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A B S T R A C T   

Members of the genus Tetrasphaera are putative polyphosphate accumulating organisms (PAOs) that have been 
found in greater abundance than Accumulibacter in many full-scale enhanced biological phosphorus removal 
(EBPR) wastewater treatment plants worldwide. Nevertheless, previous studies on the effect of environmental 
conditions, such as pH, on the performance of EBPR have focused mainly on the response of Accumulibacter to pH 
changes. This study examines the impact of pH on a Tetrasphaera PAO enriched culture, over a pH range from 6.0 
to 8.0 under both anaerobic and aerobic conditions, to assess its impact on the stoichiometry and kinetics of 
Tetrasphaera metabolism. It was discovered that the rates of phosphorus (P) uptake and P release increased with 
an increase of pH within the tested range, while PHA production, glycogen consumption and substrate uptake 
rate were less sensitive to pH changes. The results suggest that Tetrasphaera PAOs display kinetic advantages at 
high pH levels, which is consistent with what has been observed previously for Accumulibacter PAOs. The results 
of this study show that pH has a substantial impact on the P release and uptake kinetics of PAOs, where the P 
release rate was >3 times higher and the P uptake rate was >2 times higher at pH 8.0 vs pH 6.0, respectively. 
Process operational strategies promoting both Tetrasphaera and Accumulibacter activity at high pH do not conflict 
with each other, but lead to a potentially synergistic impact that can benefit EBPR performance.   

1. Introduction 

Enhanced biological phosphorus removal (EBPR) technology is a 
sustainable and cost-effective P removal process within wastewater 
treatment plants (WWTPs). It relies on cyclic anaerobic and aerobic 
conditions to select for polyphosphate accumulating organisms (PAO) 
that accumulate P in excess of metabolic requirements, storing it 
intracellularly as polyphosphate. The most well-known PAO is Candi-
datus Accumumlibacter, however, increased attention has been placed on 
a promising putative PAO group, Tetrasphaera. Many full scale WWTPs 
(especially those employing sidestream fermentation) have detected 
higher Tetrasphaera abundances (up to 35% in biomass) than typical 
Accumulibacter levels (Onnis-Hayden et al., 2020; Qiu et al., 2019; Sto-
kholm-Bjerregaard et al., 2017). 

Tetrasphaera is able to take up diverse organics such as amino acids 
and/or glucose and store these in various forms or produce other 
fermentation products such as volatile fatty acids (VFAs) (Kong et al., 

2005; Kristiansen et al., 2013; Marques et al., 2017; Nguyen et al., 2015, 
2011). These storage products can provide carbon and energy sources 
for aerobic P uptake. Tetrasphaera can supply VFAs anaerobically for 
other PAOs (Herbst et al., 2019; Nguyen et al., 2015), allowing a syn-
ergistic interaction of organisms for P removal. Anaerobic PHA synthesis 
by Tetrasphaera was originally believed to be insignificant, but has since 
been found to be dependant on the Tetrasphaera clade composition 
(Close et al., 2021; Kristiansen et al., 2013; Marques et al., 2017; 
Nguyen et al., 2015). Fernando et al. (2019) showed that while Accu-
mulibacter have a higher specific P removal capacity, high Tetrasphaera 
abundances can lead to >50% of the P-removal in full-scale WWTPs. 
Accumulibacter metabolism and physiology have been well established, 
but Tetrasphaera metabolism and its response to different EBPR opera-
tional conditions are less understood (Liu et al., 2019; Rubio-Rincón 
et al., 2019b). Indeed, Tetrasphaera have a versatile physiology and a 
significantly different metabolism to Accumulibacter. Operational and 
environmental conditions can also affect Tetrasphaera abundance and 
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metabolism (Barnard et al., 2017; Herbst et al., 2019; Onnis-Hayden 
et al., 2020; Qiu et al., 2019; Rey-Martínez et al., 2019). Improved un-
derstanding of Tetrasphaera is needed to better optimise EBPR, including 
understanding their response to operational conditions. 

Domestic and industrial wastewaters contain varying chemicals and 
compounds that may each influence the pH. Furthermore, pH is a dy-
namic parameter that is impacted by multiple biological processes in 
WWTPs. The extracellular pH can influence the performance of EBPR 
systems significantly, including the anaerobic P release and aerobic P 
uptake rates, as well as the P release to carbon uptake ratio (Bond et al., 
1999; Chen and Gu, 2006; Filipe et al., 2001a, 2001b; d; Jeon et al., 
2001; Pijuan et al., 2004; Smolders et al., 1994; Liu et al., 1996). In some 
sequencing batch reactor (SBR) studies, P removal deterioration has 
been linked with low pH (Zheng et al., 2014). Several studies showed 
that elevated pH (> 7.25) benefits PAOs over their primary putative 
competitors, the glycogen accumulating organisms (GAOs), improving 
EBPR performance (Filipe et al., 2001a; Oehmen et al., 2005; Schuler 
and Jenkins, 2002). 

The aforementioned EBPR studies fed VFAs as the sole carbon source, 
which leads to the enrichment of Accumulibacter, whereby the impact of 
pH on Tetrasphaera is unknown and represents a significant research gap 
for EBPR. Low-affinity Pit phosphate transporters that drive VFA uptake 
in Accumulibacter have also been found in Tetrasphaera (Herbst et al., 
2019). This could suggest that extracellular pH may also affect Tetra-
sphaera carbon uptake and P release/uptake mechanisms. Considering 
the high abundance of Tetrasphaera in full-scale EBPR plants, and pH 
dynamics in WWTPs, it is important to understand the pH impact on 
Tetrasphaera metabolism to evaluate its impact on EBPR performance. 
This allows a more complete assessment of EBPR, as well as optimisation 
and retrofitting of WWTPs for more effective phosphorus removal (and 
subsequent recovery). Thus, the objective of the present study is to 
investigate the pH effect on Tetrasphaera, and its impact on the anaer-
obic and aerobic metabolism and kinetics in an EBPR process. 

2. Results and discussion 

2.1. SBR performance 

The Tetrasphaera SBR was fed with Cas aa as the sole carbon source 
and was operated for about a two-month period prior to the batch tests 
at different pH levels. The purpose of this period was to ensure a good 
and stable reactor performance, with a P removal efficiency of 77.7 ±

10.1% from day 50 onwards (Fig. 1). This performance was maintained 
consistently in the SBR until the end of the study and could therefore be 
considered as steady-state operation. The typical organic carbon con-
sumption, PHA, glycogen and phosphorus profiles of the SBR are shown 
in Fig. 2, while the anaerobic and aerobic activity across multiple cycles 
of operation is shown in Table S2, where it is compared with literature 
studies, in order to provide a basis for comparison with previous Tet-
rasphaera enrichments. The enriched culture displayed the traditional 
PAO phenotype of P release, glycogen hydrolysis, PHA synthesis and 
organic carbon uptake during the slow feeding period of the anaerobic 
phase, followed by P uptake, glycogen formation and PHA degradation 
in the aerobic phase. Note that the slow feeding period of the SBR led to 
a net increase in TOC over time in the anaerobic phase (Fig. 2). 

From Table S2, the anaerobic P-release/C-uptake ratio observed in 
this study was consistent with Marques et al. (2017), higher than Close 
et al. (2021) and lower than typical Accumulibacter results (Table S2). A 
lower P-release/C-uptake ratio in these and other Tetrasphaera studies as 
compared to Accumulibacter studies is commonly observed (Kristiansen 
et al., 2013; Marques et al., 2017; Nguyen et al., 2015; Nielsen et al., 
2019; Stokholm-Bjerregaard et al., 2017), suggesting that Tetrasphaera 
may require less ATP from poly-P hydrolysis for anaerobic C-uptake. 
Furthermore, the higher abundance of Accumulibacter found in the Tet-
rasphaera enrichments of this study (Table 1, see Section 2.2 for detailed 
analysis of the microbial community) and Marques et al. (2017) as 
compared to Close et al. (2021), likely contributed to the comparatively 
higher P-release/C-uptake ratios. In the aerobic phase, 2.45 ± 0.57 
P-mmol/L of phosphate was taken up, which is close to results from 
Accumulibacter (2.20 to 2.50 P-mmol/L) and much greater than the 
study of Close et al. (2021) which only reported 0.96 ± 0.39 P-mmol/L 
of P uptake, while Marques et al. (2017) found 1.76 ± 0.25 P-mmol/L of 
aerobic P uptake. It is notable that enrichments of Tetrasphaera that 
contain some Accumulibacter (this study; Marques et al. (2017)) have 
shown appreciably better P removal performance as compared to cul-
tures that are highly enriched in Tetrasphaera alone, without Accumu-
libacter (Close et al., 2021). This result supports the hypothesis that 
enrichment of multiple PAO groups is indeed beneficial for EBPR per-
formance. Despite the similar operational conditions applied to the 
enrichment SBR in each case, determining factors that cause a shift in 
Tetrasphaera clades were unclear, and were beyond the scope of the 
present study. Further research is warranted to better understand the 
cause of population shifts within this group of PAOs. 

As shown in Table S1, higher average glycogen consumption/C- 

Fig. 1. Phosphorus removal (%) and anaerobic P-release/C-uptake ratio over time in the enriched SBR.  

P.Y. Nguyen et al.                                                                                                                                                                                                                              



Water Research X 19 (2023) 100177

3

uptake (0.51 ± 0.17 C-mmol/C-mmol) and PHA production/C uptake 
(0.52 ± 0.13 C-mmol/C-mmol) were observed as compared to those 
obtained in the study of Close et al. (2021) and Marques et al. (2017). A 
similar level of glycogen production hydrolysis, but a lower level of PHA 
accumulation per carbon mole uptake were observed as compared with 
previous Accumulibacter studies (Table S1). The higher PHA storage by 
the present enriched culture could be due to either a higher fraction of 
PHA-storing Tetrasphaera, a higher Accumulibacter fraction, or both (see 
Section 2.2 for analysis of the microbial community). Through FISH 
analysis, Tet2–174 (25–50%) and Tet3–654 (>50%) were the two most 
abundant Tetrasphaera clades in this study, while Close et al. (2021) 
mainly found Tet2–892 (59.5 ± 10.7%) and Tet3–654 (24.1 ± 4.9%) 
and Marques et al. (2017) found Tet1–266 (38.5 ± 1.4%) and Tet3–654 
(31.0 ± 4.3%). Close et al. (2021) proposed that PHA-storing Tetra-
sphaera may be more prominent within clade 2, which is consistent with 
the results of this study. Also, Accumulibacter has a higher PHA pro-
duction /substrate uptake ratio (Table S2) than Tetrasphaera. Accumu-
libacter abundance is 25–45% in this study, which is higher than the 22% 
observed by Marques et al. (2017) and the <0.5% observed by Close 
et al. (2021). The high fraction of Accumulibacter in this study is also 
likely to have contributed to the higher PHA storage. 

The nature of the carbon source (casein hydrolysate in this study) fed 
to the SBR is known to have a significant influence on PHA storage by 
PAOs, where a much higher PHA storage is observed through the uptake 
of VFAs, such as acetate and propionate (Marques et al., 2017). As also 
shown in Table S1, PHV was the most produced fraction of PHA, ac-
counting for 74.7 ± 6.3%, whereas the amount of PHB formed was only 
25.3 ± 6.3%. A similar PHA fractionation was reported in Marques et al. 

(2017), which also showed the presence of some Accumulibacter in their 
Tetrasphaera enrichment. Accumulibacter are known to produce mainly 
PHB from fermentation products such as acetate (Smolders et al., 1994). 
However, PHV accounted for 100% of the produced PHA in Close et al. 
(2021), which had a very high Tetrasphaera enrichment without Accu-
mulibacter. This study supports the hypothesis that PHV is the major PHA 
fraction that is produced within Tetrasphaera, where the observed PHB 
production could be formed by the Accumulibacter fraction of the sludge. 

Overall, the Tetrasphaera-enriched SBR in this study displayed 
similar P release and uptake behaviour as compared to previous studies 
(Close et al., 2021; Marques et al., 2017), with slightly higher PHA and 
glycogen storage, perhaps related to the higher Accumulibacter fraction 
of the present study. The consistency of this reactor performance as 
compared to literature suggests a successfully enriched Tetrasphaera 
reactor culture that was suitable for subsequent analysis of the impact of 
pH on their anaerobic and aerobic stoichiometry and kinetics. 

2.2. Microbial analysis 

Semi-quantitative FISH analysis indicated the presence of both PAO 
groups, Tetrasphaera and Accumulibacter, in the enriched culture as 
shown in Table 1. FISH samples were analysed from the enrichment 
reactor during the batch experiment period (day 65 and day 101) as well 
as from samples taken during the batch tests (at the end of the batch 
tests). Figure S1 shows representative FISH images of the most dominant 
PAOs observed. From FISH analysis, Tetrasphaera comprises a volume 
fraction of >50% of the total bacterial biovolume (Table 1 and 
Figure S1), which was slightly higher than the values observed with high 
throughput sequencing (37 – 43.5% of the total 16S rRNA gene reads 
analysed corresponded to Tetrasphaera – see Table 2). Within all or-
ganisms observed through 16S rRNA gene sequencing, Tetrasphaera 
represented the largest group. Thus, both FISH and 16S rRNA analysis 
indicate that Tetrasphaera dominated the SBR culture and batch tests. 
The dynamics of Tetrasphaera abundance was relatively low in this work 
as compared to the dynamics observed in most biological wastewater 
treatment studies, with only some fluctuation observed between the 
batch tests using probe Tet3–654 according to FISH. 

The average volume fraction of Accumulibacter was 25% to 45% 
biovolume from FISH analysis. Marques et al. (2017) had previously 
detected 22% Accumulibacter in an enriched Tetrasphaera culture also fed 
with amino acids as the carbon source. It is likely that Accumulibacter can 
survive on fermentation products, such as VFAs that have been found to 
be produced by Tetrasphaera under anaerobic conditions (Close et al., 
2021; Herbst et al., 2019; Kong et al., 2008; Nguyen et al., 2015; Nielsen 

Fig. 2. Typical profiles of extracellular P-PO4 and TOC, and intracellular Glycogen and PHA of the enriched SBR during the batch test period. The values are averages 
of cycle studies in day 49 and day 101. Between the dashed lines, the settling and decant phases occurred. 

Table 1 
Semi-quantitative FISH results obtained after visual analysis and classification of 
the communities.  

Sample PAOMIX Tet1–266 Tet2–892 Tet2–174 Tet3–654 
SBR (++) 

(+)(-) 
(-) (++) (+++) 

pH=6 (++) (+) or (+)(-) (-) (++) (++) 

pH=7.5 (++) (+) or (+)(-) (-) (++) (++) 

pH=8 (++) (+) or (+)(-) (-) (++) (+) 

pH=6.5 (++) (+)(-) (-) (++) (+) 

pH=7 (++) (+) (-) (++) (++)  

(-) Not detected (0%);. 
(+)(-) Very low abundance (1–5%);. 
(+) Present (5–25%);. 
(++) Abundant (25–50%);. 
(+++) Dominant (>50%). 
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et al., 2012). 
From high throughput sequencing results, GAOs from the genus 

Propionivibrio were detected at 2.1–2.4% of the microbial community 
(Table 2). Semi-quantitative FISH analysis results showed a similar es-
timate, constituting <5% of the biovolume (data not shown). Propioni-
vibrio is commonly observed in full-scale EBPR plants at a similar level, 
constituting up to 3% of the microbial community (Albertsen et al., 
2016). 

Notably, high throughput sequencing data revealed a much lower 
abundance of Accumulibacter than was indicated by FISH analysis (Ta-
bles 1 and 2). Discrepancies between results from the amplicon-based 
method and FISH analysis have previously been attributed to (i) ineffi-
cient DNA extraction prior to high throughput sequencing, (ii) speci-
ficity of the FISH probes or incomplete probe coverage, or (iii) 
inconsistencies between biovolume measurements versus relative DNA 
abundance (Albertsen et al., 2012). In particular, this tendency has been 
frequently observed for Accumulibacter, where the abundance of Accu-
mulibacter has been routinely estimated to be lower by sequencing as 
compared to FISH in other EBPR studies (Carvalho et al., 2021; 
Rubio-Rincón et al., 2019b; Valverde-Pérez et al., 2016). Quantitative 
links between Accumulibacter abundance as assessed by FISH and their 
metabolic activity have been well established in engineering-related 
EBPR studies (Acevedo et al., 2012; Kolakovic et al., 2021; Oehmen 
et al., 2010a, 2007; Rubio-Rincón et al., 2019a; Tu and Schuler, 2013; 
Zhang et al., 2021), whereas similar quantitative correlations have so far 
been less established when applying other microbial techniques (Oeh-
men et al., 2010b). 

Although different in absolute numbers, both the FISH analysis and 
the 16S rRNA gene-based amplicon sequencing analysis showed Tetra-
sphaera were dominant in the enriched SBR around the time of the batch 
test period. Moreover, the dynamics of the microbial community over 
the operational period was not substantial, suggesting that the microbial 
community of the enriched SBR was in pseudo-steady-state. 

2.3. Batch test results at different pH levels 

Anaerobic–aerobic batch assays using casein hydrolysate as the sole 
C-source were performed at different controlled pH values, ranging from 
6.0 to 8.0, using the sludge from the enriched SBR to investigate the 
impact of pH on Tetrasphaera and their metabolism. From Figures S2-S6, 
during the batch tests, Cas aa was taken up (reflected by the decrease of 
TOC), which was accompanied by phosphorus release and a small level 
of glycogen hydrolysis. PHA was oxidised in the subsequent aerobic 
phase, supplying the C and energy for biomass growth and replenishing 
the glycogen and polyphosphate pools. 

In the pH range 6.0–8.0, the P release rate increased linearly from 
2.56 ± 0.39 to 8.63 ± 0.79 mgP/gVSS/h (Table 3 and Fig. 3f). These 
values were significantly lower than the rates observed with Accumu-
libacter (61.5 to 88.8 mgP/gVSS/h in pH range from 6.5 to 8.5) (Oeh-
men et al., 2005). Accumulibacter also take up organic carbon much 
quicker than Tetrasphaera (Table 3). This higher rate of anaerobic ac-
tivity is consistent with previous suggestions that Tetrasphaera possess a 
lower relative EBPR activity than Accumulibacter on a per-cell basis 
(Fernando et al., 2019). 

The substrate uptake, PHA production and glycogen degradation 
rates were independent of pH over the range of 6.0 to 8.0 (Fig. 3d, 3b 
and 3c, respectively), which agreed with studies on PAOs fed with ac-
etate (Filipe et al., 2001a; Smolders et al., 1994; Liu et al., 1996). The 
resulting P release/C-uptake ratio has a positive correlation with pH 
(Fig. 3a), which was likely because of additional energy requirements 
for taking up the negatively charged amino acid ions at higher pH 
against the negative electrical potential of the cells. Tetrasphaera are also 
capable of generating energy from the fermentation of amino acids, 
leading to the lower P release to substrate uptake ratios as compared to 
Accumulibacter metabolism that were observed in this study. This lower 
anaerobic P release also leads to a lower demand for storage compound Ta
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Table 3 
Stoichiometric and kinetic metabolism comparison between an enriched Tetrasphaera + Accumulibacter reactor and Accumulibacter reactor during the batch tests at 
different pH values.   

Tetrasphaera + Accumulibacter (fed with Casein hydrolysate) Accumulibacter (fed with propionate) 
(Oehmen 2005) 

pH controlled 6.0 6.5 7.0 7.5 8.0 6.5 7.0 7.5 8.0 8.5 
Anaerobic           
P-release (P-mmol/L) 0.42 ± 0.01 0.91 ± 0.03 0.94 ± 0.09 1.03 ± 0.32 1.00 ± 0.16      
PHA production (C-mmol/L) 1.91 ± 0.79 1.91 ± 1.11 1.68 ± 0.47 2.17 ± 0.09 1.73 ± 0.64      
Glycogen consumption (C-mmol/L) 1.18 ± 0.01 1.35 ± 0.52 1.10 ± 0.15 1.29 ± 0.29 1.46 ± 0.07      
Substrate uptake rate (C-mg/gVSS/h) 11.07 ±

2.39 
10.80 ±
2.61 

12.18 ±
0.30 

10.73 ±
0.13 

12.29 ±
3.78 

61.39 56.25 88.71 79.71 74.89 

P-release rate (P-mg/gVSS/h) 2.56 ± 0.39 5.15 ± 0.09 6.36 ± 1.55 7.94 ± 1.15 8.63 ± 0.79 61.5 56.3 93.2 103.8 88.8 
Aerobic           
PHA consumption (C-mmol/L) 1.3 ± 0.44 2.19 ± 0.68 2.07 ± 0.73 0.98 ± 0.79 1.11 ± 0.24      
P-uptake (P-mmol/L) 1.7 ± 0.05 2.58 ± 0.12 2.62 ± 0.14 2.57 ± 1.21 3.08 ± 0.04      
Glycogen production (C-mmol/L) 0.90 ± 0.14 1.05 ± 0.16 0.80 ± 0.43 1.29 ± 0.25 0.54 ± 0.07      
P uptake rate (P-mg/gVSS/h) 5.98 ± 0.89 8.27 ± 0.97 10.10 ±

0.71 
10.82 ±
4.42 

13.18 ±
0.29 

23.9 25.6 37.7 36.2 27.3 

Stoichiometry           
PHA production/substrate uptake (C-mmol/ C- 

mmol) 
0.47 ± 0.19 0.41 ± 0.19 0.42 ± 0.13 0.59 ± 0.03 0.45 ± 0.16 1.24 1.23 1.10 0.95 1.01 

PHA degradation rate (C-mmol/mg active 
biomass) 

0.53 ± 0.06 0.75 ± 0.12 0.92 ± 0.28 0.59 ± 0.26 0.65 ± 0.13      

P release / substrate uptake (P-mmol/C-mmol) 0.10 ± 0.00 0.20 ± 0.01 0.23 ± 0.02 0.28 ± 0.08 0.26 ± 0.04 0.39 0.39 0.41 0.51 0.46 
Glycogen degradation/substrate uptake (C-mol/ 

C-mol) 
0.29 ± 0.01 0.29 ± 0.08 0.27 ± 0.05 0.35 ± 0.08 0.38 ± 0.01 0.36 0.32 0.25 0.12 0.15 

P-uptake/PHA utilisation (P-mmol/C-mmol) 0.71 ± 0.32 0.5 ± 0.15 0.51 ± 0.2 1.5 ± 1.19 0.95 ± 0.20      
% P in TSS (%) 8 – 10 8 – 10 8 – 10 8 – 10 5 – 10      
PHB:PHV 31:69 31:69 32:68 26:74 37:63       

Fig. 3. Batch test results as a function of pH, showing (a) P-release/Carbon uptake ratio, (b) PHA synthesis/Carbon uptake ratio, (c) Glycogen consumption/Carbon 
uptake ratio, (d) Substrate uptake rate, (e) Phosphate uptake rate, (f) Phosphate release rate. 
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consumption in the aerobic phase to drive P uptake and achieve suc-
cessful EBPR. 

The linear increase in P release rate as a function of pH, coupled with 
the slight increase in the ratio of glycogen degradation per substrate 
uptake as a function of pH, shows that the energy for amino acid uptake 
by Tetrasphaera relies more on polyphosphate hydrolysis than glycogen 
degradation as pH increases. The main role of glycogen in Tetrasphaera 
metabolism is likely for generating reducing equivalents in order to 
close the redox balance of the cell (Close et al., 2021; Marques et al., 
2017). The PHA/substrate uptake ratio was higher in this work as 
compared to previous studies on Tetrasphaera (Close et al., 2021; Mar-
ques et al., 2017), though lower than that typically observed for Accu-
mulibacter (Table 3). The reasons could be attributed to the higher 
abundance of Accumulibacter in this study (according to FISH) as 
compared to previous studies (Close et al., 2021; Marques et al., 2017). 
The low PHA production/substrate uptake ratio as compared to Accu-
mulibacter suggests that PHA is not the sole storage compound within 
Tetrasphaera. Close et al. (2021) found that glutamate and aspartate 
were important storage polymers during amino acid uptake by 
Tetrasphaera. 

Similarly to what was observed in anaerobic conditions, in aerobic 
conditions, no clear correlation was observed between PHA utilization 
or glycogen production as a function of pH for Tetrasphaera (Table 3). 
However, the results in Fig. 3e show a clear linear increase in the P 
uptake rate as pH increases from 6.0 to 8.0 for the Tetrasphaera-enriched 
culture. An increase in P uptake at high pH was also observed in acetate 
and propionate-fed Accumulibacter PAOs between pH 6.5 and 7.5 (Filipe 
et al., 2001c; Oehmen et al., 2005). van Veen et al. (1993) have previ-
ously proposed that the rate of P release or P uptake in Acinetobacter 
johnsonii was limited by the rate of deprotonation of a protein carrier 
located on the outside or inside of the cell membrane, respectively, 
during the transport of P across the cell membrane. The rate of depro-
tonation of this carrier was proposed to be directly related to pH, causing 
higher P release and uptake rates at higher pH levels in E. coli and Aci-
netobacter johnsonii (van Veen et al., 1993; 1994). van Veen et al. (1994) 
suggested that this pH mechanism impacting P release and uptake may 
be generally applicable to all types of bacteria, giving examples of not 
only gram-negative bacteria such as E. coli and Acinetobacter johnsonii, 
but also gram-positive bacteria such as Micrococcus lysodeikticus and 
Bacillus cereus. The increased P release and uptake kinetics as a function 
of pH found in this study, enriched in gram-positive Tetrasphaera, also 
observed in previous studies focussed on gram-negative Accumulibacter 
(Filipe et al., 2001c; Oehmen et al., 2005), is consistent with the hy-
pothesis of van Veen et al. (1994), and suggests that a similar pH impact 
on P release/uptake could be expected for all PAOs. 

The net P removal from the batch tests was calculated as the dif-
ference between P uptake and P release, which revealed a significant 
increase from pH = 6 to pH = 8, where 2.08 ± 0.12 P mmol/L of net P 
removal was observed at pH = 8 and 1.28 ± 0.04 P mmol/L of net P 
removal was observed at pH = 6. For comparison, the pH=7 tests 
showed a net P removal of 1.68 ± 0.05 P mmol/L, where the tests at 
pH=6.5 and pH=7.5 showed <10% difference as compared to pH=7. As 
a result, reduced net P removal at low pH levels will also reduce the 
ability of PAOs to regenerate their polyphosphate pool for substrate 
uptake under anaerobic conditions, and could lead to out-competition 
by other organisms in the system, e.g. GAOs. 

2.4. Implications of the study 

This study demonstrated how the pH affects Tetrasphaera metabolism 
in an enriched culture. The P release and uptake kinetics showed a 
strong dependence on the pH, while intracellular PHA and glycogen 
production and carbon source consumption rates were largely inde-
pendent of pH changes. At high pH levels, chemical precipitation can 
potentially be a competing mechanism for P removal. However, chem-
ical precipitation was considered unlikely to be a significant mechanism 

of P uptake in this study for two reasons: 1) iron and aluminium salts 
were not present in appreciable quantities within the reactor media 
(iron was only added at micronutrient levels) and 2) the P release rate 
was observed to increase as a function of pH (Fig. 3f), as well as the P 
uptake rate (Fig. 3e), whereby a decrease in P release rate at the higher 
pH level would be expected if chemical precipitation had increased 
appreciably. 

It is noteworthy that high pH conditions lead to higher rates of P 
release and uptake in both Tetrasphaera and Accumulibacter. This sug-
gests that high pH can improve the synergistic interaction of Tetra-
sphaera and Accumulibacter, and enhance EBPR performance. While 
Tetrasphaera is capable of contributing to P removal through the 
anaerobic uptake of sugars and amino acids, simultaneously producing 
fermentation products such as VFA (Nielsen et al., 2019; Zhao et al., 
2022), Accumulibacter can survive on these fermentation productions 
while also contributing to further P removal (Close et al., 2021; Marques 
et al., 2017). This promotes functional redundancy, decreasing the 
reliance on only one type of PAO to facilitate EBPR, which can benefit 
EBPR process robustness. Functional redundancy has been previously 
shown to result in process performance benefits in wastewater treatment 
in other situations (Paulo et al., 2020; Wang et al., 2021). High pH has 
been previously found to benefit PAOs over GAOs (Filipe et al., 2001d; 
Oehmen et al., 2005), thus a high pH (~8) can also lead to multiple 
benefits to the microbial community composition. Moreover, consid-
ering the typical pH profile observed in uncontrolled EBPR processes at 
lab-scale or full-scale (Serafim et al., 2002; Serralta et al., 2004; Flor-
es-Alsina et al., 2015), the pH can increase substantially from ~7.0–8.0 
between the anaerobic and aerobic phases. According to the results of 
this study, such a pH profile would result in a nearly optimal aerobic P 
uptake rate for both PAO groups, coupled with an anaerobic P release 
rate that is ~30–40% lower than what would have been observed if the 
pH were maintained at 8.0 anaerobically. The typical pH profile in EBPR 
systems therefore leads to an increased net P removal capacity of the 
WWTP for both groups of PAOs, further underlying the potential process 
benefits that can be achieved through selecting both Tetrasphaera and 
Accumulibacter. 

Overall, this study reveals the short-term impacts of pH on Tetra-
sphaera kinetics and metabolism. High pH can enhance Tetrasphaera net 
P removal and thereby improve EBPR performance. Maintaining a 
relatively high pH, often achieved without a dedicated pH controller, 
could be a route to ensure efficient P removal. However, it is still un-
known how pH impacts the long-term performance and microbial se-
lection of Tetrasphaera communities, which warrants further study. 

3. conclusions 

In this study, the effect of pH on anaerobic and aerobic metabolism of 
an enriched culture of Tetrasphaera-PAOs was studied, for the first time. 
The P-uptake and release rates by the enriched Tetrasphaera sludge 
increased linearly with an increase of pH from 6 to 8. Tetrasphaera are 
capable of taking up different organic carbon sources over a wide range 
of pH conditions, producing fermentation products that can be 
consumed by Accumulibacter. High pH improves EBPR effectiveness, as 
Tetrasphaera display kinetic advantages at high pH levels, similar to 
Accumulibacter. The typical pH variations observed in EBPR plants can 
promote higher net P removal by both groups. Optimisation of EBPR in 
WWTPs may benefit from strategies that support a robust community of 
both Accumulibacter and Tetrasphaera, experiencing a positive synergy 
between the two PAO groups. 

4. Materials and methods 

4.1. Sequencing batch reactor (SBR) for tetrasphaera enrichment 

A Tetrasphaera PAO culture was enriched in a laboratory-scale, 
anaerobic-aerobic sequencing batch reactor (SBR) with a working 
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volume of 2 L. The SBR was inoculated with biomass that was already 
enriched in Tetrasphaera PAOs (Close et al., 2021). The SBR was oper-
ated with an 8-h cycle, which consisted of an initial anaerobic period of 
4 h, followed by a settling/decanting period of 1 hour and an aerobic 
period of 3 h. At the end of the decant phase, 1 L of the supernatant was 
withdrawn from the SBR within 10 mins. 

400 mL of synthetic medium, named solution A, was fed continu-
ously into the SBR during the first 3 h of the anaerobic phase, resulting in 
an organic carbon concentration of approximately 5 C-mmol/L in the 
reactor. The SBR was fed with sodium casein hydrolysate (a mixture 
composed mainly of amino acids and peptides, and designated as Cas aa) 
(Fluka, USA) as the sole C-source. Solution A contained per litre: 0.771 g 
Cas aa, 0.3698 g NH4Cl, 0.5938 g MgSO4⋅7H2O, 0.276 g CaCl2⋅2H2O, 
7.3 mg allyl-N thiourea (ATU, a nitrification inhibitor), 19.8 mg 
ethylene-diaminetetraacetic (EDTA) and 1.9792 mL of a micro-nutrient 
solution. The micronutrient solution (based on Smolders et al. (1994)) 
contained per litre: 1.5 g FeCl3⋅6H2O, 0.15 g H3BO3, 0.03 g 
CuSO4⋅5H2O, 0.18 g KI, 0.12 g MnCl2⋅4H2O, 0.06 g Na2MoO⋅2H2O, 0.12 
g ZnSO4⋅7H2O, 0.15 g CoCl2⋅6H2O. Solution B was composed of: K2HPO4 
(84.2 mgP/L) and KH2PO4 (65.8 mgP/L), where 600 mL of solution B 
(150 mgP/L) was fed into the SBR during the first 2 min of the aerobic 
phase. The reactor had a hydraulic retention time (HRT) of 16 h and 100 
mL sludge was removed from the reactor during 1 min of each day, 
resulting in a sludge retention time (SRT) of 20 d Around 0.2 mL/min 
argon was bubbled into the SBR to maintain anaerobic conditions, while 
0.5 L/min air was bubbled during the aerobic phase. The reactor tem-
perature was maintained at 20 ± 1 ◦C and the pH was at 7.1 ± 0.1 by 
dosing 0.1 M HCl. The sludge was mixed at 300 rpm stirring during the 
anaerobic and aerobic phases. 

The reactor performance was assessed biologically and chemically 
(see Section 4.3). SBR dynamics were analysed by cycle studies, where 
samples were taken every hour throughout a cycle and analysed for total 
organic carbon (TOC), PHA, glycogen, ammonia and phosphate, via 
chemical analytical methods. Cell concentration in the reactor was 
tracked by analysing total suspended solids (TSS) and volatile suspended 
solids (VSS). Fluorescence in situ hybridisation (FISH) and high 
throughput sequencing analyses were also performed to assess the mi-
crobial community dynamics. 

4.2. SBR batch experiments 

To study the impact of pH on Tetrasphaera PAO metabolism and ki-
netics under anaerobic and aerobic conditions, batch experiments were 
carried out in duplicate on the sludge enriched in the SBR. Duplicated 
batch tests were performed for each pH (ranging between 6 and 8), 
following experimental conditions similar to those applied for the SBR 
enrichment, but at different controlled pH setpoints. Sludge for the 
batch experiments was taken from the enriched SBR during a period 
when high and stable P removal occurred (from day 59 to day 93). The 
sludge was not returned to the parent SBR after finishing each experi-
ment, to avoid influencing the parent SBR. Due to the limitation of the 
sludge volume of the parent SBR, the batch tests were performed 
sequentially on a weekly basis. During this period, the average P- 
removal was 80 ± 12%. 

The batch tests were performed with 500 mL of working volume, at 
20 ◦C. For each batch test, a 400 mL sample of mixed liquor was taken 
from the enriched SBR at the end of the aerobic stage, when the cells 
have accumulated most of the phosphate. The sludge was centrifuged for 
10 min at 6000 rpm, and the pellet was resuspended in 250 mL of the 
aforementioned solution A (without Cas aa). Argon was bubbled to 
ensure anaerobic conditions prior to feeding of the carbon source. The 
pellet was inoculated into the reactor followed by additions of 150 mL of 
phosphorus (solution B) and 100 mL of Cas aa solution, resulting in an 
initial concentration of 45 ppm of P-PO4

3− and 5 C-mmol/L, respectively. 
The temperature was maintained by a water bath at 20 ± 1 ◦C with the 
stirring rate at 300 rpm. The pH of the reactor was controlled to the 

respective fixed setpoint (± 0.1 pH units) by addition of 0.1 M HCl and 
0.1 M NaOH, when the pH values were above/below the targeted pH 
values, respectively. The batch reactors were operated with a cycle of 8 
h, consisting of an anaerobic (4 h) followed by a settling/decant period 
(1 h) and an aerobic phase (3 h), similarly to the parent SBR. 

To prevent any organic carbon entering the aerobic phase, the 
reactor content was centrifuged at 4000 rpm for 10 min at the end of the 
anaerobic phases. Then the pellet was resuspended again in mineral 
medium (i.e. Solution A, but without carbon source), water, and the 
phosphorus media of Solution B, with a volume proportion of 2.5:1:1.5, 
respectively, to mimic the media proportions of the anaerobic phase. 

Samples were taken at various points throughout the cycle and 
analysed by the chemical methods described in Section 4.3, including 
FISH sampling performed at the end of the anaerobic phases. 

4.3. Analytical methods 

4.3.1. Chemical analyses 
Colorimetric methods were implemented in a segmented flow ana-

lyser (Skalar 5100, Skalar Analytical, The Netherlands) to determine 
inorganic phosphate, P/TSS and ammonia. For P/TSS, the sample from 
the end of the aerobic period was digested with 0.3 M H2SO4 and 73 mg/ 
L of K2S2O8, then analysed by the segmented flow analyser as described 
by Carvalheira et al. (2014). After sample digestion, the supernatant 
phosphate concentration was subtracted from the obtained total phos-
phate concentration to determine the P/TSS. 

Glycogen was extracted by digestion (2–4 mg biomass, HCl 0.9 M 
and 3 h of digestion time), and quantified by HPLC using a CarboPac 
PA10 column (Dionex), equipped with an amperometric detector. 10 µL 
sodium hydroxide (NaOH 18 mM) was injected at a flow rate of 1 mL/ 
min as eluent (25 ◦C) (Lanham et al., 2012). 

The casein hydrolysate uptake was indicated by total organic carbon 
(TOC) with a Shimadzu TOC-VCSH (Shimadzu, Japan). 

PHAs were determined by Bruker 430-GC gas chromatograph (GC) 
equipped with a FID detector and a BR-SWax column (60 m, 0.53 mm 
internal diameter, 1 μm film thickness, Bruker, USA) (Lanham et al., 
2013). 

For dry weight determination (TSS and VSS), standard methods were 
applied (APHA et al., 2005). 

4.3.2. FISH analysis 
Semi-quantitative fluorescence in situ hybridisation (FISH) was used 

to assess the SBR and batch test microbial composition, using the 
following specific fluorescently labelled oligonucleotide probes: 
EUBMIX (equimolar concentrations of EUB338, EUB338II, and 
EUB338III (Amann et al., 1990; Daims et al., 1999; Nielsen and Daims, 
2009), which targets all Bacteria; PAOMIX (PAO651, PAO461 and 
PAO846 Crocetti et al. (2000)), which targets most members of the Ca. 
Accumulibacter cluster (with 89% target). Tetrasphaera-related PAOs 
were identified with the Tet1–266, Tet2–892, Tet2–174 and Tet3–654 
probes (Nguyen et al., 2011) (see Table S2, Supplementary Information 
(SI)). Hybridised samples were observed using an epifluorescence mi-
croscope, Zeiss Imager D2, with a magnification of 1000x. The% bio-
volume of Accumuibacter or Tetrasphaera is indicated by the ratio 
between the area of each organism population over the FITC-labelled 
EUBmix population. Semi-quantification of each of the specific probes 
against EUBmix was performed by visual inspection of a minimum 10 
independent fields by an expert operator. A summary of results and 
microphotographs for the most abundant populations are shown in 
Table 1 and Figure S1, respectively. 

4.3.3. High throughput sequencing 
To complete the microbiological analysis, samples from the enriched 

SBR were analysed through sequencing of the 16S rRNA gene. Biomass 
from the enriched SBR within the batch test period were analysed (Day 
65, Day 92) to characterise the microbial composition and relative 
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abundance of different bacteria by high throughput DNA sequencing 
(performed by DNASense Aps, Denmark), through methods that have 
been previously described by Wang et al. (2017). 
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