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 11 

Abstract 12 

The aim of this work was to study the operational performance and the microbial 13 

community dynamics during the start-up of ANITATMMox technology implemented at 14 

full-scale wastewater treatment plant in Finland to treat reject water from anaerobic 15 

digesters. The average ammonium removal in the studied setup reached around 90%, 16 

withstanding ammonium loads up to 0.13 g N m-2h-1. The nitrite concentration in the 17 

effluent did not exceed 10 mg L-1, and there was a slight accumulation of NO3
--N during 18 

the operation which was controlled. Thus, the result showed a robust success to high 19 

ammonium loading in presence of organic matter  . The sequencing showed a 20 

heterogeneous microbial population where Methanosaeta, WCHA1-57 genus, 21 

Sphingobacteriia, Chlorobia and diverse unknown fungi were found as dominant 22 

phylotypes. Moreover, members of the Brocadiaceae family were dominant in the 23 

adhered biomass, mostly represented by Candidatus Scalindua, rarely reported in 24 

WWTPs. Overall, the results demonstrated a drastic effect of region-specific 25 
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operational conditions on carrier biofilm microbial communities as it was demonstrated 26 

by the microbial studies.  27 

Keywords: 28 

Anammox bacteria; autotrophic nitrogen removal; microbial ecology; ANITATM Mox 29 

technology; full scale reactor; reject water treatment.  30 

 31 

1. Introduction 32 

The environmental problems derived from nitrogen compounds in wastewater 33 

cause damages in receiving water bodies such as depletion of dissolved oxygen 34 

and eutrophication, a big problem observed in the Baltic sea. Usually, nitrogen 35 

compounds are removed from wastewater using conventional activated sludge 36 

system via the traditional nitrification/denitrification. However, novel more 37 

environmentally-friendly technologies have been developed with lower energy and 38 

carbon requirements, such as autotrophic nitrogen removal technologies. 39 

Autotrophic nitrogen removal technologies are based on the anammox (Anaerobic 40 

AMMonium Oxidation, ANAMMOX ) metabolisms, which involves the oxidation of 41 

ammonium using nitrite as terminal electron acceptor in a complex transformation 42 

to dinitrogen gas made by Candidatus Brocadiales order belonging to 43 

Planctomycetes phylum (Lackner et al., 2014). Five genera of ANAMMOX  bacteria 44 

have been found and they have the status of Candidatus, since the pure culture 45 

cultivation of ANAMMOX  has not been achieved (Strous et al., 1999) The genera 46 

Candidatus ‘Brocadia’, Candidatus ‘Kuenenia’, Candidatus ‘Jettenia’, and 47 

Candidatus ‘Anammoxoglobus’ are common in freshwater ecosystems and 48 

bioreactors (Kartal et al., 2012), while the genus Candidatus ‘Scalindua’ can be 49 

considered as the most widespread genus since it was identified in marine 50 

environment, freshwater ecosystems and soils (Schmid et al., 2003; Wang et al., 51 

Jo
urn

al 
Pre-

pro
of



3 

 

2013). Previous oxidation of half of the influent ammonium to nitrite by ammonium-52 

oxidizing microorganisms is essential for achieving a successful ANAMMOX  53 

reaction. The differences in technologies depend on the stages of the process, 54 

which could occur in a two-stage configuration as partial nitrification/anammox, or in 55 

a one-stage configuration such as the CANON, DEMON and ANITATMMox 56 

systems. 57 

A new technology of deammonification, called by a commercial name 58 

ANITATMMOX, is based on a single-stage for nitrogen removal with carriers for the 59 

growth of microorganisms (Christensson et al., 2013). There are two different 60 

configurations: integrated fixed film activated sludge and moving bed biofilm 61 

reactor. ANITATMMOX combines simultaneously aerobic nitrification in the outer 62 

zone where the ammonium-oxidizing microorganisms are located, and anaerobic 63 

oxidation in internal layers by ANAMMOX  bacteria (Gonzalez-Martinez et al., 64 

2018a). Thus, due to limited mass transfer of oxygen through  the biofilm, aerobic 65 

and anoxic microenvironment are created in biofilm layers, providing the redox 66 

conditions for both metabolisms. The use of carriers with a high specific surface 67 

area is a key to the achievement of the process. Otherwise, reaching a large 68 

presence of ANAMMOX  bacteria is difficult due to the slow growth, with specific 69 

velocity of the maximum growth rate of 0.065 d-1 (Sobotka et al., 2017). The 70 

technology using fixed biofilm is characterized by the high biomass concentration in 71 

the reactor, which acquires advantages over suspended biomass systems, since it 72 

can cope with variations in load, solids or toxic compounds without profoundly 73 

losing its performance (Gonzalez-Martinez et al., 2015). Also, deammonification 74 

systems can reduce aeration requirements by 60% versus conventional nitrification-75 

denitrification technology, does not require the addition of carbon source and has 76 

lower sludge production (Christensson et al., 2013). These systems are 77 

implemented for the treatment of water flows with high ammonium loads, such as 78 
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effluents from anaerobic sludge digestion and industrial processes (Gonzalez-79 

Martinez et al., 2018A). However, little information is available about ANITATMMOX 80 

technology at real scale, particularly on the strategies for starting-up, its 81 

performance and microbial community structure. Moreover, the lack of knowledge 82 

is more evident in ANITATMMOX systems located in cold regions such as 83 

Scandinavian countries where the presence of psychrophilic microorganisms in 84 

preceding biological processes might affect the side-stream processes (Gonzalez-85 

Martinez et al., 2018B). 86 

The present study describes the approaches to start-up and the performance of 87 

a bioreactor modified to operate as an ANITA™Mox technology, which is one of the 88 

most novel anammox technology, located in a cold region (Helsinki, Finland), 89 

treating the reject water from mesophilic digester sludge, which is then recirculated 90 

to head of WWTPs Thus, Illumina massive parallel sequencing of archaeal, 91 

bacterial and fungal communities was carried out in order to evaluate their 92 

significance during the nitrogen removal bioprocess. The microbial community 93 

dynamics in this innovative technology were described by analyzing influent, 94 

carriers and sludge samples during the start-up and steady-state operation. 95 

  This research provides relevant information of how to apply the ANITA TM Mox 96 

efficiently in cold regions to treat high ammonium load influent, creating and 97 

expanding the knowledge of this systems and the microorganisms involved inside 98 

of biological system from genetic point of view and also showing the operational 99 

strategy for optimize the operation in order to implemented this technology in others 100 

places.  101 

2. Materials and methods 102 

 103 

2.1. Full-scale of ANITATM Mox technology  104 
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The Viikinmäki wastewater treatment plant (WWTP) located in Helsinki, is the 105 

biggest plant in Finland and Scandinavia, in which wastewater is collected from about 106 

800,000 residents as well as the region’s industry of Helsinki, middle and east Vantaa, 107 

Tuusula, Kerava, Järvenpää and Sipoo. A reactor previously used for reject water 108 

storage was modified to operate as an autotrophic nitrogen removal step configured as 109 

ANITATMMox process since April 2016. 20 m3 of K5 seeding carriers (AnoxKaldnes, 110 

Norway) from an ANITATMMox BioFarm in Sweden (Veolia company) were used 111 

corresponding to about 11% of the total carrier volume. The main design and 112 

operational parameters are described in Table 1. In the process microbes are growing 113 

attached on the carriers only, not as suspended biomass. The hydraulic retention time 114 

of the reactor was one hour and the design loading rate of the process was about 2 g N 115 

/ m2d. 116 

 117 

Table 1. Design and operational parameters of the ANITATM Mox reactor 118 

Parameters Values  

Reactor volume (Volume filled with 

carriers)  
487 m3 (183m3) 

Fill rate 38% 

Reactor depth 7 m 

Carrier material K5 (AnoxKaldnes, Norway) 

Carrier protected surface area 800 m2/m3 

Design flow 300-400 m3 h-1 

N-flow 500 N m3h-1 

NH4-load 300 kg-N d-1 

DO 1-1.5 mg L-1 

Temperature 34 - 40 °C. 

 119 
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The reactor was fed through a pump providing reject water from the centrifugation 120 

of a mesophilic anaerobic digester, and the effluent was recirculated to head of WWTP, 121 

the influent characterization is described in the Table 2. The reactor was equipped with 122 

an Aerostrip-T fine bubble diffuser with an aeration flow of 500 m3h-1 and with 123 

mechanical mixers. The operational parameter of start-up and experimental period it is 124 

provided in the Figure S1.A drum sieve was installed in the outflow channel of the 125 

reactor in order to prevent the carrier washout. The drum sieve was cleaned with a 126 

separate air injection. In order to control foaming in the biological reactor, three airlift 127 

pumps were installed. The reactor was designed for a flow of 300-400 m3 h-1 and 128 

ammonia loading of 300-kg N d-1 with expected removal performance between 80 and 129 

85%. The effluent of main wastewater treatment process was used as cooling water in 130 

the reactor. 131 

Table 2. Reject water characterization  132 

 Average value Standard deviation 
BOD7 (mg O2 L-1) 564,56 164,54 
SS (mg L-1) 1108,76 379,40 
Ptot mg L-1) 13,33 3,58 
PO4-P (mg L-1) 1,33 0,58 
Ntot (mg L-1) 977,15 100,60 
NH4-N (mg L-1) 769,6362 41,95 
NH4-N-load (kg d-1) 235,81 122,91 
pH 7,99 0,15 
Alkalinity (mmol L-1) 65,97 4,67 
COD(mg O2 L-1) 1320,91 285,66 

Inflow (m3 d-1) 328,37 155,28 

Temperature (ºC) 35,62 1,86 
 133 

 134 

2.2. Physico-chemical analysis  135 

Reactor influent and effluent collection samples were taken regularly twice a week to 136 

evaluate the performance of the reactor. Samples for soluble nitrogen fractions were 137 
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filtered immediately with Whatman GF/D 1,6 µm and they were sent to an outside 138 

laboratory (Metropolilab). The ammonium nitrogen (NH4
+-N), nitrate nitrogen (NO3

--N) 139 

and nitrite nitrogen (NO2
--N) were measured with discrete analyzer according to 140 

standards ISO 7150: 1984, internal method based on SFS-EN ISO 13395 and SFS 141 

3029, respectively. The total nitrogen (TN) was measured according to SFS-EN ISO 142 

11905-1. Suspended solids were measured according to SFS-EN 872:2005. 143 

Additionally, kit tests from filtered samples were made periodically at the anammox 144 

bioreactor with Hach Lange kit tests LCK 302 (NH4
+-N), LCK 340 (NO3

--N) and LCK 145 

342 (NO2
--N). The bioreactor was also equipped with the following Hach Lange on-line 146 

probes: LDO sc (oxygen), AN-ISE sc (ammonia and nitrate), pHD sc (pH) and 3700 sc 147 

(conductivity).  148 

 149 

2.3. Collection of biological samples and DNA extraction  150 

For the study of the microbial community structure (bacterial, archaeal and fungal), 151 

three 600 mL replicas were taken for samples of reject water influent from digester and 152 

600 mL samples (three replicas) of the ANITATMMox reactor containing suspended 153 

biomass and adhered biomass. The first samples were taken at the start of bioreactor 154 

operation, specifically at day 14 after seeding the bioreactor with ANITATMMox 155 

biomass. The following samples were taken four months later. After next four months,  156 

the ammonium loading rate of original design was achieved and thus the third set of 157 

samples was taken.  The last sampling was carried out after one year of the bioreactor 158 

start-up where the system was totally in steady state operation. 159 

After collection of the samples, biomass from influent and sludge were submerged 160 

in saline solution (0.9% NaCl) and centrifuged at 3500 rpm at room temperature for 15 161 

minutes, then the supernatants were discarded, and the pelleted biomass was kept at -162 

20 °C. For the fixed biofilm, the carriers were submerged in saline solution and 163 

subjected to 4 min of sonication for biomass detachment. Detached biomass in saline 164 
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solution was separated by centrifugation (Rodriguez-Sanchez et al., 2017). Then, all 165 

biomass pellets were subjected to DNA extraction using the FastDNA SPIN Kit for Soil 166 

(MP Biomedicals, Solon, OH, USA) according to the manufacturer's protocol. Extracted 167 

DNA was kept at -20 °C and sent to Research & Testing Laboratory (Lubbock, TX, 168 

USA) for iTag sequencing process, which was done using Illumina MiSeq equipment 169 

and Illumina MiSeq Reagent Kit v3.  170 

 171 

2.4. iTag sequencing and post-process 172 

The primer pair 28F-519R (50-GAGTTTGATCNTGGCTCAG-30 and 50-173 

GTNTTACNGCGGCKGCTG-30, respectively) was used for the amplification of the 174 

hypervariable regions V1 -V3 of the 16S rDNA gene of Bacteria (Gonzalez-Martinez et 175 

al., 2016). The primer pair 519F-1041R (5′-CAGCMGCCGCGGTAA-3′ and 5′-176 

GGCCATGCACCWCCTCTC-3′) was used for the amplification of the hypervariable 177 

regions V4-V6 of 16S rRNA gene of Archaea (Gonzalez-Martinez et al., 2016). For 178 

Fungi, a portion of the ITS region was amplified using the primers ITS1F 179 

(5′CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-180 

3′) (Muñoz-Palazon et al., 2018). The specific PCR conditions of the iTag sequencing 181 

are presented in Table S1 of Supplementary materials. 182 

The raw data from massive parallel sequencing was treated using the software 183 

mothur v1.34.4 (Schloss et al., 2009). They are available in the Mendeley datasets 184 

(doi:10.17632/5p8krmxx74.1). For Bacteria, Archaea domain and Fungi kingdom, raw 185 

paired-end reads were made into contigs. Contigs were subjected to screening to 186 

eliminate sequences with any ambiguous bases or more than eight homopolymers. 187 

The remaining sequences were aligned using Needleman alignment conditions and the 188 

MiDAS S123 2.1.3 release (McIlroy et al., 2017)  for Bacteria and Archaea, which was 189 

previously aligned against SiLVA nr v128 using mothur v. 1.34.4; and UNITEv6 190 

database for Eukarya domain (Fungi Kingdom), which was previously aligned against 191 
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itself using MUSCLE (Edgar et al., 2004). Then, the sequences that did not align at the 192 

right position of forward and reverse primers were removed from the analysis. The 193 

chimerical sequences were removed using VSEARCH algorithm (Rognes et al., 2016), 194 

and the remaining contigs were taxonomically affiliated to get the specific domain using 195 

databases referenced above, with k-mer searching algorithm using k-mer size of 8 and 196 

the k-nearest-neighbor method for affiliation. Thus, sequences that failed to affiliate to 197 

corresponding domain level were removed. All remaining sequences were then 198 

clustered into OTUs in 97% similarity for Bacteria and 95% for Archaea and Eukarya 199 

domains, using abundance-based greedy clustering method implemented in 200 

VSEARCH implemented in software mothur (Muñoz-Palazon et al., 2019). After this, 201 

singleton OTUs were removed from samples, and the remaining OTUs were used to 202 

create an OTU taxonomic consensus. 203 

 204 

2.5. Oligotyping analysis of OTUs of interest.  205 

Oligotyping is a computational method that can show the concealed diversity within 206 

operational taxonomic unit (OTU), facilitating identification of closely but different 207 

microorganisms that may differ by in more than one nucleotide over the sequence of 208 

region of the 16S rRNA gene. First, Shannon entropy was calculated for each of the 209 

OTUs of interest, which were selected by their relevant presence and significant total 210 

relative abundance. Based on the Shannon entropy results, oligotypes were 211 

constructed for each OTU by repeated calculation until the purity score of the 212 

oligotypes with > 100 reads was 0.90 (Gonzalez-Martinez et al.,2018; Eren et al., 213 

2014). Removal of noise during the process was set as the following: each oligotype 214 

had a substantive abundance of 30, each oligotype accounted for at least 1% relative 215 

abundance in at least one sample, and each oligotypes had to appear in at least one 216 

sample.  217 
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2.6. Statistical analysis 218 

The study of α-diversity was done using PAST v3.06 software (Hammer et al., 2001) 219 

through the calculation of diversity indices of Chao-1, Shannon-Wiener, Simpson, 220 

Pielou’s evenness, and Berger-Parker. The Morisita-Horn and symmetric indices were 221 

used to estimate the β-diversity among pairs of samples for dominant phylotypes and 222 

rare phylotypes, respectively, since they had been reported as the most robust indices 223 

to capture β-diversity of dominant and rare phylotypes (Barwell et al., 2015). These 224 

indices were calculated using the packages vegan 2.0 and vegetarian implemented in 225 

R software (Gonzalez-Martinez et al.,2018A). 226 

Principal component analysis (PCA) and Expected Effect Size (EES) were done by 227 

compositional statistical analyses of samples were done in accordance with previously 228 

reported protocol (Bian et al., 2017). For analysis of samples similarity, the OTU table 229 

of Archaea, Bacteria and Eukarya domains were used. These were first corrected to 230 

avoid zero-count problems calculated for Bayesian multiplicative replacement of zero 231 

value through zCompositions package implemented in R project. The zero-count 232 

corrected OTU table were then transformed with a centered log-ratio using CoDaPack 233 

software. Corrected samples of OTU table were used for a singular value 234 

decomposition calculation, which results were represented through principal 235 

components plot. For a quantification of similarity in terms of OTUs abundance 236 

between influent, carrier and activated sludge, the OTU table of each domain was 237 

corrected for zero values and transformed through a centered log-ratio by generation of 238 

128 Monte-Carlo Dirichlet simulations, which was then used for the computation of 239 

effect size differences, utilizing ALDEx2 package implemented in R. To calculate the 240 

contribution of OTUs between groups of samples, OTUs table of Archaea and Bacteria 241 

was used for calculating SIMPER analysis through of similarity measure of Bray-Curtis 242 

until contribution of 1.50%, using PAST 3.4. software.  243 

Jo
urn

al 
Pre-

pro
of



11 

 

SIMPER analysis was performed through the similarity measure of Bray-Curtis until 244 

contribution of 1.50%, using PAST 3.4. software. 245 

Multivariate redundancy analyses (RDA) were done to observe the relationship 246 

between bacterial, archaeal and fungal OTUs, biological samples and physic-chemical 247 

parameters and nutrients performance.  The calculation of the RDAs was made by 499 248 

unconstrained Monte-Carlo simulation and run using the software CANOCO 4.5 for 249 

Windows following the protocol described by Muñoz-Palazon et al., 2020.. The relative 250 

abundance of bacterial and archaeal phylotypes with at least ≥1% and fungal 251 

phylotypes ≥0.5% total relative abundance in biological samples at month 1, month 5, 252 

month 9 and month 13 were taken for the calculation procedure. 253 

 254 

2.7. Scanning electron microscope analysis (SEM) 255 

The handling, preparation and visualization of biomass samples was done in the 256 

Center of Scientific Instrumentation of the University of Granada. First, carriers with 257 

biofilm were fixated in a mix solution of 2.5% glutaraldehyde in pH 7.4 cacodylate 258 

buffer 0.1 M at 4 °C during 2 h. Then, they were washed thrice with pH 7.4 cacodylate 259 

buffer during 20 minutes. After this, the samples were post-fixated with 1% osmium 260 

tetroxide for 2 h, post-fixated with 1% osmium tetroxide for 1 h in darkness and at room 261 

temperature, followed by an additional wash with distilled water (three washes of 5 min 262 

each). Afterwards, samples were dehydrated by successive baths in ethanol of 15 min: 263 

one at 50%, 70% and 90%, and two at 100%. For scanning electron microscopy, the 264 

samples, after ethanol dehydration, were desiccated through the critical point method 265 

using carbon dioxide in a Polaron CPD 7501 desiccator. Finally, the samples were 266 

covered with EMITECH K975X carbon cells for its following observation by scanning 267 

electron microscope (Carl Zeiss LEO 906E). 268 

 269 
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3. Results and discussion 270 

 271 

3.1. Performance of the ANITATMMox bioreactor 272 

The performance of ANITATMMOX bioreactor was studied during start-up and 273 

stable operation stages based on the ammonium load and performance ratio. 274 

The first phase (0 to 160 days) was characterized by a gradual increase of inflow from 275 

mesophilic digester to ANITATMMox (m3d-1), as well as airflow (m3 h-1) and ammonium 276 

loading (Kg d-1) to achieve 80% nitrogen removal at design load. This gradual increase 277 

of loading successfully promoted the microbial growth related to nitrogen in the 278 

bioreactor and two weeks after start-up of the ANITATMMOX bioreactor achieved a 279 

nitrogen removal capacity of 80% under low loading.  A stable condition of full-scale 280 

ANITATMMox reactor was obtained in 160 days, a shorter period in comparison with 281 

other ANAMMOX  technologies implemented at full-scale such as ANAMMOX  reactor 282 

in Rotterdam (The Netherlands) and Strass (Austria) with around 900 days to achieve 283 

to remove the design nitrogen load (Wett 2006; Van der Star et al., 2007). Obviously, this 284 

shorter start-up period of the ANITATMMOX bioreactor can be explained by addition of 285 

pre-seeded carriers from BioFarm, which were enriched with anammox genus bacteria.  286 

This data about the short periods of start-up were corroborated by Christensson et al., 287 

(2013), who described periods of startup shorter than 2 months using the pre-seed 288 

carriers in ANITA Mox of Sjölunda. The comparison of the start-up period of 289 

ANITATMMox technology (2-6 months) against granular anammox technologies (3.5 290 

years) is a strong and clear advantage (Agrawal et al., 2017). 291 

As indicated previously, during the first phase, the airflow and inflow ratio was 292 

increased in terms of volume, with a ratio airflow/inflow ranging from 20% to 55%. 293 

Specifically, the operation cycle consisted on alternating periods of aeration and no-294 

aeration, in order to promote metabolic changes for the optimization of biofilm-forming 295 

microorganisms (Van der Star et al., 2007). The dimensioned ammonium-loading rate 296 
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of 300 kg NH4
+-N/d was achieved after five-months of bioreactor operation. At the 297 

beginning, aeration was intermittent with very short aerated intervals, and the ratio of 298 

aerated versus non-aerated intervals was increased together with load increase.  The 299 

pH and dissolved oxygen concentration (DO) are typically used as control parameters 300 

in this kind of processes. Specifically, the bioreactor operated during this period at DO 301 

concentration varying between 1-1.5 mg L-1. Consequently, we suggest that due to 302 

challenges in oxygen measurement in harsh conditions, the ANITATMMOX reactor must 303 

be operated based on pH and nitrogen concentration in the effluent. In this context, pH 304 

correlated well with NH4 in the treated reject water and thus indicated whether aeration 305 

should be increased or decreased (Figure S2). Thus, the aeration is increased in order 306 

to increase the oxidation of NH4 which will reflect in a lower pH. 307 

 308 

The nitrogen was monitored through probes for ammonium and nitrate concentration, 309 

and measured daily in the lab with a complete analysis of cations, anions and total 310 

nitrogen (Figure 1). In terms of total nitrogen, the removal ratio was increasing 311 

gradually since the start-up, reaching more than 75% of removal total nitrogen after 2 312 

weeks (Figure 1A), except in punctual moments. These values at the start-up of the 313 

ANITATMMOX reactor was reached due to low ammonium load at the beginning 314 

ranging to 20 to 200 kg per day. In this way, ammonium loading was progressively 315 

increased (Figure 1D). These N removal values could be l slightly less than expected 316 

(80%) due to differences in the ammonium load of design with respect to real 317 

ammonium load. Thus, ammonium load of design was 300 Kg d-1, while during the 318 

steady-state phase the ammonium loading was higher than 300 Kg d-1 reaching the 319 

maximum load of 460 Kg d-1 at operational day 320. In addition, the design inflow was 320 

in the range of 300-400 m3d-1, but in stable phase the influent flow was higher 400m3d-
321 

1, treating more flow than expected and thus assuming the success of the system for 322 

the elimination of total nitrogen and ammonium proceed from anaerobic digester. 323 
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 324 

Figure 1. Nitrogen removal ratio (%) (A); Nitrogen from the influent in NH4-N and NO3-325 

N/NO2-N (mg-N L-1)(B); Effluent concentration of NH4-N, NO3-N and NO2-N (mg-N L-1) 326 

(C); Ammonium load (Kg d-1)and removal ammonium load(%) (D). 327 
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 328 

The total nitrogen concentration in the influent was stable in the forms of 329 

ammonium, nitrite and nitrate with higher values of 1000 mg L-1(Figure 1B), similar that 330 

in other ANAMMOX  full-scale reactors treating digester reject (Van der Star et al., 331 

2007), and total nitrogen concentration in the effluent was ranging 200-180 mg L-1.  332 

NH4
+-N, NO3

--N and NO2
--N concentration in the effluent is shown Figure 1C. The NO2

--333 

N concentration was stable during all operation, showing maximum values of 30 mg L-1 334 

and minimum values of 1.5 mg L-1, while that other studies with other strategies to 335 

start-up ANITATMMox registered peak of 60 mg L-1 and transitory accumulations of 336 

nitrite up to 120 mg L-1 were observed during the start-up period (Veuillet et al., 2014), 337 

as well as during steady-state of others ANAMMOX  technologies had been reported 338 

concentration of nitrate higher due to a rapid increment of the influent load (Abma et 339 

al., 2007). It has been reported that nitrite is toxic to anammox organisms at levels 340 

above 50-150 mg-N L-1 (Strous et al., 1999; Van der Star et al., 2007), therefore, the 341 

oxidation ratio of ammonium to nitrite in the ANITATMMOX bioreactor can be 342 

considered as successful. The increased concentration of NO3
--N was registered at 343 

operational day 280, producing a small accumulation in the effluent with values still 344 

over 50 mg L-1 presumably due to unstable conditions high tested loading rates. It is 345 

also possible that the simultaneous increase in the influent load observed as increased 346 

suspended solids (SS) concentration influenced the performance.  To counter this 347 

problem, the aeration was reduced, and the ammonia load was decreased to 100 kg N 348 

d-1. The load was gradually increased back to the initial values in three following 349 

months. Despite the slight oscillations of NH4
+-N concentrations in the effluent mainly 350 

related to the influent concentrations of NH4
+-N the values of ammonium in the effluent 351 

were less than 200mg L-1, reaching removal values of 80% in the ammoniacal load. 352 

Alkalinity and pH values in ANITATMMOX  bioreactor had an important role in keeping 353 

stable values between 60-70mmol L-1 and 8-7.5, respectively (Gaul et al., 2005). The 354 

Jo
urn

al 
Pre-

pro
of



16 

 

alkalinity limited the nitritation process providing ammonia: nitrite ratio around 1:1, 355 

which is required for ANAMMOX  reaction (Van der Star et al., 2007). 356 

The chemical oxygen demand (COD) was characterized in influent and effluent with 357 

average values of 1500-900 mgL-1 and 400-500 mg L-1 respectively, (Figure S3), 358 

providing a great advantage due to its recirculation to the head of WWTP.  Despite the 359 

wide variations of organic matter concentration, it was observed that the ANITATMMOX 360 

system at full-scale treating reject water with high COD values was able to remove 361 

more than 50% of total oxidizable pollutants from inflow, achieving a successful 362 

performance for a system design exclusively to remove nitrogen. This can be attributed 363 

to the fixed-film type of process where anammox bacteria are located in the internal 364 

layers of the biofilm. 365 

This result could be considered of certain importance, since it could be expected 366 

that an anammox technology based on its consideration of autotrophic biological 367 

system should not satisfactorily denitrify at high concentrations of organic matter, due 368 

to the competitive advantages of heterotrophic denitrifiers over anammox bacteria 369 

under presence of organic matter had been reported previously (Gonzalez-Martinez et 370 

al., 2018A). However, despite the COD influent concentration the performance of the 371 

ANITATMMOX reactor was success. The suspended solids in the influent were very 372 

high ranging from 600 to 250 mg L-1, with greater values than in the bioreactor, 373 

especially at the final stage of the study (Figure S4). 374 

 375 

3.2. Microbial community structure and dynamics of dominant OTUs  376 

The analysis of microbial communities was conducted for the high quality 377 

sequences with valid and positive amplifications. Several archaeal and fungal samples 378 

showed negative amplification and were discarded from the study. For the domain 379 

Bacteria, amplifications were successful in all biological samples. The domain Eukarya 380 

(Fungi Kingdom) was only detected in the samples of operational month 9, and domain 381 
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Archaea in the samples of operational months 9 and 13. These results seem to 382 

suggest that the archaea and fungal communities in the ANITATMMOX   bioreactors do 383 

not constitute a stable and significant microbiota fraction- The most 384 
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rerepesentative OTUs belonged to Archaea domain and Fungi Kingdom were BLASTed against NCBI database as is shown in the Table 385 

S3.  386 

387 
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 389 

Figure 2. Heat Map of dominant OTUs with more than 1.0% of relative abundance of Archaea(A); and Bacteria(B); and with more than 0.5% of 390 

relative abundance of Fungi(C) in the influent, carriers and sludge I0: Influent day 14; I1: Influent day 134; I2: Influent day 254; I3: Influent day 391 

370; C0: Carrier day 14; C1: Carrier day 134; C2: Carrier day 254; C3: Carrier day 370; S0: Sludge  day 14; S1: Sludge day 134; S2: Sludge 392 

day 254; S3: Sludge day 370. 393 

 394 

 395 

 396 
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3.2.1 Archaeal community structure 397 

The archaeal community in both influent samples, where Archaea domain was 398 

detected, reflected Methanosaeta and WCHA1-57 genera as dominant OTUs, reaching 399 

more than 50% of total relative abundance (Fig 2A). Methanosaeta has been reported 400 

in anaerobic digestion and anammox bioreactors with wide dominance in both systems 401 

(Gonzalez-Martinez et al., 2015; Nordgard et al., 2017). Unclassified archaeon 402 

belonging to WCHA1-57 genus has been previously isolated from aquatic environment 403 

and anaerobic digesters and is thought to play the role of hydrogenotrophic 404 

methanogen in the systems (Venkiteshwaran et al., 2016). 405 

The archaeal community on the carriers (adhered biomass) and sludge (suspended 406 

biomass) were very similar between them (see C2 and S2 samples, respectively). 407 

Moreover, they were also dominated by the same genera presented in the influent, 408 

suggesting that the reject water archaeal populations influenced strongly the archaeal 409 

community structure in the bioreactor, regardless of the pre-inoculum made by Biofarm 410 

in the carrier material used in the system. However, at the end of the experiment the 411 

archaeal community suffered sharp changes, with domination of two OTUs of 412 

unclassified Archaea, as dominant phylotypes in the carrier biofilm.  413 

The fact that many sequences identified in our study have not been taxonomically 414 

affiliated should not be considered a surprise since the information currently available 415 

in the databases on archaeal communities is limited (Tupinambá et al., 2016). Even so, 416 

the ammonia oxidizing archaeal (AOA) had been recognized with high relevance to 417 

anammox technologies, also it has been noted that the AOA-anammox is a coupling 418 

systems versus AOB-anammox (Liu et al., 2016). 419 

3.2.2 Bacterial community structure  420 

The bacterial community was studied both during the start-up of the bioreactor and 421 

during its steady-state operation. The results are shown in the Figure 2B. 422 
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3.2.2.1. Bacterial community in the Influent. 423 

The dominant OTU in influent samples (I0, I1, I2, I3 samples) was a bacterium 424 

belonging to vadinBC27 wastewater-sludge group genus, which is involved in 425 

anaerobic digestion of sludge and have been reported as one of the most abundant 426 

genera in mesophilic digesters at 35o C (Kim et al., 2018; Rieviére et al., 2009). 427 

Probably, vadinBC27 OTU had a primary effect on the protein or sugar degradation 428 

(Guo et al., 2014). Also, the community of the influent was very stable over the 429 

experimentation time, represented with less relative abundance of other OTUs 430 

belonging to the same order of Bacteroidales with UCG-001 family and 431 

Porphyromonadaceae family. 432 

3.2.2.2. Bacterial community in the carrier biofilm. 433 

On the plastic carriers (C0, C1, C2, C3 samples), the dominant phylotype in the start-434 

up of ANITATMMox bioreactor was Pseudomonas, with absolute dominance in terms of 435 

relative abundance. Pseudomonas could have an anaerobic respiration capacity in 436 

biofilms, with persistence in this case, suggesting that this OTU could proliferate in low 437 

dissolved oxygen conditions to initially attach to carrier surface. After 6 months of 438 

operation, the community suffered a deep change, accompanied with diversity 439 

increase. The community was dominated by several OTUs belonging to Chlorobiales 440 

order, Sphingobacteriales order and Candidate division SR1 phylum. Several studies 441 

have reported sequences related to Chlorobi phylum in nitrate or nitrite reduction 442 

microbial consortium (Zhang et al., 2015). Also, Chlorobi phylum conforming 443 

approximately the 10% of relative abundance of the community belonging to N-444 

reducing methane oxidizing systems (Ding et al., 2017). 445 

The population on the carriers was dynamic, changing until the end of experimentation. 446 

The population in the biofilm was represented by MK04 genus, SJA-04 genus, OPB56 447 

genus and T78 genus. Some of these genera have been reported in activated sludge 448 
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of full-scale WWTPs in Nordic countries or in anaerobic nitrite reducing benzene-449 

degrading reactor amended with H2 in relation to MK04 and SJA-28 genera (Gonzalez-450 

Martinez et al., 2018B). Recent research had been hypothesizing that metabolism of 451 

SJA-28 includes denitrifying capabilities , furthermore bacteria of this genus have been 452 

acting in partial nitritation-anammox reactors as denitrifiers or intermediate denitrifiers 453 

(Allegue et al., 2018). It could be possible that Saprospiraceae family can thrive in 454 

activated sludge at cold temperature with subsequent acclimatization at higher 455 

temperatures. 456 

3.2.2.3. Bacterial community in the suspended biomass 457 

Bacterial community structure in the suspended biomass showed acclimatization from 458 

the start-up to 5 months later, and despite the high diversity of the community, the 459 

dominant phylotypes have been changing. The dominant OTUs in the activated sludge 460 

during all operation were taxonomically affiliated with Chlorobiales and 461 

Sphingobacteriales order, phylotypes that had been identified in anammox full-scale 462 

technology (de Almeida Fernandes et al., 2018). It was observed, that the bacterial 463 

communities of suspended and adhered biomass in the  ANITATMMOX bioreactor 464 

become similar when the system reached the steady-state stage. 465 

3.2.2.4. Anammox community in the ANITATMMOX bioreactor   466 

The anammox bacteria detected in the suspended and adhered biomass were affiliated 467 

with a numerous amount of OTUs as is shown in Figure 2B, but in very low relative 468 

abundance. In contrast Veuillet et al., 2014 identified the 96% of total anammox 469 

population in adhered biomass. In this study, the OTUs were mainly affiliated 470 

taxonomically with Candidatus Scalindua and Candidatus Brocadiales. This bacteria 471 

cluster was acquiring higher representation over the operation time of reactor reaching 472 

around 4.00% of total relative abundance from which Candidatus Brocadiales had 473 

lower than 1.00% of total relative abundance in all the biological samples, while having 474 
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a great representation in numbers of OTUs. Highest abundance was found in the 475 

sample taken during the highest ammonia loading. Unexpectedly for the wastewater 476 

bacterial community, the dominant OTUs at the end of the experimentation were 477 

affiliated with Candidatus Scalindua, being the most abundant anammox bacteria in 478 

biofilms of carriers. Species of Candidatus Scalindua are usually reported in marine 479 

environment and rarely found in freshwaters and WWTP samples. However, some of 480 

them were previously found in nitrifying WWTP in UK and in CANON biofilter in 481 

Netherlands (Schmid et al., 2003; ,Garcia-Ruiz et al., 2018). Compared to other 482 

anammox bacteria Candidatus Scalindua, was reported to have lower optimal 483 

temperature (10-30°C) as well as pH (6.0-8.5) ranges and higher affinity for nitrite. 484 

Bearing these in mind, it is more likely that the abundance of Candidatus Scalindua . 485 

related to the region-specific environmental habitat and unlikely related to the pre-486 

seeded anammox cultures growth on the carriers. 487 

3.2.2.5. AOBs and NOBs in the ANITATMMOX bioreactor   488 

Surprisingly, conventional AOB were identified in very low abundance in the suspended 489 

and adhered biomass. On the contrary Veuillet et al., 2014 found almost all AOB in 490 

suspended biomass. However, nitrification process could possibly be carried out by 491 

heterotrophic nitrifiers belonging to Xanthomonas, Pseudomonas and Comamonas 492 

genera as mentioned by Cydzik-Kwiatkowska and Zielinska (Cydzik-Kwiatkowska et 493 

al., 2016). These findings suggest that in ANITATMMOX bioreactors microbial diversity 494 

and variability related to nitrogen conversion processes is larger than often assumed. 495 

The presence of AOBs or NOBs belonging to Nitromonas and Nitrospira were found, 496 

but the number of reads not is representative (>1.00% of total relative abundance), 497 

both in the suspended biomass and in the biomass attached to the support. Thus, it 498 

generated the hypothesis that conventional AOB or NOB didn’t have competitive 499 

advantages against non-conventional nitrifying microorganisms in the ANITATMMOX 500 

bioreactors. 501 
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 502 

3.2.3 Fungal community structure 503 

The dominant OTUs at all biomass samples were F_Otu01 and F_Otu02, which were 504 

unclassified Fungi (Figure 2C). The representative sequence of each OTU of Fungi 505 

were blasted against NCBI nucleotide database but the results were not optimal for 506 

taxonomic affiliation, due to low percent of identity and low query cover. The F_Otu01 507 

found in the influent seemed to influence the fungal community that covered the 508 

carriers, although the dominant OTU in the suspended biomass was different. The 509 

fungal blast did not result in high quality affiliations to known Fungi. Therefore, it is 510 

necessary in the future to re-study the fungal community with the consequent updates 511 

of Fungi databases, since the occurrence of fungi in WWTPS and their role currently 512 

remain scarcely investigated, being an important and complex microbiota in biological 513 

wastewater treatment (Maza-Marquez et al., 2018). 514 

 515 

3.3.  Oligotype structure of dominant OTUs of influent, suspended biomass 516 

and adhered biomass. 517 

All OTUs that were classified as dominant in the influent, suspended biomass and 518 

adhered biomass in the ANITATMMOX system were studied for the observation of their 519 

oligotypes distribution and evaluation. The Oligotyping analysis allows the deeper 520 

analysis of sequence studied by massive parallel sequencing to understand the 521 

behavior within the clusterization of the OTUs, under an exceptionally detailed level by 522 

utilizing very elusive disparities among 16S Ribosomal RNA gene sequences.  523 

The results demonstrated, that oligotypes of the studied microorganisms are 524 

closely related but with noticeable difference at OTU level. The oligotyping structures of 525 

dominant archaeal OTUs A_Otu0001, A_Otu0002, A_Otu0003 and A_Otu0004 differed 526 

significantly (Figure S5). In all OTUs the oligotypes distribution had high diversity, 527 
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without predomination of a specific oligotype, except in sample I3 due to presence of a 528 

single oligotype that was decreased inside of reactor, suggesting the hypothesis about 529 

the growth of a different species within the reactor. The distribution in A_Otu003 related 530 

to WCHA1-57 genus, showed only one oligotype in the sample I3, which decreased its 531 

relative abundance when it entered the biological reactor followed by the proliferation of 532 

three oligotypes, which were predominant in the stable population.  533 

Vadin BC27 OTU related to B_Otu00001 was dominant in the influent, showing 534 

a high diversity of oligotypes. However, in the ANITATMMOX bioreactor the oligotypes 535 

structure of OTU B_Otu0001 was inexistent under the conditions imposed for oligotype 536 

formation, coupled to a decrease in the relative abundance of this bacterium in the 537 

ANITATMMox system.  538 

For fungal oligotypes distribution, the F_Otu01 showed 13 oligotypes, which means 539 

that there was a high diversity population in terms of species of fungi belonging to 540 

same genus, showing higher evenness in sludge than in influent or on carriers. The 541 

F_Otu02 had three oligotypes which were abundant equally inside the bioreactor as 542 

reflected by S2 and C2 samples. The oligotypes distribution related F_Otu03 showed 543 

that the dominant oligotypes influenced strongly the distribution of community on the 544 

carriers. 545 

 546 

3.4. Comparative analysis of microbial communities  547 

The values of the α-diversity indices for the biological samples are shown in 548 

Table S2. The diversity and evenness of influent samples for Archaea, Bacteria and 549 

Eukarya domain showed similar values during the experimentation time. The diversity 550 

and evenness of Archaeal community in the suspended biomass increased over 551 

operational time. Contrarily, for the Bacteria domain both parameters remained stable. 552 

Fungal community had the lowest diversity and evenness during all the experimental 553 
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period. The highest diversity among the fungal communities was observed on the 554 

carriers. The diversity of bacterial community on carrier surface strongly increased from 555 

C0 sample to C1 sample. These results suggest that although pre-seeded carriers 556 

were added into the bioreactor, the microbial community was modified in response to 557 

the operating conditions, especially by the characteristics of the microbiota that the 558 

influent introduces into the system.  559 

The β-diversity indices are presented in Figure S6. Higher similarities among 560 

the dominant phylotypes and higher dissimilarities among the rare phylotypes in 561 

influent samples were observed over the whole duration of the study for Bacteria and 562 

Archaea domains. For Bacteria, dominant phylotypes of suspended and adhered 563 

biomass reached the highest similarity at operational day 180 for each samples cluster. 564 

The dominant bacterial communities on the carriers and suspended biomass were 565 

more similar at operational month 13, due to adaptation of population to influent 566 

composition and the operational parameters. The archaeal dominant population had 567 

sharp differences in steady-state operation stage; however, the rare archaeal 568 

community was similar over operational time. The dominant fungal community showed 569 

high similarity between influent and carrier samples, due to community of influent 570 

exerting pressure on the surface of the carriers. 571 

The principal component analyses of Bacteria and Archaea domains and Fungi 572 

kingdom communities from all the samples are presented in the ordination plots on 573 

Figure 3. Most similarities were observed for the Bacteria domain, reflecting a cluster of 574 

influent samples, and other cluster composed by adhered and suspended biomass. 575 

Archaea domain showed a plot with high similarity between all samples, except the 576 

influent after 9 months of operation, which could be caused by changes in previous 577 

treatment. In opposite, Eukarya domain showed largest distance between all samples, 578 

suggesting that the dominant populations in the influent, suspended and adhered 579 
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biomass were developing separately without significant impact on each other.580 

 581 

Figure 3. Distribution of principal components plot of biological samples over 582 

operational time for Archaea (A), Bacteria (B) and Fungi (C). I: Influent (green), S: 583 

sludge(brown), C: Carrier (blue). 584 

 585 
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The expected effect size was calculated for archaeal and bacterial communities 586 

for pair of samples Influent- Reactor (adhered and suspended biomass) and other pair 587 

for suspended-adhered biomass. These analyses allowed to observe the influence of 588 

the small differences between influent and the reactor (Figure S7A), although higher 589 

number of OTUs were statistically significant different (red points) for pair of 590 

suspended-adhered biomass than the relative OTUs for influent-reactor samples 591 

(Figure S7B). These results suggested that the community of raw water influenced the 592 

community in ANITATMMox reactor. The same trend is even more obviously seen in the 593 

bacterial community expected effect size calculation results for influent-reactor (Figure 594 

S7C) and suspended-adhered biomass (Figure S7D), showing a great number of 595 

OTUs with statistically significant differences. 596 

The SIMPER analysis results are presented in the heat map of Figure 4 to show 597 

the contribution of relative abundance of dominant OTUs to the dissimilarity of 598 

samples. For Bacteria domain, OTUs that showed more contribution to dissimilarity 599 

between influent against suspended and adhered biomass was mainly B_Otu01 with 600 

more than 30.00% of relative abundance. This phylotype affiliated to vadinBC27 601 

wastewater-sludge group genus was exclusively dominant in influent samples. Also, 602 

small dissimilarities were found in B_Otu02 and B_Otu03 between adhered biomass 603 

and influent against suspended biomass samples, both affiliated as Pseudomonas and 604 

SJA-28 family. For Archaea domain, the dissimilarities found between samples of 605 

suspended biomass and influent were high, with 5 OTUs that contributed more than 606 

77.00% of difference between this pair of samples. Also, the differences found in the 607 

dominant OTUs of adhered biomass and sludge showed high dissimilarity with respect 608 

to A_Otu02, A_Otu01, A_Otu03, A_Otu04 and A_Otu 06, against community of influent 609 

and suspended biomass, seeming to be affect mainly by the dominant phylotypes of 610 

community of the sample C3, as is corroborate by community studies shown in the 611 

heat map.  612 
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 613 

Figure 4. Results of the similarity percentage (SIMPER) analysis among the samples of 614 

the influent, reactor and biofilm on the carriers of dominant OTUs of Archaeal and 615 

Bacteria domain. 616 

 617 

3.5 Correlations between physico-chemical parameters and microbial 618 

communities of influent and ANITATMMOX bioreactor 619 

The multivariate redundancy analysis (RDA) of the 10 most abundant archaeal OTUs is 620 

presented in Figure 5A. The RDA analysis showed a positive correlation with sludge 621 

and biofilm on carrier samples at operational day 134. In addition, the nitrite 622 

concentration in the effluent was strongly correlated with A_Otu06 belonging to NRP-Q 623 

order suggesting that it could have an influence on partial oxidation of ammonium to 624 
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nitrite. The lower concentrations of NO2
- were related to an increase of NOB and the 625 

loss of NPR-Q could also have a link to this disturbance. The A_Otu08 taxonomically 626 

affiliated with Methanobacterium showed a positive and deep correlation with total 627 

nitrogen load and nitrate concentration in the effluent, but this phylotypes had low 628 

relative abundance, except the community on the carriers (~5.00% of relative 629 

abundance). The promotion of Methanobacterium in nitrogen-rich environment had 630 

been previously reported under mesophilic and thermophilic conditions (Munk et al., 631 

2017). Interestingly, the most abundant archaeal OTU during the whole operational 632 

period, belonging to Methanosaeta genus was negatively correlated with total nitrogen 633 

load, nitrate and nitrite concentration in the effluent, the influent flow rate, as well as 634 

suspended solids concentration in both influent and reactor. Possibly the negative 635 

correlation was given by drastic operational and environmental changes from digester 636 

to ANITATMMox reactor.   Also, a strong positive correlation was found in influent and 637 

sludge samples for A_Otu03, A_Otu4 and A_Otu5, showing high abundance at 638 

operational day 254 in influent sample and subsequent increase in the sludge sample.  639 

The multivariate redundancy analysis of dominant bacterial OTUs with more than 640 

10.00% of relative abundance in all samples is presented in Figure 5B. A negative 641 

correlation was observed in the inoculum samples on day 14 after start-up with total 642 

nitrogen load, nitrate and nitrite concentration in the effluent, as well as the influent flow 643 

rate. Also, these samples (I0, S0, C0) were positively correlated with B_Otu10 and 644 

B_Otu02 affiliated to Acinetobacter and Pseudomonas, respectively. Pseudomonas 645 

was associated to biofilm formation in bioprocess and digester, as well as 646 

Acinetobacter had been detected during acclimatization period in anammox systems 647 

during denitrifying processes (Haosagul et al., 2020; Xu et al.,2020). Few of the 648 

abundant OTUs in the populations were positively correlated with the production of 649 

nitrite such as vadinBC27wastewater-sludgegroup, Sphingobacteriales order, T78 650 

genus and OPB56.  651 
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The samples of influent, sludge and biofilm at day 134 did not show any relation with 652 

operational parameters and performance, expected with the suspended solids 653 

concentration in the reactor, but the effect of suspended solids concentration in both 654 

influent and effluent did not have any valuable influence on operational parameters, 655 

OTUs or samples sets.  656 

 657 

Figure 5. Multivariate redundant analysis of dominant archaeal (A) and bacterial (B) 658 

OTUs linked with oscillating parameters and performance.  659 

 660 

3.5. Scanning electron microscopy  661 

The structural characteristics of the biofilms (adhered biomass) during the start-up and 662 

stability phase of the ANITATMMOX  system are shown in Figure 6. The initial stages of 663 

microbial coating of the carriers can be seen in Figure 6, A and C, where can be 664 

observed an initial and thin layer of microorganisms on the carrier surface with great 665 

morphological diversity, predominating bacilli and filamentous morphotypes. The 666 

largest biofilm recorded by the SEM was around 30 µm, showing equality in the coating 667 

in all areas of the carrier studied. After 12 months of operation, the carriers showed a 668 

denser and more compact biofilm, reaching great thickness up to 930 µm (Figure6, B 669 
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and D). This allowed the biomass on the carriers to be stable under oscillation of 670 

ammonium load from the influent. Additionally, a high number of protozoa 671 

microorganisms were observed in the outermost parts of the biofilm, such as Vorticella 672 

sp. (shown in Figure 6, E and F), known for its tolerance for low dissolved oxygen 673 

conditions (Semblante et al., 2014). Actively growing protozoa can play an important 674 

role in the biofilm development since they can consume the particulate matter from the 675 

influent, forming an essential part of the stable and robust system. These results 676 

confirm that although the carriers were previously inoculated, the biofilms undergo 677 

obvious modifications transforming into complex and diverse habitats as corresponds 678 

to an environment with high microbial richness as is the case of a wastewater 679 

treatment system. 680 

Jo
urn

al 
Pre-

pro
of



34 

 

 681 

Figure 6. Scanning electron microscopy of carrier surface at initial stage (A,C) and in 682 

steady-state operation (B,D). Presence of high protozoa microorganisms in the surface 683 

of carrier biofilm( E,F). 684 

 685 

4. Conclusions 686 

A full-scale side-stream ANITATMMox bioreactor was started up with pre-seeded 687 

carriers and operated with high nitrogen removal ratio for the reject water from 688 

anaerobic digester, providing a robust system against varying operational parameters. 689 

The plastic carriers were successfully recolonized by a thick and compact biofilm 690 
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allowing the coexistence of aerobic and anaerobic zones in a single-stage bioreactor in 691 

11 months after start up, reducing the start-up period. The ubiquitous domain in the 692 

operation was Bacteria with a robust stabilization of community regardless of 693 

composition of reject water. The Candidatus Scalindua was the most representative 694 

anammox genus, being a rare phylotype to find in wastewater treatment systems. 695 

Candidatus Brocadiales was also identified in low abundance, possibly originated from 696 

the pre-seeded carriers from BioFarm. The AOB microorganisms such as 697 

Nitrosomonas were found, but in low relative abundance. Giving this fact an exhaustive 698 

study is proposed to understand the competitiveness of this group of bacteria in 699 

anaerobic ammonia oxidation systems operated in Nordic countries. Methanosaeta 700 

Archaea and high number of OTUs of Bacteria such as Pseudomonas and SJA-28 701 

were linked with total nitrogen removal from the effluent. This fact demonstrated the 702 

stability and sturdiness of the biological system despite the composition of influent. 703 

Scanning electron microscopy indicated the growth of the biofilm thickness and its 704 

surface colonization by the protozoa microorganisms. These two parameters could be 705 

related to nitrogen performance. Presumably, Archaea and Fungi do not acquire great 706 

relevance to the  ANITATMMox community and performance. This study demonstrates 707 

a successful start-up of ANAMMOX  system and provides important process operation 708 

data, linking the performance to microbial community.  709 

The results of this research showed the robustness of the biofilm system based on 710 

anammox bacteria studied, ANITA TM Mox, due to despite changes observed in the 711 

influent the nitrogen removal capacity was very high, and also it important to mention 712 

that it is possible to re-used other kind of reactor to implement this technology. 713 

Therefore, the application of ANITATMMox technology can improve the quality of 714 

effluent discharge to the environment without problems derived of operation. This kind 715 

of technology had short start-up and faster adaption, it is for this reason that the 716 

implementation of ANITATMMox more widely could improve the quality of effluent 717 
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discharges to natural water bodies, due to problems derived from nitrogen in water are 718 

a very actual and distributed worldwide environmental issue.  719 
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 908 

 909 

 910 

Figure Captions 911 

Figure 1. Nitrogen removal ratio (%) (A); Nitrogen from the influent in NH4-N and NO3-912 

N/NO2-N (mg-N L-1) (B); Effluent concentration of NH4-N, NO3-N and NO2-N (mg-N L-1) 913 

(C); Ammonium load (Kg d-1) and removal ammonium load (%) (D). 914 

Figure 2. Heat Map of dominant OTUs with more than 1.0% of relative abundance of 915 

Archaea(A); and Bacteria(B); and with more than 0.5% of relative abundance of 916 

Fungi(C) in the influent, carriers and sludge I0: Influent day 14; I1: Influent day 134; I2: 917 
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Influent day 254; I3: Influent day 370; C0: Carrier day 14; C1: Carrier day 134; C2: 918 

Carrier day 254; C3: Carrier day 370; S0: Sludge day 14; S1: Sludge day 134; S2: 919 

Sludge day 254; S3: Sludge day 370. 920 

Figure 3. Distribution of principal components plot of biological samples over 921 

operational time for Archaea (A), Bacteria (B) and Fungi (C). I: Influent (green), S: 922 

sludge(brown), C: Carrier (blue). 923 

Figure 4. Results of the similarity percentage (SIMPER) analysis among the samples of 924 

the influent, reactor and biofilm on the carriers of dominant OTUs of Archaeal and 925 

Bacteria domain. 926 

Figure 5. Multivariate redundant analysis of dominant archaeal (A) and bacterial (B) 927 

OTUs linked with oscillating parameters and performance.  928 

Figure 6. Scanning electron microscopy of carrier surface at initial stage (A, C) and in 929 

steady-state operation (B, C). Presence of high protozoa microorganisms in the surface 930 

of carrier biofilm (E, F) 931 

 932 
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Highlights 

• ANITATMMox reactor was implemented at full-scale in Viikinmäki. 
• The plastic carriers were colonized successfully by a compact and thick biofilm. 
• Candidatus Scalindua was the most representative anammox bacteria. 
• ANITATMMox technology with pre-seeded carrier showed shorter period of start-up. 
• ANITATMMox reactor was robust in nitrogen removal regardless of influent loading.  
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