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A B S T R A C T   

Enhanced biological phosphate removal and aerobic sludge granulation are commonly studied with fatty acids as 
substrate. Fermentative substrates such as glucose have received limited attention. In this work, glucose con
version by aerobic granular sludge and its impact on phosphate removal was studied. Long-term stable phosphate 
removal and successful granulation were achieved. Glucose was rapidly taken up (273 mg/gVSS/h) at the start of 
the anaerobic phase, while phosphate was released during the full anaerobic phase. Some lactate was produced 
during glucose consumption, which was anaerobically consumed once glucose was depleted. The phosphate 
release appeared to be directly proportional to the uptake of lactate. The ratio of phosphorus released to glucose 
carbon taken up over the full anaerobic phase was 0.25 Pmol/Cmol. Along with glucose and lactate uptake in the 
anaerobic phase, poly‑hydroxy-alkanoates and glycogen storage were observed. There was a linear correlation 
between glucose consumption and lactate formation. While lactate accounted for approximately 89 % of the 
observed products in the bulk liquid, minor quantities of formate (5 %), propionate (4 %), and acetate (3 %) were 
also detected (mass fraction). Formate was not consumed anaerobically. Quantitative fluorescence in-situ hy
bridization (qFISH) revealed that polyphosphate accumulating organisms (PAO) accounted for 61 ± 15 % of the 
total biovolume. Metagenome evaluation of the biomass indicated a high abundance of Micropruina and Ca. 
Accumulibacter in the system, which was in accordance with the microscopic observations and the protein mass 
fraction from metaproteome analysis. Anaerobic conversions were evaluated based on theoretical ATP balances 
to provide the substrate distribution amongst the dominant genera. This research shows that aerobic granular 
sludge technology can be applied to glucose-containing effluents and that glucose is a suitable substrate for 
achieving phosphate removal. The results also show that for fermentable substrates a microbial community 
consisting of fermentative organisms and PAO develop.   

1. Introduction 

Aerobic Granular Sludge (AGS) technology is a biological waste
water treatment technique that offers significant advantages over con
ventional activated sludge systems, including a smaller footprint and 
improved energy efficiency (Bengtsson et al., 2018; de Bruin et al., 2004; 
de Kreuk et al., 2005). To ensure the formation of AGS and maintain 
stable reactor performance, various parameters have been identified as 
crucial (van Dijk et al., 2022). Amongst these parameters, the type of 
substrate plays a key role. A suitable substrate for granulation is one that 
is taken up and stored under anaerobic conditions by the microorgan
isms, and subsequently oxidized during an aerobic phase to provide 
energy for microbial growth processes (Pronk et al., 2015). This scenario 
selects for slow-growing organisms which are associated with the 

formation of smooth and stable granules (de Kreuk and van Loosdrecht, 
2004). Substrates that do not undergo anaerobic sequestration are uti
lized aerobically by fast-growing heterotrophic organisms causing floc 
formation or filamentous growth and negatively influencing stable 
granulation (van Loosdrecht et al., 1997). Organisms that grow on 
storage polymers such as polyhydroxy-butyrate have a lower growth 
rate (< 2 d− 1; Beun et al., 2002) than normal heterotrophs directly 
growing on the available substrate (e.g. E. Coli < 2 h− 1; Buchanan and 
Klawitter, 1992). 

Enhanced biological phosphorus removal (EBPR) is an efficient and 
sustainable technique for phosphate removal from water bodies 
(Ketchum et al., 1987). A common link between the AGS and EBPR 
process is the operational parameter, i.e. the induction of cyclical 
anaerobic-aerobic phases, which selects for a slow-growing organism 
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known as polyphosphate accumulating organism (PAO). When acetate 
or propionate is the available substrate, PAOs tend to dominate the 
system, ensuring compact granule formation and effective phosphate 
removal (Oehmen et al., 2005; Pronk et al., 2015). Acetate and propi
onate can also be utilized by glycogen accumulation organisms (GAO) 
that can compete with PAOs, negatively affecting the EBPR efficiency. 
Despite their metabolic flexibility, PAOs are unable to directly utilize 
substrates such as certain sugars (Elahinik et al., 2022). Presence of 
substrates that cannot be directly sequestered into storage polymers in 
the anaerobic phase, either result in aerobic oxidation which is unfav
ourable for both the AGS and EBPR process or are fermented by 
fermentative organisms. The fermentation products can often be 
sequestered by PAO and similar organisms such as GAOs. The fermen
tative organisms often also store a fraction of the substrate and are 
denoted as “G-bacteria” (Cech and Hartman, 1993) or fermentative GAO 
(fGAO) (McIlroy et al., 2018). They are observed in wastewater treat
ment plants performing EBPR around the world but understanding their 
role has had limited attention (Seviour et al., 2000). It is important to 
study these organisms as they can compete for substrate, decreasing 
EBPR efficiency, or form non-granular and fragile biofilms, impacting 
solid-liquid separation. 

Glucose, a substrate found in polymers in municipal wastewater (e.g. 
cellulose and starch) and in the effluent of various industries, such as 
food and sugar production facilities, has been marginally studied con
cerning granule formation. Regarding EBPR studies, glucose has been 
used in combination with fatty acids (e.g. glucose and acetate) in the 
past which makes it difficult to distinguish the effect of glucose inde
pendently (Gebremariam et al., 2012; Ziliani et al., 2023). In a study by 
Jeon & Park (2000), the long-term effect of glucose as the sole carbon 
source on the EBPR process using an activated sludge system was 
evaluated. The authors reported a probable synthesis of a lactate poly
mer which has not been reported in non-modified microorganisms in the 
literature. Therefore, in this research, an AGS reactor operating in 
sequencing batch mode was studied with glucose as the sole substrate to 
evaluate its potential for granulation and study the microbial commu
nity in relation to process stoichiometry and EBPR efficiency. 

2. Material and methods 

2.1. Experimental setup and reactor operation 

A bubble column reactor with a working volume of 2.8 L, an internal 
diameter of 5.6 cm and a total height of 90 cm was operated in 
sequencing batch reactor (SBR) mode. After 1.5 L effluent withdrawal at 
the end of each cycle, a volumetric exchange ratio of 54 % was main
tained. The pH was controlled at 7.0 ± 0.1 by automatic dosing of 0.5 M 
NaOH or HCl. The Dissolved Oxygen (DO) concentration was controlled 
at 0 % and 50 % (3.5 mg/L) saturation during the anaerobic and aerobic 
phase, respectively, by a mixture of nitrogen gas and air. The off-gas was 
recirculated with a flow of 5 L/min to maintain the DO concentration. 
The temperature of the reactor was not directly controlled but the room 
temperature was controlled at 20 ◦C. The reactor was inoculated with a 
mixture of aerobic granular sludge from a full-scale municipal waste
water treatment reactor performing EBPR located in Harnaschpolder, 
the Netherlands and glycerol-adapted sludge performing EBPR from 
previous experiments. Each cycle consisted of 5 min of nitrogen sparging 
to ensure anaerobic condition before feeding followed by 5 min of 
feeding, 60 min of nitrogen sparging (anaerobic phase), 120 min of 
aeration (aerobic phase), 5 min of settling, and 5 min of effluent with
drawal, equivalent to a total duration of 200 min. The sludge retention 
time (SRT) was controlled at 10 days via manual sludge removal. The 
SRT was calculated based on the solids in effluent and solids manually 
removed. 

The synthetic influent fed at the beginning of each cycle with a total 
volume of 1500 mL consisted of 1200 mL of demineralized water, 150 
mL of nutrient medium and 150 mL of carbon medium. Carbon medium 

contained 20.8 mM glucose, 3.6 mM MgSO4⋅7H2O, and 4.7 mM KCl. The 
nutrient medium contained 41.1 mM NH4Cl, 1.95 mM K2HPO4, 1.98 
mM KH2PO4, 0.6 mM Allythiourea (ATU) to inhibit nitrification and 10 
mL/L of trace element solution. The trace element solution contained 
4.99 g/L FeSO4⋅7H2O, 2.2 g/L Zn.SO4⋅7H2O, 7.33 g/L CaCl2⋅2H2O, 4.32 
g/L MnSO4.H2O, 2.18 g/L Na2MoO4⋅2H2O, 1.57 g/L CuSO4⋅5H2O, 1.61 
g/L CoCl2⋅6H2O and 50 g/L EDTA. The combination of these feed 
sources resulted in a final influent concentration of 400 mg/L COD, 58 
mg/L NH4

+-N, and 12 mg/L of PO4
3− -P. 

Batch experiments were performed in 250 mL Schott bottles, sparged 
with nitrogen to ensure an anaerobic environment, and controlled pH at 
7 ± 0.1 by manual dosing of 0.5 M HCl or NaOH. Biomass at the end of 
the aerobic phase (end of the cycle) was taken from the reactor and used 
as inoculum (20 mL) for each test. 

2.2. Analytical methods 

Concentrations of PO4
3− -P and NH4

+-N were measured using a Gallery 
Discrete Analyser (ThermoFisher Scientific, USA). Chemical Oxygen 
Demand was measured with a spectrophotometer cuvette system 
(DR2800, Hach Lange, USA). Volatile fatty acids and sugars were 
measured using an HPLC (Vanquish, ThermoFisher Scientific, USA) 
equipped with an RI and UV detector, Aminex HPX-87H column (Bio
Rad, USA) using 0.0015 M phosphoric acid as eluent. 

2.3. PHA and glycogen determination 

Biomass samples from the reactor were fixed with 4 % w/v para
formaldehyde, washed with demineralized water, freeze-dried over
night, and crushed into fine powder. For extraction, approximately 30 
mg of the powered biomass was hydrolysed and esterified in a 3 % 
sulphuric acid, methanol, and chloroform solution for 24 h at 100 ◦C 
with frequent manual vortex. For phase separation, 3 mL of ultrapure 
water was added to the samples and the formed esters in the organic 
phase were then filtered and analysed by a GC (6890 N, Agilent, USA). 
Quantifications of PHB, PH2MV and PHV were done using commercial 
3-hydroxybutyrate, 2-hydroxyhexanoate and a synthetic copolymer of 
(R)− 3-hydroxybutyrate-(R)− 3-hydroxyvalerate (Sigma-Aldrich, USA) 
as standards, respectively. Benzoic acid was also added to the samples as 
an internal standard. 

2.4. Biomass measurements 

To determine the Total Suspended Solids (TSS) in the reactor, 
granules at the end of the cycle were taken and filtered through 0.45 µm 
glass fibre filters and placed in an oven at 105 ◦C for 24 h. The dried 
biomass sample was then incinerated at 550 ◦C for 3 h to determine the 
ash content. The Volatile Suspended Solids (VSS) were then calculated 
based on the difference between TSS and the ash content. 

2.5. Microscopy and fish 

To observe and capture the morphology of the granules, a stereo 
zoom microscope (M205 FA, Leica Microsystems, Germany) equipped 
with Qwin image analysis software (V3.5.1, Leica Microsystems, Ger
many) was used. For Fluorescence in-situ Hybridization (FISH), the 
handling and staining of the biomass samples were done using the 
protocol described by Bassin et al. (2011). The images were captured 
with an epifluorescence microscope equipped with filter set Cy3 
(ET545/25x ET605/70 m T565LPXR), Cy5 (ET640/30x ET690/50 m 
T660LPXR), and FITC (ET470/40x ET525/50 m T495LPXR) (Axio 
Imager M2, Zeiss, Germany). Quantitative FISH (qFISH) was done as a 
percentage of total biovolume which was stained with a general probe 
(EUBmix) and a specific probe (PAO651) (Daims et al., 1999). Quanti
fication was done over 9 representative pictures using daime software 
(DOME, Vienna, Austria) (Daims et al., 2006). 
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2.6. Metagenomics and metaproteomics 

The DNA from the biomass samples was extracted using the DNeasy 
PowerSoil Pro-Kit (Qiagen, Germany) following the manufacturer’s 
protocol. Metagenome sequencing and raw data processing were con
ducted by Novogene (Novogene Co., China). For protein extraction and 
metaproteome analysis, the methodology described by Kleikamp et al. 
(2022) was followed. Similar to (Elahinik et al., 2022), the functional 
proteins were annotated using the KEGG and EggNOG databases, and 
the metaproteome raw data was analysed using the 
metagenome-constructed dataset. Pathway reconstruction with 
expressed proteins was performed with GhostKOALA. 

2.7. Substrate distribution considerations 

To calculate substrate distribution amongst the dominant genera, 
ATP balances over metabolic pathways were made assuming glucose 
conversion in the anaerobic phase followed a three-step process; 1- 
uptake of glucose and storage as glycogen, 2- fermentation of glycogen/ 
glucose to lactate by fGAOs, and 3- lactate conversion into PHA by PAOs. 
To assess the energy balance within the fGAOs, it was assumed that the 
ATP needed for glucose uptake and storage as glycogen is provided 
through lactate fermentation (1) (Jeon and Park, 2000). The ATP 
generated from lactate production can be 1 or 2 mol depending on 
whether the reaction follows the Entner–Doudoroff (ED) or the 
Embden-Meyerhof-Parnas (EMP) pathway, respectively (Mino et al., 
1994). Assuming the EMP pathway, (supported by the expression of 
proteins involved in the EMP pathway) (Table 1), this balance suggests 
that half of the glucose is utilized for glycogen synthesis, while the other 
half is converted into lactate. 

− Glucose − 2 ATP + Glycogen (1)  

− Glucose + 2 ATP + 2 Lactate (2) 

The ATP balance for the subsequent uptake of lactate and storage as 
PHA by PAOs was done according to the model described by Mino et al. 
(1994). The model takes into account the ATP needed for transport (1 
molATP/molsubstrate) and acetyl-CoA formation (1.5 molATP/mollactate), 
supplied through poly-P hydrolysis. According to models describing the 
anaerobic metabolism of PAOs, the ATP needed for substrate uptake and 
PHA synthesis is generated through poly-P hydrolysis, and glycogen 
conversion is primarily used for NADH generation (Smolders et al., 
1994). When lactate is utilized, the cells can maintain a redox balance 
through simultaneous conversion of pyruvate into acetyl-CoA and 
propionyl-CoA as shown in Eq. (3) (Mino et al., 1994). The produced 
NADH is then used in the condensation of acetyl-CoA and propionyl-CoA 
into PHA. 

− 2 Pyruvate − 1 ATP + Propionyl CoA + Acetyl CoA + CO2 + NADH
(3)  

3. Results 

3.1. Reactor operation 

A combination of full-scale and laboratory-scale aerobic granular 
sludge performing EBPR was used as inoculum. During the experimental 
period, the reactor performance was monitored on a daily basis via 
online pH, dissolved oxygen, and acid/base dosing measurements. 
Additionally, several cycle measurements were performed when the 
reactor reached a steady state to ensure reactor stability and that the 
presented figures are reliable and representative. The reactor reached a 
pseudo-steady state in terms of stable conversions within 4 weeks and in 
terms of granular sludge formation after about 2 months of reactor 
operation. The granules exhibited a smooth and stable structure, devoid 
of filamentous growth (Fig. 1) with excellent settling properties indi
cated by an average sludge volume index (SVI5) of 24 mL/g. Stereo
scopic imaging revealed a granule size range of 0.3 to 1 mm. The sludge 

Table 1 
Key metabolic pathways and the relevant detected expressed proteins by organisms with 75 % of the total protein mass. Enzymes typically involved in EMP (*) and ED 
(**) pathways.  

Pathway Protein KEGG Symbol Betaproteobacteria Actinobacteria 

Glycogen synthesis 

Phosphoglucomutase pgm + +

Glucose-1-phosphate adenylyltransferase glgC + +

Glycogen synthase glgA + – 
1,4-alphaglucan branching enyzme glgB + +

Glycogen phosphorylase glgP + +

Glycogen debranching enzyme TreX + +

D-lactate dehydrogenase dld + +

Starch synthase glgE – +

PHA synthesis 

PHA synthase phaC + – 
PHA polymerase phaE – – 
Acetyl-CoA transferase phaA – – 
Acetoacetyl-CoA reductase phbB + – 
Propionyl-CoA synthetase prpE + – 
Propionyl-CoA carboxylase alpha pccA + – 
Propionyl-CoA carboxylase beta pccB – – 
Acetyl-CoA synthetase acs + +

Methylmalonyl-CoA mutase mut – +

Polyphosphate metabolism 

Polyphosphate glucokinase ppgk – – 
Phosphoglycerate pgk + +

Polyphosphate kinase ppk + +

Polyphosphate AMP phosphotransferase pap + – 
Phosphate acetyl transferase pta + +

Exopolyphosphatase ppx + – 

Glucose metabolism 

Phosphotransferase system pts – +

6-phosphofructokinase* pfk + +

Fructose-1,6-bisphosphatase* fbp + +

Triosephosphate isomerase* tpi + +

Glyceraldehyde 3-phosphate dehydrogenase* gapA + +

glucose-6-phosphate 1-dehydrogenase** zwf – – 
6-phosphogluconate dehydrogenase** gnd – – 
Glucokinase glk – –  
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bed displayed a light brown-orange colour, which was darker compared 
to granules fed with acetate. The TSS in the reactor averaged around 5.7 
g/L, with a VSS to TSS ratio of approximately 80 %. The effluent was 
relatively clear, with an average TSS concentration of approximately 90 
mg/L. 

During stable conditions, the anaerobic conversions were a combi
nation of substrate (glucose) fermentation and product (lactate) uptake 
type reaction. As shown in Fig. 2, glucose was rapidly taken up (273 mg/ 
gVSS/h) and phosphate was released (15.5 mgP/gVSS/h) in the anaer
obic phase. Simultaneously, a minor amount of lactate was produced 
alongside glucose consumption. The lactate was also anaerobically 
consumed once glucose was depleted. The phosphate release appeared 
to be directly proportional to the uptake of lactate when glucose was no 
longer available. The calculated ratio of phosphorus released to lactate 
carbon uptake was 0.55 Pmol/Cmol based on the ATP balance (half of 

glucose converted to lactate). When lactate was depleted, the rate of 
phosphate release also decelerated. The secondary phosphate release 
can be attributed to cellular maintenance processes and had a rate of 2.3 
mgP/gVSS/h. In the aerobic phase, phosphate was seemingly taken up 
in two stages expressed by the primary (9.3 mgP/gVSS/h) and the sec
ondary (3.9 mgP/gVSS/h) phosphate uptake rates. The observed delay 
in phosphate uptake within the initial five minutes into the aerobic 
phase was maybe related to the aerobic utilization of formate that was 
produced in the anaerobic phase (formate formation described in Sec
tion 3.2). The aerobic specific ammonium consumption rate was 0.93 
mgN/gVSS/h for biomass growth since nitrification was inhibited due to 
ATU addition. 

The ratio of phosphorus released to glucose carbon taken up in the 
anaerobic phase was 0.25 Pmol/Cmol. Along with glucose and lactate 
uptake in the anaerobic phase, PHA and glycogen storage was observed 

Fig. 1. Stereoscopic image of aerobic granular sludge fed with glucose after 88 days of reactor operation. The scale bar is equal to 1 mm.  

Fig. 2. Overview of a representative cycle during steady state condition. Glucose (circles), lactate (squares), and phosphate (triangles) transformations are shown. 
The first hollow markers show the calculated concentrations based on dilution and influent concentration. The dashed-vertical line shows the switch between the 
anaerobic and aerobic phases. 
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(Fig. 3). The electron balance distribution performed over the anaerobic 
phase shown in Fig. 3 closed with a recovery of 94 % (molar basis). This 
glucose-COD was recovered as storage of glycogen (46 %) and PHA (29 
%), as well as growth (18 %) estimated based on anaerobic ammonium 
consumption of 0.7 mgN/gVSS. A minor amount of formate was 
anaerobically produced (≤ 1 %) which was oxidized aerobically. 

3.2. Batch tests 

To gain further insights into the conversions occurring within the 
reactor during the anaerobic phase, a series of batch tests were con
ducted. The first batch test involved separate bottles containing formate 
and lactate, where biomass from the reactor (collected at the end of the 
cycle) was used to assess their anaerobic utilization (Fig. 4). Nitrogen 
gas was continuously sparged to ensure an anaerobic environment in the 
bottles. As anticipated, formate demonstrated no anaerobic utilization, 
aligning with the observations made in the reactor. Lactate was anaer
obically utilized at a rate of 13.7 mg/gVSS/h and PHV formation was 
observed. No glycogen accumulation was observed. Electron balancing 
performed over anaerobic lactate uptake, PHA accumulation, and 
biomass growth closed with a recovery of 108 %. With both substrates P- 
release was observed, with the assumption that P-release in the presence 
of formate was attributed to maintenance processes and the higher P- 
release in the presence of lactate was due to lactate consumption. The P- 
release rate with lactate was 11.6 mgP/gVSS/h with a P/C ratio of 0.45 
Pmol/Cmol. 

To identify the product formation during the anaerobic phase fed 
with glucose a batch test with a high glucose addition (10 times more 
than in the regular operation) was performed. A linear correlation be
tween glucose consumption and lactate formation was observed (Fig. 5). 
Lactate accounted for approximately 89 % of the products in the bulk 
liquid (by mass fraction) with minor quantities of formate (5 %), pro
pionate (4 %), and acetate (3 %). The rates of glucose uptake and lactate 
production were determined to be 310 and 83 mg/gVSS/h, respectively. 
Note that the intrinsic lactate production rate was likely to be higher 
than the observed rate due to simultaneous consumption. During the 
test, glycogen accumulation (21.3 mg/gVSS) and PHA production (6.7 
mg/gVSS) were also observed (as expected). 

3.3. Microbial community 

Biomass samples at the end of the experimental period were taken 
from the reactor for microscopic and meta-omics analysis. Phase 
contrast images showed that distinct microbial communities with 
diverse morphologies were present (Fig. 6.A). A representative FISH 
picture of the biomass is shown in Fig. 6.B. and qFISH results revealed 
that the PAOs accounted for 61 ± 15 % of the total biovolume. 

Extracted DNA and proteins of the biomass were analysed and the 
genome information of the functional bins was submitted to the NCBI 
database under the accession number PRJNA1020750. The meta
proteome was analysed using the metagenome-constructed database. 
The relative abundance of the top 7 genera accounting for 21 % and 34 

Fig. 3. Glucose (circles), lactate (squares), PHA (diamonds), and glycogen (crosses) profile during the complete cycle. The first hollow marker representing glucose 
shows the calculated concentration based on dilution and influent concentration. The dashed-vertical line shows the switch between the anaerobic and aero
bic phases. 

Fig. 4. Lactate (left) and formate (right) batch tests showing substrate (circles) and phosphate (triangles) anaerobic transformations.  
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% coverage according to metagenomics and metaproteome analysis, 
respectively, is shown in Fig. 7. The “other” excluded fraction accounted 
for extremely low abundant taxa with few protein matches and low 
protein sequence coverage. The area of the peptide per protein was 

summed to calculate protein mass and estimate the relative abundance. 
Based on protein mass fraction and metagenome contigs, Ca. Accumu
libacter and Micropruina were identified as the dominant genera 
amongst all of the identified taxa which corresponded to microscopic 

Fig. 5. Anaerobic glucose consumption (circles) and lactate production (squares) as a function of time.  

Fig. 6. Phase contrast and FISH picture of the microbial population. The scale bar is equal to 10 µm. Blue represents all microorganisms stained with probe EUBmix, 
magenta shows the PAO population stained with probe PAO651, and cyan shows the cluster stained with probe Tess644. 

Fig. 7. Relative abundance of the top genera according to metagenome (MG) contigs and metaproteome (MP) analysis using protein mass fraction.  
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observations (Fig. 6). Based on class distribution, Actinobacteria and 
Betaproteobacteria accounted for 19 and 43 % of all of the protein mass, 
respectively. Moreover, the metaproteome analysis provided the 
expressed proteins that were used to investigate the anaerobic conver
sions and associate the reactions to the respective class (Table 1). Since 
Ca. Accumulibacter and Micropruina were the respective dominant 
members of the Betaproteobacteria and Actinobacteria classes, and the 
protein sequence coverage was higher in class distribution (as expected), 
the expressed proteins are shown as a function of class rather than genus. 

3.4. ATP balances 

To further evaluate the anaerobic conversions and estimate substrate 
distribution amongst PAOs and fGAOs, an ATP calculation was per
formed based on equations in Section 2.7. By combining the existing 
information from literature, our experimental results, and the genetic 
potential of Micropruina (fGAOs) and Ca. Accumulibacter (PAOs), 
glucose conversion in the anaerobic phase was assumed to follow a 
three-step process (Fig. 8); 1- uptake of glucose and storage as glycogen, 
2- fermentation of glycogen (and glucose) to lactate by fGAOs, and 3- 
lactate sequestration into PHA by PAOs. According to the energy bal
ance within fGAOs, half of the glucose is utilized for glycogen synthesis, 
while the other half is converted into lactate (Table 2). When comparing 
theoretical estimates to measured values, it was found that both PHA 
and glycogen synthesis aligned closely with the theoretical estimates. 
The amount of glycogen synthesized was determined to be 0.5 Cmmol/ 
Cmmol, which closely matched the measured value of 0.46 Cmmol/ 
Cmmol. Additionally, by extrapolating the theoretical lactate yield, the 
estimated PHA yield was calculated to be 0.5 Cmmol/Cmmol, which 
also exhibited a strong correlation with the measured value of 0.47 
Cmmol/Cmmol. Finally, an ATP balance was performed for the PAOs 
and considered the energy required for lactate transport and PHA syn
thesis was supplied only through polyphosphate hydrolysis (96 % re
covery, Table 3). 

4. Discussion 

In summary, the experimental findings suggest that glucose is a 
suitable substrate for the EBPR process and that it can facilitate the 
formation of stable granules. The anaerobic conversions seemed to be a 
biotransformation cascade; substrate fermentation (and storage) and 
product uptake reaction by different microbial communities. Microbial 
evaluation of the biomass indicated a dominant presence of Ca. Accu
mulibacter and Micropruina in the system were mainly responsible for 
metabolizing glucose. 

4.1. Anaerobic conversions and substrate distribution 

During the anaerobic phase, several biochemical reactions took place 
simultaneously. Glucose was rapidly taken up within the first 10 min 

Fig. 8. Conceptual overview of microbial interaction between fGAOs and PAOs utilizing glucose in the anaerobic phase of AGS-EBPR process.  

Table 2 
Theoretical ATP balance performed over the fermentative organisms assuming 
ATP required for glycogen synthesis is replenished by lactate fermentation.  

fGAO 

ATP required ATP produced 
ATP 

balance Theoretical 

Glycogen 
synthesis 

Lactate 
synthesis  

Glycogen 
yield 

Lactate 
yield 

mol/C-mol mol/C-mol % mol/mol mol/mol 
− 0,33 0,33 100 0,50 0,50  

Table 3 
ATP balance over the PAOs.  

PAO 

ATP required ATP produced ATP balance 

VFA-CoA activation Lactate transport Poly-P hydrolysis  
mol/C-mol mol/C-mol mol/C-mol % 

0,12 0,17 0,28 96  
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and glycogen concentration increased within the same time frame 
(Fig. 3). In a separate batch with 10 times higher glucose concentration, 
the direct correlation between glucose conversion and lactate produc
tion was verified (Fig. 4). In this test, the glucose uptake rate was similar 
as in the regular reactor operation. The batch experiments also indicated 
that P-release was associated with the uptake of lactate rather than the 
uptake of glucose. Based on these observations and the analysis of the 
microbial community, we hypothesized that the anaerobic conversion 
followed a biotransformation cascade, which was similar to the findings 
of Jeon & Park. (2000) where glucose was used as the sole electron 
donor in an EBPR system. However, Jeon & Park. (2000) proposed a 
probable metabolic pathway which included a “lactate polymer” syn
thesis based on an undefined peak in their 13C NMR spectra. Despite 
multiple attempts, we were unable to detect any lactate-based storage 
compounds from the biomass in this study. To the best of the author’s 
knowledge, lactate-based biopolymers are currently only produced 
through genetically modified organisms (Taguchi et al., 2008). More
over, since glucose can be used for extracellular polymer formation 
(Fuhrer et al., 2005), the undefined NMR peak spectra could potentially 
be products like gluconate that are extracellularly produced and 
constitute the extracellular polymeric substance (EPS). 

We hypothesize that glucose was initially assimilated and stored as 
glycogen by the fGAOs, with the subsequent conversion into lactate. 
While it remains unclear whether simultaneous glycogen storage and 
lactate production occurred, it is still a plausible scenario. Subsequently, 
the generated lactate served as a substrate for PAOs, contributing to the 
production of PHA. To validate our hypothesis, we compared the theo
retical estimates and the measured values. The measured P/C ratio 
during a batch test with lactate as the only substrate was 0.45 Pmol/ 
Cmol (Fig. 4). This value is comparable to the estimated value of 0.55 
Pmol/Cmol during a normal cycle which was calculated with the 
assumption that half of the glucose was converted into lactate and that 
the lactate was only utilized by PAOs. In literature, a lactate yield of 
0.65 g/gsugar was reported (Tsapekos et al., 2020), which is slightly 
higher than the estimated lactate yield here but that is likely attributed 
to the utilization of a pure culture. Regarding the overall P/C ratio, the 
ratio of 0.25 Pmol/Cmolglucose is similar to the ratio of 0.24 Pmol/Cmol 
reported by Ziliani et al. (2023) using glucose in a batch test. The P/C 
ratios obtained with sugar substrates are generally lower ≈ 0.25 
Pmol/Cmol (Elahinik et al., 2022; Guerrero et al., 2012; Ziliani et al., 
2023) compared to the ratios obtained using VFAs ≈ 0.5 Pmol/Cmol 
(Oehmen et al., 2005; Smolders et al., 1994). This difference is likely due 
to partial consumption of the substrate by other organisms (e.g. 
fermentative population) when sugars are used as substrate. The partial 
consumption of substrate decreases the available food for PAOs which 
results in lower P/C ratios. According to the theoretical lactate yield 
(0.5 mollactate/molglucose) and the assumption of polyphosphate hydro
lysis by PAOs only (supported by the absence of pap in Actinobacteria), 
the ATP balance over PAOs closed with 96 % recovery (Table 3). 
Moreover, the balance suggested that the energy required for the uptake 
of lactate was only provided via polyphosphate hydrolysis and that 
additional glycogen cleavage was likely not occurring. 

Regarding the PHA distribution, PHV was the only detected polymer 
similar to the findings of Jeon & Park. (2000). Detection of PHV is an 
indication of acetyl- and propionyl-CoA generation, two precursors of 
PHV synthesis (Oehmen et al., 2005). In lactate metabolism, a proposed 
mechanism suggests the simultaneous oxidation and reduction of py
ruvate, leading to the production of acetyl-CoA and propionyl-CoA 
(Mino et al., 1994). Given that low amounts of acetate and propionate 
were also detected during the batch test conducted with excess glucose, 
it is reasonable to anticipate such reactions took place. Furthermore, the 
NADH produced via the acetyl-CoA pathway can be consumed in the 
methylmalonyl-CoA pathway (a.k.a. Wood-Werkman cycle) generating 
propionyl-CoA, maintaining the redox balance within the cell. 

4.2. Proteomic insights 

The microbial community analysis showed that the two predominant 
genera in the system were Ca. Accumulibacter and Micropruina, which 
are referred to as PAOs and fGAOs, respectively. In an EBPR study by 
Jeon & Park (2000) where glucose was used as the sole electron donor, 
the authors hypothesized that EBPR was likely achieved by two groups 
of microorganisms despite any microbial community analysis; lactic 
acid-producing organisms and PAOs. In this study, the dominant pres
ence of PAOs (Ca. Accumulibacter) and lactic acid producers (Micro
pruina a.k.a. fGAOs) were observed which confirms their hypothesis. 
Both of these organisms have been observed in EBPR performing 
WWTPs around the world and information related to their metabolism is 
available in the literature (Hesselmann et al., 1999; McIlroy et al., 
2018). Of particular relevance to this study is the genus Micropruina, as 
they can metabolise glucose, supported by the activity of the phospho
transferase system (pts) and their described physiological characteristics 
in literature (Shintani et al., 2000). Micropruina belongs to the Actino
bacteria class and thrives particularly in carbohydrate-rich environments 
(Seviour et al., 2000). They are Gram-positive facultative anaerobes that 
can perform fermentation and glycogen storage (Shintani et al., 2000). 
By using the combination of FISH and Raman spectroscopy, McIlroy 
et al. (2018) reported the observation of glycogen in Micropruina but 
neither PHA nor polyphosphate. In this study, the absence of PHA syn
thesizing proteins in these organisms confirmed that these organisms are 
unable to produce PHA polymers. Regarding polyphosphate meta
bolism, the expression of ppk enzyme indicates polyphosphate accu
mulation ability but the absence of pap suggests that Micropruina do not 
rely on energy generation from polyphosphate hydrolysis which is in 
agreement with previous findings (Elahinik et al., 2022). Detection of 
lactate dehydrogenase and expression of PHA synthesizing proteins in 
Ca. Accumulibacter suggests that these organisms are indeed able to 
metabolize lactate anaerobically and likely produce PHA using lactate. 
Moreover, as shown in Table 1, glycolysis in both organisms followed 
the EMP pathway which is also the commonly reported pathway in 
EBPR studies (Guedes da Silva et al., 2020; Martín et al., 2006; Ziliani 
et al., 2023). 

4.3. Influence of carbohydrates on the microbiology of EBPR systems 

When substrates such as acetate or propionate are used, a highly 
enriched monoculture is usually achieved that performs anaerobic 
substrate uptake and PHA synthesis. Alternatively, when non-VFA sub
strates such as glycerol or glucose are used, a consortium of microor
ganisms is enriched that performs a biotransformation cascade. The 
cascade entails the fermentation of substrate into fermentation products 
by fermentative organisms that use the obtained energy for substrate 
storage. The fermentation products are subsequently taken up and 
stored by PAO or GAO-like organisms. During the cascade, storage of 
glycogen or glycogen-like materials by fermenters can also take place, 
hence the name “G-bacteria” which was proposed by Cech & Hartman 
(1993) for these microorganisms. In a minireview by Seviour et al. 
(2000), the physiology of this group of organisms and why they thrive in 
certain environments is thoroughly discussed. In short, systems that 
operate under anaerobic-aerobic conditions with carbohydrates in the 
influent, allow the proliferation of fGAOs, which also corresponds to the 
observations in this study. The storage strategy gives these organisms a 
competitive advantage through uncoupling substrate uptake and growth 
(Rombouts et al., 2020; Shimada et al., 2007). They can maximize their 
substrate uptake rate during the feast period and grow in famine con
ditions using their storage pool. In this study, the observations suggest 
that a part of the stored glycogen was fermented anaerobically (pro
ducing lactate) and likely the other part was utilized aerobically. 
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4.4. Practical implications  

• The application of AGS technology is suitable for the treatment of 
wastewater with high sugar content since stable granulation can be 
achieved.  

• The dominance of fGAOs may be unfavourable for an efficient EBPR 
system, however, their complete absence can be detrimental to the 
overall EBPR process, particularly when sugars like glucose or 
glycerol are used as the sole electron donor. These organisms 
compete for substrate but also produce PAO-utilizable products. 
However, finding ways to provide a selective advantage towards 
pure fermentative organisms that, unlike fGAOs, do not store sub
strate might further optimize phosphate removal.  

• In situations of carbon scarcity, a potential remedy is to introduce 
external carbon sources to mitigate the risk of EBPR failures. Glucose 
can serve as a viable substitute for an external carbon source, 
considering its cost, availability, and that it is first fermented into 
PAO-utilizable products. 

• In the case of biopolymer recovery, the abundant presence of or
ganisms other than the typical PAOs in the sludge can impact the 
properties of the extracted Kaumera biopolymer (de Bruin et al., 
2022; Tomás-Martínez et al., 2023). 

5. Conclusion  

• Long-term stable reactor performance and successful granulation 
were shown with glucose as the sole carbon source in an AGS system.  

• Phosphate removal was achieved through a collaboration between 
fGAOs (Micropruina) and PAOs (Ca. Accumulibacter).  

• Lactate was the main product of glucose conversion in the anaerobic 
phase.  

• Absence of PHA synthesizing enzymes in Micropruina indicates that 
these organisms are likely unable to produce PHA which confirms 
previous findings in the literature. 

• Detection of lactate dehydrogenase and expression of PHA synthe
sizing proteins in Ca. Accumulibacter suggests that these organisms 
are able to metabolize lactate anaerobically and likely produce PHA 
using lactate.  

• Lack of PTS protein components in Ca. Accumulibacter suggests that 
these organisms are not able to directly utilize glucose. 
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