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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Microbial community structure was 
assessed in an A2O-IFAS two-stage MAD 
system. 

• Improved N and P removals were ach
ieved in the A2O-IFAS operating at short 
SRT. 

• N removal was correlated with the 
abundance of denitrifiers in the attached 
biomass. 

• Short SRT generated highly biodegrad
able WAS that favored efficient 
methanogenesis. 

• The efficiency of methanogenesis corre
lated with high abundance of 
Acetobacteroides.  

A R T I C L E  I N F O   

Handling Editor: A Adalberto Noyola  

Keywords: 
A2O 
Two-stage anaerobic digestion 

A B S T R A C T   

An analysis of the community structure, diversity and population dynamics of Bacteria and Archaea in the sus
pended and attached biomass fractions of a pilot-scale anaerobic/anoxic/aerobic integrated fixed-film activated 
sludge (A2O-IFAS) was executed. Along with this, the effluents of the acidogenic (AcD) and methanogenic (MD) 
digesters of a two-stage mesophilic anaerobic (MAD) system treating the primary sludge (PS) and waste activated 
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sludge (WAS) generated by the A2O-IFAS were also analyzed. Non-metric multidimensional scaling (MDS) and 
Biota-environment (BIO-ENV) multivariate analyses were performed to link population dynamics of Bacteria and 
Archaea to operating parameters and removal efficiencies of organic matter and nutrients, in search of microbial 
indicators associated with optimal performance. In all samples analyzed, Proteobacteria, Bacteroidetes and 
Chloroflexi were the most abundant phyla, while the hydrogenotrophic methanogens Methanolinea, Meth
anocorpusculum and Methanobacterium were the predominant archaeal genera. BIO-ENV analysis disclosed strong 
correlations between the population shifts observed in the suspended and attached bacterial communities of the 
A2O-IFAS and the removal rates of organic matter, N and P. It is noteworthy that the incorporation of carriers 
combined with a short sludge retention time (SRT = 4.0 ± 1.0 days) enhanced N removal performance of the 
A2O by favoring the enrichment of bacterial genera able to denitrify (Bosea, Dechloromonas, Devosia, Hyphomi
crobium, Rhodobacter, Rhodoplanes, Rubrivivax, and Sulfuritalea) in the attached biomass fraction. In addition, 
operation at short SRT enabled the generation of a highly biodegradable WAS, which enhanced the biogas and 
methane yields in the two-stage MAD. An increase in the relative abundance of Acetobacteroides (uncultured 
Blvii28 wastewater-sludge group of Rikenellaceae family) correlated positively with the volatile solids removal 
rate (%VSR), CH4 recovery rate and %CH4 in the biogas (r > 0.8), supporting their relevance for an efficient 
methanogenesis in two-stage systems.   

1. Introduction 

The development of wastewater treatment (WWT) technologies 
currently faces the challenge to provide an efficient removal of organic 
matter, N and P, in order to meet the growing demands of the discharge 
regulation standards, while minimizing sludge production and keeping a 
reduced operating cost. Among the different enhanced biological 
nutrient removal technologies available, the single-sludge suspended- 
growth system comprising sequential anaerobic, anoxic, and aerobic 
stages (A2O) is the most widely used (Raj et al., 2013). This process 
brings about several advantages including easy and stable operation, 
low energy requirements, cost-effectiveness, improved sludge settling, 
maintenance of an adequate alkalinity in the aerobic reactor for nitri
fication, and high N removal rates (Demir, 2020; Gallardo-Altamirano 
et al., 2018). However, in A2O systems, low or unstable performance of 
N and P removal may occur, due to competition for carbon substrates 
and electron acceptors among functional microbial groups with different 
optimal settings of operational parameters, like sludge retention time 
(SRT) or dissolved oxygen (DO) concentration (Wang et al., 2006; Zhao 
and Bai, 2022). 

A simple and low-cost upgrade of the conventional A2O is the 
integrated-fixed film activated sludge (IFAS) configuration, consisting of 
the incorporation of carriers as support for the development of microbial 
biofilms. This technology combines suspended growth biomass in the 
circulating mixed liquor, and carrier-attached biomass that remains 
retained in the bioreactors (Onnis-Hayden et al., 2011; Rosso et al., 
2011). In biofilms, cell assemblages surrounded by a self-generated 
polymeric matrix bind to the carriers’ surface into a three-dimensional 
structure with spatial heterogeneity, and gradients of substrates and 
DO cause stratification of the biofilm into different zones favoring the 
coexistence of physiologically diverse microbial groups and the coop
eration among them (Jo et al., 2022). The biofilm lifestyle enhances the 
proliferation of slow-growing populations, provides a better environ
mental resilience, promotes horizontal gene transfer, and facilitates the 
removal of recalcitrant molecules (Verma et al., 2022). Consequently, 
the IFAS configuration increases the treatment capacity of the conven
tional suspended growth systems, allowing for higher loading rates, 
offering further flexibility of operation at varying hydraulic retention 
times (HRT), and reducing sludge production (Rosso et al., 2011). 

The diversity of the microbial communities has been explored in a 
number of WWT technologies combining suspended and attached 
growth phases, including A2O-IFAS systems (Aqeel and Liss, 2022; 
Phanwilai et al., 2020; Wang et al., 2021a; Zhao and Bai, 2022). Pro
karyotic populations, and particularly functional microbial groups, 
respond to environmental and operational variables and impact process 
performance, thus serving as bioindicators of both process stability and 
efficiency in engineered systems (Carballa et al., 2015; Urakawa and 
Bernhard, 2017). Even though such knowledge can significantly aid for a 

further optimization of the design and operation of enhanced biological 
nutrient removal processes, the links among the changes of community 
structure derived from the implementation of the IFAS configuration 
and the improvement of WWT efficiency have been seldom explored. 

In previous studies, we described the upgraded performance of a 
pilot-scale A2O-IFAS versus its conventional configuration (Gallar
do-Altamirano et al., 2018, 2019, 2021b). The main purpose of the 
present study was to carry out an analysis of the community structure 
and population dynamics of Bacteria and Archaea in the suspended and 
attached biomass fractions of the pilot-scale A2O-IFAS, seeking for cor
relations among the shifts of the relative abundance of specific taxa and 
the removal rates of organic matter, N and P. In addition, the perfor
mance and community diversity in the acidogenic and methanogenic 
digesters of a two-stage mesophilic anaerobic digestion (MAD) process 
designed to treat the primary sludge (PS) and waste activated sludge 
(WAS) generated by the A2O-IFAS were also monitored. 

2. Material and methods 

2.1. Description of the wastewater treatment pilot-scale plant 

The pilot-scale plant used in this study (Fig. 1) was sited at the fa
cilities of the WWT plant Murcia Este (EMUASA, Murcia, Spain). The 
A2O-IFAS bioreactor was fed with wastewater taken from the pre- 
treatment of the adjacent full-scale municipal plant. The aerated 
bioreactor (1.20 m3), which was split into four chambers (C1, C2, C3 and 
C4), was filled at 50% with AnoxKaldnes K5 (Veolia AnoxKaldnes®) 
carriers to achieve 0.36 filling ratio of the total bioreactor volume (1.66 
m3). The characteristics of the carriers have been previously described 
by Gallardo-Altamirano et al. (2021b). 

The start-up and the stabilization phase of the A2O-IFAS lasted from 
2nd May to August 2, 2017. After the steady state was reached, the 
experimental phase was developed for 105 days (3rd August 2017–15th 
November 2017). In the two-stage MAD, the acidogenic and methano
genic digesters (AcD and MD, respectively) treated the thickened sludge 
(ThS) produced by the A2O-IFAS throughout its start-up and stabiliza
tion, operating with the same SRTs (2 and 12 days, respectively). Since 
July 1, 2017, the A2O-IFAS worked under steady-state conditions pro
ducing a regularly ThS at a volatile solid flow of 795 ± 181 L d− 1 

(Gallardo-Altamirano et al. (2021b). Thereby, the digesters started up 
operating at a constant organic loading rate (OLR) during 31 days before 
the experimental phase started. 

Both the A2O-IFAS and the two-stage MAD were equipped with a 
supervisory control and data acquisition (SCADA) system to control the 
operational parameters. A full description of the pilot plant is available 
elsewhere (Gallardo-Altamirano et al., 2021a, 2021b). 
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2.2. Physicochemical parameters and monitoring of the A2O-IFAS two- 
stage MAD plant performance 

Throughout the experimental phase, 24-h composite samples were 
taken from the influent, decanted influent and effluent of the A2O-IFAS 
(sampling points 1, 2 and 3, respectively, Fig. 1) three times per week to 
measure the following parameters: chemical oxygen demand (COD), 
biological oxygen demand at 5 days (BOD5), total suspended solids 
(TSS), total P (TP), total N (TN), N–NH4

+, N–NO3
- , pH, OLR, nitrogen 

loading rate (NLR), phosphorus loading rate, (PLR), and the removal 
rates of organic matter (%ORR), nitrogen (%NRR), phosphorus (%PRR) 
and suspended solids. The operating temperature (T), DO, F/M, sludge 
volumetric index (SVI), MLSS, mixed liquor volatile suspended solids 
(MLVSS), biofilm suspended solids (BFSS), and biofilm volatile sus
pended solids (BFVSS) were also periodically monitored in sludge and/ 
or biofilm samples. Monthly average data (± standard deviation) of all 
the aforementioned variables and full methodologies are described in 
detail in Gallardo-Altamirano et al. (2021b). 

Since the stabilization phase (01/07/2017–01/08/2017) and 
throughout the steady-state, the A2O-IFAS operated with concentrations 
of MLSS and BFSS ranging 1500–2000 mg L− 1 and 1000–2000 mg L− 1, 
respectively. The mixed liquor SRT was maintained between 3.5 and 4.5 
days, and the mixed liquor food-to-microorganism ratio (F/M) was kept 
over 0.40 kg BOD5 kg− 1 MLVSS d − 1. 

In the two-stage MAD plant, temperature, pH, biogas production and 
biogas composition were recorded daily in both digesters. In order to 
evaluate the performance of the anaerobic digestion, total solids (TS), 
volatile solids (VS), volatile fatty acids (VFA) and alkalinity (Alk) were 
analyzed in sludge samples taken three times a week from three different 
sampling points: ThS and effluents of the AcD and MD (4, 5 and 6 in 
Fig. 1, respectively). The methodology for the analytical determinations 
is described in Gallardo-Altamirano et al. (2021a). 

2.3. DNA extraction, qPCR, massive parallel sequencing, and data 
analysis 

Biomass samples were retrieved from the pilot-scale plant as follows. 

Activated sludge (AS) and carriers holding biofilms were collected from 
the aerated bioreactor of the A2O-IFAS to sample the suspended and 
attached biomass, respectively. Carriers were collected separately from 
both the first and fourth of the four compartments of the aerated 
bioreactor (C1 and C4, respectively, Fig. 1), while composite samples of 
AS from the 4 chambers were taken. Sludge was retrieved from the ef
fluents of the AcD and MD of the two-stage MAD (sampling points 5 and 
6, Fig. 1). Henceforth, the five types of samples will be named AS, C1, 
C4, AcD and MD, respectively. Samples were retrieved monthly 
throughout the experimental period (August 02, 2017, September 07, 
2017, October 11, 2017 and November 15, 2017). 

The biomass in the AS, AcD and MD samples (4 mL, 3 replicates) was 
pelleted by centrifugation (14 000×g, 1 min). C1 and C4 samples con
sisted of two carrier units retrieved from each compartment with the aid 
of a sterile sieve-sampling device, from which the attached biomass was 
removed following the procedures described by Reboleiro-Rivas et al. 
(2016). Briefly, carriers in each sample were placed in flasks with 50 mL 
sterile saline (0.9% NaCl), vortexed for 1 min, and sonicated in a bath at 
room temperature for 3 min at 53 kHz. The resultant biofilm suspensions 
were pelleted by centrifugation (3000×g, 5 min). The full procedure was 
repeated twice. Environmental DNA was extracted from all biomass 
samples using the FastDNA-2 mL SPIN kit for Soil and the FastPrep24 
apparatus (MP-Bio, Santa Ana, CA, USA) as described by Gallardo-Al
tamirano et al. (2018), and stored at − 20 ◦C. 

Real-time quantitative PCR (qPCR) of partial 16 S rRNA genes was 
used to measure the absolute abundances of Bacteria and Archaea pop
ulations in the biomass samples, using a QuantStudio-3 Real Time PCR 
system (Applied Biosystems, Waltham, MA, USA). The primer pairs 
used, reactions and cycling conditions were previously described in 
detail by Gallardo-Altamirano et al. (2018). The results were expressed 
per L of bioreactor volume, as previously described by Reboleiro-Rivas 
et al. (2016). 

High-throughput Illumina MiSeq sequencing (Illumina, Hayward, 
CA, USA) of the 16 S rRNA genes was done at the facilities of RTL Ge
nomics (Lubbock, TX, USA, http://www.researchandtesting.com), using 
primer pairs 28 F–519 R (Fan et al., 2012) and 517 F/909 R (Maspolim 
et al., 2015) for Bacteria and Archaea, respectively. Raw sequencing data 

Fig. 1. Schematic diagram of the pilot-scale anaerobic/anoxic/aerobic integrated fixed-film activated sludge and two-stage mesophilic anaerobic digestion plant 
(A2O-IFAS two-stage MAD). 
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were processed using the QIIME software, v. 1.9.1 (Caporaso et al., 
2012), as described elsewhere (Gallardo-Altamirano et al., 2019, 
2021a). Taxonomic close-reference assignments based on 97% sequence 
identity were done using the Greengenes database (version 13_08). 

The PAST v. 3.25 software (Hammer et al., 2001) and the iNEXT 
online tool (https://chao.shinyapps.io/iNEXTOnline, Hsieh et al., 2016) 
were used to calculate Alpha-diversity indices and render 
sample-size-based rarefaction and extrapolation (R/E) curves, respec
tively. Generation of UPGMA (unweighted pair group method with 
arithmetic mean) dendrograms and evaluation of the contribution of 
individual phylotypes (PHYs) to the (dis)similarity among clusters of 
samples were achieved with the SIMPROF and SIMPER tools, respec
tively, provided by the Primer software (PRIMER-E v. 6.1.18, Plymouth, 
UK). Heatmaps showing the relative abundances (RAs) of Bacteria and 
Archaea populations in the sets of samples were constructed with 
Microsoft Excel. 

2.4. Statistical analyses 

The Kruskal-Wallis and Conover-Iman tests were conducted to look 
for significant differences (p < 0.05) among the different types of sam
ples. IBM SPSS Statistics v. 19 (SPSS Inc., IBM, USA) and the R software 
(http://www.rproject.org/) were used to conduct these statistical tests. 
Multivariate statistical analyses (Analysis of similarity, ANOSIM; non- 
metric multidimensional scaling, MDS; and biota-environment anal
ysis, BIOENV) were completed with the aid of the Primer software 
(PRIMER-E v. 6.1.18, Plymouth, UK), following the methods previously 
described by Maza-Márquez et al. (2016). 

3. RESULTS and DISCUSSION 

3.1. Performance of the pilot-scale plant for organic matter and nutrients’ 
removal 

As already stated in the Introduction, the performance of the A2O- 
IFAS for the removal of organic matter and nutrients from municipal 
wastewater was analyzed in a previous study (Gallardo-Altamirano 
et al., 2021b) and the most relevant parameters are summarized in 
Table S1. In brief, the A2O-IFAS configuration allowed significantly 
higher average removals of N and P than the conventional A2O process 
(%NRR = 72.8, 28% and 8% higher than in phases I and II, respectively; 
%PRR = 75.0, 53% and 13% higher than in phases I and II, respectively), 
even though it was operated at shorter mixed liquor SRT, lower mixed 
liquor suspended solids (MLSS) concentrations, and lower COD/TN ratio 
(Table S1). 

Tables S2–S4 display the comparisons among the operational con
ditions and performance of the AcD, MD and the global two-stage MAD 
when the PS and WAS from either the conventional A2O system (phases I 
and II, Gallardo-Altamirano et al., 2021a) or the A2O-IFAS (phase III, 
this study) were treated. Table S5 summarizes the characterization of 
the ThS, AcD and MD effluents in the three experimental phases. 

The AcD and MD were set to operate under mesophilic conditions at 
35 ◦C. However, an exception occurred during phase III, when the AcD 
temperature was 35 ◦C for the first 60 days of operation but decreased 
gradually from 35 to 30 ◦C throughout the next 47 days. This temper
ature shift did not influence the CH4 yield of the AcD or the global two- 
stage MAD. In this sense, Chae et al. (2008) reported a CH4 yield 
reduction of only 3% in an anaerobic digester operated at 30 ◦C 
compared to 35 ◦C. 

The average total solids percentage in the ThS (2.31 ± 0.43 %TS) 
and the global OLR applied to the two-stage MAD in phase III (1.6 ± 0.4 
Kg VS m− 3 d− 1) were lower compared with a high-rate AD process for 
sewage sludge (Appels et al., 2008; Metcalf and Eddy, 2003; Ponsá et al., 
2008). A similar trend occurred in phases I and II, when the two-stage 
MAD treated the sludge coming from the conventional A2O system 
(Table S5). Normally, for a high-rate AD process, the OLR should be 

between 1.6 and 4.8 Kg VS m− 3d− 1 with a sludge concentration between 
4 and 7%. It is known that operating at low OLR and low %TS decreases 
the efficiency of the AD process (Appels et al., 2008; Xu et al., 2020). 

The water line produced a similar mass flow (TS flow of ThS) in the 
three experimental phases (Table S5). However, the contribution of 
WAS to the ThS was significantly higher in phase III (70 ± 11% vs. 33 ±
15 and 43 ± 16%, Table S2). The observed difference was because the 
A2O-IFAS system operated at shorter mixed liquor SRT (Table S1), which 
produces a higher mass flow of WAS with a higher volatile biomass 
percentage (%MLVSS 84% vs. 79%, Table S1). Generally, when WWT 
plants operate under such conditions, the biodegradability of the WAS 
and the biogas production in the AD process are increased (Bolzonella 
et al., 2005; Gonzalez et al., 2018; Xu et al., 2020). 

In this sense, the global volatile solid removal percentage (%VSR) 
reported for the two-stage MAD treating WAS produced by the A2O-IFAS 
system (phase III) was significantly higher than in phase I operated at a 
similar SRT (14 days), and still slightly higher than in phase II when the 
SRT was double (29 days) (54.3 ± 12.1% vs. 32.8 ± 8% and 50.5 ±
14.6%, respectively). Consequently, the methane production, the biogas 
production rate and the biogas and methane yields obtained by the 
global two-stage MAD, and particularly in the MD, were significantly 
higher when the sludge came from the A2O-IFAS (Tables S3 and S4). In 
the literature, the typical values reported for %VSR of WAS are often less 
than 35% in single-stage mesophilic digesters operating at SRTs of 
20–30 days (Gonzalez et al., 2018; Parkin and Owen, 1986; Xu et al., 
2020). For instance, Bolzonella et al. (2005) reported a %VSR between 
15 and 27% in five full-scale single-stage digesters with SRTs ranging 
20–40 days, treating WAS coming from biological nutrient removal 
WWT plants. These authors found a clear relationship between the 
methane yield production and the SRT applied in the activated-sludge 
process of the WWT plants: the longer the SRT, the lower the methane 
yield production. 

3.2. Quantification of Bacteria and Archaea in the A2O-IFAS-two-stage 
MAD plant 

Table 1 shows the numbers of copies of gene markers of Bacteria and 
Archaea in the biomass retrieved from AS, C1, C4, AcD and MD in the 
pilot-scale plant. The Conover-Iman test detected significant differences 
for both prokaryotic groups among all the sampling points. The average 
numbers of 16 S rRNA copies L− 1 of sludge of both Bacteria and Archaea 
were significantly higher in the two-stage MAD samples compared to the 
A2O-IFAS samples. The absolute abundance of Bacteria ranged between 
1010-1011 copies 16 S rRNA gene L− 1, and the quantifications in C1, AcD 
and MD were up to one order of magnitude higher than in the AS and C4 
samples. In this sense, the biofilms on the carriers were visibly thicker in 
the C1 chamber compared to C4 in all samplings (Fig. S1), and the 
average BFSS values were nearly two-fold (Table S1). Archaea gene 
markers ranged 108-1010 copies 16 S rRNA genes L− 1, with AcD and MD 
carrying significantly higher numbers of Archaea (ca. two orders of 
magnitude) over those measured in the 3 types of samples of the A2O- 

Table 1 
Average numbers of copies ± standard deviations of Bacteria and Archaea gene 
markers (16 S rRNA gene copies/L sludge) in the different samples retrieved 
from the pilot-scale plant: suspended biomass in the activated sludge (AS), 
attached biomass in C1 and C4 carriers of the A2O-IFAS, and effluents of the 
acidogenic and methanogenic digesters (AcD and MD) of the two-stage MAD 
system. Values marked with the same letter do not significantly differ, according 
to the Kruskal-Wallis and Conover Iman tests.  

Sample type Bacteria Archaea 

AS 1.16 1010 ±7.78 109 a 3.57 108 ± 1.55 108 a 

C1 1.02 1011 ± 1.99 1011 b 5.69 108 ± 2.68 108 b 

C4 6.21 1010 ± 9.10 1010 b 7.28 108 ± 9.31 107 c 

AcD 2.59 1011 ± 3.33 1011 c 2.33 1010 ± 1.47 1010 d 

MD 3.74 1011 ± 4.19 1011 c 5.44 1010 ± 4.32 1010 e  
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IFAS. 
Overall, comparing the results of the present study with those of 

previous experiments conducted in the same pilot-scale plant lacking the 
attached growth configuration in the A2O, the absolute abundances of 
Bacteria and Archaea in the suspended biomass of the aerated bioreactor 
fell within the same range, while in the AcD and MD effluents of the two- 
stage MAD the numbers of gene markers (16 S rRNA genes) of both 
prokaryotic groups calculated using qPCR were 2–3 logarithmic units 
higher (Gallardo-Altamirano et al. 2018, 2021a). Such increases of 
abundance indicated an enhanced growth of prokaryotic populations, in 
connection with the higher biodegradability of the WAS generated in the 
A2O-IFAS compared to that coming from the conventional A2O process, 
and led to the subsequent improvement of the biogas production rate 
and methane production yield in the two-stage MAD (Tables S3 and S4), 
as discussed in section 3.1. 

3.3. Structure of bacterial and archaeal communities in the A2O-IFAS- 
two-stage MAD plant 

The diversity of Bacteria and Archaea was investigated in the AS, C1, 
C4, AcD and MD samples by massive parallel sequencing of partial 16 S 
rRNA genes. 186 904 and 75 245 16 S rRNA quality reads were kept for 
Bacteria and Archaea, respectively, after filtering of the raw data 
(5294–15,014 sequence reads per sample for Bacteria, and 357–8523 for 
Archaea). The sequencing depth attained sufficed to accurately assess 
the diversity of both groups of prokaryotes in all the samples, according 
to the R/E curves shown in Fig. S2. Applying a 97% sequence identity 
cut-off, a total of 1428 Bacteria phylotypes (PHYs) and 84 Archaea PHYs 
were identified, with the numbers of PHYs per sample ranging 374–709 
and 27–50, respectively. 

The numbers of reads of Bacteria and Archaea in the five types of 
samples, as well as the average values of Richness (S), Shannon-Wiener 
(H′), Simpson’s (1-D), and Chao-1 indices of diversity, are displayed in 
Table S6. Overall, the average values of S, H′ and 1-D indices defined 
Bacteria communities with medium-to-high species diversity and low 
functional organization, while the Archaea communities had much 
lower diversity and evenness, particularly in the AcD samples. These 
patterns are consistent with the observations of previous studies (Gal
lardo-Altamirano et al., 2019, 2021a). In the case of Bacteria, the values 
of H′ were significantly higher in the C1 and C4 samples compared to AS, 
meaning that the biomass attached to carriers was more diverse than the 
suspended growth fraction. Differences of both the community structure 
and functionality among the suspended and attached biomass fractions 
are often reported in IFAS and moving-bed biofilm reactors (MBBR). 
Several previous studies also concluded that the biofilms were composed 
of more diverse communities than the activated sludge flocs (Aqeel and 
Liss, 2022; Phanwilai et al., 2020; Wang et al., 2021a), while other 
authors did not find significant differences (Reboleiro-Rivas et al., 
2016). All the aforementioned studies operated at SRT longer than set up 
here (>5 d). 

ANOSIM analyses showed that there were significant differences of 
the community profiles of Bacteria and Archaea (based on the relative 
abundances of PHYs detected by Illumina sequencing) among the five 
sample types (R = 0.90, p < 0.001, and R = 0.45, p < 0.002, for Bacteria 
and Archaea, respectively). The clustering of the samples based on the 
dis(similarity) of their bacterial and archaeal communities is depicted in 
the dendrograms in Fig. S3. The similarity of Bacteria communities 
among the A2O-IFAS and two-stage MAD samples was <40%. The 
samples of suspended and attached biomass in the aerated bioreactor 
and the samples of the two digesters significantly clustered apart, ac
cording to SIMPROF analysis. The Archaea communities in the A2O-IFAS 
and two-stage MAD samples also clustered separately, although their 
structure was more conserved (>50% similarity) than in Bacteria 
communities. 

3.3.1. Diversity of bacteria communities 
Bacterial PHYs in the AS, C1, C4, AcD and MD samples were classi

fied in 36 different phyla, of which only 10 were shared by all samples. 
The heatmap in Fig. 2 displays the 13 phyla that reached a RA ≥ 0.5% in 
at least one sample, with Proteobacteria, Bacteroidetes, and Chloroflexi 
always cumulatively comprising >80% of the community. 

In the A2O-IFAS, Proteobacteria and Bacteroidetes codominated in the 
suspended biomass in the initial sampling (August 02, 2017, RAs 
43.80% and 44.17%, respectively), but Proteobacteria tended to increase 
and displace Bacteroidetes throughout the experimental period 
(November 15, 2017, RAs 79.39% and 15.09%, respectively). In the AcD 
and MD, a similar trend of populations’ succession was observed for 
these two major phyla. Chloroflexi were more abundant in the attached 
biomass, particularly in the C4 samples, where they equaled or even 
surpassed the RA of Bacteroidetes, an also tended to reduce their RA 
through time, in all the biomass fractions analyzed. 

Among the remaining most abundant phyla (displayed in Fig. 2), 
Acidobacteria, Chlorobi, Firmicutes, Planctomycetes, Ca. Absconditabac
teria (SR1) and Ca. Saccharibacteria (TM7) were detected in most of the 
A2O-IFAS samples, often at RAs >1%. Nitrospirae, which are key or
ganisms for nitrogen removal in most WWTPs (Rodelas, 2021), were 
found in low RA (<0.1%) except in the C4 samples (RA up to 0.87%). In 
the two-stage MAD, Firmicutes were the fourth more abundant phylum 
(RAs 2.34–6.93%), and Actinobacteria, Planctomycetes, Spirochaetes, 
Synergistetes and Thermotogae were detected in all samples. 

Differences of the community composition among the five types of 
samples were also detected at the class, order (Fig. 2), and family levels 
(Fig. S4), with 18, 30 and 31 taxa shared by all samples, respectively. 
The predominant taxa (average RA > 5%) in the A2O-IFAS were Beta
proteobacteria (32.33%), Alphaproteobacteria (16.71%), Cytophagia 
(12.59%), Gammaproteobacteria (11.68%), and Anaerolineae (9.95%) at 
the class level; Burkholderiales (21.94%), Cytophagales (12.59%), Caldi
lineales (8.96%), Xanthomonadales (7.68%), and Hyphomicrobiales 
(6.62%) at the order level, and Comamonadaceae (18.48%), Cytophaga
ceae (12.59%), Caldilineaceae (8.96%), and Xanthomonadaceae (7.24%) 
at the family level. 

In the two-stage MAD, the community was dominated by Bacteroidia 
(36.19%), Betaproteobacteria (16.99%), Alphaproteobacteria (12.09%), 
Gammaproteobacteria (11.77%), and Anaerolineae (6.44%) at the class 
level; Bacteroidales (36.19%), Burkholderiales (12.56%), Xanthomona
dales (7.35%), and Rhodobacterales (6.15%) at the order level, and 
Rikenellaceae (28.68%), Comamonadaceae (8.83%), and Rhodobacter
aceae (6.14%) at the family level. The relative abundances of Comamo
nadaceae were higher in the AcD samples, while Rikenellaceae dominated 
in the MD. 

390 PHYs could be identified up to the genus level, accounting for 
12.5–28.1% of bacterial reads retrieved from the A2O IFAS and 
39.4–69.1% from the two stage MAD, depending on the sample. Fig. S5 
shows the heatmap of the 22 identified genera which reached ≥0.5% RA 
in at least one sample. Only 6 genera reached RAs >3% in at least one 
sample in the A2O-IFAS, being Rhodobacter (0.77–7.50%, average 
2.60%), Caldilinea (0.16–5.60%, average 2.26%) and Ca. Accumu
libacter (0.25–6.05%, average 1.68%) the three most abundant. In 
contrast, in the two-stage MAD a single genus (Acetobacteroides, Blvii28 
wastewater-sludge group) dominated in all samples in both the AcD 
(8.32–24.44%, average 15.78%) and the MD (34.63–54.18%, average 
41.55%). 

In order to evaluate which PHYs contributed most to the dis(simi
larity) of the bacterial communities in the five groups of samples, 
SIMPER analyses were carried out (Tables S7 and S8). Between 3 and 5 
PHYs were required to cumulatively contribute at least 5% of the pair
wise dissimilarities among the five types of samples (Table S8). 
PHY0002 (Burkholderiales) and PHY0005 (Caldilineaceae) explained the 
dissimilarities among the suspended and attached biomass communities 
in the A2O-IFAS (AS vs. C1 and AS vs. C4, 2.20% and 2.93% cumulative 
contribution, respectively). The AcD and MD samples were 
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Fig. 2. Heatmap displaying the relative abundances of Bacteria phylotypes (Phylum, Class, and Order levels), detected by Illumina sequencing in the different 
samples retrieved from the pilot-scale plant: suspended biomass in the activated sludge (AS), attached biomass in C1 and C4 carriers of the anaerobic/anoxic/aerobic 
integrated fixed-film activated sludge (A2O-IFAS), and effluents of the acidogenic and methanogenic digesters (AcD and MD) of the two-stage mesophilic anaerobic 
digestion (MAD) system. Taxa were included in the heatmaps according to the following cut-offs of relative abundance in at least one sample: Phylum ≥0.5%; Class 
and Order ≥1%. Un.: unclassified. 
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52.68–66.36% dissimilar to the A2O-IFAS samples, with PHY0001 
(Acetobacteroides Blvii28) always contributing 2.09–4.00% to such 
differences. 

Proteobacteria, Bacteroidetes and Chloroflexi are commonly the 
dominant phyla in the bacterial communities of conventional activated 
sludge processes and mesophilic anaerobic digesters (Ferrera and 
Sánchez, 2016; Xia et al., 2018). Their prevalence has also been well 
documented in IFAS systems by several studies based on 
cultivation-independent methods (Kwon et al., 2010; Wang et al., 
2021a; Wu et al., 2017; Xiao et al., 2016; Yang et al., 2014; Zhao and Bai, 
2022). In previous studies, when the same pilot-scale A2O was operated 
with suspended growth only and using a much longer SRT (12–13 d) 
(Gallardo-Altamirano et al., 2018, 2019), Proteobacteria and Bacter
oidetes also dominated the community, although Proteobacteria always 
displayed a significantly higher RA than Bacteroidetes (at least two-fold) 
throughout operation. This difference suggests that the incorporation of 
carriers and development of attached biomass influenced the patterns of 
populations’ succession in the A2O. In this sense, Aqeel and Liss (2022) 
reported that the biomass detached from the carriers during biofilm 

dispersion was incorporated to the suspended growth fraction, signifi
cantly influencing the community dynamics of both Proteobacteria and 
Bacteroidetes in a laboratory-scale IFAS-sequencing batch reactor. 

3.3.2. Diversity of archaea communities 
Over 98% of the archaeal sequence reads identified were classified 

within the Phylum Euryarchaeota in all the analyzed samples, while the 
remaining reads belonged to Thaumarchaeota (0.0–1.8%) and Cren
archaeota (0.0–0.1%). Methanomicrobia and Methanobacteria were the 
most abundant classes in both the A2O-IFAS (average RAs 68.46 and 
30.96%, respectively) and the two-stage MAD samples (average RAs 
59.93 and 39.69%, respectively). The RAs of the archaeal PHYs clus
tered at the order, family, and genus levels in the AS, C1, C4, AcD and 
MD samples are shown in the heatmaps of Fig. 3. Genera of hydro
genotrophic methanogens prevailed in both the A2O-IFAS and the two- 
stage MAD. On average, Methanomicrobiales and Methanobacteriales 
dominated in the five sample types, although their RAs widely varied 
between sampling dates, particularly in the two-stage MAD (Fig. 3). 
Methanolinea reached the highest RAs in most of the AS, C1 and C4 

Fig. 3. Heatmaps displaying the relative abundances of Archaea phylotypes (Order, Family and Genus levels), detected by Illumina sequencing in the different 
samples retrieved from the pilot-scale plant: suspended biomass in the activated sludge (AS), attached biomass in C1 and C4 carriers of the anaerobic/anoxic/aerobic 
integrated fixed-film activated sludge (A2O-IFAS), and effluents of the acidogenic and methanogenic digesters (AcD and MD) of the two-stage mesophilic anaerobic 
digestion (MAD) system. Un.: unclassified. MCG: miscellaneous crenarchaeota group. 
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samples (30.37–70.30%), while in the AcD and MD, Methanolinea, 
Methanocorpusculum and Methanobacterium alternatively dominated 
throughout the experiment (2.35–79.20%, 1.28–55.84%, and 
6.48–82.98%, respectively). The specialized acetotrophic and methylo
trophic methanogens (Methanothrix and Methanomethylovorans, respec
tively) were on average more abundant in the A2O-IFAS than in the two- 
stage MAD (Fig. 3). Some archaeal genera became particularly enriched 
in the C4 samples, including Methanothrix and the ammonia oxidizing 
archaea Nitrososphaera, which followed the same trends that their bac
terial nitrifying counterparts (Nitrosomonadaceae and Nitrospira) 
(Fig. 3). 

The SIMPER analyses (Table S9) calculated a global similarity >68% 
among the samples retrieved from either the AS, C1, C4, or MD, and 
>55% between those taken from the AcD. PHY001 (Methanolinea) al
ways had a major contribution (12.94%–26.21%) to the similarity 
among samples of the same type. PHY001 and PHY002 (Meth
anobacterium) cumulatively explained >30% similarity in the AS, C1 and 
C4 sample groups, while in the two-stage MAD, PHY003 and PHY007 
(Methanobacterium) together with PHY001 contributed >40% to the 
similarity among samples. The archaeal communities were not highly 
dissimilar (<32%) when comparing the suspended and attached 
biomass fractions in the aerated bioreactor of the A2O-IFAS (Table S10). 
PHY004 (Methanolinea) and PHY005 (Methanobrevibacter) contributed 
always to the pairwise dissimilarities among the AS, C1 and C4 samples, 
while PHY001, PHY003, and PHY006 (Methanocorpusculum) altogether 
explained >18% of all the pairwise dissimilarities of the archaeal 
communities between the A2O-IFAS and the two-stage MAD samples, 
and 27.9% of the dissimilarity among AcD and MD samples (Table S10). 

3.4. Linking the population dynamics of bacteria to the operational 
parameters and performance in the A2O-IFAS 

In order to further investigate the shifts of the bacterial community 
structure and their connections with the changes of the operating pa
rameters and the removal efficiencies of organic matter and nutrients in 
the A2O-IFAS, MDS and BIOENV multivariate analyses were carried out. 
The MDS ordinations of the AS, C1 and C4 samples were very similar 
when they were based on the RAs of the PHYs clustered at the phyla, 
class, order or family levels. Fig. 4 shows the ordinations at the order, 
family and genus levels, and ordination at the class level is displayed in 
Fig. S6. 

The prevalent orders Burkholderiales and Xanthomonadales, plus a 
group of uncultured Betaproteobacteria, consistently tended to increase 
their RAs in the A2O-IFAS towards the end of the experiment, regardless 
of the type of samples analyzed (Figs. 2 and 4A). Three of the families 
displaying the highest RAs (Comamonadaceae, Cytophagaceae and Xan
thomonadaceae) showed a trend to be more abundant in the suspended 
growth samples (Fig. 4B), although they succeeded each other 
throughout the experimental time. As such, Cytophagaceae (Bacter
oidetes) dominated in the AS samples in August/September 2017 
(19.94–34.30%), while Comamonadaceae (Burkholderiales) dominated in 
all sample types (20.34–35.85%) in November 2017 (Fig. S4). Contra
rywise, class Anaerolineae and its order Caldilineales (Phylum Chloroflexi) 
had a tendency to reduce their RAs throughout operation in the three 
biomass fractions analyzed (Fig. 2), although they were always more 
abundant on average in the attached biomass, particularly in the C4 
samples (Fig. S6A, Fig. 4A), as already observed at the phylum level 
(Fig. 2). Other bacterial taxa which became enriched in the attached 
biomass compared to the suspended growth fraction were the Order 
Nevskiales (Gammaproteobacteria) and several families of the Alphapro
teobacteria (Hyphomicrobiaceae, Phyllobacteriaceae, Rhodobacteraceae, 
Rhodospirillaceae) which reached higher RAs in the biomass sampled in 
either C1 or C4 than in the AS from August to October. In addition, a 
group of uncultured Chloroflexi was enriched in the C1 samples only 
(Fig. 2). 

The OLR and NLR in the influent and the volatile biomass in the 

bioreactor (MLVSS + BFVSS fractions) displayed very high positive 
correlations among them and are represented by a single vector marked 
as OLR in the plots of Fig. 4 and Fig. S6. In addition, these three variables 
correlated strong and negatively with both temperature (T) and SRT. 
According to BIOENV analysis (Table S11), higher RAs of the dominant 
classes Betaproteobacteria and Gammaproteobacteria (Burkholderiales, 
Rhodocyclales, unclassified Betaproteobacteria and Xanthomonadales at 
the order level) occurred with increasing availability of organic matter 
and N (r > 0.70), and consequently at lower T and shorter SRT (r <
− 0.70). The PLR in the influent only displayed strong positive correla
tions (r > 0.70) with the RA of the order Rhodocyclales and the group of 
unclassified Betaproteobacteria. The F/M ratio was represented by a very 
short vector in all the ordinations, indicating that its influence on the 
shaping of the bacterial community structure was weak. 

The bacterial orders whose trends of RA showed more robust positive 
correlation coefficients with the %ORR were Rhodocyclales and Rhodo
bacterales (r = 0.97 and r = 0.76 respectively, Table S11). %NRR was 
positively and robustly correlated with the RAs of Hyphomicrobiales, 
Nevskiales, Rhodobacterales, Rhodocyclales, and Rhodospirillales (r =
0.71–0.99). %PRR was increased concomitantly with higher RAs of 
Burkholderiales, Rhodocyclales, Xanthomonadales and the group of un
classified Betaproteobacteria (r = 0.7-0-97). The families showing the 
strongest positive correlations (r > 0.9) with the efficiency of removal of 
both organic matter and nutrients were Azonexaceae (r > 0.9 with % 
ORR, %NRR and %PRR), Rhodocyclaceae (r > 0.9 with %ORR and % 
PRR), Saprospiraceae (r = 0.87 with %ORR and r = 0.98 with %PRR) and 
the group of unclassified Burkholderiales (r = 0.9 with %ORR and r =
0.88 with %PRR). Strong positive correlations (r > 0.7) among the RAs 
of the families Hyphomicrobiaceae and Rhodobacteraceae and the removal 
of N were already observed in previous experiments when the A2O was 
operated under the conventional configuration (Gallardo-Altamirano 
et al., 2019). Remarkably, in the present study, it was observed that in 
all the ordinations the %NRR increases in the direction of the C1 and C4 
samples retrieved from August to October, indicating a closer link of the 
efficiency of the removal of this nutrient with the shifts of microbial 
communities experienced by the attached biomass fraction. 

Fig. 4 also displays the MDS ordination based on the RAs of the PHYs 
identified at the genus level which reached ≥0.5% RA in at least one 
sample, and the Pearson’s product moment correlations among the 
vectors representing their trends of RA and those of the operational 
parameters and the removal efficiencies of organic matter, N and P are 
summarized in Table S11D. Regarding the efficiency of N removal, the 
genera Bosea, Devosia, Hyphomicrobium and Rhodoplanes showed 
moderate-to-high positive correlations with %NRR (r = 0.63–1.00, 
Table S11D). These four genera accounted for 65–85% of the Illumina 
reads that were annotated as Hyphomicrobiales, the only among the top 5 
more abundant orders which showed a high positive correlation with % 
NRR (r = 0.82, Table S11B). Other genera that correlated strongly with 
%NRR (r > 0.85) were Dechloromonas (Rhodocyclales), Rhodobacter 
(Rhodobacterales), Rubrivivax (Burkholderiales) and Sulfuritalea (Nitro
somonadales). Remarkably, all of the aforementioned genera are 
described as denitrifiers (Falk et al., 2010; Magnusson et al., 1998; 
Marcondes de Souza et al., 2014; McIlroy et al., 2016; Nagashima et al., 
2011; Oren and Xu, 2014; Pujalte et al., 2013) and reached higher 
average RAs in the attached biomass of the A2O-IFAS than in the sus
pended growth fraction, particularly in the C1 samples (Fig. S5). Rho
dobacter, Rubrivivax, and Sulfuritalea were also identified among the 
dominant denitrifiers in previous studies in two A2O-IFAS full-scale 
plants (Phanwilai et al., 2020), and active denitrification by Dechlor
omonas and Sulfuritalea was demonstrated in a full-scale enhanced bio
logical P removal plant by McIlroy et al. (2016). 

The abovementioned results are in agreement with those of Lou et al. 
(2022), which found that after upgrading a full-scale A2O oxidation 
ditch by including carriers in all its sectors, the highest denitrification 
rates were connected to the colonization by heterotrophic denitrifiers of 
the biofilms at the front of the aerobic zone (closer to the anoxic area), 
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Fig. 4. Non-metric multidimensional scaling (MDS) plots, illustrating the ordinations of the samples retrieved from the suspended biomass in the activated sludge 
(AS) and attached biomass in C1 and C4 carriers of the anaerobic/anoxic/aerobic integrated fixed-film activated sludge (A2O-IFAS), according to the relative 
abundances of bacterial phylotypes identified by Illumina sequencing. In each plot, samples are represented on the ordination space with different symbols according 
to their type (AS, C1 or C4) and the sampling date is indicated. A. Ordination based on the relative abundance of Bacteria at the order level. B. Ordination based on 
the relative abundance of Bacteria at the family level. C. Ordination based on the relative abundance of Bacteria at the genus level. D. Correlations among operational 
parameters and the indicators of the efficiency of organic matter and nutrients’ removal and the ordination shown in plot A. E. Correlations among operational 
parameters and the indicators of the efficiency of organic matter and nutrients’ removal and the ordination shown in plot B. F. Correlations among operational 
parameters and the indicators of the efficiency of organic matter and nutrients’ removal and the ordination shown in plot C. Vectors in plots A and B show the 
direction throughout the ordination of the relative abundances of bacterial orders and families with an average relative abundance ≥1% in the set of samples. Vectors 
in plot C show the direction throughout the ordination of the relative abundances of bacterial genera with an average relative abundance ≥0.5% in the set of samples. 
Taxa classified within the Alpha-, Beta-, Gamma- and Deltaproteobacteria, Bacteroidetes and Chloroflexi are shown using different colors. Vectors in plots D, E and F 
represent the direction throughout the ordination of the following variables: global food/microbial ratio (F/M), global solids retention time (SRT), organic loading 
rate of the influent (OLRinf), P loading rate of the influent (Pinf), sludge volumetric index (SVI), temperature (T), nitrogen removal rate (%NRR), organic removal 
rate (%ORR), P removal rate (%PRR). OLRinf, nitrogen loading rate in the influent (NLRinf) and the bioreactor biomass (MLSS + BFSS fractions) displayed very high 
positive correlations among them (ρ > 0.9), and are represented by a single vector in the plots. The stress level of the MDS plots (≤0.1) validates the 2D-represen
tation of the biotic data distribution (Clarke and Warwick, 2001). Vectors with a length shorter than 0.2 had negligible influence on the ordination and are not shown. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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while nitrifiers were enriched in further areas of the aerobic zone, where 
carriers were visibly less colonized, as also observed in the present study 
when comparing C1 and C4 carriers (Fig. S1). Phanwilai et al. (2020) 
also reported that the absolute abundances of both nitrifiers and het
erotrophic denitrifiers measured by qPCR were significantly higher in 
the attached biomass than in the suspended growth of two full-scale 
A2O-IFAS operated at SRT = 7.5 and 5.2 days, and Wang et al. 
(2021a) found higher relative abundances of denitrifiers (which 
included Dechloromonas and Hyphomicrobium) in the biofilms of a 
pilot-scale IFAS-membrane bioreactor, compared to the AS fraction. 

Several authors highlighted that the main advantage offered by IFAS 
for an enhanced N and P removal performance is to enable an increased 
residence time for the slow-growing nitrifiers by colonizing the carrier 
media, while the faster growing heterotrophs would mostly thrive in the 
suspended growth fraction (Onnis-Hayden et al., 2011; Waqas et al., 
2020). In this sense, Zhao and Bai (2022) reported increased N–NH4

+

removal in an A2O when comparing the conventional and IFAS config
urations (89.8% vs. 98.0%), concluding that the observed improvement 
was correlated with a higher RA of the nitrifying bacteria (particularly 
Nitrospira) in the attached biomass fraction. In the present study, the RAs 
of the Nitrosomonadaceae and Nitrospira tended to increase in the C4 
samples (Figs. S4 and S5); however, no robust correlations were found 
among the RAs of these taxa and the %NRR (Fig. 4, Tables S11C and D). 
It must be taken into consideration that Zhao and Bai (2022) operated 
the A2O-IFAS using a much longer SRT (15 days) and higher MLSS 
concentrations (2430–3760 mg L− 1), also detecting much higher RAs of 
nitrifiers than those reported here. As previously stated, the average % 
NRR in the A2O-IFAS was significantly higher compared to the con
ventional A2O configuration used in the same pilot-scale plant in pre
vious work, even though a shorter SRT was selected 
(Gallardo-Altamirano et al., 2021b); however, the N–NH4

+ removal rates 
were similarly high (>95%) in the three experimental phases (Table S1). 
The data presented here support that the incorporation of carriers 
enhanced the N removal performance by favoring an increase of the RAs 
of particular genera of denitrifiers in the attached biomass of C1 
chamber of the aerobic bioreactor, rather than by boosting colonization 
by nitrifiers, under the operational conditions tested. 

Two well-known phosphate accumulating (PAO) genera, Dechlor
omonas (Rhodocyclales) and Ca. Accumulibacter (Un. Betaproteobac
teria), were identified in the A2O-IFAS samples. They were regarded as 
well as the major PAOs in other studies analyzing the diversity of IFAS 
systems (Wang et al., 2021a; Zhao and Bai, 2022). Both genera tended to 
increase their RAs in all the samples towards the end of the experiment, 
but while Dechloromonas was on average more abundant in the attached 
biomass, Ca. Accumulibacter became enriched in the AS (Fig. S5). This 
different niche preference is likely related to the ability of Dechlor
omonas spp. to denitrify (Petriglieri et al., 2021). Suspended growth is 
more often preferred by non-denitrifying PAO over the biofilm lifestyle 
in WWT plants, since these organisms require alternating aerobic and 
anaerobic conditions for their metabolism, and these are provided by the 
circulating mixed liquor of activated sludge in enhanced biological P 
removal (EBPR) systems such as the A2O-IFAS tested in this work 
(Onnis-Hayden et al., 2011). 

Of the two PAO identified at the genus level, only Ca. Accumu
libacter displayed a strong positive correlation with %PRR (r = 0.94, 
Table S11D). Its RA was favored at lower temperatures and shorter SRT, 
which were concomitant with the increase of ORL (Fig. 4). Remarkably, 
several other taxa at the family and genus level displayed robust positive 
correlations with %PRR (Tables S11C and D). Among these, Rhodocy
claceae have been widely reported to include PAO organisms (Goel and 
Motlagh, 2014; Klein et al., 2022), and Comamonadaceae were identified 
as key PAO coexisting with Ca. Accumulibacter in a sequencing batch 
reactor treating high-strength wastewater and operated at SRT shorter 
than 4 days (Ge et al., 2015). The role of the genus Hydrogenophaga in P 
removal in pilot-scale MBBR plants has been hinted in some studies 
(Iannacone et al., 2020, 2021), although to the best of the authors’ 

knowledge, its ability to accumulate polyphosphate in WWT plants has 
not been experimentally demonstrated to date. Thus, additional bacte
rial populations could be also contributing to P removal in the A2O-IFAS, 
either by storing polyphosphates, or providing substrates for PAO. 

3.5. Linking the population dynamics of Bacteria and Archaea to the 
operational parameters and performance in the two-stage MAD 

Fig. 5 and Fig. S7 show the MDS ordinations based on the RAs of the 
PHYs identified at the family and genus level of both Bacteria and 
Archaea in the two-stage MAD samples, and Table S12 displays the 
Pearson’s product moment correlations among the vectors representing 
their trends of RA and those of the operational parameters and in
dicators of methanogenesis efficiency. 

Taking all the samples altogether, Rikenellaceae had the highest 
average RAs in both the AcD and the MD (Fig. S4), although Comamo
nadaceae and Paludibacteraceae were also prevalent taxa in the AcD, with 
the three families cumulatively comprising 26.5–42.8% of the bacterial 
community. Comamonadaceae and Paludibacteraceae displayed robust 
positive correlations with the VFA/Alk ratio (r > 0.80) and correlated 
negatively with CH4 recovery rate and %CH4 in the biogas (r = − 0.69 to 
− 0.97). At both family and genus levels, the RAs of several taxa which 
were also enriched in the AcD compared to the MD (Figs. S4 and S5) 
displayed similar trends of correlation with the abovementioned vari
ables (Christensenellaceae, Lachnospiraceae, Rhodocyclaceae, Saprospir
aceae, Unclassified. Burkholderiales, and Unclassified Eubacteriales; 
Dechloromonas, Ca. Accumulibacter, Diaphorobacter, Fusibacter, Micro
virgula, Paludibacter, Proteiniclasticum, Rhodobacter, and Streptococccus). 
Most of these taxa tended also to increase their RAs at higher values of 
OLR (Table S12). These patterns are consistent with the successful 
separation of acidogenesis in the first phase of the two-stage MAD, 
promoting a more efficient conversion of organic matter to VFAs while 
keeping methanogenesis low (Gallardo-Altamirano et al., 2021a). 
Interestingly, the populations which increased their RAs with the 
gradual lowering of temperature (35–30 ◦C) experienced in the AcD 
towards the end of the experiment were also correlated with a higher 
accumulation of VFAs. 

In the MD, Rikenellaceae alone comprised 34.6–54.2% of the 
sequence reads in the samples (Fig. S4), and nearly 100% of the PHYs 
were identified to the genus level as belonging to the Blvii28 
wastewater-sludge group (Fig. S5), of which the species Acetobacteroides 
hydrogenigenes is the only cultivated representative (Su et al., 2014). 
These bacteria are described as strictly anaerobic, carbohydrate fer
menting organisms, which generate acetate, CO2 and H2 as end prod
ucts, thus providing substrates for both hydrogenotrophic and 
acetoclastic methanogens, and have been often found dominant in 
mesophilic anaerobic digesters (Khan et al., 2021; Yu et al., 2022). The 
RAs of Rikenellaceae and Acetobacteroides (Blvii28) correlated positively 
with the CH4 recovery rate and %CH4 in the biogas, supporting the 
relevance of their role for an efficient methanogenesis (Fig. 5, 
Tables S12A and C). Other taxa showing similar trends of correlation in 
the MD although reaching considerably lower RAs in the sludge com
munities were the families Anaerolineaceae, Chromatiaceae, and Syn
ergistaceae, and the genera Allochromatium, Coprothermobacter, 
Kosmotoga, Syntrophomonas, and Thermoanaerovibrio (Fig. 5). Species of 
all the aforementioned genera are described to produce H2 as 
end-product of their metabolisms, and several of them are known to 
establish syntrophic associations with hydrogenotrophic methanogens 
(Chovatia et al., 2009; Dipippo et al., 2009; McInerney et al., 2008; Nie 
et al., 2021; Wang et al., 2021b). These symbioses among H2 producers 
and consumers are regarded essential to assure efficient and stable 
operation of anaerobic digesters (Carballa et al., 2015). 

The methanogenic community of both digesters was always >90% 
composed of hydrogenotrophic genera. In both digesters, the commu
nity was initially dominated by the family Methanoregulaceae and its 
genus Methanolinea; however, significant populations shifts were 
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Fig. 5. Non-metric multidimensional scaling (MDS) plots, illustrating the ordinations of the samples retrieved from the effluents of the acidogenic and methanogenic 
digesters (AcD and MD) of the two-stage mesophilic anaerobic digestion (MAD) system, according to the relative abundances of bacterial and archaeal phylotypes 
identified by Illumina sequencing. In each plot, samples are represented on the ordination space with different symbols according to their type (AcD or MD) and the 
sampling date is indicated. A. Ordination based on the relative abundance of Bacteria at the family level. B. Ordination based on the relative abundance of Bacteria at 
the genus level. C. Ordination based on the relative abundance of Archaea at the genus level. D. Correlations among operational parameters and indicators of the 
efficiency of methanogenesis and the ordination shown in plot A. E. Correlations among operational parameters and indicators of the efficiency of methanogenesis 
and the ordination shown in plot B. F. Correlations among operational parameters and the indicators of the efficiency of methanogenesis and the ordination shown in 
plot C. Vectors in plots A show the direction throughout the ordination of the relative abundances of bacterial families with an average relative abundance ≥1% in 
the set of samples. Vectors in plot B show the direction throughout the ordination of the relative abundances of bacterial genera with an average relative abundance 
≥0.5% in the set of samples. Vectors in plot C show the direction throughout the ordination of the relative abundances of all archaeal genera in the set of samples. 
Bacterial taxa classified within the Alpha-, Beta-, and Gammaproteobacteria, Bacteroidetes, Chloroflexi and Firmicutes, and archaeal taxa classified within the Meth
anobacteriales, Methanomicrobiales, Methanosarcinales and Thaumarchaeota are shown using different colors. Vectors in plots D, E and F represent the direction 
throughout the ordination of the following variables: %CH4 in biogas, CH4 recovery rate, temperature (T), volatile solids/total solids percentage (%VS/TS), volatile 
fatty acids to alkalinity ratio (VFA/Alk), organic loading rate (OLR), and % of volatile solids removal (%VSR). The stress level of the MDS plots (≤0.1) validates the 
2D-representation of the biotic data distribution (Clarke and Warwick, 2001). Vectors with a length shorter than 0.2 had negligible influence on the ordination and 
are not shown. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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observed in the October and November samplings, particularly in the 
AcD (Fig. 3). The RAs of the families Methanobacteriaceae, Meth
anocorpusculaceae, Methanomicrobiaceae, Methanospirillaceae and Meth
anotrichaceae tended to increase towards the end of the experiment. 
According to BIO-ENV analysis, Methanobacteriaceae, Meth
anocorpusculaceae, and Methanomicrobiaceae were enriched at lower 
temperatures and higher VFS/Alk ratios (Fig. S7, Table S12B), following 
trends opposed to those of the Methanoregulaceae. At the genus level, 
Methanolinea was displaced by Methanocorpusculum (Meth
anocorpusculaceae) (Fig. 3) and their RAs were influenced in opposite 
ways by the temperature and the available ORL (Fig. 5, Table S12). 
Methanobacterium (Methanobacteriaceae) increased their RAs throughout 
operation, but the correlations among the RA of this genus and the 
operating factors were negligible (Table S12D). Methanolinea was the 
only genus for which a robust positive correlation (r > 0.98) was 
observed among the increase of its RA and both the CH4 recovery rate 
and %CH4 in the biogas. A higher %VSR was observed with increasing 
RAs of both Methanospirillum and the acetotrophic specialist 
Methanothrix. 

Overall, the prokaryotic community structure in the two-stage MAD 
and the correlations observed among the populations’ dynamics and the 
efficiency of the acidogenesis and methanogenesis agreed with the re
sults reported previously when the plant was operated with the same 
SRTs but fed with the PS and WAS of the A2O lacking the IFAS config
uration (Gallardo-Altamirano et al., 2021a). Remarkably, in both studies 
robust positive correlations with %VSR and CH4 recovery rate in the MD 
were detected for the Rikenellaceae, which were further identified here 
to the genus level as Acetobacteroides (Blvii28 wastewater-sludge group), 
providing a stronger support to the hypothesis of a major role of these 
organisms in the generation of substrates for methanogenesis. However, 
some interesting differences were also found. For instance, some of the 
taxa found prevalent in the AcD in the previous study were not detected 
here, and vice-versa (ie. Xanthomonadaceae compared to Paludibacter
aceae). Also, in previous work a heavy enrichment with a single genus 
(Methanolinea, 70–92% RA) was observed throughout long-term oper
ation, particularly in the AcD (Gallardo-Altamirano et al., 2021a), while 
in the present study several genera of methanogens codominated in the 
AcD, and population succession occurred mostly correlated to the tem
perature shift experienced in the AcD by the end of the experiment 
(Figs. 3 and 5). In previous work, Shaw et al., (2019) conducted mi
crobial network analyses which predicted a displacement of Methanor
egulaceae by Methanospirillaceae and Methanomicrobiaceae in a 
mesophilic laboratory-scale anaerobic digestor under analogous tem
perature disturbances. 

4. Conclusions 

The improvement of the efficiency of nutrient removal in the pilot- 
scale A2O following an upgrade to the IFAS configuration significantly 
correlated with the shifts of RA of specific populations within the pro
karyotic communities. Under the short SRT (5 days) operating condi
tions tested, both nitrifiers (Nitrosomonadaceae, Nitrospira, 
Nitrososphaera) and denitrifiers (Bosea, Dechloromonas, Devosia, Hypho
microbium, Rhodobacter, Rhodoplanes, Rubrivivax, and Sulfuritalea) were 
enriched in the attached versus the suspended biomass fraction in the 
A2O, but only the increase of the RA of denitrifiers correlated strongly to 
%NRR. An increased %PRR was concomitant with the enrichment of Ca. 
Accumulibacter in the suspended biomass, although links with other 
genera potentially involved in P removal were also observed. Besides 
enabling efficient N and P removals in the A2O-IFAS, short SRT also 
contributed to generate a highly biodegradable WAS, which increased 
the absolute abundances of Bacteria and Archaea in the two-stage MAD 
and improved biogas and methane yields. Sludge retention time (SRT), 
together with carriers’ addition, are easy adjustment variables for an 
optimization of this technology. In addition, bacteria of the Rikenella
ceae, particularly Acetobacteroides (Blvii20 wastewater group), were 

pointed as the key providers of substrates for methanogens in the two- 
stage MAD treating PS and WAS from either the conventional A2O or 
A2O-IFAS, and are potential microbial indicators of efficient perfor
mance in MAD processes. 
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