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Abstract: Denitrifying phosphorus removal (DPR) by denitiify
phosphorus-accumulating organisms (DPAQOS) is a iamapproach for reducing
energy and carbon usage. However, influent fluatnator interruptions frequently
expose the DPAOs biomass to starvation conditi@ukjcing biomass activity and
amount, and ultimately degrading the performandeRiR. Therefore, a better
understanding of the endogenous metabolism andeegability of DPAOS is
urgently required. In the present study, anaerstaitvation (12 days) and recovery

were investigated in nitrite- and nitrate-culthvéil@PAOs at 20 + 1 °C. The cell decay
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rates in nitrite-DPAO sludges from the end of thaexobic and aerobic phase were
0.008 day and 0.007 day, respectively, being 64% and 68% lower than thufse
nitrate-DPAO sludges. Nitrite-DPAO sludges alsmkered more rapidly than
nitrate-DPAO sludge after 12 days of starvatiore Tfaintenance energy of
nitrite-DPAO sludges from the end of the anaeralnid aerobic phase were
approximately 31% and 34% lower, respectively, tthense of nitrate-DPAO sludges.
Glycogen and polyphosphate (poly-P) sequentiallyeskas the main maintenance
energy sources in both nitrite-and nitrate-DPAQIgks. However, the transformation
pathway of the intracellular polymers during stéisadiffered between the sludges.
Nitrate-DPAO sludge used extracellular polymeribsgances (EPS) (mainly
polysaccharides) as an additional maintenance gsexgce during the first 3 days of
starvation. During this phase, EPS appeared taibote to 19 — 27% of the ATP
production in nitrate-DPAQOSs, but considerably lasghe cell maintenance of
nitrite-DPAOSs. The high resistance of nitrite-DPA@sstarvation might be
attributable to frequent short-term starvation argosure to toxic substances such as
nitrite/free nitrous acids in the parent nitriteHeeactor. The strong resistance of
nitrite-DPAO sludge to anaerobic starvation magkpgloited in P removal by

shortcut denitrification processes.

Keywords. Starvation; Denitrifying phosphorus-accumulatinganisms;

Maintenance; Intracellular polymers; Extracellydatymeric substances; Decay
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1. Introduction

Owing to large fluctuations in the flow and compimsi of wastewater, the
microorganisms responsible for biological wastewatatment plants are frequently
exposed to long-term famine conditions (days amdetimes weeks) (Lu et al., 2007).
During sludge storage, by which large influent &ans can be adjusted and flexible
plant operation can be achieved, microorganismserpgrience starvation
(Morgenroth et al., 2000). Starvation significaniguces the amount and activity of
active microorganisms, and risks degrading the @gpafficiency and robustness of
wastewater treatment systems (Hao et al., 2010bgWhal., 2013b). Starvation is
crucially important in enhanced biological phosplsoremoval (EBPR) processes,
since it alters the levels of intracellular storagenpounds in the functional microbes
(i.e., polyphosphate-accumulating organisms, PAUsgas et al., 2013). Indeed,
excessive consumption of intracellular polymerdrt¥éiz et al., 2007) or excessive
decay of both PAOs and intracellular polymers (Mgand Morgenroth, 2005) has
been implicated in EBPR failure.

In the absence of external sustenance, starvedonganisms primarily undergo
the endogenous processes consisting of cell maintenand cell decay (Lu et al.,
2007; Wang et al., 2012). The impacts of starvatioiPAOs and endogenous
processes have been extensively investigated (Leipaz, 2006; Yilmaz et al., 2007;
Lu et al., 2007; Hao et al., 2010a; Wang et alLZ2Vargas, et al., 2013), and

effective strategies for maintaining the biomads/ag have been accordingly

3



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

proposed. Lopez et al. (2006) examined the effafhsng-term (weeks) anaerobic
and aerobic starvation on the composition and iagtf PAOs. They concluded that,
under aerobic starvation conditions, PAOs are nyptenuated by endogenous
processes, whereas no significant PAOs decay ooodley anaerobic starvation. Lu
et al. (2007) proposed an intermittent aerobic—aiae strategy for the long-term
storage of EBPR sludge. In this strategy, the PA€sy more slowly than in aerobic
storage, and glycogen and poly-P are used at &slate than in anaerobic and
anoxic storage. A similar recovery strategy wasmemended by Yilmaz et al. (2007),
who found that alternating anoxic/anaerobic andlaieroperation effectively
maintains the biomass activity of activated sludged for biological nitrogen (N) and
phosphorus (P) removal, thereby enabling quick/gigtiecovery (i.e., full recovery
within 4 days).

Unlike PAOs in traditional EBPR processes, the iopaf starvation on
denitrifying polyphosphate-accumulating organisBBAOS) have been little
reported. Denitrifying phosphorus removal (DPR)YOBAOs is a viable and
sustainable technology, as N and P can be simuoltesheremoved with lower carbon
source requirements, aeration costs and cell y{&ldsnleitner et al., 1997). In
particular, since DPAOs can use nitrite as an elaccceptor, DPR is naturally
amenable to shortcut nitrification. By replacingraiie with nitrite, the oxygen cost
and carbon consumption of DPR can be reduced byxzijppately 25% and 40%,

respectively (Abeling et al., 1992). Therefore, DBRnitrite could be used for
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innovative biological nutrient removal (BNR) systemhere energy and carbon
savings are a priority, for example, linking nerpathways (i.e., partial nitrification +
nitrite-based denitrification) to EBPR (Guisasdiale, 2009; Marcelino et al., 2011;
Zhou et al., 2011; Taya et al., 2013). Moreoveniage enriched PAOs need less
carbon source (i.e., intracellular PHA) for P-ugtalind eventually they might have
higher PHA accumulation which can be used to spipettheir anoxic metabolism
after the endogenous period.

Recently, identifying the inhibitory effects of nie and the feasibility of
nitrite-based DPR has received increasing atterfansasola et al., 2009; Marcelino
et al., 2011; Zhou et al., 2011). However, DPAOsatelism, especially their
endogenous metabolism, has not been properly elteddTo our knowledge, the
endogenous characteristics of nitrite metabolisd@®AOs have not been assessed. A
better understanding of the mechanism of the imp&starvation on nitrite- and
nitrate-DPAQOs, and endogenous metabolism of DPA@g flawor the development
of strategies for improvement of the robustnesspartbrmance of DPR processes,
the resuscitation of DPR systems after famine se@s)aand the storage of DPAOs
sludge.

Increasing evidence shows that extracellular pohrsibstances (EPS) can
serve as carbon and energy sources for active B®grawth under starvation
conditions (Zhang and Bishop, 2003; Wang et al0520Vang et al., 2007; Liu et al.,

2007; Flemming et al., 2010). Wang et al. (2005)nfibthat most biodegradable EPS,

5



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

especially polysaccharides, are located in the ebaerobic granular sludge, and that
this fraction of EPS can be depleted after longatstarvation (20 days), as evidenced
by the void structure in the core of starved graauince most previous starvation
investigations of EBPR sludge did not involve EBf®, contribution of EPS to the
maintenance of metabolic activity of PAOs/DPAQOs aéms unclear.

The purpose of this study is to identify the diffieces between the endogenous
characteristics of nitrite- and nitrate-DPAO sluslgering 12-day anaerobic
starvation, and to better understand the endogemetabolism of nitrite-DPAOs. The
transformation of intracellular polymers and pdsirgation activity recovery are also
compared between nitrite and nitrate-DPAO sludg@éshighlight the different
transformation pathways of intracellular polymersitrite- and nitrate-DPAOs
biomass. We also attempt to clarify the role of E&pecially polysaccharides) in
nitrite/nitrate-DPAOs under anaerobic starvationdibons.

2. Materials and methods

2.1. Set up and long-term operation of parent reactors

DPAOs sludge was enriched in two identical labasagzale sequencing batch
reactors (SBRos. and SBRo2., using nitrate and nitrite as electron acceptors,
respectively) with a working volume of 7.5 L aslméd by Wang et al. (2011). Both
SBRs were independently operated in a cyclical rtée anoxic-aerobic pattern

with a cycle time of 8 h (15-min filling period,120-min anaerobic period, a 210-min

anoxic period, a 30-min aerobic period, a 20-mitiiag period, a 15-min effluent
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discharging period, and a 70-min idle period). Dgrihe filling period, each reactor
was fed with 5.5 L synthetic wastewat8egtion 2.2). KNO3; or KNO, solution was
carefully added to the reactors during the anok&se to prevent nitrate or nitrite
accumulation. Specifically, 34 mL KNGolution was added to A-SRBs., giving an
initial NO3'-N concentration of 34 mg/L; 11 mL KNGolution was added into
A-SBR\o2- in three pulses (70 min of intervals), giving aitial NO,-N
concentration of 11 mg/L per pulse. Effluent wathdiawn from the port at 30 cm
above the bottom, leaving 2.0 L of mixed liquothe reactor.

The temperature was maintained at 20 £ 1 °C, amddfation speed was
controlled at 150 = 10 rpm during the reaction gisadlitrogen gas was introduced
through the headspace for 5 min to ensure anaecobition at the beginning of the
anaerobic phase of each cycle. In the post-aepit@se, the dissolved oxygen (DO)
concentration was controlled at 2 — 4 mg/L. Therhytic retention time (HRT) was
10.9 h. To maintain the concentration of the mikedid suspended solids (MLSS) at
4000 £ 200 mg/L, 125 mL of mixed liquor was perially discarded at the end of
each aerobic period. The solid retention time (S&®¥Jer these conditions was
approximately 20 days.

2.2. Synthetic wastewater
The synthetic wastewater used in this study coath{per L): 257.1 mg
CH3;CH,COONa (300 mg chemical oxygen demand (COD)); 333Kid,PO;, (7.5

mg P); 55.3 mg BHPOs- 3H:,0 (7.5 mg P); 38.2 mg NiEI; 85.0 mg MgS@ 7H:0;
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10.0 mg CaGl Therefore, the influent volatile fatty acid (VFie., propionate) to P
ratio was 6.4 mg C/mg P. PAOs were preferentialgcted by adding propionate as
the sole carbon source (Oehmen et al., 2005). Batsolution (0.3 mL/L) and
allylthiourea (4 mg/L) were added as described an@/et al. (2011). The pH of the
synthetic wastewater was maintained at 7.5 = 0.4dayng NaHCQ@

2.3. Starvation batch experiments

Once the SBRs had reached steady-state operadit, &xperiments were conducted
in four identical sealed reactors, each with a wayk/olume of 3.8 L and an
overhead space of 0.2 L. The long-term nitrateitoiten cultivated sludge in SBiRs-
and SBRo.- was divided into two equal portions at the enthefdecanting phase,
and was then transferred to one of the four baahtors. For each starvation test, 2.8
L synthetic wastewater was rapidly added to eaabtog, maintaining the MLSS

level at 4000 + 200 mg/L. One of the two reactaibated with nitrate-DPAOs
sludge was operated with a 2-h anaerobic reacieRnp3.), the other was operated
with a 2-h anaerobic reaction, a 3.5-h anoxic reaand a 0.5-h aerobic reaction
(O-Rnos). The corresponding nitrite-DPAQOs sludges (operateder the same
conditions) from the end of the anaerobic and denglhases are called AWR.-and
O-Rno2., respectively. After one operation cycle, eaclti@awas sparged with
nitrogen gas for 10 min to maintain anaerobic cbhowl, and was left idle for the

next 12 days. During the starvation experimentsh eaactor was sparged with

nitrogen gas for 10 min per day to remove an$ Hccumulated by the activity of

8



169 sulfate-reducing bacteria (Morgenroth et al., 200Bnaz et al., 2007). All tests were
170 carried out at 20 £ 1 °C, and the pH was manuahtrolled at 7.5 + 0.1 by adding
171 0.3 M HCl or 0.3 M NaOH.

172 Liquid- and solid-phase samples were taken fronh e@actor on days 0, 1.5, 3, 5,
173 8, and 12. The mixed liquor was filtered througHillipore filter unit (pore size =

174  0.45 pm), and the liquid portion was retained foalgsis of VFA, NH*-N, PQ*-P,
175 NOsz-N and NQ-N. The solid portion (biomass) was centrifugedgefre-dried and
176 retained for analysis of intracellular polymergluding poly$-hydroxybutyrate

177 (PHB), poly$-hydroxyvalerate (PHV), poly-3-hydroxy-2-methylvedée (PH2MV),
178 and glycogen. Samples were also taken for MLSSedlxjuor volatile suspended
179 solids (MLVSS) and EPS measurements.

180 2.4. Recovery batch experiments

181 After 12 days of starvation, the biomass activibéthe starved nitrite/nitrate DPAO
182 sludges were assessed in batch tests. The sludgesfour batch reactors were

183 washed three times with 2.8 L propionate-free sstnthwastewater. At the beginning
184 of the recovery test, 2.8 L of propionate-free bgtit wastewater was rapidly added
185 to the reactors containing activated sludge froenaihd of the anaerobic phase

186  (denoted A&naend) (A-Rnos-and A-Ryoz). The anoxic reaction (3.5 h) was started by
187 adding KNQ/KNO; as described iBection 2.1, followed by a 0.5-h aerobic reaction.
188 The reactors containing activated sludge from titead the aerobic phase (denoted

189 ASaerend (O-Ruos-and O-Rio2.) were rapidly supplemented with 2.8 L of synthetic
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wastewater at the beginning of the recovery test,then were directly operated
through the typical cycle for SBRs- and SBRo2., respectively. Two recovery cycles
were applied to each of these four reactors.

2.5. Analytical methods

Liquid- and solid-phase analyses of NFN, NOs -N, NO, -N, PQ* -P, MLSS and
MLVSS were performed by the standard method (APE¥Q8). DO and pH were
measured online using oxygen and pH meters (ox) 38t pH 3310, WTW
Company, Germany), respectively. Glycogen, gblyydroxyalkanoates (PHA), VFA,
and EPS were determined by the procedure detaildeeiSupplementary Information
(SI) (Text S1). PHA content in the sludge sampls defined as the sum of the
measured PHB, PHV and PH2MV. EPS was extractetidojormaldehyde-NaOH
method, and was calculated as the sum of polysadelsaproteins and humic
substances.

The relative PAOs and glycogen-accumulating oiggasi(GAOs) abundances in
both parent SBRs were estimated by 16S rRNA fleamese in situ hybridization
(FISH), as described in Wang et al. (2013kgndidatus Accumulibacter phosphatis
(hereafter referred to @scumulibacter), Candidatus Competibacter phosphatis
(hereafter referred to &ompetibacter), Defluvicoccus-related TFO, and
Defluvicoccus-related DF were targeted by appropriate oligoratae probes (Text

S2 and Table S1).
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2.6. Determination of cell decay rate
The decay rate of DPAOs was estimated from the uneds\H,"-N release rate
based on the activated biomass composition({dBb s4No 2d0.019 (Smolders et al.,
1994), i.e., primarily based on the reduction i@ &mount of bacteria. The MLVSS is
assumed as the sum of PHA, glycogen, and activedse (Smolders et al., 1995).
Thus, the active biomass is estimated by subtrathie PHA and glycogen content
from the MLVSS. Accordingly, the decay rate is cddted based on Eq. (1) (Lesouef
et al., 1992):

b =-In (X/Xo)/ta (1)
where b is the decay death rate of the PAQsaril X denote the active biomass
concentration (without glycogen and PHA) before aftdr starvation respectively,
and t is the duration of the starvation period.
3. Results
3.1. Perfor mance of SBRyo2- and SBRyos- and relevant microbial populations
The SBRo2- and SBRos- steadily operated for 210 days. Typical cyclestestre
conducted during steady-state operation (Figurea8d)the DPAQOs activities were
estimated from the biochemical reaction rates. Mhagimum rates of P release and
uptake, denitrification, and intracellular polymeansformations were higher for
nitrite DPAOs than those for nitrate-DPAOs (Tabjeiddicating that DPAOs
activities are greater in the nitrite-fed thanhe nitrate fed reactors.

FISH results show thaccumulibacter, bound to the PAOMIX probe, were the

11



231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

dominant organisms in both reactors, comprising 66% and 75 + 1.1% of total
biomass in SBRos- and SBRo2., respectively (Table 1). The ratio of PAOII (unabl
to use nitrate as an electron acceptor) to tot@$Wwas 57.6% and 72% in SRR-
and SBRo2., respectivelyDefluvicoccus-relatedGAOs were approximately 27 + 0.9%
and 19 £ 0.6% in SBips- and SBRo2., respectively, whil&€ompetibacter-related
GAOs were nearly undetectable (< 1 %) in both SBRble 1).
3.2. Anaerobic starvation in nitrite/nitrate DPAOs biomass
3.2.1 Release of NH4*-N and PO,*-P, and reduction of MLSS and MLVSS
Since the Ni'-N profile reflects the biomass growth conditidrisia useful tool for
determining the cell decay of DPAOs (Zeng et &Q3b; Lu et al., 2007). In all
reactors, the NIH-N concentrations increased gradually during trst 8 days of
starvation and rapidly thereafter (Figure 1a),éating the increasing extent of cell
decay. Within 12 days of starvation, cell decaxl(iding cell lysis and the respiration
of intracellular materials) released 41.8 mg, 38ch 18.7 mg and 15.8 mg of
NH,"-N/L into the liquid phase of A-ga., O-Ryo3z. A-Rnoz- and O-Rooz.,
respectively (Figure 1la and Table 2). The ammagigase rates were clearly much
higher in nitrate-DPAO sludges than those in mtiPAO sludges (Table 2), whereas
no appreciable difference was observed in the'MHrelease rates between
ASanA.end aNd ASer end (Figure 1a).

The starvation period in all reactors was also eaiky P release, as

intracellular poly-P was degraded to obtain enéogynaintenance processes.
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Specifically, the P release rate was elevated dutay 1 — 5 in all reactors; thereafter,
the P concentration in the bulk remained constaigufe 1b). Correspondingly, the
MLSS concentrations gradually decreased durinditsie5 days (Figure 2a). Notably,
the MLSS concentration decreased less in nitrit&@Bludges (A-Ro2- and O-Ro2)
than those in nitrate-DPAO sludges (Ad3 and O-R3.) (Figure 2a). These findings
are related to the lower P release rate ind-Rand O-Roz- (Table 3). Among these
reactors, the MLSS and MLVSS concentrations werstreavily reduced in O\Rs,
largely because the storage products (especialgpgen and poly-P) were most
depleted in this reactor, accounting for approxetyab1% and 33% of the decrease
of MLVSS and MLSS, respectively, in OxBs- (Table 3). Similarly, Lopez et al.
(2006) reported that maintenance processes uglarganic (PHA and glycogen) and
inorganic (poly-P) storage products accounted bamua23% and 29% of the aerobic
decrease of MLVSS and MLSS, respectively. The MLYRIESS and MLVSS/MLSS
variations in Aana.engWere comparable to those in AR endffrom the same parent
SBR (Figure 2).

3.2.2 Variationsin glycogen and PHA contents

In all four reactors, most of the glycogen was coned within the first 5 days (Figure
3). The glycogen degradation was approximately 2h%h38% lower in the AfRa.end
andASaer.engsSludges, respectively, when compared with thogkei nitrate-DPAO
sludge counterparts (Figure 3 and Table 3). Thesknfs indicate a relatively lower

energy requirement for glycogen hydrolysis in tefiDPAOs, and may also correlate
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with the lower GAO percentage in nitrite-DPAO sledd 9 + 0.6%) than in
nitrate-DPAO sludge (27 + 0.9%) (Table 1). Moregtkee amounts of glycogen
degradation were much lower in A& .end (A-Rnos- and A-Ryo2.) than those in
ASaer.end (O-Ryoz- and O-Ro2). Since glycogen had been partially degraded by
anaerobic reactions to supply reducing equivaleetsre the starvation test, it is
likely that less glycogen was available for AReng @s compared to that for A& end
These findings agree with our previous observaigang et al., 2012) that glycogen
degradation rate is approximately 48% lower fon@Sng than for AQerengafter 7
days of anaerobic starvation at 15 °C.

PHA was synthesized during the 12 starvation daalifour reactors. Most of
the PHA was synthesized during the first 5 daygyfe 3), corresponding to the high
glycogen degradation. The main PHA componentstafetiand nitrate-DPAO
sludges fed with propionate as the sole carbonceonere PH2MV and PHV (Table
3). During the 12 days of starvation more PHA watlsesized by ARuaend in
A-Rno2- (2.79 mmol-C/g-MLVSS) than that by ASx.end iN A-Rnos- (1.84
mmol-C/g-MLVSS) (Table 3), and the PHA synthesig ia A-Ryoz- was almost
twice that in A-Rio3-. Similar results were obtained for AR eng SUggesting that
most of the degraded glycogen was converted to iRHAe nitrite-DPAO sludges.
3.2.3 Variationsin EPS amounts and compositions
EPS production is essential for the survivahofumulibacter in wastewater

treatment systems (Martin et al., 2006). As a aatdicarbon and energy source,

14



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

EPS degradation allows the microorganisms to rg@dapt to varying influent
composition, temperature (Martin et al., 2006) amlistrate limitation (Zhang and
Bishop, 2003). However, the contribution of EP$® anaerobic endogenous
metabolism of DPAOs has not been previously repokiée also report the first
description of EPS variations during anaerobicvstiaon of DPAO sludges.

Figure 4 presents the EPS profiles after 3 anday2 df starvation. The initial
amounts of EPS in Aqp.- and O-R»- sludges were approximately 17.0 and 11.5%
lower, respectively, than those in their Ad3. and O-Ros3. counterparts (Figure 4d).
This discrepancy is attributable to the differeolypaccharides content in the EPS of
different sludges. In particular, polysaccharidgstisesis may be prevented by the
presence of free nitrous acid (FNA) in nitrite-DP&@ang et al., 2013a).
Specifically, the initial polysaccharides contehE®S was 60.8% and 71.3% higher
in A-Rnos- and O-Rios- than those in A-Ro2- and O-Ro2., respectively (Figure 4b).
Polysaccharides degradation in Ad3. and O-Ro3- was almost complete within 3
days of starvation (Figure 4b). Similarly, Wan@kt(2007) reported a sharp decrease
(approximately 50%) in the polysaccharides contéEPS in highly resistant aerobic
granules starved for 4 days. In Adi2- and O-Ro2., polysaccharides degradation
throughout the first 3 days was only 3.7 £ 0.2 migigvSS and 1.2 = 0.0 mg/g
MLVSS respectively, accounting for approximately@and 12% of the total
polysaccharides content, respectively (Figure Abjhe end of the starvation on day

12, the polysaccharides contents remained low ireattors.
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315 The proteins changes in the four reactors gredigrdd from the

316 polysaccharides changes (Figure 4a and b). Theipsotontent in all reactors

317 slightly increased during the first 3 days of sédion and had decreased to low levels
318 by day 12. It is speculated that, early in thevst@on period, cell decay processes
319 released a portion of the intracellular proteirte the extracellular space, where it
320 was captured by EPS. Cellular decay is supportatidincreased ammonia

321 concentration in all four reactors during the fBsays of starvation (Figure 1a). At
322 the end of the starvation period, the proteinseatstin all four reactors were heavily
323 reduced, suggesting that proteins may also be hyl or degraded by the

324 microorganisms as carbon and energy sources. Tieeettice in EPS content

325 variations was negligible between AR engand ASer.endfrom the same parent

326  (SBRyo3.0r SBRyo2).

327 3.3. Recovery of nitrite- and nitrate-DPAOs activities after 12 days of starvation
328 3.3.1 Recovery of nitrite- and nitrate-DPAOs in ASana.end

329 Nitrite denitrification was completed during thestirecovery cycle in both A\Rs-

330 and A-Rio2- The P uptake efficiency of nitrite-DPAOs was atiyislightly increased
331 relative to the pre-starvation efficiency (Figuednd d; Figure S1 d). This increase
332 s attributed to the relatively lower “secondarytdfease after nitrite depletion by
333 starved microorganism (1.6 mg PGP/L vs. 10.8 mg PE&-P/L in a typical

334 pre-starvation cycle). In contrast, the efficiesodd nitrate denitrification and anoxic

335 P uptake in starved nitrate-DPAOs sludge were dseckby 42.9% and 47.2%,
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351

352
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354
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356

respectively, relative to their pre-starvation levia a typical cycle (Figure 5a and b;
Figure S1c and d). The rapid recovery of nitriteAlDR activities indicates a higher
ability of these organisms to overcome starvatloock. The strong anoxic
denitrification and P uptake efficiency during stetron was also partially contributed
by PHA synthesis (Figure 3), which provides antetecdonor and energy source for
the DPAOs. Moreover, the higher amounts of PHAIsgsis by nitrite-DPAOSs than
those by nitrate-DPAOs during the endogenous pdfiiadle 3) may accelerate the
anoxic metabolism of nitrite-DPAOs during the reegvperiod, further benefitting
the stable operation of shortcut denitrificatioremoval systems.

In the second recovery batch test ofaSeng, the concentration of the released P
reached 48.0 mg RO-P/L and 47.3 mg PO-P/L in A-Ryos. and A-Riop-
respectively, with a respective recovery percentd@l.7% and 82.3%.
3.3.2 Recovery of nitrite- and nitrate-DPAOs in ASaer.end
The VFA concentration in OqRs3. and O-Ro2- (ASaer.end decreased from its initial
5.89 mmol C/L to 5.16 mmol C/L and 4.60 mmol C/éspectively, at the end of the
anaerobic phases in the first recovery batch tega(not shown) , representing a
decrease of 87.6% and 78.1%, respectively, compeitdhe amount of VFA
assimilated by their parents (SR&R- and SBRo2.) in the anaerobic phase. Indeed,
during the anaerobic phase of both parent SBRedted VFA were completely
depleted within 30 minutes (Figure S1).

The total amount of released P also sharply detlim®-R,o3- and O-Ro2., by
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86.9% and 79.4% respectively, relative to theiregponding values in the typical
parent SBRs (Table 4). This result may be attridbtverapid degradation of poly-P
during starvation, leaving minimal quantities ofyp® in DPAOSs cells starved for 12
days. During the subsequent anoxic phases, therdrb® uptake in O-fbs- and
O-Ruo2-was only 4.1 and 5.7 mg ROPI/L respectively, indicating a severe
deterioration of P removal ability (Table 4). Nethedess, the effluent P concentration
in O-Ruo2- remained at 1.3 mg RO-P/L, suggesting that activity was recovered more
rapidly in nitrite-DPAOs sludge than in nitrate-DBA sludge (Figure 5b and d). In
contrast to the largely diminished P removal, teeidlification efficiencies during the
anoxic phase were similar to those observed duyinigal cycles of the parent SBRs.
This result is likely due to the presence of ordyrtzeterotrophs (OHOs) and
denitrifying glycogen-accumulating microorganisrB&5A0s), which might use the
residual VFA of the anaerobic phase for anoxic wiication.

4. Discussion

The endogenous processes of PAOs can be diffeiehiizo two aspects: (i)
maintenance processes linked to utilization oficetlular polymers (mainly poly-P
and glycogen) and EPS, which maintain cellulargntg and activity; and (ii) decay
processes, which reduce the amount and/or acti¥itiye active biomass (Lopez et al.,

2006; Hao et al., 2010b).
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4.1. Cdl maintenancein thenitrite/nitratee-DPAOs sludge
4.1.1 Energy and reducing equivalent sources from intracellular polymers
While poly-P is consensually regarded as a maimesaource during anaerobic
starvation, glycogen is an important energy pookak as an equivalent reducing
source for the maintenance of PAOs (Lopez et @D62Lu et al., 2007; Wang et al.,
2012; Vargas et al., 2013). Under anaerobic camhtiglycogen is usually processed
for maintenance through a combination of glycolysig the PHA production
pathway (Lopez et al., 2006; Lu et al., 2007). ien reactions involved in
glycogen degradation and PHA formation in nitraed nitrate-DPAOS were
described in details in previous studies (FilipaleR001; Zeng et al. 2003a). The
overall reaction (in terms of the molar relatiops)iis given byeq. (2):

—-glycogen + 1/6 PHB + 5/12 PHV + 1/4 PH2MV + 1/12AFR  (2)

PHA synthesis in the present starvation test isnsarnzed in Table 3. The ratios
among PHB, PHV and PH2MYV in the nitrate-DPAOs skidgactors are
well-predicted by Eq. (2). However, the proposeicsiometry of anaerobic
maintenance does not adequately describe the catiopas the PHA synthesized by
starved nitrite-DPAO sludges. The higher PH2MV eomtsuggests that the
investigated nitrite-DPAO sludges adopt differamvssal metabolic pathways in
their endogenous processes. This may correlateandlger fraction of
propionyl-CoA (precursor of PH2MV) produced fronead-CoA through the

methylmalonyl pathway, as reported by Yagci e{2003). Similarly, Oehmen et al.
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(2006) analyzed the PHA composition in anaerolsthatch culture without
propionate addition, and obtained 12% PHB, 41% RIHY 47% PH2MV. They
attributed this result to enrichmentAlphaproteobacteria GAOs. The PHA synthesis
mechanism in nitrite-DPAOs during starvation isailet! in the SI (Text §3

4.1.2 Maintenance substrate and energy sources from EPS

EPS is an important potential energy source thables DPAOs to manage starvation
shock. In all reactors, EPS were almost complatepieted after 12 days of
starvation, and minimal non-biodegradable EPS reethin the sludge (Figure 4).
Especially, the easily biodegradable componentR$S (i.e., polysaccharides) were
rapidly utilized for maintenance during the initsthrvation period, followed by
utilization of proteins (Figure 4a and b). Indeeaious extracellular enzymes have
been detected in activated sludge and biofilms,ynoénvhich can potentially degrade
EPS components to low-molecular-mass compounds#mathen be utilized by
microorganisms as carbon and energy sources dstangation periods (Flemming et
al., 2010; Zhang and Bishop, 2003; Liu et al., 200he main degraders of EPS
polysaccharides are hydrolases and lyases (Laale 2006), such as
N-acetyl$-hexosaminidase (Kaplan et al., 2004). Metagen@matysis of two EBPR
sludge communities has revealed the genes encedimgnes for carbohydrate
polymer hydrolysis and subsequent monomer deg@adptithways in the dominant
flanking species, namelff|exibacter-like, Xylella-like andThiothrix-like populations

(Martin et al., 2006). Martin et al. (2006) alspaded that one of the EPS gene
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cassettes idccumulibacter encodes UDP-glucose dehydrogenase, which catalyzes
the precursor of the glucoronic acid componentPEETherefore, the dominant
flanking Xylella-like population may be able to degrade the glucimracid in
Accumulibacter EPS as a carbon and energy source. Additionafs Extracted from
biofilms were also found to be effectively degradgdheir own producing
microorganism (Zhang and Bishop, 2003).

After 3 days of starvation, at least 90% less pdgbarides were degraded by
nitrite-DPAO sludges than by nitrate-DPAO sluddeigire 4b). This result may be
ascribed to the relatively low initial polysaccligs content in the SBR»- sludge. It
should also be mentioned that because the degradsdthway of proteins is more
complicated than that of polysaccharides, it isagstain that the decreased proteins
(in EPS) contents had been used as substratedaga@nergy by cells or only had
been hydrolyzed or broken down into its componiegit, amino acids. Since amino
acids in the bulk were not analyzed during thevstizon period, the exact amount of
EPS proteins being degraded as substrate can@atheately determined, and
requires further study.

4.1.3 Energy production from intracellular polymers and EPS

Maintenance energy is critical for the survivahotrient-limited bacteria. PAOs
generally use poly-P and glycogen as maintenaneggjgisources under anaerobic
starvation conditions (Lopez et al., 2006; Lu et2007). However, the main source

between them has yet to be clarified. Lu et al0fdGound that, early in the
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starvation period, PAOs prefer glycogen to polysRa energy source. In contrast,
Lopez et al. (2006) found that PAOs sequentiallystone poly-P and glycogen,
which is supported by lack of any P released dutiedirst day of starvation. No
glycogen degradation was observed during an 8-awoaerobic starvation batch test
(Oehmen et al., 2005), supporting the assumptiahRAOs use their stored poly-P as
the sole source of maintenance energy. Therefotbgi present study, we examined
the energy produced by both glycogen and poly-Reller, the polysaccharides in
EPS were considered as a potential additional eraa@mice energy source when
calculating the maintenance ATP (Text S4).

As shown in Figure 6, glycogen and poly-P were #iameously utilized during
the first 3 days of starvation, similar to our poess observations (Wang et al., 2012).
Notably, the polysaccharides in EPS also contribatsizeable fraction of the
maintenance energy, especially in nitrate-DPAOgdu@Figure 6a and b). Hydrolysis
of 1 mol poly-P presumably yields 1 mol ATP, whilegradation of 1 mol-C glycogen
and 1 mol-C polysaccharides should each generata®.ATP (Smolders et al.,
1994). Maintenance energy production by DPAOs uadaerobic conditions was
calculated from the amounts of glycogen consumedPareleased (Table 3 and
Figure 4).

In all reactors, most of the ATP was produced dytire first 5 days of starvation.
Glycogen was the primary maintenance energy sdbroeghout the first 1.5 days,

contributing more than approximately 70% to thaltehergy production in all four
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460 reactors (Figure 6a-d). During day 1.5 — 3, polyd3 increasingly used as an

461 alternative maintenance energy source, and itslosenated (contributed over 50%
462 of the total ATP production) on day 5 in all fowarctors (Figure 6a-d). Similar

463 observation was also reported by Lu et al. (20@%) found that glycogen

464 degradation provided the majority of the energylan 1, after which there was a
465 transition of the primary energy source from glyeogo poly-P. Whereas, Lopez et al.
466 (2006) observed a sequential utilization of polgrd glycogen by PAOs for

467 maintenance energy production under anaerobic ttiongli The reasons for this

468 discrepancy have not been presented. Moreovengeas two studies did not present
469 the data of the GAOs percentage, it is not eagxpdain this discrepancy from the
470 microbial point of view (e. g., PAOs vs. GAOs).the present study, we doubt that
471 this result might arise from the relatively higloportion of GAOs in both SBRs-
472 (27 £ 0.9% of the total biomass)d SBRo2-(19 + 0.6% of the total biomagSjable
473 1). The major energy source of GAOs is glycogen|enpoly-P hydrolysis supplies
474  energy for the dominant PAOSs. In the nitrate-DPAWsIges, polysaccharides

475 provided additional maintenance energy during iits¢ 3 days of starvation, with
476 values of 16.2 and 20.3 ATP mmol/C-mol biomassABgna endand ASer.end

477 accounting for 27% and 19% of the total energy potidn, respectively (Figure 6a
478 and b). After day 5, a marked decline in energypotion was observed (Figure
479 6a-d). Such relatively low energy production maymeet the minimal energy

480 demands of DPAOSs. The resulting cell lysis is en@dsl in a sharp increase in
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NH,"-N concentration (Figure 1).

During the 12-day starvation, energy productionitiite-DPAO sludges in
ASanaend@nd ASer.engwere estimated to be 31% and 34% lower, respégtivan
those of nitrate-DPAO sludges (Figure 6a-d). Thatineely low requirement for
maintenance energy of nitrite-DPAOs is further sarpgrl by the constant amounts of
EPS polysaccharides within the first 3 days (FigireThis result may reflect a robust
starvation survival response in nitrite-DPAOSs. Bwiing each nitrite addition, the
parent SBRo.- was exposed to episodes of famine (no nitrite avaslable during the
first 30 — 70 min of the anoxic period; see Fig8id). Consequently, nitrite-DPAOs
relied on their internal poly-P and/or glycogenerees for maintenance energy, as
evidenced by the irregular P release and glycogesumption during the anoxic
phases of typical cycles (Figure S1d and f). Beeaiishe frequent starvation
episodes, and the high number of nitrite/FNA shaokbe parent SBfg,., the
nitrite-DPAOs were primed to adjust their endogenmechanisms by slowing down
their self-oxidation rate and lowering their mamdace energy, i.e., consuming less
glycogen and poly-P, to survive under the impogad/ation conditions. Thus,
acclimation of nitrite-DPAOSs to the starved corwhts may allow them higher
adaptability to starvation shock than their nit'tBf@AO counterparts. In addition,
ASaer endrequired more energy than A& end(Figure 6a-d), primarily owing to the

lower energy available from glycogen and poly-R8xer end
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4.2 Decay process of the nitrite/nitrate-DPAO sludges

Cell decay refers to any process that reduces éighiv(negative growth) and the
specific activity of biomass. The cell decay rate8-Rynos., O-Ruos- A-Rnoz-and
O-Ruo2- Were estimated to be 0.022, 0.022, 0.008 and @&g@¥, respectively (Table
2). The cell decay rates were much lower in nHDfAO sludges than in
nitrate-DPAO sludges, and were comparable to theewv&ported by Lu et al. (2007)
(0.006 day}) for PAOs under anaerobic starvation conditions.

As mentioned irSection 4.1.3, frequent starvation episodes in the parent
nitrite-SBR might evoke stringent starvation resgemin the nitrite-DPAOSs sludge.
In other words, nitrite-DPAOSs possess a betterigalgtrategy via a relatively low
maintenance energy requirement to ensure theingliim nutrient-limited systems
(Salem et al., 2006). The decay rates of DPAOSSR\Aendand ASier.engdid not
appreciably differ in the present study.

4.3. Recovery of nitrite/nitrate-DPAOs activities

Transition from starvation to full functionality essential for the survival of bacterial
systems (Lu et al. 2007). Vargas et al. (2013) fotlvat once wastewater is
reintroduced, both PAOs and GAOs can recover thitial acetate uptake rates,
indicating strong survival ability during the station period. Yilmaz et al (2007) also
reported that the P-release and P-uptake in aestaniture were fully recovered
within 4 days of gradual re-introduction of influemastewater. In the present study,

nitrite-DPAOSs recovered from 12-day starvation witbne day (Figure 5). These
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findings well correspond with the lower maintenaeoergy requirement and decay
rate in nitrite-DPAO sludges than those in nit@RAO sludges. In particular, for the
nitrite-DPAOSs sludge, less (about 40%) PHA consuompfior anoxic P uptake as
well as high PHA synthesis during the endogenousgé¢han that of the
nitrate-DPAOs sludge (Table 3) may speed up thexig metabolism during the
recovery period, which thus provides an additidrelefit to the stable operation of
shortcut denitrification P removal systems.

Microorganisms in Afna.end rapidly recovered their intracellular polymer
transformation ability, especially for the nitriBRPAOs in A-Ro2., where glycogen
synthesis and PHA degradation reached 179% and @3yectively, of their
pre-starvation levels (Figure 5g and Figure S1ijisTobservation is consistent with
the strong recovery of denitrifying P removal a#ficcy with the value of 136%
(Table 4), indicating a high activity of nitrite-BBPs. The post-starvation nitrate
reduction rate in A-Rozwas approximately 35% less than the pre-starvatite
Since no external carbon was added in the anoxasgHturing the first recovery
batch test, OHOs could not have been involvedtmt@initrate reduction. Thus,
nitrate denitrification was accomplished by PAOt&m DGAOs (Zeng et al., 2003b).
PAOQI can simultaneously reduce nitrate and remonia P, but PAOII cannot use
nitrate as an electron acceptor (Flowers et aQ920r herefore, the reduced nitrate
denitrification rates suggest that starvation shoely inhibit the activity of PAOI

and/or DGAOs.
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The metabolism of intracellular materials in A& enqwas severely inhibited by
long-term starvation, as evidenced by the decrieaBaiptake and release. Conversely,
both reactors achieved complete denitrificatiompably because the abundant
propionate (2.89 and 3.22 mmol C/L for Qd3. and O-Ro2., respectively) derived
from the preceding anaerobic phase stimulated ¢hérdication performance of
OHOs. However, the low effluent P concentratio®uiRyo,- confirmed that a fully
functional system could be restored by the relatitiggh fraction of PAOII (Table 1).

In summary, the relatively low consumption of igllular polymers, slow cell
decay and rapid recovery of activity in nitrite-DB®Aludges (especially originating
from the anaerobic end phase of the DPR processdulgtrate a strong ability to
cope with starvation shock. These endogenous patesacteristics of nitrite-DPAO
sludges, combined with 25% reduction in the oxmatost and 40% reduction in
carbon consumption, may be exploited in efficidmdrscut denitrification P removal.
5. Conclusions

(1) The anaerobic maintenance energy was approgiyna®% lower in
nitrite-DPAOSs sludge than that in nitrate-DPAOggje. Glycogen and poly-P
sequentially served as the primary maintenanceggrsgurces in starved
nitrite/nitrate-DPAOs. The polysaccharides in ERSenrapidly consumed by
nitrate-DPAOs sludge during the first 3 days ofstion; conversely, nitrite-DPAOs
sludge converted less of these polysaccharidesnaintenance energy.

(2) The estimated cell decay rates in foRR O-Ryos, A-Rnoz- and O-Ro- were
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0.022, 0.022, 0.008, and 0.007 dagespectively. Clearly, the cell decay rates were
lower in nitrite-DPAQOs than those in nitrate-DPA@g]icating a better stringent
starvation response by nitrite-cultivated DPAOsthg their nitrate-cultivated
counterparts.

(3) After 12 days of starvation, nitrite-DPAO slwdgrecovered more rapidly than
nitrate-DPAO sludges. The denitrifying P removdicedncies, as well as the
transformation rates of intracellular polymersthe nitrite-DPAO sludges (especially
that from the end of the anaerobic phase) were stlidentical to their pre-starvation
values, indicating a rapid return (within 1 dayYud functionality.
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Figure captions

Fig. 1. Variations in (a) NH'-N and (b) P@*-P concentrations in A1Rs. O-Ruos.
A-Rno2, and O-R2- during the 12 days of anaerobic starvation.

Fig. 2. Variations in (a) MLSS, (b) MLVSS, and (c) MLVSSIES ratio in A-Rio3-.,
O-Rnos- A-Rnoz-, and O-Re»- during the 12 days of anaerobic starvation.

Fig. 3. Variations in glycogen and PHA during the 12 dafjanaerobic starvation: (a),
A-Rnos, (b), O-Rios-, (€), A-Ryoz-, and (d), O-Roz-

Fig. 4. EPS contents profile during the 12 days of anaerstairvation in A-Ros-,
O-Rnos- A-Rnoz, and O-Ro2- (@) proteins, (b) polysaccharides, and (c) EPS
(calculated as the sum of proteins, polysacchaadéshumics). Data are the averages
and their standard deviations in triplicate tests.

Fig. 5. Variations in NO%N, PQ*-P, glycogen and PHA in the recovery batch tests
after 12 days of anaerobic starvation: (a), (eRMds- (b), (f), O-Ruos- (€), (9),
A-Rno2; and (d), (h), O-Ro-

Fig. 6. ATP production profile during the 12 days of amdnéc starvation: (a), A-Rbs-

(b)! O'R\IO3-1 (0)1 A'PNOZ-, and (d), O-Roz_.
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Table 1. Comparison of the anaerobic carbon transformati®fs -P release, and biomass compositions (+ standet) erith

propionate supplied as carbon source in a typigaéc

FISH quantification PG-P Gly/
Acra® (%)  Ac® (%) Ac,®(%) De'(%) Co®(%) /VFA"  VFA?

PHA/ PHB/ PHV/ PH2MV/
VFA? VFAS VFA?Y VFAS

This study
SBRyo3.(nitrate-based) 66 +1.5 28+1.938+14 27 +£0.9 <1 0.32 0.44
SBRyo2.( hitrite-based) 75+1.1 21+12 54%17 1960. <1 0.36 0.31

Previous studies

Oehmen et al. (2005) 63+1.3 - - <1 <1 0.42 0.32
Carvalho et al. (2007) 75 44 31 <1 <1 0.40 0.32
Taya et al. (2013) 85 55 30 - <10 0.34 0.49

1.54 0.08 0.66 0.80
1.46 0.11 0.61 0.74
231  0.04 0.55 0.65
709 0 0.40 0.57
1.47 - - -

3 Acry: Total Accumulibacter. ® Ac I: Type | Accumulibacter. € Ac II: Type Il Accumulibacter. “De: Defluvicoccus. °Co: Competibacter.

fUnits PQ%-P mmol/C mmol?Units C mmol/C mmol. - No data
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Table 2. Comparison of cell decay of PAOs/DPAOSs in this gtadd previous studies during the 12 days of atéestarvation.

Starvation Initial MLVSS Temperature Starvation SRT NH,"-N Cell decay rate
condition (g/L) (°C) period (d) (d) release (mg/L) (1/d)
This study
A-Rnos- 41.8 0.022
O-Ryos. 39.8 0.022
Ruoa anaerobic 2.5 20 +2 12 20
A-Ryo2- 18.7 0.008
O-Ruoz. 15.8 0.007
Previous studies
Lu et al. (2007) anaerobic 1.6 22 +2 8 24 3% 0.008 (day 4— 8)
Hao et al. (2010a) anaerobic - 22+0.5 7 12 - 0.036 +0.003
. 1.12 0.0006
Wang et al. (2012) anaerobic 2.4 10-15 7 20
1.59 0.0008
Vargas et al. (2013) aerobic-anaerobic 2.6 20 +£2 21 46.8 P4 0.02¢

@Al results represent the sludge from the anaerebitphases.
® All results represent the sludge from the aerobit ghases.
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Table 3. Transformations of materials in the liquid- anddghase in A-RRoz., O-Ruoz. A-Rnoz-
and O-Ryo». during the 12 days of anaerobic starvation.

Nitrate-sludge

Nitrite-sludge

Parameters

A'RNO3- O'RNO3- A'RNOZ- O'RNOZ-
MLSS reduction (mg/L) 770 1650 670 910
MLVSS reduction (mg/L) 357 793 360 347
PO, >-P release (mg/L) 87.2 150.8 45.3 102.7
Glycogen degradation

3.03 5.56 241 3.44
(mmol-C/g-MLVSS)
Glycogen degradation réte

0.61 111 0.48 0.69
(mmol-C/g-MLVSS/d)
PHB synthesis

0.23 (0.12) 0.58 (0.19) 0.19 (0.07) 0.54 (0.15)
(mmol-C/g-MLVSS)
PHV synthesis

1.07 (0.58) 1.42 (0.46) 1.16 (0.42) 1.40 (0.39)
(mmol-C/g-MLVSS)
PH2MV synthesis

0.54 (0.29) 1.06 (0.35) 1.44 (0.52) 1.66 (0.46)
(mmol-C/g-MLVSS)
PHA synthesis

1.84 3.06 2.79 3.61
(mmol-C/g-MLVSS)
PHA synthesis rate

Y 0.30° 0.58' 0.76 1.02

(mmol-C/g-MLVSS/d)
Polysaccharides consumption

36.6 0.4 46.4 £ 05 11.7+0.8 10.1+0.4
(mg/g-MLVSS)
Proteins consumption

1440+2.3 129.0+13.3 133.1+9.3 146.8+ 1.5
(mg/g-MLVSS)
Total EPS consumption

196.0+0.1 200.1+9.0 162.4 +0.3 1776 7.2

(mg/g-MLVSS)

@All results obtained during the first 5 days.
® All results obtained during the first 3 days.
Data in the brackets represent the fractions o€timeponents in PHA.
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Table 4. Comparison of denitrifying P-removal efficiency thg anaerobic/anoxic phases in
typical cycles and recovery batch tests.

ltems Amount of Amount of Amount of NQ-N P/N ratio
PO>-Preleasé  PO>-P uptaké  reduction’

Nitrate-sludge

SBRuos. 52.33 36.69 33.37 1.10
A-Ryos. 47.98 (91.7) * 19.37 (52.8) 19.36 (58.0) 1.00.753
O-Rwos.  6.87 (13.1) 4.09 (11.1) 33.68 (100.9) 0.12 (7.6)

Nitrite-sludge

SBRuo». 57.48 26.44 33 0.80
A-Rnos.  47.30 (82.3) * 35.97 (136.0) 30 (90.9) 1.20 (69.0)
O-Ruwoz.  11.82 (20.6) 5.73 (21.7) 33 (100.0) 0.17 (9.8)

2Units mg PQ*-P/L.

® Units mg NQ-NJ/L.

* Results obtained from the second recovery badstst

Data in brackets represent the percentage recostatve to values obtained in typical cycles of
the corresponding parent SBRs (%).
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Supplementary Information

Title: Comparison of endogenous metabolism during long-term anaerobic

starvation of nitrite/nitrate cultivated denitrifying phosphorus removal sludges

Yayi Wangd*, Shuai Zhou!, Hong Wand, Liu Ye 2, Jian Qin', Ximao Lin*
*Corresponding author. Tel: +21 65984275; Fax: 63984275; E-mail:

yayi.wang@tongji.edu.cn

!State Key Laboratory of Pollution Control and Reses Reuse, College of
Environmental Science and Engineering, Tongji Ursitg, Siping Road, Shanghai
200092, P. R. China

School of Chemical Engineering, The University afe@nsland, St Lucia, Brisbane

4072, Australia

Text S1. The detailed descriptions of analysis of VFA, PHA, glycogen, and EPS
a) VFA

VFA (propionate) was measured using an Agilent 88§as chromatograph (GC)
equipped with a 30 mx0.53 mmxin (lengthxIDxfilm) DB-WAXetr column and a
flame ionization detector (FID) at 220 °C.

b) PHA
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PHA, including polyB-hydroxybutyrate (PHB), polf-hydroxyvalerate (PHV),
poly-3-hydroxy-2-methylvalerate (PH2MV), was measliaccording to a method
described by Oehmen et al. (2005). Briefly, apprately 20 mg freeze-dried
samples of biomass were put into screw-topped ¢ldees, and 2 mL of chloroform,

2 mL of an acidified methanol solution (10%30,) and 0.1mL benzoic acid
methanol solution (2 g of benzoic acid dissolved®mL methanol used as an
internal standard) were subsequently added. Thelsamwere then digested for 4h at
100 °C. After cooling, 1 mL of distilled water wadded and mixed vigorously with
each sample. Thereafter, 1 h of settling time vilasvad to achieve phase separation.
When the phases were separated, approximately daf e bottom organic layer was
transferred to the GC vials for analysigil3of the chloroform phase was analyzed
with a gas chromatograph (Thermo Focus GC). Thenshtograph was operated with
a HP-5 column (30 m lengthx0.32 mm IDx0&% film), a split injection ratio of

1:15 and helium as the carrier gas (1.5 mL/minjlafe ionisation detection (FID)
unit was operated at 250 °C with an injection pemperature of 230 °C. The oven
temperature was set to 80 °C for 4 min, increas&& /min to120 °C, and then to
220 °C at 30 °C /min and held for 2 min.

c) Glycogen

Glycogen was determined by the anthrone methoduifdeet al., 1996). A 5-ml
volume of 0.6 M HCI was added to weighed (approxetyal 0 mg), freeze-dried

biomass in screw-topped glass tubes, and thendhatat®0 °C for 3 h. After cooling
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to room temperature, samples were sheared by exviariker (XW-80A,

Shanghai Qingpu Huxi Instrument Co., Ltd, China)Xanin, and were transferred to
10-mL tubes, followed by centrifugation (CT15RT,cheomp, China) for 5 min at

10 000 g. About 1 mL supernatant was added to ohdnthrone-HSO, reagent (0.2%
anthrone (w/v) in 80% (v/v) $¥5Oy) in 10-mL colorimetric tubes. All tubes were
placed in a water bath at 100 °C for 10 min. Aéteoling at 4 °C for 5 min in cold
water, samples were measured by a UV/VIS specttopteter (UV765, Shanghai
Precision & Scientific Instrument Co., Ltd, Chirs)625 nm. Glucose was used as
the standard.

d) EPS

A heat extraction method (Li et al., 2007) was &gupto extract the EPS (including
loosely bound EPS (LB-EPS) and tightly bound EPB-EPS)) in the sludge. 30 mL
sludge suspension was first dewatered by centtiig&CT15RT, Techcomp, China)
in a 50-mL tube at 4 000 g for 5 min. The supemiatzgas recovered for water quality
analysis. The sludge pellet in the tube was reengd into 15 mL of 0.05% NacCl
solution. The sludge mixture was then diluted wita NaCl solution (pre-heating to
70 °C) to its original volume of 30 mL. Immediatetiie sludge suspension was
sheared by a vortex mixer (XW-80A, Shanghai Qinbjpui Instrument Factory,
China) for 1 min, followed by centrifugation at @@g for 10 min. The organic
matter in the supernatant was readily extractaB!8,Eand was regarded as the

LB-EPS of the biomass. For the extraction of theHmS, the sludge pellet left in the
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centrifuge tube was re-suspended in 0.05% NacCtisalto its original volume of 30
mL. The sludge suspension was heated to 60 °Guiaiter bath for 30 min. After
cooling to room temperature, the sludge mixture eeagrifuged at 4 000 g for 15
min. The supernatant collected was regarded aEBHEPS of the sludge.

Both the LB-EPS and TB-EPS extractions were andlyaeproteins (PN),
polysaccharides (PS) and humic-like substances. (H%) PN and HS were analyzed
by a UV/VIS spectrophotometer (UV765, Shanghai Bree & Scientific Instrument
Co., Ltd, China) following the modified Lowry metth¢Fralund et al., 1995) using
bovine serum albumin (Sigma) and humic acid (Fldsa)he standards, respectively.
The PS content was determined by the anthrone miekbscribed by Fralund et al.

(1996) using glucose as the standard.
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821 Text S2. Fluorescent in situ hybridization (FISH)

822 Fluorescence in situ hybridization (FISH) was perfed as described by Amann
823 (1995) using Cy5-labelled EUBMIX probes, which apecific for most Bacteria
824 (Daims et al., 1999). The Cy3-labelled PAOMIX prdP&A0462, PAO651 and

825 PAOB846) were used to targeandidatus Accumulibacter phosphatis (Crocetti et al.,
826 2000), a known PAO; the Cy3-labelled GAOMIX proliA0Q431, GAOQ989 and
827 GB_G2), DFMIX probe (TFO_DF 218 and TFO_DF 618, 81#l988 and DF 1020)
828 were used to targ€andidatus Competibacter phosphatis, Defluvicoccus-related TFO
829 (Cluster I) inAlphaproteobacteria, andDefluvicoccus-related DF (Cluster Il) in

830 Alphaproteobacteria (Crocetti et al., 2002; Kong et al., 2002; Wat@l., 2004) to
831 determine the microbial population distributiongled PAOs and GAOs (Table S1).
832  All oligonucleotide probes were commercially syrgized, and all hybridization
833 buffer contained 35% (v/v) formamide. Cy5-labelectA-444 was used to target
834 PAOI Accumulibacter, while FAM-labeled Acc-11-444 was used to targ&@IA,
835 IIC and IID Accumulibacter (Flowers et al. 2009).

836 FISH preparations were visualized using a Zeiss |5301 Meta confocal

837 laser-scanning microscope (CLSM) using a Plan-Apmolat 63%o0il (NA1.4)

838 objective. Thirty images were taken from each sanigi quantification. The

839 percentage ofAccumulibacter, Competibacter andDefluvicoccus in the entire

840 bacterial population (EUBMIX) was determined vi&H image analysis using image

841 analyzing software (Image-Pro Plus, V6.0, Media &wletics). The standard error of
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of the number of images.

the mean (Skea) was calculated as the standard deviation divinethe square root

Supplementary Table S1. Oligonucleotide probes used for fluorescence inlsyoridization (FISH)

Probe Probe sequence (5’-3) Specificity FA (%) Reference
EUB 338 GCTGCCTCCCGTAGGAGT Most Bacteria 35 Daims et al., 1999
EUB 338-I1 GCAGCCACCCGTAGGTGT Planctomycetales and other 35 Daims et al., 1999
Bacteria
EUB 338-111 GCTGCCACCCG AGGAGT Verrucomicrobiales and other 35 Daims et al., 1999
Bacteria
PAO462 CCGTCATCTACWCAGGGTATTAAC Most Accumulibacter spp. 35 Crocetti et al., 2000
PAO651 CCC TCT GCC AAA CTC CAG Most Accumulibacter spp. 35 Crocetti et al., 2000
PAO846 GTTAGCTACGGCACTAAAAGG Most Accumulibacter spp. 35 Crocetti et al., 2000
Acc-1-444 CCCAAGCAATTTCTTCCCC Most Accumulibacter | 35 Flowers et al., 2009
Acc-11-444 CCCGTGCAATTTCTTCCCC Most Accumulibacter IIA, IIC 35 Flowers et al. , 2009
and 1ID
ALF969 TGGTAAGGTTCTGCGCGT Most Alphaproteobacteria 35 Crocetti et al., 2002
GAOQ431 TCCCCGCCTAAAGGGCTT SomeCompetibacter spp. 35 Crocetti et al., 2002
GAOQ989 TTCCCCGGATGTCAAGGC SomeCompetibacter spp. 35 Crocetti et al., 2002
GB_G2 TTCCCCAGATGTCAAGGC SomeCompetibacter spp. 35 Kong et al., 2002
TFO_DF218 GAAGCCTTTGCCCCTCAG SomeDefluvicoccus vanus 35 Wong et al., 2004
TFO_DF618 GCCTCACTTGTCTAACCG SomeDefluvicoccus vanus 35 Wong et al., 2004
DF988 GATACGACGCCCATGTCAAGGG SomeDefluvicoccus vanus spp. 35 Meyer et al., 2006
DF1020 CCGGCCGAACCGACTCCC SomeDefluvicoccus vanus spp. 35 Meyer et al., 2006
844
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Text S3. Thedetailed explanation for the PHA synthesis mechanism during
anaerobic starvation

The PHA composition depends greatly on whether Péélectively or randomly
condense activated acetyl-CoA and propionyl-Cofoten PHA. Oehmen et al. (2006)
proposed that the stoichiometry of PAOs fed witbpoonate were closely correlated
with the model based on selective condensatiortofaied acetyl-CoA and
propionyl-CoA, while GAOs tend to randomly condeaséivated acetyl-CoA and
propionyl-CoA in PHA formation. Lemos et al. (20@®)ncluded that the notable
difference in the components of PHA in various ssds probably due to different
populations and/or metabolisms. Because there mere GAOs (27 + 0.5%) in
nitrate-DPAOQOSs, a better prediction was obtainedeqy(2) Section 4.1.1), which was
based on the random condensation pattern. Conyeitiselrelatively high PH2MV
content means a larger amount of activated propiGoA production and/or a more
preferentially selective binding together of actedapropionyl-CoA molecules. The

exact underlying reason for this requires furtieestigation.
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Text $4. The maintenance ener gy calculation of poly-P, glycogen and
polysaccharidesin the EPS

The maintenance energy production by DPAOs wasliledéd from the amounts of
glycogen consumption and poly-P hydrolysis, basethe assumption of hydrolysis
of 1 mol poly-P yielding 1 mol ATP, and degradatafrii mol-C glycogen producing
0.5 mol ATP (Smolders et al., 1994).

The content of polysaccharides in EPS was also umedisusing the anthrone
method (Frglund et al., 1996), the same as thgtyabgen, which is determined by
total carbohydrates using glucose as the standambl-C polysaccharides in EPS is
deduced to produce 0.5 mol ATP, according to thetec conclusion that degradation

of 1 mol-C glycogen produces 0.5 mol ATP (Smoldsral., 1994).
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874 Figure captions
875 Figure S1 Variations in nutrients and carbon profiles durantypical cycle in

876 SBRyos- and SBRo>-
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Highlights (85 characters)

» Anaerobic starvation (12d) and recovery of nitBt@AO was studied for the first
time

» EPS polysaccharides were an additional maintenameryy source for DPAQO’
survival

» Maintenance energy and cell decay were lower itate: than nitrate-DPAO
sludge

» Nitrite-DPAO had better stringent response todfagvation than nitrate-DPAO
» Nitrite-DPAO sludge had faster starvation recoviign nitrate-DPAO sludge



