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a b s t r a c t

The function of the microbiomes in wastewater treatment systems and anaerobic digesters is dictated by
the physiological activity of their members and complex interactions between them. Since functional
traits are often conserved at low taxonomic ranks (genus, species, strain), high resolution taxonomic
classification is crucial to understand the role of microbes in any ecosystem. Here we present MiDAS 3, a
comprehensive 16S rRNA gene reference database based on full-length 16S rRNA gene amplicon
sequence variants (FL-ASVs) derived from activated sludge and anaerobic digester systems in Denmark.
The new database proposes unique provisional names for all unclassified microorganisms down to
species level, providing a new and much-needed tool for microbiome research. The MiDAS 3 database
was used to analyze the microbiome in 20 Danish wastewater treatment plants with nutrient removal,
sampled over 13 years. The 50 most abundant species belonged to 42 genera, including 14 genera with
provisional ‘midas’ name. Of those, 20 have no known function in the system, which highlights the need
for more efforts towards elucidating the role of important members of wastewater treatment ecosys-
tems. The newMiDAS 3 database also forms the backbone of the MiDAS Field Guide e an online resource
linking the identity of microorganisms in wastewater treatment systems to available data related to their
functional importance. The new field guide contains a complete list of genera (>1800) and species
(>4200) found in activated sludge and anaerobic digesters in Denmark, but is also relevant to wastewater
systems across the world. The identity of the microbes is linked to functional information, where
available, and the website provides the possibility to BLAST new sequences against the MiDAS 3 database.
The MiDAS Field Guide is a collaborative platform acting as an online knowledge repository, facilitating
understanding of wastewater treatment ecosystem function.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Biological nutrient removal plants are the principal wastewater
treatment systems across the urbanized world. Besides their pri-
mary role in removing pollutants and pathogens, these systems are
increasingly seen as resource recovery facilities, contributing to
sustainable resource management (Nielsen, 2017). For example, at-
plant anaerobic digestion exploits the value of sludge as a source of
energy, reducing plant carbon footprint, and placing wastewater
treatment plants (WWTPs) on the road to achieving a circular
ommunities, Department of
Bajers Vej 7H, 9220 Aalborg,

Ltd. This is an open access article u
economy. Complex microbial communities, the microbiome, define
the function of biological wastewater treatment systems, and un-
derstanding the role of individual microbes requires knowledge of
their identity, to which known and putative functions can be
assigned. The gold standard for identification and characterization
of the diversity, composition, and dynamics of the microbiome is
presently 16S rRNA gene amplicon sequencing (Boughner and
Singh, 2016). A crucial step is a reliable taxonomic classification,
but this is strongly hampered by the lack of sufficient reference
sequences in public databases for many important microbes pre-
sent in wastewater treatment systems (McIlroy et al., 2015). In
addition, high taxonomic resolution is missing from the large-scale
public reference databases such as SILVA (Quast et al., 2013),
Greengenes (DeSantis et al., 2006), and RDP (Cole et al., 2014), often
resulting in poor classification.
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http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:phn@bio.aau.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.115955&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2020.115955
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.watres.2020.115955


M. Nierychlo et al. / Water Research 182 (2020) 1159552
MiDAS (Microbial Database for Activated Sludge) was estab-
lished in 2015 as an ecosystem-specific database for wastewater
treatment systems based on the SILVA database which provided
manually curated taxonomic assignment (MiDAS taxonomy 1.0)
and associated physiological information profiles (midasfieldguide.
org) for all abundant and process-critical genera in activated sludge
(AS) (McIlroy et al., 2015). Both taxonomy and database were later
updated (MiDAS 2.0) to cover abundant microorganisms found in
anaerobic digesters (AD) and influent wastewater (McIlroy et al.,
2017). MiDAS 2.0 can only provide taxonomic classification down
to genus level due to the resolution of the SILVA database, and
classification to higher taxonomic ranks (family, order) is often
observed because proper reference sequences are lacking. This
limits elucidation of the diversity in these ecosystems. Conse-
quently, physiological differences between the members of the
same genus that coexist in activated sludge cannot be reliably
linked to the individual phylotypes due to insufficient phylogenetic
resolution. Furthermore, the growing number of sequences and
frequent taxonomy updates of large-scale databases, such as SILVA
(Gl€ockner et al., 2017), make manual curation difficult to maintain.

Recent developments of sequencing technology and bio-
informatic tools have enabled generation of millions of high-quality
full-length 16S rRNA gene reference sequences from any environ-
mental ecosystem (Callahan et al., 2019; Karst et al., 2019, 2018). By
obtaining full-length 16S rRNA gene sequences directly from
environmental samples, we have established a near-complete
reference database for high-taxonomic resolution studies of the
wastewater treatment ecosystem. A Approx. one million 16S rRNA
gene sequences were retrieved from the wastewater treatment
plants, providing more than 9500 full-length 16S rRNA gene
amplicon sequence variants (FL-ASVs) after dereplication and error
correction (Dueholm et al., 2019). Moreover, we created the Auto-
Tax pipeline for generating a comprehensive ecosystem-specific
taxonomic database with de novo names for novel taxa. The
names are first inherited from sequences present in large-scale
SILVA taxonomy, and de novo names are provided for all remain-
ing unclassified taxa, based on reproducible clustering with rank-
specific identity thresholds (Yarza et al., 2014). These de novo
names provide placeholder names for all novel phylotypes and act
as fixed unique identifiers, making the taxonomic assignment in-
dependent of the analyzed data set and enabling cross-study
comparisons.

Herewe present theMiDAS 3 reference database, which is based
on the FL-ASVs previously obtained from activated sludge and
anaerobic digester systems (Dueholm et al., 2019), amended with
additional sequences of potential importance in the field. These
sequences represent bacteria from influent wastewater, potential
pathogens, and genome-derived sequences of microbes found in
wastewater treatment systems. The MiDAS 3 taxonomy is built
using AutoTax (Dueholm et al., 2019) and proposes unique provi-
sional names for all microorganisms important in wastewater
treatment ecosystems at species-level resolution. Compared to
MiDAS 2.0, whichwas amanually curated version of SILVA database
providing classifications down to genus-level, MiDAS 3 provides a
more sustainable and streamlined workflow for taxonomy assign-
ment. The database contains only high-quality sequences coming
from the ecosystem, where the existing taxonomic classification,
down to species-level, is adapted from SILVA or automatically
assigned using the novel AutoTax concept. In order to automate the
procedure, the majority of manual curations present in MiDAS 2.0
are not maintained in MiDAS 3, thus, a minor number of changes in
taxonomic classification of the abundant microorganisms present
in the ecosystem are observed upon the comparison of the two
MiDAS versions. We have furthermore curated some of the species-
level names, and here we demonstrate the resolution power of
MiDAS 3 by analyzing species-level microbiome in 20 Danish full-
scale WWTPs carrying out nutrient removal with chemical phos-
phorus removal (BNR) or enhanced biological phosphorus removal
(EBPR) over 13 years. We provide information about diversity, core
communities, and the most abundant species in these ecosystems.
Although the plants investigated here are Danish, the results and
approach are relevant for studies of biological nutrient removal
WWTPs worldwide, as previously demonstrated for Dutch and
Canadian WWTPs (Dueholm et al., 2019).

We also present the updated MiDAS Field Guide, an online
platform that links the MiDAS 3 taxonomy-derived identity of all
microbes from wastewater treatment systems to abundance in-
formation, based on our long-term survey, and functional infor-
mation (where available). MiDAS 3 alleviates important problems
related to the taxonomic classification of microbes in environ-
mental ecosystems, such as missing reference sequences and low
taxonomic resolution, while our MiDAS Field Guide acts as an on-
line knowledge repository facilitating understanding the function
of microbes present in wastewater treatment ecosystems.
2. Materials and methods

2.1. MiDAS 3 reference database and taxonomy

The MiDAS 3 reference database was built using 16S rRNA gene
FL-ASVs from 21 activated sludge WWTPs and 16 ADs systems, and
taxonomic classification was assigned as described by Dueholm
et al. (2019) and shown in Fig. 1. The database was amended with
95 additional sequences from published genomes for 60 bacteria
and 35 archaea that are potentially important in wastewater
treatment systems, but not present in the reference FL-ASVs ob-
tained (Table S2). Taxonomy was assigned to all sequences using
the workflow presented in Fig. 1. Gaps in the SILVA-derived tax-
onomy were filled with a de novo taxonomy which provides ‘mid-
as_x_y’ placeholder names, where x represents the first letter of
taxonomic level, for which de novo assignment was created, and y is
a number derived from the FL-ASV that forms the cluster centroid
for a given taxon. Where applicable, placeholder names were
replaced with taxon names for FL-ASVs that represent genomes
published in peer-reviewed literature, which were not included in
the SILVA taxonomy. Additionally, several manual curations of the
SILVA-derived taxonomy were made, based on published literature
(full list of amendments is presented in Table S3).
2.2. Activated sludge samples

Sampling of the activated sludge biomass from 20 Danish full-
scale municipal WWTPs was carried out within the MiDAS proj-
ect (McIlroy et al., 2015). The plants were sampled up to four times
a year (February, May, August, and October) from 2006 to 2018with
a total of 712 samples. All samples were taken from the aeration
tank and sent overnight to Aalborg University for processing. Basic
information about the design and operation of the WWTPs as well
as number of samples collected are given in Table S1. WWTPs
included in this study comprised 16 EBPR plants, 3 BNR plants, and
1 plant that changed from BNR to EBPR during the survey. All EBPR
plants received occasional dosage of iron or aluminum salts to
improve phosphorus (P) precipitation and enhance flocculation. All
WWTPs had stable operation with effluent total P concentration
below the required limit (1.0 mgP/L) with average effluent P con-
centration across all EBPR plants of 0.39 ± 0.37 mgP/L. Effluent total
N and total COD concentrations were 4.59 ± 2.44 and 27.4 ± 12.3,
respectively.

http://midasfieldguide.org
http://midasfieldguide.org


Fig. 1. MiDAS 3 taxonomic assignment workflow based on the AutoTax framework. (1) FL-ASVs from the study of Danish plants (Dueholm et al., 2019), amended with additional
FL-ASVs (AddOns) coming from, e.g., published genomes (listed in Table S2), are first mapped to the SILVA_132_SSURef_Nr99 database to identify their closest relative. (2) Taxonomy
is adopted from the closest relative down to the taxonomic rank that is supported by the sequence identity thresholds proposed by Yarza et al. (2014), shown in brackets. To provide
species-level taxonomy, (3) FL-ASVs are mapped to sequences from type strains extracted from the SILVA database, and (4) species names are adopted if they share >98.7% identity
with a single type strain. (5) FL-ASVs are also clustered by greedy clustering at different identities, corresponding to the thresholds proposed by Yarza et al. (2014) to generate a
stable de novo taxonomy. (6) The de novo taxonomy is curated with taxon names for AddOns FL-ASVs that represent, e.g., genomes from strains published in peer-reviewed literature
(Table S2). (7) Finally, a comprehensive taxonomy is obtained by filling gaps in the SILVA-based taxonomy with the de novo taxonomy with provisional “midas” placeholder names.
Colored squares represent sources of taxonomic classifications of FL-ASVs present in MiDAS 3 database: orange: SILVA Nr99, yellow: SILVA type strains, light blue: de novo names,
dark blue: additional sequences (AddOns) introduced to MiDAS 3 database, gray: classifications rejected during the Auto-Tax workflow (adapted from Dueholm et al., 2019).
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2.3. Amplicon sequencing and bioinformatic analysis

DNA extraction, sample preparation, including amplification of
V1-3 region of 16S rRNA gene using the 27F (AGAGTTT-
GATCCTGGCTCAG) (Lane, 1991) and 534R (ATTACCGCGGCTGCTGG)
(Muyzer et al., 1993) primers, and amplicon sequencing were
conducted as described by Stokholm-Bjerregaard et al. (2017). The
V1-3 region was chosen for activated sludge community analysis,
based on the studies by Albertsen et al. (2015) and Dueholm et al.
(2019), showing this primer to give the most representative com-
munity structure and the highest taxonomic resolution. Forward
reads were processed using usearch v.11.0.667 (Edgar, 2010). Raw
fastq files were filtered for phiX sequences using usearch -filter_-
phix, trimmed to 250 bp using usearch -fastx_truncate -trunclen
250, and quality filtered using usearch -fastq_filter with -fastq_-
maxee 1.0. The sequences were dereplicated using usearch -fast-
x_uniques with -sizeout. Exact amplicon sequence variants (ASVs)
were generated using -unoise3 (Edgar, 2016) with standard set-
tings, and taxonomy was assigned using the MiDAS 3 reference
database (available at https://www.midasfieldguide.org/guide/
downloads) and the SINTAX classifier with a confidence threshold
of 0.8 (Edgar, 2018).
2.4. Data analysis and visualization

R v.3.5.1 (R Core Team, 2018), RStudio (RStudio Team, 2015), and
QIIME v.1.9.0 (Caporaso et al., 2010) were used for downstream data
processing. 712 samples with minimum 13,500 reads (the cutoff
value was chosen based on read histogram analysis) were normal-
ized and analyzed using ggplot2 v.3.2.1 (Wickham, 2009) and
ampvis2 v.2.4.9 (Andersen et al., 2018a). For alpha- and beta-
diversity analysis samples were rarefied to 13,500 reads. Alpha-
diversity was calculated in ampvis2. Beta-diversity analysis was
performed using QIIME’s beta_diversity.py script for calculating
UniFrac distance (Lozupone and Knight, 2005) and visualized by
principal coordinate analysis (PCoA) using ampvis2. Based on Uni-
Frac distance matrix, statistically significant differences among
WWTPs were calculated using the ANOSIM (QIIME) and Dunn’s post
hoc test with Bonferroni correction (dunn.test v.1.3.5, Dinno, 2017).
The core communities were defined as ASV-level taxa that are 1)
observed in all the plants and 2) abundant (belonging to top 80% of
the reads) in all the plants. The average abundance of each ASV in all
samples from given plant was summed and divided by total abun-
dance of all ASVs in that plant. Cumulative ASV read abundance was
calculated for each plant, and the ASVs comprising top 80% reads

https://www.midasfieldguide.org/guide/downloads
https://www.midasfieldguide.org/guide/downloads


M. Nierychlo et al. / Water Research 182 (2020) 1159554
were considered abundant. ASVs were grouped according to the
number of plants inwhich they were observed, as well as number of
plants in which they were abundant. Sequencing data is available at
the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra) un-
der the project number PRJNA622675. R codes andmetadata files are
available at https://github.com/martanierychlo/MiDAS3.

3. Results and discussion

3.1. The MiDAS reference database provides species-level
classification

In the creation of theMiDAS 3 database, we have applied a novel
approach, described in Fig. 1, where high-throughput sequencing of
high-quality full-length 16S rRNA genes (Karst et al., 2018) was
combined with a new automatic taxonomy assignment concept,
AutoTax (Dueholm et al., 2019). The database contains full-length
sequences from 21 Danish WWTPs carrying out nutrient removal
and 16 mesophilic and thermophilic Danish ADs located at waste-
water treatment plants. The MiDAS 3 reference database was
additionally supplemented with high-quality full-length 16S rRNA
gene sequences (AddOns) of microbes with known importance in
the field, as well as bacteria present in the influent wastewater and
pathogens (Table S2).

MiDAS 3 taxonomic assignment is based on the AutoTax frame-
work, where sequences first inherit taxonomic classification from
the SILVA SSURef Nr99 database (release 132, Quast et al., 2013),
including species names (based on type strains), if available. The
remaining unclassified sequences are assigned uniqueMiDAS names
down to species level. Thus, the new release of MiDAS 3 taxonomy
proposes a provisional genus and species name for all microorgan-
isms found in activated sludge and anaerobic digester microbiomes,
acting as stable identifiers and placeholder names for the sequences,
until the representative microorganisms are further characterized
and assigned approved names. Additionally, names derived from
recently published genomes and other sources not yet incorporated
in SILVA taxonomywere adopted inMiDAS 3 (see Table S3 for full list
of curated names) to provide a near-complete database and taxon-
omy for microorganisms in wastewater treatment ecosystems. For a
few species, there were inconsistencies between the genus and type
strain name assigned by SILVA (see Table S4); these issues relate to
the fact that the SILVA taxonomy is updated based on phylogenetic
analyses of the available 16S rRNA gene sequences, whereas type
strain names have to be approved by the International Taxonomy
Committee. The possibility of including additional sequences en-
sures that the database can easily be updated based on the current
state of the ecosystem-specific field, and will drive the future re-
leases of the MiDAS database.

Two examples of improved taxonomy are shown in Table 1.
Acidovorax is one of the most abundant genera in Danish influent
wastewater (McIlroy et al., 2017), with one abundant species
identified using the MiDAS 3 reference database. Two ASVs
belonging to the species midas_s_2077 are classified down to genus
level in all the reference databases tested, except Greengenes,
which failed to provide genus classification for both ASVs or even
family classification for ASV17. Genus Ca. Amarolinea contains
abundant filamentous bacteria in Danish WWTPs (Nierychlo et al.,
2019) and can be associated with serious bulking incidents
(Andersen et al., 2018b; Nierychlo and Nielsen, 2017). All three
abundant species belonging to the genus lack taxonomic classifi-
cation below order level in public large-scale databases, preventing
identification and analysis of this important member of the acti-
vated sludge system. The overview of the top 50 most abundant
ASVs in Danish WWTPs with their taxonomic classification based
on MiDAS 3 compared to SILVA is shown in Fig. S1.
3.2. Microbiome composition of Danish activated sludge plants

In this study, we performed a 13-year survey of the microbiome
in 20 Danish full-scale WWTPs with nutrient removal that pri-
marily treated municipal wastewater. All plants had biological ni-
trogen removal, and most also had EBPR (16 plants), 3 plants had
chemical P-removal (BNR plants), while 1 changed from BNR to
EBPR (Table S1). The survey was carried out using 16S rRNA gene
sequencing of the V1-3 region on the Illumina MiSeq platform.
Exact amplicon sequence variants (ASVs) were generated and
analyzed here instead of operational taxonomic units (OTUs) in
order to avoid similarity-based clustering and to reflect the true
biological diversity in the samples (Callahan et al., 2017). ASVs
provide consistent labels used for identification of microbes,
however, they can only be compared across studies when gener-
ated in the same way, since their numbering is dependent on the
data set and processing steps. MiDAS 3 taxonomy providing species
names ensures deeper resolution and robust classification that al-
lows inter-study comparisons. Using MiDAS 3 taxonomy, the
microbiome was characterized at genus and species level for all
plants, based on 712 samples collected 2 to 4 times per year for each
plant from 2006 to 2018. The data set consisted of 75,017 ASVs that
were represented by 1693 genera and 3787 species. Of the total ASV
number, 49% possessed genus-level classification and 30% species-
level classification. The presence of unclassified ASVs was primarily
due to missing FL-ASV reference sequences for rare ASVs or the
presence of highly similar 16S rRNA genes in different species of the
same genus. This is especially the case for medically relevant spe-
cies, which are often defined based on physiological traits rather
than molecular phylogeny. An example of the latter is the genus
Trichococcus, where the similarity of the 16S rRNA genes between
species is between 99 and 100% (Strepis et al., 2016). A blast search
at the MiDAS field guide can be used to evaluate whether high
similarity of 16S rRNA gene within the same genus causes lack of
classification for a specific ASV because several species will be hit
by the ASV.

The overall microbial diversity within samples was estimated
for each plant at ASV level using the Simpson index of diversity, and
compared for all plants analyzed (Fig. 2). The Simpson index places
greater weight on species’ evenness than the richness (Kim et al.,
2017), thus allowing the assessment of how evenly distributed
relative taxa contributions are across the samples. Since the value
of the index represents the probability that two randomly selected
individuals belong to the same taxa, the low values of Simpson
index of diversity (Fig. 2) indicate that the microbial communities
were highly diverse in all the Danish plants. Additionally, the nar-
row spread of the index in each plant indicates that the microbial
communities across the plants were consistently stable across the
years. Similar alpha diversity indices were observed in WWTPs
across the world by Wu et al. (2019), calculated as Inverse Simpson
(Fig. S2).

The differences in overall activated sludge microbiome in 20
Danish WWTPs were assessed using the phylogeny-based metric
UniFrac and visualized using PCoA plot (Fig. 3a). Small UniFrac
distance indicates similarity between the communities composed
of taxa that share a common evolutionary history. Samples
belonging to differentWWTPs were not completely separated from
each other, suggesting high similarity between the microbial
communities in those WWTPs. This is also highlighted by the fact
that the two principal coordinates only explain a small fraction of
variation in the data (5.6% and 5.4%). Fredericia appeared to have a
more distinct microbiome composition, presumably due to a high
fraction of industrial waste in the influent (Table S1). Noticeable
clustering of the samples coming from individual WWTPs (Fig. 3a),
as well as analysis of unweighed UniFrac distances within and

https://www.ncbi.nlm.nih.gov/sra
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Table 1
Classification of abundant species belonging to genera Acidovorax and Ca. Amarolinea with different taxonomies.

Taxonomy Phylum Class Order Family Genus Species ASV

MiDAS 3 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Acidovorax midas_s_2077 ASV17
MiDAS 2.1 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae - e ASV17
SILVA Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Acidovorax e ASV17
Greengenes Proteobacteria Betaproteobacteria Burkholderiales e e e ASV17
RDP Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax e ASV17
MiDAS 3 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Acidovorax midas_s_2077 ASV1167
MiDAS 2.1 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax e ASV1167
SILVA Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Acidovorax e ASV1167
Greengenes Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae e e ASV1167
RDP Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax e ASV1167
MiDAS 3 Chloroflexi Anaerolineae Caldilineales Amarolineaceae Ca. Amarolinea midas_s_1 ASV3
MiDAS 2.1 Chloroflexi SJA-15 C10_SB1A C10_SB1A Ca. Amarilinum e ASV3
SILVA Chloroflexi Anaerolineae C10_SB1A e e e ASV3
Greengenes Chloroflexi e e e e e ASV3
RDP - e e e e e ASV3
MiDAS 3 Chloroflexi Anaerolineae Caldilineales Amarolineaceae Ca. Amarolinea midas_s_553 ASV324
MiDAS 2.1 Chloroflexi SJA-15 C10_SB1A C10_SB1A Ca. Amarilinum e ASV324
SILVA e e e e e e ASV324
Greengenes Chloroflexi Anaerolineae SHA-20 e e e ASV324
RDP - e e e e e ASV324
MiDAS 3 Chloroflexi Anaerolineae Caldilineales Amarolineaceae Ca. Amarolinea Ca. A. aalborgensis ASV131
MiDAS 2.1 Chloroflexi SJA-15 C10_SB1A C10_SB1A Ca. Amarilinum e ASV131
SILVA e e e e e e ASV131
Greengenes Chloroflexi Anaerolineae SHA-20 e e e ASV131
RDP e e e e e e ASV131

MiDAS 2.1 (McIlroy et al., 2017); SILVA: Release 132_SSURef_NR99 (Quast et al., 2013); Greengenes: Release 16s_13.5 (DeSantis et al., 2006); Ribosomal Database Project:
Release 16S_v16 training set (Cole et al., 2014).

Fig. 2. Alpha diversity estimates of activated sludge microbiome using ASV-level taxa in individual plants, calculated using the Simpson index of diversity (D). Data represents 712
samples from 20 Danish full-scale WWTPs collected from 2006 to 2018 (with 17-51 samples per plant).
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between WWTPs (Fig. 3b), showed that variation between the
plants was higher than within individual plants over time, which
suggests long-term stability of the microbial communities in
Danish plants with nutrient removal. Visualization of time series
data (see example Fig. S3) confirmed the stability of microbiome in
individual plants with gradual fluctuation of abundance for only a
few species. Fredericia WWTP demonstrated the greatest range of
Unifrac distances, indicating the microbial community was less
stable than in the remaining plants. Ribe had the lowest Unifrac
distances within the plant, and second highest (after Fredericia)
distances among the plants, suggesting highly stable and distinct
microbial community present. The separation of the microbial
community observed in that plant (Fig. 3a and b) most probably
results from a unique composition of the nitrifying community
(results not shown). Differences in community composition were
analyzed statistically using Dunn’s post hoc test (Fig. 3c), Fredericia
and Ribe were the only plants with microbial community
significantly different from all plants, whereas the community
composition in all other plants was significantly different from
more than half of the remaining plants. Analysis of weighed UniFrac
distances (Fig. S4) showed the same trend with variation between
the plants higher than within individual plants, however, those
differences were less pronounced, indicating that although the
total microbial community composition is different in many plants,
the abundant members of these communities make them more
similar to each other.

Themicrobiomes inWWTPswere composed of 1694 genera and
3787 species, including 1191 de novo genera and 3603 de novo
species possessing midas_x_y names. A relatively small fraction of
taxa comprised a large proportion of the reads, thus representing
the abundant taxa that are assumed to carry out the main functions
in the system (Fig. 4a and b) (Saunders et al., 2016). The abundant
taxa were defined by ASVs that constitute the top 80% of reads in
individual WWTPs obtained by amplicon sequencing. These



Fig. 3. a) Principal Coordinate Analysis (PCoA) showing clustering of activated sludge microbiomes in WWTPs based on unweighted UniFrac distance matrix. Axes show the percent
of total variation described by each component. Statistical analysis revealed significant separation between the plants (ANOSIM, P ¼ 0.001). Data represents 712 samples from 20
Danish full-scale WWTPs collected from 2006 to 2018, b) unweighed UniFrac distance values within each WWTP and between WWTPs, c) p-value matrix showing statistical
significance of the differences among the UniFrac distances for individual WWTPs using Dunn’s test with a Bonferroni correction for multiple comparisons. Gray values represent p-
value > 0.05.
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abundant ASVs belonged to 491 and 410 genera, and 945 and 720
species in EBPR and BNR plants, respectively (Fig. 4a and b). Of the
top 80% reads in EBPR plants, only 2.9% had no genus-level classi-
fication, while 13.2% had no species-level classification. Similar
numbers were observed in BNR plants.

To our knowledge, differences in the microbial community
structure between EBPR and BNR plants have not been investi-
gated. It is generally assumed that the introduction of an anaerobic
stage, required for the EBPR process, will select for polyphosphate-
accumulating organisms (PAO), but whether other microorganisms
are also affected remains unknown. In this study, we have
compared microbiomes of those two systems, however, the low
number of BNR plants included may underestimate the diversity
observed there. The overlap of taxa between the BNR and EBPR
abundant (top 80% of the reads) communities was high (Fig. 4c).
The core taxa (93 ASV-level taxa in EBPR plants and 149 ASV-level
taxa in BNR plants), defined here as being present and abundant in
all the plants, constituted 25% of the total reads in EBPR plants
(Fig. 5) and more than 35% of total reads in BNR plants (Fig. S5).
These core taxa, which belonged to 65 genera and 63 species in
EBPR plants (see the full list of genus-level core taxa in Fig. S6) and
to 95 genera and 99 species in BNR plants, constituted only a small
fraction of the total number of genera (3.8% and 5.6% for EBPR and
BNR plants, respectively) and species (1.7% and 2.6% for EBPR and
BNR plants, respectively) present. The number of genera in EBPR
plants is higher than the number of species because a number of
ASVs possessed genus- but not species-level classification. The
number of genera in BNR plants is lower than the number of species
because of a number of core ASVs belonging to the same genus, but
different species. The core communities in EBPR and BNR plants
included taxa known to perform important processes in WWTP:
nitrifying Nitrospira as well as a number of known filamentous
genera: Ca. Microthrix, Ca. Sarcinithrix, and Ca. Villigracilis. Inter-
estingly, ammonium oxidizing Nitrosomonas was found in the core
community of BNR, but not EBPR plants. This may be due to the fact
that several of the EBPR plants included had a high proportion of
comammox Nitrospira, which is responsible for most of the nitro-
gen transformation, with simultaneous very low abundance of
Nitrosomonas (results not shown). Among known and putative PAO,
the genera Tetrasphaera and Dechloromonas were present in core
communities in both types of plant, suggesting their versatile role
in the ecosystem, while Ca. Accumulibacter was only found among
core taxa in EBPR plants. Taxa belonging to genera Nitrospira,
Dechloromonas, Sulfuritalea, Rhodoferax, and Zoogloea, known to be
involved in nitrogen transformations inWWTPs, were also found to
belong to the core community in WWTPs worldwide (Wu et al.,
2019). Both plant types contained a number of unique genus-
level core taxa (Fig. S6); however, those differences may result
from the low number of BNR plants included in the analysis, so we
cannot conclude that there are major differences in themicrobiome
of the two process types. Interestingly, 25 and 41 de novo genera
with ‘midas’ names were observed in the core communities for the
EBPR and BNR plants, respectively. Some of these novel genera may
have important functions, e.g., novel PAOs, thus the definition of
the core community helps to guide the priority list for further
functional studies.



Fig. 4. Cumulative read abundance of ASV-level taxa found in a) EBPR (n ¼ 17) and b) BNR (n ¼ 4) WWTPs, plotted in rank order. Dashed line denotes 80% of the reads, which is
assumed to cover the abundant taxa; the numbers of classified genera and species among the top 80% reads and their corresponding cumulative read abundance are given
(calculated as average for all EBPR and BNR plants), c) Venn-diagram showing abundant (top 80% of the reads) taxa belonging to number of genera, species, and ASVs shared
between BNR and EBPR plants.

Fig. 5. Distribution of ASV-level taxa across Danish EBPR plants. ASVs are grouped based on the number of plants in which they are observed (x axis) and number of plants in which
they are abundant (y axis). Number of ASVs belonging to each group is represented by color and circle size. The core community is defined as present and abundant in all EBPR
plants analyzed and is marked with black, empty circle. Data represents 601 samples from 17 EBPR plants. Cumulative abundance of ASVs observed in n plants and abundant in n
plants are given in upper and right margin plot, respectively.
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3.3. Species-level community composition

The most abundant species present in the EBPR and BNR plants
are shown in Fig. 6. Among the 10 most abundant species, two
belong to genera with a provisional ‘midas_g’ name, while of the
top 50 and top 100 species, 14 and 39 species, respectively, belong
to genera not possessing genus-level classification in SILVA (top 100
species are presented in Fig. S7). These would be impossible to
identify if MiDAS 3 was not used as the reference database,
demonstrating the advantage of using the ecosystem-specific
taxonomy.

A large fraction of themost abundant species is poorly described
in the literature. The top 50 species belong to 42 different genera, of
which almost 50% (20 genera) have no known function in waste-
water treatment systems (McIlroy et al., 2017, 2015), demonstrating
the need for more studies that link identity and function. A few
species, however, match SILVA type strains, such as Faecalibacte-
rium prausnitzii and Intestinibacter bartletti, so thesemay be applied
for relevant pure-culture studies of their physiology.

The most abundant species in both BNR and EBPR plants belong
to the genus Tetrasphaera, which represents PAO with versatile
metabolism, including the potential for denitrification (Herbst
et al., 2019; Kristiansen et al., 2013). Other abundant species
belong to the filamentous genera Ca. Microthrix (McIlroy et al.,
2013) and Ca. Villigracilis (Nierychlo et al., 2019); the former
known to cause serious bulking problems (Rossetti et al., 2005).
Trichococcusmay also possess filamentous morphology in activated
sludge and may be implicated in bulking (Liu and Seviour, 2001).
Rhodoferax is a denitrifier (McIlroy et al., 2014), while the function
in activated sludge is unknown for species in the Romboutsia and



Fig. 6. Boxplot showing the occurrence of the top 50 most abundant species in Danish BNR and EBPR WWTPs. Family, genus, and species names are shown. Taxa including ASV
numbers represent taxa that could not be confidently classified at higher taxonomic level. Missing taxonomic classifications are indicated by “-”.
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Rhodobacter genera. The novel genus midas_g_17, belonging to the
family Saprospiraceae, is one of the most abundant bacteria in
Danish plants, however, no functional information is available.
Midas_g_17 has been incorrectly classified as Ca. Epiflobacter in the
previous versions of MiDAS taxonomy. However, based on in silico
analysis of the coverage of the FISH probes available, and mapping
of the partial 16S rRNA gene sequences (Xia et al., 2008) to MiDAS 3
database, we have re-assigned Ca. Epiflobacter in MiDAS 3 to a
correct genus, which is present at much lower abundance in the
ecosystem (see Ca. Epiflobacter in Fig. S7). MiDAS 3 provides an
opportunity to reclassify sequences from previous studies, for
which information about distribution and/or function is available.
For example, a set of partial 16S rRNA gene sequences originally
classified to genus Aquaspirillum (Thomsen et al., 2007) could be
reclassified as midas_g_33. Thomsen et al. (2007) demonstrated by
FISH-microautoradiography that these sequences belong to bacte-
ria possessing denitrifying capability, suggesting genusmidas_g_33
as a potential important denitrifier in the ecosystem.

Interestingly, sub-genus level diversity among the ASVs
belonging to the top 80% of the reads was generally low in the
plants, with the average of 1.8 (andmedian 1.0) abundant species in
each genus. However, the common PAO, Tetrasphaera and the less
abundant Ca. Accumulibacter, exhibited much higher diversity,
with 12 and 7 abundant species, respectively (five most abundant
species for each PAO genus are shown in Fig. 7). Tetrasphaera had
one dominant species (midas_s_5) present in most plants, while
the other species appeared more randomly distributed. No clear
dominance of any of Ca. Accumulibacter species could be observed
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as their abundance was very different across the plants. Two of
these, Ca. A. phosphatis and Ca. A. aalborgensis are described at
species level, based on the genomes available (Albertsen et al.,
2016; Martín et al., 2006). Interestingly, the genus Dechloromonas,
which is also suggested to be a putative PAO (Stokholm-Bjerregaard
et al., 2017), only had two dominant species present in almost all
plants (Fig. 7). In general, high species diversity of the PAOs may
suggest a high degree of specialization allowing the exploitation of
different niches in the activated sludge microbiome. Ca. Accumu-
limonas, another putative PAO, which was described in the previ-
ous version of MiDAS, is not included in the present taxonomy
version, as sequences representing that genus were reclassified to
the genus Halomonas according to the updated SILVA taxonomy.

This study provides an insight for the first time, into species-
level composition of the activated sludge microbiome. Physiolog-
ical characterization is not available for the great majority of the
presented species, since they represent hitherto unidentified mi-
crobes. Only a few of them are characterized based on available
genomes and pure cultures. The importance of sub-genus level
diversity in activated sludge ecosystem is largely unknown, how-
ever, since functional traits are often conserved at low taxonomic
ranks, knowledge about identity and role of individual species in
the ecosystem is of crucial importance to understanding the
ecosystem function, its resilience to disturbances, and biological
nutrient transformation routes. The significance of species-level
microbiome composition is emphasized by recent studies of, e.g.,
comammox (Yang et al., 2020) or Tetrasphaera (Dueholm et al.,
2019), where certain traits of crucial importance to the ecosystem
function (ability to perform full nitrification and filamentous
morphology, respectively) are only exhibited by some members of
the genus.

3.4. The MiDAS reference database provides a common language for
the field

Only a few studies have performed surveys of the microbiome in
activated sludge systems, and in all cases, it has only been with
genus-level and not species-level classification (Saunders et al.,
2016; Wu et al., 2019). Since the different studies have applied
Fig. 7. Abundance of the top five species belonging to common PAO genera in 20 full-scale a
based on samples collected 2e4 times per year from 2006 to 2018. Individual PAO genera
different DNA extraction procedures, different primers (typically V1-
3 or V4), and different databases for taxonomic assignment (MiDAS
2, SILVA, RDP, or Greengenes), it can be difficult to compare results
across studies at genus level, even impossible at lower taxonomic
levels. Therefore, the use of the ecosystem-specific MiDAS database
provides a common language for all work in the field. Another key
advantage of theMiDAS 3 taxonomy is that it includes taxa abundant
in similar systems across theworld (Dueholm et al., 2019), which are
missing in large-scale public databases. By using this approach and
similar protocols for extraction and primer selection (Albertsen et al.,
2015; Dueholm et al., 2019), it will be possible to compare the results
of WWTP microbiome studies in the future. Because MiDAS 3 uses
the SILVA taxonomy as its backbone, it is also possible to merge
classifications obtained using MiDAS 3 with those obtained from the
corresponding SILVA database. This ensures high taxonomic reso-
lution for all ASVs with a good match in the MiDAS 3 database, and
allows, if reference sequences exist in the broader SILVA database,
classifications of the remaining ASVs. This combined approach may
be beneficial for wastewater treatment systems without nutrient
removal, where other genera than those included in MiDAS 3 may
dominate. In the future, however, the MiDAS reference database will
continuously be updated with FL-ASVs from wastewater treatment
systems from all parts of theworld, and we are currently working on
samples from ~1000 WWTPs from the whole world, covering all
types of processes as well as wastewater and digester types.
3.5. The MiDAS reference database for anaerobic digesters

ManyWWTPs have anaerobic digestion (AD) reactors associated
to reduce waste sludge, generate energy, recover nutrients, and
minimize the carbon footprint of the plant (Nielsen, 2017). In order
to provide a comprehensive reference database for the microbes
present in the whole wastewater treatment system, MiDAS 3 also
includes FL-ASVs from 16 full-scale Danish ADs treating primary-
and waste-activated sludge. Bacterial and archaeal microbiomes at
species level, and the main factors driving their assembly based on
a long-term survey of 46 Danish ADs have been presented in detail
by (Jiang et al., 2020).
ctivated sludge WWTPs. Data represents average read abundance values for each plant,
are indicated by different colors.
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3.6. MiDAS field guide online platform (midasfieldguide.org)

The new MiDAS Field Guide (www.midasfieldguide.org) is a
comprehensive database of microbes in wastewater treatment
systems, which was updated together with MiDAS 3 release. All
microbes found in activated sludge and anaerobic digesters are now
included in the field guide and, for the first time, species are listed
for each genus. Our database now covers more than 1800 genera
and 4200 species found in biological nutrient removal treatment
plants and anaerobic digesters. Detailed abundance information is
now provided both at genus and species level, and functional in-
formation is described where available.
Fig. 8. MiDAS Field Guide example of Tetrasphaera genus entry.
The MiDAS Field Guide integrates the identity of the microbes
with the available functional information (Fig. 8) into a community
knowledge platform in the form of a searchable database of refer-
enced information, thus acting as a central, on-line repository for
current knowledge, where all arewelcome to contribute. Due to the
rapidly growing amount of relevant literature, and high number of
taxa included, the MiDAS Field Guide is a continuous work in
progress, with our efforts prioritized towards the microorganisms
that comprise the core microbiome as well as other abundant or
process-critical species.

New features launched in the updated MiDAS Field Guide
include: 1) phylogenetic Search by taxonomy function, where all
microbes found in the ecosystem are displayed in their respective
taxonomic groups, 2) BLAST search function with complete MiDAS
3 taxonomy directly online. Updated protocols for DNA extraction
and amplicon library preparation are available online to facilitate
establishment of a common framework for studies of microbial
ecology of wastewater treatment systems.

4. Conclusions

Here we present the new ecosystem-specific reference data-
base, MiDAS 3, based on a comprehensive set of full-length 16S
rRNA gene sequences derived from activated sludge and related
anaerobic digester systems. It proposes unique provisional names
for unclassified microorganisms in wastewater treatment micro-
biomes. MiDAS 3 was used to perform detailed analysis of the
microbiome in 20 Danish WWTPs with nutrient removal, sampled
over 13 years. This enabled unprecedented resolution, revealing for
the first time abundant species present in the plants, variation of
the communities across Danish plants, many abundant core taxa,
and the diversity of species in important functional guilds, exem-
plified by the PAOs. We found many genera without known func-
tion, emphasizing the need for more efforts towards elucidating the
role of important members of wastewater treatment ecosystems.
We also present a new version of the MiDAS Field Guide, an online
resource with a near-complete list of genera and species found in
activated sludge and anaerobic digesters. Through the field guide,
microbe identity is linked to the knowledge available of their
function, and a blast function allows user 16S rRNA gene sequences
to be blasted online against the MiDAS 3 taxonomy. The central
purpose of the MiDAS Field Guide is to facilitate collaborative
research into wastewater treatment ecosystem functions, which
will support efforts towards the sustainable production of clean
water and bioenergy, and the development of resource recovery,
contributing ultimately to the circular economy of wastewater
treatment systems.
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