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Abstract v
Denitrifying enhanced biological phos us rem@iZ8PR) systems can be an efficient

means of removing ph nd nitrate with lowb@a source and oxygen
requirementsTetrasp al e of the most abundant polyphosphate accuimgla
organisms pre EBPR systems, but their cgptacachieve denitrifying EBPR has
not previo en determined. An enricfiettasphaera culture, comprising over 80%

of th@ ial-biovolume was obtained in this kv@espite the denitrification capacity
etr era, this culture achieved only low levels of anoxiuptake. Batch tests
wittdiﬁerent combinations of nitrate (NQ) nitrite (NQY) and nitrous oxide (D)
revealed MO accumulation when this electron acceptor was aduted externally.
Electron competition was observed during the aolditof multiple nitrogen electron

acceptors species, where P uptake appeared toidgielysifavoured over glycogen



production in these situations. This study increaser understanding of the role of

Tetrasphaera-related organisms in denitrifying EBPR systems.

Keywords. Tetrasphaera-related bacteria, Polyphosphate accumulating dsgan

(PAO), enhanced biological phosphorus removal (EBPRnitrification, Nitrous oxide

(N20), Electron competition Q

1. Introduction
Phosphorus (P) and nitrogen (N) are known key %utrophicaﬂon of water

bodies. Combining denitrification with enhan ical phosphorus removal (EBPR)

can reduce both carbon source and aerati rof wastewater treatment plants
(WWTPs). Candidatus Accumuliba h r Accumulibacter) is the most widely
known polyphosphate accu ing organism (PAO)e ab store large amounts of

polyphosphate (poly-P) anoxically‘and/or aerobjcaliter taking up organic substrates

(e.g., acetate and ionate) anaerobically, entikdinary heterotrophic organisms

(Oehmen et . During the anoxic phasegtloeganisms can reduce nitrate gNO
) or nitrite (NQ nd oxidize polyB-hydroxyalkanoates (PHA) to obtain energy to

replenish ogen reserves, take up P and rectihvr intracellular poly-P level

(%0 et al., 2007; Kuba et al., 1996).

Another group of organisms present in EBPR systeamspete for the same organic
carbon sources as tAecumulibacter PAOs, which are known as glycogen accumulating
organisms (GAOs) without contributing to P remof@ehmen et al., 2007). Literature

studies have enriched mixed cultures of dPAOs d@BA@s, achieving partial or total



denitrification (Carvalho et al., 2007; Ribera-Gdiaret al., 2016; Tsuneda et al., 2006;

Wang et al., 2008; Zeng et al., 2003a, 2003b).

Tetrasphaera are also present in full-scale EBPR systems, regdhigher abundance
than Accumulibacter, up to 30% of the total biomass (Kong et al., 2Q0fham et al.,
2013a; Nguyen et al., 2011; Stokholm-Bjerregaardl¢t2017). These organisms can
assimilate a wider range of carbon sources (amaidsasugars, volatile fatty acids

(VFASs)) during anaerobic conditions (Kong et aQ08; Kristiansen et a@ Nguyen
d

et al., 2011) Tetrasphaera are capable of fermenting amino ughosing

either amino acids or glycogen anaerobically, asidguit as ergy source for aerobic
P uptake (Kristiansen et al., 2013; Marques eall/; % al., 2015), and are less
competitive for VFA uptake thamccumulibacter n et al.,, 2015). With a
Tetrasphaera enriched culture fed only W in hydrolysai®e carbon source,

Tetrasphaera were responsible for

id-consumption amtbpeaed the majority

of the aerobic P removal obs

Metagenomic results le ervation thdball existingTetrasphaeraisolates (T.
elongate (member of clade 1), Taustraliensis (clade 1), T.jenkinsii (clade II) and T.
japonica (outgro t covered by clades)) have the genaapabilities to encode for
enzymes to re NCto nitric oxide (NO), while only two of them (Bustralienss,

T. ja@@ ave the capability to reduce NO teN (Kristiansen et al., 2013).
N less, the capacity dtrasphaera to couple denitrification with P uptake has

never been established, nor the kinetics of déndtion in the presence of different

nitrogen electron acceptors.

Complete denitrification involves four consecutiegluction steps, starting with NO
leading to the sequential production of NONO, and NO as three obligatory
intermediates, before producing.M-0 is known as a potent greenhouse gas with 300-
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fold stronger radiative forcing than carbon dioxided is the primary ozone-depleting
substance of the 2tentury (IPCC , 2013). Emissions from WWTPs hagerbfound to
contribute to over 80% of the total greenhouse gasdtted from some plants (Daelman
et al.,, 2013a; Daelman et al., 2013b; Ye et &142 and the need to minimise®
emissions is well recognised. The denitrificatieduction process is mediated by four
different denitrification reductases, BiQeductase (Nar), NO reductase QO
reductase (Nor) and2® reductase (Nos) (Zumft, 1997). Unbalanced n rates
leads to the accumulation of intermediates in #gmtdfication proc@d'sturbame
can be linked with the competition for electron @eh between the four reduction steps
when the electron supply rate is the limiting stEps w ed by Pan et al. (2013)
for ordinary heterotrophic denitrifiers using o anol as carbon source, where the

leading to NO accumulation. Ribera- al., (2014) atbserved electron

reduction rate of N® was prioritized over the other denitrification e consequently
competition on NO reduction rates in-ordinary heterotrophic defngrs with multiple
thanol, antianet). NO has been observed to be

external electron donors e
emitted from EBPR(% th enriched dPAO and@Qultures (Lemaire et al.,

, 2016; Zeng et al. 320@003b). The consumption of PHAs

2006; Ribera-Gu%'et
as electr r during the denitrification prackas been associated with an increase

on‘do
in thep tion of BD in some cases (Li et al., 2013; Wang et al., 2@hbu et al.,

. haera do not synthesise PHAs, and possibly use amirdsawi glycogen
as inte

rnal storage products (Kristiansen et @ll32Marques et al., 2017; Nguyen et al.,

2015, 2011). The consumption of these internal ypeted might lead to a different

behaviour in the formation/consumption ofQ\Nwithin these bacteria.

This study focuses on the enrichment detrasphaera-EBPR culture under anaerobic-

anoxic-aerobic conditions to evaluate and charaset¢heir denitrifying capabilities and



contribution towards anoxic P uptake. Anoxic batgts with single or multiple electron
acceptors were performed to investigate electrsinildution and MO production without
the presence of external carbon sources. This stlyibutes to clarify the potential role
of Tetrasphaera, which are highly abundant organisms in biologicatrient removal
plants, on NO accumulation during denitrification, as well Bsit impact on P removal.

Increased understanding of the metabolisrebfasphaera-related PAOs m prove

the removal efficiency of P and N in wastewaterthwlifferent composi Qor anic
carbon in EBPR WWTPs. %

2. Material and Methods

2.1. Sequencing batch reactor operation

A sequencing batch reactor (SBR), with 2L i e, was operated for 196 days
to enrich a denitrifying'etrasphaera‘c$ The inoculum was obtained from the study
described in Marques et al.; . The SBR wdswith sodium casein hydrolysate
(Fluka, USA) (hereaft % as aa) as omyarasource, and operated with an 8-h
cycle, including: &: phase (3h), anoxic phézh), aerobic phase (2h) and
settling/dec 1h). Three solutions weed tsfeed the SBR: A - Mineral media
and ca @r e (400 mL) was fed continuouslynduthe first 2h of the anaerobic
phase; B - Phosphate medium (600 mL) was fed adtéreof the anaerobic phase during
3 min; C — Nitrate medium was fed (50 mL) duringn in the start of the anoxic phase.
The SBR was operated with a hydraulic retentioret(idRT) and sludge retention time
(SRT) of 16 h and 20 days, respectively. Anaerabiaxic or aerobic conditions were
obtained by bubbling argon or air, respectively. ps controlled at 7.% 0.1 by
automatic addition of 0.1 M HCI, while temperatuvas controlled at 2@ 1°C with a

water bath. The SBR was stirred via an overheademat 300 rpm during the
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anaerobic/anoxic and aerobic phases. Aerobic/aname anaerobic conditions were
achieved by bubbling argon and air, respectivehe Pperformance and steady state of
the SBR was assessed by biological and chemicatsmsaperformed in samples taken

during the weekly cycle studies.

2.2. CultureMedia &
egl ,

The SBR culture media composition was similar & tised in Marqu ., (2017),
briefly: solution (A), mineral media with carbonwsoe containe

(150 mg/L in the SBR), 0.37 g NBI, 0.59 g MgC4.7H.0 % GI2H,0, 0.07 g

TA) and 1.98 mL

e .79 g Cas aa

N-Allylthiourea (ATU), 0.2 g ethylene-diaminetet

micronutrient solution. The micronutrient sol epared based on Smolders et al.,

1994; solution (B), Phosphate medium (30 @SBR) contained 0.32 gHPOy
and 0.19 g KHPO, per litre; solutio e medium was incged during the first
20 days of operation until re a final concaidn of 25 mg-N/L in the SBR (i.e.

6.07 g NaNQ@ per litre). olution A was set to 4.1, with addition of 1.0

M NaOH, before@g.

2.3 @ tor setup and operation

e imental procedure used for the batch testsbased on Ribera-Guardia et al.,
(2014) with minor modifications. To assess the ttgning capabilities of the culture and
evaluate the hypothesis of electron competitionjesebatch tests with different

combinations of nitrogen electron acceptors wertopaed (Table 1).

A sealable reactor with a volume capacity of 330 wds used for all batch tests. A 10

mL reservoir filled with the same mixed liquor centration was connected to the lid to



avoid the entrance of air into the vessel when $esnpere taken during each batch test.
Online NNO monitoring was performed with an® liquid microsensor connected to an
amplifier system (Unisense Environment A/S, Denmarke microsensor was calibrated
before and after each test using a saturated solaobtitained by bubbling purex®@ gas
during 5 min, at a flow rate of 5 L/min. A threetpbcalibration curve was performed by
adding twice 0.1 mL of the saturategONsolution to 100 mL water free ot (%{
manually controlled at 7.1+0.1 with addition of O0/bof NaOH and H sts were
carried out in a temperature controlled lab witmonitemperature v k’ 21-22°C).

The experiments were performed under anoxic canditiwi ange of 20

between the liquid and gas phase due to the absé in the vessel.

All batch tests were performed in duplicate b and 164 of SBR operation.
An additional batch test was also perform hgtereal carbon was added (Cas aa at
the same concentration fed to the pare %ﬂ,mut added as a pulse instead of
continuous feeding) and with ded.as electron acceptor (Table 1). The tesis we
performed using sludge withdr om the pareriR@Bthe end of the anaerobic phase.
Sludge was washe ice with mineral media to resmamny external carbon source
present. The was resuspended with minerdilante a final volume of 450 mL,

equally divi een both replicate batch te&tgon was bubbled to ensure all

dissolved n present was removed, prior tdistathe experiment. A concentration

test, see Table 1) was added initially as a pdaeiples were taken along the batch tests
to analyse N®, NO,', NHs" and phosphate. Biomass samples for PHA and glycoge
were taken at the beginning and end of each téstd&ss concentration was assessed by

volatile suspended solids (VSS) and total susperdkidl (TSS) at the end of each cycle.



2.4. Contribution of Tetrasphaera and Competibacter to nitrogen electron

acceptorsreduction

The contribution of botAetrasphaera andCompetibacter GAOs to the reduction of the
nitrogen electron acceptors was evaluated accotdirige following methodology: by
calculating the ratio of PHA utilisation to N redien during the SBR and batch test

operation. The model developed by Oehmen et &1,QPwas used to descri GAOs
PHA utilization to serve as electron donor for ogen electron accept %tion. The
remaining nitrogen electron acceptors reduction e link @®§S§haera
activity (Table S1, Supplemental Information). %

The maximum measured consumption rates of ~and NO were determined by

2.5. Calculation of thereduction rates

applying linear regression to the pr f NONO; and NO, respectively, which

Q erved speaficadiation rates of nitrate (mNY

were obtained in each tes
nitrite (MNQy), and nitrous.oxide (mXD) were calculated by dividing the rate data
determined abov%?:%\/ss concentration presemach batch test. The specific
degradation. r f.(rNO) was assumed to be equtilet specific degradation rate of
nitrite Qe}blar concentrations of NO are mtained in low concentration by

chbéd regulation of Nir and Nor. NO reductrate is prioritized at a non-rate-
h’step of denitrification due to the moleeutytotoxicity, causing bacterial decay

(Boer et al., 1996; Goretski et al., 1990).

The true reduction rate of each nitrogen electrooeptor (mg-N/(g VSS.h)) was

calculated as follows:

I'NOs = mNOy (1)



'NO; =I'NOs — mNG (2
I'NO =I'NO> (3)
I'N.O =I'NO — mNO ) (4

where,I'NOz, INO2, 'NO, I'NO are expressed in (mg-N/(g VSS.h)) &

R

oxide (Nor) and

The electron consumption rates for nitrate (Naifyjte

nitrous oxide (Nos) reductases were calculateal

r
Nar,e = o3 2 (5)
7] 14

o
"Nire = N1042 -1 (6)
TNore = 7‘;\/_40 -1 (7)

TNos,e = TNKZO 2& (8)
ir,er r

er Thos,e are expressed in (mmol(@-VSS.h)).

distribution was calculated through thioraf electron consumption rate by

each individual enzyme per total electron consuomptate, expressed as a percentage:

Electron distribution (%)= TNoxe *100 (9)

TNar,etV"NiretTNor,et"Nos,e
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2.6. Chemical analyses

Segmented flow analysis (Skalar 5100, Skalar AradltThe Netherlands) was used for
P, poly-P, ammonia, nitrate and nitrite analyseslydP analysis was performed as
described in Carvalheira et al., (2014). VFAs wamalysed via high-performance liquid
chromatography (HPLC) using a Metacarb 87 H (Var@iumn and a refractive index

detector (RI-71, Merck) as described by Carvalheitaal., (2014). Gly was

ass; HCI| 0.9M

determined as described by Lanham et al., (2012)djtons: 2 mg bi
and 3h of digestion time). PHA was determined by gaomato according
to the methodology described by Lanham et al., 38)1lusing a Bruker 430-GC gas
chromatograph equipped with a FID detector and %Iumn (60m, 0.53 mm

internal diameter, 1 mm film thickness, Bruker, Cas aa consumption was

assessed through the analysis of total org? C) by a Shimadzu TOC-VCSH
sesse

(Shimadzu, Japan). TSS and VSS wer aistanethods (APHA, 2005).

2.7. Microbial chara

The microbial co@ f the SBR was assesgdhlibrescenceén situ hybridisation

(FISH) acc mann (1995). FISH quantificatiwas performed by image

analysis taken a Zeiss LSM 710 confocal las@nning microscope. The biomass

uantification was performed as described in Masceieal., (2017).

3. Resultsand Discussion

3.1. SBR performance and microbial composition

To evaluate the reactor performance, cycle stude® made regularly during reactor

operation. Pseudo steady-state conditions were\agh in the SBR after 55 days of
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operation, and the reactor was operated under ttmsditions for 115 days prior to
executing the batch tests. Identification usingHrEalysis detectetktrasphaera as the
main PAO present, comprising a volume fraction@%#o3of the total bacterial community.
Accumulibacter PAOs were present in very low abundance (< Z86npetibacter GAOs
had an abundance of 12% alddfluviicoccus GAO were not detected (Table 3). Two

typical profiles of the reactor operation are dageld in Figure 1. During typical

reactor operation on average, 86% of the carbc¥, &P and 91% of N moved.

The main parameters analysed were compared witbe ttoit enriched

Accumulibacter SBR and an SBR with a mixture oétr nd Accumulibacter
working under similar conditions (Marques et aD a%wardla et al., 2016).
Table 2 presents a comparison among these lle the efficiency of carbon
removal and N®@ reduced agree very the removals obtairfied an
Accumulibacter enriched culture operate similar condit{tibera-Guardia et al.,
2016), the capacity of th& enriched SBR to perform P-uptake was
substantially lower as ith the P-uptak&aioed in theAccumulibacter
enrichment. When compa in more detail the PReasd/substrate ratios, the

Tetrasphaer % Iayed a lower ratio (0.11+£0.02 P-mmol/C-onas compared

with the er SBR (0.35+0.15 P-mmol/C-mmol). Furthermore, thepPake

nd aerobic conditions was less @ffedh the Tetrasphaera SBR as
CY% to théccumulibacter SBR. Also, thisTetrasphaera culture developed under
anaerobic/anoxic/aerobic conditions displayed fear half of the P uptake achieved by
a Tetrasphaera-Accumulibacter culture operated with an anaerobic/aerobic cycle.

Consequently, the intracellular P content displalggadhis culture was also very low

(Table 2).
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The culture mainly consisted @&trasphaera-related organisms, where the four clades
of Tetrasphaera comprised over 80% of the total microbial commun@ontrary to the
anaerobic/aerobic SBR study (Marques et al., 20the),Tet2-892 clade was the most
abundant in this culture and clade Tet2-174 was dssent, while the sum of Tet1-266
and Tet3-654 decreased slightly from 60% to 40%wéeh the two studies (Table 3).
Various morphologies were observed (short and Im@haods, small cocci; cocci in

tetrads, filaments, and thin filaments), whichassistent with the morp s detected

in the culture obtained under anaerobic/aerobiditioms discusg% ues et al.,
(2017). ( )

The very low fraction oAccumulibacter PAOs and the presence of a small fraction of
Competibacter GAOs likely contributed to the lower. P uptake obserin this study as
compared to the reactor previously o ted undeerabic/aerobic conditions
described in Marques et al., (Z(@%haera are not capable of PHA
production (Kristiansen et al., 3), the PHA proedd under anaerobic conditions can
be assumed to be store m cter through the uptake of mainly fermentation
products. The slig igher“anaerobic glycogemstanption and PHA production

yields per C uptake.and higher PHV fraction aresggignt with GAO metabolism (Filipe

et al. 2001) as ed to PAO metabolism (Table 2)

Accu@n of N@ in the anoxic phase was also observed occasiofftiyre 1b),

a into the aerobic phase. Nitrite accumualatimore specifically in the form of free
nitrous acid) has been found to be inhibitory toxac and aerobic P uptake in PAOs, and
is known to be toxic at different threshold levielsnany organisms (Zhou et al., 2011).
Nevertheless, nitrite accumulated only rarely, andow levels (<7 mg-N/L), where
cycles without nitrite accumulation (Figure 1a)ealed a similar anoxic and aerobic P

uptake level as compared to those with nitrite amdation (Figure 1b). Thus, it is
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unlikely that nitrite was present at levels (0.00N mmol/L) that would lead to lower
P-uptake in this anaerobic/anoxic/aerobic configona as compared with the

anaerobic/aerobic SBR (Marques et al., 2017).

It should also be noted that the energy obtaineBMA®s under anoxic conditions,46%
lower as compared to aerobic conditions, leadswel P-uptake rates (Kuba et al., 1996).

A reduction in energy generated anoxicallyTliefr asphaera would both lower t &(en

up under anoxic conditions, and may also deplete 8torage comp %at wo

otherwise have been available for aerobic P upfakis. could al @9 e lower P
removal efficiency achieved by theTetrasphaera hed ‘culture under
anaerobic/anoxic/aerobic conditions as compaf@ obic/aerobic conditions

(Marques et al., 2017).

3.2. Contribution of Tetrasph ompetibacter to nitrogen electron

acceptors reduction

With both Tetraspha ibacter present in the culture, it was necessary to
assess the contrl ach group to the remuof nitrogen electron acceptors. To

accomplish b0|IC model predictions of ittdping GAOs regarding the

utilisation .of P per nitrogen electron accepteduction were used. PHA is a
differentiating factor betweemetrasphaera and Competibacter, since previous studies
showedTetrasphaera-related organisms are not able to produce PHAs {Ensen et al.,

2013; Nguyen et al., 2011). Since very l&acumulibacter PAOs were detected in this

culture, it was assumed that all PHA consumption ritrogen electron acceptors

reduction was associated with denitrification parfed by GAOs.

During the anoxic phase, an average of 0.77+0.2tin@!/L of PHA was consumed

during SBR operation. The ratio obtained of PHAlisdtion to nitrogen electron
14



acceptors reduction was 2.80C-mmol/N-mmol, caledla@ccording to the data shown in
Table S1, Supplemental Information. Assuming allPAslutilised by GAOs to perform
nitrogen electron acceptors reduction, an averafigevof 0.28+0.08 N-mmol/L can be
linked with these bacteria. An average of 1.67+M02mmol/L NOs” was reduced in the
SBR and N@ accumulation was considered negligible, thus & wssumed that nitrate
was fully reduced to pO and N gas. This led to 1.39 N-mmol/L reduction linkedtwi
Tetrasphaera (~83% of the total nitrogen electron acceptors) @28 N- @ﬂ %)
reduction taCompetibacter GAOs. This result agrees very well W@ unuaain
this culture (12.4+5.1%) quantified by FISH (TabB. These results show that

Tetrasphaera-related organisms were the main bacteria &b the N removal

within this culture.

3.3. Denitrification capabilities of Tet h::raculture
3.3.1. Individual electr ceptors

Batch tests with different. electron” acceptors waegformed to study the denitrifying

capacities of tha@ a enriched culture. In tests A, B and C electroneptars

0] e added individually. Similar reduction ratesre obtained for

NOs (20.97 + 2.31 mg-N/g-VSS.h) and N@20.30 + 3.10 mg-N/g-VSS.h), while the
N2O ‘reduction rate (8.53 + 0.22 mg-N/g-VSS.h) waswslo (Figure 2, Table S2
S ental Information). This clearly shows higdiinity of this culture for N@ and
NO2 reduction, while MO reduction had the lowest reduction rate of déigiéition when
fed individually. NO accumulation was also observed in both test AByradthough the
N0 reduction rates were higher as compared to thewhen only DO was added. XD

accumulation has also been observed in denitriffAA@® and GAO cultures with PHA

as the electron donor (Lemaire et al., 2006; Rilégwardia et al., 2016; Wei et al., 2014;

15



Zeng et al., 2003b), with either NOor NO;” as the electron acceptor. However, the
increase of the O reduction rate in the presence of N@& NG addition, (20.20 +0.19
mg-N/g-VSS.h and 12.80 + 0.76 mg-N/g-VSS.h, respelst) rules out any inhibition by

NO- concentration (Figure 2, Table S2 Supplementalrination).

Higher reduction rates were obtained for N@5.78 mg-N/g-VSS.h) in the external

carbon source batch test. This result suggestsuhare was carbon limi y the
amount of internal metabolites (Figure S1 and T&kieSuppleme rmation).
Reduction rates of N©and NO were also higher (19.41 an -N/g-VSS.h,

respectively) as compared with test A. A decredsé286 i O accumulation was

observed at the end of the external batch tes d with the average
accumulation obtained for test A. This result orted by a higher increase
of N2O reduction rate as compared with W xternal carbon source test (Table

S2 Supplemental Information). n »of intrdokr carbon source during

denitrification could potentiall tribute t® accumulation in this culture.

When fed alone, thed® reducti te was significantly lower than wiwepresence of

other nitrogen ele eptors (Figures 2 andl3kh is in contrast to previous studies

with ordinary he hic denitrifiers fed witkternal carbon sources, or dPAOs (Pan
et al., 2013; Ri -Guardia et al., 2016, 2014k Possible explanation for this lower
N20O reduction rate could be less efficient bioenecgetithin the cell when metabolising
th gen electron acceptors:Nreduction creates a lower amount of proton-motive
force across the membrane to generate ATP. Whillect®n of NQ™ to N requires 10
electrons, the reduction to,® requires only 8. These 10 electrons are assdcveité
translocation of 30 protons across the cytoplasméenbrane to drive ATP synthesis

(~3.3 proton/ATP). The D reduction can be associated with only 20% ofethergy

generated by full denitrification, which limits th®oenergetic advantage for a cell to

16



perform this reduction (Richardson et al., 2009)isTmay explain why addition of X
as the only electron acceptor may lead to lowengtdn rates as compared to situations
where NQ or NGO are added. When the@® is inside the cell it is more readily reduced
and generates more energy. If transportation islegkeprior to reduction of 4D, less

energy is generated and does not compensate tispdra step as readily.

3.3.2. Combination of electron acceptors ,\VQ
The highest reduction rate of NQvas observed in test A, whi %ﬂxed irstBst
t

F and G when other electron acceptors were addednibi gure 3, Table S2

Supplemental Information). A similar pattern wasety N@ reduction rates,
where the highest reduction rate of N®as ob in test B, while it decreased when
other electron acceptors were also added lemental Information Table S2).
This indicates thaletrasphaera ha nce for either Bl@r NGy, reduction,

while when both electron rs are present lmeously the rates decrease,
n could havergrortant role in these situations.

suggesting that elec&%

The slowest MO r tion.rate was obtained in test C, howewerrate increased in test
D, Eand G, ?&y (Figure 3, Table S2 Suppl&tal Information). This higherJ®
reduction rate with increased presence of;Né&hd/or N@ could be linked to an
increased synthesis of enzymes responsible #ormdduction (Nos), likely caused by the

increased available energy created by,N@d/or NQ reduction as explained above.

This hypothesis is further supported by the accatiart of NO produced per nitrogen
reduced. Higher accumulation in test A, B and F alaserved, whereas in tests D, E and
G no accumulation was detected (Table 4). Whe@ WNas added simultaneously with
another electron acceptor, no accumulation wasrebde The rate of reduction was

similar or higher as compared with theONproduction rate, although>8 accumulated
17



when NQ and NQ" were added individually or in combination with NeO addition.
This higher availability of energy for Nos synttesombined with a higher availability
of N2O could trigger a higher reduction rate, due taghdr overall energy potential for
the cells. Also, less accumulation of\was observed when an external carbon source
was added. This higher accumulation in test A, suthcarbon source, supports the
energetic limitation of this culture to reach thél potential of denitrification.. When
comparing the accumulation of.® with the study of Ribera-Guardi l., (2016),
generally theTetrasphaera led to less accumulation of this interr@ pared
with dPAOs and dGAOs. Only in test A, it was obseha higher DO accumulation as
compared with these two enriched cultures. Sina of MO was obtained
for tests B and D as compared with dPAOS, whi Ashowed much higher

accumulation. In the other tests, thHet haera culture achieved lower 40

accumulation.

Interestingly, P-uptake had imilar- rate in abkts performed with different

combinations of electron” acc s (0.09+0.01 mRIgh/SS.h) (Table 5). When
u

e per nitrogen etectacceptors consumed, the ratio

observing the ratio&
increased as % of the number or nitrodect®n acceptors provided (Table 5).
B@tron competition and distribution

T%er NQ@ and NQ reduction rates observed when multiple nitrogesctebn
acceptors were added as compared to the case wtigrene was added suggests that
electron competition occurred within the culturee\Rous studies have shown that
electron competition occurs during ordinary hetenghic denitrification either in

conditions of limited or excess carbon substra@es (et al., 2013; Von Schulthess et al.,
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1994). This is the first study examining electroompetition for an enriched

Tetrasphaera-related PAO culture.

The total average electron consumption rate inpitesence of two or more electron
acceptors added simultaneously (tests D to G) weag similar (average of 5.27+0.55
mmol e/g-VSS.h) (Figure 4). This value was also very Emto the total electron

consumption rate obtained in test A with N@.09 mmol &g-VSS.h) (Figu This

indicates that these electron consumption rateg \werited by the u &electron
supply from the carbon oxidation process of therimal metaboli é@ing that the
denitrification enzymes were competing for electidon @ imited electron

supply system originated from the same interna %act, a higher electron

consumption rate (7.72 mmolgVSS.h) was obtai test performed witleel
Irtsupports the idea that cells were

sole electron acceptor (Figure 4). Thi
unable to supply sufficient ele s from intelyatored sources and meet the energy

ificati

carbon source, at the same concentrationw main SBR, with N®added as
hel

their maximumte.

demand to perform deni

Another interestin servation is that the comtoameof NOs™ and NO (test D) showed
a higher electron consumption rate as comparedQg adhd NO (test E). It has been
observed@ receives electrons directly frbra ubiquinone/ubiquinol pool
(UQ/UQH.); while Nir, Nor and Nos receive their electrorsnfi the cytochrome
c udoazurin pool (Cyt c550/Ps az) by wayhef 1Q/UQH pool. Due to this
difference in electron flow, it is expected that #lectron competition between Nar and
Nos would be smaller as compared with Nir and NRan(et al., 2013; Richardson et al.,

2009). This hypothesis agrees very well with theults obtained in this study.

Table 6 shows the electron distribution between Nar Nor and Nos within each batch
test performed. A decrease in Nar activity was icord@d by the electron distribution
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between tests where NQwas fed alone or in combination with other nitnoggectron
acceptors, decreasing from 49.1% to 43.4%, to 371dl%d.5% in tests, A, D, F and G,
respectively. Similarly, both Nand NO had a similar impact on Nir activity as can be
observed from the electron distribution (Table I&3jng highest when NOwas fed
individually. This supports the hypothesis thathblar and Nir activity were affected by
electron competition. In the case ofNreduction, the total electron cons@ rate
obtained in test C was only about 1/10 of the vahtained in the other b %ts (Figure
th

4). This supports the fact thab@® was energetically unfavourab [tureevh

fed in isolation, which can be explained by thet that NO r@w nly comprises

around 20% of the bioenergetic potential as contpir ification.

When comparing the P-uptake/electron cons er P-uptake was obtained

in tests D, E, F and G. This shows that the% elled more energy obtained from
t

the reduction of the nitrogen electron a @nt to perform P-uptake, despite the
similar total electron consumption.rate (Figure®)is could be due to higher availability

of electron acceptors availabi pecially NO3daNO2, that would lead to higher
energy obtained by aerato be channelled for anoxic P uptake.

In this stud i%not possible to link the mi@ carbon consumption of the
Tetrasphaﬁe)la bacteria with the electron consumptione Tritracellular storage
com@d) a

m lecules being observed as storage compdkindsansen et al., 2013; Marques

s not been entirely revealed, with ggoo amino acids or other

etal., 2017; Nguyen et al., 2015). The clarificatof this issue would allow improvement

in the understanding of the denitrification metadl by these bacteria.

3.5. Implications of this study
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The capabilities oTetrasphaera-related organisms to perform denitrification anidw
level of simultaneous P removal have been showhisnstudy under anaerobic-anoxic-
aerobic conditions. According to the results oladinTetrasphaera performed the
majority of the N removal (>80%), in this mixed wuk. This result further validates the
importance ofTetrasphaera in wastewater treatment plants, not only for P oeah

(Marqgues et al., 2017), but also for denitrificatid his culture achieved anoxic P-uptake

with nitrate as the electron acceptor, but at evat lower than typic /Qﬁrv d by
Accumulibacter enrichments (Table 7). This suggests tﬁma@ntribute
relatively little to anoxic P removal. A comparisohthe anoxic an robic P uptake
kinetics between enriched cultureslefrasphaera andA ter is shown in Table
7. A higher anoxic P uptake rate atcumulib as consistently observed as

leading to an anoxic P uptake per N

compared tdetrasphaera, while the denitrification-rates were similar fortbaultures,
%(Pﬂﬂ)) rfor Tetrasphaera that was

approximately 6 times lower as comp vhitlcumulibacter.

A lower P removal under an conditions as cormagato aerobic conditions by
Accumulibacter is w orted in the literature. Kuba et al996) showed that the
energy obtain Q@Os under anoxic conditionstyisally 46% lower as compared
to aerobic'conditions, leading to lower P-uptakesaThis is in good agreement with the

average anoxic/aerobic P uptake ratio (0.59 mmwiakil-P) of theAccumulibacter

esented in Table 7. However, the anedctac P uptake ratio of 0.08 mmol-
P/mmol-P was indeed far lower foetrasphaera (Table 7). In contrast, theetrasphaera
enriched culture operated under an anaerobic-ae&®BR cycle (Marques et al., 2017),

achieved a similar P uptake rate as comparedAatbmulibacter studies (0.86+0.29 P-

mmol/g-VSS.h) (Table 7).
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It is noteworthy that despite this low anoxic P osal, Tetrasphaera are active
anoxically for denitrification, suggesting an aftate route to achieve denitrification,
even in non-EBPR systems, by opening up the pdisgibf dosing a wider range of
supplemental carbon sources. Typical wastewatagosed of a wide range of carbon
sources, including proteins (25-35%), polysaccleifl5-25%) and other compounds

(Nielsen et al., 2010). These carbon sources dmiférmented in the anaero?%lj and
of c

amino acids, sugars and VFAs could be obtainedaaiipts. This wide v bon
sources can be then taken upligrasphaera (amino acids, sugar gc ibacter
(VFAs), which would result in P and N removal in plants. If carbon
supplementation is needed, wastewaters could supplemented with
wastewater rich in proteins instead of more ¢ bstrates. Supplementation of

osddition of low-cost sources of

carbon sources to augment denitrification_is anortgnt issue in WWTPs, whereby
amino acids are not typically added f hi.%ml ;uep

amino acids, such as from residual ‘streams, coepdesent an alternative means of

wastes (Ghaly, 20 have a high contentawino acids. The potential

achieving both Nand P r WTPs. One suxemgle could be fish processing
%

effectiveness o % strategy in WWTPs requirgber research.

In the baﬁfj rformed with individual elentacceptors, N9and NQ" achieved
high@ ion rates, as compared wittONWhen added with multiple electron
a ors, N@and NQ achieved lower reduction rates, whereas t#@ i¢duction rates
increased, especially in combination with NO'his suggests that electron competition
could have an important role in lowering the reductates of N@ and NQ". This was
further confirmed, by similarity of the total avgemelectron consumption rate in the
presence of two or more electron acceptors. Teigt®in consumption rate was identical

to the maximum electron consumption rate obtaine@st A, confirming the limitation
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by the upstream electron supply from the carbordaiion process of the internal
metabolites. The higher electron consumption rét@ioed when external carbon was
added (batch test Ext A), validates this obsermatidectron competition was previously
observed with ordinary heterotrophic denitrifiePaf et al., 2013; Von Schulthess et al.,

1994), while this is the first study confirming efien competition for an enriched

Tetrasphaera-related PAO culture. &
4. Conclusions :@

Tetrasphaera was enriched in an EBPR system thro aoloixic/aerobic

cycle operation fed with amino acid3etraspha a good capacity for

denitrification, being responsible for >80% ification in the SBR, although

only little anoxic P uptake was observed, ulibacter. The results suggested

that the organic carbon taken u icallyTelyasphaera appears to provide
sufficient energy to achieve ei noxic dendafion or aerobic P removal rather than
both denitrification a r val simultaneousBatch tests with different
combinations of electron.acceptors reveale® lccumulation under certain conditions.
When two or more tron acceptors were presenil&ineously, electron competition
occurred, lowering the reduction rates of nitrate aitrite. The limitation of internal
carbon source and the electron distribution withim electron carriers might affect and
li enzyme activities. A slightly higher anoxXP-uptake was linked with higher
electron competition, suggesting a shift in the abhetism when multiple nitrogen
electron acceptors were present. The increasedrstadding of the metabolism of

Tetrasphaera-related organisms may improve the efficiency abggghorus and nitrogen

removal in EBPR WWTPs.
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Figure 3 — Nitrous oxide reduction rates for theadredTetrasphaera culture. Error bars
represent standard deviation of duplicate assadfiRed symbols represent the nitrogen
electron acceptors sources fed in each of the hastb.
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Table 1 — Batch tests performed with different corabons of electron acceptors
Batch test A B C D E F G Ext A
Electron acceptor NOs™ NO2® N2O NO3z NO2 NOs NO3z NOz
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N2O N2O NO2> NO»
N2O

é&

Anaerobic/anoxictd®c) obtained during SBR operation
under similar operational conditions (Ribera-
asphaera+ Accumulibacter under anaerobic/aerobic

Table 2 - Typical cycle study
and comparison withAccu
Guardia et al., 2016) an

conditions (Marques et-al. 7).
Anaerobic results
Accumulibacter Tetrasphaera+
Dominant organisms Tetr.asphaera Accumulibacter
(this study)
Carbon source Ceez) PrE g Casein hydrolysate
hydrolysate Acetate
e'easgiw”ate oS §11+0.02 0.6240.75 0.35£0.08°
mo)l/C mol)
ogen cons/substrate
cons 0.44+0.19 0.36+0.27 0.38+0.12
(C-mol/C-mol)
PHB prod/substrate cons
0.07+0.05 0.40+0.%7 0.03+0.0%
(C-mol/C-mol)
PHV prod/substrate cons
0.28+0.08 0.27+0.71 0.09+0.02
(C-mol/C-mol)
PH2MV prod/substrate cons
0.00+0.00 0.11+0.09 0.03+0.0%
(C-mol/C-mol)
PHA prod/substrate co 0.35+0.1: 0.78+0.2P 0.15+0.0:2
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(C-mol/C-mol)

Anaerobic pH 6.8+0.1 7.0:0°1 6.7+0.12
P uptake (P-mmol/L) 0.28 +0.08 0.99 +*07
NOXx reduction (N-mmol/L) 1.63+0.22 1.66+006
Glycogen Production
1.37+0.17 -0.11+0.04 ---
(C-mmol/L) Poa
PHA Consumption 0.770.21 1.86£0.27 .

C-mmolL/L

P uptake (P-mmol/L) 0.37+0.07 1.79+0°39 76+
NOXx reduction (N-mmol/L) 0.12+0.11 0.02+0'01 {‘\
\ ) 4
% P in TSS 0.6-2.2 b7 u 8-19°
e,
Glycogen Production )
0.7440.23 1.@. g 1.38+0.7¢%
(C-mmol) A
PHA Consumption
C-mmol/L 0.5940.22 . 04 0.7510.24

P uptake (P-mmol/L) 0.65 +0.06 2.79+043 1.76 +0.25

NOXx reduction (N-mmol/L) 1.750. | 1.69+0'06

%P inTSS 0622 Y 507 8-19°
Glycogen Production y
) .06 1.82+0.083 1.38+0.7C¢

Cmmolily <
xR

. ) 4
PHA Consump 1.36+0.06 3.69+0.30 0.75:0.24
(C-mmol/L
4Marques .,’2017)"(Ribera-Guardia et al., 2016)

Ta 3 — Morphologies present in the SBR sludgd && volume fraction of
Competibacter and eaciTetrasphaera-related clade. Results obtained are an average of

3 samples taken durini the exierimental ieriod.

Tetl-266  Thin filaments, branched rods and cocci in tetra@4.1+7.1
Tet2-892 Branched rods and filaments 9.1+3.8

Tet2-174  Filaments, tetrads and short rods/branched rods32.6+8.8
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Tet3-654 Branched rods and filament

GAOMIX  Rods and short rods in clumps

PAOMIX  cocci-bacilli and cocci

DFImix

Others

19.3+6.9

12.4+5.1

1.4+1.4

<1

<4

Table 4 — Accumulation of XD per N-reduced for this culture and for d

F

G

16.7+0.8

15.5+0.8

0.0

0.0

17.7%0.

A (external C-source)

dGAO enriched cultures used in Ribera-Guardia.e{2016).

1+1.9

31.2+2.7

11.3£3.1

7.1£2.2

84.0+4.8

13.745.8

56.9+4.9

45.4+0.9

48.4%5.9

0.57+0.00

0.64+0.04

0.38+0.04

0.86+0.24

1.14+0.01

0.45+0.18

0.05+0.02

-0.07+0.05

0.19+0.13

0.25+0.01
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0.05+0.01

0.03+0.03

0.01+0.00

0.10+0.01

0.09+0.01

0.09+0.02

0.05+0.04

0.03+0.01

0.12+0.04

0.08+0.01



F 0.57+0.10 0.10+0.02 0.09+0.03 0.16+0.08

G 0.71+0.10 0.20+0.04 0.09+0.01 0.13+0.03

Ext A 0.99 0.07 -0.04 -0.04

<
\%
@‘5&

Table 6 — Electron distribution for anoxi % with theTetrasphaera enriched
culture.

Electron distribution dTET (%)

Batch Test Nar Nir Nor Nos
A 49.1+3.9 17.9+1.3 17.9+1.3 15.1+1.3
B 0.0 33.2+1.6 33.2+1.6 33.6+£3.2
C 0.0 0.0 0.0 100.0
D 43.3+0.3 17.7+0.0 17.7+0.0 21.2+0.4
E 0.0 30.0+£1.2 30.0+1.2 40.0+£2.5
F 37.1+0.8 22.3+0.2 22.3+0.2 18.4+0.2
G 31.5+2.3 22.5%1.5 22.5%1.5 23.5+0.6
Ext. A a47.7 18.0 18.0 16.3
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Table 7 - Comparison of N and P uptake rates ahdr&io under anoxic and aerobic
conditions with values reported in the literature.

5 37 - NQ HAC 0.45 0.27 0.60 Carvalho et al., 2007

1 76 - NQ HPr 0.24 0.13 0.54 Carval t al., 2007
0 90 - NG HPr 0.29 0.31 1.07 etal; 2011
: a - NO;  HAc 0.47 0.39 0.83 ‘% al., 2005
- a - NOy HAc 0.86 0.97 1.&% et al., 2006
T
91

- 38 - NG HAc 1.08 0.58 Zeng et al., 2003a
23 42 - N@ Hac/HPr 0.32 0.24 Ribera-Guardia et al., 2016

0
a ; NOs Hac 1.30 14\ 0.

Kuba et al., 1993

12 1 82 NG Cas aa 0.72 .09 0.12 This study

17 85 - Hac/HPr. 0.48 Carvalheira et al., 2014
41 - HAC 0.56 Deet al., 2003a

- a - HA 1.19 Kubegal., 1993

24 65 @ HAc 1.22 Oehmen et al., 2005

1 5{ ] HPr 0.73 Pijuan et al., 2004

1 55 - Hac 0.99 Pijuan et al., 2004
2 70 Cas aa 1.13 Marques et al., 2017

a—}najority of the sludge composition wascumibacter, claimed by the author.
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