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A B S T R A C T   

Municipal wastewater in temperate climates is characterized by seasonal temperature changes. Temperature is a 
determining factor for biological processes, but the impact of gradually decreasing temperature on aerobic 
granular sludge (AGS) has been largely unexplored. In this study, the influence of decreasing temperature from 
20 ◦C to 6 ◦C on AGS was investigated at rates of 0.5 and 1 ◦C per week. Temperature was a major driver for 
microbial community change, where the community response could be divided into three main subclusters. 
Strains within the guilds of ammonium- and nitrite-oxidising bacteria (AOB and NOB) as well as polyphosphate- 
and glycogen-accumulating organisms (PAOs and GAOs) grouped in different subclusters, indicating variable 
responses among and between the guilds. The phosphorous removal rate was sufficient for complete removal at 
all temperatures, presumably due to functional redundancy within the PAOs. The nitrification rate was, however, 
seriously impaired below 13 ◦C, despite diversity within AOB and NOB.   

1. Introduction 

Aerobic granular sludge (AGS) is an emerging wastewater treatment 
technology with increasing full-scale applications worldwide (Hamza 
et al., 2022). AGS is a special type of biofilm where the microorganisms 
grow in dense aggregates with excellent settling properties, high 
biomass retention and capability to remove organic matter, nitrogen, 
and phosphorus in a single reactor, which enable small land footprint 
and energy-efficient operation (Pronk et al., 2015). The reactor condi
tions applied in AGS operation select for a microbial community with 
high abundances of functional groups of microorganisms (Ali et al., 
2019), such as polyphosphate accumulating organisms (PAOs), 
glycogen accumulating organisms (GAOs), nitrifiers, and denitrifiers. 
Organic matter is taken up and stored intracellularly by PAOs, and GAOs 
during the anaerobic feeding (de Kreuk and van Loosdrecht, 2004). 
Residual organic matter is removed in the aerobic/anoxic phase by 
aerobic heterotrophs and denitrifiers. PAOs accumulate phosphorus in 
the form of polyphosphate, which is removed with the sludge with
drawal. The phosphorus removal depends on the competition between 

PAOs and GAOs for the available organic carbon substrate (Weissbrodt 
et al., 2013). Due to the dense structure of the granular biomass, only 
diffusible substrate such as volatile fatty acids (VFAs) will be available 
inside the granule (Layer et al., 2019). Non-diffusible substrates can be 
hydrolysed on the granule surface or by the floccular fraction of biomass 
often present in AGS systems (Ekholm et al., 2022; Layer et al., 2019; 
Toja Ortega et al., 2021a). Nitrogen is removed in several steps via 
nitrification by ammonia-oxidising bacteria (AOB), nitrite-oxidising 
bacteria (NOB), and bacteria capable of complete ammonium oxida
tion (comammox). The nitrifiers are slow-growing and known to be 
temperature-sensitive. The nitrogen is further converted into nitrogen 
gas by denitrifiers. The denitrification process consists of four enzymatic 
reactions. Some bacteria have the genes for all reactions, but many de
nitrifiers have just one or a few of the genes (Gao et al., 2019). 

Temperature is a crucial parameter affecting microbial metabolism 
and temperature variation plays a key role in microbial community 
dynamics (Adams et al., 2010). In AGS, operational problems such as 
washout of biomass, disintegration of granules, worsening settling 
properties, and deteriorating nutrient removal have been correlated 
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with low temperatures in lab-scale studies (Gonzalez-Martinez et al., 
2018; Winkler et al., 2012). A recent full-scale study concluded that the 
AGS performance was highly influenced by the local conditions, 
including low temperatures during the winter season (Ekholm et al., 
2022). The majority of the recent lab-scale studies of temperature in
fluence on AGS have focused on constant temperatures (Bassin et al., 
2012; Gonzalez-Martinez et al., 2018; Gonzalez-Martinez et al., 2017; 
Muñoz-Palazon et al., 2018; Muñoz-Palazon et al., 2020a; Muñoz-Pal
azon et al., 2020b; Muñoz-Palazon et al., 2022; Wang et al., 2020; 
Winkler et al., 2012), showing impact on the granule stability, microbial 
community composition, and nutrient removal performances. However, 
in climate regions with seasonal temperature dynamics, the full-scale 
reactor temperature continuously changes over time (Ekholm et al., 
2022). Influence of temperature decrease was previously studied in 
different wastewater treatment systems (Liu et al., 2022b; Wang et al., 
2018), but AGS systems are relatively unexplored (Zhou et al., 2018). 
Previously, the nitrification was shown to be sensitive to decreasing 
temperature (26–13 ◦C) in halophilic AGS treating high-salinity syn
thetic wastewater (Han et al., 2022). At geographical regions with large 
seasonal temperature dynamics, it is essential to assess limitations of the 
functional performance of AGS processes operated at low and decreasing 
temperatures. Hence, further attention to AGS under low and decreasing 
temperatures is needed (Zhou et al., 2018). 

The abundance and performances of functional groups of PAOs, 
GAOs, AOB, NOB, and denitrifiers are interlinked, and a temperature 
decrease might shift the balance of cooperation and competition, as they 
are likely influenced by temperature to varying extent. The responses of 
different microbial genera depend on their optimal temperature for 
growth. The microorganisms grow more slowly outside their optimal 
temperature, but can adapt to their local environment, for example cold- 
adapted AOB and NOB were previously reported in several studies 
(Alawi et al., 2007; Kruglova et al., 2020). Furthermore, the temperature 
influences the microbial community as a whole, with lower tempera
tures leading to lower diversity (Muñoz-Palazon et al., 2022), which 
might decrease the functional redundancy and thereby the stability of 
the reactor functions (Leventhal et al., 2018). 

This study aims at increasing the understanding of how decreasing 
temperature affects the granule structure, microbial composition and 
diversity, and how this in turn affects the function of the AGS process. 
Two lab-scale AGS sequencing batch reactors (SBRs) were run with two 
different rates of temperature decrease, which were close to actual rates 
of temperature decrease that can be observed in municipal wastewater 
in temperate climates. 

2. Materials and methods 

2.1. Experimental set-up 

2.1.1. Reactor and cycle design 
Aerobic granular sludge was cultivated in two parallel sequencing 

batch reactors (SBRs) made of glass with an operating volume of 3.2 L, 
inner diameter of 5.6 cm and height of 160 cm, equipped with double 
walls connected to cooling water baths for temperature control. The pH 
value was controlled at 7.5 ± 0.3 by adding 1 M NaOH and 1 M HCl. The 
cycle phases (Table S2), hydraulic retention time (12h) and the volume 
exchange (50 %) were fixed. The reactors were operated at a solids 
retention time of approximately 30 days. The dissolved oxygen (DO) 
concentration was controlled for the whole experiment at 20 % ± 10 % 
saturation resulting in 2.2 ± 1.1 mg DO L− 1 during the aeration phase. 
Gas was supplied at the bottom of the reactor through a gas diffuser at a 
flow rate of 5 L min− 1. This corresponds to hydrodynamic shear forces of 
0.211, 0.219, 0.225, 0.231, 0.244, and 0.254 [Nm− 2], at 20, 17, 15, 13, 
9 and 6 ◦C, respectively (Arrojo et al., 2008; Yan et al., 2020) (as detailed 
in supplementary information, Table S1). The DO level was controlled 
by a gas recirculation system. If the measured DO value was deviated by 
more than ±10 % from the DO setpoint, air or nitrogen gas was added 

using mass flow controllers. 

2.1.2. Influent media composition 
The composition of the synthetic wastewater contained multiple 

organic carbon sources, recipe adaption from Layer et al. (2019), con
sisted of equal concentrations (as COD equivalents) of acetate, propio
nate, glucose, and peptone from enzymatic digest (Table 1). The carbon 
sources and ammonium nitrogen (NH4Cl) were mixed in one media 
bottle, together with the salts CaCl2, MgSO4 and KCl. Alkalinity 
(NaHCO3) and micronutrient solution were added to the phosphorus 
media (KH2PO4 and K2HPO4). The influent concentrations were 400 mg 
L− 1 COD, 50 mg L− 1 nitrogen and 6 mg L− 1 phosphate phosphorus. The 
micronutrient solution composition is provided in the supplementary 
material (Table S3). 

2.1.3. Start-up and sampling 
Mature granules from the Nereda® process at the wastewater treat

ment plant (WWTP) in Strömstad, Sweden, performing enhanced bio
logical nitrogen- and phosphorus removal (Ekholm et al., 2022) was 
used as inoculum to the reactors. Before inoculation, the granules were 
sieved (1 mm pore size) and added at a concentration of approximately 
7 g L− 1 (Fig. 1). During start-up, the settling time was gradually 
decreased from 90 to 3 min over a period of 50 days. The process per
formance was investigated by sampling the reactor content at the start of 
the aeration phase (after 1 min of aeration to get a representative 
sample) and the effluent, twice per week. Cycle studies were performed 
at temperatures of 20, 17, 15, 9 and 6 ◦C in triplicate to assess the 
specific nitrification rates and phosphorus uptake rates. 

2.1.4. Temperature alteration rate 
The temperature was lowered to mimic the seasonal shift from 

warmer to colder temperatures and to study the influence of the rate of 
this shift. Typical temperature decrease rates of approximately 0.4 and 
0.5 ◦C per week, have been observed at WWTPs in the south/south-west 
of Sweden (Table S4). Faster temperature decreasing rates have also 
been observed (Arnell et al., 2021; la Cour Jansen et al., 1992). In this 
study, two temperature decrease rates were investigated: 0.5 ◦C (R2) 
and 1 ◦C (R1) per week. The faster decrease rate was applied to amplify 
the influence of decreasing temperature, and to study the influence of 
lower temperatures (6–12 ◦C). Winter wastewater temperatures down to 
6 ◦C is common in the southern parts of Sweden in the coldest period. 
Except for the temperature during the experimental period, all other 
operational parameters were kept the same between the two reactors. 

2.2. Microbial community analysis 

The composition and dynamics of the microbial community was 
analysed by amplicon sequencing of the 16S rRNA gene. The biomass 
samples were collected from the middle and bottom ports of the reactor, 
combined, mixed with a blender, and immediately stored at − 20 ◦C. The 

Table 1 
Influent media composition.  

Compound Formula Influent concentration (mg 
L− 1) 

Sodium acetate NaC2H3O2  128 
Sodium propionate C3H5NaO2  80 
Glucose C₆H₁₂O₆  94 
Peptone from meat, enzymatic 

digest 
C2H3N3  81 

Ammonium chloride NH4Cl  144 
Calcium dichloride CaCl2⋅H2O  18 
Magnesium sulphate MgSO4  16 
Potassium chloride KCl  33 
Potassium dihydrogen phosphate KH2PO4  13 
di-Potassium hydrogen phosphate K2HPO4  1 
Sodium bicarbonate NaHCO3  200  
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workflow follows the procedures described in Ekholm et al. (2022). 
Briefly, DNA was extracted from 15 mL of homogenized sludge using the 
FastDNA spin kit for soil. The V4 region of the 16S rRNA gene was 
amplified by PCR using indexed primers. The PCR products were puri
fied and pooled prior to sequencing using a MiSeq, reagent kit V3. 
Sequence processing and generation of consensus count tables of 
amplicon sequence variants (ASVs) was conducted using DADA2 (Call
ahan et al., 2016) and VSEARCH (Rognes et al., 2016) in parallel ac
cording to Modin et al. (2020), using Midas 4.8.1 for taxonomy 
(Dueholm et al., 2022). Raw sequence reads are deposited at the NCBI 
sequence read archives (SRA) accession PRJNA952915. 

2.3. Water and sludge analysis 

The water samples were filtered through 0.2 μm pore size filters prior 
to the analysis of nitrogen species (NH4

+-N, NO3
− -N, NO2

− -N), PO4
3− -P, 

dissolved organic carbon (DOC) and total nitrogen (TN). The suspended 
solids, mixed liquor suspended solids (MLSS), and volatile suspended 
solids (VSS) were analysed by standard methods (APHA, 2005). The 
sludge volume index after 5, 10 and 15 min (SVI5, SVI10 and SVI15) was 
determined in situ from the bed volume of settled biomass. 

Eq. (1) was used to estimate the solids retention time (SRT): 

SRT =
V • X

Qex • Xex + Qeff • Xeff
(1) 

V is the reactor volume (L), X is the MLSS concentration in the 
reactor (g L− 1), Qex is the average flow rate of excess sludge over a week 
(L d− 1), Xex is the MLSS concentration of the excess sludge (g L− 1), Qeff is 
the flow rate of effluent (L d− 1), and Xeff is the SS concentration in the 
effluent (g L− 1). The excess sludge was purged from the bottom port (50 
%) and the effluent port (50 %) at the end of the aeration phase. The SRT 
was controlled at roughly 30 days by the removal of excess sludge. 

Granule sizes were estimated by taking 50 images (Nikon Cool
pixA900) of granules diluted in tap water to avoid overlapping aggre
gates. Photos were calibrated with known distance and processed by 
ImageJ software (https://imagej.nih.gov/ij) by calculating the area of 
granules from binary images. The granules were almost spherical, and 
their diameter (D0) can be approximated from the projected area (A) as: 

D0 = 2
̅̅̅
A
π

√

(2)  

2.4. Data analysis 

The water and sludge data were analysed with linear regression, t- 
test for paired samples and correlation tests (Pearson), using statistical 
tools in the excel-add-in package Real Statistics. P-values below 0.05 
were considered significant. 

Diversity indices, principal coordinates analysis (PCoA) and heat
maps were produced in qdiv (Modin et al., 2020). Within-sample (alpha) 
diversity (qD) and dissimilarity (qd) between samples (Chao et al., 2014) 
were measured using the Hill number framework in which the diversity 
order q represents the weight of the relative abundance of taxa (Jost, 
2006). The ASVs are given equal weight, irrespective of their relative 
abundances at q = 0 and the alpha diversity is then identical to the 
richness, i.e., the number of ASVs detected. At q = 1, the ASVs are 
weighted according to their relative abundance, meaning that for alpha 
diversity and dissimilarity, the ‘common‘ASVs are emphasised. At q = 2, 
ASVs with high relative abundance are emphasised. 

Network analysis was carried out to identify co-occurrence patterns 
between ASVs in the microbial community. In the network analysis, 
ASVs detected in at least 50 % of the samples were included. The cor
relation matrix was determined using fastspar v1.0.0 (Watts et al., 
2018), which is an implementation of the SparCC algorithm (Friedman 
and Alm, 2012). Correlations with a p-value below 0.05 and a correla
tion coefficient above 0.8 were retained. NetworkX v2.8.4 was used to 
visualize the network and infer sub-communities (Hagberg et al., 2008). 

3. Results 

3.1. Granule characteristics 

The biomass in the SBRs was first adapted to the new operational- 
and environmental conditions. After approximately 40 days, the SVI15 
had drastically decreased to <40 mL g− 1 (Fig. 1A). Also, the ratio be
tween SVI after 5 and 15 min dropped to 1, indicating well granulated 
biomass with fast settling, which remained until the end of the experi
ment (Fig. 1B). During the adaptation period, the morphology of the 
granules was shifting from a mixture of dark small granules and floc
cular sludge in the inoculum to larger granules in both reactors (Fig. S1). 
From day 54 the temperature was decreased weekly by 1 ◦C and 0.5 ◦C in 
R1 and R2, respectively. The MLSS concentrations first decreased, and 
later increased from around 4 g L− 1 (day 40) to around 10 g L− 1 at the 
end of the study. The sludge production over the whole study period was 
estimated to 0.6 g MLSS d− 1 in both reactors. The average granule 
diameter was similar between the reactors (p > 0.05), and the granular 
morphology and size did not seem to be influenced by the temperature 
(Fig. S1A). Assuming the granules are spherical, the volume-based size 
distribution indicated a median size ranging from 1.8 to 3.8 mm for R1 
and 0.2–4.5 mm for R2. The average diameter in R2 increased over time. 
In contrast, for R1, the average diameter increased until day 128 (when 
9 ◦C was reached) before diminishing (Fig. S1B and C). The ratio of VSS 
to MLSS was stable at 85–90 % in both reactors from start-up until the 
end of the study. The effluent concentrations of suspended solids varied 
and were 0.06 ± 0.03 and 0.05 ± 0.02 g L− 1 for R1 and R2, respectively, 
and had no correlation with the temperature (p > 0.05). 

Fig. 1. A) MLSS concentration and sludge volume index after 15 min, B) ratio of sludge volume index after 5 and 15 min.  
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3.2. Impacts of altering temperature on nutrient removal 

3.2.1. Removal of organic matter and phosphorus 
The total removal of organic matter was steady in both reactors at all 

temperatures: 96 ± 3 % for R1 and 96 ± 2 % for R2, corresponding to an 
average effluent concentration of 16 ± 7 mg DOC L− 1 in both reactors. 
During the adaptation period, relatively more of the DOC was removed 
in the aeration phase (23–31 %), than after day 50 when less was 
removed in the aeration (9–11 %), and most of the DOC was taken up in 
the anaerobic feeding phase. However, towards the end of the study, the 
DOC uptake in the feeding phase was reduced (Fig. S2). The concen
trations of DOC removed during feeding were similar in both reactors 
and were correlated with the temperature during the temperature 
decrease period (p < 0.05). The anaerobic uptake rate of organic matter 
ranged from approximately 6 to 14 mg DOC g VSS− 1 h− 1 (rate based on 
90 min of feeding) and the concentrations of released phosphate ranged 
from around 25 to 40 mg P L− 1 (Fig. S2). The removal of phosphate was 
99 ± 3 % for both reactors during the whole experiment (Fig. 2) with 
effluent concentrations of 0.3 ± 1.1 and 0.2 ± 0.6 mg L− 1 in R1 and R2, 
respectively. 

3.2.2. Removal of nitrogen 
The effluent concentrations of ammonium were under the detection 

limit in both reactors during the adaptation period (with a few excep
tions) and the following first weeks of the temperature decrease period. 
The nitrification capacity started to deteriorate when each reactor had 
reached around 15 ◦C, seen as increasing concentrations of ammonium 
in the effluent (Fig. 2). However, nitrite did not accumulate considerably 
and the effluent concentrations of nitrite were generally low throughout 
the experimental run, whereas the nitrate concentrations decreased in 
both reactors. The concentrations of total nitrogen in the effluent were 
decreasing until around 15 ◦C in both reactors (Fig. S2). The decreasing 
nitrate concentrations was due to higher total removal of nitrogen down 
to 16 ◦C and 15 ◦C in R1 and R2, respectively, whereafter the ammonium 
effluent concentrations increased and hence the removal of total nitro
gen decreased. Around day 45, an elevated effluent concentration of 
ammonium was observed in R1, but no particular reason for this event 
was identified. 

3.3. In-situ conversion rates 

Cycle studies were performed at 20, 17, 15, 13, 9, and 6 ◦C to 
evaluate the reactor concentration profiles under the aeration phase 
(Fig. S3). Specific nitrification and P-uptake- and DOC oxidation rates 
were calculated based on the cycle studies. There were significant cor
relations between temperature and specific nitrification rates (p < 0.05) 
with slightly higher rates at 15 ◦C in R2 compared to in R1 (Fig. 3). In 
contrast, at 13 ◦C the nitrification was completely lost in R2, but not in 

R1. The specific P-uptake rate in R1 was significantly correlated with 
temperature (p < 0.05). In R2 the P-uptake rates were similar for tem
peratures between15–20 ◦C (approximately 3.5 mg P g VSS− 1 h− 1) but 
slowed down at 13 ◦C to 1.5 mg P g VSS− 1 h− 1 (Fig. 3). A significant 
correlation between removal rate of DOC (mg DOC g VSS− 1 h− 1) and 
decreasing temperature was observed in R1 (p < 0.05) but not in R2. 
However, the association between temperature and DOC removal rates 
was similar in both reactors and the lack of statistically significant 
correlation in R2 was likely due to the smaller temperature range. The p- 
values for the correlations between specific conversion rates and tem
perature are presented in Table S5. 

3.4. Microbial community succession 

The alpha diversity at both q = 0 and q = 1 was decreasing with time 
at a similar rate in R1 and R2, starting before the temperature decrease 
was initiated (Fig. 4A). However, the diversity was lower in R1 than R2 
after 100 days, when the temperature in R1 and R2 was 13 ◦C and 
16.5 ◦C, respectively. The alpha diversity for q = 2 and the evenness (q 
= 1, Pielou) also decreased over time in both reactors, but with lower 
values for R1 at temperatures below 13 ◦C (Fig. S4). During the tem
perature decrease, the diversity (q = 0 and q = 1) was lower in R2 
compared to R1 when exposed to the same temperature (Fig. S5). 

Ordination using principal coordinate analysis (q = 1) showed that 
the microbial communities in the two reactors had a similar succession 
and diverged from each other when the temperature decrease had 
started (Fig. 4B). The dissimilarity of each sample compared with the 
seed was increasing over time with larger dissimilarities at q = 1 than q 
= 0 (Fig. S6A). However, the rate of change, that is the dissimilarity 
between two consecutive samples divided by the number of days be
tween the samples, was initially very high, and later stabilised at lower 
rates, which were similar in R1 and R2 (Fig. S6B). 

3.5. Microbial community network 

In the network analysis, nodes represent ASVs and edges represent 
positive correlations (co-occurrence) between pairs of ASVs. The 
network analysis showed that the microbiome could be divided into 
three dominant clusters and five minor clusters with only a few nodes, 
and the total number of edges (links between nodes) were 7136 (Fig. 5). 
Of the dominant clusters, cluster one, two and three had 191, 162 and 64 
nodes, respectively. The minor clusters had 2–11 nodes. Cluster one 
decreased similarly in both reactors from the start-up and continued to 
decrease seemingly irrespective of the temperature decrease rate 
(Fig. 5). In contrast, cluster two increased in relative abundance until 
around day 82, whereafter the relative abundance remained high in R2 
but decreased rapidly in R1. In cluster three, the relative abundance was 
very low at the beginning, and started to increase around day 82. Cluster 

Fig. 2. Effluent concentrations of ammonium-, nitrate- and nitrite‑nitrogen and phosphate‑phosphorus and temperature in A) R1 and B) R2.  
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one was composed of, for example, Terrimonas, Ferruginibacter (aerobic 
heterotrophs), and Tetrasphaera (PAO), which all decreased in both re
actors at similar rates. Cluster two was composed of, for example, Ca. 
Competibacter (GAO), Nitrospira (NOB) and Flavobacterium (aerobic 
heterotroph), and those are genera that were increasing until approxi
mately 14–16 ◦C and was negatively influenced by lower temperatures. 
In contrast, cluster three was positively influenced by the temperature 
decrease and was composed of, for example, Chryseobacterium, Cloa
cibacterium (aerobic heterotrophs), Acidaminobacter (anaerobic hetero
troph), Ca. Accumulibacter (PAO) and Nitrosomonas (AOB). Cluster 

three had higher abundance in R1 than R2 at the lower temperatures 
which indicated that the relative abundances of its members were 
increasing due to the lower temperatures. 

The proximity of cluster two and three in the network plot suggests 
that some members in the clusters were positively correlated. The 
genera Terrimonas (cluster one, which decreased with time) and Ca. 
Competibacter (cluster two, which were temperature sensitive) had the 
highest degree of centrality. The degree centrality is related to the 
number of correlations an ASV has with other ASVs, and the index has 
been used to identify keystone species in ecological networks (Dunne 

Fig. 3. A) Nitrification rate, B) phosphorus-uptake rate, and C) DOC oxidation rate in R1 and R2 as a function of temperature. Error bars indicate the standard 
deviation for each mean value (rate) from three cycle studies at each temperature. D) concentration profiles during the aeration phase at 20 ◦C, as averages from R1 
and R2. 

Fig. 4. A) Diversity (markers) and temperature (lines) in R1 and R2. B) PCoA plot (q = 1) of the microbial community composition in R1, R2 and the seed sample. 
Each point represents a sample. The lines connect samples collected at consecutive time points in the same reactor. 
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Fig. 5. A) Network positive correlations in both reactors' microbiome, B) the temperature alteration over time, and C) relative abundance of the sum of the ASVs in 
cluster one (blue), two (yellow) and thee (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 6. Maximum relative abundance of each ASVs within the functional groups (PAOs, GAOs, AOB and NOB) in cluster one (blue), two (yellow) and three (green), in 
the network of positive correlations in both reactors' microbiomes. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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et al., 2002). The five ASVs with the highest degree centrality in each 
cluster are presented in Table S6. 

3.6. Impacts of altering temperature on abundance and dynamics of 
functional groups 

3.6.1. Groups and genera 
The relative abundances of the 20 most abundant ASVs in R1 and R2 

are shown in Fig. S7. The seed and reactor microbial communities 
harboured the functional groups of PAOs, GAOs, AOB, and NOB. These 
groups showed dynamic relative abundances over time (Fig. S8), and all 
groups were found in at least two of the clusters in the microbial network 

(Fig. 6). Within the functional groups, different ASVs had different dy
namics (Fig. S9), and were for some genera grouped to different network 
clusters (Fig. 6). The relative abundances of the functional groups during 
the temperature decrease period were analysed using Pearson's corre
lation test and paired sample t-test. When samples taken at the same 
temperature were compared, there were no significant differences be
tween the relative abundances of functional groups in R1 and R2 (p >
0.05), except for PAOs (p < 0.05) which had higher abundances in R1 
compared to R2 at the same temperature. The specific P-uptake rates in 
R1 were linearly correlated to the abundance of PAOs (p < 0.05), but not 
for R2. 

Fig. 7. Relative abundance in R1 (triangles) and R2 (circles) of A) Tetrasphaera, B) Ca. Accumulibacter, C) Dechloromonas, D) Ca. Competibacter, E) Propionivibrio, F) 
Nitrospira, G) Nitrosomonas, and H) Ca. Nitrotoga. 
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3.6.2. PAOs and GAOs 
The PAOs as a group showed generally similar dynamics in R1 and 

R2 (Fig. S8), and genera within PAOs showed a variety of temporal 
dynamics. The PAOs were grouped into all three major clusters. For 
instance, the relative abundance of Tetrasphaera and Dechloromonas 
were decreasing with time (Fig. 7, and S10) and mainly found in cluster 
one, whereas Ca. Accumulibacter was increasing, grouped into cluster 
three (Fig. 6). A t-test for paired samples of the relative abundance of Ca. 
Accumulibacter showed no significant difference between R1 and R2 
(Table S7), which means that the temperature decrease rate probably 
had little influence. Tetrasphaera was also found in cluster two, as some 
ASVs were peaking in relative abundance at temperatures around 
14–16 ◦C (Fig. S9). During the temperature decrease period, the relative 
abundance of Tetrasphaera was not significantly different between R1 
and R2 for samples taken the same day (p > 0.05, Table S6) despite the 
different temperatures. 

The relative abundances of the GAOs were different in R1 and R2 on 
the same day (p < 0.05), but not at the same temperature, suggesting an 
influence of the temperature but no influence of the temperature 
decrease rate (Fig. S8). The GAOs had a similar dynamic in both reactors 
until day 89, when the decrease was more pronounced in R1. The DOC 
uptake during feeding was correlated to the relative abundance of GAOs 
in R1 (p < 0.05), but not for R2. Within the GAOs, the relative abun
dances of Ca. Competibacter were stable during the adaption period, 
increasing to a peak abundance around 15–16 ◦C, and decreasing at 
lower temperatures in both reactors (Fig. S10, S12). Ca. Competibacter 
was observed in both clusters one and two, and Propionivibrio was found 
in cluster three (Fig. 6). The relative abundance of the main Propioni
vibrio (ASV96) increased with an unpredictable manner with respect to 
temperature and time, and hence did not affiliate with any of the clusters 
(Fig. S9). However, a couple of minor ASVs within Propionivibrio 
belonged to cluster three, increasing at lower temperatures. 

3.6.3. Nitrifiers 
The relative abundance of AOB, the genus Nitrosomonas, was low in 

both reactors and showed a similar dynamic in the reactors until day 
110, whereafter the relative abundance was higher in R2 (p < 0.05) 
which also had a higher temperature (Fig. 7, S8). ASVs within Nitro
somonas were mainly found in cluster three (Fig. 7). The abundance of 
NOB increased until the temperature experimental period started, when 
it decreased fast in R1 and was more fluctuating but decreasing also in 
R2. Nitrospira (NOB/Comammox) had higher relative abundance in R2 
than R1 when comparing the same day, but not when comparing 
abundances at the same temperature (Fig. 7 and S9). The relative 
abundance of Nitrospira, which was only detected as one ASV, was also 
varying to a higher extent in R2, whereas in R1 the decrease was steady 
at temperatures below 15 ◦C. One ASV of Nitrosomonas and Nitrospira 
were grouped into cluster two, and followed the dynamics of the cluster 
with a peak in relative abundance around 14–16 ◦C. The relative 
abundance of Ca. Nitrotoga (NOB), found in cluster one (Fig. 6), was 
similar in both reactors (p > 0.05) and was decreasing fast already at 
20 ◦C (Fig. 7), indicating that time was more important than tempera
ture. The nitrification rates could not be fitted by linear regression with 
the relative abundance of AOB and/or NOB (p > 0.05). 

3.6.4. Denitrifiers and aerobic heterotrophs 
The detected canonical denitrifiers were Thaurea, Zoogloea, Ca. 

Accumulibacter, Ca. Competibacter, Flavobacterium, Rhodoferax, Dech
loromonas, Sulfuritalea, Thermomonas and Haliangium, but also other 
bacteria may carry the genes for full or partial denitrification (Harter 
et al., 2016; McIlroy et al., 2016). The denitrifiers were grouped into all 
the three clusters. Thauera was decreasing to relative abundances close 
to zero even before the temperatures were decreased (not grouped to the 
major clusters), whereas the relative abundances of Zoogloea were first 
decreasing, but later increasing at lower temperatures (cluster three). 
The aerobic heterotroph Flavobacterium, with ASVs found in both 

clusters two and three, had a peak of relative abundance around 
13–14 ◦C (Fig. S10). Another aerobic heterotroph, Chryseobacterium, 
increased from very low abundances to remarkably 40 % in R1 when the 
temperature had reached 6 ◦C (Fig. S10). Several other aerobic hetero
trophs such as Methylotenera and Cloacibacterium, as well as the 
fermentative Acidaminobacter (anaerobic fermentation utilizing pro
teins/amino acids as substrate (Dueholm et al., 2022), were also 
increasing with decreasing temperature and were grouped to cluster 
three. The aerobic heterotrophs Terrimonas and Ferruginibacter, found in 
cluster one, decreased over time (Fig. S11). 

4. Discussion 

4.1. Influence of temperature on microbial community structure 

The alpha diversity at q = 0 and q = 1 were decreasing at a similar 
rate in both reactors until around day 110 (Fig. 4A) when the diversity 
was lower in R1 (13 ◦C) than R2 (16 ◦C). This indicates that at tem
peratures below 13 ◦C, ASVs were more severely washed out. Previ
ously, a constant low temperature of 7 ◦C also caused lower species 
richness in AGS, compared to a constant temperature of 26 ◦C (Muñoz- 
Palazon et al., 2022). Reduced diversity and evenness indicate that 
certain abundant ASVs were preferred at lower temperatures, while 
others decayed or were eliminated with decreasing temperatures. 

Furthermore, R2 had lower species richness and alpha diversity than 
R1 when comparing the samples collected at the same temperature 
(Fig. S5), suggesting that operation time alone was driving a decrease in 
diversity. A decreasing diversity with time at lab conditions could be 
expected due to the lack of immigration of new species from the influent 
wastewater. Also, the microbial communities were exposed to less 
fluctuations and disturbances in the lab-scale reactors, compared with 
the full-scale plant from where the inoculum was taken, leading to fewer 
niches (Shea and Chesson, 2002). 

In the PCoA (Fig. 4B), R1 separated from R2 around day 68, indi
cating that the difference in temperature decrease rates was driving this 
shift in community structure. Interestingly, the community composition 
in both reactors changed at a similar rate despite the differences in 
temperature, which indicates that other factors than temperature 
decrease rate had more influence on the rate of community change. 

The network analysis revealed three dominant clusters with positive 
correlations, which showed a temperature related succession dynamics 
in microbial community composition between clusters two and three 
(Fig. 5). The similarity between R1 and R2 for cluster one suggests that 
the relative abundance of those ASVs decreased due to other factors than 
the temperature. This means that the microbial communities were 
subject to two major processes: a temperature induced shift and a loss of 
microorganisms due to less competitiveness at the environmental con
ditions present in the laboratory. The environmental conditions were for 
example 20 ◦C during the adaption period, synthetic wastewater 
(Table 1), controlled pH, and few fluctuations. Cluster one, in which for 
example Terrimonas, Ferruginibacter, and Tetrasphaera were grouped, 
was decreasing irrespective of the temperature (Fig. 5). Terrimonas was 
previously found in full-scale AGS reactors and related to hydrolysation 
of complex substrates which was scarce in the lab-feed (Ekholm et al., 
2022; Toja Ortega et al., 2021b). Ferruginibacter also hydrolyse organic 
compounds (Lim et al., 2009). Tetrasphaera is commonly found in full- 
scale reactors (Liu et al., 2022a; Stokholm-Bjerregaard et al., 2017), 
where the influent wastewater is more complex than synthetic waste
water often applied in lab-scale studies (Adler and Holliger, 2020). 
Hence, these dynamics might depend on the loss of advantage of these 
members to ferment macromolecules and were outcompeted by others 
who had an advantage at VFA-rich conditions. Previous research found 
that the complexity of the synthetic wastewater influenced the microbial 
community composition (Adler and Holliger, 2020) and a lower 
complexity decreased the diversity (Layer et al., 2019). The decreased 
diversity of the microbial community might influence the ecosystem 
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functions negatively, eventually leading to a more specialised commu
nity. This observation is important as it highlights differences in com
munity composition and competitional dynamics caused by laboratory 
conditions. 

Both PAOs and GAOs were found in all clusters, and the AOB and 
NOB were both found in two clusters (AOB 2 and 3, and NOB 1 and 2) in 
the network analysis (Fig. 6), indicating a variety of responses within the 
groups to the decreasing temperatures, and other reactor conditions. 

4.2. Influence of temperature on nutrient removal 

4.2.1. Phosphorus removal 
Different ASVs within Tetrasphaera responded differently to the 

temperature decrease as they were grouped into both cluster one and 
two (Fig. 6). The most abundant ASV was grouped to cluster one, which 
largely influenced the dynamics of Tetrasphaera; a vast decrease which 
was similar in the two reactors. In both reactors, the P-uptake rate 
decreased with the temperature, and the anaerobic uptake of organic 
matter also decreased during the study. Despite the overall decrease of 
the relative abundance of PAOs, the decreasing temperatures did not 
impact the ability of the reactors to remove phosphate completely. In 
contrast, the genus Ca. Accumulibacter, known to grow on short-chain 
fatty acids and commonly found in lab-scale reactors (Layer et al., 
2019), was increasing with time in the reactors (Fig. 7), and grouped to 
cluster three (Fig. 6). As the increase was more pronounced in R1 
(Fig. S10) and Ca. Accumulibacter was grouped to cluster three, this 
suggests that Ca. Accumulibacter was favoured by the lower tempera
tures (<13 ◦C). These results are supported by a recent study of activated 
sludge, where it was found that the relative abundance of Ca. Accu
mulibacter increased at 10 ◦C compared to 20 ◦C (Liu et al., 2022a). 
Furthermore, in a previous study of AGS, the relative abundance of Ca. 
Accumulibacter was decreasing from 35 % to <5 % when the waste
water composition changed from monomeric to complex carbon source, 
suggesting a strong influence of the carbon source (Adler and Holliger, 
2020). The large decrease in abundance of Tetrasphaera (Fig. 7) might be 
the reason for the lower P-uptake rate in R2 at 13 ◦C, compared to R1 at 
the same temperature (Fig. 3B). The read counts of an ASV are however 
not necessary reflecting the real number of bacteria present in a sample. 
The 16S rRNA gene amplicon sequencing analysis has been widely used 
and has given valuable information, but it also has important limita
tions, due to the differences in affinity for primers to bind to specific 
bacteria leading to higher amplification of some sequences (Poretsky 
et al., 2014). This may lead to an underestimated relative abundance of 
Ca. Accumulibacter according to a recent study (Kleikamp et al., 2023). 
The dynamics between samples in relative abundance should, however, 
reflect the real dynamic, as the possible bias can be assumed to be 
similar in all samples. 

Within the GAOs, Ca. Competibacter first increased to a peak 
abundance around 15–16 ◦C whereafter the abundance decreased 
(Fig. S10 and S12). This was likely due to a highly abundant ASV within 
Ca. Competibacter which was grouped to cluster two. These dynamics 
are in accordance with previous research where Ca. Competibacter was 
found to be insensitive to temperatures 15–35 ◦C, but showed lower 
activity (Lopez-Vazquez et al., 2009) and relative abundance (Yuan 
et al., 2019) at 10 ◦C. Several ASVs within Ca. Competibacter were also 
grouped to cluster one (Fig. 6), indicating that other factors than the 
temperature had a negative influence on the abundances. One factor 
could be the composition of the synthetic wastewater, which had a 
higher COD/P ratio compared to the influent at the WWTP where the 
inoculum was collected (Ekholm et al., 2022). A couple of ASVs within 
Propionivibrio (Albertsen et al., 2016) were grouped to cluster three, 
which increased the abundance at lower temperatures (Figs. 5 and 6). 
This supports a previous study where Propionivibrio was found abundant 
at low temperature (10 ◦C) in an activated sludge SBR (Li et al., 2019). 
The P-uptake rate at 20 ◦C (3.45 ± 0.29 mg PO4

3− -P g VSS− 1 h− 1) was in 
accordance with previous results (Bassin et al., 2012), which were 

3.5–3.9 mg PO4
3− -P g VSS− 1 h− 1. In the aforementioned study, several 

operational parameters were similar to this study; the seeding sludge 
was from an AGS pilot-plant treating municipal wastewater, controlled 
SRT of 30 days, and similar DO and COD concentrations. 

The denitrification improved during the adaption period and down 
to approximately 15 ◦C in both reactors (Figs. 2 and S2), which possibly 
could be explained by the similar dynamics in the abundance of Ca. 
Competibacter (Fig. 7), recently shown to have a large denitrifying ca
pacity (Dan et al., 2021). Interestingly, the strictly anaerobic fermen
tative Acidaminobacter was increasing along the decreasing temperature 
and had a high degree centrality in cluster three in the network analysis. 
This suggests that Acidaminobacter was successfully competing with 
PAOs and GAOs for organic carbon in the anaerobic feeding phase, as 
several abundant ASVs of PAOs and GAOs were found in the other 
clusters. 

The concentration of MLSS in both reactors increased along the 
experiment. Since phosphorus is bound in the bacterial cells, higher 
MLSS concentration would lead to increased amount of phosphorus 
removed with the discharged solids. However, the cycle studies showed 
stable release of phosphate also below 15 ◦C and in R1 it was only 
slightly reduced at 9 and 6 ◦C (Fig. S3). This together with the abun
dance of PAOs in the biomass confirm that the activity of the phosphorus 
accumulating microorganisms is responsible for the phosphorus removal 
also at low temperatures. 

4.2.2. Nitrogen removal 
The nitrification rate at 20 ◦C was 1.1 ± 0.05 mg NH4

+-N g VSS− 1 h− 1 

which is close to the result by Bassin et al. (2012), an AGS lab-scale study 
at 20 ◦C where rates of 0.9–1.1 mg NH4

+-N g VSS− 1 h− 1 were obtained. 
The similarity suggests reproducibility of the nitrification rates. 
Lowering of the temperature led to significantly decreased nitrification 
rates, but this trend was not directly reflected in the abundance of AOB 
and NOB (Fig. 7). However, failure of nitrification during low temper
atures despite constant abundances was previously observed in acti
vated sludge (Johnston et al., 2019), possibly explained by variations in 
specific activity or even undiscovered or unidentified AOB (Ali et al., 
2019). ASVs within the AOB Nitrosomonas were grouped to both cluster 
two and three (Fig. 6), showing that different ASVs had various re
sponses to the decreasing temperatures. The relative abundance of 
Nitrosomonas was generally higher in R2 than R1 in samples taken at the 
same temperature, suggesting that the slower temperature decrease rate 
was in favour for Nitrosomonas. Indeed, the nitrification rate was higher 
in R2 than R1 at 15 ◦C, and at this temperature the relative abundance of 
Nitrosomonas was remarkably higher in R2 (0.0016) compared to R1 
(0.00044). On the contrary, at 13 ◦C the nitrification rate was higher in 
R1 (zero in R2) (Fig. 3), but the reactors had a similar relative abun
dance of Nitrosomonas. The difference in the nitrification rates at 13 ◦C 
could possibly be explained by Nitrospira performing complete ammo
nium oxidation. Nitrifiers and aerobic heterotrophs both utilise oxygen, 
and as nitrifiers have a lower affinity for the oxygen they are poor 
competitors. As the temperature decreased, more organic matter was 
converted in the aerobic phase, which likely increased the competition 
for the more slowly growing nitrifiers (Gieseke et al., 2001) and the 
nitrification conversion rates decreased. The NOB Ca. Nitrotoga was 
found in cluster one (Fig. 6) and was abundant in the seeding granules 
but decreased fast in both reactors already during the adaption period. 
At the same time, Nitrospira, grouped to cluster two, was increasing 
(Fig. 7). This suggests that during the adaption at 20 ◦C, Nitrospira was 
favoured over Ca. Nitrotoga, as the latter has been identified as a cold- 
adapted NOB (Lücker et al., 2015; Spieck et al., 2021) and might 
therefore have higher competitiveness at lower temperatures. 

From a practical point of view, an increase of SRT and/or the biomass 
concentration could perhaps mitigate the loss of nitrification, by 
increasing the numbers of AOB and NOB. In AGS systems, there is a 
distribution of SRTs within the same reactor since larger and heavier 
granules can remain in the lower part of the reactor for a longer time (Ali 
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et al., 2019). By applying selective biomass removal from the top of the 
reactor, granules with longer SRT are maintained (Winkler et al., 2011). 
Another countermeasure to promote the nitrification would be to in
crease the DO concentration, as suggested for integrated fixed film 
activated sludge systems (Regmi et al., 2011), although the oxygen 
transfer rate increases at lower temperatures due to the higher DO 
saturation concentration (Strubbe et al., 2023). 

4.3. Influence of temperature on granule characteristics 

The different carbon sources diffused to different degrees or were 
hydrolyzed at the granule surface, which was reflected in filamentous 
outgrowths at the granule surface and also the growth of floccular sludge 
(Fig. S1). Filamentous outgrowth was previously associated with wors
ening of settling properties and disintegration of granules (de Kreuk 
et al., 2010; Moura et al., 2018) and filamentous bacteria are commonly 
known to cause bulking sludge in activated sludge systems (Martins 
et al., 2004). The relative abundance of Chryseobacterium, which har
bours several filamentous clades, increased very fast up to 40 % in R1 
and to 12 % in R2 (Fig. S10), corresponding in time to increasing con
version of organic matter in the aerobic phase. Leucobacter, Limnohabi
tants and Cloacibacterium were also increasing at lower temperatures, 
probably related to competitive advantages due to faster growth of these 
aerobic heterotrophs. Chryseobacterium and Leucobacter seem to benefit 
at cold temperatures, as they were previously found in high relative 
abundances in a lab-scale AGS reactor operated at 7 ◦C (Gonzalez- 
Martinez et al., 2017). Despite the increase of aerobic heterotrophs, the 
granule stability was kept and the SVI stayed low (Fig. 1), presumably 
depending on the relatively high abundance of PAOs and GAOs, which 
are found to be essential for granulation (Adler and Holliger, 2020; de 
Kreuk and van Loosdrecht, 2004). 

The average granule diameter increased along the experiment, in 
spite of the lowering of temperature. What factors influence the granule 
size is not fully understood, and is a complex result of the environmental 
conditions in the reactor that influence the development of granule 
composition and structure (e.g. availability of substrate for microbial 
growth and shear forces). For example, as the water temperature de
creases, the hydrodynamic shear force increases and at 6 ◦C, it is 
approximately 20 % higher than at 20 ◦C. In R1, the granules remained 
compact but dropped in size when the temperature reached 9 ◦C, 
possibly as the result of applied increased shear forces (Table 1, Fig. S1). 

5. Conclusions 

The influences of decreasing temperatures in two lab-scale reactors 
were investigated, which revealed pronounced dynamics in the micro
bial communities and the nutrient removal performances. The microbial 
community could be clustered into three major clusters in a network of 
positive correlations, expressing two major drivers for shift in the 
microbiome: a temperature dependent replacing dynamic of two clus
ters, and “washing out” of bacteria in the third cluster, likely caused by 
the composition of the synthetic wastewater. The lower temperatures in 
R1 led to lower species richness, higher dissimilarity (compared with the 
seed) and lower evenness compared to R2. The temperature decrease 
rate was found to have limited influence on the reactor performance and 
microbial community, rather the temperature itself showed a large in
fluence. Members within the functional groups of PAOs, GAOs, AOB, 
NOB, and denitrifiers were differently influenced by the temperature. 
Most process performance sensitive were the AOB and NOB, resulting in 
decreasing nitrification rates. Differences in the biomass specific 
removal rates of ammonium and phosphate could possibly be explained 
by the different relative abundance of ASVs belonging to the functional 
groups. The removal of organic matter and phosphorus was high and 
stable, and the settling remained fast despite the temperature alteration 
and large community dynamics. 
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