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HIGHLIGHTS
» Combining EBPR-nitrite pathway with propionate agbon source selects PAO
vs GAO
» DefluviicocusGAO are washed out using nitrite as sole elechaeptor

> Nitrite is not a selection factor between PAQOI| &&DI|
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ABSTRACT

Proliferation of Glycogen Accumulating OrganismsA@) accounts as one of the
major bottlenecks in biological phosphorus rem®yatems. GAO outcompeting
Polyphosphate Accumulating Organisms (PAO) resaltswer P-removal. Thus,
finding optimal conditions that favour PAO in frooft GAO is a current focus of
research. This work shows how nitrite can proviaeeel strategy for PAO
enrichment. A propionate-fed GAO-enriched biom&&s% Defluviicoccud, 18%
Defluviicoccudl and 10 % PAO) was subjected during 50 d to estae-anoxic
conditions with nitrite as electron acceptor. Thegerational conditions led to a
PAO-enriched sludge (85 %) where GAO were washe¢adtne system (< 10%),
demonstrating the validity of the new approachH8O enrichment. In addition, the
presented suppressionDéfluviicocusGAO with nitrite represents an add-on benefit to
the nitrite-based systems since the proliferatiomom-desirable GAO can be easily

ruled out and added to the other benefits (i.eeloaeration and COD requirements).

KEYWORDS
Enhanced biological phosphorus removal (EBPR)it@jtselection, polyphosphate

accumulating organisms (PAO), glycogen accumulatiggnisms (GAO)
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1. INTRODUCTION

Nowadays, enhanced biological phosphorus remoB®H) has become a widely
accepted wastewater treatment technology becausehofih sustainability and
efficiency. In addition, EBPR is expected to baable source of phosphate in the
future rather than a technology for biological fowal (Elser and Bennett, 2011). In
the EBPR process, biomass is subjected to alteghahaerobic and aerobic/anoxic
conditions so that polyphosphate accumulating asgas (PAQO) are favoured against
other ordinary heterotrophic bacteria. PAO survoagacity relies on their potential to
take up organic substrates under anaerobic conditmsynthesize
polyhydroxyalkanoates (PHA). The proliferation ef/eral PAO competitors, known as
Glycogen Accumulating Organisms (GAO), has becorsigificant bottleneck in the
EBPR process. GAO presence in EBPR systems inagréasearbon and chemical
requirements, the sludge production and the tatatadl costs of the plant (Oehmen
al., 2010c; Saundeet al, 2003). Thus, many worke.g, Oehmeret al, 2010Db,
Lopez-Vazqueet al, 2009) aim at understanding the competition betwAO and
GAO in view of finding the optimal conditions thatvours PAO growth against GAO
in EBPR systems.

PAO and GAO are not single microorganisms but comteams to describe the
observed response of several groups with respéxbkagical P removal. The latest
microbiological studies have revealed the existei@averal subgroups of PAO/GAO
with different phenotypes (Table 1). Regarding PA@CandidatusAccumulibacter
phosphatishereafter referred @sccumulibacterare the most widely known PAO in
contrast to others as for example Tetraspheraegklat Dechloromonas-related
(Oehmeret al, 2010b). Two different types éfccumulibacte(PAOI and PAOII) have

been described using the polyphosphate kinaseagegenetic marker (Hat al, 2007;
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Petersoret al, 2008) with different denitrification capacity€i.PAOI can denitrify
nitrate and nitrite whereas PAOII can only useiteilr Regarding GAO, significant
diversity has also been detected, being@daenmaproteobacteri@andidatus
Compectibacter phosphatiBom this point onCompetibactérand the
AlfaproteobacteridDefluviicoccus Vanu@rom this point onPefluviicoccu$, the most
abundant in full-scale plants. The major differebeénveen both groups is their affinity
for propionic and acetic acideefluviicoccuscan be divided into four different clusters
(from DFI to DFIV), which have different denitrifation capabilities. The
denitrification capacities ddefluviicoccusDFI and DFIl are shown in Table 1, while
capacities of DFIIl and DFIV, which are only foumdsome Waste Water Treatment
Plants (WWTP) (Mcilroy and Seviour, 2009), have beén studied yet to the best of
our knowledge.

The response of the microorganisms involved inbi@moval to different electron
acceptors and donors (Table 1) is the startingtpdithe present work. According to
this information, none of the reported groups of@éould survive in an EBPR system
with propionate as sole electron donor and niagesole electron acceptor. Hence, these
two simultaneous conditions should lead to the washf the GAO typically found in
WWTP and thus, to PAO-enriched sludge. Moreovenjiage is a common electron
acceptor for PAOI and PAOII, the distribution oése two organisms in the sludge
should be similar.

On the other hand, biological nitrogen removal BBIPR are nowadays integrated in
activated sludge systems aiming at simultaneousentiremoval. In these systems, the
denitrification capacity of PAO gains a lot of red@ce since PAO can reduce the
nitrite/nitrate produced in the aerobic phase usitggPHA stored in the anaerobic

phase. N removal via the nitrite pathway, i.e.itaition followed by denitritation, NiH
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- NO, = N is a more cost effective alternative when treakovg COD/N
wastewaters due to the lower aeration and COD reapaints (Turk and Mavinic,
1987). If the nitrite pathway was implemented, rihle of nitrite would be very
significant as well as its effect on the PAO/GAOngeetition. The implementation of
the nitrite pathway and EBPR (nitritation and detaition linked to phosphorus
removal) has been reported both in suspended (Maocst al, 2011; Zenget al,

2011) and particularly in granular systems (de Kretal, 2005; Mosquera-Corrait

al., 2005; Yilmazet al, 2008). Recently, Bassat al. (2012) demonstrated that nitrite-
based dephosphatation was the main pathway foewaohi simultaneous P and N
removal despite the GAO presence. They detectddPA@II proliferation and the role
of GAO was to reduce the nitrate to nitrite.

The aim of this work is to demonstrate that an EBRIRge operating with propionic
acid and nitrite as a sole electron donor and docegspectively, leads to the
suppression of GAO activity and to the proliferatmf PAO. For this purpose, a highly
GAO-enriched sludge was operated under anaerobidinitrite configuration and
with propionic acid as a sole carbon source forentban 50 d. The results would help
not only for a better understanding of the undadymechanisms of the PAO/GAO
competition but also to understand the role ofteiin biological nutrient removal

systems.

2. MATERIALSAND METHODS

2.1 Experimental set-up

The experimental set-up consisted of a lab-scale&eing Batch Reactor (SBR) (V =
10 L) with oxygen, pH, ORP and temperature probits &yPLC (Siemens S7-226) on

top of the control system. The SBR was initiallyecgied for 90 d under anaerobic-



143  aerobic conditions with low influent P and highdlfavour GAO growth. The cycle
144  length was 6 h with the following sequence: anaier@th (initial feeding 5 min),

145  aerobic 3.5 h, sedimentation 25 min and supernataraction 5 min (5 L). The

146  synthetic wastewater used in the GAO-enrichmenbgeronsisted of the nutrient

147  wastewater solution (4.96 L) (in g¥): 0.1 NH,CI, 0.044 MgS@ 7H,0, 0.16

148  MgCl,-6H,0, 0.042 CaGl 2H,0, 0.03 NaHC@0.0276 KHPO,, 0.0209 KHPO, and
149  0.005 allylthiourea to inhibit nitrification and3D mL of nutrient solution, based on
150 Smolderset al. (1994). The carbon source solution (0.04 L) carddionly propionic
151 acid for an initial concentration of 225 m¢ bf COD. The initial phosphate

152 concentration was set to 5 mg P, Icesulting in a COD/P ratio of 45. The hydraulic
153  retention time (HRT) was 12h. Sludge retention t{i®RT) was kept at 15 d with

154  periodic wastage at the end of the aerobic phaset@mperature was controlled at 25 +
155 1 °C. HCI (1 M) and NaOH (1 M) were used to contha pH in the reactive phases at
156  7.50 = 0.05. Nitrogen was bubbled during the anaernphase to avoid oxygen surface
157  transfer. Dissolved oxygen (DO) was controlled dgihe aerobic phase between 3.5
158 and 4.5 mg L to avoid oxygen limitations with an on/off contesl

159  During the GAO-washout period, the SBR configumnaticas moved to 2 h anaerobic,
160 3.5 h anoxic, 25 min of sedimentation and 5 mintler extraction. Nitrogen was

161  bubbled during all the reactive period. Sodiumiteittvas automatically added to the
162  system from a concentrated solution (3.5 g'N 1o obtain anoxic conditions. The

163  synthetic wastewater was switched to more reaNstiges (initial concentration of

164  propionic acid of 100 mg COD*Land P of 5 mg Pt) with an initial COD/P ratio of
165 20. HRT and SRT were kept at the previous values.

166  Titrimetric techniques were used not only to contine pH but to detect the nitrite

167  depletion point in the anoxic phase as definedpne&ious work (Vargast al, 2008).



168  This technique consists of the indirect measuremoktite proton production (HP)

169  through the monitoring of the amount of base (@d)adosage necessary to maintain the
170  pH constant (Eq. 1).

171 HP = Ggase Vease — Cacip Vacip 1)

172 where \base and Vacp stand for the accumulated base and acid dosagednul{gase
173  and Gcp for base and acid concentration. Acid (HCI at 1dviil base (NaOH at 1 M)
174  were added using peristaltic dosage pumps (8 m*)min

175

176 2.2 Chemical and microbiological analyses

177  Phosphorus concentration in 0,22 filtered samples was measured by a phosphate
178 analyser (115 VAC PHOSPHAX sc, Hach-Lange) basethervanadomolybdate

179  yellow method. Nitrite in filtered samples was ais&ld with lonic Chromatography
180 (DIONEX ICS-2000). Propionic acid was measured lgyléat Technologies 7820 A
181  GC as described in Guerrezbal. (2012). Glycogen and PHA were measured by
182 triplicate according to the methodology describe&uisasolat al. (2009). Total

183  suspended solids and volatile suspended solids)(M8& analysed according to

184  APHA (1995).

185  Fluorescence in situ hybridization (FISH) technigdeann, 1995) coupled with

186  confocal microscopy was used to quantify the biahstribution as in Jubaret al.

187  (2009). Hybridizations were performed with Cy3-ltdbe specific probes (Crocetit
188  al., 2000; Crocettet al, 2002) and Cy5-labelled EUBMIX for most bacteia{mset
189  al., 1999). Table SM-1 in Supplementary Material (SMjails the probes used in this
190  work.

191 2.3 Batch experiment



192 A batch experiment to test whether PAO could art@eatly store VFA as PHA under
193  limiting poly-P conditions was designed in a 1 Issel. This vessel could be operated
194  either under anaerobic/anoxic or aerobic conditlmnsparging nitrogen gas or air

195 through a microdiffuser, which ensured good gassfiex to the liquid phase. Gas flow
196  was controlled with a mass flow meter (HiTec 82&rigkhorst). The pH (Sentix

197 81,WTW) and DO (CellOx 325, WTW) probes were coneédco its multiparametric
198 terminal (INOLAB 3, WTW) which was in turn connedteia RS232 to a PC allowing
199  for data monitoring and storage. The PC also maatied a high precision

200 microdispenser (Crison Multiburette 2S) to keeppheconstant at 7.50 £ 0.01 with
201 HCI (1 M)/NaOH (1 M) dosage. The reactor was thdlyr@ontrolled at 25.0 = 0.1 °C.
202  The sludge was taken from the SBR at the end odtloic phase and placed in the
203 vessel under anaerobic conditions. Two pulse®6frig L* of propionic acid were
204 added (at 0 and 150 min) to exhaust most of intétnmaserves. Then, after a settling
205  period, the supernatant was withdrawn and the bssmes carefully washed to remove
206  the remaining propionic acid and phosphorus imtleeium. Next, an aerobic phase
207  was conducted to deplete most of the internallyest®HA. Finally, an

208  anaerobic/nitrite-anoxic cycle was conducted wlhid addition of 200 mgt of

209  propionic acid. After all P was released, a sajtjperiod to wash the supernatant was
210 carried out to ensure that no propionic acid was@nt in the next step. Finally, an
211 anoxic phase was performed by adding two puls@®ohg NG N L™

212

213  3.RESULTS

214 A GAO-enriched EBPR sludge was promoted based @guidelines proposed by the
215  work of Lopez-Vazqueet al.(2009) under anaerobic/aerobic conditions with

216  propionate as sole carbon source: COD/P in thaantlwas fixed to 45 with very low
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initial P concentration in the reactor (5 mg)L Once the sludge was enriched in GAO,
the ratio was moved to a more reasonable value (€G[20). Figure 1 (LEFT) shows
the results obtained from the last of the anaerabrobic cycles, performed with the
new COD/P ratio. Propionate was rapidly depletedllanked to some phosphate
release, although the P/C ratio obtained was ®@@ating a significant presence of
GAO in the sludge. Nevertheless, P depletion waeted during the aerobic phase,
showing that despite the low P/C ratio, the PACteonhin the sludge was enough to
achieve complete aerobic P-uptake due to the Iaaliconcentration of P. The FISH
results (Fig. 1 RIGHT) supported these observatimascating a low percentage of
PAO (10%) and a significant amount of GAO (70% @Rt 18% DFII), while
CompectibacteGAO were scarcely detected, in accordance to tledhacetate in the
feed.

Then, oxygen was replaced for nitrite as sole mdacacceptor. Figure 2a - 2d shows
some examples of the experimental profiles obtathethg the 50 d of anaerobic-
anoxic operation. At first glance, the results aadé a fast adaptation to nitrite without
any significant inhibition and a significant incseeof the anoxic P uptake activity. This
observation is corroborated with the evolutionhef tnaximum nitrite uptake rate
(NURwax) estimated in several cycles, which shows a c¢teaeasing trend (Fig. 2e).
Figure 3 shows the evolution of the FISH quanttfaas during the experimental
period. As can be observed, the objective of tlaskw.e. proof that nitrite is a strong
selection factor in the PAO/GAO competition in agonic-fed environment, was
achieved and all the GAO species initially presenhbe sludge were removed. The
percentage of PAO increased in parallel to the Gl&@letion. It is also worth
mentioning that both PAOI and PAOII were equallydared in this system. With

respect to these FISH measurements, Fig. SM-1sbkelected images for all the

10



242  probes tested and provides a better visualisafiéimeoevolution of each biomass

243 population.

244  Finally, Fig. 4 shows a batch cycle conducted gt4lawhere the internal storage

245  polymers (glycogen and PHA) were measured. Thererpatal profiles are in

246  agreement with those found in the literature. Mdshe PHA was polyhydroxyvalerate
247  (PHV) (66 £ 9 %) in accordance to the use of progte as sole carbon source (Pijuan
248 et al.2009). Table 2 compares the experimental ratitaioded with other similar

249  experimental works and with those estimated thexaigt with metabolic modelling.
250 As can observed, the experimental values are uctegiy far from those typical of

251  PAO if one takes into account the high enrichméoirsed by the FISH images. These
252 results will be discussed in the following section.

253

254 4. DISCUSSION

255  The major outcome of this work is the demonstratiat nitrite can be used as the

256  selection factor in the PAO/GAO competition wHaefluviicocusGAO are

257  predominant in the sludge. The operation of ancaed culture oDefluviicocusunder
258 anaerobic/anoxic-nitrite conditions with propionatesole carbon source resulted in the
259  washout oDefluviicocusin parallel to the growth of PAO showing the féxdl#ly to

260  obtain a highly enriched culture of PAO (85%) ettam an enriched culture of

261  Defluviicocus GAO enrichment was initially forced with an unafly high COD/P and
262  then, this ratio was moved it into a conventioralie (COD/P = 20). While this

263  decrease may have contributed towards the enrichof€AO over GAO, using this
264  ratio as sole selection factor has not been repp@gea successful strategy for obtaining

265  a highly PAO-enriched sludge without GAO.

11
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The operation with propionate led to the selectbBefluviicocusGAO versus
CompetibactelGAO, which have been found to be favoured withtateeas carbon
source (Oehmeet al.,2005b).Competibacteare able to use nitrite as electron acceptor
(Konget al.,2006b) and hence, the strategy of using acetatelasarbon source under
anaerobic/anoxic-nitrite conditions would not héee to an enriched culture of PAO.
The observe®efluviicocusGAO washout is somehow in contrast to the findiobkiu

et al. (2010) with a highly-enriched culture GompetibacteGAO obtained using
acetate as sole carbon source. They found théerdtwssage was more adverse for the
aerobic PAO metabolism rather than for the aer@A© metabolism and suggested
that nitrite could provide a competitive advantafil€ompetibacteover PAO. In our
case Defluviicocusvere much more abundant (DFI 70% and DFII 18 %) tha
Competibacteand the anaerobic/anoxic-nitrite conditions weemdnstrated to be
more favourable for PAO than f@refluviicocus Based on these results, it seems clear
that nitrite-pathway EBPR systems should focusamesaing a carbon source with high
propionate fractions over acetate to combine tis#tipe effects of nitrite and

propionate on PAO selection. In this sense, Gheal (2013) proposed recently a novel
strategy to increase the propionate content imttewater.

With respect to the utilization of nitrite lyefluviicocus it was reported that DFI
cannot use nitrite as an electron acceptor (Warad, 2007) whereas DFII is unable to
denitrify (Konget al, 2006a). DFIII were not found in the system and the
denitrification capacities of DFIV are not reporsalfar. This GAO washout contrasted
with the experimental ratios (PHA/C and Gly/C) able 2, which are in general far
from the theoretical ones widely accepted for PARe explanation for such high
values would lay on the low amount of P in theuefit used, which resulted in a low

poly-P content of the biomass. Under these condifi®AO can take up propionate

12
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using glycogen as primary energy source (a tyfsD behaviour) for survival
purposes. The fact that PAO can activate the gificgbathway in order to balance the
lack of energy derived from low poly-P hydrolyssshalready been reported in the
literature (Acevedet al, 2012; Erdakt al, 2008; Zhotet al, 2008). This ability of
PAO to store volatile fatty acid (VFA) as PHA arag@cally under limiting poly-P
conditions and use it afterwards was observedoateh experiment (Fig. 5). The
experiment, conducted at the end of the experirhgetéod, aimed at forcing PAO to
take up propionate anaerobically under scarce patgnditions. For this aim, most of
the internal poly-P was depleted under anaerobiditons with an excess of carbon
addition, showing a P/C ratio of 0.21. Then, thelme was replaced for a phosphate-
free medium and the system was left overnight uadesbic conditions. Propionate
was added again under anaerobic conditions anteBseewas very low despite the
high amount of COD taken up (P/C < 0.01), indiggtimat PAO (85% of PAO in the
sludge) had changed their behaviour from PAO to GRi@ally, the medium was
replaced to remove any propionate remaining andenwas added. Successful
denitritation was observed showing that PAO wespoasible for this nitrite reduction
sinceDefluviicocusare not able to reduce nitrite.

Moreover, when dealing with nitrite-based EBPR ey, pH should be also
considered. High pH favours PAO against GAO durnetics (Oehmen et al., 2005a),
but when nitrite is present in the system it hasdditional positive effect because it
results in less free nitrous acid (FNA) concentratia reported P-uptake inhibitor
(Pijuan et al., 2010). Hence, the combination titation with PAO denitritation
should be carefully performed to avoid high FNA centration that would be

detrimental for EBPR stability. In our experimergtidy, the utilization of a controlled

13
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pH of 7.5, linked to the careful addition of ni&ritn several pulses was probably helpful
to avoid the observance of any FNA inhibition.

This work also shows how a conventional anaerobiokiic EBPR system can be
directly adapted to anaerobic/anoxic condition$witrite as electron acceptor from
day 1 without any intermediate anaerobic/anoxiolaierconfiguration as previously
reported (Vargast al, 2011). The nitrite-based anoxic P uptake rate Wwasever,

much slower than that under aerobic conditionstente, nitrite should be wisely
dosed to avoid its presence at the end of the ampdrase. Nitrite entering the anaerobic
phase can be very detrimental for the PAO growgk (liscussion below). Despite these
limitations, the SBR got rapidly acclimatised térité as an electron acceptor and
anoxic-P uptake was complete in all the period. [Bsecycles of the period were very
similar (Fig. 2) and typical of an EBPR cycle wadbmplete P removal. P-uptake was
usually higher than P-release and net P removalusaally achieved.

The fast adaptation to nitrite is in agreement i fact that both PAOI and PAOII
initially present in the sludge are able to reduoitete (Oehmeret al.,2010b), and

hence nitrite utilization as sole electron acceptwmuld not be a selection factor
between PAOI and PAOII. This observation was coméd with the final FISH
measurements (65 % PA@drsus35 % PAOII, Fig. 3) and with a batch experiment
with nitrate as electron acceptor (Fig. SM-2). &lér utilisation did not need an
acclimatisation period at all and complete anoxigpRke was achieved. These results
contrast with previous works where nitrite-basddd®ns led to systems without
nitrate-reducing capabilities (Guisaselaal, 2009; Jiangt al, 2006). In this sense, a
complete understanding on the competition betwedIRnd PAOII in nitrite-

reducing EBPR environments is still needed. Selgdd@AOl in front of PAOII would

be more interesting in view of increasing flexityil{i.e. both nitrate and nitrite could be

14
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treated). Otherwise, a PAOIl-enriched sludge wdnddiesirable to integrate partial
nitrification and EBPR provided the specific nigriteduction rate of PAOIl seems to be
higher than PAOI.

Two different practical implications can be drawonf this work. On the one hand,
nitrite and propionate could be used as strategytch a bio-P sludge with PAO. PAO
have yet to be isolated and novel strategies $ogntichment are very interesting for
fundamental studies on PAO physiology and biocheyn{tu et al, 2006). On the

other hand, the suppressionDfluviicocusGAO when nitrite is the electron acceptor
represents an add-on to the nitrite-based EBPRmsgssince the proliferation of non-
desirable GAO can be easily ruled out and addéldetother benefits (i.e. lower
aeration and COD requirements).

Finally, these results provide useful recommendatior improving the EBPR activity
in full-scale WWTP. The implementation of nitritathway for nitrogen removal and
the utilization of external carbon sources fermel&&o propionic acid, as glycerol
(Guerrero et al., 2012) or food waste (Chen etall3), should favour PAO in front of
both CompetibacteandDefluviicocusGAO and hence would provide a more stable

and efficient P removal.

5. CONCLUSIONS

A bio-P sludge enriched ibefluviicocusGAO (70 % DFI, 18% DFIl and 10 % PAO)
was operated under anaerobic/anoxic-nitrite condigon, achieving the washout of
these microorganisms in parallel to the growth AORup to 85%) and demonstrating
that nitrite is a key selection factor in the PAGG competition.

This novel strategy not only allows the achievenadrat highly PAO-enriched activated

sludge, but also demonstrates that the integrafiaienitritation with EBPR favours the

15



365

366

367

368

369

370

371

372

373

374

375

376

377

suppression dbefluviicocusGAO and represents an additional advantage foEBeR
configurations using anoxic-nitrite conditions addition to lower aeration and COD

requirements.

ACNOWLEDGEMENTS

Carlota Taya acknowledges the support of Universitaonoma de Barcelona with a
pre-doctoral grant. Vijay Kumar Garlapati is thaunkbr the postdoctoral research
fellowship at UAB inside the Alliance4universitippogram. This work was supported
by the SpanisMinisterio de Economia y CompetitividddTM2010-20384). The
authors are members of the GENOCOQV research g@wyp(de Recerca Consolidat de

la Generalitat de Catalunya, 2009 SGR 815).

16



378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

REFERENCES

Acevedo, B., Oehmen, A., Carvalho, G., Seco, Arr&9 L., Barat, R., 2012.
Metabolic shift of polyphosphate-accumulating oigars with different levels of
polyphosphate storage. Water Res. 46 (6), 1889-1900

Amann, R., 1995. Fluorescently labled, ribosomalARidrgeted oligonucleotide probes
in the study of microbial ecology. Mol. Ecol. 4,565%3.

APHA, 1995. Standard Methods For The ExaminatioM@ter And Wastewater. 19th
ed. American Publishers Health Association, Wasbm@C.

Bassin, J.P., Kleerebezem, R., Dezotti, M., vansdoecht, M.C.M., 2012.
Simultaneous nitrogen and phosphate removal irbaegranular sludge reactors
operated at different temperatures. Water Res.2368B05-3816.

Chen, Y.G,, Liu, Y., Zhou, Q., Gu, G.W., 2005. Enbed phosphorus biological
removal from wastewater — effect of microorganistolianatization with different

ratios of short-chain fatty acids mixture. Biochdbng. J. 27, 24-32.

Chen, Y.G,, Li, X., Zheng, X., Wang D.B., 2013. Enkement of propionic acid
fraction in volatile fatty acids produced from shgdfermentation by the use of

food waste and Propionibacterium acidipropionicatéyf Res. 47(2), 615-622.

Crocetti, G.R., Banfield, J.F., Keller, J., Bond,.PBlackall, L.L., 2002. Glycogen-
accumulating organisms in laboratory-scale anddcdlle wastewater treatment
processes. Microbiolog}48, 3353—-3364.

Crocetti, G.R., Hugenholtz, P., Bond, P.L., Schuter Keller, J., Jenkins, D., Linda,

L., Keller, R.G., Blackall, LL., 2000. Identificath of polyphosphate-accumulating
organisms and design of 16S rRNA-directed probethfr detection and

quantitation. Appl. Environ. Microbiol. 66(3), 11-19.82.

17



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

Daims, H., Bruhll, A., Amann, R., Schleifer, K., §fger, M., 1999. The domain-
specific probe EUB338 is insufficient for the detec of all bacteria: development
and evaluation of a more comprehensive probe gste@atic Appl. Microbiol.

22, 434-444.

de Kreuk, M.K., Pronk, M., van Loosdrecht, M.C.i4005. Formation of aerobic
granules and conversion processes in an aerobalgrasludge reactor at
moderate and low temperatures. Water B8€18), 4476—-4484.

Elser, J., Bennett, E., 2011. Phosphorus cyaléroken biogeochemical cycle. Nature.
478, 29-31.

Erdal, U.G., Erdal, Z.K., Daigger, G.T., Randal\C, 2008. Is it PAO-GAO
competition or metabolic shift in EBPR system? Ewick from an experimental
study. Water Sci. Technol. 58(6), 1329-1334.

Guerrero, J., Taya, C., Guisasola, A., Baeza, 2842. Glycerol as a sole carbon
source for enhanced biological phosphorus remaVater Res.46(9), 2983—
2991.

Guisasola, A., Qurie, M., Vargas, M.D.M., Casas,Baeza, J.A., 2009. Failure of an
enriched nitrite-DPAO population to use nitrateaaslectron acceptor. Process
Biochem. 44(7), 689—-695.

He, S., Gall, D.L., McMahon, K.D., 2007Candidatus Accumulibactépopulation
structure in enhanced biological phosphorus remsiualges as revealed by
polyphosphate kinase genes. Appl. Environ. Micrbi8(18), 5865-5874.

Jiang, Y., Wang, B., Wang, L., Chen, J., He, SQ&®Dynamic response of denitrifying
poly-P accumulating organisms batch culture togased nitrite concentration as

electron acceptor. J. Environ. Sci. Heal. A. 41(P5p7-2570.

18



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

Jubany, I., Lafuente, J., Carrera, J., Baeza, 2009. Automated thresholding method
(ATM) for biomass fraction determination using FI&Hd confocal microscopy. J.
Chem. Technol. Biotechnd4(8), 1140-1145.

Kong, Q.X., Wang, X.W., Jin, M., Shen, Z.Q., LW, 2006a. Development and
application of a novel and effective screening radtfor aerobic denitrifying
bacteria. FEMS Microbiol. Lett. 260, 150-155.

Kong, Y.H., Xia, Y., Nielsen, J.L., Nielsen, P.I2Q06b. Ecophysiology of a group of
uncultured gammaproteobacterial glycogen- accunmglatrganisms in full-scale
enhanced biological phosphorus removal wastewadatrment plants. Environ.
Microbiol. 8 (3), 479-489.

Liu, Y., Pijuan, M., Yuan, Z., 2010. The effectfoge nitrous acid on the anabolic and
catabolic processes of glycogen accumulating osgasi Water Res. 44(9), 2901-
2909.

Lopez-Vazquez, C.M., Oehmen, A., Hooijmans, C.Mdj&novic, D., Gijzen, H.J.,
Yuan, Z., van Loosdrecht, M.C.M., 2009. Modeling PAO — GAO competition
Effects of carbon source, pH and temperature. \Rést 43(2), 450-462.

Lu, H., Oehmen, A., Virdis, B., Yuan, Z., 2006. @ining highly enriched cultures of
CandidatusAccumulibactephosphates through alternating carbon sourcesiWat
Res.40(29), 3838—-3848.

Marcelino, M., Wallaert, D., Guisasola, A., Baeza&., 2011. A two-sludge system for
simultaneous biological C, N and P removal viartliete pathway. Water Sci.
Technol. 64(5), 1142-1147.

Mcilroy, S., Seviour, R.J., 2009. Elucidating fuatiphylogenetic diversity among the

organisms in activated sludge. Environ. Microbidb), 563—-568.

19



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

Meyer, R.L., Saunders, A.M., Blackall, L.L., 20@8utative glycogen- accumulating
organisms belonging to Alphaproteobacteria idesdithrough rRNA-based stable
isotope probing. Microbiology 152, 419-429.

Mosquera-Corral, A., de Kreuk, M.K., Heijnen, Juan Loosdrecht, M.C.M., 2005.
Effects of oxygen concentration on N-removal ire@nobic granular sludge
reactor. Water Re89(12), 2676—2686.

Oehmen, A., Vives, T. M., Lu, H., Yuan, Z., and keel J., 2005a. The effect of pH on
the competition between polyphosphate-accumulatiggnisms and glycogen-
accumulating organisms. Water Res. 39(15), 3727-37.

Oehmen, A., Yuan, Z.G., Blackall, L.L., Keller, 2005b. Comparison of acetate and
propionate uptake by polyphosphate accumulatingrosgns and glycogen
accumulating organisms. Biotechnol. Bioeng. 91 1BR-168.

Oehmen, A., Carvalho, G., Freitas, F., Reis, MMA2010a. Assessing the abundance
and activity of denitrifying polyphosphate accunting organisms through
molecular and chemical techniques. Water Sci. Tle@i¢8), 2061-2068.

Oehmen, A., Carvalho, G., Lopez-Vazquez, C. M., Maosdrecht, M. C. M., Reis, M.
A. M. 2010b. Incorporating microbial ecology inteetmetabolic modelling of
polyphosphate accumulating organisms and glycogeannaulating organisms.
Water Res. 44(17), 4992-5004.

Oehmen, A., Lopez-Vazquez, C. M., Carvalho, G.sREi. A. M., van Loosdrecht, M.
C. M., 2010c. Modelling the population dynamics ametabolic diversity of
organisms relevant in anaerobic/anoxic/aerobic recdd biological phosphorus
removal processes. Water Res. 44(15), 4473-4486.

Peterson, S.B., Warnecke, F., Madejska, J., Mcmakdh, Hugenholtz, P., 2008.

Environmental distribution and population biology@andidatus Accumulibacter

20



475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

a primary agent of biological phosphorus removaliion. Microbiol. 10(10),
2692—-2703.

Pijuan, M., Casas, C., Baeza, J.A., 2009. Polyhydikanoate synthesis using
different carbon sources by two enhanced biologbalsphorus removal microbial
communities. Process Biochem. 44(1), 97-105.

Pijuan, M., Ye, L., Yuan, Z. 2010. Free nitrousdaicihibition on the aerobic
metabolism of poly-phosphate accumulating organisifeter Res. 44, 6063—
6072.

Saunders, A.M., Oehmen, A., Blackall, L.L., Yuan, Reller, J., 2003. The effect of
GAOs (glycogen accumulating organisms) on anaergdricon requirements in
full-scale Australian EBPR (enhanced biological gfworus removal) plants.
Water Sci. Technol. 47(11), 37-43.

Smolders, G.J.F., van der Meij, J., van Loosdradht.M., Heijnen, J.J., 1994. Model
of the anaerobic metabolism of the biological plhasps removal process:
stoichiometry and pH influence. Biotechnol. Bioedgd(6), 461-470.

Turk, O., Mavinic, D.S., 1987. Benefits of usindgestive inhibition to remove nitrogen
from highly nitrogenous wastes. Environ. TechnattL8(1-12), 419-426.

Vargas, M., Guisasola, A., Artigues, A., CasasBagza, J.A., 2011. Comparison of a
nitrite-based anaerobic—anoxic EBPR system witlpipraate or acetate as
electron donors. Process Biochem. 46(3), 714-720.

Vargas, M., Guisasola, A., Lafuente, J., CasasBérza, J.A., 2008. On-line titrimetric

monitoring of anaerobic—anoxic EBPR processes. &tk Technol. 57(8), 1149-

1154.

21



498

499

500

501

502

503

504

505

506

507

508

509

510

511

Wang, X., Zeng, R.J., Dai, Y., Peng, Y., Yuan,Z007. The denitrification capability
of cluster 1Defluviicoccusvanus-related glycogen-accumulating organisms.
Biotechnol. Bioeng. 99(6), 1329-1336.

Yilmaz, G., Lemaire, R., Keller, J., Yuan, Z., 20@multaneous nitrification,
denitrification and phosphorus removal from nutrigoh industrial wastewater
using granular sludge. Biotechnol. Bioeng. 10052p-541.

Zeng, W., Yang, Y., Li, L., Wang, X., Peng, Y., 20Effect of nitrite from nitritation
on biological phosphorus removal in a sequencirighb@eactor treating domestic
wastewater. Bioresource Technol. 102(12), 6657—-6664

Zhou, Y., Pijuan, M., Zeng, R. J., Lu, H., Yuan, Z008. Could polyphosphate-

accumulating organisms (PAOSs) be glycogen-accuinglatrganisms (GAOs)? Water

Res.42, 2361-2368

22



512

513

514

515

516

Table 1 Comparison of the preferred VFA and the denitrifma capabilities for the

different PAO/GAO subgroups (adapted from Oehmeal.eP010b)

Preferred VFA

Denitrification capacity

NO3 NO,
AccumulibactelPAO | v 4
Acetate and Propionate

AccumulibactePAO I ® 4
Competibacter

Sub-groups 1, 4, 5 4 x

Acetate

Sub-groups 3,7 ® ®

Sub-group 6 v v

DefluviicoccusDFI 4 ®

Propionate
DefluviicoccusDFII ® ®
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Table 2 Comparison of the typical PAO/GAO ratios of thisrwavith others found in

the literature for propionic acid as sole carbouarse.

Gly/VFA

(mmolC. mmof'C)

PHA

(mmolC. mmof'C)

P/IC

(mmolP. mmolC)

Chen et al., 2005 PA( 1.02 0.45
Pijuan et al., 2009 PAO 0.45 0.64 0.27
Oehmen et al., | PAO 0.33 1.22 0.3

2010a GAO 0.67-1.0 1.50-1.78
This Study PAO 0.49 1.47 0.34
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523  Table S1 Summary of the probes used in the FISH measurements

Short N
name Specificity Reference
EUBMIX Most bacteria Daimst al. 1999
PAOMIX Accumulibacter phosphatis Croccettiet al. 2000
PAO | Cluster | ofAccumuIibacter
phosphatis . Flowerset al. 2009
PAO Il Cluster 1l ofAccumullbacter
phosphatis
GAOMIX Competibacter phophatis Croccettiet al. 2002
DFIMIX Cluster | of Defluviicoccus vanus Wonget al. 2004
DFIIMIX  Cluster Il of Defluviicoccus vanus Meyeret al. 2006
DFIII Cluster Il of Defluviicoccus vanus MC|Ir0)(/26(1)r(1)d9)S eviour
524
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530 Figure 1 (LEFT) Experimental propionic acida) and phosphatee] profiles for the

531  GAO-enriched sludge. (RIGHT) Microbial distributi@ecording to FISH images.
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538 profiles for some cycles during the experimentalque (e) NURyax evolution during
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561 Figure S1 FISH/CLSM representative images of the sludge ftbenSBR reactor
562  during the enrichment. A. PAOMIX, B. PAO clade L,EAO clade Il, D. GAOMIX, E.
563 DF1MIX, F. DF2MIX. Specific probe is shown in pigkd EUBMIX probe in blue.
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