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Highlights
e Photoheterotrophic growth was suppressed in the presence of oxygen

e PPB were outcompeted by aerobic heterotrophs under aerobic conditions
e The out-competition is explained by lower aerobic growth rates of PPB

e PPB are resilient to oxygen due to their chemoheterotrophic capabilities
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Abstract

Thereisan ongoing debate around the effect of microaerobic/aerobicconditions on the wastewater
treatment performance and stability of enriched purple phototrophicbacteria (PPB) cultures. Itis
well known that oxygen-induced oxidative conditions inhibit the synthesis of light harvesting
complexes, required for photoheterotrophy. However, in applied research, several publications have
reported efficient wastewater treatment at high dissolved oxygen (DO) levels. This study evaluated
the impact of different DO concentrations (0-0.25mg-L ™", 0-0.5 mg-L™" and 0-4.5 mg-L™*) on the COD,
nitrogen and phosphorus removal performances, the biomass yields, and the final microbial
communities of PPB-enriched cultures, treating real wastewaters (domesticand poultry processing
wastewater). The results show that the presence of oxygen suppressed photoheterotrophicgrowth,
which led toa complete pigment and colourloss ina matter of 20-30 h after starting the batch.
Under aerobicconditions, chemoheterotrophy was the dominant catabolic pathway, with
wastewatertreatment performances similarto those achieved in common aerobicreactors, rather
than those correspondingto phototrophicsystems (i.e. considerable total COD decrease (45-57%
aerobically vs. £10% anaerobically). Thisincludes faster consumption of COD and nutrients, lower
nutrient removal efficiencies (50-58% vs. 72-99% for NH,™-N), lower COD:N:P substrate ratios
(100:4.5-5.0:0.4-0.8 vs. 100:6.7-12:0.9-1.2), and lowerapparent biomassyields (0.15-0.31vs. 0.8-1.2
g CODyiomass'€ CODramoved ). The suppression of photoheterotrophy inevitably resulted inareduction
of the relative PPBabundancesin all the aerated tests (below 20% at the end of the tests), as PPB
losttheir main competitive advantage against competing aerobic heterotrophic microbes. This was
explained by the loweraerobic PPB growth rates (2.4 d* at 35 C) when compared to common
growth rates for aerobicheterotrophs (6.0d™ at 20 2C). Therefore, PPB effectively outcompete other
microbes underilluminated-anaerobic conditions, but not under aerobicoreven micro-aerobic
conditions, as shown by continuously aerated tests controlled at undetectable DO levels. While their
aerobicheterotrophic capabilities provide some resilience, at non-sterile conditions PPB cannot
dominate when growing chemoheterotrophically, and will be outcompeted.



Journal Pre-proof

Keywords
Nutrient recovery; Enriched cultures; Photoheterotrophy; Wastewater; Purple non-sulfur bacteria;
Purple sulfurbacteria

1. Introduction

Purple phototrophicbacteria (PPB) have been proposed as an interesting mediator to transform
wastewater constituents into potentially valuable products, such as, hydrogen,
polyhydroxyalkanoates, carotenoids and the biomass itself (e.g. single-cell protein (SCP) or fertilizer)
(Capson-Tojo etal., 2020; Winklerand Straka, 2019). PPB perform anoxygenic photosynthesis (as
opposed to oxygenic photosynthesis) to generate energy, which enables the assimilation of
pollutants from waste streams via photoheterotrophic growth (using organiccompounds as carbon
source), atbiomassyieldsaround 1.0g COD-g COD,emoves~ (Hiilsen etal., 2018b, 2018a, 2014;
Winkler and Straka, 2019). PPB can be applied for simultaneous secondary and tertiary treatment,
partitioning soluble organics, nitrogen (N) and phosphorus (P)into suspended, aggregated
(flocculant orgranular) or attached (biofilm) biomass. Arecent review of 177 studies reported
median COD, N and P removal efficiencies under illuminated-anaerobic conditions (in various
configurations), of 76%, 53% and 58% respectively, with optimal COD:N:Puptake ratios around
100:6-10:1-2 (Capson-Tojoetal., 2020; Lu etal.,2019b; Puyoletal.,2017). Therefore, PPB-based
processesrepresentapromising novel alternative forresource recovery from waste streams.

During anoxygenicphotosynthesis, light energy is collected vialight harvesting complexes (LHC),
containingvarious carotenoids and bacteriochlorophylls (BChl). The harvested light energyis further
transformed into chemical energy inreaction centres. BChls absorb wavelengthsinthe nearinfrared
(NIR) range (780-890 nm for BChl a, and 970-1040 nm for BChlb (with common maximum
absorption peaksat800 nm, 850 nm or 1010 nm), while carotenoids absorb mostly fractions of
visible (VIS) light (e.g., 500 nm for lycopene or 550-555 nm for spirilloxanthin) (Canniffe and Hunter,
2014; Niedzwiedzki etal.,2015; Okubo et al., 2006; Saerand Blankenship, 2017; Wang et al., 2012)).
Besides VIS-light harvesting (with further transfer of excited electrons to BChls and to reaction
centresforintracellular energy generation), carotenoids also fulfil photoprotective functions (Frank
and Polivka, 2009; Hartigan etal., 2002; Saer and Blankenship, 2017). These carotenoids give
phototrophically grown PPB cultures theirvery characteristic “purple” colour.

Otherthan phototrophicgrowth, PPB can also grow without light, viafermentation (anaerobic), or
chemoheterotrophicrespiration (aerobically, or performing denitrification) (Capson-Tojo etal.,
2020). In the presence of oxygen, energy for cellular metabolismis mostly derived from aerobic
respiratory chains and virtually no BChl or carotenoids are synthesized (Zeilstra-Ryalls et al., 1998).
Thisis because the oxidative conditions resulting from the prolonged presence of oxygen inhibit the
expression of most of the genes coding for the light-harvesting antenna (responsible forenergy
capture) and reaction centre complexes (the main components of photosystems and responsible for
energy transformationvia electrical charge separation) (Bauer etal., 2003; Gregor and Klug, 1999;
Sganga and Bauer, 1992; Zhu et al., 1986). Using Rhodobacter capsulatus as model organism, it has
beenfoundthat, inthe presence of oxygen, aregulatorknown as Crt responds to oxidising growth
conditions by oxidisingamolecular HS-HS bond to an S-S bond, which stimulates the DNA binding
activity of the repressor (Baueretal., 2003). This processis responsible for the repression of
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photosynthesis gene expression, with aredox pair potential of -270 mV (Madigan et al., 2011). It has
been hypothesized that repressing gene expression is a protection mechanism of the cells to avoid
photooxidative damage (Zhu etal., 1986). This suppression results in the inhibition of
photoheterotrophy and the shift towards chemoheterotrophy, which resultsin reduced biomass
yields and COD:N:P substrate ratios (lzu et al., 2001; Jiao et al., 2003; Siefertetal., 1978; Yue etal.,
2015). Both quantitative studies and theoretical analyses have confirmed this phenomenon under
micro-aerobicconditions, with oxidative phosphorylation, rather than cyclic photophosphorylation,
beingthe predominant ATP-production route in PPB underthese conditions (Lu etal., 20113,
2011b). Thisis inagreement with studies showing that PPB require an oxidation reduction potential
(ORP) below -200 mV for efficient photoheterotrophic growth (Ormerod, 1983; Siefert etal., 1978),
which was further supported by modelling PPB addition to activated sludge reactors (Huangetal.,
2001). The latter concluded that PPB do not synthesize pigments under aerobic conditions (Huanget
al., 2001). Some PPB can survive naturally in media where oxidative conditions are prevalent (such
as marine sediments), but eveninthose situations, itis widely accepted that PPBlive in niches
where reducing conditions (lowin oxygen)are available (Hiraishi et al., 2020; Madigan et al., 2011;
Vethanayagam, 1991).

Due to the aforementioned reasons, most research applying PPB for resource recovery has been
carried out underanaerobic, illuminated conditions. Nevertheless, anumber of articles have
suggested that photoheterotrophicgrowth occurred underilluminated, microaerobic (0.5-1.0mg
DO-L"; dissolved oxygen), and even aerobic conditions (2.0-8.0mg DO-L™). This was suggested by
eitherdirectly claiming that photophosphorylation occurred in the presence of oxygen (Mengetal.,
2017; Pengetal., 2018), by reporting optimal PPB growth conditions under simultaneous light and
oxygensupply (Luetal., 2019a; Yang etal., 2018c; Zhou etal., 2016, 2015) or by reporting effective
carotenoid and BChl synthesis under aerchic conditions (Lu etal., 2019a; Meng etal., 2020, 2017;
Yang et al., 2018b; Zhi etal., 2020). Conversely, previous studies from the same research group
reported oxidative phosphorylation as main ATP generation process in the presence of oxygen,
which inherently points towards aerobicchemoheterotrophy, ratherthan photoheterotrophy (Lu et
al., 2013, 2011a, 2011b; Wang et al., 2016). This was furthersupported by the generally lower
biomassyields reported underaerobicconditions (0.19-0.51g COD-g CODermoved - (Luetal., 2011b;
Meng etal., 2017; Wu et al., 2012)), which are far from those achieved photoheterotrophically (up
t0 1.0 g COD-g COD,emoves - (Hiilsen etal., 2018b, 2018a, 2014; Winklerand Straka, 2019)). Low yields
pointtowards the consumption of COD for ATP generation (e.g. via oxidative phosphorylation). In
addition, several studies have reported faster COD removal rates aerobically when compared to
theiranaerobically grown PPB (both illuminated) (Lu etal., 20193, 2013, 2011b; Meng etal., 2020,
2017; Wang et al., 2016; Yang etal., 2018b; Zhao and Zhang, 2014). This further points towards
chemoheterotrophicgrowth underaerobicconditions (not necessarily of PPBin mixed cultures), as
growth rates for common aerobicheterotrophs are higher when compared to those of PPB growing
photoheterotrophically (maximum specific growth rate for heterotrophicbiomass of 6.0 d ™ at 20 °C
(uptake rate of 8.95 d ™ assuminga yield of 0.67 g COD-g COD ™) (Henze etal., 1987) vs.
photoheterotrophicaceticacid specific uptake rate by PPBof 2.4 g COD-gCOD™-d™* (20 2C) (Puyol et
al., 2017)). The aerobicuptakes rates viachemoheterotrophy for PPB have beenrecently
determined usingdifferent pure cultures (i.e. Rhodopseudomonas palustris, Rhodospirillum rubrum,
Rhodobacter sphaeroides and Rhodobacter capsulatus), obtaining values of 3.2-8.0d™ at 28°C with
fructose as substrate (growth rates of 1.6-4.4 d), which are also higher than those achieved
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photoheterotrophically (Alloul etal., 2021). Considering the information presented above, itis
unclear how anaerobicphotoheterotrophy can be performed underaerobicconditions and whether
anaerobicphotoheterotrophy and aerobic chemoheterotrophy take place simultaneously orare
mutually exclusive.

Itisalso unclear how the competition of PPB with aerobic heterotrophs would play out under
aerobic, non-sterile conditions, treating real wastewater. Under anaerobic, NIR-illuminated
conditions, the faster growth rates compared to common anaerobic VFA-degrading microbes
provide aselective advantagefor PPB (particularly in the case of acetate consumption
photoheterotrophically compared to methanogenesis). Thisis not the case under aerobicconditions.
In fact, PPB have beenreported to grow slower viarespiration than common aerobicheterotrophs
(lzuetal.,2001) and PPBare therefore likely to be outcompeted overtime (Hiilsenetal., 2019; Izu
etal., 2001; Siefertetal.,1978). Thisis indicated by the very low abundances of PPBin activated
sludge systems (Siefertetal., 1978; Zhanget al., 2003). It is noteworthy that most studies reporting
positive effects of (high) DO levels have never considered this competition, as tests have mostly
been carried out using pure/isolated cultures fed with artificial/sterile media (Liu etal., 2016, 2015;
Lu etal., 20193, 2013, 2011b; Wang et al., 2016; Wu etal., 2019, 2012; Zhou et al., 2014).

Thisis exacerbated by the general absence of microbial datain most studies claiminga positive
effect of oxygen onthe PPBtreatment performance (particularly at the end in batch studies; te.4).
Amongthe studies reporting the microbial communities, batch tests (with durations of 3-4 days)
have shown that aerobicheterotrophs (e.g. Pseudomonas or Hyphomonas) are present at
considerable proportions at t.,q underilluminated-aerated conditions (Yangetal., 2018c, 2018a;
Zhouet al., 2015), and that the PPBdiversityis reduced (Zhao and Zhang, 2014). In addition, the
presence of strict anaerobes at the end of batches suggests thatanaerobicregions might have
existedinthe reactors despiteaeration (Pengetal., 2018; Yang et al., 2018c). None of the
aforementioned studies reported high proportions of bacteriacommonly found in PPB-mediated
reactors (e.g. Rhodobacter orRhodopseudomonas (Capson-Tojo etal., 2020)), which suggests that
they are notdominant or cannot compete when oxygenis supplied. Interestingly, none of these
studies reported the presence of pigment-producing aerobic anoxygenic phototrophs (i.e.
Erythrobacter, Roseobacter, Roseovarius, Rubriomonas or Roseivivax; Oren (2011)) when oxygen was
provided.

In addition to obvious scientificreasons, this lack of agreement on the effect of oxygen onthe
performance of PPB mediated treatment systems, and its importance forresource recovery, is
clearly relevantforpractical application. On one hand, PPBs might be outcompeted in a matter of
days. On the other, a non-detrimental effect of DO (and oxidative conditions) could expand the
application spectrum of PPB (e.g. forin-situ aquaculture resource recovery orforrecovery form high
DO streams). Inaddition, thisis highly relevant when considering the growth of PPBin open pond
systems, with large surfaces for oxygen transfer, as an excessive oxygen concentration (e.g. due to
diffusion orexcessive mixing using paddle-wheels) might lead to oxidative environments if the
organicmatter concentrationin the liquid cannot maintain reducing conditions.

This article aims to shed light on the effect of oxygen onthe treatment performance of PPB-based
systems, using enriched cultures and non-sterile, real wastewaters. Particularattention was paid to
the competition between PPBand common aerobicheterotrophs. A number of batch tests at
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different controlled DO ranges were carried out to determinethe oxygen uptakerates (OURs) and
the maximum DO concentrations that would allow efficient photoheterotrophicgrowth. A flat plate
reactor was also used to study the effect of airsupply at constant flow rates, to determine the
lowest air flows at which photoheterotrophicgrowth is suppressed. The COD and nutrient
recoveries, the absorption spectra (for carotenoids and BChls assessment) and the microbial
populations were studied to elucidate the prevalent metabolicroutesin each condition.

2. Material and methods
2.1. Wastewaters used and PPB-enriched inoculum

Two different wastewater streams, domesticand poultry-processing wastewaters, were used to
furthervalidate the applicability of the obtained results. The wastewater characteristics are
presentedinTable S1indetail and briefly described here.

2.1.1. Domestic wastewater

Raw domesticwastewater was collected at a local pump station(Brishane, Australia) and
immediately stored at4 2C. The wastewaterwas settledin 200 L tanks for at least 1 day and the
supernatant was used as growth media. The settled wastewater contained on average 510 + 3 mg-L™
total chemical oxygen demand (TCOD), 427 + 18 mg-L" soluble COD (SCOD), 57 + 5.1 mg-L™ NH,*-N
and 7.7 £0.4 mg-L" PO,>-P.

2.1.2. Poultry wastewater

Wastewaterfrom a local poultry-processing facility in Brisbane (Australia) was used. The poultry
wastewater consisted of amixture of water streams resulting from featherremoval, bird degutting
and general cleaning water. The raw wastewater was pre-screened on-siteat 3 mm and settled.
Afterits collection, the wastewater was stored at4 2C. On average, the wastewater contained 1,620
+ 299 mg TCOD-L™, 1,386 + 156 mg SCOD-L ", 158 + 11 mg-L " total Kjeldahl nitrogen (TKN), 37 + 7
mg-L " total phosphorus (TP), 107 + 12 NH,*-N and 21 + 1.3 PO,*-P.

2.1.3. PPBinoculum

To avoid substantial lag phases, the experiments were inoculated with a PPB-enriched sludge (50-
60% PPB relative abundance). The inoculum was collected from an open outdoor demonstration-
scale flat plate photobioreactor treating poultry wastewater and transferred to a 1L Schott bottle.
The bottle was stirred magnetically at 150 rpm (RCT basic, Kika Labortechnik), covered with UV-VIS
absorbingfoil (ND 1.2 299, Transformation Tubes) andilluminated with a 150 W fluorescence lamp
(Nelson Portable Flood Light) at 100 W-m™. This procedure ensured that the inoculum would be
active at the start of the experiments. The average volatile solids (VS) concentrationin the inoculum
(before usingit) was 1.2 0.4 g-L™". It must be mentioned that the authors attempted, without
success, to enrich PPB “acclimated” to microaerobic/aerobic conditions via several aerated batch
experiments (see Appendix A (also see Figure Aland A2) for the experimental setup and resulting
microbial communities).

2.2. Batch experiments at different DO levels
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2.2.1. Experimental setup

Based on data fromthe literature, four different DO ranges were tested using three open 250 mL
Schott bottles as batch reactors (i.e. 0 mg-L*,0-0.25 mg-L*, 0-0.5 mg-L" and 0-4.5 mg:L™"), aimingat
testingdifferent DO concentrations (Mengetal., 2017; Yang etal., 2018a, 2018c). Each reactor was
covered with UV-VIS absorbing foil and stirred at 150 rpm (RCT basic, Kika Labortechnik). Continuous
illumination was provided by three (one perbottle) 150 W fluorescencelamps (Nelson Portable
Flood Light) at an overall intensity of 120-130 W-m™ (with a distribution of 17% below 700 nm, 15%
at 700-800 nm, 20% at 800-900 nm and 48% at 900-1,000 nm, measured with a StellarNet BLUE-
Wave Spectrometer). Theselamps have been widely applied in studies growing PPB
photoheterotrophically (Hilsen, 2014; Hiilsen etal., 2016; Capson-Tojo etal., 2020). DO and
temperature (T) were measured (M200 transmitter and Easysense 0221 probe, Mettler-Toledo
Limited, Port Melbourne, Australia) in a continuous recycle loop ata flow rate of 42-55 mL-min™
(peristalticpump, STAUFF Pumps, Richlands, Australia) and datawere recorded every 15 seconds
(each bottle).

The DO was kept within the desired concentrations using an on-off feedback control loop
implemented in a programmable logic controller equipped with LabVIEW (LabVIEW, National
Instruments, Texas, USA) (Ersahin etal., 2014). This allowed to modify the set-points as desired,
simply by varyingthe upper DO limits (values when the air compressor would stop) and the lower
DO limits (values at which the compressor would start). The air compressors were 12V DC-
Permanent magneticaerators (Hailea Ltd., China). The airflow ratesinto the reactors were
controlled at 0.3-0.8 L-min™ (unless specified otherwise) by three flow meters (BROOKS Instrument
0-1.0 L'min™ air, USA). This setup allowed, not onlyto keep the DO within the desired limits, but also
to experimentallydeterminethe OUR. A schematicof the batch setup, includingthe control loop, is
presentedin Figure S1A.

The described setup was also used (in triplicate) as abioticcontrol (with aceticacid and water) to
determine potential COD losses of the aceticacid due to stripping.

A similarsetup, but without aeration and DO monitoring was used as anaerobiccontrol (alsorunin
triplicate). The bottles were closed and the headspace was extended with one empty 50 mL syringe
(triplicate). The headspace of the control reactors was flushed with pure nitrogen gas.

2.2.2. Batch operation
The 0 mg-L", 0-0.25 mg-L" and 0-0.5 mg-L"" DO tests were started with 250 mL of a 1:4 vol:vol

mixture of inoculum (1.2+ 0.4 g VS-L™) and domestic wastewater. Glacial aceticacid was spiked at
500 mg COD-L™" to provide areadily available source of organics and to optimise the COD:N:P ratio of
the media, maximizing the nutrient removal and allowing foran easierinterpretation of the results
(Halsenetal., 2016). Aceticacid was selected as substrate because: (i) itis the most common
substrate used for PPB enrichment growing photoheterotrophically (Hilsen et al., 2014; Ormerod,
1983) and, (ii) itis the most common acid produced during fermentation of, non-synthetic,
wastewaters (Puyoletal., 2017). The initial pHwas adjusted to 6.8 + 0.2 (with 1M NaOH).

The system was slightly modified for two particular tests. Firstly, inthe experiment with DO at 0
mg-L", the headspace of the reactors with DO control (opened to the atmosphere) was continuously
flushed with nitrogen gas to ensure anaerobicconditions. Secondly, inthe experiment at the highest
DO level (0-4.5mg-L™), airwas not supplied by on-off control of compressors. Instead, natural air
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diffusionintothe liquid via droplet formation using the recycle pump was used for oxygen supply
(the tube fromthe pump was placed slightly overthe liquid level). Inthe same experiment, the
inoculation ratiowas lowerthaninthe others(1:9 volume inoculum:volume wastewater), which
caused a considerable lag phase and lowerremoval rates (see Figure 1-4.5and Table 1). To avoid this
issue, the inoculation ratiowas increased to 1:4 in the other experiments.

Sampleswere taken every 5-6 h to study the kinetics of the process, measuring SCOD, TCOD, NH,*-N
and PO,>-P concentrations. The experiments were stopped when no further SCOD consumption was
observed, leadingto aduration of 31-78 h. The temperature ranged between 35 and 39 C.

The total solids (TS), VS, TKN and TP contents, and the absorption spectrawere determined at the
start and end of the experiments. The microbial communities at the start and end of the tests (for
both the anaerobiccontrols and the aerated reactors) were studied for one flask of the triplicate
testsrun at 0 mg DO-L™, 0-0.5 mg DO-L*, and 0-4.5 mg DO-L™.

2.3. Estimation of the Kinetic parameters of PPB respiration

The experimental setup described above was also used to evaluate the kinetics of PPB aerobic
chemoheterotrophic growth (viarespiration). To ensure that PPB were responsible forthe aerobic
uptake, a PPBculture enrichedvia 3 serial dilutions was used as inoculum (with aninitial PPB relative
abundance of 63%, Figure S2). The enrichment was carried out underanaerobic, illuminated
conditions (with UV-VISfiltering foil) and using Ormerod media (asin Hiilsen et al. (2014)). A Schott
bottle withaworking volume of 0.6 L (total volume of 1 L) was used. The cycles lasted for 6-7 days,
and the serial dilutions were started with 10% of the total volume of the previous cycle. A modified
Ormerod mediawith glucose as carbon and energy source (instead of aceticacid) was used as
substrate forthe aerobictest, at an initial concentration of 500 mg COD:-L". Glucose was chosen to
avoid COD losses due to volatilisation and because several PPB species are known to perform
glycolysis under aerobicconditions (KEGG, 2019). The test (in triplicate) was started with 250 mL of a
1:4 vol:vol mixture of inoculum (0.8 £0.1 g VSS-L™) and modified Ormerod medium. The DO
concentration in the experiments was controlled at 1.0-3.0 mg DO-L™ to ensure that aerobic
conditions were maintained and that oxygen was not limiting. The temperature was 32-36 2C. The
reactors were covered with aluminium foilto avoid light penetration and phototrophicgrowth.

The resulting glucose consumption curve (Figure S3) was used to estimate the corresponding kinetic
parameters. In agreement with most IWA mathematical models (and generally wastewater
treatment modelling), a Monod kineticfunction for substrate uptake was used (Batstoneetal.,
2002; Henze etal., 2000; Jeppsson etal., 2006; Puyol etal., 2019). The kinetic parameters (i.e.
maximum specificuptake rate (k.,; defined as growth rate (p) divided by biomassyield (Y))and half
saturation constant (Ks .)) were estimated by minimization of the residual sum of squares (sum of
errors of means divided by standard deviation as objective function), using de functionIsgnonlinin
Matlab (MATLAB R2018b, The MathWorks Inc., Natick, MA) (Batstone etal., 2002; Puyol etal.,
2017). 95% confidence intervals were determined using the function nlparci. The apparent biomass
yield (Y) was estimated as particulate CODincrease divided by soluble COD consumption. The
biomass growth rate (W) was calculated as p= ke Y.

2.4. Flat plate batch tests at different air flow rates
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2.4.1. Experimental setup

Three different conditions were tested using a flat plate reactor at increasing air flow rates (i.e. 0
mL-min™, 10 mL-min™ and 100 mL-min™"). Figure S1B shows a schematicof the flat plate reactor. The
flat plate was a rectangularacrylicreactor (34 x 2 x 40 cm) with a working volume of 2.1-2.2 Land an
illuminated surface/volume ratio of 30 m*>-m~ (Hulsen etal., 2016). Continuous illumination was
provided by two 150 W fluorescence lamps (one on each side; Nelson Portable Flood Light)atan
overall intensity of 120-130 W-m™ and a wavelength spectrum similarto the one presentedin
Section 2.2.1. The reactor was covered with UV-VIS absorbing foil. Mixing was provided by a
peristalticpump (Cole-Parmer MasterflexL/S Pump Drive 1-100 rpm, Cole-Parmer Australia New
Zealand, Chatswood, Australia), recycling reactor content from the bottom to the top of the reactor
at a flow rate of 70 mL:min™. Mixing also served for cleaning of the inner reactor wall, minimising
biofilm formation. Air was supplied viaa compressor (Tetra Whisper 300 Aquarium Air Pump, Tetra,
Germany), connected to a flow meter (BROOKS Instrument 0-1,000 mL-min ™ air or OMEGA
FLDW3209ST, OMEGA Engineering Australia, Australia) to regulate the flow rate and toan air stone
(AquaNovaAquarium Air Stone, Geebung, Australia) placed at the bottom of the reactor. DO
concentration and temperature were monitored continuously (one measurement every 30seconds)
using a Mettler-Toledo M200 transmitter coupled to an Easysense 0221 probe (Mettler-Toledo
Limited, Port Melbourne, Australia). The pH was also monitored, usinga HANNAH HI8614
transmitterand a HI2910B/5 pH probe (Hanna instruments, Victoria, Australia).

2.4.2. Flat plate operation

The reactor was run in consecutive batch cycles. Before aerating the reactor, four anaerobicbatches
(at OmL air-min™) were run to establish a baseline. The fifth cycle was aerated at 100 mL air-min™
and the sixth cycle at 10 mL air-min™, aiming to evaluate the effect of low and high air flow rates,
and to find the lowest flow rates at which photoheterotrophicgrowth would be suppressed. All
cycles were started witha 0.7:1.5 vol:vol mixture of inoculum and poultry wastewater. A different
wastewaterwas usedinthese experiments to assess if the wastewater matrix affected the results
(poultry wastewater was more complex and concentrated than domesticwastewater, see Table S1).
Real wastewaters were used to evaluate microbial competition under realistic conditions (i.e.
wastewater native competing microbes). The inoculum described in Section 2.1.3. was used forthe
first cycle. For the aerated tests, inoculum fromthe anaerobiccycles (keptinan equivalent
anaerobiccontrol) was used. The pH was not adjusted. The duration of each cycle was 3-4 days. The
temperature was 35+ 1.8 °C.

The performance of the system was assessed by measuring the SCOD, TCOD, NH,*-N, PO,>-P, TS, VS,
TKN and TP contents at the beginningand end of the batch cycles. The absorption spectraand
microbial communities (of the inoculum used, and of samples taken atthe end of each batch run)
were also analysed.

2.5. Analytical methods

TCOD and SCOD concentrations were determined using COD cell tests (Merck, 1.14541.0001,
Darmstadt, Germany). The concentrations of NH,"-N, NO,-N, NO, -Nand PO,*-P were measured via
flow injection analysis (FIA; QuikChem8000, Hach Company, Loveland, USA). The concentrations of
TKN and TP were determined by digestion with sulfuricacid, potassium sulphate and copper
sulphate as catalystsin a block digestor (Lachat BD-46, Hach Company, Loveland, CO, USA) (Patton
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and Truitt, 1992). The TS and VS contents were measured accordingto APHA (2005). All soluble
compounds were measured after filtration through a 0.45 mm membrane filter (Millipore, Millex®-
HP, Merck Group, Darmstadt, Germany). The absorption spectra were measured between 300-1,000
nm, using a spectrophotometer(Cary 50 conc, Varian).

2.6. Analysis of the microbial communities

Samples of suspended biomass were provided to the Australian Centre for Ecogenomics for DNA
extractionand 16S rRNA gene amplicon sequencing using the Illumina Miseq Platform. The universal
primer pair 926F (50-AAACTYAAAKGAATTGACGG-30) and the 1392wR (50-ACGGGCGGTGWGTRC-30)
primersets were used (Engelbrektson etal., 2010). Trimmomaticwas used to trim the raw paired
reads to remove reads shorterthat 190 bp and/orwith low quality (with a Phred-33lowerthan 20)
(Bolgeretal., 2014). The trimmed paired reads were assembled using PANDAseq with default
parameters (Masellaetal., 2012). Removal of adaptersequences was performed usingthe FASTQ
Clipperfromthe FASTX-Toolkit (Pearsonetal., 1997). The resulting sequences were analysed via
QIIME v1.8.0 (Caporasoetal., 2010) and de-noised with DADA2 (Callahanetal., 2016), after which
the features relative frequencies of the amplicon sequence variants (ASV) were calculated. The
taxonomy was assigned by uclustagainst the SILVArRNA gene database (128 release) (Quastetal.,
2013). ASVswithonlyone or two reads were filtered from the ASVs table. The resulting ASVs were
processed accordingto Hiilsen et al. (2018b).

2.7. Data treatment and statistical analyses

Statistical differences wereassessed with ANOVA, carried out using the software R (The R
Foundation, version 3.5.3). A 5% significance threshold was used. Oxidative COD losses were
estimated calculating the areabelow the OUR curves (Figure S4and Figure S5), using the trapezoidal
ruleinR (trapz functionin the pracma package). When the OUR was not available in triplicate during
a certain period, the missing values were extrapolated fromthe otherreplicates. Where confidence
intervals are presented formeasured data, these represent 95% confidence interval in mean from
two-tailed t-test (5% significance threshold).

3. Results and discussion
3.1. Batch experiments - effect of different DO levels on photoheterotrophic growth

The COD and DO concentrations, as well as those of nutrients (i.e. NH,*-N and PO,>-P), in the batch
experiments are presented in Figure 1. The evolution of the COD and nutrient concentrations inthe
anaerobiccontrols and aerated reactors at 0 mg DO-L " (no aeration supplied and headspace
continuously flushed with N,) were practically the same, confirming that the unaerated setup was
representative of anaerobic conditions, thus enabling unbiased comparisons of both systems (Figure
1). The absorption spectrain the anaerobictests confirmed the presence of absorbance peaks at
450-510 nm and 800-900 nm (Figure 2), characteristic of carotenoids and BChls (Oren, 2011). The
presence of LHC pigments and constant TCOD levels with biomass yields close to 1.0 g COD-g COD™
evidencedthe predominance of photoheterotrophic growth underanaerobicconditions (Table 1and
Figure 1A). The TCOD conservation also demonstrates biological uptake ratherthan losses due to
strippinginthe open reactors. Photoheterotrophic growth was further confirmed by the COD:N:P
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removal ratios of 100:6.7-12:0.9-12, which are much highercompared to common
chemoheterotrophicratios (e.g. 100:5.0:0.5 for aerobic heterotrophs (Tchobanoglous et al., 2003)
and wellinline with previous literature values for PPB growing photoheterotrophically under
anaerobic-illuminated conditions (Puyol etal., 2017).

Increasing DO levels had asubstantial impact against both control and within the experiments
(includingthe 0mg DO-L™" experiment). In all the aerated reactors, no characteristics pigment peaks
could be detected inthe absorption spectraatthe end of the experiments (Figure 2), and the colour
was lost (Figure S7) at all levels above 0mg-L™. At DO concentrations between 0-0.25mg DO-L™ the
SCOD removal efficiency was similar between the aerated and control reactors (63% vs. 56%,
respectively), butaconsiderable decrease in TCOD was observed (57% reduction vs. -8.4%to 3.8% in
the controls; Table 1). This suggests COD consumption for ATP production ratherthan assimilation
for growth, and a switch from anaerobic photoheterotrophy towards aerobic heterotrophicgrowth
(viarespiration). Thisis underlined by the substantially lower biomass yields in the aerated reactor
(0.23 vs. 1.2 g COD-g CODremoved ; S€€ Table 1). Reduced biomass yields resulted in less biomass
growth, whichledtoless N and P assimilation. This resulted in lower COD:N:P ratios of ~100:5.0:0.5
(typical foraerobicheterotrophs (Tchobanoglous et al., 2003)) and a subsequent reductionin NH,-N
and PO,*-P removal efficiencies (51% aerobically vs. 81% anaerobically for NH,™-N, and 21% vs. 48%
for PO,>-P; see Table 1). Similarbehaviours were observedin the testsat 0-0.5 mg DO-L* and 0-4.5
mg DO-L™. The biomass yields were reduced to 0.15-0.31 g COD-g COD removed (comparedto 0.9-1.0 g
COD-g COD,emoved ~ in the controls). As described above, this naturally decreased the TCOD removal
efficiencies (-1.1-3.8% in the controls vs. 45-54% aerobically) as well as the removal of NH,"-N (72-
82% vs. 50-58%) and PO,>-P (52-44% vs. 37-21%) when compared to the controls, while the SCOD
removal efficiencies remained similar(56-59% vs. 55-59%). The prevalence of biological COD
removal in the aerated tests was confirmed by the abiotic control (Figure S6), were COD stripping
duringthe first 15 h was below 40 mg COD-L ™" (period when the COD consumption in the aerated
reactors occurred (see Figure 1)). Thiswas also supported by COD balances, closing at 80-85% in the
0-0.25 and 0-0.5 mg DO-L* tests (the oxidized COD was estimated from the OUR (Barkerand Dold,
1995)).

The removal rates of COD were also fasterin aerated conditions when sufficient air was supplied (i.e.
0-0.5 and 0-4.5 mg DO-L"). Aerobically, maximum values up to 92 mg SCOD-L"-d* were achieved,
higherthan the maximum anaerobicrates (58 mg SCOD-L™-d*). This might be explained by the
generally fasterkinetics of aerobic metabolism when compared to photoheterotrophy (e.g.
maximum specificgrowth rate for heterotrophic biomass of 6.0d ™ (20 2C) (Henze etal., 1987) vs. 2.4
d™* (20 oC) for photoheterotrophicaceticacid uptake by PPB (Puyol etal., 2017)).

To elucidate the main actors underaerobicconditions (i.e. PPB growing heterotrophically or
common heterotrophs), the initialand final microbial communities in the batch reactors were
analysed. The results show that the relative abundance of PPB was reduced when oxygen was
supplied. Asshownin Figure 3, the relative abundance of PPB at the end of the batches (generally
dominated by Allochromatium, Blastochloris and Xanthobacteraceae) ranged between 36-54% in the
control reactors and the experimentat0 mg DO-L™, while the abundance reduced to 22% in the
experimentat0-0.5 mg DO-L™" and down to 3.3% in the experiment at 0-4.5 mg DO-L ™. Similarly, the
abundances of anaerobicbacteria (mainly belonging to Bacteroidales or Sphingobacteriales) were
alsoreduced. Instead, the relative abundances of other (non-phototrophic) aerobicorganisms (e.g.
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Pseudomonadales, Chlamydiales or aerobic Eukaryota) increased, indicating a strong competition
and selectiveadvantages for common aerobicheterotrophs under the tested conditions. The high
proportions of eukaryotes (mainly aerobic protozoasuch as Intramacronucleata) suggests that
predation occurred underaerobicconditions, which explains the low biomass yields found in the
aerated reactors (particularly significantin the experiment at 0-4.5 mg DO-L™ due to the longer
duration of the test). The long duration of the batch tests limited the bioavailable COD (particularly
inthe aerated experiments due to the faster COD uptake rates), which resultedin decay and
predation by aerobicgrazers. Considering that the performances of the 0-0.25 and 0-0.5 mg DO-L*
experiments werevery similar(see Figures 1and 2), only one sample was selected for microbial
analysis.

Regarding the oxidation reduction potential (ORP) in the reactors, the predominance of oxidative
conditions can be confirmed by the measured DO concentrations. Within common CODrangesin
activated sludge plants treating wastewater (such as those used in this study), DO concentrations of
0-1.0 mg DO-L " resultin ORPs of 100-250 mV, and DO values over 1.0 mg DO-L™" in ORPs of 250-370
mV, which correspond to reducing conditions with ORPs well above the pointat which CrtJis
oxidised (Madigan etal., 2011; Li and Bishop, 2001). In addition, the presence of aerobic
heterotrophsalso evidences oxidative environments, as they require positive ORPs to grow (Jay et
al., 2005). As mentioned above, these oxidative conditions (consequence of the continuous oxygen
supply) are responsible forthe repression of photosyntheticgene expression.

3.2.Batch experiments - evaluating the kinetics of PPB aerobic growth

A dedicated batch experiment was carried out to evaluate the kinetics of PPB growth underaerobic
conditions. The resulting kinetic parameters (corresponding to a Monod kineticfunction for
substrate uptake; see Figure S3) were a maximum specific uptake rate (k) of 4.66 g COD-g COD™-d™
and a half saturation constant (Ks .;) of 0.4 mg COD-L™ (at 32-36 2C). The measured biomassyield
was 0.51 g COD-g COD™}, resultinginagrowth rate of 2.38 d™*. Thisassumes that glucose was mostly
consumed for biomass growth, as nutrients were not limiting and there was no excess of reducing
power, thus avoiding the accumulation of storage compounds such as polyhydroxyalkanoates or
glycogen. Thisvalue islowerthanthe typical growth rates reported for hete rotrophicbiomass
(maximum specificgrowthrate of 6.0d™ (20 2C) (Henze etal., 1987)), which further explains why
PPBwere outcompeted by aerobes. The faster removalkinetics inthe aerated batch experiments
(see Table 1) are inagreement with the obtained results. Recentyields and growth rates determined
for pure PPB cultures (i.e. Rhodopseudomonas palustris, Rhodospirillum rubrum, Rhodobacter
sphaeroides and Rhodobacter capsulatus) on several organicsubstrates (i.e. fructose, succinate or
aceticacid), also agree with the obtained results, with biomass yields of 0.50-0.76 g COD-g COD* and
growth rates of 2.4-3.9 d™* at 28°C (Alloul etal., 2021).

3.3. Flat plate batch tests - effect of constant air supply on photoheterotrophic growth

To determine the lowest oxygen supply that still allows photoheterotrophy and to confirm the
results from the batch tests on anotherwastewater (and also to obtain results free of grazers), six
batch cycles were carried outin a flat plate photobioreactor (Figure 4). Due to the DO sensor
sensitivity of 0.2 mg DO-L", we decided to control the air flow ratherthe the DO. The average
results from Cycles 1-4 (without air supply, 0OmL-min™') show that an anaerobic operation baseline
was achieved, with removal efficiencies of 56-66%, 28-51% and 25-35% for SCOD, soluble TKN and
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soluble P, respectively. Asin the previous section, photoheterotrophicgrowth could be confirmed
viaTCOD conservation (balances closed to + 10%) and by the presence of the characteristic
carotenoid and BChl a absorption peaks atthe end of the cycles (Figure 5A; note that the absorption
peaksformthe literature correspond to extracts, which is why the correspoding peaksin our
experiments do not match perfectly).

When oxygen was supplied atan air flow rate of 100 mL-min™ (Cycle 5), a similar situation to the one
reported inthe aerated batch reactors was observed (specifically compared to the 0-4.5 mg DO-L™*
test). ATCOD loss of 48% confirmed COD consumption for ATP synthesis. Respiration was confirmed
by the DO measurements (Figure 5B), showing that a steep DO decrease occurred duringthe first 10
h of the cycle (period of the mostsignificant COD consumption). The colourloss (Figure S8) and the
absence of absorbance peaks at the end of the cycle forboth carotenoids and BChl a (Figure 5A) also
suggests that chemoheterotrophic growth (by PPB, heterotrophs, or both) was dominant. Itis
important to note that very small BChl peaks are still observable (Figure 5A), which might pointto
the presence of small amounts of pigments inside or outside the cells.

A similar behaviour was observed atan air flow rate of 10 ml-min " (Cycle 6), which resulted in non-
detectable DO concentrations (=0 mg-L™) during the whole experimental period, observingjusta
slightincrease atthe end. Interestingly, even at effectively 0mg DO-L " in the reactor, pigmentation
loss was still observed (no absorbance peaks, see Figure 5B; Figure S8). The loss of
photoheterotrophy and the predominance of chemoheterotrophy was again underlined by TCOD
losses of 44%. These results suggest that even undetectable amounts of oxygen (in several
publicationsreferred to as micro-aerobicconditions) canlead to oxidative conditions, whichin turn
resultininhibition of pigment synthesis and eventually in colourlossin PPB-enriched cultures. The
evolution of the COD and DO concentrations, and the pH during Cycle 6 (10 ml-min™)isshownin
Figure SO.

Analysis of the microbial communities confirmed the reduction in PPBabundance when oxygenis
supplied (Figure 6). While the initial PPBabundance (48%, dominated by Blastochloris sp.,
Rhodobacter sp.and Rhodopseudomonas sp.) was maintained in the anaerobicbaseline tests (Cycles
1-4), this wasreduced to 33-34% in the aerated experiments. In contrast to the previous batch
results (Figure 3), inthese experiments grazers were notfound and therefore the PPB decrease can
simply be attributed to the growth of aerobic microbes. Infact, while the presence of aerobes
initially and during the anaerobicbaseline was negligible (0.2-0.4%), heterotrophs such as
Simkaniaceae, Planctomicrobium, Flavobacterium or Caulobacter, accounted for 14-28% of the total
16S copiesat the end of the aerated experiments. Theseresults suggestthatinlong-term
experiments, the slower aerobickinetics of PPB compared to common heterotrophs willresultin
PPBoutcompetition. Nevertheless, the colourloss cannot be explained by PPB outcompetition, as
PPBwere still presentin considerable proportions atthe end of the aerated cycles (33-34%).
Therefore, suppression of pigments synthesis and pigment oxidation occurred due to the presence
of oxygen and the resulting oxidative conditions (as previously, confirmed by the growth of aerobes),
without a proportional loss of the PPBcommunity.

We note that the slightly higher TKN and TP removal efficienciesin the aerated experimentare a
consequence of an enhanced hydrolysis of the complex organic matter presentin the wastewater
(e.g. VS, particulate CODand TKN, see Table S1) underaerobicconditions. Nevertheless, the removal
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ratios were still higherin the anaerobicexperiment (e.g. COD:P removal ratios of 100:1.6-1.9 and
100:0.5-0.9 for anaerobicand aerobicconditions, respectively), confirming the results obtainedin
the previous batch experiments. The complex nature of the poultry wastewater is also the reason
why the removal efficiencies presented in Figure 4are expressed as TKN and TP, ratherthan NH,*-N
and PO,’-P, which are consistently mobilised (from particulate TKN and TP).

3.4.0verallimpact of DO on the behavior of PPB-enriched systems

The obtained results show that photoheterotrophicgrowth in PPB-enriched systemsisinhibited
under oxidative conditions resulting from the presence of oxygen. In any of the tested conditions,
oxygen supply resulted in oxidative conditions, and a consequent colour/pigments loss. Thisledtoa
metabolicswitch from photoheterotrophy to aerobicchemoheterotrophy, either with or without
preservation of the PPBcommunity depending on the DO level (but always with lower PPB
abundance levels after aeration). This resulted in wastewater treatment parameters (in terms of
removal efficiencies, COD:N:P ratios and biomass yields) similarto those achieved in common
aerobictechnologies ratherthan anaerobic phototrophicsystems. The pigmentation loss likely
occurred due to repression of the genesinvolved in pigment production, and the consequent PPB
outcompetition (Pemberton etal., 1998; Yurkov and Hughes, 2017). The results also suggest that this
occurs independently from the wastewatersource. We argue thateven apure PPBcultureina
sterile mediawould behaveas described above, but the colourioss would simply take more time (as
indicated by the high abundances of PPBin the control reactors shownin Section 3.1). This issimply
explained by the dilution of the initial pigment concentration within the cells as aerobicgrow occurs
(without further pigment production). PPB-enrichments cultivated anaerobically (>80% PPBrelative
abundance) and aerated after growth (without external carbon or nutrients supply) kept colour for
5-7 days (Figure S10). This reinforces the role of cell death/division in the loss of col oration,
suggestingalso that PPB can conserve pigmentsinside their cells under aerobicconditions for
considerable periods of time, provided that carbon sources allowing aerobicgrowth (either of PPB or
others) are not presentinthe media.

The loss of photoheterotrophy resulted in the loss of the main competitive advantage of PPB.
Therefore, they were slowly outcompeted by aerobic organisms when oxygen was supplied, whichis
marked by the decreased PPBrelativeabundance atthe end of the aerated experiments. The
aerobicgrowth ratesfor PPB (estimated as 2.4 d™" in our experiment at 32-36 2C (Figure S3)) are
lowerthan the growth rates of common aerobicchemoheterotrophs (6d ™ at 20 °C (Henze etal.,
1987)), whichexplains the observed outcompetition. Colourloss and PPB outcompetition under
aerobicconditions were previouslyobserved in ananaerobicenriched PPBreactor, where accidental
oxygen leaksinthe compressor resultedin overgrow of PPB by aerobes (mainly Thalassospira)
(Hilsenetal., 2019). lzu et al. (2001) observed asimilarphenomenon and attributed the
outcompetition of PPB to the lower growth kinetics of PPB compared to aerobes.

Despite theirreduced competitiveness, the capability of PPBto grow aerobically viarespiration gives
them some resilience, evenif photoheterotrophicgrowthis suppressed. Atlower DO concentrations
(0-0.5mg DO-L™), PPBwere still present atthe end of the tests, underlining a degree of resilience at
these DO levels. PPBlikely switched to chemoheterotrophy and this ability, even if atlowerrates
compared with common aerobic heterotrophs, allowed themto survive in the system. Therefore, it
islogical to assume that PPB contributed actively to the aerobicCOD removal in the presented
experiments (although to what extentis difficult to assess quantitatively). Without competition
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(especially of fast-growing aerobes), PPB might very well survive and even thrive underaerobic
conditions. However, the datasuggest astruggle of PPBin an aerobicsystem, and certainly aloss of
photoheterotrophic capability due to pigmentloss. Looking at the differences in rates between PPB
and common aerobes, PPB might be washed-out after >3-4 serial dilutions (~7 days). This explains
the low PPB abundancesin conventional activated sludge (CAS) systems (Siefertetal., 1978; Zhang
et al., 2003). In reality, PPBwill be outcompeted in ashort period of time by faster growing aerobic
heterotrophsinany aerobic, non-axenic, process.

Overall, the results clearly show that oxygen (and the resulting oxidative conditions) suppressed
photoheterotrophicgrowth of PPB, while the wastewater treatment behaviour resembled aerobic
systems (e.g. TCOD removal efficiencies of 45-57%, apparent biomassyields of 0.15-0.31 g
CODyiomass'E COD,emoves , and SCOD:N:P removal ratios of 100:4.5-5.0:0.4-0.8) rather than anaerobic
phototrophicsystems (e.g. no TCOD removal, biomass yields of 1 g CODyiomass*E CODermoved *, removal
ratios of 100:6.7-12:0.9-1.2, slowerremoval kinetics, and higher nutrientremoval efficiencies),
mainly due to the establishment of typical aerobic heterotrophs, which resulted in lower
abundances of PPB at the end of the tests.

These findings contradict several recent publications. Using a pure cuiture of Rhodopseudomonas
and artificial wastewater, Meng et al. (2017) obtained similar biomass yields at different DO levels
(upto 8 mg DO-L™), alsoreportingthat DO levels above 1mg DO-L " could evenincrease the
carotenoid/BChl contents when compared to anaerobicconditions. No colourloss was observed at
DO levels of 0.2-0.5 mg DO-L " during the treatment of artificial brewery wastewater with a mixture
of pure PPBcultures (Ectothiorhodospira, Rhodobacter sphaeroides and Rhodopseudomonas
capsulate), reporting average carotenoid and BChl contents of 2.53 and 10.8 mg-g VS (Luet al.,
2019a). Pigments were also found when treating synthetic wastewater using anisolated PPB mixture
(with Ectothiorhodospira as predominant genus) ata DO of 2-4 mg DO-L", with contents of 3.3 and
1.4 mg-gVS™ for carotenoids and BChl, respectively (Zhietal., 2020). Yang et al. (2018a) reported 6.5
mg-g VS™ of carotenoids in PSBgrown under dark-aerobic conditions (no light supply and over 2 mg
DO-L").

These findings are indirect contradiction with ourresults. A possiblereason could be thatinall the
studies claiminga positive high DO effect, PPB could not be outcompeted, as pure culturesand
sterile mediawere mostly used. Nevertheless, this explanation cannot justify the high pigment
contents (orevenincreases compared with anaerobictests) at high DO levels (and surely under
oxidative environments). As most of these experiments were carried outin short batch tests,
selection of DO tolerant PPB species cannot explain this observation by itselfeither.

3.5. Implications for industrial application

This study shows that anaerobicconditions are required for effective PPB selection. At
aerobic/micro-aerobicconditions (and the resulting oxidative environments), PPB cannot grow
photoheterotrophically and are therefore outcompeted by aerobicorganisms, as their main
competitiveadvantage is lost. This limits the application of PPB-based processes for nutrient
recovery to systems with low oxygen contents and reductive conditions, excluding systems where
one may wish togenerate PPBin a sidestream from an aerobicsystem(e.g., sidestream generation
fromaquaculture), though oxygen scavengers could be added to alleviaterthis.
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Nevertheless, the aerobiccapabilities of PPB allow themto grow in the presence of oxygen (atlower
rates compared to aerobicheterotrophs). Therefore, longer-term aeration is required to fully
outcompete PPB. This opensthe doorforthe application of combined systems. A combination of
aerobic/anaerobicintervals could be applied in outdoor systems (illuminated by sunlight). Menget
al. (2018) reported this approachin the material and methods but the results and discussion did not
presentany data about the actual effects on the performance and microbial competition. Recently,
Alloul etal. (2021) proposed a hybrid, 2-stage system where PPBwere enriched
photoheterotrophicallyinthe 1°*' stage, and aerobic heterotrophs were aerobically co-cultivated with
the produced PPBin the 2" stage. Viathis approach, the authors reported animproved nutritional
quality of the biomass, with higher protein contents and a more attractive amino-acid profile when
compared to single aerobicbiomass production. Inagreement with our study, they observed that
the proportion of PPBdecreased to 10% (PNSB) afteraerobic co-cultivation with aerobic
heterotrophicbacteria (from over 90% PNSB in the 1° stage). Open ponds with limited passive
oxygen diffusion willalso be affected by the growth of aerobes, but again the aerobic capabilities of
PPBwill allow themto grow and, if the concentration of organicmatteris high enough toallow
oxygen depletion, PPBwillbe able to consume the remaining COD photoheterotrophically (provided
that the oxygenissuppliedinamountslow enough to avoid oxidative conditions at the given COD
concentrations).

We believe that a potential combined process could be based on: (i) resource recovery with high
biomassyieldsand COD:N:P ratios being efficiently provided underanaerobicconditions during
daytime (photoheterotrophy) and, (ii) limited air supply during night hours to provide aerobic
wastewatertreatment, but with reduced bicmass yields and COD:N:P uptake ratios (due to
chemoheterotrophicgrowth). Thiswould likely increase the COD removal efficiencies, while
reducingthe N and P removal efficiencies at night. Overall, the volumetric capacity of a PPB
mediated system would be increased (potentially more than doubled when compared to daytime
photoheterotrophy only). This would have effects on the overall size and volume of the
photobioreactor, thus reducing the capital costs, while slightly increasing the operational costs due
to aeration. The effects on the microbial community might be, either substantially increased PPB
proportions or PPB loss, with more non-phototrophic, facultative microbes. Higher PPB proportions
might occur due to the selective growth during the day, where the abundance of PPB would be
relatively high just before darkness. This means that PPB could still consume asignificant fraction of
the supplied oxygen (albeit at lower growth rates), while facultative organisms would consume
relatively less (duetothe lack of oxygen during the day), meaning that they would grow butto a
lesser extent compared with PPB. Overtime, this might resultin PPBdominance of some specialised
genera. However, this will depend entirely on the adaptation of the facultative microbes. Their
slower growth during daytime and the aerobic capabilities of PPB must be able to cope with the
faster growth of facultative aerobes at night. Aerobicgrazers would be supressed in such asystem
due to intermittent low-DO conditions. Instead, we expect higher volumetricloading rates and
productivities at reduced HRTs for a combined aerobic/anaerobic, day/nightinterval system. This
provides enhanced capability against a pure solar phototrophicsystem, which can only be fed during
the day (whensolarradiationis provided).

Here we propose a solution to this major problem, but more research is required to determine
whetherthis approachisfeasible. Long-terminterval studies on real wastewater (ideally outdoors)
should be carried out. This should include the effects of temperature variations during day and night,
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as this will substantially affect the kinetics of the different microbial clades involved, which might
lead to microbial shifts.

4. Conclusions

At any of the DO concentrations (0.5-4.5mg DO-L") and air flow rates tested (10 and 100 mL-min™),
oxygen supply led toinhibition of pigment production and colour loss, which suppressed the
photoheterotrophic capabilities of PPB. This resulted in wastewater treatment parameters similarto
those of aerobicreactors, rather than anaerobic phototrophicsystems (i.e. considerable TCOD
decrease (45-57% vs. + 10%), lower COD:N:P ratios (100:4.5-5:0.4-0.8 vs. 100:6.7-12:0.9-1.2) and
lowerbiomassyields (0.15-0.31vs. 0.8-1.2 g COD-g COD,emoved ). Analyses of the microbial
communities showed that the proportions of PPBdecreasedinthe aerated experiments, while the
abundances of aerobicheterotrophsincreased. This suggests that PPBwere outcompeted inthese
short tests, and will eventually disappearfrom areal treatmentsetupin a matter of days (depending
of the retention times). This was confirmed by the loweraerobic PPB growth rates (2.4 d ™ at 32-36
°C) when compared to common growth rates for aerobicchemoheterotrophs (6.0d " at 20 2C).
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FIA Flow injection analysis
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teng Time when a batch testis stopped
TCOD Total chemical oxygen demand
TKN Total Kjeldahlnitrogen

TP Total phosphorus

TS Total solids

UVv-VIS Ultraviolet-visible

VS Volatile solids

VSS Volatile suspended solids

Y Biomassyield

] Growth rate
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Figure 1. Evolution of (A) the TCOD, SCOD and DO concentrations and (B) the NH4*-N and PO43--P
concentrations in the experiments at (0) 0 mg DO-L-1, (0.25) 0-0.25 mg DO-L-1, (0.5) 0-0.5 mg DO-L-1
and (4.5) 0-4.5 mg DO-L-1. The reactors were fed with domestic wastewater spiked with acetic acid
(500 mg COD-L-1), illuminated at 120-130 W-m-2, incubated at 35-39 2C, and the initial pH was
adjusted to 6.8 + 0.2. The duration of test was 31-78 h. TCOD stands for total chemical oxygen
demand, SCOD for soluble chemical oxygen demand and DO for dissolved oxygen. “Control” and
“aer” indicate the control and aerated reactors, respectively.
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Figure 2. Initial and final absorption spectra in the experiments at (0) 0 mg DO-L-1, (0.25) 0-0.25
mg DO-L-1, (0.5) 0-0.5 mg DO-L-1 and (4.5) 0-4.5 mg DO-L-1. “Control” and “aer” indicate the control
and aerated reactors, respectively. Error bands represent 95% confidence interval in mean of
triplicates. The reactors were fed with domestic wastewater spiked with acetic acid (500 mg
COD-L-1), illuminated at 120-130 W-m-2, incubated at 35-39 2C, and the initial pH was adjusted to
6.8 + 0.2. The duration of test was 31-78 h.

OmeO,L 0-0.5 mg Oy-L 4.5 mg O L7 ["® Allochromatium o Blastochloris
100 & - e L O Rbhodobacter 2 Rhodocista i
2 Rbodopscudomonsas & Rubnivivax =
sin O Chromatinccas & Chromobacteriacene
b & Xanthobacteraoese 8 Rhodospinllaceae
B Chitinophngnles O Chlamydiales
60 < & Comamonadaceae 8 Cytophagales g
-~ 2 Eukaryotn 0 Fimbriimonadales g
'-' 40 4 ® Flavobacteriales 1 Kapahacteriales 5
;1_43 O Oceanospirillades 0 Opitutales .§
‘g' 20 4 B Parvibaculales & Pseudomonadales 2
2 O Sphingomonadales £ Xanthomaonadaceac
'é 04 0 Anacrolincales W Bacteroidales
K| & Bacteroidetes VOC2,1 Bac22 OCampylobacienales
= B Candidatus_Nomurabacteria O Clostridia
20 5 D Coriobactenales & Dojkabacteria
| B Gammaproteobattena lacertae Sedis @ Methanobactenales
40 B Methanomicrobinles 0 Petrotogales
2 Phycisphierales 8 Sphingobacterinles
&0 W Synerghstiles 0 Velllonellales-Selenomonadales
Initial Control Aerend Initial Control Aer end Initial Cootrol Acrend B Alphaproteobictena & Unassigned
el end erxl ol <1%

Figure 3. Structure of the microbial communities at the beginning and the end of the batch
experiments. “Control” and “Aer” indicate the control and aerated reactors, respectively. The
reactors were fed with domestic wastewater spiked with acetic acid (500 mg COD-L-1), illuminated
at 120-130 W-m2, incubated at 35-39 2C, and the initial pH was adjusted to 6.8 £ 0.2. The duration
of test was 31-78 h.
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Figure 4. COD and nutrient removal efficiencies at different air flow rates in flat plate reactors.
The results at 0 mL-min-! correspond to the average of 4 anaerobic cycles. The reactors were fed
with poultry wastewater, illuminated at 120-130 W-m-2, and incubated at 35 2C. The duration of
each cycle was 3-4 d.
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Figure 5. (A) absorption spectra and (B) dissolved oxygen (DO) concentrations at different air flow
rates (presented in mL-min-! under the figures). Figure A also presents a typical absorption
spectrum of purple non-sulfur bacteria (grey line), consisting mainly on Rhodobacter and
Rhodopseudomonas (Okubo et al., 2006; Saer and Blankenship, 2017). The reactors were fed with
poultry wastewater, illuminated at 120-130 W-m2, and incubated at 35 2C. The duration of each
cycle was 3-4 d.
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Figure 6. Structure of the microbial communities at the beginning and the end of experiments in
the flat plate reactor. The reactors were fed with poultry wastewater, illuminated at 120-130 W-m-
2, and incubated at 35 2C. The duration of each cycle was 3-4 d.

Table 1. Average removal efficiencies, maximum removal rates, maximum OURs, COD:N:P removal
ratios and biomass yields obtained at different DO ranges. The reactors were fed with domestic
wastewater spiked with acetic acid (500 mg COD-L-1), illuminated at 120-130 W-m2, incubated at
35-39 ¢C, and the initial pH was adjusted to 6.8 £ 0.2. The duration of test was 31-78 h. DO stands
for dissolved oxygen, TCOD for total chemical oxygen demand, SCOD for chemical oxygen demand
and OUR for oxygen uptake rate.
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1. For aerated reactors, calculated before decay predominance.

2. For aerated reactors, calculated as particulate COD increase before decay divided by the SCOD decrease
duringthat period.

3. Not applicable.
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