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Abstract Two hybrid moving bed biofilm reactor-
membrane bioreactors were used for the treatment of
variable-salinity influent wastewater with maximums of
4.5 and 8.5 mS cm™" electric conductivity. Operational
conditions of the bioreactors were 6 h hydraulic reten-
tion time and 2500 mg L' total solids. The membrane
operated in a cycle of 9 min draw-1 min backwash and
at 23.6 L h™' m? flux rate. Membrane biofilm was
collected from both systems and cultured in growth
media for precipitation of carbonate and phosphate min-
erals, yielding only Bacillus stratosphericus for the
4.5 mS cm ! scenario and Bacillus stratosphericus,
Bacillus toyonensis, Microbacterium esteraromaticum,
Comamonas testosteroni, and Janibacter meloni for the
8.5 mS cm™' scenario. Scanning electron microscopy
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and X-ray analysis showed similarities in morphology
and composition for the carbonate crystals from both
salinity conditions and differences for the phosphate
minerals. Study of the bacterial community of mem-
brane biofilm and mixed liquor showed close similari-
ties between them for the same salinity conditions, with
both dominated by genera Rhodanobacter,
Chujaibacter, and Thermomonas.

Keywords Biofouling - Biomineralization - Calcium
carbonate - MBBR-MBR - Metagenomics - Phosphate

1 Introduction

For the purpose of wastewater treatment, one of the best
available technologies is the membrane bioreactor
(MBR) (Rodriguez-Sanchez et al. 2017a). The MBR
joins the biological treatment with a very efficient sep-
aration of solids and water that allows for high perfor-
mances in the removal of solids and pathogens, opera-
tion at higher solids concentrations, low sludge produc-
tion, complete retention of biomass and higher solids
retention times in operation, with the drawback of
higher energy costs in operation (Rodriguez-Sanchez
et al. 2017b).

In spite of their numerous advantages, the MBR
systems have to face a major operational problem
caused by the clogging of membrane pores, nominated
as fouling, which occurs more rapidly at higher
suspended solids concentrations during operation. This
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fouling can be caused by materials of inorganic origin or
organic origin (Rodriguez-Sanchez et al. 2018a). To
alleviate the fouling problems of MBR systems, the
combined system of the moving bed biofilm reactor-
membrane bioreactor (MBBR-MBR) has been devel-
oped. In this context, the addition of carrier media to the
bioreactor allows for the growth of attached biomass,
which increases the total solids concentrations in the
system without raising the suspended solids, allowing
for operation with less risk of fouling. Nevertheless,
MBBR-MBR systems still have to face fouling prob-
lems (Gonzalez-Martinez et al. 2015).

A major cause of fouling is the colonization of
microbial communities of the membrane surface, lead-
ing to biofouling, which is mainly caused by the extra-
cellular polymeric substances and the soluble microbi-
al products they produce (Gao et al. 2014). Therefore,
it has been proposed that the characterization of the
microbial communities in the membrane biofilm is of
vital importance in order to understand, predict, and
control the process of biofouling (Rodriguez-Sanchez
et al. 2018b). Moreover, the serious risk that minerals
whose precipitation is caused by bacterial activity have
been highlighted before (Gonzalez-Martinez et al.
2017).

It has been proven that bacteria play a role in the
formation of some minerals in different natural and
engineered environments, and that this is not restricted
to a certain taxonomy but widely distributed across
many members of the domain Bacteria with different
phylogenies (Rivadeneyra et al. 2017). On the other
hand, it has been proposed that biomineralization occurs
due to changes in the immediate environment of the
microorganism, such as changes in pH and ion concen-
trations, and therefore, it has been proposed that there is
a specific association between microbial taxonomy, the
environment where it grows, and the mineral formed
(Gonzalez-Martinez et al. 2016). In wastewater treat-
ment systems, the most common biominerals found
are of carbonate and phosphate nature. Carbonate pre-
cipitation in wastewater has been regarded as an effec-
tive and economic feasible solution for the sequestration
of CO;, in stable forms, such as calcium carbonate, thus
reducing the impact of CO, over the Earth’s biosphere
(Uad et al. 2014). On the other hand, phosphate mineral
struvite has been associated with operational problems
in wastewater treatment systems as far as to develop
specific reactors for its precipitation and safeguard the
process downstream (Rivadeneyra et al. 2014).
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Wastewater can raise its salinity levels by several
ways, such as addition of salt for snow-melting activi-
ties, addition of salt for cooking, use of seawater in
toilets for flushing or by the intrusion of seawater in
wastewater treatment plants of coastal areas (Cortes-
Lorenzo et al. 2012). Salinity in wastewater can have a
dramatic effect over the performance and the bacterial
community structure of bioprocesses. It has been pro-
posed that increasing salinity affects microbial metabo-
lism, causes the accumulation of toxic metabolic inter-
mediates, and that increases cell membrane osmotic
pressure leading to higher cell death rates (Bassin et al.
2012; Castillo-Carvajal et al. 2014; Cortés-Lorenzo
et al. 2016). Moreover, previous research has found
these effects precisely in MBR and MBBR-MBR sys-
tems (Rodriguez-Sanchez et al. 2017a, b, 2018a). Salin-
ity conditions in MBR and MBBR-MBR systems affect
their microbial communities and can successively affect
the biofouling of the membrane process within them, a
phenomenon that has been unexplored to date.

The MBBR-MBR systems operated under a mem-
brane flux rate of 23.6 L h™' m™? in a 9-min draw-1-min
backwash cycle for the membrane, and with a hydraulic
retention time of 6 h and 2500 mg L' total solids. The
analysis of the biomineralization phenomenon in the
membrane biofilms of systems operating under tidal
salinity variations with maximum influent salinities of
4.5 and 8.5 mS cm ' was done. Bacterial strains with
capacity to mediate mineralization of carbonates and
phosphates were identified by culture-dependent tech-
niques. The nature of the minerals formed was evaluated
by scanning electron microscopy and X-ray analysis.
Moreover, the whole bacterial community in the biore-
actors operating under such conditions was observed by
culture-independent techniques such as next-generation
sequencing, with emphasis on the quantification of
strains with mineralization capacity.

2 Materials and Methods
2.1 Bioreactor Configuration and Operation

The bioreactor configuration used in the study was a
hybrid MBBR-MBR system (Fig. 1). The bioreactor
had four chambers of 6 L operational volume and a
membrane tank of 4.32 L operational volume. The first,
third, and fourth chambers were filled with carriers in
35% of their volumes. The carrier used was the K1
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carrier (AnoxKaldnes AS, Norway) (density of 0.92—
0.96 g cm ) accounting for a total of 111.7 m*> m "> in
the whole bioreactor. Fine bubble diffusers AFD 270
(ECOTEC SA, Spain) and air compressors ACO-500
(Hailea, China) were used to aerate the first, third, and
fourth chambers, with input air entering at the bottom of
the chamber, assuring for a complete mix of the volume
of the chamber. The aeration of the chambers was mea-
sured by rotameters 2100 Model (Tecfluid SA, Spain)
and regulated using a valve. The second chamber was
anaerobic and completely mixed by the means of a
mechanical stirrer Multi Mixer MM-1000 (Biosan Lab-
oratories Inc., USA). Coarse bubble diffusers CAP 3
(ECOTEC SA, Spain) and air compressors ACO-500
(Hailea, China) were used to aerate and completely mix
the membrane tank. The aeration of the membrane tank
was measured by rotameters 2100 Model (Tecfluid SA,
Spain) and regulated using a valve.

Inside the membrane tanks, a module of 0.04 pum
pore diameter hollow fibers of polyvinylidene fluoride
with a core reinforcement of polyester was displaced
vertically and continuously submerged. The total mem-
brane surface area per bioreactor was of 0.2 m”.

The influent flow was pumped, using a Watson-
Marlow peristaltic pump (Watson-Marlow Pumps
Group, USA), to the first chamber and forced to pass
through the second, third, and fourth, then discharged
into the membrane tank. From the membrane tank, a
recycling flow of 500% the influent flow was imposed
using a Watson-Marlow peristaltic pump. Also, the ef-
fluent was withdrawn by the means of pumping, using a
Watson-Marlow peristaltic pump through the membrane
module. The pump withdrawing the effluent operated in
a 10-min cycle consisting of 9 min effluent withdrawal
followed by 1 min backwash.

The influent wastewater was a salinity-amended ur-
ban wastewater, pumped into the bioreactors from a
mixing tank. The amendment was achieved by automat-
ic addition of tap water with NaCl diluted resulting in
50mS cm ! electric conductivity, stored in the NaCl tap
water tank, to the regular urban wastewater, stored in the
urban wastewater tank. The automatic addition of NaCl
tap water to the urban wastewater in the mixing tank was
done by a TOPAX LF1 conductivity module (Lutz-
Jesco GmbH, Germany), which continuously monitored
the electric conductivity of the influent wastewater by
continuous measuring using a conductivimeter. Two
Watson-Marlow peristaltic pumps connected to the con-
ductivity module allowed to automatically increase the

proportion of urban wastewater and NaCl tap water in
the influent wastewater depending on the specified sa-
linity conditions in the influent. Two different salinity
scenarios for operation were chosen, both resembling
tidal-like salinity variations: (a) cycle of 6 h maximum
electric conductivity of 4.5 mS c¢cm ' (around
2.4 g L INaCl) followed by 6 h of regular urban waste-
water electric conductivity (around 0.5 g L' NaCl); (b)
cycle of 6 h maximum electric conductivity of
8.5 mS cm ' (around 4.8 g L™'NaCl) followed by 6 h
of regular urban wastewater electric conductivity
(around 0.5 g L' NaCl). A schematic of the daily cycle
of operation is given in Fig. 1.

The bioreactors were operated controlling the hy-
draulic retention time to 6 h and the total solids to
2500 mg L™'. The biofouling on the membrane was
controlled by periodical cleaning of the membrane to
avoid transmembrane pressures higher than 0.5 bar. The
total solids in the bioreactor were purged in order to
maintain them at 2500 mg L™ concentration. In this
sense, the calculated solids retention time for the biore-
actors was of 22.32 days.

2.2 Sampling of Biomass, DNA Extraction,
and Next-Generation Sequencing

When the bioreactors were operating under steady-state
conditions, biomass samples were collected from the
membrane tank. Two sampling dates were considered
for each bioreactor, separated in time by 2 weeks of
operation under the same conditions. The collection of
samples was done from the mixed liquor in the mem-
brane tank and from the membrane biofilm following
Gonzalez-Martinez et al. (2014). To collect the mixed
liquor biomass, 100 mL was taken from the completely
mixed membrane tank. For the membrane biofilm, a part
of the membrane was sonicated at room temperature for
2 min at 40 kHz in a bath sonicator (Ultrasonic bath,
Selecta, Barcelona, Spain), then placed in an orbital
shaker at 155 rpm for 1 h. In parallel, suspensions of
mixed liquor and membrane biofilm were centrifuged at
3500 rpm (821.73 g) during 10 min at room tempera-
ture, then discarding the supernatant and subjecting the
biomass to DNA extraction process.

The DNA extraction was done using the FastDNA
SPIN Kit for Soil (MP Biomedicals, Solon, OH, USA)
and the FastPrep apparatus, following the instructions
given by the manufacturer. DNA was extracted from
each of the biomass samples in five replicates, then the
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Fig. 1 Schematic of the MBBR-MBR system and plot of influent salinity cycles used in the study

five replicates were merged into the same DNA pool, as
previously done (Gonzalez-Martinez et al. 2016). The
extracted DNA pools were kept at —20 °C and sent to
RTLGenomics laboratory (Lubbock, TX, USA) in order
to proceed with the next-generation sequencing proce-
dure using the Illumina MiSeq equipment and the
[llumina MiSeq Reagents Kit v3. The primer pair 28F
(5'-GAGTTTGATCNTGGCTCAG-3")-519R (5'-
GTNTTACNGCGGCKGCTG-3') (Rodriguez-Sanchez
et al. 2018a, b) was used for the amplification of the
hypervariable regions V1-V2-V3 of the 16S rRNA gene
of the domain Bacteria. The PCR conditions for the
amplification of such region were preheating at 94 °C
during 120 s; then 32 cycles of 94 °C for 30 s, 40 °C for
40 s, and 72 °C for 60 s; a final elongation at 72 °C for
300 s.

2.3 Ecological Data from the Biological Samples

The raw data provided by the Illumina MiSeq sequenc-
ing was treated to yield valuable ecological data of the
biological samples. Mainly mothur v1.34.4 (Schloss
et al. 2009) was used for the treatment of such data. In
the first place, the paired-end reads generated by the
[llumina MiSeq equipment were aligned against each
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other using Needleman conditions to create contigs,
avoiding the generation of ambiguous bases in the over-
lap region due to differences in overlapping nucleotides
Phred score values (Unno 2015). Then, the contigs were
screened to eliminate those with >0 ambiguous bases
and >8 homopolymers. The remaining contigs were
aligned against the SiLVA SEED v132 database using
the k-nearest neighbor algorithm with k-mer search
methodology using a k-mer size of 8 bp and under
Needleman conditions. The contigs that failed to start
and end at the positions of the primers of choice were
discarded as mis-target errors. The remanent contigs
were then preclustered to eliminate sequencing noise,
following a preclustering threshold of 1 bp difference
for each 100 bp in the sequence (Huse et al. 2010). The
contigs were then checked for their chimeric nature
using VSEARCH algorithm (Rognes et al. 2016) imple-
mented in mothur software. Non-chimeric sequences
were then classified against the SILVA nr v132 database
using the k-nearest neighbor algorithm with k-mer
search methodology using a k-mer size of 8 bp under a
taxonomic cutoff of 80% in order to remove sequences
that could not affiliate to the domain Bacteria. After
removal of cross-domain contamination, the high-
quality contigs remaining were used to construct OTUs.
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Construction of OTUs was done using a cutoff of 97%
similarity, using the abundance-based greedy algorithm
implemented in VSEARCH (Westcott and Schloss 2015;
Schloss 2016), taking into consideration the Matthew’s
correlation coefficient as metric of clusterization quality.
A taxonomic consensus for all sequences within an OTU
was calculated, thus assigning a taxonomy to each OTU
based on SiLVA nr v132. The taxonomic consensus of
each OTU was then used for the creation of the taxonom-
ic consensus of the biological sample. Taxonomic con-
sensus of sequences within each OTU and of OTUs
within a sample was calculated using a cutoff of 80%.
The taxonomic consensus of OTUs within all samples
was considered as relevant ecological data.

2.4 Analysis of Similarity of Bacterial Community
Structures

The analysis of similarity of the bacterial community
structures was done in three different ways:
PERMANOVA analyses (Weiss et al. 2017), singular
value decomposition of centered log-ratio-transformed
OTU distribution (Bian et al. 2017), and Dirichlet Mul-
tinomial Mixture model analysis (Holmes et al. 2012).
The PERMANOVA analyses were computed based on
Bray-Curtis distance over the taxonomic consensus of
OTU distribution and under 9999 bootstrap replications
using PASTv3.The singular value decomposition anal-
yses used a transformation of the taxonomic consensus
of OTU distribution was done by zero-value correction
through a Bayesian multiplicative replacement method
using zCompositions package implemented in R soft-
ware followed by a centered log-ratio calculation using
robComposition package implemented in R software.
The singular value decomposition computation was
done over such transformed data. The calculation of
Dirichlet multinomial mixture models was done by
partitioning the taxonomic consensus of OTUs distri-
bution into metacommunities with minimum partition
of 2 and maximum partition of 8, assessing the most
appropriate partitioning as the minimum value reported
by Laplace approximation calculations for each
partitioning model.

2.5 Diversity Indices and Detection of Sensitive OTUs
and the Correlations Between Them

The o-diversity indices of Shannon-Wiener (H) and
Simpson (1D) were calculated for each of the biological

samples taking into account the consensus taxonomy
OTU distribution. The sensitivity of the OTUs among
the different samples was observed by the means of
expected effect size and SIMPER analysis. The expect-
ed effect size used the OTU distribution was done over
the zero-corrected and centered log-ration transformed
data obtained from the posterior distribution of 128
Monte Carlo simulations drawn from a Dirichlet distri-
bution, computed through the ALDEx2 package imple-
mented in R (Bian et al. 2017). The SIMPER analyses
were done over the OTU distribution using PASTv3
software. The sensitivity of OTUs in both cases was
assessed for the variables of maximum influent salinity
(4.5 vs 8.5 mS cm ') and biomass type (membrane
biofilm vs mixed liquor).

2.6 Culture and Isolation
of Mineral-Formation-Mediating Bacteria

The biomass samples from the membrane biofilm were
used as inoculum for the culture of bacterial strains with
capacity to mediate the formation of carbonate minerals
and phosphate minerals, following previous research in
MBBR-MBR systems (Gonzalez-Martinez et al. 2017).
This biomass was obtained by sonication of a part of the
membrane at room temperature for 2 min at 40 kHz in a
bath sonicator (Ultrasonic bath, Selecta, Barcelona,
Spain).

The biomass was used as seed for growth in two
different media specifically designed for the formation
of carbonate minerals (MC) and phosphate minerals
(ME). The composition of the two media was as fol-
lows: 18 g L™" agar, 10 g L' yeast extract, 5 g L™
protease peptone, and 1 g L' glucose, 4 g L' calcium
acetate for the MC medium and 8 g L™ magnesium
acetate for ME medium. The media was autoclaved at
112 °C for 20 min avoiding the precipitation of carbon-
ate minerals in the MC medium due to intense heating.
The pH of the media was set to 7.0 by addition of 0.1 M
KOH. Additional ME liquid medium was done using
the following composition: 10 g L' yeast extract,
5 g L ™! protease peptone, and 1 g L' glucose, 4 g L™
calcium acetate for the MC medium and 8 g L' mag-
nesium acetate. The difference between the ME solid
and ME liquid media was the presence or absence of
agar, respectively.

Samples of membrane biofilm were serially diluted
up to 107°, then 1 mL of concentrations of 1074, 107,
and 10°° were used for inoculation of the media by
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surface-spreading and streaking. Each dilution for each
medium had five replicates in total. The liquid ME
medium was inoculated with 10~ dilution in a 1% w/v.
These were incubated at 25 °C in the dark and examined
every 24 h to check for the apparition of minerals using
optical microscopy. Uninoculated media and media in-
oculated with autoclaved membrane biofilm were used
as control.

Colonies detected for relevant biomineralization-
mediation capacity were isolated into the respective
medium MC or ME in order to obtain a pure culture
for further taxonomic identification of their 16S rRNA
gene by using Sanger sequencing and the primer pair
fD1-rD1, conducted at the University of Leon, Spain.

2.7 Characterization of Isolated Strains

The 16S rRNA gene of the isolated strains with relevant
capacity to mediate mineral formation were used for
their taxonomic classification. The strains were classi-
fied by BLAST search of highly similar sequences
(MegaBLAST) against the nt database of the NCBI.
The taxonomic affiliation of the strains was assigned
by the first BLAST match with high quality (max
score >2500, e-value ~0, query cover >98%, identity
>99%, curated RNA (NR) collection) of a sequence
with known species level that was detected in the next-
generation sequencing. Strains that did not pass these
criteria were discarded as contamination. The remaining
sequences were aligned against themselves using
CLUSTALW algorithm (Larkin et al. 2007), and the
alignment was used to construct a phylogenetic tree
under the neighbor-joining method using the Jukes-
Cantor model with a bootstrap test of 1000 replications,
developed in MEGA7 (Kumar et al. 2016).

2.8 Extraction of Minerals and Analysis Using Optical
Microscopy, Scanning Electron Microscopy, and X-Ray
Diffractometry

Optical microscopy was used for the evaluation of min-
eral formation in the solid media. After a period of
14 days of incubation, the minerals formed in the solid
MC medium were extracted by cutting the medium to
pieces, submerged in water and boiled to dissolve the
agar. The minerals obtained were then washed with
distilled water for impurity removal, then let to dry at
37 °C. Accordingly, the minerals from the liquid ME
medium were obtained by sedimentation, then washed
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with distilled water to remove impurities and let to dry at
37 °C.

The obtained minerals were observed by the means
of scanning electron microscopy. The samples were
carbon-coated and seen by using a high-resolution field
emission scanning electron microscope Carl Zeiss, Su-
pra 40 V (Carl Zeiss, Oberlocken, Germany). Samples
of interest were also analyzed for their chemical com-
position using energy-dispersive X-ray (EDX) micro-
analysis (Aztec 350, Oxford Instruments, Abingdon,
UK) and using the AMSCD mineral database.

3 Results and Discussion
3.1 Operation of the MBBR-MBR Systems

Data for the performance of the MBBR-MBR systems is
shown in Table 1. From there, it was inferred that the
removal performances were substantially different be-
tween the bioreactors in terms of organic matter and
nitrogen (99.47 vs 91.60% for BODs, 81.72 vs
60.72% for COD, 56.09 vs 27.11% for NH,4*, 54.29 vs
26.77% for TN for the 4.5 and the 8.5 mS cm ™' scenar-
ios, respectively) (Rodriguez-Sanchez et al. 2018Db).
Based on these results, the MBBR-MBR system work-
ing under the 4.5 mS cm™' loading performed better
(about 10-30%) in terms of BODs removal and COD
removal. In this way, the higher salinity concentrations
mildly affected the removal of organic matter in the
bioreactors. Also, the 4.5 mS cm™!' scenario presented
much higher NH," oxidation and TN removal values
(around 200%) than the 8.5 mS cm ' scenario.
Importantly, none of the systems could successfully
form attached biomass to the carriers, as confirmed by
low biofilm density values (<50 mg L™"), which dem-
onstrated the low contribution in terms for the total
solids as these were controlled at 2500 mg L. There-
fore, the contribution of the attached biofilm to the
MBBR-MBR systems was less than 2% (Rodriguez-
Sanchez et al. 2018b). It has been shown that introduc-
tion of saline influent in a steady-state MBR system
treating regular urban wastewater exerts a high pressure
over the attached biofilms of carriers, lowing important
amounts in the process (Di Trapani et al. 2014). More-
over, difficulties for the formation of attached biofilm to
carriers in MBBR-MBR systems treating constant sa-
linity and variable salinity wastewater has been reported
before, and the explanation of the inadequacy of the
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wastewater microbiota to develop biofilm in the pres-
ence of high salt concentrations was given as the reason
for the absence of carrier biomass (Rodriguez-Sanchez
et al. 2017a, b, 2018a). For the purposes of MBBR-
MBR engineering, the low attached biofilm concentra-
tions found under saline wastewater conditions had two
valuable future implications. First, the MBBR-MBR
systems under salinity conditions operated as MBR
systems in practice. Second, the presence of carriers
did not support higher total solids with reduced
suspended solids, which in turn did not protect the
membrane against operation at high solids concentra-
tions, which has been claimed as one of the advantages
of the MBBR-MBR systems over the MBR systems
with respect to prevention of membrane fouling.

According to the results obtained, the implications of
the treatment of saline wastewater using MBBR-MBR
technologies are of concern from the biofouling point of
view. More research should be conducted over the in-
fluence that the improvement of attached biofilm over
carriers has on the biofouling of MBBR-MBR systems
operating under saline effluents.

3.2 Analyses of Similarity of Biological Samples

The analyses of similarity of biological samples based
on their consensus taxonomy of OTUs was done by
quantitative and qualitative methodologies. For quanti-
tative methodologies, the PERMANOVA analysis dis-
criminating the samples in terms of maximum influent
salinity (4.5 and 8.5 mS cm ') and biomass type (mem-
brane biofilm and mixed liquor) showed statistically
significant differences (p < 0.05) for the different salin-
ity conditions (Table S1). On the other hand, the bio-
mass type did not have any statistically significant dif-
ference (p > 0.05). The pairs of samples sharing maxi-
mum influent salinity conditions and biomass type did
not show any statistically significant difference
(p>0.05) as well, suggesting that the whole taxonomic
consensus of OTUs between both scenarios and bio-
mass were not that different overall. The other quantita-
tive analyses, the Dirichlet multinomial mixing
modelization, suggested that the best partitioning model
accounted for 2 partitions (minimum Laplace approxi-
mation value), and the model grouped the samples ac-
cording to maximum influent salinity (Fig. 2), corrobo-
rating the results obtained by the PERMANOVA anal-
yses. Moreover, the results of the qualitative analysis of
similarity was in accordance with these of the

quantitative analyses of similarity, suggesting that the
taxonomic consensus of OTUs was more affected by the
maximum influent salinity than by the biomass type
(Fig. 3).

The analyses of similarity showed that there was
evidence of the strong effect of the influent maximum
salinity over the consensus taxonomy of OTUs of both
mixed liquor and membrane biofilm in the hybrid
MBBR-MBR systems studied. In this sense, the at-
tached biomass and the suspended biomass were similar
in terms of consensus taxonomy of OTUs, suggesting
that under variable influent salinity, the specialization of
biomass did not appear in the attached biomass with
respect to the mixed liquor, on the contrary, as reported
for hybrid MBBR-MBR systems treating regular-
salinity urban wastewater (Leyva-Diaz et al. 2015).
Thus, the most important factor for the development of
microbial communities in the hybrid MBBR-MBR sub-
jected to influent variable salinities was found to be the
maximum influent salinity concentration.

3.3 Ecology of the Biological Samples

The ecology of the 20 dominant consensus taxonomy
OTUs in the biological samples studied is shown in
Fig. 4. The relative abundance of these consensus tax-
onomy OTUs as well as their contribution to dissimilar-
ity among groups of samples as determined per SIM-
PER analyses is presented.

Interestingly, the dominant genus found in all sam-
ples was related to Rhodanobacter. This genus had a
mean relative abundance for the 4.5 mS cm ' scenario
than for the 8.5 mS cm™ ' scenario, as calculated by
Dirichlet multinomial mixing modelization—29.42%
mean (26.26-32.96% as 95% confidence interval) for
8.5 mS cm ', 46.04% mean (41.58-50.97% as 95%
confidence interval) for 4.5 mS cm ' (Table S2).
Rhodanobacter genus has been reported as a dominant
phylotypes in MBR and hybrid MBBR-MBR systems
treating saline wastewater under constant and variable
conditions (Rodriguez-Sanchez et al. 2017b;
Rodriguez-Sanchez et al. 2018a). It has been reported
that Rhodanobacter was positively correlated with het-
erotrophic and nitrification kinetics of these bioreactors,
suggesting possible roles in organic matter removal,
nitrification, and denitrification. Moreover,
Rhodanobacter seemed to compete with autotrophic
nitrifier Nitrobacter, which aims to consider its possible
role as nitrite oxidizer in membrane technologies
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Table 1 Operational and performance parameters of the MBBR-MBR systems

HRT SRT Total Flow  Fluxrate Salinity BODsj,y BODsey COD;, CODgr NH,%  NHy e TN, TNeg

(h) (day) Solids rae (L (Lh™! (mS (mg LY (mg LY (mg (mg (mg-N  (mg-N  (mg-N (mg-N
mgL™) hh  m?H  em) rh thH hH rhH rhH LhH

6 22 2500 4.72 23.6 4.5 380.00 2.00 782.33 143.00 43.70 19.19 43.75  20.00

6 22 2500 4.72 23.6 8.5 250.00 21.00 345.00 135.50 52.71 38.42 5294  38.77

HRT hydraulic retention time, SRT'solids retention time, BODs biological oxygen demand at day 5, COD chemical oxygen demand, 7N total

nitrogen

treating saline wastewater (Rodriguez-Sanchez et al.
2017b; Rodriguez-Sanchez et al. 2018a).

Another Rhodanobacteraceae family member, affil-
iated to genus Chujaibacter, was found to be important
for the 4.5 mS cm™! scenario (9.19%, (8.17-10.33%)),
but less important for the 8.5 mS ¢cm ™' conditions
(2.49%, (2.02-3.08%)). The only strain isolated belong-
ing to the genus Chujaibacter showed strict aerobic
metabolism and no growth in 1% NaCl concentration,
no capacity for nitrate reduction but positive assimila-
tion of N-acetylglucosamine (Kim et al. 2015). This is
therefore the first report of Chujaibacter in wastewater
treatment systems, and it could be inferred that this
strain should be different from the previously described
Chujaibacter soli. This strain could thrive in the hybrid
MBBR-MBR by aerobic degradation of organic matter
with special attention to N-acetylglucosamine, which is
readily available in the bioreactor since variable salinity
conditions exerts high pressure over the microbial com-
munities and thus increase mortality of cells
(Rodriguez-Sanchez et al. 2017b). More research
should focus on the elucidation of the ecological role
of Chujaibacter in hybrid MBBR-MBR systems in
particular and wastewater treatment bioprocesses in
general.

a Laplace
Partitions approximation
value

11723.02
11370.32 K
11820.78 :
12384.38
13077.41
13812.02

14000

13500

tion value

13000

ima

12500

12000

Laplace approxi

11500
o
11000
©o 1 2 3 4 5
Partitions

0 N O U A~ W N R

6

On the other hand, Thermomonas genus accounted
for a higher representation in the 8.5 mS cm ' scenario
(6.30%, (5.4-7.35%)) compared to the 4.5 mS cm !
scenario (0.64% (0.55-0.83%)). It has been found that
the Thermomonas genus thrives in MBR and hybrid
MBBR-MBR systems treating saline wastewater, and
their metabolic capability for oxidation of both organic
matter, including N-acetylglucosamine, and ammonium
has been reported (Wang et al. 2014; Ali et al. 2016).
Indeed, kinetic analyses showed that Thermomonas rel-
ative abundance was linked to faster autotrophic kinetics
but slower heterotrophic kinetics, and therefore, its eco-
logical role in the MBR and hybrid MBBR-MBR sys-
tems treating saline wastewater has been suggested as
heterotrophic nitrifier outcompeting autotrophic nitrifier
for ammonium substrate due to lack of adaptation of
ammonium oxidizing bacteria to saline wastewater en-
vironment (Rodriguez-Sanchez et al. 2017b).

Among all the dominant consensus taxonomy OTUs,
the one that accounted for the highest dissimilarity con-
tribution was the Rhodanobacter genus, followed by
Chujaibacter genus (Fig. 4). The contributions to dis-
similarity between biological samples for
Rhodanobacter and Chujaibacter were very high
(27.82-33.51% and 8.00-10.65%, respectively), except

b Partitions = 2

Sample |Partition 1 Partition 2
HVFB1
HVFB2
HVML1
HVML2
LVFB1
LVFB2
LVML1
LVML2

7 8

Fig. 2 Results of the Dirichlet multinomial mixing (a Laplace’s approximation value for partition models; b grouping of samples for the

partitioning models)
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Fig. 3 Singular value decomposition of the bacterial community struc

type)

for the comparison between mixed liquor and fixed film
biomass at the 8.5 mS cm™ ! scenario, were their dissim-
ilarity contributions were lower (15.24 and 1.15%, re-
spectively). For the comparison between mixed liquor

ture of the MBBR-MBR systems (a maximum salinity; b biomass

and fixed film biomass at the 8.5 mS cm™ ! scenario, the
top dissimilarity contributor was Ferruginibacter
(10.76%). On the contrary, for the other groups of
samples, Rhodanobacter and Chujaibacter together

Relative abundance Dissimilarity

Family

Chujaibacter

unclassified

unclassified

unclassified X undlassified
i

Bacteroidia &

Be [Thiobacilus
o [Micrococcales lﬁ [T undlassified
[otuo11[Bacteria undlassified undlassified inclassified
[otuo12[Bacteria [Rhizobiales undlassified
lostridia Clostridiales 1 Clostridium_sensu_stricto_L
Parvibaculum
uncultured
undlassified
unclassified undlassified undlassified
hizobiales classified
tridia lostridiales undlassified
[Dokdonella

Color Code
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|
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Fig. 4 Heat map representing the relative abundance and the contribution to dissimilarity of the top 20 represented phylotypes in the

MBBR-MBR systems under both salinity conditions tested
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summed up to 44.16% of dissimilarity. In this sense, the
SIMPER results showed that the proliferation of
Rhodanobacter and Chujaibacter were major driving
factors for the differences among the biological samples.
This could be caused by the competitive nature of these
genera in the hybrid MBBR-MBR systems treating
variable influent salinity wastewater, thus reducing the
diversity in the systems due to outcompetition of these
groups with respect to other phylotypes. The diversity
and evenness in the biological samples was confirmed
by the Shannon-Wiener and Simpson indices, which
have been claimed as the most robust indices to compare
diversity of microbial communities (Haegeman et al.
2013). In this sense, the reduction of diversity and
evenness in the biological samples could be linked to
the relative abundance of dominant Rhodanobacter and
Chujaibacter, since all samples at 4.5 mS cm ' had
lower evenness (as per lower values in Simpson index)
and lower diversity (as per lower Shannon-Wiener index
values) (Table S3). Thus, the importance of
Rhodanobacter and Chujaibacter, and of
Rhodanobacteraceae family in general, in variable sa-
linity wastewater treatment processes should be further
analyzed.

Quantitative differential analyses over the consensus
taxonomy OTU distribution showed 4 consensus taxon-
omies with significant different relative abundance be-
tween mixed liquor and membrane biofilm (expected
effect size <—1 or expected effect size > 1) (Fig. S1).
Only one of these phylotypes was among the dominant
20 but did not have major importance in terms of relative
abundance for the bioreactors compared to other phylo-
types (0.63%, (0.48-0.81%) for 4.5 mS cm™', 1.00%,
(0.73-1.35%) for 8.5 mS cm ). On the other hand, 119
phylotypes showed significant relative abundance be-
tween the different maximum influent salinities. Among
them, the dominant Rhodanobacter, Chujaibacter, and
Thermomonas genera were present. As previously
shown, maximum influent salinity levels selected for
different dominance of Rhodanobacter, Chujaibacter,
and Thermomonas in terms of relative abundance.

These dominant genera showed statistically signifi-
cant correlation as shown by calculation of Erb’s p
correlation coefficient (Fig. S2). Rhodanobacter genera
had statistically significant positive correlation (p >
0.65) with Chujaibacter and a dominant unclassified
Rhodanobacteraceae family member. On the other
hand, Chujaibacter had statistically significant negative
correlation (p <—0.65) with Thermomonas genus. In
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this sense, the competition among the dominant phylo-
types in both salinity scenarios showed a competition
between Thermomonas and Chujaibacter. Since
Thermomonas has been linked to autotrophic kinetics
and had been suggested as an important nitrifier in
hybrid MBBR-MBR systems treating saline wastewater
(Rodriguez-Sanchez et al. 2017b), it is possible that
Chujaibacter is able to develop this type of metabolism
in the hybrid MBBR-MBR systems treating variable-
salinity influent wastewater.

These results were also correlated with those from the
SIMPER analysis developed over the 95% confidence
interval relative abundance values of the Dirichlet mul-
tinomial mixing partitions showed that the most signif-
icant contributions to dissimilarity belonged to
Rhodanobacter (15.81%), Chujaibacter (6.29%), and
Thermomonas (5.20%) (Table S3). Moreover, the rela-
tive abundances of these OTUs were significantly dif-
ferent between the 8.5 and the 4.5 mS cm ' salinity
scenarios (26.9 vs 43.6%, 2.55 vs 9.25%, 6.37 vs
0.67%, respectively). In this way, significantly different
higher presence of Rhodanobacter and Chujaibacter
could be related to higher organic matter and ammoni-
um oxidation potential in the MBBR-MBR systems.
More research on the metabolic capabilities with respect
to contributions to organic matter removal and ammo-
nium oxidation of Rhodanobacter and Chujaibacter
should be performed, as well as over the capacity of
Chujaibacter to oxidize ammonium.

3.4 Formation of Minerals Mediated by Bacterial
Activity from Membrane Biofilm

It was found that the growth of bacterial colonies in the
MC and ME media was accompanied by the appearance
of mineral-like structures (Fig. 5). The morphology of
the minerals formed in the media were different for the
two salinity scenarios. In the MC medium, the minerals
formed by membrane biofilm collected under
4.5 mS cm ' were of smaller size and sphere-like
(Fig. 5a, ¢) in comparison to those obtained in MC
medium inoculated with membrane biofilm collected
under 8.5 mS cm ' operation, which had a rhomboid-
like shape (Fig. Se, g). With respect to the ME medium,
the minerals formed in plates inoculated with
4.5 mS cm ' membrane biofilm presented a marked
tetrahedral structure (Fig. 5b, d) when compared to those
in the plates with 8.5 mS cm ' membrane biofilm,
which were smaller and more compact (Fig. 5f, h).
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Fig. 5 Optical microscopy
images of colonies from the
culture media MC and ME
inoculated with biofilm from both
salinity conditions tested in the
study (a, ¢ MC medium,
45mScm e, g MC medium,
8.5mS cm b, d ME medium,
8.5 mS cm '; f, h ME medium,

-1
8.5mScm )
& 8.5_MC_05
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- - 8.5_MC_05 1534 NR_121761.1 Bacillus toyonensis strain BCT-7112 2813 2813 99% 0.E+00 99%
100 | ® 8.5_MC_04 85_MC06 1547 NR_121761.2 2841 2841 99% 0.E400  99%
85MC 04 1553 NR_121761.3 282 22 98% 000 99%
¥ 8.5 _MC_03 85MC03 1554 NR_121761.4 2808 2808 98% 0.E+00  99%
85MC02 1540 NR_121761.5 Bacillus toyonensis strain BCT-7116 282 282 99% 000 99%
& 8.5 MC_02 85 MC 07 1435 NR_121761.6 il is strain BCT-7117 2634 2634 99% 000 99%
100
L& 85_MC_07
r® 4.5 MC_01 . : .
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® 4.5_MC_03 4.5_MC_01 1516 NR_042336.1 Bacillus stratosphericus strain 41KF2a 2784 2784 100% 0.E+00  99%
100 asMC03 1517 NR_042336.2 Bacillus stratosphericus strain 41KF2a 2793 2793 100%  0.£400 9%
® 4.5_MC_10 asmMc10 152 NR 0423363 i i in41KF2a 2798 2798 100%  0.E400 9%
45 ME 10 1506 NR 0423364 il i in 41KF2a 2176 2176 100%  0.6400  99%
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100 - @ 8.5 ME_08 85 ME 08 1503 NR 025805.1 i is strain CM2104 2715 2715 98% 0400 99%
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Fig. 6 Phylogenetic tree and taxonomy of isolated strains with capacity to mediate the formation of minerals in the MC and ME media
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The plates seeded with autoclaved media did not show
formation of any mineral, as occurred with the plates not
inoculated. In this sense, the culture of membrane bio-
film from both salinity scenarios showed that formation
of minerals in the MC and ME media was mediated by
microbial activity and that different minerals were
formed for the biomass from different maximum influ-
ent salinity conditions.

The colonies that showed a significant number of
biominerals around them were isolated in respective
MC or ME media in order to determine the taxonomy
of such mineral-formation-mediating strains. Construc-
tion of a phylogenetic tree and taxonomic affiliation of
their almost-complete 16S rRNA gene showed that,
among the 20 successfully cultured strains, 5 different
species were found (Fig. 6). For the membrane biomass
of salinity scenario 4.5 mS cm ™, only the species Ba-
cillus stratosphericus was identified three times from
the MC medium and once from. On the other hand, the
membrane biofilm for the 8.5 mS cm ™' scenario yielded
five different strains with capability to mediate mineral
formation. In the MC, medium 6 strains were identified
and all were affiliated to Bacillus toyonensis species.
Among those identified in the ME medium, 1 was
affiliated to Bacillus stratosphericus, 1 to Microbacte-
rium esteraromaticum, 1 to Janibacter melonis, and 2 to
Comamonas testosteroni.

Bacillus stratosphericus was firstly isolated from air
samples collected at great altitude and was reported to
have very high resistance to NaCl (up to 17.4%) (Shivaji
et al. 2006). Bacillus toyonensis has been reported to
have resistance to high salinities (up to 5% NaCl)
(Jiménez et al. 2013a) and has been used widely in
animal nutrition since 1975 as it is the basis of the
probiotics food additive Toyocerin® (Jiménez et al.
2013b). Neither Bacillus stratosphericus nor Bacillus
toyonensis have previously been reported to mediate
mineral formation. Nevertheless, many Bacillus strains
have been found to help calcite and phosphate mineral
formation in wastewater systems and high-salinity en-
vironments, such as Bacillus marisflavi, Bacillus
pumilus, Bacillus megaterium, Bacillus subtilis, Bacil-
lus thuringensis, or Bacillus flexum (Gonzalez-Martinez
et al. 2017; Uad et al. 2014; Silva-Castro et al. 2015).

Microbacterium esteraromaticum was firstly de-
scribed in 1993 (Yokota et al. 1993) as Aureobacterium
esteraromaticum and unified in 1998 to the genus
Microbacterium (Takeuchi and Hatano 1998).The strain
Microbacterium esteraromaticum DSM 8609 has been
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reported for ammonium oxidation under low concentra-
tions and low temperatures (Zhang et al. 2016), which
could be explained as a heterotrophic nitrification-
aerobic denitrification metabolism as observed in other
strains of Microbacterium esteraromaticum
(Vinothkumar et al. 2016). A strain of the Microbacte-
rium genus has been reported for mediation of mineral
formation of calcite nature (Xu et al. 2017). Neverthe-
less, no reports to this date have informed about miner-
alization of phosphate minerals mediated by
Microbacterium genus.

Janibacter melonis was firstly isolated from an ab-
normally spoiled melon in Korea, showing strict aerobic
growth (Yoon et al. 2004). Further than infecting
melons, Janibacter melonis has been reported a cause
of bacteremia in humans causing low fever, skin swell-
ing, pain, and erythema (Elsayed and Zhang 2005) and
has been noticed that some strains of Janibacter melonis
have higher virulence than Janibacter terrae, known to
cause infections in humans (Chander et al. 2018). No
Janibacter strains have been reported for mineral
precipitation.

Comamonas testosteroni has been reported as NaCl
tolerant (up to 3% concentration) and facultative anaer-
obic bacterium (Zhu et al. 2014). It has been found that
Comamonas testosteroni could be of importance for the
development of membrane biofilm since it has a strong
capacity for biofilm formation (Li et al. 2009).
Comamonas isolated from membrane biofilm of hybrid
MBBR-MBR system treating urban wastewater have
previously been reported to mediate the precipitation
of carbonates (Gonzalez-Martinez et al. 2017).

The relative abundances of the consensus taxonomy
OTUs affiliated to the same genus that the stains isolated
from the mineralization cultures (except for Janibacter,
which was not found but attributed to the only unclas-
sified Intrasporangiaceae member present among the
taxonomic consensus) showed that their presence in the
bacterial community structure in the hybrid MBBR-
MBR systems treating variable-salinity influent waste-
water was not dominant. In terms of biofouling risk, as
assessed by Gonzalez-Martinez et al. (2015), the most
dangerous phylotype at 4.5 mS cm ' scenario was
Janibacter melonis, and for the 8.5 mS cm L, it was
Microbacterium. Nevertheless, summed presence of the
total consensus taxonomy OTUs related to isolated
strains with mediation in mineral formation process
was of 0.29-0.41% for the 4.5 mS cm™ ' and 0.31—
0.76% for the 8.5 mS cm ! scenarios (Fig. 7).
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Fig. 7 Heat map representing the relative abundance of isolated strains with capacity to mediate the formation of minerals in the MC and

ME media

3.5 Nature of Minerals Extracted from the MC and ME
Media Formed by Mediation of Bacterial Activity

Differences were observed between the minerals ex-
tracted from the MC and ME media for the two maxi-
mum salinity scenarios (Fig. 8). Moreover, the results of
the X-ray microanalyses for regions of interest on the

Fig. 8 Scanning electron
microscopy images from minerals
extracted from the MC and ME
media (a, b MC medium,
45mScm e, g MC medium,
8.5mS cm '; ¢, d ME medium,
8.5mS cm ' f, h ME medium,
8.5mS cm )

Signal A= SE2

mineral surfaces are shown in Fig. 9. For the minerals
extracted from the MC media, their external morpholo-
gy was similar for the scenarios of 4.5 and 8.5 mS cm ',
showing rhombohedral and sphere-like structures with
either a smooth surface or rough surface with presence
of bacterial footprints (Fig. 8a, b, e, g). Their X-ray

microanalysis spectra demonstrated similar elemental
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T000m

Fig.9 X-ray microanalysis of minerals extracted from the MC and ME media (a MC medium, 4.5 mS ¢cm™'; b MC medium, 8.5 mS cm ™ '; ¢
ME medium, 8.5 mS cm'; d ME medium, 8.5 mS cm ")

formation with main Ca element composition regardless
of the roughness of the surface, the presence of the
bacterial footprints, or the morphology of the mineral
tested (Fig. 9a, b). The similarity in morphology and
composition for minerals in MC medium culturing
membrane biofilm from 4.5 and 8.5 mS cm™ ! scenarios
could potentially be caused by the presence of only one
strain with capacity for mediation of mineral formation
in such medium, related to genus Bacillus. Therefore, it
is possible that the mediation of Bacillus stratosphericus
from the 4.5 mS cm ' membrane biofilm and Bacillus
toyonensis from the 8.5 mS cm ' membrane biofilm
resulted in the formation of similar minerals. In this
sense, it is possible that these two Bacillus strains have
the same behavior in terms of mineral formation
mediation.

On the other hand, the morphologies of the minerals
extracted from the ME medium were different between
the two salinity scenarios (Fig. 8c, d, f, h). For the
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4.5 mS cm ! scenario, the mineral observed had a
tetrahedral morphology. On the other hand, the mor-
phology of minerals for the 8.5 mS ¢cm™' scenario
showed compact minerals with polished surfaces
marked with bacterial footprints. The differences in
morphology were also correlated to differences in com-
position as determined by X-ray microanalysis. For the
4.5 mS ¢cm ' membrane biofilm, the minerals generated
in the ME medium has a composition made mainly of
Mg and P elements. On the other hand, the elemental
composition of the minerals extracted from the ME
medium inoculated with membrane biofilm from the
8.5 mS cm ' scenario consisted on Ca and P. Differ-
ences in the composition and morphology of the min-
erals formed could depend on the taxonomy of isolated
strains with capacity to mediate mineral formation from
ME media: Bacillus stratosphericus only for the
4.5 mS c¢cm~ ' membrane biofilm, and Bacillus
stratosphericus, Microbacterium esteraromaticum,
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Janibacter melonis, and Comamonas testosterone for
the 8.5 mS ¢m ' membrane biofilm. In this sense,
presence of the three non-Bacillus strains could lead to
formation of a majority of minerals in the ME medium
with different characteristics than those for the Bacillus
stratosphericus strains.

4 Conclusions

Two hybrid MBBR-MBR systems were operated at
23.6 L h™' m? flux rate under 6 h hydraulic retention
time and 2500 mg L™ total solids for the treatment of
tidal-like variable-salinity influent with maximums of
4.5 and 8.5 mS cm ', respectively. Maximum influent
salinity showed to affect organic matter removal and
ammonium oxidation between the MBBR-MBR, favor-
ing the lowest influent salinity conditions (99.47 vs
91.60% for BODs, 81.72 vs 60.72% for COD, 56.09
vs 27.11% for NH4", 54.29 vs 26.77% for TN). The
effect of the maximum influent salinity over the bacte-
rial communities and their capability for mediating car-
bonate and phosphate mineral precipitation was ana-
lyzed. The culture of mineral-precipitation-mediating
bacteria from membrane biomass under both conditions
showed that Bacillus stratosphericus was the only
mineralization-inducing strain under 4.5 mS cmfl, with
8.5 mS cm ' membrane biofilm showing a higher di-
versity with Bacillus stratosphericus, Bacillus
toyonensis, Comamonas testosteroni, Microbacterium
esteroaromaticum, and Janibacter meloni being found
as important for biological-induced mineralization.
Carbonate-based minerals were identical in morphology
and composition among the two salinity scenarios,
while the phosphate-based minerals did differ in struc-
ture and chemical composition. The whole bacterial
community structure for membrane biofilm was very
similar than that of the mixed liquor at each salinity
scenario, with maximum influent salinity driving the
diversity of the system by diminishing the relative abun-
dance of dominant Rhodanobacter (26.26-32.96% vs
41.58-50.97%), Chujaibacter (8.17-10.33% vs 2.02—
3.08%) and Thermomonas (5.4-7.35% vs 0.55-0.83%)
genera with increasing salinity.
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