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A B S T R A C T   

Biases on molecular techniques used to study microbial communities in the anammox process are not always 
considered. This work aimed to evaluate different molecular approaches to study bacterial communities in an 
anammox reactor treating real urban wastewater at mainstream conditions. 16S rRNA amplicon sequencing with 
different primer sets, metagenomics, and qPCR were evaluated. An enriched anammox reactor feed with syn
thetic wastewater was used as a positive control. We reported that, despite its in silico coverage, the universal 
primers 515F-909R had, in fact, very low coverage (1%) of the Planctomycetota phylum. The functional genes 
approach showed a taxonomic resolution at the species level, although genomic database updates are a bias to be 
considered. From the phylogenetic analysis, coherence among the approaches was obtained. Primers targeting 
anammox 16S rRNA and hydrazine synthase genes in qPCR showed consistency in the quantification, making 
them useful for comparing similar investigations. According to the results, recommendations on the biomolecular 
approach to be used were outlined.   

1. Introduction 

The anammox process is carried out by anammox bacteria, described 
as a monophyletic order (“Candidatus” Brocadiales) in the Planctomy
cetes phylum that have the metabolic ability to catalyze the one-to-one 
conversion of ammonium and nitrite under anoxic conditions to form 
dinitrogen gas [32,48]. 

Recent research on autotrophic nitrogen removal has been focused 
on partial nitrification (PN) or partial denitrification (PD) coupled to 
anammox for its implementation in the mainstream line of urban 
WWTP, encouraged by the intention of achieving energy-neutral plants 
[12,36,46,54]. Despite the increasing experimental studies, there are 
still many challenges to improve the nitrogen removal efficiency at 
mainstream conditions, including: low NH4

+ concentrations, variable 
nitrogen loads, low temperatures during winter season, proliferation of 
nitrite oxidizing bacteria (NOB), nitrate buildup, competition between 
different classes of bacteria (autotrophic, heterotrophic), long-term 
process stability and stringent-effluent-quality requirements (Du et al., 

2019), [22,28,38,46]. 
There is evidence that under the same operational conditions, the 

nitrogen removal efficiency of various anammox systems may differ 
owing to the difference in the dominant anammox species, [9,62]. To 
date, six anammox genera have been described, including “Candidatus” 
(Ca.). Brocadia, Ca. Kuenenia, Ca. Scalindua, Ca. Anammoxoglobus, Ca. 
Jettenia and Ca. Anammoximicrobium, all of them detected in different 
WWTPs [20,62]. These lineages all have “Candidatus” status as it is not 
yet possible to culture them in pure culture and must be grown in lab
oratory enrichments [30]. According to Yarza et al. (2014), [65] the 
candidate taxonomic unit is a “biological entity that is delineated by a 
monophyletic set of sequences with a sequence identity that stays 
within, or very close to, the taxonomic threshold that is proposed for a 
given rank”. 

Giving the metabolic differences among the anammox community, 
better identification of the existing anammox bacteria in a bioreactor is 
of utmost importance to understand the process and improve its oper
ation [9]. But also, other microbial communities, whose identity and 
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relationship with the anammox bacteria are still under investigation 
[15], are important. In this sense, Lawson et al. [30] proposed different 
metabolic networks between anammox and heterotrophic bacteria. 
Until now, research about anammox systems working at mainstream 
conditions in real environments have provided insights into the taxo
nomic composition and, about the key nitrogen cycle microorganisms 
[22,30,33,7], but the main focus of these investigations was on oper
ating conditions from an engineering perspective [10]. As a result, the 
actual knowledge is insufficient to reveal the complexity of the anam
mox community composition and their metabolic network. 

In this sense, DNA-based molecular techniques are the most widely 
used for studying the microbial ecology in this kind of bioreactors [42, 
47]. These approaches include PCR-based methods, as amplicon 
sequencing and qPCR, which utilize 16S rRNA gene as a molecular 
marker for detection, identification, and/or quantification of bacterial 
communities. Since the 16S rRNA gene is not necessarily related to the 
physiology of anammox bacteria, the use of functional gene markers as 
hydrazine synthase (hzsA), nitrite reductase (nirS), among others, may 
provide alternatives for assessing these communities in anammox re
actors [18,23,53]. The most recent developed molecular approach is 
metagenomic sequencing, which allows a functional and taxonomic 
analysis, besides obtaining a higher resolution of microbial and anam
mox diversity compared to amplicon sequencing [2,30]. 

Despite the wide variety of molecular approaches, biases in each of 
them are not always considered. As an example, reliability of PCR-based 
methods predominantly depends on the specificity and efficiency of the 
PCR primers [51]. Since the PCR primers are designed in silico, their 
characteristics depend on the type of biomass, the type of sample, and 
many other factors inherent to the PCR reaction itself. Therefore, their 
practical applications do not always offer an acceptable performance 
[53]. Thus, when trying to compare similar investigations, several 
problems arise, like the inconsistency of the data obtained with the 
different methods, as shown by Orschler et al. [42] that compared 
amplicon sequencing of different hypervariable regions of 16S rRNA 
gene in samples from partial nitrification/anammox (PN/A) reactors. 

Therefore, this work aimed to evaluate different molecular ap
proaches to determine the whole bacterial and the anammox commu
nities’ structure in a granular-sludge anammox reactor treating real 
wastewater at mainstream conditions. Also, a comparison with an 
enriched anammox reactor treating synthetic medium was used to 
validate the techniques and the scope and biases of each one of the 
approaches used. 

2. Materials and methods 

Different molecular approaches to determine the whole bacterial and 
the anammox communities’ structure were evaluated in a granular- 
sludge anammox reactor treating real wastewater at mainstream con
ditions. For a better understanding of the strategies used in every step of 
this work, we define six DNA-based approaches (Table 1), coming from 
three techniques: amplicon sequencing, metagenomics, and qPCR. The 

amplicon sequencing technique was performed using three primer sets, 
where each primer was considered an individual approach: a) universal 
primers 515 b) universal primers 515F-909R and c) specific anammox 
primers Amx368F-Amx820R. The shot-gun sequencing metagenomic 
was the second technique evaluated, including two different ap
proaches: d) 16S rRNA sequences extracted from the metagenomic data, 
and e) functional taxonomy assigned based on functional genes. These 
five approaches were sequencing-related and their respective relative 
abundances were obtained. The final technique performed was qPCR 
(approach f), where primers targeting 16S rRNA gene for anammox 
populations, and two primer sets targeting functional genes were used. 
This last technique allowed an absolute quantification. Sections 2.1 and 
2.2 contains the details about sampling and DNA extraction, respectively 
while in the rest of the sections each approach is explained in detail. 

2.1. Anammox reactors description 

Samples were obtained from two different reactors. The first reactor 
corresponds to an anammox sludge sequential-batch-reactor (SBR) 
working at 35 ºC under stable conditions for more than six years [21]. 
This SBR was fed with a synthetic medium as influent (180 ± 30 mg 
N-NH4

+ L− 1, 190 ± 30 mg N-NO2
- L− 1) and operated with a nitrogen 

loading rate (NLR) of 0.45 ± 0.09 g N L− 1 d− 1. The nitrogen removal rate 
(NRR) was 0.36 ± 0.09 g N L− 1 d− 1. Further details about operation and 
performance of this reactor have been reported elsewhere [21]. The 
second reactor was an up-flow anammox-sludge-bed (UAnSB) reactor 
working at 20 ºC at the time of sampling. This UAnSB was fed with a 
wastewater from a partial nitritation reactor treating the real effluent 
exiting the primary settler of an urban WWTP (150.000 inhabitants 
equivalent) located in an industrial area of Catalonia, NE Spain. The 
composition of this wastewater was: 26 ± 8 mg N-NH4

+ L− 1, 36 ± 9 mg 
N-NO2

- L− 1, 2 ± 2 mg N-NO3
- L− 1, 60 ± 14 mg COD L− 1, among other 

compounds). 
Samples of the bottom of this reactor were taken during a stable 

operation period of 81 days, when it was operated with NLR of 0.10 ±
0.02 g N L− 1 d− 1; NRR 0.10 ± 0.02 g N L− 1 d− 1, nitrogen removal ef
ficiency (NRE) was 87 ± 3% (for more details, see the work of Juan-Díaz 
et al. [22]. Samples taken from both reactors, were washed 3 times 
(5000g, 5 min) with 1 mL of 1X Phosphate Saline Buffer (PBS) and the 
pellet was stored at − 80 ºC for DNA extraction. Sample from SBR reactor 
was labelled as “AM” and considered as the enriched anammox reactor 
treating synthetic influent. The other sample, coming from UAnSB 
reactor was labelled as “S1′′. 

2.2. DNA extraction 

For total genomic DNA obtention, frozen samples were thawed, 
centrifuged (5000g, 5 min) and 0.35 g of wet pellet were used for the Soil 
DNA Isolation Plus Kit (Norgen Biotek, Thorold, ON, Canada) according 
to the manufacturer’s instructions. DNA quantity and integrity were 
checked with a ND-1000 Nanodrop spectrophotometer (Thermo Fisher 
Scientific, Wilmington, DE, USA) and stored at − 80 ºC until further use 
for amplicon and metagenomic sequencing. A final quantification of 
DNA was determined with the Qubit fluorometric quantitative analyzer 
(Life Technologies, Carlsbad,CA, USA) for qPCR assays. 

2.3. Bacterial 16S rRNA gene analysis by amplicon sequencing 

Amplicon sequencing paired-end (PE) service of 16S rRNA genes on 
the Illumina MiSeq platform (2 × 300 bp) was performed by RTL Ge
nomics (Lubbock, TX, USA) for detecting bacteria and anammox bac
teria using primers shown in Table 2. To avoid differences in the results 
due to the target of different hypervariable region (HVR) of the 16S 
rRNA gene, two universal primer set targeting the HVR of the 16S rRNA 
gene (V4-V5) were used as suggested by several researchers [51,53,6]. 
The Silva database Test Prime tool [26] was used to evaluate primer 

Table 1 
DNA-based approaches used in this work to determine the whole bacterial and 
the anammox communities’ structure in a granular-sludge anammox reactor 
treating real wastewater at mainstream conditions.  

Molecular technique Details Approach 

Amplicon sequencing Set of primers used: 515F-806R a 
Set of primers used: 515F-909R b 
Set of primers used: Amx368F-Amx820R c 

Shot-gun sequencing 
metagenomic 

16S rRNA sequences from metagenomic data d 
Functional taxonomy from functional genes e 

qPCR Functional genes (hydrazine synthase gen 
and nitrite reductase gen) + Bacteria 16S 
rRNA gen + Anammox bacteria 16S rRNA 
gen 

f  
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coverage with settings recommended by Zhou et al. [53]: two maximum 
number mismatches and one site of 0-mismatch zone at 3′ end. 

2.4. Data processing of amplicon sequencing 

FastQC v.0.11.9 (https://www.bioinformatics.babraham.ac.uk/pro 
jects/fastqc/) was used to assess raw sequences quality control and 
adaptors contamination. Demultiplexed sequences were imported into 
QIIME2™ v.2019.10 (https://qiime2.org). DADA2 denoise-paired plug- 
in [4] was used to quality filtering, trimming of poor-quality bases, 
de-replication, chimera filtering, merging paired-end reads, and the 
identification of amplicon sequence variants (ASV). The resulting 
feature table was used for taxonomic assignment based on the Silva SSU 
138 rRNA reference database pre-clustered at 99% sequence identity 
with the QIIME2 q2-feature-classifier plugin [16]. The Bray-Curtis 
metric was used for calculation of beta diversity and a non-metric 
multidimensional scaling (NMDS) plot was constructed with metaMDS 
function (vegan package) and ggplot function (ggplot2 package) using R 
software version 3.5.1 (R Core Team 2013) in R Studio environment 
Version 1.0.153. The raw data was deposited at National Center for 
Biotechnology Information (NCBI) under accessing number: 
PRJNA728853. 

2.5. Metagenomic analysis 

DNA samples were analyzed using shotgun sequencing performed in 
Illumina Novaseq6000 sequencer (Macrogen, Seoul, South Korea) (2 ×
100 bp, PE). The metagenomic data was processed and analysed with 
the following tools: FastQC (v0.11.9) for assessing sequence quality, 
Trimmomatic (v0.36) for removal of ambiguous reads, adapters, and 
low-quality sequences to obtain high quality reads [3] with the settings 
SLIDINGWINDOW:4:25 and MINLEN:90, MEGAHIT v1.2.3-beta [31] for 
metagenome assembly. Contigs shorter than 1000 bp were filtered. After 
this, metagenomic annotation and functional classification were pre
dicted against the KEGG GENES database using MetaErg [11]. On the 
other side, Ribosomal Small Subnubit (SSU) from 16S rRNA genes were 
reconstructed from metagenomic reads using Metaxa2 v.2.1 [1] together 
with the SILVA SSU 138 rRNA database. Assembly of shotgun reads 
assigned to the 16S rRNA gene was performed using EMIRGE [39]. The 
raw data was deposited at NCBI under accessing number: 
PRJNA728853. 

2.6. Phylogenetic analysis 

Three phylogenetic trees were constructed to determine the position 
of anammox bacteria retrieved by the different strategies. As all primer 
sets used for amplicon sequencing produced different length sizes of the 
PCR products, it was decided to construct one tree for each primer set. In 
this way, we avoided losing information by trimming sequences. The 
trees included: representative sequences of ASVs classified as 

Brocadiaceae family from amplicon sequencing for each primer set, full- 
length 16S rRNA gene sequences reconstructed from metagenome, se
quences belonging to the Ca. Brocadiales order from an anammox study 
[53] and related environmental sequences found in GenBank using 
BLASTN algorithm. All sequences were aligned using SILVA v1.2.11 
[45] and phylogenetic trees were performed using the maximum like
lihood method in MEGA7 software [27]. 16S rRNA sequence from Pir
ellula staleyi (AJ231183) as an outgroup for rooting trees [53]. Bootstrap 
values were obtained from data resampling of 500 replicates. 

2.7. Quantification of different anammox genes and total bacteria by 
qPCR 

Two functional genes (hzsA and nirS) and one specific 16S rRNA 
method were used to quantify the proportion of anammox in both re
actors. Moreover, the total bacterial population was quantify using 16S 
rRNA gene bacterial-target primers. Table 2 shows the primers and its 
annealing temperatures. The calibration curves were constructed with 
positive controls. For these controls, plasmids pTOP_Blunt_V2 contain
ing as insert specific anammox bacterial 16S rRNA and for the functional 
genes encoding hzsA and nirS were manufactured by Macrogen Inc 
(Seoul, South Korea). Accession number of reference genes used for 
synthesis were: AB277765.1, JN703716.1 and CT573071.1. Genomic 
DNA previously extracted from a strain of Pseudomonas fluorescens was 
used as standard for the 16S rRNA gene bacterial quantification. The 
standard samples were diluted to yield 10-fold dilutions in the range of 
104-108 DNA copies µl− 1 and subsequently used to generate q-PCR 
standard curves. The R2 value for each standard curve exceeded 0.99. All 
PCR reactions were performed in a Rotor-Gene 6000 (Corbett Life Sci
ence, Sydney, Australia). Fluorescence was detected at the end of the 
extension step. The qPCR protocol was as follow: 95 ºC for 5 min fol
lowed by 40 cycles at 95 ºC for 10 s, 20 s at the annealing temperature 
and 72 ºC for 20 s. Each PCR mixture (20 µl) contained 2 µl of diluted 
DNA template, 10 µM of each primer, and 10 µl of 2X KAPA SYBR® FAST 
qPCR Master Mix Universal (Kapa Biosystems, Wilmington, MA, USA). 
The specificity of the amplified PCR product was assessed by performing 
a melting curve analysis; fluorescence readings were consecutively 
collected during the melting process from 60 to 95 ºC at a heating rate of 
5 ºC s− 1. DNA concentrations were determined using the Qubit fluoro
metric quantitative analyzer (Life Technologies, CarlsbadCA, USA) and 
gene copy numbers obtained were normalized by DNA concentrations in 
corresponding individual samples. All quantitative PCR reactions were 
carried out in triplicates and statistical analysis was performed with 
Infostat software. Log transformed gene copy numbers were subjected to 
ANOVA analysis. Tukey’s test was used to determine which genes copies 
were statistically distinct (5% of significance was used). The efficiencies 
of the quantitative PCR assays were over 80%, and the R2 value always 
exceeded 0.98. 

Table 2 
Primers used in this study for 16S rRNA amplicon sequencing and qPCR.  

Application Probe/Primer set Sequence (5′ − 3′) Specificity Annealing Temperature (ºC) Reference 

16S rRNA gene amplicon 515F GTGCCAGCMGCCGCGGTAA Bacteria and Archaea – [55] 
806R GGACTACHVGGGTWTCTAAT 
909R CCCCGYCAATTCMTTTRAGT Bacteria and Archaea  [64] 
AMX368F TTCGCAATGCCCGAAAGG 16S rRNA gen specific for anammox bacteria – [57] 
AMX820R AAAACCCCTCTACTTAGTGCCC 

qPCR 519F CAGCMGCCGCGGTAANWC Bacteria 16S rRNA gen 52 [61] 
907R CCGTCAATTCMTTTRAGTT 
AMX809F GCCGTAAACGATGGGCACT 16S rRNA gen specific for anammox bacteria 56 [63] 
AMX1066R AACGTCTCACGACACGAGCTG 
AnnirS379F TCTATCGTTGCATCGCATTT Nitrite reductase gen 54 [58] 
AnnirS821R GGATGGGTCTTGATAAACA 
AnhzsA1597F WTYGGKTATCARTATGTAG hydrazine synthase gen 51 [18] 
AnhzsA1857R AAABGGYGAATCATARTGGC  
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3. Results and discussion 

3.1. Microbial community composition 

The microbial community composition of the samples taken from 
two anammox reactors: reactor S1 (anammox reactor treating urban 
wastewater at mainstream conditions) and reactor AM (enriched 
anammox reactor treating synthetic influent as a positive control) was 
determined using: amplicon sequencing (approaches a and b) and shot- 
gun sequencing metagenomic (approaches d and e). 

Relative abundances of the four datasets were compared at the class 
level (Fig. 1A) showing that Anaerolineae, Brocadiae, Gammaproteo
bacteria and Ignavibacteria were the most abundant classes in both re
actors, although the relative abundances vary among techniques and the 
reactor samples. These classes correspond to the phyla Chloroflexi, 
Planctomycetota, Proteobacteria and Bacteroidota, respectively. This 
so-called “core microbiome”, have been found in the microbial com
munities of anammox bioreactors, being similar in several types of re
actors, despite the differences in the operation of the reactor and the 
composition of the influent wastewater, and the molecular approach 
used to determine the community composition [2,30,37]. 

A very low coverage of the Brocadiae class was observed using the 
universal primers 515F-909R. In the AM reactor, the results showed that 
16S rRNA amplicon with universal primers 515F-909R detected 1% 
while the universal primers 515F-806R presented a relative abundance 
of 75% (Fig. 1A). In this sense, we have selected two universal primer set 
targeting the same hypervariable region of the 16S rRNA gene (V4-V5), 
that showed similar coverage efficiencies and specificity for anammox 
bacterial detection on in silico evaluation with SILVA test prime, as 
recommended by various investigations (Table 3) [34,51,53]. Never
theless, our results showed that primer set 515F-909R did not cover 
most of the organisms from the Brocadiae class present in our reactors, 
underrepresenting the anammox community despite the estimated in 
silico coverage (96%). In a similar work developed by Chen et al. [8] 
studying the community structure of a partial nitritation system, 
amplicon sequencing was performed with the primer set 515F-909R, but 
Planctomycetes or anammox bacteria were not detected, although it was 
not reported as an issue. This absence of Planctomycetes disagree with 
Zhao et al. [52] whose pointed out that anammox reaction occurred in 

the partial nitritation system. Differences between in silico and in prac
tical results have been previously reported by Yang et al. [51]. This may 
be due to the fact that in silico predictions do not consider chemical 
reactions and limitations that can occur in the PCR tube and therefore 
cannot truly approximate to the practical applications [19], another 
possibility is that the microorganism predominant were not covered by 
this primer set and the sequences from these microorganisms were not 
deposited in the databases. In contrast, the primer set 515F-806R gave 
us a better representation of the anammox community, but it could lead 
to an underestimation of the other phyla on the enriched anammox 
reactor treating synthetic influent. This is due to the amplification bias 
among taxa with low estimated abundance in amplicons, as was 
demonstrated by Campanaro et al. [5]. These results agree with those of 
Ferrera and Sánchez [14], showing that there are fundamental biases 
related to the PCR amplification and the primer set used that impact on 
the quantitative information that was obtained from these approaches. 

The S1 reactor, instead, was dominated by the heterotroph’s classes 
Ignavibacteria, Anaerolineae and Gammaproteobacteria, not anammox. 
The class Brocadiae was found in very low abundance (3%) with primer 
set 515F-806R and it was not detected with the universal primer set 
515F-909R. The difference in abundance of the Brocadiales class be
tween both reactors was expected, given the characteristics of the 
influent. The synthetic medium provided to the AM reactor and opera
tion conditions were the ideal ones for enhancing the anammox 
enrichment, while the presence of organic matter and other compounds 
in real wastewater that feeds the S1 reactor enhance the growth of 
heterotrophic bacteria to the detriment of anammox bacteria. Function 
of Ignavibacteria and Anaerolinea classes are not yet completely un
derstood, but based on transcriptional insights on interactions with 
anammox, they seem to be polymer-degrading, fermentative anaerobes, 
and participates in the nitrogen removal supporting complete denitri
fication [15,30]. Also, they could supply short-chain volatile fatty acids 
and alcohols to support other communities as Proteobacteria, due to 
their ability to hydrolysate extracellular compounds of anammox bac
teria [2,22]. 

In this reactor, as primers 515F-909R did not detect Brocadiae class, 
Ignavibacteria represented the main class (90%). For the other two 
datasets based on 16S rRNA gene (approaches a and d), no major dif
ferences were observed between the relative abundances of the different 

Fig. 1. A) Relative abundance of identified classes of the microbial community in anammox reactors using four different molecular approaches. Classes whose 
relative abundance among all the techniques were less than 1% were grouped as “others”. B) Relative abundance of identified anammox bacteria at the genus level 
using five different molecular approaches. When classification at the genus level was not obtained, the previous taxonomic level was indicated as f (family) and 
o (order). 
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classes belonging to the core microbiome mentioned above. 
Important differences in the relative abundance at Brocadiae class 

were observed among techniques in the AM reactor, and nevertheless, in 
the S1 reactor were in a similar range (3–11%). Differences between 
amplicon sequencing and metagenomic and even between the two 
metagenomics approaches were obtained. This could be explained 
because a common bias for all the techniques studied is the databases 
limitations, although there are several high quality, comprehensive and 

curated 16S rRNA gene databases compared to genomic databases [44]. 
The main differences in terms of relative abundance were obtained with 
functional taxonomy when all approaches were compared. Meta
genomics approaches, on the contrary, avoids PCR biases [35] and have 
resulted in a turning point in studying phylogenetic and functional di
versity of wastewater treatment systems [14] since it reach a much 
higher resolution of taxonomic annotation [34,44]. But, on the other 
hand, its limitations include a higher cost and bionformatics complexity 

Table 3 
In silico primer coverage prediction for the primers used in this study restricted to de phylum Planctomycetes in SILVA Test Prime analysis (SSU Ref 138 NR). The 
numbers represent the percentage of sequences deposited in the database targeted with each primer sets. A heat map color code was used, red color means lower values 
while green color means higher values.  

Fig. 2. NMDS ordination using A) the class level relative abundance data of the whole microbial community; B) the genus level relative abundance data of detected 
anammox bacteria. Communities’ similarities are based on the Bray–Curtis index which includes the relative abundances on each approach. 
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than PCR based methods [34]. 
To determine how the samples analyzed with different approaches 

were grouped, an NMDS analysis was performed. The samples from 
amplicon sequencing using the primers 515F-909R were excluded from 
the analysis as this primer set did not detect Brocadiae class in the S1 
reactor samples. The results obtained using the relative abundance of 
the different classes showed that the communities were grouped by 
reactor (S1 and AM) (Fig. 2A). The impact of the bias on the results was 
different for the two reactors treating different influents. Thus, major 
difference between techniques were observed in AM reactor, where 
Anaerolineae class was underrepresented in the amplicon sequencing 
compared to the metagenome in the AM reactor, but, on the contrary, 
Brocadiae class was overrepresented comparing with the metagenomic 
approach (Table 4). These differences would be explained because 
shotgun sequencing (metagenomics) has more power to identify less 
abundant taxa than amplicon sequencing of the16S rRNA gene [13], 
causing a shift in the relative abundance estimation of higher abundant 
taxa determined by amplicon sequencing. In our study, the concordance 
between the functional and amplicon taxonomic assignment in the S1 
reactor indicates that the last is a good method to visualize the func
tional abilities of this reactor. 

3.2. Anammox bacteria community analysis 

To specifically study the anammox community, a third set of primers 
was also used for amplicon sequencing (approach c). The primers 
Amx368F-Amx820R were designed to target anammox bacteria and 
have 93% of coverage for the Brocadiaceae family when checked with 
SILVA test prime SSU138 RefNR database (Table 3). Anammox se
quences from each approach (a, b, c, d and e) classified at the Brocadiae 
class were separately analyzed and relative abundances of anammox 
community at deeper taxonomic levels were determined. 

Leaving aside amplicon sequencing data obtained with primers 
515F-909R which did not detect Planctomycetota in the S1 reactor, 
100% of Brocadiales order was detected. At family level, all approaches 
detected mainly Brocadiaceae in the two samples. 1% of Scalinduaceae 
was found in the AM reactor with functional taxonomy (Table 4). All 
other methods studied were consistent in the composition of the 
anammox community down to the family taxonomic level (phylum, 
class, order, and family). Approximately 10% of the sequences from both 
reactors’ samples were not classified at the family level with the16S 
rRNA metagenomic approach. 

The classification at the genus level reveals that the anammox 
community in both reactor samples correspond mainly to Ca. Brocadia 
genus (Fig. 1B). All the approaches showed similar detection abilities in 
both reactors. The communities obtained by amplicon sequencing with 
the three primer sets showed no other genus than Ca. Brocadia in the AM 
reactor, while a low abundance of Ca. Kuenenia was detected in the S1 

reactor. As we previously mentioned, the primers 515F-909R did not 
detect anammox at any taxonomic level in the S1 reactor. The 16S rRNA 
metagenomic approach detected mainly Ca. Brocadia and small abun
dances of Ca. Jettenia and/or Ca. Kuenenia in both reactors, neverthe
less, showed a low resolution at the genus level. A high proportion of the 
sequences were classified at previous taxonomic levels as order and 
family (41% and 40%, for AM and S1 reactors, respectively) (Table 4). 
Ca. Brocadia was also the genus of anammox with the highest abun
dance detected by functional taxonomy in both reactors. The NMDS 
analysis (Fig. 2B) showed that S1 samples grouped together while for 
AM samples the communities retrieved by the two metagenomics 
approach were closer positioned and the communities obtained using 
the 16 S rRNA approaches were identical for the two set of primers. 

About the anammox bacteria community on S1 reactor, the domi
nant genus was Ca. Brocadia. This has been reported in several main
stream studies [28,36,38]. Some studies on anammox WW treatment 
technologies have reported that there would be a dominant genus of 
anammox bacteria under specific growth conditions [24], so this will 
depend on the capacity to adapt to the mainstream wastewater [40]. 

Functional taxonomy from metagenomes allowed obtaining a clas
sification at species level (Fig. 3). The predominant species of anammox 
bacteria in the reference reactor, AM, were Ca. Brocadia sinica and Ca. 
Brocadia fulgida (45% each). In the S1 reactor, Ca. Brocadia fulgida 
(66%) and Ca. Brocadia caroliniensis (18%) had higher relative abun
dance. These differences could be associated with the influent charac
teristics, including the concentration of nitrogen compounds and the 
presence of organic matter. According to Narita et al. (2017), [59] the 
differences in physiological characteristics among anammox bacteria 
are one of the essential key factors to understand niche differentiation. 
As an example, Ca. Brocadia fulgida has been reported to be dominant 
on different deammonification systems [29,33,50]. Interestingly, Win
kler et al. [50], reported an accumulation of this specie in granular 
sludge once nitrite was omitted from the feed. Also, this species was 
reported to consume some organic carbon forms such as propionate, 
formate, and dimethylamine [56]. Nevertheless, until now there is not 
consensus about the anammox species that predominated in mainstream 
nitrogen removal processes [33]. 

Down genus level, all techniques cover the same/similar anammox 
bacteria, but the 16S rRNA sequences extracted from the metagenome 
approach lost resolution in the taxonomic assignment and on the con
trary, functional taxonomy of the metagenome had a better resolution 
on assignment at the specie level. Nevertheless, considering that func
tional taxonomy from metagenomes is a new approach, the obtained 
results would depend on database updates and completeness, and one 
shall take into account that genome annotations pipelines are nowadays 
on constant changes [11]. 

Table 4 
Comparative table of the relative abundance obtained for the anammox microorganisms with the different approaches.    

AM S1 

Approach 515F-806Ra 515F-909Rb Amx368F-Amx820Rc 16S rRNA metagenomed Functional metagenomee a b c d e 
Taxonomic classification 

Phylum Plancomycetota 79 1 100 40 18 11 0 100 5 11 
Class Brocadiae 75 1 100 27 8 9 0 100 3 11 
Order Brocadiales 100 100 100 100 100 100 0 100 100 100 
Family Brocadiaceae 100 100 100 90 99 100 0 100 89 99 
Genus Ca. Brocadia 99.8 100 100 55 95.4 99 0 99 56 98  

Ca. Jettenia 0 0 0 3 2 0 0 0 0 0.4  
Ca. Kuenenia 0.2 0 0 1 0.5 1 0 1 4 0.9  

a amplicon sequencing with universal primers 515F-806R, 
b amplicon sequencing with universal primers 515F-909R and 
c amplicon sequencing with specific anammox primers Amx368F-Amx820R, 
d 16S rRNA sequences extracted from the metagenomic data, and 
e functional taxonomy assigned based on functional gene 
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3.3. Phylogeny of anammox microorganisms predominant in the samples 

A phylogenetic analysis was performed to elucidate the relationship 
between the anammox sequences obtained by the different 16S rRNA- 
based approaches and the complete 16S rRNA genes retrieved from 
the metagenome without any primers bias. For the amplicon sequence 
analysis, the sequences were grouped in ASVs (sequences with 100% 
similarity). As different regions were targeted by the different primer 
sets, three phylogenetic trees were constructed, one for each primer set 
(Fig. 4). Comparing the phylogenetic trees, coherence between all ap
proaches in the phylogenetic analysis was observed. Most abundant 
ASVs retrieved with the different amplicon sequencing approaches with 
the specific set of primers (AMX368F-AMX820R, approach c) and with 
the universal primers (515F-806R, approach b), always cluster in the 
same branch with a sequence retrieved by the metagenomics approach. 

Some ASVs sequences retrieved with the specific primers did not 
cluster with any of the sequences retrieved from the metagenomic 
approach. Due to the low coverage of the set of primers (515F-909R) 
only one ASV was retrieved which cluster with a sequence from the 
metagenomic approach. 

Most of the ASV sequences were positioned in two clusters (A and B) 
within the Ca. Brocadia genus. On one side, Cluster A grouped the most 
abundant ASVs of the S1 sample with Ca. Brocadia fulgida reference 
sequences (around 70% of relative abundance of ASVs retrieved with 
approaches b and c) and with two sequences retrieved from the meta
genome (Full length AM metagenome 1 and Full length S1 metagenome 
1). The dominant anammox in the S1 reactor was Ca. Brocadia fulgida. 
Anammox communities dominated by this specie have been reported in 
a variety of studies on mainstream effluent treated by anammox and PN/ 
A processes, though, it was mainly detected by other methods [28,30, 
36]. So, to the authors’ knowledge, there is a lack of DNA sequencing 
data available about the anammox “Candidatus” species present in 
mainstream anammox which allows a comparison of our results. The 

next ASVs in decreasing abundance order (12% in Fig. 4A and 17% in 
Fig. 4B) were bunched in the same clade as the environmental clone Pla 
PO55–3 sequence (GQ356105), and the sequence from the recently 
described “Candidatus” Brocadia pituitae [41]. On the other side, Cluster 
B involved the dominant ASVs of the AM sample (100%) which were 
also present in the S1 sample (relative abundance of 8% in Figs. 4A and 
4B). These ASVs and two sequences retrieved from the metagenome 
(Full length AM metagenome 2 and 3) were bunched in a clade, close but 
in a different branch to the environmental clone ZMP-3 sequence 
(GQ175287) and distant to the reference’s sequences of Ca. Brocadia 
sinica, Ca. Brocadia anammoxidans and Ca. Brocadia brasiliensis. 
Clusters C, D, E and F grouped sequences from other anammox genera: 
Ca. Kuenenia, Ca. Anammoxoglobus, Ca. Jettenia and Ca. Scalindua 
respectively. From these clusters, only in cluster C, sequences from ASVs 
(1% of relative abundance) and from the genome were positioned. As 
expected by the low coverage of this primer set, the sequences obtained 
with the primers 515F-909R detected only one ASV positioned in cluster 
B for the AM sample (Fig. 4C). 

From this phylogenetic analysis, we were struck by the fact that the 
sequences from the entire anammox population of our reference reactor 
(AM) and, also detected in the S1 reactor (8% of relative abundance), 
were positioned into a clade that is not directly associated with any 
previously described species. According to Whitman (2016), sequence of 
genomic DNA may also serve as the type of material that unambiguously 
identifies the species. Herein, we propose a new anaerobic ammonium 
oxidation (anammox) bacterium, namely “Candidatus” Brocadia barci
nensis. Representative sequences were submitted to GeneBank with 
accession numbers: MZ242076 and MZ242077. This result was prelim
inarily confirmed using the genomic centric approach from metagenome 
[43]. 

3.4. 16S rRNA and functional genes quantification by qPCR 

To specifically quantify our target population, qPCR was performed 
targeting two functional genes: hszA and nirS. Moreover, a specific 16S 
rRNA primer set targeting all the anammox 16S rRNA genes was 
included in the analysis and first checked on a good performance in silico 
(see primer coverage in Table 3) and in practical test according to 
different authors [51,53]. In order to compare the values from the 
different reactors a boxplot was constructed, and statistical analysis was 
performed (Fig. 5). The results showed that 16S rRNA gene copies were 
significantly different for both reactors with higher values for the S1 
reactor. In the enriched anammox reactor treating synthetic influent, 
values of 1.04 × 106- 1.17 × 106 gene copies ng− 1 DNA of the 16S 
rRNA-amx gen were obtained. In the anammox reactor treating urban 
wastewater at mainstream conditions, values ranging from 2.32 × 105 

to 2.58 × 105 gene copies ng− 1 DNA of the 16S rRNA-amx gen were 
obtained. There were no statistically significant differences between the 
anammox marker genes (16S rRNA-amx and hzsA) in both reactors. 
Comparing both reactors, a lower abundance of 16S rRNA-amx was 
obtained in S1. Consistency in the anammox community quantification 
of either 16S-amx gene and hzsA gene on both reactors showed that 
these primers are a good choice for estimating our target and serve as a 
guide to further works that use anammox biomass for treating main
stream MWW. Regarding nirS gene, a low quantification was obtained in 
both reactors compared to the other studied genes. Also, a statistically 
different quantification between both reactors was obtained, being 
lower in the AM reactor. Han et al. [17] showed that for a sample of 
WWTP, nirS primer set presented 100% efficiency, though, it was able to 
detect a large portion of denitrifiers. Other works evaluating this gene, 
showed that it was absent in some genomes of Ca. Brocadia [60], 
therefore, it is not available for the detection and quantitative analysis of 
this genus [51], which is the main genus detected in our reactors. 

Beyond the target gene, it is important to understand that the primers 
influence the PCR based methods for relative quantification (as we have 
shown on amplicon sequence analysis) and for absolute quantification 

Fig. 3. Relative abundance of identified anammox bacteria at the specie level 
using functional genes approach from metagenomes. Contigs with abundance 
below 1% were grouped as “Others”. Results presented as “s” (specie) are not 
associated to a known “Candidatus” specie. 
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[42,51]. Besides, the differences between in silico and practical appli
cation have been proved, which is why we pointed out that standardi
zation is required in this field, before conducting more in-depth 
analyzes, such as changes in communities over time. 

In addition to the primer bias, it is difficult to compare our results 
with similar studies. This, because in general, the results are reported as 
the relative abundance of certain microbial groups (i. e., AOB, NOB, 
others) normalized to the abundance of total bacteria. Considering the 
variability of the copy numbers of 16S rRNA gen per genome in bacteria 
[25], the estimated population from the 16S rRNA gene qPCR results 
have a tendency to differ from the true number of target populations. As 
an example, normalizing our data with the gene’s copies of total bacteria 
a 13% and 0.3% of anammox bacteria abundance was obtained to the 
AM and S1 reactor, respectively. Thus, clearly underestimate the rela
tives’ abundances of anammox bacteria in the anammox enriched cul
ture (AM reactor). Also, the results should not be compared with other 
works, unless the same primers are used [42]. Furthermore, when the 
results have been reported as absolute quantification, since there is no 
consensus on the normalization of the data, they have been expressed as 
a function of the sample volume [42,49], ng of DNA [32]; this study), g 
of dry weight [17], among others. 

4. Conclusions 

This work serves as a basis for studying the microbial ecology and 
relationships in anammox reactors working at mainstream conditions. 
Thus, based on our previous analysis we are able to recommend 
amplicon sequencing with primer set 515F-806R if the research wants to 
determine anammox microorganisms. However, if the focus is on the 
anammox community relationships, a combination of amplicon 
sequencing with specific primers and qPCR, targeting 16S rRNA or hzsA 
genes, would be more reliable. Both approaches allowed a comparison 
to determine the community dynamics. Metagenomics approaches have 
also solved this goal but are more expensive to use for that purpose, but, 
with the drastic decrease in sequencing costs this approach will be used 
in a near future. 
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