for 35 seconds, annealing step at 55ºC 

for 45 seconds, elongation step at 72ºC for 2 minutes,  repeat through 30 cycles, final 

elongation at 72ºC for 2 minutes, and final hold at 4ºC. After amplification, gel 

electrophoresis was performed to verify the DNA amplification. The PCR product was 

diluted with rnase free water making a 1 to 1 dilution.  1 μl of diluted PCR product was 

mixed with 10 μl of mixture of 0.4mL X-Rhodamine labeled CST Rox internal size standard 

http://en.wikipedia.org/wiki/Denaturation_(biochemistry)#Nucleic_acid_denaturation
http://en.wikipedia.org/wiki/Annealing_(biology)
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100-2000 (BioVentures, Murfreesboro, TN) and 10mL formamide (Applied Biosystems, 

Foster City, CA) per sample. Samples were then sent to the University of Wisconsin 

Biotechnology Center for a GeneScan test. The ARISA results were analyzed by 

GeneMarker software V1.80 (SoftGenetics, LLC. State College, PA).  
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D. Results:  

D1.   Reactors operated with ammonia  

 

The goal of this experiment was to determined the most efficient cycling for the isolation of 

CAP. For this, four reactors were operated. Each reactor was inoculated with biomass 

operated in cycles of 24 hours. For two of the four reactors, these cycles consisted in 5 hours 

of anaerobic cultivation and 19 hours of aerobic cultivation. The other two reactors were 

operated in the opposite way, 5 hours of aerobic cultivation and 19 hours of anaerobic 

cultivation. For the anaerobic and aerobic cultivation a corresponding feed solution was 

injected. These feed solutions were described in Case # 1. After each cultivation period, the 

feed was removed and replaced with fresh and corresponding feed solution. The removed 

feed was filtrated and used to measure phosphate concentration to ensure phosphate release 

after anaerobic cultivation and the phosphate uptake after aerobic cultivation. Figure 2 and 3 

shows the results of phosphate concentration.   

 

 

Figure 2: Phosphate concentration of reactors operating with 5 hours anaerobic and 19 hours 

aerobic. 
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Figure 2 shows the results of phosphate concentration for the two reactors operating in 5 

hours of anaerobic cultivation and 19 hours of aerobic cultivation. The results showed here 

respond to a period of 8 days. The straight lines represent the phosphate concentration 

present in the feed solutions. For the anaerobic and aerobic feed the concentration was 8 and 

114 mg/L as P respectively. The other two lines represent the phosphate behavior in the two 

reactors. 

 

The filled square or circles (■ or ●) represents the phosphate concentration obtained after the 

reactor had been cultivated under aerobic conditions. The square or circle without the fill (□ 

or ○) represents the concentration obtained after an anaerobic cultivation.  Through this line 

it can be observed that the majority of the time the reactor performed as expected. The 

phosphate concentration increased after the anaerobic cultivation from 8mg/L as P to 

concentration represent with □ or ○. In the majority of cases, the phosphate concentration 

deceased after the aerobic cultivation from 114 mg/L as P to concentration represented with 

■ or ●. Except in the results obtained in 120 and 144 hours. When it reached the hour 120, in 

both of the reactors the phosphate concentrations increase after the 19 hours of aerobic 

cultivation when it was expected to decrease. In reactor 1 at 144 hours, no change in 

phosphate concentration was observed after 19 hours of aerobic cultivation.  
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Figure 3: Phosphate concentration of reactors operating with 5 hours aerobic and 19 hours 

anaerobic. 

 

Figure 3 shows the results of the phosphate concentration in two of the reactors operating in 

5 hours of anaerobic cultivation and 19 hours of aerobic cultivation in a period of 8 days. The 

straight lines represent the phosphate concentration present in the feed solutions. For the 

anaerobic and aerobic feed the concentration was 8 and 114 mg/L as P, respectively. 

 

The other two lines represent the phosphate behavior in the two reactors. The filled square or 

circles (■ or ●) represents the phosphate concentration obtained after the reactor had been 

cultivated under aerobic conditions. The square or circle without the fill (□ or ○) represents 

the concentration obtained after anaerobic cultivation.  Through this line it can be observed 

that the majority of the time the reactor performed as expected. The phosphate concentration 

increased after the anaerobic cultivation from 8mg/L as P to concentration represent with □ 

or ○. As well, the phosphate concentration deceased after aerobic cultivation from 114 mg/L 

as P to concentration represented with ■ or ●.  
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If the phosphate concentration behavior shown in figure 1 and figure 2 are compared, it could 

be concluded that the reactors operated at 5 hours of aerobic cultivation and 19 hours of 

anaerobic cultivation, were more efficient. Thus, these conditions were used in the rest of the 

study.   
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D2. Reactors operated with ampicillin and excess heavy metals.   

 

The goal of this experiment was to obtain a pure culture of CAP. For that reason, two 

reactors were operated. Each reactor was inoculated with biomass enriched with different 

microorganisms in which CAP is included. The reactors were operated in cycles of 24 hours, 

5 hours of aerobic cultivation and 19 hours of anaerobic cultivation. For the anaerobic and 

aerobic cultivation a corresponding feed solution was injected. The feed solutions for reactor 

1 and reactor 2 were described in Case # 2 and Case #3, respectively. As described, the 

changes in those feed solutions consisted in the elimination of nitrogen source, the addition 

of ampicillin, and cobalt excess.  The elimination of nitrogen source was performed because 

previous studies have reported that CAP possesses nitrogen fixation genes. In addition, 

studies had indicated that CAP has a beta-lactamase gene. This gene allows for ampicillin 

degradation. Furthermore, resistance to heavy metals, such as cobalt has been reported. 

Therefore, reactor 1 and reactor 2 were operated with 50mg/L of ampicillin and 47µg/L of 

cobalt and the other with 75mg/L of ampicillin and 94µg/L of cobalt respectively.   

 

Phosphate test 

The feed solution was removed and replaced with fresh media after each inoculation period. 

The removed feed was filtrated and used to measure phosphate concentration to ensure 

phosphate release after anaerobic cultivation and the phosphate uptake after aerobic 

cultivation. Figure 4 and 5 shows the phosphate concentration after each cultivation period.  
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Figure 4: Phosphate concentration of reactor operated with 50mg/L of ampicillin and 47µg/L 

of cobalt 

 

 

 

Figure 5: Phosphate concentration of reactor operated with 75mg/L of ampicillin and 94µg/L 

of cobalt. 

 

Figure 4 shows the phosphate concentration of the reactor operated with 50mg/L of 

ampicillin and 47µg/L of cobalt. While Figure 5 shows the phosphate concentration of 

reactor operated with 75mg/L of ampicillin and 94µg/L of cobalt. Both figures have two 

straight lines that represent the phosphate concentration present in the feed solutions. The 

anaerobic and aerobic feed the concentration was 7 and 112 mg/L as P, respectively. 
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The point with filled square (■) represents the phosphate concentration obtained after the 

reactor was cultivated under aerobic conditions while the square without the fill (□) 

represents the concentration obtained after the anaerobic cultivation. As is shown in Figure 1 

and 2 both of the reactors operated as expected. The phosphate concentration increased after 

the anaerobic cultivation from 7mg/L as P to concentration represent with □. As well, the 

phosphate concentration deceased after the aerobic cultivation from 112 mg/L as P to 

concentration represented with ■.  

 

ARISA results 

 

After couple of weeks of operation, biomass was use to performed Automated Ribosomal 

Intergenic Spacer Analysis (ARISA). ARISA provided an estimation of the microbial 

diversity in the reactors. Figure 6 and Figure 7 shows the ARISA results analyzed by 

GeneMarker. 

 

Figure 6: ARISA results from the biomass of reactor operated with 50mg/L of ampicillin and 

47µg/L of cobalt  
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Figure 7: ARISA results from the biomass of reactor operated with 75mg/L of ampicillin and 

94µg/L of cobalt. 

 

The results of the reactor operated with 50mg/L of ampicillin and 47µg/L of cobalt are 

shown in figure 6.The results of the reactor operated with 75mg/L of ampicillin and 94µg/L 

of cobalt are shown in figure 7. The y-axis of those charts represents the fluorescence while 

the x-axis shows the fragments sizes. In both graphs the dominate ARISA fragment sizes are 

800 and 812bp. The 800bp peak is from Clade IA of Candidatus Accumulibacter phosphatis.  

In addition, both graphs show a peak in 820bp which is known to be from the Clade IIA. 
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D3. Reactors treated with excess of heavy metals  

 

The goal of this experiment was to obtain a pure culture of CAP.  For this, 5 reactors were 

inoculated with biomass enriched of Candidatus accumulibacter phosphatis. However, this 

biomass contains other microorganisms that are necessary to be eliminated or deactivated.  

 

In this study the reactors were operated in cycles of 24 hours, 5 hours of aerobic cultivation 

and 19 hours of anaerobic cultivation. For the anaerobic and aerobic cultivation a 

corresponding feed solution was injected. The feed solutions preparation corresponds to Case 

# 4 in the section C2. As the section describes, the changes in this feed solution consisted in 

the elimination of nitrogen source and the addition of heavy metals such as cobalt, copper 

and zinc.  As it is noticed in this feed solution, the ampicillin concentration was eliminated. 

This was caused because the ampicillin (C16H19N3O4S) could be degrade to nitrogen 

containing products and this experiment was intended to test the conditions where no 

nitrogen source was in the media. Also, it was not effective at eliminating other bacteria 

(contaminant) present in the reactors.  

 

Some of the 5 reactors were operated for 22 days while the others for 29 days. During that 

period of time, the concentration of heavy metals, in each reactor, increased several times. 

This increment was performed in anaerobic and aerobic feed solution.  
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Reactor 1 

Reactor 1 was treated by adding excess of cobalt and zinc. The reactor started to be treated 

with 47µg/L of cobalt and 47µg/L of zinc.  After 11 days, the concentrations of heavy metal 

were increased to 70µg/L of cobalt and 70µg/L of zinc. After 24 days, the concentrations 

were increased to 141µg/L of cobalt and 141µg/L of zinc.  

 

Phosphate results for reactor 1 

Every day, during the 29 days, the feed solution was removed and replaced with fresh and 

corresponding feed solution. The removed feed was filtrated and used to measure phosphate 

concentration. Figure 8 shows how the phosphate concentration behaves during the period in 

which the reactor was operated with 47µg/L of cobalt and 47µg/L of zinc.  The phosphate 

concentrations of the reactors operated with higher concentration are shown in Appendix, 

Figure 29-30.  

 

 

Figure 8: Phosphate concentrations of reactor operated with 47µg/L of cobalt and 47µg/L of 

zinc 
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In Figure 8 it can be observed a graph with 2 constant lines. Those constant lines represent 

the phosphate concentration contained in feed solution. The top one with 116 mg/L as P was 

the concentration contained the aerobic media, while the line in 5 mg/L was the 

concentration in anaerobic media. The points in the graph represent the concentration 

obtained from the reactor after each cultivation period. The filled square (■) represents the 

phosphate concentration obtained after the reactor was cultivated under the aerobic 

conditions. The square without the fill (□) represents the concentration obtained after the 

anaerobic cultivation. The expected behavior was observed as it is shown through these 

points. After 19 hours of the reactor being inoculated with 5mg/L to perform the anaerobic 

cultivation, an increase in phosphate concentration can be observed. In the other hand, after 5 

hours of the reactor being inoculate with 116mg/L as P or after the aerobic cultivation a 

decrease in the phosphate concentration was observed. The Figure 29 and 30 shown in the 

appendix, present the same pattern. An increase in the phosphate concentration can be 

observed after 19hours of anaerobic cultivation and a decrease in phosphate concentration 

can be observed after 5 hours of aerobic cultivation.   

 

ARISA results for reactor 1 

In three occasions part of the biomass present in the reactor was taken to performed ARISA. 

The ARISA results provide an indication of the community of bacteria present in the 

reactors. The first biomass sample was taken after reactor operated for 10 days. The other 

two samples were taken after 22 and 29 days. The ARISA results can be seen in figure 9 to 

11. 
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Figure 9: Phosphate concentrations of reactor operated with 47µg/L of cobalt and 47µg/L of 

zinc 

 

 

Figure 10: Phosphate concentrations of reactor operated with 70µg/L of cobalt and 70µg/L of 

zinc 

 

 
Figure 11: Phosphate concentrations of reactor operated with 141µg/L of cobalt and 141µg/L 

of zinc  
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Through Figures 9 to 11 it can be observed that the three increments of cobalt and zinc; 47, 

70 and 141 µg/L; did not affect the presecet of Candidatus Accumulibacter phosphatis 

Clades IA and IIA. However, it is important to highlight that in each of the cases the 

dominant peak was 800bp which represent the Clade IA.  

 

Reactor 2 

 

Reactor 2 was treated by adding excess of cobalt and zinc. The reactor started to be treated 

with 47µg/L of cobalt and 47µg/L of zinc.  After 11 days, the concentrations of heavy metal 

were increased to 94µg/L of cobalt and 94µg/L of zinc.  

 

Phosphate results for reactor 2 

Every day, During the 22 days, the feed solution was removed and replaced with fresh and 

corresponding feed solution. The removed feed was filtrated and used to measure phosphate 

concentration. Figure 12 shows how the phosphate concentration behaves during the period 

in which the reactor was operated with 47µg/L of cobalt and 47µg/L of zinc.  The phosphate 

concentrations of the reactors operated with higher concentration are shown in Appendix, 

Figure 31.  



28 

 

 

Figure 12: Phosphate concentrations of reactor operated with 47µg/L of cobalt and 47µg/L of 

zinc 

 

In Figure 12 it can be observed a graph with 2 constant lines. Those constant lines represent 

the phosphate concentration contained in feed solution. The top one with 116 mg/L as P was 

the concentration that the aerobic media contained while the line in 5 mg/L was the 

concentration in the anaerobic media. The other points represent the concentration obtained 

from the reactor after each cultivation period. The filled square (■) represents the phosphate 

concentration obtained after the reactor been cultivated under aerobic conditions. The square 

without the fill (□) represents the concentration obtained after the anaerobic cultivation. The 

reactor operated with the expected behavior as it is observed through these points.. After 19 

hours of the reactor being inoculated with 5mg/L, after anaerobic cultivation, an increase in 

phosphate concentration can be observed. In the other hand, after 5 hours of the reactor being 

inoculate with 116mg/L as P or after aerobic cultivation a decrease in phosphate 

concentration was observed. This cycle is very clear in each case except after the aerobic 

cultivation at time period of 29 to 101 hours. However, in each case a decrease of 

approximately 12mg/L was observed.  The Figure 31, shown in the appendix, presents the 

same pattern. An increase in phosphate concentration can be observed after 19hours of the 
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anaerobic cultivation and a decrease in the phosphate concentration can be observed after 5 

hours of aerobic cultivation.   

 

ARISA results for reactor 2 

In two occasions,  a portion of the biomass present in the reactor was taken to performed 

ARISA. This was realized to get an idea of the community of bacteria present in the reactors. 

The first biomass sample was taken after reactor operated for 10 days. The other was after 22 

days. The ARISA results can be seen in figure 13 and 14. 

Figure 13: Phosphate concentrations of reactor operated with 47µg/L of cobalt and 47µg/L of 

zinc 

 

 

Figure 14: Phosphate concentrations of reactor operated with 94µg/L of cobalt and 94µg/L of 

zinc 
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Through Figures 13 to 14 it can be observed that the increment of cobalt and zinc from 47 to 

94µg/L did not affect the present of Candidatus Accumulibacter phosphatis Clades IA and 

IIA. This result confirmed what showed  reactor 1. As in reactor 1, the dominant peak for 

both concentrations was 800bp which represent the Clade IA.  

 

Reactor 3 

Reactor 3 was treated by adding excess of cobalt and cooper. The reactor started to be treated 

with 47µg/L of cobalt and 47µg/L of copper. After 11 days, the concentrations of heavy 

metal were increased to 70µg/L of cobalt and 70µg/L of copper. After 24 days, the 

concentrations were increased to 141µg/L of cobalt and 141µg/L of cooper.  

 

Phosphate results for reactor 3 

 

Every day, during the 22 days of operation, the feed solution was removed and replaced with 

fresh and corresponding feed solution. The removed feed was filtrated and used to measure 

phosphate concentration. Figure 15 shows how the phosphate concentration behaves during 

the period in which the reactor was operated with 47µg/L of cobalt and 47µg/L of copper.  

The phosphate concentrations of the reactors operating with higher concentration are shown 

in Appendix, Figure 32 and 33.  
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Figure 15: Phosphate concentrations of reactor operated with 47µg/L of cobalt and 47µg/L of 

copper 

 

In Figure 15 it can be observed a graph with two constant lines. Those constant lines 

represent the phosphate concentration contained in feed solution. The top one with 113 mg/L 

as P was the concentration that the aerobic media contained while the line in 5 mg/L was the 

concentration in anaerobic media. The points in the figure represent the concentration 

obtained from the reactor after each cultivation period. The filled square (■) represents the 

phosphate concentration obtained after the reactor been cultivated under aerobic conditions. 

The square without the fill (□) represents the concentration obtained after the anaerobic 

cultivation. Through this line the expected behavior can be observed. After 19 hours of the 

reactor being inoculated with 5mg/L, after an anaerobic cultivation, an increase in phosphate 

concentration was observed. But after 5 hours of the reactor being inoculated with 113mg/L 

as P or after aerobic cultivation a decrease in phosphate concentration was observed. This 

cycle is very clear in each case except at 29 and 144 hours. However, at the hour 29 a 

decreased of 12 mg/L occurred and at the hour 144 an increase of 7mg/L was obtained. Even 

though that there was not much difference from feed solution, the cycle was observed.  The 
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Figure 32 and 33, shown in the appendix, present the same pattern. An increase in the 

phosphate concentration can be observed after 19 hours of anaerobic cultivation and a 

decrease in the phosphate concentration can be observed after 5 hours of aerobic cultivation.   

 

ARISA results for reactor 3 

 

In all of the three occasions an amount of the biomass present in the reactor was taken to 

perform ARISA. This was executed to known the community of bacteria present in the 

reactors. The first biomass sample was taken after reactor operated for 10 days. The other 

two samples were taken after 22 and 29 days. The ARISA results can be seen in figure 16 to 

18. 
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Figure 16: Phosphate concentrations of reactor operated with 47µg/L of cobalt and 47µg/L of 

copper 

 

Figure 17: Phosphate concentrations of reactor operated with 70µg/L of cobalt and 70µg/L of 

cooper 
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Figure 18: Phosphate concentrations of reactor operated with 141µg/L of cobalt and 141µg/L 

of cooper 

 

Through Figure 16 to 18 it can be observed the effect in the community of bacteria after the 

increase in cobalt and copper concentrations. As it is observed in Figure 16, after the reactor 

been treated with 47µg/L of cobalt and copper the dominated peak corresponded to 800bp 

which was known to be from Clades IA of CAP. However, the increment of cobalt and 

copper concentration changed the dominant peak to781bp. Despite the dominant peak, it can 

be seen that in all three cases the two CAP Clades are present. 

 

 

Reactor 4  

 

Reactor 4 was treated by adding excess of cobalt and cooper. The reactor started to be treated 

with 47µg/L of cobalt and 47µg/L of cooper.  After 11 days, the concentrations of heavy 

metal were increased to 94µg/L of cobalt and 94µg/L of cooper.  

 

Phosphate results for reactor 4 

During the 22 days, the feed solution was removed and replaced with fresh and 

corresponding feed solution. The removed feed was filtrated and used to measure phosphate 

concentration. Figure 19 shows how the phosphate concentration behaves during the period 

in which the reactor was operated with 47µg/L of cobalt and 47µg/L of zinc.  The phosphate 

concentrations of the reactors operated with higher concentration is shown in Appendix, 

Figure 34.  
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Figure 19: Phosphate concentrations of reactor operated with 47µg/L of cobalt and 47µg/L of 

copper 

 

 

In Figure 19 it can be observed a graph with two constant lines that represent the phosphate 

concentration contained in feed solution. The top one with 113 mg/L as P was the 

concentration contained the aerobic, while the line in 5 mg/L was the concentration in 

anaerobic media. The other points represent the concentration obtained from the reactor after 

each cultivation period. The filled square (■) represents the phosphate concentration obtained 

after the reactor been cultivated under aerobic conditions. The square without the fill (□) 

represents the concentration obtained after anaerobic cultivation. The expected behavior can 

be observed as it is shown through these points. After 19 hours of the reactor being 

inoculated with 5mg/L after anaerobic cultivation, an increase in phosphate concentration can 

be observed. In the other hand, after 5 hours of the reactor being inoculate with 113mg/L as P 

or after aerobic cultivation a decrease in phosphate concentration was observed. In each case 

the cycle was observed except after 29 hours have passed. An increment of phosphate 

concentration was observed when it was supposed to deceased. The Figure 34, shown in the 

appendix, have the same pattern An increase in phosphate concentration can be observed 
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after 19hours of anaerobic cultivation and a decrease in phosphate concentration can be 

observed after 5 hours of aerobic cultivation.   

 

ARISA results for reactor 4 

In three occasions part of the biomass present in the reactor was taken to performed ARISA. 

This was executed to known the community of bacteria present in the reactors. The first 

biomass sample was taken after reactor was operated for 10 days. The other sample was 

taken after 22 days. The ARISA results can be seen in figure 20 and 21. 

 

Figure 20: Phosphate concentrations of reactor operated with 47µg/L of cobalt and 47µg/L of 

copper 

 

Figure 21: Phosphate concentrations of reactor operated with 94µg/L of cobalt and 94µg/L of 

cooper 
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Through Figure 20 to 21, it can be observed the effect in the community of bacteria after the 

increase in cobalt and copper concentrations from 47 to 94µg/L. As it was expected, this 

reactor performed a similar behavior of reactor 3. As it is observed in Figure 20, when the 

reactor was treated with 47µg/L of cobalt and copper, the dominated peak was 800bp which 

is known to be from Clades IA of CAP. Once the cobalt and copper were increased the 

dominant peak change to 781bp. As well, in both concentrations the Clade IA and IIA were 

present in the reactors.  

 

 

Reactor 5  

 

Reactor 5 was treated by adding excess of cobalt, zinc and cooper. The reactor started to be 

treated with 47µg/L of cobalt, 47µg/L zinc and 47µg/L copper. After 11 days, the 

concentrations of heavy metal were increased to 70µg/L of cobalt, 70µg/L of zinc and 

70µg/L of copper.  

 

Phosphate results for reactor 5 

Every day, during the 22 days, the feed solution was removed and replaced with fresh and 

corresponding feed solution. The removed feed was filtrated and used to measure phosphate 

concentration. Figure 22 shows how the phosphate concentration behaves during the period 

in which the reactor was operated with 47µg/L of cobalt and 47µg/L of zinc.  The phosphate 

concentrations of the reactors operating with higher concentration are shown in Appendix, 

Figure 35.  
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Figure 22: Phosphate concentrations of reactor operated with 47µg/L of cobalt, 47µg/L of 

zinc  and 47µg/L of copper 

 

 

In Figure 22 it can be observed a graph with 2 constant lines that represent the phosphate 

concentration contained in feed solution. The top one with 112 mg/L as P was the 

concentration that the aerobic media contained, while the line in 5 mg/L was the 

concentration in anaerobic media. The other line represents the concentration obtained from 

the reactor after each cultivation period. The filled square (■) represents the phosphate 

concentration obtained after the reactor been cultivated under aerobic conditions. The square 

without the fill (□) represents the concentration obtained after anaerobic cultivation. Through 

this line the expected behavior can be observed. After 19 hours of the reactor being 

inoculated with 5mg/L, after an anaerobic cultivation, it can be observed an increase in the 

phosphate concentration. In the other hand, after 5 hours of the reactor being inoculate with 

112mg/L as P or after aerobic cultivation a decrease in the phosphate concentration was 

observed. This cycle is observed in each case. The Figure 35, shown in the appendix, has the 

same pattern of Figure 22.  An increase in phosphate concentration can be observed after 
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19hours of anaerobic cultivation and a decrease in phosphate concentration can be observed 

after 5 hours of aerobic cultivation.   

 

ARISA results for reactor 5 

 

In three occasions,  a fragment of the biomass present in the reactor was taken to perform 

ARISA. The objective of this study was known the bacteria community present in the 

reactors. The first biomass sample was taken after reactor operated for 10 days. The other 

sample was taken after 

22 days. The ARISA results can be seen in figure 23 and 24.  

 

 

Figure 23: Phosphate concentrations of reactor operated with 47µg/L of cobalt, 47µg/L of 

zinc  and 47µg/L of copper 
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Figure 24: Phosphate concentrations of reactor operated with 70µg/L of cobalt, 70µg/L of 

zinc and 70µg/L of cooper 

 

 

 

 

Through Figure 23 to 24 it can be observed the effects of the increase in cobalt, zinc and 

copper concentrations in the community of bacteria. As it is observed in Figure 23, when the 

reactor was treated with 47µg/L of cobalt, zinc and copper the dominated peak corresponds 

to 800bp which was known to be from Clades IA of Candidatus Accumulibacter phosphatis. 

However, with the increment of cobalt, zinc and copper concentration the dominant peak 

changed to781bp. Despite the dominant peak, it can be seen that in all of the three cases the 

two Candidatus Accumulibacter phosphatis Clades are present. 
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D4. Reactors with acriflavine and excess of heavy metals  

 

The goal of this experiment was to obtain a pure culture of Candidatus Accumulibacter 

phosphatis (CAP).  For this, 5 reactors were inoculated with biomass enriched of Candidatus 

accumulibacter phosphatis. However, this biomass contains other microorganisms that were 

necessary to be eliminated or deactivated.  

 

In this study the reactors were operated in cycles of 24 hours, 5 hours of aerobic cultivation 

and 19 hours of anaerobic cultivation. For the anaerobic and aerobic cultivation a 

corresponding feed solution was injected. The feed solutions preparation corresponds to Case 

# 5 in the section C2. As the section describes, the changes in this feed solution consisted in 

the elimination of nitrogen source and the addition of heavy metals such as cobalt, zinc and 

cadmium.  As is noticed in this feed solution, the copper excess was not added. This was due 

to the results obtained in section D3. In which was noticed CAP was not the dominant peak 

in ARISA results.  

 

In this study 4 reactors were operated for three weeks. Reactor 1 and 2 were treated 

with141µg/L of cobalt, 141µg/L of zinc and 5mg/L of acriflavine.  Reactor 3 was treated 

with 1410µg/L of cobalt, 1410µg/L of zinc and 5mg/L of acriflavine. Reactor 4 was treated 

with 141µg/L of cobalt, 141µg/L of zinc, 200 µg/L of cadmium and 5mg/L of acriflavine. 
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The biomass present in the reactor was taken to perform ARISA after two weeks of 

operation. This was for get an idea of the bacterial community present in the reactors. The 

ARISA results can be seen in Figure 25 to 28.  

 

 

Figure 25: Phosphate concentrations of reactor 1 operated with 141µg/L of cobalt, 141µg/L 

of zinc and 5mg/L acriflavine.  

 

 

Figure 26: Phosphate concentrations of reactor 2 operated with 141µg/L of cobalt, 141µg/L 

of zinc and 5mg/L acriflavine.  
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Figure 27: Phosphate concentrations of reactor 3 operated with 1410µg/L of cobalt, 

1410µg/L of zinc and 5mg/L acriflavine.  
 

 

Figure 28: Phosphate concentrations of reactor 4 operated with 141µg/L of cobalt, 141µg/L 

of zinc, 200µg/L Cd and 5mg/L acriflavine.  
 

Through Figure 25 to 28, it can be observed the community of bacteria present after two 

weeks of operation. As it is observed in each figure Clade IA and Clade IIA IA of 

Candidatus Accumulibacter phosphatis were present for each condition. However, in each 

condition the dominant peak was 819bp which corresponded to Clade IIA. If the ARISA 

results of this section are compared with reactors operated without acriflavine it can be 

observed a very high decrease in the bacterial community. 
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E. Conclusion  

 

Different studies were performed with the purpose of reducing the microbial community 

in the reactors to obtain a pure culture of CAP. In the study executed with excess of heavy 

metals it was observed the persistence of CAP. Especially in the reactors operated with 

excess of zinc and cobalt. However, it was not detected a significant reduction in the 

microbial diversity. On the other hand, reactors operated with acriflavine and excess of 

heavy metals showed a reduction of the microbial diversity while maintaining CAP.  
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G. Appendix  

 

 

Figure 29: Phosphate concentrations of reactor 1 operated with 70µg/L of cobalt and 70µg/L 

of zinc 
 

 

 

Figure 30: Phosphate concentrations of reactor 1 operated with 141µg/L of cobalt and 

141µg/L of zinc  
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Figure 31: Phosphate concentrations of reactor 2 operated with 94µg/L of cobalt and 94µg/L 

of zinc 

 

 

 

 
 

 

Figure 32: Phosphate concentrations of reactor 3 operated with 70µg/L of cobalt and 70µg/L 

of cooper 
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Figure 33: Phosphate concentrations of reactor 3 operated with 141µg/L of cobalt and 

141µg/L of cooper 
 

 

 

Figure 34: Phosphate concentrations of reactor 4 operated with 94µg/L of cobalt and 94µg/L 

of cooper 
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Figure 35: Phosphate concentrations of reactor 5 operated with 70µg/L of cobalt, 70µg/L of 

zinc and 70µg/L of cooper 
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